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The journey is the reward.

Chinese proverb



Look deep into nature, and then you will

understand everything better.

Albert Einstein

Abstract

Campylobacter jejuni (C. jejuni) is an important cause of gastroenteritis internationally; it is a
complex bacterium carried by multiple hosts, showing phenotypic and genotypic variation. This
thesis systematically examines the molecular ecology and evolution of C. jejuni in New Zealand

from the levels of population movement, phenotype, genome and metabolism.

First, the demographic history of cattle, sheep and poultry importations into New Zealand (1860-
1979) was quantified. Australia was the most common reported source of cattle sheep and poultry,
with large numbers of cattle and sheep being imported in the 1860s, and large numbers of poultry
imported from the 1960s onwards. This suggests the population structure of cattle and sheep and

the microbial organisms they carried may exhibit a founder effect.

The second level investigated the phenotypes of related sequence types (ST) with generalist and
specialist lifestyles and compared them at 42°C and 22°C on the basis of carbon source utilisation
in Biolog phenotypic microarrays. The isolates utilised a total of 29 carbon sources in a pattern
that clustered them together on the basis of ST at 42°C more than lifestyle and host. At 22°C they

utilised a limited palette of carbon sources (9) related to the tricarboxylic acid cycle (TCA).

The third level, used genomic comparisons to identify a putative new species C. sp. nov. 4 spp.
in the Australian purple swamphen (Porphyrio porphyrio melanotus). Overall, the pattern of
relationship between isolates associated with the pukeko (Porphyrio porphyrio melanotus), takahe
(Porphyrio hochstetteri) and the Australian swamphen isolates suggested a recent common ancestor
and then divergence after separation. Despite high levels of recombination in C.jejuni, the genomes
grouped by clonal complex and ST, this suggests there are factors restricting regular recombination
between more distant C. jejuni STs. The draft genomes for the wild-bird and agricultural-related

isolates clustered by lineages in a host(s).

The fourth level involved the comparison of C. jejuni metabolic pathways (subsystems) to identify
host association. Type VI secretion system, Coenzyme A biosynthesis and Campylobacter spp. iron
metabolism were identified as important pathways in distinguishing between wild-bird and livestock

associated isolates.
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This hierarchy of successive integrations, characterised by restrictions
and the appearance of new properties at each level, has some conse-
quences. The first is the necessity of analysing complex objects at
all levels... The second point concerns predictability. It is possible
to make predictions at one level on the basis of what is known at a
simpler one? Only to a very limited extent. The properties of a system
can be explained by the properties of its components. They cannot be

deduced from them.

Francois Jacob 1977

Introduction

Understanding the epidemiology and evolution of Campylobacter spp. is an important modern public
health issue [1]. Campylobacter jejuni (C. jejuni) is a bacteria that is carried in the gastrointestinal
flora of a wide range of warm blooded animals, domesticated and wild. Since the 1970s there
has been a growing recognition of the role C. jejuni plays in human disease, mainly as a cause of
gastroenteritis but also as a contributing factor in complex sequelae like Guillain-Barre syndrome.
It is important to understand C. jejuni so that measures can be taken to manage the risk to the
public. As a multi-host pathogen, that is fastidious to grow in a laboratory, with a tendency to

phenotypic and genotypic variation, it has proven to be enigmatic.

New Zealand’s geographical isolation has resulted in the development of many endemic species,
some of which act as hosts to C. jejuni. This segregation was interrupted in the last 1,000 years with
the arrival first of the Polynesians, then later European settlers who introduced many new species
including pastoral livestock. Modern New Zealand developed often by displacing an ancient fauna
and flora with imported ones, the full consequences of these actions and the resulting ecological
change for the microbial communities can only be guessed at. From the 1980s to 2006 there were
rising levels of reported campylobacteriosis in New Zealand [2]. It was notably associated with

a sequence type (ST-474) found in the poultry industry [3] but ST-474 was only reported once



outside of New Zealand. Against this background, questions were raised regarding the evolution

and molecular ecology of C. jejuni in New Zealand.

Overall, this thesis addresses the two big questions of “Has C. jejuni in New Zealand followed
own unique trajectory?”, and “What is the relationship between phenotype, genotype and host
in C. jejuni?”. This thas been approached as a systematic investigation of the molecular ecology
and evolution of Campylobacter jejuni (C. jejuni) in New Zealand. The approach presented here
was to examine C. jejuni from the perspective of multiple levels, each of which form a chapter.
The first level analyses the demographic history of host population movements in a chapter titled
The Past. The second level was an examination of phenotypic variation in a chapter titled The
Phenotype. The third level was an investigation of variation at the level of the genome in a chapter
titled The Genome. The fourth level looks into variation in the metabolic pathways in a chapter
titled The Metabolism. The common thread that was generally running through these levels of
investigation was a group of C. jejuni sequence types (ST-2381 lineage), frequently found in New
Zealand environmental waters, and their recently found hosts, two New Zealand water rails, the
pukeko (Porphyrio porphyrio melanotus) and the takahe (Porphyrio hochstetteri). This group was
compared at the level of phenotype and genome with isolates from the more investigated livestock

associated groups (e.g. clonal complexes CC21, CC42, CC45)

The Past: Historical demography of livestock importation into New Zealand New
Zealand was an isolated archipelago before the arrival of the Polynesians ~800 years ago, with
birds forming the dominant terrestrial class. The arrival of mankind, especially Europeans ~200
years ago caused significant changes to the land and the ecology. The Europeans settlers brought
pastoral agriculture, as they colonised New Zealand introducing livestock such as cattle, sheep and
poultry. These animals act as hosts of C. jejuni, and may have introduced sequence types that
had not previously been present in New Zealand. New Zealand’s isolation, if it was facilitating a
unique evolutionary trajectory for C. jejuni, could be greatly affected by the arrival of new host
species and their associated sequence types. In this chapter the official records were used to quantify
the historical demography of live animals imported into New Zealand, in particular cattle, sheep
and poultry. An estimation of the quantity and source of livestock introduced into New Zealand
has implications not only for C. jejuni, it may also provides a better understanding of why many

infectious livestock diseases found elsewhere in the world are not present in New Zealand.

The Phenotype: Phenotypic comparison of isolates associated with wild-bird and
livestock. C. jejuni is known for its phenotypic and genotypic variation [4] [5], as well as its
ability to exist in a wide range of hosts [6]. Biolog phenotypic microarrays were used to investigate
the question of “Is there a host-associated basis for the phenotypic variation?”. Agriculturally-

associated sequence types of C. jejuni generally colonise a wider range of hosts than the more



host-specific wild-bird sequence types [7] [6]. Often species that are able to inhabit a wider
environment range i.e. generalists, can also utilise a wider range of resources and in this case we

will test nutrient range in the form of carbon sources.

FEleven New Zealand isolates related by shared MLST alleles were compared for their ability to
respire in media containing a wide range of single carbon sources. The sequence types (ST) are
associated with different host species; ST-42 isolates are found internationally and associated
with agricultural animals, while ST-2381, ST-3655, and ST-3663 have been found in the pukeko
(Porphyrio porphyrio melanotus) and the takahe (Porphyrio hochstetteri). ST-3673 is a rare
sequence type found once in a chicken and in New Zealand water, and ST-3845 has also been found
in New Zealand water but not in a live host. These are novel ST that are commonly found in New
Zealand environmental water [8] [9]. The ability to utilise a single carbon source was tested at two
temperatures 42°C, a temperature associated with host body temperature when it can multiply,
and 22°C, a temperature reflective of the environment that C. jejuni experiences outside the host
and at which it does not multiply. The behaviour of C. jejuni at temperatures like 22°C is an
important public health question, because despite being fastidious it survives at this and even lower
temperatures as it survives in the environment outside of the host [10]. While the behaviour at
42°C, a temperature similar to host body temperature, allows a comparison of phenotypic behaviour

at two different and important temperatures.

The Genome: Characterisation and comparison of Campylobacter spp. isolates from
Australian purple swamphen (Porphyrio porphyrio melanotus) with a New Zealand
dataset. This chapter pursued two aims, the first was investigating if the geographical and
temporal separation of the Australian purple swamphen (Porphyrio porphyrio melanotus) from
the New Zealand sub population of the ptukeko (Porphyrio porphyrio melanotus) and the takahe
(Porphyrio hochstetteri) resulted in evolutionary divergence of the C. jejuni they host. The second
aim, was to use comparative genomics from a range of New Zealand Campylobacter spp. isolates to
compare agricultural-associated and wild-bird associated C. jejuni genomes, thus investigating the
genome for a "host signature” that could differentiate those ST from livestock to those found in

wild-bird.

First the draft genomes of Campylobacter spp. isolates from the Australian purple swamphen
(Porphyrio porphyrio melanotus) were characterise. Then genomic comparisons were made to
identify their relationship to isolates from the pukeko (Porphyrio porphyrio melanotus) and the
takahe (Porphyrio hochstetteri). Porphyrio porphyrio melanotus arrived in Australasia ~ 600, 000
years ago[11], but the piikeko sub-population was a recent arrival to New Zealand, ~ 500 years ago
[11] [12]. The South island takaheé (Porphyrio hochstetteri) is closely related to both birds [13] [14].
The piikeko and the takahé are both associated with a novel lineage of C. jejuni water isolates [15]

and some newly identified Campylobacter spp. [16]. Genomic comparison of the Australian purple
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swamphen Campylobacter spp. isolates will show if the temporal and geographical separation of the
host populations has lead to the New Zealand Campylobacter spp. following a unique evolutionary
trajectory. Griekspoor et al. 2013 used genotyping of C. jejuni from to European and Australian
populations of blackbirds (Turdus merula) that had been separated for ~ 200 years and found
the host association persisted despite the separation [7], this analysis will use a different wild-bird

family, a longer separation, and investigate genomic differences.

The genomic comparisons included a range of New Zealand Campylobacter spp. isolates associated
with both wild-birds and agricultural livestock hosts using the core genome and the pan-genome.
This comparison included the Australian purple swamphen, pukeko and takahe associated isolates,
and put their relationship in context with a larger range of C. jejuni ST and Campylobacter spp..
Most research particularly from the genomic perspective has predominantly used clinical isolates
(from people) or from livestock which are the most common cause of clinical cases [17], this analysis

provides a wider view of the relationships between Campylobacter spp. in New Zealand.

The Metabolism: Genomic comparison of metabolic subsystems present in Campy-
lobacter spp. dataset. This chapter is a continuation of the previous genomic comparison
chapter and by focusing on finding variation in those C. jejuni metabolic pathways found in
wild-bird isolates compared to isolates associated with agriculture, it may be possible to identify
features related to the adaptation to a given host. In general C. jejuni biotyping techniques identify
physiological variation in bacteria but suffer from poor reproducibility and discriminatory power
due to variation of gene expression caused by environmental factors and lack of biochemical diversity
between isolates [18] [19], however by using a genomic approach we can investigate metabolic
pathways and their variation without the influence of factors that affect expression. Almost all
previous genomic analysis of C. jejuni is based on clinical isolates from people or agricultural
associated isolates, there is a limited amount of reported genomic analysis into those sequence
types associated with wild-birds [17]. By comparing isolates associated with two different wild-bird
species, the starling (Sturnus vulgaris) and the Australian purple swamphen with a group of isolates
from clonal complexes associated with agriculture, significant differences in metabolism between
the groups were identified. This will help us better understand the ability of C. jejuni to adapt to
a host by identifying which metabolic systems are involved and how they change. Examination of
the differences between Australian purple swamphen and piikeko /takahé associated isolates was
also performed at the level of the subsystem. A greater understanding of which metabolic features
are flexible and which are not, may identify pathways and reactions that may be susceptible to

pharmacological manipulation and thus control of C. jejuni .

Structure of the thesis FEach chapter is set out in the style of the journal to which it has been

submitted or to which it is in the process of being submitted i.e. it is written as a standalone
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article rather than a thesis chapter. Consequently, there is some repetition, particularly in the
Methods section, and there are stylistic differences between chapters. The submitted manuscripts
include my supervisors as co-authors. Currently the only article in-print is the basis of the chapter
addressing historical demography: Binney, B., Biggs, P. J., Carter, P. E., Holland, B. M., & French,
N. P. (2014). Quantification of historical livestock importation into New Zealand 1860-1979. New
Zealand Veterinary Journal, 62(6), 309-314. doi:10.1080/00480169.2014.914861

Isolates used in this thesis A large number of isolates were used in this thesis. The isolates
used in the phenotypic analysis found in chapter 4 are identified in Table 4.1. The isolates used
in the genomic analysis found in chapter 5 are identified in Tables 5.1, 5.3, 5.4, 5.5. The isolates
used in the metabolic analysis found in chapter 6 are identified in Table 6.1 and are a subset of the

isolates in Table 5.3.






It is a riddle, wrapped in a mystery, inside an enigma

Winston Churchill referring to Russia, 1939.

Literature Review

2.1 Taxonomy

The genus Campylobacter has been classified as :
Domain: Bacteria

Phylum: Proteobacteria

Class: Epsilonproteobacteria

Order: Campylobacterales

Family: Campylobacteraceae

Genus: Campylobacter

At present (23rd March 2015)! there are 33 recognised members of the genus Campylobacter and 14
subspecies, forming part of the Campylobacteraceae family, which in turn is part of the epsilonpro-
teobacteria class. The family Campylobactereaceae contains the Campylobacter, Dehalaospirillum,
Sulfurospirillum and Arcobacter genera. The Order Campylobacterales contains the Campylobac-

tereaceae and the family Helicobacteraceae which includes the gastric carcinogen Helicobacter pylori.

1 List of prokaryotes with standing nomenclature http://www.bacterio.cict.fr/campylobacter.html
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The epsilonproteobacteria is a diverse range of bacteria from some extreme environments: C. jejuni
inhabits the gastrointestinal tract of birds and mammals while Hydrogenimonas thermophila is a
chemoautotrophic endosymbiote in the gills of a gastropod (Alviniconcha aff. hessleri) that inhabits

geothermal vents in the deep sea [20] [21].

Initially Campylobacter was not recognised as a separate genus and it was grouped with the bacteria
causing cholera as part of the Vibrio genus. Being both fastidious and relatively non-reactive
biochemically it made the taxonomy of Campylobacter difficult to elucidate until more modern
molecular based techniques became available. Technical progress in the 1960s enabled reclassification
of some members of the Vibrio grouping into the newly formed Campylobacter genus based on
biochemical, guanine—cytosine content (G+C%) and serological profiles [22]. In 1963, Vibrio jejuni
was changed to C. jejuni but it was not until 1973 that other members such as Campylobacter fetus

were named as part of the genus [22] [23].

Campylobacteraceae are Gram negative, non-spore forming spiral shaped bacteria. C. jejuni are
visible under magnification as spirally curved rods, and were eventually named “Campylobacter”
meaning “curved rod” in Greek. Although under certain conditions such as in response to some
stresses, Campylobacter are known to change to a coccoid shape [24] usually accompanied by a
transformation into a viable but non-culturable state (VBNC) [25]. The genus Campylobacter grow
under microaerobic conditions (mostly less than 10% oxygen) [26], with many having a characteristic
corkscrew motion. While most Campylobacter spp. can be grown between ~ 30 — 37°C the optimal
temperature differs between species. C. jejuni, Campylobacter coli (C. coli) and Campylobacter
lari(C. lari) are called thermophilic Campylobacter as they have an optimum growth at 42 — 43°C
and do not grow below 28°C [27]. C. jejuni and C. coli are similar biochemically except C. jejuni
is the only Campylobacter species that hydrolyses hippurate although C. jejuni subsp. doylei varies
in its ability to hydrolyse hippurate [28] [29].

2.2 Medical history

A Campylobacter spp., was reported by Butzler [30], to have been first observed by Escherich in
1886 [31], however it was not fully recognised as a human pathogen until much later, being first
identified as a pathogen in veterinary medicine. Campylobacteriosis in the form of Campylobacter
fetus fetus (initially called Vibrio foetus) was first identified and reported in 1913 as a cause of
epizootic abortions in U.K. sheep by McFadyean and Stockman [32] according to Veron and
Chatelain [23], although Hindmarsh and Skirrow say McFadyean first reported in 1905 to the
British government the association of “spirillae” with abortion of sheep and cattle [33] [34]. Later
work by Smith and Taylor in the USA identified a Campylobacter spp. causing abortions in cattle

in 1919 [35]. Stegenga and Tersptra identified an enzootic sterility in cows caused by a bacteria
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they named Vibrio fetus venerealis and later renamed Campylobacter fetus venerealis [36]. A
vibrio-like organism was found in some cattle diarrhoea in 1927 [37], but it was not until 1931
Vibrio jejuni (now Campylobacter jejuni) was attributed as the cause [38]. In 1944 a vibrio was
isolated from the faeces of pigs with diarrhoea, the resulting bacteria was called Vibrio coli (now

Campylobacter coli) [39].

The reporting of veterinary campylobacteriosis occurred later in Australasia, presumably due to
lack of diagnosis rather than lack of presence. In 1942 Hindmarsh recorded the first recognised case
of “bovine vibrionic abortion” in Australasia [34]. While McFarlane et al. (1952) were the first in
New Zealand to report Campylobacter fetus subsp. fetus after investigating sheep abortions in the

1950 lambing season [40].

C. jejunt did not start being regularly diagnosed as a cause of human gastroenteritis until the 1970s
[41] [30], although Levy had earlier reported a vibrio-like organism causing a milk borne outbreak
of gastroenteritis in 1946 [42]. Skirrow suggested that the difficulty for most medical laboratories
in growing and isolating Campylobacter spp. was a major factor in delaying greater recognition
as a cause of gastroenteritis in people [43] [27]. In 1977, a selective media made from blood-agar
supplemented with the antibiotics vancomycin, polymyxin B, and trimethoprim, was developed to
selectively grow C. jejuni and C. coli [43]. Once microaerophilic conditions and suitable selective
media were widely adopted to detect C. jejuni, it began emerging as a common cause of human

gastroenteritis [27].

2.2.1 Non-C. jejunt Campylobacter spp.

About 95% of campylobacteriosis is attributed to C. jejuni and C. coli [44][p123] however
there is increasing awareness of the disease potential of other thermophillic Campylobacter spp..
Campylobacter fetus subsp. fetus was recognised in 1913 as a causative agent in sheep fetal abortions
[32] and cattle [35]. It can cause diarrhoea, particularly in compromised patients, with a reported
annual incidence of 0.1 per 100,000 and it can also cause a bacteraemia [44][p124]. Campylobacter
upsaliensis(C. upsaliensis), can also cause bacteraemia and diarrhoea but not just in compromised
patients. It is thermotolerant and commonly isolated from dogs and cats, although human to
human transmission is thought to be a possible source of infection. Campylobacter hyointestinalis
(C. hyointestinalis) was first identified in 1983 as a cause of proliferative enteritis in pigs, but
has been isolated from other asymptomatic animals. There are a limited number of human cases
reported, usually with diarrhoea [44][p132]. Campylobacter lari(C. lari) was first found in 1980
in seagulls, since then it has been found in some wild birds and water [44][p133]. Some isolates
have the unusual ability for a Campylobacter spp. to hydrolyse urea It has been associated with
diarrhoeal disease and bacteraemia in both immunocompetent and immunocompromised patients.
Campylobacter sputorum(C. sputorum) forms part of human gingival flora, but has ocassionally

been isolated from other parts of the body [44][p133].
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There are six known hydrogen requiring Campylobacter spp.: Campylobacter rectus(C. rectus),
Campylobacter curvus(C. curvus), Campylobacter concisus(C. concisus), Campylobacter gracilis(C.
gracilis), Campylobacter showae(C. showae), Campylobacter mucosalis(C. mucosalis) [44][p135].
C. mucosalis is associated with proliferative enteritis in pigs. All the rest have been found in human
gingival flora associated with diseased gums but have been found in other parts of the body and

potentially associated with disease.

2.3 Epidemiology of C. jejun:

2.3.1 Clinical Signs in People

Clinically Campylobacter enteritis cannot be distinguished from other acute diarrhoeal disease
without diagnostic tests, nor is there a clear difference in infections by C. jejuni or C. coli
[45][p99]. A definitive diagnosis requires detection of Campylobacter in the faeces, although a
recent epidemiological study using multivariate analysis identified a difference between the two
Campylobacter spp. using risk of infection in France associated with age, travel and season [46].
The mean incubation period is 3.2 days (range eighteen hours to eight days) [45|[p101]. The acute
inflammatory reaction frequently extends from the small intestine to the colon and rectum. Clinical
signs show variation possibly including: acute diarrhoea, fever, chills, myalgia, abdominal cramps

with the bowel motions varying from loose and watery to frankly bloody [47][p2].

A late onset complication of Campylobacter enteritis is Guillain-Barre Syndrome (GBS) [48]. GBS
was first described in 1916 and is an acute autoimmune-mediated disorder of the peripheral nervous
system, and believed to be produced by carbohydrate mimicry by a C. jejuni lipooligosaccharide
(Galpl —3GalN AcfS1l — 4(NeuAca2 — 3)GalfB1) of a human GM1 ganglioside [49]. The percentage
of cases of campylobacteriosis which result in GBS has been estimated as 0.1% [50]. Miller-Fisher,
is a rare variant of GBS affecting the ocular system [51] and is thought to be due to molecular
mimicry between GQ1b and the lipooligosaccharides of C. jejuni and Haemophilus influenzae [52].
Other post infection complications associated with Campylobacter enteritis and other bacterial
enteritis include a reactive arthritis reported in 1-5% of the cases [53] [50] and possibly a post

infection irritable bowel syndrome [54].

2.3.2 Seasonality in Campylobacteriosis

Many countries show a consistent seasonal pattern in the occurrence of campylobacteriosis, although
the mechanisms for this are not clearly understood, and it can vary among countries. Temperate
zone countries, tend to experience an increase in spring leading to a peak in summer and then a
gradual decline [55] [56] [57] [58]. In European countries this effect was more pronounced with

increasing latitude [55]. Temperate regions in Australia show a different pattern of incidence to
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the subtropical regions in Australia, with subtropical Queensland showing only a modest increase

in the warmer months [56] [59].

New Zealand as a whole, shows a pronounced summer peak with C. jejuni cases (Figure 2.1)
occurring over a longer period than in European countries [55]. In a multinational analysis using
population structure data a summer peak was formed by a clade of ST-45 and ST-283 in the Finnish
data, but this was absent in the New Zealand and Australian data [60]. However recent work has
identified a summer peak formed by the ST-45 clonal complex in New Zealand [61] It has also been
observed along the length (North—South) of New Zealand that the degree of seasonal incidence
shows variation with geography [62]. All these studies combine to suggest there may be a range of

geographical factors affecting the epidemiology of this disease.

Climate related factors such as temperature, sunlight and humidity may affect the seasonality,
by affecting the prevalence in reservoirs, survival in the environment and/or human behaviour
affecting exposure. In laboratory experiments, natural populations of culturable thermo-tolerant
campylobacters, in sea and river water, decreased within less than 10 minutes exposure to simulated
summer sunlight, and none could be cultured after 30 minutes [63] [64]. This effect of sunlight
would imply less risk from environmental sources like water in the summer when there is a peak
of cases. Two peak times were reported in the isolation of C. jejuni from the Taieri River, New
Zealand, one peak in summer and one in winter [65]. In New Zealand and overseas, there is a
seasonal pattern of incidence in rivers and environmental water showing a higher incidence in the

winter and declining into the summer [66] [67].

Human behaviour can be affected by season and this could affect the seasonality and the sources of
infection: for example overseas travel and vacations can also have an impact with different sequence
types of Campylobacter seen in the returning travellers [68]. In Minnesota, USA winter spikes of
fluoroquinolone-resistant strains have been related to travel to Latin America where fluoroquinolone
is used in poultry production [69] and South Korea has also reported unusual antibiotic resistance

patterns in isolates that have been related to international travel [68].

2.3.3 Dose and Immunity

Many factors can influence the infective dose, such as prior exposure but in general the infective
dose is low, with evidence for as few as 500 bacterial cells resulting in an experimental infection, but
exposure does not always result in clinical signs [70] [71]. A large variation in dose response has
been reported and was attributed to isolate variation [72] [73]. Variation in response by volunteers
in studies suggests short term immunity to homologous strains, but it is not known how wide or
how long the resulting immunity lasts [70] [74]. Immunodeficient patients, such as those with
hypoglobulinemia and acquired immune deficiency syndrome (AIDs), are associated with more
severe clinical symptoms, and conditions such as chronic carriage and possibly bacteraemia [75] [76].

Protective immunity has been shown in people chronically exposed to risky foods such as raw
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(unpasteurised) milk [77] [78]. In developing countries where repeated infections during childhood
are common, the infection rates and intensity of symptoms decline with age [45][p100]. It has been
suggested that after repeated exposure people may become asymptomatic carriers, but there is

very limited support for this at the moment [79][p182] [80].

2.3.4 Age and sex

In many developed countries the age distribution has a bimodal peak with higher reported incidence
in children under five and a second modest peak between 15-44 years [81] [82]. Other enteric
diseases also show a peak in younger children which in part is attributed to behaviours of greater
health-seeking and sample taking for this age group [83][p170]. The second peak, people between
15 and 44 years of age, has been attributed to the greater likelihood of young adults to travel [84].
The sex distribution is also similar in developed countries with boys and men experiencing an

incidence rate 1.1-1.5 times higher than girls and women [82].

2.3.5 Epidemic patterns

Campylobacteriosis presents most frequently as sporadic infections (~ 99%) [85][p253], making
epidemiological analysis more difficult [86]. It is uncommon to associate Campylobacter with
common-source outbreaks, unlike some other food pathogens like Salmonella because it does not
multiply on food at room temperature [87]. The low infection dose, ease of cross-contamination,
multiple subtypes contaminating food product, and relatively long incubation can obscure a cluster
of related illness [88] [89]. However common-source outbreaks can occur and have been related
to food and water, with raw milk and poultry being common sources [90] [91] [92] [15]. In New
Zealand Campylobacter was identified in approximately 12 - 16% of reported outbreaks compared
to 1% in the USA (1980-1996) [93][p16]. Secondary transmission (person to person) is rare in

comparison with other enteric infections [94].

2.3.6 Worldwide prevalence

Campylobacter is the most commonly reported cause of bacterial gastroenteritis in developed
countries, with C. jejuni estimated to infect 1% of the EU population each year; the European
Food Safety Authority (EFSA) had 214,268 confirmed human cases (with 31 deaths) in 2012 [95].
1.3 million cases per year have been estimated in the USA by Centers for Disease Control and
Prevention (CDC) [95]. In an Australian retrospective cross sectional study of 1722 patients with
gastroenteritis, the commonest cause was Campylobacter at 22%. The World Health Organisation
say the true incidence of this disease is poorly known, particularly in low to middle income nations
but studies in high-income countries have estimated the annual incidence at between 4.4 — 9.3 per

1000 population [96].
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2.3.7 An emerging disease in New Zealand

In 1980 campylobacteriosis in people became a legally notifiable disease in New Zealand [97], which
resulted in providing the public health authorities with data on the trend of increasing incidence
which peaked in 2006 at 383.5 per 100,000 2. Molecular epidemiological investigations and source
attribution modelling identified the poultry industry as a major source, and the response to new
regulations has been a major decline in national levels of campylobacteriosis (Figure 2.1), although
compared to the national incidence levels world-wide it is still high [98] [99]. Prior to the regulatory
intervention into the New Zealand poultry industry over 70% of human cases were attributable
to poultry [97] [100], afterwards (2008-2010) the estimate of source attribution to poultry has
declined to less than 50% [101]. Understanding the changing epidemiology requires continued
investigation of host source, the strains they carry, and identifying the most informative model so

suitable steps can be taken to improve public health [102].

Most developed countries have had some form of surveillance of campylobacteriosis in the human
population for the last 25 years which show a trend of increasing reported cases [83][p169]. It is
difficult however to compare infection rates of Campylobacter enteritis between countries because
they are affected by differences in surveillance levels, cultural norms for health-care seeking and
diagnosis as well as immune status [82]. Both Iceland (1990s) [103] and Denmark (1992-2001) [104]
experienced increasing levels of reported Campylobacter enteritis and responded to the situation
with multi-pronged public health campaigns involving improved poultry regulation, which resulted
in a decline in incidence levels [83][p169]. Both of these countries used techniques like the reduction
of Campylobacter counts by freezing poultry carcases [105] and knowledge of Campylobacter status

of farms.

2.3.8 Clinical signs in animals

This review will emphasise disease in animals directly attributable to C. jejuni and not include
those diseases attributed to the genus Campylobacter generally or other pathogenic species, such as

Campylobacter fetus which causes abortions in cattle and sheep.

Although many animals can carry strains of C. jejuni as a commensal in the gastrointestinal tract,
it is not always an avirulent part of the microbial flora. Natural infections with C. jejuni causing
enteritis have been reported in young macaques, young ferrets and minks, cats, and swine while
experimentally infected chickens, rodents, ferrets, primates (e.g. Aotus nancymae [106]), rabbits
and pigs have also shown clinical signs [47][p5] [107] . There is also experimental evidence of

abortion C. jejuni induced abortions in minks and guinea pigs [107].

Cats and dogs are considered a source of C. jejuni for people and it is difficult to attribute C. jejuni

as the cause of an infection in these animals when it could be normal carriage. However there

2ESR Annual Surveillance Summary https://surv.esr.cri.nz/surveillance/annual _ surveillance.php
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are multiple reports of C. jejuni causing diarrhoea, varying in intensity from watery to bloody
with mucus, and mainly seen in the young [47][p5]. The reported cases of C. jejuni in dogs either
experimentally induced or naturally occurring are usually transient and mild, but there are a few
reports of death from campylobacter-associated haemorrhagic enteritis [107]. C. jejuni has also
been isolated from the vaginal swabs of three dog having late pregnancy abortions [108]. In the
case of cats there are occasional accounts of C. jejuni-associated acute diarrhoea in kittens, while
it has proved difficult to establish the presence of clinical signs in cats the few times it has been

tried experimentally [107].

Cattle and sheep are also considered to “silently” carry and to be a source of C. jejuni for people.
There are mixed reports on C. jejuni’s ability to cause diarrhoea in cattle and sheep; an early
report by Jones et al. (1931) associated experimentally infected calves with diarrhoea [38]. While
transient diarrhoea and sometime dysentry has been reported in calves[109], other reports of similar
prevalence in cattle with and without diarrhoea weakens the strength of this association [47][p6].
Bovine mastitis due to C. jejuni has been experimentally induced with few reports of naturally
occurring cases [107]. There are reports of experimentally induced and naturally occurring cases of
diarrhoea in lambs due to C. jejuni [107]. Abortion due to C. jejuni (predominantly ST-8) has been
shown in both cattle and sheep [110] [111] [112]. It is possible the ability to cause gastrointestinal

disease may depend on the age of the animal, its immune status and the strain of C. jejuni.

Swine frequently carry both C. jejuni and C. coli as normal gastrointestinal flora but there are
reports of young immunologically naive animals showing signs of anorexia, fever and diarrhoea after
inoculation with C. jejuni [47][p6]. Tt is also reported that co-infections with some viruses [113],
bacteria [114] and parasites [115] can increase the disease pathology suggesting that host immunity
is a significant determinant of disease outcome [47][p6]. No reports of pig abortions associated

with C. jejuni were found.

Reports of C. jejuni related disease are not common in horses. C. jejuni has been isolated from

foals with clinical signs of fever, colic and non responsive diarrhoea [107].

While C. jejun: is not a commonly attributed cause of goat abortions; experimentally a goat

inoculated with C. jejuni has aborted and an aborted foetus has culture pure C. jejuni [107].

Chickens (Gallus gallus) are a significant source of C. jejuni infection in people with a high
prevalence in many flocks [116][p667]. Normally there are no significant clinical signs to suggest
disease, although a period of sub-optimal growth associated with the initial stage of colonisation of
a flock with C. jejuni has been suggested [107]. Certainly inoculation of very young chicks has
produced clinical signs of gastroenteritis [117] and pro-inflammatory response in the intestinal
mucosa [118] and even mortality has been reported [107]. It has also been reported that some
breeds of chicken are more susceptible to C. jejuni resulting in damage to gut mucosa and can even

diaharroea [119] [107].
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Vibrionic hepatitis is a condition in chickens characterised by focal necrosis in the liver, that shows
as a a drop in egg production and an increase in morbidity. After appearing in the 1950s and
1960s it disappeared then reappeared in the early 2000s [107] [120]. While initially attributed to C.
jejuni alone, more recent investigations do not support the presence in the liver of C. jejuni to be

sufficient alone to initiate this condition and suggest it is a contributing factor [120].

There are reports of Campylobacter spp. being pathogenic in farmed ratites [121]. C. jejuni was
isolated from ostriches with nondescript clinical signs of poor growth rates, anorexia, lethargy,
weakness and ataxia before death with watery urates in the faeces [122]. Amongst the pet birds
(parrot, finch, canary) C. jejuni has been associated with hepatitis, lethargy, loss of appetite, weight

loss, yellow diarrhea and mortality [47][p7].

Although it is frequently stated that C. jejuni is avirulent in birds [123], little is known of the
pathogenicity of the various strains and their ability to cause disease in the various wild-bird species.
A report from Waldenstrom et al (2010) that the inoculation of a strain from a Song Thrush ( Turdus
philomelos) into a European Robin (Erithacus rubecula) resulted in a transient weight loss and
antibody response [124]. Another report states three-week-old Japanese quails (Coturniz coturniz

japonica) had diarrhoea for 2 weeks after oral inoculation with C. jejuni [107].

Recently C. jejuni isolates were reported in grey seals (Halichoerus grypus) and attributed to
human/poultry sources while there was not sufficient evidence to attribute pathogenicity to the

finding, there was concern regarding human to wildlife transmission [125].

2.3.9 Disease control measures

Most food processing hygiene measures are aimed at E. coli as a representative model organism,
however C. jejuni can behave in a different manner than E. coli [126]. We are only beginning to
understand the mechanisms and behaviours involved in C. jejuni’s survival; for example the ability
to survive inside some amoeba [127], in biofilms [128], the viable but non-culturable state [129] and
quorum sensing [130]. It has even been suggested that the presence of other bacteria can aid the
survival of C. jejuni in the environment [95]. Control methods need to consider these behaviours,

along with its improved survival at lower temperatures [131].

In developed countries, the main risk factors for contracting campylobacteriosis are eating un-
dercooked poultry meat, drinking raw milk, or drinking untreated water, and to a lesser degree,
living in a household with a cat or dog and in rural New Zealand setting contact with calves
[95] [101]. Control measures that have worked for poultry include increased hygiene requirements
on-farms to decrease disease incidence in flocks and during processing to reduce contamination

98] [83][p169).

Until recently raw milk was not sold to the public in New Zealand , recently this changed to

restricted sales with higher hygiene requirements. Although there is some small evidence that
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chronic exposure to raw milk produces a protective immunity, the consumption of raw milk is a
significant cause of outbreaks [77]. As treatment of the milk is contrary to the ethos of raw milk
consumption, strict controls on its production are required, and monitoring that standards are

meet.

In New Zealand, water from the roof or a bore to underground water are common sources of water
in isolated rural areas. Options to control the incidence of campylobacteriosis under these conditions
exist. Such as small scale treatment methods e.g. boiling drinking water, or increased awareness
of good practices for collecting and storing water, e.g. regular cleaning of roof and pipes used in
collecting water, or improved monitoring of the collected water e.g. regular checking of the storage

tank.

2.4 Molecular Epidemiology and subtyping

This is not a comprehensive review of all possible methods of typing but the aim is to include those

that have been regularly applied to and used for epidemiological purposes with C. jejuni.

The diversity shown by C. jejuni at the phenotypic and genotypic level is well established [132][p59].
A typing system needs to show diversity in a species but stability in a strain [133]. Generally
the phenotypic typing systems tended to suffer from an inability to type some isolates leading to
ambiguous data [134]. Being a relatively slow growing, fastidious and relatively biochemically inert
species C. jejuni has been less amenable to some of the more traditional laboratory phenotyping
systems [135]. In general the genotypic systems tend to suffer from the high rate of recombination
(genetic exchange) observed in isolates distorting relationships [136], although MLST has proven to
be a reliable and informative epidemiological tool [137]. The new genomic era offers new typing

systems like rMLST and wgMLST that may widen our perspective of C. jejuni [138].

2.4.1 Campylobacter typing systems

The purpose of bacterial typing methods in molecular epidemiology is to generate isolate specific
molecular “fingerprints” for assessment of epidemiological relatedness [139]. Since the discovery
of Campylobacter not only has its taxonomic name changed but a variety of methods have been
developed, and continue to be developed, to aid the identification and relatedness of Campylobacter
spp. isolates [140]. Many methods have been developed as typing systems for C. jejuni and they
can be loosely divided into phenotypic and genotypic methods. Each method has its own strengths

and weakness which must be considered when applying these methods [141].

In 2007 a new set of criteria for typing systems were proposed by the European Society of Clinical
Microbiology and Infectious Diseases (ESCMID) Study Group on Epidemiological Markers (ESGEM)

in response to the technological advances in the previous decade [139]. The performance criteria
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proposed as an update of the previous guidelines for a typing system in an epidemiological study
were: stability of the marker for the period of the study, universal type-ability of all isolates, a
useful level of discrimination that is concordant with the epidemiological picture and a high degree
of reproducibility [142] [139]. Once the performance criteria is attained, a convenience criteria
can be applied which can include: flexibility (range of species), rapidity, accessibility, ease of use,
cost and suitability for computerisation and storage of results [139]. Taboada suggested the ideal
Campylobacter typing/subtyping methods should have the features of: deployability (easy, simple
interpretation, high throughput, inexpensive), portability (able to enter into a computer database),
accessibility (standard laboratory equipment in front line laboratories), epidemiological specificity
(unambiguously linking related and excluding unrelated), versatility (discriminate to the level
needed), and stability (not impacted by frequent recombination) [137]. These two sets of criteria
for epidemiological typing systems are not the only ones available, and while not being mutually
incompatible, they do show that the view on what is “fit for purpose” in an epidemiological typing
system has a variety of perspectives and it is from the perspective of the end use (or question being

addressed) that a typing system is finally judged.
2.4.2 Phenotyping

Phenotype systems

Phenotypic methods seek to characterise and differentiate isolates based on the products of their gene
expression using properties like biochemical profiles, carbon metabolism, antimicrobial susceptibility
profiles, bacteriophage types, and antigens present on the cell surface. As gene expression is the
basis of these techniques the results can vary due to influences like growth conditions, growth phase

of the culture, and phase variation.
Biotyping

Biotyping is the identification of bacterial isolates through the expression of metabolic activities
which can include colony morphology, environmental tolerances, and biochemical reactions. Bio-
chemical tests were developed from the 1980s beginning with Skirrow and Benjamin (1980) and
then Hebert et al.(1982). These systems were based on using different combinations of hippurate
hydrolysis, rapid H,S production, nalidixic acid resistance, and DNA hydrolysis [143] [144]. Lior
proposed a combination of these biotyping tests (hippurate hydrolysis, rapid HyS production, and
DNA hydrolysis) and extending them with serotyping in 1984 [145]. The Preston test utilises 12
tests, consisting of growth at 28°C, hippurate hydrolysis, and 10 resistotyping tests [146]; while the
commercial kit API-Campy is also still popular [147]. Resistotyping is a component of biotyping,
testing an isolates sensitivity to selected antibiotics, either by agar dilution or disc diffusion and is

used in the Lior test (nalidixic acid), API-Campy (four tests), Preston biotyping (10 tests).

In general, biotyping techniques alone suffer from poor reproducibility and discriminatory power,
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due to variation of gene expression caused by environmental factors and lack of biochemical diversity
between isolates [18] [19], and considered more useful in combination with a more discriminating
system. However they do continue to be useful for laboratories that lack access to molecular methods

[148] or distinguishing between outbreak and non-outbreak associated isolates [149][p166].
Serotyping

Serotyping is a classical phenotype based tool and has been used since the beginning of the 20th
century [150]. It has been applied to many food-borne pathogens for strain differentiation, using
antibodies and antisera to detect surface antigens. Campylobacter spp. have an array of cell
surface structures including lipopolysaccharides, capsular polysaccharides, membrane proteins, and

extracellular organelles such as flagella [151].

