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Abstract

Campylobacter spp. are a major cause of human gastroenteritis. Their wide host range, en-
vironmental distribution and high genetic diversity contribute to the complex molecular epi-
demiology of campylobacteriosis. The aim of this multidisciplinary thesis is to investigate the
phenotype:genotype relationships of C. jejuni and how they influence the micro-evolution of

these bacteria in New Zealand.

The first study used a time series of genotyped human campylobacteriosis cases from a region
of New Zealand to investigate if the clonal complexes (CCs) identified in human cases showed
a seasonal pattern. The analysis revealed a prevalent clonal complex (CC-45) which showed a

consistent summer peak.

The second study applied phylogenetic and population genetic tools to describe the population
structure and host associated genotypes within the C. jejuni population in wild and agricultural
animals. The findings showed that the C. jejuni isolates from non-agricultural animals exhibit a
higher number of mosaic alleles and fewer shared sequence types (STs) between the host groups,
whereas the C. jeuni in agricultural animals show a higher number of shared STs and fewer

occurrences of admixture.

The third study tested the ability of a variety of C. jejuni isolates to utilise 95 substrates
as carbon sources and tested their tolerance to different osmotic conditions using phenotypic
microarray (PM) technology. These phenotypic expressions were correlated with their genomes
and a genome wide association study was used to identify genes associated with the observed

phenotype.

The last study made use of data from a dual isolate chicken challenge. The study showed
the out-competition of one challenge strain and genetic variations of 15 core single nucleotide
polymorphisms (SNPs), 14 of which were non-synonymous point mutations. These SNPs were
confined to nine genes all of which were associated with cell shape, chemotaxis or motility of the

bacteria.

This thesis has furthered our understanding of the seasonality of human campylobacteriosis in
New Zealand, the existing population structure of C. jejuni, its biochemical requirements and
tolerance to osmolytes and novel insights into short-term evolutionary dynamics in vivo. Based
on these findings and the recommendations for future directions, this could lead to a greater

understanding of host-association and new intervention strategies.
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CHAPTER 1

Introduction

1.1 General background

Campylobacter spp. are the most common cause of acute gastroenteritis in the developed world
(Adak et al., 2005; Coker et al., 2002; Friedman et al., 2000; Samuel et al., 2004). Three specific
Campyloabcter spp. belonging to the group of thermophilic campylobacters, Campylobacter
jejuni (C. jejuni), C. lari and C. coli, are able to thrive at 42°C and colonise the gastrointestinal
tract GI of several agricultural and pet animals and wildlife (Moore et al., 2005). Campylobacter
spp. have been isolated from a wide variety of domestic livestock, including poultry (Eberhart-
Phillips et al., 1997; Miillner et al., 2009, 2010b), ruminants (Stanley and Jones, 2003) and pigs
(Brown et al., 2004; Nesbakken et al., 2003). The majority of human infections are caused by
C. jejuni (90%) and C. coli (10%) where most of the C. jejuni infections are believed to be
caused through the consumption of contaminated food (Carter et al., 2009; Eberhart-Phillips
et al., 1997; Gillespie et al., 2002; Lee and Newell, 2006; Nachamkin et al., 1992).

Campylobacter spp. display extensive genetic variation, which has arisen from intragenomic
mechanisms as well as genetic exchange among strains and is well described within (Sheppard
et al., 2014; Suerbaum et al., 2001) and between (Sheppard et al., 2008, 2011b) different species
and lineages of Campylobacter spp. Apart from horizontal gene transfer HGT, intragenomic
events such as point mutations, rearrangements, duplications, deletions and insertions have been
proposed to contribute to the genetic diversity of the bacterial genome (de Boer et al., 2002).
Previous studies (Cody et al., 2013; Dingle et al., 2005; Fearnhead et al., 2005; Jerome et al.,
2011; McCarthy et al., 2007; Sheppard et al., 2008, 2013b; Thomas et al., 2014) have shown that
the evolution of C. jejuni has been affected by both mutation and recombination. Recombination
is the main driver for the diversity of Campylobacter (Wilson et al., 2009), whereas mutations
are responsible for altering genes and as a result, potentially altering phenotypes (Jerome et al.,

2011; Thomas et al., 2014). Previous studies using data from multilocus sequence typing (MLST)
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estimated the range of the relative contributions of recombination and point mutation events to
genetic diversity to be approximately 1:1 (Fearnhead et al., 2005; Feil et al., 1999, 2000). Yu
et al. (2012), however, estimated recombination to contribute to the genetic diversity between
2.97 and 8.91 times more than mutation events (depending on the MLST locus examined).
Studies examining members of the Campylobacterales family attempted to estimate the relative
rate of recombination to mutation based on the whole genome level (Biggs et al., 2011; Falush

et al., 2001) and identified a ratio of approximately 1:1 per event.

Campylobacter spp. are able to colonise multiple hosts, and hence a number of different niches.
Our understanding of the factors which influence the ability of C. jejuni to colonise specific hosts
or to survive in the environment is still poor, therefore several studies in the past have attempt
to determine the prevalence of specific clones among C. jejuni isolates from diverse sources
(agriculture, wild birds and environment) by applying multilocus sequence typing (Colles et al.,
2003; Dingle et al., 2001; French et al., 2005; Karenlampi et al., 2007; Manning et al., 2003;
McCarthy et al., 2007; Sails et al., 2003; Sheppard et al., 2009; Taboada et al., 2008; Wilson
et al., 2008). Large variation has been observed between the host distribution of MLST clonal
complexes. A clonal complex (CC) is a cluster of closely related bacterial strains that group

around a founder strain (Dingle et al., 2002).

Studies examining CCs related to Campylobacter infections in humans, have identified seasonal
patterns for specific CCs in many temperate countries (Cody et al., 2012; McCarthy et al., 2007;
Sopwith et al., 2008). Nylen et al. (2002) and Kovats et al. (2005) examined the incidence rates
of human campylobacteriosis and identified a consistent peak in summer across all temperate
countries where some countries also showed an early spring peak. Kovats et al. (2005) identified
the timing of the peak as being least variable from year to year in England and Wales, Greece,
Denmark and the Netherlands. These studies suggest differing seasonal phenotypes of clonal

complexes, some being more associated with human Campylobacter infections.

While colonising different niches Campylobacter spp. are subjected to unfavourable conditions.

The environmental stress Campylobacters can be exposed to are extreme, with temperature,

humidity and osmolarity, and the presence of sunlight and atmospheric oxygen being some of the
stressors. The obvious success of Epsilonproteobacteria in colonising such a diversity of hosts and
surviving in a huge range of environments is a sign of their ability to detect, adapt and evolve in
response to such environments (Lee and Newell, 2006). To be ‘successful in evolutionary terms’,
an organism needs to be able to continually adapt to changes in the environment. This process
is called ‘niche adaptation’ which is accomplished by genetic mechanisms including HGT, gene

duplication and gene shuffling.

Our understanding of the factors which influence the ability of C. jejuni to colonise specific

tar

tar
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hosts or to survive in the environment is still poor, therefore several studies in the past have
attempted to determine the prevalence of specific clones among C. jejuni isolates from diverse
sources (agriculture, wild birds and environment) by applying multilocus sequence typing (Colles
et al., 2003; Dingle et al., 2001; French et al., 2005; Karenlampi et al., 2007; Manning et al.,
2003; McCarthy et al., 2007; Sails et al., 2003; Sheppard et al., 2009, 2011a; Taboada et al., 2008;
Wilson et al., 2008). These studies have identified a large variation between the host distribution
of MLST clonal complexes. CC-21 for example, is widespread, while others like CC-61 have a
more restricted distribution (Colles et al., 2003; French et al., 2005). Sometimes, because of
these different distributions, the bacteria are referred to as either ‘generalists’ or ‘specialists’
(Hepworth et al., 2011). McCarthy et al. (2007) studied the host associated genetic import
in C. jejuni and confirmed the association of C. jejuni genotypes with host species and made
the observation that host association appears to be stronger than temporal and geographical
effects. Miillner et al. (2010b) suggested that Campylobacter spp. in New Zealand display a
unique situation compared to Campylobacter spp. populations in other countries, exhibiting a

relatively low genetic diversity, and revealing evidence of many niche-associated genotypes.

Evolutionary forces drive bacteria to grow in and adapt to as many niches as possible (Bochner,
2009). The adapting bacteria have to use the basic elemental nutrients (carbon, nitrogen, phos-
phorus, sulphur, oxygen, etc.) in that environment, and this differs between hosts (Bochner,
2009). Therefore, one way to determine why some genotypes show a higher degree of host-
association than others, is to determine the specific phenotype of generalist and specialist geno-
types based on nutritional requirements. Previous studies (Brés et al., 1999; Pajaniappan et al.,
2008; Stintzi, 2003) have demonstrated that different temperatures, for example a chicken’s body
temperature at 42°C and a human’s body temperature of 37°C, trigger expression of potential
colonisation or virulence factors which could either lead to commensalism or pathogenesis. C. je-
juni genotypes exhibit unique nutritional requirements and have been shown to utilise a limited

range of carbon sources and amino acids for growth (Line et al., 2010; Tang et al., 2010).

