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Campylobacter tribution was performed using core-genome multilocus sequence typing. Risk factors were determined
Zoonosis on the attribution estimates.

Risk factors 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/turkey-
attributable infections. Consuming unpasteurized milk or barbecued beef increased the risk for cattle-
attributable 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 sur-
face water are important non-livestock sources. Foodborne transmission is only partially consistent with
the attributions, as frequency and alternative pathways of exposure are significant.
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average of 6000 reported cases. Occasionally, Campylobacter infec-
tion may trigger the development of sequelae beyond gastroenteri-
tis, such as reactive arthritis, Guillain-Barré syndrome, and irrita-
ble 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) Multi-
locus Sequence Typing (MLST) (7), have been conducted to quan-
tify the sources of human campylobacteriosis. Poultry and cattle
have long been identified as the main reservoirs for the Campy-
lobacter 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 consump-
tion of raw/undercooked meat (of unspecified origin), are signif-
icant 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, perform-
ing separate analyses for source attribution and risk factors is un-
likely to provide full insights into the origins of human Campy-
lobacter 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 sequenc-
ing technology have made whole-genome sequencing (WGS) in-
creasingly 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 be-
coming the standard for genotyping (14,15). Core-genome Multilo-
cus Sequence-Typing (cgMLST) aims at enhancing the discrimina-
tory 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 envi-
ronmental sources of human infections in the Netherlands. Subse-
quently, we applied cgMLST and performed a combined cgMLST-
based 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.

Materials and methods
Human isolates

Human C. jejuni and C. coli isolates from gastroenteritis pa-
tients were obtained from 13 medical microbiology laboratories
in the Netherlands collected by routine diagnostic activities be-
tween September 2017 and April 2019. Species identification was
performed using Matrix-Assisted Laser-Desorption/lonization Time-
of-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 compre-
hensive questionnaire about food consumption habits, occupation,
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medical history, contact with people with gastroenteritis, travel
history, leisure activities, and contact with animals. The study re-
ceived ethics approval from the Medical Research Ethics Com-
mittee 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 symp-
tom 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 in-
formed consent for the analysis of questionnaires (n=11) or re-
turned an inconsistently filled in questionnaire (n=1) were also
excluded, resulting in 268 cases (261 C. jejuni and 7 C. coli) in-
cluded in the risk factor analysis.

Animal isolates

[solates 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 Prod-
uct 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 Diag-
nostic Centre (VMDC) of Utrecht University collected Campylobacter
isolates from dogs and cats (i.e. pets) as part of its routine diagnos-
tic activities on pets referred to the VMDC from veterinary clin-
ics all over the Netherlands. Additional isolates from small rumi-
nants were also collected for the purpose of this study, by engag-
ing 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 & Fau-
nawet”, https://wetten.overheid.nl/BWBR0009640/2016-04-14); no
birds were harmed nor Kkilled 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 10272-
1:2017 procedure. Meat samples were analyzed by use of an en-
richment 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.

Environmental isolates

In total, 90 surface water sampling sites in six geographic ar-
eas 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 Nether-
lands (www.cbs.nl). Within each of these six areas, five surface wa-
ter 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


https://wetten.overheid.nl/BWBR0009640/2016-04-14
http://www.cbs.nl

L. Mughini-Gras, R. Pijnacker, C. Coipan et al.

(WWTP). Each sampling site was sampled four times, once per sea-
son. Water samples were taken by submerging sterile glass bottles
according to the NEN-EN-ISO 19458:2007 procedure. Samples were
filtered using 0.45 wm cellulose-based membranes (Millipore) in a
total volume of 1000 ml. The filters were placed in Preston broth
and incubated under microaerobic conditions using CampyGen sa-
chets (Oxoid) for 48 h at 37 °C. Samples were then streaked (10 wl)
on mCCDA agar and re-incubated under microaerobic conditions
for 48h at 41.5°C. From each sample, a maximum of five typi-
cal 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. je-
juni) from surface water, considering one isolate per Campylobacter
species from the same sample.

