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The global significance of Campylobacter jejuni and Campylobacter coli as gastrointestinal
human pathogens has motivated numerous studies to characterize their population biology
and evolution. These bacteria are a common component of the intestinal microbiota of
numerous bird and mammal species and cause disease in humans, typically via consump-
tion of contaminated meat products, especially poultry meat. Sequence-based molecular
typing methods, such as multilocus sequence typing (MLST) and whole genome sequencing
(WGS), have been instructive for understanding the epidemiology and evolution of these
bacteria and how phenotypic variation relates to the high degree of genetic structuring in
C. coliand C. jejuni populations. Here, we describe aspects of the relatively short history of
coevolution between humans and pathogenic Campylobacter, by reviewing research inves-
tigating how mutation and lateral or horizontal gene transfer (LGT or HGT, respectively)
interact to create the observed population structure. These genetic changes occur in a
complex fitness landscape with divergent ecologies, including multiple host species,
which can lead to rapid adaptation, for example, through frame-shift mutations that alter
gene expression or the acquisition of novel genetic elements by HGT. Recombination is a
particularly strong evolutionary force in Campylobacter, leading to the emergence of new
lineages and even large-scale genome-wide interspecies introgression between C. jejuniand
C. coli. The increasing availability of large genome datasets is enhancing understanding of
Campylobacter evolution through the application of methods, such as genome-wide asso-
ciation studies, but MLST-derived clonal complex designations remain a useful method for
describing population structure.

ampylobacter jejuni and Campylobacter coli
Cremain among the most common causes
of human bacterial gastroenteritis worldwide
(Friedman et al. 2000). In high-income coun-
tries, Campylobacteriosis is much more com-
mon than gastroenteritis caused by Escherichia

coli, Listeria, and Salmonella, and accounts for
an estimated 2.5 million annual cases of gastro-
intestinal disease in the United States alone
(Kessel et al. 2001). Infection with these bacteria
is also a major cause of morbidity and mortality
in low- and middle-income countries, although
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it is almost certainly underreported in these set-
tings, especially as culture confirmation remains
challenging. Poor understanding of the trans-
mission of these food-borne pathogens to hu-
mans in all income settings has contributed to
the failure of public health systems to adequately
address this problem. As a consequence, over
the past 20 years, much investment has been
directed at understanding how these bacteria
are transmitted from reservoir hosts to humans
through the food chain.

Although the disease was first recognized by
Theodor Escherich in 1886, who described the
symptoms of intestinal Campylobacter infec-
tions in children as “cholera infantum” (Samie
et al. 2007) or “summer complaint” (Condran
and Murphy 2008), difficulties in the culture
and characterization of these organisms pre-
cluded their recognition as major causes of dis-
ease until the 1970s. Campylobacteriosis is usu-
ally nonfatal and self-limiting; however, the
symptoms of diarrhea, fever, abdominal pain,
and nausea can be severe (Allos 2001), and se-
quelae, including Guillain—Barre syndrome
and reactive arthritis, can have serious long-
term consequences. Subsequently, recognition
of the very high disease burden of human Cam-
pylobacterinfection stimulated research on these
bacteria and their relatives. Since the 1970s,
C. coli and C. jejuni have been isolated from a
wide range of wild and domesticated bird and
mammal species, in which, typically, they are
thought to cause few if any disease symptoms.
Humans are usually infected by the consump-
tion of contaminated food (especially poultry
meat), water, milk, or contact with animals or
animal feces (Niemann et al. 2003).

Most of what is known about these species
comes from isolates obtained from humans
with disease, the food chain, and the agricul-
tural environment. It is, however, important
to note that such isolates are by no means rep-
resentative of natural Campylobacter popula-
tions, and it is becoming increasingly apparent
that much of the diversity present among the
Campylobacters is in strains that colonize wild
animals. Increasing numbers of novel genotypes
are being found as Campylobacter populations
are analyzed in different animal species, espe-

cially wild birds (Carter et al. 2009; French et al.
2009); these populations undoubtedly contain
many as-yet-undescribed lineages. Most human
disease isolates from cases of gastroenteritis in
countries, such as the United Kingdom and
the United States, are C. jejuni, which typically
accounts for 90% of cases in these settings, with
the remaining ~10% of cases mostly caused
by C. coli. The majority of the genotypes iso-
lated from human disease have also been isolat-
ed as commensal gastrointestinal inhabitants
of domesticated and, especially, food animals.
Furthermore, clinical isolates are a nonrandom
subset of these strains. Asymptomatic carriage
of C. jejuni and C. coli is thought to be rare in
humans, especially among people in industrial-
ized countries, suggesting that humans are not
a primary host for these organisms in these set-
tings and that people are sporadically, and fre-
quently pathologically, infected via the food
chain from animal reservoir hosts.

