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1 Introduction
Campylobacter is the most common bacterial cause of gastroenteritis, worldwide. Since the
first description of the disease in the 1970s (Skirrow, 1977), the incidence of human
campylobacteriosis in the UK, measured in terms of laboratory reports, has risen steadily,
peaking at 57,674 reports in the year 2000; with 46,603 reports in 2006 (http://
www.hpa.org.uk). Although generally self limiting, this disease has an important economic
impact (Skirrow and Blaser, 1992). More serious complications, such as motor neurone
paralysis, arise in 1–2 cases per 100,000 people in the UK and USA (Nachamkin et al.,
1998). The disease also has an appreciable, yet less defined, impact in developing countries.
Approximately 90% of human infection is caused by C. jejuni, with C. coli accounting for
much of the rest (Gillespie et al., 2002).

C. jejuni, and C. coli are Gram-negative curved rods with polar flagella and are highly
motile (Ketley, 1997). In common with other members of the genus Campylobacter they are
fastidious bacteria that are best isolated in a microaerophilic atmosphere using specific
complex media, since they lack many of the genes needed to degrade carbohydrates or
amino acids. Unlike most other Campylobacter species, they show optimum growth at 42°C,
perhaps as a consequence of their association with avian species. It is thought that where
campylobacters become environmentally stressed they enter a viable non-culturable state, in
which case pre-incubation in an enrichment broth may help to recover the organism
(Humphrey, 1989; Ketley, 1997).

Campylobacter are ubiquitous, being commensal members of the gastrointestinal microbiota
of poultry and other farm, animals, as well as many wild species. Such animal infection is
rarely symptomatic, but provides sources of contamination, both directly and via the
consumption of the afflicted animal. Run-off from farmland leads to the contamination of
ground-water sources, acting as a source of infection for animals, birds and humans, if
consumed (Hopkins et al., 1984; Peabody et al., 1997). However, human campylobacteriosis
is most commonly associated with the consumption of chicken or chicken products (Adak et
al., 2005). Ingestion of Campylobacter by humans may cause disease resulting from the
invasion of the intestinal epithelial layer, leading to localized inflammation and diarrhea
(Young et al., 2007).

The multiple potential reservoirs for human infection, together with the high levels of
genetic diversity of these bacteria, have combined to complicate understanding of the
relative contributions of different infection sources to the human disease burden – an
essential prerequisite to effective disease control. Here, we illustrate how molecular
epidemiological techniques, especially those based on nucleotide sequence determination,
have contributed to unravelling the epidemiology of these important human pathogens.
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2 Campylobacter Typing and Population Structure
Multi-locus sequence typing (MLST) is a method of unambiguously indexing genetic
variation among bacterial isolates (Maiden, 2006). For every isolate investigated, nucleotide
sequence data are obtained for an internal fragment of each of seven housekeeping loci.
Genetic variation in housekeeping genes is indexed as the variation is present in all isolates
and is under stabilising selection for the conservation of metabolic function. This allows for
the monitoring of long-term evolutionary events (Dingle et al., 2001). Nucleotide sequence
lengths of ~500 bp are usually employed, since accurate data can be readily obtained by the
use of a single primer extension for each DNA strand. For each locus, every unique gene
fragment sequence (or MLST allele) is assigned a unique but arbitrary number, regardless of
whether allele differences have occurred as a result of a single or multiple base changes – an
important criterion when analyzing highly recombinogenic bacteria (Maiden, 2006).
Consequently, each isolate investigated has an “allelic profile” or “sequence type” (ST),
consisting of seven integers which, in the case of the Campylobacter scheme, represents
3,309 bp of unique nucleotide sequence from multiple loci around the genome. Genetic
relationships between isolates can be determined from these data since closely related
isolates have identical STs or allelic profiles differing at few loci, while the profiles of
unrelated isolates are different.

