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The genus Campylobacter is a major cause of human gastroenteritis worldwide,
so understanding the evolution of Campylobacter has important implications. This
multidisciplinary project unifies developments from statistics, genetics, bioinformat-
ics and computer science and creates a good opportunity to investigate the evolution

of Campylobacter by focusing on the factors which affect genetic exchange.

In order to understand how Campylobacter evolves, a mathematical method is put
forward to estimate the relative rates of recombination and mutation in generat-
ing new alleles that lead to single locus variants (SLVs), and examine the effect
of selection, recombination and mutation. This analysis shows the importance of
recombination in the evolution of Campylobacter and larger contribution made by
recombination, compared to mutation, in the evolution of Campylobacter jejuni, and
Campylobacter coli. In addition, this research demonstrates that purifying selection
plays an important role in the evolution of Campylobacter. For comparison, this
analysis also examined the role played by recombination in the evolution of other
bacteria. This application highlighted the importance of recombination for creating

diversity in closely related isolates.

A range of phylogenetic and population genetic tools were applied to investigate
the effect of geographical isolation on the evolution of Campylobacter by comparing
datasets from two geographically separated countries, New Zealand and the United
Kingdom, this is the first time this has been attempted. Analysing sequence data
at different levels of resolution provided evidence that geographical isolation affects
the evolution of Campylobacter genotypes over short time-scales, but that this effect
diminishes over longer time-scales. Furthermore, this analysis estimates the time for

divergence of NZ specific lineages of Campylobacter strains.

In New Zealand, Campylobacter jejuni strain type 474 (ST-474) is responsible for
more than a quarter of human campylobacteriosis notifications, but has been rarely
found outside NZ. Knowing the clonal relationships of ST-474 strains is helpful for
inferring the origin and the evolutionary mechanism of Campylobacter. This research
accessed 59 isolates of Campylobacter. Tt applied a range of phylogenetic tools to
targeted gene reference set to compare estimations of the clonal genealogy inferred

for Campylobacter datasets.

These findings have implications for identifying the origin of Campylobacter, devel-
oping disease intervention strategies, predicting the emergence of pathogens, and

reducing the occurrence of campylobacteriosis in the food supply chain.
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Chapter 1

Introduction

1.1 General background

The genus Campylobacter is a leading cause of gastroenteritis worldwide [4], 37, 197,
363]. The species Campylobacter jejuni and Campylobacter coli are the main causes
of bacterial food-borne disease in developed countries, compared to other members
of the family Campylobacteriaceae [137, 208]. The genome of Campylobacter is rel-
atively small (1.6 to 1.7 million basepairs) [42] 285 286]. However, Campylobacter
is a prominent human pathogen. Understanding the evolution of Campylobacter
has important implications in a wide range of areas, such as epidemiological invest-
igations, bacterial speciation, and policy development to minimise the impact of

emerging pathogens [71], 145].

The evolution of Campylobacter has been affected by both mutation and recombina-
tion |72, 199, 154], [194] 243, 250} 251), 325|357, 390], and Campylobacter jejuni evolves
rapidly [334], 403]. Recombination plays a dominant role in the evolutionary process
of diversity of Campylobacter genotypes, although mutation is the way to create a
new allele or alter a gene [71], 403]. Recombination within and between Campylob-
acter spp. can occur by natural transformation, conjugation and/or transduction
[71, 368]. It has been recently proposed that frequent recombination between C.
jejuni and C. coli has resulted in the convergence of the two closely related zoonotic
pathogenic species [335]. This speciation reversing process could be a result of the

change in environment caused by human farming activities [334], 335].

Within a bacterial species, a clonal complex is a cluster of closely related bacterial
strains that group around a founder (or ancestral) strain. Estimates of the rate of
DNA sequence evolution at the clonal complex level have been found to be faster
than estimates obtained using more distantly related isolates [71], perhaps due to

the lack of time for purifying selection to act. By making use of DNA sequence data
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gathered as part of multilocus sequence typing (MLST) schemes, we can focus on
pairs of strains within clonal-complexes that share a very recent common ancestor.
These pairs of closely related strains are known as single locus variants (SLVs) as they
differ at only one gene of the seven genes used in the MLST scheme, and most SLVs
occur within a clonal complex. The relative rates of recombination and mutation in
generating SLVs can be estimated using model-based methods. These estimates can
reflect the evolution of more closely related sequence types. Preliminary analyses
on estimating the relative rate of recombination to mutation are based on a limited
number of sequences [I01], 388|. This PhD project will put forward a mathematical
method to estimate the relative rates of recombination and mutation in generating

SLVs, and examine the effect of selection, recombination and mutation.

The availability of worldwide Campylobacter databases has facilitated research on
the evolution of Campylobacter [69, [403]. It has been demonstrated that host asso-
ciation plays a more important role than geographical separation in the evolution
of Campylobacter [332], but little is known about what effect geographical location
has had on the evolution of this globally distributed bacteria (Campylobacter). As
important zoonotic pathogens, C. jejuni and C. coli have caused gastroenteritis
internationally, and research has been done separately in different countries (New
Zealand (NZ) [123| 246], 260} 262], the United Kingdom (UK) [122] 239, 333, [403],
Africa [199, 200], European countries (Finland [193], Norway [163], B18], Switzerland
[209], Denmark [232]) and the US [255] [367]). These studies show that prevalence
and incidence rates varied between different countries. However, the differences in
the sampling process among sampling areas, human population settlements, and

sampling methods make the comparison among countries very difficult.

The unique geographical location of NZ and its distinctive history with the introduc-
tion of European wild life and livestock provide a good opportunity to investigate the
role played by geographical isolation on the evolution of Campylobacter by compar-
ing the features/characters of current Campylobacter spp. in NZ and an equivalent
dataset from the UK. This PhD project will apply a wide range of tools from phylo-
genetic networks, coalescent theory and population genetics to investigate the effect
of geographical separation by comparing equivalent datasets from NZ and the UK.
These two datasets were sampled equivalently according to several factors such as
the size of the area from which the isolates were obtained, the mix of urban and

rural areas, and the time over which the sample was collected.

The development of molecular typing methods also offers the chance to further in-
vestigate the evolution of Campylobactor [102]. With the development of sequencing
technology and bioinformatics, whole genome sequence data is becoming available.

MLST schemes were a good start pointing to build a worldwide database for the



investigation on the evolution of the globally distributed bacteria. The availability
of whole genome sequence data allows the investigation of how the analysis and
results for MLST type data extend across the genome. This comparison creates an
opportunity to compare the results of the existing analytical tools and gain more

information about the evolution of Campylobactor.

MLST datasets are the main data available for analysis of population structure and
molecular epidemiology of Campylobacter species. MLST schemes only cover 400 to
500 basepairs (bp) for each of seven genes, and only cover around 0.2% of the genome
[118]. Furthermore, seven housekeeping genes are selected for MLST, but different
types of genes may undergo significantly different selection pressure. Therefore,
the opportunity of working on large scale datasets can make it possible to draw
inferences about the clonal genealogy of Campylobactor, based on more genes and
information. After 15 years, the MLST technique has become popular in bacterial
studies, and this technique allows comparison across laboratories worldwide. At the
time of writing (November 27, 2012), there are 6194 strain types for Campylobactor
jejuni/coli available in the public MLST database.

For this PhD project, the aim is to improve understanding of the evolution of Cam-
pylobacter species, by combining the recent development from both the sequencing
and statistical analysis areas. This is a multidisciplinary project. Since the 1960s,
statistics, genetics, bioinformatics and computer science have developed rapidly.
Unifying all the developments together creates a good opportunity to investigate

the evolution of Campylobacter. Two factors make this PhD project unique.

Firstly, this PhD project can access the full genome of 59 isolates and MLST data
sets from NZ and the MLST datasets from UK for comparison. These 59 isolates
include several ST-474 genomes. ST-474 is defined by MLST scheme, and it is
commonly found in NZ occurrence of campylobacteriosis but infrequently in any
other countries. N7 data were mainly produced by Massey University’s Molecular
Epidemiology and Public Health Laboratory (mEpiLab). This laboratory has the
largest Campylobacter dataset in the Southern hemisphere and this dataset contains
the five year Manawatu Sentinel site study (>5000 isolates) for a range of host

sources: humans, livestock animals, poultry, environmental water and wild birds.

The second relates to NZ’s unique historical and geographical location and high rate
of Campylobacter infection [260] during the period 1984 to 2010. This thesis will
compare the features and the evolutionary paths of NZ and the UK Campylobacter
datasets. This analysis is the first attempt to study the role played by geographic
isolation on the evolution of Campylobacter. The findings could be helpful in disease

control and intervention and are useful in determining the origin of Campylobacter.

There are two main threads going through the whole thesis: three comparisons and



three methodological stages. The three comparisons are the comparison between
the NZ and UK Campylobacter datasets, the comparison between the analysis on
MLST and the full genome sequencing datasets, and the comparison among a range
of analytical methods and models from phylogenetics, population genetics and stat-

istics.

The comparison between NZ and UK Campylobacter datasets is like comparing the
results of a huge experiment, one that has been set up in two distant locations,
thousands of years ago which continues to the present. One task of this project is
to trace back the distinct experiment and report the difference of the two locations.
The comparison between MLST and extended genome sequencing datasets provides
an opportunity to utilise the data produced by advanced sequencing techniques to
answer some questions which could not be answered before, such as inferring the
clonal genealogy or phylogenetic relationships for different sequence types. The
comparison among analytical tools can compare the methods, based on different

model assumptions, and can test for consistency among different analytical theories.

The three methodological stages mean that firstly, the SLV model analysis is only
on the MLST dataset, then the phylogenetic methods are on both MLST and ex-
tended genome sequencing datasets, and lastly the phylogenetic methods are used
on the extended genome sequencing datasets only. Compared to the limited num-
ber of genes (seven loci) for MLST data, the current extended genome sequencing
datasets have been greatly updated and extended by using genome resequencing
technology to provide more information about over one thousand loci across the

whole Campylobacter genome.

If being able to control epidemics is a long journey, this PhD project is part of that
journey, and it can make a contribution to achieve the One World One Health goal,
which is considering the human, animal and environmental health (ecosystems) as
a unity. Using the evolution of Campylobacter as a paradigm, similar analytical
methods could be extended to other bacteria. From this starting point, with the
ultimate goal of investigating how and why Campylobacter emerged to become such
a prominent human pathogen, we will improve our understanding of the evolutionary
mechanisms of pathogens, be able to predict the emergence of pathogens, and reduce

the occurrence of campylobacteriosis in the food supply chain.



1.2 Objectives

In this thesis, three main objectives are achieved.

1. A new statistical method is put forward to estimate the ratio of recombination
rate vs. mutation rate to generate single locus variants (SLVs) in the evolution
of Campylobacter. Through simulation, the accuracy of the new method is
evaluated. The new method is then applied to different bacteria. Knowing the
relative rates of mutation and recombination will improve the understanding
of how important recombination is relative to mutation for the generation of

new strains.

2. This PhD project investigates the role played by geographical separation to
the evolution of Campylobacter by applying a range of phylogenetic and gene-
alogical methods to data. This objective makes use of the unique geographical
isolation and the distinctive history of New Zealand. This analysis will help
develop understanding of the effect of geographical isolation on the evolution

and diversity of globally distributed bacteria.

3. Unifying all the most recent developments together from a multidisciplinary
perspective, we can access and analyse sequence data derived from 59 whole
genomes of Campylobacter. These 59 isolates include ST-474, which is a se-
quence type relevant to the occurrence of campylobacteriosis in New Zealand.
These isolates help estimate the refined clonal genealogy of ST-474, a sequence
type commonly found in NZ, but rarely found anywhere else in the world. The
availability of whole genome sequence data allows the comparison of the results

for MLST type data and for more gene sets.

1.3 Organisation of the thesis

This thesis has seven chapters. The next chapter is a literature review related to the
area of the evolution of Campylobacter. The third chapter puts forward a method to
estimate the ratio of recombination to mutation for closely related strains. Chapter
three is the basis of the research for chapter four. The fourth chapter extends this
method to different bacteria. The fifth chapter analyses the different evolutionary
paths for New Zealand (NZ) Campylobacter data and United Kingdom (UK) Cam-
pylobacter data. The sixth chapter compares the existing five methods to infer the
genealogy of the given sequence types (STs), then compares the results of different
methods on the whole genome data set. This whole genome data set is like an ex-

tension of current widely-used multi locus sequence type (MLST) datasets. Chapter
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seven provides the summary of this research and further suggestions. Chapters 3, 4,
and 5 are either published or in a form where they are about to be submitted and
therefore each chapter has been written to stand alone so the introductions in the

three chapters contain some overlapping material.

Chapter three has been published, I thank all of the co-authors (Prof Paul Fearnhead,
Dr Barbara Holland, Dr Patrick Biggs, Prof Martin Maiden, and Prof Nigel French)
for sharing their valuable insights and expertise. Their comments and help greatly
improved my original manuscript. The majority of the work reported in Chapters
four to six has been done by myself, but these chapters benefited from my super-
visors (Dr Barbara Holland, Prof Paul Fearnhead, Dr Patrick Biggs, and Prof Nigel
French), who provided valuable ideas and assistance to the undertaking of the re-

search summarised here.



Chapter 2

Literature review

2.1 Campylobacter

2.1.1 General information

The genus Campylobacter belongs to the family Campylobacteraceae, order Campy-
lobacterales, class Epsilon Proteobacteria of the phylum Proteobacteria. In 1963, the
genus Campylobacter was created (Campylobacter means “curved rod” in Greek)
[117, B87|. Campylobacter spp. are gram-negative, spiral-shaped, microaerophilic
bacteria, and they are the major cause of human bacterial gastroenteritis worldwide
[267]. They inhabit the intestinal tracts of warm-blooded animals. Campylobac-
ter can be spread among animal populations through drinking at a common water
source or by contact with infected faeces 3, 92, 130, 133] B97]. The World Health
Organization (WHO) reports that Campylobacter is one of the most common causes
of zoonotic enteric infections worldwide [399]. The species C. jejuni and C. coli are
the main causes of bacterial food-borne disease in developed countries, compared to
other members of the family Campylobacteraceae [208]. In 2002, the reported cam-
pylobacteriosis rate of New Zealand was ten times higher than that of the US, and
more than two or three times than that of other industrialized countries including
the UK [10, 269]. The differences in reporting systems and methodology can only
partially explain the observations (|222]; cited by [10]).

History

The first reported description of Campylobacter can be traced back to 1886, when
a nonculturable spiral-shaped bacterium was observed by Theodor Escherich [383].

It was not until 1957 that Campylobacter spp. was identified as a cause of human
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enteric disease [205], though at that time, Campylobacter was referred to as * Vibrio”
spp. [387,B883]. In 1963, the new genus Campylobacter was proposed by Sebald and
Véron (1963, cited by Véron [387]), due to some of their biological structures differing
from other Vibrio species. Campylobacter was included in the family Spirillaceae
in 1973, due to the morphological and physiological likeness between the genera
Campylobacter and Spirillum [387]. In the 1980s, Campylobacter species were de-
termined as one of the most common causes of human enteric disease worldwide [7].
Since 1990, genomic sequencing techniques have been applied to differentiate and
build the phylogenies of microorganisms. In 2000, the first Campylobacter jejuni (C.
jejuni) genome was sequenced (NCTC 11168) [286], a milestone in Campylobacter

genetics.

In 1991, the taxonomy of genus Campylobacter was revised [386] and the new bac-
terial family Campylobacteraceae was put forward [384]. The Campylobacteraceae
family contain Campylobacter, Arcobacter, and Sulfurospirillum [267]. In 2010, the
misclassified Bacteroides ureolyticus was reclassified into Campylobacter ureolyticus
[385]. The genus Campylobacter currently includes the species: C. fetus, C. hy-
ointestinalis, C. lanienae, C. sputorum, C. mucosalis, C. mucosalis, C. concisus,
C. survus, C. retus, C. gracilis, C. rectus, C. hominis, C. jejuni, C. coli, C.lari, C.

insulaenigrae, C. canadensis, C. upsaliensis, and C. helveticus [267] and 13 othersﬂ

Morphological characteristics

The family Campylobacteraceae have the following characteristics: cells are spirally
curved rods that are 0.2 to 0.8 pum wide, 0.5 to 5 pum long, are gram-negative, and
nonsaccharolytic [267]. Most members of the genus Campylobacter are motile, using
unipolar or bipolar flagella [286], though some of species are nonmotile (Campylob-

acter gracilis) [267).

Campylobacter are microaerophilic: they require low oxygen concentrations to sur-
vive [196], 267]. Some members of the genus Campylobacter can cause human and

animal infections.

2.1.2 Campylobacter epidemiology

Campylobacteriosis is the disease caused by Campylobacter bacteria. Approxim-
ately five to ten percent of campylobacteriosis cases result in hospital admission
[339]. In Australia and the UK, campylobacteriosis is responsible for most hospit-

alizations caused by bacterial infection. In the US Campylobacter is only second

!The genus Campylobacter currently contains 32 species and 13 subspecies. URL:
http://www.bacterio.net (March 16, 2012)



to salmonellosis as the cause of hospital admission [I51]. The incidence of Cam-
pylobacter spp. enteritis is probably underestimated, because the report rates in
many countries are quite low [393]. There is a surveillance pyramid to describe the
reported infection rate. The diagnosed and reported true infection rate is only a
fraction of the successfully grown Campylobacter cells recorded in hospital. Those
successfully grown cells are only a fraction of cultured specimens, and those speci-
mens are only a fraction of the sick people who go to hospital, those who attended
hospital is only a fraction of the people who are infected by Campylobacter bacteria
[267].

Out of 32 species in the Campylobacter genus, C. jejuni and C. coli are the two
main human gastroenteric pathogens, and they are estimated to be responsible for

more than 95% of food-borne diseases caused by Campylobacter spp. |1, [72, [124].

The seasonality of campylobacteriosis has been researched by several studies in dif-
ferent countries [10, 267, 279]. In many studied countries, such as UK, USA, and
New Zealand, there is a peak for incidence of campylobacteriosis in the warmer
months, but the shape and the size of the peaks vary between latitudes and regions
[267]. The reason for the seasonality in Campylobacter infection remains elusive,
but it may occur because human activities differ with the seasons and exposure to
bacteria increases in summer. Additionally, the prevalence rates at non human reser-
voirs may be affected by temperature and humidity [I56] B19], or the transmission

medium, such as flies, may vary among the seasons [85, 272].

A range of factors that might impact on the infection rate of Campylobacter have
been considered. The age and gender distribution of Campylobacter infection has
been investigated [267]. Generally, males have a higher infection rate compared
to females [267, 340]. The incidence rate of campylobacteriosis is much higher for
preschool children than adults [? 124, 379]. In developing countries, the situation
of Campylobacter infection is worse than that in developed countries [280]. The
incidence rate is two to eight times as much as in the developing countries for
different age groups [7]. Compared to other developed countries, NZ has a higher
reported incidence rate of Campylobacter infection [II]. Even after 1990, when
Campylobacter culturing became routine, the number of infections reported in NZ
in 2003 was three times higher than 1991 |11, 12]. In 2003, the incidence rate of
Campylobacter infection in UK and USA was around 50 cases per 100,000, while in
NZ the incidence rate was 396 per 100,000.

It has also been shown that an infectious dose of Campylobacter can be as low as
500 [307] or 800 [267] organisms. Previous research also indicates a naive population
tends to get infections more easily at a lower infectious dose, than a previously

exposed population [29, [365] 366]. Despite this research apart from the improvement
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of detection and reporting systems, the reported incidence rates of Campylobacter
continued to rise in many developed countries, including NZ between the 1980s and
mid 2000s.

The symptoms of Campylobacter infection

The symptoms of Campylobacter infection include: abdominal cramps, abdominal
pain, diarrhea (with or without blood), fever, headache, nausea, and vomiting [271].
Some symptoms are quite similar to appendicitis, and usually last three to six days
[264, 392]. In rare cases, infection in very young children or elderly patients could be
fatal, and with serious cases can lead to several months painful inflammation of the
joints or neurological disorders such as Guillain-Barré syndrome (GBS) [6]. GBS
was first described in 1916 [406]. The symptoms of GBS are similar to ascending
paralysis, dysaesthesias usually below the waist at the early stage, and may result
in respiratory and severe neurological dysfunction or death in a number of cases [6].
Mortality is rare, although the mortality rate for those who had a Campylobacter
infection within one year was three times higher than those who did not get infected.
In addition, most fatal cases occur in the elderly or those suffering from other serious
diseases [159].

Source, risk factors and transmission

Campylobacter exists widely in most warm-blooded domestic and wild animals.
Both C. jejuni and C. coli have been found in wide range of hosts, such as cattle,
sheep, poultry, cats and dogs [243],271]. There are multiple sources and pathways for
the transmission route of Campylobacter spp., including food, water, contaminated
soil, animal contact and person to person transmission. The food-borne transmission
route is regarded as the primary route |? 13| [81], such as consuming undercooked

meat products and contaminated milk and water.

The relative contribution of each of these sources (poultry, bovine, ovine and envir-
onment) to the overall burden of human disease has been studied [191], 257, 260).
There is a significant association between campylobacteriosis and contact with raw
or undercooked poultry products. Campylobacter spp. has been found in many food
types, such as raw milk, beef, lamb and seafood. Cross contamination can occur
in the slaughtering process of red meat producing animals when muscle tissue is in
contact with intestinal contents [353]. Cooked and frozen meat products are not
reservoirs of Campylobacter spp., except for sporadic situations caused by cross-

contamination from raw meat products [353].
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Most Campylobacter infections are reported in sporadic infections, rather than out-
breaks. Sporadic infections have been documented from contact with animals, such
as poultry [86], 87, 302], livestock [347], and pets [3I8]. Some cases are associated
with drinking raw milk or untreated water [81], and even swimming in natural water
[267].

The contamination of Campylobacter to surface water and the terrestrial environ-
ment are through the faeces of infected animals and birds. Campylobacter can be
found in most rivers in New Zealand [322]. In NZ, children aged 1-4 years were
more at risk than other age group [11]. The fecal material from wild birds in chil-
dren’s playgrounds could be a contributor to that high risk, as pre-school children
may ingest infective material, through their frequent behaviour of hand-mouth con-
tact. Wild birds inhabiting public areas are recognized carriers of Campylobacter
[123]. The environmental exposure to faeces from livestock, such as ruminants [321],
could also be one of important contributors to human infection, although it is not
a dominant contributor compared to food-related exposure [13, 81, [123]. Secondary

transmission from human to human is not common in Campylobacter infections.

Burden of Campylobacter infections and economic effect

The research into the disease burden for Campylobacter infections incorporates epi-
demiology, statistical modelling, and assessment of risk factors, and can be measured
by morbidity and mortality. The research findings can advise policy makers by in-
creasing their understanding of the disease. This is important for the development
of better prevention strategies, more efficient allocation of resources and more ac-
curate measures for food safety. A proper estimation of the global burden caused by
foodborne diseases is needed for reallocating resources related to control and pre-
vention of diseases, and policy making. It was not until 2012 that the initiative for
reliable epidemiological measurements was launched by WHO [213] 330]. However,

the effect of the global burden of foodborne diseases is still unclear.

Campylobacter causes a great burden to public health. The cases of campylobac-
teriosis cause a huge economic impact in Australia, the UK, the US, and NZ. It was
estimated that the cost of campylobacteriosis is around $40 million dollars each year
in NZ [326], [407], and this accounts for 73% of food borne illness costs [326].

Control and prevention of Campylobacter infections

Control and prevention methods can be applied at different levels of food processing,
and the prevention of infection can be applied at all stages of the food chain, from

farms to factories. A hygienic abattoir environment can be helpful to reduce the
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transmission from faeces to carcasses, but cannot reduce the presence of Campylob-
acter in the meat products. Bactericidal treatment, like heating well or irradiation
have been proven to be useful for eliminating Campylobacter from food production
[17, 19, 2T]. The prevention of Campylobacter infection also requires the attention
from both the commercial and household kitchens. At the household level, elim-
inating Campylobacter from contaminated food is a solution by such methods as

heating the food well before consumption.

Only a small number of Campylobacter bacteria can make most people produce the
Campylobacter infection symptoms. For individuals, consuming pasteurized milk,
well-heated red meat and poultry, and drinking treated water can reduce the risk of

Campylobacter infection.

Intervention

Since 2000, the reported cases of campylobacteriosis have been stable or even slightly
in decline in some countries after prevention efforts, especially in the poultry industry
134, 311].

In NZ, there has been a significant decline in campylobacteriosis notifications since
2006 [327]. Considering the unchanged laboratory practices, hospitalization rate of
other enteric diseases, such as salmonellosis and cryptosporidiosis, this very likely
reflects a true decline in underlying disease incidence [327]. It also indicates the
possible reasons for this decline: the cooperation between scientific area, policy and
specific industry actions [327]. Research on source attribution of Campylobacter
and surveillance have played an important role for the development of regulatory
actions to reduce campylobacteriosis [I3]. The decline can be highly associated
with the research [13] 81] [405] which identified poultry as the primary source of

campylobacteriosis in New Zealand via foodborne transmission [12].

The New Zealand Food Safety Authority developed a risk management policy in
2006, and this policy aimed at reducing campylobacteriosis attributed to NZ poultry
industry [328]. A significant decline in campylobacteriosis was observed after these
interventions [328], and a source attribution study show a marked decrease attrib-
uted to poultry by 2010 [121].

2.1.3 Molecular biology of Campylobacter

The availability of whole genome sequencing technology had increased our under-
standing of the evolution, genotype, and phenotype of Campylobacter. Since 2000,

the whole genome sequence for different species of Campylobacter became available:
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C. jejuni [286], C. coli, C. lari, C. upsaliensis |[118], etc. Because C. jejuni and
C. coli are the main causes of bacterial food-borne disease in developed countries,
compared to other members of the family Campylobacteriaceae [208], the following

part will gave a brief introduction of molecular biology of C. jejuni and C. coli only.

Campylobacter jejunt genome biology

In 1990, Nuijten et al. proposed the genome sizes of C. jejuni and C. coli are
about 1.7 Mb each, and they built the first physical map of C. jejuni (UA580) [277].
Parkhill et al. [2000] published the complete sequence of the C. jejuni (NCTC
11168) genome. Fouts et al. [2005] in one of the early studies on Campylobacter
genome sequencing provided a core genetic blueprint of the genus by comparing
five sequenced Campylobacter genomes. The analysis of Campylobacter genomes
also included the development of the systems for strain typing, which can benefit
further research in phylogenetics, epidemiology, source tracking, and public health
[118]. One example of the genome characteristics from some reference genomes of
C. jejuni was given in Biggs et al. [2011], such as genome ID, genome length (Mb),

the number of genes, the number of sequences.

Molecular evolution of C. jejun: and C. col:

Dingle et al. [2005] reported the extension of the multilocus sequence typing (MLST)
technique to include C. coli, which allows C. jejuni and C. coli to be compared. The
gene flaA alone cannot tell the difference between C. jejuni and C. coli. It is crucial
to understand the molecular evolution of C. jejuni and C. coli, since both of them
are responsible for a large percentage of gastroenteritis worldwide. C. jejuni and C.
coli share 86.5% nucleotide sequence identity at the MLST housekeeping gene level.
Dingle et al. [2005] also point out that there is no apparent clustering of STs by
source in C. coli, which contradicts previous research [223, 230] on the association
of C. coli strains and host sources using amplified fragment length polymorphism
typing (AFLP).

Sheppard et al. [2008] put forward the possible convergence of C. jejuni and C. coli.
Wilson et al. [2009] applied several statistical models to reveal the importance of
recombination in C. jejuni, and state that the divergence of C. coli from C. jejuni
occurred around thousands of years ago rather than millions of years ago. In terms
of biochemical characteristics, C. coli are quite similar to C. jejuni, except that C.

coli cannot hydrolyse hippurate, although some C. jejuni strains cannot either [383].
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2.1.4 Flagella and the major outer memberane proteins

Campylobacter pathogenesis can cause gastrointestinal disease. It colonizes the mu-
cus lining of the gastrointestinal tract. The polar flagella of these pathogens provide
the necessary motility for intestinal colonization. Early research on the importance
of flagella in the evolutionary process of Campylobacter can be traced back to 1990
[148, 160, 204, 278]. In 2007, Guerry [147] summarized the multifaceted role of the

polar flagella in Campylobacter virulence.

Flagellin genes (flaA and flaB)

The flagellin gene of Campylobacter has two similar copies: flaA and flaB. The length
of coding regions for the flaA and flaB sequences are both around 1.7 kilobases, and
flaA and flaB sequences locate about 180 bases apart from each other [249]. In
Campylobacter, previous research indicated that the evolution of the flaA and flaB

genes is coordinated [249].

Concerted evolution occurs when the expected divergence of copies of genes within
an individual is less than the divergence of the gene from other species [227]. It
was shown that segments of Campylobacter fla show concerted evolution occurring
at a rate that is larger or equal to the rate of clonal divergence. Compared to the
expected diversity for most of the Campylobacter genome, flagellin clearly has a
greater diversity, although the information on the divergence rate of other genes in

Campylobacter is not currently available [249].

The major outer memberane proteins (MOMPs) and its encoded gene
(porA)

As mentioned previously, Campylobacter spp. are gram-negative bacteria, and have
outer memberane proteins (OMPs) [35] [60] 181, 283] [417]. The major outer mem-
berane proteins (MOMPs) have unique structural features, and function as porins
which are helpful for linking up the bacteria and their environment. In 2000, it was
put forward that Campylobacter’s MOMP may be crucial for the bacteria to adapt
to various host environments, and it was proved that a single locus gene (later, it
was defined as porA [48]) encodes the MOMP [417]. Research into MOMP and its
encoding gene (porA) will be useful for the development of diagnostics and vaccines
that are based on MOMP [417].

Research to date has focussed on different aspects of its structure and function. Clark
et al. [2007] put forward the phylogenetic relationship obtained by porA sequencing.
In 2007, three separate lineages of porA were found and defined [48]. The absence
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of recombination within porA clade 1 and 2 suggests there are constraints on the
MOMP structure, and the existence of a purifying selection. Different clusters of
MOMP sequences have different functions in their biological properties [48]. This

may be useful for research into bacterial ecology or virulence [4§].