Different ‘~omics’ techniques provide great insights into the biology of cellular organisms and,
depending on the method, they address different steps in the information transfer, from coding
DNA (genomics), via RNA (transcriptomics) to proteins (proteomics) to generate the cellular
metabolites (metabolomics) (Buchanan et al., 2009; Vilchez-Vargas et al., 2010; Zhang et al.,
2010). All of these addressed ‘~omics’ techniques study components which contribute to the
phenotype (Papin et al., 2004). However, it is becoming increasingly clear that a single ‘~omics’
approach may not be sufficient to characterise the complexity of biological systems (Gygi et al.,
1999). Taking advantage of fully sequenced bacterial genomes, a new technique, called microbial
genome-wide association study GWAS is providing the means to investigate the correlation of
genetic variants with phenotypic traits across several bacterial strains, enabling the potential

discovery of virulence or host-associated genes. Moreover, once candidate genes have been
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identified, one can perform knock-outs to see how these affect the phenotype.

Previous studies involving passage of a bacterial strain through a host attempted to identify in
vivo genetic variation (de Boer et al., 2002; Espedido et al., 2013; Hénel et al., 2009; Koskiniemi
et al., 2013; Thomas et al., 2014; Woodall et al., 2005), but only a few identified these variations
at a nucleotide level (Espedido et al., 2013; Koskiniemi et al., 2013; Thomas et al., 2014) as
opposed to pulse field gel electrophoresis PFGE analyses (de Boer et al., 2002; Hénel et al.,
2009; Woodall et al., 2005). Single nucleotide polymorphisms (SNPs) in virulence genes can
change the phenotype and determine the pathogen’s virulence. SNPs are also used to identify
differences between closely related strains (Chen et al., 2006b; Snyder et al., 2013).

The main theme of this thesis is the relationship between phenotype and genotype in C. jejuni,
and how it influences the microevolution of these bacteria in New Zealand. Using different
discriminatory levels of genotypes (e.g. MLST and whole genome sequences), this project is
identifying specific phenotypes (seasonality, host-association, different nutritional requirements

and short-term evolution) related to these genotypes.

1.2 The structure and aims of this thesis

All chapters of this thesis, except for the literature review and the discussion are written in the
form of manuscripts for peer-reviewed publication. Therefore, each chapter has been written to
stand alone. However, the bibliography has been combined for ease of reading. The aims of each

chapter are stated below:

o This thesis begins with a literature review (Chapter 2) related to the genotypic and phe-

notypic characteristics of Campylobacter spp. and its evolution.

¢ Chapter 3 uses data from a sentinel site in the Manawatu area of New Zealand to determine
whether the Campylobacter clonal complexes identified in human cases in this region show
a seasonal pattern and if so, how do these compare with seasonality-associated CCs in

other countries.

¢ Chapter 4 applies a combination of phylogentic and population genetic tools to MLST
data, to examine how ecological factors such as niche association influence the population

structure of C. jejuni in New Zealand.

o Chapter 5 examines phenotypic profiles based on carbon utilisation and sensitivity to osmo-

larity across two temperatures in 15 isolates associated with different hosts and multilocus
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sequence types of C. jejuni. Additionally, using the whole genome sequences of the exam-
ined isolates and a genome-wide-association analysis, this study aimed to identify some of

the genes associated with the observed phenotypes.

¢ Chapter 6 makes use of data from a previously performed chicken feed trial experiment by
colleagues in IFNHH (Institute of Food Nutrition and Human Health, Massey University,
Palmerston North, New Zealand) in 2010. The experiment used dual challenges with two
C. jejuni isolates in chickens to examine the effects of caprylic acid on the colonisation of
C. jejuni. This chapter uses C. jejuni isolated from faecal extracts to examine short-term

evolutionary dynamics and distinct strain-to-strain variations.

This thesis concludes with a discussion (Chapter 7) of the findings of these studies and their
implications for our knowledge of the ecology of C. jejuni. 1 present an outlook on future
applications for the methodologies described and discuss the advantages and shortcomings of

the key elements of this thesis.



CHAPTER 2

Literature review

2.1 Introduction

Campylobacteriosis, mainly caused by the bacterial species Campylobacter jejuni and Campy-
lobacter coli, is a major cause of foodborne illness, causing human acute bacterial gastroenteritis
worldwide (Adak et al., 2005; Coker et al., 2002; Samuel et al., 2004). Campylobacter spp. are
microaerophilic pathogens belonging to the Epsilonproteobacteria which are a class of Gram-
negative organisms found in a variety of habitats (e.g. water, wild birds, live stock, pets). These
bacteria are genetically close to Helicobacter and Arcobacter (On, 2001; Vandamme et al., 1991)
and primarily colonise the gastrointestinal tracts of a wide variety of host species. However,
they have also been detected in oil fields and salt marshes (Lee and Newell, 2006), indicating an
evolutionary adaptation to multiple ecological niches.

Most Campylobacter species are believed to live a commensal lifestyle in the gastrointestinal
tracts of many animals including wild birds and poultry, however, previous research has shown
that C. jejuni and C. fetus cause abortions in sheep (Sahin et al., 2012; Wu et al., 2014), C. fetus
subs. venerealis causes abortions in cattle (Hum et al., 1991), C. upsaliensis and C. helveticus
cause diarrhoea in dogs and cats (Acke et al., 2009; Chaban et al., 2010) and C. jejuni has
recently been shown to cause infections in poultry (Humphrey et al., 2014). The main source
of human campylobacteriosis is thought to be the consumption of chicken or chicken products
(Adak et al., 2005; Miillner et al., 2009). C. jejuni and C. coli represent one of the most impor-
tant emerging food pathogens in developed and developing countries (Cody et al., 2010; Gillespie
et al., 2002). Campylobacter spp. are the most frequently isolated bacteria in cases of human
gastroenteritis in industrialised countries, with the vast majority of reported cases attributed
to C. jejuni (90% to 95%), C. coli (5% to 10%) and C. lari less than 1% (Carter et al., 2009;
Gillespie et al., 2002; Lee and Newell, 2006; Nachamkin et al., 1992). However, emerging Campy-

lobacter spp. (C. concisus, C. curvus, C. fetus, C. hominis, C. hyointestinalis, C. lanienae, C.
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mucosalis, C. rectus, C. showae, C. sputorum, C. ureolyticus and C. upsaliensis) have been
isolated from symptomatic and asymptomatic humans (Bullman et al., 2011; Lastovica, 2006;
Miller et al., 2012). C. jejuni, C. coli and C. lari are among those termed as the ‘thermophilic
Campylobacters’ (Lee and Newell, 2006).

Due to the similar disease epidemiology of C. jejuni and C. coli (Gillespie et al., 2002) and
the predominance of C. jejuni among cases, most studies exploring the epidemiology of human
Campylobacter infections have focused on C. jejuni or have treated Campylobacter infections as
a single source of infection in the past. Through the development of new molecular diagnostic
tools, other Campylobacter species including C. upsaliensis and C. fetus have also been identified
to cause human infection (Gillespie et al., 2002; Lépez et al., 2002; Sheppard et al., 2009). The
interest in Campyobacter spp. has been growing constantly over the past two decades, and has
been strengthened due to the emergence of antibiotic resistant strains. One of the interesting
observations about C. jejuni is that the sequencing of these genomes revealed many regulation
systems, fully understood in well studied bacteria, are absent in Campylobacter spp. (Garénaux
et al., 2008b). The new insight into the biology of the genus Campylobacter provided by the
genome sequences emphasised that Campylobacters offer an alternative and novel model for in-

testinal colonisation and pathogenicity.

2.2 History

By describing spiral organisms in the large intestines of children who had died of diarrhoeal
disease (Escherich 1886), Theodor Escherich might have been the first one to describe the genus
Campylobacter in 1880 (Moore et al., 2005; Samie et al., 2007). The first isolation of a Vib-
rio-like organism in foetal tissue of aborted sheep was made by McFadyen and Stockman in
1913 (cited in McFarlane et al. (1952)) and a confirmation test was carried out by Smith (1918,
1919) when they isolated similar organisms from aborted bovine foetuses. As the organisms
were originally assigned to the Vibrio genus (due to their spiral appearance), Smith named the
organism Vibrio fetus (Smith, 1919). The first time that a human infection was associated with
the microaerophilic vibrios was in 1947 when a foetus died in a pregnancy related infection
(King, 1957; Moore et al., 2005). In 1957, King (1957) was the first one to propose two different
types of vibrios associated with enteric diseases, the first one V. fetus and the second one was of
a thermophilic nature. When it was realised that the organism could not utilise sugars and had
a different G4C content to that of Vibrio spp., Sebald and Veron (1963) (cited in Véron and
Chatelain (1973)) proposed the genus Campylobacter (etymologically from the Greek kampulos
= curved, bacter = rod). At this time the genus included only two species: Campylobacter fetus

and ‘Campylobacter bubulus’ (now Campylobacter sputorum) (On, 2001).
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Since its first observation in 1880 by Escherich our interest in Campylobacter increased due to
their high prevalence in human diarrhoea and our knowledge has expanded to include the curated
complete genome sequences of C. jejuni NCTC 11168 (Gundogdu et al., 2007; Parkhill et al.,
2000), C. jejuni 81116 (NCTC 11828) (Parsons et al., 2009), C. jejuni RM1221 (Parker et al.,
2006) and C. jejuni 81-176 (Hofreuter et al., 2006). Fourteen other Campylobacter spp. genomes
are now available on NCBI (http://www.ncbi.nlm.nih.gov/genome/?term=campylobacter,
last accessed 06/09/2014), however only some of them are curated full genomes. Even though nu-
merous Campylobacter spp. have been fully sequenced, many details regarding their pathogenic-

ity, population diversity, host association and epidemiology still remain unclear.

