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Abstract

Zoonotic pathogens often infect several animal species, and gene flow among popula-
tions infecting different host species may affect the biological traits of the pathogen
including host specificity, transmissibility and virulence. The bacterium Campylobacter
jejuni is a widespread zoonotic multihost pathogen, which frequently causes gastroen-
teritis in humans. Poultry products are important transmission vehicles to humans, but
the bacterium is common in other domestic and wild animals, particularly birds, which
are a potential infection source. Population genetic studies of C. jejuni have mainly
investigated isolates from humans and domestic animals, so to assess C. jejuni popula-
tion structure more broadly and investigate host adaptation, 928 wild bird isolates
from Europe and Australia were genotyped by multilocus sequencing and compared to
the genotypes recovered from 1366 domestic animal and human isolates. Campylobac-
ter jejuni populations from different wild bird species were distinct from each other
and from those from domestic animals and humans, and the host species of wild bird
was the major determinant of C. jejuni genotype, while geographic origin was of little
importance. By comparison, C. jejuni differentiation was restricted between more phy-
logenetically diverse farm animals, indicating that domesticated animals may represent
a novel niche for C. jejuni and thereby driving the evolution of those bacteria as they
exploit this niche. Human disease is dominated by isolates from this novel domesti-
cated animal niche.

Keywords: disease emergence, epidemiology, host associations, Zoonotic disease
Received 29 June 2012; accepted 10 October 2012

pathogen populations inhabiting different hosts may

Introduction
lead to adaptations to specific niches and initiate allo-

Many pathogens that infect humans or domestic ani-
mals can inhabit multiple animal hosts and environ-
mental reservoirs (Daszak et al. 2000; Woolhouse et al.
2001). A broad host range of a pathogen can increase
the risk of disease emergence in novel hosts (Cleave-
land et al. 2001). Limited gene flow among distinct
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patric speciation (Cohan & Koeppel 2008; Sheppard
et al. 2008, 2011). The evolutionary implications of a
pathogen with a multiple host population structure will
depend on the transmission frequencies among and
within host species, resulting in a range of outcomes
from spillover infections to emerging infectious diseases
in the novel host species (Fenton & Pedersen 2005).
Understanding and quantifying the genetic structure
of populations of pathogenic microorganisms could
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therefore provide a means to predict the potential for
emerging infectious diseases in humans (Cleaveland
et al. 2001).

Campylobacter jejuni is a zoonotic multihost pathogen
that has a substantial impact on human health. In
humans, C. jejuni infections are primarily food-borne,
the majority of which are caused by genotypes that are
common in food animals, especially poultry (Dingle
et al. 2001, 2002; Colles et al. 2003; Manning et al. 2003;
Schouls et al. 2003; McCarthy et al. 2007). Commercially
reared poultry are often colonized with C. jejuni and
can carry high bacterial loads asymptomatically, sug-
gesting commensal adaptations to the avian gut (Hum-
phrey et al. 2007). However, although most studies
have investigated C. jejuni isolates from domestic ani-
mals or human patients, the bacterium has a much
broader host range. Campylobacter jejuni is common in a
variety of species of wild birds (Luechtefeld et al. 1980;
Kapperud & Rosef 1983; Waldenstrom et al. 2002) and
has also been identified in several species of pet ani-
mals, rodents and insects (Rosef & Kapperud 1983;
Sproston et al. 2010). In wild birds, C. jejuni prevalence
rates vary between host species and seem to be linked
to diet (Kapperud & Rosef 1983; Broman et al. 2002;
Waldenstrom ef al. 2002). Disease manifestation in wild
birds has not been extensively evaluated, but a recent
study showed a slight reduction in body mass in Euro-
pean robins, Erithacus rubecula, challenged with a C. je-
juni  isolate  from  another songbird  species
(Waldenstrom et al. 2010). In humans, the severity of
infection varies profoundly from asymptomatic to
severe gastrointestinal illness (Dasti et al. 2010).
Although C. jejuni has been mainly studied in relation
to its role as a human pathogen, its growth characteris-
tics at different temperatures (i.e. able to grow at 37-
42 °C) and frequent isolation from domestic and wild
birds suggest that it is primarily an avian bacterium
and that wild avian species may function as natural
reservoirs for C. jejuni (Luechtefeld et al. 1980; Hermans
et al. 2011; Sheppard et al. 2011).

To date, C. jejuni population genetic analyses have
been largely dominated by isolate collections originat-
ing from food animals and human campylobacteriosis,
although there is increasing interest in the analysis of
isolates from environmental sources and wild animals
(Broman et al. 2002, 2004; French et al. 2005, 2009; Colles
et al. 2008a, 2009; Sheppard et al. 2011). The population
structure of human and food animal C. jejuni isolates is
essentially nonclonal and dominated by recombination
(Dingle et al. 2001; Suerbaum et al. 2001; Manning et al.
2003), which acts to diminish genetic differentiation
among bacterial subpopulations (Broman ef al. 2002;
Dingle & Maiden 2005). Within this population, how-
ever, genotyping with multilocus sequence typing

(MLST) has identified clonal complexes, groups of
related genotypes that are probable to share a common
ancestor (Dingle et al. 2002). Because isolates from food
animals and wild animals often show genetic subdivi-
sion, estimates of population genetic parameters
obtained from analyses of poultry- or human-
dominated data sets can obscure biological and epide-
miological properties of C. jejuni (Meinersmann 2000).

