APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Jan. 2010, p. 129-135
0099-2240/10/$12.00  doi:10.1128/AEM.00942-09

Vol. 76, No. 1

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Investigation of Food and Environmental Exposures Relating to the
Epidemiology of Campylobacter coli in Humans in
Northwest England”

Will Sopwith,'* Andrew Birtles,” Margaret Matthews,” Andrew Fox,? Steven Gee,' Sam James,'
Jeanette Kempster,' Michael Painter,’ Val Edwards-Jones,? Keith Osborn,* Martyn Regan,’

Qutub Syed," and Eric Bolton?

Health Protection Agency, North West Local and Regional Services, Liverpool, United Kingdom';
North West Health Protection Agency Laboratory, Manchester, United Kingdom®
Manchester Metropolitan University, Manchester, United Kingdom?; and
United Utilities, Warrington, United Kingdom*

Received 27 April 2009/Accepted 19 October 2009

This study uses multilocus sequence typing (MLST) to investigate the epidemiology of Campylobacter coli in
a continuous study of a population in Northwest England. All cases of Campylobacter identified in four Local
Authorities (government administrative boundaries) between 2003 and 2006 were identified to species level and
then typed, using MLST. Epidemiological information was collected for each of these cases, including food and
recreational exposure variables, and the epidemiologies of C. jejuni and C. coli were compared using case-case
methodology. Samples of surface water thought to represent possible points of exposure to the populations
under study were also sampled, and campylobacters were typed with multilocus sequence typing. Patients with
C. coli were more likely to be older and female than patients with C. jejuni. In logistic regression, C. coli infection
was positively associated with patients eating undercooked eggs, eating out, and reporting problems with their
water supply prior to illness. C. coli was less associated with consuming pork products. Most of the cases of C.
coli yielded sequence types described elsewhere in both livestock and poultry, but several new sequence types
were also identified in human cases and water samples. There was no overlap between types identified in
humans and surface waters, and genetic analysis suggested three distinct clades but with several “intermedi-
ate” types from water that were convergent with the human clade. There is little evidence to suggest that
epidemiological differences between human cases of C. coli and C. jejuni are a result of different food or

behavioral exposures alone.

Campylobacterosis is a well-defined public health problem
in many areas of the world, and several potential sources of
infection are well characterized. However, in “industrialized”
nations, the degree to which various transmission pathways
contribute to human disease burden is still not certain. There
has been some indication that the human epidemiology of
Campylobacter coli differs from that of the more commonly
reported Campylobacter jejuni (10), and the distributions of
these species described in animal hosts also show some differ-
ences (29) (20). Although far less prevalent, infections with C.
coli have consistently contributed around 7% of all human
campylobacterosis in the United Kingdom (10, 26), corre-
sponding to an approximate annual burden of 3,491 cases of
severe gastroenteritis in 2008.

Campylobacter has been successfully isolated and cultured
from surface freshwater in several countries (1) and both out-
breaks and “sporadic” cases of campylobacterosis have been
linked with exposure to drinking water (4, 18, 24). Specifically,
C. coli has been isolated from surface and untreated drinking
water and associated with an outbreak in drinking water in
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rural France, suggesting a potential risk of exposure from the
environment (2, 9, 15, 23).

Multilocus sequence typing (MLST) has recently been
adapted for C. coli (8), and we use this method to investigate
the epidemiology of C. coli in a continuous population-based
survey in Northwest (NW) England (the design of which has
been described elsewhere [27]), comparing human strains of C.
coli with those identified in local surface waters.

MATERIALS AND METHODS

Study population. The study population was defined as all human cases of
confirmed Campylobacter infection between April 2003 and March 2006 reported
from residents in four Local Authorities (government administrative boundaries)
in NW England, as previously described (27).

