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— Abstract —

Population genetics and phylogenetics have the potential to provide enormous insights into the epidemiol-
ogy and ecology of disease causing pathogens. Molecular datasets are the basis to infer population struc-
ture, gene flow (between host populations and between different geographical locations) and to predict the
evolutionary dynamics of pathogens. Campylobacter colonisation in food producing animals has been ex-
tensively studied and the population structure and host association of C. jejuni, the most commonly reported
gastro-enteric pathogen, has also been well defined. In contrast, host-pathogen relationships and the popula-
tion structure of C. jejuni in urban wild birds and pets have not been well defined on a wide range of spatial
and/or temporal scales. A greater understanding of these details should allow disease control authorities to
track the transmission of pathogens from one host species to another, identify the origin of pathogens and
to better understand environmental factors influencing underlying molecular mechanisms.

In the first study in this thesis the presence of C. jejuni in mallard ducks and starlings within five play-
grounds in Palmerston North, New Zealand was studied. The prevalence of Campylobacter and C. jejuni in
both species showed a bimodal seasonal pattern. The population structure and population differentiation of
C. jejuni in these species were examined using multilocus sequence typing (MLST). Rarefaction analyses
showed that the C. jejuni populations within mallard ducks were more diverse than starlings, particularly
during the winter. Pairwise fixation indices showed that the population of C. jejuni in ducks was signif-
icantly different from that of starlings and that it differed over time. Conspicuous host association was
evident with clonal complexes of C. jejuni such as ST-1034, ST-692 and ST-1332 specific to ducks and
ST-177 and ST-682 specific to starlings. In addition, a larger proportion of C. jejuni genotypes that could
not be assigned a clonal complex were found in both ducks and starlings, particularly during the winter.

In the second study, C. jejuni from domestic pets (dogs and cats) were characterised using MLST and
by typing the cell surface antigens, porA and flaA. The ST-45 complex, a clonal complex predominantly
reported in human campylobacteriosis cases, was found to be the predominant clone present in both species.
These findings shed some light on the contribution of pets as a putative source of human campylobacteriosis
cases in New Zealand.

In the third study, the ST-474 C. jejuni genotype, considered to be the endemic strain in New Zealand, was
isolated from human cases and poultry carcasses from the Manawatu region from 2005 to 2009. Seven
samples of ST-474 were sequenced and a subset of 50 full length genes were studied. These analyses
demonstrated molecular differences between full length genes that were identical in the region used for
MLST. Further, alleles characteristic of the ST-474 genome within the investigated metabolic housekeeping
genes (n = 25) were identified. Our findings were that ST-474 genome is genetically distinct from other C.
Jejuni reference genomes with respect to certain alleles. In addition, MLST alleles were found to be robust
predictors of the most recent common ancestors of a genome. The fourth study investigated the genetic
stability and vulnerability of the informational genes to various evolutionary forces within the seven ST-
474 genomes. Twenty five genes comprised of nucleotide metabolism, repair and ribosomal functions were
investigated showing a high level of genetic diversity in the DNA repair as well as nucleotide metabolic
genes such as gidA, ogt, rec], ssb, uvrA, uvrB and xseA. In contrast, the ribosomal genes were stable
and identical across the seven genomes. The insertion of selenocysteine in three of the 25 genes indicates
the presence of horizontal gene transfer within the ST-474 genomes. It is hypothesised that the genetic
uniqueness of ST-474 may have arisen due to the geographic isolation of New Zealand, its poultry industry
and an absence of exchange of sequence types which might typically occur through international trade of
fresh poultry meat.

Collectively, the studies presented in this thesis provide a better understanding of the dynamism of C. jejuni
as a species and ST-474’s adaptational capacity and evolutionary potential (within the investigated set of
genes) in response to changing intracellular and extracellular environments. This thesis has introduced the
idea of using individual full length gene analysis, demonstrating the molecular differences between genes
that contained identical alleles at the MLST loci. The research approaches implemented in this thesis can
be readily applied to any pathogenic bacteria, particularly foodborne and emerging pathogens such as E.
coli and Salmonella. This, in turn should provide new opportunities for bacterial drug targets and vaccine
candidates.
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CHAPTER 1

Introduction

Campylobacter spp. are members of the e-proteobacteria, a diverse group of gram nega-
tive organisms found in a variety of habitats. Members of the Campylobacterales tamily
are motile, non-spore forming curved rods demonstrating a surprising adaptability to var-
ious environmental niches (Lee & Newell 2006). The genus is comprised of a group of
closely related organisms including C. jejuni, C. coli, C. lari, C. upsaliensis, C. helviticus
and C. curvisus that colonise the gastrointestinal tracts of a wide variety of host species
as commensals. In industrialised countries Campylobacter species, particularly C. jejuni
and C. coli are considered the most important zoonotic enteric bacterial pathogens of hu-
mans (Wassenaar & Newell 2000). Furthermore, some Campylobacter spp. for example
C. fetus subsp. fetus and C. jejuni can cause abortion in sheep (Allerberger et al. 1991,
Sahin et al. 2008). The majority of reported human campylobacteriosis cases in devel-
oped countries are attributed primarily to C. jejuni followed by C. coli, C.upsaliensis,
C. lari and C. fetus (Skirrow 1994, Friedman et al. 2000, Gillespie et al. 2002, Lopez
et al. 2002, Sheppard et al. 2009). Due to the similarities in the clinical manifestations,
disease histories (Gillespie et al. 2002) and lack of good biochemical markers for a differ-
ential diagnosis between Campylobacter spp., epidemiological studies exploring human
campylobacteriosis have treated the disease caused by different Campylobacter species
(C. jejuni, C. coli and other species) as a single clinical entity (On 1996, Siemer et al.
2005). In recent years molecular methods such as species specific polymerase chain re-
action (PCR) and multilocus sequence typing (MLST) have made it easier for researchers

to differentiate Campylobacter spp. (Dingle et al. 2005).

Ingestion of undercooked meat is thought to be the main source of campylobacteriosis in

humans (Skirrow & Benjamin 1980, Kwan et al. 2008). The risk of campylobacteriosis
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arising from consumption of contaminated food (particularly poultry meat) has been ex-
tensively studied (Eberhart-Phillips et al. 1997, Baker et al. 2006, 2007). Other important
modes of transmission include exposure to faecal material from livestock, contact with
animals (particularly ruminants) and recreational swimming (Savill et al. 2003, Mullner
et al. 2009, Wilson et al. 2009). Understanding the relative contribution of each exposure

pathway is critical if effective control measures are to be devised.

Structure of the thesis

This thesis is comprised of seven chapters. All except for this introduction, the literature
review (Chapter 2) and the general discussion (Chapter 7) are presented in the form of
manuscripts to be presented for peer-reviewed publication. As a result there is some rep-
etition in the objectives and materials and methods. However, the results and the findings

are unique to every chapter.

Chapter 1 provides an overview of the thesis and its overall objectives. Chapter 2 re-
views the history, characteristics of Campylobacter spp., the disease, the disease status
in developed and developing countries and the sources and typing techniques used for

Campylobacter spp.

Urban wild birds, pets and C. jejuni populations

Campylobacter spp. have been isolated from both domestic and wild birds (Luechte-
feld et al. 1980, Fricker & Metcalfe 1984, Frost 2001), and poultry as a source has been
thoroughly investigated. Detailed knowledge of the molecular epidemiology of C. jejuni
in wild birds is limited, however recent research has shown the genotypes of C. jejuni
found in wild birds are similar to those isolated from the human campylobacteriosis cases
(Colles et al. 2003, Broman et al. 2004, Colles et al. 2009, French et al. 2009a, Hughes
et al. 2009). Similarly, pets that live in close proximity to humans have been shown to
transmit Campylobacter spp. directly to their owners and a small number of reports have
identified pets as a source of infection, particularly small children (Hald & Madsen 1997,
Jimenez et al. 1999, Tenkate & Stafford 2001, Wolfs et al. 2001, Fullerton et al. 2007,
Tsai et al. 2007, Chaban et al. 2010).
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MLST is a high throughput nucleotide based technique which is widely used for molec-
ular epidemiological studies of Campylobacter spp. The PubMLST database' has facili-
tated molecular epidemiological research into Campylobacter spp., making inter-laboratory
comparisons of MLST data possible. Previous reports have shown that Campylobacter
populations show large differences among host species and environmental niches (Mc-
Carthy et al. 2007) and that their lineages (clonal complexes, CC) undergo frequent re-
combinations (Fearnhead et al. 2005, Miller et al. 2006, McCarthy et al. 2007, Colles
et al. 2008, 2009). Further, MLST has identified genotypes that are associated with dif-
ferent host sources and genotypes that are more broadly distributed among animal sources
(Miller et al. 2006, Kwan et al. 2008, Carter et al. 2009). Genotypes with rarer allelic pro-
files that could not be assigned to a complex have been identified using MLST, particularly

in wild birds (Colles et al. 2003, 2008, 2009, Hughes et al. 2009).

With this background, and given the scarcity of detailed epidemiological investigations of

C. jejuni in wild birds and pets, the aims of this thesis are to:

e cstimate the prevalence of C. jejuni in the faeces of wild birds (mallard ducks and
starlings) and domestic pets (dogs and cats) in a provincial city in the lower North

Island of New Zealand;

e identify the genotypes of C. jejuni in mallard ducks, starlings, dogs and cats and as-
sess their relationship with human campylobacteriosis cases diagnosed in the same

geographical area; and

e investigate the population structure and population differentiation of C. jejuni geno-
types among mallard ducks and starlings at different sampling sites and at different
times of the year in an effort to assess the potential risk of wild birds and pets as a

source of campylobacter infection in humans.

Chapter 3 and Chapter 4 describe the findings from the molecular epidemiological inves-
tigations and population structure analyses carried out on Campylobacter spp. recovered
from mallard ducks and starlings and domestic pets (dogs and cats). The prevalence of
Campylobacter spp. and C. jejuni at different sampling sites and sampling periods, the

population structure and population differentiation of C. jejuni in ducks and starlings at

'URL: (http://pubmlst.org/Campylobacter)
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different sites and periods are described in Chapter 3. Similarly, Chapter 4 describes the

prevalence and population structure of C. jejuni in dogs and cats.

C. jejuni in New Zealand

New Zealand has, until recently, ranked first in the world for human campylobacteriosis
notification rates (Baker et al. 2007, Marler 2010). C. jejuni multilocus sequence type
474 (ST-474) is an internationally rare genotype that has accounted for 24% to 34% of
human campylobacteriosis cases in New Zealand (French 2008). It is a genotype strongly
associated with poultry, particularly in those living in urban areas (French 2008, Mullner
et al. 2009, 2010, McTavish et al. 2008). Following the isolation of two sub-strains of C.
jejuni ST-474 during the same time period and from the same geographical location, one
from a fresh chicken carcass and the other from a human clinical case, the two isolates
were sequenced fully using next generation Solexa sequencing technology and their draft
genomes submitted to GenBank? (French et al. 2009b, Biggs et al. 2011). It was found
that 93% of the genes from the two ST-474 isolates were identical and 103 genes differed
by at least one single nucleotide with 72 of them showing non-synonymous substitutions.
Furthermore, it was inferred that 5% of the differences were due to mutations and 95%
were through recombination (Biggs et al. 2011). Additionally, a non-homologous recom-
bination event was identified in the human isolate (H22082) with the insertion of two

extra genes, whereas the chicken isolate (P110b) showed no evidence of such an event.

Is MLST enough to study the evolution of C. jejuni?

As the seven housekeeping alleles used in the MLST typing scheme cover only <0.2%
of the entire genome (Dingle & Maiden 2005), the phylogeny and the ancestral lineages
of individual genes may differ when considered at the whole genome level. Further, the
variations between the two C. jejuni ST-474 isolates as inferred by Biggs et al. (2011)
suggests that the seven housekeeping genes of the MLST typing system may not suffi-
ciently reflect the evolutionary histories and phylogeny of every single gene in a genome.
With this brief background, an additional subset of 50 full length housekeeping genes

involved in various metabolic and repair functions from seven C. jejuni ST-474 isolates

URL:(http://www.ncbi.nlm.nih.gov/genbank/)
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were investigated in Chapters 5 and 6. Five poultry C. jejuni ST-474 isolates (P569a,
P694a, P73020, P110b and P179a) and two human C. jejuni ST-474 isolates (H22082 and

H704a) were sequenced using next generation Solexa resequencing techniques.

Evolution within genes in a genome has broadly classified them into two lineages: op-
erational or housekeeping genes and informational genes that are involved in replica-
tion, transcription, translation and other related processes (Jain et al. 1999). Operational
(metabolic) genes are housekeeping genes that have been shown to be evolutionarily dy-
namic compared with informational genes (Rivera et al. 1998). Population structure anal-
yses in C. jejuni have generally been carried out using only a subregion of housekeeping
genes (alleles). The questions asked here are: (1) how reliable are housekeeping alleles
in predicting the evolutionary history and the ancestry of other peer genes in a genome?
(2) do the evolutionary histories of housekeeping and informational genes differ within
C. jejuni? and (3) does ST-474 possess any conspicuous genetic features? To answer
these questions, a selected subset of housekeeping genes from the seven C. jejuni ST-474

genomes (n = 50) were investigated for characteristics such as:

e guanine-cytosine (GC) content and codon usage;

single nucleotide polymorphisms (SNP);

selection pressure;

events of recombination; and

phylogenetic relationship.

Gene sequences from 12 C. jejuni reference genomes (both completed genomes and
genomes in draft forms) were used for a comparative evolutionary analysis with ST-474
genomes to identify ancestral lineages. It is important to be able to identify differences
among these two lineages, particularly identical strains or genotypes. A better understand-
ing of these differences will provide greater insight into characteristics of these genes and
their functional importance. This, in turn will: (1) allow sites on the genome that might
be targeted by novel chemotherapeutic agents, or (2) facilitate the selection of potential

vaccine candidates.
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Generally, whole genome comparison studies performed on fully sequenced genomes do
not necessarily focus on individual genes. As a result, details such as the contribution of
individual genes in the evolution of an organism, evolutionary history and phylogeny of
individual genes have not been given a great deal of attention. To address this knowledge
gap Chapters 5 and 6 analyse the evolutionary events, phylogeny and the most recent com-
mon ancestor of 50 selected genes from seven fully sequenced C. jejuni ST-474 genomes.
Chapter 5 provides a description of the metabolic housekeeping genes while Chapter 6

describes the (informational) ribosomal and repair genes and nucleotide metabolic genes.

Chapter 7 provides a general discussion and a set of conclusions from the thesis as a
whole. This thesis documents the evolutionary potential of C. jejuni as a species using a
population genetic approach. It sheds light on the in-vivo evolution and formation of new
variants of C. jejuni within the investigated host species. The phylogenetic approaches
that have been used enhance our understanding of the two major lineages of genes that
are important determinants of a pathogen’s evolutionary potential. These investigative

approaches have potential to be applied to other foodborne and emerging pathogens.



CHAPTER 2

Review of literature

2.1 Introduction

Campylobacter spp. are members of the epsilonproteobacteria which are a diverse group
of gram-negative organisms found in a variety of habitats (Newell 2001). The members
of the Campylobacterales family are ubiquitous and demonstrate a surprising adaptability
to various environmental niches (Newell 2001). The Campylobacter genus comprises
a group of gram-negative bacteria that are closely related and are found to primarily
colonise the gastrointestinal tracts of a wide variety of animal host species (Wassenaar
& Newell 2000). Some of these bacteria are commensals, but many, particularly Campy-
lobacter jejuni, and Campylobacter coli, are zoonotic enteric pathogens of humans and
domestic animals (Wassenaar & Newell 2000, Newell 2001). Campylobacter spp. are the
most frequently isolated bacterial pathogens in human gastroenteritic cases in industri-
alised countries, where the majority of reported clinical cases were attributed to Campy-
lobacter jejuni (90% to 95 %) and Campylobacter coli (5% to 10 %) (as reviewed by
Tauxe 1992). Because of the apparent similar disease histories of the two Campylobacter
species, the predominant occurrence of C. jejuni among human clinical cases, and the
scarcity of specific biochemical markers for diagnostics (On 1996, Siemer et al. 2005),
speciation is performed routinely in only a limited number of clinical laboratories around
the world. As a consequence, most of the studies that explored the epidemiology of hu-
man Campylobacter infections have treated Campylobacter infections as a single source
of infection in the past (Siemer et al. 2005). With the advent of molecular diagnostic
tools, other Campylobacter species that include C. upsaliensis, C. fetus and C. lari have

also been identified to cause human infection (Gillespie et al. 2002, Lopez et al. 2002,
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Siemer et al. 2005, Sheppard et al. 2009). This review focuses on the following four

areas:

1. General background and the characteristics of Campylobacter spp.
2. A brief account of the disease caused by Campylobacter spp. in humans.
3. The epidemiology of Campylobacter spp. particularly C. jejuni.

4. Typing methods currently used and the population structure of C. jejuni.

2.1.1 History

In 1909 scientists (McFadyean & Stockman 1913) isolated a new bacterial species, Vibrio
foetusovid from aborted lamb foetuses and their dams. In 1938 a bovine strain of Vibrio
spp. was isolated from humans in conjunction with a milk-borne disease outbreak in the
United Sates of America (Levy 1946). Subsequently, Vibrio spp. was isolated from 11 pa-
tients with gastroenteritis in the United Sates of America, of which 7 strains were V. fetus,
and 4 were a closely related species, designated as ‘related vibrios’ (King 1957). Follow-
ing King’s report, Sebald & Veron (1963) differentiated two groups of Vibrio spp. based
on carbohydrate fermentation and DNA guanine-cytosine (GC) content. The group with
the lesser GC content was assigned to a new genus Campylobacter, meaning ‘curved rods’
in Greek. Since its first isolation in 1909, our knowledge has expanded to include the com-
plete genome sequences of C. jejuni NCTC11168 (Parkhill et al. 2000, Gundogdu et al.
2007), C. jejuni 81116 (NCTC11828) (Pearson et al. 2003) C. jejuni RM1221 (Parker
et al. 2006) and C. jejuni 81-176 (Hofreuter et al. 2006) and several other Campylobacter
genomes are now available in GenBank. Although several Campylobacter spp. have been
fully sequenced, many details regarding their pathogenicity, host association, population

diversity, and epidemiology remain unclear.

2.1.2 Taxonomy of Campylobacter

The genus Campylobacter has been classified as follows:
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Domain: Bacteria

Phylum: Proteobacteria

Class: Epsilonproteobacteria
Order: Campylobacterales
Family: Campylobacteraceae
Genus: Campylobacter

The DNA-rRNA hybridisation study of sixty strains which represented Campylobacter
species, Campylobacter like organisms, Wolinella, Bacteroides and flexispira species
found that Campylobacter, Wolinella and flexispira represented a separate sixth rRNA su-
perfamily sensu De Ley within the group of gram negative bacteria (Vandamme & De Ley
1991, Vandamme & On 2001). This lineage has been referred to as epsilon subdivision
of the proreobacteria. At present, the genus Campylobacter contains 31 species and 13
subspecies.! In 2001 the species Campylobacter hyolei was transferred to Campylobacter

coli (Vandamme & On 2001).

2.1.3 Morphological and biochemical characteristics

Members of the genus Campylobacter are gram-negative, non spore forming, curved, S-
shaped or spiral rods 0.2 — 0.8 pm wide and 0.5 — 5.0 um long where, they often display
spiral forms when daughter cells are attached together (Hansson et al. 2007). Campy-
lobacters are motile and they move by a characteristic rotating movement often referred
to as rapid corkscrew-like motion, using their unipolar or bipolar flagella (Parkhill et al.
2000). Members of Campylobacter are microaerophiles: microorganisms that grow in
low oxygen concentrations (Kelly 2001). C. jejuni hydrolyses hippurate, whilst C. jejuni
subsp. doylei varies in its ability to hydrolyse hippurate (Vandamme & Goossens 1992).
Therefore, hippurate hydrolysis (Hwang & Ederer 1975) has become the most widely
used biochemical test to identify C. jejuni, and also to differentiate it from C. coli that
are phenotypically and genotypically similar (Walder et al. 1983). However, variability
in the hippurase reaction has been observed for some strains of C. jejuni (Morris et al.
1985, Totten et al. 1987, Fermer & Engvall 1999) and hence a number of other additional
biochemical tests are employed to differentiate Campylobacter spp. The growth charac-
teristics and biochemical tests that are routinely used to characterise Campylobacter spp.

are summarised in Table 2.1.

'URL: http://www.bacterio.cict.fr/ last accessed 10 August 2010.
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2.2 Epidemiology

Illness caused by pathogenic Campylobacter spp. is collectively called campylobacterio-
sis which is the leading cause of foodborne bacterial gastroenteritis in humans (Altekruse
et al. 1999). Since the first isolation of Campylobacter from humans during a milk-borne
enteritis outbreak in 1938 in the United Sates of America (Levy 1946), the vast majority
of human campylobacteriosis cases have been gastrointestinal infections. Campylobac-
teriosis is most often self-limiting, with the duration of illness lasting anywhere from a
few days to up to two weeks. The incubation period is between 2 to 5 days, but may
vary from 1 to 11 days. While watery or bloody diarrhoea is the most common symp-
tom of campylobacteriosis in humans, other symptoms include abdominal cramps, fever,
myalgia, headache, nausea and vomiting (Black et al. 1988). A small proportion of pa-
tients develop reactive arthritis following Campylobacter enteritis. Faecal excretion of the
bacteria usually continues for two to three weeks post recovery (Skirrow 1994). An infre-
quent complication is an acute immune-mediated inflammation of the peripheral nerves
known as Guillain-Barré syndrome (Nachamkin & Blaser 2000, chap. 2). Guillain-Barré
syndrome (GBS) was first described in 1916 as an autoimmune-mediated disorder of the
peripheral nervous system. Of those affected, 15% of patients recover completely, 3 to
8% die, and the remaining surviving patients suffer varying degrees of physiological,

neurological and/or physical deficits (Smith 1995).

Campylobacteriosis represents a substantial burden to public health in developed coun-
tries (WHO 2000a). It has been estimated that 2.4 million cases of Campylobacter enteri-
tis occur annually in the United Sates of America accounting for 5% to 7% of all human

gastroenteritis cases (Melissa & Michael 2010).

It has been estimated that nearly 1% of the US population suffer from campylobacterio-
sis per year (WHO 2000a) and these infections result in around 13,000 hospitalisations
and 124 deaths each year. In Canada in 2000 more than 2,300 people became infected
with Campylobacter in Walkerton Ontario following a heavy rainfall event that resulted in
bacteriological contamination of the town’s water supply (BGOSHU 2000). In 2004 the
incidence of campylobacteriosis in Canada increased to 9345 cases per 100,000 (Galanis
2007). Similarly, the incidence of reported human cases of campylobacteriosis in North-

ern European counries ranged from 60 to 90 cases per 100,000, (it has been estimated to
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be substantially increasing in the last 20 years) a substantial increase over the previous 20

years (WHO 2000a).

In the United Kingdom in 1998, there were 58,059 laboratory confirmed cases in Eng-
land and Wales whereas, during 2000 there were 1,388,772 cases of foodborne infection
acquired in England and Wales of which Campylobacter accounted for 359,466 of these
cases. There were 171,174 presentations to general practice due to Campylobacter infec-
tion, 16,946 hospital admissions (accounting for 62,701 hospital bed-days) and 86 deaths
(Adak et al. 2005). In Denmark, the incidence of disease remained relatively unchanged
from 1980 to 1990 (475 cases) (WHO 2000a) and then from 1992 to 1999 there was a
three-fold increase (1,676) in incidence risk. In the case of Germany reported cases of
campylobacteriosis in 2003 were 58 per 100,000 and this increased to 79 per 100,000 in
2009 (Gallay et al. 2003, ECDC 20009, Fitzenberger et al. 2010). The incidence of Campy-
lobacter infection in Australia increased steadily from 1991 through to 2001. From 2001
to 2005 the incidence was relatively stable at 113 cases per 100,000 head of population
(approximately 15,000 cases per year) (Stafford et al. 2008). Stafford et al. (2008) com-
mented that Campylobacter is likely to be underreported estimating that there are around

223,000 Campylobacter infections occurring annually.

Although precise details are not available for all developed countries, the available data
reflects a general trend of annual increase in campylobacteriois in developed countries
over the past 20 years. This global increase in disease frequency could be explained by
one or more of the following factors: changes in diagnostic criteria, improved surveillance
and reporting systems, improved diagnostic facilities and public awareness. Besides the
overall improvement in the reporting systems, surveillance and diagnostics, the scenario

of global increase in campylobacteriosis could be a true increase rather than an artifactual.

New Zealand has one of the highest notification rates of human campylobacteriosis cases
among all developed countries (Baker et al. 2007, Marler 2010). From 1998 to 2002 New
Zealand’s notification rates were twice that of England and three times that of Australia
and Canada (Eberhart-Phillips et al. 1997, Lake et al. 2004). The incidence of reported
infection in New Zealand increased from 14 cases to 120 cases per 100,000 between
1981 and 1990 and to 363 per 100,000 by 1998 (WHO 2000a). The incidence risk of
campylobacteriosis in New Zealand for the period 2005 to 2009 are provided in Table 2.2.

It should be noted that although the number of human campylobacteriosis cases decreased
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Table 2.2: Number of cases and incidence risk of campylobacteriosis, New Zealand 2005 — 2009.
Adapted from Nicol et al. (2010).

Year Cases IR ¢ 95% CI

2005 13,836 335 329-340
2006 15,873 379 373-384
2007 12,778 302 296-307
2008 6,694 157 153-160
2009 7,176 166 162-169

@ Incidence risk of campylobacteriosis, expressed as the number of cases per 100,000 head of population.

from 2007 to 2008 (Table 2.2) an increase in 2009 warrants further investigation.

In developing countries, campylobacteriosis has been reported to be hyperendemic how-
ever reliable estimates of the number of cases and the size of the population at risk tend not
to be routinely recorded (Coker et al. 2002). Furthermore, priotities for surveillance and
control of infections of public health importance have been focused more predominantly
on diseases such as malaria, tuberculosis, trypanasomiasis, onchocercasis, shistosomia-
sis, diarrhoea and respiratory infections (WHO 2000a). Despite the increased burden of
enteric disease associated with Campylobacter spp., the aetiological agent involved in
clinical cases is often not identified (WHO 2000a). International reports (WHO 2000a)
have cited a lack of suitable laboratory facilities and an absence of formal strategies to
diagnose specific conditions (such as campylobacteriosis) as a reason for the absence of
reliable disease frequency measures. The World Health Organisation has supported devel-
oping countries in the form of research grants for epidemiological studies, and the Public
Health Service of Canada have provided Lior antisera for the detection of campylobac-
teriosis in many developing countries (WHO 2000a). After intervention by the WHO
and the Public Health Service of Canada, estimates of the incidence of campylobaterio-
sis have started to be recorded (WHO 2000a). The incidence of campylobacteriosis in
developing countries from Africa, America, Eastern Mediterranean, Europe, South East
Asia and Western Pacific for the period 1990 to 1995 ranged from 5000 to 20,000 cases
per 100,000 head of population in children (Adegbola et al. 1990, Oberhelman & Taylor
2000, Raji et al. 2000, WHO 2000a). Compared with the situation in developing coun-
tries, the incidence of campylobacteriosis in developed countries seems negligible. In

developing countries estimates of disease frequency in the general population have been
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shown to be approximately 90 per 100,000 with varying orders of magnitude. Recovery
rates of bacteria decrease with the age of the patient (Oberhelman & Taylor 2000, Raji
et al. 2000, WHO 2000a, Coker et al. 2002) which implies the acquisition of immunity

after exposure to the organism.

Seasonality of campylobacteriosis

Generally, Campylobacter infections have been shown to exhibit well defined spring and
summer peaks in developed countries (WHO 2000a). Most campylobacteriosis cases are
reported during the summer in the United Sates of America and other European countries
(Tauxe 1992, Friedman et al. 2000, Vereen et al. 2007). Data recorded from 28 countries
by European Centre for Disease Prevention and Control have shown that campylobacte-
riosis cases were mostly reported in the summer months between June and August (Figure

2.1, ECDC 2009).
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Figure 2.1: Seasonal distribution of human campylobacteriosis cases in EU and EEA / EFTA
countries, 2007

Seasonal patterns vary among countries (Vereen et al. 2007, Louis et al. 2005, Nylen
et al. 2002). For example, in Australia the temporal pattern of Campylobacter infections
vary among temperate and sub-tropical regions (Bi et al. 2008). The weekly maximum

and minimum temperatures were inversely associated with the weekly number of Campy-
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lobacter cases in temperate regions but positively correlated with the number of cases in
sub-tropical areas. Further, the seasonal distribution of Campylobacter infection in nine
European countries and New Zealand (Nylen et al. 2002) shows no prominent seasonal
pattern in Scotland and Austria. In contrast, the seasonal pattern was more prominent in
Finland (more cases in summer) and all of the other countries showed consistent seasonal
summer peaks. In New Zealand seasonality was less consistent (Nylen et al. 2002). Three
broad groupings of seasonal campylobacteriosis patterns exist in New Zealand (Hearnden
et al. 2003). Firstly, there is a marked difference between the North and South Islands.
Rural areas in the North Island have a relatively low summer incidence and small inter-
seasonal variation. Secondly, North Island urban areas (Auckland, Hamilton, Napier and
their hinterlands) and some areas of the South Island have a higher summer incidence and
more seasonality. Thirdly Christchurch, Dunedin, much of the South Island and cities
such as Wellington and Upper Hutt experience a high summer incidence and strong inter-

seasonal variation.

In developing countries, campylobacteriosis has not been shown to be seasonal in contrast
to the defined seasonality evident in developed countries (Altekruse et al. 1999). This may
reflect a lack of adequate recording or surveillance programs in developing countries.
Peaks in the number of confirmed Campylobacter cases have been identified during the
dry season in Mexico, Nigeria, Peru, Thailand and India (Varanasi) (Coker & Dosunmu-
Ogunbi 1985, Taylor et al. 1992, WHO 2000a). Rainy season peaks have occurred in the
Central African Republic, India (Calcutta) and Egypt (Coker & Dosunmu-Ogunbi 1985,
Taylor et al. 1992). No significant seasonal variation has been observed in Egypt (Taylor

et al. 1992).

Mechanisms behind the seasonality of campylobacteriosis remain unclear. The preva-
lence of Campylobacter in animal reservoirs is thought to be influenced by excretion
rates from carrier animals, survival of the bacteria in the environment and the influence
of climate or season on these factors (Hearnden et al. 2003, Kovats et al. 2005). The
commonly known risk factors for acquiring the disease include: animal contact (related
to farm practices and/or pet ownership), season, consumption of barbecued meals that are
not properly cooked, recreational swimming and drinking water from streams or other
natural water sources (Kovats et al. 2005). Besides increased exposure, the seasonal car-

riage of campylobacters by poultry has been shown to contribute significantly to seasonal
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disease patterns (Kovats et al. 2005, Bi et al. 2008). It has been documented that the
carriage rate of campylobacters was 100% in broiler flocks in summer and 50% in win-
ter (Jacobs-Reitsma et al. 1994). The drinking water provided for broiler flocks was an
important environmental factor influencing the colonisation of Campylobacter spp. in
broiler flocks (Pearson et al. 1993, Ogden et al. 2007), while the treatment of water has
been shown to significantly decrease the prevalence of Campylobacter in broilers (Hans-
son et al. 2007). In the United Kingdom and Sweden there was an inverse relationship
betwen carriage rates of Campylobacter spp. in poultry and the incidence of human cases
(Humphrey et al. 1993, Berndtson & Engvall 1994). Few studies have been carried out to
determine the relationship between the sources and seasonality of campylobacteriosis in
humans. No convincing co-variation between the prevalence of campylobacter in animal
faeces (Stanley et al. 1998a,b) and human disease have been identified. A similar lack of

co-variation has been identified with drinking water (Carter et al. 1987, Jones et al. 1990).

Risk factors for campylobacteriosis

Campylobacter infects humans of all ages. In the European Union countries, United Sates
of America, Australia and New Zealand (WHO 2000a, Gillespie et al. 2009, 2008, Uni-
comb et al. 2008, Eberhart-Phillips et al. 1997) the disease shows a distinctive bimodal age
distribution, affecting particularly children less than 4 years and young adults. Campy-
lobacteriosis is associated with an increased risk of mortality in children and time lost
from work and school (Sneyd & Baker 2003). Further, there is a distinctive distribution
between males and females where, in males, the incidence is 1.2 to 1.5 times higher than
females, particularly among young adults (WHO 2000a). The incidence of campylobac-
teriosis by age and gender was evaluated by Gillespie and The Campylobacter Sentinel
Surveillance Scheme Collaborators (Gillespie et al. 2008). These authors showed differ-
ences among ethnic groups in England and Wales during May 2000 to April 2003. In New
Zealand in 2002 the incidence of campylobacteriosis in 0 — 4 year olds and young adults
(20 to 29 years of age) was 599 (95% CI: 566 to 631) and (484, 95% CI: 465 to 504) per
100,000, respectively (Sneyd & Baker 2003). For the 0 — 4 year old age group this pattern
is thought to correspond to the time when children are weaned onto a completely solid
food diet, while in the case of young adults, disease risk is thought to be associated with

young adults setting up houses on their own and preparation of their own meals (Shane
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1992).

The age dependent risk of campylobacteriosis in developing countries is almost similar to
developed countries (WHO 2000a). Studies from different developing countries showed
that Campylobacter was most commonly isolated from children with diarrhoea under 2
years of age and the incidence of disease decreased with advancing age (WHO 2000a). It
has also been shown that recovery of Campylobacter is common in healthy children from
countries such as India, Algeria, Northern Thailand, Nigeria and Guinea-Bissau (WHO
2000a). In developing countries gender associated infection rates are not as prominent as
they are in developed countries (Coker et al. 2002). The age and gender associated infec-
tion rates may be attributed to predisposing factors such as the immune status of young
children, general sanitation, occupation (particularly in males), recreational activities and

meat consumption (particularly in developed countries).

2.2.1 Sources of Campylobacter

Raw milk and water were considered to be the main sources for human campylobacte-
riosis until 1990. A series of unresolved outbreaks between 1998 and 2004 led to the
search for additional transmission routes and sources apart from milk and water (ESR
1993, 1996, CDC 2000, DEFRA 2000). As a result, the importance of food chains partic-
ularly those involving poultry were brought to light (Nachamkin & Blaser 2000, chap. 2).
Campylobacter spp. has now been known to colonise the intestinal mucosa of a wide
range of avian and animal hosts, including humans (Newell 2002). Campylobacter spp.
are commensal organisms in birds. Livestock can carry the organism as asymptomatic
carriers as do humans in endemically infected regions (Newell 2002), where wild rodents

have been also identified as reservoirs of Campylobacter spp. (Williams et al. 2010)

Notably, C. jejuni has been identified to be a successful commensal in chickens, cattle and
sheep (Newell 2002, Devane et al. 2005) while its sister species C. coli is more associated
with pigs and sheep (Nesbakken et al. 2002, Brown et al. 2004). C. fetus subsp. fetus, a
cause of genital campylobacteriosis in sheep and cattle, can also cause disease in humans
(Allerberger et al. 1991, Krause et al. 2002, Cone et al. 2003, Herve et al. 2004, Monno
et al. 2004). C. hyointestinalis and C. mucosalis in pigs (Minet et al. 1988, Gorkiewicz
etal. 2002) and C. upsaliensis and C. helviticus in cats and dogs (Moreno et al. 1993, Hald
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& Madsen 1997, Hald & Brondsted 2000, Moser et al. 2001, Gow et al. 2009, Chaban
et al. 2010) are other identified important pathogens. Human sewage is also an established

source of Campylobacter spp. in environmental as well as drinking water (Jones 2001).

2.2.2 Campylobacter spp. in wild birds

The optimum temperature for thermophilic Campylobacter spp. corresponds to the body
temperature of birds more so than mammals. For this reason Campylobacter spp. are well
adapted as commensals of the avian gut, and therefore birds have been widely regarded
as natural hosts of these organisms (Lee & Newell 2006). Campylobacter spp. have been
found in a variety of bird species, both domesticated and wild. Among domesticated
birds, a high prevalence of C. jejuni and C. coli is often found in broiler chickens, breeder

flocks and egg-laying hens (Cox et al. 2000, Hansson et al. 2004).

Campylobacter spp. have been isolated from a wide range of wild bird species (Luechte-
feld et al. 1980, Fricker & Metcalfe 1984). The carriage rates vary from 0% to 100%
(Colles et al. 2008), with differences arising from the ecology of bird species, feeding
habits, habitat preferences and migration patterns. Differences could also arise from vari-
ations in the study regimen, sample size and the sensitivity of culture and detection meth-
ods. For example, studies conducted in Colorado, USA, reported that 35% of 445 migra-
tory waterfowl carried C. fetus subsp. jejuni and the prevalence varied between species
(Luechtefeld et al. 1980). In another study conducted in Alabama, United Sates of Amer-
ica, Oyarzabal et al. (1995) reported a Campylobacter spp. prevalence of 19% among 66
necropsied birds. In these two studies, particularly the study of Oyarzabal et al. (1995)
the small sample size influences the precision of the prevalence estimate which, in turn,

makes it difficult to distinguish differences that are artefactual or real.

A survey comprised of 1,794 individual migrating birds from 107 species in south-eastern
Sweden found that the distribution of Campylobacter spp. among species was uneven,
and that the feeding behaviour of the birds influenced colonisation rate (Waldenstrom
et al. 2002). Although wild birds were found to carry C. jejuni and C. coli predominantly,
a substantial proportion of isolates were identified as C. lari (Waldenstrom et al. 2002).
Colonisation of Campylobacter spp. has been shown to be common in turkeys (Wallace

et al. 1997, Borck 2003), geese (Aydin et al. 2001), ducks (Savill et al. 2003), ostriches,
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quails, pigeons, waterfowl and parrots (Oyarzabal et al. 1995, Hughes et al. 2009). Euro-
pean starlings have a high carriage rate of Campylobacter spp. and have been identified
to cause heavy faecal contamination in towns and park lands acting as a potential source
of Campylobacter spp. in childrens’ play areas (Waldenstrom et al. 2002, Colles et al.
2008, French et al. 2009a).

Environment and environmental water are considered potential sources while environ-
mental contamination is likely to originate from faecal contamination by domestic live-
stock, wild mammals, wild birds and humans (Jones 2001). Wild birds such as geese
have been implicated in outbreaks of campylobacteriosis arising from water supply con-
tamination in Norway (Varslot et al. 1996, Colles et al. 2008) and similarly in northwest
England where mallard ducks were reported to be an important source of river contami-
nation (Obiri-Danso & Jones 1999). However, the role of wild birds in the causation of
human campylobacteriosis has not been well explained except for the above-mentioned

studies by Varslot et al. (1996), Obiri-Danso & Jones (1999).

2.2.3 Campylobacter spp. in pets

Pet ownership is a risk factor for zoonotic disease in humans, including campylobacterio-
sis (Skirrow & Benjamin 1980, Fernandez & Martin 1991, Damborg et al. 2004, Bender
et al. 2005). Cats and dogs, both healthy and sick pets with diarrhoea, are frequent carri-
ers of Campylobacter spp. (Moreno et al. 1993, Hald & Madsen 1997, Hald & Brondsted
2000, Gow et al. 2009). C. upsaliensis is the most frequently isolated species in cats and
dogs although C. jejuni, C. coli and C. helveticus account for a substantial proportion
of isolates (Stanley et al. 1992, Chaban et al. 2010). Carriage rates of Campylobacter
spp. in healthy dogs and those with diarrhoea presented to Norwegian veterinarians were
found to be 23% of 529 and 27% of 66, respectively. Carriage rates in cats ranged from
18% in 301 healthy cats and 16% in 31 cats with diarrhoea (Sandberg et al. 2002). No
major differences in the prevalence of Campylobacter spp. between cats and dogs with
and without diarrhoea were identified (Sandberg et al. 2002) which differs from findings
reported in other studies that claim that an association between disease status and carriage

of Campylobacter spp. exists (Nair et al. 1985, Burnens et al. 1992).

A prevalence study for Campylobacter spp. in cats and dogs was carried out in two ani-
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mal shelters in Ireland (Acke et al. 2009). Prevalence did not significantly vary between
healthy (87%) and diarrhoeic animals (86%) (Acke et al. 2009), while for both species
prevalence was higher in animals less than one year of age compared with adults. Studies
conducted in The Netherlands and Sweden identified simultaneous presence of multiple
species of Campylobacter from dogs (Engvall et al. 2003, Koene et al. 2004, Acke et al.
2010). The species richness and the prevalence of Campylobacter spp. in healthy and di-
arrhoeic dogs was evaluated in Saskatoon, Canada (Chaban et al. 2010). Campylobacter
spp. were detected in 56% (39 of 70) of healthy dogs and 97% (63 of 65) of diarrhoeic
dogs. In the assay for species detection, diarrhoeic samples were positive for 11 of 14
Campylobacter species. The prevalence of C. curvus, C. hyointestinalis and C. rectus
was constant between populations. In diarrhoeic dogs carriage rates for C.upsaliensis
(85%, 55 of 65), C. jejuni (46%, 30 of 65) and C. showae (28%, 18 of 65) were high com-
pared with healthy dogs where carriage rates for these species ranged between 6% and
7%. In contrast, C. coli was undetectable in the healthy dog population (0 of 70) whereas
it was relatively high (25%, 16 of 65) in dogs with diarrhoea.

2.3 Molecular epidemiology

Three major factors have been identified as obstacles in tracing the sources of campy-
lobacteriosis including the magnitude of the problem, pathways of infection and the pop-
ulation structure of Campylobacter spp. (Nachamkin & Blaser 2000, chap. 2). Sub-typing
every campylobacter strain is not possible due to the time and expense involved and also
due to the ubiquitous nature of the organism which comprises part of the normal intestinal

microflora of almost all terrestrial species (Nachamkin & Blaser 2000, chap. 2).

With the advent of modern genotyping techniques, studies on source attribution have been
carried out on foodborne campylobacteriosis cases. Since there is considerable genetic
variation within C. jejuni populations in different host species (McCarthy et al. 2007),
analytical epidemiological methods, such as case-control studies and risk assessments
have not been successful. The recent advancements in genotyping techniques and typing
schemes have been successfully employed to define host and host-associated infections
(Sheppard et al. 2009). Source attribution modeling has also been conducted by several

research groups (described below) and have provided detailed information on sources of
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Campylobacter with special emphasis on C. jejuni.

A systematic model-based approach developed using details of 1,231 cases of C. jejuni
infection in humans in Lancashire, England used multilocus sequence typing (MLST) to
infer the source of infection of each patient by comparison with 1,145 animal and envi-
ronmental C. jejuni isolates (Wilson et al. 2008). Wilson et al. (2008) found that the vast
majority of human cases were attributable to C. jejuni carried by livestock, particularly
poultry, as opposed to C. jejuni isolates from wild animals and the environment (Wilson
et al. 2008). A longitudinal study conducted from 2005 to 2008 in the Manawatu re-
gion of New Zealand developed a source attribution model using C. jejuni as a prototype
and MLST as a primary typing tool. In that study the majority of human clinical cases
were attributable to poultry (French 2008, NZFSA 2008, Mullner et al. 2009), followed
by cattle and sheep with a relatively small contribution from wild birds and water. The
genotypes (also known as sequence types, STs) that are found in water as well as other
environmental sources (ST-45, ST-137, ST- 583) have been reported from human clinical
cases in New Zealand and in other developed countries. Amongst the STs, ST-45 was the
most widely identified genotype among human cases and ST-137 and ST-177 that were
isolated from water and wild birds have also been isolated from sporadic cases in humans

globally.?

Sheppard et al. (2009) surveyed 15 health board regions in Scotland, to identify sources
of confirmed human campylobacteriosis cases. This survey was conducted using MLST
data collected for a period of 15 months from mid July 2005 through to mid October
2006. MLST genotypes of confirmed human clinical cases found that chickens were the
dominant source for the majority of human cases followed by cattle and sheep, with the
contribution from wild birds and the environment being relatively low. Sheppard et al.
(2007) compared 379 human isolates in the United Kingdom with chicken and bovid iso-
lates in an effort to determine the sources of human infection. The clonal complex ST-61
which is predominant in cattle was very rare in poultry and was uncommon among hu-
man isolates. ST-443, ST-574 and ST-353 complexes were found in poultry and in human
clinical cases but not in bovine samples. In the United Kingdom Sopwith et al. (2006)
studied the seasonality of campylobacteriosis using MLST techniques. These authors

found that recovery rates of ST-45 and ST-21 increased whenever there was an increase in

2URL: (http://pubmlst.org/Campylobacter)
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the number of human campylobacter cases. McCarthy et al. (2007), in a study comparing
genotypes of C. jejuni recovered from chickens and cattle throughout the United Kingdom
before 1997 and from 1998 to 2003 found a strong association between genotype and host
species. In contrast, the number and composition of genotypes was not consistent over

time and space.

Amplified fragment length polymorphism (AFLP) was used in a case report that investi-
gated C. jejuni neonatal infection in a 3 week old girl with diarrhoea in The Netherlands
(Wolfs et al. 2001). This confirmed the acquisition of C. jejuni from a newly arrived
puppy. C. jejuni isolates from cats and dogs were sub-typed by fla and pulsed-field gel
electrophoresis (PFGE) typing techniques in Ireland (Acke et al. 2010). A link between
the isolates of C. jejuni in cats and dogs that shared a common environment was ruled out
by the PFGE patterns which, in turn, indicating the possibility of interspecies transmission

(Acke et al. 2010).

The number of studies using molecular epidemiological techniques has steadily increased
since enzymatic, electrophoretic and other modern analytical and typing techniques have
become widespread. Even though there has been enormous growth in the use of these
methods in developed countries they are still in their infancy in developing countries
(WHO 2000a,b). The real value of these techniques and their application will only be
appreciated when they are able to be extended across countries and sources to better re-
flect the biology of Campylobacter spp. With the migration of people from one country
to another, the generalisation of the techniques and the database would aid in better un-
derstanding of evolution of Campylobacter spp. and the gene flow from one region to

another.

2.4 Typing techniques

Classification of bacterial strains at the species or subspecies level are generally known
as bacterial typing or subtyping systems. The main purposes of bacterial subtyping are to
evaluate taxonomy, define phylogenetic relationships, examine evolutionary mechanisms
and to conduct epidemiological investigations (van Belkum et al. 2001). A plethora of
typing techniques have been developed over recent years and can be broadly classified

into two major categories: phenotyping and genotyping. Typing of infectious pathogens
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was initially done based on phenotypic characteristics such as growth, morphology, bio-
chemical, serological and functional properties. Genotyping came into existence with
the advent of restriction enzymes, electrophoretic techniques and DNA sequencing (Riley
2004). Each one of these techniques has its own advantages and disadvantages and no
single technique has been declared as universally acceptable and applicable (Sails et al.
2003b). Efficacy and efficiency are the two major properties that any typing system should
possess to be adapted for further routine use (ECDC 2009). Efficacy of any typing tech-
nique can be assessed in terms of typeability, reproducibility, consistency and power of
discrimination. Efficiency reflects the expertise required, time consumed or rapidity of

the technique, flexibility and suitability to carry out a certain investigation (ECDC 2009).

Campylobacteriosis i1s most often sporadic in nature (WHO 2000a) and hence typing is
done for tracing the source of infection to characterise the strain of an outbreak and, in
some cases, for retrospective epidemiological investigations (Dingle et al. 2002). Typing
and characterisation of source strain are most important to assess the degree of public
health intervention required to design effective control measures at appropriate times.
There are many typing methods performed for Campylobacter spp. where some are de-
signed to identify the differences in their phenotypic characteristics whereas others are
applied to genetic diversity. The methods that are in current and widespread use (only)

are described in this review.

2.4.1 Phenotyping

Phenotyping of Campylobacter includes biotyping, serotyping and phage typing (Fitzger-
ald et al. 2001). Subtype or strain characterisation using phenotyping techniques becomes
difficult and often ambiguous due to various reasons such as the lack of specific antisera
when serotyping is employed; when there is unavailability of standard reagents; due to
the presence of cross-reactivity between strains; and because of the emergence of high
proportions of non-typeable strains (Jackson et al. 1996). Some of the widely used phe-

notyping techniques are described below.
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Biotyping

A biotyping scheme was first developed utilising 12 biochemical tests for Campylobac-
ter spp. that included growth at 28°C, hippurate analysis and resistotyping tests (using
antimicrobials or antibacterials) (Bolton et al. 1984). Generally the biotyping technique
assesses the ability of the organism to utilise biochemical substrates and to grow in a dif-
ficult environment, for example in the presence of an antibiotic (Klena 2001). Although
these methods are advantageous in terms of their ease of use, time, and interpretation,
the inferences drawn from these tests are found to be too general for subtyping Campy-
lobacter (Struelens & Members of European Study Group on Epidemiological Markers
(ESGEM) of the European Society for Clinical Microbiology & Infectious Diseases (ES-
CMID) 1996). The reproducibility and stability of these methods are not very good and
have low discriminatory power and hence are often used with serotyping to make the
scheme more useful (Sails et al. 2003b). However, antibiotic sensitivity testing (or an-
tibacterial resistance testing) has outgrown other biotyping techniques in recent years and

has been established as a ideal typing tool in its own right.

Antibiotic resistance typing is often referred to as resistotyping. This involves testing
an organism to examine its sensitivity or resistance to selected antibiotics (Klena 2001).
The organism that shows resistance to antibiotics are known as resistotypes determined
using agar dilution (Bolton et al. 1984, Huysmans & Turnidge 1997) or disc diffusion
methods (Lior 1984). This is a component of biotyping that measures the phenotypic trait
expressed by the organism for which there may be numerous reasons such as a mutation
in a gene that codes for antibiotic sensitivity or resistance. For example, mutations in the
Campylobacter gyrA gene have been shown to confer antibiotic resistance (Nachamkin

& Blaser 2000, chap. 2).