An understanding of the relatively short
history of coevolution between humans and
pathogenic Campylobacters can be obtained
by examining their population structure and
ecology. This approach has formed the basis
of many recent investigations of the cryptic
epidemiology of these organisms (Lang et al.
2010; Miillner et al. 2010; Thakur et al. 2010;
Hastings et al. 2011; Jorgensen et al. 2011; Kittl
et al. 2011; Magnusson et al. 2011; Sheppard
et al. 2011a,b; Sproston et al. 2011; Read et al.
2013) and will be the focus of this review. Such
studies have included molecular epidemiolog-
ical and evolutionary analyses and, in the past
15 years or so, the application of high-through-
put DNA sequencing technologies of increas-
ing capacity has enhanced the integration of
these two areas of investigation to their mutual
benefit.

THE IMPACT OF SEQUENCE-BASED
MOLECULAR TYPING

Many of the most important advances in under-
standing the epidemiology of Campylobacter in-
fection were driven by the development of mo-
lecular typing methods, especially approaches
that (1) used nucleotide sequence data, and
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(2) explicitly exploited evolutionary and popu-
lation genetics paradigms. The first molecular
methods to be used extensively, such as pulse
field gel electrophoresis (PFGE) fingerprinting
and serotyping, showed that Campylobacter in
clinical samples were highly diverse comprising
the two common species with numerous sub-
types within them (Frost et al. 1998; Ribot et
al. 2001). However, the most influential ad-
vances in understanding the evolutionary forces
that shape this complex population arose from
the development and application of multilocus
sequence typing (MLST) (Maiden et al. 1998),
which enabled evolutionary and population ge-
netic analyses to be applied to isolate character-
ization data.

MLST is a genotyping method that indexes
variation at several chromosomal loci-encoding
housekeeping genes, that is, essential genes
found in all isolates that are under stabilizing
selection for the conservation of metabolic func-
tion of their products. In most MLST schemes,
seven gene fragments of ~400 bp are used, re-
flecting the technology available in the late
1990s when the technique was developed. In-
triguingly, even this very limited amount of
data (corresponding to ~0.2% of the C. jejuni
genome) has permitted extensive insights into
the population biology and evolution of many
bacteria (Maiden 2006). In MLST, each unique
sequence at each locus is assigned an arbitrary
allele number for cataloging and identification
purposes and the unique combinations of these
allelic variants found in isolates (allelic pro-
files or “sequence types,” [STs]) are also assigned
unique arbitrary numbers. The system, thus,
catalogs variation of ~3300 bp with a single
number from which the precise sequence of
each MLST allele can be recovered by reference
to a lookup table; for ease of use and portability,
these are curated and accessible via a web-acces-
sible database (Maiden et al. 1998).

Over the last decade, the “Sanger sequenc-
ing” chain-termination methods that were ini-
tially used for MLST have been increasingly
replaced by highly parallel next-generation se-
quencing (NGS) techniques. This has provided
numerous novel opportunities for studying
Campylobacter (Farhat et al. 2014; Méric et al.

Evolution of C. jejuni and C. coli

2014; Van Tonder et al. 2014). However, as cor-
rectly determined sequence data are absolute,
the insights obtained from MLST-based analy-
ses remain relevant and MLST data are “forward
compatible” with NGS data (Jolley and Maiden
2014). For example, a major early finding was
that related STs are grouped into “clonal com-
plexes” that can be pragmatically defined as
groups of isolates with STs that share identical
alleles at four or more MLST loci with a defin-
able “central genotype” (Dingle et al. 2008; Col-
les and Maiden 2012). The use of the clonal
complex as a primary unit of analysis has been
of great value in a wide range of studies of Cam-
pylobacter, and whole genome sequence (WGS)
analyses have confirmed that the members of
clonal complexes correspond to bacterial line-
ages, the members of which share a common
ancestor and, therefore, frequently also share
phenotypic properties.