Earlier studies of wild bird isolates indicate that
C. jejuni has a high degree of host specificity with little
overlap of genotypes between isolation sources includ-
ing host species (Broman et al. 2002; Colles et al. 2008a,
b, 2009). Recently, Sheppard et al. investigated niche
segregation in C. jejuni and C. coli from wild and
domestic animal sources in the United Kingdom
(Sheppard et al. 2011) and found distinct C. jejuni geno-
type assemblages in different groups of birds, strength-
ening the notion of genotype by host associations. This
contrasts to the situation seen among food animal
C. jejuni genotypes, where host associations are weaker
(Sheppard et al. 2011), possibly indicating a different
ecology in the food animal niche. To further assess the
natural ecology of C. jejuni and test the predictions from
earlier studies at a larger geographical scale, we col-
lected a large set of samples from various wild bird
species, farm-related animals and humans, from Europe
and Australia and employed MLST (Broman et al. 2002;
Dingle & Maiden 2005; Mickan et al. 2007; Baker et al.
2010) to examine the population structure of C. jejuni by
host and geography. By sampling taxonomically related,
but geographically separated species pair, we could
specifically address the existence of host-associated
C. jejuni genotype assemblages among wild bird host
and relate this to the ecology of C. jejuni in food
animals and human disease.

Materials and methods

Bacterial isolates

The population genetic analyses were based on 2294
characterized C. jejuni isolates. Of these, 928 C. jejuni
were isolated from wild birds sampled in Sweden
(Waldenstrom et al. 2002; Broman et al. 2004), the Uni-
ted Kingdom (Colles et al. 2008a, 2009) and Australia
(Table 1), while the remaining 1366 bacterial MLST
genotypes came from published studies on C. jejuni in
humans in Australia (Kinana ef al. 2006; Mickan et al.
2007) and the United Kingdom (Dingle et al. 2008), and
in farm animals (Kinana et al. 2006; McCarthy et al.
2007). The Australian wild bird samples were collected
in 2004-2006 in the Newecastle and Melbourne areas.
Australian shorebirds were trapped at Stockton Sandpit
with funnel walk-in traps or mist nets, and faecal
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Table 1 Host origin, sampling year and sampling site of inves-
tigated Campylobacter jejuni strains

No. of
Host species  Latin name isolates  Year Country
Mallard Anas 85 2002 Sweden
platyrhynchos
Dunlin Calidris alpina 21 2000 Sweden
8 2001 Sweden
Black-headed Larus 48 1999 Sweden
gull ridibundus 49 2000 Sweden
Starling Sturnus 7 2000 Sweden
vulgaris 285 2002-2005 UK
Geese 166 20022003 UK
Blackbird Turdus 32 2000 Sweden
merula 71 2001 Sweden
4 2006 Australia
Song thrush  Turdus 84 2000 Sweden
philomelos
Sharp-tailed  Calidris 33 2004 Australia
sandpiper cuminata 1 2005 Australia
12 2006 Australia
Silver gull Larus 10 2004 Australia
ovaehollandiae 12 2006 Australia
Chicken 7 2000 Senegal
23 2001 Senegal
16 2002 Senegal
217 19822003 UK
Cattle 218 1984-2001 UK
Sheep 158 19822002 UK
Human 574 20032004 UK
153 19992001 Australia
Total 2294

samples were collected from gulls around Newcastle,
while faecal samples from passerines were taken at
Melbourne Botanic Gardens (Hansbro et al. 2010).
Details on trapping, sampling and primary isolation
procedures for all other samples are given in previously
published studies (Broman et al. 2002, 2004; Wald-
enstrom et al. 2002; Colles et al. 2008a, 2009). All sam-
pling was performed in accordance with approval from
the different national authorities. In analyses of C. jejuni
population subdivision, we created 17 subsets by com-
bining the source of isolation (i.e. song thrush, silver
gull, human) and country of isolation (i.e. Australia,
Sweden, United Kingdom; Table 1).

Genetic characterization

Fresh overnight cultures were used to make either boi-
lates (one loop-full of cells in 1 mL of ddH,O boiled for
8 min) or DNA extractions with commercial kits (Pure-
gene DNA Isolation Kit) for the use as template in
PCRs. For the majority of the isolates, the species iden-
tity had been confirmed by the use of a multiplex PCR

© 2013 Blackwell Publishing Ltd

assay for delineation of C. coli and C. jejuni (Vandamme
et al. 1997), using conditions validated previously (On
& Jordan 2003).

The sequence type (ST) of each isolate was deter-
mined using the published C. jejuni MLST protocol.
Fragments of seven housekeeping genes distributed
around the bacterial chromosome were amplified by
PCR (Dingle et al. 2001). The resulting PCR products
were sequenced, and the nucleotide extension reactions
products were separated and detected on automated
DNA analysers. The sequences were assembled and
edited, and allele numbers and STs and clonal com-
plexes were assigned using the internet-based Campylo-
bacter jejuni and Campylobacter coli MLST database (with
accession numbers 21601-22077, http://pubmlst.org/
campylobacter/).

Assessment of association of genotype with host
species, time and geography

The sequence alignment of the concatenated sequences
of all seven loci was exported to the software DnaSP,
version 4.10 (Rozas et al. 2003), in which subsets (based
on host species and geography) were created and nucle-
otide-based analyses of gene flow and genetic differenti-
ation were assessed. A similar analysis at the level of
alleles was conducted with the software Arlequin, ver-
sion 2.00 (Schneider et al. 2000). Resulting Fsr values
were exported as genetic distances and visualized with
neighbour-joining trees in MEGA5 (Kumar et al. 2001)
(Fig. 1 and S1, Supporting information). Additional
analyses of genetic subdivision depending on host spe-
cies, and of molecular variances (amMova), were calcu-
lated in Arlequin.

Phylogenetic relationships were illustrated using two
different approaches. In the first analysis, we used the
ClonalFrame software to construct phylogenies that
incorporate both mutation and recombination (Didelot
& Falush 2007). A random set of 10 isolates from each
of the 13 host species was drawn and run at default
values with 50 000 burn-in iterations and 50 000 fur-
ther iterations from which each 100th tree was sam-
pled. Four independent runs were conducted, and
convergence was estimated with Gelman Rubin statis-
tics (Didelot & Falush 2007). A 75% consensus tree of
the combined data from four runs was constructed
with ClonalFrame and exported as a Newick tree for
display and labelling in MEGA5 (Fig. 2). In the second
analysis, we used the software goepursT (Francisco
et al. 2009), which uses the same clustering rules as
the frequently used esursT (Feil et al. 2004) but which
provides a global optimal solution, to determine the
clonal relationships between STs of the entire data set.
The software calculates a minimum spanning tree and
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identifies predicted founder STs and any single locus
variant to those genotypes (Fig. S2, Supporting infor-
mation).