A cross-sectional study was conducted in Nebraska, United Sates of America to determine
the microbial profile and antibiotic susceptibility for Campylobacter spp. (Sanchez et al.
2002). This study evaluated the effect of immersion chilling and air chilling on micro-
bial load on post-processed chicken carcases and found that immersion-chilled broilers
had a higher incidence of Campylobacter spp. resistance to nalidixic acid (NAL) and
other related fluoroquinolones, compared with isolates from air-chilled broilers. Similar

studies on antibacterial and antimicrobial profiles have been conducted in various coun-
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tries such as The Netherlands (Oza et al. 2003), United Sates of America (Luangtongkum
et al. 2007), Trinidad (Rodrigo et al. 2007), India and Iran (Baserisalehi et al. 2007) and
Ethiopia (Dadi & Asrat 2009).

The most frequent pattern of antibiotic resistance, multi-drug resistance (MDR) in Campy-
lobacter spp. from imported chicken and human clinical cases was determined in a cross-
sectional study conducted in South Korea (Ku et al. 2011). Ku et al. (2011) found a
pattern of MDR resistance in Campylobacter spp. to four antimicrobials: ciprofloxacin,
nalidixic acid, ampicillin, and tetracycline. These findings indicate the extent of MDR
among Campylobacter spp. in Korea; it is plausible that similar patterns might also exist

in other countries.

Serotyping

Serotyping of Campylobacter was initially based on the heat stable antigens (O) first de-
scribed by Penner & Hennessy in 1980. This was later adopted as the gold standard
for typing Campylobacter beyond the species level (Penner & Hennessy 1980). Subse-
quently, there was another typing scheme developed by Lior et al. based on heat labile
antigens (Lior et al. 1982). Of these two schemes, the Penner typing scheme is the most
frequently used technique in laboratories worldwide and has undergone further develop-
ment with 66 different antisera being used for both C. jejuni and C. coli typing (McKay
et al. 2001). Although Penner serotyping was considered the gold standard, the exact na-
ture of the serotyping antigen was not known at the time the technique was first developed
(Moran & Penner 1999). Later it was discovered that the capsular polysaccharide (CPS)
was the contributory molecule for the serological reactions. Generally C. jejuni produces
two different polysaccharide molecules; high molecular weight lipo-polisaccharide (LPS)
and low molecular weight lipo-oligosaccharide (LOS) that contribute to the serological re-
actions (Moran & Penner 1999). Karyshev and his co-scientists discovered that genes in
the CPS region contain intragenic homopolymeric tracts, which are likely to render their
expression phase variable enabling rapid antigen variation of the capsular polysaccharide
(Frost et al. 1998, Karlyshev et al. 2000). Therefore the serological typing is thought
to suffer from limitations such as lack of discrimination and cross reactivity (Frost et al.
1998, Karlyshev et al. 2000). Often Penner serotyping is used in conjunction with other

methods due to its low discriminatory power and also due to the lack of antisera stan-
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dardisation. In these circumstances new serotypes remain untyped (Frost et al. 1998,

Wassenaar & Newell 2000).

Phage typing

Due to the low discriminatory power of serotyping, phagetyping was initially performed
to characterise C. jejuni and C. coli using 46 phage types (Grajewski et al. 1985, Khakhria
& Lior 1992). Phagetyping is often used as an adjunct to serotyping and about 76 defined
phage-types have been defined to date (Nachamkin & Blaser 2000, chap. 2). Briefly, the
technique ultilises a set of virulent phages on a bacterial host irrespective of any receptors
for attachment. If the phages are capable of attaching and infecting the bacterial hosts,
they lyse the bacterial cells producing a characteristic lytic pattern on the cultured petri
dishes, referred to as ‘plaques (Grajewski et al. 1985). A phage type is defined as two or
more epidemiologically unrelated isolates giving the same phage reaction pattern (Frost
et al. 1999, Nachamkin & Blaser 2000). Like serotyping, the usefulness of phagetyping
is also limited by the occurrence of non-typeable isolates and problems with cross reac-
tivity (Sails et al. 2003b). This technique is labour intensive and expensive rendering it

unsuitable for most clinical laboratories.

Multi-locus enzyme electrophoresis

Multilocus enzyme electrophoresis (MLEE) has been used as the standard typing tech-
nique for eukaryotic population genetic studies (Ayala 1976) and was subsequently adapted
to a variety of bacterial species to assess population diversity and the structure of bacterial
populations including C. jejuni (Selander et al. 1986). This technique exploits the relative
electrophoretic mobilities of a large number of water soluble cellular enzymes (Selander
et al. 1986). The rate of migration of a given protein in an electric field is dependent
on amino acid sequences. The mobility variants of an enzyme is then directly equated
with the alleles at the corresponding structural gene locus. Studies have shown that elec-
trophoresis can detect large proportions of amino acid substitutions, however some silent
substitutions may not be evident phenotypically and may not be discriminatory (Selander
et al. 1986). Multiple enzymes encoded by housekeeping genes are analysed simulta-

neously by MLEE (Maiden et al. 1998, Sails et al. 2003b). MLEE studies have been
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performed to determine the clonal framework of C. jejuni (Meinersmann et al. 2002).
This has provided insight into the nature of genome re-assortment and random exchange
of DNA segments that contribute to the genetic diversity of C. jejuni. A number of clonal
groups have also been reported within the C. jejuni population (Meinersmann et al. 2002).
MLEE has also been utilised to study the congruence between other typing schemes used
for C. jejuni (such as multilocus sequence typing [MLST] and pulse field gel electrophore-
sis [PFGE]) (Sails et al. 2003b). However, MLEE does suffer from a number of limita-
tions: (1) it examines the electrophoretic mobility of enzymes rather than indexing the
molecular source of variation and hence may not be comparable between laboratories;
(2) maintenance of live cultures may be time consuming and costly and mutations may
occur if isolates are subcultured or stored for long periods of time; (3) this technique is
time consuming, expensive and requires a high level of technical expertise (Sails et al.
2003b). All of these factors have rendered MLEE unsuitable for regular typing. MLEE
has been superseded by a nucleotide-based technique, MLST which essentially mimics

the MLEE’s multi loci principle.

2.4.2 Genotyping

Phenotypic traits form the basis of phenotyping while genes responsible for the production
of those phenotypic characters form the foundation for genotyping. Genotyping methods
measure differences in parts of the genome that are relatively stable (Wassenaar & Newell
2000). Detection of DNA variations to compare nucleotide sequences was not a practical
possibility until the immense progress in DNA-based technologies over the last decade
has made this technique more commonplace (Duim et al. 2000, 2003, Newell et al. 2000,
Dingle et al. 2005). Often the emergence of new genotyping technologies takes place as
a result of modification of an existing one (Duim et al. 2000). Most of them are com-
puter assisted which makes analysis, interpretation and data sharing between laboratories
easier (Duim et al. 2000). Even though various generations of technologies emerge (one
succeeding the other) highly reliable and sensitive techniques are of paramount impor-
tance and the techniques that become widely accepted form the central part of molecular
diagnostics (Duim et al. 2003). Molecular typing techniques are in two broad categories:
(1) macro-restriction mediated analyses, based on separation of restriction enzyme di-

gested nucleotide sequences; and (2) polymerase chain reaction (PCR) based assays, as
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described below.

2.4.3 Macro-restriction mediated analysis

With the advent of restriction enzymes in the late 1960s, the first cleavage-site-specific
restriction endonuclease (type Il restriction enzyme) from a Haemophilus influenzae strain
was discovered. This was shown to cleave DNA at specific sites (Smith & Wilcox 1970,
Danna & Nathans 1971) allowing a more robust typing system with these enzymes to be

developed (Ayala 1976).

Pulse field gel electrophoresis

Pulse field gel electrophoresis, also known as field alteration gel electrophoresis (FAGE)
or macrorestriction profiling was originally developed to separate yeast chromosomal
DNA (Carle & Olson 1984). This technique is an evolution of restriction enzyme anal-
ysis and gel electrophoresis that arose in response to difficulty in mobilising large DNA
molecules through agarose gels (Carle & Olson 1984, Dawkins 1989). The inability of
the large DNA molecules to move through agarose gel produced a zigzag movement of
the larger DNA molecules and this was overcome by pulsing the electrical fields to form
different orientations around the gel at given time intervals. This application eventually
solved the problem of getting a straight line passage of large DNA molecules (Dawkins
1989, Townsend & Dawkins 1993). PFGE employs rare cutting restriction enzymes that
digest the chromosomal DNA resulting in five to fifteen DNA fragments (ranging from 1
to 1000 kb pairs) depending on the chromosome and restriction enzymes used (Tenover
et al. 1995, Wassenaar et al. 1998). The resultant digested DNA is electrophoresed in
a pulse field within an agarose gel matrix to separate the fragments depending on size.
PFGE is considered the ‘gold standard’ for epidemiological investigations due to its enor-

mous discriminatory power (Sails et al. 2003b).

The reason this technique is unsuitable as a tool for routine use during outbreak investi-
gations is due to its sensitivity to small amounts of nucleotide variations which eventually
results in more complex restriction patterns (Sails et al. 2003b, Wassenaar et al. 1998). As
a result the true relationship between strains can become obscure (Sails et al. 2003b). A

similar finding was reported by de Boer et al. in The Netherlands in 2002. These authors
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found that PFGE was not able to determine the genetic relatedness among the labora-
tory induced recombinant C. jejuni strains (de Boer et al. 2002). Similarly, a water-borne
outbreak of C. jejuni in Canada was investigated using PFGE. This resulted in different
banding patterns as there was an insertion of a 40 kb MU-like prophage (Barton et al.
2007). In addition, PFGE involves cumbersome procedures and it is highly time consum-
ing to cast an agarose gel and, in some instances, deactivation of the DNAases is essential
to get proper DNA digestion (Gibson et al. 1994). The Centers for Disease Control and
Prevention in the United Sates of America introduced an initiative called PulseNet® to
overcome the shortcomings of PFGE such as protocol differences and interlaboratory pro-
file comparisons. Even then, due to uncompromising protocols that are labour intensive
and requiring a high level of expertise, this technique has not been widely adopted in most
countries (Sails et al. 2003b). However, PulseNet has been using PFGE extensively for
characterising other bacterial species such as E. coli:O157, Shigella, Listeria as well as
Campylobacter (Swaminathan et al. 2001). Despite these pitfalls PFGE remains a pow-
erful tool to detect micro-evolution in bacterial species that may be indistinguishable by
MLST or MLEE (Swaminathan et al. 2001). PFGE has been extensively used in genetic
and epidemiological investigations of C. jejuni and C. coli. PFGE has also been applied
in various fields including genomic mapping and sizing, exploration of diversity in spo-
radic infections, population structure studies and determination of the source of infection

(Taylor et al. 1992, Owen et al. 1985, Petersen et al. 2001, Slader et al. 2002)

2.4.4 Polymerase chain reaction based assays
Polymerase chain reaction

The polymerase chain reaction (PCR) has certainly revolutionised molecular epidemio-
logical studies with its versatility and ability to detect the presence or absence of an organ-
ism by detecting a gene of interest unique to the particular organism of interest (Oyarzabal
et al. 1997). PCR is widely used to distinguish between isolates while it does not require
an isolate to be cultured in pure or even to be a live culture (Wilson et al. 1990, Sails et al.
1998). Monoplex PCR assays were widely used for detection and differential diagnosis

of Campylobacter spp. (Stucki et al. 1995, Linton et al. 1997). It has been replaced by

SURL:(http://www.cdc.gov/)
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multiplex PCR assays which are used for simultaneous differentiation of Campylobacter
spp. (Asakura et al. 2008, Yamazaki-Matsune et al. 2007). Apart from PCR being used
as a diagnostic tool itself, most of the gentoyping techniques are PCR based which are
simple, rapid and cost effective (Asakura et al. 2008). PCR methods also possess certain
limitations such as reproducibility (in some instances) and inconsistencies in amplifica-
tion which may be attributed to technical problems in the thermal cyclers such as ramp
speed, cooling temperatures, maintenance of uniform temperature in the heating blocks,
cycling conditions and biological issues such as purity of the target DNA, reagents and

salt concentrations in the reaction mix.

Random amplified polymorphic DNA

This is a PCR-based molecular finger printing technique known as RAPD-PCR. RAPD-
PCR employs arbitrary random primers that are ~ 10 mer in length that bind to several
regions over the chromosome generating random numbers of amplicons depending upon
the source of DNA (Park & Kohel 1994, Meinersmann et al. 2002). The technique can be
optimised to control the number of amplicons produced, by standardising the magnesium
chloride concentration and annealing temperature to achieve more consistent results (Park
& Kohel 1994). RAPD-PCR has been successfully employed for the characterisation of
C. jejuni isolates from GBS and Miller-Fisher syndrome (MFS) patients (Hernandez et al.
1995, Endtz et al. 2000). This technique does not require a prior knowledge of the target
DNA sequence as the random primers browse through the whole genome to generate
amplified fragments from the target DNA. This provides good discriminatory power as
well as making the technique cheaper and faster than PFGE (Meinersmann et al. 2002,
Nielsen et al. 20006).

Despite the above-mentioned advantages, RAPD has certain limitations such as lack of
standardisation, interlaboratory differences and difficulties in profile interpretations espe-
cially when they become complex and if the bands were weak. Moreover, techniques that
are dependent on the electrophoretic banding patterns do not provide any information on
the molecular variations or relatedness between strains (Leonard et al. 2003). Due to lack
of consistency and discrepancies in laboratory protocols, RAPD has not been successfully

used as a routine genotyping tool (Meunier & Grimont 1993).
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Amplified length polymorphism

AFLP involves digestion of DNA with restriction enzymes and subsequent amplifica-
tion to generate desired DNA products. Generally, two restriction enzymes are used to
digest the target DNA and the restriction sites are ligated to specific adapters, where
adapters provide the binding sites for primers and the DNA is subsequently PCR am-
plified. Primers are designed with fluorescent labels and are generally a few nucleotides
longer extending beyond the restriction sites for hybridisation (Vos et al. 1995, Duim
et al. 2000). AFLP has also been automated for the purpose of frequent usage as an epi-
demiological investigation tool in which an automated fluorescent DNA seququencer is
used to deduce the nucleotide sequences (Vos et al. 1995). About 50 — 100 bands are
generated under stringent PCR conditions which are discrimated based on the length of
sequences. With the advent of automated sequencers, this technique has proven to be a
high throughput tool for epidemiological investigations for C. jejuni and other bacterial
species (Harrington et al. 1997). Although PFGE, RAPD and AFLP provide comparable
levels of discrimination covering the entire genome, the exact basis of variation between
strains still remains unclear. The complexity of the technique and equipment expenses
have limited the application of the technique as a routine epidemiological tool (Newell

et al. 2000).

Flagellin typing

Campylobacter has one or two polar flagella which impart motility and are one of the
major immuno-dominant antigens (Wenman et al. 1985). Cloning analysis of the flagellar
locus showed that the flagella are composed of many structural flagellin protein subunits
encoded by highly homologous flagellin genes, the flaA and flaB which are separated by
approximately 170 nucleotides (Logan et al. 1989, Guerry et al. 1990). The flaA and the
flaB genes exhibit 92% homology and exhibit approximately 95% nucleotide variation
among various isolates. This has provided the basis for the formation of the flagellin

typing schemes

Because of the presence of both a short variable and a highly conserved region, standard-
isation of the flagellin typing technique is difficult. This means that flagellin type patterns

using RFLP technique can be ambiguous and difficult to interpret. To overcome this, an
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exclusive short variable region typing (SVR) scheme was developed based on sequencing
(Wassenaar & Newell 2000). This was found to be useful in differentiating an outbreak
strain from a sporadic strain when used in combination with MLST (Fitzgerald et al.
2001). In contrast, as a single typing technique, SVR cannot distinguish between C. je-
Juni and C. coli, because of the gene pools that are shared by these two species (Fitzgerald
et al. 2001, Dingle et al. 2005). The level of discrimination for flaA SVR typing is greater
than serotyping, but less than PFGE (Ribot et al. 2001) and it is often used in combination
with other typing techniques mostly MLST (Dingle et al. 2005).

Real-time PCR assays and single nucleotide polymorphism profiling

In most instances single nucleotide polymorphism profiling (SNP) assays involve real-
time PCR as part of the assay and, for this reason, these two typing techniques are being

reviewed together.

A real-time PCR involves continuous monitoring of reactions, generally assisted by a
computer attached to the thermal cycler (Higuchi et al. 1992). Monoplex real-time PCRs
are generally used to detect Campylobacter spp. whereas multiplex real-time PCRs are
used to differentiate between species. Monoplex and multiplex PCRs have been applied
to detect and differentiate species of Campylobacter from chickens, cattle, milk, pets,
environmental water and wild mammals (gorillas) (Sails et al. 2003a, Yang et al. 2003,
Rudi et al. 2004, Lund et al. 2004, Bonjoch et al. 2010, Whittier et al. 2010). SNP profiling
was developed for bacterial characterisation, which identifies single nucleotide variations
or polymorphisms for strain comparison (Robertson et al. 2004). Most of the SNP-based
studies for Campylobacter spp. have used comparative sequence data that were generated
from MLST datasets to identify informative nucleotide polymorphisms (Robertson et al.

2004, Rudi et al. 2006).

A real-time tagman allelic discrimination assay was developed by Best et al. (2005) to de-
lineate six major clonal complexes from MLST data available in the PubMLST database.
These authors used the combined information from the alleles of six major clonal com-
plexes (ST-21, ST-45, ST-48, ST-61, ST-206 and ST-257) to identify informative SNPs
to detect the clonal complexes. Similarly, a bioinformatics-driven SNP genotyping assay

using real-time PCR for C. jejuni and C. coli was developed and SNPs were identified
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using the ‘Minimum SNPs’ software (Price et al. 2006) and the ‘Minimum SNPs’ soft-
ware was updated as a part of this study. In this study 153 C. jejuni isolates were analysed
using MLST, flaA, and real time PCR. The discriminatory power of SNP typing, MLST
and flaA was 92%, 93% and 85%, respectively. When MLST was combined with flaA
and SNP combined with flaA the discriminatory power for each method was 95%. Chan
et al. (2008) used SNP and MLST to identify the presence of a hybrid aspA allele in a C.

coli strain from a turkey that was shown to be derived from C. jejuni.

The emergence of new genotypes and the increasing availability of MLST data* means
that the number of genotypes is constantly changing and increasing. Therefore, new ana-
lytical and data mining techniques are essential to make use of these vast data sources in

developing a suitable SNP-real-time PCR package for routine use.

Clustered regularly interspaced short palindromic repeats

Numerous prokaryotic genomes contain structures known as clustered, regularly inter-
spaced short palindromic repeats (CRISPRs). These are composed of 25 - 50 bp repeats
separated by unique sequence spacers of similar length (Bolotin et al. 2005). CRISPR
loci show a high level of polymorphism in different species of bacteria. CRISPRs have
been exploited as a means for identifying clinical isolates of Mycobacterium tuberculosis,
Streptococcus pyogenes and C. jejuni (Kamerbeek et al. 1997, Hoe et al. 1999, Schouls
et al. 2003). These repeats are detected in the fully sequenced genomes of C. jejuni
NCTC11168 and C. jejuni RM1221 (Fouts et al. 2005). These repeats are highly con-
served within a species while they vary between species (Bolotin et al. 2005). Due to the
large number of strains that are not able to be typed, this technique has not been used
for regular bacterial species characterisation (Schouls et al. 2003), however it has been
adopted for this purpose in some situations (for example routine typing of Streptococcus

spp., (Horvath et al. 2008)).

DNA microarrays

DNA microarray is an intensive comparative genomic typing method which involves

DNA-DNA hybridisation. It has provided considerable insights into intraspecies genetic

4URL: (http://pubmlst.org/Campylobacter)
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diversity of many pathogens (Pearson et al. 2003, Taboada et al. 2005). This method
measures the overall genetic relatedness between two isolates or strains by denaturing
the query DNA and hybridising it with the known set of standard reference strains (Klena
2001). There are two basic methodologies involved in this technique: one based on cDNA
expression arrays and the other on comparative genome (CGH) hybridisation arrays. The
former is applied for whole genome characterisation and the latter is used for genotyping
(Dorrell et al. 2001, Taboada et al. 2004). DNA microarrays are efficient tools for analysis
of highly divergent and more conserved classes of genes among genomes (Leonard et al.
2003). Because this method targets genes more specifically, it can detect genomic differ-
ences in greater detail compared with other genotyping methods (Leonard et al. 2003).
A comparative phylogenetic analysis of C. jejuni was carried out among whole genomes
using microarrays where two different clades of C. jejuni were identified (Champion et al.
2005). Even though this technique is highly discriminatory at the whole genome level, it
is not able to identify subtle mutations or nucleotide variations among C. jejuni isolates
that occur due to evolutionary forces (Leonard et al. 2003). Therefore, this technique re-
sides under a special category of genotyping methods that require specialised laboratory

equipment and expertise (Klena 2001).

2.4.5 Multilocus sequence typing

MLST was first developed in 1991, and the technique uses comparative DNA sequencing
of conserved housekeeping genes to characterise organisms (Maiden et al. 1998). House-
keeping genes are essential in the process of cellular metabolism of any life form. They
are present in the core genome of all strains and encode proteins that are under stable
selection for conservation of metabolic function (Maiden et al. 1998). In MLST, stretches
of nucleotide sequences of approximately 400 — 600 bp from seven loci from a complete
genome are chosen for analysis. The length of nucleotide sequences are chosen to give
a reliable single run on automated sequencing instruments. MLST employs a universal
nomenclature scheme for storing and interpreting nucleotide sequence data. Each allele
fragment is assigned a unique number in the order of discovery. For example aspA-1
would be the first unique MLST allele identified for aspA locus (Maiden 2006). For
each locus, distinct allelic sequences are assigned with allelic numbers and each isolate is

therefore designated with seven numbers constituting an allelic profile which, in turn, is
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given a sequence type (ST) or genotypic number. The isolates that share at least four alle-
les in common are grouped under a common central genotype, referred to as the founder

ST or the known central ancestor, the clonal complex genotype.

MLST is reported to provide discrimination equivalent to 15 to 20 loci as examined by
other techniques, such as MLEE (Dingle et al. 2005). An MLST system for C. jejuni
was developed by Dingle et al. (2001) and is increasingly used in epidemiological studies
(Manning et al. 2003, Clark et al. 2005) and population structure analysis of Campylobac-
ter spp. The housekeeping genes for Campyloabcter spp. were chosen based on criteria
such as chromosomal location, where the minimum distance was 70 kb between each
gene, suitability to primer design and sequence diversity in the pilot studies employed by
Dingle et al. (2001). A key advantage of MLST is that it can be used for population ge-
netic studies as well as a typing tool for molecular epidemiological investigations (Maiden

2006).

Table 2.3 shows the housekeeping genes that were selected from the whole genome se-
quence available in the Genbank database (Parkhill et al. 2000) for the C. jejuni MLST
scheme. Figure 2.2 shows the location of the seven housekeeping genes used for MLST
on a circular genome of C. jejuni. The genome size of C. jejuni is 1.6 mega base pairs

(mbp) and the locations of genes are dispersed around the genome.

Table 2.3: Genes and gene positions used in a MLST typing scheme for C. jejuni.

Genes Name Function Gene positions ¢
aspA Aspartase Amino acid metabolism 96074...97480
glnA Glutamine synthetase Amino acid metabolism 658331...656901
gltA Citrate synthase Tri carboxylic acid cycle 1605251. . .1603983
glyA Serine hydroxy methyl transferase Energy metabolism 367219...368463
glmM* Phospho glucosamine mutase Amino acid metabolism 327143...328480
tkt Transketolase Energy metabolism 1569190. . .1571088
atpAluncA ATP synthase a subunit Energy metabolism 111488...112993

@ Adapted from C. jejuni NCTC 11168 (Parkhill et al. 2000).
*:The glmM gene is still known as pgm as originally developed by Dingle et al. (2001).
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Figure 2.2: Circular genome of C. jejuni that shows the location of seven housekeeping genes on

the chromosome
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The detection of outbreaks of gastrointestinal disease caused by C. jejuni has been facili-
tated by the use of MLST. Several reports are available on the use of MLST as an investi-
gation tool (Dingle et al. 2002, Sails et al. 2003b, Urwin & Maiden 2003, McTavish et al.
2008). An important component of the MLST approach is the availability of databases
(e.g. PubMLST) for use by public health and research communities. In turn researchers
can submit the results of their findings to these databases (Maiden 2006). The following
reports are examples that have utilised C. jejuni MLST for epidemiological investigation.
Sails et al. (2003b) utilised MLST, PFGE and flagellin A gene typing in the investigation
of a human campylobacteriosis outbreak in the United Sates of America. They investi-
gated 47 isolates from 12 different outbreaks and analysed the STs that were associated
with more than one outbreak. Similarly, MLST has been used to resolve a controversy re-
lated to the source of infection in Lancashire, England (Wilson et al. 2008). In this study
Wilson et al. (2008) compared 1,145 animal and environmental C. jejuni isolates with
1,231 human C. jejuni isolates. They found that 20% of the animal STs accounted for
80% of human disease with ST-21 and ST-61 being the most frequent isolated genotypes.
Sheppard et al. (2009) surveyed 5,247 clinical isolates from 28 diagnostic laboratories in
15 health boards in Scotland, from July 2005 to September 2006 using MLST to deter-
mine sources of human infection. The authors carried out a population structure analysis

and found that ST-257 and ST-61 were more common in chickens and cattle, respectively.

In New Zealand, French (2008) compared the epidemiology of ruminant and poultry as-
sociated human cases of C. jejuni by performing a case-case comparison. Spatial and
temporal attributes were compared among the two case groups, that is humans infected
with poultry isolates versus humans infected with cattle isolated. In this study of 56 STs
from 521 human samples they found ST-474 to be the dominant strain which was strongly
associated with poultry. Similarly, Mullner et al. (2009) combined MLST and a modified
Hald mathematical model to quantify the relative contribution of potential sources (poul-
try, cattle, sheep and environmental water) to human campybacteriosis identified in the
Manawatu region of New Zealand. They inferred that the ruminant associated cases were
most likely from environmental and occupational exposures rather than foodborne expo-

sures (Mullner et al. 2009).

McCarthy & Giesecke (2001), McCarthy et al. (2007) employed MLST to analyse the

host-association of C. jejuni genotypes between isolates obtained from chickens and cattle
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and found that host association is stronger than temporal or geographic effects. Similarly,
the natural populations of C. jejuni were examined by French et al. (2005) in a farmland
ecosystem in the United Kingdom. They examined 172 isolates, and obtained 65 different
sequence types (ST). There was an over representation of the ST-61 complex in the cattle
isolates and the isolates from wildlife and water mostly belonged to the ST-45 complex.
A cross-sectional study of C. jejuni populations in the same 100 km? area in Cheshire in
the United Kingdom, characterised 327 C. jejuni isolates from cattle, wildlife and envi-
ronmental sources using MLST (Kwan et al. 2008). Kwan et al. (2008) identified 91 STs
and 18 clonal complexes (CC), with most of them belonging to ST-21, ST-45 and ST-61
complexes. These CCs have been shown to be frequently associated with human disease
worldwide (Kwan et al. 2008, French et al. 2009a). In addition, Kwan et al. (2008) found
that ST-21 and ST-61 were significantly associated with cattle and ST-45, ST-952 and

ST-677 were associated with wild birds, wild rabbits and environmental water.

The population structure of C. jejuni in wild birds was studied by Colles et al. (2008) in
Oxfordshire in the United Kingdom. This study was carried out between August 2002 and
February 2003 within a mixed population of geese, starlings, lambs and free range chick-
ens in the same farm ecosystem. A total of 331 faecal samples from geese, 954 samples
from starlings and 975 samples from free range chickens were collected and compared
with 540 C. jejuni human clinical isolates using MLST. Colles et al. (2008) found that
CC-21 and CC-45 were the most abundant clonal complexes present in geese. These
CCs were also shared by starlings and free range chickens. On a clonal frame tree (Prim
1957), isolates from geese and starlings formed separate clusters, and isolates from geese
and chickens were closely related. This, in turn, was interpreted by the authors to mean
that geese were a source of infection for poultry. In addition Colles et al. (2008) found
that the geese genotypes were not monopyletic (not phylogenetically isolated) and shared
common ancestors with genotypes from chickens and starlings. The authors, in addition,
suggested that sequence data from more loci would need to be examined to provide a
greater level of discrimination. Another serial cross-sectional survey was carried out in a
wild bird population comprised of 2,084 individual birds (Hughes et al. 2009). Hughes
et al. (2009) found that wild birds can carry both livestock and poultry associated geno-
types (ST-42, ST-48 and ST-45) as well as novel genotypes (ST-3001, ST-3002, ST-3003,
ST-3274, ST-3275 and ST-3276). Because of the apparent absence of unique C. jejuni
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STs of wild birds in the livestock included in this study, Hughes et al. (2009) suggested
that the direction of infection is from livestock to wild birds. In addition, the identifica-
tion of unique STs in wild birds in this study was indicative of genetic recombination in
vivo (Hughes et al. 2009). A longitudinal study was conducted in New Zealand to assess
the potential risk of wild bird faecal contamination in children play areas using MLST
(French et al. 2009a). This study was conducted between November 2004 and February
2005 where, one-half of the isolates recovered from wild bird faecal material belonged
to ST-45, a genotype associated with many species of animals and human disease. The
authors raised a possibility that the genotypes ST-177 and ST-682 isolated in this study
might have originated from European birds during their introduction to New Zealand in

the 19th century from the United Kingdom.

2.4.6 Whole genome sequencing

Despite the existence of numerous new generation genotyping techniques for C. jejuni,
the molecular mechanisms for the pathogenesis, adaptation and the pattern of evolution
still remains unclear (Fraser et al. 2009). Studies on bacterial population genetics have
provided information on different genotypes found in different host species and popu-
lation structures. However, analysis of genomes for single species or genera provides
opportunities to better understand the details of evolution and adaptation (Rocha 2008).
As bacteria can recombine within and between species and sometimes across kingdoms,
molecular evolution in a given species can take place through recombination, horizontal
gene transfer, mutation, deletion and duplication. This results in re-assortment of variants
in an existing natural population (Lederberg & Tatum 1946, Heinemann & Sprague 1989,
Rocha 2008). The potential of bacteria to transfer genes across species and/or kingdoms
results in every individual gene potentially posing a different phylogenetic history (Rocha
2008). The genes that form the central part of a genome, the ‘core genes’, have been
identified to provide significant phylogenetic signals about the inter-species and intra-
species phylogenies (Rocha 2008). It is important and fundamental to study the patterns
of individual genes in order to trace the history of cellular lineages which, in turn, frame

evolutionary studies (Rocha 2008).

Chromosomal DNA and plasmid transformation in C. jejuni and C. coli were documented
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under laboratory conditions using shuttle vectors to prove the natural competency of
Campylobacter spp. (Wang & Taylor 1990). Subsequently, C. jejuni population diver-
sity has also been demonstrated using a large number of MLST datasets from various
host species. It has been demonstrated that the gene pools in different genotypes are over-
lapping in different host species (Dingle et al. 2001, Colles et al. 2003, Miller et al. 2006,
McCarthy et al. 2007, Colles et al. 2008, Kwan et al. 2008, Wilson et al. 2008, Carter
et al. 2009, Mullner et al. 2009), which in turn demonstrates the recombination potential
of C. jejuni. Apart from MLST housekeeping genes, DNA uptake through homologous
recombination has also been documented in virulence associated flagellin genes (Nuijten
et al. 1990, Wassenaar et al. 1995) and the resistance gene (tetO gene) that confers tetra-
cycline resistance in vivo in a study involving chickens (Avrain et al. 2004). Even though
Campylobacter spp. is a highly recombining bacterial species, it has been reviewed that
even highly recombining prokaryotic populations show identifiable patterns of phyloge-
netic relatedness (Spratt 2004). This observation has proven to be true in C. jejuni from
a clonal context, which in turn, allows host associations to be identified. However, there
may be several unprecedent diversities when isolates are looked at from a whole genome

perspective (Section 2.4.4).

To date several Campylobacter® genomes from different species have been sequenced and
details of twelve C. jejuni genomes that were available at the time of writing this thesis
are provided in Table 2.4. Each one of the isolates has several characteristic features that
differentiate them. For example, the genome of C. jejuni NCTC 11168 is devoid of any
insertions, plasmids or transposons and this is a distinctive feature of this strain (Parkhill
et al. 2000). In contrast a unique feature of the C. jejuni 81116 (NCTC11828) genome is
the duplication of a 6.5 kb region which is not present in the genome sequences of C. jejuni
strains NCTC11168 (Parkhill et al. 2000) and RM 1221 (Parker et al. 2006). The genome
of C. jejuni RM1221 is composed of 94% coding sequence (Fouts et al. 2005) and contains
four genomic islands designated as CJIES i.e. Campylobacter jejuni-integrated elements
and smaller gene clusters disrupting the whole genome (Fouts et al. 2005). The genome
of C. jejuni 81-176 chromosome is almost a closed genome with only two remaining gaps
located within highly repetitive regions (Hofreuter et al. 2006). C. jejuni 81-176 carries

two large plasmids named pVir and p7Tet (Bacon et al. 2002, Batchelor et al. 2004).

SURL:(http://www.ncbi.nlm.nih.gov/genbank/)
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Genome plasticity and housekeeping genes

Housekeeping genes are those genes that are critical for cellular maintenance encoding
proteins involved in metabolic pathways (Rivera et al. 1998). The genes encoding for
metabolic pathways, cell wall components and ribosomal elements make up the vast ma-
jority of housekeeping genes (Riley 1993, Rivera et al. 1998). Since they are part of the
core genome present in all strains, they are often used in population biology and to study
the phylogenetic relationships between various species and subspecies of bacteria (Ma-
hadevappa & Warrington 2002). The lineages of genes are broadly classified into informa-
tional and operational genes based on ‘the complexity hypothesis’ formulated by Rivera
et al. (1998), Jain et al. (1999). The informational genes include genes of translation (T),
transcription (S), and replication (R) and also the ATPases, GTPases (G) and tRNA syn-
thetases. Operational genes are those involved in cell operations such as amino acid syn-
thesis (A), biosynthesis of co-factors (B), cell envelope proteins (C), energy metabolism
(E), intermediary metabolism (I), fatty acid and phospholipid biosynthesis (L), nucleotide
biosynthesis (N), and regulatory genes (Z). Genes involved in transcription, translation
and replication are grouped into a larger complex on the basis of their larger assemblies
of gene products. Operational genes belong to the smaller complex, as they produce
smaller assemblies of gene products (Coenye & Vandamme 2005). The operational genes
are the most modular genes in the cells that are inclined to be horizontally transfered or
recombined most often (Jain et al. 1999, Ma & Zeng 2004, Coenye & Vandamme 2005,
Schumann 2005). However, the classification of genes and their lineages still remain

unclear.

Genes involved in DNA repair, recombination and nucleotide metabolism pathways are
some of the important key machineries of the genetic information processes in bacteria.®
These machineries play a dual role of maintaining the genetic stability of an organism
as well as in repairing the DNA lesions (Cann & Ishino 1999, Paques & Haber 1999,
Zhou & Elledge 2000, Singh et al. 2010). These repair mechanisms take the advantage of
incorporating DNA sequences or nucleotides from related (homologous) and sometimes
unrelated (non-homologous) bacterial species to correct DNA damage (Schumann 2005).
Metabolic housekeeping genes and DNA repair genes are therefore always vulnerable for

nucleotide change (Coenye & Vandamme 2005) and such changes enable the bacteria to

SURL:(http://www.genome. jp/dbget-bin/www_bget 2ko+K03495)
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adapt to a new environment thus producing population diversity in accordance with the
environment in which they are present. Metabolic housekeeping genes and DNA repair
genes are under stringent purifying selection, but, the polymorphic regions or sites within
the genes that provide selective advantages operate under positive selective pressure. For
example, the DNA repair gene (this genes is also used in the MLST scheme for typing)
whose nucleotide mutation is reported to be under advantageous positive selection in C.
jejuni is gyrA (Snyder & Champness 1997, Han et al. 2008). The gyrA gene encodes for
a DNA gyrase that is involved in DNA replication and DNA repair mechanisms, while a
mutation at the 86th codon, confers fluoroquinolone resistance (Han et al. 2008). The im-
pact of recombination (homologous, non-homologous or illegitimate), mutation and HGT
has been shown to be enormous for the creation of microbial genome plasticity which, in
turn, leads to evolution of microorganisms (Feil et al. 2001, Spratt et al. 2001, Hanage
et al. 2005, Fraser et al. 2007, 2009). However, the rate of recombination may differ
greatly amongst different bacterial species. While some species recombine more fre-
quently to have multiple recombinational events than mutations that render them weakly
clonal, in other species it appears to be a rare incident that leads to distinct clonal lineages

(Spratt et al. 2001, Hanage et al. 2005, 2006, Fraser et al. 2007).

C. jejuni is a rapidly evolving species which is highly influenced by HGT and recombina-
tion (Sheppard et al. 2008, Duong & Konkel 2009). The MLST scheme for Campylobac-
ter spp. demonstrated the massive evolutionary and recombination potential of C. jejuni
(Dingle et al. 2001, 2005). The adaptational capacity of C. jejuni to different niches and
the acquisition of definitive host signatures has been demonstrated in previous studies in
greater detail using MLST datasets (Colles et al. 2003, McCarthy et al. 2007, Colles et al.
2008, 2009, Sheppard et al. 2009, 2011). Moreover, the antigenic genes of C. jejuni (the
flaA, flaB and porA) have asp been shown to undergo frequent recombination and most
often are considered alongside the MLST housekeeping genes to provide a high discrim-
inatory ten locus typing system (Meinersmann et al. 1997, Meinersmann & Hiett 2000,

Meinersmann et al. 2002, Dingle et al. 2008, Cody et al. 2009).

Generally, whole genome phylogenetic comparisons have been made and the ancestry
of individual organisms have been examined (Dorrell et al. 2001, Coenye & Vandamme
2005, Pearson et al. 2003, Carrillo et al. 2004, Ma & Zeng 2004, Gressmann et al. 2005).

Individual gene analyses to determine individual gene ancestry within an organism have
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not been carried out to date. The cumbersome DNA sequencing processes, DNA library
construction, contig analysis, time, and expertise required present constraints to achiev-
ing this objective. Whole genome analyses, by comparison, are more straightforward and
have become more convenient with the advent of high throughput sequencing technolo-

gies.

Next generation sequencing — The Solexa

Determination of DNA sequences came into existence in 1977 through an invention by
Sanger & Coulson (1975). This transformed biology by providing a tool for deciphering
genes and whole genomes. A related method involving radioisotopes for DNA sequenc-
ing was developed in the same year by Maxam & Gilbert (1977). In contrast to the
Maxam1977 method the Sanger & Coulson method and its subsequent improvements do
not use radioisotopes or toxic chemicals. This has rendered this technique an extremely
useful tool for DNA-based research (Schuster 2008). Human genome sequencing was a
tremendous breakthrough, first carried out using an automated capillary driven sequenc-
ing protocol which eventually led to the creation of established laboratories for DNA se-
quencing (Schuster 2008). Sequencing by synthesis technology was developed in 2005 by
a company called 454 Life Sciences (Margulies et al. 2005). This company used a strat-
egy involving the arraying of several hundred thousand sequencing templates (Schuster
2008). Recent improvements include pyro-sequencing, a process that detects single nu-
cleotide polymorphisms. Next generation sequencing tools have been applied to deduce
all mutations at the cellular level in Mycobacterium tuberculosis to identify drug resis-
tant alleles (Andries et al. 2005). Early approaches involved a combination of the Sanger
method and pyrosequencing but this had the disadvantage of being expensive. More re-
cently low cost non-Sanger sequencing methods such as Illumina’s Solexa or Applied

Biosystem’s SOLiD platforms (Schuster 2008) are being used.

Illumina Inc. is a company founded in 1998 by a group of biotechnologists in San Diego,
California, United Sates of America.” This company offers a range of genotyping ser-
vices that includes SNP profiling, DNA microarray, gene expression, and protein analyt-
ical systems to cater for a broad range of academic, governmental, pharmaceutical and

biotechnological institutions around the world. In 2007, this company acquired Solexa

TURL:(http://www.illumina.com)
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Inc., that develops genetic analysis technologies used for whole genome sequencing, ri-
bonucleic acid (RNA), gene expression analysis. With the availability of non-Sanger
sequencing methods, it has become possible to generate large amounts of sequence data
that has renamed the application as re-sequencing. This technique is guided by a refer-
ence genome sequence to assemble the sequences that requires much less coverage than
assembling genomes de novo (without reference) (Schuster 2008). Using this technology
ten mammalian mitochondrial genomes were sequenced, enabling population genetics
studies (Gilbert et al. 2007). In the Hopkirk Research Institute, IVABS, Massey Univer-
sity, New Zealand this technology has been used to index genomic variations in C. jejuni
of the same strain, ST-474 (Chapters 5 and 6). Figure 2.3 is an example of the Solexa
sequencing and assembly of the C. jejuni genomes of poultry and human matched against

reference genome C. jejuni NCTC 11168 (GenBank ID: AL111168).

2.5 Khnowledge search

Even though many Campylobacter genomes have been sequenced, many details of their
pathogenicity, host association, population diversity and epidemiology remain unclear.
Studies on individual housekeeping genes are scarce and most studies have either focused
on the congruence of phylogenies interpreted by rRNA or a few housekeeping genes (Puh-
ler et al. 1989, Bustamante et al. 1995, Bult et al. 1996, Martin 1999, Dorrell et al. 2001,
Vandecasteele et al. 2001, Hinode et al. 2002, Velayudhan & Kelly 2002, Wolf et al.
2002, Coenye & Vandamme 2003, Fuglsang 2003, Pearson et al. 2003, Viscidi & Demma
2003, Carrillo et al. 2004, Karenlampi et al. 2004, Ma & Zeng 2004, Nakamura et al.
2004, Taboada et al. 2004, Venter et al. 2004, Foerstner et al. 2005, Fouts et al. 2005,
Chen et al. 2006, Gupta 2006, Klancnik et al. 2006, Musto et al. 2006, Rooney et al.
2006, Miller et al. 2007, Sorek et al. 2007, Hughes et al. 2008, Rocha 2008, Liu et al.
2009, Lefebure & Stanhope 2009, Rocha & Feil 2010). Moreover, the molecular differ-
ences in housekeeping genes have not been studied at the individual gene level except for
a sub-region among seven housekeeping genes in MLST (Section 2.4.4). Although the
sequences of seven housekeeping genes illustrate the genetic diversity and population ge-
netics in bacterial species, the underlying molecular variation when looked at a full gene

level is obscure.
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Figure 2.3: Sequences of C. jejuni ST-474 (poultry and human) with multiple mapping vs C.
Jjejuni AL111168
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CHAPTER 3

Campylobacter jejuni colonisation and
population structure in sympatric urban

population of ducks and starlings

Abstract — Wild birds such as mallard ducks and European starlings are potential sources of
Campylobacter infection in humans and farm animals. A repeated cross-sectional study was con-
ducted to determine the prevalence of Campylobacter in the faeces of mallard ducks and Euro-
pean starlings present in an urban area in provincial New Zealand. A total of 1,458 faecal samples
were collected and cultured monthly from August 2008 to July 2009. Presumptive Campylobacter
colonies were screened using two different monoplex PCRs: one for the genus Campylobacter and
the other for the species C. jejuni.

The isolation rates of C. jejuni in ducks and starlings were 23% (165 of 716) and 21% (150 of
720), respectively. Characterisation of 124 C. jejuni isolates was performed by multilocus sequence
typing and flaA and porA typing. This revealed evidence of host associated sequence types (ST).
The ST-177 and ST-682 clonal complexes represented the starling associated complexes and the ST-
1034, ST-692 and ST-1332 complexes predominantly represented the duck associated complexes.
The prevalence of the ST-45 complex, a complex associated with many species of animals and
humans with campylobacteriosis was high both in ducks (14%, 9 of 64) and starlings (28%, 16
of 57) particularly during summer. Further, the C. jejuni sequence types ST-1255, ST-137, ST-
2026, ST-583, ST-526, ST-677, ST-696 and ST-710 that have been isolated from sporadic cases
of campylobacteriosis in humans in other parts of the world were also isolated from ducks and
starlings during the summer months of this study. This suggests that wild birds may be a source of
human campylobacteriosis in the summer months. The flaA alleles were more diverse than the porA
alleles particularly in ducks. Rarefaction analysis of MLST data showed that the C. jejuni sequence
types from ducks were more diverse than that of starlings. Further, C. jejuni sequence type richness
was higher during the winter months in ducks, where a higher proportion of STs that could not be
assigned to a clonal complex were isolated. By calculating the pairwise Fst values and conducting
an analysis of molecular variance (AMOVA), it was evident that the population of C. jejuni in ducks
was significantly different from that of starlings and that the gene flow between these two species
was limited. Further, the population of C. jejuni differed over time, whereas there was little evidence
of differentiation between sampling sites.

Vathsala M, French N, Stevenson M, Marshall J, and Hotter G, (2011) Campylobacter jejuni coloni-
sation and population structure in sympatric urban population of ducks and starlings
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3.1 Introduction

Campylobacter is the leading cause of bacterial gastroenteritis in the industrialised world
(Notermans 1994). C. jejuni and C. coli, in particular, are considered to be the most im-
portant human pathogens. C. jejuni accounts for approximately 90% of human cases of
campylobacteriosis with C. coli accounting for the remainder. Although the disease is
self limiting it occasionally produces severe sequelae such as Guillain-Barre syndrome
(Altekruse et al. 1999). Consumption of contaminated and undercooked meat is generally
thought to be the main source of infection and this exposure pathway has been studied
extensively (Baker et al. 2006). However, contact with farm animals, pets and other envi-
ronmental exposures including wild birds have also been implicated as potential sources
of human campylobacteriosis (Friedman et al. 2000, Workman et al. 2005, French et al.

2009a).

Multi-locus sequence typing (MLST) has become widely used for molecular epidemio-
logical studies of Campylobacter (Maiden et al. 1998, Dingle et al. 2001, Maiden 2006).
The publicly accessible on-line MLST database provides definitive data and enables direct
comparison of bacterial strains across the world (Jolley et al. 2001) allowing population
based genetic analyses to be carried out (Maiden 2006). MLST has been extensively used
to investigate the population biology of C. jejuni in various host species (Maiden 2006,
McCarthy et al. 2007). The seven-locus MLST generates sequence types (ST) which can
be grouped into clonal complexes (CC) on the basis of the sequence types sharing five or
more alleles in common with a founder genotype or sequence type (Dingle et al. 2002).
Recent studies have shown that Campylobacter populations show large differences among
host species and environmental niches (McCarthy et al. 2007) and that their lineages are
associated with different host sources (Colles et al. 2003, Fearnhead et al. 2005, Miller
et al. 2006, Colles et al. 2008) using MLST. Further, rare allelic profiles (sequence types
that were not assigned to a clonal complex) and their distribution among animal sources
have been reported in previous investigations using MLST (Kwan et al. 2008, Carter et al.

2009).

The adaptation of Campylobacter spp. in birds is believed to be due to their thermophilic
nature that corresponds more closely with the body temperature of birds, compared with

mammals. As a result, birds have been widely regarded as the natural hosts for these
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organisms (Lee & Newell 2006). Campylobacter spp. have been isolated in a number
of birds, both domesticated and wild (Luechtefeld et al. 1980, Fricker & Metcalfe 1984,
Frost 2001). The carriage rates among various species of wild birds vary from 0% to
100% (Waldenstrom et al. 2002), where differences in carriage rates are thought to be due
to factors related to ecology, for example feeding habits, habitat preferences and migration

patterns.

Mallard ducks and European starlings are potential sources of contamination of water
for drinking and recreation purposes, gardens, parks and childrens’ playgrounds in urban
areas, often creating heavy faecal contamination (Odermatt et al. 1998, Colles et al. 2008).
Starlings have been reported to have relatively high carriage rates of Campylobacter (40%
was identified in the studies performed by Waldenstrom et al. (2002)) compared with other
wild birds species. Starlings have also been shown to carry sequence types of C. jejuni
similar to those isolated from human patients (Colles et al. 2003, Broman et al. 2004,
French et al. 2009a). One recent study showed that none of the unique C. jejuni STs found
in wild birds were identified in either domestic animals or humans (Hughes et al. 2009).
Furthermore, Hughes et al. (2009) hypothesised that the livestock-associated strains that
were detected in wild bird samples could have arisen from the shared environment that
these two species cohabitat. An additional hypothesis was that if wild birds acted as
reservoirs of C. jejuni for livestock, it should be expected that those strains found in wild
birds should also be detected in livestock. The role of wild birds as potential reservoirs
of human pathogenic C. jejuni STs could not be ascertained from this study. However,
the CC ST-45 is a commonly reported strain of C. jejuni causing disease in humans and is
also commonly isolated from (asymptomatic) animals including livestock and wild birds
(Colles et al. 2008, Kwan et al. 2008, French et al. 2009a). This provides evidence that

wild birds may also be a source of human campylobacteriosis.

A study investigating C. jejuni isolates from starling faeces recovered from children play-
grounds in Palmerston North, New Zealand raised the possibility that starlings may har-
bour C. jejuni sequence types of European origin. This may have arisen when starlings
were introduced into New Zealand by ‘Acclimatisation Societies’ (Societies that were cre-
ated to enrich the fauna of New Zealand with different animal and plant species) that were
active in the late 19th century (Thomson 1922, French et al. 2009a). Furthermore, this

study identified that one-half (12/22) of the strains recovered from starling faecal material
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were ST-45 strains, a ST associated with many species of animals, including wild birds as
reviewed earlier (French et al. 2009a). French et al. (2009a) showed that the Smal PFGE
profile of three of the ST-45 isolates were indistinguishable from the profile of isolates
recovered from human clinical cases that occurred in the same geographical area, in the
same time frame. This provides evidence that wild bird faeces in playgrounds may be a
source of human infection, particularly in children. This said, exposure to wild bird fae-
cal material is unlikely to be a primary contributor to the overall burden of human clinical

cases in New Zealand (French et al. 2009a).