2.3 Taxonomy

The genus Campylobacter has been classified as follows:

Domain: Bacteria

Phylum: Proteobacteria

Class: Epsilonproteobacteria

Order: Campylobacterales

Family: Campylobacteraceae

Genus: Campylobacter

Within the class Epsilonproteobacteria, the genera Campylobacter, Arcobacter, Helicobacter,
Wolinella, and ‘Flexispira’ constitute as a separate phylogenetic branch identified as rRNA
superfamily VI (Vandamme and De Ley, 1991; Vandamme and On, 2001). At present, the genus
Campylobacter includes 25 recognised species of microaeorobic é— proteobacteria (excluding
subspecies) (bacterio.net, 2014) (last accessed on the 5th of August 2014).

2.4 Morphological and biochemical characteristics

C. jejuni is a Gram-negative bacillus, fine and curved, 0.2 to 0.5 microns (um) in diameter and
1 to 8 um long. It can have the shape of a comma, an ‘S’, a helix or a spiral (Garénaux et al.,

2008b). Campylobacter display usually one or several curves and have a single polar flagellum at
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(a) C. jejuni isolate P197b. (b) C. jejuni isolate P79a
Figure 2.2: Scanning electron microscopy (SEM) images showing the C. jejuni isolates P179a

(ST-474) and P197b (ST-45).

one or both ends of the body (Garénaux et al., 2008b; Nachamkin et al., 1993; Song et al., 2004;

Vandamme, 2000).This structure gives the bacterium a great mobility, moving in a characteristic

rotating rapid corkscrew- like motion, using their unipolar or bipolar flagella (Parkhill et al.,
2000).

C. jejuni is considered to be a microaerophilic bacterium (i.e. grows in the presence of an atmo-
sphere poor in oxygen), but many authors find it to be more capnophilic (requires an atmosphere
enriched in C'Os to proliferate) than microaerophilic (Garénaux et al., 2008b). Comparative ge-
nomic analysis indicates that Campylobacter species lack many of the adaptive responses com-
monly seen in other foodborne pathogens. C. jejuni, for example, lacks a number of pathways
for surviving acid attacks (Park, 2002). Despite the absence of some pathways, laboratory exper-
iments have shown that campylobacters express a tolerance response regarding acid resistance
as well as resistance to aerobic conditions (Murphy et al., 2003).

C. jejuni is the only Campylobacter species that hydrolyses hippurate (though C. jejuni subsp.
doylei varies in its ability to hydrolyse hippurate)(Vandamme and Goossens, 1992). As a result,
hippurate hydrolysis (Hwang and Ederer, 1975) has become the most widely used test to iden-
tify C. jejuni and also to differentiate it from C. coli that are phenotypically and genotypically
similar (Walder et al., 1983). But even for some strains of C. jejuni variability in the hippurate
reaction has been observed (Fermer and Engvall, 1999; Morris et al., 1985), therefore an addi-

tional number of biochemical tests are employed to differentiate Campylobacter spp.

tar
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2.5 Mechanisms of colonisation, virulence and pathogenesis

The bacterial colonisation of a host does not necessarily cause disease (commensal lifestyle),
whereas virulence is defined as the ability of the bacteria to cause disease. This section describes
the progress made in identifying mechanisms related to colonisation of a host. Campylobacter
spp. do not ferment or oxidise carbohydrates, instead they acquire energy from amino acids, keto
acids and tricarboxylic acid cycle intermediates (Vandamme, 2000). Each species of Campylobac-
ter has a favoured reservoir, C. jejuni for example, the most common species associated with
human campylobacteriosis, is notably associated with poultry (Muellner et al., 2013; Miillner
et al., 2010a; van den Ent et al., 2001) and has evolved to preferentially colonise the chicken
gut (Newell, 2001; van den Ent et al., 2001). Once the campylobacter are excreted into the
environment, they commonly do not multiply (Jones et al., 1991; Rosef et al., 2001). One of
the reasons is their relatively high minimal growth temperature (> 30°C (Van de Giessen et al.,
1996)). Instead, Campylobacter spp. may enter a ’'viable but nonculturable’ (VBNC) stage
(Oliver, 2005, 2010; Rollins and Colwell, 1986). Campylobacter cells transform from a spiral
form into a coccoid form when they enter the VBNC (Rollins and Colwell, 1986).

Pathogenesis of enteric Campylobacter infection

Environment Intestine
Lumen Mucus Epithelium chend:
f& Epithclial cell
~a

‘ ? Campylobacter
Motility
Chemotaxis ‘
Oxidative stress defence . .
Adhesion Coccoid dormant

Invasion Campylobacter
Toxin production

Tron acquisition
Temperature stress reponse

Coccoid dormant stage

bl SB B ol ol

Figure 2.3: Overview of the different phases of Campylobacter colonisation of the intestine
(van den Ent et al., 2001). 1: motility; 2: chemotaxis; 3: oxidative stress defence; 4: adhesion;
5: invasion; 6: toxin production; 7: iron acquisition; 8: temperature stress response; 9: coccoid
dormant stage.
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The exact mechanisms why Campylobacter are pathogenic in humans but not in animals are
unknown but many virulence factors contribute to its pathogenicity in humans. Known virulence
factors include flagellin which contributes to the motility of the organism and allows it to travel
throughout the host (Nachamkin et al., 1993), chemotaxis which allows the bacteria to sense
its environment and rotate the flagella accordingly (Grant et al., 1993), adhesion (allows the
bacteria to stay on the host cell) and invasion which are important for colonising the host’s
intestinal cells and iron acquisition which is important for sustaining nutrients within the host
(van den Ent et al., 2001).

2.5.1 Motility

The polar flagellum is crucial for approaching attachment sites on intestinal epithelial cells
(Nachamkin et al., 1993). The flagellum is composed of O-linked glycosylated flagellin and de-
fects lead to loss of motility, decreasing the adherence and invasion of host cells. The flagellin
locus contains two adjacent genes, flaA (encoding the major flagellin) and flaB (encoding a mi-
nor flagellin). A two-component system composed of the sensor FlgS and the response regulator
FlgR are central for the regulation of the Campylobacter flagellum (Wésten et al., 2004). Pre-
vious experiments with mutants have shown that flaA, but not flaB is essential for colonisation
of chickens (Jones et al., 2004; Wassenaar et al., 1993). Colonisation is also reduced for mutants
of the motility accessory factor 5 (maf5) gene, which is important for the formation of flagella
(Jones et al., 2004; Karlyshev et al., 2002).

Previous studies have shown that differentially expressed genes that are involved in the modifi-
cation of the flagellum, are located in hypervariable regions of the C. jejuni genome (Fernando
et al., 2007; Hiett et al., 2008; Karlyshev et al., 2005). This variability translates to the protein
level, suggesting that it may contribute to the survival of C. jejuni in different environments
and hosts. Karlyshev et al. (2005) showed that the flagellin O-linked glycosylation island, which
is important for successful flagellin assembly and motility, is very diverse. Interestingly, three
genes ((Cj15324-Cj1325/6) located in this variable region, are highly prevalent among C. jejuni
strains associated with poultry (Champion et al., 2005), and might therefore be important for
the ability to colonise this host. Howard et al. (2009) supported this hypothesis and showed
that particularly Cj1324 is important for chick colonisation.

2.5.2 Chemotaxis

C. jejuni is a highly motile bacterium, and therefore chemotaxis may be an important factor

for sensing favourable conditions and promoting migration towards them. This may be useful



CHAPTER 2. LITERATURE REVIEW 13

for its survival in and colonisation of the intestinal mucosa. For successful chemotaxis, an in-
tact gradient-sensing mechanism is essential. The chemotaxis genes cheA, cheW, cheV, cheY,
cheR and cheB have been identified in the C. jejuni genome of which some are also involved
in commensal colonisation of chickens (Hendrixson and DiRita, 2004). The putative adapta-
tion proteins CheB (a methylesterase) and CheR (a methyltransferase) are both involved in
a methylation-dependent chemotaxis pathway (Stephens et al., 2006), and a AcheBR mutant
showed reduced ability to colonise the chick cecum (Kanungpean et al., 2011). CheY, which codes
for a response regulator controlling flagellar rotation, is involved in the same signal transduction
pathway as CheBR (Stephens et al., 2006) and is crucial for virulence in the ferret model (Yao
et al., 1997). C. jejuni is attracted by the gycoprotein mucin, several amino acids (aspartate,
cysteine, serin, glutamate) and salts of organic acids (citrate, fumarate, a-ketoglutarate, malate,
pyruvate and succinate) (Hugdahl et al., 1988). Vegge et al. (2009) also identified L-asparagine,
formate and D-lactate as chemoattractants for C. jejuni. All of these chemicals are detected by

the transmembrane methyl-accepting chemotaxis protein (MCP) (Vegge et al., 2009).

2.5.3 Oxidative stress defence

C. jejuni, as a microaerophilic organism, requires low oxygen levels for its growth and unlike
other enteric pathogens, it lacks many adaptive responses to the environment, such as RpoS
and SoxRS (Kelly et al., 2001; Park, 2002). The global regulator RpoS, which is the basis for
the survival of many Gram-negative bacteria during exposure to different types of environmental
stress (Lombardo et al., 2004; Lushchak, 2011; Ramos et al., 2001), is absent in the genome of C.
jejuni (Parkhill et al., 2000). However, they still need to resist oxidative stress they encounter in
the environment (during transmission) and in the invaded host (stressors like superoxide anion,
hydrogen peroxide and biotoxic hydroxyl radicals). These stressors can be induced by the host’s
immune defence, during normal metabolism, or result from incomplete oxygen reduction by C.
jejuni (Atack and Kelly, 2009).