Isolate assignment to hosts

Assignment of isolates from humans to food animal
and wild bird populations was undertaken using the
population genetic assignment software sTRUCTURE (Fa-
lush et al. 2003). We reduced the number of reference
populations by combining closely related C. jejuni pop-
ulations from similar wild bird taxa. Thus, C. jejuni
from sharp-tailed sandpipers and dunlins were treated
as one group and C. jejuni from silver gulls and black-
headed gulls as another group. The combining of host
species harbouring similar C. jejuni populations was
performed to ensure that reference populations were
all of at least size 50. The sTRUCTURE algorithm provides
unbiased assignment based on the allele frequency
assuming  independence  between alleles.  The
no-admixture model was used with default values and
5000 burn-in iterations followed by 10 000 sampled
iterations in line with published approaches that have
used the assignment of C. jejuni isolates to host species
(McCarthy et al. 2007; Sheppard et al. 2009). The proba-
bility of origin in each of the reference populations is
estimated for each human isolate, with a probability
between zero and one inclusive for each possible
source population summing to 1 across the possible
sources (Fig. 3).

Fig. 1 Unrooted neighbour-joining tree
displaying the pairwise genetic distances
(Fsr values) between Campylobacter jejuni
populations from different hosts and
geographical areas. The Fsr values were
calculated from nucleotide polymor-
phisms in the concatenated sequences
from seven loci (3709 bp) in the 2294
C. jejuni isolates. All differences between
sources were significant at P < 0.05.

Results

We detected a broad diversity in the number of C. jejuni
genotypes obtained from wild birds. Approximately one
new ST was obtained for every fourth sequenced isolates
with 251 unique STs detected from wild birds (Table S1,
Supporting information). However, most of these of
genotypes were grouped into 22 clonal complexes com-
prising related genotypes. The majority of the STs found
in the wild bird species have not been associated with
human disease in the Campylobacter jejuni and Campylo-
bacter coli MLST database. The most common were
ST-1020, which was represented by 63 isolates (all from
UK starlings), and ST-177, which was represented by 49
isolates mostly from UK starlings, but also from bird
species in the genus Turdus (thrushes). A further 26 STs
were represented by ten or more isolates in this data set
(Table S1).

Population structure among hosts

Campylobacter jejuni genotypes from the different wild
bird host species were genetically distinct from each
other, as well as from the genotypes typically recovered
from humans and food animals. With nucleotide-based
analyses, the values of genetic subdivision (Fsr, which
has possible values between 0 =no and 1 = complete
subdivision) were on average 0.420 for the concatenated
sequence from all loci (Table S2, Supporting informa-
tion). The genetic differentiation among isolates from

© 2013 Blackwell Publishing Ltd
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Fig. 2 A ClonalFrame genealogy of Campylobacter jejuni STs
from wild birds, food animals and humans. From each of the
13 host species, 10 random C. jejuni isolates were drawn and
included in the analysis. The source of isolates is indicated
with different colour (see inset in the figure), and STs are given
in numbers at the tip of branches.

different host sources was well resolved in a neighbour-
joining tree (Fig. 1). Isolates from food animals and
humans clustered together and showed relatively little
genetic subdivision (mean Fsr among these populations
was 0.064, SD + 0.025), while wild bird C. jejuni popula-
tions showed high genetic subdivisions and long branch
lengths (Fig. 1). Notably, host species taxonomy rather
than geographic origin was the main informative crite-
rion for clustering, where populations of bacteria from
taxonomically related bird host species had low levels of
genetic differentiation, for example, black-headed gulls
vs. silver gulls (Fsy = 0.019), and Dunlins vs. sharp-tailed
sandpipers (Fsr = 0.051). Also, Mallards and geese had
genetically similar C. jejuni populations (Fsr = 0.078;
Table S2). In fact, for these three comparisons, the Fsr
values were in similar ranges to those observed in the
population sets of domestic animals and humans.

Population differentiation occurred also at the level of
allele distribution, although the pattern was not as clear
as for nucleotide polymorphisms (Fig. S1). Again, popu-
lations of C. jejuni from related wild bird species tended
to cluster together, and humans and food animals were
most closely related, an exception being chicken C. jejuni
from Senegal that clustered away from the other farm
animal subsets. However, the Fsr values were generally
lower than the nucleotide-based values (overall Fgr =
0.070) and the resulting tree less resolved.

The CrLoNALFRAME algorithm was used for genealogi-
cal reconstructions. This evolutionary-based approach
reconstructed a genealogy with a topology consistent
with the relationships deduced on the basis of popula-
tion genetic subdivision, which is suitable for these

=Gulls
Blackbird
Goose
Starling
Song Thrush
Mallard

= Sandpipers
Cow
Sheep
Chicken

Fig. 3 Assignment of human isolates to food animals and wild bird populations. The probabilistic assignment of the Campylobacter
jejuni host population was based on allele frequencies using the software sTRUCTURE. Each allelic profile is represented by a vertical
bar, showing the estimated probability that it comes from each of the source identified. The horizontal coloured bar above the verti-
cal bars indicate whether human isolates were from UK (blue) or from Australia (pink). Food animal related isolates are shown in
shades of grey, while the isolates of different wild birds are denoted in colours: silver gull (light green), black-headed gull (dark
green), blackbird (red), song thrush (purple), European starling (pink), goose species (yellow), mallards (orange), sharp-tailed sand-

piper (dark blue), dunlin (light blue).
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types of recombinant bacteria. Generally, wild bird
genotypes clustered away from farm animal-related
genotypes, and wild bird species genotypes from taxo-
nomically related species tended to cluster together
(Fig. 2). A similar pattern was observed for clonal rela-
tionships in the entire data set, where the resulting min-
imum spanning tree showed clear separation of farm
animal-associated genotypes and genotypes from wild
bird hosts (Fig. 52).