In conclusion, combined with multilocus sequence typing (explained in section ,
the porA gene can provide additional and useful information to the further research
in epidemiology area. The porA gene can be helpful for dividing Campylobacter
into subgroups by the important functional or virulence properties, which will en-
able the research on Campylobacter evolution to reach a new level of phylogenetic

differentiation that has not been found by other typing methods.

2.2 Typing methods

This section outlines the molecular techniques that can be used to provide data for
determining evolutionary processes. Further background of the data source can be
helpful for making sensible assumptions in a biological model. Molecular typing
techniques can be applied to investigate the short-term (or epidemic) epidemiology
of disease; they can be also applied to study the long-term or global epidemiology
[315]. For the short-term epidemiological investigation, molecular typing techniques
are used to recognize the common strain types and possible sources of the infection.
For the long-term epidemiology investigation, molecular typing techniques are used

to identify emerging or re-emerging strains [315].

There are many molecular typing techniques available, and they can be divided into
two broad categories: phenotyping and genotyping. Serotyping [49] 125, 23], 290]
is one of widely used phenotyping methods for Campylobacter. The occurrence of
nontypeable organisms limits the application of serotyping. Furthermore, serotyping
is labour-intensive and costly, which makes this method impractical for many clinical
laboratories [315].

In general, genotyping methods have greater discriminatory power than phenotyp-
ing methods [135], 284, 288, 349, [393]. Genotyping methods can be further divided
into two categories: band-based methods and sequencing methods [114]. Depending
on the length of the gene regions that are used, band-based methods are separated
into three categories: single locus, multiple loci and whole genome. flaA restric-
tion fragment length polymorphism typing (flaA RFLP) [154, 152] is an example
of a single locus genome typing method. Flagellin locus restriction fragment length
polymorphism (fla-RFLP) method is a band-based method, which is difficult to
standardise among different laboratories. The fla-RFLP method has been proved
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Figure 2.1: A portion of the full gene porA on Campylobacter jejuni strain NCTC11168
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to be useful in epidemiological investigation and strain discriminating in outbreak
analysis [49, [153], 248| 266, 295]. The advantages of the fla-RFLP method are low
cost, rapid results, high throughput, and these properties are required in epidemi-
ological analysis when an outbreak has just occurred. Furthermore, it could be used

to predict clonal complexes [267].

Multiple loci genome typing methods include multilocus enzyme electrophoresis
(MLEE) [1} 142, 329] and whole genome methods include amplified fragment length
polymorphism typing (AFLP) [ 26] 66] and pulsed-field gel electrophoresis (PFGE)
[138, 283, 393]. Compared to AFLP, PFGE is more labour intensive [49]. PFGE
highlights all of the variations between strain types, which is difficult to extract
cluster information from pathogens. Thus PFGE is too discriminatory for long term
epidemiology because its results cannot indicate that isolates have come from clonal
lineage [237, 268]. Therefore, PFGE is more useful over very short-time scales but
is not an appropriate method for evolutionary studies. PFGE is useful in defining

population structure, but is labour intensive [49).

There are several types of sequencing methods, including multilocus sequence typ-
ing (MLST), flagellin short variable region (fla-SVR) and porA sequencing methods.
Compared to PFGE, the porA sequencing method can provide equivalent typeability,
discriminatory power, and more accurate results when allocating isolates into differ-
ent groups [417]. The fla-SVR sequencing method has a higher discriminatory power
than MLST, and similar to PFGE, because this method subtypes strains within
sequence types. The portability and easy interpretation of fla-SVR enables this
method to be applied widely in the analysis of surveillance networks. Compared to
flaA-SVR typing, flaB-SVR typing is less discriminating, but more suitable for out-
break investigation [266] 267]. After polymerase chain reactions (PCR), fla-RFLP
and fla-SVR are two options for further investigation. fla-SVR overcomes some of
the limitations in fla-RFLP, but fla-SVR detects less diversity than fla-RFLP [267].
Clark et al. [49] suggest fla-SVR sequence typing and fla-RFLP methods can both
useful in outbreak analysis, and large-scale surveillance. The following sections will
describe MLST in detail as that was the methods used for the analysed datasets.

2.3 Multilocus sequence typing (MLST)

There are several methods which could be used for molecular typing [356]. For
this project, the data are produced by one molecular typing technique: multilocus
sequence typing (MLST). A major advantage of MLST that is the results are com-
parable among different laboratories [237], and information can therefore be shared

worldwide.
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Although MLST was originally designed for identifying lineages of pathogens, many
other applications have shown a significant usefulness of this method in a wide range
of bacterial related study areas [237, 267].

2.3.1 Selection of MLST

As MLST provides data that can be used in long-term or short-term studies, it
was selected for this study on Campylobacter. MLST is now a universally accepted
system to characterize many bacterial species, including Campylobacter. MLST
has many advantages over other methods for this research project, for example:
a large number of Campylobacter are not typeable by serotyping [325]. Although
the operation of AFLP is easier, faster and cheaper, AFLP is difficult to compare
the results between laboratories due to variation of DNA sequence data caused by

experimental differences [325].

MLST and multilocus enzyme electrophoresis (MLEE) operate on the same prin-
ciple, as both of them sequence fragments of multiple housekeeping genes selected
across the genome [89]. MLEE is a band-based typing method, and it measures
electrophoretic mobilities of selected metabolic enzymes. MLST is a sequence-based
method. The advantage of MLST over MLEE is that the results from MLST are
comparable between laboratories. Compared to MLEE, MLST is more precise and
convenient [72, 237, 329]. Compared to fla-RFLP, MLST has more discriminating
power [75]. The combination of MLST and flagellin A short variable region (flaA
SVR) can discriminate C. jejuni in outbreak investigations as well as PFGE [315].
Thus the introduction of MLST provided a useful tool for population genetic analysis
[74, 237].

For evolutionary studies the sequence typing technique needs the following properties
[237, [369]:

e suitable for evolutionary modelling
e a highly discriminatory method
e the results should be unambiguous

e the process can be repeatable across laboratories

MLST has the above properties, and it can be applied widely, and the results can

be compared worldwide.
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How MLST works

The aim of MLST is to provide an accurate and highly discriminating typing system
that can be used for most bacteria and is particularly helpful for the typing of
bacterial pathogens. This unambiguous procedure characterizes isolates of bacterial
species using the DNA sequences of internal fragments of multiple (usually seven)
housekeeping genes. This method uses approximately 450-500 bp internal gene
fragments, which can be accurately sequenced on both strands using an automated
DNA sequencer. At the gene level, each unique housekeeping gene sequence is
assigned a distinct allele number within a bacterial species. At the isolate level, the
alleles (usually seven) at each of the loci define the allelic profile or sequence type
(ST) |74, 237].

Data from many MLST analyses have been stored and can be accessed from the pub-
lic database PubMLST [72]. Seven loci are chosen for Campylobacter MLST stud-
ies: aspA (aspartase A), ginA (glutamine synthetase), gltA (citrate synthase), glyA
(serine hydroxymethyl-transferase), pgm (phosphoglucomutase), tkt (transketolase),
and uncA (ATP synthase a subunit). The reason for choosing seven housekeeping
genes is because the information from these seven housekeeping genes provides dis-
criminatory information equivalent to the 15 to 20 loci required by multi locus
enzyme electrophoresis analyses [74, 237]. Because the positions of these seven
housekeeping genes on the chromosome are far enough apart, it is unlikely that two
of them will be changed in one recombination event (Figure [74].

How MLST has been applied

MLST has been successfully applied to a wide range of bacteria [2, 88| [343], 358] and
was first used to analyse Campylobacter in 2001 [74]. Schouls et al. [2003] commen-
ted that the typing of Campylobacter strains only works well when identifying an
outbreak but may fail in source tracing and global epidemiology due to the enorm-
ous variation in strains and the carriage of multiple types in animals. But they
mentioned several future research areas, such as analysis of the Campylobacter host
source. Later studies |72} 243 260] B35] have indicated MLST’s ability to identify

different sources of infections of human diseases.

In 2004, MLST was applied to C. coli [72], which allowed C. jejuni and C. coli to be
compared. Compared to C. jejuni, C. coli does not have a large diversity, but this
may be due to the limited sample size for C. coli [72]. It is crucial to understand
the molecular evolution of C. jejuni and C. coli, since both of them are responsible

for a large percentage of gastroenteritis worldwide.
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Figure 2.2: The positions of MLST loci on the chromosome of one C. jej strain NCTC
11168 (GenBank accession number NC002163) [286].
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Because MLST can be repeated across laboratories, the results are comparable
worldwide. MLST has been applied in different countries, such as Canada [49],
Australia [66, 151], the UK [74], the US [237] and NZ [260]. Extended MLST (10-
locus typing scheme) [73] represents a highly discriminatory typing scheme, which
combines MLST, flaA-SVR typing, flaB-SVR, and porA typing systems. This ex-
tended typing sequence method can also be useful in both long-term epidemiology

and outbreak analysis [73].

PubMLST is a publicly accessible dataset which stores MLST typing results for
several bacteria species, including C. jejuni and C. coli. In the PubMLST dataset
for C. jejuni and C. coli, the genes, such as flaA, flaB and porA, related to cell

surface antigens have been integrated.

2.4 Evolutionary methods and phylogenetics

Phylogenetics is about inferring the evolutionary relationships among groups of spe-
cies. In particular, molecular phylogenetics uses molecular sequences to address
the evolution of organisms. The methodology developed in this area has been
widely used to infer how species are related, and to understand the evolution of
life [296], [410]. For bacterial research, phylogenetics can be used to find the origin
of pathogens, transmission paths, and adaptions to a specific host. This thesis will
employ a range of phylogenetic network tools to investigate the evolution of Campy-
lobacter. The methods that I will discuss in this section have been selected as they
are the most applicable to the large MLST dataset we have available for analysis.
Further, some of the processes we are interested in such as recombination are not

tree like, so phylogenetic networks methods will be applied.

2.4.1 Phylogenetic networks
Classification

Phylogenetic networks can be classified into four groups: phylogenetic trees, splits
networks, reticulated networks (including hybridisation networks and recombination
networks), and other types of phylogenetic networks [I79]. The estimation meth-
ods of phylogenetic trees usually require the input file to be sequences or distances,
but supertree methods take trees as input and summarise them into a single tree.
Methods for constructing split networks can be divided into three subgroups de-
pending on their input type: 1) median networks [15], 2) splits decomposition [14]

or neighbour-net methods [15], and 3) consensus networks [166] or super networks.
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For the input file, median networks require sequences as inputs, splits decompos-
ition and neighbour-net methods [34] use distances, and consensus networks and
super networks use trees. Reticulated networks use trees as input for hybridisation

networks, and use sequences as input for recombination networks.

Phylogenetic networks can be also classified into two groups by whether the methods
produce an explicit result for the evolutionary processes [179)]. Implicit networks are
used to reflect incompatible signals, and explicit networks are used to provide an ex-
plicit model of evolutionary history which includes hybridisation and recombination
networks. According to this rule, phylogenetic trees and reticulated networks are
classified as explicit methods; while splits networks and other types of phylogenetic

networks are classified as implicit networks.

Both implicit and explicit networks are useful for understanding the evolutionary
process. Explicit methods are probably more useful and interpretable in practice,
but they are also harder to construct. Compared to explicit networks, implicit
networks have currently been widely applied and have proved to be robust and

helpful for visualising and exploring the conflicts and information contained in data.

When events like gene transfer or recombination occur, tree-based methods cannot
explain complex evolutionary scenarios well, and networks methods seem more real-
istic [34]. In a reticulate network, there is an implied time direction from node to
node. In a split networks graph, the external nodes represent taxa and sets of par-
allel edges represent splits, but unlike the reticulated networks graph, the internal
nodes do not represent the hypothetical ancestors [I79]. The following paragraphs
will briefly introduce some well known methods in the first two groups: phylogenetic

trees and splits networks.

Phylogenetic trees are the most widely used way to represent the evolutionary his-
tory of a set of taxa. A phylogenetic tree is defined as a tree (either unrooted
or rooted) that represents the evolutionary history of a given group of taxa, with
leaves labelled by a set of taxa and with or without branch lengths reflecting the
evolutionary parameters, such as genetic distance or time [I79]. Evolutionary trees
can be reconstructed using many methods. There are two main groups of methods:
1) distance-based methods, including Unweighted Pair Group Method with Arith-
metic Mean (UPGMA) [344] and neighbour joining related methods [33, 127, [316]; 2)
sequence-based methods, including Maximum Parsimony [82], Maximum Likelihood

[82], and Bayesian inference [175].

However, the simplified evolutionary model (phylogenetic tree) cannot deal with
complex but more realistic evolutionary scenarios, especially when reticulate events
occur [I79]. Reticulate events could include hybridisation and horizontal gene trans-

fer. Hybridisation refers to the process in which different species of organisms com-
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Figure 2.3: Two trees of the same set of taxa, but with different tree shapes.

bine to create another organism. Horizontal gene transfer (HGT) refers to events
that transfer genetic material from one organism to another. Campylobacter evolve
via a number of mechanisms including horizontal gene transfer. These reticulate
events can be represented by phylogenetic networks. Moreover, even when the true
history is a tree-like process, it could be difficult to reconstruct the tree-like history,
therefore, the network methods in phylogenetics can be employed to display the
conflicting signal in the statistical estimation methods [I79]. The network methods

also can add additional evolutionary events to the phylogenetic inference [I80].

Based on a set of taxa X and a set of splits .S, splits networks are a connected
graph, and in this graph, taxa and splits are represented by some nodes and edges
[180]. Splits networks are based on a given set of splits, and are designed to reflect
the incompatibility in those given sets of taxa by sets of parallel edges. This design
means splits networks can combine and represent the conflicting signals in the given
splits. However, this design also means the true ancestral progress can not be
clearly inferred. Therefore, in the biological area, the application of splits networks
is limited to the early stage of research, and other techniques are required to infer
the true history of the evolution of the given taxa. Figure [2.3| shows two trees of
the same data set. Figures 2.4a and 2.4b show the differences when representing
the same data in (a) a split network and (b) a reticulated network. A split network
represents all the splits shown in Figure a reticulated network uses reticulation

events to demonstrate the differences between two trees in Figure [2.3]

Consensus networks [166] and neighbour-net methods [I5] are both types of splits

networks. Consensus networks are built from a set of input trees; all splits that
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(a) (b)

Figure 2.4: (a) represents a split network and (b) represents a reticulated network.
Figure (a) represents all the splits that appeared in Figure 2.3} Figure (b) uses reticulation
events to demonstrate the differences between two trees in Figure 2.3 and in Figure (b),
there are three reticulation events.

occur in the consensus network should appear at a given proportion. Like other
splits networks methods, consensus networks are also a way to show the conflicts
among a given set of splits/trees, but not for conclusive phylogenetic inference. The
neighbour-net method is fast and informative [34]. Neighbour-nets can represent the
different signals due to both sampling error and recombination [34]. Neighbour-net
efficiently yields a snapshot of the data, and produces a way to visualise the conflict-
ing signals. Although neighbour-nets are not a final solution to the questions asked
by biologists, they are a step further in building understanding the evolutionary
history. Neighbour-nets highlight specific portions of the network for further formal

statistical investigation. More detail on these is included in the following section.

2.4.2 Assessing confidence in phylogenetic trees

Like any other inference methods, there are potential estimating errors in the meth-
ods. Sampling error and systematic error are the two main types of errors. Sampling
error occurs through random error due to the limited number of sites (sample size),
while systematic error is the error reflecting the biases in the method’s assumptions
which could misinterpret data [I79]. Sampling error can be dealt with by the non-
parametric bootstrap or multiple samples obtained from the posterior distribution
[179]. With the development of sequencing technology, the sampling error attributed

to sample sizes has been improved [64, 179]. However, the development of sequen-
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cing cannot improve the systematic error. In fact, increases in sequence length make

the systematic error larger [64].

In order to test the robustness of the given parts of the trees, bootstrapping was
introduced into phylogenetics [111]. A high percentage (at least 70%, suggested by
Felsenstein [110]) of bootstrap support is required for statistically reliability and
inference. The splits with low bootstrap support are recognised as very sensitive to

the exact sequences in the input file [110].

2.4.3 Specific phylogenetic methods

Unweighted Pair Group Method with Arithmetic Mean (UPGMA) UP-
GMA |34, 344] is an agglomerative method used to produce phylogenetic trees. UP-
GMA yields a rooted phylogenetic tree based on the distance matrix of a set of
taxa. Each node on the tree is assigned a height and the edge length represents
the difference in heights of two connected nodes; edge lengths can be thought of as
proportional to time or to genetic distance. UPGMA reduces the distance matrix by
joining the nearest taxa together, and is based on the molecular-clock hypothesis. In
molecular evolution, a molecular clock measures the genetic diversity accumulated
through time for different species, and assumes that the divergence of two nucle-
otide sequences accumulates at a constant rate. UPGMA works well only when the

situation is consistent with clock-like distance:

d(z,y) < d(z,z) =d(y, 2) (2.1)

where d represents the distance. The formula, known as the three-point condition,
implies that the two longest routes are equal, and larger than or equal to the third
[180].

Neighbour Joining Saitou and Nei et al. |34, [316] proposed the neighbour-
joining method to construct phylogenetic trees. The neighbour-joining method
is more widely used than UPGMA, becauseunlike UPGMA, the neighbour-joining
method does not rely on the molecular clock hypothesis. Neighbours are defined as
two taxa connected by a single node, usually, in an unrooted tree. At each step, the
neighbour-joining method [128] joins the two closest sub-trees that are not already
joined. The result of neighbour-joining is a single unrooted tree. Rooted trees can
also be constructed by adding outgroup edges. This method is quite efficient and
also suitable for large datasets [362].
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Neighbour Net A neighbour-net is a variant of the neighbour-joining method,

and it is an agglomerative method for building phylogenetic networks [34].

In 2004, Neighbour-net was put forward by Bryant & Moulton [34], and it uses a
distance matrix as input. The differences between Neighbour-net and other distance-
based phylogenetic networks methods are: neighbour-net does not immediately join
the closest neighbours, instead, it waits until two closest nodes share a common
neighbour, then joins the three together, and the matrix decreases by one element,
and so on, until all of the nodes are joined together in a circular ordering. At the
final stage, neighbour-net uses non negative least squares to find weights for the set
of splits implied by the circular ordering. It can be mathematically proved [34] that
compatible sets of splits are circular collections of splits. Splits can be calculated by
the circular order [34], and then converted to a graphical representation in SplitsTree
[177]. The advantages of neighbour-net are that this method is quick, the output
is not too complex (planar), it can be applied to distances, and easily extended to

sequences.

2.4.4 Sequence based methods
Maximum Parsimony

In Maximum Parsimony (MP), the phylogenetic tree requires the smallest number
of evolutionary events to explain some observed set of aligned sequences [I13]. The
MP method is a widely used sequence-based non-parametric statistical method to
reconstruct a tree. Based on MP, there are several trees which shared the same min-
imal number of changes (called equally parsimonious) [144]. In this case, no single
tree among those can be inferred. A strict consensus tree or majority-rule consensus
tree can be used to produce a consensus tree, which summarize the information from

a set of equally parsimonious trees.

The MP method does not make explicit assumptions about the underlying evolu-
tionary process. When the number of analysed sequences is small and the degree
of divergence is not large, the MP methods can work well [144, 292] 348]. How-
ever, when some branches of the underlying tree are much longer than others, which
means, some sequences evolve much faster than others, the MP method tend to
group the long branches together to produce a wrong tree. This is called long
branch attraction ([I08], 112]), which is a systematic error [411, [418|]. This phe-
nomenon can occur to likelihood or Bayesian methods as well, when the underlying

model is assumed to be too simple [41T], [409].

In addition, with the increase of analysed sequences, the number of possible trees
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increased dramatically, because the number of trees (unrooted) for n sequences is

given by:

Nt = (2n —5)!1/2"73 x (n — 2)!

in which, Nt is the number of possible trees for a given set of n aligned sequences.
Practically, we use heuristic searches to examine a subset of all possible trees. For
a heuristic search, we start one initial tree, and compare the trees with similar
topology to find a better tree, then use the better tree as an initial tree to start

comparison, and so on.

Maximum likelihood

Maximum Likelihood (ML) method is a parametric statistical method, which uses
all the information in the given set of data and requires explicit assumption on the
evolutionary process, like the evolutionary model for nucleotide substitution. The
likelihood of the parameter with data is the probability of the observed sequence
pattern given the parameters. ML method contains two step optimization: branch
lengths and tree (topology) model. The topology can be viewed as a model, and
the branch lengths and parameters for various nucleotide substitution model are the

parameters for a given model (tree).

The ML tree inference is a comparison of statistical models, and these statistical
models contain the same number of parameters. Thus, the tree that has the highest
probability of producing the observed data is the most likely tree. The properties
of maximum likelihood estimates include consistent (when the number of data in-
creases, the estimation approach to the true value) and efficiency (smallest variance
among estimates). These properties hold, only when the chosen model is the true

tree.

The main weakness of ML is the time-consuming computation, because ML needs
consider all the possible alternative trees and the maximum likelihood value for all
the possible trees [144]. Furthermore, if the underlying model is a wrong model or
if the divergence among chosen sequences is large then ML may result in a wrong

tree.

2.4.5 Bayesian methods

Bayesian statistics is an alternative method to frequentist/classical method. The

main difference between the two methods can be summarised as follows:
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e In the frequentist approach, data are repeatable, parameters are not. A frequentist
will consider what values for the data are plausible conditional on a particular value

of the parameters. This can be interpreted as P(data|parameters).

e In the Bayesian approach, the parameters are uncertain, but the observed data are
not. They will consider the probability distribution of the parameters conditional

on the observed data P(parameters|data).

Bayes’ theorem relates to a formula which is used to calculate the conditional prob-

abilities of events A and B: P(A|B) = ZBALEA - The equivalent version for the

P(B)
density functions is applied more widely in Bayesian statistics: f(f|z) = %.
This equation is used to derive the density function for the unknown parameter 6,

conditional on the given data x. In this equation
e f(x]0) is the likelihood of the data conditional on the parameters.

e f(0) is the prior distribution of #. It states what the decision-maker knows about
the parameter \theta without taking into account any of the data. Prior knowledge

can be made available from either experts or similar historical data.

e f(0|x) is the posterior distribution of 6, given = . It expresses uncertainty about
0 after taking the data.

e f(z) is the normalising constant, which ensures that the posterior distribution

integrates to 1.

Markov Chain Monte Carlo Methods Monte Carlo methods use Monte Carlo
simulation to solve various statistical and mathematical problems. This term rep-
resents a large and widely-used collection of algorithmic approaches rather than a
single Monte Carlo method. Given the sample 61,0, ..., 0y, if N is sufficiently large,
any posterior summary of # can be obtained by Monte Carlo Integration. The main
idea behind Monte Carlo Integration is to use the sample averages to approximate
the posterior expectations. Furthermore, most of the summaries of the posterior

distribution can be interpreted by the expectations:

BL00) = 3 3 1(6).

Markov Chain Monte Carlo (MCMC) can be applied to estimate properties of prob-
ability distributions that are very difficult to obtain analytically. This algorithm
is based on the Markov Chain and uses the Monte Carlo way of thinking, so it is
called the Markov Chain Monte Carlo. The MCMC methods construct a Markov
chain with @ as the state variable and desired distribution f(f|z) as the stationary

distribution. Then we simulate the chain from the arbitrary starting values. If the
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sample is sufficiently large, the stationary distribution will converge to the target
distribution f(f|z). Since the samples from posterior distribution can be always
obtained, this method allows us to do inference, no matter how complex the prior

distribution or likelihood is.

Bayesian phylogenetics

Bayesian phylogenetics uses Bayes’ theorem, and generates a posterior probability
of a tree, which contains the information from the prior distribution of the tree and
the data (likelihood). The outcome of Bayesian analysis is a credible sample of trees.
The posterior probability of a tree can be interpret as a tree is correct, given the

sequence data that we observed. It can be state as [411]:

P(T,0)P(x|T, 6)
P(z)

P(T,0|x) =

in which, P(T,0) represents the prior probability of the tree T, and parameter 6,
P(z|T,0) represents the probability of the observed data x, given the tree 7', and
parameter 6; also as the likelihood of the tree T, and parameter . P(zx) is a
normalizing constant. The choice of prior probability is difficult to make and the
impact on the posterior probability is unexpected. The posterior tree probability is

also sensitive to model violations [411].

2.4.6 Consensus trees and consensus split networks

A consensus tree provides a summary of different trees [400]. Different trees can
be obtained for different reasons, such as a multi-gene study, different inference
methods or a Bayesian method which produces multiple trees [I80]. There are

different methods for producing a consensus tree, for example:

1. The semi strict consensus tree: this method only show the clades which are

not contradicted by other trees.

2. Majority rule: the threshold can be varied by customising, but is usually larger
than 50%, which means the clades present on more than half of the whole tree
sources will be the clades on the consensus tree. A strict consensus tree is an
example of majority rule where the threshold equals 100%, which means only

the clades which appear in all trees will be present on the consensus tree [402].

A consensus tree represents the agreed part of a set of phylogenetic trees, and it

represents the mostly likely evolutionary history of the given taxa. The remaining
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part can be demonstrated by the consensus split networks, and this incompatible
signal can be further investigated. For multi-gene datasets, consensus networks can
combine trees as the input datasets. The input of consensus split networks is a set of
trees, based on the same set of taxa and a threshold to filter the groups of trees. The
output from consensus networks is a splits-graph [165]. There are software which
can be used to produce consensus split networks, including versions of SplitsTree
[177, [178]. The most frequently used of SplitsTree is SplitsTreed [178].

2.5 Population genetics

Population genetics studies the distribution and the change of allele frequencies [155]
372]. Allele frequencies can be influenced by several main factors: natural selection,
genetic drift, mutation, gene flow, recombination, and population structure. The
coalescent model is an extension of traditional population genetics, and has some
advantage over phylogenetics for investigating genetic polymorphisms. The following

section will briefly introduce coalescent theory.

2.5.1 Coalescent theory
Coalescent model

With the development of genotyping technologies, genetic polymorphism data can be
used to infer population phenomena, like migration; however traditional population
genetic methods, like deterministic models based on the Hardy-Weinberg principle,
cannot handle the property of genetic polymorphism data as they come from a
unique, complex, non-repeatable evolutionary history [310]. Since the 1980s, the
coalescent model has been proposed to cope with polymorphism data [170, 171, 202]
203, [360]. Coalescent theory is an extension of population genetics and it has a close

relationship with classical population genetics.

In classical population genetics, one begins by simulating the entire population, then
waiting until it reaches equilibrium to take a sample. Unlike traditional deterministic
methods in population genetics, coalescent models go back in time to find the parents
for the current samples, until the most recent common ancestor (MRCA) is found,
and then add the mutations or recombination events on to the genealogy. The
focus of coalescent models is the inference of the past evolutionary process on the
current genetic diversity, rather than the effects of different initial conditions on the

evolutionary process.
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Coalescent methods use polymorphism data obtained from natural populations to
infer evolutionary processes, rather than estimating them directly from laboratory
experiments. This difference leads to difficulty in data analysis, because the real
evolutionary process in history is like the result from a single experiment, and this
experiment has no replication results and an obscure starting condition [310]. Co-

alescent models are more suitable for dealing with these difficulties.

In order to model polymorphism data, the randomness of genealogy and mutation
in the evolutionary process must be considered, because the pattern of the poly-
morphism (the nucleotide position where the variant occurs and the frequency of
this variant) is affected by the mutation history and the genealogy (the branches
where the variants are). Mutations create new genetic material [71], the coalescent
process gives rise to the genealogical tree [310], and the recombination breaks the

linkage between loci [275], and increases the diversity of the sequence types [71].

In Rosenberg and Nordborg’s review [2002], they gave an example to illustrate the
dependence in the samples of haplotype data. This paragraph will restate and
explain their example. Haplotypes are the allelic combinations of multiple loci on
one given individual’s chromosome [310]. In other words, a haplotype is a set of
closely related (not easily separated) genetic loci [282]. This set of genetic markers
tends to be inherited together and work together to decide one type of trait. For
each haplotype, from the horizontal view (the different combination of allelic states
from different loci), the genetic linkage brings the dependence to those loci; from the
vertical view (different allelic states for one locus), the common ancestor causes the
dependence in that locus. These two dependencies rely heavily on the randomness
inherent in the evolutionary process. The coalescent model was introduced to deal
with this dependence as the results of an irreversible and unique history, whereas
phylogenetic methods do not consider these uncertainties. In short, coalescence
is a stochastic process, as going back in time, the haplotype randomly picks its
ancestral linkage; when two sequences pick the same “parent” (ancestral linkage),

one coalescence occurs.

Factors that affect coalescent modelling There are many factors can affect
this process [310]: some factors can affect the coalescent rate such as reproductive
ability, age and sex structure; others can change the genealogy structure, such as
recombination. The reason is that recombination can introduce the net-like (non
tree-like) shape into the genealogy, which creates different genealogical trees for

different linked genes.

Population structure and selection pressure [I73] 192 270] also play a role in shaping

the genealogy. These factors are not difficult to incorporate into the coalescent
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model. The speed of coalescent processes depends on the number of parents (the
ancestors) and children (the lineages). The more children and fewer parents there

are, the faster the process is.

Application of coalescent models

The coalescent model can be applied to study molecular ecology, phylogeography
and the divergence time of species. The coalescent model also can be applied to

investigate the evolutionary process and epidemic transmission [275] B10)].

When applying the coalescent model to the analysis of the relationships among
or within different groups of species, it can cope with the variation within and
between species, as well as, the different gene histories of the genome. The coalescent
model can also be applied to investigate how rapidly bacteria are evolving and
whether certain sequence types are under selection pressure. Different parts of the
genome could be under different selection pressures. Therefore, different genes across
the genome may have a different genealogy, and the coalescent model can easily

incorporate this kind of analysis.

From a statistical point of view, the coalescent model can be used to construct
test statistics based on the analysis of experimental data. One of the widely used
tests is Tajima’s D statistic [361], which compares the average observed number of
pairwise differences among DNA sequences in a sample to the expected number of
mutations in the coalescent model. This statistic provides an opportunity to explore

any deviation from the null model.

Coalescent methods can also be used to simulate data under some scenarios/assumptions,
which can be used to compare with the observed data. Compared to the classic
population-genetic simulation, the coalescent method is more efficient and conveni-
ent. In exploratory data analysis, it is now accepted as a good way to test some
hypotheses 172, 212].