Serotyping of Campylobacter began in 1971 when Berg et. al. identified 3 heat stable antigens
that separated Campylobacter into three serotypes . This was followed by Penner and Hennessey
proposing a scheme in 1980 based on extracted thermostable (HS) antigens located in the outer
membrane that were thought to be the lipopolysaccharide (LOS) but are now believed to be
predominately related to capsular polysaccharides (CPS) [152] [153] [154]. In 1982 Lior et. al.
presented a scheme based on a slide agglutination technique using live bacteria and detecting
heat-labile (HL) antigens [155]. The method was developed according to the same principles used
to identify flagella antigens in other Gram-negative bacteria, and defined the HL antigens of three
species C. jejuni, C. coli, and C. lari, but flagella may not be the sero-determinant [156] [19].
In a comparison study using 1,405 isolates, 96.1% of the isolates were allocated a type by the
Penner method and 92.1% of the isolates were allocated a type by the Lior method [157]. Patton
considered the two systems were compatible which has been supported by several studies combining

both HS and HL antigens [158] [157] [159].

Both the Penner and Lior typing systems have been widely used but suffer from being time-
consuming, have costly reagents, require large panels of antisera, and still result in a high number
of untypeable strains [19]. Attempts to minimise these shortcomings have included combining the
Penner system with other non-serotyping systems [160]. A modified Penner serotyping scheme
(LEP) [161] was also developed to simplify the method and reduce problems with non-specific
agglutination and cross reactivity, but McKay found 36% of isolates were untypeable using this
method [162]. The high levels of isolates that are un-typeable in the Penner system may be due to
some level of specificity to the time and place it was developed [163][p28]. It was developed in the
1980s in Canada so C. jejuni antigens that may have arisen since then or in other countries are not

accounted for.
Protein profiling

A protein profile is created by extracting proteins from a population of bacteria growing under

rigidly defined laboratory conditions. Usually a whole cell lysate is denatured and added to a
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vertical polyacrylamide gel for electrophoresis, after which the resulting bands are stained and
compared for migration and intensity. This technique can identify Campylobacter at the species
level, on the basis of species-specific bands [164], but numerous bands are present in this technique
making analysis complicated and it is not recommended for use beyond this level of discrimination
[165] [166]. The technique is time consuming, laborious, and not considered suitable for large

numbers of isolates [167].
Multilocus Enzyme Electrophoresis (MEE)

Multilocus enzyme electrophoresis (MEE) has been in use since the 1980s and applied to population
genetics, systematics, and molecular epidemiology [168]. Using the technique, bacterial isolates
show variations in the electrophoretic mobility of different constitutive enzymes, usually 9-11
enzymes which separate out under electrophoresis in non-denaturing conditions [168]. Applying
this method led Meinersmann to suggest Campylobacter may have a clonal framework with other
portions of the genome involved in frequent recombination [169]. Although MEE has a high level
of discrimination it is not greatly used due to its low reproducibility, difficulty comparing results

between laboratories, and it can generate untypeable alleles [149][p167] [19].
Phage typing

Phage typing relies on the pattern of lysis shown by an isolate to various virulent typing bac-
teriophages [170], and isolates with the same pattern of lysis are related as the same “phage
type”. This method depends on the Campylobacter cell expressing a suitable receptor for the
bacteriophage to enter the cell, and instability or lack of expression can effect the outcome. Several
schemes for Campylobacter phage typing have been proposed using either USA, UK and Canadian
bacteriophages [170] [171] [172]. The use of phage-typing in conjunction with other techniques such
as serology has also been suggested [173]. The disadvantages of this technique include non-typeable
isolates and problems with cross reactivity, it is also labour intensive and expensive, requiring the

maintenance of large panels [141].
Fatty acid methyl ester (FAME) analysis

Using a gas-liquid chromatograph and a computer database it is possible to analyse and compare
the different fatty acids components of the cell wall (eg, lipid A or lipoteichoic acid) and cell
membrane to identify an isolate [174]. If the isolate itself is unknown because the lipid content is
phylogenetically conserved within the bacteria, it is possible to establish a degree of relatedness
to a known species [174]. This technique has been used to investigate Campylobacter physiology
[87], and when compared to PGFE showed a lesser degree of discrimination with limited ability to
sub-speciate isolates [18]. Once operating, this process is fast simple and all isolates are able to
be allocated to a type but standardisation of isolate preparation is necessary for reproducibility

[167).
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MALDI-TOF

Matrix assisted laser desorption ionisation time of flight mass spectrophotometry (MALDI-TOF)
analyses the whole intact cell by laser bombardment of the cell in a matrix aiding the ionisation
process and allowing the separation of gas-phase ions on a mass-charge basis [175]. This method has
been applied to differentiate Campylobacter at the species level [176] and even discriminate specific
subtypes within the C. jejuni [177]. Although a rapid technique which circumvents the relatively
low level of biochemical activity of C. jejuni, MALDI-TOF requires rigid standardisation and the
resulting data is complex, often requiring computerised cluster analysis with a comparable database
[178][p28]. A recent analysis of MALDI-TOF spectra clustering did not correspond with the MLST
sequence, biochemical phenotype or phage susceptibility of the C. jejuni and C. coli isolates [179].
Significant differences in the probability of correct identification at the Campylobacter species level
can occur due to differences in growth medium, the incubation temperature, time at interpretation

(from 24 h to 120 h), and the database applied [180].
Raman spectroscopy

Raman spectroscopy uses laser emitting photons at specific wavelengths to excite specific molecules,
then reading the resulting pattern of peaks to identify the phenotype [181]. This approach was
used by Read to compare tMLST typed Campylobacter showing a 83.95% accuracy at the species
level and qualified success comparing clades and clonal complexes, but the results also suggested
that the host environment could affect the phenotype and that the phenotypic signal may change
as strains moved between hosts [182]. The reported “host effect” suggests, like the FAME and
MALDI-TOF analysis, standardisation of isolate preparation is an important factor and can affect

the results and their interpretation.
Enzyme profile analysis

The enzymatic profile of 234 Campylobacter strains has been evaluated and 40 different enzymes
were identified as present at least once, with the mean number of 13 per isolate [183]. Elharrif
and Megraud (1986) used a relatively simple technique involving commercially available methods
but there is little reference to its usage for recent epidemiological investigations [4]. Although
this approach would be able to type isolates to a enzyme profile phase variation could result in

mis-allocation of an isolate.
Biolog Phenotypic microarrays

The Biolog phenotypic microarray system uses a series of proprietary plates developed and manufac-
tured by Biolog (Hayward, CA, USA) [184]. The Biolog phenotype assays measures cell respiration
with tetrazolium dye reduction, by a bacteria in a minimal nutrient environment containing a
defined nutrient. This system can test a bacteria’s phenotype using carbon, nitrogen, phosphorus,

and sulphur metabolism, sensitivity to various salts and ions and total osmolarity, sensitivity to
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pH, and sensitivity to 240 chemicals. The phenotypic microarrays are standardised and consists
of 96 wells that can be read in a spectrophotometer or in the purpose built Omnilog plate reader.
Using the Biolog phenotypic microarrays in combination with the Omnilog plate reader (Biolog
Inc, Heyward, CA) has been called by the manufacturer a “high throughput phenotypic microarray

system that produces global phenotypic characterisation”.

The Omnilog plate reader acts as an incubator with a robotic arm and CCD camera to spectropho-
tometrically record the dye colour change in each well on a plate every 15 minutes. The phenotypic
microarray plates, PM1 and PM2A each have 95 wells containing a unique carbon source and a
single negative control well. It is presumed if the bacteria are able to metabolise the supplied
carbon source, the resulting electron flow this will lead to reduction of the tetrazolium dye [185].
When all the cells processes are working normally there is a flow of electrons from the carbon source
to NADH then along the electron transport chain of the cell, and finally the electrons are accepted
by the tetrazolium dye to produce a purple colour [186]. However the process may not always
be this specific, for example molecules other than NADH can donate electrons to the C. jejuni

electron transport chain or act directly to reduce the tetrazolium dye [187] [188].

Tetrazolium is a water-soluble molecule that is readily reduced to form a formazan in the presence
of an electron donor [189]. The colorless tetrazolium molecule can be reduced and depending on its
formulation produce a blue, purple, red, or fluorescent formazan [190] in the form of an insoluble
crystal or a water soluble dye [191]. The tetrazolium compounds can be formulated to cross the
cell membrane and accumulate as an intracellular product or stay extracellular. The Biolog system
offers the terazolium dye in several proprietary formulations, recommending a formulation for a
given bacteria. There are many examples of non-proprietary formulations and their uses including
indicating activity in activated sludge [192] and the presence of bacteria in groundwater [193].
5-cyano-2,3-ditolyl tetrazolium chloride (CTC) has been suggested as being more indicative of
viability than activity in bacteria [194]. A tetrazolium dye, in the form of 5-cyano-2,3-ditolyl
tetrazolium chloride-4’,6-diamino-2-phenylindole staining has been used to identify respiration in

the viable but non culturable (VBNC) form of C. jejuni [195].

The Omnilog plate reader comes with some in-house software to record and provides initial analysis
of the colour change of the tetrazolium-based dye in each well recorded over time. The pattern
in a well where the bacteria is respiring with the carbon source is called a “respiration curve” as
shown in Figure 2.2 [196]. The idealised “respiration curve” can be considered similar to a growth
curve and analysed into four parameters [197]. The parameters are shown in Figure 2.2; lag phase
(N), slope of curve (1), maximum value of curve (A), and the area under the curve (AUC). These
parameters can be used to investigate the kinetics of the reactions, for example it has been used to
show the effect of starvation on the behaviour of Escherichia coli (E. coli) O157:H7 [198]. Analysis

of this data and parametrisation is facilitated by a purpose built R package called “opm” [199]
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[196].

Various uses have been proposed for the application of the Biolog phenotypic microarray technology,
particularly in combination with next generation sequencing (NGS) of genomes. Gawand et al.
(2013) have suggested its use in developing genome-scale metabolic models [200]. The results from
PM1 and PM2A analyses have been used to model the essential genes of C. jejuni [201]. Ductape
[202] is a programme that combines the data from the phenotypic microarrays with an isolates
genome to provide output that includes the metabolic pathways in the form of KEGG maps [203].
The KEGG maps [204] [205] cover a series of metabolic pathways showing the presence of a gene
(from the genome) in the form of an enzyme and the level of phenotype activity (from the phenotypic

microarray plate) in a reaction.
Potential difficulties with this system include:

e While it has been reported as an irreversible reduction of the terazolium dye there appears to be
reversible reduction by some Enterococcus spp. (Dr Anne Midwinter, personal communication,

June 2012).

e The lack of a standardised threshold makes comparison between investigations difficult.
Variation in deciding which parameter to use and a suitable cut off point that ascribes a

nutrient as utilised or not has not been standardised.

e False positives: It has been shown that under microaerophilic conditions there is an abiotic
reduction of the tetrazolium dye in certain wells on PM1 and PM2A [187]. This results in
an inability to determine if the organism being tested or the environment is reducing the

tetrazolium dye.
Phenotypic microarray results for C. jejuni

The Biolog phenotypic microarray system (PM1 and PM2A) have been previously used to investigate
C. jejuni and reported in seven articles. The summary of the combined results from four articles:
Line et al. (2010) [187], Tang et al. (2010) [206], Gripp et al. (2011) [5], and Wagley et al. (2014)
[207] are shown in Table 2.1. Due to the paucity of information provided in the articles by Brandl
et al. (2004) [208], Fouts et al. (2005)[209] and Muraoka and Zhang (2011)[210] they were not
included in Table 2.1.

Brandl et al. (2004) used Biolog GN and ECO plates and reported utilisation by C. jejuni 10
carbon sources, although now some are recognised as likely false positives under these conditions (L-
Arabinose, L-Fucose, a-D-Glucose, a-Hydroxybutyric acid, Succinic acid, L-Asparagine, L-Aspartic
acid, L-Proline, L-Serine, L-Cysteine). Fouts et al. (2005) reported preliminary Biolog PM plates
data showing variation and suggested this may be due to strain variation [209]. The full details of
the analysis and results were not reported but the isolate was C. jejuni RM1221 (original source

chicken [211]) and said to respire using arabinose, fucose, formic acid, acetic acid, fructose, mannose,
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hydroxybutyric acid, asparagine, and aspartic acid [209]. Muraoka and Zhang (2011) used the PM1
on three C. jejuni strains 11168, 81116, and 81-176 (all originally from clinical sources [211]) to
demonstrate phenotypic variation, as some strains were able to utilise L-fucose [210]. From Figure
2 in their article it appears the isolates all utilised 21 single carbon sources (wells) and possibly

another 5 single carbon sources (wells) [210].

Line et al. (2010) used PM1 and PM2A plates to compare the phenotype of C. jejuni strain
11168 (GS), original source was a clinical sample [211], at 37°C and 42°C [187]. The parameter
reported was the relative absorbance at 66 hours which is presumably the equivalent (usually) of
the maximum height parameter (A). The reported mean values sometimes have a large standard
deviation which implies large variation in the replicated tests for the isolate. Line et al. (2010)
did report the oxidation of the substrates was generally greater at 37°C than at 42°C [187]. They
also reported ten substrates (wells) that were showing potential false positive reactions in the
microaerobic conditions required by C. jejuni: L-Arabinose (PM1 A02), D-Xylose (PM1 B08),
D-Ribose (PM1 C04), L-Lyxose (PM1 HO06), D-Arabinose (PM2A B05), 2-Deoxy-D-ribose (PM2A
B09), D-Glucosamine (PM2A EO05), 5-keto-D-gluconate (PM2A E12), Oxalomalate (PM2A F05),
Dihydroxyacetone (PM2A HO09).

Using PM1 and PM2A single carbon source plates C. jejuni ATCC 33560 was phenotyped at 30°C
and 42°C by Tang et al. (2010) [206]. A total of 15 carbon sources were reported as utilised, the
same single carbon sources at both temperatures [206]. The analysis did not explain how they

identified utilisation from non-utilisation wells, i.e. the parameter used and the cut-off threshold

[206).

Gripp et al. (2011) used PM1 plates to analyse eight ST-21 isolates and one each from ST-51,
ST-50, ST-48, ST-45, ST-267, ST-257, ST-607, ST-290, and ST-572 i.e. in total 17 isolates from 10
strains [5]. The eight ST-21 strains were from different sources (human, chicken, food, bovine) and
the nine other isolates were all from humans [5]. Gripp et al. (2011) were unable to find phenotypic
variation within the ST-21 isolates attributable to source [5]. In this analysis the cut-off point for
utilisation was values > 800 for the area under the respiration curve (AUC) [5]. Using this as the
cut-off the isolates all utilised the same core 19 single carbon sources and a combined total of 48
different single carbon sources [5]. The plates were incubated in the Omnilog plate reader at 37°C

or 42°C but in the results it is not identified if this caused a difference in the outcomes [5].

Wagley et al. (2014) tested C. jejuni and C. coli isolates using the Biolog PM1 and PM2A plates
and reported they differed in their ability to utilise propionic acid as a sole carbon source in culture
medium [207]. However their suggestion that all C. jejuni may lack this ability is contradicted
by some earlier work by Gripp et al. (2011) where an ST-50 isolate seemed to utilise propionic
acid, however this may be attributed to the two papers using different parameters to identify the

cut-off point [5] [207] [210] [206]. The 13 clinical isolates used in the investigation Wagley et al.
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(2014) involving PM1 and PM2A plates were from three different countries, but they were not
all identified by MLST [207]. Although three isolates from geese were tested for propionic acid
utilisation, it is not identified if they were domestic or wild birds [207]. The Biolog PM1 and PM2A
plates were incubated at 37°C but the parameter used or the cut-off point is not stated, however
the values in the supplementary data table (Additional file 1. Raw data on carbon utilisation of C.
jejuni and C.coli strains using Biolog analysis) are consistent with the results being the maximum
height parameter. It is noticeable that in the three replicates for the each isolate used, there is
considerable variation within some wells. Assuming a cut off value of > 100 in any of the replicates,
to indicate a positive value for a given isolate in the well, this would result in 18 carbon sources
being used by all the isolates and a total of 29 carbon sources were used by at least one isolate

once.

Table 2.1 shows 11 carbon sources used by all the isolates in the Biolog phenotypic microarray
analysis of the four studies, and a total of 53 different carbon sources were utilised by at least
1 strain as a sole carbon source. These results show there is a significant amount of phenotypic

variation between C. jejuni isolates [212]
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2.4. MOLECULAR EPIDEMIOLOGY AND SUBTYPING
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Figure 2.1: Trends in Campylobacter cases in New Zealand January 1997 -
May 2012. The number of notified Campylobacter cases by month in New Zealand
January 1997 — May 2012 shows two trends. A seasonal pattern and an increasing
incidence trend until 2006 when interventions in the poultry industry resulted in a

marked decline although the seasonal pattern is still apparent.
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Figure 2.2: The parametrisation of the Biolog phenotypic microarray respi-
ration curves. Figure 2.2 (a) shows two respiration curves ( red, khaki) produced by
a C. jejuni isolate in phenotypic microarray plate 1 (PM1) in a well HO8 containing
pyruvate as the single carbon source in two experiments. The curve is produced by the
change in colour of the tetrazolium dye measured in Omnilog units by a spectropho-
tometer, over a period of 48 hours. The bottom green line is the colour change in the
same well (PM1 HO8) under the same conditions when no bacteria is present. Figure
2.2 (b) shows an idealised growth curve which can be approximated as a respiration
curve seen in Figure 2.2 (a). The parameters are lag phase (), slope of curve (u),
maximum value of curve (A), and the area under the curve (AUC). The source of 2.2

(b) is “grofit: Fitting Biological Growth Curves with R” [197].
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2.4.3 Genotyping

The entire bacterial genome is the most fundamental “molecule of identity” in the cell and thus
represents the best basis for assessing isolate interrelatedness [213] and there are a wide range of
techniques that have been developed to utilise this potential. Genotyping involves using the more
recently developed molecular techniques usually either PCR, restriction enzymes, or nucleic acid
sequencing. The stages of development for genotyping can be divided into first generation plasmid
analysis, second generation restriction enzymes and probes, followed by third generation consisting
of pulsed field gel electrophoresis (PFGE) and PCR-based methods, and finally fourth-generation
DNA sequence-based approaches [213]. In the case of Campylobacter spp. found in some marine
mammals, genotypic identification has been suggested as more reliable than phenotypic methods

[214].

DNA hybridisation was developed in the 1980s and used successfully at the level of genera and
species identification [164] [215]. DNA-DNA hybridisation is a time and labour intensive technique
and a more simple DNA dot blot hybridisation assay has been developed that has the ability
to differentiate atypical C. jejuni isolates such as nitrate-negative and nalidixic acid-resistant
isolates [216]. Variations of this theme have been developed such as using melting point analysis
of ribosomal-DNA (rDNA) probes, but its power of discrimination is only to the species level
[217]. The increased availability of genomic analysis has resulted in the production of software like
“Jspecies” to undertake in silico DNA-DNA hybridisation but this approach has yet to be accepted
as a replacement for the laboratory bench technique to establish taxonomic identity [218]. This

approach is more for taxonomic analysis than an epidemiological approach.
Plasmid typing

Plasmid typing assesses the presence or absence of a particular sized plasmid (extra-chromosomal,
self-replicating double-stranded DNA molecule) using agarose gel electrophoresis. Plasmids can
encode genes for antibiotic resistance which can be of epidemiological interest. Although plasmid
typing can be used to separate isolates that have been typed to the species level [219] [220], there
are problems with many C. jejuni lacking plasmids, and are therefore untypeable, and also the
lack of consistent association between plasmids and other biological markers e.g. serotyping [221]

[222].

Restriction endonuclease analysis (REA) or Bacterial restriction endonuclease DNA

analysis (BRENDA)

The DNA content of a cell, genomic (i.e. total DNA including plasmids) or just chromosomal DNA,
can be selectively cleaved by a restriction endonuclease at a specific site wherever it is present
in the DNA [223] [224]. The choice of cleaving enzyme dictates the level of discrimination and
there are a range of restriction endonuclease from which to choose [225] [222] [226]. The different

sized fragments are resolved into a linear pattern by conventional agarose gel electrophoresis and
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stained with ethidium bromide. In 1988, a study using REA typing on 316 New Zealand isolates
which showed a similarity of 49.7% between the human isolates and the poultry isolates, researchers
concluded that poultry was a major source of human C. jejuni infection [227]. REA has been used

to identify the source of outbreaks and identify at the species level [228].
Pulsed Field Gel Electrophoresis (PFGE)

PFGE has emerged as a popular molecular approach for the epidemiological analysis of bacterial
pathogens. Since it development in 1984, it has even been called the “gold standard” [149] [213]
[229]. PFGE is a variation of the REA method with both methods allowing the examination of
the entire genome without the cost and equipment to sequence the entire genome. Digestion of
the genomic DNA by rare cutting restriction endonuclease can result in large DNA fragments
(>15-20kb) that are not differentiated by standard electrophoresis but can often be separated when
voltage is periodically switched among three directions: one that runs through the central axis of
the gel and two that run at an angle of 60 degrees either side. The technique has proven valuable
in epidemiological examinations of C. jejuni [230] [133] [231]. PFGE is reported as being a good
predictor of MLST clonal complex, but not MLST sequence type when tested on New Zealand
Campylobacter isolates [232]. The drawbacks of PFGE include:

e Reproducibility can be difficult but is achievable when well standardised such as on PulseNet

233].
e The time required by the method and its complexity [141].

e There can be difficulties with interpretation of the gel patterns which has been helped by
software such as Bionumerics (Applied Maths) but a major drawback still exists in using these
macro-restriction profiles to unambiguously identify relationships between isolates although

Tenover has proposed a classification system of these relationships [234] [213].

An analysis by Sails reported PFGE was more discriminatory than MLST, but genomic instability
(plasticity) due to frequent recombination events makes this technique unsuitable for longitudinal

studies [141] [235].
Ribotyping

Ribosomal RNA (rRNA) cistrons are highly conserved but differ widely between bacterial species
in both number, location, and primary nucleotide sequence for 5S, 16S, and 23S rRNA [225].
The rRNA DNA cistrons are detected using a labelled probe in a Southern blot upon an isolates
genomic DNA after it has been digested with a restriction endonuclease and separated by gel
electrophoresis [236]. Sequence variation in the flanking sites to the conserved rRNA results in
different banding patterns when the DNA fragments are probed. The process is called ribotyping and
the resulting pattern has been called the ribopattern or the ribotype [236] [167]. Ribotyping has

been automated using the RiboPrinter™ Microbial characterisation System (Qualicon, Wilmington,
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DE) which includes a database. This system has been used to differentiate C. jejuni and C. coli
[237]. Ribotyping has been used for some bacterial epidemiological studies and Campylobacter
species differentiation [225] [238]. Advantages of this method include the universality of rRNA,
which makes prior knowledge of the genome unnecessary, while the lesser number of fragments
compared to other techniques like RELP makes interpretation easier [236]. Disadvantages include
less discrimination than PFGE which uses the whole genome rather than being limited to the rRNA
genes in Campylobacter spp. [19] [160], it is technically demanding, labour intensive and needs
to be standardised if done manually [236]. There is an automated system which can avoid these

labour problems but this can be an expensive option [236].
Amplified Fragment Length Polymorphism (AFLP) analysis

AFLP combines restriction endonuclease analysis with PCR thus utilising all the genome without
requiring prior knowledge of the genome. The isolates genomic DNA is cut, usually with two
restriction endonucleases, and the resulting restriction fragments are ligated with end-specific
adapters. The adapters provide the basis for the primers to anneal in the PCR reaction but the
primer is usually longer than the adapter, often by 1-3 bp [236]. The technique was patented
by Zabeau and Vos in 1993 and published in 1995 [239] [240]. The resulting DNA fragments
(PCR product) can be detected by conventional gel electrophoresis or automated DNA sequencer.
The DNA fragment pattern can be analysed by software such as GeneScan software (PE Applied
Biosystems) and provide densitometric values GelCompar v4.1 software (Applied Maths, Kortrijk,
Belgium). Lindstedt et al.(2000) found AFLP analysis of C. jejuni strains to be a rapid method
and it showed more discriminatory power than PFGE or PCR-RFLP [241]. Schouls et al. (2003)
found Clustered Regularly Interspaced Short Palindromic Repeats ( CRISPR), MLST and AFLP
analysis were equally powerful in their comparison study investigating C. jejuni outbreaks [242].
The method can be modified to use fluorescently labelled primers for PCR amplification (fluorescent
AFLP or FAFLP) and an automated DNA sequencer for fragment detection providing similar
discrimination to PFGE [243] [244]. AFLP has good discrimination but this is dependent on the
combination of restriction endonucleases and the number of selective nucleotides in the primers,
and it has similar reproducibility to other DNA banding patterns [236]. As with other molecular
techniques, standardisation of the technique is important and necessary, so comparisons can be
made between laboratories. Disadvantages include the equipment which can be expensive and the

complex nature of the DNA fragment patterns can make interpretation challenging.
Random amplified polymorphic DNA (RAPD PCR)

RAPD uses arbitrary random primers that are ~10 bp (10 mer) in length to bind to multiple
regions over the chromosome and in the multiplex PCR reaction generate multiple amplicons.
Alternatively repetitive extragenic palindromic (REP) primers can be used [245]. This technique

does not require previous knowledge of the genome and uses the whole genome. It has been used on
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C. lari isolates from shellfish in the Netherlands [246]. Disadvantages include lack of consistency
and reproducibility with slight changes in cell numbers and growth conditions altering results, as

well as poor correlation with other molecular techniques [167].
Single gene PCR based methods

Using this technique different Campylobacter species can be differentiated based on the similarity
of the nucleotide sequence at one locus, and this approach has been demonstrated for many
loci [149][p166]. Due to the frequency of inter-genomic and intra-genomic recombination in
Campylobacter spp. relying on a single gene to identify the degree of relatedness between isolates is
problematic for epidemiological studies and this review will limit itself to one example of a single
gene typing system flaA [247] [235] [242]. Discrimination of isolates at the intra-species level has
been demonstrated by restriction fragment length polymorphism (RFLP) of the flagellin A (flaA)
gene or nucleotide sequencing of the short variable region (SVR) of flaA [248] [249] but other genes

such as porA have also been used [250].
Flagella typing

C. jejuni flagella are important for motility and have been associated with pathogenesis [251]. The
flagella of Campylobacter are complex and their proteins are encoded by a major flagellin gene,
flaA, and a minor flagellin gene, flaB. Both flaA and flaB are homologous with highly conserved
regions. The flaA gene has an area of short variable repeats (SVR) that frequently shows variation
[252]. Flagella typing has shown to be suitable for the initial grouping of isolates in a surveillance
situation but is better used in combination with other methods, especially with data covering long
time periods [253] [167]. For example, it has been combined with MLST and with 16S rRNA
oligonucleotide probes [254] [255]. Flagella typing is quick and has good discrimination of C. jejuni
strains but on its own may not differentiate C. jejuni and C. coli [255]. There is evidence of
inter-genomic (between strains) and intra-genomic (between flaA and flaB) recombination [252]
[255], which would result in long term relationships predicted by these genes not reflecting the
true clonal relationship when considering the rest of the genome [252]. Flagella typing has been

performed using two different methods to type C. jejuni at the strain level.

e Flagellin gene restriction fragment length polymorphism analysis (fla-PCR-RFLP)
A PCR-based method, where the flaA PCR product is cut using rare restriction enzymes is
called restriction fragment length polymorphism (RFLP) or fla-PCR-RFLP. This method has
been used to type Campylobacter flaA using various restriction endonucleases and primers
[256] [257] [258]. The discriminatory power of flagellin gene typing using RFLP is determined
by the type of restriction enzyme used [133], therefore standardisation of this technique is

required for comparison purposes.

e flaA SVR sequencing
The flaA can be sequenced and compared to other flaA sequences in a database (PubMLST)

33



[259]. Sequencing of a short variable region (SVR) in the gene encoding flagellin A (flaA),
called fla-SVR, is a relatively cheap and easy genotyping method suitable for local and short
term epidemiological investigations [248] [260]. Analysis of the DNA sequence of a 582-bp
segment, of flaA produced strain groupings similar to that generated by PCR-RFLP but
further differentiated two flaA PCR-RFLP types (with a 1-bp difference in the 582-bp region)
[133].

Clustered regularly interspaced short palindromic repeats (CRISPR)

CRISPR loci comprise two main elements, the CRISPR spacer array and a group of CRISPR-
associated (cas) genes; combined they are referred to as a “CRISPR-Cas system”. CRISPR elements
function as a nucleic acid-based adaptive immune system in about ~85% of archaea and ~48%
of bacteria [261]. Louwen et al. (2013) showed that CRISPR elements of C. jejuni are diverse,
associated with the lipooligosaccharide (LOS) locus class and some of the spacer sequences were
also shown to have high sequence similarities with C. jejuni (pro-)phage DNA [262]. Sequencing
CRISPR loci has produced effective subtyping of C. jejuni for outbreak investigation [263] [242]
[262]. However factors such as CRISPR loci not being present in all C. jejuni isolates (missing
entirely or in part in ~25% [263]), and variable levels of polymorphism mean its usefulness for
strain typing in short term epidemiological studies must be assessed on a case-by-case basis [261].
An approach to increase its epidemiological application used by Kovanen et al. (2014) combined
CRISPR dynamic polymorphism with the more stable MLST system which identified variation

within the main sequence types [264].
Multilocus sequence typing (MLST)

Multilocus sequence typing (MLST) is a technique that uses comparative DNA sequencing of
conserved house-keeping genes (under stabilising selection for the conservation of metabolic function)
to characterise haploid organisms by indexing genetic variation under a standardised framework
[141]. By using multiple genes distributed around the genome there is some stability despite
recombination events (or horizontal gene transfer (HGT)). Several schemes have been described for

C. jejuni:

e Dingle and colleagues [265] described an MLST scheme using seven housekeeping genes (aspA,
glnA, gltA, glyA, pgm or glmM, thktA, atpA or uncA). 400-600 bp segments are sequenced
from each of the loci. Each of the alleles are assigned a unique allele number on the basis
of those already present in the database, and the alleles of an isolate combine to form a
seven-digit code that is then assigned a sequence type (ST). This grouping of alleles has been
referred to as the definitive MLST alleles [266]. This curated database is accessible from a
world wide web site for Campylobacter PubMLST 3.

e Suerbaum proposed a different set of seven housekeeping genes (asd, atpA, ddIA, eftS, fumC,

3Campylobacter PubMLST http://pubmlst.org/campylobacter/
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nuoH, yphC) [267].

e An extended MLST can include various other genes. flaA and porA are not conserved house-
keeping genes but are under diversifying selection and are also available on the Campylobacter
PubMLST website. flaB has been used in an extended MLST for population analysis [268].
These three genes have been referred to as antigen gene sequence typing (AGST) and can

increase the discrimination index in combination with MLST to 0.99 [80] [266].
e Lang et al. (2010) used an expanded 16 gene MLST on C. coli [269].

e In the age of genome sequencing the MLST approach can be expanded still further and will

be discussed in the genomic typing section.

The advantage of molecular sub-typing methods based on the sequencing of one or more gene
loci, are minimal experimental variation, enabling direct inter-laboratory comparisons and the
establishment of digital databases [141] [270]. The MLST system has also be used to perform
phylogenetic, population genetic analysis and multinational longitudinal epidemiological studies
[271]. The MLST system can allocate closely related sequence types into a clonal complex which can
help understand the population structure of weakly clonal bacteria like C. jejuni and is a relevant
unit for short and long term epidemiological analysis [272]. Disadvantages of this system include
the time, cost and specialised equipment. Also occasionally a PCR may fail to type a loci, probably
due to primers failing to anneal to the correct position. When investigating a short term outbreak
there may be insufficient differentiation, i.e. not enough time for the accumulation of mutations in

the MLST loci, and the use of more rapidly changing loci e.g. flaA is required [141].

Another concern, illustrated by the finding of significant differences between isolates of the same
MLST sequence type (ST-474), supports a need for typing of C. jejuni genomes [273]. Reports
based on other pathogens are already appearing supporting a move from MLST to whole genome
typing particularly in low divergent species [274][275]. It is also possible to use genomic data on
line to identify an isolates MLST sequence type [276]. The MLST system designed for C. jejuni by
Dingle et al.(2001) is hosted on PubMLST (http://pubmlst.org/campylobacter/) and was used
in this thesis [265]. This system is widely used in epidemiological studies and contains a large
amount of data worldwide (376,670 sequences and 7504 MLST profiles reported on 21st January
2015) [277].

2.4.4 Whole Genome typing

Currently genomics and its related fields are driven by emerging technology with huge potential but
rather than be speculative this literature review will be limited to those genomic typing methods
that have had a demonstrated epidemiological application to C. jejuni. Methods using the whole
genome include PFGE, RFLP, PCR-RFLP, and RAPD and have been discussed previously in the

genotyping section as they do not involve genome sequencing.
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Sequencing of the whole genome gives researchers greater opportunity to identify and use loci that
will provide suitable stability and variation to answer the question they may be studying. The
approaches in this area can be divided into DNA microarrays and next generation sequencing
(NGS). There are a range of next generation sequencing technologies [278] emerging to sequence the
genome and various methods to assemble the genomes [279] [280] including using the transcriptome
with RNA-sequencing (RNA-Seq) [281]. NGS has the potential for faster analysis of isolates
than is presently the norm [282] for example bench-top sequencing has enabled genomes to be
available for isolates within 5 days of culturing [283]. Hall et al (2010) showed that a simple
presence/absence analysis of the pan-genomes from six different species provided better resolution

than MLST [284].
DNA Microarrays

DNA microarrays (DNA chip, biochip) are solid surfaces covered in DNA sequences (probes) and
when a target DNA sequence hybridises to a probe the combination is detected. DNA microarrays
have been shown to detect genetic polymorphisms in a range of bacteria including C. jejuni
[285][286]. Polymorphism was identified particularly in genomic prophage and hypervariable regions
(88% of the variation [287]) [288]. Champion et al. (2005) used this method combined with
Bayesian modelling to identify two clades, a livestock and non-livestock split [289]. The drawback
of this approach is generally the construction or purchase of DNA microarrays and the performance
of strain to strain hybridisation experiments is considered too expensive for routine application.
There is also a need for a reference sequence for the probe, meaning sequences present in the isolate
being tested but not in the probe DNA sequences will not be identified, making selection of the

reference sequences very important [285].
ribosomal Multilocus Sequence Typing (rMLST)

The ribosomal protein subunit (7ps) genes have the advantages required of a typing system i.e. being
universally present but differentially variable [290] [291] and is potentially a universal bacterial
identification and typing scheme [138]. The rMLST allelic profile is based on 53 ribosomal genes
for most bacteria although only 52 in the case of Campylobacterales as they lack rpmD [292].
Like the MLST approach on which it is based, the rMLST employs curated reference sequences to
identify gene variants and index them using the BIGSdb* platform [293]. This system has been
shown a discrimination level equivalent to MLST’s clonal complexes [293]. tMLST has also shown
to have difficulties in differentiating several closely related species [276] including Y. pestis versus
Y. pseudotuberculosis [294] and M. tuberculosis versus M. bovis [295] and B. anthracis versus B.
thuringiensis [296]. In cases like B. anthracis and B. thuringiensis most of the genetic difference is
contained in plasmids, making the rMLST approach or any approach relying solely on the core

genome unlikely to provide the necessary resolution [296][276]. It has been suggested that as the

4http://pubmlst.org/rmlst/

36



rMLST database grows, its performance will improve [276]. tMLST requires the time, cost and
specialised equipment for NGS and internet access, however this technology is improving in ability

and decreasing in cost.
Whole Genome Multilocus Sequence Typing (wgMLST)

A complete gene by gene approach to genome comparisons, developed along the lines of MLST,
called whole genome MLST (wgMLST) but with the potential to include regions between genes
if the adjacent loci are defined, has been developed [297] [298]. PubMLST® currently has a
Bacterial Isolate Genome Sequence Database (BIGSdb) to which the genomes can be uploaded and
processed [297] [277]. The BIGSdb is a Linux based on-line server, that can link gene, genomic
and phenotypic data, although the phenotypic data is stored as meta-data [298]. This platform
allows for flexibility of approach and scalability of databases, an example of the work-flow is shown
in Figure 2.3. DNA can be isolated from a bacterial isolate or community sample and sequenced on
an appropriate platform, short-read data can be obtained from the Sequence Read Archive (SRA),
and assembled genomes can be downloaded from public databases. The SRA® at NCBI stores
raw sequence data from NGS technologies including 454, IonTorrent, Illumina, SOLiD, Helicos
and Complete Genomics. The DNA sequence data, which is stored as text, can be combined
with information on its provenance and phenotypic data in the form of metadata, and can then
be grouped within different schemes e.g. MLST or rMLST loci if required [277]. The Genome
Comparator module [298] can compare sequences to other data such as reference genomes using
algorithms such as BLAST [299]. Loci from a particular scheme (e.g. rMLST, MLST, wgMLST)
can be compared to the sequence definition database and alleles indexed if previously identified or
the definitions expanded as new variants are identified. Although loci are usually protein encoding

genes, this approach is not restricted to these and intergenic regions could be included [298].

Analysis comparing MLST and wgMLST using seasonal data from Finland was applied to a milk
borne C. jejuni outbreak [300] [292]. wgMLST showed increased sorting ability by demonstrating
variation within ST-45 and the results suggested that some “sporadic” outbreaks may be linked by

a common source of infection [301].

wgMLST is dependent on NGS technology, bioinformatics skills and internet access which for the
immediate future are limitations. These technologies are rapidly improving and decreasing in cost
and these features could change from limitations to benefits [137]. As NGS is still a developing
technology, and issues of quality control can exist at various stages of the processing;quality control
differences between technologies at the sequencing stage [302], variation in assembly or mapping
methods and their quality [303] [304], can all affect the data entering the database, which in turn

can affect the quality of the final analysis.

5PubMLST website http://pubmlst.org/campylobacter
6NCBI's Sequence Read Archive is at (http://www.ncbi.nlm.nih.gov/Traces/sra/)
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Figure 2.3: An outline of potential whole genome gene by gene analysis work-
flows for Bacterial Isolate Genome Sequence Database (BIGSdb). BIGSdb
can input DNA sequences can be derived from bacterial isolates and communities as
well as de-novo genomic data from next generation sequencing (NGS) and existing
databases. Metadata about a samples origin and phenotype can also be stored in
BIGSdb. Loci that are part of a scheme can be identified and alleles are assigned
designations to generate an allelic profile. The Genome Comparator module in BIGSdb
can be used to produce a distance matrix based on allelic profiles. The source of Figure

2.3 is “MLST revisited: the gene-by-gene approach to bacterial genomics.” [298].