Examination of C. jejuni and C. coli collections by MLST has confirmed these organisms to
be genetically diverse, with a semi-clonal population structure (Dingle et al., 2001, 2005).
Such bacterial populations contain clusters of related isolates but, as in other highly
recombinogenic bacteria, phylogenetic relationships among clusters cannot be determined,
due to the reassortment of alleles by frequent recombination (Holmes et al., 1999). These
clusters are referred to as clonal complexes and in the case of Campylobacter are
pragmatically defined as those isolates sharing four or more alleles with a central genotype,
after which the complex is named (Dingle et al., 2001). As observed in other bacteria
(Maiden, 2006), the central genotypes of Campylobacter clonal complexes have a higher
prevalence than other STs in population samples and are stable during global spread over
time (Dingle et al., 2002). An example of this is the ST-45 clonal complex, in which the
central genotype is the most abundant; with the majority of other STs observed much less
frequently, in many cases only once. Clonal complexes have become the main unit of
analysis of Campylobacter genotypes for epidemiological investigations (Dingle et al.,
2002).

3 Epidemiology of Human Infection
Prior to the development of MLST, immunological typing methods, predominantly targeted
to lipooligosacharide (LOS) variants and capsular antigens, were used for the
characterization of Campylobacter isolates (Penner et al., 1983) but these methods failed to
advance understanding of Campylobacter epidemiology. The reasons for this failure became
clear on comparison of serotyping and MLST data. Firstly, particular serotypes can be
associated with more than one ST or clonal complex; furthermore, a given genotype can
contain isolates expressing various serotypes (Dingle et al., 2002; Wareing et al., 2003).
This lack of association of serotype with genotype is due both to recombinational
reassortment of antigen genes among genotypes and to phase variation, so that the same
isolate may express very different serotypes at different times (Parkhill et al., 2000).

A major advantage of MLST is that the results are highly reproducible and the technique is
portable, enabling data collected in different laboratories to be readily compared. MLST
data available via the Internet at the PubMLST database website (http://pubmlst.org/
Campylobacter) show that while Campylobacter genotyopes have a global distribution, their
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prevalence among human disease is not uniform worldwide (Dingle et al., 2008). The
distribution of clonal complexes among disease isolates from two regions of the UK might
be similar, for example (Dingle et al., 2002; Sopwith et al., 2006), but might differ from
those seen among disease isolates collected in Australia (Mickan et al., 2007). Intriguingly,
the disease isolates from the UK and Australia are more similar to each other than they are
to isolates obtained from cases in the Dutch West Indies (Duim et al., 2003) (Fig. 1). These
findings probably reflect different dietary infection sources in different countries. Of
particular note is the similarity of the genotypes recovered from poultry meat and human
disease, which is consistent with contaminated poultry being a major source of human
infection (Dingle et al., 2002; Colles et al., 2008).

Outbreaks of human Campylobacter infection are identified infrequently due to the
relatively long incubation period, lack of accurate epidemiological information, and the high
incidence and wide distribution of human-disease related central genotypes. The application
of a ten-locus typing scheme that combines MLST data and nucleotide sequences of flaA,
flaB and porA antigen genes, enhances discrimination among isolates. In a study of 620
isolates collected over a one-year period from Oxfordshire, UK the discriminatory index
(DI) was increased from 0.976 achieved by MLST alone to 0.992 by achieved with ten-locus
typing. This greatly enhanced the ability to detect outbreaks, although the contribution of
such outbreaks to overall disease burden does, indeed, appear to be low (Dingle et al., 2008).

In addition to being useful in the study of human disease epidemiology, clonal complexes
have provided information about the association of particular Campylobacter genotypes
with particular animal hosts. In an analysis of 814 Campylobacter isolates from diverse
sources, including farm and wild animals, as well as human disease, the ST-21 complex was
isolated from all the sources; ST-45 and ST-257 complex predominantly from human
disease or poultry; ST-61 and ST-48 complexes mainly from human disease, cattle and
sheep, whereas ST-177 and ST-179 complexes were exclusively isolated from beach sand,
presumably ultimately coming from wild birds. These findings suggest that the frequency
distribution of some clonal complexes is in part associated with the environment from which
isolates are obtained and that their persistence in particular hosts may be a result of niche
adaptation (Dingle et al., 2002).