Sequencing

A total of 1060 C. jejuni and 357 C. coli isolates were subject
to WGS (280 human, 884 animal and 253 environmental isolates).
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 x 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 num-
bers. All the loci for which none of these approaches yielded an
unambiguous result were considered as missing. Loci with miss-
ing 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.

Analysis of molecular variance

To attribute human cases to sources, genetic differentiation be-
tween the sources above the within-group heterogeneity is neces-
sary (23). We therefore assessed the genetic heterogeneity in se-
quence types (STs), as derived from conventional MLST, amongst
the sources by estimating &-statistics using analysis of molecu-
lar 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” (ver-
sion 0.04-22) packages in R.

Source attribution analysis

The 280 isolates from human cases were attributed to the an-
imal 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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model was used to determine the ancestry of the individuals of
unknown origin, i.e. the human isolates. The length of the burn-
in period was 1000 followed by 10,000 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 to-
tality of attributed Campylobacter isolates, as the low number of
human C. coli isolates (n=28) did not allow for meaningful statis-
tics 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 at-
tributed to a given source was then calculated as the sum of its Pr
values over cases divided by the total number of cases. 95% con-
fidence intervals (95%CI) for the attributions were computed us-
ing 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 hu-
mans. Therefore, two source attribution analyses were performed,
one including and one excluding pets as a potential source.

Risk factor analysis

Using the exposure data collected with the questionnaires, a
risk factor analysis was performed. The attributions, i.e. the Pr val-
ues 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 campylobacterio-
sis. We first performed a preliminary significance testing of 126
candidate risk factors using univariable generalized linear mod-
els (GLM) with a logit link function and binomial error dis-
tribution, 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/km?; intermediate: 500-2500 addresses/km?; ru-
ral: <500 addresses/km?), season (autumn: September-November;
winter: December-February; spring: March-May; summer: June-
August), and highest educational level in the household (low: pri-
mary, lower vocational or lower secondary education; intermedi-
ate: intermediate vocational, intermediate secondary or higher sec-
ondary education; high: higher vocational or university education).
Factors showing a p-value <0.10 for the association with the out-
come in the univariable analysis were selected for inclusion in a
multivariable GLM built in stepwise fashion to retain only vari-
ables with a p-value <0.05. Variables were dropped one by one
only if their exclusion from the model did not change the coeffi-
cients of the other covariates by >10%. Biologically plausible inter-
actions were also tested, and the model was expanded to include
significant interaction terms, if any. Collinear variables were identi-
fied 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 crite-
rion (AIC). The analysis was performed considering only variables
with >5% of individuals present in each category. Risk factor analy-
sis was performed in Stata version 16.0 (StataCorp, College Station,
USA).
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Table 1

Journal of Infection 82 (2021) 216-226

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  Veal calves Dairy cattle  Layers  Beef cattle  Pets Small ruminants  Pigs Turkeys  Surface water ~ Wild birds

Broilers 2.2% 1.4% 1.3% 2.4% 1.8% 1.7% 15.7% 0.7% 4.5% 4.4%

Veal calves 0.002 2.0% 5.8% 3.1% 4.4% 1.8% 13.7% 4.5% 4.9% 8.1%
Dairy cattle 0.010 0.004 3.9% 0.9% 3.1% 1.7% 20.0% 2.1% 5.1% 8.2%
Layers 0.020 0.001 0.001 3.6% 1.9% 2.4% 18.8% 1.8% 3.0% 6.1%

Beef cattle 0.001 0.002 0.100 0.001 2.4% 1.5% 20.7%  1.9% 5.1% 7.4%

Pets 0.010 0.001 0.002 0.003 0.001 1.9% 18.8% 1.5% 2.8% 5.4%
Small ruminants 0.003 0.010 0.010 0.003 0.020 0.004 14.0% 1.6% 3.5% 5.7%

Pigs 0.001 0.001 0.001 0.001 0.001 0.001 0.001 17.9% 14.4% 16.5%
Turkeys 0.317 0.001 0.004 0.010 0.010 0.030 0.020 0.001 2.8% 6.9%
Surface water 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 2.1%

