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s u m m a r y
Objectives: To determine the contributions of several animal and environmental sources of human campylobacteriosis and identify source-speciﬁc risk factors.
Methods: 1417 Campylobacter jejuni/coli isolates from the Netherlands in 2017–2019 were wholegenome sequenced, including isolates from human cases (n = 280), chickens/turkeys (n = 238), laying hens
(n = 56), cattle (n = 158), veal calves (n = 49), sheep/goats (n = 111), pigs (n = 110), dogs/cats (n = 100), wild
birds (n = 62), and surface water (n = 253). Questionnaire-based exposure data was collected. Source attribution was performed using core-genome multilocus sequence typing. Risk factors were determined
on the attribution estimates.
Results: Cases were mostly attributed to chickens/turkeys (48.2%), dogs/cats (18.0%), cattle (12.1%), and
surface water (8.5%). Of the associations identiﬁed, never consuming chicken, as well as frequent chicken
consumption, and rarely washing hands after touching raw meat, were risk factors for chicken/turkeyattributable infections. Consuming unpasteurized milk or barbecued beef increased the risk for cattleattributable infections. Risk factors for infections attributable to environmental sources were open water
swimming, contact with dog faeces, and consuming non-chicken/turkey avian meat like game birds.
Conclusions: Poultry and cattle are the main livestock sources of campylobacteriosis, while pets and surface water are important non-livestock sources. Foodborne transmission is only partially consistent with
the attributions, as frequency and alternative pathways of exposure are signiﬁcant.
© 2020 The Author(s). Published by Elsevier Ltd on behalf of The British Infection Association.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Campylobacter spp. is the main reported agent of bacterial gastroenteritis worldwide, with most human campylobacteriosis cases
in Europe being caused by two species: Campylobacter jejuni (92%)
and Campylobacter coli (7%) (1). In the Netherlands (∼17 million
population), the annual number of gastroenteritis cases due to
campylobacteriosis is estimated at ∼70 thousand (2), with a yearly
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average of 60 0 0 reported cases. Occasionally, Campylobacter infection may trigger the development of sequelae beyond gastroenteritis, such as reactive arthritis, Guillain-Barré syndrome, and irritable bowel syndrome (3,4). Quantifying the relative contributions of
different sources of zoonotic infections like campylobacteriosis is
crucial to prioritize public health interventions.
Virtually all animals, especially avian species, may be reservoirs
for Campylobacter and are potential sources of human infections
(5). Several source attribution studies, recently reviewed by Cody
et al. (6) and mainly based on conventional (seven-locus) Multilocus Sequence Typing (MLST) (7), have been conducted to quantify the sources of human campylobacteriosis. Poultry and cattle
have long been identiﬁed as the main reservoirs for the Campylobacter strains isolated from human cases in the Netherlands, with
about 60–80% of cases being attributable to chicken and 20–30% to
cattle based on conventional MLST, regardless of the transmission
routes involved (8,9). This is also reﬂected in case-control studies
showing that consumption of chicken meat, as well as consumption of raw/undercooked meat (of unspeciﬁed origin), are significant risk factors for human campylobacteriosis (8,10). However,
food consumption, particularly chicken meat consumption, seems
to explain (as transmission route) only about half of the human
campylobacteriosis cases attributable to a given food-producing
animal reservoir (8,11–13). This highlights the need for further
studies on Campylobacter transmission routes other than food, such
as environment-mediated transmission.
Given the complexity of Campylobacter epidemiology, performing separate analyses for source attribution and risk factors is unlikely to provide full insights into the origins of human Campylobacter infections (8,13). Yet, combined analyses of Campylobacter
genome and patient exposure data can bridge the gap between the
attributions of human infections at the reservoir level (i.e. source
attribution based on microbial subtyping) and those at the point of
exposure (i.e. risk factors). Advances in high-throughput sequencing technology have made whole-genome sequencing (WGS) increasingly affordable. WGS enables unravelling of epidemiological
linkages and putative transmission events among humans, animals,
and the environment, proving to be a powerful tool to investigate
the genomic epidemiology of microorganisms. This is particularly
true for foodborne pathogens, for which WGS is increasingly becoming the standard for genotyping (14,15). Core-genome Multilocus Sequence-Typing (cgMLST) aims at enhancing the discriminatory power of conventional MLST with the extensive genomic data
obtained by WGS, allowing for ﬁner-scale differentiation of closely
related bacterial strains (16–18).
In this study, we sequenced more than 1400 C. jejuni and C. coli
isolates from human cases and several putative animal and environmental sources of human infections in the Netherlands. Subsequently, we applied cgMLST and performed a combined cgMLSTbased source attribution and risk factor analysis to quantify the
relative importance of those sources for human campylobacteriosis
and unravel the underlying (source-speciﬁc) transmission routes.