The risk of campylobacteriosis arising from consumption of contaminated food has been
extensively studied (Baker et al. 2006, 2007, Eberhart-Phillips et al. 1997). Other impor-
tant modes of transmission include exposure to faecal material from livestock, including
ruminants (Savill et al. 2003, Mullner et al. 2009, Wilson et al. 2009). From a public
health perspective, understanding the relative contributions of other environmental expo-
sure pathways is critical for designing appropriate control measures. As reviewed earlier,
C. jejuni STs of wild birds have not been detected in livestock and also their role as a cause
of human disease cannot be ascertained, primarily due to the limited number of studies
that have explicitly investigated this association. It is important to investigate the popula-
tion structure of C. jejuni STs among wild birds identifying their putative host preferences
and genetic diversity which in turn will provide a better understanding of host-association
and inter-host transmission. Common statistical methods for analysing population ge-
netic structure include rarefaction analysis and the measure of molecular heterozygosity

(Rocchini et al. 2009, Holsinger & Weir 2009)

Rarefaction is a method employed to assess the allelic richness in a set of populations
(Siegel & Gelman 1982, Leberg 2002, Foulley & Ollivier 2006, Rocchini et al. 2009)
where, initially, rarefaction analysis was employed to give the expected number of higher
taxonomic groups, such as families or genera, represented in a random selection of lower
taxonomic units, such as species or individuals (Siegel & Gelman 1982). Subsequently in
ecology, rarefaction was employed for estimating the expected number of species within
a given study area from local to regional scales where rarefaction curves were directly
related to the heterogeneity in the species studied in the area of sampling (Rocchini et al.
2009). Wright (1951) described a common method to summarise the population structure

of a given species that has become a widely used analysis in various fields of biology
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where a series of hierarchical measures of heterozygosity such as Fst, Fsc and Fct are
derived (Wright 1965, 1978). These analytical approaches are applied to gather insights
into the geographic barriers to gene flow, the inter-site and inter-host transmission of

bacterial populations.

With this background, the aim of this study was to investigate the prevalence of C. jejuni
in the faeces of sympatric populations of mallard ducks and starlings found in public
access areas in a provincial city in the lower North Island of New Zealand. Further, our
aims were to characterise the C. jejuni isolates from the above species of birds, including
a small sample of geese. A comparison of the C. jejuni STs from the sampled wild birds
with those disease-causing human sequence types should be helpful when attempting to
evaluate the possibility that these species are reservoirs of C. jejuni human pathogens in
New Zealand. We also compared sequence types isolated from mallard ducks, starlings
and geese with the wider population of Campylobacter sequence types available in the
PubMLST database.! Comparison of STs with the wider global population provides an
overview of the geographical distribution of these STs and the range of hosts in which
they are found. Comparing isolates from ducks, starlings and geese can also provide
insight into the population diversity of C. jejuni in these species, their host association

and identification of molecular signatures associated with these hosts.

3.2 Experimental procedures

3.2.1 Study design

A repeated cross sectional study was conducted to determine the prevalence of Campy-
lobacter in the faeces of mallard ducks (Anas platyrhynchos), European starlings (Sturnus
vulgaris) and a small sample of Canadian geese (Branta canadensis) resident in the city
of Palmerston North (longitude 175°, latitude -40°) in the lower North Island of New
Zealand. Five public parkland sites within the city limits were selected for sampling: The
Square, Hokowhitu, Memorial Park, Massey University and The Esplanade. A child’s
play area was present in four of the five locations and all sites had at least one duck pond

(Figure 3.1).

IURL: (http://pubmlst.org/Campylobacter)
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Assuming a prevalence in the order of 40% (Colles et al. 2008) calculations were con-
ducted to determine the appropriate number of samples to be 95% certain that our esti-
mate of C. jejuni prevalence was within 5% of the true population value (that is, from
35% to 45%). The number of samples that needed to be taken to achieve these objectives

was estimated to be (Levy & Lemeshow 1999, pp. 258):

(1 - PP,
2

3.1

n =z
€

In Equation 3.1 P, represents the unknown population prevalence, z is the reliability coef-
ficient (1.96 for an alpha level of 0.05), and ¢ is the maximum absolute difference between
the prevalence estimated from the sample and the true (unknown) population value. These
calculations indicated that a total of 369 samples were required to meet the study objec-

tives.

To account for the possibility that prevalence varied across the five sampling sites (that
is, there was clustering of Campylobacter within sites) the estimated sample size was
multiplied by a design effect of 2 (Levy & Lemeshow 1999, pp. 292). This means that the
actual variance was twice that of the variance computed under the assumption of simple
random sampling. The prevalence estimates and the confidence intervals were adjusted

for design effect by including the design effect in the prevalence estimation.
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Figure 3.1: Ducks and starlings sampling sites. The map describes the five sampling sites from
where the faecal materials were collected from mallard ducks and starlings for the isolation of C.
Jjejuni. a. North Island of New Zealand; b. Manawatu — Palmerston North city; c. The five public
parkland sites. (Geese faecal materials were collected from the Hokowhitu site only)
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3.2.2 Collection of faecal material

Each of the five study sites was visited at monthly intervals for a period of 17 months,
starting in March 2008. Standardisation of transport of faecal material and processing
for Campylobacter isolation was carried out for a trial period of five consecutive months,
from March to July 2008 (inclusive). The results reported in this paper are for the pe-
riod August 2008 to July 2009 (inclusive). To facilitate comparison and interpretation of
results, the months of sample collection were categorised into warmer times of the year
(spring and summer, September 2008 to February 2009) and cooler times (autumn and
winter, March to July 2009 and August 2008).> We classify these two as summer and

winter.

At each sampling site fresh faecal material that was moist and slimy from ducks was
collected from areas adjacent to the water sources where ducks rested. Nesting areas
for starlings were identified at each sampling site and faecal samples under each nesting
area collected. It is possible that other birds may have defecated under nesting areas,
however, during the five months trial period, identification of starling faecal material was
standardised by waiting and watching the birds defecating and the faecal characteristics
were recorded as photographic images. Subsequently, during the main study only fresh
faecal material with specific characteristics located directly under starling roosting areas
were sampled (Photographic images of starling faecal material are provided in Appendix
A, Figures A.1 a, b and c). Therefore, we are confident that the samples used in this study
were from starlings. Samples were collected during the early mornings (0600 to 0800
hours) or late evenings (1800 to 2000 hours) on each sampling day. Each sampling site
was divided into four quadrants and three samples from each quadrant collected from both
ducks and starlings producing a total of 12 samples for each sampling day. The location

of quadrants and the sampling sites did not vary between sampling days.

For the August 2008 sampling round it was not possible to collect a complete set of
duck samples from two quadrants at the Hokowhitu site for the following reasons. One
quadrant remained unsampled for duck faeces as that quadrant was full of water and for
the second quadrant faecal samples were collected from two ducks and a single goose

as there were only two duck samples. Thus, the total number of duck samples for the

URL: (http://www.fourcorners.co.nz/new-zealand/seasons-climate/)



3.2 Experimental procedures 55

duration of the study was 716. Because Canadian geese were frequently sighted at the
Hokowhitu site, samples (n = 22) were collected from this species for the months of
August 2008 and February, March, April and July 2009. Data recorded for these months

have not been used to calculate the C. jejuni prevalence estimates presented in this study.

3.2.3 Bacterial Isolation and DNA preparation

Faecal samples from all sources were collected simultaneously in transport media (Amies
charcoal, Fort Richards, Auckland) and Bolton’s enrichment broth (enrichment broth
LAB-27.6 G; 50 mL lysed horse blood venous supplies; Antibiotics-LAB-10 mL, Auck-
land) and transported immediately to the Hopkirk Research Institute Laboratory on the

Massey University campus at Palmerston North.

Faecal material collected in the transport media were directly streaked onto modified char-
coal cefoperazone - deoxycholate (mCCDA) (Fort Richards, Auckland) plates. The in-
oculated mCCDA plates and Bolton’s enrichment broth with faecal material were incu-
bated for 48 hours at 42°C in a microaerophilic chamber (MACS VA500 Microaerophilic
workstation, Don Whitley Scientific) with a gas composition of 5% oxygen, 10% carbon
dioxide and 85% nitrogen. The plates were monitored for growth, and after 48 hours the
colonies resembling Campylobacter spp. were sub-cultured onto blood agar plates (horse
lysed blood agar, Fort Richards). After 48 hours the cultures from the Bolton’s enrichment
broth were swabbed onto mCCDA plates and then the inoculated plates were incubated
for another 48 hours at 42°C in a microaerophilic chamber. Up to three colonies from the
mCCDA plates were sub-cultured onto horse blood agar plates. The pure colonies isolated
from the horse blood agar plates were tested for oxidase reduction (oxidase strips, Fort
Richards, Auckland). The colonies that reduced oxidase within 5 seconds, as indicated
by a purple colouration, were stored in glycerol and processed for DNA isolation. Three
colonies of at least 3 mm in diameter were transferred to 1 mL of 2% (weight/volume)
Chelex solution in distilled water and boiled at 100°C on heating blocks for 10 minutes.
These were then cooled to room temperature, centrifuged at 13,000 rpm for 10 minutes

and the supernatants collected in fresh sterile eppendorf tubes and stored at -20°C.
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3.2.4 Speciation and characterisation by Polymerase Chain Reaction

Isolates were confirmed to be Campylobacter spp. and C. jejuni using monoplex PCR
that targeted 16s rRNA (Linton et al. 1997) for Campylobacter spp. and the membrane
associated protein A (mapA) for C. jejuni (Stucki et al. 1995, Mullner et al. 2010), re-
spectively. Genus primer sequences were: forward 5> GGATGACACTTTTCGGAGC 3’;
reverse 3° CATTGTAGCACGTGTGTC 3’. C. jejuni primer sequences were: forward
5" CTTGGCTTGAAATTTGCTTG 3’ and reverse 3° GCTTGGTGCGGATTGTAAA 5°.
The targets were amplified at 96°C for 2 minutes for initial denaturation, 96°C for 30
seconds, primer annealing at 56°C for 30 seconds, and extension at 72°C for 60 seconds,
for 35 cycles. The PCR reaction mix was comprised of 2 uLL 10x PCR buffer (final con-
centration 1x); 2 ul. ANTPs (final concentration 2 mM); magnesium chloride 1 uL, (final
concentration 2.5 mM); primers 2 pLL each (final concentration 1 mM); Tag DNA poly-
merase 0.2 pL (final concentration 1 unit per reaction); DNA 2 pL (final concentration 10
ng per pL). The reaction mix was made up to 20 L with distilled water. The amplicons
were examined by agarose gel electrophoresis with results captured using a Bio-Rad gel

documentation system (Life Science Group, Canada).

3.2.5 Multilocus sequence typing
Isolate selection for MLST screening

Where available, two representative C. jejuni positive isolates were chosen from each
sampling site and each species, one from mallard ducks and the other from starlings, for
complete MLST characterisation. A total of 120 isolates were characterised but it was not
possible to isolate C. jejuni from some sampling sites on certain occasions (for example,
November 2008 to January 2009 for Hokowhitu, December 2008 for The Square, and
March 2009 for The Esplanade). Additional samples were chosen from the sites that
had ample C. jejuni positive samples to increase the sample size for an analysis of genetic
diversity of C. jejuni. A total of 140 of 315 C. jejuni positive samples from ducks, starlings

and geese were therefore characterised by multilocus sequence typing (MLST).

MLST was carried out as described previously by Miller et al. (2005) using the primers

shown in Table 3.1. Each 25uL amplification reaction mixture was comprised of 10
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nanogram (ng) of Campylobacter chromosomal DNA per pL (2uL), 1 pLL (5 picomoles)
PCR primers (forward and reverse primers), 12.5 uLL of 2x ABI Taq Gold Mastermix
and 9.5 pL of distilled water. The reaction was carried out in 96 well plates for the 7
housekeeping genes. Each plate held 13 samples at one time. Amplification conditions for
the PCR program consisted of a denaturation step at 94°C for 15 minutes on a 35 cycle run
with initial denaturation at 94°C for 30 seconds, primer annealing at 50°C for 30 seconds
and extension at 72°C for 90 seconds. The final elongation step was for 7 minutes. On
completion, the plates were held at 4°C for further precipitation and purification of the

amplicons.

Table 3.1: The forward and reverse primer sequences used for the amplification of housekeeping
genes of C. jejuni (Miller et al. 2005).

Alleles Forward and Reverse primers
aspA F-5° GAGAGAAAAGCWGAAGAATTTAAAGAT 3’
R-3’ TTTTTTCATTWGCRSTAATACCATC 5’
glnA F-5" TGATAGGMACTTGGCAYCATATYAC 3’
R-3> ARRCTCATATGMACATGCATACCA 5’
gltA F-5 GARTGGCTTGCKGAAAAYAARCTTT 3’
R-3° TATAAACCCTATGYCCAAAGCCCAT 5’
glyA F-5" ATTCAGGTTCTCAAGCTAATCAAGG 3’
R-3° GCTAAATCYGCATCTTTKCCRCTAAA 5°
pgm F-5" CATTGCGTGTDGTTTTAGATGTVGC 3’
R-3" AATTTTCHGTBCCAGAATAGCGAAA 5°
tkt F-5° GCAAAYTCAGGMCAYCCAGGTGC 3’
R-3° TTTTAATHAVHTCTTCRCCCAAAGGT 5’
uncA F-5 GCAAGGDGTTATYTGTATWTATGTTGC 3’

R-3" TTTAADAVYTCAACCATTCTTTGTCC 5°

Purification of PCR amplified products

The amplified products were precipitated by mixing with 25 puL. of PEG (20% Polyethy-
lene glycol 8000 in 2.5 M NaCl) and incubated at 37°C for 15 minutes and the products
were centrifuged at 2,500 rpm for 30 minutes. The PEG complex in the plate was cleaned
by spinning the plate inverted onto tissue towels at 300 rpm for 2 minutes. The DNA
in the plates was washed with 80% ethanol and centrifuged for 10 minutes at 2,500 rpm

and the ethanol removed by inverting the plate once again onto tissue towels. The plates
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were air dried in a dark clean chamber until the ethanol evaporated. The products were re-
hydrated in sterile distilled water and were examined by agarose gel electrophoresis with
results captured using a Bio-Rad gel documentation system (Life Science group, Canada).

Quantification of DNA was done by visualising the bands on the agarose gels.

Sequencing

The sequencing reaction mix was comprised of 400 pL of distilled water, 200 L of 5x
sequencing buffer and 100 uL of BigDye Ready Reaction Mix (PE Biosystems). Seven
1L of this mixture was dispensed to each well with 1 pL of forward primer (3.2 pi-
comoles). Two uL of amplified DNA products from the amplification plate were then
transferred to each well in the same order as that of the amplification plate and sequenced
in the PCR machine. The sequencing cycle consisted of an initial denaturation step at
96°C for 3 minutes for 25 cycles with initial denaturation at 96°C for 15 seconds, primer
annealing at 50°C for 15 seconds, and extension at 72°C for 4 minutes. The plates were

then held at 4°C for further purification.

Precipitation and purification of sequenced products

The unincorporated dye terminators were removed by precipitation of the termination
products with 95% ethanol, according to the manufacturer’s instructions. The precipita-
tion mixture prepared with 2 pL. of 3 M sodium acetate, 10 pL distilled water and 50
uL of 95% ethanol. This mixture was made up for 96 wells and 62 pL. added to each
well and agitated and incubated for 15 minutes in a dark chamber without exposing the
plate to light. The plate was then centrifuged at 2,500 rpm for 30 minutes. The precip-
itation mix was removed by inverting the plate onto tissue towels and spinning at 300
rpm for 2 minutes. The wells were then washed with prechilled (-20°C) 70% ethanol and
washed by inverting the plate onto the tissue towels at 300 rpm for 2 minutes. The plates
were air dried in dark chamber after washing and covered with plastic adhesive sealers
and wrapped in aluminium foil for transportation. The sequenced plates were sent to the
Institute of Environmental Science and Research (ESR), Wellington, New Zealand, for

sequence reading and allele assignment. The clonal complexes were assigned using a
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Campylobacter MLST database.’

3.2.6 flaA and porA typing

Those C. jejuni isolates that had complete MLST profiles were further typed by sequenc-
ing genes associated with cell surface antigens. The internal fragments in the flaA short
variable region (SVR) and the internal fragments of porA gene were amplified and se-
quenced for assigning nucleotide allelic numbers. The DNA from the MLST-typed iso-
lates were prepared and quantitated using Nanodrop spectrophotometer, to 50 ng/uL of
distilled water and transported under chilled conditions to ESR, Porirua, Wellington for
typing. The primers for the antigenic typing were adapted from the PubMLST database
and the allelic numbers were assigned by referring to the Campylobacter PubMLST
database. The isolates that were difficult to amplify were further processed in the Hop-
kirk Research Laboratory using primers from the PubMLST database. This was done by
optimising the PCR reaction mix (MgCls optimised to 2.5 M and primers: 3.2 picomoles)

and the PCR program as described in Appendix A.

3.2.7 Statistical analysis

To understand the relationship between Campylobacter spp. and different sampling lo-
cations, and over time, a linear model was used to predict the influence of space and
time. Simple linear regression analysis was carried out where, the total number of sam-
ples collected per day, per site was 12 throughout the entire study period for both ducks
and starlings. Site and time of sampling were used as explanatory variables. The infer-
ences on the significance of space and time were drawn based on the probability values
obtained from the model. Means of Campylobacter prevalence in ducks and starlings and
the means of C. jejuni prevalence in ducks and starlings were compared and tested with

the function of analysis of variance (ANOVA).

Population diversity : Rarefaction

Rarefaction was performed by using the frequency of STs (as described by Gormley et al.

2008) found in ducks and starlings. The frequency distribution of each C. jejuni ST was

3URL: (http://pubmlst.org/campylobacter)
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summarised at the sampling sites, species and seasonal level in an effort to describe how
the C. jejuni population varied according to sampling sites, species and time of the year.
The analysis was carried out using the contributed R package Vegan (R: A Language and
Environment for Statistical Computing, R Development Core Team, R Foundation for Sta-
tistical Computing, Vienna, Austria, 2010, ISBN 3-900051-07-0, http://www.R-project.org
n.d.) that contains a rarefaction function. In rarefaction analysis, the horizontal axis of
the plot represents the number of samples used for analysis and the vertical represents
the diversity or the number of sequence types identified in the specified number of sam-
ples. Diversity indices such as Simpson index 1-D and Shannon index were measured (as
described in the PAST, PAleontological STatistics reference manual v2.13 by Hammer
2009-2011 [page number 40]) to analyse the C. jejuni population in ducks and starlings.
Simpson index 1-D measures the evenness of the community that has a scale from O to 1,
where 0 indicates that all taxa are equally present and 1 indicates that one taxon dominates
the community completely. Whereas, Shannon index takes the number of individuals as
well as number of taxa into account that varies from value 0 for communities with only a
single taxon to accounting for high values or frequency and values above 0 for communi-

ties with many taxa, each with few individuals.

Population differentiation:

Analysis of molecular variance and Fst

Analysis of molecular variance (AMOVA) was performed to compare the effect of sam-
pling site, host species and sampling period on the population differentiation and pop-
ulation structure of C. jejuni Arlequin v3.11 (Excoffier et al. 2005). In AMOVA, the
genetic structure of a given population is analysed by an analysis of variance framework.
AMOVA analyses the variance of allelic frequencies within and between populations or
groups. Analysis at different levels, referred to as ‘hierarchical analysis’ is carried out
in AMOVA which divides the total variance into different covariance components such
as within population, within groups among populations and inter-population differences
(Excoffier et al. 2005). While analysing the genetic structure for different hierarchical
levels, three hierarchical F-statistics are derived known as the fixation indices (expressed
as components of AMOVA). The fixation indices include: Fst, a fixation index that mea-

sures the variance among subpopulations relative to the total variance, Fsc, that measures
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variance among subpopulations within groups and Fct, the variance among groups rel-
ative to the total variance. Fst quantifies the genetic differentiation among populations
under comparison using an index ranging from O to 1. A zero value implies that there is
no differentiation between populations and a value of one implies the two populations are
completely separate (Wright 1965, 1978, 1984). Wright (1978) has further suggested the
qualitative guidelines for the interpretation of Fst such as: (1)the range 0.0 to 0.05 may
be considered as indicating small or limited genetic differentiation; (2) the range 0.05 to
0.15 indicates moderate genetic differentiation (3) the range 0.15 to 0.25 indicates great
genetic differentiation and (4) the values of Fst above 0.25 indicate very great genetic dif-
ferentiation. The genetic distance of C. jejuni populations found in ducks and starlings at
different time periods and at different sampling sites were calculated using MLST allelic
profiles. In turn, all these fixation indices facilitate inference on the gene flow between

populations compared.

Minimum spanning tree Phylogenetic relationships among the STs were analysed using
Bionumerics v6.1.* A minimum spanning tree (MST) was constructed using the allelic
profile data set for ducks and starlings collected from March 2008 (the trial period in-
cluded) to July 2009. MST is an alternative approach to show the relationships among
isolates from bacterial populations (Prim 1957). A MST links the STs that are closely
related within their lineages or CCs, identifying the most likely extant ancestral sequence
type for the STs analysed. The most likely extant ancestral sequence types are known
as the ‘consensus’ clones or the founder STs from which the clonal variants (STs) have
descended (Feil & Chan 2001). The radial spread of STs from the consensus clones are
reflected by a series of circles where the size of the circles represent the number of isolates

per ST (Prim 1957). The construction of a MST involves three main steps:’
1. The sub-division of the data into "clonal complexes’.

2. The identification of ancestral sequence types. Inferring likely patterns of descent

within each clonal complex.

Clonal complexes are multilocus sequence types in which every sequence type shares
at least 5 loci in common with at least one other member of the group. Ancestral se-

quence types (or ’consensus clones’ or founder strains) are identified based on the seven

4 Applied Maths URL: http://applied-maths.com/bionumerics/bionumerics.htm
SURL: (http://pubmlst.org/analysis/burst/burst.shtml)
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loci where an ancestral sequence type differs from the highest number of other sequence
types in the clonal complex at only one locus out of seven that defines the highest num-
ber of single-locus variants, or SLVs. Single-locus variants are identical to the ancestral
sequence type at 6 loci, but differ at the seventh while the double locus variants (DLVs)
vary at two loci. Once the ancestral sequence types are assigned, strains are assigned ac-
cording to their relationships with their respective ancestral sequence types of the clonal
complex, where all the SLVs and DLVs are associated with their corresponding ancestral
sequence types. Typically, strains that share at least 5 loci in common are included in a

clonal complex.

3.3 Results

3.3.1 Prevalence of Campylobacter spp. and C. jejuni
Campylobacter spp.

The overall prevalence of Campylobacter spp. in the sampled wild bird faeces was 37%
(95% CI 35 to 40%; 542 of 1,458)[N.B. All confidence intervals were adjusted for clus-
tering] (Table 3.2). The prevalence of Campylobacter varied by month and site as shown
in Figure 3.2. There was a trend of relatively high prevalence during the spring and winter

and low prevalence during the summer.

Table 3.2: Prevalence estimates of Campylobacter and C. jejuni in mallard ducks, starlings and
geese

Species n G.pos. (%) Conf. int (95%) Cj.pos. (%) Conf. int. (95%)
Overall 1,458 37 35t0 40 22 20to 24
Ducks 716 30 26to 33 23 20to 26
Starlings 720 46 42 to 50 21 18 to 23
Geese 22 9 11to 29 9 11to0 29

n : Number of sample.
G.pos. : Campylobacter positive.
Cj.pos. : C. jejuni positive.

Conf. int. : confidence interval.

The prevalence of Campylobacter spp. in starlings (46% CI 42 to 50%) was signifi-
cantly higher than that of ducks (30% CI 26 to 33%). In ducks, the overall prevalence of
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Campylobacter spp. during the summer was 32% (95% CI 27 to 37%) and the prevalence
in winter months was 28% (95% CI 23 to 33%). The Esplanade sampling site showed
the highest prevalence of Campylobacter spp. in ducks throughout the study period, fol-
lowed by Memorial Park, Palmerston North Square, Massey University Concourse and
the Hokowhitu sampling site. In starlings, there was a bimodal prevalence pattern with an
overall summer prevalence of 38% (95% CI 33 to 43%) and winter prevalence of 53% (95
CI 48 to 59%) (Figure 3.2). The Palmerston North Square and The Esplanade sampling
sites showed distinctive bimodal prevalence patterns with increased prevalence during
early spring and winter and a decrease over summer. In contrast, prevalence patterns at

other sampling sites were not as distinctive.
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Figure 3.2: Prevalence of Campylobacter during sampling occasions and in sampling sites. The
graph describes the prevalence of Campylobacter in the faecal materials of mallard ducks and
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C. jejuni isolates were recovered from 1,458 faecal samples from mallard ducks, starlings
and geese giving an overall C. jejuni prevalence of 22% (95% CI 20 to 24%). The preva-
lence of C. jejuni in ducks, starlings and geese are provided in Table 3.2. The prevalence
of C. jejuni showed significant differences by species (P = 0.008). There was no signif-
icant difference in the prevalence of C. jejuni between sampling sites (P = 0.07) but the
prevalence did differ by sampling period (P = 0.01). Figure 3.3 shows the prevalence of

C. jejuni by sampling periods and stratified by sampling site.

The prevalence of C. jejuni in both ducks and starlings showed a bimodal pattern. The
prevalence was highest during the early spring (48%; 95% CI 36 to 61%) decreasing over
the summer to reach a prevalence of 21% (95% CI 17 to 25%) during the winter. There
was a distinctive bimodal prevalence pattern at the Palmerston North Square sampling
site but at the other sampling sites temporal trends in prevalence were not very distinc-
tive. In starlings, the prevalence of C. jejuni was highest in the early spring (45%; 95%
CI 32 to 58%) across all sampling sites and the prevalence remained low throughout the
winter (17%; 95% CI 13 to 21%). All of the sampling sites showed an increased spring
prevalence except Massey University concourse. Likewise, The Esplanade showed an in-
creased winter prevalence (30%; 95% CI 20 to 40%) that differed from all other sampling
sites. In general, except Palmerston North Square, there were no distinctive temporal

trends in prevalence in other sampling sites.

The prevalence of both Campylobacter and C. jejuni in Canadian geese was 9% (2 of 22),
however geese were not included in the comparative analyses due to the small sample
size. Further details on the number of samples and isolates of Campylobacter and C.

Jejuni for the entire study period are provided in Appendix A.
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3.3.2 Sequence type diversity by host

Forty three different sequence types (STs) were obtained by characterising 124 isolates
from mallard ducks, starlings and geese, which were assigned to 11 clonal complexes
(CC). The frequency of STs found in mallard ducks and starlings is shown in Figure 3.4
a. ST-45 was the most predominant sequence type found in the two species accounting

for 21% (26 of 124) of the total isolates.

The most common CC in mallard ducks was ST-1034, accounting for 28% (18 of 64)
of samples. The second largest was the ST-45 complex, accounting for 14% (9 of 64)
of samples, followed by the ST-692 complex accounting for 11% (7 of 64) of samples.
Twenty six of the 64 C. jejuni STs from mallard ducks could not be assigned to a CC
(Unassigned complex = ST-U/A; to facilitate comparison, the STs not assigned to a clonal

complex are referred to as U/A complex in this section)

The majority of the European starling isolates were assigned to the ST-45 complex, ac-
counting for 28% (16 of 57) of starling isolates and the next largest complex was ST-177
(9%, 5 of 57). There were 23 isolates of the 57 isolates identified, belonging to different
STs that were not assigned to a CC (ST-U/A) at the time of analysis. Other CCs were
ST-677, ST-682, ST-692, ST-1034 and ST-42 each accounting for 4% (2 of 57 isolates)
and ST-21, ST-1304 and ST-1332 accounted for 2% (1 of 57 isolates) each.

Three geese isolates were characterised, of which one belonged to ST-1034 complex and
the other two STs could not be assigned to a complex. The STs that were present both
in ducks and starling were ST-1324, ST-1342, ST-137, ST-2378, ST-3961, ST-45, ST-53,
ST-583, ST-692, ST-991 and ST-992. Although ducks and starlings shared some STs in
common, the frequency of each ST varied between these two species. The frequency

distribution of STs in ducks and starlings is described in Figure 3.4.

Rarefaction curves showing the diversity of STs as a function of the number of isolates,
by host are shown in Figure 3.5. In the plots shown in Figure 3.5 (a), a slope of zero in the
rarefaction curves indicate that the maximum genetic diversity has been reached and that
it is unlikely that more genetic diversity will be identified if more samples are analysed.
A 95 % confidence interval with a bootstrap of 1000 random samples showed a Simpson
index of 0.95 (95% CI 0.91 to 0.96) and a Shannon index of 3.3 (95% CI, 2.8 to 3.3) for

C. jejuni population in ducks indicating that the C. jejuni population is more diverse in
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ducks in comparison to the C. jejuni population in starlings (Simpson index = 0.9; 95% CI
0.9 to 0.95 and Shannon index = 2.8; 95% CI 2.8 to 3.3). Further details on the Simpson
and Shannon indices are provided in Table A.9 in Appendix A. Although the confidence
intervals of both the Simpson and Shannon indices overlap, the rarefaction analsyis does

indicate a greater species richness in ducks.
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3.3.3 Sequence type diversity by sampling site

The frequency of STs found in mallard ducks and starlings at different sampling sites
is shown in Figure 3.4. Rarefaction curves of samples from ducks from The Esplanade
showed more diversity, as indicated by taxonomic richness, in the C. jejuni ST popula-
tion compared with starling samples from the same site (Figure 3.5 b). Starlings from
the Hokowhitu site had relatively more diverse STs of C. jejuni although the number of
isolates were small (starlings n = 6, ducks n = 7). The heterogeneity of C. jejuni STs
was high in duck faecal material from the Massey University site compared with starling
samples. Similarly, at Memorial Park the C. jejuni STs from ducks were more diverse
compared with starlings. Genetic diversity at Palmerston North Square as similar for both
ducks and starlings. Genetic diversity indices for all the sampling sites by species are
provided in Table A.9 in Appendix A. Although the STs found in different sampling sites

differed there was no evidence of population differentiation.
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3.3.4 Sequence type diversity by sampling period

The prevalence of ST-45 complex was high in the summer (16%; 20 of 124 isolates)
decreasing to 4% (5 of 124 isolates) in winter when estimated for the total number of
isolates analysed in the study. The next predominant CC in the summer was ST-1034
which accounted for 8% (10 of 124 isolates), followed by other complexes such as ST-
692 (3 of 124 isolates), ST-177 and ST-677 accounting for 2% each (2 of 124 isolates) and
ST-1304 and ST-1332 each accounting for 1% each (1 of 124 isolates). The proportion of
STs that were not assigned to a CC comprised 15% of the total number of isolates (18 of
124) in the summer. During the winter, the STs that were not assigned to a CC formed
a highly prominent group that accounted for 25% (31 of 124) of isolates. The ST-U/A
was followed by the ST-1034 (8%, 10 of 124 isolates), ST-692 (5%, 6 of 124 isolates),
ST-45 (4%, 5 of 124 isolates), ST-177 (3%, 4 of 124 isolates), ST-21, ST-682 (2%, 2 of
124 isolates each) and finally by ST-403 (1%, 1 of 124 isolates).

The heterogeneity of the sequence types during summer and winter is shown in the rar-
efaction curves in Figure 3.7. It was observed that the diversity of the sequence types was
high during winter in both species. However, the sequence types were more diverse in
winter in ducks compared with starlings where, the starling faecal material showed only
a little difference between summer and winter months in general. The frequency of the

STs and their prevalence during different time periods are shown in Figure 3.6.

Distribution of sequence types in ducks and starlings in summer

The CCs that were prevalent during summer in ducks from all sites were ST-45 (n = 7),
ST-U/A (n = 11), ST-1034 (n = 8) and ST-692(n = 3). The ST-45 complex was prevalent
in September (n = 2), October (n = 2), November (n = 2) and December 2008 (n = 1).
There were no isolates found in January and February 2009. The ST-1034 complex was
found in November (n = 3), December 2008 (n = 3) and February 2009 (n = 2). ST-692
complex was found in January (n = 2) and February 2009 (n = 1). The STs of ST-U/A
complex were isolated during September (n = 3), October 2008 (n = 2), January (n = 3)
and February 2009 (n = 3).

The CCs that were found in starlings were ST-45 (n = 13), ST-U/A (n =7), ST-1034 (n
=2), ST-177 (n = 2), ST-677 (n = 2), ST-1304 (n = 1), ST-1332 (n = 1). ST-45 was
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found throughout the summer, however, the prevalence decreased gradually towards the
end of summer (September 2008 = 2; October = 3; November = 5; December = 1; January
2009 = 1; February = 1). The ST-U/A complex was highly prevalent during the summer
(October 2008 = 1; December = 3; January 2009 = 1; February = 1). In October 2008 (n
= 4) and February 2009 (n = 4) there was more heterogeneity in STs among the summer

months.

Distribution of sequence types in ducks and starlings in winter

ST-U/A complex formed the largest group (43%, 15 of 35 isolates) among the CCs that
were found during the winter months in ducks. The STs of the ST-U/A complex were
more frequent during the winter and particularly during the colder months of the year
(May 2009 n = 3; June n = 6; July n = 2). The STs from ST-/U/A complex were also
isolated during the trial periods of sample collection in April 2008 (ST-995), May 2008
(ST-3961, ST-696, ST-977), June 2008 (ST-977) and July 2008 (ST-2378) from ducks.
The next predominant CC was ST-1034 (n = 10) that was found in March 2008, May and
July 2009 followed by ST-692 (n = 4) which was found in May and July 2009. The ST-45
(n =2), in contrast to summer, was a minor complex found in winter followed by ST-177,

ST-21, ST-403 and ST-42 (n = 1 each).

The ST-U/A complex formed the major complex in starlings accounting for 55% (16 of
29 isolates). Although ST-U/A complex was found throughout winter, the prevalence was
high in the colder months: August 2008 (n = 2), March 2009 (n = 2), April (n = 3), May
(n=3), June (n = 3) and July (n = 3). The other CCs were ST-177 (n = 3), ST-42 (n =2),
ST-45 (n = 3), ST-682 (n =2), ST-692 (n =2) and ST-21 (n = 1).

Of 124 isolates tested, it was found that isolates from a single sample or single bird;
two samples from starlings and four from ducks belonged to the same sequence type
while there were occasions where isolates from a single sample or single bird belonged
to different sequence types; one sample from starlings and one from ducks (Appendix A,

Table A .4).
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3.3.5 Analysis of molecular variance and Fst

Pairwise Fsts were calculated using a hierarchical model (AMOVA) to estimate the com-
ponents of variation to compare the genetic differentiation of C. jejuni populations be-
tween ducks and starlings from each sampling site and at different sampling periods. The
figures 3.8 a, b, ¢ and d show a diagrammatic representation of Fst values which denotes
the population differentiation at different sampling sites and during different seasons in
ducks and starlings. The overall Fst value between ducks and starlings was 0.08 (p value
= 0.00), which means there is a significant level of differentiation between the C. jejuni

populations of ducks and starlings.

AMOVA showed some evidence of differentiation between ducks and starlings, but there
was no statistical evidence of differentiation between sites, within hosts (Fst values were
very small). However, Table A.8 in Appendix A indicates that The Esplanade C. je-
juni in winter were more different to other populations. Although there was no overall
evidence for population differentiation between sites (Figure3.8 c), it does show some
differentiation when stratified by season. The Hokowhitu site did appear to show stronger
differences both within and between species in the summer but p values were border line

significant (Table A.8 in Appendix A).

A minimum spanning tree (MST) was constructed to evaluate the relatedness among the
C. jejuni STs isolated from the ducks, starlings and geese from the five sampling sites.
The MST (Figure 3.9) identified the most likely extant ancestral sequence type for the
STs analysed. The STs were partitioned based on the predominance of occurrence in
ducks, starlings and geese. The partitioning identified the diversity in the STs from ducks
and starlings which in turn indicated that the gene flow between these species is very

limited.
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Winter Winter

Memorial Park

Massey

Hokowhitu Hokowhitu

The Esplanade The Esplanade

Starlings

Starlings

Memorial Park

Massey

Hokowhitu Hokowhitu

The Esplanade The Esplanade

(¢) Ducks and starlings: summer (d) Ducks and starlings: winter

Figure 3.8: Population differentiation of C. jejuni population in ducks and starlings during dif-
ferent seasons and at different sites. The population differentiation of C. jejuni STs in mallard ducks and starlings is
described in this graph. The Fst values of C. jejuni populations calculated using AMOVA are presented in a matrix format to show the
population diversity across sampling sites and at different seasons in ducks and starlings. For example, in Figure (a), The Esplanade
ducks are compared against Hokowhitu ducks, Massey ducks and others during the summer and winter seasons and Figure (b), (c)
and (d) denote a similar pattern of comparison for the starlings at different sampling sites. It should be noted that the sample size of
STs for this multilevel individual comparison was small, however, this figure is to identify the broader trends such as a relatively more
differentiated C. jejuni population in ducks during the summer — Figure (a) and a relatively more differentiated C. jejuni population in
The Esplanade starlings during the winter — Figure d. Further details on the Fst and p values are available in Appenix A
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3.3.6 C. jejuni cell surface antigens typing and diversity

All the 124 MLST characterised isolates were further typed by sequencing the genes
associated with cell surface antigens, however despite repeated processing and several
amplification attempts 23 of the alleles could not be sequenced for their antigens. The
complete and incomplete MLST, the flaA and porA allelic profiles are provided in Ap-
pendix A. A total of 32 different porA nucleotide alleles were characterised from 101
MLST characterised C. jejuni isolates. porA nucleotide allele 8 was the predominant
allele in ducks (8 of 58) and porA nucleotide allele 44 was found in equal numbers in
both ducks and starlings (5 in ducks and 5 in starlings of a total of 101 isolates). porA
nucleotide allele 970 was the most common allele among starlings accounting for 20% (9
of 44) isolates. There was a single porA nucleotide allele from the starlings that has yet to
be assigned an allelic number. The flaA nucleotides were more diverse compared with the
porA nucleotide alleles. Thirty seven different flaA nucleotide alleles were characterised
from 101 MLST typed isolates from ducks and starlings. The duck flaA nucleotide al-
leles were more diverse (26 different alleles) than the alleles from starlings (17 alleles).
The flaA nucleotide alleles 1170, 1219, 1221, 1222, 1235, 16, 209, 213, 219, 520, 56,
69, 73, 787, 85 and 89 were unique to ducks. The MLST allelic profiles, flaA and porA
nucleotide allelic numbers of C. jejuni isolates of ducks and starlings are summarised in

Tables 3.3 and 3.4.

3.3.7 Comparison with wider population of sequence types in the

PubMLST database

The C. jejuni ST populations were compared and/or matched with global C. jejuni ST
populations available in the PubMLST database. Of 43 C. jejuni STs, ten (ST-2538, ST-
3961, ST-4496, ST-4497, ST-4498, ST-4499, ST-4500, ST-4501, ST-4502, ST-4503, ST-
4504) were novel and were submitted to the Campylobacter jejuni PubMLST website. ST-
991, ST-992, ST-995 isolated from both ducks and starlings in our study, have also been
recovered from environmental water and wild birds in other parts of the world (Canada
and Sweden). ST-208 (which has been isolated from a starling in this study) has been
isolated from a bathing beach in the United Kingdom. ST-1304, ST-1324 and ST-1342

have been isolated from the environment (wild bird) in Sweden, whereas ST-1324 and
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ST-1342 were isolated predominantly from starlings in our study.

In the United Kingdom ST-1033 has been predominantly isolated from geese, whereas
in our study this ST was highly prevalent in ducks (5% of the total number of isolates).
ST-1255 was isolated from a wild bird and a goose in Sweden and the United Kingdom
respectively, and this isolate has also been reported to have caused sporadic outbreaks of
disease in The Netherlands in 2002. In this study ST-137 was prevalent only in ducks
however, it has been isolated from a range of species in other countries including star-
lings (United Kingdom), chickens (United Kingdom, Canada, Scotland, Senegal), sheep
(United Kingdom), turkeys (USA) and water (Canada). This ST has also accounted for
numerous sporadic campylobacteriosis cases in the United Kingdom, Scotland, Belgium,
England, The Netherlands and Canada. ST-177 was prevalent only in starling faecal mate-
rial in this study which in agreement as speculated in one of the previous New Zealand re-
ports (French et al. 2009a). This ST has been isolated from starlings and bathing beaches
in the United Kingdom in large numbers and in Spain from environmental water. ST-2026
was isolated from duck faecal material in this study and has been reported from a sporadic
campylobacteriosis case in England which is the only record available for this ST in the

PubMLST database.

ST-692, ST-693, ST-696, ST-699 and ST-710 were prevalent both in starlings and ducks.
In comparison with the wider population, these STs were reported predominantly only
from geese in the United Kingdom with an exception of ST-696 which was also isolated
from cattle and a turkey in Germany. ST-696 was implicated in human campylobacteriosis
cases in The Netherlands. ST-677 has been reported from few sources like cattle, environ-
mental water, wild birds, starlings and chickens in the United Kingdom and has also been
reported from sporadic human campylobacteriosis cases in the United Kingdom. Like-
wise, ST-583 has been isolated from a variety of sources including wild birds, turkeys,
cattle and chickens from the United Kingdom, Denmark and Canada and has been impli-
cated in sporadic cases of disease in humans predominantly in The Netherlands, England,
Belgium and Germany. ST-42 is one of the predominantly reported STs in cattle, sheep,
goats and chickens in the United Kingdom, The Netherlands, South Africa, USA, Aus-
tralia and Germany and this ST has also been isolated from wild birds and environmental
water in the United Kingdom. This ST, isolated exclusively from starlings in this study

has been implicated as a cause of disease in humans both in New Zealand and overseas.
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A small number of sequence types from ducks and starlings in this study (ST-2347, ST-
2349, ST-2354 and ST-2391) were identical to the novel STs from environmental water
reported previously by ESR in Wellington in 2001. In New Zealand ST-2379 has been
previously isolated from a chicken and ST-2537 and ST-2538 from wild birds. All of these
STs were prevalent in ducks and starlings except ST-2358, which was isolated only from
starling faecal material in this study. On previous occasions ST-2378 has been isolated
from chicken meat in New Zealand whereas in this study ST-2378 was found in both
ducks and starlings. ST-526 has only previously been reported in Australia from a human
gastroenteritis case in 1999 and no reports of this ST have been made since. This is the

first time that ST-526 has been reported in New Zealand.

The results of comparison of STs from this study with the global population of C. jejuni
STs, are tabulated in Table 3.5.
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Table 3.3: MLST allelic profiles, flaA,porA nucleotide alleles and their frequency in mallard
ducks

Frequency  flaA porA ST CcC aspA  glnA gltA  glyA  pgm  tkt uncA
1 32 27 53 21 2 1 21 3 2 1 5

1 X X 4503 42 1 2 9 5 5 9 21
2 21 44 45 45 4 7 10 4 1 7 1

1 85 53 137 45 4 7 10 4 42 7 1

1 21 14 45 45 4 7 10 4 1 7 1

1 X 14 45 45 4 7 10 4 1 7 1

1 X 583 45 4 7 10 4 42 51 1

1 2 14 45 45 4 7 10 4 1 7 1

2 8 44 45 45 4 7 10 4 1 7 1

1 1235 971 2537 177 17 2 8 5 8 2 143
1 1170 132 2026 403 10 1 16 19 10 5 7

1 571 6 991 692 37 52 57 26 107 29 23
1 89 6 699 692 37 52 57 26 129 29 23
1 1067 6 692 692 37 52 57 26 127 29 23
2 209 180 4502 692 37 52 21 388 127 29 23

1 X X 692 692 37 52 57 26 127 29 23
1 1067 152 2378 1034 2 15 4 48 356 25 23
1 16 792 1033 1034 2 61 4 64 126 7 23
4 56 879 2391 1034 2 15 4 48 360 25 23
4 22 973 1033 1034 2 61 4 64 126 7 23
2 1222 975 1255 1034 22 146 4 64 74 25 23
2 X X 1033 1034 2 61 4 64 126 7 23
1 15 6 977 1034 22 61 4 64 74 25 23

1 89 6 977 1034 22 61 4 64 74 25 23
1 X X 977 1034 22 61 4 64 74 25 23
1 NEW X 2378 1034 2 15 4 48 356 25 23
1 15 6 696 1332 2 1 4 28 58 25 58
1 56 886 696 1332 2 1 4 28 58 25 58
2 56 180 u699a  U/A 37 NEW 57 26 129 29 23

1 1067 152 4496 UA 2 15 98 48 356 25 23
1 73 879 4497 UA 2 4 4 48 358 25 280
2 56 886 3961 UA 2 29 4 27 10 25 24
1 1219 209 2354 U/A 37 4 4 48 13 25 23
2 69 888 710 U/A 37 29 75 48 126 25 23
1 787 180 2349 UA 2 59 4 48 131 24 57
2 1221 888 2347 UA 2 4 4 105 10 25 57
1 X 188 693 UA 2 29 4 48 13 24 57
1 520 188 4500 UA 2 29 296 48 131 25 57
1 213 819 693 UA 2 29 4 48 13 24 57
1 NEW X 4501 U/A 237 2 254 340 433 349 290
1 219 188 992 UA 2 59 4 27 126 29 23

1 1236 974 1324 UA 99 128 91 125 170 146 111
1 22 973 2354 U/A 37 4 4 48 13 25 23
1 21 44 1342 U/A 98 122 98 125 180 150 113
2 X 152 995 UA 2 4 84 105 126 25 57
1 X X 4504 UA 2 15 4 48 356 150 23
2 15 6 3961 UA 2 29 4 27 10 25 24
1 X 152 995 UA 2 4 84 105 126 25 57
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Table 3.4: MLST allelic profiles, flaA,porA nucleotide alleles and their frequency in starlings.

Frequency  flaA  porA ST CcC aspA  glnA  gltA  glyA  pgm  tkt unc
1 321 180 u699a U/A 37 NEW 57 26 129 29 23
2 1067 152 2378 1034 2 15 4 48 356 25 23
1 1060 632 1304 1304 100 142 93 135 190 145 81
1 X X 696 1332 2 1 4 28 58 25 58
3 322 971 177 177 17 2 8 5 8 2 4

1 X X 177 177 17 2 8 5 8 2 4

1 341 236 177 177 17 2 8 5 8 2 4

1 X X 53 21 2 1 21 3 2 1 5

1 1354 1074 4498 42 1 2 3 4 5 9 21
1 239 71 42 42 1 2 3 4 5 9 3

1 1237 970 45 45 4 7 10 4 1 7 1

1 21 14 45 45 4 7 10 4 1 7 1

4 X X 45 45 4 7 10 4 1 7 1

1 1421 1185 583 45 4 7 10 4 42 51 1

2 2 44 45 45 4 7 10 4 1 7 1

1 239 73 583 45 4 7 10 4 42 51 1

1 21 44 45 45 4 7 10 4 1 7 1

1 8 44 45 45 4 7 10 4 1 7 1

1 X X 137 45 4 7 10 4 42 7 1

1 321 53 137 45 4 7 10 4 42 7 1

1 1237 276 137 45 4 7 10 4 42 7 1

2 X X 677 677 10 81 50 99 120 76 52
1 405 203 681 682 35 43 9 5 8 46 21

1 X NEW 208 682 26 2 9 51 8 46 5

1 571 6 991 692 37 52 57 26 107 29 23

1 22 6 692 692 37 52 57 26 127 29 23
1 X X 1342 U/A 98 122 98 125 180 150 113
1 21 14 992 UA 2 59 4 27 126 29 23
1 X X 3961 UA 2 29 4 27 10 25 24
6 1237 970 4499 U/A 98 359 98 125 180 150 113
5 1236 974 1324 UA 99 128 91 125 170 146 111
2 1237 970 1342 U/A 98 122 98 125 180 150 113
2 1236 972 1324 U/A 99 128 91 125 170 146 111
1 491 NEW 1286 UA 95 2 94 127 172 144 114
1 X X 2538 UA 35 2 8 51 361 2 21
1 1421 1186 526 UA 2 15 4 27 13 80 23
2 X X 1324 U/A 99 128 91 125 170 146 111

Note: U/A = Unassigned to a clonal complex;

New = New allele for which an allelic number has not been assigned at the time of analysis
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Table 3.5: Sequence types (STs) compared with the wider population of sequence types in the

PubMLST database

STs found in the study

Sources compared

ST
1033
1255
1286
1304
1324
1342
137
177
2026
208
2347
2349
2354
2378
2391
2537
2538
3961
42
4496
4497
4498
4499
45
4500
4501
4502
4503
4504
526
53
583
677
681
692
693
696
699
710
991
992
995

Species
Ducks
Ducks
Starlings
Starlings
Both
Both
Both
Starlings
Ducks
Starlings
Ducks
Ducks
Ducks
Both
Ducks
Ducks
Starlings
Both
Starlings
Ducks
Ducks
Starlings
Starlings
Both
Ducks
Ducks
Ducks
Ducks
Ducks
Starlings
Both
Both
Starlings
Starlings
Both
Ducks
Starlings
Ducks
Ducks
Both
Both
Ducks

Chicken

Turkey

Goose

+++

++
+++
+++
+++

+++

Starling

+**

Sk

Duck

Wild bird

+

sk

Sheep

Cattle

Pig  Pets

Water

Human

+++
+++

++

+ - Number of reports in the database: Less than five.

++ - Number of reports in the database: Above five but under fifteen.

+++ - Number of reports in the database: Over fifteen.

+* - First reported in New Zealand

+#% - Novel to the study
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3.4 Discussion

Birds are considered potential natural reservoirs of Campylobacter spp. (Lee & Newell
2006) and particularly, wild birds have been identified as vectors of transmission of
Campylobacter spp. to other species such as poultry, cattle and humans (Craven et al.
2000, Studer et al. 1999, Waldenstrom et al. 2002). The primary aim of this study was
to estimate the prevalence of Campylobacter spp. and C. jejuni in ducks and starlings
at different time periods and sites. These sites may represent a source of exposure for
Campylobacter spp. and C. jejuni for the human population in Palmerston North. A
secondary aim was to analyse the population structure of C. jejuni and to determine the
population differentiation for different host species at different sampling sites and at dif-

ferent sampling periods.