Finally, when using STRUCTURE analysis, most human
isolates were assigned to farm animal origin (Fig. 3).
Over 98% assignment of the 153 Australian isolates
from humans was attributed to a farm animal source
(cattle, sheep or chicken) and less than 2% to wild bird
species. Just over 75% of UK isolates from humans were
attributed to farm animals with 15% attributed to shore-
birds, 7% to mallards and 1% each to gulls and geese.

Temporal and geographical variation in genotypes

To assess the temporal stability of C. jejuni genotypes
recovered from the different hosts in more detail, analy-
sis of molecular variance (aMova) were performed for
isolates from wild bird species where data had been
collected in different years, in different migration sea-
sons within a year (spring vs. fall migration) or in dif-
ferent geographical places (Table S1). Due to trapping
and sampling effects, as well as in the case of the song
thrush where prevalence rates differed between sea-
sons, only two of the major wild bird host species could
be analysed for season and year within a country.
In the first species, the analysis of black-headed gull
C. jejuni incorporated the effects of sampling year and
season within the year. Year or season accounted for
only 0.7% (Fgr = 0.007, P < 0.001) and 0.9% (Fsr = 0.009,
P =0.37) of the variation, respectively, and nearly, all
molecular variation was found within season within
year (98.4%, Fsr = 0.016, P < 0.001). The analysis of iso-
lates from Swedish blackbirds investigated the effect of
season of the year (spring or autumn) and the sex of
the birds (male or female). There were large differences
among C. jejuni genotypes depending on whether they
had been sampled during the spring or autumn migra-
tions of the birds, accounting for 11% of the total molec-
ular variance (Fst = 0.118, P < 0.001). No effect of
gender was seen, and the remaining variance was best
explained by variation within the sexes within the sea-
sons (Fst = 0.116, P < 0.001).

Data from Swedish starlings and mallards were com-
pared with the data from 50 starling and 50 goose iso-
lates collected in Oxford, UK. These UK samples were
randomly chosen from the larger collection of samples
used in the genetic distance analyses and had been col-
lected in three and two different years, respectively

(Colles et al. 2008a, 2009). A structured AMOVA on star-
lings, incorporating sampling country (Sweden and UK)
and year of sampling, showed that there was hardly no
effect of sampling country (Fsr = 0.022, P = 0.24), mod-
erate effects of sampling year (6.3% of the variance
explained, Fsy = 0.061 P <0.001) and large effects
within population within year (95.6% of the variance
explained, Fsy = 0.040 P < 0.001). Similar patterns were
seen in the comparison between UK geese and Swedish
mallards; no effects of host species, which in this case
also equals country of origin (Fsr = 0.002 P = 0.34),
moderate year effects (explaining 13.0% of the molecu-
lar variance, Fsr = 0.130 P =0.002) and large within
population within year effects (87.2% of the variance,
Fsr = 0.130 P < 0.001).

Discussion

The C. jejuni populations investigated showed strong
patterns of genetic subdivision, with distinct genetic
subsets associated with particular hosts. The most
genetically distinct C. jejuni populations were isolated
from different wild bird species, with farm animal iso-
lates much more similar to each other (Fig. 1). Further-
more, the genetic population structure was clearly
associated with host taxonomy, with C. jejuni popula-
tions from taxonomically closely related bird species
being most similar to each other (Fig. S2). The host
associations were clearly evident in Fsr analyses, where
values based on the nucleotide sequences between
C. jejuni populations from some of the wild bird species
were several times larger than the corresponding values
between C. jejuni populations in different farm animal
species (Table S1). A similar, but not as strong pattern
was observed at the allele level (Fig. S1), and a phyloge-
netic consensus tree of randomly sampled genomes
from a reduced set of source populations also sup-
ported the notion of strong separation of C. jejuni popu-
lations by wild bird host species and not by geographic
location (Fig. 2).

Strong differentiation at the nucleotide level and
weaker differentiation at the allele level suggests that
the observed population genetic structure is fairly old
and not the result of recent introduction to particular
hosts. The overall sequence diversity was 3.1%, well
within the subspecies range for Campylobacter spp., and
only few alleles were unique to a specific wild bird
host. The population structure of C. jejuni comprises
multiple clonal complexes of related genotypes, which
exhibit high rates of recombination, but with little dee-
per clonal structure evident among clonal complexes in
the analysis of 7 locus mrsT data (Dingle et al. 2001;
Manning et al. 2001; Suerbaum et al. 2001). The data col-
lected here suggest that host associations are important

© 2013 Blackwell Publishing Ltd
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determinants of the genotypes isolated from nonfood
animal sources, and raise the question whether the
structure observed in food animals is the consequence
of more recent introductions and expansions of certain
genotypes in this novel niche. The limited host range
for some of the genotypes obtained from wild birds, as
well as the general genetic subdivision detected in these
analyses, suggests restriction to gene flow dependent
on host species or the existence of host-adapted strains
of C. jejuni. Some of the sampled bird species co-occur
in time and space in such a way that transmission of
bacterial genotypes should be possible. For instance,
blackbirds and song thrushes occupy slightly different
ecological niches in forested areas in Europe, but occur,
side by side, during migration and on wintering sites.
Similarly, shorebirds and gulls (both in Europe and in
Australia) feed intensively in the littoral zone, at times
together in large aggregations. Some shared genotypes
were seen between the two species of thrushes, as well
as between gulls and shorebirds, but the general picture
was that these hosts served as different bacterial niches.
Most remarkably, among blackbirds sampled in Austra-
lia, two of the four detected genotypes (ST-1324 and
ST-1342) were shared with blackbirds sampled in Swe-
den, and the remaining two (ST-3067 and -3068) were
very similar. We do not know whether the blackbird-
associated genotypes occur in other Australian birds, or
whether they are restricted to this single host species. If
the former case is true, then the shared polymorphisms
in C. jejuni strains occurring in an allopatric single host
species strongly indicate host species adaptations, espe-
cially because the Australian blackbirds date back to
the European colonization of Australia in the 19th
century (Higgins et al. 2006).