Allowing full likelihood analysis of evolutionary and demographic models is one of
the exciting but under-developed aspects of the coalescent model [310], B51]. Some
efficient numerical computational tools for calculation of likelihoods have been de-
veloped to cope with a simplified model, because integrating all the possible genealo-
gies in a complicated (maybe more realistic) model is still difficult. Two well known
techniques are Markov Chain Monte Carlo (MCMC) [61}, 136, 214] and importance
sampling [139] B52]. However, computational requirements still limit full likelihood
analysis on the whole genome scale. Alternatively, some methods based on summary

statistics were introduced to simplify the calculation, but still maintain the crucial
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information [275], 310], though in practice, a thoughtful choice of summary statistics

is required for more accurate analysis [310].

2.5.2 The comparison between phylogenetic model and co-

alescent methods
The difference from the phylogenetic model

Phylogeny aims to estimate how species are related; population genetics focus on
relationships within species. As described in Rosenberg and Nordborg’s paper [310)],
phylogenetic methods try to estimate a tree, whereas coalescent models are not
limited by the tree assumption, and can take into account crucial events in history,
such as recombination, migration, and selection. There are some limitations in
the phylogenetic methods: firstly, one single estimated gene tree cannot reflect the
possible species tree, because different genes across the genome can produce different
evolutionary trees. Therefore, only considering one estimated gene tree will ignore
other possibilities. If recombination is prevalent, then even different parts of a
gene might have different histories. Secondly, it makes more sense to consider the
likelihood of estimated tree under different models, because genealogical trees are
generated by a random process. Thirdly, the tree assumption might be invalidated

by large effects caused by migration.

The difference in the mathematical formulae for the likelihood of obtain-

ing the data:

There are two equations commonly used to infer the likelihood of obtaining analysed
data from given parameters. Rosenberg and Nordborg [310] discuss two equations.
L = P(D|G,p), (2.2)

where L is the likelihood (the probability) of obtaining the observed data, based on
the given parameters, D is the observed data, G represents the genealogical tree and
1 is a set of parameters determined by the simple evolutionary (mainly mutation
related) models [310, 112].

In comparison, the equation for likelihood of inferences in the coalescent setting is

L =) P(D|G,1)P(G,), (2.3)
G
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where o is a set of parameters that we are interested in for the population inform-
ation, such as population structure, population sizes, and the rates of migration or
mutation [310].

Equation [2.2] treats the the genealogical tree as a parameter G, and tries to estimate
it. In contrast, the aim of equation is to estimate parameter o. The tree or
genealogy, (G, is a nuisance parameter, which is not the primary interest and will
not be estimated by equation because it is removed by taking the average value

for all possible trees.

The difference in procedures

For phylogenetics [112], the procedure is 1) collect samples of sequence data; 2)
estimate a tree based on the given sample, regardless of the non-tree like situation;

3) make inferences from the species tree, based on the estimated gene tree.

For coalescent models [112] [310], the procedure is 1) collect samples of sequence data;
2) consider all the possible genealogies under different evolutionary models, taking
into account the recombination event; 3) calculate the total likelihood under each
model, which equals the weighted sum of the likelihoods of all genealogies produced
by that model; 4) estimate the parameters of interest that maximise equation 2.3} 5)
repeat step 3 and step 4 to compare the likelihood of data from different evolutionary

assumptions.

As described in Section phylogenetics can produce an exploratory data analysis
for further investigation. Phylogenetics is a reasonable choice if the interest is the
evolution of specific locus, rather than the parameters in the evolutionary model.
Coalescent models allow standard statistical comparisons among different evolution-
ary scenarios, and can deal with complex evolutionary events, like admixture and

recombination.

Conclusion of differences between phylogenetic model and coalescent
methods

Coalescent models overcome the phylogenetic limitations in analysis of polymorph-
ism data and are more consistent with statistical frameworks. The coalescent models
cover more possibilities than phylogenetic models, because more genealogical trees
are considered in the analysis. Furthermore, it is much easier to handle recombina-
tion in coalescent models than models borrowed from phylogenetics. The coalescent
models can take into account the random process for generating genealogy tree-like

and non-tree-like situations.
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Compared to traditional population genetic methods, coalescent models provide
more detail about the evolution of Campylobacter. Therefore, coalescent models
will be applied in this project, in addition, to the phylogenetic and traditional pop-
ulation genetic methods. The results can provide useful information for the future

application of coalescent models.

2.6 Software

This section provides a list and brief description of the software used in the invest-

igation.

PAUP* [359]: (Phylogenetic Analysis Using Parsimony): a phylogenetic analysis
package. It can perform maximum likelihood, parsimony, and variety of distance
methods.

ModelTest [300]: software that can select and rank among 56 models of DNA sub-
stitution that best fit the data. ModelTest is based on three criterion hierarchical
likelihood ratio tests (hLRTs), Akaike information criterion (AIC) and Bayesian in-

formation criterion (BIC). ModelTest produces likelihood values through running
PAUP*.

SplitsTreed [I77, I78]: this software is used for visualising and exploring a set of
taxa. It can work on sequences, distances and trees. This software can implement
a range of phylogenetic network methods, such as Neighbour Net [34], UPGMA
[34, 344], Neighbour Joining (NJ) [34, B16] and its variant, BioNJ.

Arlequin [93]: a software package for population genetics analysis. It can be ap-
plied to calculate Fst, Analysis of Molecular Variance (AMOVA) and Tajima’s D.
It can calculate a variety of distance metrics: such as, Jukes-Cantor, the Kimura
2-parameter distance, and the Tamura-Nei distance. It also can perform coalescent-
based methods, such as Tajima’s D test, as well as several population genetic ana-

lyses, such as genetic diversity.

DanSP [228]: a program for the polymorphism data analysis. The required input
is aligned DNA sequence data. It can perform coalescent based methods, such
as Tajima’s D test, as well as several population genetic analysis, such as linkage
disequilibrium, recombination, and gene flow. It also can measure the variation of

DNA sequences within and between populations by several statistics.

RDP3 [240]: an integrated program designed for detecting and identifying recom-

bination events.

BEAST (Bayesian Evolutionary Analysis Sampling Trees) [80]: a program for Bayesian

inference for parameters in the coalescent theory. It can perform a variety of sub-
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stitution models for nucleotide and codon data under different population models.
In phylogenetics, it is mainly used to estimate trees under Bayesian theory and

estimate time of divergence for different bacteria or species.

ClonalFrame [69]: a suitable tool to estimate the clonal relationships, which are
usually represented by a genealogy. ClonalFrame is a model-based method, which
can be used to infer the clonal pattern of bacteria and the recombination location
on the chromosome. This method is suitable for analysing MLST data alignments

of multiple bacterial genomes.

SimMLST [70]: a package for simulating MLST type data based on a neutral model.
SImMMLST can generate MLST type data under the given recombination and muta-

tion rate model and the population growth model also can be specified.

Structure [303]: software for Bayesian model-based cluster, and it can be applied to

infer population structure or assign individuals to populations.

BAPS (Bayesian Analysis of Population Structure) [58]: software for Bayesian

model-based clustering.
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Chapter 3

Estimating the relative roles of
recombination and point mutation in
the generation of single locus
variants in Campylobacter jejuni

and Campylobacter col:

This chapter comprises a paper published in 2012 from this research. However some
additional background information is provided as context on single locus variants
(SLVs) for the paper.

3.1 Background

The definition of SLVs

Single locus variants are defined as a pair of strain types that differ at exactly one
of the seven alleles that make up the MLST profile [I03]. The extensive use of
MLST datasets in many laboratories offers a good opportunity to estimate what
proportion of SLVs arise by recombination. Many SLVs correspond to a single event
e.g., a mutation, recombination, or at least a small number of events. SLVs are
closely related strains on the evolutionary path, and can be assumed to share a
recent common ancestor. The clonal complexes are typified by a group of isolates
sharing identical alleles at six loci, plus minor clonal variants which differ from this

group at only one out of the seven loci [T01].
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Table 3.1: Example one for an SLV

ST aspA  glnA  gltA glyA pgm  tkt uncA clonal complex

19 2 1 5 3 2 1 5 ST-21 complex
21 2 1 1 3 2 1 5 ST-21 complex

Table 3.2: Example two for an SLV

ST  aspA glnA gltA glyA pgm  tkt uncA clonal complex

1326 104 7 10 4 1 7 1 ST-45 complex
3071 184 7 10 4 1 7 1 ST-45 complex

The classification of SLV

As SLVs are pairs of STs that most likely share a very recent common ancestor,
analysis of SLVs can be helpful in understanding the evolution and molecular epi-
demiology of pathogens. In this chapter, mutation is defined as a single nucleotide
change (a point mutation), whereas recombination represents the transfer of several

adjacent nucleotides from one DNA source to another.

Table shows that strains ST-19 and ST-21 only differ at one allele. The alleles
gltA-5 and g¢ltA-1 only differ by one nucleotide. This is most likely the results of a
mutation. Table demonstrates that strains ST-1326 and ST-3071 only differ at
one allele. The alleles aspA-104 and aspA-184 differ by 60 nucleotides, so the SLV

most likely arose due to a recombination event.

Previous research [104], TOT], 105, T00] considered SLVs occurred with in clonal com-
plexes, but this research has shown this assumption is not accurate. For Campylob-
acter, SLVs mostly occur within clonal complexes, but sometimes they cross clonal
complexes, e.g., clonal complex-48 (CC-48) and CC-206.

The rationale of the SLV analysis

1. The aim is to study closely related strains, therefore, the analyses are based
on single locus variants, rather than variants for more than one locus, e.g.,
double locus variants. The reason for considering SLVs is because they are
close on the evolutionary path, and can be assumed to have a most recent
common ancestor (MRCA). MLST is a highly discriminating technique for
Campylobacter and isolates that have identical alleles (sequences) at all seven
loci, and the variants that differ at only a single locus, are almost certainly

closely related and are descended from a recent common ancestor [101].

2. There are a large number of SLVs available for analyses. The difference in one

locus can contain several nucleotide differences. At present, analysis of these
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variants at the gene level is sufficiently informative to locate the STs which

are close to each other in the evolutionary path.

Using e BURST

BURST is an algorithm for MLST data clustering. BURST uses a simple but
appropriate model of bacterial evolution to display the relationships between closely-
related isolates of a bacterial species or population. The basic idea of the model is
that an ancestral genotype diversifies to a cluster of closely-related genotypes. In
other words, all descended genotypes come from the founding genotype. A “clonal
complex” is defined as a cluster of genotypes, and these genotypes are assumed
to have a common ancestor [100, 103]. The eBURST method was described in a
paper by Feil et al. [2004]. eBURST is the advanced version of BURST. eBURST
is a new updated version of BURST and eBURST was integrated with the MLST
databases from the websites. The main difference between BURST and eBURST is
the way of displaying the relationships between closely related STs. The eBURST
algorithm is implemented as a Java applet. eBURST produces one possible way
that each clonal complex may have emerged and diversified, and the information
on phenotypic, genotypic, or epidemiological data should be taken into account to

check the proposed ancestry and patterns of descent.

The principle of this method is that eBURST allocates the related STs into the same
group, and then predicts the ancestral (founding) genotype of each group, which
means, eBUSRT identifies the most parsimonious patterns of descent of related
sequence types from the predicted founders. Bootstrap resampling procedures are

used to calculate the confidence intervals of a ST being the group founder.

There is a great distinction between an eBURST group and a real clonal complex.
An eBURST group refers to a collection of STs selected by a group definition in the
algorithm, whereas a clonal complex refers to a biologically meaningful cluster of
STs. The group definition can be set by different criteria. For example, the default
setting of belonging to one group is that all strains share six out of seven loci. But
this criterion can be relaxed to all strains share five loci belong into one group. No
matter which criterion is being used, no ST is assigned into two groups. At the
centre of each clonal complex is a common founder. eBURST tries to estimate the
most likely founder within each clonal complex, based on the given group definition
and the graphic results could be affected by the different group definitions. These
results are unlikely to represent the original real genotype of the entire group, due
to the large number of possible genealogies. For example, in an eBURST diagram
(Figure 3.1), all STs are linked as SLVs to at least one other ST, but these could be

individually separated from the real clonal complex [103].
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Abstract

Single locus variants (SLVs) are bacterial sequence types that differ at only one
of the seven canonical MLST loci. Estimating the relative roles of recombination
and point mutation in the generation of new alleles that lead to SLVs is helpful
in understanding how organisms evolve. The relative rates of recombination and
mutation for Campylobacter jejuni and Campylobacter coli were estimated at seven
different house—keeping loci from publically available multilocus sequence typing
(MLST) data. The probability of recombination generating a new allele that leads
to an SLV is estimated to be roughly seven times more than that of mutation for
Campylobacter jejuni, but for Campylobacter coli recombination and mutation were
estimated to have a similar contribution to the generation of SL.Vs. The majority
of nucleotide differences (98% for Campylobacter jejuni and 85% for Campylobac-
ter coli) between strains that make up an SLV are attributable to recombination.
These estimates are much larger than estimates of the relative rate of recombination
to mutation calculated from more distantly related isolates using MLST data. One
explanation for this is that purifying selection plays an important role in the evolu-

tion of Campylobacter. A simulation study was performed to test the performance

41



of our method under a range of biologically realistic parameters. We found that our
method performed well when the recombination tract length was longer than 3kb.
For situations in which recombination may occur with shorter tract lengths, our
estimates are likely to be an underestimate of the ratio of recombination to muta-
tion, and of the importance of recombination for creating diversity in closely related
isolates. A parametric bootstrap method was applied to calculate the uncertainty

of these estimates.

Introduction

The genus Campylobacter is the major cause of gastroenteritis in many industrialized
countries [363|, with approximately 1% of the population throughout the western
world being affected by campylobacteriosis every year (The World Health Organiz-
ation, cited in [I76]). The species Campylobacter jejuni and Campylobacter coli are
the main causes of bacterial food-borne disease in developed countries, compared
to other members of the family Campylobacteriaceae [208]. Substantial evidence
for the presence of recombination at specific genes has been found in several stud-
ies [99, B57]. The relative contributions of recombination and point mutation to
ge-netic diversity have also been investigated [10T], 102l 104, 320]. Although most
research indicates that recombination contributes more to genetic diversity than
mutation, there is considerable uncertainty about the relative number of events and
the number of nucleotide differences that may be attributable to these two pro-
cesses [99] 306], 325]. This paper is focused on estimating the relative contributions
of recombination and point mutation to the generation of new alleles that lead to
single locus variants (SLVs), based on C. jejuni and C. coli from the seven gene
multilocus sequence typing (MLST) scheme. An SLV is a pair of sequence types
(STs) that differ at exactly one of the seven alleles that make up the MLST profile
[103]. SLVs are pairs of STs that most likely share a very recent common ancestor
and the analysis of SLVs can be helpful in understanding the evolution and mo-
lecular epidemiology of pathogens. The large collections of isolates that have been
characterized by MLST provide a good opportunity to study SLVs in detail. This
research is based on distinct STs of C. jejuni and C. coli in the PubMLST database
(http://pubmlst.org/campylobacter). In order to understand whether there are dif-
ferences in the mechanisms that produce SLVs across the genome, SLVs were divided
into groups depending on the locus at which the STs differ. The distribution of nuc-
leotide differences within SLVs was explored. The nucleotide differences between
two STs that form an SLV can be generated by two different kinds of events: recom-

bination or mutation. Intuitively, SLVs that comprise two STs which differ at many
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nucleotide positions are more likely to be due to recombination, whereas those that
differ at only a few nucleotide positions may be the result of point mutations. In this
study, an EM algorithm was applied to allocate SLVs into either a point mutation
only model or a recombination model. Two key parameters were estimated: the
probability that an SLV arose due to point mutation(s) only, and the relative rate
of recombination to mutation. In order to test the performance of our method, a
simulation study was performed under a range of biologically realistic parameters.
When the recombination tract length was longer than 3kb, our method performed
well. 3kb is the average tract length suggested by previous research on Campylob-
acter [25], 09, 325, [403]. When recombination occurs with shorter tract lengths, our

estimates may underestimate the ratio of recombination to mutation.

Material and methods

Campylobacter Data

The data were taken from the PubMLST database (September 27, 2010), at this
time the PubMLST database contained 4676 distinct C. jejuni and C. coli STs.
MLST is a way of typing strains that is based on nucleotide sequences (Maiden et
al., 1998). Using the MLST technique [74], these isolates are sequenced at seven
housekeeping loci (aspA, glnA, gltA, glyA, pgm, tkt, and uncA). These seven loci
are widely dispersed around the genome, which means there is a very low chance for

one recombination to change two or more loci.

We separated ST datasets for C. jejuni and C. coli, and excluded the 22 STs found
in both species. Furthermore, we separated C. coli by clades according to previous
research [335], B36], and we chose C. coli clade 1 to investigate in detail because
C. coli clade 1 contains more STs, and is more diverse, compared to the other two
clades [335]. We selected clade 1 from C. coli by extracting all STs that are members
of ST-828 clonal complex and ST-1150 clonal complex [334]. There are 3654 STs for
C. jejuni, and 606 distinct STs for C. coli cladel.

Methods overview

Either mutation(s) or recombination(s) can generate SLVs. In this paper, mutation
is defined as a single nucleotide change (a point mutation), whereas recombination
represents the transfer of several adjacent nucleotides from one DNA source to an-
other. An event is either a mutation or a recombination. An SLV can be generated

by one or more events, however recombination will tend to mask mutation. We
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model separately the mutation and recombination process in order to derive a prob-
ability model for the number of nucleotide differences between STs, under both the
assumption that the SLV has been created solely by mutation, and that it has not.
This then enables us to estimate the proportion of SLVs that have been caused solely
by mutation, and also estimate the relative rate of recombination to mutation. More

details of the analysis are given in the Supplementary Material.

Modeling SLV evolution

The data consists of, for each SLV, the locus at which the pair of STs differ, and the
number of nucleotide differences at that locus. From this we aim to infer how likely
it is that the differences observed at this locus arise from point mutation only, as

opposed to being produced by recombination.

To do this we first model the distribution of nucleotide differences we would expect
at an SLV at a given locus if these differences are solely due to mutation. This can
be done by first calculating the probability of an SLV given the number of point of
mutations that have occurred in one locus as the likelihood function, introducing
a prior distribution for the number of mutations to occur between two STs in that
locus. The former probability is based on the need for all mutation events to occur
at the same locus. Under the coalescent theory, a geometric distribution is chosen to
use as the prior distribution [I58]. Under Bayesian theory, we can obtain the required
conditional distribution (Equation in Supplementary Material). The resulting
conditional distribution of the number of nucleotide differences is concentrated on

small numbers of nucleotide differences, and is robust to the choice of prior.

Secondly, the probability of observing h (h =1, 2, 3...) nucleotide differences intro-
duced by recombination was estimated using Bayesian methods. It was calculated
by sampling the alleles based on their frequencies in the current database. Two
(simplifying) assumptions for the recombination model were made: (1) if recombin-
ation occurs between two alleles it affects an en—tire locus rather than just part of
a locus; and (2) we ignore the effect of any additional mutation events. Under these
assumptions, our model suggests that in most cases recombination will introduce
many more nucleotide differences than expected under the mutation only model.
Note that our results are robust to the assumption in (1) unless recombination af-
fects only small fragments of a locus, in these cases our assumption will tend to lead
to overestimates of the proportion of SLVs due to mutation only. Hence, it will tend

to underestimate the ratio of recombination to mutation.

Given these two models, we can then estimate the proportion of our SLVs at each

locus that are due to mutation only. In practice we use an Expectation-maximization
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(EM) algorithm [65] to infer this proportion. Lastly, based on the estimated propor-
tion of SLVs at a given locus that is due to mutation only we estimate the probability
that the single event that led to the generation of a new allele was a mutation. The

above analysis was carried out by an R script (available by request).

To test the accuracy of our method for estimating the ratio of recombination to
mutation, MLST data were simulated under different known ratios of recombination

to mutation with different recombination tract lengths using SimMLST software [70].

We used a parametric bootstrap to assess uncertainty in estimates. We simulated
100 datasets for both C. coli and C. jejuni. These datasets matched the true data
in terms of number of STs, relative rate of mutation to recombination, and over-
all mutation rate across the 7 gene loci. Within the simulations we assumed the
mutation rate and recombination rate were the same across loci. For our simulated
data we estimated the probability of an event being a mutation, and calculated the
variability of estimates of this quantity across the simulations: both for estimates for
a single locus, and for the estimate obtained by averaging across loci. We consider
estimates of this quantity as the variance of the estimates changed little when we
varied the true value of the relative rate of recombination to mutation. Confidence
intervals where then calculated using a normal approximation, and transformed to

confidence intervals for the relative rate of recombination to mutation.

Results and Discussion

SLV analysis on the Campylobacter MLST databases

From our downloaded dataset, there were 7417 SLVs (aspA: 992; glnA: 1045; gltA:
1250; glyA: 773; pgm: 1580; tkt: 1060; and uncA: 717) for C. jejuni, and 1842 SLVs
(aspA: 110; glnA: 179; gltA: 128; glyA: 292; pgm: 325; tkt: 647; and uncA:161) for
C. coli cladel. The difference in the number of SLVs at each locus suggests it is
worthwhile estimating the relative mutation and recombination rates separately for

each locus.

The distribution of nucleotide differences between each SLV

for each locus

Each SLV relates to one pair of STs, and the plots (Figure and Figure
show the nucleotide differences that occurred within those pairs of STs at each
MLST locus for C. jejuni and C. coli clade 1. These plots show that SLVs with
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a large number of nucleotide differences (> 45) occurred in every locus. The pairs
of STs with a large number of nucleotide differences (50 to 80) are almost certainly
due to recombination, as it is highly unlikely that more than 50 independent point
mutations would occur at a single locus while the other six loci remained the same.
These large differences are likely to be due to recombination between C. jejuni
and C. coli [335] [403]. Species were designated according to the PubMLST data,
and only those SLVs that comprised STs that were assigned 100% C. jejuni or C.
coli were plotted. Even with this strict species designation, there were still large
nucleotide differences visible between SLVs within species. There were second peaks
in the range of 15 or 20 differences at the loci glyA, pgm and tkt for both C. jejuni
and C. coli clade 1. These peaks are likely to be due to recombination as well. The
first peak of most loci (except for pgm for C. jejuni and tkt for C. coli clade 1)
represented approximately 100 to 200 SLVs for C. jejuni and around 100 SLVs for
C. coli clade 1 with only one nucleotide difference; most of these are more likely to

be due to mutation.

Relative contributions of recombination and mutation separ-

ately for C.jejuni and C. coli clade 1.

Table |3.3) and Table demonstrate that recombination contributed more to the
generation of SLVs than did mu—tation for both of the groups (C.jejuni, and C. coli
clade 1), but the range of estimates vary for the two groups. The average ratio of

recombination events to mutation events from the seven loci is 6.96 (95% CI 6.08,
8.09) for C. jejuni (Table [3.3), and 1.01 (95% CI 0.78, 1.30) for C. coli clade 1

(Table [3.4).

For each locus we also estimated the proportion of nucleotide differences introduced
by recombination as opposed to mutation, and this ranged from 97% (glt A and glyA)
t0 99% (aspA, tht and uncA) for C. jejuni, and from 60% (glnA) to 98% (aspA) for
C. coli clade 1.

We also investigated the robustness of the mutation model to different prior distri-
butions of the probability of events caused by mutations only. These suggest that
the results in Supplementary Table 1 and Supplementary Table 2 are conservative
regarding the importance of recombination in producing new variation for C. jejuni
and C. coli clade 1.

We see evidence for differences in the relative role of recombination to mutation
across the genes (Table and Table . In particular, the parametric bootstrap
results show that there is evidence for a lower rate of recombination in glnA for C.

coli and for glyA in C. jejuni, and for a higher rate in aspA in C. coli. To assess the
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Table 3.3: Allele lengths for each locus; estimates for C. jejuni for each housekeeping
locus of the probability of an SLV being caused by mutation only (p); the expected
number of mutations for an SLV; the relative rate of recombination to mutation; 95%
Cl for the estimated relative rate of recombination to mutation; and the % of nucleotide
differences of an SLV that were introduced by recombination.

Locus  Allele lengths (bp) p  Expected Relative 95% CI % Differ-

Number  Rate of ences due
Mut. Rec to Rec

aspA 477 0.09 0.11 8.91 (5.98,16.06) 99
glnA 477 0.09 0.11 8.86 (5.96,15.91) 98
gltA 402 0.10 0.12 7.84 (5.43,13.12) 97
glyA 507 0.21 0.32 2.97 (2.40,3.77) 97
pgm 498 0.10 0.15 7.14 (5.06,11.41) 98
tht 459 0.11 0.15 6.81 (4.87,10.66) 99
uncA 489 0.12 0.16 6.21 (4.53,9.37) 99
Average 472.71 0.12 0.16 6.96 (6.08,8.09) 98

strength of this evidence, we looked at the lowest (and highest) estimated value of
the relative rate of recombination to mutation across the 7 genes in our simulated
data divided by the average of estimated rate across the 7 genes. For both C. coli
and C. jejuni we never observed an estimate as low as that for ginA and glyA
respectively across the 100 simulations in each case (the lowest estimates were 0.36
and 0.62 for C. colv and C. jejuni respectively, compared to observed values of 0.23
and 0.43) or as high as aspA for C. coli (highest estimate was 2.04, compared to an

observed value of 2.21).

Discussion

We have analysed SLVs to infer the relative importance of recombination and muta-
tion to generate differences between closely related C. jejuni and C. coli clade lisol-
ates. The higher average estimates for C. jejuni compared to C. coli demonstrates
higher recombination in C. jejuni, compared to C. coli. This is consistent with the
existing population structure (three clades) of C. coli, but no apparent subclade
structure in C. jejuni [335]. We estimate that recombination contributes between
2.97 and 8.91 times more than mutation to events that generate new alleles for C.
jejuni, depending on the MLST locus, and between 0.23 and 2.23 for C. coli clade
1. The variations between housekeeping genes within species also show the different
evolution pressure on different genes. For C. jejuni, glyA has less recombination con-
tribution, compared to the other six genes. For C. coli, ginA has less recombination

contribution, compared to the other six genes.
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Figure 3.2: SLVs of PubMLST data. The x axes represent the number of nucleotide
differences between STs that make up an SLV; y axes represent the number of recorded
events. A represents the nucleotide differences for SLVs in the PubMLST database for
C. jejuni; others are the nucleotide differences for SLVs by loci.
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Table 3.4: Allele lengths for each locus; estimates for C. coli clade 1 for each housekeep-
ing locus of the probability of an SLV being caused by mutation only (p); the expected
number of mutations for an SLV; the relative rate of recombination to mutation; 95%
Cl for the estimated relative rate of recombination to mutation; and the % of nucleotide
differences of an SLV that were introduced by recombination.

Locus  Allele lengths (bp) p  Expected Relative 95% CI % Differ-

Number  Rate of ences due
Mut. Rec to Rec

aspA 477 0.09 0.11 8.91 (5.98,16.06) 99
glnA 477 0.09 0.11 8.86 (5.96,15.91) 98
gltA 402 0.10 0.12 7.84 (5.43,13.12) 97
glyA 507 0.21 0.32 2.97 (2.40,3.77) 97
pgm 498 0.10 0.15 7.14 (5.06,11.41) 98
tht 459 0.11 0.15 6.81 (4.87,10.66) 99
uncA 489 0.12 0.16 6.21 (4.53,9.37) 99
Average 472.71 0.12 0.16 6.96 (6.08,8.09) 98

Our analysis has similarities to that of Schouls et al. [325], who used the approach
described by Feil et al. [I05] to estimate the relative rate of recombination and
mutation for C. jejuni. The original idea of Feil et al.’s method [105] is put for-
ward by [149]. However, their method overestimates the ratio of recombination to
mutation, compared to ours. They also analysed SLVs, though restricted to pairs
of SLVs within the same clonal complex. Furthermore, rather than the model-based
approach we consider, they used a simple rule to classify which SLVs had been
caused by mutation as opposed to recombination. The rule was that if a pair of
SLVs varies by a single nucleotide difference and one of the MLST alleles at the
locus was unique, it is due to a mutation, whereas all other pairs of SLVs are caused
by recombination. This means that, under this algorithm, SLVs that differ by two
nucleotide differences could not have arisen by two independent mutation events,
and recombination events that mask mutation events are not considered. Both as-
sumptions may lead to an underestimate of mutation. The analysis of Schouls et
al. [325] estimate that recombination is approximately eight times more likely to
change an allele than mutation. This is larger than our estimate, which is likely to
be due to these biases in the method used by Schouls et al. [325]. According to
Feil et al.’s method [325], Schouls et al. [325] estimated a recombination size about
3.3kb. We implemented a simplified version of Feil et al.’s method [105] (details in
the Supplementary Material), the results show under the 3kb recombination size,

the ratio is overestimated.

Our estimates suggest a more important role for recombination in producing new
diversity into C. jejuni than more recent studies which have analysed samples of

C. jejuni isolates from different source populations. Fearnhead et al. [99] estimate
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that recombination rates are if anything less than mutation rates. While Vos and
Didelot [388] and Wilson et al. [403] all give estimates of the proportion of nuc-
leotide differences introduced by recombination as opposed to mutation which are
much smaller than the ones we obtain. Both studies concluded that the number of
nucleotide differences introduced by recombination are only approximately twice as
many as those introduced by point mutation: 2.2 for Vos and Didelot [388|, 2.67
(95% CI 1.39, 4.95) for Wilson et al. [403].

The difference between our study and these is that we analyse only SLVs, which
means we are looking at closely related STs for which there has been less time for
selection to act. Intuitively, selection is likely to be strongest against recombination
events that introduce large differences, although it is possible that some recombina-
tion events may introduce a section of DNA from an organism that is highly adapted
and ‘successful’ in the given environment. Therefore, although we estimate that re-
combination is introducing more differences than previously thought in our closely
related, recently evolved STs, many of these differences may be subsequently purged
from the population due to weak purifying selection. This is consistent with the

effects of purifying selection described in Wilson et al.’s paper [403].