C. coli and C. jejuni share the same oxidative stress defence system, which is generally split into
superoxide stress defence and peroxide stress defence (Storz and Imlayt, 1999). The superoxide
dismutase (SOD) protein SodB (Pesci et al., 1994; Purdy and Park, 1994), which is the main
part of the superoxide stress defence, is an iron-containing SOD that is involved in converting
superoxides into hydrogen peroxides. The cytochrome ¢ peroxidases (CcPs) are generally re-
sponsible for converting the hydrogen peroxide to water (Atack and Kelly, 2009), however, the
two CcP loci present in C. jejuni do not contribute to hydrogen peroxide resistance (Hendrixson
and DiRita, 2004). Instead, it seems that in C. jejuni hydrogen peroxide defence is mediated
by the cytoplasmic catalase KatA, which breaks it down to water and oxygen (Atack and Kelly,
2009; Bingham-Ramos and Hendrixson, 2008). PerR is the peroxide-sensing regulator and a
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mutation of perR significantly reduced C. jejuni motility and lowered colonisation capacity in
chicken (Palyada et al., 2009). This study also discovered a functional network including the
antioxidant proteins encoded by sodB, defending C. jejuni against the superoxide anion, the
reductase ahpC and katA, their regulators fur and perR and the regulatory pathways that con-
nect them. This suggests a link between oxidative stress (PerR regulated) and iron metabolism
(Fur regulated), and that the defence mechanisms and their proper regulation are essential for
successful and efficient colonisation of chickens. Knockout mutations of the AahpC reduced
colonisation ability in chickens 50 000-fold, whereas AperRAfur, AkatA and AsodB mutants
failed to colonise the chickens. This indicates that all members of the oxidative stress (PerR
regulated) and iron metabolism (Fur regulated) need to be intact for normal colonisation of C.

jejuni in chicks.

2.5.4 Adhesion

Previous studies have identified putative adhesion or binding factors of C. jejuni, including the
fibronectin-binding outer membrane protein CadF (Konkel et al., 1997), the autotransporter
CapA, the periplasmic binding protein PEB1 (Pei and Blaser, 1993) and the surface-exposed
lipoprotein JlpA (Jin et al., 2001). Ashgar et al. (2007) created a mutant of the adhesion
protein A (capA) and showed that its mutant resulted in reduced capacity to adhere to human
and chicken intestinal epithelial cells and abolished its colonisation in a chicken model. However,
another study showed that mutation in capA did not result in reduced colonisation (Flanagan
et al., 2009) and as the gene is absent in many C. jejuni poultry isolates, the actual contribution
of capA to successful chick isolation is unclear (Flanagan et al., 2009; Friis et al., 2010). The
identified fibronectin-like protein A (FlpA), as well as CadF and PEBI, (Flanagan et al., 2009)
have been shown to be important for full binding capacity of C. jejuni to chicken epithelial cells.
An earlier study suggested that different C. jejuni strains compete for colonisation in broilers
(Konkel et al., 2007) and hypothesised that this is due to shared adhesions among the isolates
and limited host epithelial cell binding places.

2.5.5 Invasion

Studies conducted on different animal models concluded that early mucosal damage is a result
of invasive C. jejuni in the colonic epithelial cells (Babakhani et al., 1993; Field et al., 1986b;
Humphrey et al., 1985; Welkos, 1984) and confirmed the invasive ability of C. jejuni as an
important pathogenicity-associated factor. Earlier studies have shown that invasive C. jejuni
strains enter the cells via a microtubule-dependent and actin filament independent invasion
mechanism (Biswas et al., 2000, 2003; Monteville et al., 2003; Oelschlaeger et al., 1993). Studies
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were conducted on genes which are thought to play a role during invasion on human cell lines,
however, experiments on chicken primary epithelial caecal cells are still lacking. The invasion
process of C. jejuni into cells is unique in such a way that the bacterium enters the cell with its

tip followed by the flagellar end (Krause-Gruszczynska et al., 2007).

2.5.6 Toxin production

Even though a variety of toxic activities have been reported for C. jejuni, cytolethal distending
toxin (CDT) is the only verified Campylobacter toxin. It is produced by several Campylobacter
spp., including C. jejuni, C. lari, C. coli, C. fetus and C. upsaliensis (Johnson and Lior, 1988).
CDT was found to cause cell distension in the mammalian cell lines HeL.a, Chinese hamster ovary
(CHO), and Caco-2. This distension is characterised by elongation, swelling, and eventual cell
death (Whitehouse et al., 1998). Pickett and Whitehouse (1999) hypothesised that within the
Cdt ABC complex, CdtA and CdtC are important for binding to the host cell, whereas CdtB
is the active moiety. Additional research has confirmed this subunit structure and revealed
that CdtA and CdtC interact with CdtB to form a holotoxin necessary for the delivery of the
enzymatically active subunit, CdtB (Lara-Tejero and Galdn, 2001). The CdtB protein shows
similar activity to the enzyme DNasel (Lara-Tejero and Galan, 2000) and causes cell cycle arrest
in the transition phase. The wild-type of the reference C. jejuni strain NCTC 11168 produces
more toxin and is highly invasive in SCID (severe combined immunodeficiency) mouse tissue
compared to isogenic cdtB mutants. Interestingly CDT induces the production of neutralising
antibodies only in humans, but not in chickens, which might indicate host specific recognition
of C. jejuni antigens (Young et al., 2007). The specific role of CDT in C. jejuni pathogenesis
has not been determined yet, but it is hypothesised that it plays a role in invasiveness and

modulation of the immune response (Purdy et al., 2000).

2.5.7 Iron acquisition

The intracellular iron concentration is an important factor for C. jejuni to insure colonisation
success. C. jejuni is not able to produce iron itself, therefore it has to acquire it from the host.
The concentration of free iron in host tissue is too low to ensure bacterial growth, which might
constitute a non-specific host defence (van den Ent et al., 2001). Several iron-uptake mecha-
nisms are essential for the survival and the colonisation of C. jejuni in the chicken host. C.
jejuni requires iron for electron transfer processes, to act as a cofactor for several enzymes and
it is responsible for the generation of hydroxyl radicals. C. jejun: is able to utilise relatively
low numbers of iron compounds (Field et al., 1986a). C. jejuni, for example, is able to use the

siderophores ferrichrome and enterochelin produced by other organisms (Pickett et al., 1992)
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and it is able to use haem compounds (Field et al., 1986a; Pickett et al., 1992).

C. jejuni expresses multiple ferric iron acquisition systems upon growth in iron-restricted condi-
tions. To date, a haemin/haemoglobin uptake system (chuABCD) (Ridley et al., 2006), an ente-
rochelin transporter system lacking an outer membrane (OM) receptor (ceuBCDE) (Richardson
and Park, 1995), a c¢frA gene which encodes a homologue of an OM receptor, a ferrichrome
uptake system (fhuABD) and a system that has only been identified in C. jejuni NCTC 11168
have been identified.

The inactivation of ¢frB in a cfrA- negative C. jejuni strain fully eliminated its ability to utilise
ferric enterobactin (FeEnt) as an iron source for growth (Xu et al., 2010). Furthermore, the
reduced colonisation phenotype could not be restored by the presence of a functional ¢frA gene,
suggesting that CfrB plays an important role during colonisation of chicks and can not be re-

placed by other iron uptake mechanisms without diminishing the colonisation potential.

2.6 Characterisation of bacterial strains

2.6.1 Antibiotic sensitivity test

Antibiotic susceptibility testing (AST) suggests which antibiotic therapy should be used and how
effectively it may work against a bacterial infection in vivo. The most frequently used test is
the disk diffusion procedure (Kirby-Bauer method) (Winn et al., 2006). Disk diffusion has been
standardised and been widely used for rapidly growing pathogens such as Enterobacteriaseae,
however, the failure to achieve inter-laboratory reproducibility in measuring inhibition zone sizes
has delayed the development of standard disk-based methods for Campylobacter (Van Der Beek
et al., 2010). Other methods to test antimicrobial susceptibility include the Stokes method
(Stokes, 1971) and E-test (also based on antibiotic diffusion) (Luber et al., 2003). Even though
the disk diffusion method is a convenient and cost-effective way for generating minimal inhibitory
concentration (MIC) values, because of the proprietary nature this technology, the method has
not yet been approved by the Clinical and Laboratory Standards Institute (CLSI) (Ge et al.,
2013).

2.6.2 Phenotyping

Phenotype is from the Greek ‘phainein’ (to show) and ‘tupos’ (type) and refers to the set of
observable characteristics of an individual resulting from the interaction of its genotype with the

environment. This means that phenotypes reflect the nature and the nurture of the organism
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(Mayr, 1982; Wanscher, 1975). Phenotyping includes biotyping, serotyping and phage typing
(Fitzgerald et al., 2001). Due to the lack of specific antisera when serotyping is employed, un-
availability of standard reagents, cross- reactivity between strains and because of emergence of
high numbers of non-typeable strains, strain characterisation using phenotyping techniques be-
comes difficult and often ambiguous (Garénaux et al., 2008b; Jackson et al., 1996). Additionally,
the identification of bacterial strains through morphology of colonies on various culture media,
biochemical tests, serology, pathogenicity and others are not variable enough to discriminate
between closely related strains (Li et al., 2009b; On, 2013)

Biotyping

The first biotyping scheme was developed utilising 12 biochemical test for Campylobacter spp.
(Bolton et al., 1984). Today, several biochemical properties specific to Campylobacter are known
and some of them are of taxonomic and diagnostic interest. The main biochemical characteristics

of C. jejuni are (Garénaux et al., 2008b):

Oxidase +

o Catalase +

e Nitrate +

e Glucides are neither oxidised nor fermented in Hugh and Leifson’s medium
e The Voges-Proskauer reaction is negative (VP-)

e The methyl red reaction is negative (MR-)

e Indoxyl acetate hydrolysis +

e Selenite reduction negative

e Urease negative

e Hydrogen sulfide (H2S) production is negative in triple sugar iron medium
e Generally, hippurate hydrolysis +

The list is not exhaustive and many authors have combined several characteristics in differ-
ent ways, proposing numerous biotyping schemes, but no scheme has emerged as a reference

(Garénaux et al., 2008b). The variety of responses obtained for the strains of a single species
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and the absence of correlation with other typing methods (serotyping, phage typing) resulted in
less and less use of biotyping today (Garénaux et al., 2008b).