FORCES OF GENETIC DIVERSIFICATION

As with many other bacterial pathogens,
the clustering of Campylobacter isolates into
“types,” however defined, reveals a complex
population structure, which is a consequence
of the evolutionary forces that have acted on
the bacterial population over time. Bacterial
evolution is dominated by the relative rates of
(1) replication errors or damage, which gener-
ate point mutations, rearrangements, or dele-
tions of various sizes, and (2) lateral or horizon-
tal gene transfer (LGT or HGT, respectively),
the acquisition of genetic variation from an
external source, which is incorporated into the
chromosome by recombination. Whereas the
accumulation of mutations leads to the gradual,
progressive divergence of clones from the an-
cestral genotype one polymorphism at a time,
HGT can introduce large DNA stretches with
multiple accumulated polymorphisms in a sin-
gle genetic event. This can occur by replacement
of homologous DNA with a sequence from an-
other lineage, by the introduction of new genes
into the chromosome by recombination in
repetitive DNA regions, or by illegitimate re-
combination. The relative impact of these two
processes is crucial in defining the population
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structure of a given bacterium, and is especially
evident in the Campylobacter (Wilson et al.
2009).

A straightforward means of estimating of
the relative importance of mutation and HGT
in generating diversity from MLST data is the
comparison of the number of different alleles at
each locus for a given number of STs. For exam-
ple, if all the new alleles were generated by the
progressive accumulations of mutation, each
new ST would contain a new allele at least one
locus. Inspection of the total number of number
of alleles (3225, with between 350 and 700 al-
leles per MLST locus) with the numbers of STs
(6942) for the 25,869 Campylobacter isolates
recorded in the PubMLST.org/campylobacter
database on January 1, 2014 showed that there
was an underrepresentation of alleles compared
with the expectation under a clonal model of
divergence. This straightforward observation
showed that the large number of STs (geno-
types) is mostly generated by the reassortment
of existing alleles by continuous HGT and not
by progressive mutation.

Although this provides strong evidence for
the importance of HGT in shaping C. jejuni and
C. colipopulations, genetic exchange among lin-
eages has not been sufficient to expunge all sig-
nals of common ancestry from Campylobacter.
Therefore, in common with many bacteria, pop-
ulations of these organisms contain a clonal
frame that is disrupted to varying degrees by
HGT. However, as the housekeeping gene frag-
ments used for MLST are a very small fraction
(0.2%) of the total genome, they are not neces-
sarily representative of the entire genome; in-
deed, they were originally chosen as genes that
were conserved across C. jejuni and C. coli to
ensure that they were useful typing loci for the
identification of lineages. In fact, genome se-
quence data shows that allelic diversity varies
appreciably across the genome from loci that
display little variation to those that are highly
divergent (Fig. 1). Understanding how the ef-
fects of HGTand mutation interact in a complex
fitness landscape to create the observed popula-
tion genetic structure has proved instructive for
both the evolutionary biology and pathogenici-
ty of these bacteria.

RAPID ADAPTATION: PHASE VARIATION
AND CONCERTED EVOLUTION

Adaptation of a bacterial pathogen or commen-
sal to the host environment occurs, not only by
the selection of certain genetic polymorphisms,
but also through changes in gene expression.
For example, studies in which C. jejuni isolates
have been passaged through an animal host have
shown increased rates of colonization and viru-
lence in the passaged isolates (Coward et al.
2008). This rapid adaptation mechanism has
been associated with enhanced host-interaction
phenotypes, such as flagellar motility (Jerome
and Mansfield 2014), and is linked to mecha-
nisms that include large-scale genomic re-
arrangements and, in particular, mutations in
homopolymeric tracts of DNA sequence. When
it occurs within reading frames of genes, such
instability in repetitive DNA sequence leads to
frequent, reversible switches in expression of the
associated genes. This process, phase variation,
is observed in many bacteria and has been wide-
ly reported in C. jejuni in vitro and in vivo,
providing these bacteria with rapid access to
numerous phenotypes associated with host ad-
aptation (Bayliss et al. 2012). Phase variable
gene expression caused by on/off mutations in
poly C/G tracts influences hundreds of genes in
C. jejuni, but the details of the factors responsi-
ble for generating genetic diversity during host
colonization and how this influences popula-
tion structure remain incompletely understood
(Bayliss et al. 2012).