medical history, contact with people with gastroenteritis, travel
history, leisure activities, and contact with animals. The study received ethics approval from the Medical Research Ethics Committee of Utrecht University (WAG/rc/17/005968). Parents or legal
guardians of minor age participants completed the questionnaire
and provided informed consent on their behalf.
In total, 598 cases returned the questionnaire. After excluding
the cases who traveled abroad in the seven days prior to symptom onset (n = 170) or without isolate available for sequencing
(n = 148), 280 cases (272 C. jejuni and 8 C. coli) were included in
the source attribution analysis. Cases who did not sign the informed consent for the analysis of questionnaires (n = 11) or returned an inconsistently ﬁlled in questionnaire (n = 1) were also
excluded, resulting in 268 cases (261 C. jejuni and 7 C. coli) included in the risk factor analysis.
Animal isolates
Isolates from both faecal and meat samples of livestock animals
were collected by Wageningen Bioveterinary Research (WBVR)
and Wageningen Food Safety Research (WFSR), in collaboration
with the RIVM and the Netherlands Food and Consumer Product Safety Authority (NVWA), within the framework of established
surveillance programs for zoonotic agents, including Campylobacter,
in food-producing animals in the Netherlands during 2014–2019.
These included broiler chickens, table egg-laying hens, fattening
turkeys, fattening pigs, beef and dairy cattle, veal calves, sheep and
goats (i.e. small ruminants). The Veterinary Microbiological Diagnostic Centre (VMDC) of Utrecht University collected Campylobacter
isolates from dogs and cats (i.e. pets) as part of its routine diagnostic activities on pets referred to the VMDC from veterinary clinics all over the Netherlands. Additional isolates from small ruminants were also collected for the purpose of this study, by engaging ﬁeld veterinarians collaborating with the VMDC. Isolates from
fresh droppings or cloacal swabs of wild birds, i.e. pigeons and
common waterfowl taxa in the Netherlands, such as cormorants,
gulls, geese and ducks, were collected in June and December 2018
by Wageningen Ecological Research (WER). Wild bird sampling was
conducted under ethical guidelines (Art. 75 of the “Flora & Faunawet”, https://wetten.overheid.nl/BWBR0 0 09640/2016–04–14); no
birds were harmed nor killed for the study.
Faecal samples were analysed without enrichment by direct
streaking onto modiﬁed charcoal cefoperazone deoxycholate agar
(mCCDA, Oxoid) plates in accordance with the NEN-EN-ISO 102721:2017 procedure. Meat samples were analyzed by use of an enrichment step in accordance with the same procedure. The isolates
were identiﬁed at the species level using MALDI-TOF MS like the
human isolates. In total, 186 C. jejuni and 14 C. coli isolates from
broilers, 55 C. jejuni and 1 C. coli isolates from laying hens, 37 C.
jejuni and 1 C. coli isolates from turkeys, 39 C. jejuni and 10 C. coli
isolates from veal calves, 61 C. jejuni and 1 C. coli isolates from
dairy cattle, 96 C. jejuni isolates from beef cattle, 86 C. jejuni and
25 C. coli isolates from small ruminants, 10 C. jejuni and 100 C. coli
isolates from pigs, 95 C. jejuni and 5 C. coli isolates from pets, and
47 C. jejuni and 15 C. coli isolates from wild birds, were obtained.

Materials and methods
Human isolates

Environmental isolates
Human C. jejuni and C. coli isolates from gastroenteritis patients were obtained from 13 medical microbiology laboratories
in the Netherlands collected by routine diagnostic activities between September 2017 and April 2019. Species identiﬁcation was
performed using Matrix-Assisted Laser-Desorption/Ionization Timeof-Flight Mass Spectrometry (MALDI-TOF MS, Bruker Microﬂex LT,
Germany) at the Dutch National Institute for Public Health and
the Environment (RIVM). Cases were interviewed using a comprehensive questionnaire about food consumption habits, occupation,

In total, 90 surface water sampling sites in six geographic areas of comparable size in the Netherlands were selected based on
presence of high or low density of poultry, ruminants, and pigs,
according to oﬃcial agricultural census data from Statistics Netherlands (www.cbs.nl). Within each of these six areas, ﬁve surface water sampling sites for each of the following three types of surface
water were identiﬁed: agricultural watersheds, recreational water
sites, and eﬄuent discharge points of wastewater treatment plants
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(WWTP). Each sampling site was sampled four times, once per season. Water samples were taken by submerging sterile glass bottles
according to the NEN-EN-ISO 19458:2007 procedure. Samples were
ﬁltered using 0.45 μm cellulose-based membranes (Millipore) in a
total volume of 10 0 0 ml. The ﬁlters were placed in Preston broth
and incubated under microaerobic conditions using CampyGen sachets (Oxoid) for 48 h at 37 °C. Samples were then streaked (10 μl)
on mCCDA agar and re-incubated under microaerobic conditions
for 48 h at 41.5 °C. From each sample, a maximum of ﬁve typical colonies were inspected by light microscopy for Campylobacter
characteristics, and a maximum of ﬁve visually conﬁrmed isolates
per sample were identiﬁed at the species level using MALDI-TOF
MS. In total, we obtained 253 isolates (177 C. coli and 76 C. jejuni) from surface water, considering one isolate per Campylobacter
species from the same sample.

model was used to determine the ancestry of the individuals of
unknown origin, i.e. the human isolates. The length of the burnin period was 10 0 0 followed by 10,0 0 0 iterations. Missing allele
numbers (0.3% of isolates) were handled with the default software
function. For every human isolate, the model estimated a posterior
(relative) probability, denoted as Pr, to originate from each source.
These Pr values thereby added up to 1 over the sources for each
human isolate. The attribution analysis was performed separately
for C. jejuni and C. coli. However, their estimated Pr values were
further analyzed together to obtain a posteriori statistics for the totality of attributed Campylobacter isolates, as the low number of
human C. coli isolates (n = 8) did not allow for meaningful statistics at the species level. Therefore, while the analysis accounted
for the different population structure of the two Campylobacter
species, it also provided attribution and risk factor estimates that
reﬂected the occurrence and overall epidemiology of both species
in the study population. The overall proportion of human cases attributed to a given source was then calculated as the sum of its Pr
values over cases divided by the total number of cases. 95% conﬁdence intervals (95%CI) for the attributions were computed using bias-corrected and accelerated non-parametric bootstrapping,
as implemented in Stata version 16.0 (StataCorp, College Station,
USA). Previous studies (26) have shown that Campylobacter isolates
in pets and humans are similar and that it is diﬃcult to determine
whether pets are the source of human infections or vice versa, or
whether there are shared sources of infection for both pets and humans. Therefore, two source attribution analyses were performed,
one including and one excluding pets as a potential source.