Serotyping

Two serotyping schemes for Campylobacter which have been developed in Canada in the 1980s
have been widely used, either separately or together (Penner, 1988; Penner and Hennessy, 1980).
The Penner scheme (Penner and Hennessy, 1980) is based on soluble heat-stable (HS) antigens,
while the Lior scheme (Lior et al., 1982) detects variation in heat-labile (HL) antigens. The
application of these two techniques to C. jejuni isolates from farms, humans and the environment
has proven useful in the investigation of outbreaks and in studies of potential reservoirs for human
infection (Patton et al., 1985; Woodward and Rodgers, 2002). However, its routine application
has been inhibited by the requirement of a large panel of antisera that is labour intensive
to produce and maintain and not commercially available (Fitzgerald et al., 2005). Another
disadvantage of serotyping is the potential non-typability of bacterial isolates. However, despite
these disadvantages, earlier studies have demonstrated that a combination of HS and HL provides
a greater level of discrimination for outbreak investigation (Patton et al., 1993) and is a useful
approach for investigating the epidemiology of C. jejuni (Jackson et al., 1998; Woodward and
Rodgers, 2002).

Phage typing

Single strains of bacteria can be detected through phage typing, which can also be used for
tracing the source of the outbreak of infections (Baggesen et al., 2010). Bacteria can be infected
by viruses called bacteriophages (phages) and some of these can only infect a single strain of
bacteria. These phages are used to identify different strains of bacteria within a single species.
Phage typing schemes using bacteriophages to classify C. jejuni isolates have been described
in the UK, USA and Canada (Grajewski et al., 1985; Khakhria and Lior, 1992; Salama et al.,
1990). Phage typing is often used in combination with HS serotyping, however, many isolates

are non-typeable or possess unique phage reaction patterns (Miller and Mandrell, 2005).

2.6.3 Sequence based typing techniques

Genotyping is the discrimination of bacterial strains based on their genetic content (sequence).
Strain typing methods based on the sequence level can be divided into three categories: DNA

banding pattern, DNA sequencing, and DNA hybridisation based methods. Due to its high
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resolution, genotyping is more widely employed for the identification and subtyping of microor-
ganism than phenotyping (Li et al., 2009b).

DNA banding pattern-based genotyping distinguishes the studied strains based on the size of the
DNA band (fragment). The fragment can be generated by amplification of DNA, by cleavage of
DNA using restriction enzymes (REs) or both.

DNA sequencing-based genotyping methods reveal the underlying sequence of nucleotides and
discriminate directly from polymorphisms in the examined sequence.

DNA hybridization-based methods are also known as DNA macroarray and microarray studies.
The bacterial strains are distinguished by analysing the hybridization of their DNA to probes

of known sequences.

DNA banding-based methods

Digestion of DNA with REs and amplification of DNA can produce millions of copies of a frag-
ment and has many advantages including sensitivity, speed and applicability to a wide range
of environmental samples and human specimens (Li et al., 2009b; Lo and Chan, 2006). REs
precisely recognise and cut DNA at a defined sequence and the large variety of REs makes it
possible to apply them to a wide range of samples. The different DNA banding-based methods

are discussed briefly in the following section.

Enzymatic restriction

Enzymatic restriction can be categorised into two main techniques: Pulse-field gel electrophore-
sis (PFGE) and restriction fragment length polymorphism (RFLP). PFGE is an electrophoretic
technique used to separate large DNA molecules (10kB-10Mb). Even though DNA fragments
>20kB show the same mobility in a conventional constant electric field, making it impossible
to differentiate them, previous experiments (Herschleb et al., 2007; Schwartz and Cantor, 1984)
have shown that by applying alternating electric fields at different angles, PFGE can separate
large DNA molecules in a flat agarose gel. Due to the high resolution and macro-restriction
analysis at the genome level, it is considered to be a ‘gold standard’ for subtyping many bac-
teria (Gerner-Smidt et al., 2006; Tenover et al., 1995). Nevertheless PFGE should be validated
with other genotyping results (Li et al., 2009b) and although it is widely used, it has several
limitations. It is time and labour consuming, lacks reproducibility and inter-laboratory com-
parability. The different restriction enzymes used to digest the chromosomal DNA and varying
electrophoresis conditions in different studies, make it difficult to compare inter- laboratory ob-
tained PFGE profiles (Wassenaar and Newell, 2000). However, using more than one RE increases

the discriminatory power significantly (Gibson et al., 1994; Imai et al., 1993; Matsuda et al.,
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1994). Adequate results have been obtained with Smal, Sall, Kpnl, Apal and BssHII (Wasse-
naar and Newell, 2000). Xhol appears to be useful for C. upsalenensis (Bourke et al., 1996).
The largest PFGE database, PulseNet, currently tracks ten foodborne pathogens: Clostridium
botulinum, Campylobacter jejuni, Fscherichia coli O157:H7 and non-O157, Listeria monocyto-
genes, Salmonella, Shigella sonnei, Shigella flexneri, Vibrio cholerae and Vibrio parahemolyticus

(http://www.pulsenetinternational.org/protocols/; last accessed on 09/08/2014).

RFLP detects variations in DNA and measures the size of restriction fragments separated by
agarose gel electrophoresis. RFLP produces hundreds of short restriction fragments, making it
difficult to separate them using agarose gel electrophoresis. However this can be simplified using
Southern blotting with radioactively labeled probes (Southern, 1975). Ribotyping which is a
variation of RFLP, uses rRNA probing. Most bacteria have more than two ribosomal gene sets
(5S, 16S, 23S) located in the chromosome which show variability. However, most Campylobacter
spp. contain only three ribosomal gene copies limiting the discriminatory power of this tech-
nique (Wassenaar and Newell, 2000). For example, Denes et al. (1997) showed that ribotyping
cannot differentiate within or between subspecies of C. fetus, however, Kiehlbauch et al. (1991)
showed that ribotyping can be useful to determine the species of Campylobacter isolates that
are aerotolerant or phenotypically hard to analyse.

The digestion enzymes (Pstl, Haelll, HindIII, Pvull) used in ribotyping studies can vary sub-
stantially between laboratories, which can hinder the direct comparison of the obtained ribo-
type profiles (Wassenaar and Newell, 2000). Unlike PFGE, RFLP does not require expensive
equipment and is therefore more cost effective than PFGE is, apart for automated ribotyping
(riboprinting) which involves high cost for equipment and consumables (Wassenaar and Newell,
2000).

DNA amplification
AP-PCR (arbitrarily primed PCR), also called 'Random Amplified Polymorphic DNA’ is a type
of PCR reaction, involving segments of DNA that are amplified at random. The method is to

create several arbitrary, short primers (<10 bp), which combined with low temperatures, enables
genomic DNA to be amplified at multiple loci. This method does not require prior knowledge of
the DNA sequence for the target genome. AP-PCR is inexpensive and fast, however, there are
still limitations, such as the reproducibility, which hinders the comparison of RAPD patterns
within and between laboratories (Power, 1996; Tyler et al., 1997; Wassenaar and Newell, 2000).
Additionally, RAPD results may be influenced by several factors such as annealing tempera-
ture and sequence of arbitrary primers; inconsistency in thermal cyclers; DNA template purity
and concentration; and PCR equipment and reagents (Ellsworth et al., 1993; Li et al., 2009b;
MacPherson et al., 1993; Penner et al., 1993; Tyler et al., 1997).
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High-resolution melting (HRM) analysis aims to discriminate DNA alleles through melting tem-
perature analysis. HRM is based on real time PCR, amplification and melting curve analysis. It
allows detection of sequence variants without sequencing or hybridisation procedures (Gundry
et al., 2003). Single nucleotide polymorphisms (SNPs) can be typed without probes and HRM
can be combined with various PCR strategies for bacterial strain typing (Li et al., 2009b). The
limitation is that HRM requires real time PCR equipment and may not be equally discriminatory

for all bacterial species.

Multi-locus variable number tandem repeat analysis (MLVA) is a genotyping method based
on the polymorphic analysis of multiple variable tandem repeat (VNTR) loci (Lindstedt, 2005;
van den Berg et al., 2007). VNTR are DNA sequences which are variable in copy number and are
distributed across the bacterial and human genome (Lupski and Weinstock, 1992; Vergnaud and
Denoeud, 2000). They can be found in coding and non-coding regions. PCR amplification can
be used to determine the number of repeats for each locus, and the banding patterns can be used
to reveal the genotype and infer phylogenetic relationships (Keim et al., 2000; Tenover et al.,
2007). The identified variable loci in conjunction with tandem repeat-finding programs (TAN-
DEM REPEAT FINDER (Benson, 1999), the Tandem Repeat database and the Microsatellite
database) can be used to screen bacterial genomes for potential VNTR loci.