POPULATION STRUCTURE IN C. jejuni
AND C. coli

Although the epidemiology of C. jejuni and
C. coli infections are superficially similar, the
population genetic structure of these two species
is conspicuously different. Although showing
the evidence of high rates of HGT described
above and, therefore, having a fundamentally
nonclonal population structure, C. jejuni popu-
lations are nevertheless highly structured into
clusters of related isolates, the MLST clonal com-
plexes (Fig. 2A,B). From the data recoded in the
PubMLST /campylobacter database on January
1, 2014, ~80% of isolates belonged to one of
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Figure 1. Allelic diversity in Campylobacter jejuni and Campylobacter coli genomes. (A) The average number of
alleles per locus at 1035-core gene loci present 194 C. jejuni and C. coli isolates. (B) The distribution of allelic
diversity showing that C. coli genes within the same isolate collection are, on average, more diverse, reflecting the

deep branching 3-clade structure within this species.

the 44 clonal complexes that had been described
for C. jejuni at that time. Extensive recombina-
tion within C. jejuni is shown by the presence
of alleles with identical sequences in multiple,
disparate (i.e., otherwise unrelated) lineages
(Wimalarathna and Sheppard 2012). In contrast
to this, C. coli have only two MLST-defined clon-
al complexes. The ST-828 clonal complex ac-
counts for ~70% of genotyped isolates submit-
ted to PubMLST /campylobacter, with most of
the other isolates sharing alleles with these and,
therefore, being related. The second most-com-
mon clonal C. coli complex, ST-1150 complex,

accounts for only 2% of isolates identified to
date (Sheppard et al. 2010a); however, although
these two clonal complexes dominate clinical
and farm isolates, analysis of isolates from a
broader ranges of sources show that they are
both part of only one of three deep-branching
clades within C. coli (Fig. 2A).

The maintenance of the 3-clade C. coli pop-
ulation structure suggests that there are distinct
gene pools with HGT occurring among mem-
bers of the same clade, but being much rarer
among members of different clades. Niche sep-
aration may provide an explanation for this
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Figure 2. Population structure and evolution of Campylobacter jejuni and Campylobacter coli. The tube diagrams
illustrate (A) the two main human disease-associated species, (B) clonal complex and clade structure in C. jejuni
and C. coli, (C) an example of New Zealand lineage branching from the common ancestor of C. jejuni and C. coli,
(D) the timescale of evolution based on Sheppard et al. (2010a), and (E) a despeciation evolutionary scenario,
resulting from high recombination (R) among the species. C. upsaliensis, Campylobacter upsaliensis; C. helve-

ticus, Campylobacter helveticus.

limited gene flow with clade 1 organisms that
dominate clinical and farm animal samples
ecologically separated from clade 2 and 3 organ-
isms, which are more abundant in water fowland
the riparian environment (Sheppard et al.
2011b). In addition to this potential ecological
barrier, there are several genetic characteristics
that distinguish clade 1 from the other two
C. coli clades. First, there is relatively low synon-
ymous sequence variation at MLST lociin C. coli
clade 1, with a mean D; of 0.006 per nucleotide
compared with C. jejuni (0.016) and C. coli
clades 2 (0.008) and 3 (0.013). This is consistent
with a relatively recent genetic bottleneck in the
evolution of clade 1. Second, the paucity of deep
genetic structure within this clade, which pre-
dominantly comprises the ST-828 clonal com-
plex, suggests relatively recent independent evo-
lution. Third, the same allele is frequently found

fggﬁﬁ) Cold Spring Harbor Perspectives in Biology
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atindividual MLST loci, suggesting recent clonal
descentand high levels of genetic exchange with-
in C. coli clade 1, estimated to be 5—10 times
greater than in clades 2 and 3 (Sheppard et al.
2010a).