Sequencing
A total of 1060 C. jejuni and 357 C. coli isolates were subject
to WGS (280 human, 884 animal and 253 environmental isolates).
R
Isolation of genomic DNA was performed using the UltraClean
Microbial DNA Isolation Kit (Qiagen, USA). WGS was performed
on Illumina Hiseq and NextSeq platforms (Illumina, USA) using
2 × 150-bp reads. Genomes were assembled with SPAdes v3.10.1
(19), checked for completeness and contamination using CheckM
(20). Genomes with >5% contamination or <95% completeness
were excluded. The sequences were deposited in ENA Sequence
Read Archive project PRJEB38253.
A standard cgMLST scheme for Campylobacter population was
applied as presented elsewhere (18), using Seemanns’ MLST tool
to scan contig ﬁles against traditional PubMLST typing schemes
(https://github.com/tseemann/mlst) modiﬁed for cgMLST schemes
(https://github.com/aldertzomer/cgmlst). The cgMLST proﬁle was
assessed using the sequence deﬁnitions in BIGSdb (accessed at
November 9th, 2019). Additional searches of missing genes were
performed using the Basic Local Alignment Search Tool (BLAST)
v2.5.0 (21) on the assembled genomes. For the alleles not yet
present in BIGSdb, we generated multiple alignments of each locus
using MAFFT v7.407 (22) and attributed unique identiﬁcation numbers. All the loci for which none of these approaches yielded an
unambiguous result were considered as missing. Loci with missing allele numbers in >5% of the isolates were excluded from the
analysis (n = 88), resulting in 1255 loci with 99.7% complete allele
numbers in the whole data set.

Risk factor analysis
Using the exposure data collected with the questionnaires, a
risk factor analysis was performed. The attributions, i.e. the Pr values for each human case to originate from each of the sources,
as estimated by STRUCTURE, were used as outcome variable to
identify source-speciﬁc risk factors for human campylobacteriosis. We ﬁrst performed a preliminary signiﬁcance testing of 126
candidate risk factors using univariable generalized linear models (GLM) with a logit link function and binomial error distribution, which are suited to analyse proportion data (27). All
analyses were adjusted for patient age (<18, 18–34, 35–64, ≥65
years), sex, degree of urbanization of residence location (urban:
>2500 addresses/km2 ; intermediate: 500–2500 addresses/km2 ; rural: <500 addresses/km2 ), season (autumn: September-November;
winter: December-February; spring: March–May; summer: June–
August), and highest educational level in the household (low: primary, lower vocational or lower secondary education; intermediate: intermediate vocational, intermediate secondary or higher secondary education; high: higher vocational or university education).
Factors showing a p-value <0.10 for the association with the outcome in the univariable analysis were selected for inclusion in a
multivariable GLM built in stepwise fashion to retain only variables with a p-value <0.05. Variables were dropped one by one
only if their exclusion from the model did not change the coeﬃcients of the other covariates by >10%. Biologically plausible interactions were also tested, and the model was expanded to include
signiﬁcant interaction terms, if any. Collinear variables were identiﬁed before multivariable analysis using the variance inﬂation factor
(VIF) and selection between collinear variables was made based on
improved model ﬁt as revealed by the Akaike information criterion (AIC). The analysis was performed considering only variables
with ≥5% of individuals present in each category. Risk factor analysis was performed in Stata version 16.0 (StataCorp, College Station,
USA).

Analysis of molecular variance
To attribute human cases to sources, genetic differentiation between the sources above the within-group heterogeneity is necessary (23). We therefore assessed the genetic heterogeneity in sequence types (STs), as derived from conventional MLST, amongst
the sources by estimating -statistics using analysis of molecular variance (AMOVA) (24). Sources that did not show signiﬁcant
mutual heterogeneity were combined into a new group. AMOVA
was performed using “poppr” (version 2.8.5) and “hierfstat” (version 0.04-22) packages in R.
Source attribution analysis
The 280 isolates from human cases were attributed to the animal sources (as deﬁned by the AMOVA) and surface water based
on cgMLST data using the population genetics model STRUCTURE
(version 2.3.4) (25). The model was set to specify the population
of the isolates using the “USEPOPINFO” ﬂag, and a no admixture
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Table 1
Genetic heterogeneity of Campylobacter isolates between source populations. For each pair of sources, percent  values are displayed above the diagonal and the associated
p-values below the diagonal. The higher the  values, the higher the differentiation between sources. Non-signiﬁcant differences between sources are highlighted in bold.
Broilers
Broilers
Veal calves
Dairy cattle
Layers
Beef cattle
Pets
Small ruminants
Pigs
Turkeys
Surface water
Wild birds

0.002
0.010
0.020
0.001
0.010
0.003
0.001
0.317
0.001
0.001

Veal calves

Dairy cattle

Layers

Beef cattle

Pets

Small ruminants

Pigs

Turkeys

Surface water

Wild birds

2.2%

1.4%
2.0%

1.3%
5.8%
3.9%

2.4%
3.1%
0.9%
3.6%

1.8%
4.4%
3.1%
1.9%
2.4%

1.7%
1.8%
1.7%
2.4%
1.5%
1.9%

15.7%
13.7%
20.0%
18.8%
20.7%
18.8%
14.0%

0.7%
4.5%
2.1%
1.8%
1.9%
1.5%
1.6%
17.9%

4.5%
4.9%
5.1%
3.0%
5.1%
2.8%
3.5%
14.4%
2.8%

4.4%
8.1%
8.2%
6.1%
7.4%
5.4%
5.7%
16.5%
6.9%
2.1%

0.004
0.001
0.002
0.001
0.010
0.001
0.001
0.001
0.001

0.001
0.100
0.002
0.010
0.001
0.004
0.001
0.001

0.001
0.003
0.003
0.001
0.010
0.001
0.001

0.001
0.020
0.001
0.010
0.001
0.001

0.004
0.001
0.030
0.001
0.001

Results

0.001
0.020
0.002
0.001

0.001
0.001
0.001

0.001
0.001

0.010

tributed over the sources, although mainly represented in ruminants (ST-21), pets and surface water (ST-45) (Supplementary Table S1). ST-48, ST-19, ST-6175 and ST-42 were less widespread and
were mostly present in meat-producing poultry (ST-6175), adult
cattle (ST-42), or both (ST-19 and ST-48), as well as humans (ST19). Of the 280 human isolates, only 13 (4.6%) isolates were not
assigned to a known ST, while the majority of isolates belonged to
85 different STs. The most predominant STs among human isolates
were ST-21, ST-6175, ST-50, ST-19 and ST-52, representing over a
quarter of all human isolates, all belonging to C. jejuni. Besides humans, ST-50 was mainly found in meat-producing poultry, while
ST-52 was rare among non-human isolates.
The population structures of C. jejuni and C. coli isolates are visualized respectively in Figs. 1 and 2 using a minimum-spanning
tree (MST) based on cgMLST. Each circle represents a different
cgMLST type and the size of the circles is proportional to the number of isolates of that speciﬁc type, while the colors indicate the
different sources in which that type was found. The human C. jejuni isolates were distributed along the MST, but predominantly
in clusters dominated by meat-producing poultry isolates. The few
human C. coli isolates clustered mainly with meat-producing poultry, small ruminant and surface water isolates.