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs) have been used in var-
ious bacteria for genotyping. A CRISPR consists of near-perfect direct repeat sequences of ap-
proximately 24—48 bases long interspersed with similarly sized nonrepetitive spacer sequences.
The CRISPR region is widely used to genotype M. tuberculosis (Fang et al., 1998; Filliol et al.,
2003; Groenen et al., 1993) and to a lesser extend for Streptococcus pyogenes (Hoe et al., 1999),
Y. pestis (Pourcel et al., 2005), C. jejuni (Kovanen et al., 2014; Price et al., 2007; Schouls
et al., 2003). However, a study by Schouls et al. (2003) employing three molecular typing
methods (AFLP, MLST, CRISPR typing) to 184 Campylobacter isolates, showed that MLST
and AFLP analysis yielded more than 100 different profiles and patterns whereas the CRISPR
analysis allowed distinction between two-thirds of the typeable strains. Therefore Schouls et al.
(2003) concluded that the three typing methods are equally powerful in identifying strains from
outbreaks of human campylobacteriosis. Price et al. (2007) combined a high-resolution melt
(HRM)-based assay with the hypervariable CRISPR locus of C. jejuni. The study showed that
a combination of binary gene typing methods (Price et al., 2006) and the CRISPR HRM assay
equals or surpasses the power of the ‘gold standard” PFGE (Price et al., 2007). MLVA has
been shown to be a high-resolution method for discriminating bacteria and although it may not
be useful to infer phylogenetic relationships because the loci evolve too quickly, it is useful for
tracking outbreaks of bacterial infections (Lindstedt, 2005; Schouls et al., 2003).

Enzymatic digestion following DNA amplification
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A method to overcome the shortcoming of restriction fragment length polymorphism (RFLP) is
PCR-RFLP (Wichelhaus et al., 2001). This method engages RFLP at a specific locus amplified
by PCR. The combination of PCR-RFLP with capillary electrophoresis (PRACE) shows higher
resolution than traditional PCR-RFLP (Chang et al., 2007; Ho et al., 2004). It also produces a
limited number of restriction fragments from RE digestion which can be separated and visualised
by gel electrophoresis without having to employ hybridisation. The limitation is that the genetic
information is often based on only one locus which limits the discriminatory power. To overcome
this limitation, several polymorphic genes can be combined and analysed by a multiplex PCR.
One multiplex PCR for C. jejuni for example, uses the polymorphic genes gyrA and pfiA and
reaches a discriminatory power similar to PFGE (Ragimbeau et al., 1998). Other candidate
genes would be flaA and flgE (Wassenaar and Newell, 2000).

Amplified fragment length polymorphism combines the accuracy of restriction enzyme analysis
with the precision of PCR (Vos et al., 1995). The way the method works is that the digestion is
carried out with two restriction enzymes, one with a four-base pair cutter (Csp6l, Hhal, Mfel)
and the other one with a six-base recognition pattern (BglII or HindIll) (Klena and Konkel,
2005). The restriction fragments are ligated with end-specific adapters followed by selective
amplification. A variation of the conventional AFLP technique is a method that uses fluorescent
labelled primers for PCR amplification (FAFLP) and automated DNA sequencers. FAFLP has
a higher resolution compared to traditional AFLP as it is able to detect size differences as
small as 1 bp (Lindstedt et al., 2000; Mortimer and Arnold, 2001; Zhao et al., 2000). AFLP
analysis has widely been used to type C. jejuni as well as other pathogens (Duim et al., 1999;
Kokotovic and On, 1999; Schouls et al., 2003; Siemer et al., 2004) and has been described to
be as discriminatory as MLST, RFLP, RAPD and PFGE (Melles et al., 2007; Schouls et al.,
2003; Zhao et al., 2000) . The AFLP assays are cost-effective and can be automated (Duim

et al., 1999). Its limitations lie in the complexity of the technique (comparable to PFGE), in the
combination of REs and the possibly necessary automated analysis equipment (an automated

DNA sequencer and appropriate software) (Wassenaar and Newell, 2000).

2.6.4 Whole genome sequencing technologies

A DNA sequence is defined by the precise order of the four nucleotides (adenine, guanine,
thymine and cytosine) in a strand of DNA. Each species and its individuals are uniquely defined
by their sequence which makes it essential for the research of the organism. DNA sequenc-
ing technologies could be used in a broad range of applications, including molecular cloning,
breeding, finding pathogenic genes and comparative and evolutionary studies. The genomic
DNA information can be used directly for phylogenetic analysis and identification of bacte-

rial strains. It is highly reproducible and can therefore be shared between laboratories and
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stored in databases. The largest online DNA sequence database available to date is GenBank
http://www.ncbi.nlm.nih.gov/genbank. The possibility to identify SNPs, insertions, dele-
tions and genes under selective pressure has become crucial for biological research, as well as in
numerous applied fields such as diagnostic, biotechnology and forensic biology.

DNA sequencing technologies should ideally be fast, accurate cheap and easy to operate. During
the course of the last 30 years, DNA sequencing technologies and applications have undergone
an incredible development. In order to review next generation sequencing (NGS) systems, and
to compare their advantages and disadvantages, it is necessary to look back at the history of

sequencing technology development.

First generation DNA sequencers

In 1974, two methods were developed independently by an American team and an English team
to find a technique to sequence DNA. The American team, lead by Maxam and Gilbert, used
a ‘chemical cleavage protocol’, while the English team, lead by Sanger, aimed to develop a pro-
cedure which would simulate the natural process of DNA replication. Even though both teams
shared the 1980 Nobel Prize, Sanger’s method became the ‘gold standard’ because of its prac-
ticality, high-efficiency and lower radioactivity. It is also referred to as dideoxy sequencing or
chain termination DNA sequencing (Li et al., 2009b).

The steps within the procedure are outlined below (Sanger et al., 1977):

1. Desired region of the DNA is amplified and denatured to produce a single strand of DNA.
2. A sequencing primer is annealed to the single stranded DNA.

3. The method takes advantage of the fact that a growing chain of nucleotides, extending in
the 5’ to 3’ direction, will terminate if, instead of a conventional deoxynucleotide, a 2’3’
dideoxynucleotide becomes incorporated. Repeating this four times, each time with four
different dideoxynucleotides in addition to all four deoxynucleotides, four different sets of

chain-terminated fragments will be produced.

4. The chain terminated fragments will remain attached to the single stranded DNA molecule
which has been used as a template. By adding a denaturing agent and heating the par-
tially double stranded molecules, the chain terminated fragments will be released from the
template (single stranded DNA molecule) and separated using high resolution denaturing

gel electrophoresis.

5. The original sequence of DNA is then deduced by examining the relative positions of the

dideoxynucleotide chain termination products in the four lanes of the denaturing gel.

Second generation DNA sequencers
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Roche 454 Pyrosequencer

Pyrosequencing is a nonelectrophoretic sequencing method based on the sequencing-by-synthesis”
(SBS) principle. The method relies on the detection of pyrophosphate release during nucleotide
incorporation as opposed to chain termination with dideoxynucleotides (Sanger).

DNA is amplified inside water droplets in an oil solution (emulsion PCR) where each water
droplet contains one DNA template that is attached to a primer-coated bead. Each combina-
tion of DNA template and bead forms a clonal colony. The technique is sequencing one strand
at a time by synthesising the complementary strand alongside. This way it is synthesising one
base pair at a time and detecting which base was added at each step. The template DNA is
immobile, and solutions of dATP, dCTP, dGTP, and dTTP nucleotides are sequentially added
and unmatched bases are degraded by apyrase. The sequencing reaction is monitored by lu-
ciferase which generates light (by transforming luciferin into oxyluciferin) for the detection of
the individual nucleotides upon primer extension.

In 2005, the initial read length of Roche 454 was 100-150 bp, 200,000 reads and an output of
20 Mb per run (Mardis, 2008). This increased with the release of the 454 GS FLX Titanium
system in 2008. The read length could now reach 700 bp with an accuracy of 99.99% (with
filter) and an output of 0.7 Gb of data per run within 24 hours. In 2009, by combining the
GS Junior (a bench top system) with the 454 pyrosequencing, Roche managed to simplify the
library preparation and increase the output to 14 Gb per run (Huse et al., 2007). The greatest
advantage of Roche 454 sequencing is its speed (10 hours from sequencing start till completion),
however the high cost of the reagents and the relatively high error rate in terms of homopolymer
runs longer than 6 bp (Liu et al., 2012) are disadvantageous.

Pyrosequencing has been used for a variety of applications such as sequencing of one gene
(Jonasson et al., 2002), identification of different taxa in stool specimens (Dethlefsen et al.,
2008), detection of antibiotic resistance and drug resistance screening (Arnold et al., 2005; Ju-
reen et al., 2006). A parallelised version of pyrosequencing was developed by 454 Life Science

and has since been acquired by Roche Diagnostics.

Ion Torrent

Ton Torrent Systems Inc., which is now owned by Life Technologies, developed a method which
is based on standard sequencing chemistry, but with a novel, semiconductor-based detection
system. As opposed to the optical methods in other sequencing systems, this technique is
based on the detection of hydrogen ions that are released during the polymerisation of DNA. A
high-density array of micro-machined wells, where each well holds a different DNA template, is
flooded with a single type of nucleotide. If the introduced nucleotide is complementary to the
template nucleotide, it is incorporated into the growing strand. For example, if nucleotide A is
added to a DNA template and it is incorporated into the growing strand, then a hydrogen ion

will be released. Underneath the wells is an ion-sensitive layer and beneath that a proprietary
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ion sensor. The charge from the release upon incorporation into the strand, will change the pH
of the solution and can be detected by the ion sensor without cameras.

The error rate for substitutions is at 0.1%, which is similar to that of the Illumina systems
(Merriman et al., 2012). However, the main criticism is the homo-polymer errors the system
endures. Regardless of many improvements, the 5-mer homo-polymer error rate is still at 3.5%
(Merriman et al., 2012).