Wild birds 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.010

Results tributed over the sources, although mainly represented in rumi-

Source heterogeneity

Table 1 shows the ®-values and corresponding p-values for
each pair of sources from the AMOVA. There was significant het-
erogeneity 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 com-
bined 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 respec-
tively 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-

Humans
@ Pets
® Meat-producing poultry
@ Laying hens
@ Veal calves
@ Adult cattle
Small ruminants
» Wild birds
Pigs.
Surface water

nants (ST-21), pets and surface water (ST-45) (Supplementary Ta-
ble 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 (ST-
19). 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 hu-
mans, 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 vi-
sualized 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 num-
ber of isolates of that specific type, while the colors indicate the
different sources in which that type was found. The human C. je-
juni 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 poul-
try, small ruminant and surface water isolates.

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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Fig. 2. Minimum spanning trees for Campylobacter coli isolates in human patients,
animal and environmental sources based on cgMLST. The size of the circles repre-
sents 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 en-
vironmental sources of the 280 human isolates. In the analysis in-
cluding also pets as a potential source, 48.2% (95%CI 42.7-53.6%) of
all human isolates were attributed to meat-producing poultry, fol-
lowed by pets (18.0%, 95%Cl 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%Cl 4.8-10.1%), laying hens (3.2%, 95%Cl 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: meat-
producing poultry (60.3%, 95%CI 54.8-65.8%), adult cattle (13.3%,
95%Cl 9.9-16.7%), surface water (11.2%, 95%Cl 7.8-14.5%), small ru-
minants (8.7%, 95%Cl 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 repre-

220

Journal of Infection 82 (2021) 216-226

Table 2

General demographics of the human campylobacteriosis cases returning the epi-

demiological questionnaire.

Number of cases (and
percentage) returning
the questionnaire

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

Total 598 268

Sex

Female 281 (46.9) 118 (44.0)
Male 307 (51.3) 146 (54.5)
Unknown 10 (1.7) 4 (1.5)
Age (years)

<18 53 (8.9) 23 (8.6)
18-34 134 (22.4) 52 (19.4)
35-64 227 (38.0) 97 (36.2)
>65 170 (28.4) 93 (34.7)
Unknown 14 (2.3) 3 (1.1)
Educational level®

Low 137 (22.9) 75 (28.0)
Middle 233 (39.0) 107 (39.9)
High 189 (31.6) 64 (23.9)
Unknown 39 (6.5) 22 (8.2)
Degree of urbanization®

Urban 122 (20.4) 45 (16.8)
Intermediate 340 (56.9) 149 (55.6)
Rural 135 (22.6) 67 (25.0)
Unknown 1(0.2) 7 (2.6)
Season®

Winter 97 (16.2) 49 (18.3)
Autumn 159 (26.6) 71 (26.5)
Spring 109 (18.2) 59 (22.01)
Summer 209 (34.9) 80 (29.9)
Unknown 24 (4.0) 9(3.4)

13 Low: primary, lower vocational or lower secondary education; intermediate:
intermediate vocational, intermediate secondary or higher secondary education;
high: higher vocational or university education.

2> urban: >2500 addresses/km?; intermediate: 500-2500 addresses/km?; rural:
<500 addresses/km?2, ‘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 fe-
males (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 du-
ration of illness was 14 days (95%CI 12-16), with 21% of cases re-
porting 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, environ-
mental 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 multi-
variable model (Table 3). Never consuming chicken meat, as well as
frequent (i.e. weekly/daily) consumption of chicken meat, were sig-
nificantly associated with increased probabilities (i.e. attributions)
for the infecting strains to originate from meat-producing poul-
try, 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 meat-
producing 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 prob-
abilities for the infecting strains to originate from adult cattle