Source heterogeneity
Table 1 shows the -values and corresponding p-values for
each pair of sources from the AMOVA. There was signiﬁcant heterogeneity between most of the sources. The only non-signiﬁcant
heterogeneities were observed between broilers and turkeys, and
between dairy and beef cattle. Therefore, these sources were combined into ‘meat-producing poultry’ (i.e. broilers and turkeys) and
‘adult cattle’ (i.e. dairy and beef cattle) for further analyses.

Genotype distribution
Overall, the 1060 C. jejuni and 357 C. coli isolates were respectively assigned to 189 and 77 known seven-locus STs, whereas 73
and 188 isolates belonged to novel STs. The most frequent STs
were ST-21, ST-45, ST-48, ST-19, ST-6175, and ST-42, all belonging
to C. jejuni and representing almost a quarter of all isolates with
a known ST. ST-21, ST-19, and ST-6175 belong to the same clonal
complex (CC): CC-21. Overall, ST-21 and ST-45 were widely dis-

Fig. 1. Minimum spanning trees for Campylobacter jejuni isolates in human patients, animal and environmental sources based on cgMLST. The size of the circles represents
the number of times a given type has been found and the colors indicate the different sources in which that type has been found.
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Table 2
General demographics of the human campylobacteriosis cases returning the epidemiological questionnaire.

Total
Sex
Female
Male
Unknown
Age (years)
<18
18–34
35–64
≥65
Unknown
Educational levela
Low
Middle
High
Unknown
Degree of urbanizationb
Urban
Intermediate
Rural
Unknown
Seasonc
Winter
Autumn
Spring
Summer
Unknown

Number of cases (and
percentage) returning
the questionnaire

Number of cases (and
percentage) enrolled in
the risk factor analysis

598

268

281 (46.9)
307 (51.3)
10 (1.7)

118 (44.0)
146 (54.5)
4 (1.5)

53 (8.9)
134 (22.4)
227 (38.0)
170 (28.4)
14 (2.3)

23 (8.6)
52 (19.4)
97 (36.2)
93 (34.7)
3 (1.1)

137 (22.9)
233 (39.0)
189 (31.6)
39 (6.5)

75 (28.0)
107 (39.9)
64 (23.9)
22 (8.2)

122 (20.4)
340 (56.9)
135 (22.6)
1 (0.2)

45 (16.8)
149 (55.6)
67 (25.0)
7 (2.6)

97 (16.2)
159 (26.6)
109 (18.2)
209 (34.9)
24 (4.0)

49 (18.3)
71 (26.5)
59 (22.01)
80 (29.9)
9 (3.4)

1a
Low: primary, lower vocational or lower secondary education; intermediate:
intermediate vocational, intermediate secondary or higher secondary education;
high: higher vocational or university education.
2b
urban: >2500 addresses/km2 ; intermediate: 50 0–250 0 addresses/km2 ; rural:
<500 addresses/km2 . c autumn: September–November; winter: December-February;
spring: March–May; summer: June–August.

sented age groups were those aged 35–64 (39%) and ≥65 (29%)
years. Cases were evenly distributed between males (52%) and females (48%). Most cases reported diarrhoea (96%), stomach-ache
(90%), nausea (61%), and fever (59%), followed by mucus in the
stool (47%), blood in the stool (30%), and vomiting (27%). Mean duration of illness was 14 days (95%CI 12–16), with 21% of cases reporting to have been hospitalized for an average of 4.5 days (95%CI
4.0–5.0).
Source-speciﬁc risk factors for the 268 campylobacteriosis cases
could be studied for meat-producing poultry, adult cattle, environmental sources (i.e. surface water and wild birds combined), pets,
small ruminants, and laying hens, but not for veal calves and pigs
due to the very low attributions for these sources. Seven factors
were signiﬁcantly associated with infections with Campylobacter
strains originating from meat-producing poultry in the ﬁnal multivariable model (Table 3). Never consuming chicken meat, as well as
frequent (i.e. weekly/daily) consumption of chicken meat, were signiﬁcantly associated with increased probabilities (i.e. attributions)
for the infecting strains to originate from meat-producing poultry, as compared to monthly consumption of chicken meat. Other
risk factors were rarely washing hands after handling raw meat
(and before touching other foods), having consumed lamb/mutton
or having had contact with cat faeces in the seven days prior
to symptom onset, and having had contact household members
with gastroenteritis. Factors signiﬁcantly associated with decreased
probabilities for the infecting strains to originate from meatproducing poultry were having several children aged 0–11 years
living in the household and having traveled (with overnight stay)
within the Netherlands in the seven days prior to symptom onset.
Four factors were signiﬁcantly associated with increased probabilities for the infecting strains to originate from adult cattle

Fig. 2. Minimum spanning trees for Campylobacter coli isolates in human patients,
animal and environmental sources based on cgMLST. The size of the circles represents the number of times a given type has been found and the colors indicate the
different sources in which that type has been found.