2.5 The Host

C. jejuni is a multi-host species isolated from a wide range of warm blooded host species, avian
and mammalian. C. jejuni has been isolated from water and insects [305] [306], however as a
thermophilic bacteria requiring temperatures > 30°C to replicate, these findings suggest the isolates
found for example in water are transiting between hosts and while a possible source, it is not a

centre of multiplication [307] [308].
Discovery of new Campylobacter spp. and hosts

Currently the discovery of new Campylobacter species and strains being associated with new hosts
is a dynamic and developing field. There are new species and hosts still being reported, for example
in the last few years using real-time PCR detection new and existing Campylobacter species were
reported in 85% of the of free-living Virunga mountain gorillas (Gorilla beringei beringei) tested
[309] and 16S rRNA PCR showed 11.1% of the sampled Persian fallow deer (Dama mesopotamica)
had a Campylobacter spp. [310]. New putative species have been identified: in captive lion-tailed
macaques (Macaca silenus) Campylobacter corcagiensis sp. nov. [311], Campylobacter subantarcticus
sp. nov., has been isolated from birds in the sub-Antarctic region [312] and in black-headed gulls
(Larus ridibundus) Campylobacter volucris sp. nov., has been isolated [313]. Campylobacter
species are not limited to mammals and birds as they have also been found in reptiles [314]. These
results suggest that as we look using modern molecular techniques we will continue to find more
hosts and new Campylobacter species and strains. There is much to learn about the prevalence of
different species and strain types of Campylobacter in many wild animals, and by understanding
the prevalence and distribution pattern, we will better understand the bacteria and the importance

of host association and niche adaptation.
Host attribution of C. jejuni

C. jejuni lineages are known to undergo frequent recombination events, but still show a host
signature that can be associated either at MLST sequence or clonal complex level [272] [315] [316].
Sequence-based typing such as MLST gives data that is comparable, reproducible and applicable
to population genetic analyses [317] [265]. Closely related sequence types can be classified into
clonal complex which can help understand the population structure of weakly clonal bacteria like
C. jejuni and is a relevant unit for short and long term epidemiological analysis [272]. Using the
MLST allelic profile, consisting of seven alleles, attribution models have been used to predict the
host source [315] [318]. The ability to successfully identify the host from MLST has contributed
to the realisation that C. jejuni from agricultural species such as cattle, chicken and sheep tend
to belong to certain clonal complexes (e.g. CC21, CC42, CC45, CC48) but those from wild-birds
tend to be host-specific, and this association trends continues in different geographical areas [318]

[7] [319]. The tendency for a division between isolates found in livestock (poultry, cattle, sheep
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and to a lesser extent pigs) and wild-birds was also identified by other typing techniques such as
BRENDA [227] and PFGE [320] [321]. The serological techniques like Penner was hampered by
high levels of unidentified strains particularly in the wild-bird populations, for example, Rosef et al.

(1985) could only serotype 65.7% of the isolates from domestic and wild animals [322].

A consequence of the recognition of the host association division into agricultural livestock (cattle,
sheep and poultry) and wild birds, is the identification of differing lifestyles between these groups
[318] [7] [319]. ST and CC associated with agricultural livestock are spread across mammal (cattle,
sheep) and bird (poultry) hosts and referred to as a generalist lifestyle. While ST associated with

wild-birds tend to be host specific with a specialist lifestyle.
Wild-birds as hosts

Understanding the role of wild-birds in the epidemiology and the population biology of C. jejuni
is important to understanding this emerging disease [323]. Wild-birds have been shown to act
as a source of campylobacteriosis in people [324], but to a much lesser degree than agricultural
animals (sheep, cattle, chickens) [319] [318], based on C. jejuni MLST sequence and PFGE profiles
[325]. Although not as significant a source of human campylobacteriosis as agricultural associated
isolates, wild-bird genotypes could act as a genetic reservoir with the potential to create new food
animal strains either by host switching and adapting to the new niche or through genetic transfer
by recombination of DNA [319] [6] [17][p266]. If wild-birds do play such a role due to their highly
mobile nature, particularly migratory birds, they could act as vectors over long distances [326].
For example they played an important role in the recent spread of West Nile virus and HIN1 avian

influenza [327] [328].

Evidence of direct transmission from wild-bird to humans is limited due to minimal contact between
the two; however many other bacterial pathogens found in wild-birds follow a more indirect route,
such as wild-bird faecal contamination of food and/or water [329]. In a reverse role, Griekspoor
et al. (2009) suggested human to bird transmission, when reporting ST-45 in Macaroni penguins
(Budyptes chrysolophus) from Antarctica, as ST-45 is normally associated with agricultural animals.

330].

Campylobacter spp. has been found world-wide in wild-birds from different taxa, phylogeny and
ecologies [17][p266]. Table 2.2 shows that Campylobacter spp. has been reported, so far, in 95 species
with varying levels of prevalence within and between species. These surveys were performed from
1983-2014 using a range of approaches making comparisons between them problematic as results
are highly dependent on sampling and culturing techniques [17][p266]. For example Kapperud et
al. (1983) [331] found C. jejuni in 15/35 black-headed gulls (Larus ridibundus) but Palmgren et
al. (1997) [332] found no Campylobacter spp. in the 41 individuals they sampled. Small sample
sizes, different isolation methods, and differences in growing and identification techniques could

have contributed to the different reported carriage by a species. Such as using only a hippurate
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test to identify C. jejuni [321] rather than in a PCR based method [333] could have affected
the results [323]. The proportion of gases in the microaerobic environment or the addition of
hydrogen (H,), and different incubation temperatures (37°C vs. 42°C) could also affect the isolation
of Campylobacter spp. [323] [334]. In some surveys fresh faecal samples were used [335] [318]
[336] and it is possible that the same individual was sampled twice, while others sampled direct

from the cloaca [337] [338].

There is a large range of variation between survey results for the same species in Table 2.2 for
which other explanations are possible aside from differences in sampling and isolation methods. It
has been suggested that diet or ecological guild (group of species that exploit the same resources)
[323] may affect the occurrence of Campylobacter spp. in wild-birds, in particular exposure to
human refuse [331] [339]. Other possible explanations for variation in the percentage of individuals
identified with Campylobacter isolates are seasonal variation [340] and variation of prevalence with

age [341].
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Table 2.2 is a summary of the available reports on Campylobacter spp. or C. jejuni isolated from
various wild-bird species although some reports of domestic birds were included and some wild-birds
excluded. Two surveys were included that contained domestic pigeons [339] or domestic geese
[337], however, in both cases these are free range animals exposed to a diverse environment and
diet which is more similar to wild-birds than that encountered by intensively farmed animals. A
survey by Yogasundram et al. (1989) and another by Petersen et al. (2001) were not included as
they are based on birds submitted for necropsy, rather than live healthy birds [364] [320]. Some
surveys did not identify by species, but grouped at under a common name such as “gulls” [349]
[340] [365] [366] [349] [363]. These were not included in the table as identity to the species level

may be important .

Sometimes negative results i.e. no Campylobacter spp. isolated in a given population sampled
were reported for a wild-bird species in a survey (for example [332] [323] [339]). These results
have not been included as Table 2.2 as this review is focusing on where Campylobacter spp. in
general and C. jejuni in particular is found in wild-birds. It is important to acknowledge that
Campylobacter spp. were not found in all birds surveyed. Waldenstrom and Griekspoor (2014)
in their review of studies looking for Campylobacter spp. in wild-birds by species showed 58.5%
(120/205 identified to the species level not a genus group) with zero Campylobacter spp. isolated
in any reported study [17][pp267-276]. However 52.5% (63/120) of the results that failed to find
Campylobacter spp. came from very small sample sizes (< 5 birds), indicating the result may be

affected by stochastic variation rather than confirmation of zero prevalence.

A potentially important implication of a negative finding is the lack of C. jejuni isolated from six
sites consisting of eight Antarctic bird species (233 samples in total). This may suggest increased
human intrusion poses an increased risk of transmission to potentially naive species/populations
[367]. A transmission event may have already occurred from human to Macaroni penguins [330].
Little is known about C. jejuni’s potential as a wild-bird pathogen beyond a report of weight loss in
a European Robin (Erithacus rubecula) artificially inoculated with a strain from the Song Thrush

(Turdus philomelos) [124].
Genomic analysis of wild-bird isolates

MLST typing has been the gold standard for C. jejuni epidemiological studies, and while it has
helped with source attribution, it does not deal directly with the accessory genome which could
identify features that may contribute to niche adaptation [368]. Some comparative genome analyses
using datasets containing wild-bird isolates have been published. Champion et al. (2005) used
genomotyping (whole-genome comparisons of microbes using DNA microarrays) to compare 111 C.
jejuni strains (70 human, 17 chicken, 13 bovine, 5 ovine, 6 environmental) and Bayesian analysis
of the phylogeny showed a livestock and non-livestock clade [289]. The analysis correctly placed
88.6% (31/35) of the livestock isolates in the livestock clade [289]. However this approach also
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placed 55.7% (39/70) of the human isolates in the non-livestock clade [289], rather than attributing
a high percentage of human isolates to the livestock clade (agriculture) as many MLST studies
have [315] [318] [7] [319]. Hepworth et al. (2011) compared 80 isolates, (16 birds/duck/water, 15
wild mammals, 49 agricultural /human isolates) using comparative genomic hybridisation (CGH) to
show that genomic variation existed between the water/wildlife group and the agricultural group,
and within the water/wildlife group [368]. They sequenced two of the wild mammalian isolates,
but not a wild-bird isolate [368]. Hepworth et al. (2007) used suppression subtractive hybridisation
to compare genomes by identifying sequences not present in NCTC11168 [369], isolates were used
from wildlife but limited to common clonal comlexes (CC-21, CC42, CC45 and CC61). In the 2007
analysis 7 of the isolates were identified as having a "bird” host, the results showed a correlation
between clonal complex and metabolic gene but not a host preference [369]. Sheppard et al. (2013)
performed a genome wide analysis using an association mapping method to compare 192 isolates
(including 2 water, 3 starling, 4 goose, 5 ducks) and found a seven-gene region in most cattle isolates
but often absent in chickens or wild-birds isolates [370]. Three of the seven genes encoded for
vitamin By bio-synthesis [370], and the absence of these genes had previously been observed in

environmental isolates [371][p93].

In summary there is limited information on the types and distribution of Campylobacter spp.
in general and C. jejuni in particular in wild-birds. There is also little genomic based analyses
investigating wild-bird isolates and the genomic variation they contribute to the C. jejuni pan-
genome [368] and even less genomic comparison involving Australasian isolates with most analysis

involving Northern Hemisphere isolates.

2.6 Temperature and C. jejuni

This is a review of the effect of temperature on C. jejuni and the range of temperatures it can
experience inside different hosts. An intestinal bacteria associated with many different host species
C. jejuni is exposed to and must survive transmission through a wide range of environments and
temperatures. As more is found out about C. jejuni it is clear there are major differences between
it and E. coli the standard organism considered when designing food hygiene standards [372],
making an understanding of its response to different temperatures an important public health

question.

2.6.1 Host body temperature

C. jejuni has been isolated from a range of species, both mammalian and avian, but poultry is the
major source of human infection [2] [91] [92]. The optimal laboratory incubation temperature of
42°C — 43°C for C. jejuni [373] [89] is often associated with poultry (Gallus gallus) which has a
reported normal rectal body temperature of 40.6°C — 43.0°C [374] [373].
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Tt has been suggested a birds average cloacal reading is between 39.8°C —43.3°C [375]. An exception
is the nocturnal kiwi (Apteryz spp.) with daytime levels of 36.4°C — 37.2°C and night time levels of
38.2°C—39.9°C reported in the North Island Brown (Apteryz mantelli ) [376]. This variation is more
consistent with Prinzinger et. al. (1991) findings that there is a wide range of normal avian body
temperatures and the bird’s physiological state needs to be considered as an important contributing
factor [377]. The results for the mean body temperature in 86 bird species when grouped into
three levels of activity show: at rest 38.54°C + 0.96°C, in an active phase 41.02°C + 1.29°C, and in a
highly active phase 43.85°C £0.94°C [377]. These results suggest that when inside an avian host C.

jejuni could experience a wide range of temperatures.

Compared to birds, mammals are generally associated with lower core body temperatures although
there is variation within species due to different physiological states and between species. During a
fever, the mammalian core body temperatures is generally in the range of 38°C — 41°C [378]. A
notable mammal is the bat, because when in flight the body temperature is raised and depending
on the species normal body temperatures ranges from 35°C — 42°C [379]. Recently a Campylobacter
spp. was isolated in some European bats [380]. It has been suggested flight in bats and the resulting
temperature increase may act as a selective force on some of the pathogenic viruses they can carry

(e.g. Ebola, Marburg, Rabies) [379].

C. jejuni’s pathogenic behaviour in people rather than poultry has been attributed to a difference
in host body temperature [373]. A difference in gene expression profiles has been reported at
37°C, a human associated temperature, compared to 42°C, a poultry associated temperature [373].
Hofreuter et al. (2014) suggested gluconate dehydrogenase GADH, which is more active at 42°C
than 37°C, may be an avian host adaptation [212]. However this review of avian body temperatures
would suggest the association of a consistent 42°C body temperature to an avian host may be an
over-simplification. It is possible in parallel with the bat body temperature hypothesis of OShea et
al. (2014) that the fever response of a human host may be less effective against a pathogen like
C. jejuni adapted to a host with a high body temperature rather than the generally lower human
body temperature triggering increased pathogenicity [379] [373].

2.6.2 The effect of temperature on growth

C. jejuni is a thermophilic and commonly growing at temperatures ranging from ~ 30 — 47°C | with
an optimal growth temperature of 42°C — 43°C [373] [89]. Growing thermotolerant Campylobacter
spp. in vitro at 42°C is both to enhance their growth and repress the growth of other bacteria [334].
However sampling and culturing methods used in an investigation can unwittingly bias the results of
an investigation and recent work suggests when sampling from the environment for Campylobacter
spp. isolates incubating the samples at 37°C as well 42°C should be considered, especially if non C.
jejuni are being investigated [381].

Most other bacteria have a gradual growth rate decline as they near their minimal growth tempera-
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ture with the growth rate being linearly proportional to the square root of the growth temperature
minus the minimum growth temperature [382]. In contrast C. jejuni has an abrupt transition from

the growing state (actively dividing cells) to an alive but not growing state [89].

The reported minimal growth temperature, determined by experimentation, for C. jejuni is ~ 30°C

with some variation possibly due to strain variation:
e 31 — 32°C using a sewerage and a bovine isolate [383]
e 31 — 32°C using five human isolates [89]
e 34 —36°C [384]

While the exact minimal growth temperature may vary between isolates, it is agreed that there is

no growth at 25°C by C. jejuni [385], or thermophillic Campylobacter spp. < 28°C [27].

Although C. jejuni subsp. doylei has been reported growing down to 30°C + 0.5°C  [386], no report
of growth at less than 30°C could be found for C. jejuni subsp jejuni [383] [89]. However a “phoenix”
effect has been reported at 30°C when C. jejuni isolates initially growing at 39°C were inoculated
into fresh media and incubated at 30°C resulting in an initial increase, then, a decrease, followed by

a later increase in viable counts [387].

2.6.3 The effect of high temperatures

Exposure to heat stress can induce in bacteria two types of heat shock proteins which are normally
conserved; the chaperones and the ATP dependent proteases which repair and prevent damage in
the folding of proteins [388]. A range of proteins and genes have been identified that are believed
to be fulfilling various roles in protection from increasing temperatures. Homologues for heat shock
proteins have been found in the C. jejuni genome e.g. GroEL, GroES, ClpP, DnaK, DnaJ, GrpE,
HrcA, HtrA, and DegP [389]. The C. jejuni genome lacks the sigma (o) factor RpoS which induces
many changes in other Gram negative bacteria in the stationary phase, including greater heat
resistance, but C. jejuni has demonstrated an ability to respond to a 46°C heat shock by inducing
24 proteins [388]. Up regulation was also detected in 10 heat shock proteins (GroEL, GroES, GrpE,
DnaK, DnaJ, HspR, CbpA,HrcA, ClpB, Lon and a putative HslU gene), using whole genome array
analysis in response to a lesser increase in temperature from 37 — 42°C by C. jejuni [373]. A
potential regulatory role in temperature response by C. jejuni has been identified for the RacRS
regulon which is differentially expressed at 37°C compared to 42°C [390], and are homologues of
HrcA and HspR, which are negative regulators of heat shock in B. subtilus.

Heat can cause structural changes in C. jejuni with an increase in temperature from 37°C — 42°C
showing a differential expression of some membrane structural proteins [373]. Greater levels of
heat stress accelerates the transition from C. jejuni normal motile spiral shape to a coccoid one

and temperatures > 55°C rapidly result in cell death which is attributed to the unfolding of the
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most thermally labile regions of the ribosome [391] [392] [393].

Some bacteria have mechanisms for sensing environmental changes in temperature using riboswitches
and RNA thermometers (RNAT) [394]. Both riboswitches and RNA thermometers use the folding
ability of RNA to form complex secondary and tertiary structures as the mechanism to enable
regulation [395]. Riboswitches recognise molecules and suppress or activate the genes that control
fundamental biosynthesis pathways [396] [397], while RNA thermometers sense temperature to
control heat shock response and the expression of some virulence genes [398] [399] [400]. RNAT’s
control the translation initiation of heat shock or virulence genes by forming a secondary structure
that traps the ribosome binding site (RBS) and when there is an increase in temperature, for
example, to 37°C in the case of virulence genes or higher for heat shock genes, the structure is
destabilised liberating the RBS, permitting the formation of the translation initiation complex, and
the expression of the gene [395]. A report investigating RNATSs within the C. jejuni genome was

not found.

2.6.4 The effect of low temperature

C. jejuni does not respond to lower temperatures like E. coli [401] Most of our understanding of
bacteria’s response to low temperatures is based on the model organisms F. coli and B. subtilis, for
example the production of cold shock proteins (Csp) in response to sudden decreases of temperature
[402]. CspA regulates at the level of transcription, translation and mRNA stability to control the
response to cold, allowing the bacteria to survive and remain metabolically active during long
periods of refrigeration [403] [404]. CspA, although wide spread in bacteria is not found in archaea,

cyanobacteria or the C. jejuni genome [383].

Less is known about the genes involved in C. jejuni’s response to cold than to heat. A role has
been suggested for sodB and katA in freeze thaw survival [405][pp571-590], and polynucleotide
phosphorylase (PNPase) has been reported as important to long-term survival at low temperatures
[406]. A potential difficulty in measuring metabolic activity at low temperatures could be due to
cells changing into the viable but non culturable (VBNC) state when the amount of gene expression

is almost undetectable [407].

C. jejuni can be active at lower temperatures, as oxygen consumption, catalase activity, ATP
generation, and protein synthesis have been reported down to 4°C in C. jejuni [383]. C. jejuni has
the ability to take up "naked” DNA from the environment. This natural transformation has been
shown to occur in aerobic and microaerobic conditions at temperatures of 20°C, 30°C and 37°C ,

which suggests this process can occur in the environment outside the host [408].

Using DNA microarray and FT-IR spectroscopy on the C. jejuni NCTC 11168 isolate at low
temperatures, Moen et al. (2005) showed that gene expression was in general downgraded compared

to normal growing conditions, and at 25°C it showed more down regulated genes than at 5°C [409].
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The few up regulated genes included some involved in energy metabolism and the cell envelope
[409]. The results lead the authors to suggest this was a survival mechanism, with as many genes as
possible down regulated to save energy while genes involved in energy metabolism and modification

of the cell wall are up regulated [409].

Membrane adaptation to low temperature by bacteria often results in changes in membrane
composition involving (unsaturated) fatty acid and polysaccharide content [410]. In response to
low temperatures (6°C), C. jejuni did not change its fatty acid composition unlike E. coli [411]. In
contrast, the cell membrane fatty acid composition varied at 25°C of C. jejuni when the coccoid
shape composition was compared to the normal spiral form [87]. The cell lipid composition has

also been reported as changing in response to lower temperatures (5°C and 25°C)[409].

A meta-analysis of C. jejuni survival from 0 — 42°C showed greater survival at lower temperatures
[10]. C. jejuni has shown some variation in its ability to survive at low temperatures in work
by Chan et al. (2001) when they tested 19 isolates (10 clinical and 9 poultry) for survivability
but they were not MLST typed [403]. The clinical isolates showed better survival ability at 4°C
than non-clinical (poultry) isolates, but the variation of tolerance for freezing at —20°C was not
attributable to either source [403]. Moen et al. (2005) identified that the clinical isolate C. jejuni
NCTC 11168 isolate survived better at 5°C than 25°C [409]. Recently it was observed that C. jejuni
and C. coli could survive cryogenic freezing, indicating a strong ability for low temperature tolerance
[412]. Murphy et al. (2006) suggested C. jejuni’s ability to survive at very low temperatures maybe

due to an uncommon mechanism [126].

There are many gaps in our understanding of C. jejuni’s response and survival at various tem-
peratures. Although Campylobacter is known to survive and respond to changes in temperature
little is known about its behaviour at low temperatures (< 30°C) [413] [387], when it abruptly
stops multiplying [383], beyond a greater survivability at lower temperatures [403] and that
the mechanism involved may be novel E. coli [126]. There is little information in the literature
identifying changes in metabolic activity such as carbon metabolism between the active growing
state at a host body temperature (37 — 42°C) and at other temperatures such as room temperature
(18 —25°C). Nor is there much information about isolate metabolic variation. Although 42°C is often
reported as the avian body temperature and the optimal growing environment for C. jejuni, this
review shows there is variation among the different bird species for body temperature, especially
in relation to physiological exertion such as flying. Research into how C. jejuni adapts to these
environmental changes may help us to understand how to better manage C. jejuni, particularly in

food processing environments.

54



2.7 Conclusion of the Literature review:

Phenotypic and genotypic variation between C. jejuni isolates is a common finding [132][p59] and
genetic analysis has shown there are significant differences between the isolates from agricultural
animals (sheep, cattle and poultry) and those found in wild-birds [368] [414] [6]. There is little
information on isolates associated with wild-birds probably because they are less associated with
disease in humans, although this lower level of source attribution to wild-birds could be due to
less risk of transmission rather than less pathogenicity [414]. Multiple reports show C. jejuni
and Campylobacter spp. being isolated from wild-birds (Table 2.2)(over 40% of species tested
in studies), involving a wide range of different species . Variation in carriage within species and
possibly predisposition to carry the bacteria due to diet (guild) and age have been reported [339]
[341] [323]. The evidence suggests that wild-bird strains of C. jejuni tend to be much more host
specific than the more investigated strains related to domestic animals such as cattle, sheep and
poultry [7] [319]. This could mean that there are many as yet unidentified strains, with as yet
unknown genotypic and phenotypic potential in the worldwide wild-bird reservoir. Investigations
of C. jejuni show evidence that recombination is more frequent than mutation [415] and that
recombination between more similar organisms occurs more frequent than with less similar [416].
Further investigation of these wild-bird associated strains is important to understand the potential
they may have to provide genomic sequences for other readily recombining C. jejuni, for example
could they act as a source of virulence factors for a poultry associated strain which in turn could

more readily get into the food chain and be a major public health problem?

C. jejuni is a fastidious intracellular gastrointestinal pathogen that must survive transmission
through the environment, which entails exposure to a range of temperatures. It has been shown that
C. jejuni may not grow at these lower temperatures, but it does survive them [10] [403]. There is
limited information on the behaviour of C. jejuni at lower temperatures, such as room temperature,
beyond its survival and inability to replicate. Addressing questions about C. jejuni phenotypic
variation at different temperatures especially below < 30°C have barely been addressed particularly

using wild-bird bird isolates rather than those associated with human cases.
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The past is a foreign country; they do things differently there.

L.P. Hartley, The Go-Between, 1953.

the past:

Historical demography of livestock importation

into New Zealand

3.1 Prelude

This chapter investigates the historical importation of livestock into New Zealand, as cattle sheep
and poultry act as hosts for C. jejuni. New Zealand’s long geographical isolation resulted in a
predominance of avian fauna prior to the arrival of mankind. Many of these birds were endemic,
and the only terrestrial mammals were two bats species. The arrival of the Polynesians (~ 800
years ago) [417], bringing with them the kiore, a Pacific rat (Rattus exulans (Peale)) [418], and
the kuri (Canis lupus familiaris), a Polynesian dog [419], started ecological and environmental
changes that were accelerated by the arrival of Europeans ~ 200 years ago [420][Pg 127]. Into an
environment that had been evolving in relative isolation came the introduction of animals like cattle,

sheep and poultry as part of the rise to dominance of pastoral agriculture, resulting in momentous
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environmental changes.

As a multi-host gastrointestinal bacteria that is not known to reproduce outside the host [307], the
successful arrival of C. jejuni to a new country can be associated with the arrival of the host animal.
Sequence types (ST) of C. jejuni have been generally divided into those associated with agriculture
and livestock, such as CC21, CC45 and ST-42; and those associated with wildlife, wild-birds in
particular [272] [7] [421]. The sequence types associated with wild-birds appear to be specific to a
wild-bird species or closely related species [7] [17]; so their arrival and spread into a new country
would depend on migration or introduction either by self or aided by humans. However the ST
associated with livestock i.e. cattle, sheep and poultry, appear to have a more generalist lifestyle
and spread between these hosts, although there may be some degree of host preference within this

group [421].

In this chapter, we addressed the big question of how did C. jejuni get to the geographically isolated
New Zealand? There are many possible routes, including migratory birds and sea birds that travel
long distances. However this question, addressed in Chapter 3, was refined to consider livestock
only, as livestock were not present in New Zealand prior to the arrival of the Europeans, so their
arrival pattern should reflect the arrival pattern of the C. jejuni ST associated with cattle, sheep
and poultry. C. jejuni has a population structure impacted by four evolutionary processes; point
mutation, recombination, selection (both positive and negative), and demographic processes such
as growth , reduction and admixture [422]. While the exact timing and size of the bacteria’s arrival
in New Zealand may not be directly estimated, knowing the host association of ST and the arrival

pattern of those hosts should reflect it.

This quantification and timing of the livestock introduction into New Zealand in this chapter has
been used in to produce coalescent models of demographic growth for C. jejuni in New Zealand
[423]. Although it is reasonable to assume the pre-existing prolific avian wildlife of New Zealand
did not carry the C. jejuni ST, over time their were other arrivals that may have contributed to the
introduction of these ST. It is not possible to rule out either the early Polynesians, kiore (Rattus
ezxulans (Peale)), and the kuri (Canis lupus familiaris) as sources of C. jejuni nor the introduced
32 mammals ( e.g. rats, ferrets, rabbits, deer) that established themselves in New Zealand [424]
as sources of the ST we associate with cattle, sheep and poultry. The arrival of pigs (Sus scrofa)
also has not been documented in this chapter, and while it is more strongly associated with C. coli
than C. jejuni. Some C. jejuni sequence types (STs) and clonal complexes (CC) associated with

livestock e.g. CC21 and CC42 have been isolated from pigs PubMLST!.

Australia, as a another country lacking native livestock and recently colonised by Europeans is also
likely to have reliable records of the pattern of livestock introduction which could be used in a

similar manner. While countries in Africa or Eurasian have had livestock for a long time, both

ICampylobacter PubMLST http://pubmlst.org/campylobacter/

58



domestic and wild, probably the pattern of the arrival of the livestock during their long histories has
not been well recorded so the approach used in this chapter is unlikely to be productive. However,
there are methods of tracing geographical spread of a host by the phylogenetic relatedness of
the micro-organisms they carry which may spread some light on the general patterns of mixing

[425] [426).

The basis of this chapter is an article [427] written by the candidate, which has been reproduced
here in its entirety. This article forms the basis of this chapter and has been published by Taylor
& Francise ? in the New Zealand Veterinary Journal [427]. The article has been cited [423]. This
article contributes to a body of work from the mEpiLab group of Massey University regarding the
introduction of livestock to New Zealand and its effect on the subsequent evolution of the microbes

that accompanied them.
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Quantification of historical livestock importation into

New Zealand 1860 — 1979

3.2 Abstract

AIMS: To quantify the numbers of live cattle, sheep and poultry imported into New Zealand and,
where possible, their country of origin from 1860 to 1979.

METHODS: Information on the origin and number of live animal importations into New Zealand
was collected for cattle, sheep and poultry for the period 1868 — 1979 from the annual reports
compiled by the New Zealand Registrar Generals Office, Government Statisticians Office, Census
and Statistics Office, Census and Statistics Department, Customs Department and Department
of Statistics. Census data from 1851 to 1871 were also used to estimate the livestock population
during this period. The number of animals imported and the mean population for each species in a

decade were determined, and the major countries of origin were identified.

RESULTS: A large number of cattle (53,384) and sheep (604,525) were imported in the 1860s,
and then there was a marked reduction in importations. Live poultry were imported in relatively
small numbers (20,701) from 1880 to 1939, then 1,564,330 live poultry were imported between
1960 and 1979. Australia was the predominant country of origin for sheep between 1868 and 1959
(51,347/60,918; 84.3%) and of cattle between 1868 and 1979 (10,080/15,157; 66.5%). Only 6,712
(11.0%) sheep and 3,909 (25.8%) cattle were imported from the United Kingdom over the same

periods, and even fewer from other countries.

CONCLUSIONS: The collated data and historical reports show that from 1860 to 1979 Australia
has been the main source of livestock introduced into New Zealand. The pattern of importation
showed that large numbers of cattle and sheep were initially imported in the 1860s, probably in
response to rapid agricultural expansion. Thereafter importations continued at much reduced
numbers. In contrast, relatively small numbers of poultry were introduced until the 1960s when
large numbers were imported as part of the development of a modern high-production industry.
The overall pattern for both cattle and sheep was of a bottleneck event, as initially a relatively
limited number of animals arrived from outside populations, followed by population expansion with
ongoing but limited immigration (admixture). Investigation into the genetic population structure
of New Zealands cattle and sheep, as well as their host-associated microorganisms, could reflect the

impact of these early historical events.
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3.3 Introduction

A key step towards a better understanding of the genetic population structure of livestock in
New Zealand and their host-associated microorganisms (commensal, pathogen and parasite) is
quantification of the pattern of importation of these animals. Previous work on the historical
demography suggests that Australia was the main source of early livestock importation [428] [429],
although others suggested that there were three main countries of origin of animal introductions to
New Zealand, namely the United Kingdom, Australia and Chile [430] [431]. No previously published
research quantifying these importation movements from colonial to modern times has been found
by the authors. By examining the annual government records (1840 — 1980) it should be possible
to quantify the size and timing of these important demographic historical events for cattle, sheep

and poultry in New Zealand.

The importance of a quantitative analysis of livestock populations and their movements is not
limited to the animals themselves, but includes the microbial organisms they carry. Microorganisms
that have host-associated strains, such as Campylobacter jejuni, may have had their population
structure in New Zealand influenced by these historical patterns of live animal importation. The
movement of pathogens, parasites and their hosts may affect national biosecurity, global trade
and control of emerging infectious diseases [432]. Recent developments in molecular biology, and
specifically DNA sequencing, have facilitated detailed investigation into the geographical distribution
and biodiversity within populations of microorganisms [433]. Phylogenetic analysis investigates
the evolutionary relationships of organisms [434] which, in combination with population genetics
modelling, has the potential to show how past events may have affected the development of a

particular microorganism, parasite or host population [435] [425] [436].

Modern New Zealand is an isolated archipelago, and one of the last places on earth that mankind
colonised with domesticated animals (reviewed in [437]). Polynesian voyagers, who travelled around
the Pacific with a variety of domestic animals, arrived about 800 years ago in New Zealand and
introduced the kiore (Rattus ezulans) and the kuri ( Canis familiaris Linnaeus) [419]. Early European
explorers, starting with Captain James Cook, began introducing sheep and other domesticated
animals to New Zealand [438] [439]. The Europeans introduced a system of pastoral agriculture and,

from 1840 onwards, early settlers accelerated the rate of livestock introduction [440] [441].

Very early in the introduction of sheep to New Zealand sheep scab (Psoroptes ovis) was introduced
[442] [443] [444]. Sheep scab was reported in New Zealand by 1840 [445] and government mandated
control measures were instigated in the Scab Ordinance of 1849 [446] [447]. New Zealand was
declared officially free of sheep scab in 1892 [448]. It has been suggested that strict quarantine
measures were rapidly developed in New Zealand [431], but others report a more slow and progressive

development, from almost no measures to the modern system [443]. A slower development of
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national measures may stem from the scientific understanding of microorganisms as a cause of

disease (germ theory) only emerging in the late nineteenth century.

The aim of this study was to quantify the numbers of live cattle, sheep and poultry imported into
New Zealand from 1860 to 1979 and, where possible, identify their country of origin. A better
understanding gained from determining the numbers, timing and origin of these importations
could clarify their contribution to the current livestock population structure in New Zealand, and
the population structure of their host-associated microorganisms (commensal, pathogenic and

parasitic).

3.4 DMaterials and methods

Data on live animal importation were collected by reviewing and combining information from
official New Zealand records, from 1840 onwards, on the importation of sheep, cattle and poultry.
From 1840 to 1920 the Blue Book series was the general title given to a series of annual statistical
reports produced by various sections of the New Zealand government. The publication of live
animal importations data as annual books continued from 1920 to 1979 under various names. The
data for 1860 — 1867 did not include the source of the imports, only the total number imported.
Table 3.1 shows the names of the annual official record for a given period and the government body
that compiled them. In most years there was an individual report for each year, but occasionally
the report was printed as a combined report for two or three or even four consecutive years. A

detailed list of all publications can be found in [449].

From 1868 to 1879 poultry importations were not consistently quantified as individual birds in
annual official records, therefore these imports were not used in this study. Also, from 1942 to
1948 the records for importing poultry quantified them by total annual value, not by number of

individual animals, so these years were also not included in the study.

Census data used to estimate livestock populations in New Zealand between 1851 and 1871 were
from reports in Statistics of New Zealand for 1861 [450] and the New Zealand Official Year-book for
1919 [451]. Estimates for population numbers of cattle, sheep and poultry between 1860 and 1979
were derived from reports in Statistics of New Zealand for 1861 [450], Agricultural and Pastoral
Statistics of New Zealand 18611954 [452], New Zealand Official Year-book 1919 [451], and Statistics

New Zealands Infoshare on-line database 3 [453].
Statistical analysis

The number of live cattle, sheep and poultry reported in the annual official records as being imported

each year were summed to provide a total for each decade and combined with data on the origin of

3http://www.stats.govt.nz/infoshare/Default.aspx
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livestock to estimate the proportions of imports attributable to Australia, the United Kingdom and
other countries. The mean population for each decade was calculated from the available estimated
population size for a given year using R v2.12 (R Development Core Team 2008, R Foundation for

Statistical Computing, Vienna, Austria).
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3.5 Results

Table 3.2: Estimated numbers of domestic livestock in New Zealand 1851 —

1871 based on census data. Data included only stock owned by European settlers.

Year Sheep Cattle Horses Goats Pigs Poultry Asses and Mules

1851 233,043 34,787 2,890

1858 1,523,324 137,204 14,912 11,797 40,732 122
1861 2,760,183 193,150 28270 12,191 43270 236,098 153
1864 4,937,273 249,760 49,409 12,005 61,276 378,414 339
1867 8,418,579 312835 65715 11,964 115,104 676,065 323
1871 9,700,629 436,592 81,028 12434 151,460 872,174 397

Livestock populations in New Zealand 18511871

Estimated numbers of domestic livestock during early European settlement are shown in Table 3.2.
During the 20-year period from 1851 to 1871 there was a rapid increase in both the national cattle
(12.5 fold) and sheep (41.6 fold) populations.

Table 3.3: Estimated number of live sheep and cattle imported into New

Zealand and mean populations by decade between 1860 — 1979.

Cattle Sheep

Decade Total No. Estimated mean Total No. Estimated mean

imported population imported population
1860 53,384 251,960 604,525 5,372,412
1870 2,030 503,313 13,580 11,491,607
1880 1,176 775,998 6,062 14,774,840
1890 837 1,034,239 4,218 19,247,813
1900 235 1,615,854 4,389 20,556,601
1910 691 2,543,626 3,349 25,031,689
1920 301 3,351,899 5,277 25,122,965
1930 320 4,304,019 4,032 29,965,629
1940 266 4,601,716 2,976 32,571,329
1950 512 5,547,273 4,126 39,288,805
1960 429 7,104,100
1970 2,516 8,712,775
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Importation of cattle, sheep and poultry 18601979

The estimated numbers of cattle and sheep imported during each decade between 1860 and 1979 are
shown in Table 3.3. From 1860 to 1959 an estimated 652,534 sheep were imported into New Zealand;
this was larger by a magnitude of 10 than the 62,697 cattle imported from 1860 to 1979. For the
decade 1860 — 1869, 53,384 cattle, or 85% of all cattle importations for 1860 — 1979, occurred, and
604,525, or 93% of all sheep importations for 1860 — 1959, occurred (Table 3.3). The proportions
of cattle and sheep imported from different countries for each decade between 1868 and 1979 are
shown in Table 3.3. During the period 1868 to 1979 a total of 15,157 cattle were imported, with
10,080 (66.5%) from Australia, 3,909 (25.8%) from the United Kingdom and 1,168 (7.7%) from
other countries. During the period 1868 to 1959, a total of 60,918 sheep were imported, with 51,347
(84.3%) reported as coming from Australia, 6,712 (11.0%) from the United Kingdom and 2,859
(4.7%) from other countries. Chile was reported as a source of seven cattle and eight sheep in

1891.

In 1960 — 1979, when the reporting of sheep and goat numbers was combined, the total number
of sheep and goats imported was 8,263, with 8,150 (98.6%) from Australia, 113 (1.4%) from the
United Kingdom and none from other countries. Numbers of poultry imported between 1880 and
1979 for each decade, with country of origin, are shown in Table 3.4. The total number of poultry
importations recorded between 1880 and 1939 was 20,701, compared to 287,789 in the 1960s and

127,651 in the 1970s, with most importations being from Australia.

Table 3.4: Estimated total number of live poultry imported into New
Zealand, by country of origin, and mean population, by decade between
1880 — 1979. UK is the United Kingdom. Other refers to all countries not including
the UK or Australia.

Decade Total imported UK Australia Other Estimated mean population

1880 2,866 1,125 1,244 497 1,622,568
1890 5448 650 1,105 3,693 1,790,070
1900 7,094 1,783 4,751 560 3,191,604
1910 2,252 462 1,548 242 3,580,569
1920 2518 521 1,789 208 3,886,077
1930 523 156 339 28 4,019,076
1940a 18 16 2 0 4,470,366
1950 54 36 18 0 4,342,581
1960 287,789 2 287,787 0 4,910,947
1970 1,274,741 0 1,274,741 0 7,045,089

a - poultry importations for the 1940s do not include 1942 — 1948
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Figure 3.1: A stacked bar chart of the reported number of (a) cattle and
(b) sheep imported into New Zealand for each decade between 1860-1979.
Each bar shows the proportion of each species imported from Australia (white), United
Kingdom (grey) or other countries (black). Note, the data for the 1860 decade only
include 1868 and 1869.



3.6 Discussion

These results provide strong evidence that historically Australia was the major source of cattle,
sheep and poultry into New Zealand, followed by the United Kingdom. A review of the number
of live animal importations does not support Chile as being an important source of cattle, sheep
or poultry during this period. It could be argued that from the start of the official records in the
1840s until 1867, when the source country was not recorded in the annual official records, a large
number of animals could have come from Chile and the United Kingdom. However, this was not
supported by reports that merino from Australia was the predominant sheep breed and cattle were

a mixture of breeds, mainly from Australia [428] [429].

We propose that the historical events and numbers of sheep and cattle imported reflect a relative
genetic bottleneck produced by the New Zealand population being based on a limited subset of
animals derived from Australian livestock. The early cattle and sheep breeds introduced to Australia
were themselves a selection of certain breeds or from certain regions, suggesting that they were a
non-random sample of a non-homogenous world population [454]. In the 1860s 53,384 cattle and
604,525 sheep were imported to New Zealand, equivalent to 1.4% and 2.9% of the Australian cattle
(3,846,679) and sheep (20,981,523) populations in 1861 [455]. Although these were relatively large
numbers of animals being imported into New Zealand they were neither likely to be randomly
selected from the population nor would the population be homogeneously distributed, i.e. the
animals on a given farm were more likely to be related to each other than to animals from another

farm.