L. Mughini-Gras, R. Pijnacker, C. Coipan et al.

70% 1

60% -

3]
=}
B

40% A

30% A

20% A

Human campylobacteriosis cases attributed

10% A

|_|_‘

Bl

Journal of Infection 82 (2021) 216-226

b b

0%

Meat-producing Table egg-laying Veal calves Adult cattle

poultry hens

Pets Small ruminants Wild birds Pigs Surface water

BWith pets BWithout pets

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 B-coefficient®  95% confidence interval ~ p-value
Number of children aged 0-11 years living in the household (continuous) —0.642 -1.140 -0.143 0.012
Domestic travel (within the Netherlands) with overnight stay in the 7 days prior to symptom onset (y/n)  —1.081 —1.846 -0.316 0.006
Frequency of chicken meat consumption
Never 0.895 0.008 1.782 0.048
Less than monthly 0.481 -0.984 1.946 0.520
Monthly Reference
Weekly or daily 1.051 0.315 1.787 0.005
Washing hands after handling raw meat (and before touching other foods)
Always Reference
Sometimes 0.435 —0.455 1324 0.338
Rarely 1.716 0.184 3.247 0.028
Consumption of lamb/mutton in the 7 days prior to symptom onset (y/n) 0.939 0.114 1.763 0.026
Contact with household members with gastroenteritis (y/n) 1.368 0.438 2.299 0.004
Contact with cat faeces in the 7 days prior to symptom onset (y/n) 1.182 0.020 2.345 0.046

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 con-
sumption 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 prod-
ucts), and having traveled (with overnight stay) within the Nether-
lands in the seven days prior to symptom onset. Conversely, suffer-
ing 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 cat-
tle.

Three factors were significantly associated with increased prob-
abilities for the infecting strains to originate from the environmen-
tal 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 respi-
ratory comorbidity was a protective factor.
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Three factors were significantly associated with increased prob-
abilities 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
paté in the seven days prior to symptom onset, whereas consum-
ing pork monthly or more frequently (vs. never or hardly ever con-
suming pork) was a protective factor.

Three factors were significantly associated with increased prob-
abilities for the infecting strains to originate from small ruminants
(Table 7). These were consumption of meat salad or consump-
tion 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 B-coefficient®  95% confidence interval  p-value
Occupation in childcare (y/n) —3.889 —6.080 -1.697 0.001
Suffering from diabetes (y/n) -1.457 -2.821 —-0.093 0.036
Domestic travel (within the Netherlands) with overnight stay in the 7 days prior to symptom onset (y/n)  0.972 0.096 1.848 0.030
Consumption of raw egg (products) in the 7 days prior to symptom onset (y/n) —3.456 -6.087 -0.824 0.010
Consumption of unpasteurized milk in the 7 days prior to symptom onset (y/n) 1.410 0.185 2.634 0.024
Frequency of consumption of dairy products other than milk and cheese
Never Reference
Less than monthly 1.213 -0.823 3.250 0.243
Monthly 2.089 0.402 3.776 0.015
Weekly or daily 1.988 0.507 3.468 0.008
Consumption of beef and barbecued meat in the 7 days prior to symptom onset 1.128 0.147 2.109 0.024
No beef nor barbecued meat consumed Reference
Consumed non-barbecued beef 0.470 -1.154  2.110 0.566
Consumed barbecued meat (albeit no beef) 0.201 -1916  2.317 0.853
Consumed barbecued beef 1.692 0.181 3.202 0.028

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 B-coefficient®  95% confidence interval  p-value
Suffering from a respiratory comorbidity (y/n) —0.520 -0.970 -0.070 0.024
Swimming in open waters in the 7 days prior to symptom onset (y/n) 0.470 0.020 0.919 0.040
Contact with dog faeces in the 7 days prior to symptom onset (y/n) 0.685 0.141 1.229 0.014
Consumption of meat of avian species other than chickens or turkeys (i.e. ducks, geese, quails, pheasants 0.405 0.010 0.799 0.045

or game bird meat) in the 7 days prior to symptom onset (y/n)