Most studies that have compared serotypes or geno-
types from wild birds with poultry and patient isolates
have typically identified predominantly unique strains
of C. jejuni in wild birds, for example, in herring gulls
Larus argentatus from Scotland (Whelan et al. 1988), feral
pigeons from Japan (Fukuyama et al. 1986), various
wild bird species in Norway (Rosef et al. 1985) and star-
lings in the UK (Colles et al. 2003, 2009), indicating that
wild birds are not a significant direct source of human
campylobacteriosis. Recently, Sheppard and co-workers
performed attribution analyses on C. jejuni strains from
food and wild animal sources restricted to the United
Kingdom and suggested strong niche associations in
genotypes from wild birds with shared feeding ecology,
including ducks and geese, and pigeons and doves
(Sheppard et al. 2011). The data presented here confirm
the hypothesis of host association in wild bird C. jejuni
populations and provide evidence that this occurs
across large spatial and temporal scales. The level of
host associations seems to differ depending on both

© 2013 Blackwell Publishing Ltd

C. jejuni strain and host species, for instance in mallard
and geese that showed shared C. jejuni populations
despite being taxonomically less related than the other
wild bird pairs investigated.

Host associations that transcend geographic bound-
aries have been shown in a global collection of Pasteu-
rella multocida from ovine, avian, porcine and bovine
sources (Hotchkiss et al. 2011). For this pathogen, a
niche association was also identified, similar to our
study. Furthermore, in Staphylococcus aureus, clonal
complexes are sometimes associated with a specific
source, such as humans, cattle or other ruminants,
across several continents (Smyth et al. 2009).

Some of the STs found in wild birds have been found
in food animals or in human patients, including repre-
sentatives from the widespread ST-21, ST-45 and ST-283
clonal complexes. In some of these cases, the wild birds
may have acquired food animal-associated C. jejuni
genotypes through proximity to these sources. For
instance, black-headed gulls are an opportunistic feeder,
and not uncommon in agricultural or urban areas. Like-
wise, in Europe, a proportion of European song
thrushes and blackbirds breed and/or winter in gar-
dens and parks and are thereby also potentially
exposed to human and farm animal-related C. jejuni
genotypes. In this perspective, it is noteworthy that
human disease-associated STs were only isolated from
blackbirds during spring migration when birds
returned from wintering grounds in continental Europe
and in the UK to Sweden.

The attribution analysis (Fig. 3) indicated that the
majority of isolates from human campylobacteriosis have
STs indicative of a farm animal origin. This was also true
for Australian isolates despite the fact that the farm ani-
mal isolates used for attribution originated from the UK
and West Africa, whereas some of the wild bird isolates
were Australian. Although farm animal subtypes have
been suggested to be more dependent on host specificity
than geography (Sheppard et al. 2010, 2011), the level of
such host associations is clearly less pronounced
compared to that observed in wild birds, and there are
frequent examples of genotypes in farm animal studies
that were not associated with a single host species.

In conclusion, the C. jejuni genotypes isolated from
wild bird hosts exhibited substantially different popula-
tion structure from that seen in isolates from food
animal sources, as suggested also by previous studies
(Broman et al. 2004; Colles et al. 2008a; Sheppard et al.
2011). Importantly, there was also a relative lack of sec-
ular temporal and phylogeographic effects, suggesting
that the differentiation by host is old relative to current
genotype distribution and that host species—genotype
associations are robust in wild bird C. jejuni. A zoo-
notic, multiple host bacterial pathogen, such as C. jejuni,
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has many different selection forces operating on its epi-
demiology. Not only has it to evolve mechanisms to
persist and multiply in different enteric environments,
which could differ in temperature, structure and bio-
chemical and immunological habitats, but it also has to
evolve means to successfully survive in environments
during transmission. In such a setting, two survival
strategies can be postulated (i) adaptations favouring
the colonization and persistence in one certain host spe-
cies; or (ii) adaptations favouring transmission and colo-
nization of several hosts. There is evidence for both
these strategies in C. jejuni (i) genotypes that are wide-
spread among hosts (multihost lineages), for example,
the ST-45 complex and several other food animal-
associated genotypes; and (ii) genotypes that are
confined to single hosts (host specific lineages) such as
the ST-1264 and ST-1347 complexes found in song
thrushes. Strain-specific properties in colonization abili-
ties have been noted previously in chickens, both in
terms of host (Stern et al. 1990) and of bacterial geno-
types (Stern et al. 1988, Cawthraw et al. 1996, Payne
et al. 1999), and similarly, strain-specific differences in
survival times in water environments have been
observed (Obiri-Danso et al. 2001; Cools et al. 2003). It is
interesting to note that multihost genotypes dominate
in food animals and in human infections (Sheppard
et al. 2011), suggesting that a broad host range is associ-
ated with the emergence of human campylobacteriosis.
This study thus demonstrates that C. jejuni isolated
from wild birds are in general distinct from those iso-
lated from human campylobacteriosis and food animals.
Further, there is strong differentiation by wild bird host
species, which may be the biologically important niche
for this bacterium. The population diversity for this
niche described here, when compared to that found in
C. jejuni isolated from food animals, demonstrates the
small portion of the whole, which is visible from the
anthropocentric view of the ecology of C. jejuni.