Data collection. Confirmed cases of Campylobacter infection (using the
United Kingdom’s National Standard Method for diagnosis [http://www.hpa
-standardmethods.org.uk/documents/bsopid/pdf/bsopid23.pdf]) are routinely re-
ported to the NW Health Protection Agency (HPA) surveillance system by local
National Health Service laboratories. Cases were identified as resident in the
study area through available geographic information or by case names where this
information was not available. Reports included basic demographic information
such as age and sex, as well as date of onset. Where the date of onset was not
available, the date of the report was used as a proxy. All cases were asked more
detailed questions about their illness via a postal questionnaire. Information
collected comprised basic demographics (including occupation), clinical data
(including hospital admission and duration of illness), travel in the two weeks
preceding symptoms (including destination and duration), detailed food and
drink consumption, food habits (including diet type, consumption of rare-cooked
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food, and eating out), outdoor activity (including countryside and water sport
exposures), and animal contact (including pet type and wild and farm animals).

Positive isolates of Campylobacter from confirmed cases resident in the study
area were sent by the main diagnostic laboratories to the NW HPA Laboratory
in Manchester for sequence typing. Cases were determined to be resident in the
study area using the methods described above.

Water samples were collected approximately every 2 weeks from October 2003
until December 2005 as 2-liter grab samples from sampling points on the River
Mersey (on a stretch located within Trafford Local Authority, Greater Manches-
ter) and the River Wyre (on a stretch located within Wyre Local Authority,
Lancashire). Water samples were transported under appropriate conditions to
the Food and Environmental Microbiology Services laboratory (FEMS), Preston
Microbiology Services, Royal Preston Hospital. Campylobacter species were iso-
lated from the water samples by the addition of 10 ml of the water sample to 90
ml of warmed Campylobacter enrichment broth (product code CM0983; Oxoid
Ltd., Basingstoke, United Kingdom) and incubated (37°C for 24 h followed by
42°C for 24 h). The enrichment broths were then subcultured onto Campy-
lobacter blood-free selective agar (charcoal cefoperazone deoxycholate agar
[CCDA], product code CM0739; Oxoid Ltd., Basingstoke, United Kingdom) and
incubated (37°C for 48 h) microaerobically, using a microaerobic gas generating
kit (product code CN0025; Oxoid Ltd., Basingstoke, United Kingdom). Campy-
lobacter colonies were identified by morphology and confirmed by microaerobic
and aerobic growth on blood agar, placed in Amies transport medium, and sent
to the laboratory in Manchester for DNA extraction and characterization, as
described below.

Characterization of Campylobacter isolates. Campylobacter isolates were iden-
tified to species level using PCR as previously described (27). MLST for C. coli
was performed as previously described (8). The amplification reactions were
performed in a 50-pl volume containing approximately 1 pl of C. coli chromo-
somal DNA (10 ng/pl), 5 pl of each primer (10 pmol/ul), 10 pl of 1 mM
deoxynucleoside triphosphates (ANTPs) (Roche), 5 ul 10X PCR buffer (Qiagen,
United Kingdom), and 0.25 units of 7ag DNA polymerase (Qiagen, United
Kingdom). All other protocols for amplification and sequencing were as previ-
ously described for C. jejuni (27). All sequence assemblage and editing were
performed using Sequencher 4.0 software (GeneCodes Corporation, MI).

MLST alleles, sequence types (STs), and clonal complexes were assigned using
tools available through the Campylobacter PubMLST database (12) with se-
quences submitted for allele designation as appropriate.

Genetic analysis. To analyze the genetic relationships between C. coli se-
quence types isolated from clinical cases and water samples, we used Clonal-
Frame software (7). Multi-FASTA files for each of the seven alleles used in
MLST containing blocks of DNA sequence (separated into the sequence types
compared) were prepared using a tool on the Campylobacter MLST database
(12). The comparison of sequence data as separate allele blocks ensured that the
software treated these data as noncontiguous sequence for a more accurate
analysis. The tree was constructed using 50,000 burn-in cycles and 100,000 fur-
ther iterations, and the final output was constructed using the “build consensus”
capability from three independent analyses of the same data file. The conver-
gence assessment of these three runs indicated that there was good convergence
between them (data not shown), suggesting that the final tree was representative
of the data. The analysis was exported as a “posterior sample” Newick file and
presented as a “Consensus Network” using SplitsTree 4 software (11), enabling
the representation of all sampled phylogenetic trees as a network. The branch
points in the final network faithfully mapped onto those apparent in a basic tree
analysis of the data.