The overall prevalence of Campylobacter spp. was 37% (95% CI 35 - 40%; 542 of 1,458)
which is relatively high compared with estimates for migrating birds (22%) and relatively
low compared with estimates for aquatic birds feeding on invertebrates (50%) as reported
by Waldenstrom et al. (2002). In the European starlings in this study, the prevalence
of Campylobacter spp. (48%) was relatively high compared with previous prevalence
estimates of 33% to 40% (Waldenstrom et al. 2002, Colles et al. 2008, Hughes et al.
2009). It should be noted however that the prevalence of Campylobacter spp. in starlings
is generally higher compared with other avian species (Colles et al. 2008, Hughes et al.

2009).

In contrast, the prevalence of C. jejuni in ducks (23%) and starlings (21%) were relatively
low compared with previous prevalence estimates in Anatidae (ducks, 30.6%) and Euro-
pean starlings (29.9%) (Waldenstrom et al. 2002, Brown et al. 2004, Colles et al. 2008).
Differences in these prevalence estimates may be due to several factors such as the risk
of becoming colonised by the bacteria, sampling procedures, sample size and sensitivity
of culture techniques. Further, differences may also arise due to the type of samples ex-
amined, for example, intestinal samples have been found to give a higher isolation rate
compared with faecal samples (Stanley et al. 1998a). The bimodal seasonal prevalence
pattern in Campylobacter spp. and C. jejuni in ducks and starlings has not been previ-
ously reported. The highest early spring prevalence in ducks was in agreement with one

recent study (Colles et al. 2009), although that particular study estimated Campylobacter
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spp. prevalence in swan and geese (not ducks). Few other studies (Waldenstrom et al.
2002, Broman et al. 2004) identified a greater level of shedding of Campylobacter spp. in
the autumn. However, this trend of a seasonal bimodal prevalence was evidenced in drug
resistant E. coli (Williams et al. 2011). This longitudinal study on drug resistant E. coli
was conducted in the United Kingdom between two sympatric populations of bank voles
and wood mice to study the seasonal cycle of drug resistant E. coli, where the authors
found a peak prevalence in early- to mid-summer in mice whereas in voles, they found a

late summer and early autumn peak.

There was marked seasonality in the prevalence of C. jejuni STs both in ducks and star-
lings. The observation of high prevalence of the ST-45 complex in spring and early
summer was consistent with other reports and also was coincidentally consistent with
increased human campylobacteriosis cases in summer (Colles et al. 2003, French et al.
2005, Colles et al. 2008, Sopwith et al. 2008, Colles et al. 2009, French et al. 2009a). Re-
ports of the seasonality of C. jejuni populations are few and are limited to a small number
of studies involving either starlings (French et al. 2009a) or geese (Colles et al. 2008). In
this study the majority of STs from ducks (n = 24), starlings (n =21) and geese (n =2) re-
mained unassigned (ST-U/A) to a complex which was in agreement with those identified

in previous studies (French et al. 2005, Colles et al. 2008, French et al. 2009a).

The MLST data demonstrated high genetic diversity within the C. jejuni isolates from
ducks, much more so than with starlings. The rarefaction analyses and the diversity in-
dices such as Simpson index 1-D. and Shannon index showed that the C. jejuni popula-
tions of ducks and the starlings differ, indicating that the gene flow between these two
species is limited. The population of C. jejuni STs was more diverse in winter and the
ST-U/A complex formed the major group at this time. We hypothesise that the increased
diversity and the high prevalence of the ST-U/A complex may be due to the flocking be-
haviour of birds at different times of the year. Aggregation of birds from different areas
is thought to result in mixing of different strains of bacteria from different geographical
locations. It may be hypothesised the physiological changes that occur in the avian gut at
different times of the year (related to, for example, diet and feeding habits) would alter
the composition of the gut micro-flora which, in turn, could influence the overall genetic

diversity of C. jejuni in these species.

The MLST data from ducks and starlings further suggested the presence of a host associ-
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ation between the C. jejuni STs and the species they were isolated from. For example, the
ST-1034, ST-692 and ST-1332 complexes were the most predominant lineages found in
ducks. Interrogation of the Campylobacter MLST database and previous reports (Colles
et al. 2008) showed that these three complexes have only been reported from geese. How-
ever, there were two isolates from the ST-1034 complex and one isolate from the ST-1332
complex from European starlings in this study. Likewise, in starlings, the ST-177 complex
formed the major lineage which is in agreement with the PubMLST database and previ-
ous reports on European starlings (Colles et al. 2008, 2009, French et al. 2009a). Still
there is some controversy about the host association between C. jejuni sequence types
and wild birds (Hughes et al. 2009). At the same time, authors that were questioning the
association between C. jejuni sequence types and wild birds (Colles et al. 2003) have sub-
sequently documented a relationship (Colles et al. 2008, 2009). In addition, French et al.
(2009a) raised a possibility that, the resemblance between the clonal complexes found
in New Zealand and the United Kingdom is suggestive of a common ancestor that orig-
inated from the European birds introduced by the ‘Acclimatisation Societies’ in the late
19th century into New Zealand. This present study lends support to the speculation made
by French et al. (2009a) where, the majority of the sequence types isolated in this study
are also found in Europe as outlined in the Results 3.3.7. Further, the heterogeneity in
the C. jejuni populations and the diversity in the cell surface antigens may be due to the
aquatic feeding habits of the ducks and the possibility that ponds could contain a variety

of contaminants including the faecal materials of non-aquatic birds.

The molecular variance analyses (Figures 3.8a, b, ¢, and d) showed that variation resides
both between species and between seasons. There was evidence of inter-site transmission
and there was significant host-association. More importantly, apart from the population
differentiation, it was evident that Fst values of sites that possessed STs of zoonotic im-
portance did not show wide differences between them. Particularly during the summer,
C. jejuni STs from starlings (ST-45, ST-137, ST-583, ST-677) that cause human infec-
tion were found in all sampling sites, which implies that these sites could be a potential
source of infection for humans. Furthermore, ST-45 has been found to be strongly as-
sociated with the early summer seasonal peak of human campylobacteriosis and is well
recognised to colonise domestic poultry and to survive outside the host compared with

other STs (Sopwith et al. 2006, Karenlampi et al. 2007, Sopwith et al. 2008, French et al.
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2009a, Habib et al. 2010). It may be hypothesised that the early summer seasonal peak in
human camplyobacteriosis may be partly due to direct environmental exposures as well
as the already established food-borne pathways. Additionally, the diversity in the flaA
and the porA alleles found in this study from ducks and starlings supports previous obser-
vations that C. jejuni has a capacity to readily undergo homologous recombination of its
virulence-associated genes (Nuijten et al. 1990, Wassenaar et al. 1995, Harrington et al.

1997, Nuijten et al. 2000).

In conclusion, this study has quantified the prevalence, population structure and genetic
diversity of C. jejuni in mallard ducks and starlings at different sampling sites and time
periods in an urban area in provincial New Zealand. We have demonstrated similarities
between the C. jejuni sequence types isolated from ducks and starlings and humans which
implies that ducks and starlings may play a role in human infection. Although the overall
influence of ducks and starlings on human campylobacteriosis case numbers is likely to be
small, we hypothesise that they may represent a risk for small children using contaminated
public areas for play. The population structure and diversity of C. jejuni populations in
ducks and starlings indicate some localised transmission between the two species and
the presence of sequence types specific to ducks and starlings reflect host association.
Further, these observed variations reflect the genetic dynamism of C. jejuni in terms of
their capacity to recombine and also the evolutionary events due to migration and mixing
of different species of animals or birds. As Campylobacter is a rapidly evolving species
mainly through recombination Wang & Taylor (1990), Dingle et al. (2001) and intense
purifying selection (de Boer et al. 2002, Sheppard et al. 2009) further investigations to
determine the prevalence and population genetics of C. jejuni sequence types in wild
birds in other parts of the country will provide a greater understanding of this organism’s
genetic diversity which, in turn, will be of importance for reducing the burden of wild

bird-associated campylobacteriosis in humans.



CHAPTER 4

Characterisation of Campylobacter jejuni from
pets in New Zealand by combining multilocus

sequence typing (MLST), porA and flaA typing

Abstract — Campylobacter spp. is the major cause of bacterial gastroenteritis worldwide and pet
ownership has been identified as a risk factor contributing to the burden of human disease. A repeated
cross-sectional study was conducted over twelve months in Palmerston North, New Zealand, to
estimate the prevalence of C. jejuni in dogs and cats and to examine the population structure of
C. jejuni in pets. A total of 527 faecal samples were collected from ten dog walkways and 82 cat
faecal samples were collected from the small animal veterinary clinic at Massey University. The
prevalences of Campylobacter spp. and C. jejuni in dogs were 15% (95% CI 11% to 19%) and 7%
(95% CI 5% to 11%) and in cats 9% (95% CI1 4% to 17%) and 7% (95% CI 3% to 15%), respectively.
A total of 31 C. jejuni positive isolates from dogs and cats were characterised by multilocus sequence
typing, flaA, and porA typing of which 21 isolates were completely sequenced (17 from dogs and
4 from cats). The most predominant sequence type (ST) clonal complex was ST-45 (13 of 21)
followed by ST-52 (2 of 21). Other STs identified were ST-50, ST-422, ST-474, ST-583, ST-696 and
ST-3961. The most predominant flaA types were fla SVR 8 (3 of 21) and 21 (3 of 21). Following
antigenic typing, it was noticed that the allelic combination of ST-45, fla SVR 8 and porA 44 and
ST-45, fla SVR 21 and porA 44 were the predominant types found in cats and dogs with the porA
allele 44 accounting for 29% of the total number of typed isolates (6 of 21). Eight of the dog C.
Jjejuni isolates remained untyped due to different technical reasons. The high prevalence of ST-45,
the genotype found predominantly in human campylobacteriosis in all parts of the world and the
isolation of ST-474, the most pathogenic genotype exclusively found in New Zealand, emphasise
the need for further investigations of the role of pets as vectors of human campylobacteriosis.

Vathsala M, French N, Stevenson M, Marshall J, and Hotter G, (2011) Characterisation of Campy-
lobacter jejuni from pets in New Zealand by combining multilocus sequence typing (MLST), porA
and flaA typing
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4.1 Introduction

Campylobacter spp. 1s the major cause of bacterial gastroenteritis worldwide (Adak et al.
2002, CDC 2007). Campylobacter jejuni and C. coli are considered the most important
human pathogens although other species such as C. upsaliensis have been isolated from a
small proportion of human cases (Goossens et al. 1990, Labarca et al. 2002, Lastovica &
Le Roux 2003). Ingestion of untreated water, undercooked meat, raw milk and cross con-
tamination of foods are recognised risk factors for human campylobacteriosis (Fullerton
et al. 2007, Marcus 2008). Various foodborne transmission pathways have been exten-
sively studied to better understand the epidemiology of C. jejuni (Scott et al. 2000, Sneyd
& Baker 2003, Baker et al. 2007). It has been hypothesised that pets that live in close
proximity to humans have a greater opportunity to transmit pathogens directly to their
owners (Hald & Madsen 1997) but this transmission pathway for campylobacteriosis has
not been investigated in detail. Recently, studies from developed countries have identified
pet ownership (particularly dogs and cats) as a risk factor for human campylobacteriosis
particularly among small children and infants (Tenkate & Stafford 2001, Fullerton et al.
2007). Research on animal reservoirs for Campylobacter spp. have isolated C. jejuni, C.
coli, C. upsaliensis and other Campylobacter spp. from pets (Tsai et al. 2007, Chaban
et al. 2010). Transmission of Campylobacter from pets to humans, particularly children,
has often been suspected and has also been proven in a small number of cases (Jimenez
et al. 1999, Wolfs et al. 2001). The likelihood of healthy pets being infective to humans
has been the subject of controversy (Gow et al. 2009). In contrast, pet ownership has been
reported as protective for humans in a case-control study conducted in South Australian
rural children in 2005, for a period of six weeks (Heyworth et al. 2006). The authors
found, after adjusting for the effect of confounders such as hand washing habits and con-
tact with sick animals, the incidence of highly credible gastrointestinal symptoms (HCGI)
was 42% (n = 965) in children living in a household with a dog or a cat compared with
46% in those living without a pet. In addtion, the authors speculated that the decision to
own a pet was often dictated by the presence or absence of health conditions in the child,

such as asthma.

In a cross-sectional study of 214 dogs in southern Chile Fernandez & Martin (1991) found

that Campylobacter carriage was more common in stray dogs (77 of 150, 51%) compared
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with pet dogs (14 of 150, 9%) suggesting that environmental sanitary conditions play a
role as a determinant of whether or not an animal carries the organism. Estimates of
Campylobacter carriage rates among healthy pets have varied from 20% to 75% (Burnens
etal. 1992, Baker et al. 1999, Engberg et al. 2000, Moser et al. 2001, Steinhauserova et al.
2000). The spectrum of species distribution and carriage rates vary considerably between
studies and over time which is likely to be due to differences in the methodologies adopted
for sample collection, isolation, screening and study design. A number of studies have
found that C. jejuni was more frequently isolated from dogs that were less than 12 months
of age compared with those that were older (Hald et al. 2004, Acke et al. 2009, Parsons
et al. 2009). Others failed to identify such a relationship (Tsai et al. 2007, Wieland et al.
2005). In a cross-sectional study of 72 puppies and 42 kittens in Denmark were shown to
have a relatively high prevalence of C. jejuni (76%; 54 of 72) followed by C. upsaliensis
(19%;, 4 of 72) and C. coli (5%; 1 of 72) (Hald & Madsen 1997).

While most studies of this type have focused on carriage rates and species differentiation,
one particular longitudinal study investigated the shedding pattern of Campylobacter in
26 domestic pet dogs in Denmark (Hald et al. 2004). This study showed that the coloni-
sation of Campylobacter lasts for long periods and dogs were healthy carriers for the first
two years of their life. Persistent colonisation occurred with one or more strains of C.
upsaliensis over several months and there was intermittent sporadic excretion of C. je-
juni (Hald et al. 2004). Reports on the zoonotic enteric pathogens in cats and dogs have
identified the asymptomatic presence of Campylobacter in puppies and kittens less than
one year of age (Saeed et al. 1993, Hald et al. 2004). In contrast, studies conducted in
Ireland have shown Campylobacter to be associated with gastroenteritis in cats and dogs,
particularly young animals (Acke et al. 2006, 2009). A cross-sectional study conducted in
the United Kingdom found that 7% of 47 kittens presented to a veterinary clinic for rou-
tine vaccination were Campylobacter positive (Gow et al. 2009). While the observational
studies cited here provide a useful starting point in terms of indicating the frequency of
Campylobacter carriage among pets, a general weakness relates to the representativeness
of the dog and cat populations that have been sampled and consistency of the methodolo-
gies that have been applied. For example, in the study conducted by Gow et al. (2009),
samples were collected and posted to the veterinary clinic by pet owners. Details of trans-

portation, maintenance of refrigeration and time taken for transportation are obscure. In
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the studies conducted in Ireland (Acke et al. 2006, 2009), the kennel or the cattery envi-
ronment completely differs from that of a household with respect to overall management
which casting some doubt on our ability to make inferences about the general pet popula-

tion based on these data.

Molecular characterisation and the population structure of C. jejuni isolates from pets
have, to date, not been investigated in any great detail. Genotyping has been carried out
to diagnose neonatal sepsis caused by C. jejuni in a 3 week old infant who acquired in-
fection from a household puppy (Wolfs et al. 2001). C. jejuni isolates from the puppy and
the infant were characterised using amplified fragment length polymorphic fingerprinting
(AFLP) which produced homologous AFLP patterns in both the puppy and the infant.
This study was the first documented occurrence of transmission of C. jejuni from dogs to
humans. Subsequently, the genetic relatedness amongst the C. jejuni isolates from both
pets and humans was determined by pulsed field gel electrophoretic (PFGE) analysis by
Damborg et al. and colleagues in 2004. Their study was carried out to investigate the
occurrence of Campylobacter spp. in pets living along with patients infected with C. je-
juni. The occurrence of C. jejuni was found to be higher in younger patients compared
with those that were older. A cluster analysis of the canine strains showed 95% simi-
larity between the human and canine strains of C. jejuni from different Danish counties
(Damborg et al. 2004). Another important observation made in this study was that the
cases were shown not to have recently travelled, ruling out the possibility that infection
may have been acquired elsewhere. Similarly, genetic diversity of C. jejuni in pets was
studied recently by Acke and others in Ireland (Acke et al. 2010). PFGE and flagellin typ-
ing (flaA) were performed to investigate the genetic diversity of C. jejuni. These authors
detected 27 unique patterns of flaA, demonstrating a high level of heterogeneity in the C.
Jjejuni populations in this group of pets. In addition to C. jejuni, the species C. upsalien-
sis has been shown to be prevalent in pets with carriage rates ranging from 64% to 82%
(Owen & Hernandez 1990, Burnens et al. 1992, Baker et al. 1999, Newell et al. 2000). C.
upsaliensis has been characterised using PFGE (Owen & Hernandez 1990, Moser et al.

2001, Lentzsch et al. 2004) and multilocus sequence typing (MLST) (Miller et al. 2005).

New Zealand has, until recently, ranked first in the world for campylobacteriosis notifi-
cation rates (Baker et al. 2007, Marler 2010). Molecular epidemiological work has im-

plicated poultry, cattle and recreational water as major contributing factors (Brown et al.
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2004, Baker et al. 2007, French et al. 2009a, Mullner et al. 2009, 2010). Campylobacte-
riosis in humans is multi-factorial and for this reason, there is a need to better understand
all possible exposure pathways. Given the substantial body of evidence linking household
pets with human disease, as outlined above, it makes sense that this possibility should be
assessed in a New Zealand context. With this background we conducted a repeated cross
sectional study of a dog and cat population resident in the city of Palmerston North in the
lower North Island of New Zealand. Our aims were to: (1) determine the prevalence of
C. jejuni carriage among dogs and cats in an urban area in provincial New Zealand, (2)
determine the population diversity of C. jejuni in this population and, (3) to examine the
association between dog and cat C. jejuni STs and those found in confirmed human cases

listed in the PubMED MLST database.'

4.2 Experimental procedures

4.2.1 Study design

A repeated cross sectional study was conducted to determine the prevalence of Campy-
lobacter in the faeces of dogs and cats resident in the city of Palmerston North (longitude
175°, latitude -40°) in the lower North Island of New Zealand. Owing to the wide range
in C. jejuni prevalence estimates from previous studies (Burnens et al. 1992, Baker et al.
1999, Engberg et al. 2000, Moser et al. 2001, Steinhauserova et al. 2000), we assumed a
50% design prevalence for our sample size calculations. This provided the largest sample
size estimate required for a 95% level of confidence and a 6% margin of error (Levy &

Lemeshow 1999, pp. 258).

Based on these calculations a total of 267 samples were required. Ten areas within the
Palmerston North city limits commonly used for dog walking were selected as sampling
sites: Hokowhitu, The Esplanade, Coronation Park, Milverton Park, Bledisloe Park, Al-
bert Street, Vogel Street, Railway Road, Fitzerbhert Bridge and The Bridle Track (Figure
4.1). Five of the sampling sites included children playgrounds (Coronation Park, Bledis-
loe Park, Milverton Park, The Esplanade and Hokowhitu). Two were walkways within

residential areas (Vogel Street and Railway Road). The Albert Street, Fitzherbert Bridge

IURL: (http://pubmlst.org/Campylobacter)
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and The Bridle Track sampling sites were all situated near the banks of the Manawatu
River. Faecal samples were also collected from dogs that attended the Massey Univer-
sity Small Animal Veterinary Clinic for routine procedures such as vaccination and de-
worming. The intention here was to ensure sampling of a wider population of dogs within

the Palmerston North city limits.

For cats, faecal material was collected from those attending the Massey University Small
Animal Veterinary Clinic using the same selection criteria used for dogs. In addition, fae-
cal material was collected from cats belonging to staff and students of Massey University,

one private veterinary clinic and a commercial cattery.
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Figure 4.1: The sampling sites of dogs : a. North Island of New Zealand; b. Manawatu — Palmer-
ston North city; c. Ten dog walkways with dog faecal bins placed in by the Palmerston North city
council from where faecal samples were collected. 1=Hokowhitu, 2=The Esplanade, 3=Corona-
tion Park, 4=Milverton Park, 5=Bledisloe Park, 6=Albert Street, 7=Vogel Street, 8=Railway Road,
8=Fitzerbhert Bridge and 10=The Bridle Track



4.2 Experimental procedures 95

4.2.2 Collection of faecal material

Each of the ten sampling sites was visited at monthly intervals for a period of 17 months,
starting in March 2008. Standardisation of transport of faecal material and processing for
Campylobacter isolation was carried out for a trial period of five consecutive months from
March to July 2008 (inclusive). At each sampling site three faecal samples were collected
from dog bins placed within the respective walkways by the city council. A total of 30
samples were collected each sampling month. Faecal material could not be collected from
Milverton Park for the February 2009 sampling round and only a single sample could be
collected from Coronation Park in June 2009. Samples were collected from intact dog
faecal bags in order to avoid re-sampling the same faecal sample. Moreover, the sampling
interval was around 25-30 days between each sampling round, hence we are confident

that a new sample was retrieved during every sampling round.

Although faeces were collected over a period of 17 months, only data for the interval
from August 2008 to July 2009 were used to estimate the prevalence of C. jejuni. The
total number of faecal samples from dogs for the 12 month study period was 355 and
the total number of samples collected (including the trial period) was 528. A total of 25
samples were collected from dogs presented to the Massey University Veterinary Clinic
between March and July 2008 and 82 samples from cats presented between March and
September 2010. The C. jejuni positive samples from the trial period were also used to
examine the population structure of C. jejuni. Because the number of samples and the
sampling pattern was not consistent in the case of cats, these samples were not used to
estimate the prevalence of C. jejuni in cats, rather, the positive samples were used for the
characterisation and population differentiation of C. jejuni in cats. However, in order to
get an approximate idea about the prevalence of C. jejuni in cats, prevalence was estimated
and it should be noted that this is unlikely to represent the cat population of Palmerston

North.

4.2.3 Bacterial isolation and DNA preparation

All faecal samples from all sampling sites (except for the cat and dog faecal samples from
Massey University Veterinary Clinic) were collected simultaneously in transport media

(Amies charcoal, Fort Richards, Auckland) and Bolton’s enrichment broth (enrichment
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broth LAB-27.6 G; 50 mL lysed horse blood venous supplies; Antibiotics-LAB-10 mL,
Auckland). Faecal bags were picked out from bins and sterile swabs (one for the Bolton
enrichment and another for the transport media) were inserted into relatively fresh faecal
materials and transported immediately to the Hopkirk Research Institute Laboratory on

the Massey University campus at Palmerston North.

Faecal material collected in the transport media were directly streaked onto modified char-
coal cefoperazone - deoxycholate (mCCDA) (Fort Richards, Auckland) plates. The in-
oculated mCCDA plates and Bolton’s enrichment broth with faecal material were incu-
bated for 48 hours at 42°C in a microaerophilic chamber (MACS VA500 Microaerophilic
workstation, Don Whitley Scientific). The plates were monitored for growth, and af-
ter 48 hours the colonies resembling Campylobacter spp. were sub-cultured onto blood
agar plates (horse lysed blood agar, Fort Richards). After 48 hours the cultures from the
Bolton’s enrichment broth were swabbed onto mCCDA plates and then the inoculated
plates were incubated for another 48 hours at 42°C in a microaerophilic chamber. Up to
three colonies from the mCCDA plates were sub-cultured onto horse blood agar plates.
The pure colonies isolated from the horse blood agar plates were tested for oxidase reduc-
tion (oxidase strips, Fort Richards, Auckland). The colonies that reduced oxidase within
5 seconds, as indicated by purple colouration, were stored in glycerol and processed for
DNA isolation. Three colonies of at least 3 mm in diameter were transferred to 1 mL of
2% Chelex solution in distilled water (weight/volume) and boiled at 100°C for 10 minutes
on heating blocks. These were then cooled to room temperature, centrifuged at 13,000
rpm for 10 minutes and the supernatants collected in fresh sterile eppendorf tubes and

stored at -20°C.

4.2.4 Speciation by PCR

Two separate PCR reactions were performed; one for the confirmation of genus Campy-
lobacter using the 16s rRNA gene primer sequence and the species C. jejuni was con-
firmed using the membrane associated protein A (mapA) gene primer sequence. Both
primers were adapted from previous published reports (Stucki et al. 1995, Linton et al.

1997, Mullner et al. 2010) (Table 4.1).

The targets were amplified at 96°C for 2 minutes for initial denaturation, 96°C for 30 sec-



4.2 Experimental procedures 97

onds; the primer annealing was obtained at 56°C for 30 seconds for genus detection and
the primer annealing was achieved at 60°C for 30 seconds for species detection with an
extension temperature of 72°C for 60 seconds, for 35 cycles for both PCR reactions. The
PCR reaction mix was comprised of 2 L. 10x PCR buffer (final concentration 1x); 2 uL
d-NTPs (final concentration 2 mM); magnesium chloride -1 pL, (final concentration 2.5
mM); primers -2 pL each (final concentration 1 mM); Taq DNA polymerase 0.2 pL (final
concentration 1 unit per reaction); DNA 2 pL (final concentration 10 ng per pL). The
reaction mix was made up to 20 pL with distilled water. The amplicons were examined

by agarose gel electrophoresis with results captured using a Bio-Rad gel documentation

system.
Table 4.1: Primers and target genes used for PCR
Target gene Primer Primer sequence Adapted from
16S rRNA Forward -1 5> GGATGACACTTTTCGGAGC 3’ Stucki et al. (1995), Mullner et al. (2010)
(Campylobacter spp.) Reverse -2 3" CATTGTAGCACGTGTGTC 3’
mapA Forward-1 5" CTTGGCTTGAAATTTGCTTG 3°  Linton et al. (1997), Mullner et al. (2010)

Membrane associated protein A Reverse -2 3° GCTTGGTGCGGATTGTAAA S’
(C. jejuni)

4.2.5 Multilocus sequence typing

All the C. jejuni positive isolates were chosen for MLST characterisation. A total of 25
isolates were subjected for amplification and characterisation. Some of the isolates could
not be characterised fully for one or more of the following reasons: (1) some alleles were
difficult to amplify more than twice even with superior polymerase enzymes and opti-
mised magnesium chloride concentrations (2.5 mM); (2) some alleles could be amplified
but could not be sequenced; (3) full profiles could not be obtained as one or two alle-
les could not be amplified and sequenced. The primers were adapted from the previous

published reports on MLST characterisation (Table 4.2).

Each 25uL amplification reaction mixture comprised of 10 ng of Campylobacter chro-
mosomal DNA per uL (2uL), 1 uLL (5 picomoles) PCR primers (forward and reverse
primers), 12.5 pL of 2x ABI Taq Gold Mastermix and 9.5 uL of distilled water. The
reaction was carried out in 96 well plates for 7 house keeping genes. Each plate held 13

samples. The PCR program was comprised of a denaturation step at 94°C for 15 minutes,
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on a 35 cycle run with initial denaturation done at 94°C for 30 seconds, primer annealing
at 50°C for 30 seconds and extension at 72°C for 90 seconds and the final elongation step
was for 7 minutes. On completion, the plates were held at 4°C for further precipitation
and purification of the amplicons. In the case of isolates that were difficult to amplify,
Platinum Taq polymerase enzyme was used with 2.5 mM concentration of magnesium

chloride to enhance amplification.

Table 4.2: Primer sequences used for the amplifictaion of seven housekeeping alleles for C.jejuni
MLST typing (Miller et al. 2006)

Alleles Forward and Reverse primers
aspA F-5" GAGAGAAAAGCWGAAGAATTTAAAGAT 3’
R-3’ TTTTTTCATTWGCRSTAATACCATC 5’
glnA F-5" TGATAGGMACTTGGCAYCATATYAC 3’
R-3" ARRCTCATATGMACATGCATACCA 5’
gltA F-5 GARTGGCTTGCKGAAAAYAARCTTT 3’
R-3° TATAAACCCTATGYCCAAAGCCCAT 5’
glyA F-5" ATTCAGGTTCTCAAGCTAATCAAGG 3’
R-3" GCTAAATCYGCATCTTTKCCRCTAAA 5’
pgm F-5" CATTGCGTGTDGTTTTAGATGTVGC 3’
R-3° AATTTTCHGTBCCAGAATAGCGAAA S’
tkt F-5 GCAAAYTCAGGMCAYCCAGGTGC 3’
R-3° TTTTAATHAVHTCTTCRCCCAAAGGT 5’
uncA F-5 GCAAGGDGTTATYTGTATWTATGTTGC 3’

R-3 TTTAADAVYTCAACCATTCTTTGTCC 5’

Purification of PCR amplified products

The amplified products were precipitated by mixing with 25 pL. of PEG (20% Poly Ethy-
lene Glycol 8000 in 2.5 M NaCl) and incubated at 37°C for 15 minutes and the products
were centrifuged at 2,500 rpm for 30 minutes. The PEG complex in the plate was removed
by spinning the plate inverted onto tissue towels at 300 rpm for 2 minutes. The DNA in
the plates were washed with 80% ethanol and centrifuged for 10 minutes at 2,500 rpm
and the ethanol was removed by inverting the plate onto tissue towels. The plates were air
dried in a clean dark chamber until the ethanol evaporated. The products were rehydrated
in sterile distilled water and were examined by agarose gel electrophoresis with results
captured using a Bio-Rad gel documentation system. Quantification of DNA was done by

visualising the bands on the agarose gels.
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Sequencing

The sequencing reaction mix contained 400 pL of distilled water, 200 uL of 5x sequenc-
ing buffer and 100 L of BigDye Ready Reaction Mix (PE Biosystems). Seven pL of
this mix was dispensed to each well with 1 pL of forward primer (3.2 picomoles) and 2
1L of amplified DNA products from the amplification plate were transferred to each well
in the same order as that of the amplification plate and sequenced in the PCR machine.
The sequencing cycle consisted of an initial denaturation step at 96 °C for 3 minutes for
25 cycles with initial denaturation done at 96°C for 15 seconds; primer annealing at 50°C
for 15 seconds; and extension at 72°C for 4 minutes and the plates were held at 4 °C for

further purification.

Precipitation and purification of sequenced products

The unincorporated dye terminators were removed by precipitation of the termination
products with 95% ethanol, according to the manufacturer’s instructions. The precipita-
tion mixture prepared with 2 pLL of 3M sodium acetate, 10 pL distilled water and 50 uL
(95%) ethanol. This mixture was made up for 96 wells and 62 pL. was added to each
well and agitated and incubated for 15 minutes in a dark chamber without exposing the
plate to light. The plate was then centrifuged at 2,500 rpm for 30 minutes. The precipita-
tion mix was removed by inverting the plate onto tissue towels and spinning at 300 rpm
for 2 minutes. The wells were washed with prechilled (-20°C) 70% ethanol and washed
off by inverting the plate onto tissue towels at 300 rpm for 2 minutes. The plates were
air dried in clean dark chamber after washing and covered with plastic adhesive sealers
and wrapped in aluminium foil for transportation. The sequenced plates were sent to the
Institute for Environmental Science and Research (ESR), Wellington, New Zealand, for

sequence reading and allele assignment.

flaA and porA typing

Pure colonies of C. jejuni from dogs and cats are were transferred to 1 mL of 2% Chelex
solution in distilled water (weight/volume) and boiled at 100°C for 10 minutes on heat-
ing blocks. These were then cooled to room temperature, centrifuged at 13,000 rpm for

20 minutes and the supernatants collected in fresh sterile eppendorf tubes. The DNA
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preparations were quantiated in a Nanodrop-spectrophotometer (Australia) and reconsti-
tuted for 50 ng per pL and frozen and sent to ESR, Wellington, under cold conditions for

sequencing and allele assignment.

Statistical analysis

Faecal samples were collected from dog walkways and therefore, the faecal samples may
not represent that particular area from where the samples were collected. Hence, an anal-
ysis for the possibility that prevalence varied across dog walkways was not attempted.
Prevalence and confidence intervals were estimated assumming that the dog faecal sam-
ples may not truly represent the respective sampling areas. Our rationale for such as-
sumption was that there is a possibility for a dog from one area to be taken to another dog

walkway.

Population differentiation: Analysis of molecular variance and Fst

Arlequin v3.11 (Excoffier et al. 2005) software was used to perform analysis of molecular
variance (AMOVA) in an effort to analyse the population structure of C. jejuni in dogs and
cats. The population structure is analysed in AMOVA through a variance framework. The
allelic frequencies within and between populations are analysed at different ‘hierarchical’
levels, where AMOVA divides the total variance into different covariance components
such as within population, within groups among populations and inter-population differ-
ences (Excoffier et al. 2005). Three hierarchical F-statistics, known as the fixation indices
are obtained (expressed as components of AMOVA) namely, Fst : the variance among
subpopulations relative to the total variance; Fsc : the variance among subpopulations
within groups; and Fct : the variance among groups relative to the total variance. Fst is
a widely used measure to quantify the differentiation between populations and a value of
one implies the two populations are completely separate (Wright 1965, 1978, 1984). The

following are some guidelines for interpreting the Fst values:

e the range 0.0 to 0.05 may be considered as indicating little genetic differentiation;

the range 0.05 to 0.15 indicates moderate genetic differentiation;

e the range 0.15 to 0.25 indicates great genetic differentiation; and
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e the values of Fst above 0.25 indicate very great genetic differentiation Wright (1978).

As faecal samples were collected from dog walkways where, dog bins at the sampling
sites may not represent that particular area from where samples were collected or the
samples in the bin may not belong to the dogs of those respective areas, population differ-
entiation analysis was not carried out for individual sampling sites. Instead, an analysis
of population differentiation within dog C. jejuni population; and between dogs and cats

were carried out.

4.3 Results

4.3.1 Prevalence of faecal Campylobacter spp. in dogs and cats

Seventy two of the 355 (20%, 95% confidence interval [CI] 16 to 25%) dog faecal samples
were positive for the Campylobacter spp. As faecal material was collected from dog bins,
details of health status, diet and age were not available. The estimated prevalence of
C. jejuni was 7% (95% CI 5 to 11%). In the case of cats, the estimated prevalence of
Campylobacter spp. and C. jejuni was 9% (95% CI 4 to 17%) and 7% (95% CI 3 to
15%), respectively.

Details of the numbers of samples collected, the number of Campylobacter positive sam-
ples and prevalence estimates by sampling site are shown in Table 4.3. Figure 4.2 shows
the same data by site and sampling month. Campylobacter spp. prevalence as a function
of calendar time reveals a high prevalence in early spring (23%, 95% CI 8 to 38%) and a
relatively low prevalence in summer (13%, 95% CI 1 to 25%). However, these estimates
are associated with wide uncertainity. The prevalence estimates of Campylobacter spp.

and C. jejuni are provided in Table 4.3.

C. jejuni prevalence during the summer was 20% (95% C1 7 to 34%) and during the early
winter was 18% (95% CI 4 to 32%). Although the prevalence of Campylobacter spp.
was highest in The Esplanade, The Bledisloe Park had the highest prevalence of C. jejuni
followed by the Bridle Track, Fitzherbert Bridge and Railway Road (Table 4.3).

The overall prevalence of Campylobacter in faeces from dogs from Massey University
Veterinary Clinic was 12% (CI 0.7 to 25%; 3 of 25 samples). None of the samples from

dogs from Massey University Veterinary Clinic tested positive for C. jejuni.
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Figure 4.2: Seasonal prevalence of Campylobacter spp. and C. jejuni in dogs

4.3.2 C. jejuni genotypes and cell surface antigen types of dogs and

cats

Of 25 C. jejuni isolates speciated from dogs, only 24 could be amplified and taken further
for sequencing. Of the 24 successfully amplified isolates a total of 17 were sequenced
completely and the remainder could not be typed completely despite repeated amplifica-
tion and sequencing procedures (Table 4.5). The 17 sequence types (ST) were assigned
to five clonal complexes (CC) and one isolate from ST-3961 could not be assigned to a
complex. The majority of dog C. jejuni isolates were assigned to ST-45 complex account-
ing for 53% (9 of 17) isolates, three isolates were from the ST-52 complex, two from the
ST-21 complex and the remainder belonged to ST-1332 (n = 1), ST-48 (n = 1) and an
unassigned complex (ST-U/A)(n = 1).

For cats, 6 samples were speciated from a total of 82 faecal samples and all were subjected
to MLST typing. Four C. jejuni isolates could be successfully typed and two of them

could not be typed further. All four samples were assigned to the ST-45 complex. The
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Table 4.3: The prevalence of Campylobacter spp. and C. jejuni at the sampling sites

Campylobacter spp. C. jejuni
Sampling sites n n positive  95% Con. Int ~ n positive ~ 95% Con. Int
The Esplanade 36 13(36%)  20-52 1 (3%) 0.07-15
Coronation Park 34 3(9%) 2-24 2 (6%) 0.7-20
Milverton Park 33 4(12%) 3-28 1 3%) 0.08-16
Hokowhitu 36 3(8%) 2-22 3 (8%) 2-22
Bledisloe Park 36 6(17%) 6-33 5 (14%) 5-29
Vogel Street 36 3(8%) 2-22 1 (3%) 0.07-15
Albert Street 36 3(8%) 2-22 3 (8%) 2-22
Bridle Track 36 4(11%) 3-26 4 (11%) 3-26
Railway Road 36 1(3%) 0.07-15 3 (8%) 2-22
Fitzherbert Bridge 36 6 (17%) 6.0-33 3 (8%) 2-22

n: Total number of samples
Con.Int: Confidence interval

cell surface antigen typing of the dog faecal samples showed six different types of porA
alleles and seven different flaA alleles. It was difficult to type the cell surface antigens
for some of the isolates. The porA alleles were 1, 44, 53, 60, 886, 905 and one allele
could not be assigned an allelic number. The flaA alleles were 15, 21, 22, 32, 34, 56 and
57. The combinations of flaA allele 22, porA allele 53 and ST-45 complex (n = 2), flaA
allele 21, porA allele 44 and ST-45 complex (n = 3) and, flaA allele 57, porA allele 905
and ST-52 complex (n = 3) were more frequent in dogs. In cats, the combination of flaA
allele 8, porA allele 44 and ST-45 complex (n = 3) was predominant and flaA allele 239,
porA allele 73 and ST-45 complex (n = 1) was found in a single isolate (Table 4.4). The
majority of the ST-45 (n = 5) isolates were found during summer and the remainder of
ST-45 and the other STs were found during autumn and winter (ST-52, ST-50, ST-422,
ST-45, ST-474, ST-696 and ST-3961). The genotypes were more diverse during winter in

general.

The p-value of differentiation was 0.04 which means the C. jejuni population of dogs did
differ significantly from that of cats (Table 4.6). However, the sample size (genotypes)

from cats (n = 4) was very small compared with dogs (n = 17).
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Table 4.4: C. jejuni genotypes from dog and cat faecal samples

C. jejuni genotypes from dog faecal samples

Frequency  flaA  porA ST CC aspA  glnA  gltA  glyA  glmM  tkt

uncA

1 15 X 696 1332 2 1 4 28 58 25
2 X X 45 45 4 7 10 4 1 7
2 22 53 45 45 4 7 10 4 1 7
1 X X 45 45 4 7 10 4 1 7
3 21 44 45 45 4 7 10 4 1 7
1 32 60 474 48 2 4 1 2 2 1
1 34 NEW 422 21 2 1 5 3 2 5
1 56 886 3961  U/A 2 29 4 27 10 25
1 X 53 45 45 4 7 10 4 1 7
1 X 1 50 21 2 1 12 3 2 1
3 57 905 52 52 9 25 2 10 22 3

58

C. jejuni genotypes from cat faecal samples

3 8 44 45 45 4 7 10 4 1 7
1 239 73 583 45 4 7 10 4 42 51

X:Allele could not be typed
NEW:Allelic number was not assigned at the time of analysis

U/A:Unassigned

Table 4.5: C. jejuni MLST partial profiles from dog faecal samples

Lab  Source Site Month aspA  ginA  gltA  glyA glmM tkt uncA ST CC flaA porA
ID

D274 Milverton Park November-08 4 X X X 1 X X - - X X
D277 Coronation Park November-08 X 7 10 4 1 7 1 - - X X
D404 Hokowhitu Lagoon March-09 X X X 26 X X X - - X X
D408 Bledisloe Park March-09 2 X X NEW X X 23 - - X X
D486a Bridle Track June-09 2 4 1 2 2 X 5 - - 32 60

X:Allele that could not be sequence typed
(-):Alleles that could not be amplified
Three dog and two cat isolates could not be amplified
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Table 4.6: Analysis of molecular variance of C. jejuni genotypes from pets

Source of variation df  Sum of squares  Variance components  Percentage
Among populations 1 2.8 0.12Va 5.36
Within populations 17 354 2.08 Vb 94.64
Total 18 383 22

Fixation Index Fst : 0.05360
P value : 0.04

Among populations: C. jejuni populations from dogs and cats.

Within populations: C. jejuni populations within the isolates of dogs and cats

Va: variance among populations

Vb: variance within populations
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4.3.3 Comparison of C. jejuni genotypes with wider population

The C. jejuni genotypes identified in this study were compared with the wider population
of C. jejuni genotypes listed in the MLST database.? ST-3961 was novel to this study.
ST-474 had been reported predominantly from poultry and human campylobacteriosis
cases in New Zealand. ST-50 has been implicated most commonly in sporadic human
campylobacteriosis cases in the United Kingdom, USA, The Netherlands, Finland, Korea,
Canada, Scotland and Curagao and has been recorded as a cause of disease in humans as
early as 1990. ST-50 has predominantly been found in chicken meat and offal, beef, lamb
and turkey. ST-52 has been implicated in sporadic cases of campylobacteriosis in humans
in the United Kingdom, The Netherlands, Wales, Australia, New Zealand and Curagao
and is primarily isolated from sheep. ST-52 has also been recorded from chicken and this
is first record of an isolation from dogs. ST-422 has been isolated from a chicken in the
United Kingdom which is the only record of this ST in the MLST database, although this
ST has been reported in human clinical cases in New Zealand (French et al. 2010). ST-
696 has been reported predominantly from geese in the United Kingdom with an single
isolates from cattle and a turkey in Germany. ST-696 was implicated in cases of human
campylobacteriosis in The Netherlands and has been isolated from New Zealand ducks
(Chapter 3). This is the first time ST-696 has been reported from dogs. ST-45 is one of
the predominantly reported STs in a range of hosts and also highly implicated in human
campylobacteriosis, accounting for 59% of the total STs in this study. ST-583 was isolated
from a cat in this study and has also been isolated from a variety of sources including
wild birds, turkeys, cattle and chickens from the United Kingdom, Denmark, Canada and
New Zealand. ST-583 has been implicated in sporadic cases of disease in humans in The

Netherlands, England, Belgium and Germany.

2URL: (http://pubmlst.org/Campylobacter)
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4.4 Discussion

The aims of this study were to quantify the prevalence of Campylobacter spp. and C.
jejuni in dogs and cats in Palmerston North City, New Zealand and to investigate the
population structure of the C. jejuni isolates from those samples. The overall prevalence
of Campylobacter spp. observed in faecal samples of dogs was 15% (95% CI 11% to
19%) which is relatively low compared with previous prevalence reports that ranged from
18% to 72% (Aydin et al. 2001, Sandberg et al. 2002, Engvall et al. 2003, Damborg
et al. 2004, Hald et al. 2004, Bender et al. 2005, Acke et al. 2006, 2009, Parsons et al.
2009). The overall C. jejuni prevalence in this study was 7% (95% CI 5% to 11%) and
the prevalence of C. jejuni in dogs in previous studies ranged from 3% to 40% (Hald
& Madsen 1997, Lopez et al. 2002, Koene et al. 2004, Workman et al. 2005, Tsai et al.
2007).

In this study faecal samples were collected from dog bins, in contrast to other studies
where samples have generally been collected directly from the rectum using swabs. This
may be one explanation for the relatively low prevalence identified in this study compared
with those from other work. The length of time taken for samples to reach the laboratory
is also known to influence Campylobacter spp. recovery rates (Koene et al. 2004). In
this study, even though samples reached the laboratory and processing started within 60
minutes, it was not known how long faecal material had actually been present in the bins
at the time of collection. The existence of viable, but non-culturable forms of Campy-
lobacter spp. in the faecal samples could have also influenced the recovery rate in this
present study. This occurs when bacteria are exposed to adverse conditions outside the
host (Persson & Olsen 2005, Murphy et al. 2006). This lends support to the explanations

for the low prevalence estimates described above.

A direct PCR method has been used to detect small numbers of organisms (Parsons et al.
2009), however, inhibitory factors and the poor quality of DNA from faecal material have
been found to influence the direct-PCR detection of bacteria from faeces where samples
that were negative by direct-PCR were found to be positive by culture Lawson et al.
(1999), Parsons et al. (2009). In contrast, isolation rates have been found to be higher
from faecal samples compared with rectal swabs in dogs and vice versa in cats (Acke et al.

2006, 2009). In addition, Campylobacter spp. recovery rates may be influenced by other
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factors such as the age of animals at the time of collection and the overall management of

pets (which may vary from study to study and country to country).

The overall estimated prevalence of Campylobacter spp. in cats was 9% (95% CI 4% to
17%) which may not be truly representative of the Palmerston North pet cat population
firstly because of selection bias (samples were taken from animals attending one particular
veterinary hospital) and the relatively small number of samples (n = 82) would have

decreased the precision of the prevalence estimate.

Over time the prevalence of Campylobacter spp. and C. jejuni was highest prevalence
in the spring and a relatively low during the summer and winter, however the differences
were not significant. Comparison of our findings with those from other studies is diffi-
cult because most have not sampled longitudinally and presented prevalence estimates at
different times throughout the year. Although the differences were not significant, our
findings in relation to seasonality are consistent with observations made by Tauxe (1992)
in a review of epidemiology of C. jejuni infections in industrialised nations as well as in a
cross sectional study conducted in domestic animals in Argentina by Lopez et al. (2002).
Torre & Tello (1993) identified a high prevalence of Campylobacter spp. in dogs in the
autumn. Factors influencing the high spring and summer prevalence of Campylobacter
spp. in dogs are not clearly defined. However, high temperatures, humidity, overcrowd-
ing of animals and housing of pets with other animals have been identified to influence
Campylobacter spp. transmission dynamics (Tauxe 1992, Torre & Tello 1993). Although
pets have been identified as healthy carriers and sometimes with sub-clinical infections,
dogs infected with other gastrointestinal infections were found to increase the prevalence

and the species richness (presence of multiple species) of Campylobacter spp. (Lopez

et al. 2002, Acke et al. 2006, 2009, Chaban et al. 2010).

The majority of dog C. jejuni isolates were assigned to the ST-45 complex and these
accounted for 53% of the total number of isolates that were characterised. The only geno-
type found during the warmer months was ST-45 (n = 5) and the remainder of ST-45 and
the other STs were found during the autumn and winter (ST-52, ST-50, ST-422, ST-45,
ST-474, ST-696 and ST-3961). There is a possibility that the presence of the genotypes
ST-3961 and ST-696 (duck associated genotypes) in the dog faecal material, could have
resulted from the contamination of the dog faecal material with duck faecal material,

while the owners were picking up the faecal material from the ground. The population
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differentiation using AMOVA suggested that variation resides within the C. jejuni pop-
ulation of dogs and cats and among the cat and dog C. jejuni populations considered

separately.

It can be hypothesised that the high spring and summer faecal prevalence of Campy-
lobacter spp. and the high prevalence of ST-45 may contribute to the overall burden of

campylobacteriosis in humans at this time of the year

In conclusion, this study has quantified the prevalence, the population structure and the
genetic diversity of C. jejuni in dogs in an urban area in provincial New Zealand. Further,
we have demonstrated the similarities between C. jejuni genotypes isolated from dogs,
cats and humans which implies that dogs and cats may play a role in human infection.
The porA and flaA alleles found in both dogs and cats in this study were identical to
those from human campylobacteriosis recorded in the PubMLST database. This provides
additional evidence that pets may represent a risk factor for human infection and that this
risk may vary on a seasonal basis. Although the overall influence of dogs and cats on
human campylobacteriosis case numbers is likely to be small, it is likely that they may
represent a risk particularly for small children, elderly people and immuno-compromised

individuals (Lopez et al. 2002).

Further research into the molecular epidemiology of campylobacteriosis combining Campy-
lobacter spp. in pets and human clinical cases will improve our understanding of the
transmission pathways and the dynamics of disease in humans. In addition, we suggest
that in the absence of a standard isolation technique for Campylobacter spp. from fae-
cal material, simultaneous application of direct-PCR and culture techniques should be

employed for effective recovery of bacteria from faeces.
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CHAPTER 5

Phylogeny of housekeeping and porA genes from

seven Campylobacter jejuni ST-474 genomes

Abstract — C. jejuni multilocus sequence type 474 (ST-474) is an internationally rare genotype
that is endemic in New Zealand. The internal fragments of seven housekeeping genes and the struc-
tural gene, porA of C. jejuni have been widely studied using multilocus sequence typing (MLST).
In this study seven ST-474 genomes (four from chickens and three from human clinical cases) and
12 C. jejuni reference genomes were compared. A subset of 25 housekeeping genes were analysed
to investigate the extent of the similarity shared between the seven ST-474s which, in turn, were
compared with the reference genomes. In addition, the structural gene, porA from the seven ST-474
genomes and the reference genomes were compared. The genes under investigation were divided
into two subsets: the first was the genes that comprise the C. jejuni MLST scheme (n = 7) and sec-
ond comprised a set of genes previously used in MLST schemes for other bacteria (n = 18). The
MLST alleles aspA, gltA, glmM, tkt and uncAlatpA were found to be identical across the reference
genomes CJJ11168, CJJ84-25, CJJIA3902 and CJICF93-6 and the ST-474 genomes. In contrast, the
full length genes which contain the identical MLST alleles showed variations at both the nucleotide
and protein levels, at least between the reference and ST-474 genomes. Three genes, (fumC, pycA
and #rpC) from the second subset showed significant molecular variations within the seven ST-474
genomes.