12 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 B-coefficient®  95% confidence interval  p-value
Ownership of dogs and/or cats 0.847 0.092 1.603 0.028
No dogs nor cats owned Reference
One or more dogs and/or cats owned in a household without children aged 0-11 years -0.476 -1.306 0.354 0.261
One or more dogs and/or cats owned in a household with children aged 0-11 years 1.389 0.209 2.571 0.021
Frequency of chicken meat consumption (less than monthly vs. monthly or more often)  1.306 0.339 2.273 0.008
Frequency of pork consumption (less than monthly vs. monthly or more often) -1.065 -1.917 -0.214 0.014
Consumption of liver paté in the seven days prior to symptom onset (y/n) 0.950 0.159 1.740 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 B-coefficient®  95% confidence interval ~ p-value
Number of children aged 12-17 years living in the household (continuous)  —1.807 -3.079  -0.536 0.005
Consumption of meat salad in the 7 days prior to symptom onset (y/n) 1.387 0.299 2.475 0.012
Consumption of meat in pastry in the 7 days prior to symptom onset (y/n)  1.472 0.487 2.457 0.003
Consumption of chicken meat in the 7 days prior to symptom onset (y/n) -1.766 —2.788 —0.744 0.010

12 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 B-coefficient®  95% confidence interval ~ p-value
Consumption of meat substitutes in the 7 days prior to symptom onset (y/n)  2.634 0.612 4,656 0.011
Consumption of pork in the 7 days prior to symptom onset (y/n) —2.937 -5292  -0.581 0.015

12 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 man campylobacteriosis and to identify source-specific risk factors.

factor. Previous studies were based on conventional MLST. Moreover, ei-
ther a source-assigned case-control (8,13,28) or case-case (29-31)

Discussion study was conducted. In those studies, groups of cases were first
assigned to specific sources based on their attributions and then

This is the first combined analysis of cgMLST-based source at-  the exposures of these groups of cases were compared with one
tribution and case exposure data to quantify the sources of hu-  another or with those of a control group (32). Here instead, we
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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 substan-
tial, 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 sur-
face 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 ex-
plain 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 ani-
mals 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 partic-
ularly 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 hu-
mans, with only a few isolates from animals, as observed previ-
ously (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 sec-
ond most important livestock source was adult cattle, accounting
for 12-13% of cases (and up to 21% of cases when considering ru-
minants 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 rumi-
nants have recently been reported to be the primary source of hu-
man 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 trans-
mission 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 consump-
tion 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 sub-
stantial association of Campylobacter strains between humans and
pets, but cannot provide evidence as to whether and how trans-
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mission of such strains occurred. It follows, therefore, that the at-
tributions 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 in-
creased 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 paral-
lel 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 paté (which
is often made of chicken liver) were associated with infections
caused by pet-attributable Campylobacter strains. Moreover, con-
tact with dog faeces was associated with infections with strains
attributable to the environmental sources. These associations fur-
ther 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 mecha-
nistic interpretation.