Statistical analysis. Case-case methodology was used in comparison of expo-
sures between species and sequence types of Campylobacter (19). In all species
analyses, cases of C. coli were considered “cases” and cases of C. jejuni were
considered “controls.” In sequence type analyses, individual sequence types
(cases) were compared with all other sequence types reported (controls). Statis-
tical analysis was performed using STATA, version 10 (StataCorp, College Sta-
tion, TX). The association of individual variables with C. coli was initially ana-
lyzed using two-way tabulations and Fisher’s exact test. Logistic regression
was performed to estimate the odds ratios (OR) of individual variables being
associated with one species or the other and also to examine these relation-
ships in a multivariable model. Data were collected and analyzed from two
geographically distinct residential areas; therefore, area of residence was
considered a stratified variable and controlled for in analysis. Likelihood ratio
tests were used to assess the significance of including or excluding variables
from multivariable analysis.
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TABLE 1. Odds ratios for age categories and sex in a multivariable
model comparing cases of Campylobacter coli with C. jejuni,
controlled for by area of residence (x> P = 0.003)"

95% confidence

Variable Odds ratio .
interval

Age (yr)

0-24 (baseline) 1

25-44 1.66 0.85-3.23

45-64 1.86 0.95-3.63

>65 3.23 1.63-6.42
Female sex 1.54 1.03-2.32
Rural residence 1.06 0.70-1.60

“ Cases of C. coli were 3.23 times more likely to be over 65 years old compared
with cases of C. jejuni (in relation to number of cases in the baseline category).
Figures in bold show results statistically significant at a 95% level.

RESULTS

Incidence of reported disease. Of the 1,594 cases of labora-
tory-confirmed Campylobacter spp. reported from the study
area between 2003 (week 17) and 2006 (week 16), 1,142 (72%)
were successfully identified to species level. Of these cases, 106
were C. coli (9.3%) and the remainder were C. jejuni, giving an
approximate annual incidence of C. coli for this period of 5.75
cases per population of 100,000. Detailed epidemiological data
were available for 88% (1,008/1,142) of the isolates that were
identified, although completion rates of individual data fields
varied. Both species were reported, with a higher incidence in
the rural component of the study area, but beyond this, there
was no significant geographical clustering of C. coli at the level
of individual Local Authority area. However, the age and sex
distributions differed between the species. The ratio of C. coli
to C. jejuni cases increased with increased age, and cases in-
fected with C. coli were significantly more likely to be over 65
years of age (OR = 3.23) and female (OR = 1.54) (Table 1)
than those infected with C. jejuni. Age and sex were therefore
controlled for in further analyses of association using logistic
regression (in addition to the stratified variable of rural resi-
dence).

Sequence typing of human isolates. From the human cases
of C. coli identified, 96 of the 106 isolates were successfully
typed using MLST. There were 36 distinct sequence types
identified, all except six grouping to clonal complex 828 (Table
2). The remaining types are unassigned (UA) with respect to
clonal complex until further identification of types allows the
designation of new complexes. At the time of isolation and in
reference to the PubMLST database and published literature,
26 of these sequence types had not previously been reported in
human cases of campylobacterosis and 17 had never been
reported (in any isolate). The most common sequence type
isolated was ST-827 (27 cases, 28.1% of all typed cases), and 23
of the sequence types were represented by only one case.

Sequence typing of water isolates. Campylobacter was iso-
lated from surface river waters throughout the year, but there
appeared to be some seasonal differences between C. coli and
C. jejuni. C. coli was most frequently isolated in autumn and
winter months, whereas C. jejuni was more likely to be isolated
during spring and summer (Fig. 1). There was no correspond-
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TABLE 2. MLST sequence types (ST) identified among C. coli
isolates from human cases, showing the host and source
of previous reports”

Host and source of previous report

No. of
ST study

cases  Swine Chicken . OMT  Human | NOU
825 12 17,29 16, 20 8
827 27 20 20 8,17
828 317,29 17 17 8,17
829 2 20 8
854 1 17,20,29 8 This study
855 5 3,8, 16, 17 17
872 5 8
890 1 20,29 20 8,21  This study
896 1 This study 8
901 1 This study 8
962 2 12 This study
1009* 1 17
1016 1 21 12
1055 3 20,21,29 3,21 This study
1058 1 20,21,29 This study
1401* 1 12 This study
1584* 1 17 17
1614 6 12 This study
1688* 1 12
1761* 1 This study
1767 1 This study
1768* 1 This study
1769 2 This study
1770 2 This study
1773 1 This study
1774 2 This study
1897 1 This study
2003 1 This study
2006 1 This study
2008 1 This study
2009 1 This study
2014 1 This study
2022 2 This study
2177 1 This study
2270 1 This study
2273 1 This study
Total 96

“ All types belong to clonal complex 828, except those with an asterisk, which
are unassigned.
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ing seasonal pattern among human cases of C. coli (data not
shown).