There was a rapid increase in New Zealand livestock numbers during early European settlement
(1851 —1871). Some of the numbers and origin of importations were not comprehensively reported in
the annual official records during the period 1840 — 1867, but the effect of these early importations
and natural increase can be seen in the expansion in population size shown in Table 3.4 | as
pastoral agriculture became established in New Zealand. In terms of population structure this
suggests a pattern of a bottleneck event, as initially a comparatively limited number of cattle and
sheep arrived from overseas to start the populations, followed by rapid population expansion with
ongoing but limited immigration (admixture). Investigation into New Zealands cattle and sheep
genetic population structures should reflect these early events. This pattern may be less obvious in
the modern dairy cow, unless mitochondrial genes were examined, due to the widespread use of
artificial insemination. It is possible that the effect of a population bottleneck resulting initially in
reduced genetic diversity may be found in the host related microorganisms carried by the cattle
and sheep. There are many other contributing factors, but New Zealand has a limited range of
livestock-associated pathogens, for example Q fever and scrapie are absent from the national flock

[456] [457]. Further, for other zoonotic pathogens, such as Shiga toxin-producing Escherichia coli
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and Campylobacter jejuni, there is evidence of lower diversity and unique patterns of sequence

types in New Zealand compared to other countries [15] [458].

Establishing Australia as the major historical source of sheep to New Zealand helps begin to answer
an important biosecurity and international trade question; why is scrapie absent in New Zealand
sheep? Our findings support the previous suggestion that the absence of scrapie in New Zealand
stems from Australia being the main source of sheep during the early development phase of farming
[456]. Other contributing factors may have been the 6-month journey by ship from the United
Kingdom acting as a quarantine and eliminating sick animals [456]. Also at the time when most
of the importations from the United Kingdom occurred scrapie may have been concentrated in
certain breeds which were more confined to specific areas in the United Kingdom, for example
Dorset Horn and Hampshire breeds in the county of Wessex [459], and the Suffolk breed that were
not imported to New Zealand [456] [460]. The absence of scrapie cannot be attributed to genetic
resistance as the susceptible PrP alleles are present in important breeds in both New Zealand and
Australia [461] [462] and it has been experimentally induced in New Zealand sheep [463]. Thus the
evidence supports the view that at the initial stages of development of the sheep population in New
Zealand it depended heavily on sheep from Australia, and due to a combination of factors these
sheep were scrapie-free. Both countries have maintained their scrapie freedom in recent years using

strict quarantine measures.

An advantage of using the annual official records of the New Zealand government was that they
provide combined information on all individual importations from ports all across the country for
each year. Furthermore, the fact that they were collected and compiled by a government department
suggests that a reasonable degree of rigour was applied to ensure they were correct. However, there
were certain drawbacks associated with the use of these records. Because they were produced over
such a long period, there were changes in the format and the type of information reported as the
emphasis of the reports changed. For example, the term poultry as defined in 1980 by Statistics
New Zealand refers to chicken, ducks, geese, turkey, and guinea fowls, and this definition is assumed
to be consistent with the earlier records, but over the period under investigation the definition
used may have changed (Anonymous 1980). An issue not addressed in this study was the effect of
importation of genetic material such as semen, unfertilised eggs, and fertilised eggs. During the
nineteenth century, when the bulk of the cattle and sheep importation occurred, the technology for
freezing semen and embryos for long-term storage and transport did not exist [464]. However in
more recent times importation of genetic material, particularly fertile hatching eggs by the modern

poultry industry, became important [465].

The annual official records used in this study do not specify poultry importation numbers prior
to 1868, but poultry were known to have been introduced to New Zealand from the time of the

European explorer James Cook [447]. The patterns of introduction for cattle and sheep were similar
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to each other, with very large numbers imported in the 1860s followed by a marked decline in
the numbers imported. The pattern of introduction for poultry differed, with large numbers of
importations not starting until the 1960s, as the poultry industry changed from predominantly
small-scale poultry production to a modern high-production industry. This was associated with

increasing the demand for birds with high genetic production value [466].

The collated data and historical reports show that from the time of European settlement to the
1970s Australia has been the main source of livestock introduced into New Zealand. The pattern of
importation showed that large numbers of cattle and sheep were initially imported in the 1860s,
probably in response to rapid agricultural expansion, thereafter importations continued with much
reduced numbers. In contrast, relatively small numbers of poultry were introduced until the 1960s
when large numbers were imported as part of the development of a modern high-production industry.
The overall pattern for both cattle and sheep was of a founder event, as initially a relatively limited
number of animals arrived from select outside populations, followed by population expansion with
ongoing but limited immigration (admixture). Investigation into the genetic population structure
of New Zealands cattle and sheep, as well as their host-associated microorganisms, could reflect the

impact of these early historical events.
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Now, my own suspicion is that the universe is not only queerer than we
suppose, but queerer than we can suppose....... and must be my excuse for

dreaming.

J.B.S. Haldane, Possible Worlds

the phenotype:

Phenotypic comparison of isolates associated

with wild-birds and livestock.

Prelude

This chapter investigates C. jejuni for phenotype, genotype, and host adaptation from a New
Zealand perspective. C. jejuni is known for its phenotypic and genotypic variation [132], but it has
not been established how much phenotypic variation there is between the more investigated sequence
types (STs) found in livestock and the less well known STs found in wild-birds. MLST typing
has shown a pattern of genetic differences in the seven housekeeping genes that enable sequence
types (STs) and clonal complexes(CC) to be attributed to specific hosts or host group [315] [467].
The New Zealand isolates used in this Biolog phenotypic microarray analysis were from sequence
types associated with different types of host and lifestyle. The question, “what is the link between

phenotype and host?” was refined to compare the ability of different host associated isolates to
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utilise carbon sources at two different temperatures. The temperatures represent C. jejuni at two
different physiological states, 42°C when actively growing, and 22°C when not growing. In this
chapter the null hypothesis was tested that there is no difference between the number of carbon

sources utilised by STs associated with livestock or wild-birds in either physiological state.

The previous chapter on demographic history, established the timing, scale and source of recorded
arrivals for cattle, sheep and poultry into New Zealand between 1860-1979. This quantification of
the arrival of livestock to New Zealand, an isolated group of islands without these animals prior to
European arrival, should reflect the arrival into New Zealand of the livestock associated C. jejuni

STs e.g. ST-42.

ST-42 has been commonly found internationally and associated with agricultural animals, partic-
ularly cattle, so probably arrived in New Zealand with its host as described in the demographic
history. Three of the other sequence types have been found in faeces from two New Zealand water
rails, the indigenous pukeko (Porphyrio porphyrio melanotus) and the endemic takahe (Porphyrio
hochstetteri): ST-2381, ST-3663 and ST-3655. Genomic comparisons (Chapter 5) show ST-2381,
ST-3663, ST-3655, ST-3845 and ST-3845 are from a shared lineage. The ST-2381 lineage is
commonly found in New Zealand environmental waters, but rarely reported outside the country
[8]. ST-3845 has been found in New Zealand water but has not yet been found in a host species
faeces. ST-3673, is rarely reported, thus far it has been found once in chicken tissue (USA) and
once in water (NZ). Because some these isolates are found in two non-migratory native birds and
the environmental waters, but rarely if ever reported internationally, identifying their phenotype

may identify unique features present in New Zealand C. jejuni.

Several factors attributed to the temperature choices in this chapter. In laboratory conditions C.
jejuni has an optimum growth temperature of ~ 42°C [373] [89] so it was used as the temperature to
test the phenotype of the isolates when actively growing. As shown in the literature review (section
2.6.1), 42°C has been frequently associated with poultry (Gallus gallus) which has a reported normal
rectal body temperature of 40.6°C — 43.0°C [374] [373], however it has been shown that generally
avian body temperature shows a wide range of variation dependent on physiology [377]. The
temperature 37°C, which is often associated with average human body temperature, and due to this
the behaviour of C. jejuni at this temperature has been investigated [373]. However this chapter, is
focused on comparing the phenotypic behaviour of C. jejuni isolates in their actively growing state
(42°C) and in a less active, non growing state (22°C) as experienced in the environment, rather than
comparing behaviour at actively growing temperatures with 42°C vs. 37°C. The lower temperature,
when in the non-replicating state was set at 22°C as this is towards the lower end of operation for
the Omnilog plate reader. Options to use lower temperatures like 14°C the average temperature of
New Zealand surface water in summer, or 4°C a common refrigeration temperature were considered

but discarded due to the technical difficulty and issues with comparisons. Biolog Inc. had advised

74



us a software modification to increase the temperature range achievable in the Biolog Plate reader
was to be made available, but no modifications were received during the course of this experiment,

nor have we been made aware of any of since its completion.

The basis of the chapter was written as an article to be published in a scientific peer-reviewed
journal, so it is written as a stand alone article, rather than a thesis chapter. As a consequence
some of the work supporting this investigation is not included in the printed chapter and has been
put into Appendix B on the attached DVD. The work in Appendix B supports this investigation
of the relationship between phenotype, genotype and host and is part of the thesis chapter. This
material may form the basis of future analyses. The work on the DVD can be read with an internet

browser as a website.
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Different carbon utilisation patterns in
Campylobacter jejuni associated with host generalist

or specialist lifestyle and temperature.

Manuscript prepared for Applied and Environmental Microbiology.

4.0.1 Abstract

Campylobacter jejuni is a principal cause of bacterial gastroenteritis in people around the world. A
study was performed using Biolog phenotypic microarrays to identify and compare the phenotypic
profiles of 11 phylogenetically related New Zealand Campylobacter jejuni isolates at two different
temperatures, 42°C and 22°C. The sequence types used included ST-42 which is found internationally
and associated with agricultural animals and has a host generalist lifestyle. In contrast ST-2381,
ST-3663, and ST-3655 have been reported in one or both of two closely related indigenous New
Zealand birds and are associated with a host specialist lifestyle. ST-3673 has been found in a
chicken and ST-3845 has only been found in water. At 42°C, ST-42 used a greater number carbon
sources than ST-2381 and ST-3655, which is consistent with a generalist that lives in a wider range
of hosts and utilises a wider range of resources, however this pattern did not extend to the other
sequence types. The pattern of single carbon source respiration clustered according to sequence
type at 42°C but not at 22°C. In total there was activity in 29 out of 190 phenotypic microarray
wells at 42°C after 48 hours but at 22°C a subset group of only seven wells showed activity after 96
hours. These results show that the phenotypic profile variation at 42°C reflects MLST. The carbon
sources showing activity at 22°C tended to be closely related to the tricarboxylic acid cycle and

energy production.
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4.1 Introduction

Campylobacter jejuni is a major public health problem worldwide, it is the commonest cause of
gastroenteritis reported in developed regions like the EU and the USA, with New Zealand reporting
a peak of 383.5 cases per 100,000 in 2006 [468] [50] [2]. It seems counter-intuitive that a fastidious
bacteria which is difficult to grow in laboratory conditions, preferring relatively high temperatures
and with a sensitivity to atmospheric levels of oxygen should emerge as such a major problem in
developed countries. Yet despite being a prominent cause of disease in people, many aspects of
the biology of C. jejuni remain a mystery, such as how a bacteria with a small genome can have
the metabolic flexibility to colonise the gastrointestinal tract of multiple hosts species and survive
exposure to a variety of external environments encountered during transmission from host to host

[469).

C. jejuni is known for both diversity in genotype and phenotype [4][5] and a better understanding
of this diversity may lead to better control methods. Analysis of C. jejuni population structure
and genotypes has lead to the identification of two different lifestyles, a group of generalists that
can colonise a wide range of hosts, and a group of specialists each of which tend to colonise a
specific species or a few closely related species [6] [7] [5]. The ability to colonise a broad host range
may increase the risk of a pathogen becoming an emerging disease in humans and most cases are
associated with the host generalist sequence types of C. jejuni [470] [471]. A host generalist lifestyle
may also indicate the ability to utilise more resources i.e. utilise a wider range of compounds than
an isolate with a host specialist lifestyle. Isolates from livestock such as cattle, sheep and poultry
are more associated with a host generalist lifestyle, and filling an agricultural food animal niche

7).

Investigations into isolates from wild-birds show they exhibit a host specific lifestyle and although
they cannot be ruled out as a cause of human infection they are considered an unlikely source
[7] [321] [318]. There is concern that C. jejuni isolates associated with wild-birds switch hosts to
livestock and/or act as a source of genetic material by horizontal gene transfer [17][p266]. Most
investigations involve C. jejuni isolates associated with the agricultural niche and human cases,
with little known about how much genetic variation and phenotypic diversity exist in the isolates

from wild-birds [17][p266].

A high throughput phenotypic microarray system has been developed for global phenotypic charac-
terisation using a series of proprietary plates from Biolog (Hayward, CA, USA) [184]. A range of
New Zealand isolates from sequence types associated with agriculture and wild-birds were examined
using the Biolog phenotypic microarrays. The phenotypic microarray plates, PM1 and PM2A, each
have 96 wells containing a unique carbon source and a single negative control well. It is presumed

if the bacteria are able to metabolise the supplied carbon source this will lead to cell respiration
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resulting in the reduction of the tetrazolium dye [185]. When all the cell’s processes are working
normally there is a flow of electrons from the carbon source to NADH, then along the electron
transport chain of the cell, until the electrons are accepted by the tetrazolium dye which changes

to produce a purple colour [186].

Previous comparisons have been made using Biolog phenotypic microarrays supplying a sole carbon
source to C. jejuni at 30°C, 37°C and 42°C [187] [206] [5] [207]. Tang et al. (2010) found there
was no change in the pattern of carbon utilisation between 30°C and 42°C using C. jejuni ATCC
33560 [206]. Line et al. (2010) reported C. jejuni 11168 (GS) in general showed greater levels of
oxidation for a given sole carbon source at 42°C than 37°C [187]. An examination by Gripp et al.
(2011) of eight different ST-21 isolates at 37°C and 42°C, showed two distinct patterns of carbon
metabolism which were neither temperature dependent nor indicative of the isolates source [5].
The same researchers reported that nine other Campylobacter sequence types were also tested using
the phenotypic microarrays and each produced a distinct metabolic fingerprint [5]. Wagley et al.
(2014) compared C. jejuni and C. coli isolates using the Biolog PM1 and PM2A plates on mainly
human case isolates from UK, Pakistan and Thailand, although one was from a goose but it was
not identified as domestic or wild [207]. All of the isolates used in these four separate analyses
were from chicken, food, bovine, or human cases aside from a single goose, so there is a paucity of

information on wild-birds associated isolates and ST.

The biochemical pathways utilised by the family Campylobacteraceae show significant differences
to the more studied gastrointestinal bacteria family the Enterobacteriaceae [472] [473]. C. jejuni
has been shown to utilise a limited range of carbon sources, and unlike Escherichia coli (E
coli) is unable to metabolise any sugars unless a genomic island (Cj0480c¢—Cj0490) is present
that enables the utilisation of L-fucose [474] [210]. Genes coding for aspects of the central
carbon metabolism, the Embden—Meyerhof pathway, pentose phosphate pathway and the complete
tricarboxylic acid cycle (TCA cycle) have been identified in the sequenced C. jejuni genome [389]
[44][41-71]. A predominant site for C. jejuni in poultry is the lower gastrointestinal tract [475]
where anaerobic fermenting bacteria dominate, and generate as by-products small organic acids
which along with certain amino acids are utilised both as carbon and energy sources by C. jejuni

[476] [477] [188].

Understanding C. jejuni phenotypic behaviour at different temperatures is important because C.
jejuni, like all gut bacteria, regularly experience environmental temperatures when in transition
from host to host. Potentially contaminated food processing and handling in most household
kitchens occurs at room temperature (about 18 — 25°C) or it is stored in refrigerators (about
4°C), so understanding C. jejuni behaviour at these lower temperatures is important. Most
microorganisms have a gradual decline in growth rate as they near their minimal growth temperature

whereas C. jejuni tends to grow in a narrow range of temperatures (30 — 47°C) [373] [89]) then

78



transition abruptly from the growing to a non-growing state [382] [383]. C. jejuni, a thermophilic
Campylobacter spp., is unable to replicate below ~ 30°C and in the laboratory has an optimum
growth temperature of ~ 42°C [373] [89] which approximates host body temperature. Unlike
E.coli, C. jejuni does not produce the protective cold shock proteins (Csp) in response to a
marked decrease in temperature, but other protective proteins and some protective mechanisms like
polynucleotide phosphorylase (PNPase) have been reported as important to its long-term survival
at low temperatures [406] [383]. Despite this, a meta-analysis of C. jejuni survival reports for 0°C
to 40°C produced a mixed effects model with better survival at 0°C than at 40°C, showing that lower
temperatures are more than tolerated [10]. C. jejuni is not inert at low temperatures, having been
reported as motile and chemotaxic towards formate and malate under microaerobic conditions at 4°C
and 20°C as well as 40°C  [383]. At 20°C declining levels of respiration and increased coccoid shape
formation have been reported [478]. Indications of cell metabolic activity in the form of oxygen
consumption, catalase activity, ATP generation, and protein synthesis have been observed as low as
4°C [383]. While we are beginning to understand its ability to survive at lower temperatures, there

is little information on phenotypic variation of C. jejuni at room temperature (18 — 25°C).

The genomes of the isolates were sequenced, with Illumina sequencing, to enable comparison between
them based on rMLST, and identify if the genomic island associated with fucose utilisation in C.

jejuni. is present [474] [210].

This study describes the phenotypic profile produced using Biolog phenotypic microarrays on
a group of related C. jejuni isolates, associated with two different hosts types, at two different
temperatures 42°C and 22°C. The significance of the study is in providing insights into the single
source carbon utilisation of a host generalist (agriculture-associated) sequence type in comparison
to several host specialist sequence types (wild-bird associated) and a sequence type isolated from
water and a chicken. The single source carbon utilisation pattern was compared between the two
different host associated groups at 42°C for 48 hours a temperature associated with being inside a

host, and at 22°C for 96 hours a temperature associated with being in the environment.

4.2 Methods and Materials

Isolates

The 11 isolates used in the phenotype analysis were all from New Zealand and stored in the mEpiLab
—80°C freezers. The isolates were collected as part of other projects and details are on described
in [479] and [480]. The isolates were typed using the multilocus sequence typing (MLST) method
as described by Dingle et al.(2001), which was based on an index of the alleles present at seven
specified housekeeping genes [265] [277]. The isolates were initially chosen based on their close

relationship to a common New Zealand water isolate, ST-2381 [8], based on minimum spanning tree
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of the MLST allelic profiles from 5092 sequence types downloaded from the PubMLST database!
see Figure 4.4. Eleven isolates representing six sequence types were used based on their relatedness
in shared MLST alleles and more than one isolate represented the same ST. However after this
analysis was initiated, work by mEpiLab established the ST-2381 and several related sequence
types were associated with the pukeko (Porphyrio porphyrio subsp. melanotus) and the takahe
(Porphyrio hochstetteri).

Table 4.1 shows each isolate, MLST sequence type (ST) and the host associated with the ST. The
three ST-42 isolates belong to a sequence type that is considered to be host generalists, and while
mainly associated with ruminants particularly cattle, it has been isolated from surface waters,
poultry, wild-birds and human cases [481] [482] [8]. ST-42 forms the central genotype of a major
clonal complex (CC42) and is found internationally [272] [482].

ST-2381 and ST-3655 have been isolated from New Zealand surface waters and two New Zealand
rails, the ptukeko (Porphyrio porphyrio subsp. melanotus) and the takahe (Porphyrio hochstetteri) [8]
[16]. ST-3663, ST-3673 and ST-3845 share MLST alleles with both ST-42 and ST-2381 as shown
Table 4.1, while the minimum spanning tree used to find this relationship is in Figure 4.4. Our
laboratory has isolated ST-3663 in takahe, but it may be able to colonise the ptuikeko. We are aware
of ST-3673 being reported twice in PubMLST (http://pubmlst.org/campylobacter/), once in New
Zealand water and once from chicken meat or offal in the USA although it was classified as C. coli
in the profile [277]. ST-3845 has been found several times in New Zealand water but has not yet

been reported from an identified host.
Whole genome sequencing

The genomes of all the isolates were sequenced by two very similar methods. Seven isolates had
genomic DNA extracted and the whole genome sequenced as described in Biggs et al.(2011) [273]:
S263a, W83a, N3d, W135a, W63b, W120a, N53. The other four C. jejuni isolates (N27, N31, N191,
W194b) had genomic DNA extracted using either the Promega wizard genomic DNA purification
kit or the Qiagen QIAmp DNA mini kit. Both kits were used as per the manufacturers’ instructions.
The genomic DNA samples was fragmented by nebulisation for 6 minutes at a pressure of 32 psi,
purified, then end repaired, A-tailed, adaptor-ligated, fractionated, purified and enriched according
to the manufacturer’s instructions, using the TruSeq DNA LT Sample Prep Kit v2-Set A. The
prepared libraries were normalized to equal molarity, diluted to 2nM and pooled; 20 libraries per
pool. A flow cell was prepared for each of the library pools and sequencing reactions using 9pM of
the pooled libraries were performed on an Illumina MiSeq instrument with the MiSeq Reagent Kit

v2, this resulted in approximately 12 to 15 million clusters per run.

An in-house work flow based on Perl scripts was used to assemble, quality control and annotate

the genomes. Solexa QA [483] was used for trimming and quality control of the reads (Q30,

15th October 2011 Campylobacter PubMLST http://pubmlst.org/campylobacter/
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expected probability of incorrect base calling 1:1000). Velvet (ver. 1.2.10) [484] was used for de
novo assembly of the 2 x 250 base short reads. A range of kmers (55 — 250bp in 10bp steps) were
used in the assembly process and the characteristics of the assemblies were compared and ranked
using N50, the number of contigs, maximum contig length and assembly length. N50 is a measure
of length of the longest contig in an assembly, where at least 50% of all base pairs are contained in
contigs of this length or larger. The highest ranking contig assembly for a given genome were then

annotated with Prokka (ver. 1.10) [485].

A dataset of 32 C. jejuni and 14 C. coli genomes (Supplement Table 4.4) was used as a comparison
basis for the ribosomal multilocus sequence types (rMLST) with the 11 isolates used in the Biolog
phenotypic microarray analysis . The 46 isolates had genomic DNA extracted and their whole
genome sequenced as described in Biggs et al [273]. All the genomes used in this analysis are draft

genomes.
Genome analysis

All the genomes were uploaded to a local copy of the BIGSdb servers [277]. The Genome Comparator
module of BIGSdb used C. jejuni NCTC 11168 as an annotated reference genome, and was the
source of comparison sequences to BLAST against and generate a whole genome profile for each
isolate. The default settings were used; a minimum of 70% identity, a minimum 50% alignment and

a BLASTN word size of 15.

The concatenated rMLST sequences of the 11 isolates used in the Biolog phenotypic microarray
analysis were aligned in Geneious (ver 7.1.7) using Clustal W [486] and represented as a Neighbor-
Net in SplitsTree [487]. The rMLST alleles of all 57 genomes ( listed in Table 4.1 and Supplement
Table 4.4) were also made into a distance matrix that simply counted of the number of loci that
differ between each pair of isolates, missing or incomplete alleles were removed from the pairwise
comparison. A Nexus file was created from the distance matrix and made into an unrooted
phylogenetic network using the Neighbor-Net in SplitsTree [488]. All of the Campylobacter spp.
had 52 rMLST alleles and lacked the rpmD locus.

A genomic island at (Cj0480c—Cj0490) enables isolates to utilise L-fucose [474] [210]. Using the
genome comparator in BIGSdb the 11 isolates used in the Biolog phenotypic microarray analysis

were checked for an insertion at: Cj0480c, Cj0484, Cj0485, Cj0486, Cj0487, Cj0488.
Biolog Phenotype Microarray

The isolates were revived from the —80°C freezer by plating onto Columbia horse blood agar and
grown for 48 hours at 42°C in the MACS VA500 variable atmosphere workstation under microaerobic
conditions (85% N,, 10% CO,, 5% O,). A single colony was then inoculated onto Columbia horse
blood agar and grown for about 24 hours at 42°C in the same microaerobic environment. Outside

the workstation, in a laminar flow cabinet, the cultures were then harvested from the surface of the
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blood agar plates into a mixture of IFOa inoculating fluid (Biolog, Hayward, CA, USA), NaHCO,
(150mM), Bovine serum albumin (BSA 6% solution), sterile water, and tetrazolium violet (Dye D,
Biolog, Hayward, CA, USA) as per the manufacturer’s instructions (Biolog Inc.). A sample of the
inoculum was swabbed onto a blood agar plate and incubated for 24 — 48 hours in the MACS VA500
variable atmosphere workstation to check the isolate being tested was viable and a pure culture.
The final optical density of the mixture was measured at 52% transmission + 2%(Turbidimeter,
Biolog). 100 pl aliquots were inoculated into each of the 96 wells in the phenotypic microarray
plates, PM1 and PM2A (Biolog). This process took less than 15 minutes then the plates were
returned to the MACS VA500 variable atmosphere workstation and sealed in a plastic barrier bag
(supplied by Biolog) to maintain the microaerobic environment for rest of the experiment. The bag
was double heat sealed with an impulse heat sealer (Impulse sealer TISH 300C) and immediately
placed in an Omnilog automatic plate reader (Biolog) for incubation. The bags containing the
inoculated phenotypic microarray plates were taped to the tray in the plate reader. Each plate
was incubated at 42°C for 48 hours or at 22°C for 96 hours. The Biolog phenotypic microarray
measures cell respiration by tetrazolium dye reduction [184]. Any visible colour change, showing
the reduction of the tetrazolium, was recorded spectrophotometrically in Omnilog units, every
15 minutes using a CCD camera. A cell free negative control phenotypic microarray plate, for
both PM1 and PM2A, were tested for abiotic dye reduction to show any false positive reactions
at both temperatures. Each plate had a negative control well (PM1 A1, PM2A A1) that lacks
a carbon source, in which despite being inoculated with the isolate, no significant colour change
of the tetrazolium dye was recorded. The entire process was performed at least twice for each
isolate on each plate (PM1, PM2A) at both temperatures. A table of the number of technical and
biological replicates is supplied in the Appendix B.

Curve parameter analysis

The value in Omnilog units was recorded over time for each well and when there was a significant
level of activity it was plotted to give a respiration curve [199] [196]. The grofit package within
R, using the splines option, was use to convert the curve into a set of four parameters (lag phase,
slope of growth phase, maximum height, area under the curve) based on an idealised growth curve
[197]. This analysis only used the maximum value attained (A) in a well i.e. the maximum height

of the idealised growth curve.
Adjustment of data

After the annual service of our Omnilog plate reader there was a noticeable decrease in all the
Omnilog values recorded from start to finish, consistent with an adjustment of the baseline value.
In order to account for this difference a linear mixed effects model was developed comparing the
maximum height value (A parameter or curve maxima) before and after the service values for

the same isolate under the same conditions. This resulted in reducing the maximum value for
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the pre-service analysis by 35.5 Omnilog units, so the results before and after the service were

comparable. Supporting information for this process is in Appendix B.
Identifying carbon source utilisation

A series of steps were taken to identify if the colour change recorded in Omnilog units for each
well of the phenotypic microarray plate was due to carbon utilisation by an isolate. First, all the
plots of the change in tetrazolium dye colour over time in a given well were manually examined.
Previously identified carbon sources (wells) that produced false positive reactions, in both PM1
and PM2A plates [187], were confirmed using an un-inoculated plate which confirmed a significant
level of colour change due to abiotic reactions. The false positives (dihydroxyacetone, D-arabinose,
L-arabinose, L-lyxose, D-ribose, D-xylose, 2-deoxy-D-ribose, D-glucosamine, oxalomalate, 5-keto-D-
gluconate) were removed from the analysis. Density plots of the maximum utilisation value for each
well were reviewed (shown in Appendix B), wells where no isolates achieved a value > 100 were
considered not to show signs of utilisation i.e. pronounced tetrazolium dye reduction in the presence
of the carbon source and the bacteria in the Biolog phenotypic array plate under the conditions
being tested. This threshold value was set at a high level to reduce the chances of accepting a false
positive, with the results shown in Table 4.2 and Table 4.3. Carbon sources that did not meet this

criteria, at either temperature, for carbon utilisation were not included in later analysis.
kmeans

The kmeans were used to cluster the maximum value for all results in a given well into groups of
high activity, weak or no activity. The Hartigan and Wong algorithm was used by the kmeans
function in R and follows a process of looking for a local optima of the sum of squares for a number
of clusters (k), such that moving one point from one cluster to another cluster does not reduce the
within sum of squares of the clusters [489]. The kmeans clustered the results for a given well into
2 or 3 groups. The kmeans cluster of higher values were attributed to significant metabolic activity
by the isolates in the well (a positive), and the lower scoring kmeans cluster are attributed to no
significant activity by the isolates reducing the tetrazolium dye in the well (a negative). In many
wells there was a clear distinction between the two clusters (k = 2), but in some wells where the
distinction was less clear a third cluster (k = 3) was used, with the middle cluster representing

results that may be weak positives.

Some isolates showed an inconsistent result for a given carbon source (well) by having replicates
in both the positive and negative kmeans groups. In these cases all the replicates were manually
compared to see if the isolates results varied for a single carbon source or if the whole plate was
affected. If an isolate was positive in a given well but not on a replication, and the rest of the
results were consistent between plates, an observation with a kmeans scoring a negative result was
not included in the calculation of the mean for the isolate with that carbon source. This approach

was used in identifying the pattern of carbon source utilisation heatmap but was not needed in the
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RE-EM analysis where this within isolate variation was treated as a random effect.
Heatmap

The data used to generate the heatmap was the calculated mean value in Omnilog units for
each isolate at 42°C in each active well. The two-way hierarchical clustering is shown in the two
dendograms, both were performed using euclidean distances and complete linkage methods. Figure

4.3 was made using the R package pheatmap [490].
RE-EM tree

A regression tree with random effects was created using the REEMtree package in R which combines
the generalisation of a mixed effects model and a tree based partitioning method to account for
random effects and longitudinal data (i.e. repeated measures) [491]. The maximum height value
of the respiration curve for each observation of an isolate at each temperature with 29 carbon
sources was used to create the model; temperature, MLST and carbon source (well) were the fixed
effects and isolate the random effect to account for variation between replications. The 29 carbon
sources were all identified as showing respiration activity at 42°C. The RE-EM tree partitioned the
observations until reaching a terminal leaf, and a terminal leaf was identified by a cross validation
process to avoid under or over partitioning [491]. The RE-EM tree approach allowed for interactions

between the explanatory variables - temperature, carbon source and isolate.
Statistical analysis

All the statistical analyses were performed using R v2.13 and v3.1.0 (R Development Core Team
2008, R Foundation for Statistical Computing, Vienna, Austria). The Biolog phenotypic microarray
data was analysed using the packages opm[199][196], grofit [197], Ime [492], kmeans [493], gplots
[494], pheatmap [490] and REEMtree [495].

4.3 Results

Genome analysis

The 11 isolates given a phenotypic microarray analysis were compared to each other and to a
larger dataset (Table 4.4), using rMLST in Figure 4.1. In Figure 4.1 A the rMLST comparison
shows a distinction between C. coli and C. jejuni as identified by the red line with a 1. The
C. jejuni then subdivide into their STs, with the 11 isolates used in the phenotypic microarray
analysis identified by a yellow star. These isolates separate into a branch with ST-42, and another
branch containing ST-2381, ST-3673, ST-3845, ST-3655 and ST-3663. Figure 4.1 B, shows the split
between the group of 11 isolates more clearly. The isolate form into 3 main branches, with the top

right branch consisting of the ST-42 isolates (S263a, N191, N31) and the lower right branch formed
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by the ST-2381 isolates (W83a, W194b, N3d). The middle branch on the left is formed by ST-3655
(W135a), ST3845 (N53,N27), ST3673 (W120a) and ST3663 (W63b).

The genomic island insert (cj0480c¢-¢j0490) containing fucP was found in the ST-3845, ST-3673,
ST-3663 and ST-3655 isolates but not in the ST-2381 or ST-42 isolates.

Pattern of carbon source utilisation

In total 29 different carbon sources showed significant levels of respiration by at least one isolate
on at least one occasion in Table 4.2. Although no two isolates showed exactly the same pattern,
where there is more than one isolate with the same MLST they were more similar to each other,
which is shown in the heatmap analysis (Figure 4.3). At 42°C all the isolates except ST-42 utilise
quinic acid. The ability to utilise L-fucose but not D-fucose is found in ST-3845, ST-3673 and
ST-3663.

In Table 4.3 there are seven carbon sources that appeared to support respiration by a least one
isolate at 22°C; succinic acid, L-lactic acid, formic acid, D,L-malic acid, D-malic acid, pyruvic acid,
and succinamic acid. No isolate showed significant activity at 22°C utilising L-malic acid, although
some did at 42°C, so it may be more correct to consider the activity in the D, L-malic acid well to
be just D-malic acid respiration. N191 (ST-42) just missed the cut off value for respiration at 22°C
with D-malic acid but did exceed the cut-off (> 100 Omnilog units) for the combined D,L-malic
acid. Three isolates W120a (ST-3673), S263a (ST-42) and N27 (ST-3845) did not show respiration
activity with formic acid at 22°C but did at 42°C. Three isolates N191 (ST-42), N53 (ST-3845) and
W135a (ST-3655) did not show respiration activity with formic acid at 42°C but did at 22°C.

RE-EM tree

Figure 4.2 is a simplified representation of the full RE-EM tree shown in the supplementary file
Figure S.1 is too big to see on a printed page. The significant first bifurcation in the RE-EM tree
(Fig 4.2) is due to temperature. It must be noted that each split partitions the observations/results
present in the node into two separate and smaller subgroups. The isolates at the lower temperature
(22°C) were in a non-growing state and showed a different phenotypic profile to those in an actively
growing state (42°C) as seen in Tables 4.2 and 4.3. At 42°C after 48 hours, 29 carbon sources
(wells) showed significant levels of activity but at 22°C there were only seven carbon sources (wells)

showing significant levels of activity after 96 hours.

At 22°C the first carbon source node bifurcates into the two carbon sources most commonly used
at this temperature by the isolates (L-lactic acid and formic acid), and the remaining 27 carbon
sources. Following a node where L-lactic acid and formic acid split, there is a node from which
ST-3655 (W135a) splits from the other isolates. The next split for the remaining isolates divides
L-lactic acid from formic acid, with L-lactic acid then splitting the remaining isolates into a group

with low maximum parameter values (ST-2381, ST-3673, ST-3845) and higher values (ST-42,
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Table 4.3: Utilisation of carbon sources of 11 C. jejuni isolates using Biolog Phenotypic microarrays (PM1, PM2A) at 22°C.
A positive result is (+), a negative (-) and (+/-) shows some replicates were positive and some negative. The identification of the well number

each carbon source is supplied in the supplementary table in Appendix B

ST-42  ST-42 ST-42 ST-3845 ST-3845 ST-3673 ST-3663 ST-3655 ST-2381 ST-2381 ST-2381

Carbon source N191 S263a  N31 N27 N53 W120a W63b W135a N3d W194b W83a
Succinic acid +/- - - - - - - - - - -
L-Lactic acid +/- - - - - - +/- +/- _ _ _
Formic acid +/- - +/- - +/- - +/- + +/- + +/-
D,L-Malic acid +/- - - - - - +/- _ _ _ _
D-Malic acid - - - - - - +/- +/- - - -
Pyruvic acid +/- - - - - - - - - _ _

Succinamic acid - - - - - +/- - - - - -

88



ST-3663).

The branching pattern of the RE-EM tree on the 42°C side of the split was more complex. The first
split at 42°C forms two groups, one group (ST-2381, ST-3655) utilised less carbon sources than the
other group (ST-3663, ST-3673, ST-3845, ST-42). The less active group (ST-2381, ST-3655) did not
later split based on the ST pattern. The more active group (ST-3663, ST-3673, ST-3845, ST-42)
showed multiple partitions within the group down several branches. One split showed ST-3673 and
ST-3845 splitting from ST-3663 and ST-42 by differences in a combination of carbon sources (citric
acid, glycylLglutamic acid, D-lactic acid methyl ester, N-acetyl-L-glutamic acid). ST-3663 and
ST-42 tended to have higher maximum values for D-lactic acid methyl ester while ST-3673 and
ST-3845 tended to have higher values for the other three carbon sources (citric acid, glycylLglutamic
acid, N-acetyl-L-glutamic acid). In another branch ST-3663, ST-3673, ST-3845, and ST-42 were
split by L- fucose, formic acid, a-hydroxybutyric acid, bromosuccinic acid, D-malic acid and quinic
acid. Differences in the maximum values for these carbon sources split them into a group of ST-3845
and ST-42, and another of ST-3663 and ST-3673. ST-3663 and ST-3673 were not split from each
other in this branch. ST-42 showed high maximum values for a-hydroxybutyric acid and D-malic
acid but ST-3845 did not which resulted in a split. However ST-3845 showed generally greater
values for L-fucose, formic acid, bromosuccinic acid and quinic acid than ST-42 which resulted in a
split. In the third branch on the far right of Figure 4.2, it showed a group of ST (ST-3663, ST-3673,
ST-3845, ST-42) with generally high maximum values for; succinic acid, L-aspartic acid, L-proline,
L-lactic acid, L-glutamic acid, D,L-malic acid, L-asparagine, a-Ketoglutaric acid, L-glutamine,
fumaric acid, L-serine, methylpyruvate, L-malic acid, pyruvic acid and succinamic acid. ST-3673
did split off from ST-3663, ST-3845, and ST-42 on two separate lower branches with ST-3673

consistently showing higher values with the 14 carbon sources.
Heatmap

Figure 4.3 shows the pattern of single source carbon utilisation using both PM1 and PM2A plates
with the isolates clustering in a pattern consistent with their ST. The resulting pattern shows a
clustering of the three host specific ST-2381 isolates (W83a, W194b, and W135a) and the ST-3655
isolate (W135a) with all four showing activity in a more limited range of wells (3-10) compared
to the other isolates. The three host generalist ST-42 isolates (S263a, N31, N191) cluster with
the ST-3663 isolate (W63b) and show activity in a much wider range of wells (17-20). The third
cluster has the ST-3845 isolates (N53, N27) and the ST-3673 (W120a) isolate, which have some
similarity with the other clusters by utilizing a wide range of wells (14-22) including three absent in

ST-42 (N-Acetyl-L-Glutamic acid, L-Fucose, Quinic acid).

Both Figure 4.3, Table 4.2 and RE-EM tree analysis show the ST-42, ST-2381 and ST-3655 isolates
are unable to use L-fucose at 42°C, but ST-3845, ST-3673 and ST-3663 do. In comparison to the
reference genome ST-42 and ST-2381 lack the genomic island sequences at Cj0480c—Cj0490 but
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ST-3845, ST-3673, ST-3663 and ST-3655 have the sequences present.
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Figure 4.1: Figure A shows the phylogenetic relationship based on their
rMLST profile of 46 Campylobacter jejuni and C. coli isolates to the 11
isolates analysed with the Biolog Phenotypic microarrays. The three stars
identify the three clusters formed by the 11 isolates analysed with the Biolog Pheno-
typic microarrays. The red line with a 1 shows the split between the Campylobacter
jejuni and C. coli. The 52 rMLST alleles were compared in a distance matrix then
represented as a Neighbor-Net in SplitsTree [487]. Figure B shows the phyloge-
netic relationship based on the rMLST sequences of the 11 Campylobacter
jejuni isolates analysed with the Biolog Phenotypic microarrays. The con-
catenated sequences of the 52 rMLST loci forming the allelic profile were aligned in
Geneious (ver 7.1.7) using Clustal W [486] and represented as a Neighbor-Net in
SplitsTree [487]
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Figure 4.2: RE-EM tree partitioning the effect of temperature, sequence
type (ST) and carbon source (well) on the C. jejuni isolates. The nodes
of the tree represent the fixed effects (temperature, ST and carbon source) being
partitioned into a tree with isolate as the random effect. The blue node represents
temperature, the pink node represents carbon source, the orange node is ST, and
the green node is a terminal leaf. Under each ST node there is the list of ST and
how they were split. The first and most important partition is based on the effect of

temperature on the isolates.
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ST-3845 ST-42
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4.3. RESULTS

Figure 4.3: Single source carbon utilisation at 42°C in the phenotypic microar-
ray plates by C. jejuni isolates associated with agricultural and wild-bird
hosts. The isolate name and ST are combined to identify each row. The carbon
source is identified in each column. The horizontal and vertical dendrograms group

the similar rows and columns.
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4.4 Discussion

This investigation showed a clear difference based on phenotypic variation at 42°C between two
host specific sequence types (ST-2381, ST-3655) which have been found in wild-birds (piukeko
and takahe) and the host generalist sequence type ST-42 which is found in agricultural livestock.
However ST-3663 has also been found in wild-birds (takahe) and has shown a phenotype more
similar to ST-42, which does not support the hypothesis that the more host specific wild-bird STs
utilise less carbon sources than the host generalist livestock associated STs. ST3673 and ST-3845,
which share MLST alleles in their allelic profiles with both ST-42 and ST-2381, based on the
number and type of carbons substrates utilised were more similar to ST-42 as seen in Figure 4.3
and Figure 4.3. Phenotypic diversity within C. jejuni ST in Biolog phenotypic microarray analysis
has been previously report in ST-21, a host generalist ST, and the results did not correlate with
isolation source [5]. A possible explanation for isolates from sequence types associated with the
same host(s) showing a large amount of phenotypic variation is they may occupy different niches
within the same host such as occupying different sections of the gastrointestinal system [421], and
the demands of the with-in host niche select for different metabolic abilities. Alternatively it could
be another example of phenotypic plasticity in C. jejuni [182] or there may be varying degrees of
host specificity and host generalisation within C. jejuni. For example, ST-42 may not be as wide a

generalist in its behaviour as ST-21 .