Whole genome analysis may provide a greater insight into the genome-wide evolu-
tion of Campylobacter and provide further explanations for the apparent differences
between previous estimates of recombination and mutation. Recently, Biggs et al.
(2011) analysed the genomes of two closely related Campylobacter ST-474 isolates
that also had identical flaA SVR regions and compared them to available C. jejuni
reference strains. They estimated that around 97% of the nucleotide differences
between these two closely related isolates were caused by recombination. This es-
timate is similar to ours, and suggests that the importance of recombination for
driving changes in C. jejuni is not just confined to the MLST housekeeping genes

we have studied.

The aim of this study was to increase our understanding of the evolution of C. jejuni
and C. coli by investigating the generation of SLVs. The availability of the large
database of C. jejuni and C. coli isolates provides a good opportunity to invest-
igate the evolution of C. jejuni and C. coli using SLVs. Using seven independent
housekeeping loci we used the method proposed in this chapter to estimate that re-
combination contributes roughly seventimes as much as mutation to the generation
of SLVs for C. jejuni, and equal for C. coli, which provides further evidence that
recombination plays a more important role in the evolution of C. jejuni and C. coli

than mutation.

Our results also point to important differences in terms of the forces driving evolu-

tion for C. jejuni and C. coli; and suggest that the relative role of recombination to
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mutation may differ between genes, and these differences themselves may be differ-
ent for C. jejuni and C. coli. Understanding what is causing these differences will
be important for fully understanding how these bacteria may evolve in the future.
However the fact that we observed differences in recombination between C. jejuni
and C. coli is consistent with the introgression hypothesis of Sheppard et al.’s paper
[336], which implies that patterns of genetic exchange have changed over time. The
research on SLVs described in this paper could be extended either by considering
more genes, such as flagellin genes (flaA and flaB) [249], and porA, the gene encod-
ing the major outer membrane proteins (MOMPs) [49, 417], or by considering other

species of Campylobacter.
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Supplementary material

Given two STs that form an SLV, we assume a random variable, H, represents the
number of base pairs that differ between the two STs. We are interested in the
probability that an SLV at locus ¢ with h differences is due to mutation only, that
is, Pr(h|SLV;; M), where the event M={differences due only to mutation}. M€ is

the complement of M, i.e. the event of recombination(s) as well as mutations.

The model for differences due to mutation only
Firstly, the Pr(h|SLV;; M) was estimated according to Bayesian theory,
Pr(h|SLV;; M) o Pr(h|M) x Pr(SLVi|h; M), (3.1)

where Pr(SLV;|h; M) represents the likelihood function and Pr(h|M) is the prior

distribution of the number of nucleotide differences for the mutation only model.
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Table 3.5: Comparison of the effect of different prior parameters for the mutation only
model on the probability ratio of recombination vs. mutation to generate a new allele
for C. jejuni. Only part of the comparison results are shown here.

A 0.5 0.25 0.01
aspA 8.91 9.86 11.50
glnA 8.86 9.75 10.11
gltA 7.84 8.72 10.11
glyA 297 3.78 5.67
pgm 7.14 9.32 13.29

tkt 6.81 7.82 9.00
uncA 6.21 7.06 8.09

Average 6.96 8.04 9.68

Assume we have a mutation rate 6; and recombination rate p; at locus i. Denote
0 = ZZ:1 0; and p = 21‘7:1 pi- We set w;=0;/0, so w; is the probability that if a
mutation occurs it occurs at locus i. We estimate the w;s through estimating 6;s by
the average number of base-pair differences between all alleles at locus ¢. Then we
model the probability of an SLV at locus ¢ given h base-pair differences, and that
the SLV is caused only by mutation, as

Pr(SLV;|h; M) = (w;)". (3.2)

This comes from the need that given M, there have been h mutations, and for it to

be an SLV all mutations must occur at the same locus (locus 7).

Finally, from coalescent theory we model that the probability of h mutations, given
that there have only been mutations prior to the common ancestor of the pair of

isolates, is geometric with parameter A = 6/(1 4 p + ). Thus we model
Pr(h|M) o Geometric(l — X), (3.3)

and make the simplifying assumption that 6§ ~ p and 6,p >> 1, thus, we have
A = 0.5. We use this value of A\ in our analysis, but also considered how robust the
results were to varying A < 0.5 (as it appears that if anything p > 6). Tables
and show that the choice of A does not have a large effect on the results, with
different choices of A\ giving larger estimates for the relative rate of recombination

to mutation.

The recombination related model

The first step is to draw two alleles in that locus randomly based on the frequency

of these alleles in one locus in PubMLST. The second step is to compare this pair
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Table 3.6: Comparison of the effect of different prior parameters for the mutation only
model on the probability ratio of recombination vs. mutation to generate a new allele
for C. coli. Only part of the comparison results are shown here.

A 0.5 0.25 0.01
aspA 2.23 0.32 9.87e1®
glnA 0.23 0.78 0.49
gltA 0.72 0.55 0.53
glyA 0.54 0.59 0.37
pgm 1.04 0.42 0.35

tht 0.85 0.47 0.21
uncA 1.44 0.40 0.38

Average 1.01 0.50 0.33

of alleles and record the number of differences. This step was repeated for 1,000,000
iterations to obtain a stable empirical probability distribution for observing h dif-

ferences due to recombination for this locus: Pr(h|M°).

A naive approach to estimating the probability of observing h nucleotide differences

being introduced by events that include recombination would be:

Pr(n|Me) = 2 (3.4)
Ng
in which A represents the number of nucleotide differences; n; represents the item

count of h differences (how many times h differences appears), ng represents the
a

number of all differences ng = E ny, where a is the maximum observed number of

h=1
differences between any pair of alleles for the locus under consideration. However

this is not robust, and the reason is that there are some values (say 30 to 45) of h for
which n;, = 0, i.e. pairs of alleles with 30 to 45 differences are never observed in the
sample. Using Equation would then estimate the probability of recombination
producing such a number of differences as 0; and if we observe h differences in
our SLVs data, our model would have to assign this to mutations. A simple way
around this is to introduce a Dirichlet prior on Pr(h|M¢), which gives the posterior

estimates:

c 1+nh
Prb|Me) = . (3.5)

Mixture model

For this part, we will consider a fixed locus 7; and estimate the probability that

an SLV was the result of mutation only for that locus (p;). It was assumed that
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there are data hy, ha, hs..., hy,,,,, Where ngq, is the number of pairs of distinct STs
with SLVs in PubMLST dataset, and h; (j = 1,2, ..., ngua,) represents the number
of nucleotide differences of the j** SLV.

The distribution for A for an SLV is

Pr(H|SLV,, M), ifz=1
f(H) = , (3.6)
Pr(H|SLV;, M), ifz=0

in which Pr(H|SLV;, M) is the model for solely mutation, and Pr(H|SLV;, M)
is the recombination related model. The latent variable Z is introduced as the
indicator to tell whether the data h; comes from either of these two models. For
example, when z; = 1, h; comes from the mutation model; whereas when z; = 0,
h;j comes from the recombination model. Thus the probability of z; = 1 is the

proportion of SLVs caused solely by mutation (p;), and

We can estimate p; under this model by maximum likelihood using the EM Al-
gorithm. The expectation-maximization (EM) algorithm is an approach for finding
maximum-likelihood estimates by iterative computation, when the statistical model
depends on unobserved latent variable [65]. It includes two steps: expectation step
(E-step) and maximization step (M-step). In the E-step, the expectation of log like-
lihood was calculated, in the M-step, the expectation was maximized. 100 iterations
were run to get stable parameter estimates, although the parameters converged after

50 iterations.

From the EM algorithm, we get:

E(M|p,
ﬁi,new = M7 (38)
n
in which
E(M|pioa) = ZPT<Zj = 1|pi.ota)- (3.9)
j=1
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The model for an event being mutation rather than recombin-

ation

SLVs can be caused by multiple events. Let K be the number of events separating
the two branches in the evolutionary tree of each locus. Coalescent theory gives
that the number of events (mutation /recombination) between two randomly chosen

isolates follows a geometric distribution with parameter 1/(1 + p + 6):

Pr(k) = (%)k <ﬁ) (3.10)

The probability of an SLV at locus ¢ given K = k is

k
Pr(SLVi|k) = (pl +9¢>

p+0
Thus,
Pr(k|SLV;) o Pr(SLV;|k) x Pr(k) (3.11)
k k
(pl+«91> ( p+0 ) (3.12)
p+0 1+p+0
pi +0; g
LIRS 3.13
(1+p+9) ’ (8.13)

in which, Pr(SLV;|k) means the probability that SLVs at locus ¢ are caused by k
events. Assuming 6 + p >> 1 and p; is roughly proportional to §; we then have the

approximation

Pr(K = K|SLV;) oc wk. (3.14)

As Pr(k|SLV;) is a probability mass function we obtain

Pr(k|SLV;) = (1 —w;) x (w;)* ' fori=1,2,.... (3.15)

Now, p; has been defined as the probability of an SLV involves only mutation and no
recombination at locus ¢, while z; is defined as the actual probability that an event
for generating new alleles that led to SLVs is mutation rather than recombination

at locus 7. The relationship between p; and z; is thus

o0

Pi = Z(l — w;) X (wi)* (3.16)

k=1
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where the sum is over the number of events, and we need all events to be mutations.
Thus we get that z; = p; /(1 —w; + p; X w;). Then (1 — z;)/z; represents the relative

rate of recombination to mutation.

Using the same model we obtain an estimate of the number of mutation events at
an SLV at locus i. From Equation we have the expected number of events is
E(K|SLV;) =1/(1—w;), and a proportion x; of all such events are mutations. Thus
the expected number of mutation events is x;/(1 —w;). The proportion of nucleotide
differences of an SLV due to recombination is calculated by 1 —x;/(d —d x w;), d is

the average number of differences in all SLVs at locus 1.

The comparison with Feil et al.’s method

A simplified version of Feil et al.’s [105] method that assumed that all differences of
one nucleotide were caused by mutation, but larger nucleotide differences were due

to recombination was also applied.

Results (Supplementary Figure 1) show, for the simplified version of Feil et al.’s
method, the ratio of recombination to mutation were overestimated, compared to our
results. As Feil et al.’s full method has the potential to underestimate mutation even
more, their estimation of the ratio of recombination to mutation will be apparently

higher than our estimates.

a7



Supplementary Table 1: Comparison of the effect of different prior parameters for the
mutation only model on the probability ratio of recombination vs. mutation to generate a new
allele for C. jejuni. Only part of the comparison results are shown here.

A 0.5 0.25 0.01
aspA 8.91 9.86 11.50
glnA 8.86 9.75 10.11
gltA 7.84 8.72 10.11
glyA 297 3.78 5.67
pgm 7.14 9.32 13.29
tkt 6.81 7.82 9.00
uncA 6.21 7.06 8.09
Average 6.96 8.04 9.68

Supplementary Table 2: Comparison of the effect of different prior parameters for the
mutation only model on the probability ratio of recombination vs. mutation to generate a new
allele for C. coli. Only part of the comparison results are shown here.

A 0.5 0.25 0.01
aspA 2.23 0.32 9.87¢™
glnA 0.23 0.78 0.49
gltA 0.72 0.55 0.53
glyA 0.54 0.59 0.37
pgm 1.04 0.42 0.35
tkt 0.85 0.47 0.21
uncA 1.44 0.40 0.38
Average 1.01 0.50 0.33
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Supplementary Figure 1: Simulation work under constant population size models. X-axes represent the
simulation work under different given ratios of recombination to mutation; y-axes represent the ratio of
recombination to mutation (p/#). The four plots represent the results under constant population size models.
True values are shown as dotted horizontal broken lines, dots are our estimations, triangles are the average
for the seven estimates from loci, and plus signs were calculated from Feil et al.’s method.
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Chapter 4

The relative roles of recombination
and point mutation to the generation
of single locus variants in a range of

bacterial pathogens

4.1 Summary

Within a bacterial species, a clonal complex is a cluster of closely related bacterial
strains that group around a founder (or ancestral) strain. Estimates of the rate of
DNA sequence evolution at the clonal complex level have been found to be faster
than those obtained using more distantly related isolates [71], perhaps due to the lack
of time for purifying selection to act. By making use of DNA sequence data gathered
as part of multilocus sequence typing (MLST) schemes, research can focus on pairs
of strains within clonal complexes that share a very recent common ancestor. These
pairs of closely related strains are known as single locus variants (SLVs) as they differ
at only one gene of the seven to eight genes used in the MLST scheme. This study
used an expectation-maximization (EM) algorithm to fit a model that accounts
for differences between pairs of strains caused by both point mutations (changes
at single sites in the sequence) and recombination events (which affect blocks of
nucleotides). The estimated ratios of recombination events to point mutations were
larger for SLVs than the ratios for more distantly related strains for the majority
of the tested bacterial species. This indicates that the purifying selection may act
more stringently on recombination events than on point mutations. Results in this
chapter are predominantly consistent with previous research. There has been some

debate in the last decade about the relative importance of point mutations versus
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recombination for the species Staphylococcus aureus; results in this chapter support

that recombination is more important than point mutation.

4.2 Introduction

From Chapter [3] it can been been seen that recombination has been more important
than mutation in producing genetic diversity in both C. jejuni and C. coli. This
finding indicates that purifying selection plays an important role in the evolution of

Campylobacter.

In molecular epidemiology, multilocus sequence typing (MLST) is a widely used
technique for typing bacteria based on the nucleotide sequences of multiple house-
keeping genes [237]. This technique usually types seven housekeeping genes by the
analysis of 400 to 500 bp. For each locus, a distinct allele number is assigned to a
unique gene sequence. For each distinct combination of seven numbers, a distinct
sequence type (ST) number is given. A single locus variant (SLV) is a pair of se-
quence types (STs) that differ at one and only one out of (usually) the seven alleles
that make up the MLST profile [103]. SLVs are pairs of STs that are closely related
in the evolution of clonal complexes. The evolution of STs in clonality can be quite
different from the evolution of distantly related STs [71], 104] 149] [388], especially
when selection pressure plays a part in the evolution [71]. A clonal complex is a
group of STs that have most likely evolved from a recent common ancestor. The
pairs of STs that share a very recent common ancestor are more likely to be SLVs.
Therefore, comparing the evolutionary estimates, such as the ratio of recombination
to mutation, to that of distantly related STs not only helps our understanding of the
evolution and molecular epidemiology of pathogens, but also reveals the role played

by selection pressure.

SLVs can be caused by recombination and/or point mutation(s). Recombination has
been proved to be a major driving force of evolution in bacteria 71} 99, 357], and
can occur through three mechanisms: conjugation, transduction and transformation
[71, [368]. The relative roles of recombination and point mutation in generating ge-
netic diversity has also been estimated in previous studies [1011 102, 104} 106, 320].
Although it has been concluded that recombination occurs and contributes much
more than mutation to genetic diversity [71], it is still unclear about the relative
number of events and nucleotide differences that may be attributable to recom-
bination and mutation processes in closely related STs, such as SLVs. At present,
MLST profiles have been characterized and stored in large accessible databases. The
isolates are stored in collections. The availability of these data provides a good op-

portunity to study SLVs in detail. In this chapter, a statistical method (put forward
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in Chapter [3)) is applied to estimate the relative roles of recombination and point

mutation in generating SLVs in a range of bacterial pathogens.

In order to estimate the relative roles of recombination and point mutation in gen-
erating SLVs, the ratio of the occurrence rates of recombination and mutation (p/6
[253]) in generating SLVs is used. This evolutionary-based measurement has been
estimated in many previous studies [95, 99, 103, 104]. Another commonly used
measurement is the ratio of rates at which one nucleotide is changed by recom-
bination and point mutation, r/m. The main difference between these two ratio
estimates is that r/m measures the per-site ratio of a nucleotide being substituted
by recombination or mutation, whereas p/6 is the per-event ratio. For example,if
p/0 = 3, then the occurrence of recombination events is three times as frequent as
point mutation, and if one recombination event introduced six nucleotide differences,

then r/m equals 18.

The r/m ratio can be estimated by several well-known software packages, such as
eBURST [103] and ClonalFrame [05], whereas previous research has failed to con-
sider estimating p/6 using a mathematical model [101, 102, 104, T05]. Although
ClonalFrame [95] has an option for calculating p and 6, little research has been done
to estimate this ratio. One possible reason for this is the gap of estimating the p/0
ratio is that this ratio alone does not give the impact of recombination on the evol-
utionary process of the population, and the estimation is not easy to calculate when
only comparing sequences by manual inspection. In addition, ClonalFrame assumes
recombination comes from outside the population, which could underestimate the
recombination effect [69]. In this chapter, a method is proposed to estimate the
p/0 ratio of STs with SLVs, and to also note the impact of recombination on the

evolution of the population.

This research is based on several bacterial pathogens (selection criteria for analysed
bacteria will be explained in the Methods section): Bacillus cereus (B. cereus);
Enterococcus faecium (E. faecium); Haemophilus influenzae (H. influenzae); Kleb-
siella pneumoniae (K. pneumoniae); Streptococcus uberis (S. uberis); Streptococ-
cus zooepidemicus (S. zooepidemicus); Staphylococcus aureus (S. aureus); Neisseria
lactamica; Neisseria gonorrhoeae; and Neisseria meningitidis. All the STs are down-
loaded from publicly accessible databases: B. cereus, S. uberis, S. zooepidemicus,
and Neisseria spp. from the PubMLST database (http://pubmlst.org); E. fae-
cium, H. influenzae, S. aureus, from the Multi Locus Sequence Typing database
(http://www.mlst.net); and K. pneumoniae from the Institut Pasteur MLST Data-
bases (http://www.pasteur.fr). In order to understand whether there are differences
in the mechanisms that produce SLVs across the bacterial genomes under analysis,

SLVs were divided into groups of multi-locus genotypes, depending on the locus at
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which the STs differ. The distribution of nucleotide differences within SLVs was
explored. The nucleotide differences between two STs that form an SLV can be gen-
erated by two different kinds of events: recombination or mutation. Intuitively, SLVs
that comprise two STs which differ at many nucleotide positions are more likely to
be due to recombination, whereas those that differ at only a few nucleotide positions
may be the result of point mutations. In this study, an expectation-maximization
(EM) algorithm (described in Chapter [3)) was applied to allocate SLVs into either
a recombination model or a point mutation-only model. Two key parameters were
estimated: the proportion of SLVs that arose due to point mutation(s) only, and
the probability that an event which led to a new allele was a point mutation rather

than a recombination.

Firstly, a direct comparison among these tested bacteria is made, then these es-
timates are compared to the results from previous studies on distantly related STs
(non-SLVs) |388]. These also are compared to the results from previous studies on
the closely related isolates, but on a limited number of isolates (<200) [1011 104 105].
Then the relationship is tested between the occurrence of SLVs and clonal complexes

for a given species.

4.2.1 A brief introduction into the selected bacteria

Bacillus cereus is a gram-positive, rod-shaped, facultative anaerobic, spore-forming
bacterium that can cause food poisoning [31]. Typical symptoms include diarrhoea,
severe nausea, or vomiting [2IT]. This bacteria can be found in protein rich ed-
ible material, cooked rice dishes, or improperly cooked or stored food [378]. Most

patients will recover from illness within one day [84].

Enterococcus faecium (E. faecium) is a non-mobile, gram-positive, spherical bac-
terium that colonizes in pairs or chains [56, B13]. It can be found in many human
organs, including the gastrointestinal tract and skin, and on some inanimate ob-
jects. It can cause several illnesses in humans, including nosocomial infections,
surgical wound infections, and urinary tract infections. Some strains can be highly

drug resistant, especially to vancomycin, penicillin, and gentamicin [241].

Haemophilus influenzae is a gram-negative, non motile, rod-shaped bacterium [216].
These bacteria can be found as normal flora in the human nose, throat, and the upper
respiratory tract, but they can also cause life threatening diseases, such as meningitis
and pneumonia, when hosts are infected by other factors, including viral infections,
or reduced immune function [115], 119, 408|. The disease is spread through person-
to-person contact via nasal discharges and other body fluids contaminated with the

bacteria [50, [182] B77]. In developing countries, where the vaccine is not commonly
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used, half a million children under five years old die due to the infections caused
by Haemophilus influenzae |24, 263]. In developed countries, such as the US, where
the Haemophilus vaccine is widely used for children, the incidence of Haemophilus

infections has decreased largely [5], 27, 289].

Klebsiella pneumoniae is a gram-negative, non-motile, rod shaped bacterium [313].
It can be found in the mouth, skin, and intestines of human as commensal flora.
When it exist in the in the upper respiratory tract or in blood it can cause in-
fections. The disease caused by Klebsiella pneumoniae can be spread by through
person-to-person contact. A range of diseases can be caused by exposure to the
bacteria, including pneumonia, upper respiratory tract infection, urinary tract in-
fection, wound infection, even meningitis, and septicemia. If untreated the death
rate of pneumonia, caused by Klebsiella pneumoniae, is high (ranging from 50% to
70%) |16, 382]. These can cause infections in hospitalized patients [276].

Streptococcus uberis (S. uberis) is one of the major causes of bovine mastitis all over
the world [242]. This mastitis pathogen can be found in environmental reservoirs,
mammary reservoir, manure, and bedding. The economic loss caused by clinical
mastitis is huge [53], 210, 396].

Streptococcus zooepidemicus is a non-motile, gram-positive, and coccoid bacterium
[129]. It can be found in a wide range of animal species, such as cattle, sheep, and
horses [219, B70]. It has been recognized as a commensal organism of horses, but
it can cause infection in the upper respiratory tract of horses [229] and mastitis in

cattle [354]. It may also cause foodborne infections in humans [28] 219).

Staphylococcus aureus is a nonmotile, gram-positive, facultatively anaerobic, and
spherical bacterium, which can appear as single, pairs, or grape-like clusters under
a microscope. It can frequently be found in the nose and on the skin as normal
skin flora [206]. About a quarter of the healthy human population are carriers
of S. aureus, without any active infection [183, 206, 235]. S. aureus can cause
diseases both in humans and domestic animals. In human, it can cause minor skin
infections, such as abscesses and carbuncles, as well as life-threatening diseases, such
as meningitis, bacteremia, and septicemia. Furthermore, Staphylococcus aureus is
one of the leading causes of nosocomial infections, especially after surgery [206]. It

can cause mastitis in dairy cows [41] and bumblefoot in poultry [185].

In general, Neisseria spp. are non-pathogenic except for Neisseria gonorrhoeae and
Neisseria meningitidis [23] [184]. However, sometimes some normal commensal spe-
cies like Neisseria lactamica can still cause life threatening diseases like pneumonia
and septicaemia in immunocompromised patients [324]. The general population may
be carriers of Neisseria meningitidis, but Neisseria gonorrhoeae has only been found

after sexual contact with infected individuals.
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Neisseria lactamica is a gram-negative, oxidase-positive, diplococcus bacterium |30,
413]. It is a harmless human commensal species found in the upper respiratory
tracts of most children under five years old [22, 140]. The colonisation by Neisseria
lactamica has an inverse relationship with Neisseria meningitidis [22), 52), 140]. The
existence of Neisseria lactamica can actually reduce the chances of being infected

by Neisseria meningitidis.

Neisseria gonorrhoeae is a gram-negative, aerobic, diplococcus bacterium |9, 297,
314]. These bacteria can invade mucous membranes of the mouth, throat, eyes,
and anus of males and females [350, B91]. It can adhere to the epithelial cells
and penetrates and reaches into the subepithelial space to cause the symptoms
of the disease [167, 141]. These bacteria can spread through sexual contact or the
infected mother to child during delivery. Millions of people are infected by Neisseria

gonorrhoeae annually 23] 394] 412].

Neisseria meningitidis can be spread through direct and prolonged general contact
with infected persons, like kissing, coughing, or sneezing over someone [312]. Because
these bacteria only can get iron from human sources, they only infect humans and

not animals.

4.3 Material and Methods

4.3.1 Isolates

There are 553 distinct STs with 281 SLVs for B. cereus; 336 distinct STs with 481
SLVs for E. faecium; 795 distinct STs with 977 SLVs for H. influenzae; 650 distinct
STs with 404 SLVs for K. pneumoniae; 475 distinct STs with 356 SLVs for S. uberis;
272 distinct STs with 148 SLVs for S. zooepidemicus; 1997 distinct STs with 7982
SLVs for S. aureus; 340 distinct STs with 282 SLVs for N. lactamica; 206 distinct
STs with 418 SLVs for N. gonorrhoeae; and 8673 distinct STs with 32000 SLVs for N.
meningitidis (Table . These 10 examples were chosen as they meet our criteria
of coming from publicly available MLST datasets and each have more than 250 STs.

4.3.2 Modelling procedure

SLVs can be generated by recombination(s) or mutation(s)in the process of evolu-
tion. In this chapter, a recombination event refers to a contiguous segment of DNA
being exchanged between two STs, while a point mutation means a single nucleotide

change. An event refers to either a recombination or a mutation, and an SLV can
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Table 4.1: Number of STs, Number of SLVs and ratio of SLVs to STs for several bacteria

Locus Number Number Ratio of
of STs  of SLVs  SLVs to
STs
B. cereus 553 281 0.51
E. faecium 336 481 1.43
H. influenzae 795 977 1.23
K. pneumoniae 650 404 0.62
S. uberis 475 356 0.75
S. zooepidemicus 272 148 0.54
S. aureus 1997 7982 4.00
N. lactamica 340 282 0.83
N. gonorrhoeae 206 418 2.03

N. meningitidis 8673 32000 3.69

be generated by one or more events. In reality, recombination event(s) are quite
common in the evolution of bacteria [71], and the effect of recombination tends to
mask mutation event(s) because one recombination event can introduce multiple
nucleotide differences. In order to simplify the situation, a probability model for the
number of nucleotide differences within one SLV being introduced solely by mutation
was put forward, and this model also estimates the p/6 ratio (the relative occurrence
frequency of recombination to point mutation). More details on building the model
are described in Chapter

There were two major steps in preparing for carrying out this analysis. Firstly,
data were collected from publicly accessible MLST websites. Secondly, SLVs were
recorded. This step produced a table which contained, for each pair of STs that form
an SLV, the locus at which the pair of STs differed and the number of nucleotide

differences for that given pair of STs.

In order to estimate the p/6 ratio, the method described in the published paper [414]
(Chapter [3)) was applied. Two models (more details about mutation and recombin-
ation models in section were put forward: one calculating the probability of
observing h (h = 1;2;3...) nucleotide differences introduced solely by point muta-

tion event(s); the other was the recombination-related event model.
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4.4 Results

4.4.1 The distribution of nucleotide differences within SLV

for each bacterium

Each SLV relates to one pair of STs, and the plots (Figure show the nucleotide
differences that occurred within those pairs of STs at each MLST locus for all tested
bacteria. For an SLV, the number of nucleotide differences can be counted. These

plots show the frequencies for each nucleotide difference within the pairs of STs with
SLVs.
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Figure 4.1: Number of nucleotide differences in SLVs for several separate bacteria. The
x-axes represent the number of nucleotide differences between STs that make up an SLV,
y-axes represent the number of recorded events, and different scales are used, due to
wildly different values on the y-axis. Nucleotide differences larger than 100 have been
plotted at 100 on x-axes scales. In order to make it easier to compare, these plots are
ordered by the scale of the y-axis.
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These plots show that SLVs with a large number of nucleotide differences (larger
than 45) occurred in several tested bacteria, such as B. cereus, K. pneumoniae,
S. uberis, and N. meningitidis. The pairs of STs with a large number of nucleotide
differences (50-80) are almost certainly due to recombination, as it is highly unlikely
that more than 50 independent point mutations would occur at a single locus while

the other six loci remained unchanged.

Table [4.2shows the differences between the estimation of the p/ ratio across various
bacteria. The average ratio of recombination events to mutation events from the
seven loci is 1.97 for B. cereus, 3.09 for E. faecium, 17.13 for H. influenzae, 1.75
for K. pneumoniae, 7.17 for S. uberis, 2.54 for S. zooepidemicus, 3044.21 for S.
aureus, 2.54 for N. lactamica, 0.07 for N. gonorrhoeae, and 19.39 for N. meningitidis
(Table [£.2)). This table demonstrates that recombination contributed more to the
generation of SLVs than did mutation for all of the analyzed bacteria, except for N.

gonorrhoeae.

Table [4.3| compares the differences between the median of the p/6 estimations across
various bacteria. Compared to Table [4.2] these medians are not affected by the
extreme values. For S. aureus, the median is 8.1, whereas the average ratio of

recombination events to mutation events is 3044.21. Similarly, for H. influenzae,
unlike the mean value of p/6 in [4.2] (17.13), the median of p/6 is 5.71.

For all bacteria, the majority of SLVs have a small number of nucleotide differences
(less than 20). Regardless of the number of distinct STs, some bacteria, such as
K. pneumonia, S. uberis, and S. aureus, have a very large number of nucleotide
differences in some rare cases (larger than 200). For Neisseria, there are 31059

SLVs, but the largest number of nucleotide differences is 137.

Table shows the comparison between estimates (p/6) in this chapter and the
estimates from the most recent analysis|388| which estimating the relative of recom-
bination to mutation for a range of bacteria. From it can be seen that p/6 and
r/m have the similar order of magnitude. By definition, p/6 should be larger than
r/m, because p/f incorporate the length of recombination, whereas r/m does not.
The similar order of magnitude p/0 and r/m is important because it demonstrates

estimates in this chapter are much larger than previous analysis [388].
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Distribution of nuclectide differences for eight bacteria
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Figure 4.2: Number of nucleotide differences in SLVs for all tested bacteria. The x-axis
represents the number of nucleotide differences between STs that make up an SLV; the
y-axis represents the number of recorded events. Nucleotide differences larger than 100
have been plotted at 100 on the x-axis scale.
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Table 4.2: Estimates of several bacteria for each housekeeping locus in MLST profile
of the probability of an SLV being caused by mutation only (p); the expected number
of mutations for an SLV; the relative rate of recombination to mutation; and the % of
nucleotide differences of an SLV that were introduced by recombination.