Acknowledgement

We acknowledge all those who have contributed in the collection
and initial characterization of isolates, particularly the staff at
Ottenby Bird Observatory, T. Broman and D. Axelsson-Olsson. M.
Wille provided help with figures. This publication made use of the
Campylobacter jejuni Multi Locus Sequence Typing website
(http:/ /pubmlst.org/ campylobacter/) developed by K. Jolley
and M.-S. Chan and sited at the University of Oxford (Dingle et al.
2001; Jolley & Maiden 2010). The development of this site was
funded by the Wellcome Trust and UK Department for Environ-
ment, Food and Rural Affairs (DEFRA). Funding for this study
came from the Swedish Research Council for Environment, Agri-
culture and Spatial Planning (FORMAS), the Crafoord Foundation,
and the National Health and Medical Research Council of Austra-
lia. This is contribution no 263 from Ottenby Bird Observatory.

References

Baker S, Hanage WP, Holt KE (2010) Navigating the future of
bacterial molecular epidemiology. Current Opinion in Microbi-
ology, 13, 640-645.

Broman T, Palmgren H, Bergstrom S et al. (2002) Campylobacter
jejuni in black-headed gulls (Larus ridibundus): prevalence,
genotypes, and influence on C. jejuni epidemiology. Journal
of Clinical Microbiology, 40, 4594-4602.

Broman T, Waldenstrém ], Dahlgren D, Carlsson I, Eliasson
I, Olsen B (2004) Diversities and similarities in PFGE
profiles of Campylobacter jejuni isolated from migrating
birds and humans. Journal of Applied Microbiology, 96, 834—
843.

Cawthraw SA, Wassenaar TM, Ayling R, Newell DG (1996)
Increased colonization potential of Campylobacter jejuni strain
81116 after passage through chickens and its implication on
the rate of transmission within flocks. Epidemiology and Infec-
tion, 117, 213-215.

Cleaveland S, Laurenson MK, Taylor LH (2001) Diseases of
humans and their domestic mammals: pathogen characteris-
tics, host range and the risk of emergence. Philosophical
Transactions of the Royal Society London B: Biological Science,
356, 991-999.

Cohan FM, Koeppel AF (2008) The origins of ecological diver-
sity in prokaryotes. Current Biology, 18, R1024-R1034.

Colles FM, Jones K, Harding RM, Maiden MC (2003) Genetic
diversity of Campylobacter jejuni isolates from farm animals
and the farm environment. Applied and Environmental Micro-
biology, 69, 7409-7413.

Colles FM, Dingle KE, Cody AJ, Maiden MC (2008a) Compari-
son of Campylobacter populations in wild geese with those in
starlings and free-range poultry on the same farm. Applied
and Environmental Microbiology, 74, 3583-3590.

Colles FM, Jones TA, McCarthy ND et al. (2008b) Campylobacter
infection of broiler chickens in a free-range environment.
Environmental Microbiology, 10, 2042-2050.

Colles FM, McCarthy ND, Howe JC et al. (2009) Dynamics of
Campylobacter colonization of a natural host, Sturnus vulga-
ris (European starling). Environmental Microbiology, 11, 258—
267.

Cools I, Uyttendaele M, Caro C, D'Haese C, Nelis HJ, Debevere
J (2003) Survival of Campylobacter jejuni strains of different
origin in drinking water. Journal of Applied Microbiology, 94,
886-892.

Dasti JI, Tareen AM, Lugert R, Zautner AE, Gross U (2010)
Campylobacter jejuni: a brief overview on pathogenicity-
associated factors and disease-mediating mechanisms. Inter-
national Journal of Medical Microbiology, 300, 205-211.

Daszak P, Cunningham AA, Hyatt AD (2000) Emerging infec-
tious diseases of wildlife-threats to biodiversity and human
health. Science, 287, 443-449.

Didelot X, Falush D (2007) Inference of bacterial microevolu-
tion using multilocus sequence data. Genetics, 175, 1251-1266.

Dingle KE, Maiden MC (2005) Population genetics of Campylo-
bacter jejuni. In: Campylobacter: Molecular and Cellular Biology
(eds Ketley JM & Konkel ME), pp. 43-57. Wymondham,
Horizon Bioscience.

Dingle KE, Colles FM, Wareing DR et al. (2001) Multilocus
sequence typing system for Campylobacter jejuni. Journal of
Clinical Microbiology, 39, 14-23.

© 2013 Blackwell Publishing Ltd



MARKED HOST SPECIFICITY AND LACK OF PHYLOGEOGRAPHIC STRUCTURE 1471

Dingle KE, Colles FM, Ure R et al. (2002) Molecular character-
ization of Campylobacter jejuni clones: a basis for epidemio-
logic investigation. Emerging Infectious Disease, 8, 949-955.

Dingle KE, McCarthy ND, Cody A], Peto TE, Maiden MC
(2008) Extended sequence typing of Campylobacter spp.,
United Kingdom. Emerging Infectious Disease, 14, 1620-1622.

Falush D, Stephens M, Pritchard JK (2003) Inference of popula-
tion structure using multilocus genotype data: linked loci
and correlated allele frequencies. Genetics, 164, 1567-1587.

Feil EJ, Li BC, Aanensen DM, Hanage WP, Spratt BG (2004)
eBURST: Inferring Patterns of Evolutionary Descent among
Clusters of Related Bacterial Genotypes from Multilocus
Sequence Typing Data. Journal of Bacteriology, 186, 1518-1530.

Fenton A, Pedersen AB (2005) Community epidemiology
framework for classifying disease threats. Emerging Infectious
Disease, 11, 1815-1821.

Francisco AP, Bugalho M, Ramirez M, Carrico JA (2009) Global
optimal eBURST analysis of multilocus typing data using a
graphic matroid approach. BMC Bioinformatics, 10, 152.