At 42°C the isolates results clustered in patterns consistent with their ST and rMLST type, but not
consistent with the number of shared alleles in the MLST profile, (Table 4.1) or the closeness of
association shown by rMLST typing in Figure 4.1 A and B. ST-2381 and ST-3655 show a similar
limited palette of activity in the phenotypic microarray plates at 42°C, although they only share
one MLST allele, glyA (282). Similarly ST-42 and ST-3663 also show a wide range of activity but
only share one MLST allele, uncA (3). In contrast both ST-3845 and ST-3673 share two MLST
alleles with ST-42 and ST-2381, but they do not cluster with ST-42 or ST-2381 in Figure 4.3. The
phylogenetic relationship based on rMLST typing in Figures 4.1A and B shows the isolates form
three branches separating into ST-2381, ST-42 and a cluster of ST-3845, ST-3663, ST-3655 and
ST-3673. This supports the ST being consistent with rMLST, and while the ST seems to predict,
allowing for some variation, the phenotypic profile within a sequence type, it does not fully predict

the phenotypic profiles of related sequence types.

The MLST typing system is based on housekeeping genes that are conserved and often part of the
core genome, but metabolic phenotypes can be the result of genes in the flexible accessory genome.
It has been suggested that in microbial genomes some genes associated with metabolic reactions,
like the ability to use simple carbon substrates, are less conserved instead being more easily gained

and lost [496] [497]. An example of this flexibility may be the ability to utilise L-fucose in C. jejuni
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which is associated with a genomic island [474] [210]. Although the ability to utilise L-fucose
was found in ST-3845, ST-3673 and ST-3663, it was not found in the ST-42 isolates. It has been
reported in the generalist ST-21 clonal complex (CC) but not yet in CC45 or CC61 [421] [498].
The L-fucose related genomic island insert (¢j0480c¢—¢j0490) was found in the ST-3845, ST-3673,
ST-3663 and ST-3655 isolates but not in the ST-2381 or ST-42 isolates. Three metabolic traits
(v-glutamyl-transpeptidase (GGT), fucose permease (fucP), and secreted L-asparaginase (ansB)
have previously been demonstrated to be associated with MLST (ST-22, ST-283, CC45, ST-586)
[498]. These results suggest there is a relationship between the MLST/rMLST type, which are
based on house-keeping genes (core genome), and metabolic phenotypes which are more associated
with the flexible accessory genome, in both the agriculture-associated isolates and the wild-bird
associated isolates. Further investigation is required to identify the basis of cohesion within sequence
types based on carbon source phenotype while at the same time the degree of shared MLST allele
profile does not predict phenotypic behaviour.

N-acetyl-L-glutamic acid was utilised by four isolates spread across (ST-3845, ST-3673, ST-3663) at
42°C, using the Biolog phenotypic microarray carbon sources and has not been previously reported
by either Tang et al (2010), Line et al (2010), or Wagley et al. (2014) [206] [187] [207]. Quinic acid
was utilised at 42°C by all the pukeko and takahé associated isolates and ST-3663, but not the
ST-42 isolates and has not been previously reported by either Tang et al (2010), Line et al (2010),
or Wagley et al. (2014) [206] [187] [207]. The isolates that utilised N-acetyl-L-glutamic acid and
quinic acid, except for ST-3663, are associated with the wild-bird hosts, takahe and pukeko, while
the more common agriculture-associated ST-42 isolates did not utilise these carbon sources. This
suggests that by investigating isolates from more wild-birds we may find more phenotypic variation

within C. jejuni than already found [17].

An ability to utilise L-fucose at 42°C and the presence of the related genomic island insert (cj0480c—
cj0490) [474] [210] was shown by ST-3845, ST-3673 and ST-3663. ST-3655 has the genomic island
insertion (cj0480c—cj0490) required for L-fucose utilisation but it did not utilise the sugar in this
investigation. Some possible reasons for this include a non-functional enzyme sequence or phase
variation silencing the gene. A future investigation may consider adding H, to the microaerobic
environment, the addition could change the phenotype being expressed. However H, may also
reduce the tetrazolium dye in the Biolog PM plates, so an alternative detection method may be

required.

In total 29 of the carbon sources from PM1 and PM2A showed significant activity at 42°C, but
only a subset group of seven were identified as similarly active at 22°C. At 22°C C. jejuni is not
actively growing so the demands and processes necessary to remain viable change [407]. We
suspect, at least in part, the decrease may be due to a down shifting of the level of metabolic

activity between 42°C and 22°C, similar to that reported when C. jejuni goes from extracellular to
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intracellular [499], or when a culture changes from growth phase to stationary phase [500]. This
general down shifting of metabolic activity may in part explain how such a fastidious organism
as C. jejuni survives outside the host, i.e. a combination of not growing and either reducing or
stopping metabolic pathways that could react adversely in the external environment outside of
a host [409]. However this is not the only possible explanation as at 22°C the temperature may
have affected the kinetics of some metabolic reactions slowing the process so the 96 hour period
may not have been long enough to identify all the activity. A possible solution would be to repeat
the process with a higher concentration of bacteria and/or for a longer period so a slower level of
activity might be detected or alternatively comparing the transcriptome of different host associated

isolates at different temperatures.

At 22°C with fewer single carbon sources showing activity there is no early clear separation of the
ST-2381 isolates phenotype profile from that of ST-42 isolates as seen at 42°C (Figure 4.2). This
lack of differentiation may be due to the phenotypes recorded at 42°C are those expressed in the
host, whereas those expressed at 22°C are in the external environment, which both share. However
ST variation in phenotype at low temperatures cannot be ruled out as isolates from different hosts

have shown variation in their ability to tolerate 4°C [403].

A feature of the seven carbon sources showing activity at 22°C (Table 4.3) are their close relationship
to tricarboxylic acid cycle (TCA or citric acid cycle or Krebs cycle) and energy production. The
carbon sources succinic acid, formic acid, and D malic acid are part of the TCA cycle. Succinamic
acid can be used by some bacteria in a cyclic-imide-transforming pathway to produce fumarate
which is part of the TCA cycle. L-lactic acid converts directly to pyruvic acid and pyruvic acid
feeds directly into the TCA cycle. C. jejuni has a complex branched electron transport chain
that can directly use as electron donors various molecules such as hydrogen, NAD(P)H, formate,
malate and succinate, as well as being able to use a range of alternative electron acceptors including

fumarate [501] [502][pp275-292].

The continued activity in the metabolic area of energy production at 22°C is in agreement with a
report of up regulation of genes involved in energy metabolism at 5°C and 25°C against a general
background of down-regulation of most other genes [409]. It also suggests that although other
metabolic processes may have stopped or been reduced at 22°C, disinfection compounds like
benzalkonium chloride that can inhibit endogenous respiration by the TCA cycle should be effective.
However the ability of C. jejuni to persist in protective biofilms may change the efficacy of the

disinfection agent.

The phenotypic microarray plate method relies on the reduction of tetrazolium dye to indicate
the utilisation of a carbon source, but sometimes false positives can occur, for example pentose
sugars in a microaerobic environment [187]. At 22°C when the cells are stressed, increased cell

death followed by cell lysis, could have caused reduction of the tetrazolium dye by the released
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enzymes acting on the carbon and producing a false positive reaction. It has been demonstrated
that periplasmic formate dehydrogenase can reduce formate and produce NADH using membrane
vesicles i.e. an intact live cell was not required [503]. This may explain why three isolates that
did not utilise formic acid at 42°C did at 22°C but not why another three isolates that did utilise
it at 42°C did not at 22°C. It is known molecules other than NADH can donate electrons to the
C. jejuni electron transport chain [188], or act directly to reduce the tetrazolium dye [187] so it
may be best to compliment this low temperature phenotype investigation by repeating it using

another detection method.

We experienced some variability between replicates in some wells with the Biolog phenotypic
microarray system, variability with this method has been previously reported when characterising
both Pseudomonas aeruginosa strains [504] and C. jejuni [207]. A possible explanation is phase
variation which is known to occur in a many bacteria including C. jejuni [505]. Phase variation is
a reversible, stochastic and high frequency event where clonal bacterial populations can generate a
heritable but reversible change in the level of expression in the affected gene. Various underlying
mechanisms can cause phase variation, including epigenetic methylation state change, site specific
recombination and simple sequence repeats (SSR). An analysis of eight C. jejuni genomes showed a
high number of phase variable genes with short tracts of homologous repeats (SSR), but there was
poor conservation of these phase variation mechanisms at specific loci [506]. Most reports of phase
variation in C. jejuni refer to surface associated structures such as the capsule, lipo-oligosaccharide
and the flagella, which would suggest the phase variation may be affecting transmembrane transport
proteins rather than the enzymes involved in the reaction [507] [389]. However in Haemophilus
influenzae phase variable genes have been identified affecting components of type I and type III
restriction modification (RM) systems with the potential to affect the expression of multiple genes,
so more investigation would be required to identify if this is phase variation and what is being

affected [508] [509] [510].

The reactions reported at 42°C by this investigation occurred in vitro, and may not reflect the in
vivo metabolism, particularly the intracellular state, as it has been shown that there is a down-shift
in metabolic activity when C. jejuni transitions from extra-cellular to intracellular [499]. It has
been suggested that intracellular pathogenic bacteria shift their metabolism in a host even to the
level of being strain specific [511]. This phenotype analysis was in vitro with single carbon sources,
a situation that does not duplicate the environment in the gastrointestinal system, where there are
multiple carbon sources and interactions between competing bacteria and the host, so these results

may be more indicative of potential rather than examples of events within the host.

In this analysis we followed the manufacturers protocol which did not include starvation of the
isolates prior to inoculation into the minimal single carbon source media of the Biolog phenotypic

microarray plates. It is possible some carbon source from the original Columbia horse blood agar
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on which they grew could have been transferred with the bacteria but if this had a significant affect
on the result it should have affected every well, as the swab from the plate inoculated a liquid
media (IF0a) which was then pipetted into all wells. An option not taken in the experiment was
starvation of the isolates prior to inoculation into the phenotypic microarray plates. This could
change the state of the C. jejuni isolates e.g. some could form coccoids and enter the viable but
non-culturable state (VBNC) [512]. It is likely such a transformation would affect the resulting
carbon source utilisation phenotype expressed and this could reflect future work on the behaviour

of C. jejuni.

Occasionally a control strain, like NCTC 11168, is used in Biolog phenotypic microarray analysis, for
example when identifying a new feature like L-fucose utilisation[210]. In this analysis as the intent
was to compare new poorly understood ST on the basis of their host association and phylogenetic
relatedness, a control strain was not used as we relied on the highly standardised nature of the
Phenotypic microarray plates, their preparation and the Omnilog Reader environment to ensure a

level of consistency.

The isolates used were stored at —80°C from 2006 to 2010 before being restored and grown for the
experiments performed in 2012. Each isolate was regrown after removal from the —80°C storage,
and while there was slight variation in colony size between all the isolates, they grew well on the
Columbia horse blood agar suggesting that the long storage period had not adversely affected them.
However the ST-2381 and ST-3655 isolates, stored between 2006-2008, showed less utilised fewer
carbon sources than the other isolates stored between 2006-2010 (Table 4.1). It is possible this
storage could have effected their behaviour on the Biolog phenotypic microarray plates, but in
contrast ST-3663 and ST-3673 were also in storage from 2006, and utilised many more carbon
sources. This would suggest if there was a loss of metabolic ability related to time in storage it did

not affect all isolates equally, nor did it affect there ability to be successfully regrown.

Most of these isolates were taken from environmental water, except for two ST-42 isolates (S263a,
N191). Originally this analysis was examining the novel ST-2381 and related ST which were
commonly found in New Zealand environmental waters, but with no known host [8], however over
a time ST-2381, ST-3655 and ST-3663 have isolated from the piikeko and or the takahe [16]. Tt
has been shown that C. jejuni STs can be used for source attribution to a host [67] and they can
develop a genomic host signature [315]. This behaviour combined with C. jejuni from wild-birds
showing host specificity in their ST [318] [7] [319], strongly suggests that although the isolates
originate from water their hosts was one of these two rails. ST-3845 and ST-3673, while not found
in either bird yet, have a very similar genomic signature with the ST-2381, ST-3655 and ST-3663
suggesting they may have these or a closely related bird as their host. Support for this is shown by
ST-42 sharing part of their MLST allelic profile with ST-3845 and ST-3673, but in the genomic

comparison, they are quite separate.
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It is reasonable to ask if using mainly water isolates has affected the results, rather than an isolate
direct from a bird may have on the phenotype. As Gripp et al. (2011) demonstrated with ST-21
from different sources that there was no correlation between phenotypic variation and source using
Biolog phenotypic microarrays[5], it suggests that the origin being water rather than animal may

not significantly effect the PM results.

The inability of the Biolog phenotypic microarray analysis to differentiate between the generalist
and specialist lifestyle of the isolates at either 42°C or 22°C, does not mean there is no phenotypic
difference between these lifestyles in C. jejuni. It does suggest the basis of the differences may not
be in the number of single source carbons utilised by an isolate. There are many other features
that could be involved,such as it may be a matter of differences in specific carbon sources, e.g. the
use of quinic acid by some isolates, or it could be related to another non-carbon related metabolic

system, or conditions under which a metabolic feature is expressed and optimised.

The Omnilog phenotypic analysis involved a total of 11 isolates, which is a moderate sample number.
Within this set variation was identified between repetitions of the same isolates which we suggest
may be due to phase variation. Variation was shown between isolates within the same ST, but they
still clustered together when compared between STs at 42°C. Such behaviour is consistent with
reports from Gripp et al. (2011) of phenotypic flexibility and high genetic micro-diversity in ST-21
when using Biolog phenotypic microarrays [5]. This would suggest that the sample size was large
enough to show a level of variation, and that a larger number of isolates may have produced even

more variation.

It is important to continue to characterise the metabolic activity of C. jejuni at room temperature
and below, possibly supplementing biochemical tests with other techniques, like proteome and
transcriptome analysis at a series of temperatures below < 30°C, to see how the profile changes
at different temperatures and with different sequence types. Continued analysis with a range of
isolates from more wild-bird as well as those associated with livestock will identify the extent that
host differences may affect response to temperature. C. jejuni can transform into a viable but
non-culturable (VBNC) state when under stress or at a low temperature and in this state the
transcription levels of some virulence associated genes have been shown to be low but detectable
[513]. Investigating to what extent there is a down-shifting and switching off of pathways/reactions,
and/or if there is more temperature related reduction in reaction kinetics by C. jejuni will help
explain its behaviour, and hence survival at lower temperatures. Understanding how the metabolic
activity changes with temperature may help with kitchen hygiene and cleaning regimes for surfaces
and materials that may be contaminated by C. jejuni. For example if a metabolic process is

important at 22°C, such a metabolic process could be targeted in home kitchen disinfection.
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Conclusion

This study identified phenotypic variation between all the isolates at 42°C. The pattern of variation
between ST-42 and ST-2381/ST-3655 did suggest the agriculture/generalist lifestyle associated
sequence type (ST-42) utilised more carbon sources at 42°C than the wild-bird/specialist lifestyle
associated sequence type (ST-2381), however this simple pattern did not extend to the other isolates
of the sequence types ST-3663, ST-3845 and ST-3673. Although the isolates phenotypes did vary
they did cluster on the basis of ST, but not on the amount of shared alleles in a ST. The phenotypic
profile at 22°C showed a much reduced number of carbon sources showing activity compared to
42°C. The carbon sources showing activity at 22°C tended to be closely related to the TCA cycle

and energy production.
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Supplement

Table 4.4: The 32 Campylobacter jejuni and 14 Campylobacter coli used
in the rMLST comparison. The Source refers to the material from which the
Campylobacter were isolated. The multilocus sequence type (MLST) is reported as

sequence type (ST) and the clonal complex (CC) if known.

Isolate Source Species ST Clonal complex
P110b  chicken offal or meat  C. jejuni 474 CC48
H22082 human stool C. jejuni 474 CC48
H798 human stool C. jejuni 50 CC21
H892 human stool C. jejuni 48 CC48
P104a  chicken offal or meat  C. jejuni 45 CC45
P164a chicken offal or meat  C. jejuni 190 CC21
P694a chicken offal or meat  C. jejuni 474 CC48
S85b cattle C. jejuni 53 cC21
P216d  chicken offal or meat  C. coli 3230 CC828
P256¢ chicken offal or meat  C. coli 2397 CC828
P255d  chicken offal or meat  C. coli 2397 CC828
S109 sheep C. coli 3232 CC828
P722b chicken offal or meat  C. jejuni 25 CC45

Pl4lc chicken offal or meat  C. coli 1581
P154c chicken offal or meat C. coli 1581

S331b cattle C. jejuni 21 cC21
R68c wild-bird C. jejuni 45 CC45
R42b wild-bird C. jejuni 2539 CcCr1
76062a  human stool C. jejuni 190 CC21
S87b sheep C. coli 3232 CCR28
H742 human stool C. jejuni 50 CC21
B1432b  starling C. jejuni 681 CC682
S22b cattle C. jejuni 2026 CC403
S79a cattle C. coli 3072 CC828
B1031la starling C. jejuni 1342

S264a cattle C. jejuni 50 ceC21
M625b  pork offal or meat C. coli 1016 C(C828
P256¢ chicken offal or meat  C. coli 2397 CC828
B1395b  starling C. jejuni 1342

Continued on next page
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rMLST comparison isolates —— continued from previous page

Isolate Source Species ST Clonal complex
M880a  lamb offal or meat C. jejuni 2341 CC61
569a human stool C. jejuni 474 CC48
H704 human stool C. jejuni 474 C(C48
R31f wild-bird C. jejuni 2536

H773 human stool C. jejuni 3711 CC257
P179a chicken offal or meat  C. jejuni 474 CC48
N211 environmental waters C. coli 3302

R75a wild-bird C. jejuni 1324

S61a cattle C. coli 3072 CC828
S150a cattle C. jejuni 45 CC45
B1410 starling C. jejuni 177 CCT71
P553b  chicken offal or meat  C. jejuni 53 CcC21
S251a cattle C. jejuni 53 CC21
P28a chicken offal or meat  C. jejuni 520 CcC21
H287 human stool C. coli 1581

P544b  chicken offal or meat  C. jejuni 45 CC45
5103 sheep C. coli 3299 CC828
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4.4. DISCUSSION 103
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Figure 4.4: Minimum spanning tree of PubMLST isolates showing a branch
with ST-2381 and associated isolates. On 5" October 2011 the MLST allelic
profiles of 5092 sequence types held in the PubMLST database were downloaded
and analysed into a minimum spanning tree using the BioNumerics (Applied Maths,
Austin, TX, USA) software. The tree separated C. coli from C. jejuni, which divided
into three major branches for CC21 (centred on ST-21), CC45 (centred on ST-45)
and CC48 (centred on ST-48). Another branch, highlighted in yellow, contains ST-42,
ST-2381, the associated ST used in this chapters analysis as well as ST-179, ST-682
and ST-177.



Appendix B in DVD

Summary of information provided in Appendix B

For completeness, Appendix B provides further details about the data and methods applied in
this study. For ease of access Appendix B is on the DVD that is provided with the thesis, and is
accessible by opening the file index.html with an internet browser (tested on Safari and Firefox).

The file may need to be loaded onto a computer hard drive and unzipped.

1. The supplementary data for the chapter “Different carbon utilisation patterns in Campylobacter

jejuni associated with host generalist or specialist lifestyle and temperature”

2. R script used in analysis - The R scripts used to generate the results from the Biolog plate

reader data.

3. Adjustment factor for the effect of Omnilog plate reader service - The development of the

Adjustment factor for the effect of Omnilog plate reader service.

4. Visualisation of adjusted data - The graphical results of the R scripts for the 11 C. jejuni
isolates tested against PM1 and PM2A plates on an Omnilog plate reader including box-plots,
density plots and kmeans. The density plots show the frequency of occurrence of a given
value in the data and represents an estimate of the probability density function.The clustering
of the maximum height (A) parameter values of each well by k-means. k-means is a method
of clustering that partitions n observations into k clusters, so each observation belongs to the
cluster with the nearest mean, i.e. the k-mean serves as Visualisation of unadjusted data -
XY-plots, level plots, radial plots and heatmaps of the unadjusted results for each phenotypic

microarray well at each temperature and for each isolate.

5. Visualisation of unadjusted data - XY-plots, level plots, radial plots and heatmaps of the
unadjusted results for each phenotypic microarray well at each temperature and for each

isolate.

6. Pilot studies for Chapter 4 - Three pilot studies related to using the Biolog Phenotypic
Microarrays and C. jejuni isolates. Three trials were undertaken to assess the function of the
Omnilog Reader and Biolog Phenotypic Microarrays under conditions used in the analysis.
Pilot Study 1, the affect of culture age on PM plate results. Pilot Study 2, the concentration
of C. jejuni used in the PM plates. Pilot Study 3, the effect of room temperature on C. jejuni
growth.

7. Genomes mapped to KEGG pathways - The 11 C. jejuni isolates have had their genomes
sequenced and mapped to KEGG pathways. The maps for each pathway are provided as web

pages.
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8. Biological and Technical replicates - Table of Biological and Technical replicates used in the

Phenotypic microarray analysis.

9. Comparison of five different Biolog phenotypic microarray investigations - Compares the

results of this chapter with four other published investigations into different C. jejuni isolates.

10. Original Omnilog output - Screenshots of the Omnilog Reader Software output, comparing

two different isolates.
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The purpose of computing is insight - not numbers.

R. W. Hamming (1962)

the genome:

Characterisation and comparison of Campylobacter spp.
isolates from Australian purple swamphen (Porphyrio

porphyrio melanotus) with a New Zealand dataset.

Prelude

This chapter is a wide ranging genomic comparison of Campylobacter isolates, performed to address
the question of has C. jejuni followed a unique evolutionary trajectory in New Zealand? To do this
isolates from a bird species in Australia were compared to a lineage associated with a sub-population
of the bird species in New Zealand. Genomic comparisons were also made to a dataset of New
Zealand Campylobacter genomes. This provided both a background for the Australian and New
Zealand bird isolates, and gave a wider ranging genomic comparison of agricultural-associated and

wild-bird associated C. jejuni genomes, thus investigating the genome for a “host signature” that

107



could differentiate those ST from livestock to those found in wild-bird. In the previous chapter the
phenotype was investigated for differences between those ST associated with livestock and those

from wild-birds, now this comparison is being carried into the genotype.

In this chapter the genomes from Campylobacter spp. isolates collected from the Australian purple
swamphen (Porphyrio porphyrio melanotus) were compared to STs associated with the New Zealand
piikeko (Porphyrio porphyrio melanotus) and takahe (Porphyrio hochstetteri) to investigate if the
temporal and geographical separation between them has led the Campylobacter spp. along a
unique evolutionary trajectory, testing a null hypothesis of no divergence between the populations.
The host specificity, seen in wild-bird C. jejuni STs has been reported to transcend geographical
and temporal separation [7]. This suggests a genomic comparison between the isolates found in
the Australian purple swamphen and the New Zealand pukeko will show a shared lineage and
identify if there has been any diverging evolution. To provide context for the genomic comparison
of Campylobacter spp. isolates, a dataset of New Zealand isolates draft genomes was used. The
dataset contained the draft genomes of New Zealand isolates that were collected and sequenced by
mEpiLab for a range of projects [273] [16]. This dataset was not used as statistically representative
group of New Zealand isolates, but as a collection that covers isolates from a range of New Zealand

sources, covering livestock, wild-birds and the environmental water.

The ancestors of Porphyrio porphyrio melanotus are thought to have arrived in Australia ~600,000
years ago, while the pukeko are a geographically separated sub-population that arrived recently
in New Zealand ~500 years ago [11]. The South island takahe (Porphyrio hochstetteri) is closely
related to both [13] [14], and a much earlier arrival to New Zealand, with fossils dating back ~38,000
years found in multiple sites around the South Island [514][p38]. Tt is thought to have arrived in
New Zealand ~2.5 million years ago, and share a volant ancestor with the Porphyrio porphyrio

melanotus [11].
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Genomic characterisation of Australian purple swamphen
(Porphyrio porphyrio melantotus) Campylobacter spp.
and comparison with New Zealand

Campylobacter spp.

5.0.1 Abstract

Campylobacter jejuni (C. jejuni) is an important human pathogen worldwide, while other members
of the Campylobacter genus are much less frequent causes of human illness. Wild-birds are a
source of Campylobacter spp., but little is known about the comparative genomics and evolution of
Campylobacterspp. from wild-bird populations. Samples were collected from the Australian purple
swamphen (Porphyrio porphyrio melanotus) to compare to isolates associated with the New Zealand
pukeko (Porphyrio porphyrio melanotus), which has been a geographically separate sub-population
for an estimated 400—600 years. The endemic South Island takahe (Porphyrio hochstetteri) is closely
related to both, but is a much earlier arrival to New Zealand, and shares some Campylobacter with
the pukeko. The genomes of the Campylobacter spp. isolates from Australian purple swamphen
were characterised and compared to New Zealand pukeko and takahé isolates, to investigate if
the temporal and geographical separation had led to the Campylobacter spp. following a unique
evolutionary trajectory. To give a context to this comparison a range of New Zealand isolates
associated with both wild-bird and agricultural-related hosts were also compared using core genome
and pan-genome features. There was a close relationship between C. jejuni from the Australian
purple swamphen and isolates associated with the New Zealand pukeko and takahé, in both the core
genome and pan-genome analysis that supports a recent common ancestor followed by divergence
after separation. A consistent pattern of relationship was found between isolates, both agricultural
and wild-bird associated, both in the core genome of C. jejuni, as measured by MLST and rMLST,
and extending into the patterns of gene presence and absence in the pan-genome. This consistency
starts to explain how sequence types (ST) and their clonal complexes (CC) have been successfully
attributed to particular hosts, it also suggests there may be some factor restricting recombination

between dissimilar ST. A putative new Campylobacter spp. was also identified.
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5.1 Introduction

Several Campylobacter spp. are known to be pathogenic in both people and animals [502][pp5-6],
and C. jejuni is considered to be the most common cause of gastro-enteritis worldwide [96]
[515]. Most investigations have examined C. jejuni and C. coli which combined account for ~95%
of human disease related to Campylobacter spp. [516][p123]. C. jejuni exhibits phenotypic and
genotypic variation [502][p59] [247] which in combination with being fastidious to grow has made
it difficult to investigate [30]. However over the last decade a lot of progress has been made
in understanding its epidemiology using multi-locus sequence typing (MLST) [517] [317]. The
increased availability of fully sequenced genomes for investigations should greatly improve our
understanding and open up new perspectives on the Campylobacter genus in many areas [518]

even to a re-evaluation of phylogenetic relationships [519].

Epidemiological studies of C. jejuni using multilocus sequence typing (MLST) revealed sequence
types (ST) associated with wild-birds show a niche specialist‘s, lifestyle while agriculture-associated
ST were able to colonise a wider range of hosts (cattle, sheep and poultry) and had a more generalist
lifestyle [6] [7]. Wild-bird ST tend to be associated with a single species, or closely related species,
even over large geographical distances [7]. MLST based analysis also showed agricultural-associated
ST were the predominant cause of clinical cases [318] [6]. Although this may reflect people being
more exposed to agricultural animals, rather than non-pathogenicity in wild-bird associated ST

[318], because occasionally ST associated with wild-birds have caused gastro-enteritis [324]

Much of the published genomic information on C. jejuni focuses on agriculture-associated isolates
and clinical case [368]. Two exceptions were Hepworth et al. (2011) and Champion et al. (2005),
who both identified a livestock (agriculture) clade and a non-livestock (wildlife/water) clade [368]
[289]. Champion et al. (2005) used DNA microarrays in combination with Bayesian analysis but
found the majority of C. jejuni isolates from clinical cases were in the non-livestock clade, which
was noted as inconsistent with other findings [289]. Hepworth et al. (2011) used comparative
genomic hybridisation and genomic sequencing of two non-livestock (wildlife/water) clade members
and to show they shared deletions and insertions not present in the reference genome NCTC 11168

368].

This analysis compares C. jejuni isolates from two geographically separated wild bird populations.
Porphyrio porphyrio, is a member of the rail family and has an extensive range around the world
[520] [11]. Based on recent phylogenetic estimates, the subspecies Porphyrio porphyrio melanotus
arrived in Australasia about 600,000 years ago [11]. The faeces of Australian purple swamphen
(Porphyrio porphyrio melanotus) in Victoria, Australia, were sampled for Campylobacter spp..
Genomic comparison were made to Campylobacter spp. isolates associated with the New Zealand

pukeko (Porphyrio porphyrio melanotus), a sub-population is thought to have arrived in New
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Zealand as recently as 400-600 years ago [12][pp 590-595] [514][pp 38] [11]. The South island
takahe (Porphyrio hochstetteri) is closely related to both birds [13] [14], and also associated with
some of the isolates used in this analysis. The South island takahe are though to have arrived in
New Zealand ~2.5 million years ago [11], and fossil evidence dating back ~38,000 years [514][p38].
Both the ptkeko and the takahe, are a source of new Campylobacter spp. [16][p227], and associated

with novel C. jejuni found in environmental waters [232].

The two aims of this investigation were first to identify the relationship of the Australian purple
swamphen Campylobacter spp. isolates, to those of the New Zealand pukeko and the takahé, by
characterising Australian purple swamphen isolates then comparing the genomes. The second, was
to compare the relationships between Campylobacter spp. isolates from both wild-bird, human
and agricultural hosts at two different levels of the genome, the core genome and pan-genome.
The pan-genome consists of the core genome, defined as genes present in all isolates, and an
accessory genome, which is composed of genes absent in one or more isolates or unique to an isolate
(note the term “gene” in this chapter refers to orthologues/protein coding sequences). First the
characteristics and identify of the Australian purple swamphen isolates was established. To identify
the new Campylobacter spp., in silico DNA-DNA hybridisation [218] was be used in conjunction
with 16S ribosomal RNA (16S rRNA) analysis. Based on next generation sequencing (NGS), the
Australian purple swamphen isolates were given MLST and ribosomal multi-locus sequence typing
(rMLST) allelic profiles [521] [298]. The mobilome of the Australian purple swamphen isolates was
investigated by examining for features that indicate the presence of phages and genomic islands.
Next, the genomes of the Australian purple swamphen isolates where put into context by comparing
then to a dataset of New Zealand Campylobacter spp., which included ST associated to the pukeko
and the takaheé as well those associated with wild-birds and agriculture. The core genome was
compared on the basis of MLST and rMLST allelic profiles. The pan-genome was compared using
a Dollo distance matrix and discriminant analysis of principal components (DAPC) investigating

their phylogenetic relationships and population structure.
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5.2 Methods and Materials

Biological materials and DNA extraction

Fresh faecal samples from Australian purple swamphen (Porphyrio porphyrio melantotus) in the
greater Melbourne area of Victoria were swabbed and sent for culturing within 24 hours. The swab
was inoculated into Boltons broth and incubated at 42°C for 2 days, after which a sterile swab
inoculated a sample of the broth onto modified charcoal cefoperazone deoxycholate agar (mCCD)
which was then grown at 42°C in a microaerobic environment produced by CampyGen sachet (Oxoid)
for two days. The plate was then inspected for colonies that resembled Campylobacter and a single
colony was taken and inoculated onto a sterile blood agar plate and grown at 42°C in a microaerobic
environment for two days. At this point the plate was checked for contamination. If none was
detected the plate was swabbed and the swab transported to the Microbiological Diagnostic Unit
Public Health Laboratory at Melbourne University where it was prepared for storage at —70°C.
Horse blood agar plate was inoculated with the swab and incubated in a microaerobic environment
at 37°C and/or 42°C depending on its growth. After 2 days the growth on the plate was inoculated
into 20% glycerol and stored at —70°C. When required the isolates were regrown on horse blood
agar for two days at 37°C in a microaerobic environment. From this a loop of growth was taken and
stabbed into Wang’s medium and incubated at 37°C in a microaerobic environment for 2 — 3 days.
The samples were then transported to the mEpilab where a swab was taken and grown on Columbia
horse blood agar (Fort Richard, Auckland, New Zealand) in a MAC500 Workstation microaerobic
environment (85% Ny, 10% CO,, 5% O,) for two days and inoculated into 15% glycerol solution in
labelled vials for storage at —80°C. The isolates where regrown from the glycerol solution on horse

blood agar in a microaerobic environment for 2 days before DNA extraction.
Whole genome sequencing

The genomic DNA (gDNA) was extracted from 14 Australian purple swamphen isolates (B2121-
B2134) and four New Zealand C. jejuni isolates (N27, N31, N191, W194b). The gDNA was
extracted using either the Wizard genomic DNA purification kit (Promega) or the QIAmp DNA
mini kit (Qiagen). Both kits were used as per the manufacturers instructions. The genomic
DNA samples were fragmented by nebulisation for 6 minutes at a pressure of 32 psi, purified,
then end repaired, A-tailed, adaptor-ligated, fractionated, purified and enriched according to the
manufacturer’s instructions, using the TruSeq DNA LT Sample Prep Kit v2-Set A. The prepared
libraries were normalized to equal molarity, diluted to 2nM and pooled; 20 libraries per pool. A
flow cell was prepared for each of the library pools and sequencing reactions using 9 pmoles of the
pooled libraries were performed on an Illumina MiSeq instrument with the MiSeq Reagent Kit v2.

for a 2 x 250 base run. This resulted in approximately 12 to 15 million clusters per run.
The remaining 66 New Zealand Campylobacter spp. isolates had genomic DNA extracted and
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were whole genome sequenced, assembled and mapped as described in Biggs et al [273]. These
draft genomes are from a wide range of isolates collected by the mEpiLab, and used as the basis of
comparison for the 14 Australian purple swamphen isolate genomes. This data of New Zealand set
of Campylobacter spp. genomes contains three putative new species (C. sp. nov. 1, 2 and 3) that

have been found in New Zealand wild-birds [16].
Assembly and annotation of the genomes

An in-house work flow based on Perl scripts was used to assemble, quality control and annotate
the genomes. Solexa QA [483] was used for trimming and quality control of the short reads (Q30,
expected probability of incorrect base calling 1:1000). Velvet (ver. 1.2.10) [484] was used for de
novo assembly of the 2 x 250 base short reads. A range of kmers (55 — 250bp in steps of 10bp) were
used in the assembly process and the characteristics of the assemblies were compared and ranked
using N50, the number of contigs, maximum contig length and assembly length. N50 is a measure
of length of the longest contig in an assembly where at least 50% of all base pairs are contained in
contigs of this length or larger. The highest ranking contig assembly for a given genome was then
annotated with Prokka (ver. 1.10) [485]. The customised Perl script also identified and listed the
16S rRNA genes from each of the 84 draft genomes. The annotated sequences were examined for
the presence of Clustered regularly interspaced short palindromic repeats (CRISPR) by looking for
CRISPR-associated (cas) sequences. If a Cas-2 sequence was identified it was assumed CRISPR
were potentially present as it is a core element in the CRISPR-Cas system [522]. All the genomes
used in this analysis, except the reference genomes used in the taxonomy analysis, were draft

genomes.
Characterisation of Campylobacter spp. genomes from Australian purple swamphen
16S rRINA genes

The 14 Australian purple swamphen Campylobacter spp. genomes 16S rRNA sequences were
checked in Barnap [523]. All the 16S rRNA sequences belonging to C. sp. nov. 1 isolates (4) were
fragments and partial sequences so they were removed from this analysis, leaving only full length 16S
rRNA sequences. The remaining ten Australian purple swamphen isolates were all 1501bp long and
compared to 83 16S rRNA sequences from seven known Campylobacter spp. and three previously
identified putative new species [16]. The full length 16S rRNA sequences from the 83 sequences
were aligned in Geneious (ver.7.1.7) using Clustal W [486] and represented as a Neighbor-Net in
SplitsTree [487]. The full identity of the 16 reference sequences are in the supplemental data (Table

5.4). The remaining 57 isolates are from New Zealand and are identified in Table 5.3.

The full length 16S rRNA DNA sequence of ten Australian purple swamphen isolates were also
compared to the EzTaxon database [524]. Initially the sequences were compared by the BLASTN
[525] program against the EzTaxon database which contains type strains with validly published

prokaryotic names and representatives of uncultured phylotypes [524]. The top thirty sequences
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with the highest scores were selected for the calculation of pairwise sequence similarity using
global alignment algorithm implemented by the EzTaxon server! [524]. The final results showed
the pairwise similarity of the 16S rRNA for 10 Australian purple swamphen isolates against 25
Campylobacter spp. containing nine subspecies. The pairwise similarity comparison was then

represented as a heatmap [490].
in stlico DNA-DNA hybridisation

A matrix of DNA-DNA hybridisation (DDH) values comparing various genomes was calculated
by three approaches with JSpecies [218]. The average nucleotide identity (ANI) was calculated
using BLAST ver. 2.2.18(ANIb), and MUMmer ver. 3.23 (ANIm) with a cut-off value of 95 — 96%
[526] [527]. A 95 — 96% similarity cut-off is thought to reflect a laboratory performed 70% DDH
[528]. The tetranucleotide frequency correlation coefficients (Tetra value) is an alignment free
analysis of tetranucleotide signatures normally with a cut off of > 0.99, however as draft genomes
are used and this can result in more variation [529] [218]. All 14 Australian purple swamphen
isolates were compared to 14 C. jejuni, one C. jejuni subsp. doylei, three C. coli and six other
Campylobacter spp. including Campylobacter curvus, Campylobacter lari, Campylobacter hominis,
Campylobacter concisus, Campylobacter fetus. The reference sequences used in the comparison are

listed in Table 5.5.

The same three methods of measuring in silico DDH were also used to to compare the isolates to 15
New Zealand Campylobacter spp. isolates. The isolates represent C. jejuni, C. coli and three new
putative Campylobacter spp. (Campylobacter sp. nov. 1, Campylobacter sp. nov. 2, Campylobacter
sp. nov. 3) that have been associated with New Zealand wild-birds, particularly water rails. The

New Zealand isolates are referred to in Table 5.3.
PathogenFinder

The draft genomes were uploaded to the PathogenFinder [530] website and compared to the
e-proteobacteria dataset. The algorithm compared the proteins in the isolates to those found in a
dataset of known pathogenic and non-pathogenic e-proteobacteria. Based on sequence similarity
and association with pathogenicity, a probability for being a human pathogen was calculated. This
process does not depend on identifying known virulence factors, but is based on the similarity of
the genome to known pathogens genomes, so as yet unidentified proteins can be accounted for in

the comparison.
Mobilome
Phage

The Australian purple swamphen sequences were uploaded as genbank files made in Prokka [485]

to the SEED server [531] where they were re-annotated into the RAST system [532]. Using this

Thttp:/ /www.ezbiocloud.net /eztaxon
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format the phage-associated sequences were identified with PhiSpy [533] by using a combination of
sequence similarity and composition-based methods to identify potential phage sequences. PhiSpy
only identifies a prophage sequence when it is continuous for a minimum length equivalent to 40

protein encoding genes (peg) long.
Genomic Islands

The Australian purple swamphen draft genomes were uploaded to the IslandViewer website
[634] [535] to computationally predict genomic islands using three distinct methods SIGI-HMM
[536], IslandPath-DIMOB [537] and IslandPick [534].