Locus p  Expected Relative % Dif-

Number Rate of ferences

Mut. Rec due to
(Mean) Rec
B. cereus 0.38 0.47 1.97 90
E. faecium 0.32 0.39 3.09 84
H. influenzae 0.14 0.18 17.13 98
K. pneumoniae  0.47 0.57 1.75 78
S. uberis 0.19 0.25 717 89
S. zooepidemicus 0.36 0.46 2.54 90
S. aureus 0.15 0.31 3044.21 90
N. lactamica 0.36 0.46 2.54 90
N. gonorrhoeae  0.93 1.32 0.07 27
N. meningitidis  0.05 0.10 19.39 100

Table 4.3: Median estimates of several bacteria for each housekeeping locus in MLST
profile of the probability of an SLV being caused by mutation only (p); the expected
number of mutations for an SLV; the relative rate of recombination to mutation; and
the % of nucleotide differences of an SLV that were introduced by recombination.

Locus p  Expected Relative % Dif-

Number Rate of ferences

Mut. Rec due to
(Me- Rec

dian)

B. cereus 0.29 0.38 2.09 95
E. faecium 0.37 0.48 1.43 87
H. influenzae 0.14 0.17 5.73 98
K. pneumoniae  0.41 0.47 1.31 88
S. uberis 0.1 0.14 7.51 93
S. zooepidemicus 0.34 0.45 1.59 94
S. aureus 0.1 0.12 8.1 96
N. lactamica 0.24 0.3 2.33 98
N. gonorrhoeae  0.98 1.04 0.02 27
N. meningitidis  0.05 0.06 17.37 100

70



Table 4.4: Estimates of several bacteria for comparison between p/6 from the method
in this chapter and r/m from previous analysis. NA represents data not available in Vos
and Didelot’ s paper [388].

Locus Average Median Estimates
Relative Relative  from Vos and
Rate of Rate of Didelot’ s
Rec (p/0)  Rec (p/0) paper|[388]
(r/m )

B. cereus 1.97 2.09 0.7
E. faecium 3.09 1.43 6.2
H. influenzae 17.13 5.73 3.7
K. pneumoniae 1.75 1.31 0.3
S. uberis 717 7.51 NA
S. zooepidemicus 2.54 1.59 NA
S. aureus 3044.21 8.1 NA
N. lactamica 2.54 2.33 6.2
N. gonorrhoeae 0.07 0.02 NA
N. meningitidis 19.39 17.37 7.1

4.4.2 Estimates for several bacteria by loci

The per-event ratio of a recombination to a point mutation p/6 varies for different
bacteria (shown in Tables [4.5] to in section [4.6). The range of per event ratio
varies by bacteria, and even by loci. Together, these tables show for each given

bacterium, the estimation of the p/f ratio varies across different genes.

For B. cereus (Table , the relative role of recombination is larger than mutation
for loci glp, ilv, pur, and pyc, but smaller than mutation for gmk, pta, and tpi.
Similarly, for E. faecium (Table , the relative role of recombination is larger
than mutation for loci atpA, ddl, gdh, purK, and pstS, but smaller than mutation
for gyd, and adk. Compared to other loci, the relative role of recombination is larger
for atpA and ddl for E. faecium. For H. influenzae (Table , the relative role of
recombination is larger than mutation for all seven loci, with the maximum value
for locus fucK. The average value is heavily affected by this extreme value. For K.
pneumoniae (Table , the relative role of recombination is larger than mutation
for loci gapA, pgi, phoE, and tonB, but smaller than mutation for infB, mdh, and
rpoB. For S. wuberis, the relative role of recombination is larger than mutation for
all loci except for tpi. For S. zooepidemicus, the relative role of recombination is
larger than mutation for all loci except for tdk. For S. aureus, the relative role of
recombination is larger than mutation for all loci except for aroE. For N. lactamica
(Table [£.12)), the relative role of recombination is larger than mutation for all loci
except for aroE and pdhC. There are many N. meningitidis MLST data available in
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PubMLST (Table , and large numbers of SLVs occurred in all seven loci. For all
the MLST loci, the relative rates of recombination to mutation for N. meningitidis
are all larger than 10, except for locus aroF. Five loci (abcZ, adk, fumC, pdhC, and
pgm) have been estimated as 100% of nucleotide differences due to recombinations.
In contrast, for N. gonorrhoeae (Table , the relative role of recombination is

smaller than mutation for all loci.

Compared to other species, the differences among different loci is not very large for
B. cereus and K. pneumoniae. In contrast, for both H. influenzae and S. aureus, the
average value is heavily affected by the largest value. Compared to other species,
the differences among different loci is very large for S. aureus. Table shows the
average value (3044.21) is heavily affected by the extreme value of 21245.94 for locus
glpF. The average value of the relative role of recombination is 12.65, if the highest
and lowest values are removed. For N. gonorrhoeae (Table [£.13)), the relative role of
recombination is smaller than mutation for all loci. This is very different to other
species. In addition, the number of SLVs varies largely across the seven loci, which

is different from other species as well.

For all of these tables, the first two columns relate to mutations, and the third and
fourth to recombinations. However, the greater probability of an SLV being caused
by mutation only does not lead to the smaller relative rate of recombination to

mutation.

4.5 Discussion

We firstly make a direct comparison among these tested bacteria. Then we compare
these estimates to the results from previous research [69, 68, 102, B71, B88| on
distantly related STs (non-SLVs), and also to the results from previous research on
the STs with SLVs. The direct comparison of several bacteria shows that estimates of
p/0 vary (listed by order from small to large): N. gonorrhoeae (0.07); K. pneumoniae
(1.75); B. cereus (1.97); S. zooepidemicus (2.54); N. lactamica (2.54); E. faecium
(3.09); S. uberis (7.17); H. influenzae (17.13); N. meningitidis (19.39); and S. aureus
(3044.21). Based on previous studies [69, 68, 102, 105, B7T], 388, the per-site r/m
ratio for different bacteria varies, and is listed from low to high: S. aureus (0.1); K.
pneumoniae (0.3 [388]); B. cereus (0.7 [68], 388]; 1.3 to 2.8 [69]); E. faecium (1.1
[388]); H. influenzae (3.7 [388]); Neisseria meningitidis (5 [69], 7.1 [388], 80 to 100
[102], 105]); N. lactamica (6.2 [388]); and S. uberis (226 [371]). This comparison
shows the difference between r/m and p/60 estimates, and one estimate cannot be
used to infer the other. For each bacteria, if the distribution of the number of

differences is similar to each other (or similar to the total distribution), the p/0 ratio
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should have the same order of magnitude. The different mechanisms or evolutionary

dynamics among species produce different distributions of the number of differences
for SLVs.

In these tables (Tables [4.5]to [4.14]in section [4.6]), the range is from 1.75 to 19.39, ex-
cept for S. aureus (3000+) and N. gonorrhoeae (0.07). The extreme values for these
two species may be due to several reasons. The main reason could be the different
ability to recombine across different bacteria. N. gonorrhoeae can only be found in
an infected person, or persons who have had sexual contact with infected persons.
The reason for the limited ability of N. gonorrhoeae to adapt a new environment
could be lack of recombination. In addition, the great ability of S. aureus to exist

widely could be due to a higher ratio of recombination to mutation.

The differences in the third column in Table 4.2l demonstrate the differences between
the estimation of the p/f ratio from the average recombination and mutation rates
for each bacterium. This variation may demonstrate different evolutionary dynamics
in different genes and species. Different bacteria have the different capacities for
genetic exchange 101, 106, 225] 388|, some bacteria can uptake of DNA from the
extracellular environment and integrate the free DNA into their genomes, but some

bacteria do not have this capacity [234].

Table 4.4] shows estimates in this chapter are much larger than the more recent
analysis [388] on estimating the relative recombination to mutation. One explanation
is that the estimates in this chapter have been calculated from closely related STs
(SLVs), whereas Vos and Dedilot’s analysis [388] works on distantly related ST. This
comparison demonstrates that the purifying selection plays a role in the evolution
of all the compared species: B. cereus, E. faecium, H. influenzae, K. pneumoniae,

N. lactamica, and Neisseria meningitidis.

A range of previous research on p/0 estimates show that the ratio for overall Neis-
seria is 0.7 to 1.2 [69)] or 3.6 to 5 [102, 100]. The latter range is calculated on SLVs,
whereas the former is calculated on more distantly related strains. This difference
already shows that the closely related strains in Neisseria have a higher p/0 ratio
[100, 102] than that of distantly related strains [69]. Similarly, the p/6 ratio for B.
cereus is 0.125 to 0.25 [68] or 0.2 to 0.5 [69]. Unlike estimate in this chapter for
B. cereus (1.97), their smaller estimates have been calculated based on distantly
related STs. This comparison shows that the purifying selection plays a role in the

evolution of both Neisseria and B. cereus.

For analyzed bacteria, the estimates based on SLV strains are much larger than
those based on the more distant strains, although slightly different estimates were
obtained using different methods. The larger estimates for clonal strains indicate

purifying selection plays a role for the tested species. Most of the previous research
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on SLV strains are based on Feil’s methods [101) 104], 105], which were originally
put forward by Guttman and Dykhuizen (1994) [149]. As described in their research
[1011, 104} [105], Feil’s analysis provides a lower bound of the p/6 estimates. With the
increasing amount of MLST data, the per-event ratio of recombination to mutation

can be calculated and refined.

Feil’s method [T0T] [104] 105] also works on SLV data from MLST. Compared with
Feil’s method [10T], 104} 105], in this chapter’s analysis more STs are available and
analysed, so the results are less biased by the sampling methods. In addition, the
new method put forward in this chapter is less labour intensive compared with
Feil’s and other studies based on manual inspection. In addition, the estimates are
calculated for each locus, rather than only one value used to represent seven genes

across the genome.

The estimate in this chapter for S. aureus is consistent with some previous public-
ations 62, [102] [343]. However, the larger recombination effect than mutation for S.
aureus is different from a previous study [L00]. That study [I00] indicates that the
mutation effects are larger than the recombination, and also identified the error in
one previous publication [62]. Feil et al. [100] claim that some errors were found
in the data used in Day’s analysis [62]; therefore, they used the revised data to cal-
culate the recombination and mutation effect for S. aureus. Both studies [62] 100]
applied Feil’s methods. One limitation of Feil’s method is that the analysis is based
on a limited number of STs and SLVs (there are 35 SLVs out of 75 unique STs).
Recent research on the comparison of recombination to mutation in S. aureus [1§]
indicates that the role played by recombination may be quite large, but the result

in that paper is not conclusive.

Combined with the results for Campylobacter, recombination occurs more frequently
than mutation for the majority of tested bacteria, except for N. gonorrhoeae. The
smaller ratio of recombination rate to mutation rate for N. gonorrhoeae may be
due to the limited sample size. The overall results show that recombination can
occur more frequently than mutation for a range of bacteria. Furthermore, purifying
selection may act more stringently on recombination events than on point mutations

for a range of bacteria.

As mentioned in a previous review [71], the evolution of clonality can be different
from that of STs that are distantly related in their evolutionary history. The evol-
utionary rates within clonality for several bacteria have been calculated, and the
results show the evolutionary history within clonal complexes. These kind of STs
have less chance of experiencing natural selection, but more chance of reflecting
the real evolutionary dynamics than the distantly related STs. Future work on the

mechanism of recombination and selection pressure is needed.
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4.6 Supplementary material

4.6.1 Recombination and mutation models

For the recombination-related model, two assumptions are made to make the situ-
ation mathematically solvable: (1) recombination changes the locus as an entity
rather than as a part; and (2) the extra mutation events along with recombination
are ignored. If the first assumption is invalid, the p/6 ratio will possibly be un-
derestimated. This means recombination only introduces a small part of the DNA
sequences from another allele in that locus, and this fragment of DNA sequences
only contains a few visible nucleotide differences from the original allele. Our model,
based on these two assumptions, tends to overestimate the proportion of SLVs due

to mutation only.

For the mutation model, the coalescent theory for the prior distribution (a geometric
distribution) [I58] is applied to model only the mutation event(s) that occur to
generate SLVs. We need all mutation events to happen at the same locus; therefore,
the likelihood function is the probability that an SLV occurs based on the given
number of nucleotide differences. Then, according to Bayesian theory, the required
conditional distribution for only point mutation event(s) is obtained. The obtained
conditional distribution of the mutation model lies mainly around small numbers of
nucleotide differences. The robustness of the choice of different prior parameters is

also tested.
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4.7 Estimates for tested bacteria by loci (tables)

Table 4.5: Estimates for each housekeeping locus for B. cereus of (i) the probability of
an SLV being caused by mutation only (p); (ii) the expected number of mutations for an
SLV; (iii) the relative rate of recombination to mutation; and (iv) the % of nucleotide
differences of an SLV that were introduced by recombination.

Locus P Expected Relative % The
Number Rate of Differences number of

Mut. Rec due to Rec SLVs
glp 0.27 0.31 2.49 95 38
gmk 0.70 0.86 0.37 88 25
ilv 0.16 0.28 3.83 99 58
pta 0.54 0.61 0.80 81 33
pur 0.29 0.38 2.09 96 54
pyc 0.18 0.30 3.42 98 53
tpi 0.54 0.57 0.83 75 20

Average 0.38 0.47 1.97 90 40.14
Median 0.29 0.38 2.09 95 38

Table 4.6: Estimates for each housekeeping locus for E. faecium of (i) the probability of
an SLV being caused by mutation only (p); (ii) the expected number of mutations for an
SLV; (iii) the relative rate of recombination to mutation; and (iv) the % of nucleotide
differences of an SLV that were introduced by recombination.

Locus P Expected Relative % The
Number Rate of Differences number of

Mut. Rec due to Rec SLVs

atpA  0.09 0.28 5.60 97 170
ddl 0.10 0.11 8.59 97 82
gdh 0.37 0.48 1.43 83 49
purkK  0.23 0.30 2.86 87 52
gyd 0.50 0.52 0.98 66 23
pstS 0.39 0.49 1.34 91 91
adk 0.54 0.55 0.85 63 14

Average (.32 0.39 3.09 84 68.71
Median 0.37 0.48 1.43 87 52
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Table 4.7: Estimates for each housekeeping locus for H. influenzae of (i) the probability
of an SLV being caused by mutation only (p); (ii) the expected number of mutations for
an SLV; (iii) the relative rate of recombination to mutation; and (iv) the % of nucleotide
differences of an SLV that were introduced by recombination.

Locus P Expected Relative % The
Number Rate of Differences number of
Mut. Rec due to Rec SLVs
adk 0.12 0.17 6.14 98 125
atpG 0.23 0.29 2.95 96 67
frdB 0.14 0.16 5.73 98 128
fucK  0.01 0.01 90.20 100 287
mdh 0.11 0.15 7.06 99 208
Py 0.19 0.30 3.35 98 99
recA 0.16 0.22 4.47 97 63
Average 0.14 0.18 17.13 98 139.57
Median 0.14 0.17 5.73 98 125

Table 4.8: Estimates for each housekeeping locus for K. pneumoniae of (i) the probability
of an SLV being caused by mutation only (p); (ii) the expected number of mutations for
an SLV; (iii) the relative rate of recombination to mutation; and (iv) the % of nucleotide
differences of an SLV that were introduced by recombination.

Locus P Expected Relative % The
Number Rate of Differences number of

Mut. Rec due to Rec SLVs
gapA  0.40 0.42 1.46 72 33
infB 0.61 0.69 0.58 56 38
mdh 0.87 0.99 0.14 88 28
pyi 0.41 0.47 1.31 88 37
phoE  0.15 0.19 5.04 98 73
rpoB  0.69 0.75 0.42 43 33
tonB  0.13 0.47 3.29 98 162

Average 0.47 0.57 1.75 78 57.71
Median 0.41 0.47 1.31 88 37
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Table 4.9: Estimates for each housekeeping locus for S. uberis of (i) the probability of
an SLV being caused by mutation only (p); (ii) the expected number of mutations for an
SLV; (iii) the relative rate of recombination to mutation; and (iv) the % of nucleotide
differences of an SLV that were introduced by recombination.

Locus D Expected Relative % The
Number Rate of Differences number of

Mut. Rec due to Rec SLVs
arcC 0.09 0.10 9.63 96 72
ddl 0.10 0.14 7.51 95 30
gkt 0.17 0.20 4.43 91 54
recP 0.10 0.11 8.37 93 39
tdk 0.04 0.07 17.74 99 88
tpi 0.50 0.56 0.94 54 27
yqiL 0.32 0.54 1.56 93 46

Average 0.19 0.25 7.17 89 50.86
Median 0.1 0.14 7.51 93 46

Table 4.10: Estimates for each housekeeping locus for S. zooepidemicus of (i) the
probability of an SLV being caused by mutation only (p); (ii) the expected number of
mutations for an SLV; (iii) the relative rate of recombination to mutation; and (iv) the
% of nucleotide differences of an SLV that were introduced by recombination.

Locus P Expected Relative % The
Number Rate of Differences number of

Mut. Rec due to Rec SLVs
arcC  0.34 0.49 1.57 89 12
nrdE 0.26 0.31 2.56 98 20
proS  0.09 0.12 8.56 99 38
Spi 0.37 0.41 1.59 94 23
tdk 0.73 0.92 0.31 64 15
tpi 0.25 0.45 2.10 95 10
yqiL 0.47 0.52 1.06 90 30

Average 0.36 0.46 2.54 90 21.14
Median 0.34 0.45 1.59 94 20
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Table 4.11: Estimates for each housekeeping locus for S. aureus of (i) the probability of
an SLV being caused by mutation only (p); (ii) the expected number of mutations for an
SLV; (iii) the relative rate of recombination to mutation; and (iv) the % of nucleotide
differences of an SLV that were introduced by recombination.

Locus P Expected Relative % The
Number Rate of Differences number of
Mut. Rec due to Rec SLVs
arcC 0.05 0.06 17.59 99 1168
aroE  0.65 1.72 0.25 45 1658
glpF 0.00 0.00 21245.94 100 1113
gmk 0.12 0.13 7.04 96 697
pta 0.04 0.04 23.35 98 996
tpi 0.10 0.12 8.10 96 1035
yqiL 0.11 0.14 7.17 95 1315
Average 0.15 0.31 3044.21 90 1140.29
Median 0.1 0.12 8.1 96 1113

Table 4.12: Estimates for each housekeeping locus for N. lactamica of (i) the probability
of an SLV being caused by mutation only (p); (ii) the expected number of mutations for
an SLV; (iii) the relative rate of recombination to mutation; and (iv) the % of nucleotide
differences of an SLV that were introduced by recombination.

Locus P Expected Relative % The
Number Rate of Differences number of

Mut. Rec due to Rec SLVs
abeZ 0.27 0.31 2.21 97 28
adk 0.12 0.14 6.24 99 41
aroEl 047 0.51 0.96 97 39
fumC  0.04 0.05 21.13 99 45
gdh 0.17 0.20 4.04 99 59
pdhC  0.87 0.87 0.14 52 17
pgm 0.24 0.30 2.33 98 53

Average 0.36 0.46 2.54 92 40.29
Median 0.24 0.3 2.33 98 41
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Table 4.13: Estimates for each housekeeping locus for N. gonorrhoeae of (i) the probab-
ility of an SLV being caused by mutation only (p); (ii) the expected number of mutations
for an SLV; (iii) the relative rate of recombination to mutation; and (iv) the % of nuc-
leotide differences of an SLV that were introduced by recombination.

Locus D Expected Relative % The
Number Rate of Differences number of

Mut. Rec due to Rec SLVs

abeZ 0.98 1.04 0.02 31 76
adk 1.00 1.06 0.00 0 5
aroE  0.93 3.31 0.02 27 27
fumC  0.74 0.79 0.33 52 116
gdh 0.88 0.93 0.12 59 120
pdhC  1.00 1.03 0.00 15 46
pgm 1.00 1.06 0.00 10 35

Average 0.93 1.32 0.07 27 60.71
Median 0.98 1.04 0.02 27 46

Table 4.14: Estimates for each housekeeping locus for N. meningitidis of (i) the probab-
ility of an SLV being caused by mutation only (p); (ii) the expected number of mutations
for an SLV; (iii) the relative rate of recombination to mutation; and (iv) the % of nuc-
leotide differences of an SLV that were introduced by recombination.

Locus P Expected Relative % The
Number Rate of Differences number of
Mut. Rec due to Rec SLVs
abeZ 0.05 0.06 17.37 100 4360
adk 0.02 0.03 40.50 100 1970
aroEl  0.08 0.37 3.61 99 4827
fumC  0.03 0.04 27.50 100 6053
gdh 0.07 0.08 12.67 99 4484
pdhC  0.05 0.05 20.45 100 4946
pgm 0.06 0.08 13.65 100 5360
Average 0.05 0.10 19.39 100 4571.43
Median 0.05 0.06 17.37 100 4827
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Chapter 5

Investigating the impact of
geographical isolation on the
evolution of Campylobacter by
comparing New Zealand and United

Kingdom datasets

5.1 Summary

Host association, geographical isolation, and agricultural activities may all play a
role in the evolution of Campylobacter. Phylogenetic and population genetic tools
were applied to investigate the effect of geographical isolation on the evolution of
Campylobacter by comparing the datasets from one historically more isolated coun-
try, New Zealand (NZ), to a well-connected country, the United Kingdom (UK).
The study is based on 947 Campylobacter isolates from the Manawatu, NZ and
1815 Campylobacter isolates from Lancashire, UK; both samples were collected over
the same time period (2006-2007). The NZ and UK isolates were all sequenced as
part of a multilocus sequence typing scheme. There is evidence that geographical
isolation affects the evolution and diversity of Campylobacter genotypes over short
time-scales but that this effect diminishes over longer time-scales. This can be seen
by analysing sequence data at different levels of resolution, from the nucleotide level,
to the allelic profile level, to the sequence type level. The findings in this chapter
also support previous research that suggests that host association and the onset
of agricultural activities have played a role in the evolution of Campylobacter. Al-

though geographical effects appear to be short-lived, there is evidence of that some
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NZ specific and NZ-associated lineages of Campylobacter, and that these have dis-
tinct evolutionary histories. Our data indicate that some strain types existed in NZ
before Polynesian settlement and the introduction of livestock, whereas some strain
types diverged after their arrival, and a few of them, such as ST-2381 and ST-474,

spread widely in NZ as recently as a few hundred years ago.

5.2 Introduction

The genus Campylobacter is a major cause of human gastroenteritis worldwide [265]
399]. Much research has been done on the molecular epidemiology and evolution of
Campylobacter in different countries, including New Zealand [123| 246] 260, 262];
the United Kingdom [122] 239, 333], [403]; Africa [199] 200]; Finland [193]; Norway
[163, BI8]; Switzerland [209]; Denmark [232]; and the United States [255] [367].
Geographical isolation can provide a barrier that limits the opportunity for genetic
exchange and restricts the diversity of material available for recombination. In this
chapter, the impact of geographical isolation means the effect of physical barriers
brought about by relative geographical isolation on the evolution of Campylobacter.
Comparing the evolutionary processes and diversity patterns of Campylobacter in
a geographically isolated country and a non-geographically isolated country can
help to understand the factors that drive the evolution of Campylobacter. So far,
only limited research has been done in this area [332]. Although the multilocus
sequence typing (MLST) Campylobacter dataset (PubMLST: http://pubmlst.org/)
is widely available and contains isolates from many countries worldwide, studies on
the effect of geographical isolation are still difficult to perform due to the problems
in accessing equivalent datasets in terms of sampling time, host species, area, and

culture methods.

As a multihost species, Campylobacter has shown apparent host association [122]
243, 332]. Sheppard [332] found that host association was a more important de-
terminant of variation in genotypes than geographical distance. They focused on the
comparison of the effect of host association versus the effect of geographical location,
but this viewpoint does not address the role played by geographical isolation in the
evolution of Campylobacter. The focus of this chapter is to explore the similarities
and differences in genotype distributions isolated from multiple hosts in two geo-
graphically separated populations. All isolates in this study were sequenced using
MLST [74]. The NZ and UK datasets were sampled within the same time period
(2006 to 2007), and have equivalent areas, and an equivalent mix of urban and rural
populations. This choice of datasets helps to overcome some possible confounding

factors, including differences in sampling time and space.
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New Zealand has a particularly high incidence of human campylobacteriosis |10}, 269],
although it is not known why this is so. In New Zealand, the Campylobacter jejuni
strain type 474 (ST-474) [25], 259] was, until recently, responsible for more than a
quarter of the notified human campylobacteriosis cases, and is widely distributed
[246]. However, outside NZ, ST-474 has only been found sporadically and infre-
quently in other countries, such as one isolate reported from a poultry sample in the
Czech Republic in 1999 (recorded in the Campylobacter PubMLST website) [18§]
and a human sample in France in 2003 [49]. Further, there are some strain types
which have only been recorded in NZ [259] 261].

Compared to the UK, New Zealand is a country that is geographically isolated from
much of the rest of the world. NZ is located in the southwestern Pacific Ocean, it has
a long history of isolation from other continental landmasses and has no native land
mammals except two species of bat. About 80 million years ago, New Zealand began
to separate from the ancient supercontinent of Gondwana |57, 389]. The separation
continued until about 60 million years ago, when the formation of the Tasman Sea
separated New Zealand from Australia [298]. Thousands of years ago, most of NZ
was covered by rainforest. The surrounding expanses of seas isolated New Zealand
into a distinctive ecological system, which included unique fauna and flora [57, 90)].
The geographical isolation of NZ created an opportunity for endemic flightless spe-
cies of birds, such as the takahe and kiwi to evolve [67, B42]. New Zealand was the
last large landmass to be colonized by humans and domestic animals. Approxim-
ately 700 to 1000 years ago, Polynesians settled and brought domestic animals with
them [40} 164, 244 245] and, from the 17th century, Europeans arrived and brought
some wild and domestic animals [247,337]. A few hundred years ago, pukeko arrived
and colonized NZ |20, B73], 374]. Many animals were imported in 19th century, but
relatively few were recently. As to poultry, NZ does not import or export poultry.
The uniqueness of the geographical location of NZ and the distinctive history of the
introduction of European wildlife and livestock to the country also provide a special
opportunity to carry out analysis of the effect caused by geographical isolation on
the evolution of Campylobacter. The current population status of Campylobacter in
NZ may also be affected by complex demographic factors, including the domination

of endemic wild bird populations.

The similarities and differences between the frequency distributions of sequence
types (ST) from different host sources from NZ and the UK were examined. Popu-
lation differentiation and genetic distance of the isolates were also measured from the
different countries and a wide range of hosts by estimating a fixation index (Fst) and
constructing phylogenetic networks based on Fst distances for different host sources
from both NZ and the UK. The analysis of the sequence data at different levels of
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resolution, from the nucleotide level, to the allelic profile level to the ST level, was
used to reflect the distribution of Campylobacter genotypes at different time scales
[98]. The allelic profile consists of seven numbers, and can be considered to be an
intermediate stage between the nucleotide and ST levels. Analysis at the ST level
places more weight on the most recent genetic changes. This is because a single nuc-
leotide difference will change the ST'; that is, it has the same effect as changing many
nucleotide bases. Changes at the nucleotide level accumulate through time, and this
accumulation can only be reflected at the allelic profile level or the nucleotide level,
rather than at the ST level. A rarefaction analysis was applied in order to assess
the STs richness for different host sources between the two countries. A Chaol-bc
estimator was calculated to show and compare the genetic diversity between the two
countries. Lastly, the population structure of isolates from the different geographical
locations (NZ or the UK) and different host species were investigated and a unique

phylogeny of Campylobacter from the N7 dataset was constructed.

5.3 Material and Methods

5.3.1 Isolates

There were 2762 isolates of Campylobacter jejuni (C. jejuni) and Campylobacter
coli (C. coli) isolated during the same time period (from 2006 to 2007) from both
countries available for analyses. The study areas were Manawatu, NZ, and Lan-
cashire, UK [146, 403] (Figure 5.1). A total of 947 NZ isolates were taken from a
range of hosts (humans, ruminants, poultry [259, 261], and environmental water). A
total of 1815 UK isolates were obtained from human, poultry, and ruminant (cattle
and sheep) host sources. All the isolates were genotyped using MLST |74, 237].
Some analyses applied in this chapter only used a subset of these datasets, and are

specified in the relevant section.

Several isolates that have, to date, only been recorded from NZ include a C. jejuni
ST (ST-2381) that has mainly been found in NZ rivers and water rails [39]. It
is predominantly associated with native water rails, including the flightless takahe
and the pukeko, which was believed to have become established in NZ following its
introduction [376], [374]. ST-474 is a strain type commonly found in NZ human cases,
but rarely found in other countries in the world. ST-3609 [259] was only identified in
2005 in samples from a NZ poultry supplier [259]. The ruminant-associated strains,
ST-3795 and ST-3798, have both, so far, only been found in NZ. Two strain types
under investigation are from a proposed new Campylobacter species, provisionally

named Campylobacter species nova (C. sp. nov.) [3§].

84



Figure 5.1: Map of NZ with the Manawatu region highlighted (left). Map of the UK
with the Lancashire area highlighted (right).
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5.3.2 Analysis overview

Population genetic tools, phylogenetic network methods, and molecular evolution
tools were applied to investigate the similarity and diversity of C. jejun: and C.
coli from both countries. A y? test was applied to the ST frequency of the NZ
and UK datasets to investigate their similarity. The proportional similarity index
(PSI) [107, 207, 309, B398| and corresponding confidence intervals were calculated to
measure the variation between the frequency distributions of STs among different
hosts and among different countries. The relationship between isolates from different
geographical locations (NZ or UK) and host species were also investigated by Fst
[305, B41]; analysis of molecular variation (AMOVA) [94] [168]; Tajima’s D test
[361]; the rarefaction technique [I57]; and the Chaol-bc estimator [43] [46] [331].
Fst and AMOVA were calculated at three different levels of sequence resolution:
the nucleotide level, the allelic profile level, and the ST level [98]. The population
structures of the isolates related to geographical isolation and host association were
also investigated. A phylogeny of C. jejuni and C. coli from the NZ dataset was
constructed using BEAST [80], and the findings compared with those in a previously
published report on a UK dataset [403].

5.3.3 Population genetics tools and network methods

In order to test for similarities in the frequency of STs for NZ and UK datasets, a x?
test was applied to test whether or not the underlying distributions of the STs from
the two populations are the same. Another measurement of the similarities between
the frequency distributions of STs is the PSI, also known as the Bray-Curtis Index
or Czekanowski’s Quantitative Index [107, 207, B09, B98|. This index is defined by

the formula:

PSI=1-— 0.5(2 i — qil) = Zmin(pi, ), (5.1)

in which p; and ¢; are the proportions of ST; in each population.