The initial output of the first Ion-314 chip were 10 Mb, this has increased to 1 Gb with the
newest lon-318 chip. Ion torrent has announced a new sequencer, the Proton-II chip which will
have four times the number of sensor wells and an expected output of 32 Gb per chip. This
should generate a whole human genome at ~10x coverage with a run time of 4 h. This output

puts the Ton torrent technology on par with a paired-end run on a single HiSeq2000 lane.

SOLiD

The SOLID (Sequencing by Oligonucleotide Ligation and Detection) system employs a sequencing-
by-ligation scheme which has been commercially available since 2006 (Shendure et al., 2005).
The sequencer adopts the technology of two-base sequencing based on ligation sequencing. The
templated beads, which are based on a flow cell, are sequenced by eight base-probe ligation.
These contain a ligation site (the first base), a cleavage site (the fifth base), and four different
flourescent dyes (linked to the last base) (Mardis, 2008). The first step is the hybridisation of
a primer complementary to the adapter which is then followed by the hybridisation of octamer
probes (Buermans and den Dunnen, 2014). The first two bases (starting at the 3’ end) are
complementary to the nucleotides being sequenced and the fluorescent signal is recorded (by
bases 6-8) during the annealing of adjacent probes (first two bases). The last three bases are
removed and new octamer probes are allowed to hybridise and ligate.

The SOLiD system, similar to the Illumina system, is able to create paired-end reads. However,
due to the limitation of the ligation scheme, the maximal read length is limited to 75 bases
for read 1 and 35 bases for read 2. While the number of reads generated by a SOLiD run is
comparable to a HiSeq run, the total output in Gb per run is only half of that of a HiSeq run,
due to the shorter read length. The main advantage of the ligation scheme is the higher accuracy

as each base is interrogated by two octomer ligations.

Illumina

The Illumina platform uses bridge amplification and a sequencing-by-synthesis approach. All
enzymatic processes and imaging steps occur in a flow cell, which, depending on the specific
Mlumina platform may be partitioned into one (MiSeq), two (HiSeq2500) or eight (HiSeq2000,
HiSeq2500) separate lanes (Buermans and den Dunnen, 2014). The library is denatured to single
strands and attached to the entire inside surface of the flow cell lanes which is followed by bridge
amplification of the DNA to form clusters which contain clonal DNA fragments. In order to

determine the sequence, the four nucleotide types of reversible terminate bases (RT-bases) are
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added. Each of the bases is fluorescently labelled with a different colour and has a blocking group
attached. The added bases compete for the binding sites on the template, and non-incorporated
molecules are washed away. In contrast to pyrosequencing, the technique employed by Illumina,
extends the DNA chain one base at a time. The signal is captured by a CCD camera, but as it
can be taken at a delayed moment, large arrays of DNA colonies can be captured by sequential
images by a single camera. Therefore, the reachable sequencing throughput by Illumina is limited
solely by the analog-to-digital conversion rate of the camera.

In 2006, when Solexa released the genome Analyzer (GA) (which was purchased by Illumina in
2007), the output was 1 GB per run. Through improvements in buffer, flow cell, polymerase and
software, this output increased to 20 Gb per run in August, 30 Gb per run in October and 50 Gb
per run in December of 2009. The latest GAIIx series can output 85 Gb per run. Early in 2010,
Illumina released the HiSeq2000, which is based on the same sequencing strategy as the GA.
The initial output of the HiSeq2000 was 200 Gb per run, but this increased to 600 Gb which can
be finished in 8 days. The cycle time for the HiSeq2000 is approximately 1 h which is mainly
due to the imaging of the flow cell. By reducing the imaging process, the whole process can
be sped up considerably, this is implemented in the MiSeq (bench top system) and HiSeq2500
platforms. By providing the option to decrease the total surface area to be imaged, the cycle
time can be reduced to 5 and 10 min for the MiSeq and HiSeq2500, respectively (Buermans and
den Dunnen, 2014).

Early in 2014, Illumina announced the release of two new sequencers, the NextSeq500 and the
HiSeq X Ten. The NextSeqb00 was designed to be a highly flexible, smaller version of the
HiSeq2500 with runtime of under 30 h. The HiSeq X Ten was designed to enable whole human
genome sequencing and reaching the $1000 genome cost in run cost (Buermans and den Dunnen,
2014).

Third generation DNA sequencers

The third generation of DNA sequencers is characterised by two main features. Firstly, no PCR
is required before sequencing, which shortens the DNA preparation time; and secondly, the
signal is captured in real time. This means that the signal is monitored during the enzymatic

reaction of adding nucleotides to the complementary strand.

Pacific Bio

Single-molecule real-time (SMRT) is the third-generation sequencing method developed by Pa-
cific Biosystems. The underlying principles are quite different from those of the above mentioned
sequencers. SMRT cells consist of millions of zero-mode waveguides (ZMWs), which are embed-

ded with one complex consisting of template molecule, sequencing primer and DNA polymerase
attached to the bottom of the ZMW (Korlach et al., 2008). SMRT works with single molecule

commentar
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detection, which means the optics used are sensitive enough to detect incorporation of one fluo-
rescently labelled nucleotide. Therefore the template preparation does not require amplification,
and the prepared library molecule is used as the sequencing template (Buermans and den Dun-
nen, 2014). The sequencing reaction of a DNA fragment is executed by a single DNA polymerase
molecule that is attached to the bottom of the 150,000 ZMW wells (Levene et al., 2003). During
the reaction, the enzyme in each ZMW well will incorporate the nucleotide into the complemen-
tary strand and cleave off the flourescent dye previously linked with the nucleotide (Buermans
and den Dunnen, 2014). The camera inside the machine is capturing the signal in real time
(Timp et al., 2010), which will also produce the signal difference over time. This may be useful
for the prediction of structural variance in the sequence, especially in epigenetic studies such as
DNA methylation (Branton et al., 2008).

Several advances at the technological, bioinformatics and chemistry level increased the average
output per SMRT cell considerably since the release of the system in early 2011. The main
achievement was the increase of longer average read length, which started at the time of the
release, with 1 kb. The maximal achievable read length obtained by SMRT is directly related
to the length of the sequencing time but not all the polymerase complexes reach identical read
length as shown in Figure 2.4. The main reason for this is photo-damage of the phi29 polymerase
which terminates the sequencing reaction (Buermans and den Dunnen, 2014). The current max-
imal movie length of 180 min produces a read length of 40,000 bases. This translates into an
output per SMRT cell of 400 Mb for the PacBio RSII (Buermans and den Dunnen, 2014). The
high single pass error rate of 10-15% with its majority being insertion/deletion errors is a much
debated aspect. However, with the PacBio Quiver software (Chin et al., 2013) the consensus
can reach an accuracy of 99.99%. Despite the relatively low output per SMRT cell compared to
other NGS platforms, PacBio’s long read length, absence of GC bias and insight into the kinetic
state of the polymerase during sequencing, enable it to occupy a niche for specific applications
that can not be covered by other currently available platforms (Buermans and den Dunnen,
2014).
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Figure 2.4: Typical PacBio C2XI raw read length distribution.
From http://pacificbiosciences.com/brochure (February 2013)

Nanopore sequencing

Expectations for sequencing a DNA molecule with the nanopore DNA sequencers are for single
molecule, amplification free, base detection without labels, long reads and low GC bias. The
underlying principle of this technology is to tunnel (polymer) molecules through a pore that
separates the two compartments, and to convert the electrical signal of nucleotides that pass
through this pore. The physical presence of the molecules passing through the pore causes a
characteristic change which allows identification of the specific molecule (Ashkenasy et al., 2005).
The detection is achieved through a standard electro-physiological technique.

Two versions of nanopore DNA sequencers are being developed; one using the natural pore
forming protein a-hemolysin (a 33 kD protein isolates from Staphylococcus aureus (Deamer and
Akeson, 2000)) (Clarke et al., 2009), the other one is using manufactured solid state pores (Folo-
gea et al., 2005; Li et al., 2003a).

One of the companies working on building nanopore sequencing devices, is Oxford Nanopore
Technologies (ONT). In late November 2013, Oxford Nanopore announced the opening of regis-
tration for a MinlON Access Programme so that a large number of customers will have access
to MinION technology, however even though the MinlION has been introduced at the American
Society of Human Genetics annual meeting in Boston (Figure 2.5), it has not been commercially

available yet and specifics on read length, accuracy or run times are difficult to obtain.
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Figure 2.5: The MinION introduced at the American Society of Human Genetics (ASHG) an-
nual meeting in Boston. From http://www.ngsleaders.org/Blog/At-ASHG,-Oxford-Nanopore-
Execs-Talk-Non-Stop-but-Say-Little/
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2.6.5 Gene sequencing approaches