Surface water appeared to be a sizeable source, accounting for
up to 11% of human cases, which is in agreement with the attri-
butions 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 sur-
face water that were not explicitly included in the analysis. In
this regard, quantifying the sources of surface water contamina-
tion with Campylobacter might be insightful. A study in Luxemburg
and the Netherlands found that most Campylobacter strains in sur-
face water were attributable to wild birds and poultry, indicating
significant contamination with (wild) animal faeces and agricul-
tural effluents (47). This provided insights into the potential role
of the environment concerning numerous human campylobacterio-
sis 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 wa-
terways (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 al-
lowed for the identification of possible pathways by which these
strains might have reached and infected humans from their orig-
inal sources. We found that either frequently or never consum-
ing chicken meat were associated with infection with strains at-
tributable to meat-producing poultry. Chicken meat consumption
has long been identified as the main risk factor for human campy-
lobacteriosis, 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 fre-
quently consume chicken meat are highly exposed to chicken-
associated Campylobacter strains and therefore are at increased risk
of acquiring the infection and falling ill with these strains. Con-
versely, people who do not usually include chicken meat in their
diet would hardly ever be exposed to these strains and are there-
fore 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 protec-
tive effect of any kind. Previous studies found that repeated ex-
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posure to Campylobacter may lead to sufficient immunity to pro-
vide some protection against severe clinical symptoms, but not ill-
ness (campylobacteriosis) per se (50-52). It has also been shown
that consumption of chicken meat is a risk factor only or predom-
inantly when this is consumed outside the household (13,52-54).
This suggests an effect of exposure to chicken-associated Campy-
lobacter 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 immu-
nity 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 fac-
tor. This highlights the importance of cross-contamination in the
kitchen, which is particularly important for Campylobacter trans-
mission from poultry meat, as this meat is usually consumed thor-
oughly 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 con-
sumption of dairy products other than milk or cheese, and con-
sumption 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 at-
tributable to cattle were significantly associated with raw milk
consumption (54). Despite the relatively high carriage of Campy-
lobacter in cattle (57), there is only little evidence that consump-
tion of beef is an important risk factor for human campylobacte-
riosis 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 barbe-
cued 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 har-
bor viable Campylobacter due to incomplete cooking. Besides un-
dercooking, barbecuing usually provides many opportunities for re-
and cross-contamination (8). On the other hand, several campy-
lobacteriosis outbreaks have been linked to consumption of unpas-
teurized milk, e.g. (59,60). Although we did not have specific in-
formation regarding the dairy products other than milk or cheese,
the frequency of consumption of these unidentified products ap-
peared 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 consump-
tion of pork for infection with laying hen-associated strains. These
negative associations support the hypothesis that people consum-
ing 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 campylobacterio-
sis (61), as Campylobacter does not colonize the avian female repro-
ductive 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’ be-
ing significant. In general, however, it is puzzling to interpret some
of the significant associations we found, such as the effects of oc-
cupation, household composition, and comorbidities, which possi-
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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 infec-
tion with strains attributable to the environmental sources were
plausible and in line with previous studies (8,13). Indeed, swim-
ming in surface water and consuming meat of avian species other
than chickens and turkeys, such as ducks, geese, quails, pheas-
ants 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 antici-
pated. Also the significant association with contact with dog fae-
ces 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 them-
selves while walking their dogs outdoor.

This study has some limitations. Firstly, the risk factor analy-
sis 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 impor-
tant to note that the risk factors identified here were derived from
(finer-scale) differences in attributions amongst the cases them-
selves and not from the comparison of exposures between (source-
assigned) 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 cer-
tain 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 dif-
ferent isolation media, sample size and multiple hypothesis test-
ing. However, this study was explorative in nature and meant to
generate, rather than conclusively test, hypotheses that will ben-
efit from a closer look in more specific studies. Finally, as cases
originated from routine diagnostic activities of people with gas-
troenteritis seeking medical care, they represent the most severe,
symptomatic infections occurring in the population. Thus, the at-
tributions 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 Campy-
lobacter 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 cat-
tle are the main livestock reservoirs of human campylobacterio-
sis, 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 in-
fection differ depending on the attributable reservoirs and that a
joint analysis of core genome and epidemiological data may pro-
vide novel insights into the origins and transmission pathways of
human campylobacteriosis.

Funding

This study was supported by the Netherlands’ Organization for
Health Research and Development (ZonMw) with grant number



L. Mughini-Gras, R. Pijnacker, C. Coipan et al.

50-52200-98-316 (project name: “DEPiCT - Discerning Environ-
mental Pathways of Campylobacter Transmission”) and the Dutch
Ministry of Health, Welfare and Sport with grant number 9.2.09.E
(project name: “Campylobacter source attribution”). The funding
sources had no role in study design, data collection, analysis and
interpretation of data, in the writing of the report and in the deci-
sion to submit the article for publication.

Declaration of Competing Interest

The authors have no competing interests to declare.

Acknowledgments

The authors are grateful to the medical microbiology laborato-

ries, the physicians and patients participating in the study. Thanks
are also extended to dr. Wilfrid van Pelt for advice in conceiving
the study and to those involved in sample collection, particularly

dr.

Gerrit Koop.

References

—_

~N

11.

12.

13.

14.

15.

17.

. European Center for Disease Control and Prevention (ECDC). Annual epidemio-

logical report for 2017. Stockholm: ECDC; 2019.

. Pijnacker R, Friesema I, Mughini Gras L, Lagerweij G, van Pelt W, Franz E. Dis-

ease burden of food-related pathogens in the Netherlands, 2018. Rijksinstituut voor
Volksgezondheid en Milieu RIVM; 2019.