Antibiotic resistance genes

The genomes were analysed for genes known to produce antibiotic resistance to aminoglycosides,
B-lacatam, fluoroquinolone, fosfomycin, fusidic acid, macrolide-lincosamide-streptograminB, ni-
troimidazole, phenicol, rifampicin, sulphonamide, tetracycline, trimethoprim, and glycopeptide
using ResFinder (ver. 2.1) [538]; a BLAST based on-line identification system. The minimum
length was 60% and the percentage ID threshold was 90% (the percentage of nucleotides that are
identical between the best-matching resistance gene in the database and the corresponding sequence
in the genome). Although genes associated with antibiotic resistance do not have to be mobile
sequences, many are known to be transferred between bacteria by horizontal gene transfer (HGT)

[539].
Estimation of core and pan-genome

A core genome and pan-genome was estimated based on comparing 84 Campylobacter isolates from
a range of sources, including avian, environmental water and agricultural hosts. This collection
included the 14 isolates from Australian purple swamphen and 70 New Zealand isolates. The core
genome and the pan-genome were estimated using GET HOMOLOGUES (ver. 1.0) [540]. The
core genome was estimated from the 84 draft genomes by comparing the results from three different
methods of orthologue group prediction, Orthomel [541] [542], COG [543] and BDBH [540], then
using only the orthologue clusters identified by all three methods as present in all 84 isolates. The
GET HOMOLOGUES default values were used in the BLAST searches with a minimum E-value
(maximum expectation value) of 107° and a minimum of 75% coverage in pairwise alignment.
The pan-genome was estimated using GET HOMOLOGUES [540], with Orthomel for clustering
[541] [542], to make a presence/absence matrix of homologue groups, this matrix was used in further

analysis.
Core genome
MLST

The allelic profile for the seven MLST loci was established in silico using the genome sequence

and MLST (verl.7) for the 14 Australian purple swamphen isolates (B2121-B2134) [521]. The
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validity of this approach with C. jejuni was checked by comparing the genomes of 11 isolates that
previously had their identity (ST) established using the accepted laboratory protocol [265] and
finding 100% agreement.

rMLST

The Australian purple swamphen genomes were uploaded to the BIGSdb servers [277], where the
rMLST sequences were identified and compared to 69 New Zealand isolates from both agricultural
and wild-bird/water sources. Details on the New Zealand isolates are provided in Table 5.3. The
rMLST profiles are based on 52 loci, rather than the full 53 loci as none of the Campylobacter
spp. have the rpmD loci. A distance matrix of the rMLST alleles was calculated from pairwise
differences, missing alleles were removed from the pairwise comparison. The distance matrix was

made into an unrooted phylogenetic network using the Neighbor-Net in SplitsTree [488].
Pan-genome comparison

Using the discrete character parsimony PARS method from the PHYLIP suite [544] on the pan-
genome presence absence matrix created in GET HOMOLOGUES [540] a .phylip file was made.
The .phylip file was converted into an Additive Dollo Distance (ADD) matrix, which uses a Dollo
process that assumes a trait (gene) can arise once but be lost many times [545]. The ADD matrix
was then used to construct an unrooted phylogenetic network using the Neighbor-Net in SplitsTree

[488].
Population structure

Discriminant analysis of principal components The discriminant analysis of principal com-
ponents (DAPC) was performed using the adegenet 1.4-2 package in R [546] [547], as described in
Jombart et al. [548]. First the pan-genome presence/absence data was transformed into principal
components and then k-means clustering was used to define the groups (8). Thirty components

were retained in the principal component analysis, accounting for 82.6% of the variability.
Statistical analysis

The statistical analyses were performed using R v2.13 and v3.1.0 (R Development Core Team 2008,
R Foundation for Statistical Computing, Vienna, Austria). The genomic data was analysed using

the packages adegenet 1.4-2 package [546] [547] and pheatmap [490].

5.3 Results

Characterisation table of Australian purple swamphen genomes

The draft genome characteristics were summarised in Table 5.1, where in general, the draft genomes

share many of the same characteristics. C. sp. nov. 1 has a slightly larger genome (20.2-20.3
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Mbp) compared to the C. jejuni (17.9-18.8 Mbp) and C. sp. nov. 4 (17.0-17.2 Mbp). C.sp.nov.1
(31.3—31.4%) also has a slightly higher percent of hypothetical proteins than C. jejuni (27.3—29.8%)
or C.sp.nov.4 (27.7 — 28.3%). However the basis for calling these isolates new species was not
limited to these genome size differences and is related in the following analysis of both the core and

pan-genome.
16S rRNA

All the complete 16S rRNA sequences are ~1500bp long except Campylobacter curvus which was
much longer (1703bp) possible due to an insertion sequence [549]. Using full length 16S rRNA
sequence (Figure 5.1) there is a clear separation between the isolates of Campylobacter concisus,
Campylobacter curvus, Campylobacter fetus subsp. fetus, Campylobacter hominis, Campylobacter
lari, C.sp.nov.3, and the grouping of C. jejuni, C. coli and C. sp. nov. 1, 2 and 4. Figure 5.2

provides a closer view of the C. jejuni, C. coli and C. sp. nov. 1, 2 and 4 grouping.

Figure 5.2 shows the full length 16S rRNA sequences of 46 C. jejuni, 12 C. coli, and four putative
Campylobacter spp., exhibiting a level of phylogenetic similarity between C. jejuni and C. coli, and

at the same time showing diversity within both species.

All the full length 16S rRNA sequences for the C. coli were 1501bp long and grouped together,
except ST-3302 which grouped closer to C. sp. nov 4. The 16S rRNA sequences differed by a 2bp
single nucleotide polymorphism (SNP) between ST-3302 and C. sp. nov 4, but ST-3302 differed
by 5bp SNP to the rest of the C. coli. Nine C. jejuni isolates, six ST-474 (clonal complex (CC)
CC48) and three isolates from ST-48, ST-2341 and ST-3711 (CC48, CC61 and CC257 respectively),
shared the same length (1501bp) and sequence as the group of 11 C. coli. The ten international
reference C. jejuni sequences used as comparisons to the New Zealand isolates were spread across
the C. jejuni/C. coli grouping in Figure 5.2, suggesting they show a similar amount and type of
variation as the New Zealand isolates. There is a noticeable tendency in Figure 5.2 for the isolates
from the Australian swamphen and from the two New Zealand rails (pikeko and takahé Table 5.3)

to be in the same general area.
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sp. nov 4
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C. sp. nov 3

Campylobacter fetus subsp. fetus 82-40

Campylobacter lari RM2100

Campylobacter hominis ATCC BAA-381
Campylobacter concisus 13826

Campylobacter curvus 525.92

Figure 5.1: A Neighbor-Net of full length 16S rRNA for 83 Campylobacter
spp.isolates. Campylobacter curvus, Campylobacter hominis, Campylobacter concisus,
Campylobacter fetus subsp. fetus, Campylobacter lari and C. sp. nov. 3 are dispersed
and phylogenetically distinct to a tighter grouping of the C. jejuni, C. coli, C. sp. nov.
1, 2 and 4 isolates. A closer view of this tighter grouping is shown in Figure 5.2. The

reference sequences are listed in Table 5.4
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Figure 5.2: An part-view of the Neighbor-Net of full length 16S rRINA for 83

Campylobacter spp.. This is a closer view of the tight grouping of the C. jejuni/C.

coli complex including C. sp. nov. 1, 2 and 4 from Figure 5.1. The red letters are for

C. sp. nov. 1, 2 and 4. The green letters highlight the Australian purple swamphen

Campylobacter jejuni. The blue letters show the distribution of the non-New Zealand

reference sequences listed in Table 5.4.



The inability of the 16S rRNA sequences alone to clearly distinguish between some Campylobacter
spp. is also evident in Figure 5.3 where the ten Australian purple swamphen show > 98.65%
pairwise similarity to the same four Campylobacter species ( Campylobacter jejuni subsp. doylei,
Campylobacter jejuni subsp. jejuni, Campylobacter subantarcticus, Campylobacter lari subsp.
concheus, Campylobacter insulaenigrae, but not Campylobacter lari subsp. lari or C. coli. This
application of pairwise similarity [550] shows a similar pattern of relationship for both the C. jejuni
and the C. sp. nov. 4 isolates. However, there is a noticeable splitting of the eight Australian purple
swamphen C. jejuni isolates into the same two groups, by both the pairwise similarity analysis
(Figure 5.3) and in the Neighbor-Net analysis (Figure 5.2). This splitting of the eight Australian
purple swamphen C. jejuni isolates was the only example in Figure 5.2 of isolates not clustering by

ST.
in silico DNA-DNA hybridisation

The in silico DNA-DNA hybridisation comparison used three different measures (ANIb, ANIm,
Tetra) to compare the genomes of 14 Australian purple swamphen isolates to some international
reference sequences and produced results consistent with the rMLST from the core genome. Eight
Australian purple swamphen isolates (B2124, B2127, B2128, B2129, B2130, B2132, B2133, B2134)
showed similarity to both C. jejuni and C. jejuni subsp.doylei, above the cut-off thresholds for
all three measures (Figures 5.4 5.6 5.5). The remaining six Australian purple swamphen isolates
did not show similarity, above the cut-off thresholds for the three measures, with any of the other

Campylobacter spp. used (Figure 5.4 5.5 5.6).

In comparison, when using the dataset of New Zealand isolates, four of the six Australian purple
swamphen isolates (B2121, B2122, B2125, B2131) that did not group with any of the international
reference genomes, showed a similarity above the cut-off thresholds (Figures 5.8 5.9 5.7) with a
previously identified putative species C. sp. nov. 1 [16]. The ANIb measure (Figure 5.8) of the
four isolates pairwise similarity (94%) is below the 95 — 96% cut off with B1821b, a C. sp. nov.
1 takahe isolate. However using the other two measures, ANIm and Tetra, the cut-off values for
similarity with B1821b are meet (Figure 5.7 5.9). The same eight of isolates (B2124, B2127, B2128,
B2129, B2130, B2132, B2133, B2134) continued to show similarity above the cut-off thresholds
with C. jejuni by all three measurements (Figures 5.8 5.9 5.7). Two isolates (B2123 and B2126)
did not show similarity with any of the Campylobacter spp. to which they were compared, and
may be another putative new Campylobacter spp.. For simplicity these isolates will be referred to

as Campylobacter sp. nov. 4 (C. sp. nov. 4).

121



122

CHAPTER 5. THE GENOME:

[ 1
I 96.19 96.26 96.26 96.26 96.26 96.26 96.26 96.26 96.53 96.53
L 96.66 96.73 96.73 96.73 96.73 96.73 96.53 96.53 96.39 96.39
¢ 9592 95.99 95.99 95.99 95.99 95.99 95.79 95.79 95.65 95.65
95.27 95.34 95.34 95.34 95.34 95.34 95.06 95.06 94.85 94.85
95.49 95.56 95.56 95.56 95.56 95.56 95.56 95.56 95.36 95.36

90.60 90.60 90.60 90.60 90.60 90.60 90.45 90.45 90.53 90.53

90.81 90.88 90.88 90.88 90.88 90.88 90.54 90.54 90.54 90.54

— _[ 91.52 91.59 91.59 91.59 91.59 91.59 91.39 91.39 91.25 91.25
91.11 9111 91.11 91.11 91.11 91.11 90.96 90.96 90.89 90.89

94.83 94.83 94.83 94.83 94.83 94.83 94.53 94.53 94.61 94.61

—1 || 9443 94.49 94.49 94.49 94.49 94.49 94.22 94.22 94.15 94.15
94.43 94.49 94.49 94.49 94.49 94.49 94.22 94.22 94.15 94.15

94.22 94.29 94.29 94.29 94.29 94.29 94.02 94.02 93195 93.95

94.09 94.15 94.15 94.15 94.15 94.15 94.02 94.02 94.09 94.09

} 92.72 92.72 92.72 92.72 92.72 92.72 92.43 92.43 92.65 92.65
92.38 92.38 92.38 92.38 92.38 92.38 92.08 92.08 92.01 92.01

92.48 92.48 92.48 92.48 92.48 92.48 92.20 92.20 92.27 92.27

93.96 93.96 93.96 93.96 93.96 93.96 93.66 93.66 93.59 93.59

93.67 93.74 93.74 93.74 93.74 93.74 93.74 93.74 93.67 93.67

93.12 93.19 93.19 93.19 93.19 93.19 92.99 92,99 92.85 92.85

93.41 93.48 93.48 93.48 93.48 93.48 93.41 93.41 93.41 93.41

93.26 93.32 93.32 93.32 93.32 93.32 93.26 93.26 93.26 93.26

2 ] g 2 ] g ] g ] 2

C. jejuni C.sp.nov4 C. jejuni

Campylobacter cuniculorum
Campylobacter helveticus
Campylobacter upsaliensis
Campylobacter hyointestinalis subsp. lawsonii
Campylobacter lanienae
Campylobacter jejuni subsp. doylei
Campylobacter jejuni subsp. jejuni
Campylobacter lari subsp. concheus
Campylobacter subantarcticus
Campylobacter peloridis
Campylobacter insulaenigrae
Campylobacter coli

Campylobacter lari subsp. lari
Campylobacter volucris
Campylobacter rectus LMG 7611
Campylobacter gracilis
Campylobacter hominis
Campylobacter corcagiensis
Campylobacter showae
Campylobacter avium
Campylobacter fetus subsp. testudinum

I98

%
o4
2
90

Iss

Campylobacter hyointestinalis subsp. hyointestinalis

Campylobacter fetus subsp. venerealis
Campylobacter troglodytis
Campylobacter canadensis
Campylobacter curvus

Campylobacter rectus

Campylobacter fetus subsp. fetus
Campylobacter mucosalis
Campylobacter ureolyticus
Campylobacter concisus
Campylobacter concisus HB035

Figure 5.3: Comparison of ten Australian purple swamphen Campylobacter

spp. 16S rRNA by pairwise sequence similarity using EzTaxon[524]. All

the isolates show > 98.65% similarity to the same group; the two C. jejuni subtypes, C.

lari subsp. concheus, Campylobacter insulaenigrae and Campylobacter subantarcticus.
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Figure 5.4: The heatmap of in silico DNA-DNA hybridisation of Campy-

lobacter spp. genomes compared by tetranucleotide frequency correlation

coefficients (Tetra value). The 14 draft genomes (B2121-B2134) being compared

to known genomes are from the Australian purple swamphen Campylobacter spp..

Using a cut off of > 0.99 the genomes divide into C. jejuni, C. sp. nov. 1 and 4. The

identity of the sequences used for the comparison are in Table 5.5.
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Figure 5.5: The heatmap of in silico DNA-DNA hybridisation of Campy-
lobacter spp. genomes compared by average nucleotide identity using
BLAST (ANIb). The 14 draft genomes (B2121-B2134) being compared to known
genomes are from the Australian purple swamphen Campylobacter spp.. Using a cut
off value of 95 — 96% the genomes divide into C. jejuni, C. sp. nov. 1 and 4. The

identity of the sequences used for the comparison are in Table 5.5.
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(B2121-B2134) being compared to known genomes are from the Australian purple

swamphen Campylobacter spp.. Using a cut-off value of 95 — 96% the genomes divide

into C. jejuni, C. sp. nov. 1 and 4. The identity of the sequences used for the

comparison are in Table 5.5.
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Campylobacter spp. The isolates are shown in Table 5.3 and the Australian purple

swamphen isolates are highlighted in green.




PathogenFinder

The Australian purple swamphen isolates when analysed in PathogenFinder [530] showed a
probability range 80.7% — 83.8% (Table 5.1) of being a human pathogen. As a comparison seven
ST-474 isolates (569a, H22082, H704, m73020, P110b, P179a, P694a) were also analysed and all
showed an 83% probability of being a human pathogen. ST-474 was a significant contributor to the

recent C. jejuni epidemic in New Zealand.
Mobilome

All the Australian purple swamphen draft genomes showed features of the mobilome which is
consistent with the pan-genome having 43.4% single occurrence or unique homologues. Table
5.1 reveals a tendency towards having sequences indicative of a genomic island or a prophage.
There are predicted genomic islands in 77% (11/14) of the draft Australian purple swamphen
genomes. Phage-associated sequences were identified in 64% (9/14) of the draft genomes (Table 5.1).
No recognised antibiotic resistance genes were identified for 12 different antibiotics in any of the
genomes, however this does not rule out a previously unknown antibiotic resistance gene being

present.

Estimation of core and pan-genome
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O annotated protien/gene
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Frequency of orthologues cluster size

Figure 5.10: The frequency of occurrence of identified orthologues (genes
and hypothetical proteins) shared or unique to 84 Campylobacter isolates.

The clustering of orthologues was calculated in Orthomel [541] [542]

The pan-genome was estimated by GET HOMOLOGUES using Orthomcl. It showed a total of
8495 homologues and orthologues within this group of up to 6 Campylobacter spp.. The bar chart

in Figure 5.10 shows the number and occurrence of shared and unique orthologues for the pan-
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genome of the 84 Campylobacter isolates identified in Table 5.3. As seen in other pan-genomes the
distribution is bimodal with an increased number of clusters at the core genome end (found in all 84)
and the low frequency end (found in only 1 or a few isolates) [551] [552]. 43.4% (3685/8495) of the
total number of orthogues were single occurrence homologues, for which there are several possible
explanations, one suggestion would be a large “mobilome” i.e. mobile elements of the genome such
as transposons, plasmids, bacteriophage, and self-splicing molecular parasites [553][p3]. In the
characterisation table (Table 5.1) for the Australian purple swamphen genomes, many of the isolates
contained mobile elements, and this may be a common feature in the other genomes. 45.0% (3822/
8495) of the orthologue clusters were annotated as hypothetical proteins. The hypothetical proteins
were not evenly distributed: 15.7% (87/554) of the core genome was comprised of hypothetical
proteins compared to 63.8% (2351/3685) of the single occurring homologues.

Figure 5.11: The core genome of 84 isolates across 6 Campylobacter spp.
estimated by three different methods within GET HOMOLOGUES. The
three methods used to estimate the size of core genome were Orthomcl, COG and
BDBH with the Venn diagram showing the differences in estimated core size and

shared content between the three results.

This dataset of 84 isolates from 6 putative Campylobacter spp. have an estimated core genome
size of 554 (Figure 5.11) as defined by orthologues present in all isolates and identified in all three
methods (Orthomcl, COG and BDBH) [541] [542] [543] [540]. There were little differences in the
estimated core genome size and composition estimated by each algorithm: Orthomel (575), COG
(589) and BDBH (562). These differences could be attributed to differences in the way the methods
handled features like in-paralogues [202].
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Table 5.2: The multi-locus sequence type (MLST) allelic profile of 14 Aus-
tralian purple swamphen (Porphyrio porphyrio melantotus) isolates. The
MLST consists of seven loci for each isolate (B2121-B2134) and were derived in silico
from the genomic data using MLST (verl.7) [521]. The allelic profiles currently do not

have a designated ST, and new-1 and new-2 represent two unique alleles for a given

loci.

isolates species aspA glnA  gltA glyA pgm tkt uncA
B2121 C.sp. nov. 1 new-1 new-1 new-1 343 new-1 new-1 new-1
B2122 C.sp. nov. 1  new-1 new-1 new-1 343 new-1 new-1 new-1
B2123 C.sp. nov. 4 new-2 new-2 new-2 new-2 new-2 new-2 new-2
B2124 C. jejuni 1 6 5 92 261 293 3
B2125 C.sp. nov. 1 new-1 new-1 new-1 343 new-1 new-1 new-1
B2126 C.sp. nov. 4 new-2 new-2 new-2 new-2 new-2 new-2 new-2
B2127  C. jejuni 1 6 5 92 261 7 3
B2128 C. jejuni 1 6 ) 92 261 7 3
B2129 C. jejuni 1 6 5 92 261 7 3
B2130 C. jejuni 1 6 5 92 261 7 3
B2131 C.sp. nov. 1 new-1 new-1 new-1 343 new-1 new-1 new-1
B2132 C. jejuni 1 6 5 92 261 7 3
B2133 C. jejuni 1 6 5 92 261 7 3
B2134 C. jejuni 1 6 5 92 261 7 3

Core genome features
MLST

Seven of the Australian purple swamphen C. jejuni isolates were indistinguishable sharing the same
allelic profile, and the eighth was a single locus variant to the other isolates (Table 5.2). All the
C. jejuni isolates had seven existing alleles in the PubMLST database for C. jejuni and C. coli
[266], however the isolates that are believed to be new Campylobacter spp. resulted in 6 new MLST
alleles for the putative C. sp. nov. 1 and seven new MLST alleles for the new putative C. sp. nov.
4. The glyA allele 343, found in all four C. nov. sp. 1 isolates (Table 5.2), has been reported once
in PubMLST 2 as a C. jejuni chicken isolate (ST-3479) found in the UK in 2013.

rMLST

The rMLST profiles (Figure 5.12) provided a clear division between Campylobacter spp.. The C.
jejuni isolates clustered by ST and CC. Within the C. coli split, the Caco-N211 (ST-3302) isolate

218th Feb 2015 http://pubmlst.org/campylobacter/
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Figure 5.12: Comparison of 83 Campylobacter spp. based on rMLST. The

isolates are labelled by Campylobacter spp. with a prefix; Caje for C. jejuni, Caco for

C. coli, Caao for C. sp. nov. 1, Caga for C. sp.

nov. 2, Caze for C. sp. nov. 3, Cabo

for C. sp. nov. 4. Line 1 (red) shows a division for C. coli and Line 2 (blue) shows

a division for C. jejuni. The isolates highlighted in green were found in Australian

purple swamphen.

was separated from the other isolates which were predominantly members of CC828, a behaviour

consistent with the 16S rRNA analysis 5.2. The seven isolates representing C. sp. nov. 1 cluster

together, but within the grouping they formed three groups, one associated with Australian purple

swamphen isolates and the other two with New Zealand isolates. This suggests C. sp. nov. 1 may

be a large diverse group with multiple clades similar to C. coli and C. jejuni.
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Pan-genome
Pan-genome comparison

Figure 5.13 shows that the pattern of presence or absence of orthologues in the pan-genome
can clearly differentiate the known species C. jejuni and C.coli, as well as the new proposed
species: C. nov. 1, C. nov. 2, C. nov. 3, C. nov. 4. The level of differentiation also extends
to the C. jejuni isolates clustering at the clonal complex level. Another feature is the overall
similarity of the pan-genome (Figure 5.13) to the core genome (Figure 5.12). In particular the
clustering relationship between the Australian purple swamphen isolates and the takahe/pukeko
associated isolates (ST-2381, ST-3663, ST-3655) was basically the same in both comparisons, core

and pan-genome.
Population structure

Discriminant analysis of principal components (DAPC) In the DAPC analysis, the pop-
ulation structure of the Campylobacter spp. isolates, as expressed by the pan-genome presence/
absence matrix, clustered into 8 groups with a probability of membership > 99% by each member.
A scatter plot based on the first and second principal components shows the distribution of the
clusters in Figure 5.14 while Table 5.3 shows the identity of the isolates in each cluster. The isolates
generally clustered by Campylobacter spp. and ST/CC but not to geographical location. C. sp.
nov. 1 isolates are all in cluster 1, all the C' .coli in cluster 2 (mainly clonal complex CC828), and
the C. sp. nov. 3 are all in cluster 6. Cluster 7 includes both C. sp. nov. 2 and 4. C. jejuni is
divided between 4 clusters, all relatively close to each other but cluster 5 is slightly separate to
clusters 3, 4 and 8 in Figure 5.14. The division of C. jejuni follows a ST/CC pattern: cluster 3
contains CC45, CC42, CC177, CC682; cluster 4 contains CC48; cluster 8 contains CC21, CC61,
CC257, and CC403; cluster 5 contains the Australian purple swamphen C. jejuni isolates and some
of the ST associated with pukeko and takahe. Although one ST (ST-3673) in cluster 5 is rare,
having only been found once in a chicken and in New Zealand environmental waters, it does share
MLST alleles with other New Zealand isolates in the cluster. It is of note that C. sp. nov. 2 and C.
sp.- nov. 4 were not placed in separate clusters. Also the ST-2381 isolates which were associated
with the pukeko and the takahé were not in cluster 5 but were in cluster 3. Cluster 3 has a mixture

of agriculture-associated and wild-bird associated ST.
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Figure 5.13: The Neighbor-Net of 84 Campylobacter genomes based on the

presence or absence of orthologues in the pan-genome. The red line 1 shows

the split dividing off C.coli and the blue line 2 shows the split dividing off C. jejuni

isolates. The branches containing the proposed new species (C. nov. 1, C. nov. 2, C.

nov. 3, C. nov. 4) and the Australian purple swamphen isolates are identified. The

presence/absence matrix was made into an Additive Dollo Distance (ADD) matrix

[645] and visualised using SplitsTree [487]



5.3. RESULTS

Principal Component 2
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Figure 5.14: Discriminant analysis of principal components of 84 Campy-
lobacter spp. isolates in a scatter plot based on the first and second principal
components. The identify of the isolates in each cluster is shown in Table 5.3. Cluster
1 consists of C. sp.nov. 1; Cluster 2 consists of C. coli; Clusters 3,4,5,8 consists of C.

jejuni; Cluster 6 consists of C. sp. nov. 3; and Cluster 7 consists of C. sp. nov. 2 and
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5.4 Discussion

The overall pattern of clustering between the pikeko/takahe isolates and Australian purple swamphen
is consistent with a recent shared ancestry followed by divergence, suggesting the New Zealand
isolates could be following a different evolutionary trajectory over the period of separation and
accumulating differences. These results show a close relationship between the genomes of C. jejuni
from the Australian purple swamphen and the New Zealand isolates associated with pukeko and
takahe, consistent with a strong host-association bond despite the geographical and temporal
separation, but allowing for some variation. While the same ST (sequence type) seen in the piikeko
and takahe was not found in the Australian purple swamphen, the ST did cluster together in a

consistent manner in both the core and pan-genome analyses.

The phylogenetic pattern, in the core and pan-genome comparisons, generally has the Australian
purple swamphen C. jejuni clustering closely with ST-3673, ST-3845, ST-3663, and ST-3655 while
the ST-2381 isolates are nearby but less closely clustered. A possible cause of this relationship is
the ST-3673, ST-3845, ST-3663, and ST-3655 isolates arrived in New Zealand with the pukeko
ancestor but the ST-2381 arrived earlier in the takahe ancestor. Based on this assumption it would
suggest that over the longer separation period within the takahe, the ST-2381 diverged more but
stayed within some host-association boundary so when pukeko arrived they were still compatible in
both hosts. Alternatively, the ST-2381 could be occupying a similar but slightly different niche
within the gastro-intestinal system which has resulted in an accumulation of differences. In the
previous phenotypic analysis, ST-2381 and ST-3655 showed a similar pattern of carbon source
utilisation at 42°C, which makes ST-2381 being in a slightly different gastro-intestinal niche a less
likely explanation. However there are other possible explanations, such as insufficient sample size.
The founding Porphyrio ancestors that arrived in New Zealand were probably small in number and
could have lacked the ST we found in our Australian sample, or our Australian samples may not

have been large enough to detect the full range of ST.

Two non-C. jejuni species were also identified in the Australian purple swamphen, a new Campy-
lobacter spp. C. sp nov. 4 and another recently identified Campylobacter spp. C. sp nov. 1
[16][p227]. More work, such as phenotypic analysis will be required to fully establish this claim as
the in silico analysis alone, does not meet the minimum standards proposed by Ursing et al. for a
new species of Campylobacteraceae [215]. C. sp nov. 4, as far as we know has not been previously
reported and so far has only been found in the Australian purple swamphen. There are several
possible reasons why C. sp nov. 4 has not been found in New Zealand birds, particularly rails, they
include; being missed in sampling, absent by chance in the birds that colonised New Zealand, absent
because the species had not entered the Australian population when New Zealand was colonised,

and the species had not evolved when New Zealand was colonised by the ptukeko’s ancestor.
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Campylobacter sp. nov. 1, along with Campylobacter sp. nov. 2 and Campylobacter sp. nov. 3
were found in previous investigations by mEpiLab members which were not part of this body of
work [16][p227]. C. sp nov. 1 had been previously found in the pukeko and takahe [16][p227] and
now it has been isolated from the Australian purple swamphen. The simplest explanation for this
distribution would be that C. sp nov. 1 arrived in New Zealand with the pikeko or the takahe,
suggesting the species has been around > 500 years. More analysis of these all these new species is
required but as Campylobacter spp are often sub-divided into thermophilic (e.g. C. jejuni, C. coli,
C. lari and C. upsaliensis) and non thermophilic (C. fetus, C. curvus, C. hominis etc) due to the
isolation method (incubation at 42°C) and demonstrated phylogenetic closeness (see Figure 5.3,
5.12) to C. coli/C. jejuni, the putative new species (C. sp. nov. 1, 2, 3 & 4) are likely to be

classified as thermophilic when their taxonomic identification is completed.

Throughout these genomic comparisons there has been a consistency in the relationships between
isolates when comparing core genome features (Figure 5.12) or making an across the entire genome
comparison(Figure5.13, Table 5.3). Such a consistency suggests the forces acting on the C. jejuni
core genome are acting on the accessory genome, keeping a connection between the two with an
allowance for minor variation. This finding starts to explain how ST and clonal complexes have been
successfully used to associate isolates to hosts [7] [6], i.e. the housekeeping genes (core genome and
essential genes) are reflecting the type of metabolic capabilities that exist in the accessory genome.
Previously an association between ST and metabolic traits had been identified based on specific
genes [498][554], and at a genomic level using suppression subtractive hybridisation Hepworth et al
(2007) there was a correlation between the common clonal complexes and metabolic genes [369].
However this investigation showed the relatedness exists across the core and accessory genomes,
in wild-bird associated and agriculture-associated ST/CC. The strong pattern of association does
not appear to extend from a direct connection to a given MLST allele, rather it is reflected in
total allelic profiles. This study does not identify the evolutionary mechanism but as C. jejuni is
known for high levels of recombination it is a likely factor [415] [555]. Barriers to recombination
between ST have been reported in agriculture associated lineages: with minimal recombination
between CC21 and CC45 [421], and lineage specific restriction-modification systems identified in
CC403 [556]. These results suggest at the genome level for both agriculture-associated and wild-bird
associated C. jejuni, there may be a combination of recombination mainly occurring between more
closely related sequence types producing homogeneity, and possibly some purifying selection for

host adaptation removing the “less adapted” combinations.

There was a level of demarcation shown between the Campylobacter spp. using in silico DNA-DNA-
hybridisation (DDH) comparisons (Figures 5.4, 5.5, 5.6) that was not apparent in either of the
16S rRNA analysis. The differences between the Campylobacter spp. was apparent in the rMLST
(Figure 5.12) and the pan-genome comparisons of both the ADD (Figure 5.13) and to a lesser degree
in the DAPC clustering (Table 5.3, Figure 5.14). In both the DDH comparison with international
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reference genomes (Figures 5.6, 5.5, 5.4), and the New Zealand isolates (Figures 5.8, 5.9, 5.7), eight
of the isolates can be identified as C. jejuni. By expanding the comparison base to include the New
Zealand isolates, it was possible to group the remaining six Australian purple swamphen isolates
into two different groups. One group of four (Figures 5.7, 5.8, 5.9) showed a species level similarity
to a recently identified new species (C. sp. nov. 1) [16]. The remaining two isolates, based on a
lack of similarity with other Campylobacter spp. and a marked similarity to each other, suggest
they represent a new species (C. sp. nov. 4). Two of the putative new Campylobacter spp. (C. sp.
nov. 1, C. sp. nov. 2) in the New Zealand dataset have previously been isolated from New Zealand
water rails (pukeko and takahe Table 5.3) [16], the third C. sp. nov. 4 has now been isolated from
Australian purple swamphen, a close relative. The new Campylobacter species and new strains
found in this investigation and others [312] [330] suggest that as we look at more wild animals we
will find more new Campylobacter spp. and C. jejuni sequence types which will lead to a better

understanding of the microbial ecology and evolution of this genus.

The lack of clear differentiation between some of the Campylobacter spp. (C. coli and C. jejuni) in
the 16S rRNA comparisons (Figure 5.2, 5.3) is a recognised failing of 16S rRNA analysis [549] [557].
16S rRNA comparisons have been shown as too conserved to discriminate some closely related
species [558]. Despite the 16S rRNA analysis being performed as two different comparisons, a
pairwise similarity matrix (Figure 5.3) using international reference sequences, and a Neighbor-Net
visual representations of a larger dataset of New Zealand isolates (Figure 5.1, 5.2), the results
do not show much distance distinguishing between C. coli, C. jejuni, C. sp. nov. 1, 2 and 4;
suggesting they are all closely related. There was 100% similarity between some C. jejuni STs,
particularly ST-474 (all 6 isolates), and some C. coli (mainly CC828 and may be part of clade 1).
This level of similarity, seen in Figure 5.2, has been previously reported between other isolates of
these species [549]. ST-474 is an important source of poultry associated campylobacteriosis in New
Zealand, although rarely reported outside of the country [67] [15]. Based on 16S rRNA the C. coli
have clustered into two groups, one was C. coli alone and the other a mixture of C. coli and C.
jejuni [557]. Sheppard et al. (2011, 2013) suggested there has been introgression between some C.
coli (clade 1) and C. jejuni [559] [560]. It is possible this result reflects such a event with some

degree of recombination between ST-474 and C. coli.

Two Australian purple swamphen C. jejuni isolates (B2124, B2134), did not follow the trend to
cluster with the same ST, in both 16S rRNA analyses (Figure 5.2 5.3). Based on ST B2134, should
group with B2127, B2128, B2129, B2130, B2132, B2133 (Table 5.2) which share all the same MLST
allelic profile. B2124 and B2134 differ from each other at the pgm loci (293,7) by 13bp. Both B2124
and B2134 have the same 16S rRNA sequence and this only varies by 1-2bp SNP from the ST-2381
isolates, which are found in the pukeko and takahe, but vary by 7-8bp SNP to the other Australian
purple swamphen C. jejuni isolates. This could be an example of variation within ST, genomic

variation has been reported between ST-474 isolates [273] as has variation in 16S rRNA within
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Campylobacter spp. species [549].

It was first proposed in 1977 [561] to use 16S rRNA to establish phylogenetic relationships, and using
a cut off point of > 97% sequence similarity between two isolates has been correlated with a 70%
DNA-DNA hybridisation (DDH) value [562]. This analysis used the > 98.65% cut-off suggested
for full length 16S rRNA sequences [563]. There was a noticeable difference between the relative
closeness of Australian purple swamphen C. jejuni to C. lari, as shown in the EzTaxon pairwise
similarity (Figure 5.3), compared to the marked difference between C. jejuni and C. lari shown by
the Neighbor-Net analysis (Figure 5.1). A possible reason for these variable results is a combination
of some Campylobacter spp., like C. jejuni and C. coli are very closely related, and variation in
16S rRNA within a species, for example variation of 16S rRNA within C. lari has been reported
[549]. This means an approach that tends to choose a single example of a species/phylotype [524]

would be vulnerable to missing some similarities unless every cluster/clade is represented.

The Discriminant analysis of principal components (DAPC) analysis in general splits the genomes
into groups by Campylobacter spp. and the C. jejuni population along host-association and ST/CC.
An interesting feature of the DAPC analysis is cluster 3 which showed a combination of different
ST and CC (CC45, CC42, CC177, CC682). CC45 has been associated with environmental water
isolates [564], as well as agricultural livestock. The other clusters of C. jejuni isolates did not show
this mixing of wild-bird and agriculture related isolates. A possible implication of this grouping is
a common ancestry between these ST and CC45. Alternatively this cluster could be an artefact of
this DAPC analysis on this dataset either due to the fitting of the data to the optimum number of

clusters (8) predicted by kmeans.

The population structure suggested by the DAPC analysis does not as strongly support species
differentiation of C. sp. nov. 2 and 4, in contrast to the rMLST (Figure 5.12 ) and the in silico
DNA-DNA hybridisation results(Figures 5.8, 5.9, 5.7). This may be the effect of the shared
environment (host i.e. all the isolates in cluster 7 are from members of the rail family), leading to
many shared pathways in the pan-genome, and resulting less differentiation between the species on
a simple presence/absence of a gene comparison. In Figure 5.13 which is based on the pan-genome
C. sp. nov. 2 and 4 are very close. Alternatively the clustering of C. sp. nov. 2 and C. sp. nov. 4.
together could be due the small number of genomes of the putative new species in the dataset and
the principal component analysis emphasis is on variability while the features that are predictive
of these putative species may be at a lower variance in terms of a pan-genome presence/absence

data.

The pan-genome of the 84 Campylobacter spp. isolates in our dataset, which is possibly a mixture
of 6 species, has a large proportion of homologues (43.4%) that did not cluster with any other
sequence i.e. single occurrences. There are various possible reasons for this, for example, some of

the single homologues appeared to be truncated versions of genes found in other homologue clusters
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e.g. cdtA but did not meet the minimum coverage criteria. Another possibility is that there are a
small number of several putative new species in this group and if more genomes from each of these
species had been included they have found matching homologues. There are a large proportion of
hypothetical proteins (55.0%) in the pan-genome and a larger proportion in the lower occurring
homologue clusters (63.8% single occurring homologues) [565][p46], which suggests that there is a
lot more to be learnt about the genes that make up Campylobacter, their functions and what role
they play in inter-species and intra-species differences, and are they part of a large mobile element

in the pan-genome?

The Dollo process used in the ADD analysis (Figure 5.13) assumes that a trait can only arise once
on a phylogenetic tree but may be lost many times [545]. However recombination is a significant
factor in C. jejuni evolution, as it seems to occur more frequently than mutation [566], so the
reintroduction of a “lost” gene may occur more frequently than assumed in the Dollo assumption.
This may be countered by ongoing selection removing those that did not aid fitness and it would
reduce the probability of such a gene remaining (and being found) i.e. it would be “lost” again.
Even if the assumption of the Dollo process is not an exact representation of the situation for
the Campylobacter species, this analysis (Figure 5.13) showed consistent results with the rMLST
comparison (Figure 5.12), which does not make the same assumptions, suggesting it was not a poor

fit.

It is difficult to make comparisons of core and pan-genome size to previous estimates of Campylobacter
spp. as they used alternative methods, parameters and Campylobacter spp. datasets. For example,
Lefebure et al. (2010) estimated from 96 genomes of two closely related Campylobacter spp.( C.
jejuni and C. coli) that each taxon has a pan-genome size of ~2,600 genes, and the combined
pan-genome of both species was ~3,000 genes [416]. The core genome of C. jejuni was estimated as
1369 and 1485 for C. coli, with a shared core genome size of 1317 [416]. Zhou et al. (2013) analysed
34 genomes, containing 10 Campylobacter spp., then used a genome wide alignment method where
all protein coding sequences where placed in the same gene family cluster if the best local alignment
between the sequences covered at least 50% of the length of both sequences and contained at least
50% identity. This approach produced a pan-genome of 13,167 gene families and 348 core gene
families are at the genus level. The estimated core genome for four species (C. jejuni, C. coli, C.
lari, and C. upsaliensis) was 1074 gene families. Another estimate of core and pan-genome for C.
jejuni only comes from Sheppard et al. (2014), using 128 isolates, and a parameter of reciprocal
best hits to C. jejuni 11168 loci, with at least 70% nucleotide identity and 50% identity in alignment
length using the BLAST [421]. This approach produced a core genome with 595 loci and 3,485
accessory genes [421]. For my dataset of 84 genomes containing six putative Campylobacter spp.
the core genome was estimated as ~550 orthologues and the pan-genome ~8,500, based on BLAST
searches with a minimum E-value (maximum expectation value) of 107° and a minimum of 75%

coverage in pairwise alignment for inclusion in an orthologue group. Considering the differences in
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the methods and Campylobacter spp. involved, the results for this analysis are not inconsistent

with previous work.