Of all the water isolates collected from sites on the River
Wyre and the River Mersey, 83% (140/169) were culture pos-
itive for Campylobacter spp., with samples from the River Wyre
significantly more likely to be culture positive (95.6%, 66/69)
than those from the River Mersey (74.0% [74/100]; chi-square,
P = 0.0006) (Table 3). A higher proportion of isolates from the
River Wyre than from the River Mersey were of C. coli (70%
[48/69] compared with 31% [31/100]; chi-square, P < 0.0001).
Only two sequence types were identified in water samples in
any significant numbers (ST-1766 and ST-1764), and these
were identified in both river systems. There was no strong
evidence of any difference in the distribution of sequence types
between the sampling sites on each river (data not shown).
None of the C. coli sequence types identified in water samples
were identified in clinical cases of infection in the study, and to
date, none have not been identified in humans in the
PubMLST database or published literature. All the sequence
types identified in Table 3 represented newly characterized
strains in the PubMLST database.

Comparison of isolates of C. coli from human and water
sources. Genetic analysis of all C. coli sequence types gener-
ated in the study suggest three distinct clades of types: two
identified from water samples (clades 2 and 3) and one from
human samples (clade 1) (Fig. 2). In addition, there were
several sequence types that did not group with any clade but
showed close convergence to the tightly clustered clade 1 (la-
beled “Intermediate” in Fig. 2), and these included the se-
quence types most commonly identified from water samples,
ST-1766 and ST-1764. Of the 11 other sequence types in this
clade, 10 were solely identified in the River Wyre, but there
were no consistent associations between clade of sample and
its river source or the year or season in which it was taken.
Several closely related types represent samples taken from the
same river during the same few weeks (data not shown), but, in
general, interpretation of the source of each clade was ham-
pered by the very low numbers of each sequence type that were
isolated.

Epidemiology of C. coli. Duration of illness, frequency of
hospitalization, and reporting of specific symptoms did not
vary between cases of C. coli and C. jejuni (when controlled for
age, sex, and residence in logistic regression), but there was

14
o 12 N total water
5 samples
g 10 .
5 g B C. coli typed
7]
kS
N 6 OC. jejuni typed
] _
_g 4
5 2 A
c

weeks 2004

weeks 2005

FIG. 1. Prevalence of Campylobacter spp. isolated from surface waters at five sites on the River Wyre and River Mersey by 4-week period,
2004-2005. All isolates were successfully sequence typed. The total number of samples obtained in each 4-week period (hatched area) varied
through the year, but all sampling sites are represented in the data, except for weeks 29 to 40 in 2005, when the River Wyre was not sampled.
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TABLE 3. Isolation of Campylobacter from surface water samples
from River Wyre (three sites) and River Mersey (two sites),
2004-2005, including sequence types”

No. of isolates at origin: Total no. of

Species and ST isolates

River Wyre River Mersey

C. coli
1766
1764
1771
1976
1981
1988
1995
2005
2007
2017
2018
1762
1763
1765
1772
1975
1977
1978
1979
1980
1982
1983
1984
1985
1986
1989
1990
1991
1992
1996
1997
1998
1999
2000
2001
2002
2010
2011
2012
2013
2015
2016
2020
2021
2023
2024
2025
All ST

15
10
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C. jejuni, all ST
No Campylobacter 3 26 29

Grand total 69 100 169

“ Sequence types for C. coli are shown in decreasing order of prevalence. None of
these types were identified in human cases through the study. Sequence types of C. jejuni
have been reported previously and are not shown here in detail. “No Campylobacter”
refers to water samples where Campylobacter was not detected by the methods used.