Attributable sources
cgMLST was used to quantify the attributable animal and environmental sources of the 280 human isolates. In the analysis including also pets as a potential source, 48.2% (95%CI 42.7–53.6%) of
all human isolates were attributed to meat-producing poultry, followed by pets (18.0%, 95%CI 13.7–22.2%), adult cattle (12.1%, 95%CI
8.9–15.3%), surface water (8.5%, 95%CI 5.5–11.4%), small ruminants
(7.4%, 95%CI 4.8–10.1%), laying hens (3.2%, 95%CI 1.2–5.2%), veal
calves (2.2%, 95%CI 0.8–3.5%), wild birds (0.4%, 95%CI 0.0–1.0%), and
pigs (0.1%, 95%CI 0.0–0.2%) (Fig. 3). When pets were excluded from
the analysis, the human cases were attributed as follows: meatproducing poultry (60.3%, 95%CI 54.8–65.8%), adult cattle (13.3%,
95%CI 9.9–16.7%), surface water (11.2%, 95%CI 7.8–14.5%), small ruminants (8.7%, 95%CI 5.8–11.6%), laying hens (3.5%, 95%CI 1.5–5.6%),
veal calves (2.6%, 95%CI 1.0–4.1%), wild birds (0.4%, 95%CI 0.0–1.0%),
and pigs (0.1%, 95%CI 0.0–0.2%) (Fig. 3).
Risk factors
General demographics of the 598 human cases who returned
the questionnaire are summarized in Table 2. The most repre220
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Fig. 3. Estimated fractions of human campylobacteriosis cases (n = 280) attributed to the animal and environmental sources, including and excluding pets as a potential
source. Error bars denote 95% conﬁdence intervals.

Table 3
Factors signiﬁcantly associated with human Campylobacter infections attributable to meat-producing poultry.
Risk factor

β -coeﬃcienta

95% conﬁdence interval

p-value

Number of children aged 0–11 years living in the household (continuous)
Domestic travel (within the Netherlands) with overnight stay in the 7 days prior to symptom onset (y/n)
Frequency of chicken meat consumption
Never
Less than monthly
Monthly
Weekly or daily
Washing hands after handling raw meat (and before touching other foods)
Always
Sometimes
Rarely
Consumption of lamb/mutton in the 7 days prior to symptom onset (y/n)
Contact with household members with gastroenteritis (y/n)
Contact with cat faeces in the 7 days prior to symptom onset (y/n)

−0.642
−1.081

−1.140
−1.846

−0.143
−0.316

0.012
0.006

0.895
0.481
Reference
1.051

0.008
−0.984

1.782
1.946

0.048
0.520

0.315

1.787

0.005

−0.455
0.184
0.114
0.438
0.020

1.324
3.247
1.763
2.299
2.345

0.338
0.028
0.026
0.004
0.046

Reference
0.435
1.716
0.939
1.368
1.182

1a
Estimates are adjusted for age, sex, urbanization degree of residence location, season, and highest educational level in the household (see Table 1 for details about
these variables), besides the factors shown in the table. y/n = binary ‘yes or no’ variable.

(Table 4). These were consumption of unpasteurized milk or consumption of barbecued beef in the seven days prior to symptom
onset, consumption of dairy products other than milk or cheese on
a monthly or more frequent basis (vs. never consuming these products), and having traveled (with overnight stay) within the Netherlands in the seven days prior to symptom onset. Conversely, suffering from diabetes, being employed in childcare, and consumption
of raw eggs or raw egg-containing products in the seven days prior
to symptom onset were signiﬁcantly associated with decreased
probabilities for the infecting strains to originate from adult cattle.
Three factors were signiﬁcantly associated with increased probabilities for the infecting strains to originate from the environmental sources (i.e. surface water and wild birds) (Table 5). These were
having swum in open waters, having had contact with dog faeces,
or having consumed meat of avian species other than chickens and
turkeys (i.e. ducks, geese, quails, pheasants and game bird meat) in
the seven days prior to symptom onset. Conversely, having a respiratory comorbidity was a protective factor.

Three factors were signiﬁcantly associated with increased probabilities for the infecting strains to originate from pets (Table 6).
These were owning one or more dogs and/or cats in households
with children aged 0–11 years (vs. no dogs nor cats owned at all),
consuming chicken meat monthly or more frequently (vs. never or
hardly ever consuming chicken meat), and having consumed liver
pâté in the seven days prior to symptom onset, whereas consuming pork monthly or more frequently (vs. never or hardly ever consuming pork) was a protective factor.
Three factors were signiﬁcantly associated with increased probabilities for the infecting strains to originate from small ruminants
(Table 7). These were consumption of meat salad or consumption of meat in pastry in the seven days prior to symptom onset,
whereas consumption of chicken meat in the seven days prior to
symptom onset was a protective factor.
Consumption of meat substitutes in the seven days prior to
symptom onset was the only factor signiﬁcantly associated with
increased probabilities for the infecting strains to originate from
table egg-laying hens (Table 8). Conversely, consumption of pork
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Table 4
Factors signiﬁcantly associated with human Campylobacter infections attributable to adult cattle.
Risk factor

β -coeﬃcienta

95% conﬁdence interval

p-value

Occupation in childcare (y/n)
Suffering from diabetes (y/n)
Domestic travel (within the Netherlands) with overnight stay in the 7 days prior to symptom onset (y/n)
Consumption of raw egg (products) in the 7 days prior to symptom onset (y/n)
Consumption of unpasteurized milk in the 7 days prior to symptom onset (y/n)
Frequency of consumption of dairy products other than milk and cheese
Never
Less than monthly
Monthly
Weekly or daily
Consumption of beef and barbecued meat in the 7 days prior to symptom onset
No beef nor barbecued meat consumed
Consumed non-barbecued beef
Consumed barbecued meat (albeit no beef)
Consumed barbecued beef

−3.889
−1.457
0.972
−3.456
1.410

−6.080
−2.821
0.096
−6.087
0.185

−1.697
−0.093
1.848
−0.824
2.634

0.001
0.036
0.030
0.010
0.024

−0.823
0.402
0.507
0.147

3.250
3.776
3.468
2.109

0.243
0.015
0.008
0.024

−1.154
−1.916
0.181

2.110
2.317
3.202

0.566
0.853
0.028

Reference
1.213
2.089
1.988
1.128
Reference
0.470
0.201
1.692

1a
Estimates are adjusted for age, sex, urbanization degree of residence location, season, and highest educational level in the household (see Table 1 for details about
these variables), besides the factors shown in the table. y/n = binary ‘yes or no’ variable.