The PSI provides a simple estimate of the similarity between the frequency distri-
butions of sequence types from different sources [309], such as the NZ and UK and
data sets. If the frequencies in the two populations are identical, PSI equals 1; if
these two populations have no STs in common, the PSI equals 0 [238, 281]. This
method was used to test the level of similarity between C. jejuni and C. coli STs
from both countries and also for different hosts. A bootstrap method using the
Monte Carlo algorithm for case resampling was used to produce confidence intervals

for this measure [126, 260]. A population distance matrix was calculated based on
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the pairwise 1-PSI values. This was represented as a phylogenetic network using the
Neighbor-net method [15] [34].

In population genetics, Fst is widely used as a simple descriptive statistic to measure
population differentiation [168]. It is a measurement of genetic diversity (focusing
on allele frequencies) within and between populations. Fst values were calculated
in Arlequin version 3.5 [93], using concatenated nucleotide sequences for seven loci
from the Campylobacter PubMLST database (http://pubmlst.org/campylobacter/).
Neighbor-joining trees for both Fst and 1-PSI were drawn with SplitsTree4 software
[177, 179] 180).

AMOVA was also performed using Arlequin version 3.5 [93]. AMOVA is a method
that investigates the genetic structure of populations using the variance of gene
frequencies and the estimated number of changes between haplotype sequences
[51, 233, 395]. AMOVA is a hierarchical analysis of variance which was used to
partition the total variance into a geographically-related genetic structure, a host-
associated genetic structure within each country, and the variance related to se-
quences within host-associated populations. Then a similar analysis was applied to
partition the total variance into a host-associated genetic structure, a geographically-
related genetic structure within each host source, and the variance related to se-
quences within each country. The input files were prepared using DnaSP (DNA
sequence polymorphism), version 5 [228]. Tajima’s D is a test to identify DNA
sequences that do not evolve neutrally under the assumption of the neutral theory
model of molecular evolution [I98] B61], such as under selection pressure and/or
experiencing demographic changes. Tajima’s D tests were applied using Arlequin
version 3.5 [93] to the Campylobacter isolates from different host sources in both

countries.

Species richness was standardised and compared by the rarefaction technique [157].
Rarefaction curves overcome the problem caused by unequal sample size by res-
ampling given datasets. This technique calculates the species richness for a given
number of sampled individuals and includes two steps: 1) random resampling of the
pool of N samples multiple times; and 2) plotting of the average number of species
found in each sample (1,2, ..., N) [143]. The rarefaction curve shows the number of

unique STs as a function of the number of individuals sampled.

Species diversity was compared using the Chaol-bc estimator [46] 331], as imple-
mented in SPADE (Species Prediction And Diversity Estimation) [45]. Chaol-bc is
a bias-corrected version for the Chaol [44]. Chaol estimates the number of missing
strains from the numbers of strains with low frequency counts, such as singletons
and doubletons [43], 46, B31]. For Chaol estimator, a higher value means larger

diversity. These statistics are calculated for eight sets of data for C. jejuni and C.
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coli isolates from a range of host sources: NZ human (NZH); UK human (UKH); NZ
poultry (NZP); UK poultry (UKP); NZ ruminant (NZR); and UK ruminant (UKR)
over the same time period (2006-2007). The NZ dataset combines all the data from
NZ, including NZ human (NZH), NZ poultry (NZP), and NZ ruminant (NZR), while
the UK dataset combines all the data from the UK, including UK human (UKH),
UK poultry (UKP), and UK ruminant (UKR).

5.3.4 Bayesian Phylogenetic analysis

A BEAST analysis [80] was applied to construct the Campylobacter phylogeny,
focusing on some specific strains of C. jejuni and C. coli (ST-2678, ST-45, ST-
403, ST-3798, ST-3795, ST-2026, ST-48, ST-3309, ST-474, ST-21, ST-2381, ST-
1132, ST-854, ST-3323, and ST-3310). Other species (C. fetus ST-4, C. helveticus
ST-2, C. insulaenigrae ST-12, C. lari ST-6, and C. upsaliensis ST-25) from the
Campylobacter genus and a newly proposed species, C. sp. nov. [38|, were also
analysed. These species have been characterised by MLST schemes [74, 256, [381].
Seven loci were used for each MLST scheme, and there were four shared loci for all
these eight species tested in the Campylobacter genus: ginA, glyA, tkt, and uncA

(also known as atpA).

A Sawyer’s runs test [78, B23] was applied to test that the alleles are all non re-
combinants within a set of allele alignments by loci using START?2 [187]. Nielsen
and Yang’s codon substitution model [274] was then applied in BEAST [80]. The
code for BEAST analysis was modified from Dr. Daniel Wilson’s BEAST analysis
[334, [403] by adding more sequences. Speciation events were modelled by the Yule
process [415], with a Jeffreys prior for the speciation rate. This prior choice is con-
sistent with the work of Dr. Daniel Wilson et al. [403], the rationale for which is
that the Yule process and a Jeffreys prior represent the most simple model. This
choice will generate a random branching process [195]. The Markov Chain Monte
Carlo (MCMC) chain was run for 10,000,000 iterations, and parameters were stored
every 1000 iterations. Two chains were run, and convergence was compared and
visually checked. The effective sample size for posterior distribution was 407; the

edge lengths in the BEAST trees were scaled according to time.

5.4 Results

The similarity of strains in two distant countries, NZ and the UK, and several
different hosts (human, poultry and ruminant) were examined. There is a significant
difference between the ST frequencies in NZ and the UK (x? test, p<0.01). In order
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to further examine similarity in the distribution of STs in the two countries and
different hosts, the Proportional Similarity Index (PSI) was calculated. The matrix
of 1-PSI therefore demonstrates the dissimilarity of the ST frequencies observed in

both different host sources and/or geographical locations.

A neighbor-net based on the 1-PSI distances (Figure shows evidence of variation
between the two countries. There is also evidence of variation between different host
sources: isolates from poultry are grouped together, as are isolates from ruminants.
Figure [5.2]shows that for both countries, gene flow within the ruminant Campylobac-
ter population (sheep and cattle) is larger than that between isolates from ruminant
host sources and other host sources. In addition, for both countries, isolates from
poultry always have a greater similarity with isolates identified in human cases than
isolates from other groups. For both countries, isolates from ruminant (sheep and
cattle) always share a greater similarity than isolates from other groups (PSI value
of isolates identified between in sheep and cattle: 0.50, 95% CI ]0.36, 0.55| for NZ;
0.34, 95% CI [0.27, 0.39] for the UK). In addition, isolates identified in sheep share

greater similarities than those from cattle for the two countries.

5.4.1 Fst and AMOVA at different levels

When Fst and AMOVA analyses are performed at the ST level, they emphasize
recent events for closely related strains. For example, a single event (recombination
or mutation) will change the ST [414]. In contrast, analyses at the nucleotide level
can reflect genetic changes further back in time. Figure[5.3|shows Neighbor-net plots
for Fst at different levels, from the ST level, to allelic profile, to the nucleotide level.
It can be seen that there is some evidence of clustering by geographical region at the
ST and allelic profile levels (Figure top and middle), however at the nucleotide
level there is relatively stronger clustering by host association (Figure bottom).
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NZ poultry supplier C 44
NZ poultry supplier A 38

NZ poultry supplier B 156
NZ environmental water 78

NZ human 416

NZ cattle 87

UK poultry 204
NZ sheep 128

UK human 672(

UK cattle 785

UK sheep

Figure 5.2: Neighbor Net of 1-PSI matrix for ST type frequency. These STs are grouped
by host species and sampling countries. The number after each host source represents
the sample size. The thick line shows the split between the two geographical locations,
and the thin line separates the Campylobacter isolates from ruminant hosts and the
isolates from human and poultry host sources.
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NZ Poultry

UK Poultry
UK Human NZ Human
UK Ruminant NZ Ruminant
UK Ruminant

UK Poultry UK Human

Allelic profile
NZ Ruminant
NZ Poultry

NZ Human

NZ Ruminant

UK Poultry UK Ruminant

UK Human

Nucleotide

NZ Poultry

NZ Human

Figure 5.3: Neighbor-Net plot of pairwise Fst values at different levels from ST level,
to allelic profile level, to nucleotide level showing the pattern of gene flow between a
variety of host sources and geographical locations.
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For the AMOVA analyses, isolates from NZ and the UK were separated into two
groups and, within each, the isolates were divided by different host sources: rumin-
ant, poultry, and human. Table shows the results when AMOVA is used with
countries defined as the higher grouping. At the ST level, 1.77% of the variation of
genetic structuring in haplotype sequence is attributed to the country level (AC),
3.81% of the variation of genetic structuring in haplotype sequence is attributed to
host species within countries (among host species within countries (AHC)), and the
rest of the variation (94.42%) is assigned to within-population (within hosts within
countries (WH)). However, at the nucleotide level, the AMOVA results show that
most variation (about 93%) of genetic structuring is attributed to variation within
hosts within countries, less (about 7%) was attributed to host species, and none
attributed to geographical isolation. Results of AMOVA at the allelic profile level
are located between the results from ST and the nucleotide levels. The results show
that 1.77% of variation due to countries (AC) found at the ST level was greater than
that at allelic level (1.39%), and at the nucleotide level no variation as assigned to
country. This is important because it demonstrates the effect of geographical isola-
tion diminishes from the ST level to the nucleotide level. The results also show that
variation due to different host sources within countries (AHC) increased from the
ST level (3.81%), to the allelic level (6.02%), and to the nucleotide level (7.23%).
This demonstrates the effect of host association increased from the ST level to the

nucleotide level.

Table contains the AMOVA analyses when the host grouping was set at the
higher level. Table shows there are 4.76%, 5.96% and 3.68% of the variation of
genetic structuring attributed to the country level at all three levels. This shows
that geographical isolation plays a role in the variation of distribution of genotypes
of Campylobacter population. From the ST level to nucleotide level, the variation
assigned to host level is increased from 0.11% to 3.72%. This is the same with the
results (AHC) in Table which means that host association increased from the
ST level to the nucleotide level.
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Table 5.1: AMOVA with country defined as higher grouping: from the nucleotide level,
to the allelic profile level, to the sequence type level (AC means among countries, AHC
represents among hosts within countries, WH represents within hosts). Negative values
mean there is no variance contributed [93].

Source of d.f.  Sum of squares Variance Percentage
variation components of
variation
ST level
AC 1 19.39 0.01 1.77
AHC 4 32.17 0.02 3.81
WH 2678 1248.88 0.47 94.42
Total 2683 1300.43 0.49
Allelic level
AC 1 133.54 0.04 1.39
AHC 4 299.13 0.18 6.02
WH 2678 7372.03 2.75 92.59
Total 2683 7804.71 2.93
Nucleotide
level
AC 1 713.32 -0.24 -0.84
AHC 4 3514.27 2.12 7.23
WH 2678 73340.26 27.39 93.6
Total 2683 77567.85 29.26

Table 5.2: AMOVA with host as higher grouping: from the nucleotide level, to the
allelic profile level, to the sequence type level. (AH means among hosts, ACH represents

among countries within hosts, WC represents within countries.)

Source of d.f.  Sum of squares Variance Percentage
variation components of
variation
ST level
AH 2 24.86 0 0.11
ACH 3 26.7 0.02 4.76
WC 2678 1248.88 0.47 95.13
Total 2683 1300.43 0.49
Allelic level
AH 2 233.21 0.03 1.08
ACH 3 199.47 0.18 5.96
WC 2678 7372.03 2.75 92.96
Total 2683 7804.71 2.96
Nucleotide
level
AH 2 2967.37 1.10 3.72
ACH 3 1260.22 1.09 3.68
WC 2678 73340.26 27.39 92.6
Total 2683 77567.85 29.57
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Figure 5.4: Rarefaction plot for UK and NZ data on human host source (2006-2007).
The lower line represents NZ human data from 2006-2007; 416 isolates in total, in which
the number of distinct STs is 42. The upper line represents UK human data over the
same time period. The UK dataset has 672 isolates, of which the number of distinct
STs is 144. If a vertical line was drawn on the 200th sample (on the x-axis), there will
be over 30 distinct STs for the NZ dataset and over 70 distinct STs for the UK dataset.
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Figure 5.5: Rarefaction plot for UK and NZ data on poultry host source (2006-2007).
The lower line represents NZ poultry Campylobacter data from 2006-2007; 238 isolates
in total, in which the number of distinct STs is 29. The upper line represents UK poultry
Campylobacter data over the same time period. The UK dataset has 204 isolates, of
which the number of distinct STs is 77. If a vertical line was drawn on the 200th sample
(on the x-axis), there will be over 20 distinct STs for the NZ dataset and over 70 distinct
STs for the UK dataset.
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Figure 5.6: Rarefaction plot for UK and NZ data on ruminant host source (2006-2007).
The lower line represents NZ ruminant Campylobacter data from 2006—2007; 215 isolates
in total, in which the number of distinct STs is 36. The upper line represents UK ruminant
Campylobacter data over the same time period. The UK dataset has 939 isolates, of
which the number of distinct STs is 154. If a vertical line was drawn on the 200th sample
(on the x-axis), there will be over 30 distinct STs for the NZ dataset and over 50 distinct
STs for the UK dataset.

96



Tajima’s D test only shows significant population expansion in size and/or directed
selection in Campylobacter isolates (-1.34, p-value 0.04) from UK human cases.
Rarefaction analysis was applied to evaluate the ST richness of Campylobacter that
cause human infection. Figure[5.4|reveals the higher diversity of UK human infection
isolates than that of NZ isolates. Similarly, Figure [5.5 and Figure reveal the
higher diversity of UK poultry and ruminant Campylobacter population (sheep and
cattle) than that of NZ isolates.

Diversity (as measured by Chaol-bc statistics) for the UK dataset, and three host-
specific UK datasets (UK human, UK poultry, and UK ruminant) are all larger than
the comparable datasets from NZ. For the combined UK dataset, the Chaol-bc is
larger than that of the combined NZ dataset. For isolates from human host sources
(UK: 883.2, 95% CI: 673.3, 1212.3; NZ: 235.5, 95% CI: 129.6, 526.5), Chaol-bc
for isolates from the UK human host is larger than that from the NZ human host
(UK: 361.9, 95% CI: 259.2, 555.9; NZ: 72.0, 95% CI: 50.7, 145.2). For isolates from
poultry host sources, Chaol-bc for isolates from the UK poultry host is larger than
that of the NZ poultry host (UK: 167.5, 95% CI: 119.0, 271.8; NZ: 38.0, 95% CI:
31.1, 67.0). For isolates from ruminant host sources, Chaol-bc for isolates from the
UK ruminant host is larger than that from the NZ ruminant host (UK: 371.6, 95%
CI: 271.9, 555.3; NZ: 131.0, 95% CI: 64.1, 357.1). Only the confidence intervals for

isolates from the ruminant host sources overlap.

5.4.2 BEAST analysis

The models used by BEAST assume that sequences have not undergone recombina-
tion. The Sawyer’s runs test did not provide evidence to reject the null hypothesis of
no recombination among alleles by the loci under investigation (ginA, glyA, tkt, and
uncA). From the BEAST analysis (Table and Figure 5.7)), the estimated time of
divergence of C. jejuni and C. coli is consistent with previous research [334] 403];
around 6000 years ago (5837.8, 95% HPD: 2730.1, 9719.9). HPD stands for highest
posterior density and is similar to the credible interval in Bayesian theory. It can
be interpreted as the most compact interval in parameter space that contains 95%
of the posterior probability [80]. The BEAST results in Table 5.3 and Figure
show that the proposed new species Campylobacter species nova (C. sp. nov.) sep-
arated before the estimated time of divergence between C. jejuni and C. coli. The
estimated time of divergence for C. sp. nov. is 6693 years ago (95% HPD: 3084.2
to 11020.3).

C. jejuni strains (ST-2768, ST-45, ST-403, ST-3798, ST-2026, ST-3795, ST-48,
ST-3609, ST-474, ST-21, and ST-2381) are grouped into two different branches of
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Table 5.3: BEAST results of the mean of split time [334]

Splits Name Time (unit year) 95% HPD lower, upper range
fetus - jejuni 32616.9 15494.5, 55097.6
lari - jejuni 19587.7 9766.0, 33755.9
helveticus - jejuni 14716.2 6805.0, 24582.6
insulaenigrae - lars 7266.7 3344.8, 12257.2
Sp. Nov. - jejuni 6693 3084.2, 11020.3
jejuni - coli 0837.8 2730.1, 9719.9
helveticus - upsaliensis  4563.5 2072.0, 7596.1
coli splits 1698.8 830.2, 2837.7
coli ST3323-ST3310 1698.8 830.2, 2837.7
coli ST3323-ST854 1168.1 520.1, 1835.2
sp. nov. splits 1168.1 586.3, 1984.0
jejuni splits 538.4 251.0, 904.4
jejuni ST2381-ST2768 533.1 251.0, 903.4
jejuni ST48-ST2381 507.5 206.1, 843.9
jejuni ST2678-ST45 456.1 178.8, 783.9
jejuni ST474-ST21 243.5 108.1, 422.7
jejuni ST3795-ST45 239.6 107.0, 422.7
jejuni ST48-ST474 118.5 45.5, 220.7
jejuni ST3798-ST3795 65.5 20.9, 123.7

coli ST1132-ST854 38.2 7.9, 75.2

jejuni ST3795-ST2026 12.9 0.2, 33.5

jejuns ST3798-ST403  10.5 0.2, 26.4
jejuni S'T48-ST3609 8.1 0.2, 21.5

the topology (Figure . The estimated divergence of the two groups is 533.1
years ago (95% HPD: 251.0 to 903.4). One contains ST-2768, ST-45, ST-403, ST-
3798, ST-2026, and ST-3795, the other contains ST-48, ST-3609, ST-474, ST-21,
and ST-2381. All analysed strains which belong to clonal complex ST-403 (CC
403), including ST-403, ST-2026, ST-3798, and ST-3795, are grouped together. All
analysed strains which belong to CC 48, including ST-48, ST-474, and ST-3609, are
grouped together.

There are some strains, such as ST-3798, ST-3795, ST-2381, and ST-474, which are
highly prevalent in NZ and rarely found elsewhere in the world. ST-3798 and ST-
3795 diverged from the ST-45 branch 239.6 years ago (95% HPD: 107.0 to 422.7).
The estimated time of divergence of NZ isolates, such as C. jejuni ST-2381 and C.
jejuni ST-21 is 507.5 years ago (95% HPD: 206.1 to 843.9). For some more recent
examples, ST-474 also diverged from the ST-21 branch 243.5 years ago (95% HPD:
108.1 to 422.7). The estimated divergence of C. jejuni ST-474 and C. jejuni ST-48
is 118.5 years ago (95% HPD: 45.5 to 220.7), and C. jejuni ST-3609 and C. jejuni
ST-48 is estimated to be 8.1 years ago (95% HPD: 0.2 to 21.5).
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5.5 Discussion

When clustering strains based on distances that give high weight to slight differences
(Figure , top) there is some evidence of clustering by geographical region. There is
a clear separation between STs from NZ and the UK. However for distance measures
that take progressively more detailed sequence information into account (Figure
bottom) there is no apparent clustering by geographical region and clustering by
host appears to be apparent. Fearnhead [2007] demonstrates that this may reflect
structure at different time-scales which suggests that for the Campylobacter data
the effect of geographical structure may be short-lived. The effect brought about
by geographical isolation then plays a short-lived role in the evolution and diversity
of Campylobacter genotypes. This observation indicates that geographical isolation
reduces the chance of genetic exchange between Campylobacter strains, but that it

has not built up a biological barrier for them.

For the nucleotide level analysis, host association has a more apparent effect than
country association which can be seen from the different grouping patterns and
branch lengths for geographical isolation and host association in Figure [5.3] Fur-
thermore, at the nucleotide level, the AMOVA result (Tables and shows
there is no variance attributed to the country level. This again supports the conclu-
sion that geographical isolation has little effect on the long time-scale evolution of
Campylobacter strains, a result consistent with Sheppard et al. [2010a]. An altern-
ative explanation of the fact that host association has more impact than geography
may be that Campylobacter adapts to its host, and this produces the unequal distri-
bution of STs among hosts that we observe. However, there is some evidence of the
effect of country geographical separation at the ST level. As was shown in Figure
b.3l at the ST level, the geographical effect is much stronger than at the other two
levels, and is also supported by the observation that the branch lengths for the host
association are shorter than those at the nucleotide and allelic profile levels. Both
observations are consistent with Fearnhead [2007| which indicates that because spa-
tial structure has more effect on recent coalescent events, it is often more noticeable
at the ST level or allele level than the nucleotide level which is affected most by the

timings of older coalescent events.

For the short time period, the Neighbor-net plot for Fst shows evidence for geo-
graphical clusters. Moreover, the PSI results show that the geographical isolation
effect is more important (or of equivalent importance) than host sources for the
evolution at the ST level. PSI and 1-PSI were calculated and 1-PSI was plotted by
the Neighbor-net method (Figure to measure similarities/differences between
the distribution of sample STs from different host sources and countries. Higher

PSI values were observed within each country and also between the two countries, a
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Figure 5.7: Reconstruction of the phylogeny of some NZ specific strains. For the NZ-specific isolates, ST-2381 is mainly found in NZ rivers
and water rails; it is mainly attributed to the flightless native birds, including the rare takahe and the common pukeko. ST-474 is a strain type
commonly found in NZ human cases, but rarely found in other countries in the world. ST-3609, which shares five loci with ST-474, has not
been found since 2005. ST-3795 and ST-3798 are found only in NZ ruminant host sources. Both, however, are from a lineage associated with
isolates from UK ruminant hosts. The scale bar represents 4000 years.
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finding that is supported by the observation of the Fst cluster between different host
sources and countries (Figure . This result is consistent with the existing effect

of geographical isolation on the evolution and diversity of Campylobacter genotypes.

Different results from Tajima’s D tests for isolates sampled from the same host
species but different countries imply different evolutionary histories of population
size (or selection pressure). For example, for Campylobacter isolates from human
infection cases, in the UK, Tajima’s D values supported the hypothesis that the
population size of Campylobacter increased. In contrast, no significant increase in
population size was observed in NZ. Rarefaction curves also demonstrate apparent
differences between the species richness in NZ and the UK. The richer diversity of
host animals in the UK may explain the larger species richness of Campylobacter
in the UK compared to NZ. The effect caused by geographical isolation is also
supported by the rarefaction analyses (Figures and which show there
is more diversity in the Campylobacter genotype from the UK dataset than the NZ
dataset. Chaol-bc estimators also show that, in general, there is more diversity in
the genotypes of Campylobacter from the UK dataset than from the NZ dataset,
for different host sources (human, poultry, and ruminant) and also for the combined
datasets. This diversity in the UK dataset may indicate the results of more frequent
gene exchange than the geographically isolated country, NZ. This diversity in the
UK dataset also demonstrates that the human population in UK are exposed to a
more diverse range of Campylobacter genotypes. Furthermore, the lower diversity
of NZ datasets is likely to be the results of geographical isolation prevents some STs
from reaching NZ for at least short time periods (i.e. only a subset of the global
population of STs have been introduced into NZ, and these formed ’founder’ for

subsequence evolution).

Reconstruction of the phylogeny of NZ-specific Campylobacter STs reveals that dif-
ferent lineages of Campylobacter. Some lineages, such as ST-2381 and Campylob-
acter sp. nov. strains, pre-existed in NZ because they diverged earlier than other
STs sampled from other countries in the world. Other lineages, such as ST-3798
and ST-2026, may have evolved in NZ (after being introduced into NZ) because
they diverged after several commonly found STs. Furthermore, some strains, such
as ST-3798, ST-3795, ST-3609 and ST-474, diverged later than the globally distrib-
uted STs and so far with the exception of ST-474, have only reported in NZ not
elsewhere in the world. Different evolutionary patterns for different lineages demon-
strate different time-scale for NZ strains because these share many STs with the
global gene pool. However, NZ also has its own gene pool, which includes strains

that diverged before and after the introduction of common STs.

The time when NZ unique strain types/isolates C. sp. nov. diverged from the
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common ancestors of C. jejuni and C. coli is estimated to be 6700 (95% HPD: 3080
to 11020) years ago. This estimated time is long before the time when common
livestock associated STs were likely to have been introduced into NZ. The estimated
time for divergence of ST-2381 and ST-21 is around 508 (95% HPD: 206 to 844)
years ago. This is consistent with the arrival time of pukeko from Australia (about
a few hundred years ago) [254], B73|, 375]. These results show that some NZ isolates,
such as C. sp. nov. and ST-2381, were likely to have diverged earlier than the
globally distributed STs (like ST-21, ST-45, and ST-48). The host species for both
C. sp. nov. and ST-2381 are only found in NZ, and the closely related purple
swamphen found in Australia. This indicate that both geographical isolation and

host association played a role in the distribution of Campylobacter genotypes.

The estimated time for divergence of ST-474 and ST-48 is around 119 (95% HPD:
46 to 221) years. In NZ, ST-474 has been responsible for 25% of the notified hu-
man campylobacteriosis cases, and is widely distributed around NZ [246]. However,
ST-474 has rarely been reported elsewhere around the world. The highly specific
geographical distribution of these recent diverged strains clearly support the role
played by geographical isolation. The estimated time of divergence for both ST-
2381 and ST-474 occurred after the introduction of the common STs (ST-21 and

ST-48). This is also consistent with the arrival time of pukeko from Australia.

In contrast, the estimated time of divergence of ST-3609 from a worldwide ST-
48 is estimated to be less than 10 years. This recent evolution is consistent with
the results from laboratory work: ST-3609 was identified in one of the NZ poultry
suppliers only at the beginning of the present project (in 2005); it has not been
found since then. ST-3609 is a single locus variant of ST-48. During 2006 to 2008
in NZ, several voluntary and regulatory interventions were introduced to control
foodborne pathways of campylobacteriosis, particularly in poultry industry |13, 260,
328|. Following that, there was a marked decline in the incidence of foodborne
campylobacteriosis [328]. These observations show that human activity can affect

the diversity of Campylobacter.

The phylogeny of Campylobacter estimated in this study is consistent with Wilson
et al.’s [2009] research using BEAST. The estimated time for divergence of C. jejuni
and C. coli (about 6000 years ago) is consistent with the most recent dating [334],
and suggests that human agricultural activity had an effect on the evolution of
Campylobacter. The estimated time of divergence of some NZ-associated isolates,
such as C. jejuni ST-474 and C. coli ST-3310 is about 5840 (95% HPD: 2730 to 9720)
years ago, which is long before the beginning of Polynesian settlement (around 1000
years ago) [245] and the introduction of livestock (200 years ago) [54]. This again

could be because geographical isolation only plays a short-lived role in the evolution
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of Campylobacter. For long time periods, evolution can reduce the signal caused by
geographical isolation. The similarity of the distribution of some common strains,
such as ST-45, ST-48, and ST-21, supports the view that globalisation (tourism or
international imports and exports) also reduces the effects of geographical factors

on the evolution of Campylobacter, especially over long timescales.

From Figure we can also see host association within different lineages. The
proposed species (C. sp. nov.) is mainly found in NZ water and water rails and
appears to be genetically distinct from the common ancestors of C. jejuni and C.
coli. ST-45 and ST-21 are largely found in a wide range of host sources, and both
of them are considered as founder strains and diverged earlier than other strains in
the two groups [55], 122, 193, 287, 345] (Figure [5.7). The ST-45 group includes ST-
45, ST-403, ST-3795, and ST-3798. ST-45 can be found in a wide range of animal
sources, including human and ruminant [220], 221]; ST-403 also has a wide range of
host sources, but mainly excludes poultry [I88] 221] B33]. At the time of writing,
ST-3798 and ST-3795 have only been isolated from a NZ ruminant host source.
So far, for the ST-21 group, ST-474 has predominantly been found in human and
poultry samples, and ST-3609 in a poultry host source.

Whole genome analysis on both worldwide and NZ specific strains can provide more
information on the effect of geographical isolation on the evolution of Campylobacter.
Three possible mechanisms for the genotype patterns of Campylobacter have been
identified [334]: physical barriers, biological mechanisms, and selection pressure.
Globalisation tends to break the physical geographical barriers for gene exchange,
but is a more recent activity, compared with the evolutionary timescale for Cam-
pylobacter. Because NZ’s unique geographically isolated location has provided at
least a short-lived physical barrier for the exchange of gene flow over the centuries,
a few (if any) specific genetic markers can be identified on the whole Campylobacter
genome of distinct NZ strains. Based on the seven housekeeping genes, a certain
pattern for geographical isolation and host association has been observed. Increased
globalisation, tourism and international trade are likely to introduce new strains
of Campylobacter bacteria and other bacteria to NZ. Whole genome analysis can
help us better understand geographical factors, such as whether or not some of the
current variation in the diversity distribution of certain Campylobacter STs arises

from geographical isolation.

This is one of the first attempts to investigate the effect of geographical isolation
on the evolution of a specific bacteria, and to enhance our understanding of the
effect of ecological barriers on the evolution of Campylobacter. There are two main
findings in this study: a short-lived role of geographical location in the evolution of

Campylobacter and the existence of some unique strain types in NZ. These findings
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provide a better understanding of the physical barrier for gene exchanges caused by
geographical isolation, which may be helpful in disease control and intervention of
campylobacteriosis and even other infectious disease, and also useful in determining

the origins of Campylobacter species.
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5.6 Additional structure analysis

5.6.1 Bayesian cluster analysis

In order to investigate the relationship between Campylobacter jejuni isolates from
different geographical locations (NZ or UK) and different host species, a model-based
clustering method was performed to infer population structure for MLST data using
Structure 2.3.3 [96, 97, 169, [B03]. There are four sets of data for Campylobacter isol-
ates host sources: NZ poultry (NZP), NZ ruminant (NZR), UK poultry (UKP), and
UK ruminants (UKR). Host sources and geographical locations were pre-specified
for three sets of individuals, then the origin for the rest of the individuals was es-
timated. USEPOPINFO model, PopFlag, and PopData options were applied in
Structure 2.3.3 [169, B03|. The no-admixture model was employed with 10,000 iter-
ations after 5000 burn-ins. The convergence was checked using visual plots and the

comparison of two chains.