. Pogreba-Brown K, Austhof E, Armstrong A, Schaefer K, Villa Zapata L, Mc-

Clelland DJ, et al. Chronic gastrointestinal and joint-related sequelae associ-
ated with common foodborne illnesses: a scoping review. Foodborne Pathog Dis
2020;17(2):67-86.

. Godschalk PC, Kuijf ML, Li ], St Michael F, Ang CW, Jacobs BC, et al. Struc-

tural characterization of Campylobacter jejuni lipooligosaccharide outer cores
associated with Guillain-Barre and Miller Fisher syndromes. Infect Immun
2007;75(3):1245-54.

. Wagenaar AJ, Newell GD, Kalupahana SR, Mughini-Gras L.Sing A, editor Campy-

lobacter: animal reservoirs, human infections, and options for control. editor.
Zoonoses - infections affecting humans and animals: focus on public health aspects
2015:159-77.

. Cody AJ, Maiden MC, Strachan NJ, McCarthy ND. A systematic review of source

attribution of human campylobacteriosis using multilocus sequence typing. Euro
Surveill: Bull Eur Mal Transm = Eur Commun Dis Bull 2019;24(43):1800696.

. Dingle KE, Colles FM, Wareing DR, Ure R, Fox AJ], Bolton FE, et al. Mul-

tilocus sequence typing system for Campylobacter jejuni. J Clin Microbiol
2001;39(1):14-23.

. Mughini-Gras L, Smid JH, Wagenaar JA, de Boer AG, Havelaar AH, Friesema IH,

et al. Risk factors for campylobacteriosis of chicken, ruminant, and environmen-
tal origin: a combined case-control and source attribution analysis. PLoS One
2012;7(8):e42599.

. Smid JH, Mughini Gras L, de Boer AG, French NP, Havelaar AH, Wagenaar JA,

et al. Practicalities of using non-local or non-recent multilocus sequence typing
data for source attribution in space and time of human campylobacteriosis. PLoS
One 2013;8(2):e55029.

. Doorduyn Y, Van Den Brandhof WE, Van Duynhoven YT, Breukink BJ, Wa-

genaar JA, Van Pelt W. Risk factors for indigenous Campylobacter jejuni and
Campylobacter coli infections in The Netherlands: a case-control study. Epi-
demiol Infect 2010;138(10):1391-404.

Vellinga A, Van Loock F. The dioxin crisis as experiment to determine poul-
try-related campylobacter enteritis. Emerg Infect Dis 2002;8(1):19-22.
Wagenaar JA, French NP, Havelaar AH. Preventing Campylobacter at the
source: why is it so difficult? Clin Infect Dis: Off Publ Infect Dis Soc Am
2013;57(11):1600-6.

Mossong ], Mughini-Gras L, Penny C, Devaux A, Olinger C, Losch S, et al. Human
Campylobacteriosis in Luxembourg, 2010-2013: a case-control study combined
with multilocus sequence typing for source attribution and risk factor analysis.
Sci Rep 2016;6:20939.

Franz E, Gras LM, Dallman T. Significance of whole genome sequencing for
surveillance, source attribution and microbial risk assessment of foodborne
pathogens. Curr Opin Food Sci 2016;8(Supplement C):74-9.

Besser ], Carleton HA, Gerner-Smidt P, Lindsey RL, Trees E. Next-generation se-
quencing technologies and their application to the study and control of bac-
terial infections. Clin Microbiology Infect: Off Publ Eur Soc Clin Microb Infect Dis
2018;24(4):335-41.

. Maiden M(], Jansen van Rensburg M]J, Bray JE, Earle SG, Ford SA, Jolley KA,

et al. MLST revisited: the gene-by-gene approach to bacterial genomics. Nat Rev
Microbiol 2013;11(10):728-36.

Sheppard SK, Jolley KA, Maiden MC. A gene-by-gene approach to bac-
terial population genomics: whole genome MLST of Campylobacter. Genes
2012;3(2):261-77.