The genes investigated in this study showed a bimodal distribution of relative evolutionary rates and
selection pressures that were indicative of functional constraints. The presence of recombination
was evident both in the housekeeping and porA genes. There was a positive correlation between the
guanine-cytosine (GC) content variance and the number of recombination sites. Genes that showed
wider GC variance had a relatively high number of recombination sites. Genes that shared identical
GC contents had identical codon bias indices. The majority of housekeeping genes shared their
ancestry with the ST-21 complex as predicted by the MLST allelic profile whereas the ftsZ, gapA,
hemN, sdhA and pycA alleles were found to be unique to ST-474 forming separate branches on the
maximum likelihood phylogenetic trees. In addition, the porA gene sequences from the reference
and ST-474 genomes showed extensive recombination, evidenced by variations in external loops
one, four, six and eight. The human isolate H22082 was closer to the ST-22 complex while the
remainder were closer to the ST-21 complex. This study demonstrates the robustness of MLST
housekeeping alleles as predictors of the ancestry of the majority of genes in a genome and provides
further insights into the molecular variation and similarities among the housekeeping genes within
the seven C. jejuni ST-474 genotypes.

Vathsala M, French N, Biggs, P J, Stevenson M, Marshall J, and Hotter G, (2011). Phylogeny of
housekeeping and porA genes from seven Campylobacter jejuni ST-474 genomes
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5.1 Introduction

The impact of recombination (homologous, non-homologous or illegitimate) on the evo-
lution of microorganisms has been evidenced as the major factor of microbial evolution
(Feil et al. 2001, Spratt et al. 2001, Hanage et al. 2005, Fraser et al. 2007, 2009). How-
ever, the rate of recombination may differ greatly amongst different bacterial species;
while some species recombine more frequently to have multiple recombinational events
than mutations that render them weakly clonal, in other species it appears to be a rare inci-
dent leading to distinct clonal lineages (Spratt et al. 2001, Hanage et al. 2005, 2006, Fraser
et al. 2007). Studies of genetic diversity in the bacterial kingdom have shown that bacte-
ria form clusters of genetically related strains and that extensive recombinations among
related clusters have been regarded as normal rather than exceptional events (Giovan-
noni 2004, Venter et al. 2004). In addition, compositional analytical studies of bacterial
genomes have demonstrated considerable proportions of horizontally acquired genes in
most bacterial genomes (Dauga 2002, Yang 2002, Nakamura et al. 2004, Gupta 2006,
McQuiston et al. 2008). However, not every single gene is involved in recombination or

horizontal gene transfer (Rivera et al. 1998, Jain et al. 1999).

Rivera and his co-workers 1998 used information on whole genome sequences of Saccha-
romyces cerevisiae (a eukaryote), Synechocystis 6803 (a cyanobacterium), Escherichia
coli (a proteobacterium) and Methanococcus jannaschii (a methanogen). Rivera et al.
(1998) differentiated two striking inheritance patterns of genes (Riley 1993, Rivera et al.
1998). The lineages of the genes were broadly classified into informational and oper-
ational or housekeeping genes. The informational genes include genes of translation
(T), transcription (S), and replication (R) and also the ATPases, GTPases (G) and tRNA
synthetases whereas the operational genes are those involved in cell operations such as
amino acid synthesis (A), biosynthesis of co-factors (B), cell envelope proteins (C), en-
ergy metabolism (E), intermediary metabolism (I), fatty acid and phospholipid biosynthe-
sis (L), nucleotide biosynthesis (N), and regulatory genes (Z) (Rivera et al. 1998). The
operational genes are the most modular genes in the cells that are inclined to be horizon-
tally transfered or recombined most often (Jain et al. 1999, Ma & Zeng 2004); hence the
use of single genes for comparing the populations and/or for comparing the phylogenies

of bacterial species may not resolve the puzzle of phylogenetic relationships.
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Multilocus enzyme electrophoresis (MLEE) and mulitlocus sequence typing (MLST) are
techniques devised to sub-divide bacterial populations (Maiden et al. 1998). While MLEE
targets the cellular enzymes encoded by the genes in a genome, MLST exploits the inter-
nal fragments that are approximately 470 to 500 base pairs of the housekeeping genes
(Maiden et al. 1998, Maiden 2006). Further, MLST constructs allelic profiles based on
variations in the nucleotide sequences of (usually) seven housekeeping genes, and bac-
terial isolates are grouped into different clusters (Maiden et al. 1998). The characteri-
sation of closely related species using multiple loci has allowed the analysis of relation-
ships between different bacterial species, which is often referred to as an extension of
MLST, called multilocus sequence analysis (MLSA) (Hanage et al. 2005, Gevers et al.
2005). Some bacterial pathogens are monomorphic with little sequence diversity (e.g.
Salmonella enterica subsp.enterica serovar Typhi) that serve as promising models of evo-
lution. Some are polymorphic with greater sequence diversity (e.g. Neisseria meningitis
and Campylobacter jejuni) (Linz et al. 2000, Dingle et al. 2001, Achtman & Wagner
2008) that have blurred genomic signals of phylogenetic history due to extensive recom-

binational events (Wirth et al. 2006, Achtman & Wagner 2008).

C. jejuni, a zoonotic pathogen that colonises the gut of a wide variety of birds and mam-
mals, has been attributed to the majority of bacterial gastroenteritis cases in developed
countries (Humphrey et al. 2007). In the majority of cases the disease caused by C. jejuni
is self limiting however on rare occasions there can be serious sequelae such as Guillain-
Barré syndrome and reactive arthritis (Zia et al. 2003). The natural competency and the
plasticity of C. jejuni were not investigated until Dingle et al. (2001) designed an MLST
scheme for C. jejuni which has subsequently been exploited to structure and investigate
the association of C. jejuni populations with different hosts and the environment from
which human clinical infection originated (Colles et al. 2003, Miller et al. 2006, Colles
et al. 2008, Kwan et al. 2008, Wilson et al. 2008, Carter et al. 2009, Mullner et al. 2009).
However, chromosomal DNA and plasmid transformation were documented in C. jejuni
and C. coli under laboratory conditions using shuttle vectors (Wang & Taylor 1990). The
Campylobacter PubMLST database has an extensive archive of these MLST data for C.
jejuni and other bacterial species.! Further, Wilson et al. (2009) used the population

genetics-phylogenetics approach to demonstrate the massive evolutionary potential of C.

'URL: (http://pubmlst.org/Campylobacter)
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jejuni. These authors further inferred that a mutation at any site can occur somewhere
in the population within the space of a week and that recombination plays a major role
in the generation of diversity at twice the rate of mutation per se. Furthermore, the gene
flow between C. jejuni and C. coli due to recombination has been demonstrated in gene
sequences of these two species illustrating the rapidity of evolution in the Campylobacter
genus (Sheppard et al. 2009, Wilson et al. 2009). Hybrid alleles were shown to be more
common in four of the seven MLST loci (tkt, aspA, gltA and glyA) in C. jejuni (Shep-
pard et al. 2009). Similarly, the major outer membrane protein or MOMP gene of C.
Jejuni (interchangeably designated as porA) has been identified to show strong evidence

of recombination (Clark et al. 2007).

MOMP is found on the surface of the bacterial cell and is important for the passive move-
ment of nutrients between the external environment and the cell (Clark et al. 2007). The
Campylobacter spp. MOMP is involved in adherence to host cells, antibiotic resistance
and cytotoxicity (Page et al. 1989, Moser et al. 1997, Zhang et al. 2006a). MOMP plays
a major role in the adaptation of Campylobacter spp. to various environments and hosts
(Zhang et al. 2000, Huang et al. 2007). The porA/IMOMP gene of Campylobacter spp. is
comprised of seven highly variable regions interspersed among conserved regions, where
the highly variable regions form the irregular external loops connected by 18 /3 strands
and short periplasmic turns (Zhang et al. 2000, Labesse et al. 2001). These exposed sur-
face epitopes have been identified to be the source of antigenic variation and this MOMP
antigen has been identified as a potential vaccine candidate (Huang et al. 2007). Simi-
larly, phylogenetic analysis of porA genes from Guillain-Barré Syndrome (GBS) strains
has classified the porA alleles into three groups within C. jejuni and C. coli (Clark et al.
2007) where, the third group showed evidence of recombination. Further, it has been in-
ferred that the porA alleles sequenced to date have demonstrated limited variation within
the assigned three groups. Data from porA alleles may confer phylogenetic differenti-
ation among C. jejuni isolates separating the isolates that differ according to functional,
biological and virulence properties (Clark et al. 2007). Similarly, the combination of the
porA gene with that of the MLST alleles has been shown to be highly discriminatory for
C. jejuni and C. coli typing particularly in long-range comparisons and short-term epi-
demiological investigations (Dingle et al. 2008). A longitudinal study was conducted in

a defined human population of ~ 600,000 for one year in a Hospital Clinical Microbi-
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ology Laboratory, in the UK. A total of 196 distinct porA variants were identified from
Campylobacter culture positive samples and a similar clustering pattern was observed as
the previous study in which the third group contained both C. coli and C. jejuni sequences
suggesting recombination (Cody et al. 2009). In addition, the stability of the porA gene
within human patients with prolonged infection (5 and 98 days) was investigated using
repeated sampling from two of the patients in this study where, mutations were detected
in the porA genes from both patients illustrating the potential of the gene to evolve under

certain circumstances (Cody et al. 2009).

Although population genetics of C. jejuni provides important insights into the clonal re-
lationships and serves as an efficient molecular epidemiological investigation tool, the
recent availability of complete C. jejuni genome sequences from diverse strains has pro-
vided an opportunity to discover the functional mechanisms and pathways that are essen-
tial for the survival and growth of C. jejuni. This in turn will provide suggestions about
how those genes involved in different metabolic pathways can evolve in response to dif-
ferent environments to render C. jejuni a successful survivor in the environment and the

food chain.

Relationship between C. jejuni ST-474 and New Zealand

New Zealand has, until recently, ranked first in the world for campylobacteriosis noti-
fication rates (Baker et al. 2007, Marler 2010). C. jejuni multilocus sequence type 474
(ST-474) is an internationally rare genotype that accounted for 24% to 34% of human
clinical cases in New Zealand (French 2008)? and was strongly associated with poultry,
particularly, in urban areas (French 2008, Mullner et al. 2009, 2010). Further, among
the Campylobacter clusters identified from five different district health boards in New
Zealand in 2006, C. jejuni ST-474 accounted for 32 of 112 isolates and has been sug-
gested to be an endemic sequence type present in New Zealand (McTavish et al. 2008).
Two sub-strains of C. jejuni ST-474 flaSVR 14 (a short variable region within the flaA
genes that are conserved among the C. jejuni virulent strains (Meinersmann et al. 1997))
were isolated during the same time period and from the same geographical location (Au-

gust 2005, Palmerston North, New Zealand). One was isolated from a chicken and the

URL:(http://www.foodsafety.govt.nz/elibrary/industry/
enhancing-surveillance-potentially-research—-projects—-2/Campy_
Attribution_Manawatu.pdf/)
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other from a human clinical case, their genomes were sequenced using next generation
Solexa sequencing technology. Their draft genomes were submitted to GenBank® (French
et al. 2009b, Biggs et al. 2011). The authors found 93% of the genes to be identical be-
tween the two ST-474 isolates and 103 genes to differ by at least a single nucleotide
with 72 of them showing non-synonymous substitutions. Furthermore, they inferred that
5% of the differences were due to mutations and 95% of them were as a result recom-
bination (Biggs et al. 2011). Additionally, a non-homologous recombination event was
identified in the human isolate (H22082) with the insertion of two extra genes, whereas
the chicken isolate (P110b) did not show such an event. Although the housekeeping alle-
les of different genotypes of C. jejuni share 86% nucleotide sequence identity, the seven
housekeeping genes used in the MLST scheme cover lesser than < 0.2% of the entire
genome (Dingle & Maiden 2005). The phylogeny and the ancestral lineages of individual
genes may differ when examined at the genome level, and these differences may not be
detected even when MLST is combined with other antigenic genes such as porA. More-
over, studies on individual housekeeping genes are scarce and most studies have either
focused on the congruence of phylogenies interpreted by rRNA, or a few housekeeping
genes or whole genomes (Puhler et al. 1989, Bustamante et al. 1995, Bult et al. 1996,
Martin 1999, Dorrell et al. 2001, Vandecasteele et al. 2001, Hinode et al. 2002, Jordan
et al. 2001, Velayudhan & Kelly 2002, Whittam & Bumbaugh 2002, Wolf et al. 2002,
Coenye & Vandamme 2003, Fuglsang 2003, Pearson et al. 2003, Viscidi & Demma 2003,
Carrillo et al. 2004, Karenlampi et al. 2004, Ma & Zeng 2004, Nakamura et al. 2004,
Taboada et al. 2004, Venter et al. 2004, Foerstner et al. 2005, Fouts et al. 2005, Chen et al.
2006, Gupta 2006, Klancnik et al. 2006, Musto et al. 2006, Rooney et al. 2006, Miller
et al. 2007, Sorek et al. 2007, Hughes et al. 2008, Rocha 2008, Liu et al. 2009, Lefebure
& Stanhope 2009, Rocha & Feil 2010). The molecular differences in housekeeping genes
within genomes that belong to a single genetic type (sequence type) have not been studied
at the individual gene level except for a sub-region among seven housekeeping genes in
MLST (section 2.4.4). Although the sequences of seven housekeeping genes illustrate
the genetic diversity that relfects past evolutionary events in those genes, the underlying
molecular variations that can be expected due to the evolutionary forces in at least, other

metabolic genes are obscure. There is no evidence to suggest that MLST alleles are iden-

SURL:(http://www.ncbi.nlm.nih.gov/genbank/)
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tical at their full length level. It is not known if a detailed knowledge of MLST alleles can

capture the true evolutionary history of the other genes in a genome.

The major evolutionary forces that shape the genetic diversity amongst organisms are
genetic drift, mutation, migration and selection which directly influence the nucleotides in
a DNA sequence (Rocha & Feil 2010). The genetic consequences brought about by these
evolutionary forces are measured using different mathematical and statistical methods and

models.

Models to study evolution

Evolution in genes and/or genomes are measured in terms of: the nucleotide composi-
tion (adenine, cytosine, guanine and thymine or uracil), particularly the guanine-cytosine
(GC) content of a given gene or genome; the nucleotide substitutions or differences be-
tween genes, the selection pressures (negative or purifying, neutral and positive or advan-
tageous); and amino acid usage and/or codon usage by the gene or genome (Rocha & Feil
2010). The evolutionary measures in turn provide opportunities to better understand the

detailed mechanics of individual genes and the whole genome.

Guanine-cytosine content

The guanine-cytosine (GC) content of bacteria varies both at the genomic and the gene
level. GC content has been shown to be driven by selection, mutational bias and biased
recombination-associated DNA repair (Genereux 2002). The genetic stability, which is
defined as ‘a measure of the resistance to change, with time, of the sequence of genes
within a DNA molecule or of the nucleotide sequence within a gene’#, has been shown
to be affected by the base pairing and stacking of GC and adenine — thymine (AT) while
GC richness provides greater stability (Yakovchuk et al. 2006). The DNA stability is not
only fundamental for the overall structure and thermal stability and energetics of DNA,
but it also has significant influences on a number of biological processes within a cell
(Gueron et al. 1987, Frank-Kamenetskii 1987, Yakovchuk et al. 2006). In bacteria, base

composition variation is thought to affect both coding and non-coding sites within a gene

4URL:(http://http://www8.nos.noaa.gov/coris_glossary/index.aspx?
letter=qg)
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and/or genome, as bacteria generally possess little intergenic DNA sequences (Hildebrand
et al. 2010). The variation in base composition is not restricted to any particular group
of bacteria, rather it is a consequence of differences in the patterns of evolutionary events
(Freese 1962). Variation in the GC content is dependent on the mutational patterns and/or
the evolutionary events that had occurred in a given nucleotide sequence (Sueoka 1961,
Freese 1962). GC content has also been shown to be correlated with various factors such
as genome size (Bentley & Parkhill 2004), the living nature of bacteria (bacteria that rely
on their host for survival are rich in AT) (Rocha & Danchin 2002, Woolfit & Bromham
2003), the environment (Foerstner et al. 2005), aerobiosis (aerobic prokaryotes display
a significant increase in genomic GC%) (Naya et al. 2002), nitrogen utilisation (nitrogen
fixing bacteria are GC rich) (McEwan et al. 1998) and temperature (Galtier & Lobry 1997,
Hurst & Merchant 2001, Musto et al. 2006). Further, the conversion of GC— AT has been
found to be more common in comparison to AT—GC conversions in GC rich bacteria
and an opposite pattern is found in AT-rich bacteria such as C. jejuni (Hildebrand et al.
2010). Although the causes for the differences in the GC content have not been clearly
defined, GC content at the third codon position (GC3) and the conversion of GC— AT and
AT—GC at this position has been reported to occur in favour of selection for GC content
of the genome (Akashi 1995, Hildebrand et al. 2010) and it has been suggested this has

had a great impact on evolution.

Nucleotide substitutions and selection pressures

Differences in rates of nucleotide substitutions in protein-coding genes occur as a result
of three major selection processes such as (negative) purifying selection against deleteri-
ous nucleotide substitutions or mutations, random genetic drift of neutral mutations and
(positive) adaptive selection (Patthy 2008). Synonymous or silent mutations/substitutions
do not lead to an amino acid change in contrast to non-synonymous substitutions which
do. The synonymous substitutions (ds) (also interchangeably referred to as K;) are neutral
and do not cause any deleterious effects to a protein coding gene and are often fixed in
a population (Kimura 1968, Patthy 2008). The non-synonymous substitutions (dy) (also
interchangeably referred to as (K,) that lead to amino acid change play a major role in
protein evolution. Several mathematical and statistical models have been developed to

measure and infer evolution on the basis of nucleotide differences, initially in eukaryotes
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that were subsequently adapted to analyse evolution in prokaryotes. The models that have

been widely accepted and those that are in routine usage include:

1. Substitution models (nucleotide and amino acid) which measure the relative oc-
currence of nucleotide substitutions among the 4 nucleotides and the relative oc-
currence of substitutions of amino acids among 20 amino acids in a lineage. These
models in turn have undergone several improvements (Jukes & Cantor 1969, Kimura
1980, Felsenstein 1981, Hasegawa et al. 1984, 1985, Nei & Gojobori 1986, Jones
et al. 1992, Tamura & Nei 1993, Yang 1994b),

2. Codon substitution models are similar to nucleotide-substitution models but these
models consider a sense codon as an unit of evolution (Hasegawa et al. 1985, Yang
et al. 1998), where the relative codon frequencies are calculated as a result of nu-

cleotide substitutions.

3. Site models are those that use methods for testing the effect of selection at individual
sites in an alignment of protein coding DNA sequences (Suzuki & Gojobori 1999,

Yang et al. 2000).

All of the three models mentioned above use the nucleotide frequencies as the basic re-
quirement, where a relationship has been developed based on the frequencies and the type
of nucleotide substitution, such as synonymous or non-synonymous, that had occurred in
a given DNA sequence. The ratio of dy to ds (w), is a measure of natural selection that
has taken place in a protein coding sequence (Whelan et al. 2001). Values of w less than
1.0, equal to 1.0, and greater than 1.0 signify purifying, neutral and positive Darwinian
selections respectively (Tanaka & Nei 1989, McDonald & Kreitman 1991, Muse & Gaut
1994, Whelan et al. 2001). However, it should be noted that non-synonymous substitu-
tions that favour positive selection are expected to occur only at sites that are critical and
essential for an advantageous function (Patthy 2008). The number of such substitutions
in turn affects the overall dy/ds ratio of a gene, where fewer numbers of non-synonymous
substitutions may be overridden by purifying selections that have occurred in other sites
within a protein coding gene (Muse & Gaut 1994, Patthy 2008). Therefore an overall
dn/dg ratio might mask sites with positive selection on a gene. Hence identification of

selection pressures at the individual codon and/or site level is required in most instances
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when protein-coding sequences are analysed (Patthy 2008). Non-synonymous substitu-
tions have been classified further into three distinct classes such as deleterious, neutral
and advantageous (Ohta 2002, Hughes et al. 2008). Deleterious variants are removed by
purifying selection and may lead to a false inference of positive selection (Hughes et al.
2008). Further, an ongoing purifying selection is said to be identified by the heterozygos-
ity in gene sequences with lesser number of non-synonymous substitutions (Hughes et al.
2008). The substitution rates across sites are variable where each site has been assumed
to have a different evolutionary rate in a gene (Jin & Nei 1990, Yang 1993). A gamma
distribution with a scale parameter has been developed that measures the mean evolution-
ary rate variability among sites (Jin & Nei 1990, Tamura & Nei 1993). These rates are
scaled such that the average evolutionary rate across all sites in a coding gene is 1.0. This
means that sites showing a rate less than 1.0 are evolving slower than average, and those
with a rate greater than 1 are evolving faster than average (Tamura & Nei 1993, Tamura

& Dudley 2007).

Codon usage bias index

More than one codon can be used by bacteria to encode an amino acid where the same
amino acid can be encoded by different codons, dependent on the preferences of indi-
vidual bacteria (Ikemura 1985, Snyder & Champness 1997). The codon preferences, in
turn, has been shown to be influenced by the tRNA concentrations which is related to
the nucleotide base composition of the gene and/or an organism (Ikemura 1985, Snyder
& Champness 1997, Kanaya et al. 1999, Tuller et al. 2011). The tRNA abundances in
a genome is one of the major selective pressures that determines the synonymous codon
usage and the differences in codon usage reflects the differential evolution in organisms
(Lynn et al. 2002, Tuller et al. 2011). In addition, CBI is also a direct indicator of recom-
bination and HGT (Marais et al. 2001, Fuglsang 2003). The indices that are generally
estimated for examining the codon usage biases as measures of evolution are the overall
codon usage bias index (CBI) and the scaled chi square codon usage bias index (Bennet-
zen & Hall 1982, Shields et al. 1988). CBI measures the extent to which a gene uses a
subset of optimal codons. CBI will be equal to 1.0 in a gene with extreme codon bias and
zero in a gene with random codon usage. A negative CBI value occurs when the number

of optimal codons is less than expected by random change. The scaled chi square index is
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a measure of bias in silent codon usage. It provides a measure of the general synonymous
codon usage that is independent of gene length for genes that have more than 100 codons,

and provides a measure of the third codon evolution (Shields et al. 1988).

Given the substantial evidence of the dynamic nature of C. jejuni and differences between
identical MLST genotypes at the genome level as evidenced by Biggs et al. (2011), it is
prudent to perform an extended analysis of multiple genomes with identical MLST geno-
types in order to obtain an improved understanding of evolution which is an important
strain of C. jejuni in New Zealand. With this background of information, the aims of the
present study were to: (1) investigate the full length genes of MLST alleles and a selected
subset of housekeeping genes involved in different metabolic functions; (2) examine the
selected subset of housekeeping and porA genes from C. jejuni ST-474 and reference
genomes for different evolutionary events, (3) compare and identify the lineage for se-
lected individual housekeeping gene from seven C. jejuni ST-474 isolates; (4) evaluate
the phylogenetic congruence and/or ancestry predictions obtained from the MLST house-
keeping genes and a subset of full-length housekeeping genes; and (5) compare the porA
gene across the seven ST-474 genomes and to investigate the concordance between the
phylogenies estimated by the housekeeping genes and the porA gene. This work should
provide useful insights into the evolution of housekeeping genes that are fundamental
to our understanding of the process of evolution, species divergences and gene function

(Yang 2002).

5.2 Experimental procedures

This study does not involve exhaustive statistical modelling and/or computer simulations
instead, the wealth of specialised genetic software tools has been exploited to draw in-
ferences on genetic parameters such as GC content, selection pressure (Tajima’s D and
omega values), codon usage, recombination events and the closest C. jejuni ancestor for
the investigated genes of the ST-474 genome. Seven C. jejuni ST-474 genomes were fully
sequenced at the Massey Genome Service, Palmerston North, New Zealand, using next

generation Solexa sequencing technology.
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5.2.1 Reference C. jejuni genomes

Details of the reference C. jejuni genomes used in this study are provided in Table 5.1.
Twelve sequenced C. jejuni genomes were used to compare and identify the closest an-
cestors of 25 metabolic housekeeping genes (MLST housekeeping genes inclusive) from
seven C. jejuni ST-474 genomes. The gene sequences were downloaded from the Gen-
Bank database.’ Allele numbers for seven housekeeping genes and sequence types (ST)
of reference C. jejuni genomes (n = 12) were identified by comparing the internal frag-
ments of genes (aspA, ginA, gltA, glyA, glmM, tkt and uncA) by using the ‘sequence
query—query an allele sequence’ option in the query database functionality available in

the PubMLST database.

SURL:(http://www.ncbi.nlm.nih.gov/genbank/)
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5.2.2 C. jejuni isolates, DNA preparation and sequencing

We used seven C. jejuni samples belonging to ST-474 which were isolated and charac-
terised at the Hopkirk Research Institute, [IVABS, Massey University, Palmerston North,
New Zealand. Five isolates (P179a, P569a, P694a and P110b) were derived from samples
of poultry meat obtained from local supermarkets between August, 2005 and February,
2009. The remaining three isolates were from human clinical cases of campylobacteriosis
obtained between August 2005 and February, 2009 (H22082, H704 and H73020). The
genomic DNA from the isolates were extracted from pure bacterial colonies grown on
blood agar plates (Fort Richard, Auckland, NZ) using a Wizard Genomic DNA Purifica-
tion Kit (Promega) following the manufacturer’s instructions. Nebulisation of genomic
DNA and sequencing reactions were performed at the Massey Genome Service, Massey

University, Palmerston North.

5.2.3 de novo genome assembly and gene prediction

Genome assembly and gene predictions were carried out at the Massey Genome Service
by the third author (PJB). The nucleotide sequences of the housekeeping genes were re-

trieved from the gene predictions from the seven C. jejuni ST-474 genomes.

5.2.4 Selection of metabolic housekeeping genes

As there is no complete list of housekeeping (HK) genes described to date, the metabolic
genes that are used in routine MLST typing schemes for different bacterial species were
downloaded from the PubMLST database and from previous phylogenetic studies that
used housekeeping genes for analysis (Wertz et al. 2003, Christensen et al. 2004, Margos
et al. 2008). The gene names were matched with the C. jejuni NCTC 11168 genome (Gen-
Bank accession number NC_002163). Following the identification of metabolic genes, a
total of 18 housekeeping genes were selected and these were further examined for their
presence in other C. jejuni reference genomes. Full length nucleotide sequences of the
selected set of housekeeping genes were retrieved in FASTA format. The list of genes
(MLST/first subset and second subset), gene names and their function are provided in

Tables 5.2 and 5.3, respectively. The positions of the selected subset of genes are shown
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on the C. jejuni NCTC 11168 (GenBank accession number NC_002163) circular genome

in Figure 5.1.

Table 5.2: Metabolic genes used in the C. jejuni MLST scheme (first subset of genes)

Gene Gene_ID  Function Name of the gene

aspA Cj0087 Central intermediary metabolism  Aspartase

glnA Cj0699¢c  Central intermediary metabolism  Glutamine synthetase

gltA Cjl682c  Central intermediary metabolism  Citrate synthase

glyA Cj0402 Central intermediary metabolism  Serine hydroxy methyl transferase
glmM Cj0360 Central intermediary metabolism  Phospho glucosamine mutase

tkt Cjl645 Central intermediary metabolism  Transketolase

uncAlatpA  Cj0105 Central intermediary metabolism  ATP synthase a subunit

Table 5.3: Metabolic genes selected from the MLST schemes of different bacterial species (second
subset of genes)

Gene  GeneID  Function Name of the gene
argF Cj0994c  Amino acid biosynthesis - Glutamate family Probable ornithine carbamoyltransferase
aroE Cjo405 Amino acid biosynthesis -Aromatic amino acid family =~ Probable shikimate 5-dehydrogenase
atpD Cj0107 Energy metabolism Probable ATP synthase F1 sector beta subunit
dapE Cjl1048c  Amino acid biosynthesis - Aspartate family Probable succinyl-diaminopimelate desuccinylase
JisZ Cj0696 Cell division Probable cell division protein
SumC Cjl1364c  Energy met.TCA Probable fumarate hydratase
gapA Cjl403¢c  Energy metabolism Glyceraldehyde 3-phosphate dehydrogenase
gltB Cj0007 Energy met. TCA Probable glutamate synthase (NADPH) large subunit
groEL  Cjl221 Heat Shock 60 kD chaperonin
hemN  Cj0580c  Oxygen-independent coproporphyrinogen-III oxidases ~ Probable oxidoreductase
ilvD Cj0013 Amino acid biosynthesis - Glutamate family Probable dihydroxy-acid dehydratase
infB Cj0136 Protein translation Probable translation initiation factor IF-2
IysA Cj0314 Amino acid biosynthesis - Aspartate family Probable diaminopimelate decarboxylase
nuoD Cjl1576¢c  Energy metabolism -Respiration - Aerobic Probable NADH dehydrogenase I chain D
pycA Cjl037c  Central intermediary metabolism - Gluconeogenesis Possible pyruvate carboxylase A subunit
sdhA Cj0437 Energy metabolism -Tricarboxylic acid cycle Probable succinate dehydrogenase flavoprotein subunit
trpB Cj0348 Amino acid biosynthesis Probable tryptophan synthase beta chain
trpC Cj0498 Amino acid biosynthesis - Aromatic amino acid family ~ Probable indole-3-glycerol phosphate synthase
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Figure 5.1: C. jejuni circular genome showing metabolic genes. The positions of the first and
second subset of metabolic housekeeping genes are shown in this picture. The MLST housekeep-
ing genes are shown in pink fonts and the second subset is shown in blue fonts. The genes were
identified and positioned on the C. jejuni NCTC 11168(GenBank accession number NC_002163)
using Geneious molecular genetic software v5.3.4

5.2.5 Retrieval of gene sequences from C. jejuni ST-474 gene predic-

tions

The BLAST+ application was downloaded from The National Center for Biotechnology
Information (NCBI)® to perform stand-alone BLAST searches on the ST-474 gene pre-
dictions in order to find the gene/nucleotide sequences from the C. jejuni NCTC 11168
genome. For a given metabolic housekeeping gene from the CJJ11168 genome, the
BLAST hits with maximum identity, alignment length and highest bitscore were retained
and the respective open reading frames (ORFs) were retrieved from the BLAST database
in FASTA format. The best hits for all of the 25 genes that corresponded with the above

selection criteria are consolidated and presented as a blast table in Appendix C. For the

SURL: (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/LATEST)
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reference genomes C. jejuni doylei 269.97 and CJJCG8486, the orthologs for the sdhA
gene could not be obtained from their genome sequences. As a result the sdhA gene se-
quence from these genomes could not be included in the comparative analysis along with

the other seventeen genomes.

While analysing the seven housekeeping genes, it was observed that the g/mM and the
pgm genes were two different genes involved in two different functions in the genome.
The pgm gene is a phosphoglyceromutase involved in carbohydrate metabolism (in the
interconversion of 2-phosphoglycerate) with a locus tag and gene ID of Cj0434 and
904759, respectively.” Whereas, the glmM gene is a bacterial phosphoglucosamine mu-
tase (PNGM) involved in the interconversion of glucosamine-6-phosphate and glucosamine-
1-phosphate in the biosynthetic pathway. The locus tag and gene ID of the glmM gene are
Cj0360 and 904683, respectively. The primers used for the amplification and sequencing
of the pgm gene in the MLST scheme of C. jejuni were retrieved and assembled against
both pgm and glmM full length genes using Geneious software v5.3.4.%8) There was a
perfect assembly with g/lmM gene in contrast to pgm. Further details are provided in
Figure C.1 in Appendix C. Therefore, glmM was chosen for analysis in place of pgm in
the comparison of MLST housekeeping genes. There could have been a possibility that
pgm was mispelt in the place of pngm in the MLST scheme for C. jejuni when it was
originally established. In a recent report by Sheppard et al. (2011), the authors have ac-
knowledged the renaming of the alleles pgm and uncA to g/lmM and atpA respectively in
later genome annotations and their names (pgm and uncA) being retained in the MLST

scheme to maintain consistency.

5.2.6 Analysis of Guanine-Cytosine content, codon usage, selection

pressure and recombination

The overall GC and GC3 contents of individual housekeeping genes were compared us-
ing DnaSP v5 (Librado & Rozas 2009). The number of genes that shared identical GC
and GC3 contents between ST-474 and the reference genomes were examined to predict
the closer ancestor of ST-474 with respect to the GC contents of the investigated genes.

Codon based maximum likelihood analyses were used to investigate selection pressures

"URL: (http://www.ncbi.nlm.nih.gov/protein/218562018)
SURL:(www.biomatters.com/)
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on individual codons using the Muse & Gaut (1994) and Tamura & Nei (1993) methods
implemented with the HyPhy software package within MEGA v5. A test statistic dN -
dS was used for detecting codons that have undergone positive selection, where dS and
dN denote the number of synonymous substitutions per site (s/5) and the number of non-
synonymous substitutions per site (n/N) within a codon, respectively (Tamura & Dudley
2007). A positive value for the test statistic is an indication of an over abundance of non-
synonymous substitutions. In addition, Tajima’s D test was conducted to test the selection
pressure on individual genes as well as individual sites using DnaSP v5 (Tajima 1989,
Hudson & Kaplan 1985). CBI and the scaled chi square codon bias indices for individual
genes from all C. jejuni genomes were estimated using DnaSP v5. The mean relative evo-
lutionary rates of nucleotide sites and codons were estimated using MEGA v5 (Tamura
& Dudley 2007) for all of the 25 genes using gene alignments from all the 19 genomes.
The model used in MEGA analyses the first, second, third and the non-coding positions
for their substitution rates within a codon, and the probability of all the four nucleotides
(A, T, G and C) getting substituted within a site and/or a codon in order to predict the

evolutionary rates of sites and codons (Jukes & Cantor 1969, Tamura & Dudley 2007).

Inferences on recombination within each gene under investigation were drawn using Dual-
Brothers within Geneious v.5.3.4 (Minin et al. 2005). This function uses a double change-
point model that detects spatial variation in the phylogenetic tree topology and spatial
variation of the nucleotide substitution process (Minin et al. 2005). The gene sequences
were aligned using Geneious v5.3.4 and the recombination detection functionality was
applied on each gene alignment to infer changes in the topologies and substitution pro-
cesses. In addition, the aligned sequences were examined using DnaSP v5 to identify
the sites involved in recombination. The number of recombination events, referred to as
R,, was estimated using DnaSP v5. The relationship between the GC variance and the
recombination events was analysed using a linear model by having Rm as a dependent

variable and log GC variance and length as independent variables.

5.2.7 Phylogenetic analysis

The nucleotide sequences of all the selected housekeeping genes from seven C. jejuni ST-

474 genomes were aligned with their respective gene (nucleotide) sequences from twelve
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reference genomes using Geneious v5.3.4 (Drummond et al. 2010). Maximum likelihood
(bootstrapped to 500 replicates), NeighbourNet and Neighbour joining trees were gener-
ated using MEGA v5 (Tamura & Dudley 2007), SplitsTree v4 (Huson & Bryant 2006) and
Geneious v5.3.4, respectively, for both individual genes and for the concatenated gene se-
quences. Full length nucleotide sequences of seven MLST housekeeping genes from the
reference (CJJ84-25, CJJCF93-6, CJJIA3902 and CJJ11168) and ST-474 genomes were
concatenated separately and a phylogenetic tree was constructed to determine the closest
C. jejuni ancestor of ST-474 with respect to the seven MLST housekeeping genes. The
entire subset of housekeeping genes investigated in this study was concatenated (genes
arranged in an alphabetical order for the 19 genomes) and a phylogenetic tree was con-
structed. The ancestral states of individual genes as well as concatenated sequences of
ST-474 genomes were determined based on distance matrices obtained in the process of

phylogenetic tree construction.

5.2.8 Analysis of porA gene

The major outer membrane protein (MOMP), also known as porA, was analysed as a part
of the comparison of ST-474 with the reference genomes. Parameters such as GC con-
tent, codon usage, selection pressures, relative evolutionary rate and phylogenetic analysis

were examined for porA also.

5.3 Results

5.3.1 Analysis of full length MLST housekeeping genes

The results of the MLST allelic profiles of the reference genomes are provided in Table
5.4. MLST allelic profiles of ST-474 and reference genomes were compared as the first
step of analysis of housekeeping genes. This showed that ST-474 genomes shared five
alleles with C. jejuni 84-25 (ST-21), four alleles with C. jejuni CF93-6 (ST-883) and C.
jejuni CFIA3902 (ST-8), and three alleles with C. jejuni 11168. When ST-474 (n =7) and
C. jejuni reference (n = 12) genomes were compared by placing them in a clonal context,

C. jejuni 84-25 (ST-21) was found to be the closest ancestor of ST-474 genome followed
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by other C. jejuni genomes that belonged to the ST-21 complex (CJJICF93-6, CJJIA3902
and CJJ11168). However, it should to be noted that this finding is based on a sub-region
of seven housekeeping genes used in the C. jejuni MLST typing scheme. Therefore, the
full length gene sequences of seven MLST housekeeping genes were compared amongst
the seven ST-474 genomes (P110b, P569a, P694a, H73020, H22082 and H704) which

showed that the genes were indeed identical in their lengths and nucleotide composition.

Table 5.4: MLST allelic profiles of reference genomes and C. jejuni ST-474 genomes

Genome GenBank accession number — aspA  glnA  gltA  glyA  glmM  tkt uncAlatpA ST CcC
CJJ-ST-474 2 4 1 2 2 1 5 474 48
CJICF93-6 AANJO0000000 2 17 2 3 2 1 5 883 21
CJJ84-25 AANT00000000 2 1 1 3 2 1 5 21 21
CJJ11168 AL111168 2 1 5 3 4 1 5 43 21
CJIRM1221 CP000025 8 10 2 2 11 12 6 354 354
CJJHB93-13 AANQO0000000 1 3 6 4 3 3 3 22 22
CJI81-176 CP000538 1 2 3 27 5 9 3 604 42
CJJ260.94 AANKO00000000 1 2 49 4 11 66 8 362 362
CJi81116 CP000814 2 7 40 4 42 51 1 267 283
CJICG84-86 AASY00000000 7 53 27 15 11 3 3 2943 574
CJICG84-21 ABGQ00000000 9 2 2 10 10 3 5 1919 52
CJIIA3902 CP001876 2 1 1 3 2 1 6 8 21
C. Jejuni subsp doylei ~ CP000768 63 164 183 188 27 266 18 1845  U/A

ST:Sequence type

CC:Clonal complex

U/A:Unassigned

Alleles shared with ST-474 are shown in underlined bold fonts
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Full length gene sequences of identical MLST alleles (aspA, gltA, glyA, glmM, tkt and
uncA) from the respective reference genomes (CJJ84-25, CJJCF93-6, CJJIA3902 and
CJJ11168) were compared with ST-474 genomes to examine the lengths and nucleotide
composition. The length of genes were identical across the reference and ST-474 genomes
(Table 5.5). However, the alleles aspA, gltA, glyA and tkt showed synonymous and non-
synonymous nucleotide substitutions at the full length gene level. Differences between
the six identical alleles amongst the ST-474 and reference genomes are summarised in Ta-
ble 5.6. The regions (internal-fragments) covered by the MLST alleles on their respective
full length gene sequences are presented in Table 5.7. Figures 5.2 aand b; 5.3 a, b, c,d, e
and f; and 5.4 further illustrate the differences summarised in Table 5.6 at both nucleotide

and amino acid level.

Table 5.5: Metabolic housekeeping genes and their lengths

Genomes MLST genes and their lengths (base pairs long)

aspA ginA gltA glyA glmM tkt uncA
CJJ11168 1407 1431 1269 1245 1338 1899 1506
CJJ260.94 1407 1431 1269 1245 1338 1899 1506
CJig1116 1407 1431 1269 1245 1338 1899 1506
CJI81-176 1407 1431 1269 1245 1338 1899 1506
CJCG84-21 1407 1431 1269 1245 1338 1899 1506
CJJ84-25 1407 1431 1269 1245 1338 1899 1506
CJCG84-86 1407 1431 1308 1245 1338 1899 1506
CJHB93-13 1407 1431 1269 1245 1338 1899 1506
CJCF93-6 1407 1431 1269 1245 1338 1899 1506
CJD269.97 1407 1431 1269 1245 1338 1899 1506
CJIA3902 1407 1431 1269 1245 1338 1899 1506
CJRM1221 1407 1431 1269 1245 1338 1899 1506
H22082 1407 1431 1269 1245 1338 1899 1506
H704 1407 1431 1269 1245 1338 1899 1506
P110b 1407 1431 1269 1245 1338 1899 1506
P179a 1407 1431 1269 1245 1338 1899 1506
P569a 1407 1431 1269 1245 1338 1899 1506
P694a 1407 1431 1269 1245 1338 1899 1506

H73020 1407 1431 1269 1245 1338 1899 1506
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Table 5.6: Synonymous and non-synonymous substitutions found within identical MLST alleles

at full length gene level

CJI11168 CJICF93-6 CJJ84-25 CJJIA3902 CJIRM 1221
AN Syn  Non-syn Syn Non-syn Syn Non-syn Syn Non-syn Syn  Non-syn
aspA 2 - - - - - 1 - - NA -
gltA 1 NA - NA - 5 - - - NA -
glyA 2 NA - NA - NA - NA - - -
glmM 2 - - - - - - - - NA -
tkt 1 - 1 3 1 1 - 1 - -
uncAlatpA 5 - - - - - - - - NA -

AN:Allele number

Syn:Synonymous

Non-syn:Non-synonymous
NA:No identical alleles found with respect to the genes compared in those genomes
(-):No differences found [Identical at full length level]

Table 5.7: Positions of MLST alleles covered on full length gene sequences

Gene Gene_length (bp) MLST _allele_position
aspA 1407 619 bp — 1095 bp
glnA 1431 247 bp — 724 bp

gltA 1269 361 bp — 763 bp

glyA 1245 355 bp — 862 bp
glmM 1338 649 bp — 1147 bp

tkt 1899 226 bp — 685 bp
uncAlatpA 1506 676 bp — 1165 bp

bp:base pair.
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Figure 5.2: Comparison of nucleotide and amino acid sequences of aspA gene between ST-474
and reference genomes. The alignment of full length gene sequences of aspA from four reference
genomes: CJJ84-25, CJJCF936, CJJIA3902, and CJJ11168 and ST-474 genomes shows a non-
synonymous substitution in the CJJ84-25 genome
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Figure 5.3: Comparison of nucleotide and amino acid sequences of aspA gene between ST-474
and reference genomes. The alignment of full length gene sequences of k¢ from four reference
genomes: CJJ84-25, CJJCF936, CJJIA3902, and CJJ11168 and ST-474 genomes that shows syn-
onymous and non-synonymous substitutions
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Analysis of Guanine-Cytosine content, codon usage, selection pressure, evolutionary

rate and recombination:

Guanine-Cytosine content

Guanine-Cytosine (GC) content ranged between 31.9% and 36.4% across MLST house-
keeping genes, where both the high and low ranges of the GC contents were evident
in C. jejuni subsp. doylei (CJJD269.97269.97). The GC contents of individual MLST
housekeeping genes across all genomes (12 reference and seven ST-474 genomes) is pre-
sented in Table C.2 in Appendix C. The GC content distribution within the seven MLST
housekeeping genes across all the C. jejuni genomes (the reference and ST-474 genomes
investigated in this study) are presented in Figure 5.5. The GC content of the housekeep-
ing alleles varied among genomes with the rkf and gltA alleles showing a relatively wider

variation followed by glyA, glmM, aspA, ginA and uncA alleles (Table C.2).
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Codon usage bias

The overall codon usage bias index (CBI) estimates of CJJIA3902, CJJ84-25 and CJJCF93-
6 and ST-474 genomes were shown to be identical between three MLST genes followed
by CJJ11168 with two genes showing identical CBI estimates. When comparing the
scaled chi square CBI for the seven MLST housekeeping genes between the ST-474 and
the reference genomes, CJJ84-25 was found to be closer, sharing identical scaled chi
square estimates for four MLST housekeeping genes followed by CJJIA3902, CJJ11168
and CJICF93-6 (Table 5.14). However, when nucleotide sequences were compared, there
were 18 mismatches found within the glnA gene sequences between the ST-474 and
CJJ84-25 genomes while there were only 11 mismatches between the CJJCF93-6 and
ST-474 genomes. It is interesting to note that the codon preferences remain similar in
spite of several synonymous nucleotide mismatches between the CJJ84-25 and ST-474
MLST genes. Further details on the CBI and scaled chi square codon bias indices for

individual housekeeping genes are provided in Appendix C, Tables C.5 and C.4.
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Selection pressure and evolutionary rate

MLST housekeeping genes were found to be under stringent purifying selection that
showed a negative Tajima D value for individual full length genes (Table 5.3.1). Tajima D
(TD) values of non-synonymous over synonymous substitution (NonSyn/Syn) ratios were
greater than 1 for aspA, glyA, tkt and uncA which indicated that, although the genes as a
whole are under negative selection pressure, these sites are under positive selection pres-
sure. A negative TD value for the NonSyn/Syn substitution was obtained for glnA that
indicated an ongoing purifying selection (Tajima 1989, Hughes et al. 2008). Similarly,
the w values (tested for individual codons) for the test statistic dy-ds showed negative
values for a few codons within glnA, gltA, glyA, glmM, tkt and uncA genes, indicative of

an ongoing purifying selection over these codons.

The tkt gene showed one codon under positive selection pressure while four non-synonymous
codons were found to be under an ongoing purifying selection pressure (Table 5.10). This
created a level of uncertainity of purifying selection pressure and/or a positive selection
prevailing within these codons. Mean relative evolutionary rates of individual sites were
calculated using the Tamura & Nei (1993) model which showed that the polymorphic
sites identified in each gene (synonymous and non-synonymous) evolve faster than non-
polymorphic sites, while the non-polymorphic sites showed a mean relative evolutionary
rate of 0.5. The mean evolutionary rate for these sites was greater than 1, ranging from

3.2t0 5.19 (Table 5.9).

Table 5.8: Tajima D values for the MLST housekeeping genes

Genes Syn Nonsyn TD_gene TD_nonsyn/syn
aspA 41 6 -0.59233 1.94469

glnA 40 7 -0.14032 -2.58364

gltA 46 6 -0.8 0.55457

glyA 51 12 -0.15614 13.2048

glmM 59 11 -0.66672 0.35281

tkt 83 24 -0.79287 1.30603
uncAlatpA 42 5 -0.79287 1.30603

Syn:Synonymous; Nonsyn:Non-synonymous; TD_gene:Tajima’s D for the gene; TD_nonsyn/syn:Tajima’s D for the
Non-synonymous/synonymous ratio
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Table 5.9: Average of mean relative evolutionary rates of non-synonymous codons in the MLST
housekeeping genes

Genes Evol_Rate_codons
aspA 5.023887

glnA 5.12454

gltA 5.192522

glyA 5.060395

glmM 5.10823

tkt 5.169835

uncA 3.230612

Evol_Rate_codons:Average of mean relative evolutionary rates of non-synonymous codons

Table 5.10: Number of non-synonymous codons in MLST genes under purifying selection based
on w values

Genes Nonsyn_codons NS_codons_purifying selection
aspA 6 -
glnA 7 2
gltA 6 1
glyA 12 2
glmM 11 2
tkt 24 4

uncAlatpA 5 1

Nonsyn_codons:Non-synonymous codons; NS_codons_purifying selection:Non-synonymous sites under purifying selection

Recombination and phylogenetic analysis

Recombination events (R,,, [the minimum number of recombination sites]) and sites in-
volved in recombination within MLST housekeeping genes are presented in Table 5.11.
The number of recombination sites was highest in the tkt gene (n = 17) followed by gltA
(n =10), glnA (n =9), glmM (n =9), glyA (n =7), aspA (n = 5) and uncA (n = 1).
There was a positive correlation between the GC variance and the number of recombi-
nation sites, where the number of recombination sites were found to be higher in genes
with high GC variance between genomes. The relationship is discussed in section 5.3.2.
tkt was the longest gene among the seven MLST genes that showed the highest number
of recombination sites where gene lengths could be a contributing factor for the observed

differences in the number of recombination sites.

However, it should be remembered that only a limited number of genomes were examined

to compare the above mentioned parameters (GC, CBI, selection pressure and recombi-
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nation) in this study. Comparative analyses involving larger datasets of gene sequences
and/or using MLST datasets by combining different species of Campylobacter may pro-
vide varied results with respect to the above mentioned parameters between different
species of Campylobacter. A Maximum likelihood phylogenetic tree of the concate-
nated nucleotide sequences of MLST housekeeping genes (between ST-474 and CJJ84-
25, CJICF93-6, CJJIA3902 and CJJ11168 genomes) showed that CJJCF93-6 to be the
closest ancestor of ST-474 (Figure 5.6).
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Table 5.11: Recombination sites identified in the full length MLST genes of 19 genomes

Genes Sites Rm GC range

aspA (198-336) (336-414) (414-615) (627-897) (1203-1251) 5 0.331-0.333

glnA (180-230) (231-258) (258-279) (358-448) (448-513) (711-768) (768- 9 0.331-0.335
945) (945-1188) (1188-1260)

gltA (312-325) (325-351) (351-372) (372-453) (453-654) (654-756) (780- 10 0.352 - 0.364
921) (921-1089) (1089-1140) (1203-1305)

glyA (165-219) (474-490) (492-562) (612-618) (618-657) (684-744) (966- 7 0.329 - 0.336
1156)

glmM (171-291) (291-366) (366-450) (492-573) (573-636) (689-798) (897- 9 0.321-0.325
972) (972-1020) (1119-1286)

tkt (54-102) (159-237) (237-297) (297-342) (342-366) (366-660) (966- 17 0.357-0.361
1029) (1092-1107) (1125-1138) (1138-1254) (1254-1287) (1320-1486)
(1525-1749) (1749-1761) (1761-1791) (1791-1827) (1827-1876)

uncA (678-1065) 1 0.357-0.361

Rm:Number of recombination sites
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P694a
H73020
P569a
P179a |ST-474:CC-48
P110b
H704
H22082 |
CJCF936 ]ST-883

100

— —  CJs425 T|ST-21
- CJNCTC11168 ] ST-43
86 L CJIA3902 ]ST-8

CC-21

0.0005

Figure 5.6: Phylogenetic tree of concatenated MLST housekeeping genes. Maximum likelihood
tree of concatenated MLST full length gene sequences of the four reference and ST-474 genomes
constructed in MEGA v5. The numbers refer to the bootstrap values corresponding to each branch.
ST and CC refer to sequence type and clonal complex, respectively.
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5.3.2 Analysis of second subset of housekeeping genes:

Analysis of the second subset of metabolic housekeeping genes was carried out follow-
ing a similar pattern of analysis as that of the first subset of genes. Gene lengths (genes;
n = 18) were identical across all ST-474 genomes whereas the lengths varied between
genes among reference genomes (Table 5.12). The GC contents varied between genes
and genomes. Figures 5.7, 5.8 and 5.9 illustrate the variation in the GC contents across all
the C. jejuni genomes compared, and the number of recombination sites that had occurred
within those genes. Further details on GC and GC3 contents of individual genes for all
the genomes used in this study are provided in Tables C.2 and C.3 in Appendix C. GC
contents were identical amongst all genes across all the ST-474 genomes except for two
genes, namely fumC and trpC. CJJ84-25 and CJJCF93-6 were found to be closer to ST-
474 by sharing their GC contents with 12 of 25 genes (MLST genes inclusive) followed
by CJJ11168 (n = 10), CJITA3902 (n = 10), CJJ81-176 (n = 8) and others. Whereas,
CJJ11168 and CJJTA3902 shared identical GC3 contents with 13 genes of ST-474 fol-
lowed by CJJ84-25 and CJJCF93-6 with 11 genes and others for which the information is
provided in Table 5.13.