THE ECOLOGICAL BASIS OF POPULATION
STRUCTURE

For both C. jejuni and C. coli, isolates from par-
ticular genotype clusters are often associated
with given isolation sources, especially particu-
lar host animals. For example, although C. jejuni
and C. coliare both found in chicken and cattle at
a ratio of ~9:1, this ratio is reversed in pigs, in
which most of the isolates are C. coli (Miller et al.
2006). In the same way that species occupy dif-
ferent hosts, the genetic substructure within spe-
cies can also be related to ecology. Within C. coli,
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the majority of isolates from clinical samples
and agricultural animals belong to clade 1 with
clades 2 and 3 C. coli more commonly associated
with waterfowl and environmental sources that
have, presumably, been contaminated by them
(Sheppard et al. 2010a; Colles et al. 2011). There
is also a strong host—genotype relationship
at the MLST clonal complex, ST, and allele lev-
els, particularly within C. jejuni (Miller et al.
2006; McCarthy et al. 2007; Sheppard et al.
2010b). This ecology-driven population struc-
turing could be either a consequence or a cause
of ancestral barriers to HGT among lineages. As
particular clones become isolated in different
hosts, they progressively diverge over time lead-
ing to the host-associated genetic clusters that
are currently observed. This is particularly evi-
dent in wild birds, with different bird species
hosting particular C. jejuni lineages (Colles et
al. 2008a; Sheppard et al. 2011b; Griekspoor
et al. 2013); indeed, the association is so strong
that there is some congruence among phyloge-
nies based on host species and Campylobacter
lineage. This contrasts with an absence of strong
phyogeographic structure in Campylobacter
populations so that members of the same bird
species from different continents, or even hemi-
spheres, may have Campylobacter genotypes
more similar than from different species isolated
in the same locale.

The situation is quite different within agri-
cultural animals. In this case, isolates from mul-
tiple clonal complexes are frequently sampled
from the same animal species, and some of these
clonal complexes are widely distributed among
different farm animal hosts (Sheppard et al.
2014). A single chicken flock can contain Cam-
pylobacters belonging to more than 10 distinct
clonal complexes (Colles et al. 2008b), and there
is evidence for succession of clonal complexes
within a single animal (Colles and Maiden
2014). The reasons for this are not fully un-
derstood; however, it is likely to reflect multi-
ple historical colonization events of domestic
animals from wild animals. Despite a strong
focus on biosecurity as an agricultural control
measure against Campylobacter infection, there
is little evidence of direct transmission of
Campylobacter between agricultural and wild

Evolution of C. jejuni and C. coli

animals. However, agriculture-associated geno-
types do circulate within the farm environment,
and itis possible that there are reservoir or vector
hosts that are yet to be identified. We contend
that agricultural animals represent a relatively
new niche for Campylobacter in evolutionary
terms, and it is possible that none of the lineages
that have colonized has evolved a sufficient ad-
vantage to competitively exclude other strains.
Just as in wild birds, the association of distinct
lineages with ovine, bovine, and chicken hosts is
stronger than spatial or temporal variation. For
example, C. jejuni isolates from U.K. chickens
are more similar to C. jejuni isolates from U.S.
chickens than they are to isolates from U.K. cat-
tle. This greater influence of host compared with
geography in shaping C. jejuni populations has
also been observed with isolates from cattle,
pigs, and turkeys (Sheppard et al. 2010b), and
almost certainly reflects transmission pathways
associated with the global circulation of agricul-
tural animals or adaptation to particular hosts.
The influence of human activity on the glob-
al Campylobacter population structure is partic-
ularly well illustrated by isolates from the New
Zealand archipelago. This landmass has a well-
described history of human colonization, first,
by Polynesian populations, followed by the ar-
rival of Europeans, and a more recent post-Eu-
ropean influx. At least some of the native wild
birds harbor Campylobacters that are closely re-
lated to C. coli and C. jejuni, but diverged before
their common ancestor (Fig. 2C) (French et al.
2014), as well as lineages more closely related to
European and U.S. isolates. It has been argued
that this is a signature of geographical isolation
combined with prehistoric and more recent hu-
man colonization events (French et al. 2014).
This mixture of local and global genotypes is
mirrored in the more recent epidemiology of
Campylobacter in New Zealand in the early
2000s, with the emergence and expansion of an
epidemic clone (ST-474) responsible for a large
proportion of human infection in New Zealand,
but rare elsewhere (Sears et al. 2011), simulta-
neously with the circulation of globally distrib-
uted lineages within the agricultural animals.
The presence of multiple lineages within a
single host and the existence of lineages that
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are found in multiple hosts leads to questions
about how lineages coexist without outcompet-
ing each other. Wherever multiple clonal com-
plexes are found in the same agricultural ani-
mals, they frequently share numerous alleles,
indicating that they occupy the same physical
space and can recombine; however, there are dif-
ferences among lineages. For example, clonally
related strains with very similar core genomes
and identical MLST clonal complexes can differ
ataccessory genome loci if they are isolated from
cattle or chicken (Sheppard et al. 2013a). Under-
standing hidden niche structure that exists with-
in hosts is an important area of future research.