In the PathogenFinder [530] analysis, ST-474, a significant cause of campylobacteriosis in New
Zealand [273], showed a 83% probability of being a human pathogen for all seven of the isolates.
This suggests the 81.0 — 83.8% estimation of probability for being a human pathogen for the
Australian purple swamphen isolates supports the argument they could be pathogenic and/or
have the potential to act as a genetic reservoir i.e. a source of virulence factors for agricultural
strains [17]. However this needs to be viewed in context as wild-bird associated C. jejuni sequence
types are currently infrequently identified as the cause of disease in humans [324], and reports of
pathogenicity in Campylobacter spp. other than C. coli or C. jejuni are not common although there
is growing recognition of such events [516][p123]. More investigation is required into Campylobacter
virulence genes and genetic flow between these different populations to understand the level of

risk that may exist in recombination between wild-bird and agricultural hosts of Campylobacter

Spp..

The mobilome which, by definition, consists of genetic material that is readily exchanged appears
to be a common feature in the form of predicted genomic islands and prophages in the Australian
purple swamphen isolates, and a similar result has been reported in the C. lari group [567]. We
have not analysed the frequency of movement and retention of these features, but just as C. jejuni
has been shown to have high levels of recombination in the core genome [415], it is possible genomic
islands and prophages have an important effect on the evolution of this bacteria. No antibiotic
resistance genes were detected in this analysis, these genes can be part of mobile genetic elements,
and this result may be due to the isolates being unlikely to be exposed to antibiotics, certainly
compared to isolates associated with agriculture. The draft genomes were not investigated for the
presence of plasmids [568], nor were bench based techniques used in this chapter although such work

could be performed in the future as plasmids have been associated with pathogenicity [569].

There are many steps from collection of our samples through to the final culturing that may have
affected our results, for example by choosing a single colony that appeared to be Campylobacter
from each plate, we removed our ability to identify if each bird had more than one species or
genotype of a species. In regard to the putative new species it could be important to understand
if they occur as co-infections and the degree of interaction and genetic exchange that may occur
inside the host. Another element that may have affected our results was using only 42°C at the
initial identification step incubation temperature rather than using both a 37°C and 42°C incubation
temperature at this stage, as recent work suggests this may affect which isolates are found [381].
Repeated sub-culturing of C. jejuni has been associated with both phenotypic and genotypic change
in the isolates [570]; we minimised repeated sub-culturing by using long term storage of the isolates

at —70°C and —80°C instead and reviving the isolates when required.
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Conclusion

There is a consistent pattern of close relationship between C. jejuni from the Australian purple
swamphen (Porphyrio porphyrio melanotus) and isolates associated with the New Zealand piikeko
(Porphyrio porphyrio melanotus) and takahe (Porphyrio hochstetteri), despite an estimated 400-600
years of separation [12][pp 590-595] [514][pp 38]. The phylogeny of both the core genome and
pan-genome supports a recent common ancestor and divergence probably after separation. There
is also a consistency of relationship in the C. jejuni between the core genome as measured by
MLST and rMLST, and extending into the patterns of gene presence and absence in the pan-
genome for both the wild-bird and agriculture-associated isolates. This relationship between the
core and pan-genome starts to explain how particular MLST and clonal complexes have been
able to be successfully associated with particular hosts. The allelic profile of the housekeeping
genes (core genome) reflected the type of metabolic capabilities that exist in the accessory region
(optional section of the pan-genome) linking phenotype genotype and host. Using genomic analysis
(Figures 5.5,5.6, 5.4, 5.8, 5.8, 5.7), the presence of a new Campylobacter spp. C. sp nov. 4, in
Australian purple swamphen (Porphyrio porphyrio melanotus) has been demonstrated. More
work, such as phenotypic analysis will be required to fully establish this claim as by itself the in
silico analysis alone does not meet the minimum standards proposed by Ursing et al. for a new
species of Campylobacteraceae [215]. Also identified was the presence of another recently identified
Campylobacter spp. C. sp nov. 1 [16][p227]. So far C. sp nov. 1 has only been reported in two
closely related water rail in New Zealand, the pukeko (Porphyrio porphyrio melanotus) and takahe
(Porphyrio hochstetteri).
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Supplement

Table 5.4: The isolates used as international reference sequences for 16S
rRINA. The full name of species and subspecies or strain is provided along
with any abbreviation used in Figures 5.1 and 5.2. Refseq refers to the NCBI
(http://www.ncbi.nlm.nih.gov/refseq/) Reference Sequence Database accession num-

ber and BioProject (http://www.ncbi.nlm.nih.gov/bioproject) is the NCBI reference

to data on the project of origin.

Species and Strain type abbreviation Refseq BioProject
Campylobacter concisus 13826 Cacon_13826 NC_009802.1 PRJINA58667
Campylobacter curvus 525.92 Cacu-525_92 NC_009715.1 PRJNA58669
Campylobacter fetus subsp. fetus 82-40 Cafe_82-40 NC_008599.1 PRJNA58545
Campylobacter hominis ATCC BAA-381 Caho_ ATCC_BAA-381 NC_009714.1 PRJNA58981
Campylobacter jejuni RM1221 Caje_ RM1221 NC_003912.7 PRJNA57899
Campylobacter jejuni subsp. doylei 269.97 CajeD_269.97 NC_009707.1 PRJNA58671
Campylobacter jejuni subsp. jejuni 1336 Caje_1336 NZ_CM000854.1 PRJNA43391
Campylobacter jejuni subsp. jejuni 414 Caje 414 NZ_CMO000855.1 PRJNA43389
Campylobacter jejuni subsp. jejuni NCTC 81116 Caje_81116 NC_009839.1 PRJINA587T1
Campylobacter jejuni subsp. jejuni 81-176 Caje_81-176 NC_008787.1 PRJNA58503
Campylobacter jejuni subsp. jejuni 1A3902 Caje_1A3902 NC_017279.1 PRJINA159531
Campylobacter jejuni subsp. jejuni ICDCCJ07001 Caje ICDCCJ07001 NC_014802.1 PRJINA61249
Campylobacter jejuni subsp. jejuni M1 Caje-M1 NC_.017280.1 PRJINA159535
Campylobacter jejuni subsp. jejuni NCTC 11168 Caje NCTC11168 NC_002163.1 PRJINA57587
Campylobacter jejuni subsp. jejuni S3 Caje_S3 NC_017281.1 PRJNA159533
Campylobacter lari RM2100 Cala_RM2100 NC_012040.1 PRJNA58115
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Appendix C in DVD

Summary of information provided in Appendix C
Appendix C on the DVD provided contains:
1. Protocol for collection of Australian purple swamphen samples.

2. Australian purple swamphen KEGG maps - The 14 Australian purple swamphen isolates have
had their genomes sequenced and mapped to KEGG pathways. The maps for each pathway

are provided as web pages.

3. Campylobacter spp. isolates - A list of Campylobacter spp. isolates from New Zealand pukeko
in 2009 and 2012, the isolates used in chapter 4, and all the Australian purple swamphen

isolates.

4. Porphyrio spp. - provides background information on the Porphyrio spp. bird and their

distribution.

The file may need to be loaded onto a computer hard drive and unzipped.
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Science may be described as the art of systemic over-simplification - the art

of discerning what may with advantage be omitted

Karl Popper

the metabolism:

Genomic comparison of metabolic subsystems

present in Campylobacter spp. dataset.

Prelude

This is the final investigation into the link between phenotype, genotype, and host adaptation in
C. jejuni, and asks if at the metabolic level there is an identifiable “host signature” i.e. showing
metabolic features that suggest they are adapted to a given host. This tests a null hypothesis that

there is no metabolic host adaptation.

A dataset of predominantly New Zealand C. jejuni draft genomes was annotated into curated
metabolic pathways, which grouped them by functional categories and into a series of subsystems
or metabolic pathways. The isolates belonged to three host groups: starlings (Sturnus vulgaris),

Australian purple swamphen, and common clonal complexes for livestock isolates (CC21, CC42,
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CC45, CC48). The three groups of genomes were used as a training set to identify features that
separated them from each other. Three subsystems were identified as being an important difference
between these groups and were compared to a larger set of Campylobacter spp. genomes, to identify
if the three subsystems were host-associated differences. This approach also enables a comparison,
using the three subsystems, between the Australian purple swamphen and the pukeko/takahe

associated isolates to identify changes that may have evolved between them.

This chapter contains the metabolic analysis, based on genomic composition, of the mEpiLab
genomes dataset. The mEpiLab genomes dataset contained 70 draft Campylobacter genomes from
New Zealand and 14 Australian purple swamphen Campylobacter genomes from Australia. The

results of this analysis were not verified using Biolog phenotypic microarray plates.

This chapter was written as an article to be published in the Journal of Basic Microbiology
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Comparison of Campylobacter jejuni genomes:
host associated metabolic differences.

6.0.1 Abstract

Internationally C. jejuni is an important cause of gastroenteritis. Epidemiological analysis has
shown most isolates associated with human disease originate from agricultural sources while
wild-bird hosts are a less likely source of infection. In this analysis we used a unique genomic
dataset containing C. jejuni from three host groups: starlings (Sturnus vulgaris), Australian purple
swamphen (Porphyrio porphyrio melanotus), and a group of clonal complexes (CC21, CC42, CC45,
CC48) associated with agriculture. The genomes were annotated by Rapid Annotations using
Subsystems Technology (RAST) that allocated the protein sequences into metabolic pathways called
subsystems. Three important subsystems were identified as showing marked variation between the
host groups; Coenzyme A biosynthesis, Type VI secretion system, and Campylobacter spp. iron
metabolism. The three subsystems were investigated using genomes from an expanded dataset to
identify their distribution pattern. Vitamin By (pantothenate) biosynthesis, a part of the Coenzyme
A biosynthesis subsystem was present in cattle isolates but not in the wild-bird isolates. The
Type VI secretion system subsystem was only found in a small group containing isolates from the
Australian purple swamphen, CC403, ST-2381, ST-3655 including a new Campylobacter spp.. There
was variation in the Campylobacter spp. iron metabolism subsystem between the isolates. These
results show there are important metabolic differences between isolates based on host association,

suggesting host adaptation, in both wild-bird and agriculture associated C. jejuni.
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6.1 Introduction

Campylobacteriosis is considered to be the most common cause of gastro-enteritis worldwide with
over 400 million cases estimated annually [96] [571] and most developed countries showing a
upward trend in reported cases [83]. As an emerging disease associated with the consumption of
contaminated food or water it is a major area of interest: however difficulties in growing isolates in
the laboratory and low biochemical reactivity, combined with marked phenotypic and genotypic
variation, made early progress slow [30]. In developed countries food producing animals are the
main source of C. jejuni associated with human cases, with chicken usually being the commonest
source [1]. Occasionally human cases have been attributed to sequence types associated with
wild-birds [324], however it is not known if the low level of infection ascribed to wild-bird isolates
compared to livestock isolates is due to lack of pathogenicity or lack of opportunity for transmission
[414]. Epidemiological analysis using multilocus sequence typing (MLST) of isolates from livestock
and human cases has shown that many of the sequence types (ST) can be grouped into closely
related clonal complexes such as clonal complex ST-21 (CC21), clonal complex ST-42 (CC42), clonal
complex ST-45 (CC45), and clonal complex ST-48 (CC48) [498] [272]. These agriculture-associated
ST often have the ability to colonise multiple livestock species in particular sheep, cattle and
chickens [6]. Meanwhile investigations into C. jejuni isolates from wild-birds has shown a different
pattern, with ST showing host specificity, that persists even over large geographical distances

7] [319].

In 2000, the first complete genome (C. jejuni NCTC 11168) was reported [389], and continued
investigation into the genome is opening up the ability of a wide range of disciplines, including
taxonomy, epidemiology and physiology to contribute to our understand of this pathogen [572]
[300] [573]. While most C. jejuni genomic research has focused on human and agricultural related
isolates, some genomic analysis has differentiated between agriculture-associated and wildlife-
associated isolates [368], for example, the presence of a flagellin glycosylation locus (Cj1321-
(Cj1326) in livestock associated isolates [289]. On the basis of ST, metabolic genes have been
associated to several mainly agriculture-associated CC [554] [498]. Further investigation into
differences in metabolism-associated genome should identify metabolic features that represent host

adaptation.

In the previous chapter we have shown by comparing genomes from wild-birds and agricultural
sources a significant and persistent pattern of differences in both core and pan-genomes. These
differences also appear to be between wild-birds associated ST, if they are not closely related e.g.
starling and pukeko. However further investigation is required to identify where these differences
appear at a metabolic level i.e. the different metabolic pathways that may be involved in host

adaptation by C. jejuni. To do this, the genomes were annotated using the RAST and SEED servers
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[632] [531] and the protein encoding genes (peg single, pegs plural) were identified and allocated
into metabolic pathways called subsystems. In this analysis we started with a training dataset
containing three host associated groups, then once notable metabolic features that differentiated
the three groups were identified, they were scrutinised against a larger group of Campylobacter spp.
genomes to see if they remained informative about host association. Three potentially important
subsystems were identified and investigated: Type VI secretion system, Coenzyme A biosynthesis

and Campylobacter spp. iron metabolism.

Type VI secretion system (T6SS) has been identified in a range of bacterial species and has been
associated with pathogenicity [574], with cytotoxic effects that may have originated as a mechanism
against flagellates, amoeba and ciliates [575] [576]. Relatively recently, T6SS has been identified
in C. jejuni found in several countries [577] [578]. T6SS’s role in pathogenicity may involve host
cell adherence and invasion [579] [580]. A complex core of 13 subunits have been identified,
which may act as a single functional unit [581]. Horizontal gene transfer (HGT) is believed to
be the major transmission pathway for T6SS between bacteria [581]. The structure of T6SS
resembles a bacteriophage sheath tube and tail spike proteins and it is hypothesised that this is a
delivery mechanism for molecules from the bacterial host across the cell membrane into another

cell [582].

Coenzyme A (CoA) is a universal and essential cofactor, vital for the regulation of key metabolic
enzymes and involved in numerous metabolic and energy-yielding reactions [583]. The Coenzyme A
biosynthesis subsystem, used in this analysis has 9 steps, including three steps involving vitamin By
(pantothenate) biosynthesis (Figure 6.4). If the enzymes involved in these reactions are absent, the
cell will need to acquire vitamin By from the environment in the host. Vitamin B biosynthesis has
been previously reported as a possible factor in host adaptation in C. jejuni with a tendency to be

absent in non-agriculture-associated isolates [502][p93] and present in cattle isolates [370].

Tron is essential to the Campylobacter metabolism [469], as a cofactor of many enzymes and involved
in the electron transport system and redox reactions [584]. The iron metabolism also plays an
important role not only in growth of C. jejuni but in survival from oxidative stress in aerobic
conditions [585], and it has also been associated with pathogenicity [586]. While iron acquisition is
essential for C. jejuni, genomic microarray analysis has previously indicated strain variation in this
metabolic pathway [288]. The Campylobacter spp. iron metabolism subsystem used in this analysis

consists of 26 pegs involved in the uptake and regulation of iron.

This investigation aims to identify metabolic features that may be associated with host adaptation
by comparing the genomes associated with three different host groups. To do this, C. jejuni
genomes, associated with either agricultural livestock, starlings, or Australian purple swamphen
were annotated as protein encoding genes (pegs) and classified by function into metabolic pathways

called subsystems. Three subsystems were identified as important differences between these groups
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and compared to a larger set of Campylobacter spp. genomes to identify if these three subsystems

still exhibited host associated differences.

6.2 Methods and Materials

Biological materials and DNA extraction

Fresh faecal samples from Australian purple swamphen (Porphyrio porphyrio melantotus) in the
Melbourne region of Victoria were swabbed and sent for culturing within 24 hours. The swabs
were inoculated into Boltons broth and incubated at 42°C for two days, after which a sterile swab
inoculated a sample of the broth onto modified charcoal cefoperazone deoxycholate agar (mCCD)
which was then grown at 42°C in a microaerobic environment produced by CampyGen sachet
(Oxoid) for two days. The plate was then inspected for colonies that resembled Campylobacter spp.
and a single colony was taken and inoculated onto a sterile blood agar plate and grown at 42°C in
a microaerobic environment for two days. At this point the plate was checked for contamination;
if none was detected the plate was swabbed and the swab transported to the Microbiological
Diagnostic Unit Public Health Laboratory at Melbourne University where it was prepared for
storage at —70°C. A horse blood agar plate was inoculated with the swab and incubated in a
microaerobic environment, produced by CampyGen sachet (Oxoid), at 37°C and/or 42°C depending
on its growth; after two days the growth on the plate was inoculated into 20% glycerol and stored
at —70°C. When required the isolates were regrown on horse blood agar for two days at 37°C in a
microaerobic environment, from this a loop of growth was taken and stabbed into Wang’s medium
and incubated at 37°C in a microaerobic environment for 2 — 3 days. The samples were transported
to the mEpilab where a swab was taken and grown on Fort Richard Columbia horse blood agar
in a MAC500 Workstation microaerobic environment (85% N,, 10% CO,, 5% O,) for two days
and inoculated into 15% glycerol solution in labelled vials for storage at —80°C. The isolates where
regrown from the glycerol solution on horse blood agar in a microaerobic environment for two days

when required for DNA extraction.

Whole genome sequencing

Fourteen Australian purple swamphen isolates (B2121-B2134), consisting of eight C. jejuni, C.
sp. nov. 1 and two C. sp. nov. 1, along with four New Zealand C. jejuni isolates (N27, N31,
N191, W194b) had genomic DNA extracted for next generation sequencing of the genome. The
genomic DNA was extracted using either the Promega wizard genomic DNA purification kit or the
Qiagen QIAmp DNA mini kit. Both kits were used as per the manufacturers instructions. The
genomic DNA samples was fragmented by nebulisation for 6 minutes at a pressure of 32 psi, purified,
then end repaired, A-tailed, adaptor-ligated, fractionated, purified and enriched according to the
manufacturers instructions, using the TruSeq DNA LT Sample Prep Kit v2-Set A. The prepared
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libraries were normalized to equal molarity, diluted to 2nM and pooled: 20 libraries per pool. A
flow cell was prepared for each of the library pools and sequencing reactions using 9 pmol of the
pooled libraries were performed on an Illumina MiSeq instrument with the MiSeq Reagent Kit v2

for a 2 x 250 base run, this resulted in approximately 12 to 15 million clusters per run.

The remaining 47 New Zealand C. jejuni isolates had genomic DNA extracted and were whole
genome sequenced as described in Biggs et al [273]. All 61 isolates used in this chapter are listed
in Table 6.1.

Assembly and annotation of the genomes

An in-house work flow based on Perl scripts was used to assemble, quality control and annotate the
genomes. Solexa QA [483] was used for trimming and quality control of the reads (Q30, expected
probability of incorrect base calling 1:1000). Velvet (ver. 1.2.10) [484] was used for de novo
assembly of the 2 x 250 base short reads. A range of kmers were used in the assembly process and
the characteristics of the assemblies were compared and ranked using N50, the number of contigs,
maximum contig length and assembly length. N50 is a measure of length of the longest contig in
an assembly where at least 50% of all base pairs are contained in contigs of this length or larger.
The highest ranking contig assembly for a given genome was then annotated with Prokka (ver.

1.10) [485]. All the genomes used in this analysis are draft genomes.

Analysis by RAST Subsystem

The genomes were uploaded to the RAST! server [532] [531], in .fna and .fasta format, and using
the default setting the sequences were annotated as protein encoding genes (pegs) which were
allocated a role in a subsystem [532] [531]. A group of related subsystems form a subcategory,
and a group of related subcategories combine into one of 26 metabolic categories. The subsystems
represent functional units, like metabolic pathways, and a peg can have roles in more than one

subsystem.

A training set of 39 C. jejuni genomes, associated either with starlings, Australian purple swamphen
or agriculture-associated clonal complexes, was made into a presence/absence matrix based on pegs
each with a role in a subsystem. The affinity propagation based agglomerative clustering analysis
was undertaken to show that when the genomes were annotated in the RAST as pegs [532] [531], it
was possible to distinguish between the three host-associated groups i.e. they clustered into the
host-based groups. Next, a binary multi-group discriminant analysis with binary predictors [587]
was performed on the presence/absence matrix from 39 C. jejuni isolates, to rank each peg in order
of importance in distinguishing between the three host-associated groups. To identify a cut-off
point, for the number of pegs needed to distinguish between the three host-associated groups, a

hierarchical cluster was performed on a presence/absence matrix of the chosen number of pegs. If

Lhttp://rast.nmpdr.org
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the hierarchical clustering could cluster the genomes back into their original groups, it was assumed
enough important pegs had been included. By examining the list of pegs and their associated
subsystems it was possible to identify the important subsystems, that showed significance difference
between the host-based groups, based on the presence or absence of pegs. Once the subsystems were
identified, the pattern of presence/absence was evaluated in a larger dataset of C. jejuni genomes,
including two new Campylobacter spp. found in Australian purple swamphen, to see if the pattern

of host association continued.
Affinity propagation based agglomerative clustering

This analysis was limited to C. jejuni genomes from two species of wild-bird or clonal complexes
associated with agricultural isolates to identify subsystems that differed between the three groups
[588]. A total of 39 C. jejuni genomes were used: eight Australian purple swamphen isolates, four
starling, 12 isolates from CC21, eight from CC48, four CC45, and three from CC42. A presence/
absence matrix was made based on the RAST annotated and categorised pegs [532] [531]. A single
peg could be allocated to more one subsystems and this resulted in a total of 1157 subsystem
associated pegs across 39 genomes i.e. a peg was linked to a role to a subsystem in the matrix.
Using the ApCluster package [588] in R, an affinity propagation based agglomerative clustering

process was used employing a binary similarity matrix.
Binary multi-group discriminant analysis

A presence/absence matrix, made from the 39 C. jejuni genomes, and based on each peg within
a subsystem, was analysed by binary multi-group discriminant analysis with binary predictors
[687]. The genomes were placed in one of three host groups: starling, Australian purple swamphen,
and the agriculture-associated clonal complexes (CC21, CC48, CC45, CC42) A shrinkage factor
was used, due to the small sample size, it was not specified but estimated from the data. A score
was calculated for each peg by computing corresponding t-scores between the group means and
the pooled mean, which were then ranked. A positive t-score relates to the presence of a peg
within a subsystem in the host group while a negative t-score indicates its absence from the host
group. The t-scores were ranked in order of highest score, and the top ranked pegs were placed in a
presence/absence matrix made from the 39 C. jejuni genomes to generate a hierarchical cluster.
Using the top 150 ranked pegs produced a clustering pattern, that differentiated between the two
wild-bird host-groups and the agriculture-associated group divided into clonal complexes. Then
manually reviewing the top 150 pegs, three subsystems were identified as potentially involved in
host adaptation: Coenzyme A Biosynthesis, Type VI secretion system (T6SS), and Campylobacter
spp. Iron Metabolism.

a. Coenzyme A Biosynthesis

The coenzyme A biosynthesis subsystem, in the initial comparison of the three host groups, consisted

of either six or nine pegs. A larger dataset was used to investigate if the same pattern of the
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coenzyme A biosynthesis subsystem having six or nine pegs was host dependent. A presence/absence
matrix of peg in the coenzyme A biosynthesis subsystem was made from 61 genomes, consisting of
55 C. jejuni and six putative Campylobacter spp. (C. sp. nov. 1 and 4) from Australian purple
swamphen. A ¥? test was performed to see if the differences between host groups in the larger

dataset were significant.
b. Type VI secretion system (T6SS)

In the initial comparison of the three host groups, the 13 core pegs were either all present or
absent in an isolate. In our full dataset, only 20 of the draft genomes showed the presence of T6SS
sequences. The sequences for each of the conserved 13 loci [577] were aligned with Muscle [589]
and compared in SplitsTree [487] with an unrooted phylogenetic network using a Neighbor-Net
[488]. The nomenclature of the RAST/SEED annotation system [532] [531] was used to name the
loci: ImpB, ImpC, Pvcl09, ImpG, ImpH, VasD, ImpJ, ImpK, ClpB, IemF, VgrG, and Hep. All of
the loci except VgrG were concatenated, aligned with Muscle [589] and compared by an unrooted
phylogenetic network using Neighbor-Net [488] in SplitsTree [487]. VgrG was not included due
to multiple duplications of the loci in some genomes, and this resulted in different phylogenetic
relationships between the alleles suggesting they may be in-paralogues under different selection

forces (see supplement Figure 6.17).
c. Campylobacter Iron Metabolism

The 25 of the 26 pegs in the Campylobacter ITron Metabolism were present in the list of 150 top
ranked pegs. The relationship between the 61 isolates was investigated using the Campylobacter
iron metabolism subsystem. The 26 pegs in the Campylobacter iron metabolism subsystem (listed
in supplementary data 6.5) were analysed as a presence/absence matrix, converted into a distance
matrix by the binary method and clustered into four groups using kmeans. A kmeans size of four

was chosen based on the hierarchical clustering of the data.

6.3 Results

Affinity propagation based agglomerative clustering

The heatmap for the affinity propagation based agglomerative clustering in Figure 6.1 shows the 39
C. jejuni cluster into seven groups based on the pattern of presence/absence of pegs. Each of the
150 top ranked pegs are listed in the supplemental data (Table 6.2). The seven clusters generally
correspond with the agricultural associated clonal complexes and the two wild-bird hosts. Cluster 1
contains the Australian purple swamphen isolates (which consists of the same ST and a single loci

variant) . Cluster 2 contains only CC21. Cluster 3 contains CC48 and two ST-50 isolates from
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Figure 6.1: Affinity propagation based agglomerative clustering of 39 C.
jejuni genomes annotated by RAST functional subsystems. The isolates
cluster into seven groups that generally align with sequence type/clonal complex or
wild-bird host. Each cluster is identified by a colour in the sidebar. The heatmap
has nine shades of blue, the darker the shade of blue the more similar the isolates are

based on the presence or absence of 1157 RAST [531][532] defined pegs.

CC21. Cluster 4 contains ST-45. Cluster 5 contains ST-42. Cluster 6 contains ST-177 and ST-681,
both from starlings. Cluster 7 contains ST-1342 from starlings. This result supports there being
enough difference between the three host-based groups, using draft genomes annotated into RAST

curated subsystems, to differentiate between them.
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Binary multi-group discriminant analysis (binda)

A binary multi-group discriminant analysis, i.e. using binary predictors [587] was performed, on a
presence absence matrix of 1157 pegs from 39 C. jejuni isolates, and each peg was ranked on its

t-score, from largest to smallest.

The list of the top 150 ranked pegs and their RAST Category, i.e. group of related subsystems, is
displayed in Table 6.2 (Supplementary data). Using only the top 150 ranked pegs for hierarchical
clustering in Figure 6.2 rather than needing all 1157 subsystem associated pegs, the isolates
clustered in a pattern consistent with Australian purple swamphen, starling and agricultural-
associated clonal complex groupings. If only the top 50 pegs are used in the analysis, the divisions
between agricultural isolate clonal complexes are lost, but the division of the three groupings
(Australian purple swamphen, starlings and agricultural associated clonal complexes) maintained

(not shown here).

The list of the frequency of a category’s occurrence in the top 150 scoring pegs for differentiation of

starling, Australian purple swamphen and major agricultural clonal complexes shows:

Tron acquisition and metabolism 30 (20.0%) includes Campylobacter iron metabolism subsystem
Cell Wall and Capsule 18 (12.0%)

Protein Metabolism 17 (11.3%)

Cofactors, Vitamins, Prosthetic Groups, Pigment 14 (9.3%) includes Coenzyme A Biosynthesis
subsystem

Respiration 14 (9.3%)

Membrane Transport 14 (9.3%) includes T6SS subsystem

Carbohydrates 11 (7.3%)

Amino Acids and Derivatives 10 (6.6%)

Nucleosides and Nucleotides 5 (3.3%) Virulence, Disease and Defence 5 (3.3%)

Fatty Acids, Lipids, and Isoprenoid 3 (2.0%)

DNA Metabolism 2 (1.3%)

Phosphorus Metabolism 2 (1.3%)

Motility and Chemotaxis 1 (0.7%) Nitrogen Metabolism 1 (0.7%)

Regulation and Cell signalling 1 (0.7%)

RNA Metabolism 1 (0.7%)

Stress Response 1 (0.7%)

a. Coenzyme A Biosynthesis

The presence or absence of pegs involved in coenzyme A biosynthesis subsystem divided the 61

genomes into two groups. The results are shown in Table 6.1. Group “A” consists of isolates
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Hierachial clustering of isolates based on 150 pegs
from 39 C. jejuni genomes
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Figure 6.2: A hierarchical clustering based on the presence or absence of
150 protein encoding genes (peg) from 39 C. jejuni genomes. The top 150
ranked pegs were identified using a binary multi-group discriminant analysis. Based
on 150 pegs it was possible to differentiate the genomes into the agriculture-associated
clonal complex (CC21, CC48, CC42, CC45) and the two wild-bird species; starling

and Australian purple swamphen.

from wild-birds (species unknown), starlings, Australian purple swamphen (C. jejuni and putative
new species C. sp. nov. 1), chickens and water. Member of group A have six pegs containing
: dephospho-CoA kinase (EC 2.7.1.24), pantothenate kinase type III coaX-like (EC 2.7.1.33),
ketol-acid reductoisomerase (EC 1.1.1.86), Phosphopantetheine adenylyltransferase (EC 2.7.7.3),
Phosphopantothenoylcysteine synthetase (EC 6.3.2.5) and phosphopantothenoylcysteine decarboxy-
lase (EC 4.1.1.36). Member of group B have nine pegs, the same six as group A and three more

involved in de novo pantothenate (vitamin Bj) biosynthesis: 3-methyl-2-oxobutanoate hydrox-
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ymethyltransferase (EC 2.1.2.11), aspartate 1-decarboxylase (EC 4.1.1.11), pantoate-beta-alanine
ligase (EC 6.3.2.1). Group B includes human, cattle, chicken and water C. jejuni isolates and two
Australian purple swamphen isolates from a putative new species C. sp. nov. 4. The relationship
of the genes as enzymes to each other for Coenzyme A biosynthesis is shown in Figure 6.4 (Supple-
mentary data). There are no C. jejuni wild-bird isolates with a nine peg Coenzyme A biosynthesis
subsystem and no isolates from human cases or cattle with only a six peg Coenzyme A biosynthesis
subsystem. The chicken isolates were split with 4/9 (44%) of isolates not having the pantothenate
(vitamin Bj) biosynthesis pathway (Table 6.1). Based on x? the presence of the pantothenate
(vitamin Bg) biosynthesis pathway in the cattle C. jejuni isolates is significant (p< 0.05) and the
absence in C. jejuni from wild-birds is significant (p< 0.05).

b. Type VI secretion system (T6SS)

The 13 conserved T6SS genes [577] were only found present in 20 of the 61 genomes: all 14
Australian purple swamphen isolates (eight C. jejuni and six non-C. jejuni), three ST-2381 isolates,
a ST-3655 isolate and two ST-2026 isolates (CC403). Figure 6.3 shows a Neighbor-Net of the
concatenated sequences of 12/13 genes, VgrG is not included. The network splits C. jejuni and
non-C. jejuni(C. sp. nov. 1& 4) (Figure 6.3). There is also a pattern of splitting within the C. jejuni
forming three groups: the two ST-2026 isolates (S22b, m28548) which belong to CC403, the three
ST-2381 isolates (W83a, W194ba, N3da) and the 8 Australian purple swamphen isolates (B2124,
B2127, B2128, B2129, B2130, B2132, B2133, B2134) grouping with ST-3655 (W135a).

The supplemental data has phylogenetic trees for individual gene: ClpB Figure 6.5, Hcp Figure 6.6,
IemF Figure 6.7, ImpK Figure 6.8, ImpA Figure 6.9, ImpB Figure 6.10, ImpC Figure 6.11, ImpG
Figure 6.12, ImpH Figure 6.13, ImpJ Figure 6.14, Pvcl109 Figure 6.15, VasD Figure 6.16, and
VgrG Figure 6.17. The Neighbor-Net of each individual gene ( ImpA, ImpB, ImpC, Pvcl09, ImpG,
ImpH, VasD, ImpJ, ImpK, ClpB, IcmF, VgrG, and Hcp) show a similar relationship between the
isolates as seen in Figure 6.3, except for VgrG gene. The phylogenetic relationship between the
isolates shown by the VgrG loci is not consistent with the one shown in the other 12 genes (see
supplement data). The VgrG gene was duplicated in 80% (16/20) of the draft genomes and the

sequences when compared showed variation in both size and sequence.
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Figure 6.3: A Neighbor-Net of the concatenated sequences of 12 core genes of the Type VI secretion system found in 20

Campylobacter spp. isolates. The 12 core genes included in this Neighbor-Net are: ImpA, ImpB, ImpC, Pvcl09, ImpG, ImpH, VasD,
ImpJ, ImpK, ClpB, IemF, and Hep
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c. Campylobacter iron metabolism

The list of top 150 ranked pegs (Table 6.2) contains 30 pegs in the category Iron acquisition and
metabolism but the Campylobacter iron metabolism subsystem investigated here is a subset of this

and represented by 26 pegs.

Using kmeans the isolates clustered into four groups based on the presence or absence of pegs in
the Campylobacter spp. iron metabolism subsystems, and the results were placed in Table 6.1. The
genomes clustered into two small and two large. The two small groups were: group A four isolates
including two from CC403, and group D three isolates from wild-birds, two from starlings (CC177,
CC682). The two large groups included a range of hosts both wild-bird and agriculture-associated:
group B contained 32 isolates including the Australian purple swamphen C. jejuni isolates and
CC21, CC42, CC45 but not CC48, group C contained 16 isolates including CC48, CC21, CC61
and CC257. The difference between group B and C was group C lacked a peg for a high-affinity

Fe, /Pb," permease precursor.
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Table 6.1: Characteristics of 61 Campylobacter spp. isolates in the three

subsystems. The clonal complex (CC) and sequence type (ST) were reported if

known. “VitB;” shows the division for an isolate in the Coenzyme A biosynthesis

subsystem either six protein encoding genes (pegs) in group A or nine pegs in group

B. “T6SS” is the Type VI secretion system and isolates lacking this subsystem are

in group A, while it is present in group B. “Iron” represents the Campylobacter iron

metabolism subsystem, isolates cluster into group A, B, C, or D.

isolate  source species ST clonal complex VitB5 T6SS iron
N191 cattle C. jejuni 42 CC42 B A B
S107c cattle C. jejuni 53 CcC21 B A B
S22b cattle C. jejuni 2026 CC403 B B A
S251a cattle C. jejuni 53 CC21 B A B
S263a cattle C. jejuni 42 CC42 B A B
S264a cattle C. jejuni 50 CcC21 B A B
S331b cattle C. jejuni 21 CC21 B A B
S85b cattle C. jejuni 53 CcC21 B A B
P110b  chicken C. jejuni 474 CC48 B A C
P179a chicken C. jejuni 474 CC48 B A C
P28a chicken C. jejuni 520 ccC21 B A B
P553b chicken C. jejuni 53 CcC21 B A B
P694a chicken C. jejuni 474 CC48 B A C
m28127 human C. jejuni 520 ccC21 B A B
m28548  human C. jejuni 2026 CC403 B B A
m73020 human C. jejuni 474 CC48 B A C
569a human C. jejuni 474 CC48 B A C
76062a  human C. jejuni 190 CcC21 B A C
H22082 human C. jejuni 474 CC48 B A C
H704 human C. jejuni 474 CC48 B A C
H742 human C. jejuni 50 cC21 B A B
H773 human C. jejuni 3711 CC257 B A C
H798 human C. jejuni 50 CC21 B A B
H892 human C. jejuni 48 CC48 B A C
M880a  sheep C. jejuni 2341 CCo61 B A C
B2123 swamphen C. sp. nov. 4 - - B B -
B2126 swamphen C. sp. nov. 4 - - B B -
N31 water C. jejuni 42 CC42 B A B

Continued on next page
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Characteristics of Isolates —— continued from previous page

isolate source species ST clonal complex VitB5 T6SS iron
P104a chicken C. jejuni 45 CC45 A A B
Pl64a chicken C. jejuni 190 CC21 A A C
P544b chicken C. jejuni 45 CC45 A A B
P722b chicken C. jejuni 25 CC45 A A B
B1031a  starling C. jejuni 1342 - A A C
B1395b  starling C. jejuni 1342 - A A B
B1410 starling C. jejuni 177 ccirr A A D
B1432b  starling C. jejuni 681 CC682 A A D
B2121 swamphen C. sp. nov. 1 - - A B -
B2122 swamphen  C. sp. nov. 1 - - A B -
B2124 swamphen  C. jejuni - - A B B
B2125 swamphen C. sp. nov. 1 - - A B -
B2127 swamphen C. jejuni - - A B B
B2128 swamphen  C. jejuni - - A B B
B2129 swamphen C. jejuni - - A B B
B2130 swamphen C. jejuni - - A B B
B2131 swamphen  C. sp. nov. 1 - - A B -
B2132 swamphen C. jejuni - - A B B
B2133 swamphen  C. jejuni - - A B B
B2134 swamphen  C. jejuni - - A B B
N27 water C. jejuni 3845 - A A C
N3d water C. jejuni 2381 - A B B
N53 water C. jejuni 3845 - A A C
W120a  water C. jejuni 3673 - A A A
W135a  water C. jejuni 3655 - A B B
W194b  water C. jejuni 2381 - A B B
W63b water C. jejuni 3663 - A A A
W83a water C. jejuni 2381 - A B B
R31f wild bird C. jejuni 2536 - A A B
R42b wild bird C. jejuni 2539 CC177 A A D
R68c wild bird C. jejuni 45 CC45 A A B
R75a wild bird C. jejuni 1324 - A A C
R52¢c wild bird C. jejuni 2536 - A A B
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6.4 Discussion

These results demonstrate that there are identifiable genomic differences, at a metabolic pathway
level, between C.jejuni found in the starling (Sturnus vulgaris), the Australian purple swamphen
(Porphyrio porphyrio melanotus), and isolates from the agriculture-associated clonal complexes
(CC21, CC42, CC45, CC48). There was a tendency for agricultural-associated C.jejuni clonal
complexes, particularly isolates from cattle, to vary from the wild-bird associated isolates based on
the ability to synthesis vitamin By, which is a part of the Coenzyme A biosynthesis subsystem. The
Australian purple swamphen isolates tended to have present the 13 central genes for the Type VI
secretion system (T6SS), while the other isolates did not. While the Campylobacter iron metabolism
did cluster all the Australian purple swamphen C.jejuni isolates together, the starling and the

agriculture-associated clonal complexes were spread across the four groups.

There are several interesting traits suggested by the comparative phylogeny of the T6SS sequences
in this dataset (Figure 6.3). The first trait is the grouping at the species level (Campylobacter spp.)
and the clustering of isolates within C. jejun: into the same groups. Figures 6.5, 6.6, 6.7, 6.8, 6.9,
6.10, 6.11, 6.12, 6.13, 6.14, 6.15, 6.16 show this same pattern persists in 12 of the 13 genes (not
VgrG). The 13 core T6SS genes are thought to act as a single functional unit [590]. Horizontal
gene transfer (HGT) is believed to be the main method of transmission for T6SS [581], and this
pattern is consistent with 12 of the loci being transmitted as a single unit rather than as individual
genes. This pattern of relationship could be the consequence of the T6SS sequences having been
inserted in a Campylobacter spp. ancestor prior to the speciation event that split C. jejuni, C.
sp. nov. 1 and 4. It is intriguing that VgrG is the only loci showing variation from this pattern,
and it does so within each Campylobacter spp. group. A possible reason is the VgrG loci is not
under the same purifying selection as the 12 other core subunits, producing loci duplication and

polymorphism.