weak evidence of a decreased likelihood of diarrhea among
cases of C. coli (OR, 0.37; confidence interval [CI], 0.11 to 1.20;
P = 0.097). Similarly, the frequency of travel outside the
United Kingdom, participation in outdoor activities, and the
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food habits reported by cases did not vary between species
groups isolated, except that eating undercooked eggs (OR,
6.28; CI, 1.05 to 37.63; P = (0.044; 839 observations) and eating
out (OR, 1.58; CI, 0.95 to 2.64; P = 0.049; 839 observations)
were more likely to be associated with cases of C. coli than with
C. jejuni. Reported contact with any animal (including pets)
was reported as frequently among cases of C. coli as among C.
jejuni cases, and there were no discernible differences within
categories of animals except for contact with wild animals (as
opposed to farm or zoo). There was evidence that cases of C.
coli were more likely than cases of C. jejuni to have had contact
with wild animals (OR, 3.34; CL, 1.05 to 10.58; P = 0.041; 839
observations). The associations described remained unchanged
when adjusted for travel outside the United Kingdom.

Consumption of specific items of food and sources of water
were reported almost equally between cases of C. coli and C.
jejuni. The most striking exception was the less-frequent re-
porting of consumption of pork, ham, or bacon among cases of
C. coli than among cases of C. jejuni (OR, 0.40; CI, 0.21 to 0.76;
P = 0.005; 693 observations). Other differences in reported
frequency were cases of C. coli more frequently having drunk
from a drinking water fountain (OR, 2.60; CI, 1.02 to 6.63; P =
0.046; 839 observations) and having experienced water supply
problems (OR, 2.25; CI, 0.99 to 5.09; P = 0.052; 839 observa-
tions). Problems listed mainly involved discolored water and
were almost all reported by residents of Wyre Local Authority
in the rural component of the study population. The study was
not large enough to discern reliable associations between ex-
posures and individual C. coli sequence types.

DISCUSSION

Although the organism is of less clinical importance than C.
jejuni, the incidence of C. coli in the study population (5.75
cases per 100,000) is still a significant burden of disease. We
present strong evidence that cases of C. coli were more likely
to be older and female than cases of C. jejuni, and this has been
described in other studies (10), but the mechanism for this
differential age distribution remains unclear. In fact, the epi-
demiologies of C. coli and C. jejuni, in terms of exposures
recorded, appear remarkably similar in the population de-
scribed.

Although C. coli is prevalent in surface water samples in this
study and there is some evidence that problems with drinking
water supply are more associated with C. coli infection than
with C. jejuni, sequence typing has demonstrated that the C.
coli isolates represent not only a different set of designated
MLST types but also a genetically distinct (and in most cases
distant) population from that described in human cases of
disease. This is in contrast to results of other studies, where
overlap of types between water and human cases has been
reported for C. coli (6) and C. jejuni (28). Environmental
waters can be considered a reservoir for Campylobacter strains
from both wildlife and livestock hosts and may also be con-
taminated with strains from human sewage effluent (13, 14,
30). There is no epidemiological or microbiological evidence
from this study linking human disease from C. coli with direct
exposure to environmental waters, but the population of bac-
teria identified in surface waters is of interest.

The separation of C. coli strains from this study into three
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FIG. 2. ClonalFrame analysis of sequence types identified in human isolates and samples of surface waters from the rivers Mersey and Wyre
(presented as a Consensus Network using SplitsTree). Genetic distance is indicated by the scale bar labeled 0.1. Most sequence types clustered into
the three labeled clades, with the remainder labeled as “Intermediate.” Clade 1 (containing sequence types exclusively from human samples) is
very tightly clustered at this scale, and detailed labeling is shown in the inset for clarity. All other sequence types shown were exclusively identified
in water samples. The two most prevalent types in water samples grouped to the intermediate category and are shown in bold (ST-1766 and

ST-1764).

clades is in concordance with previous genetic analysis of all
known C. coli sequence types (25), and the individual sequence
types presented here align with these clades (S. Sheppard and
N. McCarthy, personal communication). The close clustering
of types from human cases in clade 1 relative to the other types
presented (from water samples) may result in part from the
intense sampling to date of this population in poultry, live-
stock, and humans. In comparison, relatively few types from
environmental samples and other species have been described
and, as this data set expands, similar clustering may emerge
in other clades. However, clade 1 also represents a population
with abundant opportunity for horizontal gene transfer (through
close proximity of livestock and their contact with and con-
sumption by humans), and we do not yet know enough about
the ecology of C. coli outside this domain to predict whether
that emergence might happen.