This part of the analysis is looking at Campylobacter jejuni isolates from NZ and
UK over the same time period (2006-2007). The analysis was performed to alloc-
ate individual isolates to different combinations of known geographical locations
and host species based on the different genotype frequencies of each combination.
The analyses were carried out at both the nucleotide level and the allelic profile
level, whereas previous research [332] was only carried out at the allelic profile level.
This Bayesian model-based cluster analysis was carried out to to assign NZ Cam-

pylobacter isolates from poultry host sources into NZ Campylobacter isolates from
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ruminant host sources and UK Campylobacter isolates from poultry and UK rumin-
ant host sources. Then a similar analysis was applied to assign UK Campylobacter
isolates from poultry host sources into UK Campylobacter isolates from ruminant
host sources, NZ Campylobacter isolates from poultry host sources and NZ ruminant

host sources.

5.6.2 Structure analysis results

In the Bayesian clustering analysis, the sampling location information has been in-
corporated into the modelling to allocate individuals of unknown origin into several
pre-defined groups, which included the Campylobacter population with known host
sources. At the nucleotide level, NZ poultry isolates were assigned into the other
three pre-defined sources (NZ ruminant, UK poultry and UK ruminant), with prob-
abilities of 76.8% for UK poultry, 14.2% for UK ruminant, and 9% for NZ ruminant.
At the allelic profile level, 60.2% of NZ poultry isolates were assigned into UK
poultry, 34.4% of NZ poultry isolates were assigned into UK ruminant, and 5.4%
were assigned into NZ ruminant. Assignment of the UK poultry isolates to the other
three predefined sources at the nucleotide level with use of Structure 2.3.3 [169, B03]
produces probabilities of 19.9% for NZ poultry, 65.1% for UK ruminant, and 15%
for NZ ruminant. At the allelic profile level, the assignment of UK poultry isolates
produces probabilities of 55% for UK ruminant, 31% for NZ poultry, and 14% for

N7 ruminant.

Figure[5.8|shows the analyses carried out at both the nucleotide and the allelic profile
levels. The analysis at the nucleotide level provides similar information about the
host and geographical effect as the allelic profile level. For NZ isolates from poultry
host sources, the host association of Campylobacter strains transcends geographical
factors because NZ isolates from the poultry industry are more associated with UK
poultry than with UK or NZ ruminants. The results also indicate that isolates from
UK poultry are more associated with UK ruminant, less associated with NZ poultry,
and least associated with NZ ruminant. For UK C. jejuni isolates from poultry host

sources, geographical factors appear to be more important than host factors.

5.6.3 Discussion about structure analysis

Both observations from Structure 2.3.3 analysis for NZ and UK datasets revealed
that geographical isolation plays a role in the evolution and genotype diversity of
Campylobacter. For the NZ dataset, Structure 2.3.3 results suggest Campylobac-

ter genotypes have more association with host species than geographical locations,
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Figure 5.8: The first two plots are produced by Structure 2.3.3 to assign 190 Cam-
pylobacter isolates from NZ poultry (NZP) into NZ ruminants (NZR), and UK poultry
(UKP) into UK ruminants (UKR) host sources. The last two plots assign 182 Campy-
lobacter isolates from NZ poultry into UK ruminant, UK poultry, and NZ ruminant host
sources. The sample sizes for NZ poultry, NZ ruminants, UK poultry, and UK ruminants
are 190, 126, 182, and 716, respectively. In the plot, each isolate is represented by a
coloured vertical line. Isolates are grouped by the potential attributed source. For each
vertical line (isolates), the estimated probability of the origin is shown by different col-
ours: green represents Campylobacter isolates from NZP; red represents Campylobacter
isolates from NZR; purple represents isolates from UKP; and pink represents isolates
from UKR.
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which is consistent with previous research [243] 332, 334]. Similar results are also
supported by AMOVA analysis. However, these results do not show the same pat-
tern for the UK poultry dataset. To find out why this is so, different patterns from
the UK poultry dataset from Structure 2.3.3 analysis were observed, and compared
to previous research [243] 332]. One possible reason is the distinctive geographical
location of NZ, as geographical isolation can create a unique environment for some
specific strain types to survive. Due to the existence of some unique alleles in NZ
datasets, it could be difficult to assign UK alleles into them. Previous research
[243] 332] has focused on European countries or those in the Northern Hemisphere,
therefore, apparent geographical isolation will not affect the assignment of ST as
seen in those studies. Structure 2.3.3 analysis is based on the allele frequency, and
this is a snapshot of the evolution. Because of the long time period need to allow
enough time to exchange or communicate the genetic material, the uniqueness of
the NZ database caused by geographical isolation is not strong enough to transcend
the NZ and UK commonalities, such as similar host reservoir. This is supported
by further detailed comparison of STs between these two countries, which indicates
that NZ datasets contain a subset of the UK dataset, and also has its uniqueness in
the dataset.
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Chapter 6

Estimating the clonal genealogy for
ST-474, a commonly found New

Zealand Campylobacter sequence

type

6.1 Introduction

In New Zealand (NZ), until recently, Campylobacter jejuni strain type 474 (ST-474)
[25, 259] was responsible for more than a quarter of the notified human campylob-
acteriosis cases, and was widely distributed [246]. Outside NZ, ST-474 has been
found infrequently, such as one isolate reported from a poultry sample in the Czech
Republic in 1999 (recorded in the Campylobacter PubMLST website) [I88] and a
human sample in France in 2003 [49]. ST-474 shares five out of seven loci with
ST-48, and belongs to the clonal complex 48 (CC-48). Compared to the globally
distributed ST-48, ST-474 is regarded as endemic to NZ. This raises questions about

the mechanisms by which Campylobacter generates diversity.

An accurate estimate of the clonal genealogy of ST-474 and related strains would
help in understanding how Campylobacter populations and their hosts interact.
Knowing the clonal relationships of a given group of strain types is also helpful
for estimating the age of their most recent common ancestor; the positions of nodes
on a given tree can represent the divergence times in the evolutionary process. With
the recent rapid development of phylogenetics and bioinformatics, there are now a
wide range of methods which can be applied to infer the clonal genealogy of a set of
sequences. In this study, the evolutionary relatedness of 59 isolates, including seven
ST-474 isolates, can be used to indicate the origin of ST-474 strains.
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Phylogeny can be used to reflect the relationships among a group of strain types.
On a phylogenetic tree, leaves and nodes are used to represent extant samples and

common ancestors.

A simple clonal genealogy can be represented by a tree. However, the occurrence of
recombination can disrupt the tree-like relationship for a given group. The occur-
rence of recombination will make the inference complicated, because when recom-
bination occurs in the evolutionary history of the given sequences, two branches of
genealogical tree join together to form a cycle. After several recombination events,
it is difficult to represent a clonal genealogy as a tree-shaped relationship. Thus,
under these circumstance it is not appropriate to reconstruct a single phylogenetic
tree and make inference based on this single tree [404]. Moreover, when recombin-
ation occurs, different sets of genes will have different phylogenies, and the current

analyses will have limited power to estimate those trees accurately [301], 404].

Most traditional methods, such as Neighbor Joining [316], Maximum Parsimony
(MP), and Maximum Likelihood (ML), make the unrealistic assumption that no
recombination occurs in the evolutionary history of a set of sequences. In contrast,
ClonalFrame version 1.1 [69] is one of the few software programs which currently

take into account recombination.

The construction of phylogenetic trees provides important information about the
clonal relationship of sequences and is crucial for making inferences about the evol-
utionary process. Several analytical tools are available for phylogenetic inference
using whole genome data. There are two broad types of phylogenetic tree recon-
struction methods: methods based on the distance matrix, such as neighbor joining
method [316]; and methods based on characters, including maximum parsimony
(MP), maximum likelihood (ML), and Bayesian methods [411]. Methods based on
the distance matrix are calculated by comparing every possible pair of sequences,
then reconstructing the phylogenetic tree based on the genetic distances. In con-
trast, methods based on characters compare a score calculated by different methods
[411]. The MP score for a particular tree is the least number of nucleotide changes
on the tree to reconstruct the observed sequence data. For ML, the compared score
is a log-likelihood value of each tree [411]. ML and Bayesian methods are all model-
based methods [411], while MP is a non-parametric method. Bayesian methods
calculate a posterior probability for a given tree. ClonalFrame applies a Bayesian
inference method to infer the clonal relationships of a given dataset and also takes

the location of recombination into account [69].

This chapter applies a range of phylogenetic methods on 59 isolates of Campylobacter
to infer clonal genealogy. First, a case study was carried out to estimate and compare

the evolutionary clonal genealogy for whole genome length data using a range of
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mathematical tools: UPGMA [344], NJ [316], MP, ML, and Bayesian methods [109]
201, 215]. Second, these phylogenetic methods were applied on both multilocus
sequence typing (MLST) and the targeted gene reference set (TGRS) datasets and
the results compared. Third, based on the first two steps, a phylogeny was chosen
to map events on to seven ST-474 isolates. Fourth, the compatibility plot for the 78
specific genes of ST-474, located in the third step, was analysed.

6.2 Phylogenetic analysis and methods

6.2.1 Data

Two datasets were analysed in this section: one simulated dataset and one real Cam-
pylobacter dataset. The simulated dataset, containing 60 isolates using SimMLST
[70], was generated under the constant growth model, recombination rate (100),
mutation rate (100), and recombination tract length (500). SimMLST [70] sim-
ulates both sequence data and the underlying clonal genealogy that gave rise to
these sequence data using a coalescent method. The sequence lengths are 100,000
base pairs. SimMLST can produce four kinds of output for one simulation: the
sequences in XMFA format, the clonal genealogy in Newick format, all the trees in
Newick format, and the full description of the graph representing the ancestry. In
this chapter, the first two outputs were mainly used: the sequences in XMFA format

and the clonal genealogy in Newick format.

The real dataset comprised 59 whole genome-sequenced isolates, of which 44 were C.
jejuni and 14 were C. coli isolates, and one was C. sp. nov.. They were sequenced
using the Allan Wilson Centre Genome Service’s Illumina GAII sequencer. These
isolates were chosen to ensure they were reasonably representative of the Campy-
lobacter population in New Zealand. The 59 isolates were sequenced using indexing
technology, and then mapped to C. jejuni NCTC 11168 reference genome using the
mapper BWA [226] to generate initial consensus sequences. As this approach is
limited to showing only sequences that map to the reference with only a few mis-
matches per read, it ignores any sequence not found in the reference genome. For
this reason, the short read de novo assembler Velvet [416] was used to generate de
novo contigs for the genome. Gene prediction was performed on the de novo contigs
using Glimmer [63], 317].

The targeted gene reference set (TGRS) is defined to include: 1) the seven full length
MLST genes for Campylobacter, including the whole ginA gene sequence, and three
regions between the six MLST genes (aspA-atpA inclusive, glyA-pgm inclusive, and

tkt-glt A inclusive); and 2) three “hypervariable” regions, including flagellar genes,
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lipo-oligosaccharide biosynthesis, and capsular polysaccharide biosynthesis. The
MLST profile for a particular strain can be determined by its TGRS profile by
restricting to the 7 gene fragments used in MLST. The TGRS data contain thousands
of loci, whereas ST is defined by MLST profile; therefore, several isolates can share
one ST. There were 34 unique STs in the TGRS dataset; most STs were represented

by one to three isolates, whereas there were seven ST-474 isolates.

6.2.2 Phylogenetic analysis and methods comparison

The clonal genealogies were estimated by UPGMA, NJ, MP, ML, and Bayesian
methods. UPGMA was applied using Geneious Pro v5.6.5 [79], NJ and MP were
applied using PAUP*, version 4.0 [359]; and ML was calculated by RAxML web
server [346], with the best model of DNA substitution tested in ModelTest, version
3.7 |300]. The GAMMA model of rate heterogeneity is selected using the Akaike
Information Criterion (AIC) [32] 299 as the criterion. The Bayesian methods were
applied using ClonalFrame (CF), version 1.1 [69]. Among these methods, Clonal
Frame is the only one that accounts for recombination as well as mutation. The
estimated clonal genealogy for the simulated dataset by different methods was com-
pared to the true genealogy using the program PAUP*| version 4.0 [359]. For the
two given trees, the symmetric difference, also known as the Robinson-Foulds dis-
tance, is calculated by counting the number of splits that only appear in one tree
but not in the other [308|, 293]. For the output of several runs in ClonalFrame, Gel-
man and Rubin convergence test [132 was applied to check the convergence, using
ClonalFrame (CF'), version 1.1 [69].

6.2.3 Mapping events on the ST-474 branch

In order to identify the genes which are compatible or incompatible with the given
topology, eight isolates (seven ST-474 isolates and one ST-48 isolate) were compared
using the online tools on the BIGSdb website (http://pubmlst.org/) and mapped to
the reference C. jejuni strain NCTC11168. All eight isolates belong to the ST-48

complex, and they were isolated from samples in New Zealand.

6.2.4 Compatibility

The compatibility plot has been drawn for the informative loci. The informative
locus requires to have two different alleles appear at least twice on that locus for a

set of isolates. The uninformative loci refer to the loci that can always fit exactly
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on any tree, e.g. the variant loci on pendant edges. The compatibility plot is based
on the number of extra events that would be required over and above the minimum
for them to fit on the same tree (this minimum is just the number of unique alleles
- value 1 for each loci). The Os indicate compatible characters, 1s and 2s represent
incompatible characters. UPGMA is used on the matrix of excess distances (i.e. the
compatibility matrix) to find the cliques. A group of pairwise compatible loci and

to which no other loci can be added without conflict is termed a clique [911, 40T].

6.3 Results

6.3.1 The phylogeny of the simulated dataset

Figures|6.1H6.6|show the true clonal genealogy produced by SimMLST and estimated
clonal genealogies from UPGMA, NJ, MP, and ML using simulated data. Table
shows the symmetric-difference distances among trees obtained from the generated
trees, UPGMA (Figure [6.2), NJ (Figure [6.3), MP (Figure [6.4), and ML (Figure
. The symmetric-difference distances are defined as a set which contains only
one of two sets of splits, and excludes the shared splits. All of these splits belong
to the same sets of sequences. ClonalFrame (CF), version 1.1 [69] does not use the
concatenated simulated data, instead it requires an input file which separates every
locus by equals signs. The six main clusters were reconstructed correctly by applied
methods (UPGMA, NJ, MP, ML, and CF) and one outlier (sequence type 19), but
the true phylogeny has not been identified clearly. The largest number of incorrect

splits was obtained using CF [69).

The true clonal genealogy (Figure demonstrates six major phylogenetic groups
with one outlier (sequence type 19), designated by different colours. The true clonal
genealogy was produced by SimMLST, and colors represent different groups. The
estimated clonal genealogies from UPGMA (Figure reconstruct the whole clonal
genealogy, although the outlier sequence 19 is not identified. The estimated clonal
genealogies from NJ (Figure also reconstruct the whole clonal genealogy. How-
ever, the outlier sequence 19 is not identified, and the divergence of the red cluster
has been over estimated. The estimated clonal genealogies from MP (Figure
is the strict consensus tree for 12 clonal genealogies, which are based on the MP
method. This method produces 12 trees with the same score of the estimated clonal
genealogies. It also reconstructs six major clusters for the whole clonal genealogy,
although the divergence of the red cluster has been over estimated and the outlier 19
is not clearly identified. The estimated clonal genealogies from ML (Figure also

reconstructs the whole clonal genealogy. Again, the outlier 19 is not identified, and
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Table 6.1: Symmetric-difference distances between trees for ML, UPGMA and NJ, with
all trees unrooted. The tree was calculated for the simulated dataset.

CF NJ UPGMA ML MP TRUE
Cr 0
NJ 98 0
UPGMA 98 22 0
ML 98 32 22 0
MP 81 25 21 17 0
TRUE 98 32 20 22 19 0

the divergence of red and purple clusters has been over estimated. The estimated
clonal genealogies from CF (Figure also reconstructs the whole clonal genea-
logy, but the divergence between the red, green, and blue, and the yellow, black,

and purple clusters has been over estimated.

All of the applied phylogenetic methods can consistently identify the major clusters;
however, none of the applied methods can reconstruct the true clonal genealogy
within clusters accurately. Some detailed divergence has not been constructed by
any of the applied methods. It can be seen from Table even if the convergence

has been achieved for CF, the results are largely different from the true tree.

6.3.2 Results for the targeted gene reference set

The aim of this analysis was to apply the existing methods to make phylogenetic
inferences on the Targeted Gene Reference Set (TGRS) dataset, which is currently
the most comprehensive dataset on NZ isolates available. In all the applied phylo-
genetic methods (Figures [6.7}{6.11]), the green colour block represents C. coli and
the yellow represents C. jejuni ST-474. Although the phylogenies for all isolates
inferred by the various methods are different (Figures[6.7{6.11), at the tips of all the
inferred phylogenies, all the isolates which have known STs are grouped together
according to their STs, such as ST-50, ST-53, ST-190, ST-520, ST-1324, ST-1342,
and ST-2536. These listed STs relate to two or more isolates.

The results of UPGMA (Figure [6.7), NJ (Figure [6.§), MP (Figure [6.9), ML (Figure
6.10), and two results from ClonalFrame show there are two apparent clusters: one

for C. jejuni and one for C. coli. Two chains were run by CF (Figure and
Figure [6.12)). Figure shows 10000 iterations after the burn-in, 10000 burn-in
iterations, and 10 iterations performed between recording the parameter values in
the posterior sample (also called the thinning interval). By comparing the results
from CF (Figure and Figure [6.12)), it can be seen from Gelman and Rubin

convergence test (values > 1.2) that convergence has not been achieved, after 300+
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hours desktop computation for each run. The main difference is the divergence time
of C. sp. nov.. This occurs because it is difficult for CF to converge. From Section
6.3.1] it can be seen that even if convergence has been achieved for CF, the results

are less useful for making phylogenetic inference.

6.3.3 Results for the MLST dataset

Figures [6.13}6.17] show estimated clonal genealogies from UPGMA (Figure [6.13),
NJ (Figure [6.14), MP (Figure [6.15), ML (Figure [6.16), and CF (Figure using
MLST data. In order to compare the phylogeny inferred by MLST and TGRS, the
known sequence types (STs), and their MLST scheme genes have been extracted
from PubMLST databases. In total, there are 34 different STs from C. jejuni and
C. coli that have been analysed. Three of them are C. coli (ST-3302, ST-3232, and
ST-3072), and the others are C. jejuni.

Although the phylogenies for all isolates inferred by various methods are different
(Figures [6.17), ST-48 and ST-474 are always grouped together across all the
applied phylogenetic methods. Furthermore, three C. coli STs (ST-3302, ST-3232,
and ST-3072) are always grouped together across all the applied phylogenetic meth-
ods.

The results of UPGMA (Figure [6.13)), NJ (Figure 6.14), MP (Figure|6.15), ML (Fig-
ure [6.16]), and two results from ClonalFrame show there are two apparent clusters:

one for C. jejuni and one for C. coli. They also show ST-48 and ST-474 are grouped
together.

For the UPGMA method, the phylogeny inferred by MLST (Figure is quite
different from the phylogeny inferred by TGRS (Figure [6.7). The differences can
be seen from the divergence of ST-520: in the phylogeny inferred by MLST (Figure
6.13), ST-520 diverged from the branch containing ST-50 and ST-21, but in the
figure that relates to TGRS (Figure [6.7)), ST-520 (isolates P28a and 28127) diverged
from the ST-48 clonal complex branch (ST-474 and ST-48).

For the NJ method, the phylogeny inferred by MLST (Figure is also dissimilar
to the phylogeny inferred by TGRS (Figure . The variations can also be seen
from the divergence of ST-520. In the phylogeny inferred by MLST (Figure ,
ST-520 diverged from the branch containing ST-50 and ST-21, but in the phylogeny
inferred by TGRS (Figure [6.8)), ST-520 (isolates P28a and 28127) diverged from the
ST-21, ST-474 and ST-48 branch.

For the MP method, unlike TGRS (Figure , the phylogeny inferred by MLST
(Figure [6.15)) grouped ST-2341 with ST-3711 and at the deeper branch. The ST-
2341 (isolates M880a and S263a) is also at the shallow part of the phylogeny.
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For the ML method, the phylogeny inferred by MLST (Figure [6.16]) also contrasts
with the phylogeny inferred by TGRS (Figure [6.10) for the divergence of ST-2341.

Based on the above four analyses, the comparison of results from MLST and TGRS
show that different evolutionary histories are inferred by the same method between
these two datasets. This is important because it shows that different subset of genes

produce different tree topologies.

Differences can also be seen in the phylogeny reconstruction s using CF. CF methods
reached convergence for the MLST dataset (Gelman and Rubin convergence test
value < 1.2 169, [132)), after five hours desktop computation for each run. However,
it did not reach convergence for TGRS datasets (Gelman and Rubin convergence
test value > 1.2), after 300+ hours desktop computation for each run. For TGRS
datasets, the C. coli clade can be identified clearly. Similarly to other results, ST-48
and ST-474 are grouped together. In Figure ST-48 and ST-474 can be seen
grouped together at the shallow part of the branch, however, in Figure ST-48
and ST-474 are grouped together. Compared to the result for the simulated dataset,

it can be seen that CF can capture the main structure of phylogeny.
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6.3.4 Mapping events on ST-474 related phylogeny

There were 1667 loci available in the online database for the seven ST-474 and one
ST-48 isolates with full genome data. Within these loci, 274 loci contain variant
allelic profiles. Figure is a parsimony tree produced by a heuristic search using
PAUP*, version 4.0 [359]. It uses 849 nucleotide changes on the complete data set
of 274 loci. The parsimony informative sites are defined as the loci that have two
alleles that appear at least twice each. Out of these 274 loci, 83 informative loci
were extracted and compared, the others (191 loci) can always fit exactly on any
tree so they are not informative about topology in a parsimony setting. For the
seven ST-474 isolates, 677 mutations are used on the complete data set of 274 loci,

and 78 informative loci were located.

Hso2 ST-48
P110b
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i B
H22082
P694a
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A ST-474
73020 [
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H04

Figure 6.18: Mapping events on the phylogeny of ST-474 produced using PAUP*,
version 4.0 [359].
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Figure 6.2: The UPGMA tree was produced by Geneious Pro v5.6.5 [79]. The tree was calculated for the simulated dataset. Different colours
represent different clonal genealogies/clusters. Six main clusters are consistent with the true genealogy, although sequence type number 19 is
misclassified into the blue cluster.
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Figure 6.4: The strict consensus tree of the set of 12 maximum parsimony trees. The tree was calculated for the simulated dataset by maximum
parsimony using PAUP*, version 4.0 [359]. Different colours represent different clonal genealogies/clusters. Six main clusters are consistent with

the true genealogy, although the diversity for the red clusters is overestimated compared to the true genealogy, and sequence type number 19 is
misclassified into the blue cluster.
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0.3

Figure 6.6: The clonal genealogy was estimated by ClonalFrame, version 1.1 [69]. The tree was calculated for the simulated dataset. Different
colours represent different clonal genealogies/clusters. Six main clusters are consistent with the true genealogy, although the diversity for all
clusters are less estimated compared to the true genealogy, and sequence type number 19 is misclassified into the blue cluster.
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Figure 6.8: Neighbor-Joining plot for 59 Campylobacter isolates using concatenated TGRS data by PAUP*, version 4.0 [359].
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Figure 6.10: ML plot for 59 Campylobacter isolates using concatenated TGRS data implemented by RAXML web sever [346].
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Figure 6.12: Reconstruction of the phylogeny of 59 Campylobacter isolates using concatenated TGRS data implemented by ClonalFrame [69]
(result 2). This result is also based on 10000 iterations after the burn-in, 10000 burn-in iterations, and 10 iterations performed between recording
the parameter values in the posterior sample (also called the thinning interval).
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Figure 6.14: Neighbor-Joining plot for 33 STs of Campylobacter by PAUP*, version 4.0 [359]. Numeric labels represent STs.
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Figure 6.16: ML plot for 33 STs of Campylobacter implemented by RAXML web sever [346]. Numeric labels represent STs.
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Table 6.2: Number of variants for the given position

Position Name Number of
variants
unique to

that position

A position (P694a) 131

B position (H22082) 58

C position (P694a&H22082) 38

D position (P179a) 10

E position (H569a) 10

F position (P179a&H569a) 4

G position (P110b) 21

H position (H704) 68

I position (H73020) A7

In order to map possible events to a given phylogeny, all the loci which can cause
split variants were listed (shown in Appendix . Split variants are defined as
unique events that occurred on the branches, represented by letters from A to I. For
the MP phylogeny (Figure , isolate H892 was plotted as the outgroup, because
it is ST-48, and the other isolates belong to ST-474. Position A represents all the
events that occurred along P694a branch because all the recorded loci (shown in
Appendix only appeared in isolate P694a. Similarly, letters B, D, E, G, H,
and I represent the variant loci appear exclusively (appeared and only appeared)
on those pendant edges. Letters C and F represent the variants for a marked non-
pendant edges branch. For example, position F represents the allelic profile is the
same for both P179a and H 569a, but differs from the other six isolates.

In Figure [6.18] and Table [6.2] Position A shows that there are 131 loci which differ-
entiate P694a from the other six ST-474 isolates. Position B shows that there are
58 loci which differentiate H22082 from the other six ST-474 isolates, and position
C shows that there are 38 loci which differentiate both H22082 and P694a from the
other five ST-474 isolates. Position D shows that there are 10 loci which differentiate
P179a from the other six ST-474 isolates, while position E shows that there are 10
loci which differentiate H569a from the other six ST-474 isolates. Position F shows
that there are 4 loci which differentiate both H569a and P179 from the other five
ST-474 isolates. Position G shows that there are 21 loci which differentiate P110b
from the other six ST-474 isolates. Finally, position H shows that there are 68 loci
which differentiate H704 from the other six ST-474 isolates, and position I shows
that there are 47 loci which differentiate H73020 from the other six ST-474 isolates.
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6.3.5 Compatibility

For seven ST-474 isolates, 78 loci of the 274 loci were informative. These 78 loci were
the ones that are displayed in the compatibility plot (Figure . For each pair of
loci, the number of extra changes is computed. These numbers are the number of
events that would be required over and above the minimum for them to fit on the
same tree (this minimum is just the number of unique alleles - 1 for each loci). If
this value is 0 then the two loci are compatible. After reordering the compatibility
plot, it can be found that blocks of mutually compatible characters (cliques) from
the set of 78 parsimony informative loci. There are four cliques, which contain 37
loci (highlighted by green color in Figure[6.19)), 21 loci (yellow), 10 loci (purple) and
5 loci (grey) separately. The maximum parsimony tree has been built from these
four sets of characters separately (Figures to . There are two tied trees

which share the equal number of parsimony score for clique two with 21 loci (Figures

and G2,
These trees (Figures to [6.24)) have few splits in common. These completely

different tree topologies are important because it shows that different blocks of loci
have different evolutionary histories, and these evolutionary events are not compat-
ible with the tree reconstruction. Furthermore, these genes are not contiguous with

respect to the genome.
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Figure 6.20: Maximum parsimony tree for for cluster one which contains 37 loci.
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Figure 6.21: Maximum parsimony tree for cluster two which contains 27 loci (tree 1).
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Figure 6.22: Maximum parsimony tree for cluster two which contains 27 loci (tree 2).
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Figure 6.23: Maximum parsimony tree for cluster three which contains 10 loci.
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Figure 6.24: Maximum parsimony tree for cluster four which contains five loci.

6.4 Discussion

One goal of this study was to compare the application of a range of phylogenetic
and population genetic tools, such as UPGMA, NJ, MP, ML, and Bayesian methods,
while investigating the evolutionary genealogy of 59 Campylobacter whole genomes,
with the focus on estimating the evolutionary clonal genealogy for the New Zealand-
associated Campylobacter strain type 474 (ST-474). The divergence position for
ST-474 is at the shallower part of all the reconstructed trees. This means that the
divergence of ST-474 from ST-48 is a recent event, and this is consistent with the

effect of geographical isolation discussed in Chapter [5}

The aim of mapping events onto branches of a tree topology was to identify genes
which are compatible to a given tree, and further to identify the events that lead to
the observed phylogeny of extant ST-474. Based on the results from the simulation
study, it can be seen that all the applied phylogenetic methods have difficulty in
accurately reconstructing the shallower part of the phylogeny. This analysis assumes
that ST-474 share synteny with the reference genome (NCTC 11168). In addition,
the phylogenies resulting from a range of phylogenetic methods on both the TGRS
and MLST data sets differ, so it is very difficult to define one phylogeny/cladogram
of ST-474. Therefore, due to its efficiency, the maximum parsimony tree was chosen
to further investigate ST-474.

The applied analyses suggest that the phylogenetic analysis on concatenated se-
quences may not be the most appropriate way to reconstruct a phylogeny which
reflects the evolution of Campylobacter. This is also supported by the largely dif-

ferent tree topologies inferred from four cliques for seven ST-474 isolates. Further
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studies may focus on a subset of TGRS and their association with different selection
pressures, as some quantitative analysis methods have now available [59, 273, [355].
For example, studies based on subsets of genes which are associated with common
functions may provide an opportunity to build on the conclusions about the clonal

relationships of ST-474 made from this research.

It can be seen that there are no apparent splits in common among the four cliques
(Figures to [6.24). This observation is consistent with the large amount of
recombination that occurred within ST-474. The large occurrence of recombination
is consistent with previous publications |25, 99, 335] [414]. These incompatible pairs
are more likely to be introduced by recombination rather than mutation, because
the analysis is carried out at the allelic profile level rather than nucleotide level.
At the allelic profile level, the situation similar to parallel change or homoplasy, is
unlikely to occur. This is because it would require exactly same mutation events
to occur multiple times across several branch/isolates, and at the same time, for all

the other nucleotide sites in this loci to stay unchanged.

In addition, the gene coordinates for each loci show that the loci in one clique are
not close together on the reference genome. The large separation for the the gene
coordinates in one clique is different from the observation in Helicobacter pylori
[217]. For Helicobacter pylori, it has been found that the imported DNA of a donor
can be interrupted by small fragment of sequences of the recipient [217]. One pos-
sible explanation of the separated gene coordinates within each cliques is that the
DNA secondary structure could cause the similar evolutionary events occur among
different parts of the genome [36, 162].

Whole genome analyses on fewer strain types has also been carried out [25] [77, 118,
1311, 286]. Much research has also been done on the evolution of Campylobacter using
different combinations of genes, in particular the MLST genes [237, 333], [414]. Com-
pared to MLST datasets, the analyses with TGRS contain much longer sequences
and fewer isolates. Consequently, the analysis of the TGRS provides more complete

information on the evolution of Campylobacter.