French N, Barrigas M, Brown P et al. (2005) Spatial epidemiol-
ogy and natural population structure of Campylobacter jejuni
colonizing a farmland ecosystem. Environmental Microbiology,
7, 1116-1126.

French NP, Midwinter A, Holland B et al. (2009) Molecular epi-
demiology of Campylobacter jejuni isolates from wild-bird
fecal material in children’s playgrounds. Applied Environmen-
tal Microbiology, 75, 779-783.

Fukuyama M, Kamimura T, Itoh T et al. (1986) Distribution of
Campylobacter jejuni in wild birds and serogroup of isolates
by slide agglutination technique. Nippon Juigaku Zasshi, 48,
487-493.

Hansbro PM, Warner S, Tracey JP et al. (2010) Surveillance and
analysis of avian influenza viruses, Australia. Emerging Infec-
tious Disease, 16, 1896-1904.

Hermans D, Van Deun K, Martel A et al. (2011) Colonization
factors of Campylobacter jejuni in the chicken gut. Veterinary
Research, 42, 82.

Higgins PJ, Peter ]M, Cowling SJ (2006) Handbook of Australian.
New Zealand & Antarctic birds Oxford University press,
Melbourne.

Hotchkiss EJ, Hodgson JC, Lainson FA, Zadoks RN (2011) Mul-
tilocus sequence typing of a global collection of Pasteurella
multocida isolates from cattle and other host species demon-
strates niche association. BMIC Microbiology, 11, 115.

Humphrey T, O’Brien S, Madsen M (2007) Campylobacters as
zoonotic pathogens: a food production perspective. Interna-
tional Journal of Food Microbiology, 117, 237-257.

Jolley KA, Maiden MC (2010) BIGSdb: Scalable Analysis of
Bacterial Genome Variation at the Population Level. BMC
Bioinformatics, 11, 595.

Kapperud G, Rosef O (1983) Avian wildlife reservoir of Cam-
pylobacter fetus subsp. jejuni, Yersinia spp., and Salmonella
spp. in Norway. Applied Environmental Microbiology, 45, 375—
380.

Kinana AD, Cardinale E, Tall F et al. (2006) Genetic diversity
and quinolone resistance in Campylobacter jejuni isolates from
poultry in Senegal. Applied Environmental Microbiology, 72,
3309-3313.

Kumar S, Tamura K, Jakobsen IB, Nei M (2001) MEGA2:
Molecular Evolutionary Genetics Analysis Software. Bioinfor-
matics, 17, 1244-1245.

© 2013 Blackwell Publishing Ltd

Luechtefeld NA, Blaser MJ, Reller LB, Wang WL (1980) Isola-
tion of Campylobacter fetus subsp. jejuni from migratory
waterfowl. Journal of Clinical Microbiology, 12, 406—408.

Manning G, Duim B, Wassenaar T, Wagenaar JA, Ridley A,
Newell DG (2001) Evidence for a genetically stable strain of
Campylobacter jejuni. Applied Environmental Microbiology, 67,
1185-1189.

Manning G, Dowson CG, Bagnall MC, Ahmed IH, West M,
Newell DG (2003) Multilocus sequence typing for compari-
son of veterinary and human isolates of Campylobacter jejuni.
Applied Environmental Microbiology, 69, 6370-6379.

McCarthy ND, Colles FM, Dingle KE et al. (2007) Host-
associated genetic import in Campylobacter jejuni. Emerging
Infectious Disease, 13, 267-272.

Meinersmann R] (2000) Population genetics and genealogy of
Campylobacter jejuni. In: Campylobacter (eds Nachamkin I,
Blaser M]), p. 351. American Society for Microbiology,
Washington.

Mickan L, Doyle R, Valcanis M, Dingle KE, Unicomb L, Lanser ]
(2007) Multilocus sequence typing of Campylobacter jejuni iso-
lates from New South Wales, Australia. Journal of Applied
Microbiology, 102, 144-152.

Obiri-Danso K, Paul N, Jones K (2001) The effects of UVB and
temperature on the survival of natural populations and pure
cultures of Campylobacter jejuni, C. coli, C. lari and urease-
positive thermophilic campylobacters (UPTC) in surface
waters. Journal of Applied Microbiology, 90, 256-267.

On SL, Jordan PJ (2003) Evaluation of 11 PCR assays
for species-level identification of Campylobacter jejuni and
Campylobacter coli. Journal of Clinical Microbiology, 41, 330—
336.

Payne RE, Lee MD, Dreesen DW, Barnhart HM (1999) Molecu-
lar epidemiology of Campylobacter jejuni in broiler flocks
using randomly amplified polymorphic DNA-PCR and 23S
rRNA-PCR and role of litter in its transmission. Applied Envi-
ronmental Microbiology, 65, 260-263.

Rosef O, Kapperud G (1983) House flies (Musca domestica) as
possible vectors of Campylobacter fetus subsp. jejuni. Applied
Environmental Microbiology, 45, 381-383.

Rosef O, Kapperud G, Lauwers S, Gondrosen B (1985) Serotyp-
ing of Campylobacter jejuni, Campylobacter coli, and Campylo-
bacter laridis from domestic and wild animals. Applied
Environmental Microbiology, 49, 1507-1510.

Rozas ], Sanchez-DelBarrio JC, Messeguer X, Rozas R (2003)
DnaSP, DNA polymorphism analyses by the coalescent and
other methods. Bioinformatics, 19, 2496-2497.

Schneider S, Roessli D, Excoffer L (2000) Arlequin Version 2.00:
An Integrated Program for Molecular Population Genetics and
Molecular Evolution Analysis. University of Geneva, Geneva,
Switzerland.

Schouls LM, Reulen S, Duim B et al. (2003) Comparative geno-
typing of Campylobacter jejuni by amplified fragment length
polymorphism, multilocus sequence typing, and short repeat
sequencing: strain diversity, host range, and recombination.
Journal of Clinical Microbiology, 41, 15-26.