It could be argued that the absence of human sequence types
in clades 2 and 3 (water samples) in this study may simply
reflect an incomplete picture of the full range of types identi-
fied in human samples and that as more sequence typing of C.
coli from human isolates is done, we may see a more diverse
representation of clades in the clinical data. However, of the 17
new types identified in human samples in this study, all align
with clade 1, suggesting a true separation of human and water
populations. Of interest in this discussion are the intermediate
types presented, all isolated from surface waters (including
those most commonly isolated, ST-1766 and ST-1764) but
aligned genetically more closely with clade 1 than the remain-
ing water isolates. All these types are newly reported in this

study, and although there is no evidence at present that they
contribute to the burden of human disease, 7 of the 13 se-
quence types possess between one and three alleles that are
also found in human isolates, in contrast to the other water
samples, which share no alleles (data not shown). They may
therefore represent avian or wildlife strains prevalent in the
environment that have had greater opportunity to recombine
in a common host with human/livestock strains than the other
water sample sequence types in clades 2 and 3 and may yet be
identified in livestock or food animals with further sampling of
these populations. Recombination may occur where ecological
and adaptive barriers are breached (25), and types in clades 2
and 3 could represent populations of C. coli that either pre-
dominate in species with little contact with livestock, domestic
poultry, or humans or have reduced virulence for these species.
Since these types were isolated from surface waters that are
easily accessible to humans, companion animals, and livestock
in both rural and suburban settings, a virulence barrier is a
reasonable hypothesis, making these strains an interesting sub-
ject of further study.

There has been a suggestion that C. coli infection may be
associated with consumption of paté and meat pies (10), and C.
coli has been described as being found in offal in the United
Kingdom with higher prevalence than C. jejuni (22). United
Kingdom food survey data suggest that the average quantity of
bacon, ham, and pork products, liver, and meat pies purchased
per individual over 65 years old is greater than for younger
adults whereas there is no age difference for paté (5). Our data
confirmed that study cases older than 65 years old, in addition
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to being more likely to have C. coli than C. jejuni, were signif-
icantly more likely (than all other age groups) to have con-
sumed pork, ham, or bacon, offal, beef, lamb, and meat pies
prior to illness (data not shown). Consumption of paté, how-
ever, showed no association with either age or species of
Campylobacter.

However, despite C. coli commonly being reported as the
most prevalent species in swine and pork meat (20, 21, 29, 31)
and the associations described above, individuals with C. coli
were less likely to have reported eating pork products prior to
illness than those with C. jejuni. Although reliable associations
between food consumption and individual sequence types were
not possible, it is clear that the majority of types identified in
humans in this study and previously identified in swine have
also been identified in poultry (3, 8, 16, 20), and given the very
high reporting of poultry consumption in this study (28), this
route of infection seems the more likely. This is supported by
a recent study of Danish isolates, demonstrating that only 9%
of the C. coli sequence types described for humans were also
described for pigs compared with 38% that were also described
for poultry (17).

There is no strong evidence from this study of distinct ex-
posures through food consumption or behavior reported by
cases of C. jejuni and C. coli that could fully explain the dif-
ferent age and sex distribution of cases described. Where evi-
dence of association is presented, the sample size of reported
exposures cannot preclude association by chance, and the ep-
idemiology and typing data together do not allow the confident
proposal of a plausible hypothesis. The observed distribution
may be mediated by factors related to host immunity or some
mechanism of competitive colonization that is not yet under-
stood.

New MLST sequence types of C. coli continue to be identi-
fied and published, and although the international MLST da-
tabase is becoming more representative of the sources where
types have been identified, it remains difficult to interpret ep-
idemiology on the basis of sequence type alone. The demon-
stration in this study of the genetic difference between types
commonly identified in humans and novel types in surface
waters supports the continued application of genetic analysis to
typing data in future studies as well as to existing data.
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