CBI was estimated for all 25 genes and further details are presented in Appendix C.
CJJIA3902 was found to be closer to the ST-474 genomes with respect to CBI followed
by CJJCF93-6, CJJ84-25 and CJJ11168 (Table 5.14). It was interesting to note that the
GC3 and CBI showed an agreement in predicting the ancestry shared between the refer-
ence and ST-474 genomes, while it should be noted that the nucleotide composition of a

gene is responsible for codon preferences in bacteria (Snyder & Champness 1997).



Phylogeny of housekeeping and porA genes

144

SYISUQ[ JUAISIJIP YPIM SOUAT 0) IoJal SJU0J plog

LLL 6L11 9¢e81 led! LTCl 60¢CI 919¢ LL9T 9¢¢el 8¢91 (4% 666 coel €ITl 8601 86¢1 68L 126 0C0ELH
LLL 6L11 9e81 iad! LTCl 60¢CI 919¢ LL9T 9¢¢el 8¢91 levy 666 coel NNt 8601 86¢1 68L 126 BY69d
LLL 6L11 9€81 Slad! LTl 60¢CI 919¢ LL9T 9¢¢el 8¢91 |£5124 666 coel NNt 8601 86¢1 68L 126 B69Sd
LLL 6L11 9€81 Slad! LTcl 60¢CI 919¢ LLIT 9¢¢el 8¢91 |£5124 666 coel [Ann! 8601 86¢1 68L 126 BoLId
LLL 6LT1T 9€81 Slad! LTCl 60¢C1 919¢ LLIT 9¢¢el 8¢91 19744 666 coel [Ann! 8601 86¢1 68L 126 q011d
LLL 6L11 9¢€81 Plad! LTC1 60¢1 919¢ LL9T 9¢¢el 8¢91 (924 666 coel €Il 8601 86¢1 68L 126 YOLH
LLL 6L11 9¢e81 lad! LTCl 60¢C1 919¢ LL9T 9¢¢el 8¢91 levy 666 coel €ITl 8601 86¢l 68L 126 C80CCH
LLL 6L11 T€LT Blad! LTCl 60¢CI 919¢ LL9T 9¢¢el 8¢91 levy 666 coel NNt 8601 86¢1 68L 126 TCCIINALLD
LLL 6L11 9€81 Slad! LTl 60¢CI 89T LL9T 9¢¢el 8¢91 19744 666 coel RNt 8601 86¢1 68L 126 C06EVILLO
LLL 6L11 2661 Slad! LTCl 60¢CI §9¢¢T LL9T 9¢¢el 8¢91 881 €66 coel [Ann! 8601 S48 68L 126 L6'692dID
LLL 6L11 9€81 Plad! LTcl 60¢CI 919¢ LLIT 9¢¢el 016 19724 666 coel [Ann! 8601 86¢1 68L 89 9-€6dD11D
LLL 6LTT 9¢81 Plad! Leel 60¢C1 919¢ LLIT 9s¢el 8¢91 Tevy 666 oel (RNt 8601 86¢1 68L 126 €I-€6dHIID
68L 6L11 996 Pled! LTCl1 60¢1 8991 6LV1 9¢¢el 8¢91 (924 666 coel €Il 8601 86¢cl (48 126 98-¥8DOIIO
LLL 6L11 9¢81 Blad! LTCl 60¢C1 919¢ LL9T 9¢¢el 8¢91 4% 666 coel €ITl 8601 86¢1 68L 126 STY8IMD
LLL 6L11 9e81 86¢€1 LTcCl 60¢CI 919¢ LL9T 9¢¢el 8¢91 levy 666 coel NNt 8601 86¢1 68L 126 1T-¥8DOIIO
LLL 6L11 9€81 Slad! LTl 60¢CI 919¢ LL9T 9¢¢el 8¢91 881 666 coel [Ann! 8601 86¢1 68L 126 OLI-18I[D
LLL 6L11 9€81 Blad! LTl 60¢CI 919¢ LLIT 9¢¢el 8¢91 15124 666 coel [Ann! 8601 86¢1 68L 126 OLTI8ILO
LLL 6L11T 9€81 Slad! LTCl 60¢C1 €85T LLIT 9¢¢l 8¢91 19724 666 coel [Ann! 8601 86¢1 68L 126 ¥6°09CLLD
LLL 6L11 9¢€81 Plad! LTC1 60¢1 919¢ LL9T 9¢s¢el 8¢91 (924 666 (1! €ITl 8601 86¢1 68L 126 891TIDLONID
Ddu qda vyps vokd qonu V4] qfur aa Nway — Tqo48 q18 vdv3 Dwnf 78y Jdop adm qoip A84p
(3uoy sared aseq) syISus| J1oy) pue SAUAN) sowouon

(Suoy sired aseq) sYISUS[ 1oy pue sOUIT JO JASqNS PUOIAS :T[°S AqeL



145

5.3 Results

SO)IS UONBUIQUIOIAI JO JAqUUNU dY) SA)OUIp sisayjuared ayy opIsul Joquinu ) pue
sowouas 1unfaf ") 1 $S0108 DO JO UOHNQLISIP AY) 2qLIdsap syo[d oy, "y — seueT Surdoayesnoy d1joqerowt oy} Ul UoneLIeA (DD) SUIS0)Lo-auruens) :/°g angL|

(¢1)owny (¢1) anl (€L)Nway
9’0 2€0 820 9’0 2€0 820 98’0 2€0 820
L1 1 1 1 1| L1 1 1 1 1| L1 1 1 1 1|
— O — O — O
F N F N — N
M M M
- > 3 - > g - >
Q0 Q0 Q0
- o c - o [ ~ o c
D (0] (0]
L o 3 L o 3 L o 3
< < <
-9 - S - S
(g1)3dep (L2)gul (92)g116
9’0 2€0 820 980 2€0 820 980 2€0 820
L1 1 1 1 1| L1 1 1 1 1| L1 1 1 1 1|
— O — O — O
= N = N = N
M M l
- > 3 - > 3 - > 3
Q0 e} e}
= O c = O c = O [
D [0 (0]
- o 3 - o 3 - o 3
< < <
- S - S - S



175}
D
=
D
&0
Am SIS UOIBUIQUIOIAI JO IOQUINU AU} SAI0UP SISayuared oy) opIsur Joquinu Y} pue
M.. sowouas wnlaf *) ¢ $So1de HO) JO uonNqLISIp Ay} aquIdsap sjod Ay, "g — souas 3urdaayasnoy d1joqejat Ay} Ul uoneLeA (D)) AUISOILd-auruens) :8°S NIy
=
=
<
g
3, (9)301e (2)vdeb (8)vsA|
%
M 9¢'0 ¢€'0 8c0 9€¢'0 ¢€0 8C0 9¢'0 ¢€'0 8¢0
& T Y T I Y I Y
= - O - O - O
S
= -~ -~ -
m m m
s - * 3 -3 - 3
Q Qo o]
mu - & - 5 - o 5
L - o 3 - o 3 - © 3
Wb < < <
le — - -
m N - N N
(01)4bye (oLvups (z1)aonu
9¢'0 ¢€'0 820 9¢'0 ¢€0 8C0 9¢'0 ¢€'0 820
Y Y Y I Y
— O — O r <
= N = N = N
m m m
- ® - ® - ®
o) Qo Qo
- o c - o c = O c
[©] (] [©]
- © 3 - o 3 - o 3
< < <
-0 -5 -0
)
<
-




147

SIS UONBUIQUIODAT JO I9qUUNU 9y S)OUIP S1sayjuared ay3 apIsur Joquuinu 3y pue
sowouas wnlaf *) ¢ SSoI1d' HO) JO UoNNqLISIp Ay} aquIdsap sjod ay [, *D — seuad 3urdaayesnoy d1joqelawt Ay} Ul uoneLeA (D)) AUISOILI-auIueNs) :¢°S NI

5.3 Results

(1)gdn

9€'0 ¢€0 820
L1 1 1 1 1|

(5)13046

9¢'0 ¢€0 820
L1 1 1 1 |

8 9 ¥ ¢ 0

¢l

8 9 ¥ ¢ 0

cl

Aouanbaiy

Aouanbai4

(g)odn

9€'0 ¢€0 820
L1111 1|

(9)zsu

9€'0 ¢€0 820
L1 1 1 1 |

8 9 ¥ ¢ O

¢l

8 9 ¥ ¢ 0

¢l

Aouanbaliy

Aouanbali4

(e)voAd

9€'0 ¢€0 820
L1111 |

(¢)gdie

9€'0 ¢€0 820
L1 1 1 1 |

8 9 ¥ ¢ O

¢l

8 9 ¥ ¢ O

cl

Aouanbaiy

Aouanbai4



Phylogeny of housekeeping and porA genes

148

pausisseun:y/n

xordwoo [euo[):n)

adKy oouanbag: 1S

‘uostredwod 10y sauas Surdassasnoy [ STIA QY JO SIUJUOD O pue D)) Y} SAPN[IUT 9[qe) STy,

'SOWIOUAT 90UAIOYAI O] [JIM SJUAUOD D) PUB DO JO SAIBWINS [RINUIPT PAIBYS SIWOUIT 4/ - § WOIJ SOUT JO JOqUINN:U
QUIS0)AD puk duTURND): D)D)

S ¢l T 1 1 ¥ 1 I 9 I I ¢l €0D

¥ 01 4 4 € I 4! € 8 ¢ 14 01 oD

u u u u u u u u u u u u SQINSBIN
(¥s¢ (v/n (I (Te (FLS (1 (Ts (v (€82 (z9¢ (14
-0Di5¢ (I -DDisH81 -00:€88 -0 -DDEr6T -00HT 006161 -00:409 -0D:L9T -00:79¢ -0Dih
ALS)  -DD:8iLS) ALS)  -LS) 9 -IS) €I LS 98 ALS)  aLS) 1T ALS) 9Ll -LS) -LS) -LS)
ICTINNLLD  CO6EVILLD  L6'69TALD  -€6dDM[D  -€6AHILD  -#8DDM[D  ST-H8ILD  -#8DDIID -1811D 9ITI8LD  +6°092rrD  S9ITILD

SIUSIUOD ¢DHO) PUB DHI) UO PIseq SIWOUIT 4/ -1.S PUL 90UISJOI UdM]9q PAILyS AIIS90UY :€T°S dqeL,



149

5.3 Results

paugdisseun:v/nN

x9[dwod [euo[D: DD

ad£y oouanbag: 1S

Xopur a1enbs 1Yo po[eog:pareds
Xopur seiq o3esn uopo):[g)

4 € I € 0 T ¥ 0 0 I 0 € Peds  LSTIN

pareogTIes

€ L 4 8 0 € 8 0 € T I 9 -ans T

I € 0 € 0 I € I 0 0 0 T 19D LSTN

19078

1 01 0 6 I € 9 T S T 0 9 -ans ;T
u u u u u u u u u u u u
(Fs¢ (v/n Iz (Te (FLS (1z (Ts (ty (€8¢ (z9¢ Iz
-0Di5¢ (I -DDisH81 -0D:€88 -0 -DDE6T -00HT 006161 -00:%09 -0D:L9T -00:79¢ -0DiEr
ALS)  -DD:8iLS) -LS)  -LS) 9 -1IS) €I LS 98 ALS)  ALS) 1T ALS) 9Ll -LS) -LS) -LS)

ICTIANLLD  CTO6EVILLD  L6'69TALD  -€6dDI[D  -€6dHILD  -¥8DDM[D  ST-H8ILD  -#8DDIrD -1811D OITI8ID  +6°09TrrD  S9ITILLD SISl

SOWOUAT 4/ H-1.S PUL QOUAIJAI Y} U2aM)q A3esn UOPOd 03 30adsar Yiim pareys A1soouy 'S dqel,



150 Phylogeny of housekeeping and porA genes

Analysis of selection pressures on individual codons provided further interesting insights
into the nucleotide sites that could have occurred within the second subset of genes.
The test statistics w for synonymous substitutions within codons showed negative val-
ues across all genes, whereas few codons in two of the genes namely, g/fB and atpD
showed positive values below one. A considerable number of non-synonymous codons
in few of the genes were found with negative w values while others have shown values
greater than one. The observation of negative values for non-synonymous codons is in-
dicative of overabundance of non-synonymous substitutions in those codons leading to
an amino acid change. This in turn indicates that there has been an ongoing purifying
selection pressure operating on these codons. w values greater than one indicate the pos-
itive selection pressure on these codons. Table 5.15 provides details on the number of
non-synonymous codons within the second subset of housekeeping genes that obtained a
negative w value. The overall Tajima’s D value for all the 18 full genes showed a negative
value which means that, although some individual codons are under positive selection the

genes as a whole are under purifying selection (Table 5.16).

Table 5.15: Number of non-synonymous codons in the second subset of genes under purifying
selection based on w values

Genes Nonsyn_codons NS_codons_purifying selection
argF 7 3
aroE 12 -
atpD 5 -
dapE 31 7
ftsZ 1 -
fumC 13 2
gapA 12 1
gltB 22 2
groEL 2 -
hemN 25 4
ilvD 18 4
infB 11 2
lysA 14 4
nuoD 8 1
pycA 9 3
sdhA 11 -
trpB 24 3
trpC 6 -

Syn_sites:Synonymous sites
Nonsyn_sites:Non-synonymous sites
NS_codons_purifying selection:Non-synonymous that are under purifying selection
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Table 5.16: Tajima’s D values for the second subset of housekeeping genes

Genes Syn Nonsyn TD_gene TD_nonsyn/syn
argF 44 7 -0.96811 1.23974
aroE 20 12 -1.43911 1.11983
atpD 34 5 -1.43984 1.63866
dapE 86 31 -1.28806 1.65624
ftsZ 32 1 -0.24838 6.57937
SfumC 68 13 -0.99988 0.82645
gapA 30 12 -0.38301 -5.77967
gltB 196 22 -1.47845 1.17223
groEL 48 2 -1.16813 0.41075
hemN 61 25 -0.17368 0.42345
ilvD 79 18 -0.45085 2.19417
infB 108 11 -0.84724 1.961
lysA 45 14 -0.65465 -0.0504
nuoD 65 8 -0.96403 0.35281
pycA 71 9 -1.99257 0.93794
sdhA 30 11 -0.82915 -0.02599
trpB 48 14 -2.25126 0.99273
trpC 23 6 -0.97295 2.12579

Syn:Synonymous

Nonsyn:Non-synonymous

TD_gene:Tajima’s D for the gene

TD_nonsyn/syn:Tajima’s D for the Non-synonymous/synonymous ratio
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The hemN, ilvD and lysA genes showed four codons to be under purifying selection fol-

lowed by argF, pycA and trpB with three codons; fumC, gitB and infB with two codons;

and gapA and nuoD with one codon. The dapE gene showed seven non-synonymous

codons to be under purifying selection (86 synonymous substitutions and 31 non-synonymous)

with an average relative mean evolutionary rate of 5.373 (Table 5.17). The highest number

of synonymous substitutions was found in glfB (n = 196) with infB showing the second

highest number of synonymous substitutions (n = 108) amongst all the genes investigated

in the study. The infB gene showed the highest mean evolutionary rate of 5.423 and the

trpB gene showed the least mean relative evolutionary rate of 1.267 amongst the genes

that were found to evolve faster than average (Table 5.17). It should be noted that the

lengths between the investigated genes may confound the differences in the evolutionary

rates. However, in general, genes with mean evolutionary rates greater than one can be

regarded to evolve faster than average.

Table 5.17: Average of mean relative evolutionary rates of non-synonymous codons in the second

subset of genes

Genes

Evol_Rate_codons

argF
aroE
atpD
dapE
ftsZ
fumC
gapA
gltB
groEL
hemN
ilvD
infB
lysA
nuoD
PycA
sdhA
trpB
trpC

4.93627

4.944461
4.977999
5.373023
5.075987
5.087526
5.027066
5.271881
5.001216
5.237627
5.045032
5.429229
5.18066

5.297639
4.572914
4.99454

1.267403
5.06902

Evol_Rate_codons:Average of relative mean evolutionary rate of non-synonymous codons
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Recombination and its relationship with GC variance

An event of recombination was evident in all metabolic housekeeping genes where, infB
showed the highest number of 27 sites (Rm [the minimum number of recombination sites]
= 27) (Table 5.18) and #rpB and uncA showed the least number of sites (n = 1) to be
involved in recombination. It was found that the number of recombination sites was
positively correlated with the GC variance, where the genes that showed a wider GC
variance showed a high number of recombination sites. However, the infB and g/rB
genes showed the highest numbers (n = 27 and n = 26, respectively) of recombination
sites while their GC contents did not vary widely among genomes as was observed in
other genes. While the GC variance and the number of recombination sites were found
to be positively correlated (p value = 0.009), the length was not found to influence the
number of recombination sites significantly (p value =0.7). Figures 5.10 a and b illustrate
the relationship between the GC variance and the number of recombination sites and the

relationship between the length and recombination sites, respectively.
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Table 5.18: Recombination sites identified in the second subset of genes

Genes Sites Rm GC range

argF (114-163) (168-195) (195-207) (207-231) (231-282) (282-291) (291- 10 0.341-0.351
303) (303-308) (308-339) (420-465)

aroE (381-392) (392-435) (514-645) (645-654) (654-702) (702-717) 6 0.288 - 0.303

atpD (348-408) (408-651) (924-1047) 3 0.351-0.354

dapE (171-216) (216-230) (231-321) (321-351) (351-357) (357-387) (387- 15 0.352 - 0.362

453) (474-522) (531-543) (543-560) (609-690) (701-867) (867-942)
(942-945) (990-1035)

JtsZ (90-138) (348-561) (645-681) (840-903) (903-936) 5 0.351-0.358

JumC (45-108) (168- 303) (354- 357) (576- 591) (624-687) (687- 711) 13 0.359 - 0.364
(772-909) (930-987) (987-1038) (1038-1227) (1281-1311) (1311-1335)
(1335-1380)

gapA (288-381) (381-501) (501-567) (570-594) (594-732) (819-921) (948- 7 0.351 -0.358
961)
gltB (159-675) (741-855) (1236-1401) (1401-1581) (1581-1605) (1605- 26 0.347 -0.353

1902) (1974-2067) (2151-2178) (2226-2325) (2349-2412) (2412
2418) (2418-2700) (2700-2838) (2853-2982) (3204-3210) (3210-3318)
(3387-3462) (3462-3636) (3651-3861) (3885-4023) (4023-4092)(4092-
4098) (4098-4119) (4119-4149) (4149-4305) (4324-4356)

groEL (1008-1023) (1023-1029) (1029-1035) (1200-1236) (1285-1290) 5 0.364 - 0.379
hemN (82-174) (174-207) (210-372) (544-584) (585-783) (828- 903) (903- 13 0.3 -0.306
927) (930-975) (975-996) (996-1050) (1050-1065) (1104-1140) (1140-
1163)
ilvD (249- 300) (300- 399) (492- 576) (654-777) (777-816) (864- 13 0.37-0.381

891) (1098-1137) (1170-1263) (1263-1296) (1323-1347) (1389-1416)
(1416-1530) (1530-1665)

infB (1128-1140) (1140-1188) (1230-1263) (1263-1284) (1284-1365) 27 0.35-0.385
(1365-1392) (1392-1416) (1476-1551) (1596-1692) (1743-1824)
(1824-1845) (1845-1914) (1914-1938) (1938-1962) (1962-2124)
(2124-2127) (2127-2235) (2235-2259) (2268-2286) (2286-2301)
(2319-2376) (2376-2394) (2394-2436) (2436-2478) (2478-2487)
(2487-2490) (2538-2562)

IysA (198-222) (222-672) (706-790) (790-825) (825-944) (945-1035) (1035- 8 0.323-0.326
1122) (1122-1171)

nuoD (78-93) (105-249) (249-267) (393-453) (453-483) (543-566) (660-678) 12 0.355-0.363
(780-852) (852-864) (875-894) (894-954) (1008-1050)

pycA (78-194) (194-546) (672-768) 3 0.338-0.339

sdhA (684-686) (686-693) (693-700) (700-701) (775-787) (787-848) (1051- 10 0.37 - 0.384
1066) (1066-1141) (1219-1291) (1291-1329)

1rpB (1053-1119) 1 0.35-0.0351

1rpC (138-195) (210-294) (567-750) 3 0.315-0.326

Rm:Number of recombination sites
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Figure 5.10: Relationship between the GC variance, length and the recombination sites in the
metabolic genes. This plot describes the relationship between the GC variance within individual
genes and the number of recombination sites that had occurred within each gene and the relation-
ship between the length of genes and the number of recombination sites.

Phylogenetic trees of individual genes were constructed using three methods, namely,
maximum likelihood (MEGA v5), Neighbournet (SplitsTree v4) and neighbour joining
methods (Geneious v5.3.4). The congruence and topographies between these three meth-
ods were found to be in agreement with each other and hence the maximum likelihood
trees to represent the phylogenetic relationship of individual genes are presented in this
study. Individual gene trees of 18 genes (MLST genes not included) are presented in

Figures C.2, C.3 and C.4 in Appendix C while genes with salient genetic characteristics
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with respect to ST-474 genomes such as ftsZ, fumC, hemN, sdhA and pycA are presented
in Figure 5.11. While investigating the ancestry of ST-474 based on the individual gene
trees, CJJ84-25 was found to be closer to ST-474 in 9 of the 18 gene trees followed by
CIJ11168 (n = 9), CJICF93-6 (n = 9) and CJJIA3902 (n = 9). Maximum likelihood
tree of the concatenated sequences constructed from all the 19 C. jejuni genomes showed
CIJIA3902 to be the closest ancestor of ST-474 genomes while two of the ST-474 isolates,
P694a and H22082 were found to be placed in a separate branch from the remainder, Fig-
ure 5.12.
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Figure 5.12: Maximum likelihood tree of concatenated metabolic genes. All 25 metabolic genes
investigated in this study were concatenated and a maximum likelihood tree was constructed using
MEGA v5. The numbers refer to bootstrap values corresponding to each branch. ST refers to
sequence type and CC refers to clonal complex.
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Comparison of clonal complex versus full length genes in the prediction of a common

ancestor:

When the full length MLST genes were compared, there were nucleotide substitutions,
both synonymous and non-synonymous among the MLST identical alleles as pointed out
earlier in the results. The ancestry predicted by the clonal concept based on the seven al-
leles was found to have a minor shift from CJJ84-25 to CJICF93-6 when full length genes
were used for analysis with respect to seven MLST genes. There were distinct partitions
between C. jejuni genomes compared in this study when a concatenated phylogenetic
tree was constructed. The most striking finding was that the phylogenetic branching pat-
tern was in accordance with the clonal relationship observed between the genomes. The
ST-21 complex that comprised of CJJ11168, CJJITA3902, CJJ84-25 and CJJCF93-6 was
the closest clonal complex to the ST-474 genomes (ST-48 complex) while CJJ84-25 and
CJJ11168 were found to be the closest ancestors of the ST-474 genomes (Table 5.19).
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5.3.3 Major outer membrane protein, the porA

The lengths of porA gene were identical between all the ST-474 genomes whereas, the
CJJCG84-86 genome possessed a slightly longer gene sequence by 18 base pairs. The
CBI and the scaled chi square codon usage of H22082 (ST-474 genome from human
clinical case) genome differed from the remainder. CJJ84-25 was found to be closer to six
of the ST-474 genomes, while in contrast, H22082 showed no similarities with any of the
reference genomes. In addition, GC3 and the overall GC contents of H22082 also differed
from the remaining ST-474 genomes, where CJJ84-25 and CJJHB93-13 were found to
be closer to H22082 with respect to their GC3 contents, while CJJ81-176 was found to
be closer to the rest of the six ST-474 genomes (Table 5.20). Nucleotide substitution
analysis of porA showed an overabundance of non-synonymous substitutions (n = 160)
compared with synonymous substitutions (n = 82). The number of recombination sites
were detected to be 41 and further details on sites of recombination, synonymous and
non-synonymous substitutions are provided in Appendix C. A total of 139 codons were
found to have amino acid changes of which 32 codons were identified to have negative w
values which means that these codons are under ongoing purifying selection. There were
358 sites identified to be evolving faster than average where the mean evolutionary rate
ranged from 1.34 to 3.49 across these sites. The porA gene was observed to be under a
negative purifying selection (Tajima D = -1.2) while Tajima D for non-synonymous over

synonymous substitutions was 1.3.



162 Phylogeny of housekeeping and porA genes

Table 5.20: Codon usage bias and guanine-cytosine contents of porA gene

Genomes CBI SChi2 GC3 GC
CJJ11168 0.276 0.255 0.361 0.361
CJJ260.94 0.304 0.273 0.367 0.378
CJJ8l116 0.292 0.271 0.357 0.365
CJI81-176 0.289 0.271 0.356* 0.364
CJICG8421 0.304 0.272 0.322 0.356
CJJ84-25 0.278 0.245 0.359 0.368
CJICG8486 0.274 0.239 0.353 0.37
CJJHB93-13 0.3 0.269 0.359 0.375
CJICF93-6 0.274 0.246 0.361 0.366*
CJID269.97 0.295 0.26 0.337 0.379
CJIIA3902 0.293 0.269 0.354 0.362
CJIRM1221 0.315 0.315 0.32 0.353
H22082 0.297 0.265 0.359 0.374
H704 0.277 0.245% 0.356* 0.366*
P110b 0.277 0.245% 0.356* 0.366*
P179a 0.277 0.245%* 0.356* 0.366*
P569a 0.277 0.245% 0.356* 0.366*
P694a 0.277 0.245% 0.356* 0.366*
H73020 0.277 0.245% 0.356* 0.366*

*:identity shared between ST-474 and reference genomes.
CBI:Codon usage bias.

Schi2:Scaled chi square.

GC andGC3:Guanine-cytosine - overall and third position.
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Schematic representation of the protein structure predicted by Zhang et al. (2000) is pro-
vided in Figure 5.13 to facilitate comparison and demonstration of variations that had
occurred within the gene. The strands and the surface-exposed or extracellular loops
on the amino acid alignment is provided in Figure 5.14 that illustrates the recombination
sites and variations within the surface exposed loops. Unlike the housekeeping genes,
porA was highly variable with marked differences at both the nucleotide and protein lev-
els among the genomes. The differences are presented as a protein alignment in Figure
5.14 with regions that showed recombination sites within the gene. The H22082 isolate
of ST-474 differed significantly in its porA sequence, at both the nucleotide and amino
acid sequence levels. The amino acid sequence alignment suggested recombination sites
at the extracellular exposed loops L1 to LL8. This has led to a change in the ancestral
lineage from ST-21 complex that was closer to ST-474 genomes, to ST-22 complex for
the H22082 isolate. A HybridizationNetwork using nucleotide and protein sequences was
built using Recomb2007 functionality in the SpitsTree v4 software program and the re-
sults are provided in Figures 5.15 and 5.16 at the DNA and protein level, respectively.
It is evident from the phylogenetic network that the porA gene has undergone consid-
erable amount of nucleotide exchanges to render it more variable where, the network
obtained three distinctive groups in a HybridizationNetwork. The first group was formed
between six ST-474 genomes (H73020, P110b, P569a, P694a, P179a and H704) and the
reference genomes CJJ84-25, CJJCF93-6 and CJJCG8486. The second group comprised
CJJIA3902, CJJ81-176 and CJJ81116, and the third group comprised C. jejuni doylei,
C1J260.94, CJJRM1221, CJICG8421 and CJJHB93-13, where H22082 was found closer
to CJJHB93-13. CJJ11168 was found to be placed near the root of the tree. While the
protein HybridizationNetwork obtained a slightly different tree (Figure 5.16), but how-
ever, the predicted ancestry between ST-474 genomes did not change; CJJHB93-13 was

still the closer ancestor to H22082 even on a protein tree.
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Figure 5.14: Nucleotide and protein recombination alignments of porA, and phylogenetic tree.
External loops L1, L4, L6 and L8 of H22082 show evidence of recombination that differentiates

it from other ST-474 genomes)
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5.4 Discussion

Adaptive evolution plays a major role in the diversification of bacterial species that is
brought about by variations that occur at both the DNA and protein levels (Lefebure &
Stanhope 2009). Genes belonging to the housekeeping lineage have been identified to
be highly influenced by major genetic events such as recombination and horizontal gene
transfer (Riley 1993, Rivera et al. 1998). Further C. jejuni is a species that has been
identified to possess a natural competency to undergo frequent DNA changes in response
to the environments and/or hosts as a measure of adaptation. This has been demonstrated
in the seven MLST housekeeping genes and virulence associated genes (Wang & Taylor
1990, Dingle et al. 2001, Colles et al. 2003, Miller et al. 2006, Colles et al. 2008, Kwan
et al. 2008, Wilson et al. 2008, Carter et al. 2009, Wilson et al. 2009). Considering the
evidences of general plasticity within the housekeeping genes and the natural competency
of C. jejuni, the primary objective of this present study was to compare seven C. jejuni ST-
474 genomes, the identical MLST genotypes, in order to obtain improved understanding
about the extent of similarity they possess at full length gene level as a first level of
analysis. Secondly, an extended subset of housekeeping genes were analysed to compare

the seven ST-474 genomes addressing the same parameters as that of the first subset.

Full length genes from identical MLST housekeeping alleles showed variations at both
the nucleotide and protein levels, at least between the reference and ST-474 genomes.
This finding suggests that a sub-region within a gene may not possibly reflect the ancestry
or lineage of a gene and this requires a full length gene analysis to better understand the
evolutionary history of that gene. Differences in the nucleotide base composition of a
gene and/or genome is the fundamental element shaping the genomic evolution which in
turn, directly influences the GC contents of genes and/or genomes (Hurst & Merchant
2001). GC variation has been thought to be driven both by neutral mutational effects and
adaptive selection pressures (Muto & Osawa 1987, Galtier & Lobry 1997, McEwan et al.
1998, Hurst & Merchant 2001, Naya et al. 2002, Foerstner et al. 2005, Musto et al. 2006)

In this study, GC contents of all the genes investigated in the study across the seven ST-
474 genomes were identical except for two genes, the fumC and trpC, while the GC3
content varied in the pycA gene (but showed an identical overall GC content across all

the ST-474s). fumC is a fumarate hydratase that is involved in the tricarboxylic acid cycle
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(TCA) and also an important enzyme that has been identified to be very stable during
oxygen fluctuations (Pearson et al. 2003, Miller et al. 2007). H22082 and P694a isolates
showed a slightly higher GC contents in their fumC gene where it was found that the
fumC alleles varied greatly even within C. jejuni strains that obtained identical alleles
with respect to other alleles used in a multi-loci typing scheme (Suerbaum et al. 2001).
It is possible that the functional constraints, particularly the oxygen labilities within the
hosts and/or environments under which the fumC gene functions may be a contributing
factor to the underlying genetic variations. In contrast, the GC contents of trpC gene
which is involved in amino acid biosynthesis belongs to an aromatic amino acid family
(Indole-3-glycerol phosphate synthase) varied between the poultry isolates and human
isolates. This is suggestive of the environmental influence on this particular gene where,
trpC gene has been identified to be uncoupled from the #rp operon (Parkhill et al. 2000)

and has been identified as a relatively a divergent sequence in general.

Although, the pycA gene showed an identical overall GC content across all the ST-474
genomes, the GC3 content varied between the H22082 and P694a isolates. It may be
hypothesised that the GC3 variation found in the H22082 and P694a isolates within the
pycA gene could have occurred as a measure of co-adaptation or co-evolution of the gene
to the different elements that were present in the host environment. The GC3 content in
bacteria has been shown to play an important role in the evolution of bacteria (Bellgard &
Gojobori 1999). It has been reported that the overall GC and the average GC3 contents of
a genome are correlated (Bernardi & Bernardi 1985, Bellgard & Gojobori 1999) and it has
been proposed that the GC3 changes with synonymous codons can be a determining force
for the future change in the overall GC content of a genome (Bellgard & Gojobori 1999).
In addition, the concentration of tRNA modification enzymes or the translational decod-
ing system within genomes has been shown to influence the GC3 changes when there is
a nucleotide compositional change through recombination (Grosjean et al. 2010). CBI
of pycA also varied in these two isolates which is suggestive of a differential evolution.
However, analysis of larger datasets may provide support to the hypothesis of pycA differ-
ential evolution. Comparison of the overall GC contents among the reference and ST-474
genomes in this study showed CJJ84-25 and CJJCF93-6 to be closer to ST-474 followed
by CJJIA3902 and CJJ11168. This observation was in agreement with the MLST profile

ancestry prediction.
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There was an association found between the GC variance and the number of recombina-
tion sites that occurred within different housekeeping genes, where the majority of the
genes (investigated in this study) that possessed a wider GC variance showed a higher
number of recombination sites. It may be hypothesised that the variation in the GC con-
tents might have arisen due an event of recombination within individual genes which in
turn might have caused a GC variation. Hybrid alleles have been documented in the rkt
and gltA genes by studying the MLST datasets elsewhere (Sheppard et al. 2009, 2011),
while in this study, these two genes showed wider GC variance within genomes which
might have resulted from frequent recombination. This in turn might have led to hybrid
alleles as inferred by Sheppard et al. (2009, 2011). In the second subset of genes, atpD
and trpB showed the least number of recombination sites where, the GC content did not
vary much across genomes. Variation in the GC content within those genes analysed may
be an indication of extensive recombination and/or DNA exchange that occurred within
those genes which in turn, is reflected in their GC contents. However, there was one ex-
ception, the infB gene that showed a high number of recombination sites with small GC
variance. Hence, the hypothesis of association between GC variance and recombination

events requires further investigation.

CBI has been identified as a direct indicator of selection, recombination and HGT (Marais
et al. 2001, Fuglsang 2003, Tuller et al. 2011). The usage of amino acid is influenced by
the nucleotide base composition, which in turn affects the codon usage by genes. Codon
usage is highly dependent and/or positively correlated to the tRNA pools present between
genomes that are recombining or undergoing lateral gene transfer or HGT (Ikemura 1985,
Kanaya et al. 1999, Ochman et al. 2000, Tuller et al. 2011) and hence a distinguishable
difference in CBI within genes in a genome can predict an event of recombination in a
genome. CBI was another parameter evaluated in this study which showed greater simi-
larity between ST-474 and CJJIA3902, followed by CJJ84-25, CJJCF93-6 and CJJ11168.
Although the ancestry was swapped from CJJ84-25 to CJJITIA3902, it should be noted that
all these reference genomes belong to the ST-21 complex, where the clonal complex view
was not completely changed. Collectively, the ST-474, CJJIA3902, CJJ84-25, CJJICF93-6
and CJJ11168 genomes were found to share identical GC contents and CBI within the se-
lected subsets of genes which suggest that these genomes must have undergone a similar

pattern of evolution. This in turn might have led the genomes to fit in to a cluster or a
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group as predicted by the clonal frame concept.

The Tajima D values obtained for individual genes and codons in this study suggested a
stringent purifying selection which is indicative of a population expansion driven by nu-
cleotide substitutions (Tajima 1989). A significant number of codons across all the genes
investigated in this study were found to evolve faster which supports the view that C.
Jejuni is a dynamic species evolving under certain situations and changing environment.
The selection pressure was found to vary between regions within genes (some regions un-
der purifying selection and others are under positive selection pressure), where, account-
ing for selective pressures among individual sites and codons has been more insightful.
Detection of positive selection in a background of overwhelming purifying selection pro-
vides a clearer understanding of functional constraints of genes (Nielsen & Yang 1998,
Yang et al. 2000, Yang 2002). It may be hypothesised that, as the metabolic housekeeping
genes investigated in this study encode cellular proteins, a high degree of functional con-
servation and constraint may be expected. A breach in the amino acid composition may
not be tolerated as it is regarded deleterious to the survivability of the organism and/or to

the gene function (Yang 2002, Susko et al. 2003).

Individual gene trees from the second subset of housekeeping genes showed interesting
ancestral lineages for the ST-474 genomes. Most of them obtained a unanimously shared
ancestry with CJJ11168, CJJ84-25, CJJCF93-6 and CJJIA3902 whereas, genes such as
ftsZ, gapA, hemN, sdhA and pycA showed differences in their ancestral lineages where
other reference genomes were found to be more closer to these genes. The functional role
or importance of these genes in a genome are discussed below. ftsZ encodes a cell divi-
sion protein which is a crucial protein that plays a prominent role in cytokinesis (de Boer
et al. 1992, Zhang & Dong 2005). ftsZ has been employed for studying the phylogenetic
relationship between lactic acid bacterial species and the discriminative power of ftsZ
was greater than that of 16S rDNA (Zhang & Dong 2005). It has also been identified to
be a potential target for generating anti-bacterial drugs and has been identified as one of
the faster evolving and recombining genes in other bacterial species such as Wolbachia
a bacterial symbiont (Jiggins et al. 2001). However, it has been found that ftsZ is not
essential for C. jejuni survival in contrast to most bacteria (Stahl & Stintzi 2011). In this
study ST-474 ftsZ genes were found to be separated from the reference genomes on a sep-

arate branch on the phylogenetic tree. On the other hand, the reference genomes formed
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groups on the phylogenetic tree which suggests a few possible explanations for this clus-
tering such as, the grouped reference genomes may have similar evolutionary histories
and there might have been a heterogeneous nucleotide substitution rate in each group that
might have arisen due to recombination within the reference genomes. Whereas, it seems
that ftsZ allele is a unique variant of ST-474 and a relative geographical separation of
New Zealand might be a reason behind this feature. It may also be speculated that, as
ST-474 is a rare international strain, the ftsZ allele might even be a genetic characteristic
of this strain itself. However, analysis of ftsZ gene from C. jejuni isolates from different
geographical locations within New Zealand and other parts of the world and hosts may

shed further light on this observation.

The gapA and pycA are two of the most important key bidirectional enzyme coding genes
of the glycolysis-gluconeogenesis pathway (Parkhill et al. 2000, Velayudhan & Kelly
2002). The Embden—Meyerhof (glycolysis and gluconeogenesis) pathway is a gluco-
neogenic pathway that generates glucose-derived polysaccharides through which C. je-
juni obtains carbon source for its metabolism (Mendz et al. 1997, Parkhill et al. 2000,
Velayudhan & Kelly 2002). The gapA gene has been evidenced to be down regulated
in the presence of chemicals such as sodium deoxycholate. In addition, gapA has also
been identified to be involved in the successful colonisation of hosts where two variants
of CJJ11168 isolates (between the original and the passaged strain) showed significant
molecular variations between their gapA genes (Gaynor et al. 2004, Malik-Kale et al.
2008, Tunio et al. 2010). This reflects the rapidity of this gene to evolve under given
circumstances. While in this study gapA was identified with relatively minimal numbers
of recombination sites and was shown to be closer to CJJICG84-21, a safer vaccine strain
that lacks ganglioside mimicry (Tribble et al. 2009). Phylogenetic attempts using wider
molecular datasets of genes directly involved in the expression of similar traits or char-
acteristics between ST-474 and CJJCG84-21 will provide further useful insights into the
genetic properties that these two strains share in common. The pycA gene encodes for an
anaplerotic enzyme, the pyruvate carboxylase and this metabolic enzyme activity was ev-
idenced to be affected in the pycA mutants that in turn affect the colonisation and growth
of Campylobacter (Velayudhan & Kelly 2002). The pycA genes from ST-474 formed
two different clusters, H22082 and P694a formed one cluster and the remainder formed

another cluster. These findings indicate that these two genes have undergone a similar
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physiological stress that might have probably led to their differential evolution while an

anaplerotic enzyme is highly essential for the growth of C. jejuni.

hemN, a oxygen-independent coproporphyrinogen-III oxidase and sdhA, a succinate de-
hydrogenase flavoprotein subunit have been identified to be important for the growth of C.
Jejuni under varied growth conditions or environments (Guo et al. 2008, Reid et al. 2008,
Wright et al. 2009). As strict anaerobiosis is a stress condition for C. jejuni that might be
expected inside the guts of different hosts, hemN is one of the important genes required
under oxygen-limited conditions as the inability to synthesise heme anaerobically due to
an absence or a mutated hemN gene inhibits growth (Sellars et al. 2002). Notably, sdhA
has been shown to be of paramount importance for successful colonisation and growth
of C. jejuni. This gene has also been identified to be up-regulated in the chicken caecum
and to sense and respond to decreasing environmental pH suggesting its role in adaptation
(Grant et al. 2005, Guo et al. 2008, Reid et al. 2008). Bacteria are shown to use many
different protective strategies to combat acid stress where they may involve alterations of
cell surfaces and membranes in order to prevent the influx of hydrogen ions into the cell
(Reid et al. 2008). Apart from sdhA, gltA, gltB and ilvD were also identified to possess a
differential expression pattern to combat acid stress where these genes are down-regulated

during acid stress conditions (Reid et al. 2008).

In this study, the gltB gene showed the second highest number of recombination sites
which might possibly be due to the past evolutionary events as a measure of stress adapta-
tion and on the phylogenetic tree all of the ST-474 alleles were found to be identical. An-
other interesting gene with special molecular characteristics found in this study was sdhA.
The sdhA gene length differed between reference genomes while fragmentation of this
gene has been reported in some regions of sdhA in C. jejuni doylei 269.97 (Nachamkin &
Blaser 2000, chap. 5) raising a suspicion around the functionality of sdhA in this genome.
Similarly the ortholog of sdhA from CJICG84-86 was heavily fragmented and the gene
sequences from both C. jejuni doylei 269.97 and CJJCG84-86 were not found complete
to be included for analysis in this study. These observations reflect the possibility of this
gene having been damaged by the environmental pH (these two strains were isolated from
human clinical cases). In the phylogenetic analysis in this study, the sdhA and hemN gene
sequences of ST-474 genomes were closer to the CJJRM1221 reference genome while it

should be remembered that CJJRM 1221 was isolated from a chicken carcass. This find-
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ing might further be speculated that the sdhA from chicken may present a similar genetic
characteristic, however it needs further data analysis to provide more support for this

hypothesis.

While the porA cell surface antigen analyses in previous reports have identified three
deep divisions within the porA alleles and the MOMP protein sequences (Zhang et al.
2000, Clark et al. 2007, Cody et al. 2009). The third division or group has been found to
be extensively involved in recombination in contrast to the other two groups (Zhang et al.
2000, Clark et al. 2007, Cody et al. 2009). In this study, there was extensive recombination
observed between the porA gene and MOMP protein sequences while the ancestry of ST-
474 was swapped from ST-21 to ST-22 complex in the H22082 isolate (ST-474 genome
from a human clinical case). CJJ81-176 was found to be closer to the rest of the six ST-
474 genomes. The H22082 isolate differed in its CBI and the scaled chi square codon

usage index.

The molecular variations and the differences in the selection pressures over this gene
suggest the porA diversification and various evolutionary alterations the gene might have
undergone under different circumstances. Further, the three distinctive groupings of porA
gene sequences identified among the ST-474 and reference genomes suggest that, the
group that possessed H22082 could belong to the third division of the porA allele that
was found to undergo frequent recombination by previous studies (Zhang et al. 2000,
Clark et al. 2007, Cody et al. 2009). The porA gene of C. jejuni subsp. doylei 269.97
was also found to be grouped with H22082. Furthermore, the variations exhibited in the
external loops, particularly in loop one, four, six and eight suggest that the majority of
molecular variations were concentrated towards the external loops which might be related
to functional, biological and virulence properties of the protein as these loops are more
exposed to the environment directly (Zhang et al. 2000, Clark et al. 2007, Huang et al.
2007, Cody et al. 2009). However, the association between the structural variations and
disease, virulence properties, their role in ecological adaptation and their behaviour under
stress have not been studied in detail so far. Studies relating to function and expression
of MOMP proteins under various environments and/or hosts involving wider datasets will
provide useful insights into the evolution of porA gene which in turn will serve as a

potential vaccine candidate.
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Conclusion

To conclude, this study has validated the reliability of a subregion within a gene to be used
equivalent to a full length gene involving a limited number of genomes in an established
typing scheme such as MLST. In addition, this study has introduced the idea of analysing
identical alleles at their full length level that is essential for studying evolution of new
variants. Even though there were molecular variations found amongst identical alleles at
the level of full length genes, the phylogenetic prediction of the ST-21 complex being the
closest ancestor of ST-474 genomes was still valid, even when 18 additional full length
genes were employed. The closer ancestor of ST-474 was found to be CJJIA3902 (ST-
21 complex) genome from the concatenated sequence of 25 genes which implies that
the ST-474 and ST-21 complex genomes might have had similar evolutionary histories.
While all of the porA gene sequences of ST-474 were closer to CJJ84-25, the H22082
isolate was found to be closer to CJJHB93-13. The Tajima’D values of whole genes
indicated that the metabolic housekeeping genes are under stringent purifying selection.
But there were regions within the genes that were under positive selection pressure. It
was more insightful to consider the selection pressures operating within individual genes
as it provides useful information about the functional constraints of those genes. This
observation is in agreement with previous studies that demonstrated differences in the
selective pressures operating within a single gene (Yang 2002, Susko et al. 2003). It was
interesting to find that the porA gene was under purifying selection pressure, given its

high variability and antigenic status.

The findings of genes (investigated in this study) differing at both nucleotide and amino
acid levels between the seven ST-474 genomes lend support to the findings made by Biggs
etal. (2011) who showed differences between two ST-474 genomes on a genomic scale. In
addition, the special molecular signatures that the genes of ST-474 genomes possessed (as
discussed earlier) may be hypothesised as a reflection of either the geographical isolation
of ST-474 or it may just be the characteristic of ST-474 genome itself. Many of the
novel biosynthesis pathways in Campylobacter spp. have been regarded to be still in its
infancy (Nachamkin & Blaser 2000, chap. 4) and hence, this study suggests that functional
exploration and gene expression assays of genes with special phylogenetic signals will
provide further insights into the underlying functional mechanisms that may play a role in

diversifying strains that belong to a single genetic type. Finally, analysis of wider datasets
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of genes will provide more support to the current findings of this study.



CHAPTER 6

A genome wide comparison of selected subsets
of ribosomal and DNA repair genes among
seven Campylobacter jejuni MLST ST-474

isolates for evolution

Abstract — DNA repair and replication play a central role in shaping the evolution of an organism
which provides enormous potential for evolutionary diversification of bacteria. C. jejuni multilocus
sequence type 474 (ST-474) is an internationally rare genotype that was responsible for 24% to
34% of human clinical cases in New Zealand. In the present study, seven ST-474 genomes (four
from the chickens and three from human clinical cases) that were collected between August, 2005
and February, 2009, were compared with 12 other C. jejuni reference genomes from the GenBank
database. A subset of 25 genes (ribosomal, DNA repair and nucleotide metabolism genes) were
analysed to understand the genetic similarities and differences amongst these genes within the seven
ST-474 genomes in an effort to understand the evolution of the ST-474 genotype. Genes investigated
in this study showed differential evolutionary histories, with seven of 25 genes differing in their
nucleotide and amino acid compositions. The alleles gidA, ogt, rec], ssb, uvrA, uvrB and xseA were
found to be unique to the ST-474 genomes in this small data set. Further, recombination was evident
in all of the genes. The majority of genes investigated in this study shared their ancestral lineage with
the ST-21 complex. In addition, three genes uvrA, gyrA and mutS were found to have selenocysteine
in their protein sequences which provided some evidence of horizontal gene transfer. This study
provided a better understanding of the repair, ribosomal and nucleotide metabolism genes, their
genetic characteristics and differences within a small selected set of genes in ST-474. In addition,
the MLST scheme seven housekeeping alleles were found to be robust in providing a bird’s eye view
of the ancestral lineage of the majority of genes in a genome.