The second trait of note is the consistent pattern of splitting by 12 of the core T6SS genes (not
including VgrG) within C. jejuni, as the New Zealand ST-3655 isolate (W135a) grouped with
the Australian purple swamphen isolates, while the three other New Zealand ST-2381 isolates
(W194b, W63b, W83a) grouped separately. Four of the isolates ST-2381 (W194b, W63b, W83a)
and ST-3655 (W13ba) were collected from New Zealand water samples. Both ST-2381 and ST-3655
have been isolated from pikeko (Porphyrio porphyrio melantotus)[16][p228], while ST-2381 has also
been isolated from takahe Porphyrio hochstetteri (Dr Jonathan Marshall, personal communication,
January 2015) The pukeko is a sub-population of Porphyrio porphyrio melantotus, and closely
related to the Australian purple swamphen, with the ancestor of the pukeko believed to have arrived
in New Zealand between 400-600 years ago [12][pp 590-595] [514][pp 38] [11]. The South Island
takahe (Porphyrio hochstetteri) is closely related to both birds [13] [14], and a much earlier arrival
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to New Zealand, with fossils dating back ~38,000 years found in multiple sites around the South
Island [514][p38]. The close relationship, in the 12 core T6SS genes, between the ST-3655 isolate
(W135a) and the eight Australian purple swamphen isolates is consistent with the piikeko recent
geographical separation from the Australian population. The marked and consistent difference in
the ST-2381 isolates, to the eight Australian purple swamphen isolates, may have a more engaging
explanation. It is feasible the ST-2381 isolates originated from another New Zealand rail, the takahe
which has been separated from the common Porphyrio spp. ancestor for a long period, during
which time the T6SS genes in ST-2381 accumulated more differences. The CC403 isolates are part
of agriculture associated clonal complex, and in the 12 core T6SS genes they tend to be closer to
the ST-3655 and Australian purple swamphen isolates than the ST-2381 isolates. As CC403 has a
markedly different host, it would suggest the amount of separation seen in the ST-2381 isolates is
important. Alternatively, it is possible the ST-2381 isolates may occupy a different niche within the
bird gastrointestinal system and this may be a barrier to genetic exchange and create the pattern

of difference [421].

The presence of a functional T6SS in C. jejuni has been associated with pathogenicity and
niche-adaptation [579]. T6SS is often found in the Proteobacteria, but is less reported in the
Epsilonproteobacteria [581]. Previously reported prevalences in C. jejuni were between 10 — 14%
[577][580], which is lower than the 25.4% (14/55) found in this dataset. 12 of the 14 C. jejuni
isolates found carrying T6SS were associated with wild-bird hosts, suggesting other wild-bird
isolates should be investigated for T6SS. It has been suggested that even if wild-bird isolates are
not pathogenic themselves, they could act as a source of genetic material (genetic reservoirs) for
the agriculture-associated isolates [17], therefore it is important to identify if wild-bird C. jejuni do
carry potential pathogenic features like T6SS or antibiotic resistant genes, and if there is gene flow

to agricultural associated C. jejuni.

Coenzyme A (CoA) is an essential cofactor in numerous metabolic and energy-yielding reactions
and is involved in the regulation of key metabolic enzymes. The pantothenate biosynthesis pathway,
a part of the Coenzyme A biosynthesis subsystem (Figure 6.4) and has been previously reported as
a possible factor in host adaptation in C. jejuni due to its tendency to be absent in non-agriculture-
associated isolates [502][p93] and present in cattle isolates [370]. The lack of de-novo pantothenate
(vitamin By) biosynthesis in pathogenic bacteria has been previously identified in some pathogenic
bacteria resulting in the suggestion that they rely on scavenging exogenous pantothenate [583].
Our results, showed as significant, that all the C. jejuni isolates from cattle had the pantothenate
biosynthesis pathway (9 pegs in the Coenzyme A subsystem) but none of the wild bird C. jejuni
isolates (6 pegs in the Coenzyme A subsystem). It is curious that the extra three pegs required
for pantothenate biosynthesis were found in both C. sp. nov. 4 isolates from the Australian
purple swamphen, but not in their C. jejuni. A reason suggested for the pattern of Coenzyme A

biosynthesis subsystem presence/absence has been the diet of the host [370], but this indicates
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that host diet may not be the sole reason for pantothenate biosynthesis.

Iron acquisition is essential for C. jejuni and associated with host colonisation [469]. It is interesting
that a metabolic feature so integral to survival can show marked variation based on the presence
or absence of genes from a subsystem, between sequence types, rather than variation limited to
differences in alleles. However strain variation, within C. jejuni, related to iron metabolism has been
previously reported [288], suggesting it is an important area of variation. A possible reason that
Campylobacter spp. iron metabolism subsystem was identified as important in the differentiating
between the host groups is two of the four starling isolates (B1432b, B1410) were annotated as
inactive subsystems due to insufficient components. However this identification by the RAST
annotation as having insufficient components also occurred to several isolates from the expanded
dataset. As the iron metabolism is essential for Campylobacter spp. [584] rather than being
inactive, it is possible there was an error in the sequencing, assembly or annotation and the relevant
genes were missed. Investigation into the Campylobacter iron metabolism of the affected starling

isolates, both at the genomic and cell physiology levels may explain these events.

In the initial comparison of the three host associated groups: starlings, Australian purple swamphen
and agriculture-associated clonal complexes, there were enough differences within their RAST
classifications (Figure 6.1) to show a pattern of clustering based on metabolic features. The
multilocus sequence typing system uses an allelic profile based on loci that are part of the core
genome and this has been used for source attribution [99] [268]. The pattern of variation in the
subsystems in this analysis (Figure 6.1), which represent metabolic pathways, can also be related
to the ST/CC and to host. An exception in this analysis of ST clustering to clonal complex is
shown by two ST-50 isolates (Figure 6.1) which clustered with CC48 and not CC21 (Table 6.1).
A possible explanation is CC21 is a large and diverse generalist group and they may share many
metabolic pathway genes with other non-CC21 ST like ST-50 [482]. In the previous chapter both

these clonal complexes clustered near each other in the pan-genome and rMLST comparison.

It is likely that the identification of T6SS and Campylobacter spp. iron metabolism subsystems, in
particular, were dependent on the wild-bird hosts used, and a dataset based on some other unrelated
wild-bird species would possibly not produce the same result. Any answer to host adaptation in
C. jejuni will be heavily influenced by the dataset and the type of analysis undertaken. A novel
dataset and a functional subsystem approach was taken which to the best of our knowledge has
not been used in an investigation of host adaptation in C. jejuni. In the future the investigation
should be expanded to isolates from other wild-bird species and include genomic and experimental

confirmation of differences that may be host adaptations.

This analysis has shown that based on the pattern of presence and absence of pegs, it is possible to
differentiate between agricultural associated isolates and wild-bird isolates, even if the number of

peg is reduced e.g. Figure 6.2 uses only 150 pegs. This supports the hypothesis that C.jejuni does
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show a level of host adaptation in the accessory genome. We identified three RAST subsystems
that appeared to have a significant affect in differentiating the isolates in our dataset: Coenzyme A
biosynthesis, Type VI secretion system (T6SS) and the Campylobacter iron metabolism subsystem.
The phylogenetic relationship between 12 of the core genes in T6SS showed ST-3655, a pukeko
associated isolate, is closer to Australian swamphen C.jejuni than ST-2381 raising the possibility
that ST-2381 originated in the takahé rather than the pikeko. (T6SS) and the Campylobacter iron
metabolism have been reported as related to pathogenicity [586], and Coenzyme A biosynthesis has

been associated with host adaptation.
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6.5 Supplementary data:

Top 150 ranked protein encoding genes(peg)

Table 6.2: The top 150 ranked protein encoding genes (pegs) showing vari-
ation between the three C. jejuni host groups. The peg are listed by their role
and Category within the Rapid Annotations using Subsystems Technology (RAST)
and SEED servers [532] [531]. EC is the Enzyme Commission number.

Role
Category

Membrane Transport ClpB protein

Membrane Transport IemF-related protein
Membrane Transport Outer membrane protein ImpK/ VasF, OmpA/MotB

domain

Membrane Transport
Membrane Transport
Membrane Transport
Membrane Transport

Membrane Transport

Protein ImpG/ VasA

Type VI secretion lipoprotein/ VasD

Uncharacterised protein ImpA
Uncharacterised protein ImpB

Uncharacterised protein ImpC

Membrane Transport Uncharacterised protein ImpH/ VasB

Membrane Transport Uncharacterised protein ImplJ/ VasE
Membrane Transport Uncharacterised protein similar to VCA0109
Membrane Transport VgrG protein
Nitrogen Metabolism Nitrate/nitrite transporter
Stress Response transcriptional regulator, Crp/Fnr family
Arsenate reductase (EC 1.20.4.1)

Arsenate reductase (EC 1.20.4.1)

Respiration

Virulence, Disease and Defence
Arsenic efflux pump protein

Beta-lactamase (EC 3.5.2.6)

L-lactate dehydrogenase (EC 1.1.1.27)
UDP-N-acetylglucosamine 2-epimerase (EC 5.1.3.14)

Virulence, Disease and Defence
Virulence, Disease and Defence
Carbohydrates

Cell Wall and Capsule

Regulation and Cell signaling Death on curing protein, Doc toxin

Carbohydrates TcuA
Carbohydrates TcuB
Carbohydrates TeuC

Virulence, Disease and Defence Arsenical resistance operon repressor

Continued on next page
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top 150 peg —— continued from previous page

Category

Role

Cofactors, Vitamins, Prosthetic
Groups, Pigments
Iron acquisition and metabolism

Carbohydrates

Respiration
Respiration
Respiration
Respiration
Respiration
Respiration
Respiration
Respiration

Cell Wall and Capsule

Cell Wall and Capsule
Cell Wall and Capsule
Cell Wall and Capsule
Cell Wall and Capsule
Cell Wall and Capsule

Protein Metabolism

Amino Acids and Derivatives
Amino Acids and Derivatives
Amino Acids and Derivatives
Cofactors, Vitamins, Prosthetic
Groups, Pigments

Cofactors, Vitamins, Prosthetic
Groups, Pigments

Cofactors, Vitamins, Prosthetic
Groups, Pigments

Cell Wall and Capsule

Cell Wall and Capsule

Thiamin ABC transporter, transmembrane compo-
nent

Ferric iron ABC transporter, ATP-binding protein
Gluconate 2-dehydrogenase (EC 1.1.99.3), membrane-
bound, gamma subunit

ATP synthase alpha chain (EC 3.6.3.14)

ATP synthase beta chain (EC 3.6.3.14)

ATP synthase delta chain (EC 3.6.3.14)

ATP synthase epsilon chain (EC 3.6.3.14)

ATP synthase FO sector subunit a (EC 3.6.3.14)
ATP synthase F0 sector subunit b (EC 3.6.3.14)
ATP synthase FO sector subunit b’ (EC 3.6.3.14)
ATP synthase gamma chain (EC 3.6.3.14)
Bacillosamine /Legionaminic acid biosynthesis amino-
transferase PglE

Legionaminic acid biosynthesis protein PtmA
Legionaminic acid biosynthesis protein PtmF
Legionaminic acid cytidylyltransferase (EC 2.7.7.43)
Legionaminic acid synthase (EC 2.5.1.56)
UDP-N-acetylglucosamine
4.2.1.)

4,6-dehydratase (EC
4-keto-6-deoxy-N-Acetyl-D-hexosaminyl-(Lipid car-
rier) aminotransferase

Homoserine O-succinyltransferase (EC 2.3.1.46)
O-acetylhomoserine sulthydrylase (EC 2.5.1.49)
O-succinylhomoserine sulfhydrylase (EC 2.5.1.48)
3-methyl-2-oxobutanoate hydroxymethyltransferase
(EC 2.1.2.11)

Aspartate 1-decarboxylase (EC 4.1.1.11)

Pantoate-beta-alanine ligase (EC 6.3.2.1)

N-Acetylneuraminate  cytidylyltransferase

2.7.7.43)

(EC

Legionaminic acid biosynthesis protein PtmG

Continued on next page
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top 150 peg —— continued from previous page

Category

Role

Cell Wall and Capsule

Amino Acids and Derivatives

Carbohydrates

Cell Wall and Capsule

Amino Acids and Derivatives

Amino Acids and Derivatives

Amino Acids and Derivatives

Carbohydrates
Carbohydrates
Carbohydrates

Fatty Acids, Lipids, and Iso-

prenoids

Iron acquisition
Iron acquisition
Iron acquisition
Iron acquisition
Iron acquisition
Iron acquisition
Iron acquisition

Iron acquisition

Iron acquisition

Iron acquisition
Iron acquisition
Iron acquisition
Iron acquisition
Iron acquisition

Iron acquisition

Iron acquisition

Iron acquisition

and metabolism
and metabolism
and metabolism
and metabolism
and metabolism
and metabolism
and metabolism

and metabolism

and metabolism

and metabolism
and metabolism
and metabolism
and metabolism
and metabolism

and metabolism

and metabolism

and metabolism

N-acetylneuraminate synthase (EC 2.5.1.56)
Delta-1-pyrroline-5-carboxylate dehydrogenase (EC
1.2.1.88)

Predicted D-lactate dehydrogenase, Fe-S protein,
FAD/FMN-containing
Beta-1,4-N-acetylgalactosaminyltransferase
2.4.1.)

Glycerate kinase (EC 2.7.1.31)

L-serine dehydratase, alpha subunit (EC 4.3.1.17)
L-serine dehydratase, beta subunit (EC 4.3.1.17)
Glycerate kinase (EC 2.7.1.31)

L-serine dehydratase, alpha subunit (EC 4.3.1.17)
L-serine dehydratase, beta subunit (EC 4.3.1.17)
Glycerate kinase (EC 2.7.1.31)

(EC

Enterochelin uptake ATP-binding protein
Enterochelin uptake periplasmic binding protein
Enterochelin uptake permease CeuB

Enterochelin uptake permease CeuC

Ferric iron ABC transporter, iron-binding protein
Ferric iron ABC transporter, permease protein
Ferric receptor CfrA

Ferric siderophore transport system, biopolymer
transport protein EzbB

Ferric siderophore transport system, periplasmic bind-
ing protein TonB

Ferric uptake regulation protein

Ferrous iron transport protein A, putative

Ferrous iron transport protein B

Haemin uptake system ATP-binding protein
Haemin uptake system outer membrane receptor
Haemin uptake system periplasmic haemin-binding
protein

Haemin uptake system permease protein

Hemerythrin-like iron-binding protein

Continued on next page
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top 150 peg —— continued from previous page

Category

Role

Iron acquisition and metabolism
Iron acquisition and metabolism

Iron acquisition and metabolism

Iron acquisition and metabolism
Iron acquisition and metabolism
Iron acquisition and metabolism

Iron acquisition and metabolism

Iron acquisition and metabolism
Virulence, Disease and Defence

Amino Acids and Derivatives

Amino Acids and Derivatives
Carbohydrates

Cofactors, Vitamins, Prosthetic
Groups, Pigments

Cofactors, Vitamins, Prosthetic
Groups, Pigments

Cofactors, Vitamins, Prosthetic
Groups, Pigments

Cofactors, Vitamins, Prosthetic
Groups, Pigments

Nucleosides and Nucleotides

Respiration

Fatty Acids, Lipids, and Iso-
prenoids

Membrane Transport

Cofactors, Vitamins, Prosthetic
Groups, Pigments

Carbohydrates

Magnesium and cobalt transport protein CorA
Nonheme iron-containing ferritin

Periplasmic protein p19 involved in high-affinity FezJr
transport

Peroxide stress regulator

Possible bacterioferritin

Putative heme oxygenase

Putative iron-uptake ABC transport system ATP-
binding protein

Putative lipoprotein of ferric iron transporter system
Filamentous haemagglutinin domain protein
Carboxynorspermidine dehydrogenase, putative (EC
1.1.1.-)

L-serine dehydratase (EC 4.3.1.17)

L-serine dehydratase (EC 4.3.1.17)

Biotin-protein ligase (EC 6.3.4.15)

Flavodoxin

Molybdopterin binding motif, CinA N-terminal do-
main

tRNA  (cytidine(34)-2’-O)-methyltransferase (EC
2.1.1.207)

Cytosine/purine/uracil /thiamine/allantoin permease
family protein

Type ¢bb3 cytochrome oxidase biogenesis protein
CcoG, involved in Cu oxidation
3-oxoacyl-[acyl-carrier-protein] synthase, KASIII (EC
2.3.1.41)

Oligopeptide transport ATP-binding protein OppD
(TC 3.A.1.5.1)

Long-chain-fatty-acid-CoA ligase (EC 6.2.1.3)

Aldehyde dehydrogenase A (EC 1.2.1.22)

Continued on next page
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top 150 peg —— continued from previous page

Category

Role

Iron acquisition and metabolism

Iron acquisition and metabolism

Iron acquisition and metabolism

Membrane Transport

Cell Wall and Capsule
Cell Wall and Capsule

Cell Wall and Capsule
Cell Wall and Capsule
DNA Metabolism

Cofactors, Vitamins, Prosthetic
Groups, Pigments
Cofactors, Vitamins, Prosthetic
Groups, Pigments

Amino Acids and Derivatives

Cell Wall and Capsule

DNA Metabolism

Cell Wall and Capsule

Cell Wall and Capsule
Cofactors, Vitamins, Prosthetic
Groups, Pigments

Cofactors, Vitamins, Prosthetic
Groups, Pigments

Cofactors, Vitamins, Prosthetic
Groups, Pigments

Iron acquisition and metabolism

RNA Metabolism

Ferric siderophore transport system, biopolymer
transport protein ExbD

Putative lipoprotein, similar to CjrA of Escherichia
coli 0164

Putative outer membrane siderophore receptor
Ferric siderophore transport system, biopolymer
transport protein FxbD

Adenylylsulfate kinase (EC 2.7.1.25)

Putative amidotransferase (Type 1 glutamine amido-
transferase - GATasel)

Putative sugar nucleotidyltransferase

Pyruvate phosphate dikinase

Type III restriction-modification system methylation
subunit (EC 2.1.1.72)

Menaquinone via futalosine step 1

Ubiquinone/menaquinone biosynthesis methyltrans-
ferase UbiE (EC 2.1.1.-)
N-acetyl-L,L-diaminopimelate

3.5.1.47)

deacetylase (EC
D-glycero-D-manno-heptose 1-phosphate guanosyl-
transferase

Type III restriction-modification system DNA en-
donuclease res (EC 3.1.21.5)

dTDP-glucose 4,6-dehydratase (EC 4.2.1.46)
UDP-glucose 4-epimerase (EC 5.1.3.2)

Gene SCO4494, often clustered with other genes in
menaquinone via futalosine pathway

Menaquinone via futalosine step 3
Menaquinone via futalosine step 4
Fe,™ ABC transporter, permease protein 2

Permease of the drug/metabolite transporter (DMT)

superfamily

Continued on next page
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top 150 peg —— continued from previous page

Category

Role

Phosphorus Metabolism
Phosphorus Metabolism
Fatty Acids, Lipids, and Iso-
prenoids

Motility and Chemotaxis
Nucleosides and Nucleotides
Nucleosides and Nucleotides
Nucleosides and Nucleotides
Nucleosides and Nucleotides
Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism

Protein Metabolism
Protein Metabolism
Protein Metabolism
Respiration
Respiration

Respiration

Respiration

Phosphoenolpyruvate phosphomutase (EC 5.4.2.9)
Phosphonopyruvate decarboxylase (EC 4.1.1.82)
Alcohol dehydrogenase (EC 1.1.1.1)

Flagellar hook protein Flgk

CTP synthase (EC 6.3.4.2)

Deoxycytidine triphosphate deaminase (EC 3.5.4.13)
Thioredoxin reductase (EC 1.8.1.9)

Thymidylate kinase (EC 2.7.4.9)

Apolipoprotein N-acyltransferase (EC 2.3.1.-)
GTP-binding and nucleic acid-binding protein YchF
GTP-binding protein EngA

GTP-binding protein EngB

GTP-binding protein Era

GTP-binding protein Obg

GTP-binding protein TypA/BipA

GTPase and tRNA-U34 5-formylation enzyme TrmE
Methionyl-tRNA formyltransferase (EC 2.1.2.9)
Periplasmic thiol

Ribosome-binding factor A

Signal recognition particle receptor protein FitsY (=al-
pha subunit) (TC 3.A.5.1.1)

Signal recognition particle, subunit Ffh SRP54 (TC
3.A5.1.1)

Translation initiation factor 1

Translation initiation factor 2

Translation initiation factor 3

hydrogenase, (NiFe)/(NiFeSe) small subunit family
Protein hydE

Quinone-reactive Ni/Fe hydrogenase, cytochrome b
subunit

Quinone-reactive Ni/Fe-hydrogenase large chain (EC

1.12.5.1)
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Coenzyme A Biosynthesis pathway
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Figure 6.4: The bacterial biosynthesis of Coenzyme A pathway. The yellow stars denote the three de-novo steps that some of the
C.jejuni lack. In bacteria, de novo biosynthesis of CoA comprises of nine steps in total. S-alanine is produced from aspartate by the action of
aspartate a-decarboxylase (EC 4.1.1.11; ADC). Keto-pantoate hydroxymethyltransferase (EC 2.1.2.11; KPHMT) converts a-ketoisovalerate
to ketopantoate, which is reduced to pantoate by ketopantoate reductase (EC 1.1.1.169; KPR). Pantothenate synthetase (EC 6.3.2.1; PS)
catalyses the condensation of pantoate and S-alanine to pantothenate. Phosphorylation of pantothenate is catalysed by pantothenate kinase (EC
2.7.1.33; PANK) which gives 49- phosphopantothenate. 49- phosphopantothenate is condensed with cysteine by phosphopantothenoylcysteine
synthetase (EC 6.3.2.5; PPCS) to yield 49-phospho-N-pantothenoylcysteine. Next, 49-phosphopantetheine is produced by the action of
phosphopantothenoylcysteine decarboxylase (EC 4.1.1.36; PPCDC). An adenylyl-group is transfered to 49- phosphopantetheine and catalysed
by phosphopantetheine adenylyltransferase (EC 2.7.7.3; PPAT). Finally, dephospho-CoA is phosphorylated by dephospho-coenzyme A kinase
(EC 2.7.1.24; DPCK) resulting in Coenzyme A. The Figure is attributted to Genschel (2004)[583].
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Type VI secretion system (T6SS)
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Figure 6.5: A Neighbor-Net [591] of the ClpB gene of the Type VI secretion system

found in 20 Campylobacter spp. isolates visualised in SplitsTree [487].
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The Campylobacter Iron Metabolism subsystem

The roles of the 26 pegs in the Campylobacter Iron Metabolism subsystem:
Enterochelin uptake ATP-binding protein

Enterochelin uptake periplasmic binding protein

Enterochelin uptake permease CeuB

Enterochelin uptake permease CeuC

Ferric iron ABC transporter, iron-binding protein

Ferric iron ABC transporter, permease protein

Ferric receptor CfrA

Ferric siderophore transport system, biopolymer transport protein FxbB
Ferric siderophore transport system, periplasmic binding protein TonB
Ferric uptake regulation protein

Ferrous iron transport protein A, putative

Ferrous iron transport protein B

Haemin uptake system ATP-binding protein

Haemin uptake system outer membrane receptor

Haemin uptake system periplasmic haemin-binding protein

Haemin uptake system permease protein

Hemerythrin-like iron-binding protein

High-affinity Fe, /Pb,™ permease precursor

Magnesium and cobalt transport protein CorA

Nonheme iron-containing ferritin

Periplasmic protein p19 involved in high-affinity Fe, transport
Peroxide stress regulator

Possible bacterioferritin

Putative heme oxygenase

Putative iron-uptake ABC transport system ATP-binding protein

Putative lipoprotein of ferric iron transporter system
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Appendix D in DVD

Summary of information provided in Appendix D

In Appendix D on the DVD provided there are 61 pie-charts showing the gene distribution by
subsystem category for each isolate. The file may need to be loaded onto a computer hard drive

and unzipped.
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Every object that biology studies is a system of systems.

Francois Jacob (1974)

Conclusion

This thesis addresses the complex and enigmatic bacteria C. jejuni, from a multifaceted viewpoint,
an approach consistent with a One Health perspective where human, animal and environmental
health are all considered to be interconnected. Several themes have been running through these
chapters, one has been the investigation of different levels going from population movements recorded
as historical demography (migration), through phenotype behaviour, to the genome sequences
and bacterial cell metabolism. By combining four levels of analysis, four different snapshots of its
behaviour in response to the forces that shape this pathogen can seen. This approach does not
provide the sort of in-depth perspective obtained from only investigating a single system e.g. the

effects of a single gene, but does provide a broad strokes picture of C. jejuni in New Zealand.

Another theme in this thesis has been the comparison of agricultural-associated and wild-bird
associated C jejuni sequence types in a New Zealand context: as they both have markedly different
host range and behaviour. The historical movements of cattle, sheep and poultry into New
Zealand reflects the entry pattern of the agricultural-associated sequence types. Analysis of the
phenotypes compared New Zealand isolates, an agricultural-associated sequence type and several
associated with the wild-birds (indigenous piikeko and the endemic takah€). The genome and

metabolism comparisons highlighted similarities and differences between agricultural-associated
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and the wild-bird associated sequence types.

The third theme, has been the examination of isolates associated with the ptkeko and the takahe,
two closely related New Zealand water rails. The pukeko form a spatial and temporal separated
sub-population of Porphyrio porphyrio melanotus. The genomes of isolates from the Australian
purple swamphen represent a population that the ptikeko has been separated from for ~ 500
years [11]. Comparisons were made between Campylobacter spp. from these two long separated

populations of Porphyrio porphyrio melanotus, one in New Zealand and one in Australia.

Within this thesis, each investigation has addressed facets of the two larger questions. Has C.
jejuni followed a unique evolutionary trajectory in New Zealand? And what is the link between
phenotype, genotype and host adaptation? In chapter 3 (the past), it quantifies the importation
of livestock to New Zealand as its isolation resulted in the only terrestrial mammals, prior to
the arrival of man, being two species of bat. The livestock would act as hosts to some microbes,
previously not present in New Zealand, such as the C. jejuni ST associated with livestock. While
this does not directly address if C. jejuni has followed a unique evolutionary trajectory in New
Zealand, it does show some of the contributing history. Chapter 4 (the phenotype) examines the
link between phenotype, genotype and host adaptation by investigating carbon utilisation patterns
using Biolog phenotypic microarrays and comparing a ST associated with livestock (ST-42) with
the ST-2381 lineage that is associated with wild-birds (pukeko and takahe). Chapter 5 (the genome)
uses comparative genomics to address both questions of this thesis. Isolates from an Australian wild
bird (Porphyrio porphyrio melanotus) are compared to a lineage associated with two New Zealand
wild bird (Porphyrio porphyrio melanotus, Porphyrio hochstetteri) to see how the geographical and
temporal separation has affected the evolution of C. jejuni between the two groups. And a larger
data set of New Zealand draft genomes associated with wild birds and livestock were compared
to investigate genome and host adaptation. Finally in Chapter 6 (the metabolism) the genomic
comparison of draft genomes associated with wild birds and livestock was made based on metabolic

pathways to investigate phenotype, genotype and host adaptation.

The Past The published article “Quantification of historical livestock importation into New
Zealand 1860-1979” demonstrated that Australia was a significant source of livestock to New
Zealand, followed by the UK. The pattern of importation showed a large number of cattle and
sheep arrived in NZ during early colonial times as shown in the rapid population expansion from
1851 to 1871, with the largest recorded numbers arriving during the 1860s. The pattern of arrival
for poultry was quite different to cattle and sheep, as relatively small numbers were imported until
the ~ 1960s at which point large numbers started to be imported. This work was based on official
records, however as the colony of New Zealand was only established in 1840 some of the data for
the early years is missing . The methods, purpose for collecting it, and actual recording of the

data changed over the decades which resulted in making some comparisons over such long periods
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of time difficult. This analysis supports earlier reports that Australia was a significant source of
livestock to New Zealand, although these earlier reports lacked quantification of the size and timing
of demographic movement. The significance of this result for C. jejuni evolution is that it indicates
the timing, size and source of the arrival of agriculture-associated STs (i.e. hosted by cattle, sheep,
poultry) into New Zealand. It also provides an insight into New Zealand’s biosecurity status, as the
arriving livestock were potentially hosts for other pathogenic microbes, i.e. the demographic history
relates to the host species and a range of microbes associated with cattle, sheep and poultry, not

just C. jejuni.

The Phenotype Two Biolog phenotypic microarrays (PM1, PM2A) were used to examine the
behaviours at two different temperatures (42°C, 22°C) of a group of eleven related New Zealand
isolates. The isolates were from a ST associated with livestock and a generalist lifestyle (ST-42),
and a group of isolates associated with two water rails, the pukeko and the takahe representing
a host specific lifestyle (ST-2381, ST-3655, ST-3663). While ST-3845 and ST-3673 are both rare
isolates they have not yet been found in either bird; however both show a shared lineage with other
STs (ST-2381, ST-3655, ST-3663). The pattern of variation between ST-42 and both ST-2381 and
ST-3655 was consistent with the agriculture/generalist lifestyle associated sequence type (ST-42)
utilising more carbon sources (resources) at 42°C than the wild-bird/specialist lifestyle associated
sequence types (ST-2381, ST-3655), however this simple pattern did not extend to the other isolates
in ST-3663, ST-3845 and ST-3673. There was phenotypic variation between all the isolates at 42°C.
Isolates from the same ST clustered together with similar patterns of carbon source utilisation, but
clustering between different STs were not based on the degree of shared allelic profiles. Using the
number of carbon sources utilised in the Biolog phenotypic microarrays at 42°C did not support
differentiating host association between livestock and wild-bird. However there may be a basis for
differentiating between these groups on the ability to utilise specific carbon sources, as the only
the wild-bird associated isolates were able to utilised Quinic acid at 42°C. In total at 42°C the C.
jejuni utilised 29 carbon sources, while at 22°C only a subset group of seven was utilised. The
carbon sources showing activity at 22°C tended to be closely related to the TCA cycle and energy
production. 22°C is the type of temperature C. jejuni would experience when in the environment
between hosts, or in a kitchen. These results suggest a control mechanism aimed at the TCA cycle
in C. jejuni would be effective at room temperature, whereas mechanisms aimed at a growth-related

metabolism would not.

The Genome The piikeko, is a close relative of the takahe, and a geographically isolated sub-
population to the Australian swamphen. The pikeko is the host of some novel C. jejuni commonly
found in New Zealand waters [8]. A genomic comparison was made between isolates from Australian

swamphen isolates obtained in Victoria, and a New Zealand dataset including pukeko and takahe
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associated STs. This identified several Campylobacter spp. in the Australian swamphen and put
them in context to C. jejuni ST associated with the New Zealand pukeko and takahe, as well as
the overall relationship of New Zealand wild-bird and agriculture-associated isolates. There was a
close relationship between C. jejuni from the Australian purple swamphen and isolates associated
with the New Zealand ptikeko and takahe, in both the core genome and pan-genome analysis that
supports a recent common ancestor followed by divergence, probably after separation. However
ST-2381 appears to be less close to the Australian purple swamphen isolates than other pukeko
and takaheé associated isolates. A putative new Campylobacter spp. C. sp. nov. 4 was identified
in the Australian swamphen isolates by genomic analysis, although more bench-based analysis is
needed to confirm this finding and establish a taxonomy. C. sp nov 1 which has previously only
been identified in the piikeko and takahe was also present [16]. The comparison of full length 16S
rRNA sequences showed ST-474, an important cause of campylobacteriosis in New Zealand, has the
same sequence as some C. coli isolates. This could be the result of recombination between some C.
coli, probably clade 1, and some C. jejuni in this case ST-474. The core genome as represented by
MLST and rMLST was able to separate the species that were not C. jejuni and within C. jejuni
identify the isolates into MLST based clonal complexes. The pan-genome formed by our dataset
when represented by a presence/absence matrix of homologues, displayed very similar relationships
as the core genome with the isolates grouping by species and MLST clonal complex groups, in two
different analyses; the Discriminant analysis of principal components (DAPC) of the population
structure and the Additive Dollo Distance (ADD) matrix of the pan-genome. These results suggest
at the genome level for both agriculture-associated and wild-bird associated C. jejuni, there may
be a combination of recombination mainly occurring between more closely related sequence types
producing homogeneity, and possibly purifying selection for host adaptation removing the “less

adapted” combinations.

The Metabolism The C. jejuni genomes from starlings, Australian purple swamphen and
agriculture-associated clonal complexes were put into three groups and annotated using RAST
[631][532]. Then using the genomes of the three groups, a comparison was made based on the
presence or absence of a protein encoding gene (peg), with each peg having a role in a previously
defined metabolic pathway called a subsystem. The three subsystems identified as being important
differences between the three host groups were: type VI secretion system (T6SS), coenzyme A
biosynthesis and the Campylobacter iron metabolism. Comparing the three subsystems to a wider
group of genomes showed some interesting patterns. The T6SS subsystem was found in a limited
number of C. jejuni genomes; the ST-430 clonal complex, ST-2381, ST-3655 and isolates from the
Australian purple swamphen. The T6SS subsystem was also present in the new Campylobacter spp.
(C. sp. nov. 1 and 4) found in the Australian purple swamphen. T6SS has previously been reported

in C. jejuni and is associated with pathogenicity, suggesting if wild-bird isolates do act as genetic
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reservoirs for the livestock associated ST, they could transfer pathogenic features. Three extra
enzymes in coenzyme A biosynthesis, have previously been found in cattle isolates [370] and absent
in environmental isolates, presumably wild-birds [502][p93], a distribution pattern which these
results support. There was variation in the Campylobacter spp. iron metabolism subsystem found

in the dataset of isolates but the pattern of differences between host groups was not clear.

Summary This work has contributed to the understanding of the molecular ecology and evolution

of C. jejuni by examining its behaviour at four levels across a temporal-spatial framework:

e Confirming Australia as an important source of cattle and sheep importations, notably during
the 1860s when significant numbers were imported. By quantifying the historical size, source
and distribution entry pattern of livestock (cattle, sheep, poultry) to New Zealand, a country
that historically had no livestock, we can develop a greater understanding of the past and
current population structures of livestock and many micro-organisms that they host. The
historical demography of livestock arrival to New Zealand also helps to understand the basis
for the absence of many infectious diseases of livestock which resulted in a high national

biosecurity status in terms of freedom from disease.

e Phenotypic variation was tested for host association using Biolog phenotypic microarray single
carbon source utilisation patterns at 22°C and 42°C. The pattern of C. jejuni phenotypic
variation was closely related to ST and in total 29 carbons sources were utilised. At 22°C it
was a more restricted range of seven carbon sources in total, and all were closely related to
the TCA cycle and energy production. In terms of total carbons sources used the phenotypic
variation was not associated with host at 22°C or 42°C, but at 42°C the ST-2381 lineage did

use Quinic acid.

e A putative new Campylobacter spp. C. sp. nov. 4 was identified in the Australian purple
swamphen isolates by genomic analysis, more bench-based analysis is needed to confirm this

finding. C. sp. nov. 1, previously only identified in the piikeko and takahe, was also present.

e Combining the results showed C. jejuni having a similar relationship with each other when
comparing the core genome, as typed by MLST and rMLST, and the accessory genome as
expressed by the presence/absence of genes, metabolic subsystems and phenotypes. The
relationship does not appear to be based on the individual alleles of the MLST, but the
combination reflected by a ST (an allelic profile). This provides a basis to understand why
the MLST was so successful in host association. These results suggest that a combination of
recombination predominantly between closely related STs produces a degree of homogeneity,

and with purifying selection drive host adaptation in C. jejuni lineages.

e There was a close relationship between C. jejuni from the Australian purple swamphen and

isolates associated with the New Zealand pukeko and takahe, in both the core genome and
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pan-genome analysis that supports a recent common ancestor followed by divergence, probably
after separation. However ST-2381 appears to be slightly less close to the Australian purple
swamphen isolates and the other piikeko and takahe associated isolates in the phenotype, core

genome, pan-genome and T6SS subsystem comparisons.

e Three metabolic pathways (type VI secretion system, coenzyme A biosynthesis and Campy-
lobacter iron metabolism) were identified as being important differences between the C. jejuni
genomes from three host groups (starlings, Australian swamphen and several agricultural-

associated clonal complexes).

Future work At each of the four levels of investigation, despite new findings, new questions were

also raised.

The demographic history of the introduction of livestock species to New Zealand, was well recorded
in official documents, but demographic records for the annual arrival of the migratory birds and sea
birds that travel long distances is less well known. In terms of national biosecurity, understanding
the arrival and departure of highly mobile bird populations, as well as the pathogens they may
vector is important. There is limited information on any C. jejuni or Campylobacter spp. they

may carry or other pathogens.

The association between Porphyrio porphyrio and Campylobacter spp. should be investigated
in more depth. The finding of several putative new Campylobacter spp. in pukeko, takahé and
Australian purple swamphen suggests the purple swamphen family as a whole should be investigated
world-wide to see if they are associated with more new Campylobacter spp.. If the swamphen,
in general, are found to be associated with a high prevalence of new Campylobacter spp. then it
would be important to understand their interactions with Campylobacter spp. and identify what is
causing the speciation events? Is the nature of Porphyrio porphyrio guild (resources they exploit)
important to the prevalence [323] and type of associated Campylobacter spp. or are other factors

more important, like gastrointestinal niche within the bird?

A better understanding of the association between Porphyrio porphyrio and Campylobacter spp.
may help understand the relationship to wild-birds in general. Although this thesis has found the
differences between wild-bird associated ST and the agriculture-associated ST permeates the whole
genome, the amount of interaction particularly, to what extent can/do wild-bird associated ST
act as genetic reservoirs for the agricultural associated sequence types has yet to be established.
What is the potential amount of genetic exchange and what is the actual amount occurring between
the different host associated groups with an emphasis on wild-birds? Are some ST more likely to
interact with others, and could some species like the chicken be acting as mixing point, even on a
temporary basis and facilitating genetic exchange? By investigating the role of wild-bird associated

ST in campylobacteriosis, we will better understand the past and future potential for evolution of
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C. jejuni, and its ability to act as a pathogen.

An important area for public health is a better understanding of the behaviour C. jejuni at lower
temperatures i.e. < 30°C, already work has shown it has a diverse array of survival behaviours
when in the environment (biofilms [592], carriage inside amoeba [127], the viable but non-culturable
(VBNC) state [593]). Despite having a small genome C. jejuni has shown great phenotypic and
genotypic variation, including phase variation [506]. However at lower temperatures there is a
general down regulation of many of the expressed genes [409], the factors controlling this decrease
in gene expression and identification of essential pathways should identify mechanisms that could

be used in the food processing industry and kitchens to control C. jejuni .

In this thesis, shows a relationship between the core and accessory genome was demonstrated,
which needs more investigation. De Haan et al.(2012) and Zautner et al. (2011) identified the link
between MLST and metabolic traits based on specific genes, but this investigation showed the
relatedness exists across the core and accessory genomes, in wild-bird associate and agriculture-
associated ST/CC [498][554]. What is required is a better understanding of the nature of the
relatedness between the core as expressed by ST/CC and the accessory genome, as seen in phenotypic
behaviour, metabolic pathways and the pattern of presence or absence of genes. Is this the result
of a dynamic homogenisation process due to a combination of recombination predominantly with
closely related ST and selection? How is a bacteria with a high rate of recombination and genotypic
variation maintaining this level of relationship between the core and accessory genome? Barriers to
recombination between more different ST have been reported [421] [556]. By understanding these
evolutionary forces and the factors they operate through, we may better understand C. jejuni and
pathogens in general. A better understanding of the forces operating on a pathogen will enable
better strategies to be developed that limit the evolution of features like antibiotic resistance,

increased pathogenicity, or evasion of immunological recognition.
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