4 Host Association Studies of Chickens, Geese and Starlings
Understanding patterns of host association of different Campylobacter genotypes is
important in elucidating the ecology of this food-borne zoonotic infection. If particular
genotypes are associated with particular host species, it becomes possible to use genetic data
to attribute cases of human infection to particular host sources. Initial investigations with
MLST suggested that Campylobacter genotypes associated with human disease are found in
the farm environment (Colles et al., 2003; French et al., 2005), indicating as obvious
transmission routes to humans contaminated food that has been inadequately prepared.

Analysis of Campylobacter isolates obtained from 975 individual chickens representing 64
free-range broiler flocks, 331 wild geese and 964 wild starlings at the University farm in
Oxfordshire between 2002 and 2005 enabled host association and transmission in a single
farm to be investigated (Colles et al., 2008). There were some significant differences in the
carriage rate and species distribution of the organism between the broiler chickens and wild
birds. The average shedding rate was much higher amongst the broiler chickens (90.4%)
compared to the wild geese (50.5%) and wild starlings (30.4%). In addition, C. coli was
isolated much more commonly from the broiler chickens (50.9% of isolates) compared to
the geese (0.6% of isolates) and starlings (1.7% of isolates). The results were consistent with
those from other studies suggesting that C. coli is a later coloniser of chickens than C. jejuni
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and is thus commonly isolated from free-range fowl and poultry organically reared over a
longer period of time (El-Shibiny et al., 2005).

Further comparison of the Campylobacter genotypes recovered revealed strong host
association, with little overlap between the different host sources. Only five clonal
complexes and four STs overlapped amongst the chickens and wild birds, and only two
Campylobacter isolates with identical ST and flaA SVR type were isolated from the
chickens and starlings, although the time period was 6 months apart. Both Fisher’s statistic,
used to compare the gene flow between Campylobacter populations, and analysis using the
software package Structure (Falush et al., 2003) to predict the host source from an allelic
profile employing probabilistic methods, supported a strong association of particular
Campylobacter genotypes with certain hosts (Fig. 2). This finding was consistent with
mapping genealogical data to host source, which shows an overrepresentation of the same
genotypes in farm – specifically poultry – sources and human disease (Fig. 3). This
association of genotypes with hosts and human disease supports the use of genetic methods
to determine major sources of human infection.

Molecular epidemiology can also be used to track infection on-farm. The free-range poultry
flocks examined in the Oxfordshire study were on a rolling production system using 16
different plots at two different farm sites. Plots were fallow for 7 weeks between successive
flocks and a total of four flocks was raised per plot over the study period. The number of
occasions in which an identical Campylobacter genotype was identified on the same plot
was unpredictable and no different to that which might expected by chance, despite the
inevitable contamination that would result from the previous flocks. Similarly, the extent of
ranging behaviour showed no correlation with the shedding rate of Campylobacter or the
diversity of genotypes. Higher rates of genotypic diversity were, however, linked with lower
growth rates and better hock health. Genotypes were clustered over time, independently of
farm site and plot, suggesting that the flocks were contaminated from a common source over
a period of time. Taken together these data suggest that wild birds are not a common source
of contamination for the free-range poultry but imply that Campylobacter genotypes may be
circulating within the poultry industry (Colles et al., 2008).

5 Genetics of Host Association and Speciation
A further application of MLST data has been the investigation of the evolutionary processes
underlying host adaptation. A particular conundrum is how distinct genotypes can emerge in
the face of the high rates of recombination in Campylobacter populations. Specifically, the
persistence of different host-adapted genotypes, and indeed the two species, seem to be
inconsistent with the apparently high rates of genetic exchange (Fraser et al., 2007). The
existence of distinct groups suggests the presence of effective barriers to gene flow
(Lawrence, 2002). This can be (i) mechanistic – imposed by homology dependence of
recombination (Fraser et al., 2007) or other factors promoting DNA specificity (Eggleston
and West, 1997) such as restriction/modification systems; (ii) ecological – a consequence of
physical separation of bacterial populations in distinct niches; (iii) adaptive – implying
selection against hybrid genotypes (Zhu et al., 2001). For many bacteria, observed levels of
genetic exchange should prevent divergence of subpopulations (Gupta and Maiden, 2001;
Cohan, 2002; Hanage et al., 2006).