THE TIMESCALE OF Campylobacter
EVOLUTION

In some cases, it is possible to position evolu-
tionary events, such as lineage divergence, rela-
tive to one another. For example, it is clear that
the emergence of clonal complexes in C. jejuni
occurred after the ancestral split of C. jejuni
from C. coli. This inference is robust, being sup-
ported by several lines of evidence, but lacks
information as to when it occurred. Most trees
of genetic relatedness among isolates are based
on the number of nucleotide substitutions that
separate two lineages, such that, for example,
there may be one or two substitutions per gene
separating isolates of the same C. jejuni clonal
complex, but around 100 separating C. jejuni
and C. coli. For a more complete understanding
of the evolution of lineage divergence, it is de-
sirable to derive an estimate of the timescale for
the emergence of clonal complexes, clades, and
species. By incorporating an estimate of muta-
tion rate into a tree of genetic relatedness, the
time taken for a certain number of substitutions
to occur can be estimated. Then, by comparing
estimated dates for each tree node with epide-
miological or ecological data, it is possible to
make inferences about the conditions that
shaped the tree topology.

The fundamental challenge in determining
the timescale of evolution is the accurate estima-
tion of the mutation rate that is needed to cali-
brate the “molecular clock.” Difficulties in this
process include (1) the sensitivity of the calibra-

tion to variation in the mutation rate of different
genes, leading to different estimates depending
on which genes are used, and (2) the overestima-
tion of the mutation rate because of single re-
combination events that introduce numerous
substitutions. A number of studies have ad-
dressed this issue and, by identifying genes that
are under different selection pressures, it is pos-
sible to inform the choice of genes used for the
mutation rate estimate. In practice, however, it
may be simpler to use a genome-wide mutation
rate average. Overestimation of mutation rate
because of recombination can also be moderated
by removal of recently recombined genes (Wil-
son et al. 2009; Cheng et al. 2013) or by con-
structing a tree that gives equal significance to
individual point mutations and clusters of mu-
tations that are likely to result from a single re-
combination event (Didelot and Falush 2007).
The ancestral diversification of Escherichia
coli and Salmonella typhimurium, and a nucleo-
tide substitution rate of 1% 16S rRNA divergence
per 50 million years (Ochman and Wilson 1987)
have been used to calibrate the molecular clock
and date recent bacterial evolution (Achtman
et al. 2004; Roumagnac et al. 2006). When such
a calibration is applied, the ancestral diversifica-
tion of C. jejuni and C. coli is estimated to have
occurred ~10 million years ago, and the diver-
gence of the three C. coli clades ~2.5 million
years ago. However, this mutation rate estimate
is quite low compared with, for example, some
laboratory estimates for E. coli (Lenski et al.
1998) and Pseudomonas (Buckling et al. 2007).
A number of studies have estimated lineage di-
vergence using a more rapid rate of molecular
evolution (Falush et al. 2001; Perez-Losada et
al. 2007; Feng et al. 2008; Wilson et al. 2009;
Sheppard et al. 2010a). One calibration of diver-
gence in C. jejuni was based on the rate of nucle-
otide substitution in a longitudinal 3-year study
of molecular variation in MLST data from a con-
fined geographic location (Wilson et al. 2009).
Using this estimate, derived from diversity in a
natural population, the speciation of C. jejuni
and C. coli was estimated to have occurred
~6500 years ago. The divergence of the C. coli
clades was estimated to have occurred 1000—
1700 years ago, and clonal complex structure
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was even more recent (Fig. 2D) (Sheppard et al.
2010a).