The phylogeny results inferred through TGRS show that all the isolates containing
the same ST are grouped together. This observation is consistent with the previous
research which shows that seven MLST loci can be used to differentiate isolates and
investigate evolutionary relationships among bacteria [I16]. However, when com-
paring phylogenies inferred by TGRS and MLST, it can be seen that the topologies
inferred by TGRS are quite different from those of MLST, although the same phylo-
genetic methods (UPGMA, NJ, MP, ML, or CF) were applied. This observation
shows that different sets of genes have different evolutionary histories, and this is

also supported by the different trees produced by the four cliques.
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There are some common features inferred by different phylogenetic methods using
the TGRS data. For example, C. coli and seven ST-474 isolates were always grouped
together. All of the applied phylogenetic methods on TGRS data differentiate C.
sp. nov. from C. jejuni and C. coli. For both MLST and TGRS, the different
phylogenetic methods differentiated C. jejuni and C. coli and group ST-474 and
ST48 together.

The different phylogenetic methods inferred different phylogenetic relationships for
the 59 Campylobacter isolates on TGRS, and even with MLST data, different phylo-
genetic relationships were observed by different phylogenetic methods. The main
reason for this is that different phylogenetic methods have different strengths and

weaknesses.

Distance-based methods, such as UPGMA and NJ, rely on the distance matrix,
which is calculated from pairwise nucleotide differences. However, the distance mat-
rix ignores some information [291 294, for example, different sets of sequences can
have the same matrix [291]. The strengths of distance-based models are that they
have lower computational requirements and can be applied to a wider range of types
of data. However, missing data can affect the estimations of distance. In terms of
the assumptions, UPGMA assumes a strict molecular clock in which all lineages
should have a constant evolutionary rate, whereas NJ relaxes this assumption [47].
Therefore, compared to UPGMA, NJ is more robust.

Character-based methods, including MP, ML, and Bayesian methods, use calcula-
tions from the alignment of several sequences by comparing nucleotide sites in the
alignment. The strengths of MP are its computational simplicity and the ease in
interpreting the results. When investigating the evolutionary process, ML has some
advantages over NJ and MP if the evolutionary model has been chosen correctly.
ML produces the phylogeny that gives the largest probability of observed sequence

data, based on the chosen substitution model and tree.

In terms of computational requirements, NJ and MP have a great advantage over ML
and Bayesian methods, for which the simulated data requires 76 hours on a desktop
computer for one run of 10,000 iterations (including 5000 burn-in iterations) in the
ClonalFrame program. The TGRS requires at least 240 hours on a desktop computer
for one run with the same setting in the ClonalFrame program. In contrast, NJ and

MP require less than one hour on a desktop computer to be completed.

In general statistics, consistency and efficiency are the two main statistical properties
to be considered when comparing different estimation methods to enable accurate
inferences. Consistency in statistics [70, B80] means the estimator essentially con-
verges to the underlying true value as the amount of data grows to infinity. In

phylogeny, the consistency of a phylogeny reconstruction [I08| means it converges
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to the underlying true evolutionary phylogeny when the number of analysed nucle-
otide sites approaches infinity. NJ, ML, and Bayesian methods are all model-based
methods. They are consistent when the chosen model is the correct underlying

model [4TT], though the correct underlying model is difficult to guarantee.

Efficiency in statistics [70, 258] is a measurement of the optimal unbiased estimator.
An efficient estimator means fewer samples are needed to achieve a given statistical
power. In phylogeny, the efficiency measures the probability of reconstructing the
correct phylogeny under a fixed number of nucleotide sites [411]. Previous research
[112], 150] has demonstrated that ML has higher efficiency when compared to NJ

and MP in terms of reconstructing the correct phylogeny.

As well as, accuracy is also important to statistical analysis. Accuracy can be
measured by several methods, such as simulation [I61], 174], comparing to known
phylogeny and statistical tests [I61]. The inference of phylogeny can be viewed
as a combination of selected methods and sequences [364], so its the accuracy can
be affected by selection of sequences and phylogenetic analysis. The selection of
sequences/alignments are more important than the choice of phylogenetic analysis
[218]. The analyses carried out in this research on TGRS and MLST across different
methods also support this view, because there are more differences between results
from different data than between results from different methods. Most current
programs can only handle limited numbers of sequences, especially for ML and

Bayesian analysis [364].

The underlying model assumptions made by CF are that recombination events in-
troduce a constant rate of nucleotide changes to the contiguous regions of a sequence
[69]. This method outperformed existing methods when applied to Salmonella and
Bacillus MLST data [69], but for Campylobacter, this method faced difficulty as it
did not converge and consequently it is hard to make inferences from this method’s
results. Moreover, even when convergence is attained for the simulated dataset,
the largest number of incorrect splits was obtained for CF, as shown by symmetric-
difference distances (Table . This is a very surprising result, given that CF is

the only method with an appropriate model.

Inconsistent results are observed in the CF results (Figure and Figure [6.12)).
Figure shows that the main difference is the divergence time of C. sp. nov.. One
explanation for this is that large recombination events on the C. sp. nov. genome

result in different phylogenetic relationships from different genes.

The analysis in this chapter also reveals some contrasting branches of the evolution
of Campylobacter. Three main phylogenetic groups were defined by UPGMA, NJ,
MP, and ML for C. sp. nov., C. jejuni and C. coli. All the applied analyses show

C. sp. nov. diverged earlier than C. jejuni and C. coli. Some results from CF
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show the relationship of C. sp. nov. is closer to C. coli. This could be due to the
selected regions of genomes or selected phylogenetic analyses. New approaches and
selected alignment sets can benefit more detailed examination of the phylogeny of

Campylobacter.

The aims of the analyses in Chapter [f| were: (1) comparing a range of phylogenetic
tools, including UPGMA, NJ, MP, ML, and CF methods, to investigate evolutionary
genealogy based on 59 Campylobacter whole genomes, with the focus on estimating
the evolutionary clonal genealogy for New Zealand specific Campylobacter strain
type 474 (ST-474); and (2) mapping events on branch and computing the com-
patibility plot is to locate the genes which contains information about the clonal
phylogeny of ST-474.

The same phylogenetic methods on different datasets had different results. Further-
more, the different phylogenetics methods applied on for the same dataset, includ-
ing a simulated data, MLST, and TGRS, have inferred the different tree topologies.
Further development of methods that capture and model recombination, such as

ClonalFrame is required.

The different phylogenies inferred by TGRS and MLST even using the same phylo-
genetic methods and at least four different phylogenies inferred from seven ST-474
isolates show different combinations of genes have different evolutionary histories,
and concatenated sequence is not the most appropriate choice for phylogeny infer-
encing of Campylobacter, in particular TGRS data. Four cliques have been located

for further investigation.

Phylogenetic studies on MLST and TGRS of 59 isolates have offered important
insights into genome evolution of Campylobacter and shed new light on the origin of
ST-474. The phylogenetic information of ST-474 is inferred based on the increasing
abundance of molecular data. Despite different reconstructed phylogenies, evidence
across different assumptions and methods suggests: (1) C. sp. nov. is a separate
species of Campylobacter; and (2) Phylogeny analyses on concatenated sequences
can reflect the major properties of clonal evolution of Campylobacter; and (3) ST-

474 isolates are recent expansion strain types in the evolution of Campylobacter; and
(4) Both MLST and TGRS scale data can distinguish C. jejuni and C. coli clearly.
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6.6 Appendix A: Variant loci on phylogeny of ST-

474

Position Name

Variants appeared on that

position

A position (P694a)

porA, Cj0359, Cj0497, Cj0737,
Cj0741, Cj1257¢c, dnald, grpFE,
ppa, Ci0251¢c, Cj0454¢, Cj0455¢,
Cj0607, Cj0610¢c, Cjo611c,
50619, Cj0967, Cj1442c,
Cj1516, Cj1724¢c, CjO685¢,
Cj0982¢, dsbB, gatA, gidA,
hypB, lpxD, priA, neuB3, pstA,
pta, Cj0411, Cj1069, Cj1295,
Cj1305¢, Cj1877c, Cj1548c,
accC, amaA, gpsA, waak,
Cj1337, pstB, pyrC2, queA,
ruvB, Cj0230c, acnB, ispG,
pabB, 71068, pgsA, rdxA, rpsF,
ssb, gatB, sdaA, flaA, Cj0045¢,
50621, C71298, Cj1506¢, sucC,
Cj0022¢, Cj0038¢c, Cj0247c,
cfrA, murC, Cj1170c, Cj1294,
Cj1407c, Cj1051¢, waaC,
Cj0141¢, Cj0265¢, Cj0310c,
Cj0456¢, Cj0457¢c, Cj0563,
50620, Cj0728, Cj0735,
Cj1053¢, Cj1174, Cj1296,
Cj1728¢, argS, cft, Cj0368c,
corA, flgH, glyS, livK, mraY,
nrdF, pabA, wlaB, pnp, pstC,
pstS, ruvC, Cj0184¢c, (51519,
lysS, Cj0832¢c, Cj0833c,
Cj0837c, Cj0843¢c, Cj0844c,
Cj0846, Cj0848¢c, Cj0849c,
Cj0850¢, Cj0864, fliR, folD,
hemL, murA, ogt, psd, zerD,
Cj1618¢c, Cj1664, Cj1665,
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Position Name

Variants appeared on that

position

A position (P694a) cont

Cj1666¢, cadF, chuA, lepP,
Cj0458¢c, pbpB, serB, (0617,
Cj0020¢, Cj0030, Cj0034c,
Cj0036, Cj0609¢, Cj1005¢,
Cj1658, dnaX, mdh, Cj1431c,

B position (H22082)

porA, Cj0359, Cj0497, Cj0737,
Cj0741, Cj1257¢, dnad, grpF,
ppa, C50251c, Cj0454¢c, Cj0455¢,
Cj0607, Ci0610¢, Cjo611c,
Cj0619, C50967, Cj1442c,
Cj1516, Cj1724¢c, CjO685c¢,
Cj0982¢c, dsbB, gatA, gidA,
hypB, lpxD, priA, neuB3, pstA,
pta, Cj0411, Cj1069, Cj1295,
Cj1305¢, Cj1377c, Cj1548c,
accC, amaA, gpsA, waak,
Cj1337, pstB, pyrC2, queA,
ruvB, Cj0230c, acnB, ispG,
pabB, Cj1068, pgsA, rdxA, rpsF,
ssb, gatB, sdaA, flaA, Cj00/5¢,
Cj0621, C71298, Cj1506¢, sucC,
Cj0022¢, Cj0038c, Cj0247¢,
cfrA, murC, Cj1170¢, Cj1294,
50495, C30496, C50930,
Cj0958¢c, (11258, feoB, hypF,
kdpB, napA, Cj0888¢c, Cj0889c,
flaD, fihA, Cj0044c, Cj0604,
Cj1056¢, Cj1474c, Cj1194,
Cj1256¢, Cj1190¢c, Cj0170, fabD,
murk, pfs, pheA, slyD, uvrA,
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Position Name

Variants appeared on that position

C position
(P694a& H22082)

Cj0727, Cj0724, Cj0019¢, Cj0085¢,
Cj0340, Cj1038, Cj1074c, Cj1365c¢,
Cj1668c, argG, cydA, cydB, fba,
fumC, ileS, lctP, lon, mogA, pycA,
rpsR, sdaC, ung, C71062, Cj1063,
Cj0080, Cj1219¢, Cj1626¢, cdtA, cdtB,
serA, treB, Cj0309c, Cj1244, kpsD,

D position (P179a)

Cj0724, Cj0309¢, Cj0339, Cj0737,
Cj0741, Cj0619, Cj0967, Cj1442c,
Cj1516, Cj1724¢, CjO685¢, dsbB,
gidA, neuB3, pstA, pta, (0411,
051295, Cj1305¢, Cj1377c, Cj1548¢,
accC, amaA, waak, Cj1337, pstB,
acnB, ispG, flaA, Cj0621, Cj1298,
Cj0022¢c, Cj0038¢c, cfrA, murC,
Cj1170c, Cj1294, hypF, waaC,
Cj0265¢, Cj0735, Cj1296, mray,
(51319, lysS, Cj1028¢, Cj0055¢,

E position (H569a)

Cj0724, Cj0737, Cj0741, Cj0619,
Cj1442¢, Cj0685¢, dsbB, gidA, neuB3,
pstA, Cj0411, (51295, Cj1305¢,
Cj1377c, Cj1548¢, accC, waak,
Cj1337, pstB, flaA, Cj0621, Cj0022c¢,
Cj0038¢c, cfrA, murC, Cj1170c,
051294, Cj1319, ileS, Cj045c,
Cj0610c, Cj0247c, Cj1474c, Cj0620,
Cj1728¢, livK, Cj1666¢, Cjo617,
dnaX, Cj1007c, tig,
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Position Name

Variants appeared on that position

F position
(P179a&H569a)

Cj0724, Ci0737, Cj0741, Cj0619,
Cj1442¢, Cj0685¢, dsbB, gidA, neuB3,
pstA, Cj0411, Cj1295, Cj1305¢,
Cj1377c, Cj1548¢c, accC, waak,
Cj1337, pstB, flaA, Cj0621, Cj0022¢,
Cj0038¢, cfrA, murC, Cj1170c,
(51294, Cj1319, ileS, Cj045c,
Cj0610c, Cj0247c, Cj147/c, Cj0620,
Cj1728¢, livK, Cj1666¢, Cjo617,
dnaX, Cj1007c, tig, Cj0309¢c, Cj0359,
50967, Cj1516, Cj172 ¢, pta, amaA,
acnB, ispG, Cj1298, hypF, waaC,
Cj0265¢, Cj0735, Cj1296, mraY, lysS,
Cj1028¢c, Cj0055¢, ppa, lpxD, queA,
Cj0230¢c, pgsA, Cj0045¢, Cj0958¢,
Cj0604, Cj1051¢c, Cj0310c, Cj1053¢,
psd, Cj0122, Cj1547, thyX,

G position (P110b)

Cj0724, C50737, Cj0741, Cj0619,
Cj1442¢c, Cj0685¢c, dsbB, gidA, neuB3,
pstA, Cj0411, Cj1295, Cj1305¢,
Cj1877c, Cj1548¢c, accC, waak,
Cj1337, pstB, flaA, (50621, Cj0022¢,
Cj0038¢c, cfrA, murC, Cj1170c,
Cj1294, ileS, Cj0247¢c, Cj0617,
(50339, C50967, Cj1724c, pta, acnbB,
hypF, Cj0265¢c, (1296, Cj1028c,
IpxD, queA, Cj0604, Cj1051¢c, kpsD,
porA, grpE, Cj0611c, Cj0982¢, gatA,
hypB, priA, rdzA, Cj1506¢, sucC,
Cj0044¢c, Cj1190¢c, pbpB, Cj1658,
Cj1588c,
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Position Name

Variants appeared on that position

H position (H704)

Cj0019¢, Cj0724, Cj0737, Cj0741,
Cj0619, Cj1442¢c, Cj0685¢, gidA,
neuB3, pstA, Cj0411, Cj1295,
Cj1305¢, Cj1548¢c, accC, waak,
Cj1337, pstB, flaA, Cj0621, Cj0038c,
cfrA, murC, Cj1170c, Cj1294,
Cj0247c, hypF, Cj0265¢c, Cj1028c¢,
Cj1051¢, porA, grpFE, Cj0611c, hypB,
prid, Cj1506¢, sucC, pbpB, Cj1658,
Cj1588¢c, Cj0454¢c, Cj1474c, Cj0620,
dnaX, Cj1007c, tig, Cj1516, Cj1298,
mraY, Cj0055¢c, psd, thyX, sdaC,
Cj0607, sdaA, uvrA, cft, pstC, pstS,
Cj0833¢c, Cj0020¢, Cj0030, Cj0034¢,
Cj1005¢, mdh, Cj1193¢c, Cj1475¢,
tonB2, Cj0025¢, Cj0035¢, Cj0198c,
50462, Cj0708, Cj0771c, Cj0800c,
Cj1006¢, Cj1587c, Cj1589, carB, fliE,
wed, mreB, Cj0466, recd, secA, sucD,
50229, Cj0373, (0463, Cj0550,
Cj0465¢, flgB, flgC, WlvC, metG, recG,
Cj1453¢,

I position (H73020)

Cj0019¢, Cj0724, CjO737, Cj0741,
Cj0619, Cj1442¢c, Cj0685¢, gidA,
neuB3, pstA, Cj0411, (1295,
Cj1305¢, Cj1548¢c, accC, waak,
Cj1337, pstB, flaA, Cj0621, Cj0038c,
cfrA, murC, Cj1170c, Cj1294,
Cj1028¢c, porA, hypB, priA, Cj0l5/c,
Cj1516, Cj1298, Cj0020c, Cj0030,
Cj0034¢c, Cj0035¢, Cj0967, Cj0604,
Cj0044¢c, lysS, Cj1547, Cj0727, pyrC2,
feoB, Cj0141c, Cj0849¢, Cj0036,
Cj0609¢c, Cj1099, Cj121 ¢, Cj1215,
Cj1543, Cj1544¢c, Cj1545¢, Cj1546,
Cj1718, cheA, clpB, glcD, hydB, kdsB,
pyrD, uvrB, rbn,
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Chapter 7

Conclusion and further directions

7.1 Conclusion

Improving our understanding of the evolution of Campylobacter has had important
implications for a wide range of areas, including epidemiological investigations [335]
332, 3341 336], and policy development to minimise the impact of emerging pathogens
[327, [328]. A better understanding of the evolutionary mechanisms of Campylobacter

can also help gain insight into the emergence of new pathogenic strains.

Generally speaking, genetic exchange plays an important role in the evolution of

Campylobacter, and can be affected by three factors:

1. The physical mechanism [83] 120] of genetic exchange, e.g. whether mutation

or recombination is more prevalent.

2. Ecological separation of subpopulations in different hosts and different geo-

graphical locations.

3. Selection [419].

In this thesis, these factors were explored using three types of analyses: (1) an ana-
lysis which worked on single locus variant (SLV) datasets; and (2) analyses which
investigated the physical barrier brought by geographical isolation; and (3) the ap-
plication of a range of phylogenetic analyses to investigate the clonal genealogy of
Campylobacter strains using a targeted gene reference set (TGRS) and full genome
analysis. The first factor (physical mechanism) relates to the biological function of
bacteria, the second factor (ecological separation) relates to the habitats in which
the bacteria lives, and the last factor (selection pressure) relates to the interaction

between the adaptive ability of bacteria and their environment. The analysis of
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SLVs relates to the first and third factors, and the analysis of geographical isolation
relates to the second and third factors, and the analysis on targeted gene reference

sets relates to all three factors.

This research has made a contribution to our understanding of the evolution of
Campylobacter species. It has put forward a new statistical approach to calculate
the relative contribution of recombination and mutation to generating SLVs (Chapter
3), and this method has been successfully applied to a wider range of pathogenic
bacteria (Chapter . Additionally the research has described the likely evolution of
C. jejuni and C. coli in the unique environment of NZ and compared their evolution
in NZ and the UK (Chapter [j). The detailed investigation of the phylogeny of 59
NZ isolates, based on both MLST and TGRS regions is described in Chapter [6]

Based on the above analyses, there are two main findings. The first is that both
the SLV and geographical isolation analyses reveal patterns of genetic exchange that
have changed over time. The results of the SLV analyses suggest that, in general,
different bacteria, such as C. jejuni and C. coli, have different rates of genetic ex-
change, and even for the same species of bacteria, different clades have different
rates of genetic exchange. The unique distribution of STs attributable to geograph-
ical isolation show that the distribution of genetic material also varied through time,
and there is some evidence of clustering by geographical region at the ST and allelic
profile levels, however at the nucleotide level there is relatively stronger clustering by
host association than clustering by geographical region. The second finding shows
that different genes have different evolutionary histories. This is supported by all of
the three main analyses (the analysis of SLV, the analysis of geographical isolation,
and the analysis of TGRS). The results of the SLV analyses show that different loci
have different ratios of recombination to mutation when generating SLVs. In the
analysis of geographical isolation, the different estimated time of divergence of sev-
eral strains demonstrated different evolutionary patterns for different lineages. The
different phylogenies inferred by five different methods on TGRS imply that there
are the different evolutionary histories of different genes across the entire genome.
The following sections will describe some specific conclusions from each of the three

analyses.
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7.1.1 The analysis of SLVs

Recombination and point mutation can both generate new alleles that lead to SLVs.
Estimating the relative roles of recombination and mutation helps us understand
how organisms evolve. A statistical method was proposed to estimate the relative
rates of those two evolutionary processes and this was applied in a comparative way

to Campylobacter and other bacteria.

There are three major findings from this study. The first is that recombination
plays a more important role than mutation in generating SLVs for Campylobacter
jejuni. Generally, the estimated ratios of recombination events to point mutations
were larger for SLVs than those estimates for pairs of more distantly related strains
for C. jejuni. For C. jejuni, the probability of recombination generating a new allele
that leads to an SLV was estimated to be roughly seven times more than that of
mutation, whereas for the most commonly isolated clade of C. coli, recombination
and mutation were estimated to have a similar contribution to the generation of
SLVs. Furthermore, the majority of nucleotide differences between strains that make
up an SLV were attributable to recombination; for C. jejuni, 98% of nucleotide
differences between SLVs were attributable to recombination, whereas for C. cols,
85% of nucleotide differences were attributable to recombination. The second finding
was that purifying selection may act more stringently on recombination events than
on point mutations. Purifying selection is a possible explanation for why research
on more distantly related STs revealed relatively lower rates of recombination [388],
403, [414]. The third finding is that the more important role of recombination to
mutation is not unique to C. jejuni and C. coli. For most of the test bacteria,
recombination was estimated to have played a more important role than mutation

in generating SLVs.

The proposed new statistical method for estimating the relative rates of recombina-
tion and mutation is a starting point for making inferences from genetic data, such
as MLST databases by the use of mathematical models. The new method can be
extended to larger scale analyses (more genes). The findings in this thesis provide
better evidence for the importance of recombination and mutation in the evolution,
and a better understanding of the evolutionary dynamics of Campylobacter to gain

insight into the emergence of new, potentially more virulent, strains.

7.1.2 The role of geographical isolation in the evolution of

Campylobacter

Host association, geographical location, and human agricultural activities have all

played a role in the evolution of Campylobacter. Previous research [190] 332] B336]
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has shown that Campylobacter is associated with many different hosts, and the di-
vergence of Campylobacter species may have been caused by human agricultural
activities. This thesis investigated the effect of geographical isolation on the evol-
ution of Campylobacter by utilizing the unique geographical location of NZ and

comparing datasets from NZ and the UK.

There are three main findings from this study. The first is that geographical isolation
played a role in the evolution of Campylobacter. The second finding reveals that the
distribution of STs have changed over time. The evidence showed that clustering
by geographical region at the ST and allelic profile levels differed from that at
the nucleotide level. The role of geographical isolation is much stronger at the
sequence type level than at the nucleotide level. This is evidence that the effect
of geographical isolation on the evolution of Campylobacter diversity decreases over
time, i.e. variation among the analyses from the nucleotide level, to the allelic profile
level, to the sequence type level implies that the effect of geographical isolation only
plays a short-lived role in the evolution and diversity of Campylobacter genotypes.
The third finding shows that despite the short-lived effect of geographical isolation,
there are some NZ specific and associated lineages of Campylobacter strains (e.g
ST-2381 and ST-474), and evidence of some unique lineages (e.g. C. sp. nov.) that
existed in NZ before the arrival of Polynesian settlement and the introduction of
livestock, whereas some evolved uniquely in NZ as recently as a few hundred years

ago.

7.1.3 Analysis on targeted gene reference sets

ST-474 [25],259] is widely distributed in different geographical locations in New Zea-
land [246] and caused more than a quarter notification of human campylobacteriosis
cases in NZ between 2004- 2006.

In order to compare five different phylogenetic methods, such as UPGMA, NJ . MP,
ML, and CF, a simulation study was carried out. T simulated the sequences and
clonal genealogy of the sequences, and then applied five phylogenetic methods to
infer the clonal genealogy and compare the inferred genealogy to the true underlying
genealogy from which the sequences were generated in the simulation. Through the
simulation study, it can be seen that the tips of clonal genealogy are basically con-
sistent across a range of phylogenetic methods, such as UPGMA, NJ,MP, ML, and
CF, although there are some minor conflicts at the deeper branches. By compar-
ing the results of inferred clonal genealogy using the MLST region and the TGRS
region, different methods all show that ST-474 diverged from a common ancestor

with ST-48. The majority of the same STs are grouped together, although the evid-
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ence from part of this study suggests that the clonal genealogy is inconclusive for
different phylogenetic methods. The main reason could be that different genes have
different evolutionary histories, and high-frequency recombination can make the in-
ference more complex. Furthermore, the poor performance of CF on the TGRS
was presumably due to the size of the dataset making it difficult for the MCMC to
converge, despite as CF being the most appropriate underlying model of all those

applied.

This research will hopefully serve as a basis for future studies estimating clonal
genealogy using targeted gene reference sets. The study has gone some way towards
enhancing our understanding of the complexity of the clonal genealogy of bacteria
and the need for improving the accuracy and efficiency of current phylogenetic tools.
More information on the selection criterion for some gene sets would help to establish

a greater degree of accuracy.

Different tree topologies are inferred by different phylogenetic methods. The sim-
ulation study shows that all the applied phylogenetic methods can reconstruct the
deeper branches accurately, but not the shallower part of the phylogeny. In addi-
tion, further development of methods that capture and model recombination, such

as ClonalFrame is required.

Different tree topologies are inferred by different subset of genes. This conclusion is
supported by the different results between TGRS and MLST inferred using the same
methods. Furthermore, this conclusion is also supported by the completely different
tree topologies inferred by different cliques among 78 informative loci within seven
ST-474 isolates.

7.2 Further directions

It is recommended that further research be undertaken in the following areas: firstly,
a future study extending the SLV work for analysis on targeted gene reference sets
would be very interesting. The extension of SLV work can be done by adjusting the
selected criterion for the investigated sequence types and altering the approaches for
building mutation and recombination models. SLV analysis begins with choosing
a subset of analysed sequences. This subset contains all pairs of sequences with
SLVs, and then mutation and recombination models are applied on the subset of
sequences. Increasing the number of loci will reduce the chance of finding SLVs,
because SLVs are defined as a pair of sequences with one and only one locus variant.
The script could be adjusted to find the pairs of sequences under a custom-defined

criterion, such as the pairs of sequences with fewer than n loci variants, or the pairs
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of sequences with fewer than m nucleotide sites variants. Even, the criterion for
selecting subset of analysed sequences could be built on more dynamic measures (like
sliding windows with a flexible width). In addition, mutation and recombination
models would become more complex to allow more meaningful parameters to be
added and estimated.

Secondly, TGRS preliminary reformatting can be extended to whole genome data-
sets. Then a wide range of existing methods from MLST analysis could be adjusted
for whole genome analyses. The script produced in Chapter [3| can turn the long
character sequence data into an allelic profile format. The allelic profile format
contains fewer characters, but this format can extract and compress the useful in-
formation. This information represents the similarities and differences among a set
of isolates, i.e. whether or not the isolates are identical. The compressed format
ignores minor differences to focus on a more achievable level of analysis. In addition,
ribosomal multilocus sequence typing (rMLST) [I86] has been proposed recently to
provide a universal approach to the classification of bacteria from domain to strain.
This method integrates microbial genealogy and typing to efficiently identify gene
variants [I86]. A web-accessible database has been integrated in PubMLST. This
method produces the similar format of data to MLST, although there are no STs
assigned. SLV or a similar analysis can then be applied to the the rMLST database.

Thirdly, a further study could apply BEAST analysis to more selected genes across
the whole genomes. The selected genes from a set of isolates can contain different
evolutionary processes, but should not contain recombinant regions, because BEAST
is not designed to cope with recombination. Compared to other Bayesian analytical
software, BEAST can estimate the time of divergence of given strain types. START2
software can be applied to test whether the recombination exists. The existence of
recombination and the average length of recombination are crucial questions for
many biological analyses. Around two decades ago, the diversity of sequences was
used to decide the existence of selection pressure [252] [47]. If the diversity of se-
quences is small, then selection pressure plays a role in the evolution of the analysed
sequences. But later research [224] showed the presence or absence of recombination
disrupted the simple relationship; only when recombination occurred frequently did
the simple relationship hold. If recombination is infrequent, lower diversity could

be a consequence of genetic hitch-hiking on a gene under positive selection.

Furthermore, more research is needed to better understand evolution using whole
genome analyses. This analysis can help us understand how the bacterial pathogens
evolve to infect human beings. C. sp. nov. is a very interesting species. So far,
it has only been isolated from takahe and weka, two native bird species in NZ.

Several variants of C. sp. nov. have been found at the date of writing. The genome
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size for the proposed species is 2.1-2.2 million basepairs (2 Mbp), which is larger
than the pathogenic species, C. jejuni and C. coli (1.6 Mbp). This is interesting
because C. jejuni and C. coli are a major cause of acute gastroenteritis in humans,
and together, C. jejuni and C. coli are responsible for approximately 95% of human
infections caused by the Campylobacter species (around 32 species and 13 subspecies
identified so far). Research in this thesis show the proposed species (C. sp. nov.)
to be the closest relative species to C. jejuni and C. coli, when compared to other

members of the Campylobacteraceae family.

Thus, one hypothesis for further study of the proposed species (C. sp. nov.) is that
loss of genes (0.4 Mbp) is associated with pathogenicity in humans. This is counter
to the notion that highly adapted species, such as multi-host pathogens, contain
more genes than their ancestors [236, B304, [338|, could be an area which deserves

more attention.

A better understanding of pathogen phylogenomics will be helpful in designing dis-
ease control and intervention to reduce the impact caused by emerging pathogens.
In this thesis, the findings have furthered our understanding of the role of recom-
bination, mutation, selection, and geographical isolation in the evolution of Cam-
pylobacter. Based on the findings in this thesis, the directions listed in this chapter
could lead to more insight into the evolution of this prominent human pathogen and
potential emergence of new strains in Campylobacter and other emerging pathogens.
These further analyses will be useful in understanding the evolution and emergence

of other globally important human pathogens and emerging infectious diseases.
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