Table 5
Factors signiﬁcantly associated with human Campylobacter infections attributable to the environmental sources (i.e. surface water and wild birds).
Risk factor

β -coeﬃcienta

95% conﬁdence interval

p-value

Suffering from a respiratory comorbidity (y/n)
Swimming in open waters in the 7 days prior to symptom onset (y/n)
Contact with dog faeces in the 7 days prior to symptom onset (y/n)
Consumption of meat of avian species other than chickens or turkeys (i.e. ducks, geese, quails, pheasants
or game bird meat) in the 7 days prior to symptom onset (y/n)

−0.520
0.470
0.685
0.405

−0.970
0.020
0.141
0.010

0.024
0.040
0.014
0.045

−0.070
0.919
1.229
0.799

1a
Estimates are adjusted for age, sex, urbanization degree of residence location, season, and highest educational level in the household (see Table 1 for details about
these variables), besides the factors shown in the table. y/n = binary ‘yes or no’ variable.

Table 6
Factors signiﬁcantly associated with human Campylobacter infections attributable to pets (i.e. dogs and cats).
Risk factor

β -coeﬃcienta

95% conﬁdence interval

p-value

Ownership of dogs and/or cats
No dogs nor cats owned
One or more dogs and/or cats owned in a household without children aged 0–11 years
One or more dogs and/or cats owned in a household with children aged 0–11 years
Frequency of chicken meat consumption (less than monthly vs. monthly or more often)
Frequency of pork consumption (less than monthly vs. monthly or more often)
Consumption of liver pâté in the seven days prior to symptom onset (y/n)

0.847
Reference
−0.476
1.389
1.306
−1.065
0.950

0.092

1.603

0.028

−1.306
0.209
0.339
−1.917
0.159

0.354
2.571
2.273
−0.214
1.740

0.261
0.021
0.008
0.014
0.019

1a
Estimates are adjusted for age, sex, urbanization degree of residence location, season, and highest educational level in the household (see Table 1
for details about these variables), besides the factors shown in the table. y/n = binary ‘yes or no’ variable.

Table 7
Factors signiﬁcantly associated with human Campylobacter infections attributable to small ruminants (i.e. sheep and goats).
Risk factor

β -coeﬃcienta

95% conﬁdence interval

p-value

Number of children aged 12–17 years living in the household (continuous)
Consumption of meat salad in the 7 days prior to symptom onset (y/n)
Consumption of meat in pastry in the 7 days prior to symptom onset (y/n)
Consumption of chicken meat in the 7 days prior to symptom onset (y/n)

−1.807
1.387
1.472
−1.766

−3.079
0.299
0.487
−2.788

0.005
0.012
0.003
0.010

−0.536
2.475
2.457
−0.744

1a
Estimates are adjusted for age, sex, urbanization degree of residence location, season, and highest educational level in the household
(see Table 1 for details about these variables), besides the factors shown in the table. y/n = binary ‘yes or no’ variable.

Table 8
Factors signiﬁcantly associated with human Campylobacter infections attributable to table egg-laying hens.
Risk factor

β -coeﬃcienta

95% conﬁdence interval

p-value

Consumption of meat substitutes in the 7 days prior to symptom onset (y/n)
Consumption of pork in the 7 days prior to symptom onset (y/n)

2.634
−2.937

0.612
−5.292

0.011
0.015

4.656
−0.581

1a
Estimates are adjusted for age, sex, urbanization degree of residence location, season, and highest educational level in the household
(see Table 1 for details about these variables), besides the factors shown in the table. y/n = binary ‘yes or no’ variable.

in the seven days prior to symptom onset was a protective
factor.

man campylobacteriosis and to identify source-speciﬁc risk factors.
Previous studies were based on conventional MLST. Moreover, either a source-assigned case-control (8,13,28) or case-case (29–31)
study was conducted. In those studies, groups of cases were ﬁrst
assigned to speciﬁc sources based on their attributions and then
the exposures of these groups of cases were compared with one
another or with those of a control group (32). Here instead, we