Vathsala M, French N, Biggs, P J, Stevenson M, Marshall J, and Hotter G, (2011). A genome wide
comparison of selected subsets of ribosomal and DNA repair genes among seven Campylobacter
Jjejuni MLST ST-474 isolates for evolution
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6.1 Introduction

Living organisms are threatened by different environmental and biological agents where
maintenance of their genome integrity or stability is a continual challenge. DNA repair
mechanisms in organisms play a fundamental role in protecting the cells against damage
as well as in the faithful transmission of genetic information from a mother cell to the
daughter (Singh et al. 2010). Horizontal gene transfer (HGT) and recombination are the
two major forces that shape the evolution of archaeal and bacterial genomes generating
genetic diversity without losing too much genomic stability (Doolittle 1999, Feil et al.
2001, Spratt et al. 2001, Townsend et al. 2003, Fall et al. 2007). Interspecies recombi-
nation has been demonstrated between donor and recipient DNA molecules that differ by
up to 25-30% of their nucleotide sites (Dowson et al. 1989, Reeves 1993, Bowler et al.
1994). However, the impact of these evolutionary forces may differ between genomes,
and between genes in a genome, dependent on the prevailing biological and ecological
factors. These include microbiota competitions, environmental conditions, the natural
competence of bacteria and the DNA repair mechanisms that may vary from species to
species, or even within sub-populations of the same species (Feil et al. 2001, Townsend

et al. 2003, Mau et al. 20006, Fall et al. 2007, Gaasbeek et al. 2009a,b)

Population structures of bacterial species have been studied using techniques such as mul-
tilocus enzyme electrophoresis (MLEE) to index the allelic variations that targets the
cellular enzymes encoded by genes in a genome (Maiden et al. 1998). This was even-
tually superseded by mulitlocus sequence typing (MLST) by taking the basic principle of
multiloci analysis. MLST integrates the information from the internal fragments of seven
housekeeping genes that are approximately 470 to 500 base pairs long (Maiden et al. 1998,
Maiden 2006). Bacterial isolates are grouped into different clusters based on the allelic
combination that provides an allelic profile of the seven housekeeping genes in MLST,
that in turn places the strains in a clonal context. Monomorphic bacterial pathogens (with
little sequence diversity) (Comas et al. 2009) serve as promising clonal models of evo-
lution in contrast to polymorphic organisms with greater sequence diversity (Linz et al.
2000, Dingle et al. 2001, Achtman & Wagner 2008). The latter showed complex phy-
logenetic histories due to extensive recombinational events (Wirth et al. 2006, Achtman

& Wagner 2008). Campylobacter jejuni is one example of polymorphic bacterial species
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that is naturally competent to take up exogenous DNA and to transform its genome char-
acteristics, as proven experimentally by Wang & Taylor in 1990. However, behaviour
observed in a bacterium under laboratory conditions is not always identical to that expe-

rienced by the bacterium in the wild.

6.1.1 Genes of genetic information processes in bacteria

DNA repair, recombination and nucleotide metabolism pathways are some of the impor-
tant key machineries of the genetic information processes in bacteria.! The DNA repair
and recombination (DRR) pathways have contrasting roles in evolution, where they pro-
tect the genome from damage as well as accommodate a certain degree of mutation; thus
balancing the two activities to maintain the genetic stability by correcting the deleterious
mutations as well as enhancing the survivability of an organism in a fluctuating environ-
ment (Cann & Ishino 1999, Paques & Haber 1999, Zhou & Elledge 2000, Singh et al.
2010). The genetic stability in turn is defined as ‘a measure of the resistance to change,
with time, of the sequence of genes within a DNA molecule or of the nucleotide sequence
within a gene’.? There has been an enormous increase in our understanding of the ge-
netics and biochemistry of DNA repair mechanisms and pathways, where DNA repair in
bacteria have evolved to correct DNA damage caused by a variety of agents such as ultra-
violet (UV) irradiation (Cox 1998, Zhou & Elledge 2000, Lusetti & Cox 2002, Fall et al.
2007, Janion 2008, Fonville et al. 2010, Patel et al. 2010, Singh et al. 2010). However,
most of the biochemical mechanisms remain obscure, requiring specialised experimental
conditions to better understand every biochemical mechanisms of DNA repair (Swingle

et al. 2010).

The DNA repair system involves four major pathways such as simple reversal of DNA
modifications (e.g. ada methyltrasferase (Nieminuszczy & Grzesiuk 2007)), excision
of damaged nucleotides from DNA, called base excision repair (BER) (Krwawicz et al.
2007), removal of whole damaged DNA fragment, called nucleotide excision repair (NER)
and methylation-directed mismatch repair (MMR) (as reviewed by (Maddukuri et al.
2007, Nowosielska 2007)). An inducible DNA repair network was first discovered about

'URL:(http://www.genome. jp/dbget-bin/www_bget 2ko+K03495)
URL:(http://http://www8.nos.noaa.gov/coris_glossary/index.aspx?
letter=q)
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30 years before in Escherichia coli and the term ‘SOS response’ was introduced to de-
scribe this network (Radman 1975, Michel 2005). The genes that were identified in the
DNA repair mechanism as the first line defenders are uvrA, uvrB, and uvrD. These genes
are involved in the nucleotide excision repair while the homologous recombination func-
tions appear second in the line of defense against DNA lesions, including genes such
as recA from the RecBCD pathway (Michel 2005, Gaasbeek et al. 2009a). While DNA
repair systems have undergone evolution in order to correct specific DNA modification
and incorrectly paired bases, recombinational (homologous and non-homologous) repair
systems play a major role in the recognition and repair of DNA breakage that have also
evolved markedly, requiring extensive homologies for efficient homologous recombina-
tion (Lovett et al. 2002). In contrast, non-homologous recombination or non-homologous
end joining (NHEJ) is used in situations where only one copy of the chromosome is avail-
able for repair requiring an approximation of the broken ends (Nowosielska 2007, Shuman

& Glickman 2007).

Homologous recombination (HR) is error free unlike NHEJ which is often mutagenic.
However, NHEJ can be advantageous under certain situations as reported in eukaryotes
in the diversification of immune repertoire (Lusetti & Cox 2002, Shuman & Glickman
2007). Bacterial NHEJ is an emerging field where the characterisation of an ATP de-
pendent ligase in Haemophilus influenzae was a breakthrough in this field with subse-
quent identification and characterisation of NHEJ and associated specialised enzymes in
Mycobacterium tuberculosis, Mycobacterium smegmatis and Agrobacterium tumefaciens
(Cheng & Shuman 1997, Nowosielska 2007). The studies on NHEJ demonstrate the
dynamic relationship between pathogenesis and DNA repair and their significant contri-
bution in the emergence of new variants and resistant strains in bacterial species such as
Mycobacterium spp. (Weller et al. 2002, Jacobs et al. 2003, Cirz et al. 2005, Gong et al.
2005, Martinez et al. 2005, Gandhi et al. 2006, Curti et al. 2007, Sinha et al. 2007), which
is a potential public health concern. However, the field of NHE] is regarded naive, with
respect to the role of NHEJ in the disease ecology and impact of NHEJ on virulence of
several bacterial species that require suitable genetic and biochemical tests (Nowosiel-
ska 2007). Schematic representation of the replication (as genes of replication are also

involved in DNA repair, process of replication is included) and repair pathways are pro-
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vided in Figures 6.1, 6.2, 6.3, 6.4 and 6.5, adapted from the KEGG pathway database.’

SURL: (http:://www.igs.cnrs—-mrs.fr/mgdb-cgi/www_gene_catalog?rpr.ann.)
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DNA repair genes and evolution

Exposure to several cycles of selection pressures and fluctuating levels of DNA-damaging
factors such as chemicals, antibacterials and other environmental agents have been iden-
tified as shaping the DNA repair pathways in modern-day organisms (O’Brien 2006).
Cellular localisation, protein—protein interactions and other regulatory mechanisms have
been identified to be linked and/or to be influencing evolution of DNA repair pathways

(O’Brien 20006).

The continuous need to identify new DNA damage and to repair new types of DNA le-
sion, act as a powerful selective force for the DNA repair system to evolve in response
to changing intracellular and extracellular environments (O’Brien 2006). This in turn
enables bacteria to survive stress conditions and to adapt to a new environment. For ex-
ample, the gyrA gene that encodes a DNA gyrase involved in DNA replication and repair
mechanisms has been identified to be a potential precursor for the emergence of drug re-
sistant Campylobacter mutants. A mutation at the 86th codon, confers fluoroquinolone
(FQ) resistance in Campylobacter spp. (Han et al. 2008). The primary action involved in
this instance is to repair the damaged DNA strand caused by the antibacterial agent which
in turn has led to the emergence of drug or FQ resistant Campylobacter mutants. Thus,
DNA repair pathways and the genes involved in these pathways can potentially mediate

evolution of an organism through selective DNA repair processes.

A unique feature observed in the FQ resistance development was the rapidity of emer-
gence of mutants. FQ resistant mutants were found to emerge after an initial exposure of
susceptible Campylobacter strains to FQ antimicrobials (under experimental conditions
and/or when Campylobacter-infected humans or animals were treated with FQ antimicro-
bials) within 24-48 hours (Segreti et al. 1992, van Boven et al. 2003, Luo et al. 2003,
Zhang et al. 2003, Griggs et al. 2005). Similarly, the mfd gene (mutation frequency de-
cline gene) that encodes a transcription-repair coupling factor has been identified to confer
FQ resistance in Campylobacter spp. (Han et al. 2008). The mfd gene is involved in DNA
repair and has been shown to increase the frequency of emergence of spontaneous FQ mu-
tants in Campylobacter. In contrast, mutation in the mfd gene has been shown to decrease
the frequency of streptomycin-resistant Campylobacter mutants (Han et al. 2008). It has

been thought that mfd might enhance replication of the non-repaired DNA strands through
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a transcriptional bypass so as to maintain cell viability and/or to promote mutations for
drug resistance (Han et al. 2008). Even though, it has been shown that mfd confers resis-
tance to antibiotics, the exact mechanism through which this gene facilitates the increased
frequency of emergence of drug resistant mutants is not clearly known. These two genes,
the gyrA and mfd are both thought to be involved in DNA repair mechanism, where mfd
enhances mutation in order to confer fitness to the affected bacteria. In contrast, gyrA

repairs itself in order to confer fitness to the affected bacteria.

Campylobacter is the most commonly identified gastro-enteric pathogen causing diar-
rhoea in humans in developed countries (Nachamkin & Blaser 2000, Adak et al. 2005).
The disease is usually self limiting and uncomplicated but the infection may lead to seri-
ous sequelae such as Guillain-Barré syndrome and reactive arthritis (Bremell et al. 1991,
Zia et al. 2003). C. jejuni and C. coli are the recognised pathogenic species of the genus
Campylobacter. The majority of the human campylobacteriosis cases are caused by C.
jejuni with C. coli, C. upsaliensis, C. fetus and C. lari accounting for a relatively small
number of cases (Gillespie et al. 2002, Lopez et al. 2002, Sheppard et al. 2009). C. jejuni
can be retrieved from a wide variety of hosts and environments (Nachamkin & Blaser
2000, Jones 2001) and the bacterium has been reported to thrive well in the digestive
tracts of birds and mammals, (Lee & Newell 2006) and in moist, cold dark environments
(McCarthy et al. 2007). Human campylobacteriosis is commonly associated with the con-
sumption of undercooked poultry, meat, contaminated water and through environmental
exposures (French et al. 2005, Fullerton et al. 2007, French 2008, Marcus 2008, Sopwith
et al. 2008, Mullner et al. 2009).

The design and application of the MLST scheme for Campylobacter spp. demonstrated
the massive evolutionary and recombination potential of C. jejuni (Dingle et al. 2001,
2005). The adaptation of C. jejuni to different niches and the acquisition of definitive host
signatures through recombination and the formation of new variants has been demon-
strated in previous studies in greater detail (Colles et al. 2003, McCarthy et al. 2007,
Colles et al. 2008, 2009). The antigenic genes of C. jejuni (the flaA, flaB and porA) were
shown to undergo frequent recombination and are considered alongside the MLST house-
keeping genes to provide a high discriminatory ten locus typing system (Meinersmann
et al. 1997, Meinersmann & Hiett 2000, Meinersmann et al. 2002, Dingle et al. 2008,
Cody et al. 2009).
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Studies involving MLST datasets have shown that gene flow between species (between
C. jejuni and C. coli) and intra-species is rapid (Sheppard et al. 2009, Wilson et al. 2009,
Sheppard et al. 2011). Further, progressive fragmentation of imported DNA leading to the
creation of mosaic alleles or hybrid alleles has been documented as an ongoing process
of recombination between C. coli and C. jejuni. This has lead to recent speculation about
the convergence of these two species recently (Sheppard et al. 2009, 2011). However, the
molecular characteristics and the evolutionary potential of those genes apart from MLST

housekeeping genes has received little attention.

6.1.2 Measures of evolution

Genetic diversity in a gene or genome is measured by estimating the nucleotide composi-
tion (adenine, cytosine, guanine and thymine or uracil), particularly the guanine-cytosine
(GC) content, nucleotide substitutions, selection pressures and amino acid and/or codon

usage (Rocha & Feil 2010) that are briefly described below.

Guanine-cytosine content

The guanine-cytosine (GC) content is positively correlated with the genetic stability of
a gene and/or a genome (Yakovchuk et al. 2006, Hildebrand et al. 2010), where DNA
stability significantly influences a number of biological processes within a cell (Gueron
et al. 1987, Frank-Kamenetskii 1987, Yakovchuk et al. 2006). In bacteria, both coding and
non-coding regions within a gene and/or a genome are affected due to the small number of
intergenic DNA sequences (Hildebrand et al. 2010). DNA stability is mainly dependent
on the base pairing and stacking of guanine-cytosine (GC) and adenine — thymine (AT)

(Yakovchuk et al. 2006).

Nucleotide base composition variation is a consequence of differences in the patterns of
evolutionary events (Sueoka 1961, Freese 1962). Further, GC content in bacteria is in-
fluenced by (1) genome size where larger sized genomes tend to be GC rich (Bentley &
Parkhill 2004); (2) the habitat (e.g. ocean water bacterial samples have low GC and farm
soil bacterial samples have high GC content) (Foerstner et al. 2005); (3) aerobiosis — aer-
obic organisms are GC rich) (Naya et al. 2002); (4) nitrogen utilisation — nitrogen fixing

bacteria have high GC content (McEwan et al. 1998); (5) temperature where GC content
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is thought to be positively correlated with temperature (Galtier & Lobry 1997, Hurst &
Merchant 2001, Musto et al. 2006) and (6) the living nature or lifestyle of bacteria — bac-
terial symbionts that are dependent on their host are rich in AT (Rocha & Danchin 2002,
Woolfit & Bromham 2003). The conversion of GC—AT and AT—GC differs according
to the overall GC content of a bacterial species, where AT—GC conversion is common
in GC rich bacteria and vice versa in AT rich bacterial species such as Campylobacter
(Hildebrand et al. 2010). Of the three (one, two and three) codon positions, the third
codon, GC3 has a positive correlation with the overall GC content of a genome while the
conversion of GC—AT and AT—GC at this position is thought to occur as a measure of
maintenance of the overall GC content of the genome (Akashi 1995, Hildebrand et al.
2010). However, the exact underlying causes that lead to the differences in GC content

are not clearly defined.

Nucleotide substitutions and selection pressures

Three major selection processes influence the rates of nucleotide base substitutions in
a protein-coding gene; these include negative or purifying selection against deleterious
nucleotide substitutions or mutations, random genetic drift of neutral mutations and adap-
tive or positive selection (Patthy 2008). Substitutions can be synonymous or non synony-
mous, where a synonymous or silent mutation / substitution does not change the trans-
lated amino acid in contrast to a non-synonymous substitution that leads to an amino acid
change. The synonymous substitutions (ds) (also interchangeably referred to as K;) are
considered neutral and do not produce deleterious effects on a protein coding gene and
are often fixed in a population (Kimura 1968, Patthy 2008). The non-synonymous sub-
stitutions, on the other hand (dy) (also interchangeably referred to as K,) play a major
role in protein evolution and in the fitness of an organism. Mathematical and statistical
models were developed to measure and infer evolution based on synonymous and non
synonymous differences in genes. These models were initially applied for evolutionary
studies in eukaryotes and were subsequently adapted to analyse evolution in prokaryotes.
The models that have been widely accepted and used are: (1) the substitution models (nu-
cleotide and amino acid); that measure the relative occurrence of nucleotide substitutions
among the four nucleotides and the relative occurrence of substitutions of amino acids

among 20 amino acids in a lineage. These models have subsequently undergone several
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improvements and modifications (Jukes & Cantor 1969, Kimura 1980, Felsenstein 1981,
Hasegawa et al. 1984, 1985, Nei & Gojobori 1986, Jones et al. 1992, Tamura & Nei 1993,
Yang 1994b), (2) Codon substitution models; these models consider a sense codon that
encodes an amino acid as an unit of evolution (Hasegawa et al. 1985, Yang et al. 1998)
which in turn measures the relative codon frequencies that had resulted from nucleotide
substitutions. (3) Site models; that test the effect of selection at individual sites in an

aligned protein coding DNA sequence (Suzuki & Gojobori 1999, Yang et al. 2000).

A relationship was developed according to the nucleotide frequencies and the type of nu-
cleotide substitution (synonymous or non synonymous) namely w in all the above three
mentioned models. w is the ratio of dy/ds, is a measure of natural selection that had oc-
curred in a coding gene sequence (Whelan et al. 2001). Variations in the w values denote
the type of selection pressure operating in a particular site or codon or a gene where, an
w value less than one signifies a purifying selection, w values equal to one and greater
than one represent neutral and positive Darwinian selection respectively (Tanaka & Nei
1989, McDonald & Kreitman 1991, Muse & Gaut 1994, Whelan et al. 2001). However,
non-synonymous substitutions that influence the positive selection and/or fitness of an
organism are expected to occur only at sites that are critical and essential for an advanta-
geous function (Patthy 2008). As a consequence, the number of such substitutions affects
the overall ratio of dy/ds of a gene. A small number of non-synonymous substitutions in
a given gene may be overridden by purifying selection operating in other sites within a
coding gene (Muse & Gaut 1994, Patthy 2008). Hence, analysis of selection pressures
at the level of individual codon and/or site is absolutely necessary when protein-coding
genes are analysed in order to avoid an overall dy/dg ratio masking the positive selec-
tion pressure operating within different sites in a gene (Patthy 2008). Non-synonymous
substitutions have been further categorised into three distinct classes such as deleterious,
neutral and advantageous (Ohta 2002, Hughes et al. 2008). Deleterious variants are re-
moved immediately by purifying selection and in some instances it may lead to a false
inference of positive selection by providing high positive values for a gene and/or for
the sites or codons investigated (Hughes et al. 2008). An ongoing purifying selection
is said to be identified by the heterozygosity in gene sequences with lower number of
non-synonymous substitutions while an advantageous selection is a positive selection that

increases the fitness of an organism (Hughes et al. 2008).
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The substitution rates across sites are considered to vary independently and each site has
been assumed to have a different evolutionary rate in any given gene (Jin & Nei 1990,
Yang 1993). Therefore, a gamma distribution with a scale parameter was developed to
measure the variability in the mean evolutionary rates among sites by Jin & Nei (1990)
and Tamura & Nei (1993), where the rates have been scaled to represent an average evo-
lutionary rate of one across all sites in a protein-coding gene. Thus, sites showing a rate
lower than one are meant to evolve slower than average, and those that show a rate greater
than one are considered to evolve faster than average (Tamura & Nei 1993, Tamura &

Dudley 2007).

Codon usage bias index

Bacteria use more than one codon to encode an amino acid hence the same amino acid can
be encoded by different codons (synonymous codons) (Snyder & Champness 1997). The
codon preferences differ amongst different bacteria which has been shown to be depen-
dent on the the tRNA concentrations in the genome (Snyder & Champness 1997, Ikemura
1985, Kanaya et al. 1999, Tuller et al. 2011). GC content and/or the nucleotide base com-
position of a gene and/or an organism is directly related to the codon usage preferences.
Codon bias index (CBI) is a measure of the extent to which a gene uses a subset of opti-
mal codons (Bennetzen & Hall 1982). CBI is expected to be equal to 1.0 in a gene with
extreme codon bias and 0.0 in a gene with random codon usage. A negative CBI value
is obtained when the number of optimal codons is less than expected by random change.
The scaled chi square is a measure of codon usage bias in the silent codons and has been
employed to measure the general synonymous codon usage bias in genes that have more
than 100 codons (Shields et al. 1988). CBI within species and/or within genes from a
species or sub-species has important uses, such as detection and timing of HGT where the
introduced genes have atypical CBI compared to the recipient (Ermolaeva 2001), and to
determine the recombination-dependent mutational patterns that show subtle variations in

their CBI (Marais et al. 2001).
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6.1.3 New Zealand and C. jejuni

In New Zealand, C. jejuni multilocus sequence type 474 (ST-474) strain has been identi-
fied as an endemic sequence type (ST) that accounted for 24% to 34% of human clinical
cases (French 2008, McTavish et al. 2008). Further, ST-474 has been found to be in-
ternationally rare, strongly associated with poultry and to be predominantly associated
with urban areas (French 2008, Mullner et al. 2009, 2010). Two sub-strains of C. jejuni
ST-474 with flaA SVR 14 antigenic allele (a short variable region within the flaA genes
that are conserved among the C. jejuni virulent strains (Meinersmann et al. 1997)) were
1solated from Palmerston North, New Zealand, one from a chicken and the other from a
human clinical case during the same time period (French et al. 2009b). The genomes of
these two isolates were sequenced by next generation Solexa sequencing technology at
the Massey Genome Service, Palmerston North, New Zealand and their draft genomes
have been submitted to GenBank* (Biggs et al. 2011). In spite of the fact that these two
C. jejuni ST-474 flaA SVR 14 isolates were identical at both the clonal frame and anti-
genic level, there were 103 genes that revealed single nucleotide polymorphisms with
non-synonymous substitutions in 72 genes (Biggs et al. 2011). The impact of recombina-
tion was found to be massive (95%) in comparison with mutation (5%) where, loci with
non-homologous recombinations were evident in the human isolate (H22082) with an in-
sertion of two extra genes, which was not seen in the chicken isolate (P110b) (Biggs et al.

2011).

Housekeeping alleles represent less than <0.2% of the entire genome (Dingle & Maiden
2005) and may not adequately reflect the phylogeny of every single gene, particularly
ribosomal genes, genes involved in repair meachanisms and information processing sys-
tems in a genome. Moreover, the evolutionary potential of C. jejuni has been studied only
within a subregion of seven housekeeping alleles used in the MLST scheme where the
insights into the genetic stability of the genes involved in the above mentioned systems
are obscure. Further, the amplifying effects of recombination and HGT diversifying two
indistinguishable C. jejuni MLST genotypes (Biggs et al. 2011) has provided an evidence
that such identical genotypes do differ when viewed both at individual gene level as well

as from a whole genome perspective.

*URL:(http://www.ncbi.nlm.nih.gov/genbank/)
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This study builds on the fact that C. jejuni is a polymorphic bacteria and the evidence
for the molecular variation identified between two previously indistinguishable geno-
types/strains (Biggs et al. 2011) to gain insight into the molecular variation among seven
isolates with an identical MLST genotype (ST-474). Given the evidence that the house-
keeping genes of C. jejuni undergo frequent recombination generating new variants (sec-
tion 6.1.1), this study focuses on the genes of ribosomes, information processing and DNA
repair system to investigate the vulnerability of these genes to evolutionary forces. DNA
repair is a primary mechanism through which the genetic integrity of a genome is main-
tained. Molecular diversity among genes involved in repair pathways are possible during
repair, where a failure to remove abnormalities and/or accommodation of abnormalities
as reviewed earlier favour diversity and fitness. Several studies have shown incredible
amounts of diversity in individual ribosomal and repair genes from different species and
their diversified evolutionary behaviour under different experimental conditions (Puhler
et al. 1989, Woese 1987, Olsen & Woese 1993, Wang et al. 1993, Guerry et al. 1994,
Bustamante et al. 1995, Taylor & Chau 1997, Doolittle 1999, Eisen & Hanawalt 1999,
Thomas et al. 1999, Zirnstein et al. 2000, de Boer et al. 2002, Dauga 2002, Hakanen et al.
2002, Hinode et al. 2002, Mclver et al. 2004, Dionisi et al. 2004, Karenlampi et al. 2004,
Matsuda et al. 2004, Klancnik et al. 2006, Adekambi et al. 2009, Liu et al. 2009, Said
et al. 2010). However, a comparative study of ribosomal and/or information processing
genes and/or DNA repair genes involving indistinguishable genotypes (designated so by
a particular typing system) has to the authors knowledge not been conducted. Hence, a
subset of ribosomal, information processing and DNA repair genes from seven C. jejuni

ST-474 genomes were analysed in this study:

1. to better understand the genetic characteristics of these genes;
2. to analyse the evolutionary events that had occurred in these genes and;

3. to identify the ancestral lineages of individual ribosomal and repair genes.

This was done in order to infer the pattern of evolution in ST-474 genomes by integrating
the information on phylogeny and ancestral states. This in turn will help to understand
the similarities and differences among the seven ST-474 genomes within the investigated

genes and the possible underlying causes for differential evolution in this set of genes.
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A better understanding of DNA repair and ribosomal genes will provide insights in to
the genetic stability of these genes in C. jejuni which is of paramount importance for

evolution and the emergence of new variants.

6.2 Experimental procedures

The wealth of specialised software tools on molecular genetics has been exploited to draw
inferences on parameters such as GC content, selection pressure (Tajima’s D for whole
genes and polymorphic sites and omega values for codons and sites within codons), codon
usage, recombination events and the closest C. jejuni ancestor for the investigated genes of
the ST-474 genome. Hence, this study does not involve exhaustive statistical modelling
and/or computer simulations. Seven C. jejuni ST-474 genomes were fully sequenced
at the Massey Genome Service, Palmerston North, New Zealand, using next generation

Solexa sequencing technology.

6.2.1 Reference C. jejuni genomes

Twelve fully sequenced C. jejuni genomes were used as references for comparative anal-
ysis and to identify the closest ancestor of genes within ST-474 genomes. The gene se-
quences for the selected set of repair genes from all these twelve reference genomes were
downloaded from the GenBank database.’ Details of reference C. jejuni genomes used in

this study are provided in Table 6.1.

SURL:(http://www.ncbi.nlm.nih.gov/genbank/)
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6.2.2 Bacterial isolates, DNA preparation and sequencing

A total of seven C. jejuni isolates, four from poultry carcasses (P179a, P569a, P694a
and P110b) and three from human clinical cases of campylobacteriosis (H22082, H73020
and H704) obtained between August, 2005 and February, 2009, were MLST typed at
the Hopkirk Research Institute, IVABS, Massey University, Palmerston North and these
isolates were found to belong to the ST-474 genotype. The genomic DNA from these
seven isolates were extracted from pure bacterial colonies grown on blood agar plates
(Fort Richard, Auckland, NZ) using a Wizard Genomic DNA Purification Kit (Promega)
by following the manufacturer’s instructions. Nebulisation of genomic DNA, sequencing
reactions and short read sequence generation were carried out at the Massey Genome

Service, Massey University, Palmerston North.

6.2.3 de novo genome assembly and gene prediction

Genome assembly and gene predictions were carried out at the Massey Genome Service
by Dr. Patrick Biggs, the bioinformatician involved in the sequencing project of C. je-
juni. The gene sequences of twenty five repair genes from seven C. jejuni genomes were

retrieved from the seven ST-474 genome-gene predictions and were analysed in this study.

6.2.4 Selection of repair and ribosomal genes

Some of the repair and ribosomal genes that are used for routine MLST typing schemes
for some bacterial species (Wertz et al. 2003, Christensen et al. 2004, Margos et al. 2008),
and genes that are involved in different repair mechanisms such as base excision, mis-
match excision, nucleotide excision, recombinational, branch migration, replication and
other repair processes (Eisen & Hanawalt 1999), were identified. In addition, three genes
that are indirectly involved in replication such as nucleotide biosynthesis were identified.
From these strata, a total of 25 genes were randomly selected from those involved in the
above repair mechanisms. Full length nucleotide sequences for the selected set of genes
from C. jejuni NCTC11168 genome (GenBank accession no. NC_002163) were retrieved
in FASTA format to be used as reference sequences to retrieve the respective gene se-

quences from the ST-474 genome-gene predictions. The list of genes that were analysed
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in this study with gene names, gene ID, their function and the pathways are provided
in Table 6.2. The positions of the selected subset of repair, ribosomal and nucleotide
metabolic genes are shown on the C. jejuni NCTC 11168(GenBank accession number

NC_002163) circular genome in Figure 6.6.

SURL: (http:://www.igs.cnrs—-mrs.fr/mgdb-cgi/www_gene_catalog?rpr.ann.)
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Table 6.2: Genes of repair mechanism, their gene ID, name, function and the pathways they are

involved in

Genes Gene ID  Name of the gene Function Pathway
dnaE* Cj0718 DNA polymerase III subunit alpha It is a main replicative polymerase =~ Purine metabolism, pyrimidine
(Catalyses DNA-template-directed  metabolism, metabolic pathways,
extension of the 3’- end of a DNA  DNA replication, mismatch repair
strand by one nucleotide at a time) and homologous recombination.
gidA* Cjl1188c  tRNA uridine 5-  Involved in the modification of the ~ tRNA modification and regulation
carboxymethylaminomethyl wobble third base in tRNAs (5-
modification enzyme carboxymethylaminomethyl modi-
fication (mnm(5)s(2)U) of the wob-
ble uridine base in some tRNAs;
also known as a glucose-inhibited
cell division protein A)
guaA* Cj1248 Probable GMP synthase  Purine ribonucleotide biosynthesis Purine metabolism
(glutamine-hydrolysing)
gyrA* Cj1027c  DNA gyrase subunit A Negatively supercoils closed circu-  Direct DNA repair mechanism
lar double-stranded DNA or pre-
vents from super-coiling that is
deleterious to bacterial survival
gyrB* Cj0003 DNA gyrase subunit B Negatively super-coils closed circu-  Direct DNA repair mechanism
lar double-stranded DNA
ligA Cj0586 NAD-dependent DNA ligase Catalyses the formation of phos- Direct DNA repair mechanism,
phodiester linkages and is essential ~ DNA replication, base excision re-
for DNA replication and repair  pair, nucleotide excision repair and
of damaged DNA (between 5’-  mismatch repair
phosphoryl and 3’-hydroxyl groups
in double-stranded DNA using
NAD as a coenzyme and as the
energy source for the reaction)
mfd Cjl085c  Transcription-repair coupling factor ~ Prevents or corrects mutagenic nu-  Nucleotide excision repair — DNA
cleotides by removing them from  repair
DNA strands during replication
mutS Cjl052c  Recombination and DNA strand ex-  Involved in blocking homologous  Mismatch excision repair — DNA
change inhibitor protein recombination and inhibits DNA  repair
strand exchange (has ATPase activ-
ity stimulated by recombination in-
termediates)
mutY™* Cj1620c  Probable A/G-specific adenine gly-  Corrects incorrectly paired bases  Base excision repair — DNA repair

cosylase

during DNA replication and in-

volved in recombinational repair
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Table 6.2 (continued)

Genes

Gene_ID

Name of the gene

Function

Pathway

ogt

polA

pyrC*

pyrG*

recA*

recJ*

recN

recR

rplB*

rpoB*

Cjos36

Cj0338c

Cj0259

Cj0027¢

Cj1673¢

Cj0028

Cjo642

Cj1263

Cj1704c

Cjo479

Methylated-DNA—protein-cysteine

methyltransferase

DNA polymerase I

Dihydroorotase

CTP synthetase

Recombinase A

Putative single-stranded-DNA-

specific exonuclease

Putative DNA repair protein

Recombination protein

508 ribosomal protein L2

DNA-directed RNA polymerase

subunit beta’

Direct DNA repair by alkylation re-

versal

Has 3°-5" exonuclease, 5’-3° exonu-
clease and 5’-3’polymerase activi-
ties, primarily functions to fill gaps

during DNA replication and repair

Pyrimidine ribonucleotide biosyn-
thesis:  catalyses the formation
of N-carbamoyl-L-aspartate from
(S)-dihydroorotate in pyrimidine

biosynthesis

Catalyses the ATP-dependent ami-
nation of UTP to CTP with either L-
glutamine or ammonia as the source

of nitrogen

Involved in recombinational repair
of DNA damage. Catalyses the
hydrolysis of ATP in the pres-
ence of single-stranded DNA, the
ATP-dependent uptake of single-
stranded DNA by duplex DNA, and
the ATP-dependent hybridisation of

homologous single-stranded DNAs

Synthesis and modification of
macromolecules - DNA repli-
cation,restriction/modification,

recombination and repair
DNA repair protein

Involved in a recombinational pro-

cess of DNA repair

One of the primary rRNA-binding
proteins; required for association of
the 30S and 50S subunits to form
the 70S ribosome, for tRNA bind-

ing and peptide bond formation

RNA synthesis, RNA modification

and DNA transcription

Direct DNA repair

Replication and DNA repair

Pyrimidine nucleotide biosynthesis

Pyrimidine nucleotide biosynthesis

Recombinational repair

Recombinational repair

Recombinational repair

Recombinational repair

Ribosomal gene

RNA polymerase
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Table 6.2 (continued)

Genes Gene_ID

Name of the gene

Function

Pathway

rpoD* Cj1001

ruvA

Cj0799¢

ssb Cjl1071

uvrA* Cj0342¢

uvrB Cj0680c

xseA Cj0325

RNA polymerase sigma factor

Holliday junction DNA helicase

Single-stranded DNA-binding pro-

tein

Excinuclease ABC subunit A

Excinuclease ABC subunit B

Exo-deoxyribonuclease VII large

subunit

Sigma factors are initiation fac-
tors that promote the attachment of
RNA polymerase to specific initia-
tion sites and are then released; this
is the primary sigma factor of bac-

teria

Plays an essential role in ATP-
dependent branch migration of the

Holliday junction

Binds to single stranded DNA and
may facilitate the binding and inter-

action of other proteins to DNA

uvrA is an ATPase and a DNA-
binding protein. A damage recog-
nition complex composed of two
uvrA and two uvrB subunits scans
DNA for abnormalities. When the
presence of a on has been verified
by uvrB, the uvrA molecules disso-

ciate.

The UvrABC repair system cat-
alyzes the recognition and process-
ing of DNA lesions. The beta-
hairpin of the Uvr-B subunit is in-
serted between the strands, where it

probes for the presence of a lesion.

Bidirectionally degrades single-
stranded DNA into large acid-

insoluble oligonucleotides

RNA polymerase

Branch migration repair mecha-

nism

Other repair mechanisms

Nucleotide excision repair

Nucleotide excision repair

Mismatch excision repair

*:Repair, ribosomal and nucleotide metabolic genes employed for MLST typing of other bacterial species.
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Figure 6.6: C. jejuni circular genome showing DNA repair genes. The positions of the repair,
ribosomal and nucleotide metabolic genes are shown in this picture. The repair, ribosomal and
nucleotide metabolic genes were identified and positioned on the C. jejuni NCTC 11168(GenBank
accession number NC_002163) using Geneious molecular genetic software v5.3.4

6.2.5 Retrieval of gene sequences from C. jejuni ST-474 gene predic-

tions

The BLAST+ application was downloaded from The National Center for Biotechnology
Information (NCBI)’ to perform stand-alone BLAST searches on the ST-474 gene pre-
dictions in order to find the gene/nucleotide sequences from the C. jejuni NCTC_11168
genome. For a given repair gene from NCTC_11168 genome, the BLAST hits with blast
parameters such as maximum identity, alignment length and highest bitscore were se-
lected. The respective open reading frames or the coding gene sequences were retrieved

from the created BLAST db in FASTA format. For the reference genomes C. jejuni doylei

TURL: (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/LATEST)
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and CJCG84-86, CJCG8421, the orthologs for a few genes (rpoB for C. jejuni doylei; mfd,
pyrC, recN and ruvA for CICG84-86; and gyrA for CICG8421) could not be obtained
from their genome sequences. Therefore, those missing gene sequences from above men-
tioned genomes could not be included in the comparative analysis along with other C.

jejuni genomes.

6.2.6 Analysis of Guanine-Cytosine content, codon usage, selection

pressure, recombination and evolutionary rates

The overall GC and GC3 contents of the selected subset of ribosomal, repair genes and
nucleotide metabolic genes were compared (n = 25) using DnaSP v5 software (Librado
& Rozas 2009). CBI and scaled chi square codon bias indices for individual genes from

all C. jejuni genomes were also estimated using DnaSP v5.

Selection pressures operating on individual genes, codons and sites were analysed. To
analyse the selection pressure on individual codons, methods developed by Muse & Gaut
(1994) and Tamura & Nei (1993) that are available through the inbuilt functionality of
HyPhy software package in MEGA v5 was used. A test statistic that gives the ratio of
dy to ds (w) was estimated using MEGA v5. dS denotes the number of synonymous
substitutions per site (s/5) and d/N denotes the number of non-synonymous substitutions
per site (n/N) within a codon (Tamura & Dudley 2007). An overabundance of non-
synonymous substitutions within a codon is indicated by a positive dN - dS value. In
addition, the Tajima’s D test was carried out to test the selection pressure on individual
full length genes as well as non-synonymous sites over synonymous sites using DnaSP
v5. Gene alignments from 19 genomes were used for estimating all the evolutionary

measures.

Mean relative evolutionary rates were estimated using MEGA v5. The evolutionary rates
have been scaled such that the average evolutionary rate across all sites in a given DNA
sequence is assigned a value of 1.0 where, a site with a rate lower than 1.0 are considered
to evolve slower than average, and those with a rate greater than one are regarded to
evolve faster than average. The relative rates for all nucleotide sites, for all the 25 gene
alignments across 19 genomes were estimated following the method of Jukes & Cantor

(1969). Codons included in the estimation were 1st, 2nd, 3rd and the non-coding position.
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Any nucleotide substitution at the second codon yields a 100% non-synonymous change
while at the first codon position a synonymous nucleotide substitution can be expected. A
discrete Gamma (+G) distribution was used to model evolutionary rate differences among
sites (5 categories). The probability of classification of a site in each discrete rate category
in Gamma is used where, all four nucleotide substitution (A, T, G and C) can be expected

within a site of a codon (Jukes & Cantor 1969, Tamura & Dudley 2007).

DualBrothers (an advanced functionality that is available within Geneious v.5.3.4 (Minin
et al. 2005)) was used to draw inferences on the recombination events within each gene
under investigation. It uses a two change-point model to detect the spatial variation of the
phylogenetic tree topology and nucleotide substitution variation (Minin et al. 2005). Nu-
cleotide alignments from 19 genomes were used to detect a recombination event within
individual genes. DnaSP v5 (Librado & Rozas 2009) was used to cross-check the sites
involved in recombination along with Geneious and the specific sites of recombination
were detected. R,,, the number of recombination sites was estimated using DnaSP v5.
To understand the causal relationships between Rm, GC variance and the length, a linear
model was used by having Rm as a dependent variable and GC variance and length as in-
dependent variables. The inferences were drawn based on the probability values obtained

from the model.

6.2.7 Phylogenetic analysis

The nucleotide sequences (from the seven C. jejuni ST-474 and twelve reference genomes)
were aligned using Geneious v5.3.4 (Drummond et al. 2010)8. Bootstrapped (500 repli-
cates) maximum likelihood trees were generated using MEGA v5 (Tamura & Dudley
2007), and NeighbourNet and neighbour joining gene trees were generated using Splits
Tree v4 (Huson & Bryant 2006) and Geneious v5.3.4 (Drummond et al. 2010), respec-
tively. In turn, full length nucleotide sequences of 25 genes from ST-474 and the ref-
erence genomes were concatenated (genes arranged in an alphabetical order for all the
19 genomes) and the phylogenetic trees were constructed using the maximum likeli-
hood method (MEGA), the NeighbourNet (SplitsTree) and neighbour joining methods

(Geneious v5.3.4) separately. The topographies of the trees generated by these three

SURL:(www.biomatters.com/)
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methods were compared to determine the closest C. jejuni ancestor of ST-474 genes. The
ancestral lineages for all individual genes as well as concatenated gene sequences from
ST-474 genomes were determined based on distance matrices that were produced in the

process of phylogenetic tree construction.

6.3 Results

6.3.1 Length and nucleotide composition

The lengths of all 25 genes (repair and ribosomal) were identical across all the seven
ST-474 genomes while five of the genes differed in their lengths amongst the reference
genomes (Table 6.3). The gyrA, mutS, recN, rpoB and ssb genes varied in their lengths
where recN was shorter by 18 nucleotides in the CJ260.94, CJJCF93-6 and CJJRM1221
genomes. Individual gene alignments showed that seven of 25 genes (gidA, ogt, recl, ssb,
uvrA, uvrB and xseA) differed in their nucleotide composition between the seven ST-474
genomes. The P694a ST-474 isolate showed nucleotide variations in four out of seven
genes. The nucleotide substitutions were non-synonymous in gidA, recJ, ssb and uvrA

genes while the substitutions in the remaining genes were synonymous.



87-DD:VLY-LS “¥SE-DDPSELS=ITTINALLD *12-DD:8-LS=TO6EVILLD “V/N-DD:SY8I-LS=L6"69TALD *17-DD€88-LS=9-€64D([D *TT-DD:TC-LS=E€1-€69HID
PLS-DDEP6TLS=98-¥8DDID *1T-DD:1TLS=ST-¥S8ILD *TS-DD:6161-LS=1T-¥8DDLD “TH-DD:¥09-LS=9LI-18L[D *€8T-DD:LIT-LS=9T 1 [8[D *TIE-DDTIC-LS=¥6"09TL[D *1T-DD:EY-LS=891 T 1[[D
SYISuS[ auag aY) Ul DUAIJJIP 0} J9Jal SJU0J plog ‘paudisseun:y/n xo[dwod euo():n) odAy 2ouanbag:1s

YOI'l ¥L6'T 9T8'T  TSS  TSS 6981 STIP  1€8  €LS +TS1 TLS'T TEO'T TE9'l 800'T Ov9'T €SP 0TO'l 1ITT LE6T W6l OIET 68ST 9¢ST 0981 €09°€  (bL-LS) 0TOELH
YOI'T ¥L6'T 9T8'T  TSS  TSS 6981 STIP  1€8  €LS +TS1 TLS'T TEO'T TE9'T 800'T 0Ov9'T  €S¥ 0TO'T 11TT LEGT PP6'l OIET 68ST 9¢ST 0981 €09°€ (PLY-LS) Br69d
YOI'T $L6'T 9T8'T  TSS  TSS 6981 STIP  1€8  €LS +TST TLS'T TEO'T TE9'T 800'T Ov9'T  €S¥ 0TO'T 11TT LEGT PP6'T OIET 68ST 9€S T 0981 €09°€ (PLY-LS) B69Sd
YOI'T $L6'T 9T8'T  TSS  TSS 6981 STIP  1€8  €LS +TST TLS'T TEO'T TE9'T 800'T 0OV9'T  €S¥ 0TO'T 11TT LEGT ¥P6'T OIET 68ST 9€ST 0981 €09°€ (PLY-LS) B6LTd
YOI'T ¥L6'T 9T8T  TSS  TSS 6981 8CIP  1€8  €LS TST TLST TEO'T TE9'T 800'T OV9'T €S 0TO'T TITT LE6GT vP6'T OTET 68S°T 9€ST 098'T €09°€ (rLy-1S) 011d
YOI'T ¥L6'T 9T8T 7SS  TSS 6981 8CIP  1€8  €LS #TST TLST TEOT TE9'T 800'T O¥9'C €S 0TO'T TITT LE6T +H6'T OTET 68S'T 9€ST 098'T €09°¢ (PLY-LS) vOLH
YOI'l ¥L6'T 9T8'T  TSS  TSS 6981 STIP  1€8  €LS +TS1 TLS'T TEO'l TE9'l 800'T Ov9'T  €S¥ 0TO'l 1ITT LE6T W6l OIET 68ST 9¢S'T 0981 €09°€  (bL-LS) T80TCH

A genome wide comparison

YOI'l ¥L6'T 9T8'T  TSS  TSS 6981 STIP  1€8 €4S 90ST TLS'T TEO'T TE9'T 800'T 0v9'T  €S¥ 0TO'T 80TT LEGT W6l OIET T6ST 9¢ST 0981 €09°€ ICTINALLO
YOI'T ¥L6'T 9T8'T  TSS  TSS 6981 LEIY  1€8  €LS +TST TLS'T TEO'T TE9'T 800'T Ov9'T  €S¥ 0TO'T 80TT LEGT PP6'l OIET T6ST 9€ST 0981 €09°€ C06EVILILD
YOIl ¥L6'T 978°CT 7SS  TSS 698°1 - 1€8  €LS YTST TLST TEOT TEY'T 800'T OV9'T €SP 0TO'T 80TT LEGT YOI OIET 68ST 9€ST 0981 €09°€ L6'692dID
YOI'T $L6'T 9T8'T  TSS  TSS 6981 STIP  1€8  €LS 90ST TLS'T TEO'T TE9'T 800'T 0OV9'T  €S¥ 0TO'T T1TT LEGT P61 OIET T6ST 9€ST 0981 €09°€ 9-€6dD11D
YOI'T ¥L6'T 9T8T  TSS  TSS 6981 8CIP  1€8  €LS TST TLST TEOT TE9'T 800'T OV9'T €S 0TO'T TITT LE6GT vW6'T OTET TEST 9€ST 098'T €09°€¢ €I-€6dHID
YOIl vL6'T 9T8T  TSS - 6981 LEI'Y 1€8  €LS - TLS'T TEO'T TEY'L - 0¥9'C €Sy 0T01 11TT LE6T - 01€T 68ST 9€S°T 0981 €09°¢ 98-¥8DDID
YOI'l ¥L6'T 9T8'T  TSS  TSS 6981 STIP  1€8  €LS +TS1 TLS'T TEO'T TE9'l 800'1 Ov9'T  €S¥ 0TO'l 1ITT LE6T W6l OIET T6ST 9€S'T 0981 €09°€ ST¥8IIO
YOIl vL6'1 €T8T  6VS  TSS 6981 LEI'v  1€8  €LS +TS'T TLS'T TEO'l TE9'T 800°T O¥V9T €SP 0TO'l 11TT LE6T ¥wro6'l 0IET - 9€S'T 0981 €09°€ 1C-¥8DD1D
YOI'T $L6'T 9T8'T  6bS  TSS 6981 LEIY  1€8  €LS +TST TLS'T TEO'T TE9'T 800'T 0OV9'T  €S¥ 0TO'T 80TT LEGT PP6'T OIET 68ST 9€S T 0981 €09°€ OLI-18I[D
YOI'T $L6'T 9T8'T  TSS  TSS 6981 STIP  1€8  €LS +TST TLS'T TEO'T TE9'T 800'T OV9'T  €S¥ 0TO'T 80TT LEG'T P61 OIET T6ST 9€ST 0981 €09°€ OITI8LLD
YOI'T ¥L6'T 9T8T  6bS  TSS 6981 8CIP  1€8  €LS 90ST TLS'T TEO'T TE9'T 800'T OV9'T €S 0TO'T TITT LE6GT vW6'T OTET 68S'T 9€ST 098'T €09°€ ¥6'09C(1D
YOI'l ¥L6'T 9TS'T  TSS  TSS 6981 LEIY  1€8  €LS +TS1 TLS'T TEO'l TE9'l 8001 Ov9'T  €S¥ 0TO'l 1ITT LE6T +¥6'l OIET T6ST 9€ST 0981 €09°€ 89ITILO
Vosx  gdan  y.dan qss  yani  qods godi guds goar Noas (oo yoau Dukd  DJukd  yjod 330 xymu S plu 81 guks  yud8 yons  ypis  goup SQUAD)

SUISUQ] JUSISIP ITM SQUSS 0] I9Jal SJU0j prog : souad aredar Jo sYISU[ uaD) :¢°9 IR,

206



6.3 Results 207

6.3.2 Analysis of Guanine-Cytosine contents

The overall guanine-cytosine (GC) content varied greatly between genes in general, where
genes such as mfd, ogt, polA, recl], recN and xseA showed lower ranges of GC contents
(from 0.265 to 0.298) whereas the remainder showed a relatively higher GC content with
rplB showing the highest GC content of 0.392. The overall GC and GC3 contents of indi-
vidual ribosomal and repair genes across all genomes (the reference and ST-474 genomes)
are provided in Table D.1 in Appendix D. CJJ93-6 was found to be closer to the ST-474
genomes that shared identical overall GC contents with 12 of 25 genes and identical GC3
values with 12 of 25 genes. Table 6.4 shows the number of genes from all the 12 reference
genomes that shared identical GC and GC3 values with the ST-474 genomes. The distri-
bution of GC contents within the ribosomal, repair and nucleotide metabolic genes across
all the C. jejuni genomes (the reference and ST-474 genomes) are shown in Figures 6.7,

6.8, 6.9 and 6.10.
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6.3.3 Codon usage bias

The overall codon usage bias index (CBI) estimates showed that gidA, ogt, recl, ssb,
uvrA, uvrB and xseA genes varied between all seven of the ST-474 genomes. Amongst the
poultry isolates, P110b and P179a isolates shared an identical overall CBI, while P179a
differed by one gene (xseA) in its scaled chi square bias while the remainder differed
both in the CBI and scaled chi square indices (Table 6.5). The human isolates showed
identical CBI and scaled chi square indices in two of seven genes while the remainder
varied between the two isolates. Table 6.6 shows the number of genes that shared identical
CBI and scaled chi square indices with each of the reference and seven ST-474 genomes,
where the genes that differed between ST-474 genomes shared identical values with one
of the reference genomes and further details on individual genes and their CBI and scaled
chi square indices are provided in Table D.3, D.4 in Appendix D, respectively. The uvrA
did not show any differences in the CBI and scaled chi square indices. While comparing
the reference and ST-474 genomes based on the codon usage indices, CJJIA3902 was
found to be closer to ST-474 genomes that shared eight genes with identical CBI values
with ST-474 genomes.
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6.3.4 Selection pressure and evolutionary rate:

Both ribosomal and repair genes were found to be under stringent purifying selection
showing a negative Tajima’s D value for individual full length genes (Table 6.7). However,
the Tajima’s D values for the non-synonymous sites over synonymous sites (NonSyn/Syn)
were positive for the majority of the genes while some of the genes showed negative
values. The rpoB gene showed the highest Tajima’s D value of 36.9 compared with all of
the genes investigated in this study. The NonSyn/Syn—Tajima D values of gyrB, recN and

ssb genes were negative which indicated an ongoing purifying selection pressure.