Based on this estimate of diversification
within C. jejuni and C. coli, with the observed
species, clade, and clonal complex structure all
<6500 years old, a correlation with changes in
human ecology can be suggested. Agriculture
originated in the Middle East (12,000 BC) and
spread across Europe between 5000 and 3000
BC, accompanied by the establishment of the
first major urban centers (Ammerman and Ca-
valii-Sforza 1984; McCorriston and Hole 1991;
Zvelebil and Dolukhanov 1991). As with other
important human diseases, such as plague
(Achtman et al. 2004), the availability of a novel
niche and enhanced opportunities for transmis-
sion between humans and animals can have a
major effect on pathogen biology. In Campylo-
bacter, agricultural animals represent a large
and expanding multihost reservoir, providing
opportunities for adaptation in different ways
to that in the ancestral hosts. This is likely to
have an impact on shaping the population
structure that is observed today.

RECOMBINATION AND THE EMERGENCE
OF NOVEL PHENOTYPES

C. jejuni and C. coli have the potential to evolve
rapidly. First, because their large effective pop-
ulation sizes mean that even with alow mutation
rate any given mutation is likely to occur regu-
larly somewhere in the population (Wilson et al.
2009). Second, because HGT events can intro-
duce large numbers of polymorphisms simul-
taneously, they generate novel phenotypes ex-
tremely rapidly. It has been estimated that
HGT events occur at twice the rate of de novo
mutation in these organisms. This evolvability
has implications in the clinical context. Of par-
ticular concern is the increase in antimicrobial
resistance among clinical isolates (Cody et al.
2010) and in isolates from other reservoir hosts,
such as chickens (Wimalarathna et al. 2013). A
study of the antimicrobial susceptibility of iso-
lates from a U.K.-wide survey of C. jejuni and
C. coli in retail poultry showed widespread re-
sistance to tetracycline, quinolones (ciprofloxa-
cin and naladixic acid), erythromycin, chloram-
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phenicol, and aminoglycosides. Importantly,
resistant isolates were widely distributed among
lineages, indicating that acquisition was wide-
spread and had occurred independently on mul-
tiple occasions (Wimalarathna et al. 2013). The
clustering of resistance phenotypes also indicat-
ed that having acquired resistance, lineages ex-
panded locally, presumably because they were at
an advantage over their competitors.

This capacity for frequent HGTalso impacts
on another clinically important trait: the ability
to colonize multiple hosts, and contaminate
meat and poultry. In the first application of a
formal genome-wide association mapping ap-
proach to bacteria, some of the genetic elements
associated with adaptation to life in the cattle
gut have been identified in C. jejuni genomes
(Sheppard et al. 2013a). A seven-gene region
associated with vitamin B5 biosynthesis was al-
most universally present in cattle isolates, but
was frequently absent in isolates from chickens
and wild birds. Laboratory experiments con-
firmed that isolates from cattle were better able
to grow in a vitamin B5—depleted media and
this is possibly advantageous in the gut of ani-
mals with a low vitamin B5 diet, such as rumi-
nants (Sheppard et al. 2013a). More generally,
the persistence of elements that are necessary for
colonization of cattle in some isolates from
chickens provides evidence for the mechanism
by which these bacteria might achieve a “host
generalist” lifestyle. It is not clear whether host
generalism is a stable strategy or, as mentioned
above, if it simply reflects the insufficient time
for specialists to evolve in the novel agricultural
niche. However, it is possible that the benefit of
being able to continuously readapt to new hosts
could offset the metabolic cost of maintaining
genes that are not useful in the primary host.