Some genes are highly conserved among bacteria and can therefore be used for identification and
phylogenetic classification of bacteria (Stackebrandt and Goebel, 1994; Woese, 1987). The gene
of choice when only sequencing one gene is the 16S rRNA gene. It is highly conserved among
bacteria because it is essential for the bacteria’s survival (Woese, 1987). Other less conserved
genes, particularly the ones under purifying selection pressure, have been used for species iden-
tification and strain typing. Rpob, which encodes the § subunit of RNA polymerase, has been
used for bacterial species identification and subtyping, as it often shows higher discriminatory
power than 16S (Adékambi et al., 2006; Korczak et al., 2006; Mollet et al., 1997). Another
gene, groEL (also called ¢pn60 or hsp60), which encodes the universal 60-kDa chaperonin, has
been used widely to distinguish between Campylobacter species and closely related bacteria
(Chaban et al., 2009; Hill et al., 2006; Karenlampi et al., 2004). The limitation of using genes

encoding surface proteins or virulence factors is that they evolve too quickly, which can lead to
misleading results. A combination of genes encoding surface antigens and housekeeping genes
might be a more rational approach for strain typing (Cai et al., 2002). Multilocus sequence
typing (MLST) (Maiden et al., 1998) has been successfully applied to the characterisation of
numerous bacteria (Achtman et al., 1999; Dingle et al., 2001; Enright and Spratt, 1998; Maiden
et al., 1998; Suerbaum et al., 1998). It employs the same philosophy as multilocus enzyme
electrophoresis (Selander et al., 1986) in the way that neutral genetic variation from multiple
chromosomal locations is indexed, but in contrast to MLEE, MLST uses nucleotide sequence
variation to identify the variation. One observation in MLST studies of different bacteria was
that stretches of 400 to 600 bp from seven loci provide roughly the same discrimination as ob-
tained with 15 to 20 loci in MLEE analyses (Maiden et al., 1998). Another advantage of MLST
is that it allows the comparison of results between different laboratories and the electronic stor-
age and distribution of the results. To date, 29 MLST schemes for different bacteria have been
developed (http://www.mlst.net/databases/default.asp). Each gene fragment (one of the
housekeeping genes/alleles) is characterised by a unique number in the order of its discovery.
For example aspA-1 is the first unique MLST allele identified for the aspA locus (Maiden et al.,
1998). For each of the seven loci (for C. jejuni/coli), distinct allelic sequences are assigned an
arbitrary number and each isolate is therefore characterised by seven numbers building an allelic
profile. Isolates with identical sequences were assigned the same allele number. The multilo-
cus sequence type (ST) is defined for each strain by the combination of alleles at each locus
(allelic profile). The following seven loci (Figure 2.6) were chosen for the MLST scheme for C.
jejuni and C. coli: aspA (aspartase A), ginA (glutamine synthetase), gltA (citrate synthetase),
glyA (serine hydroxymethyltransferase), pgm (also called glmM; phosphoglucosamine mutase),
tkt (transketolase), uncA (also called atpA; ATP synthase a subunit) (Dingle et al., 2001). The

first definition of a clonal complex (CC) was a group of two or more independent isolates with
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a ST that shared identical alleles at > 4 loci (Dingle et al., 2001). A CC is named after the ST
identified as the putative founder of the group, using BURST (Dingle et al., 2001). At the time
of writing (August 2014), 7318 STs were identified and the numbers of alleles within ranged
from 407 for the aspA locus to 719 for the pgm locus (Table 2.2).

1,641,481
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Figure 2.6: Distribution of the seven housekeeping loci in the C. jejuni genome NCTC 11168.

Locus | Fragment size (bp) | No. of alleles
aspA 477 407
glnA 477 551
glitA 402 AT2
glyA 507 632
pgm 498 719

tht 459 568
uncA 489 484

Table 2.2: Genetic diversity of the seven housekeeping genes used in MLST scheme for C.
jejuni and C. coli (last accessed 13/08/2014)

MLST analysis has shown that in many species recombination contributes more to clonal di-
versification of the bacteria, than point mutation does (Feil and Spratt, 2001; Wilson et al.,

2009). So far it has been successfully applied to more than 29 bacterial species and is seen as a
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reference genotyping method for many bacteria. Since the first description of an MLST scheme
for C. jejuni (Dingle et al., 2001), additional schemes for other Campylobacter spp. have been
developed, including C. coli, C. lari, C. upsaliensis, C. helveticus (Miller et al., 2005), C. fetus
(Van Bergen et al., 2005), C. sputorum, C. hyointestinalis, C. curvus and C. consisus (Miller
et al., 2005). The phylogenetic signal obtained from MLST analysis, combined with analytical
methods, made attribution of sporadically reported infections to sources possible (On, 2013).
MLST has been successfully applied to a wide variety of investigations, including, source attri-
bution studies in New Zealand (Miillner et al., 2009) and the Netherlands (Gras et al., 2012);
to identify seasonal patterns associated with specific CCs or STs (Cody et al., 2012; McCarthy
et al., 2012; Sopwith et al., 2008); exploring the origin of antibiotic-resistance in C. coli in
antimicrobial-free swine production systems (Quintana-Hayashi and Thakur, 2012), for the char-
acterisation of the genetic diversity in C. upsaliensis (Parsons et al., 2012) and MLST, PFGE
and serotyping were used to explore the distribution of a highly pathogenic clone of C. jejuni
associated with sheep abortion across both time and space (Sahin et al., 2012).

Multispacer typing (MST) is a genotyping method that was first applied to Yersinia pestis in
2004. The typing is based on the highly variable intergenic spacers (Drancourt et al., 2004).
The method is based on the assumption that the noncoding regions are under less selection pres-
sure than genes are, and that the spacers should therefore vary more between bacterial strains
(Drancourt et al., 2004). The intergenic spacer are chosen to be the noncoding regions varying
the most between aligned genomes of one species (Drancourt et al., 2004; Fournier et al., 2004;
Li et al., 2006). After amplification and sequencing, similar to MLST, any variation in a spacer
can provide a unique ST (Li et al., 2009b). The technique has been succesfully applied to several
bacteria including Y. pestis (Drancourt et al., 2004), Rickettsia conorii (Fournier et al., 2006),
Coziella burnetti (Glazunova et al., 2005) and others. Studies comparing MST and MLST have
shown that MST has a higher resolution and the potential to be used directly on non-cultured
samples (Fournier et al., 2004; Li et al., 2006). However, MST has so far only been used on
intracellular human pathogens, and the fact that other bacteria (e.g. Campylobacter spp.) ex-
perience a high amount of recombination and mutation, may make this method unsuitable for

other bacteria.

Ribosomal MLST (rMLST) can be seen as an extension of MLST in the sense that this method
is using 53 housekeeping genes instead of seven. It is based on the 53 genes encoding the bac-
terial ribosome protein subunits (rps genes) (Jolley et al., 2012). It invokes the same principle
as MLST employing curated reference sequences to identify the gene variants. However, it is
synthetic, meaning that the whole genome has to be sequenced in order to extract the (rMLST)
genes. Rps loci are distributed around the genome and similar to housekeeping genes under
selective pressure, which makes them highly conserved. This method has been shown to exhibit
significantly more resolution than 16S rRNA (Jolley et al., 2012).
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Figure 2.7: Distribution of the 52 ribosomal housekeeping loci in the C. jejuni genome
NC_002163.

Depending on the questions, there are different ‘ideal’ genotyping approaches to answer them.

16S rRNA is a suitable typing method for bacterial differentiation on the levels of Phylum, Class,

Order, Family and Genus, for further discrimination different methods are more suitable. MLST
is able to differentiate bacteria on the levels of the Genus, Species and the Lineage or Clonal
Complex, whereas rMLST covers the range from Species to Strain. The highest discriminatory
power lies in the whole genome sequencing method which can go down to the levels of Meroclone
(group of organisms that are descended from a single cell but have started to diversify by re-
combination) and Clone (Maiden et al., 2013). MLST could be seen as the new ‘gold standard’
for subtyping the majority of Campylobacter species. Its epidemiological value, portability, tax-
onomic range and international usage make it the ideal typing method (On, 2013). However,
MLST is not the choice for all Campylobacter species. C. fetus for example, appears to be highly
clonal (Van Bergen et al., 2005) and therefore MLST may not provide the discriminatory power
needed to identify subspecies. Other methods such as PFGE or AFLP may be better suited (On

and Harrington, 2000, 2001).

Nowadays there is a high demand for fast and low-cost sequencing which has driven the develop-
ment of high-throughput sequencing (or next-generation sequencing) technologies that parallelise

this process. The Sanger sequencing method produces long reads with a maximum of 0.44 Mb
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per run whereas pyrosequencing produces short reads with an output of approximately 4Gb per
run (Li et al., 2009b). Pyrosequencing is more difficult to use for de novo assemblies due to the
shorter read length. Although the sequencing technologies have increased greatly (reduced in
price, increased in read length and speed), genome sequencing remains too expensive and time
consuming to be used in routine genotyping.

Third generation NGS platforms have a number of advantages over the second generation NGS
platforms. Not only do they not rely on PCR amplification, they also produce higher through-
put; increased read length (essential to enhance de novo assembly); require less starting mate-
rial (theoretically only a single molecule); faster turnaround time and higher consensus accuracy.
However, some of the third generation sequencers are still under development (Oxford Nanopore)
or show high error rate for single reads (SMRT). The choice of the sequencer depends highly on

the application it is intended for, the budget available and the availability of sequencers.

2.6.6 Phenotype MicroArray (PM) system

Different ‘~omics’ techniques provide great insights into the biology of cellular organisms and,
depending on the method, they address different steps in the information transfer, from coding
DNA (genomics), via RNA (transcriptomics) to proteins (proteomics) to generate the cellular
metabolites (metabolomics) (Buchanan et al., 2009; Vilchez-Vargas et al., 2010; Zhang et al.,
2010). All of these addressed ‘~omics’ techniques study components which contribute to the
phenotype (Papin et al., 2004). However, the phenotype itself was until recently not accessible
with high-throughput ‘~omics’ techniques.

Taking advantage of fully sequenced bacterial genomes, a new technique, called microbial genome-
wide association study (GWAS) is providing the means to investigate the correlation of genetic
variants with phenotypic traits across several bacterial strains enabling the potential discovery
of virulence or host-associated genes. In order to correlate phenotypes to specific genotypes, for
example via presence/absence of genes, one must be able to consistently measure the pheno-
types. A simple way to do this would be to characterise an or<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>