Table 6.7: Tajima’s D values of the ribosomal, repair genes and nucleotide metabolic genes

Genes Synonymous Non-synonymous  TD_gene TD_nonsyn/syn
sites sites
dnaE 170 34 -1.37094 1.13669
gidA 104 26 -0.47209 1.14795
guaA 103 24 -0.95402 0.10576
gyrA 77 16 -0.50676 1.88165
gyrB 72 14 -0.4225 -0.42175
ligA 106 42 -1.28959 1.5028
mfd 126 32 -0.42339 0.88156
mutS 118 87 -0.80472 2.51068
mutY 41 26 -0.94926 0.94322
ogt 17 11 -1.72611 1.36041
polA 162 45 -0.2055 0.56685
pyrC 60 26 -1.40423 0.96958
pyrG 62 12 -1.72779 0.76546
recA 49 6 -1.46434 1.54809
rec 42 9 -0.71025 0.28068
recN 56 21 -0.11234 -49.2621
recR 14 6 -0.94561 1.38957
rplB 35 5 -1.01716 1.7962
rpoB 43 11 -0.03347 36.90874
rpoD 69 11 -1.3889 1.48297
ruvA 19 6 -0.86384 0.61158
ssb 17 7 -0.87871 -0.17492
uvrA 180 28 -1.21604 0.93944
uvrB 172 29 -0.90449 2.60546
xseA 48 22 -1.61251 1.4809

TD_gene:Tajima’s D value of full length gene
TD_nonsyn/syn:Tajima’s D value for the non-synonymous sites over synonymous sites
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Selection pressure on individual codons of all 25 genes was estimated. A total of 538
codons from 25 genes were found to be non-synonymous codons of which the w values
(test statistic of dy-dg) for 445 codons indicated a positive selection pressure. The over
abundance of non-synonymous substitutions in these codons indicate a functional advan-
tage, however this can only be confirmed by suitable genetic and biochemical tests. There
was an indication of an ongoing purifying selection in the remaining codons (n = 95) that
showed negative w values. Table 6.8 provides the number of non-synonymous codons
and the number of non-synonymous codons that are under purifying selection which were

consolidates based on the w values from the total number of codons of all the 25 genes.

Table 6.8: Number of non-synonymous codons in the repair genes under purifying selection based
on w values

Gene Non-syn_codons Non-syn_codons under purifying selection
dnaE 34 6
gidA 26 5
guaA 22 3
gyrA 14 1
gyrB 14 2
ligA 39 10
mfd 32 2
mutS 73 10
mutY 24 3
ogt 14 4
polA 46 13
pyrC 27 5
pyrG 13 1
recA 6 0
rec] 9 0
recN 21 4
recR 6 0
rplB 5 1
rpoB 11 0
rpoD 10 0
ruvA 6 1
ssb 7 0
uvrA 23 5
uvrB 34 14
xseA 22 2

Non-syn_codons:Non-synonymous codons
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The average of mean relative evolutionary rates of individual sites of all the 25 genes was
estimated and it was found that both the synonymous and non-synonymous polymorphic
sites evolve faster than that of the non-polymorphic sites. The mean evolutionary rates of

all the polymorphic sites were greater than 1 which ranged from 2.1 to 5.6 (Table 6.9).

The genes uvrA, mutS and gyrA were identified to possess an insertion of a rare amino
acid in the reference and ST-474 genomes, namely the selenocysteine when an analysis of
codons was carried out using DnaSP software. However, these codons may also represent
premature stop codons (Wong et al. 2008) which need further gene expression and protein

analyses.

Table 6.9: Average of mean relative evolutionary rates of non-synonymous codons of repair,
ribosomal and nucleotide metabolic genes. Average of evolutionary rates estimated from the gene
sequence alignments of the ST-474 and reference genomes.

Genes Non-syn. codons — evolutionary rates
dnaE 5.096
gidA 5.655
guaA 4.991
gyrA 5.029
gyrB 5.281
ligA 5.157
mfd 5.051
mutS 5.452
mutY 5.139
ogt 3.331
polA 4.453
pyrC 2.576
pyrG 5.034
recA 4.989
rec] 5.039
recN 4.996
recR 5.053
rplB 5.102
rpoB 4974
rpoD 4.983
ruvA 5.011
ssb 2.121
uvrA 5.010
uvrB 5.224
xseA 3.037

Nonsyn. codons:Non-synonymous codons
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Relationship between GC variance and recombination

Analysis of ribosomal and repair genes for recombination events showed that ogt gene and
ssb possessed a single recombination site, while mutS was found to possess the highest
number of recombination sites (n = 38). Details on sites involved in recombination and

the number of sites are provided in Table 6.10.

The linear model with Rm (the number of recombination sites) as a dependent variable
and the GC variance and length as independent variables showed that Rm was dependent
on the length of the gene (p value = 0.05) rather than on the GC variance (p value =
0.9). Recombination sites were measured using DnaSP v5 and Dual brothers (Geneious
v.5.3.4) where, ogt and ssb showed a single recombination site while uvrB (n = 36) and
mutS (n = 38) showed the highest numbers of recombination sites. Figures 6.11 a and b
illustrate the relationship of Rm on the length of genes and the relationship between the

GC variance and Rm.

Table 6.10: Recombination sites identified within ribosomal and repair genes

Genes Sites Rm

dnaE (210-376) (376-396) (396-501) (714-762) (828-917) (963- 23
981) (981-1023) (1131-1347) (1347-1449) (1890-1923)
(1992-2028) (2037-2048) (2048-2049) (2049-2217) (2226-
2409) (2409-2679) (2688-2778) (2778-3016) (3177-3240)
(3240-3285) (3285-3303) (3303-3423) (3426-3535)

gidA (345-365) (365-399) (419-441) (444-546) (624-669) (669- 25
687) (687-768) (768-771) (771-858) (912-930) (939-942)
(942-955) (955-959) (959-1020) (1020-1127) (1127-1143)
(1158-1233) (1233-1245) (1245-1281) (1281-1347) (1347-
1389) (1446-1577) (1578-1585) (1602-1611) (1635-1746)

quaA (132-174) (210-223) (226-232) (232-331) (331-351) (351- 25
378) (402-471) (489-496) (496-516) (570-582) (663-687)
(687-723) (723-765) (765-801) (825-858) (879-960) (960-
1116) (1116-1140) (1140-1179) (1179-1230) (1230-1254)
(1332-1392) (1398-1410) (1410-1428) (1482-1521)

gyrA (243-257) (257-357) (891-1017) (1017-1476) (1770-1994) 9
(1994-2142) (2283-2421) (2472-2478) (2478-2547)

gyrB (165-324) (324-360) (360-375) (375-813) (852-924) (952- 14
1053) (1053-1107) (1113-1143) (1167-1209) (1209-1360)
(1449-1551) (1570-1662) (1662-1728) (2169- 2277)
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Table 6.10 (continued)

Genes Sites Rm

ligA (125-188) (188- 558) (558- 579) (681- 708) (708- 720) (734- 20
787) (819- 832) (832-1032) (1050-1104) (1104-1245) (1332-
1371) (1371-1431) (1449-1500) (1500-1539) (1561-1587)
(1587-1649) (1665-1717) (1743-1752) (1752-1815) (1815-
1878)

mfd (25- 87) (87-174) (195- 291) (465- 531) (693- 729) (729- 867) 18
(867- 876) (888- 919) (936-1071) (1071-1185) (1350-1371)
(1372-1410) (1464-1506) (1506-1512) (1536-1554) (1554-
1767) (1767- 2070) (2080- 2713)

mutS (120-132) (198-210) (210-225) (225-316) (339-372) (393- 38

421) (421-423) (435-474) (474-489) (489-591) (599- 636)
(636- 729) (774- 823) (843- 849) (852-867) (867-876) (1026-
1028) (1028-1107) (1134-1243) (1243-1266) (1269-1305)
(1305-1326) (1339-1365) (1497-1548) (1548-1596) (1596-
1626) (1626-1680) (1710-1869) (1869-1914) (1975-1978)
(1978-1983) (1984-1996) (1996- 2014) (2071-2077) (2077-
2089) (2095-2116) (2152-2185) (2185-2203)

mutY (75-141) (141-261) (294-327) (327-336) (336-351) (363-393) 12
(438-501) (501-553) (553-564) (613-670) (670-715) (766-
847)
ogt (75-249) 1
polA (21-142) (240-274) (274-327) (369-540) (600-649) (649-672) 21

(1028-1083) (1083-1121) (1253-1278) (1278-1305) (1305-
1347) (1347-1368) (1380-1464) (1578-1611) (1683-1720)
(1721-1743) (1747-1860) (1893-1911) (2256-2262) (2472-
2487) (2487-2523)

pyrC (5-246) (252-312) (312-396) (396-402) (402-723) (723-747) 8
(747-975) (975-987)

pyrG (915-945) (945-1018) (1146-1392) (1419-1445) (1445-1479) 5

recA (226-351) (447-570) (570-612) (612-624) (807-825) (861- 6
912)

rec] (250-300) (318-355) (355-375) (678-688) (688-972) (972- 9

1059) (1059-1062) (1062-1245) (1245-1530)

recN (87-111) (111-192) (243-396) (399-421) (421-539) (540- 12
738) (759-834) (834-870) (870-879) (900-1068) (1257-1272)
(1272-1311)

recR (78-123) (282-432) (432-447) 3
rplB (123-228) (240-258) (384-444) (468-588) (675-762) 5

rpoB (606-1263) (1791-1812) (3363-3366) (3366-3417) 4
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Table 6.10 (continued)

Genes

Sites

rpoD

ruvA

ssb

uvrA

uvrB

xseA

(129-156) (156-174) (174-435) (495-735) (735-822) (822-
858) (1272-1326) (1326-1758)

(96-123) (147-264) (264-387)

(234- 448)

(27-105) (105-132) (132-177) (222-243) (255-291) (291-
294) (351-372) (372-384) (498-540) (579-621) (651-681)
(681-804) (921-1031) (1101-1170) (1170-1255) (1326-1425)
(1425-1671) (2058-2094) (2094-2139) (2202-2276) (2276-
2397) (2433-2442) (2442-2532) (2610-2628) (2643-2700)
(2700-2715)

(36-72) (120-165) (165-168) (327-378) (420-594) (696-714)
(714-751) (757-777) (777-784) (816-856) (876-924) (924-
928) (936-948) (948-988) (988-1005) (1042-1068) (1068-
1074) (1083-1086) (1086-1122) (1122-1182) (1182-1221)
(1221-1248) (1248-1266) (1272-1284) (1284-1356) (1362-
1383) (1437-1530) (1530-1533) (1533-1534) (1536-1593)
(1701-1776) (1779-1785) (1785-1791) (1791-1866) (1881-
1890) (1914-1938)

(90-186) (402-669) (832-930) (930-961)

10

26

36
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(a) Relationship between the GC variance and the number of
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Figure 6.11: Relationship between the GC variance, length and the recombination sites in the
repair genes. This plot describes the relationship between the GC variance within individual genes
and the number of recombination sites that had occurred within each gene and the relationship
between the length of genes and the number of recombination sites.
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6.3.5 Phylogenetic analysis

Phylogenetic tress were constructed using the maximum likelihood method in MEGA, the
NeighbourNet method in SplitsTree and the neighbour joining method in Geneious with a
bootstrap replication of 500, for all the 25 individual genes investigated in this study. The
tree topographies generated by these three methods were compared and were found to be
identical and hence, the maximum likelihood trees of individual gene trees are presented
in this manuscript. The maximum likelihood genes trees of those genes that differed
between the seven ST-474 genomes are presented in this section and the individual gene

trees of the remainder are provided in Figures D.1, D.2, D.3 and D.4 in Appendix D.

Isolates belonging to the clonal complex (CC) 21 represented the closest ancestors to the
majority of the genes in ST-474; CJJ11168 was the closest ancestor for most of the genes,
followed by CJJ84-25, CJJIA3902 and CJJCF93-6, while some genes differed in their
ancestral lineage. However, there was a slight deviation of ST-474 ancestry found in some
of the genes such as mfd, polA, rpoD and recl. Generally, the genes that differed within
the seven ST-474 genomes were found to vary in their ancestry. For example, the gidA and
the ogt genes of P694a isolate formed separate operational taxonomic units on individual
gene trees (Figures 6.12 and 6.13); with gidA sharing its ancestry with the CJJ81116
genome (ST-283 complex) while ogt shared its ancestry with the ST-21 complex. In
contrast, the ssb genes of the ST-474 genomes formed two separate clusters. The P694a
and H22082 isolates formed one cluster that was closer to the CJJ84-25 genome whereas,
the remaining ST-474 genomes formed another cluster that was closer to the CJJ11168
genome (Figure 6.14). However, it should be noted that both of these reference genomes
belong to CC-21. The xseA gene showed another interesting phylogenetic relationship
where P569a, P110b and P179a were identical and clustered separately on the gene tree
(Figure 6.15) but the ancestor was common to all of the ST-474 genomes. Even though
the recl, uvrA and uvrB genes differed amongst the ST-474 genomes, the ancestor was
common to all of the seven ST-474 genomes with subtle differences in the branch lengths

of the corresponding ST-474 genome (Figures 6.16), 6.17 and 6.18).

The maximum likelihood tree of the concatenated gene sequences (ribosomal, repair and
nucleotide metabolic genes) from all the 19 C. jejuni genomes identified the members of

CC-21 to be the closest relatives of the ST-474 genomes, namely the CJJ11168, CJJ84-25,
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CJJTA3902 and CJJCF93-6. The P110b, P179a, P569a and H73020 isolates were found
to be identical, while the remainder were different which is illustrated in a maximum

likelihood tree in Figure 6.19 and a NeighbourNet tree in Figure 6.20.

! 200 400 00 800 1,000 1.200 1.400 1,600 1,880
Consensus

identity 0 T
[+ 1. PG694a_gidA ST-474 [ AR | 1 1 [

e 2 P110b_gidA_ST-474 [ AR 1 1 [

[+ 3 PAG9a_gidA_ST-474 [ AR 1 1 [

Ce 4 P179a_gidA_ST-474 (R NV (I [

L+ 5 H7D4_gidA_ST-474 [ AR n 1 [

Ce 6. HZQOEg gidA_ST-474 Prne ool 1ol

Ce 7. H73020_qidA_ST-474 [ AR 1 1 [ |

(a) Nucleotide alignment of gidA. This figure shows the identity bar (green bar above the sequences) and,
the perpendicular small lines within the sequences refer to nucleotide differences or changes. The blue tree
beside the isolate names illustrate the phylogenetic relationship among the seven strains

P569agidA
H73020gidA
36 | P179gidA ST474
H22082gidA
P110gidA
49 H704gidA

P694agidA 7 sT-474
39 62 CJ81116gidA | ST-267
L CJ8425gidA
CJIA3902gidA

63 | CJ26094gidA
76 CJRM1221gidA

CJ936gidA

73 CJ8486gidA

CJ11168gidA
- CJ9313gidA
CJ81176gidA

— CJ8421gidA

CJDgidA

0.01

(b) Maximum likelihood tree of gidA

Figure 6.12: Maximum likelihood gene tree of gidA. Alignment of gidA gene from the seven C.
Jjejuni ST-474 genomes showing multiple nucleotide changes. The numbers refer to the bootstrap
values corresponding to each branch of the phylogenetic tree. ST refers to sequence type.
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(a) Nucleotide alignment of ogt. This figure shows the identity bar (green bar above the sequences) and,
the perpendicular small lines within the sequences refer to nucleotide differences or changes; different
colours represent different nucleotides. The blue tree beside the isolate names illustrate the phylogenetic
relationship among the seven strains

P179aogt 7| ST-474
P569aogt 7| ST-474
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CJ260940gt

CJ811760gt

CJ93130gt
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0.005

(b) Maximum likelihood tree of ogt
Figure 6.13: Maximum likelihood gene tree of ogt. Alignment of ogt gene from the seven C.

Jjejuni ST-474 genomes showing a single nucleotide change. The numbers refer to the bootstrap
values corresponding to each branch of the phylogenetic tree. ST refers to sequence type.
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(a) Nucleotide alignment of ssb. This figure shows the identity bar (green bar above the sequences) and,
the perpendicular small lines within the sequences refer to nucleotide differences or changes; different

colours represent different nucleotides. The blue tree beside the isolate names illustrate the phylogenetic
relationship among the seven strains

H704ssb
P110bssb
® H73020ssb ST-474
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CJIA3902ssb
CJ11168ssb
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(b) Maximum likelihood tree of ssb

Figure 6.14: Maximum likelihood gene tree of ssb. Alignment of ssb gene from the seven C.
Jjejuni ST-474 genomes showing multiple nucleotide changes. The numbers refer to the bootstrap
values corresponding to each branch of the phylogenetic tree. ST refers to sequence type.
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(a) Nucleotide alignment of xseA. This figure shows the identity bar (green bar above the sequences) and,
the perpendicular small lines within the sequences refer to nucleotide differences or changes. The blue tree
beside the isolate names illustrate the phylogenetic relationship among the seven strains.
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(b) Maximum likelihood tree of xseA

Figure 6.15: Maximum likelihood gene tree of xseA. Alignment of xseA gene from the seven C.
Jejuni ST-474 genomes showing a single nucleotide change. The numbers refer to the bootstrap
values corresponding to each branch of the phylogenetic tree. ST refers to sequence type.
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Figure 6.16: Maximum likelihood gene tree of recJ. Alignment of rec] gene from the seven C.
Jjejuni ST-474 genomes showing a single nucleotide change. The numbers refer to the bootstrap
values corresponding to each branch of the phylogenetic tree. ST refers to sequence type.
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Figure 6.17: Maximum likelihood gene tree of uvrA. Alignment of uvrA gene from the seven C.
Jjejuni ST-474 genomes showing a single nucleotide change. The numbers refer to the bootstrap
values corresponding to each branch of the phylogenetic tree. ST refers to sequence type.
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values corresponding to individual branch of the phylogenetic tree. ST refers to sequence type.
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Figure 6.19: Phylogenetic tree of ribosomal, repair and nucleotide metabolic genes. Maximum
likelihood gene tree constructed using concatenated DNA sequences of ribosomal, repair and nu-
cleotide metabolic genes. ST and CC refer to the sequence type and clonal complex, respectively.
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6.3.6 Phylogenetic congruence between informational genes and MLST

housekeeping alleles

The MLST allelic profile of seven genes (aspA, glnA, gltA, glmM, tkt and atpA) origi-
nally established by Dingle et al. (2001) for the C. jejuni typing scheme found that CJJ84-
25 to be the closest ancestral lineage of ST-474 followed by CJJCF93-6, CJJ11168 and
CJJIA3902. Individual gene tree analysis and phylogenetic analysis using concatenated
gene sequences in this study predicted that CJJ11168 to be the closest ancestor based on
25 full length gene sequences where, although all these four reference genomes, CJJ84-
25, CJICF93-6, CJJ11168 and CJJIA3902, belong to different sequence types they all
belong to the clonal complex of ST-21. It was interesting to find that the phylogenetic
prediction from 25 informational genes was in accordance with the clonal relationship as

predicted by MLST allelic profiles that are provided in Table 6.11 and Figure 6.19.

Table 6.11: MLST allelic profiles of reference genomes and C. jejuni ST-474 genomes

Genome GenBank accession number — aspA  glnA  gltA  glyA  glmM  tkt uncAlatpA ST CC
ClJ-ST-474 2 4 1 2 2 1 5 474 48
CJICF93-6 AANJ00000000 2 17 2 3 2 1 5 883 21
CJi84-25 AANT00000000 2 1 1 3 2 1 5 21 21
CJJ11168 AL111168 2 1 5 3 4 1 5 43 21
CJJIRM1221 CP000025 8 10 2 2 11 12 6 354 354
CJJHB93-13 AANQO00000000 1 3 6 4 3 3 3 22 22
CJI81-176 CP000538 1 2 3 27 5 9 3 604 42
CJJ260.94 AANKO00000000 1 2 49 4 11 66 8 362 362
Cli81116 CP000814 2 7 40 4 42 51 1 267 283
CJICG84-86 AASY00000000 7 53 27 15 11 3 3 2943 574
CJJICG84-21 ABGQ00000000 9 2 2 10 10 3 5 1919 52
CJJIA3902 CP001876 2 1 1 3 2 1 6 8 21
C. jejuni subsp doylei ~ CP000768 63 164 183 188 27 266 18 1845  U/A

ClI:C. jejuni subsp. jejuni

ST:Sequence type

CC:Clonal complex

U/A:Unassigned

Alleles shared between the ST-474 and reference genomes are shown in underlined bold fonts
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6.4 Discussion

The chemical structure of DNA is exceptionally stable and relatively simple but, the di-
versity encountered within cellular forms is enormous (O’Brien 2006). Evolution of DNA
or genes, particularly, those involved in DNA repair result from the damage of DNA by
a variety of endogenous and exogenous agents and a subsequent repair of those damaged
DNA lesions. This in turn leads to the diversity in DNA structure and its composition
(O’Brien 2006). Cellular life forms encode a wide range of cellular proteins and enzymes
that are used to repair the damaged DNA (O’Brien 2006). The pathways of DNA repair
system vary between organisms, where some may involve multiple pathways whereas,
some may repair DNA damage using a single pathway (some viruses have single repair
pathway) (O’Brien 2006). It has been generally accepted that mutation provides a se-
lective advantage under certain circumstances. DNA repair and replication are the two
identified systems that play a role in the alteration of a genome in order to achieve a

selective advantage (O’Brien 2006).This vary widely between organisms.

C. jejuni is a human pathogen that possesses natural competency to uptake exogenous
DNA and to transform its genome characteristics (Wang & Taylor 1990). The enormous
adaptation potential and the genetic versatility of C. jejuni in response to differing envi-
ronments and/or hosts has been extensively studied using the seven MLST housekeeping
alleles and virulence associated genes (Dingle et al. 2001, Colles et al. 2003, Miller et al.
2006, Colles et al. 2008, Kwan et al. 2008, Sheppard et al. 2008, Wilson et al. 2008, Carter
etal. 2009, Wilson et al. 2009, Sheppard et al. 2010, 2011). However, sufficient molecular
signals in other genes such as genes involved in signal transduction, repair, and ribosomal
functions have not been studied so far in C. jejuni where the DNA repair pathways have
greater impact on the evolution of an organism. The primary objective of this study was to
focus on the interface between a selected subset of repair and ribosomal genes from seven
C. jejuni ST-474 genomes and the impact of evolution within this subset of genes. Com-
parative studies of repair and ribosomal genes from genotypes designated as identical,
based on a subregion of multiple housekeeping alleles, can help to better understand the
impact of evolution on the peer genes at least within the same strains. Generally genes
from different species have been compared in similar studies (Zuckerkandl & Pauling

1965, Eisen & Hanawalt 1999).
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There were variations in the lengths of genes investigated in this study amongst the ref-
erence genomes while the lengths did not differ amongst the ST-474 genomes. However,
the nucleotide composition did differ in seven of 25 genes (gidA, ogt, recl, ssb, uvrA,
uvrB and xseA) which has provided the first evidence of dissimilarity between the ST-
474 genomes in this study, while Biggs et al. (2011) found differences on a genomic
scale. The P694a isolate of ST-474 was found to be very different from the remainder and
the dissimilar nucleotide composition led to amino acid changes which reflect selection
as well as diversification. However, the Tajima’s D values of all genes (investigated in
this study) showed a purifying selection pressure. Hence, further data analysis of P694a
is required to confirm a diversification. While nucleotide composition forms the fun-
damental element of genomic evolution, it directly influences the GC contents of genes
and/or genomes (Hurst & Merchant 2001). It was found that the overall GC content var-
ied greatly among genes within the reference and the ST-474 genomes in this study that

indicates genetic diversity was brought in by evolutionary forces.

Although there was variation in the GC contents within genes, the number of recombi-
nation sites was not associated with GC variance whereas it was related to the length of
genes. Whereas, it was the opposite in the case of metabolic housekeeping genes (Chapter
5), where Rm was positively correlated with the GC variance. It may be hypothesised that
an event of recombination in these genes may have occurred between sequences with high
homologies which is an important genetic criteria for efficient homologous recombination
(Lovett et al. 2002). Moreover, the repair and ribosomal genes belong to the lineages of
higher complex Rivera et al. (1998), Jain et al. (1999), which may not allow them to
compromise or tolerate GC variation during recombination. The recombination may have
occurred between ST-474 (investigated in the study) and the genotypes or organisms be-
longing to CC-21 in the past, which was found to be closer to the majority of the genes
(in this dataset). Besides the individual genome differences, the apparent differences in
the overall GC contents amongst the repair and ribosomal genes investigated in this study
(lower GC content in mfd, ogt, polA, recl, recN and xseA genes and higher GC contents
in the remainder) reflect the differences in the functional conservation and complexity.
For example, rp/B showed the highest GC content of 39.2% which is relatively complex
and conserved as it is a 50S ribosomal protein — L2, involved in several discrete steps of

polypeptide synthesis such as peptidyl transferase activity, binding of aminoacyl-tRNA
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to A and P-sites (Mikulik et al. 2001). Genes (investigated in this study) that differed
between the seven ST-474 genomes and the possible hypothesis for the differences relat-
ing to their functional importance in a genome, are given more attention in the detailed

discussion as provided below.

Situational regulation by gidA

The gidA gene of P694a was found to differ in all of the measured genetic parameters
from the other genes that differed between the seven ST-474 genomes in this study. While
its function was initially regarded to be fundamentally involved in the initiation of chro-
mosome replication, recently its function was not considered to be as essential (Kinscherf
& Willis 2002). Although gidA has been shown to be nonessential, it has been found to
be profoundly conserved in nature and involved in global gene regulation (Kinscherf &
Willis 2002). Replication activity at the origin by genes such as dnaA are thought to be
effectively transduced to other cellular processes through gidA expression (Kinscherf &
Willis 2002). Further, gidA has been shown to be an essential gene in some organisms
where there is a dependence of situational regulation, such as growth under unfavourable
conditions including high temperatures (Karita et al. 1997), where under such situations,
the gidA gene was found to be up-regulated. This raises a hypothesis that the differences
in the gidA gene in P694a in this study could have evolved under a difficult environmen-
tal situation that accommodated certain degree of nucleotide variation. This in turn, may
have resulted in the divergence of gidA gene from the remaining ST-474 genomes (Figure
6.12). However, it should be noted that the bootstrap values of the phylogenetic analysis

of this gene are not high which raises an uncertainty around the situational evolution.

Direct DNA repair gene — ogt

The ogt gene is involved in a direct DNA repair pathway in alkylation reversal (Eisen &
Hanawalt 1999). The alkyltransfer repair pathway is found in all three domains of life;
the bacteria, Archaea and eukaryotes (Labahn et al. 1996). All alkyl transfer processes
have been found to be catalysed by a suicide process where the protein will never be used
again, while comparative sequence analyses have shown that all of the alkyl transferases

contain a highly conserved core domain (Leclere et al. 1998, Skorvaga et al. 1998). This



6.4 Discussion 237

gene has been regarded ancient and to be present in the last common ancestors of all
organisms (Eisen & Hanawalt 1999). In addition, the absence of this repair pathway has
been inferred as the loss of alkyl transferase activity due to gene loss during evolution.
This is found in bacterial species such as Deinococcus radiodurans, Rickettsia prowazekii,
Synechocystis sp., and Borrelia borgdorferi (Eisen & Hanawalt 1999) which indicates that

C. jejuni has descended from ancient bacteria which still possesses this repair pathway.

In this study, there was only a single recombination site evident in the ogt gene spanning
approximately 174 nucleotide base pairs while the length of the gene was only 453 base
pairs (Table 6.3). In contrast, the GC content of this gene varied widely amongst genomes
investigated in this study, which leads to the hypothesis that frequent recombination must
have taken place in the ogt gene covering this particular region where recombination
might not have occurred in the other parts of the gene due to its small size. The other
interesting finding was that the ogr gene was found to differ between the ST-474 genomes.
Two poultry isolates and one human isolate (P110b, P179a and H73020) were identical
in their GC contents and CBI, while P694a showed greater diversity. Two human isolates
and two of the poultry isolates P569a were identical in these measures, indicating the
occurrence of differential evolutionary events within poultry isolates as well as between
the poultry and human isolates. The Tajima’s D value showed that ogt is under purifying
selection pressure, but, the mean evolutionary rate for this gene was higher than average.
This means that emergence of new variants of ogt can be expected in the population.
From the results, we can speculate that this gene may evolve differentially under varied
environmental conditions as a measure of repair through recombination. Phylogenetic
analysis of ogt showed that CJJ11168 was closer to P694a isolate while CJJCG84-86 was

the closest ancestor of the remainder.

Recombination repair and the rec genes

Recombination is used as a repair mechanism (Eisen & Hanawalt 1999). Traditionally the
recombination pathways have been divided into RecBCD and the RecF pathways (Gillen
etal. 1981, Clark et al. 1993). The primary components involved in the RecBCD pathway
are recA, recB, recC and recD genes and are involved primarily in homologous recom-
bination (Eisen & Hanawalt 1999, Skaar et al. 2002). While the other pathway mediated
by RecF include the recF, recO, recR, recQ and recJ genes (Lovett & Kolodner 1989,
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Umezu et al. 1990, Umezu & Kolodner 1994). Both the RecBCD and RecF pathway are
involved in homologous recombination however, the role of the RecF pathway is lim-
ited in normal homologous recombination while RecF confers UV resistance (Horii &
Clark 1973, Kolodner et al. 1985, Mahdi & Lloyd 1989), plasmid recombination (Kolod-
ner1985, Mahdi1989) and conjugal recombination (Lloyd & Buckman 1985). recJ has
been identified to be involved in illegitimate or non-homologous recombination (Ukita &

Ikeda 1996).

In this study, all of the rec genes (investigated in this study) from the ST-474 genomes
were found to be identical except for the H704 ST-474 isolate which differed due to a non-
synonymous substitution, for which the CJJCG84-86 genome was the closest ancestor.
The recJ gene was found to be evolving relatively faster than average compared to other
rec genes investigated in this study except for recR that was found to evolve even faster
than recJ. While considering the positions of these two genes on the genome, recR lies
very close to the guaA gene (a nucleotide metabolic gene) that was evidenced with large
number of recombination sites (n = 25). It is possible that an event of recombination may
have spanned these two genes together that in turn may have led to an increased nucleotide

diversity in recR. However, this speculation needs further data analysis.

The single strand binding protein — ssb

Single strand binding protein (ssb) is one of the major contributing genes involved in both
the DNA damage repair and replication mechanisms (Eisen & Hanawalt 1999). ssb is es-
sential for DNA replication, recombination and repair (Lohman & Ferrari 1994) while this
gene facilitates the binding of other DNA-binding proteins, particularly, Cj0011c (Jeon &
Zhang 2007). The increased DNA-binding ability among the DNA-binding proteins has
been reported to enhance natural transformation in C. jejuni that was not recognised pre-

viously (Jeon & Zhang 2007).

In this study, ssb is one of the genes that differed among the seven ST-474 genomes in
that it varied in measures such as GC, GC3 and CBI. The GC content for this gene varied
markedly among genomes. The overall GC content of this gene from two of the ST-
474 isolates, the H22082 and P694a, were low compared with the other ST-474 isolates
and the reference genomes except for CJJHB93-13 and CJ81116. The CJJHB93-13 and
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CJ81116 genomes had a slightly lower GC content compared with these two ST-474 iso-
lates. Although the GC content varied greatly among genomes, the ssb gene showed only
a single recombination site which may be due to its small size (549-552 base pairs). In

contrast, the region that was involved in recombination was longer, around 214 base pairs.

There was clustering between the H22082 and P694a isolates where, these two isolates
were found to possess an insertion of ykgC gene in their genomes (Biggs et al. 2011).
This gene encodes a probable pyridine nucleotide-disulfide oxidoreductase and has been
reported to be present in most of the enteric bacteria including E. coli (Rozen & Belkin
2001, Bradley et al. 2007). Its presence in C. jejuni has not been reported previously.
This gene has been evidenced to confer resistance to oxidative stress and has been demon-
strated to promote survival in seawater in E. coli (Rozen & Belkin 2001, Bradley et al.

2007).

The ykgC and ssb genes were found to be positioned next to each other on the ST-474
genome in the study carried out by Biggs et al. (2011). The authors of this study inferred
that the whole event of insertion or horizontal transfer of ykgC followed by recombination
may have involved a partial region of the ssb gene in the ST-474 isolate. In this study, we
believe that, a similar genetic event must have occurred in the P694a isolate. This in turn
may have caused the clustering between these two isolates with respect to the ssb alleles.
These two isolates share their ancestry with CJJ84-25, where this genome was found to
possess the ykgC gene insertion (Biggs et al. 2011). The remaining ST-474 isolates were
closer to CJJIA3902. It may be hypothesised that there may be a few other C. jejuni
isolates in the population carrying this gene which may potentially be transferring this

gene to the isolates that do not possess the ykgC gene.

Excision repair genes

The uvrA and uvrB genes differed between the seven ST-474 genomes and uvrA differed
at the amino acid level. These genes are the first line DNA repair genes to appear when
a DNA damage is induced (Michel 2005, Gaasbeek et al. 2009a). It may be hypothe-
sised that the varied environmental threats that include different gut environments could
have potentially influenced the subsequent evolution of these genes. However, further

molecular analysis will provide stronger support for this hypothesis.



240 A genome wide comparison

The H704a and H73020 isolates differed in these two genes in two different ways:

e the H73020 uvrB gene differed from the rest of the ST-474s and differed only at the

nucleotide level;

e the H704a isolate showed differences in its uvrA gene and differed both at the

nucleotide and amino acid level.

Both the uvrA and wuvrB alleles were found to be unique to ST-474 where CJJ11168
was found to be closer to uvrB and CJJRM1221 was found to be closer to uvrA. It is
interesting to note that CJJRM1221 was one of the closer relatives because, it is the only

poultry reference strain while all others are from human clinical cases.

The xseA gene is a large subunit of exonulcease VII that was first characterised in E. coli
and is involved in mismatch excision repair (Chase et al. 1986). However, the functional
importance and the role of this particular gene has not been well studied and/or docu-
mented in Campylobacter spp. while the repair mechanism involving methyl-directed
mismatch repair and recombinational repair has been studied experimentally (Gaasbeek
et al. 2009b). Therefore, the importance of this gene in Campylobacter is not very clear.
In this study, there was a considerable amount of DNA variation between the seven ST-474

genomes that clustered three poultry isolates together namely, P110b, P569a and P179a.

Selenosysteine — amino acids in repair genes

Selenocysteine is the 215 amino acid encoded by the codon UGA. The codon UGA dif-
fers from the rest of the codons in the genetic code in that it plays a dual role either a
stop codon or a codon of the rare protein, Selenocysteine (reviewed by (Low & Berry
1996, Bock 2000, Hatfield & Gladyshev 2002)). Recent phylogenetic analyses of bacte-
rial genomes have explained the incorporation or evolution of genes with selenocysteine
as a result of speciation, differential gene loss and horizontal gene transfer (HGT) while
it has been stated that the loss or the acquisition of this particular trait is not reversible
(Romero et al. 2005, Zhang et al. 2006b). Oxygen concentration, temperature and the en-
vironment are the factors identified to influence the evolution of selenium utilising traits
(Zhang et al. 2006b). The Sec-decoding (selenocysteine decoding) system is a funda-

mental trait that greatly increases the catalytic selenoenzymes activity (selenium utilising
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enzymes) and has been regarded as a selective advantage even though the amino acid is
very rare Zhang et al. (2006b). Further this trait is found in most of the bacterial lineages
that include species from Proteobacteria and Firmicutes, particularly, Sproteobacteria,
dproteobacteria, eproteobacteria, yproteobacteria and Firmicutes/Clostridia subdivisions
(Zhang et al. 2006b), which includes C. jejuni in eproteobacteria. Analyses of prokaryotic
selenoproteomes of both complete and incomplete genomes had revealed that although
selenoproteins were found in most of the bacterial lineages, only 20% of the completed
bacterial genomes were found to possess this trait (Kryukov & Gladyshev 2004). The
SelW-like protein has been identified as a new selenoprotein in C. jejuni (Kryukov &
Gladyshev 2004). However, the underlying molecular mechanisms involved and/or influ-

encing this trait is not very clear.

In this study, uvrA, mutS and gyrA were identified to possess this rare amino acid in the
reference and ST-474 genomes where this trait could have been acquired through HGT
which in turn denotes the evolutionary action towards the environmental stress such as
temperature, oxygen concentration and the environment itself, as may be expected inside
different hosts. It also raises a possibility of the simultaneous presence of other bacterial
species in the guts of the host that possessed this trait to pass on to the Campylobacter
spp. or it can even be an innate presence of this trait in Campylobacter. However, as
this codon plays a dual role, the results do not provide concrete evidence whether these
codons encoded for a selenocysteine or a premature stop codon (Wong et al. 2008) which

needs further investigation.

Conclusion

DNA repair mechanism is a vital system in bacteria that shapes their evolution under fluc-
tuating environments. This study has analysed 25 genes (ribosomal, repair and nucleotide
metabolic genes) from seven C. jejuni ST-474 genomes which in turn, were compared
with 12 C. jejuni reference genomes. Even though the seven ST-474 genomes were found
to belong to a single genetic type (sequence type) based on a subregion of seven house-
keeping alleles, there were differences between seven of 25 informational genes between
these genomes. These genes varied at nucleotide level while gidA, recl, ssb and uvrA
differed at the amino acid level also. Genes investigated in this study were found to be

under purifying selection when using the Tajima’s D test for whole genes but evidence of
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positive selection pressure was found in a few individual codons of genes. The majority of
genes showed a similar evolutionary pattern to isolates within CC-21 including CJJ11168
while the genetic characteristics of few genes/alleles were found to be unique to ST-474.
The genetic dissimilarities found between the ST-474 genomes, particularly, within genes
such as ssb, rec] and uvrA suggest the evolutionary potential of ST-474 as measure of
adaptation to different niches. The presence of selenocysteine amino acid in three of 25
genes provides limited evidence of HGT which is suggestive of an added evolutionary
measure to combat stress conditions. However, gene expression and protein analyses as
well as analyses using wider molecular datasets are necessary to confirm the presence
of this trait. The allelic uniqueness in some of the repair alleles indicates that ST-474
is genetically distinct from that of the reference genomes investigated in this study. Its
evolution may be attributed to the relative geographical isolation of this country that sep-
arated this organism from the rest of the world. This isolation may have occurred through
an absence of exchange of genotypes or strains that is typically mediated through inter-
national trade of fresh poultry meat where poultry is neither imported or exported from
New Zealand. However, analysis of larger number of ST-474 samples and other strains of
C. jejuni will lend additional support to the findings of this study. A better understanding
of the relationship between the DNA repair pathway and evolution in the emergence of
new strains will provide new opportunities for drug targeting and for identifying potential

vaccine candidates.



CHAPTER 7

General discussion

Briefly, this thesis has combined molecular genetics and ‘classical’ epidemiological ana-
lytical techniques in an effort to study the prevalence, population structure and the evo-
lutionary potential of C. jejuni. The colonisation or the prevalence of C. jejuni, the gene
flow and divergence of C. jejuni populations among different host species (mallard ducks,
starlings, dogs and cats) and between different sampling locations has been examined.
Population genetics and phylogenetics have been employed to unravel the evolutionary
events influencing the population-host species interface of C. jejuni as well as the evolu-
tionary dynamics of a selected subset of genes from the genomes of identical MLST C.

Jejuni genotypes, namely the C. jejuni ST-474 found almost exclusively in New Zealand.

Molecular epidemiology combined population genetics

The analyses of the prevalence of Campylobacter and C. jejuni in mallard ducks and
starlings over a 12-month period (Chapter 3) provided a unique opportunity to assess
temporal changes in carriage frequency and also to compare these estimates among two

different host species that share a common environment.

The overall prevalence of Campylobacter spp. was 37% (95% CI 35 to 40%) which is
relatively high compared with estimates for migrating birds (22%) by Waldenstrom et al.
(2002). The prevalence of Campylobacter spp. (46%, 95% CI 42 to 50%) was relatively
high in European starlings compared with previous prevalence estimates that ranged be-
tween 33 to 40% (Waldenstrom et al. 2002, Colles et al. 2008, Hughes et al. 2009). In
contrast, the prevalence of C. jejuni in ducks (23%, 95% CI 20 to 26%) and starlings (21%,
95% CI 18 to 23%) was relatively low. It should be noted that differences in study findings
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may arise due to a number of factors such as an animal’s risk of contracting the bacteria,
sampling procedures, sample size, the type of samples retrieved and the sensitivity of the
culture techniques that are applied. The bimodal seasonal pattern of Campylobacter spp.
and C. jejuni prevalence in ducks and starlings (with distinct peaks in autumn and spring,
Figures 3.2 and 3.3) has not previously been reported in the literature. In ducks in the
early spring a relatively high prevalence of C. jejuni has been reported elsewhere (Colles
et al. 2009), so too has an increased rate of shedding of C. jejuni in ducks in the autumn

been reported by Waldenstrom et al. (2002), Broman et al. (2004).

The studies of the population structure of C. jejuni (Chapter 3) documented the asso-
ciation between host and genotype using minimum spanning trees and FST analyses.
Population differentiation was studied over different time periods and different sampling
locations. This, in turn, has provided an indication of host-pathogen interaction. In Chap-
ter 3 evidence was provided to support the hypothesis that there was limited gene flow
between host species and widespread transmission of genotypes between different loca-
tions. The limited gene flow and evidence of population differentiation between host
species is thought to reflect the in-vivo evolution of C. jejuni as a measure of adapta-
tion. Host adaptation is a subject of debate where, the majority of population genetic
researchers have accepted the idea of host-adaptation or host-signatures expressed by C.
Jjejuni populations, while others remain unconvinced. In Chapter 3 clear clustering of
clonal complexes was discernible between hosts and over time. This lends support to
those that argue towards host-adaptation. For example, the ST-1034, ST-692 and ST-1332
complexes were the most predominant lineages found in ducks while in starlings, the ST-
177 complex was the prominent lineage. The cell surface antigens porA and flaA from
both species (ducks and starlings) demonstrated a high degree of diversity, particularly in
ducks. The high variability in genotypes and cell surface antigens in ducks suggests that

the aquatic feeding habit of ducks could be a major contributing factor for this diversity.

The occurrence of new genotypes that could not be assigned to a clonal complex, particu-
larly during winter (in both ducks and starlings) may be an indication of ongoing in-vivo
evolution in C. jejuni. Possible explanations for the emergence of new variants may be
: (1) an adaptation measure to suit temporal patterns, (2) the influence of gut microbiota
and physiology of the hosts during different seasons (3) due to mixing up of new geno-

types from newly arrived bird populations with genotypes in the existing population or
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the older birds that nest during this season and (4) a selection process towards the host
species that suit the survivability of the organism, but it could also be that they had not

been sampled yet in New Zealand and this is the first study to the best of my knowledge.

In Chapter 4, prevalence of Campylobacter and C. jejuni in dogs for a 12 month period
was quantified. The prevalences of Campylobacter spp. and C. jejuni in dogs were 15%
(95% CI 11% to 19%) and 7% (95% CI 5% to 11%) and in cats 9% (95% CI 4% to
17%) and 7% (95% CI 3% to 15%), respectively. The population structure of C. jejuni in
cats and dogs was not very complex unlike the mallard ducks and starlings and moreover,
the genotype sample size from cats and dogs was small compared to the wild birds. The
predominant clonal complex was ST-45 (13 of 21), a complex that is frequently reported in
human campylobacteriosis cases throughout the world followed follwed by the sequence

types ST-52 (2 of 21), ST-50, ST-422, ST-474, ST-583, ST-696 and ST-3961.

The presence of ST-45 in a wide range of hosts describes the adaptability of this genotype
to a variety of animal hosts and environments (the ST-45 complex was predominant in the
ducks as well as starlings, in this study). Although a reasonable number of C. jejuni iso-
lates from dogs were characterised, many of the isolates remained partially characterised
which raises speculation that these alleles could have become different in their nucleotide
composition due to the evolutionary forces such as recombination or mutation that pre-
vented them from being amplified or sequenced. The possible underlying reason may be
the molecular differences that may have arisen due to different gut environments and/or
errors in amplification and sequencing. This in turn may have prevented the primers
from getting hybridised with the dog C. jejuni DNA. However, further amplification and
sequencing using degenerate primers are being carried out on these isolates in order to

obtain a complete profile.

Phylogenetics to estimate evolution

This thesis has further (Chapters 5 and 6) expanded the breadth of housekeeping gene
analysis from a molecular epidemiology focused population genetics approach that was
based on a sub-region of seven alleles (genes) to full length gene analysis in an effort to
understand C. jejuni evolution. The increasing amount of MLST datasets' which describe

the population expansion of C. jejuni raises important questions such as:

'URL: (http://pubmlst.org/Campylobacter)



246 General discussion

1. can a sub-region in the MLST alleles potentially reflect the evolutionary events of
the respective full length gene, particularly within the designated identical clones

or genotypes;

2. what is the extent of molecular similarities or differences within a group of identical

genotypes (designated so by MLST); and

3. does the ancestry of the MLST alleles reflect that of the majority of the genes within
genotypes designated identical by MLST.

We addressed these questions in Chapters 5 and 6. Fifty loci or genes were examined to
better understand the pattern of evolution in housekeeping and those genes involved in
replication, information processes and nucleotide metabolism from seven C. jejuni ST-

474 genomes (identical clones or genotypes designated so by MLST typing).

The housekeeping genes analysis presented in Chapter 5 demonstrates the robustness of
the MLST alleles in predicting the last common ancestor for the majority of the genes
investigated in the study. Further, the majority of genes were identical in their molecular
characteristics and/or the evolutionary measures analysed in the study such as GC content,
codon bias index (CBI) and phylogenetic relationship. In this study, GC and GC3 contents
have provided valuable insights into the evolutionary dynamics of some genes within ST-
474 such as fumC, trpC, pycA, tkt and gltA that showed greater variations across the
investigated genomes including the ST-474 genomes. GC content has been shown to
influence the CBI and the number of recombination events in the genes and/or genomes
(Marais et al. 2001, Genereux 2002, Fuglsang 2003). In this study (Chapter 5), however,
evidence of positive correlation within these parameters such as a wider variation in the
GC content within genes showed a relatively higher number of recombination events and
the GC content did not vary much across genes where there were fewer recombination
events (e.g. the atpD and trpB genes). Similarly, the ST-474, CJJIIA3902, CJJ84-25,
CJICF93-6 and CJJ11168 genomes were identical in their GC contents and CBI within
the selected subsets of genes, which suggests that these genomes must have undergone a
similar pattern of evolution which had made them fit into a cluster or a group. It should
be noted that CBI and GC content are positively correlated to the tRNA pools present
between genomes that are recombining or undergoing lateral gene transfer (Ikemura 1985,

Kanaya et al. 1999, Ochman et al. 2000, Tuller et al. 2011). Hence, it may be hypothesised
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that the ST-474 genomes investigated in this study might have recombined with genomes
that belonged to ST-21 complex in the past. The results from the cell surface antigen or
structural gene (Chapter 5), the porA gene analysis demonstrated the hyper-variability
regions within the gene and how recombination and evolution have influenced the change
of ancestry between the ST-474 genomes. Analysis of wider datasets for the evolutionary

parameters estimated in this study should provide support for the findings of this study.

Similarly, the results from Chapter 6 provide interesting insight into the ribosomal, repair
genes, collectively known as information process genes and nucleotide metabolic genes.
Once again MLST allelic prediction was found to be robust in predicting the evolution-
ary last common ancestor of the majority of the informational process genes of C. jejuni
ST-474 genomes. In addition, seven of the 25 investigated genes within ST-474 genomes
demonstrated surprising genetic uniqueness, raising speculation that C. jejuni ST-474’s
DNA repair system may be well equipped to cope up with the changing environment.
Each ST-474 isolate demonstrated distinguishable levels of molecular differentiation in
gidA, ogt, recl, ssb, uvrA, uvrB and xseA genes with respect to all the measures of evo-
lution and these alleles were found to be very specific to ST-474 genomes. Further, this
study evidenced the presence of selenocysteine amino acid insertions in three genes which
is an indication of horizontal gene transfer as a measure of combating the stress which in
turn reflects the capability of C. jejuni in general to evolve for fitness. However, genetic
analyses involving genomes from ST-48 complex apart from the seven ST-474 genomes
from this study could not be carried out as there were no ST-48 genomes publicly avail-
able at the time of analysis. Such an approach in turn might have been beneficial to draw

insightful inferences about the ST-48 complex itself.

Given the widespread availability of fully sequenced bacterial genomes and the increas-
ing use of computational tools and statistical techniques for analysing DNA sequence
data, there is a great deal of research that can be done not only for understanding the
genetic epidemiology of C. jejuni but also for the other endemic and emerging disease
pathogens such as Salmonella spp. and E. coli to understand the evolutionary mecha-
nisms, gene flow, migration and transmission. Evolutionary research areas play a major
role in the process of deciphering global health problems. Research in these areas can be
translated to benefit a wide range of fields such as diagnostics, gene-based epidemiologi-

cal investigations, source-pathogen relationships, trade and disease. Further, such studies
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will provide opportunities to identify potential drug targets and candidates for vaccine

production.

7.0.1 Conclusion

The application of population genetics and phylogenetic approaches to DNA sequence
data of human pathogens such as C. jejuni provide a better understanding of disease trans-
mission pathways, population structure, host-species relationships, gene flow and evolu-
tion. Descriptive analyses such as those applied in 3 and 4 have characterised Campy-
lobacter colonisation by species, site and over time. Further, population genetic analyses
such as rarefaction, molecular variance and fixation indices of C. jejuni genotypes are
useful for describing genetic diversity within genotypes and differentiation between pop-
ulations of pathogens. This general approach can be applied to just about any pathogen of
humans and/or animals. Evolutionary measures such as those used in Chapters 5 and 6 are
useful for providing a better understanding of the genetic evolution of pathogens. Further,
comparison between metabolic housekeeping genes and the informational process genes
showed that they differ in their relationship between GC variance and the number of
recombination sites. The metabolic housekeeping genes showed a positive correlation be-
tween their GC variance and the number of recombination sites whereas, the later did not
show such correlation. Collectively, the results presented in this thesis provide evidence
that C. jejuni has the ability to evolve rapidly. The consequences of rapid evolution in
terms of virulence is difficult to predict. Further insights into the genetics of C. jejuni are
essential and this information, combined with the results of observational epidemiological
studies, will help to improve preventive and control measures. Finally, it is important to
make an effort to conduct such investigations in a number of geographic locations (where,
for example, disease is endemic, emerging or re-emerging). This will facilitate a better
understanding of the variation in pathogen populations, variations in disease expression,

details of pathogen movement and transmission, and evolutionary characteristics.
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