Discussion
This is the ﬁrst combined analysis of cgMLST-based source attribution and case exposure data to quantify the sources of hu222
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modelled the attributions directly with the corresponding exposure
data for cases only.
Strain diversity, as depicted by seven-locus STs, was substantial, with 1156 isolates belonging to 266 different STs. There were
more isolates with novel STs among C. coli than C. jejuni isolates,
which is likely due to C. coli isolates being commonly found in surface water and wild birds. In previous studies, water- and wild
bird-associated isolates have been under-represented relative to
isolates from humans and domesticated animals, which may explain the higher occurrence of novel STs in those sources. Although
surface water cannot be considered as a reservoir or ‘amplifying
host’ for Campylobacter, it represents a ‘sink’ that collects strains
from a variety of different hosts, including those found in animals and humans (9,13,33,34). Therefore, as pointed out elsewhere
(8,9,13,33,34), surface water can also be considered as a proxy for
other unidentiﬁed (animal) reservoirs, including wildlife. ST-21 was
the predominant ST in humans, followed by ST-6175, ST-50, ST-19,
and ST-52, which all have been previously reported among human
cases in several European countries (7,13,28,35–38), including the
Netherlands (8,9,26). Previous studies reported ST-21 to be particularly prevalent in cattle and poultry (7,35–40), with some reports
from sheep as well (40). The ﬁndings in this study are consistent
with previous observations, as ST-21 was found to occur frequently
among ruminant isolates. ST-19, one of the other predominant STs
among human isolates, has also been reported to be prevalent in
cattle (36) and poultry (35,39), as conﬁrmed in this study. Also
similar to previous studies (7,8), it was observed that ST-6175 and
ST-50 were highly prevalent in poultry, with no or little occurrence
in ruminants. ST-6175 is a poorly documented ST in the literature,
with only a few reports from poultry (41), while it was prevalent
in meat-producing poultry here. ST-52 was mainly prevalent in humans, with only a few isolates from animals, as observed previously (36,37).
Meat-producing poultry, i.e. broilers and turkeys, was conﬁrmed
again to be the primary source of human campylobacteriosis in
the Netherlands, accounting for about half of the cases. The second most important livestock source was adult cattle, accounting
for 12–13% of cases (and up to 21% of cases when considering ruminants altogether, i.e. adult cattle, veal calves, sheep and goats).
This is in line with previous studies in the Netherlands (8,9) and
other industrialized countries (13,23,28,34,36,42), although ruminants have recently been reported to be the primary source of human campylobacteriosis in France (43), especially for non-invasive
Campylobacter infections (44). The inclusion of pets in the source
attribution analysis revealed that they were a sizeable source, with
about 18% of human cases attributed to pets, which is higher than
previous attributions from Switzerland (9%) (45), France (12%) (43),
and Germany (14%) (28), but lower than in a previous Dutch study
(25%) (26). The epidemiological role of pets in Campylobacter transmission to humans is unclear, as humans and their pets often share
their living environments in the household and the transmission
may therefore also occur from owners to pets. Moreover, while
ownership of dogs, particularly puppies, has been reported to be
a signiﬁcant risk factor for human campylobacteriosis (8,26), it is
also possible that pets acquire Campylobacter carriage in parallel
with humans from a common source (26). This is mainly because
pet foods and treats, which are handled by pet owners, contain
ingredients of the same animal origins as the food consumed by
humans. Furthermore, pets are often fed with the same foods as
their owners when they are offered a homemade diet or kitchen
food scraps, especially raw meats, offal, and bones, the consumption of which is a risk factor for Campylobacter carriage in pets
(46). As the source attribution analysis was non-directional in the
transmission of infection, our results provided evidence for a substantial association of Campylobacter strains between humans and
pets, but cannot provide evidence as to whether and how trans-

mission of such strains occurred. It follows, therefore, that the attributions for pets might be an overestimation, as we cannot fully
exclude that the model attributed isolates to pets instead of the
common reservoirs for pets and humans. When excluding pets
from the model, cases attributable to meat-producing poultry increased considerably (+12%), followed by cases attributed to the
environmental sources (+3%), whereas the other sources remained
almost invariant. These differences are suggestive of the sources
from which pets might acquire Campylobacter infection in parallel with humans (26). This hypothesis was also supported by the
risk factor analysis, as contact with cat faeces was associated with
infections attributable with meat-producing poultry, and frequent
chicken meat consumption and consumption of liver pâté (which
is often made of chicken liver) were associated with infections
caused by pet-attributable Campylobacter strains. Moreover, contact with dog faeces was associated with infections with strains
attributable to the environmental sources. These associations further suggest that those sources and exposures are interconnected.
Nonetheless, the role of pets remains unclear, as besides dog/cat
ownership, the other risk factors had no straightforward mechanistic interpretation.
Surface water appeared to be a sizeable source, accounting for
up to 11% of human cases, which is in agreement with the attributions of 10% or less reported in previous Dutch studies (8,9).
As mentioned before, surface water is not per se a reservoir for
Campylobacter, but a collection vessel of strains from multiple
hosts. The observed attribution of water may therefore also at least
partially reﬂect attributions to ‘other sources’ contaminating surface water that were not explicitly included in the analysis. In
this regard, quantifying the sources of surface water contamination with Campylobacter might be insightful. A study in Luxemburg
and the Netherlands found that most Campylobacter strains in surface water were attributable to wild birds and poultry, indicating
signiﬁcant contamination with (wild) animal faeces and agricultural eﬄuents (47). This provided insights into the potential role
of the environment concerning numerous human campylobacteriosis cases that cannot be epidemiologically explained by foodborne
transmission alone (48). Similar conclusions were also reached by
a New Zealand study on C. jejuni strains associated with wild birds
and those causing human disease in six high-use recreational waterways (49).
While the source attribution analysis quantiﬁed the relative
contributions of the different sources to the human cases, the
risk factor analysis identiﬁed factors associated with infection
with Campylobacter strains attributable to speciﬁc sources. This allowed for the identiﬁcation of possible pathways by which these
strains might have reached and infected humans from their original sources. We found that either frequently or never consuming chicken meat were associated with infection with strains attributable to meat-producing poultry. Chicken meat consumption
has long been identiﬁed as the main risk factor for human campylobacteriosis, including infections attributable speciﬁcally to the
chicken reservoir (8,13,28). Yet, this association may be nuanced
with regard to the frequency of chicken meat consumption and
acquisition of immunity. Indeed, it might be that people who frequently consume chicken meat are highly exposed to chickenassociated Campylobacter strains and therefore are at increased risk
of acquiring the infection and falling ill with these strains. Conversely, people who do not usually include chicken meat in their
diet would hardly ever be exposed to these strains and are therefore unable to develop any immunity against them, thereby falling
ill more easily upon (incidental) exposure to them, which does not
necessarily have to occur via food. This hypothesis entails that with
a weekly/daily consumption of chicken meat, the level of exposure
might be too high to allow acquired immunity to exert a protective effect of any kind. Previous studies found that repeated ex223
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posure to Campylobacter may lead to suﬃcient immunity to provide some protection against severe clinical symptoms, but not illness (campylobacteriosis) per se (50–52). It has also been shown
that consumption of chicken meat is a risk factor only or predominantly when this is consumed outside the household (13,52–54).
This suggests an effect of exposure to chicken-associated Campylobacter strains beyond domestic food handling and consumption
due to increased chance (outside the home) of being exposed
to (higher doses of) speciﬁc Campylobacter strains different from
those to which people are (usually) exposed at home (13,52,53).
However whether such (temporary and limited) acquired immunity is able to outweigh the associated disease burden of human
campylobacteriosis, both in terms of frequent mild illness and the
less frequently occurring sequalae, remains unclear. For infections
attributable to meat-producing poultry, we also found that rarely
washing hands after handling raw meat was a signiﬁcant risk factor. This highlights the importance of cross-contamination in the
kitchen, which is particularly important for Campylobacter transmission from poultry meat, as this meat is usually consumed thoroughly cooked in contrast to, e.g., beef, which is often purposely
consumed raw/undercooked (55). Indeed, it has been suggested
that sporadic campylobacteriosis is more likely to occur because
of cross-contamination from raw poultry products than because of
consumption per se (56).
Consumption of unpasteurized milk, as well as frequent consumption of dairy products other than milk or cheese, and consumption of barbecued beef, were associated with infection with
strains attributable to adult cattle. A study in New Zealand has
also found that human infections with Campylobacter strains attributable to cattle were signiﬁcantly associated with raw milk
consumption (54). Despite the relatively high carriage of Campylobacter in cattle (57), there is only little evidence that consumption of beef is an important risk factor for human campylobacteriosis in general (8,13). Indeed, beef is rarely contaminated with
Campylobacter, and where contamination exists, it is usually at low
concentrations (58). Yet, a signiﬁcant association between barbecued meat consumption and infection with Campylobacter strains
of cattle origin has been reported before (8). An explanation is
that red meats in general, and particularly beef, is highly likely to
be consumed rare when barbecued, and thus more likely to harbor viable Campylobacter due to incomplete cooking. Besides undercooking, barbecuing usually provides many opportunities for reand cross-contamination (8). On the other hand, several campylobacteriosis outbreaks have been linked to consumption of unpasteurized milk, e.g. (59,60). Although we did not have speciﬁc information regarding the dairy products other than milk or cheese,
the frequency of consumption of these unidentiﬁed products appeared to pose a risk of infection related to increased exposure
to the pathogen. Moreover, consumption of other types of protein
sources (i.e. eggs) appeared to be protective against infection with
cattle-associated strains, and so was consumption of chicken meat
for infection with small ruminant-associated strains and consumption of pork for infection with laying hen-associated strains. These
negative associations support the hypothesis that people consuming these products could be less at risk of infection with strains
originating from other sources, as speculated previously (8).
For infections attributable to laying hens, although commercial
eggs are unlikely to pose a public health risk for campylobacteriosis (61), as Campylobacter does not colonize the avian female reproductive tract, the few signiﬁcant risk factors appeared to be related
to a ‘meatless’ diet (e.g. vegetarian meat substitutes). Meat seemed
to play a direct role for infections with small ruminant-associated
strains, with consumption of ‘meat salad’ and ‘meat in pastry’ being signiﬁcant. In general, however, it is puzzling to interpret some
of the signiﬁcant associations we found, such as the effects of occupation, household composition, and comorbidities, which possi-