INTERSPECIES HGT

Among the most intriguing characteristics of
the biology of C. jejuni and C. coli is the obser-
vation of high levels of interspecies HGT among
them (Sheppard et al. 2008). The identification
of mosaic alleles (Sheppard et al. 2011b), mixed
species multilocus STs (Sheppard et al. 2008),
and genome-wide introgression (Sheppard et
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al. 2013b) provided evidence for progressive
hybridization involving members of C. jejuni
and C. coli. As these species are ~12% divergent
at the nucleotide sequence level—as far from
each other at the nucleotide level as Salimonella
enterica and E. coli or a marmoset and human—
it is remarkable that some lineages appear to
have exchanged almost a quarter of their ge-
nome. This finding is at odds with a number
of assumptions concerning bacterial evolution
and speciation, and has been challenged (Caro-
Quintero et al. 2009; Lefébure et al. 2010); how-
ever, subsequent results from whole genome
analyses are consistent with an evolutionary sce-
nario, in which a single C. coli lineage (clade 1)
has been progressively accumulating C. jejuni
DNA. Introgression within this clade has led
to the replacement of ~10% and 23% of the
C. coli core genome, as well as the import of
novel DNA in the ST-828 and ST-1150 clonal
complexes, respectively (Sheppard et al. 2013b).
If maintained over time across the genome,
this level of interspecies HGT would lead to
merging of the species within the agricultural
niche in a process described as despeciation
(Fig. 2E) (Sheppard et al. 2008). Whether this
is the case or not, it is interesting to note that the
cross-species exchange has not, so far, had a sub-
stantial impact on the gene pools of either C.
jejuni or nonagricultural C. coli (clades 2 and
3). Furthermore, the existence of hybrids and the
maintenance of alleles of C. jejuni origin within
the C. coli gene pool shows that mechanistic bar-
riers are not preventing interspecies gene flow
and the hybrid lineages are not sufficiently mal-
adapted to prevent their proliferation by pre-
senting an “adaptive barrier” to the survival of
these genotypes. Therefore, it is likely that eco-
logical barriers to recombination have played a
role in generating and maintaining the observed
population structure in C. coli and C. jejuni and,
remarkably, elements of the basic cellular ma-
chinery remain interchangeable even after a pro-
longed period of independent evolution.

CONCLUSIONS

Many advances have been made in understand-
ing the biology of C. jejuni and C. coli by the

application of population and evolutionary ap-
proaches. This has been greatly influenced by
the increasing availability of genotype, and es-
pecially sequence-based, data from large num-
bers of isolates obtained from natural pop-
ulations. As WGS data become increasingly
available from comparable isolate collections
with different phenotypes, it is becoming possi-
ble to identify the genes and gene networks that
are involved in particular evolutionary processes
and better understand how phenotypic factors,
such as the animal host from which the isolate
was sampled, influence the observed genetic
structure in C. coli and C. jejuni populations.

The application of genome-wide association
studies (GWAS) to bacteria (Sheppard et al.
2013a) has great potential for enhancing under-
standing of the genetic basis of phenotypic var-
iation in Campylobacter and other organisms.
As with similar approaches in human genomics,
GWAS deviate from conventional, “bottom-up,”
approaches that begin with the identification
of a gene and then test its function—typically
using knockout mutants—in favor of a “top-
down” approach that groups isolates by pheno-
type, and then identifies genetic elements as-
sociated with a particular phenotype. Early
applications of this approach have identified
host-associated genes and alleles (Sheppard et
al. 2013a), and there is considerable potential
for unraveling other complex phenotypes, such
as survival, through the food chain and viru-
lence.

Much of the diversity within these two spe-
cies of Campylobacter is found in wild-animal
populations, especially birds, but an increas-
ing body of evidence suggests that anthropo-
genic factors may have had a major influence
on the evolution of this organism. The human
population has doubled in the last 40 years, and
this is accompanied with the intensification of
agriculture and livestock farming on an indus-
trial scale. To C. jejuni and C. coli, the dramatic
increase in available hosts, particularly in re-
spect of very large numbers of chickens present
in broiler flocks, represents an enormous
novel niche for exploitation. However, animal
hosts in the modern human food chain are
very different from the ancestral host species
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that Campylobacter species have colonized in
many aspects, such as diet, life expectancy,
and density. The impact of this novel niche
structure on the colonizing Campylobacters are
evident in various ways: (1) in the emergence of
multihost C. jejuni lineages containing STs that
are capable of colonizing both birds and mam-
mals; (2) in the rapid expansion of a single
C. coli lineage, which is common in agricultural
animals and human disease; (3) in the wide-
spread acquisition of antimicrobial resistance
and the proliferation of resistant lineages; and
(4), perhaps most strikingly, in the high levels of
interspecies genetic exchange among agricul-
tural C. jejuni and C. coli, which implies a break-
down in the barriers to gene flow that maintain
these separate species. Understanding the effect
of colonization of an agricultural niche from
ancestral hosts not only enhances knowledge
of key features of Campylobacter evolutionary
biology but provides general insight into the
emergence of zoonotic pathogens and the po-
tential dangers of agricultural intensification.
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