In Campylobacter there is evidence of the mechanisms of adaptation and it has been
suggested that C. jejuni and C. coli are despeciating as a result of expansion into an
agricultural niche (Sheppard et al., 2008). As livestock farming became an increasingly
important part of human food production, natural barriers to bacterial recombination became
less rigid. Animals with undomesticated predecessors, from whom they were separated in
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the wild, were brought together at high stocking densities with rapid generation times. The
convergence of Campylobacter species in this new niche demonstrates that bacterial
evolution can occur by mechanisms analogous to those in sexual eukaryotic populations,
such as Darwin’s Finches, where ecological factors can generate and maintain incipient
species associated with distinct niches (Grant and Grant, 1992; Mallet, 2007).

6 Conclusion – Impact of Molecular Epidemiology on Control of Human
Infection

Molecular epidemiological studies have contributed to our understanding of the biology of
Campylobacter infection, and indeed help to elucidate where Campylobacter comes from, in
a number of important ways. MLST and related typing techniques have provided a robust
typing tool that has enabled data from multiple laboratories to be compared. The clonal
complex has emerged as a practical, yet biologically based, unit of epidemiological analysis.
Enhancement of these data with additional loci encoding more variable genes has provided
robust tools for contact tracing and outbreak investigation. MLST has also enabled the
association of particular genotypes with particular host species, further confirming the
important role of poultry as a source of human disease and indicating that the animals,
themselves, have Campylobacter populations distinct from those found among wild birds
such as geese and starlings. Finally the data have helped us to understand the evolutionary
processes whereby distinct genotypes arise and are maintained.

In practical terms, much emphasis has been placed on reducing the number of
Campylobacter organisms reaching the consumer, since is directly proportional to the risk of
infection (Newell and Fearnley, 2003; Lindqvist and Lindblad, 2008). In order to achieve
this reduction, research has largely concentrated on three main areas; on-farm biosecurity,
hygiene during the slaughter process and hygiene during food preparation. Although some
progress has been made, further improvement is needed to meet the target set by the UK
Food Standards Agency in 2005 to achieve a 50% reduction in Campylobacter-infected UK-
produced chickens by 2010. The results of the molecular epidemiological studies suggest
that two additional areas could be targeted in the future: improved animal welfare and the
impact of intensive farming (Fig. 4) (Humphrey, 2006; Colles et al., 2008; Sheppard et al.,
2008). This illustrates how molecular epidemiological and population genetic studies are
important in shedding light on the best means to reduce the incidence of this major
pathogen.
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Fig. 1.
Human clinical isolates in geographically distinct locations. The relative abundance of the
clonal complexes detected in Oxfordshire, UK during a one-year study (Dingle et al., 2008).
Comparison with the clonal complexes detected in three other studies of human
Campylobacter infections in NW England, UK (Sopwith et al., 2006) Curaçao, (Duim et al.,
2003) and New South Wales, Australia (Mickan et al., 2007)
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Fig. 2.
Probabilistic assignment of the Campylobacter jejuni allelic profiles isolated from geese
(blue), chickens (yellow) and starlings (red), using the software package Structure. Each
vertical bar represents an allelic profile and gives the estimated probability that it comes
from each of the sources
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Fig. 3.
Comparison of human Campylobacter jejuni isolates with those from poultry, ovine/bovine
and environmental sources. The phylogenetic trees were constructed using ClonalFrame
software and the ST-based clonal complexes are indicated. The shaded area of the pie charts
is proportional to the frequency that each clonal complex occurs in comparison of scaled
data sets (n = 765)
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Fig. 4.
Schematic representation of intervention points for reducing rates of human infection,
suggested by molecular epidemiology investigations
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