bly reﬂect some hitherto unknown exposures linked to activities,
hygiene practices, and eating habits more typical of certain groups
of the population. On the other hand, factors associated with infection with strains attributable to the environmental sources were
plausible and in line with previous studies (8,13). Indeed, swimming in surface water and consuming meat of avian species other
than chickens and turkeys, such as ducks, geese, quails, pheasants and game bird meat, were signiﬁcant risk factors, which is
consistent with the environmental sources including both surface
water and wild birds. As Campylobacter is widespread in surface
water (47), the risk posed by swimming in particular was anticipated. Also the signiﬁcant association with contact with dog faeces is plausible, as dogs with outdoor access may act as vectors
for environmental strains (8,26), especially if they have access to
ﬁelds grazed by livestock or wildlife (62). Furthermore, owners
may be particularly exposed to these environmental strains themselves while walking their dogs outdoor.
This study has some limitations. Firstly, the risk factor analysis included only case exposure data. Although this study design
eliminated issues related to, e.g. differential recall bias, selection
bias, misclassiﬁcation, etc. between cases and controls, it is important to note that the risk factors identiﬁed here were derived from
(ﬁner-scale) differences in attributions amongst the cases themselves and not from the comparison of exposures between (sourceassigned) cases and a common control group. Yet, this approach
also had the advantage to better pinpoint the source-speciﬁc risk
factors by ﬁltering out those factors that are common to most,
if not all, cases, such as some underlying diseases, use of certain medicines like gastric antacids, factors related to unhealthy
lifestyles, etc. which have previously been found to be universal
risk factors for campylobacteriosis regardless of the attributable
sources in question (8,13,28). Other limitations were related to different isolation media, sample size and multiple hypothesis testing. However, this study was explorative in nature and meant to
generate, rather than conclusively test, hypotheses that will beneﬁt from a closer look in more speciﬁc studies. Finally, as cases
originated from routine diagnostic activities of people with gastroenteritis seeking medical care, they represent the most severe,
symptomatic infections occurring in the population. Thus, the attributions and source-speciﬁc risk factors identiﬁed here pertained
to severe campylobacteriosis and might differ when considering
the whole spectrum of the infection. However, serological studies
have indicated that factors associated with increased exposure to
Campylobacter are similar to those associated with increased risk
of clinically overt campylobacteriosis (63).
In conclusion, this study bridged the gap of exploring risk
factors for human campylobacteriosis at the point of exposure
while accounting for the likely origins of the infecting Campylobacter strains, using a combined source attribution (based on
high-resolution genomic data) and case exposure analysis. With
this approach, we conﬁrmed that meat-producing poultry and cattle are the main livestock reservoirs of human campylobacteriosis, and that pets and surface water are important non-livestock
sources. The attributions to livestock sources were only partially
consistent with foodborne transmission, as signiﬁcant effects of
frequency and alternative pathways of exposure were observed as
well. Overall, we showed that risk factors for Campylobacter infection differ depending on the attributable reservoirs and that a
joint analysis of core genome and epidemiological data may provide novel insights into the origins and transmission pathways of
human campylobacteriosis.
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