Sheppard SK, McCarthy ND, Falush D, Maiden MC (2008)
Convergence of Campylobacter species: implications for bacte-
rial evolution. Science, 320, 237-239.

Sheppard SK, Dallas JF, Strachan NJ et al. (2009) Campylobacter
genotyping to determine the source of human infection. Clin-
ical Infectious Disease, 48, 1072-1078.



1472 P. GRIEKSPOOR ET AL.

Sheppard SK, Colles F, Richardson ] et al. (2010) Host associa-
tion of Campylobacter genotypes transcends geographic varia-
tion. Applied Environmental Microbiology, 76, 5269-5277.

Sheppard SK, Colles FM, McCarthy ND et al. (2011) Niche seg-
regation and genetic structure of Campylobacter jejuni popula-
tions from wild and agricultural host species. Molecular
Ecology, 20, 3484-3490.

Smyth DS, Feil E], Meaney W] ef al. (2009) Molecular genetic
typing reveals further insights into the diversity of animal-
associated Staphylococcus aureus. Journal of Medical Microbiol-
ogy, 58, 1343-1353.

Sproston EL, Ogden ID, MacRae M et al. (2010) Multi-locus
sequence types of Campylobacter carried by flies and slugs
acquired from local ruminant faeces. Journal of Applied Micro-
biology, 109, 829-838.

Stern NJ, Bailey JS, Blankenship LC, Cox NA, McHan F (1988)
Colonization characteristics of Campylobacter jejuni in chick
ceca. Avian Disease, 32, 330-334.

Stern NJ, Meinersmann RJ, Cox NA, Bailey ]S, Blankenship LC
(1990) Influence of host lineage on cecal colonization by Cam-
pylobacter jejuni in chickens. Avian Disease, 34, 602-606.

Suerbaum S, Lohrengel M, Sonnevend A, Ruberg F, Kist M
(2001) Allelic diversity and recombination in Campylobacter
jejuni. Journal of Bacteriology, 183, 2553-2559.

Vandamme P, Van Doorn L], al Rashid ST, et al. (1997) Cam-
pylobacter hyoilei Alderton et al. 1995 and Campylobacter coli
Veron and Chatelain 1973 are subjective synonyms. Interna-
tional Journal of Systematic Bacteriology, 47, 1055-1060.

Waldenstrom J, Broman T, Carlsson I et al. (2002) Prevalence of
Campylobacter jejuni, Campylobacter lari, and Campylobacter coli
in different ecological guilds and taxa of migrating birds.
Applied Environmental Microbiology, 68, 5911-5917.

Waldenstrom J, Axelsson-Olsson D, Olsen B et al. (2010) Cam-
pylobacter jejuni colonization in wild birds: results from an
infection experiment. PLoS ONE, 5, €9082.

Whelan CD, Monaghan P, Girdwood RW, Fricker CR (1988)
The significance of wild birds (Larus sp.) in the epidemiology
of Campylobacter infections in humans. Epidemiology & Infec-
tion, 101, 259-267.

Woolhouse ME], Taylor LH, Haydon DT (2001) Population
biology of multihost pathogens. Science, 292, 1109-1112.

P.G, F.C., NM., PH., CA-S., BO., DH, MM. and JW.
designed research. P.G., F.C., P.H., C.A-S,, B.O., and J.W. col-
lected data. P.G., F.C.,, N.M., B.O,, and J.W. analysed data. P.
G., F.C, N.M., P.H., C.A-S,, B.O., D.H.,, M.M. and ].W. wrote
the paper. The authors declare no conflict of interest.

Data accessibility

Data on Swedish and Australian wild bird C. jejuni
isolates have been deposited in the Campylobacter

jejunifcoli PubMLST database (http://pubmlst.org/
campylobacter/) with accession numbers 21601-22077,
and an alignment can be downloaded at Dryad
(doi:10.5061/dryad.8p2f7). Other analysed sequence
data were gathered from published studies on
C. jejuni in humans and farm animals (Kinana et al.
2006; McCarthy et al. 2007, Mickan et al. 2007; Dingle
et al. 2008).

Supporting information

Additional supporting information may be found in the online
version of this article.

Fig. S1 Unrooted neighbor-joining tree displaying the pairwise
genetic distances (Fsr values) between Campylobacter jejuni pop-
ulations from different hosts and geographical areas. The Fgr
values were calculated from observed MLST allele distribu-
tions in the 2294 C. jejuni isolates

Fig. S2 (A) Full Minimum Spanning Tree of 2294 Campylobacter
jejuni isolates typed with MLST. The size of each circle is pro-
portional (on a logarithmic scale) to the number of isolates
with that particular ST in the total sample. STs are indicated
by the number in each circle. Black lines connect STs that differ
from each other at a single locus, while dark grey and light
grey lines connect STs differing at two and three loci, respec-
tively. The proposed founders of particular clusters are indi-
cated by a light green outer circle. The subfounders (defined
has having links to three or more STs) are indicated by dark
green outer circles. Human and food animal related isolates
are shown in grey while the isolates of different wild birds are
denoted in colours: silver gull (light green), black-headed gull
(dark green), blackbird (red), song thrush (purple), European
starling (pink), goose species (yellow), mallards (orange),
sharp-tailed sandpiper (dark blue), dunlin (light blue). For
visualisation, the parts of the tree containing wild bird samples
have been enlarged (B, C and D).

Table S1 Occurrence of different STs among sampled Campylo-
bacter jejuni populations, sorted by clonal complex. Wild bird
C. jejuni isolate data is deposited in the C. jejuni/coli PubMLST
database (http://pubmlst.org/campylobacter/) with accession
numbers 21601-22077.

Table S2 Pair-wise genetic distance data among 17 subpopula-
tions of Campylobacter jejuni. The upper-right section show Fgr
values based on MLST allele distributions and the lower-left
shows Fgr values based on nucleotide polymorphisms
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