225

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Journal of Infection 82 (2021) 216-226

Cody AJ, Bray JE, Jolley KA, McCarthy ND, Maiden MC]. Core genome multilo-
cus sequence typing scheme for stable, comparative analyses of campylobacter
jejuniand C. coli human disease isolates. J. Clin. Microbiol. 2017;55(7):2086-97.
Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
et al. SPAdes: a new genome assembly algorithm and its applications to sin-
gle-cell sequencing. | Comput Biol: | Comput Mol Cell Biol 2012;19(5):455-77.
Parks DH, Imelfort M, Skennerton CT, Hugenholtz P, Tyson GW. CheckM: as-
sessing the quality of microbial genomes recovered from isolates, single cells,
and metagenomes. Genome Res 2015;25(7):1043-55.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. ] Mol Biol 1990;215(3):403-10.

Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid mul-
tiple sequence alignment based on fast Fourier transform. Nucleic Acids Res
2002;30(14):3059-66.

Wilson DJ, Gabriel E, Leatherbarrow AJ, Cheesbrough ], Gee S, Bolton E,
et al. Tracing the source of campylobacteriosis. PLoS Genet 2008;4(9):e1000203.
Excoffier L, Smouse PE, Quattro JM. Analysis of molecular variance inferred from
metric distances among DNA haplotypes application to human mitochondrial
DNA restriction data. Genetics 1992;131(2):479-91.

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using
multilocus genotype data. Genetics 2000;155(2):945-59.

Mughini Gras L, Smid JH, Wagenaar JA, Koene MG, Havelaar AH, Friesema IH,
et al. Increased risk for Campylobacter jejuni and C. coli infection of pet ori-
gin in dog owners and evidence for genetic association between strains causing
infection in humans and their pets. Epidemiol Infect 2013;141(12):2526-35.
Zhao L, Chen Y, Schaffner DW. Comparison of logistic regression and
linear regression in modeling percentage data. Appl Environ Microbiol
2001;67(5):2129-35.

Rosner BM, Schielke A, Didelot X, Kops F, Breidenbach ], Willrich N, et al. A
combined case-control and molecular source attribution study of human
Campylobacter infections in Germany, 2011-2014. Sci Rep 2017;7(1):5139.
Bessell PR, Rotariu O, Innocent GT, Smith-Palmer A, Strachan NJ, Forbes K],
et al. Using sequence data to identify alternative routes and risk of infection:
a case-study of campylobacter in Scotland. BMC Infect Dis 2012;12:80.

Levesque S, Fournier E, Carrier N, Frost E, Arbeit RD, Michaud S. Campylobacte-
riosis in urban versus rural areas: a case-case study integrated with molecular
typing to validate risk factors and to attribute sources of infection. PLoS One
2013;8(12):e83731.

Mullner P, Shadbolt T, Collins-Emerson JM, Midwinter AC, Spencer SE, Mar-
shall ], et al. Molecular and spatial epidemiology of human campylobacte-
riosis: source association and genotype-related risk factors. Epidemiol Infect
2010;138(10):1372-83.

Mughini-Gras L., Kooh P, Fravalo P, Augustin J.-.C,, Guillier L., David J., et al.
Critical orientation in the jungle of currently available methods and types of
data for source attribution of foodborne diseases. 2019;10(2578).

Mullner P, Jones G, Noble A, Spencer SE, Hathaway S, French NP. Source attribu-
tion of food-borne zoonoses in New Zealand: a modified Hald model. Risk Anal:
Off Publ Soc Risk Anal 2009;29(7):970-84.

Mullner P, Spencer SE, Wilson DJ, Jones G, Noble AD, Midwinter AC, et al. As-
signing the source of human campylobacteriosis in New Zealand: a comparative
genetic and epidemiological approach. Infect Genet Evol: | Mol Epidemiol Evol
Genet Infect Dis 2009;9(6):1311-19.

Dingle KE, Colles FM, Ure R, Wagenaar JA, Duim B, Bolton FJ, et al. Molecular
characterization of Campylobacter jejuni clones: a basis for epidemiologic in-
vestigation. Emerg Infect Dis 2002;8(9):949-55.

Strachan NJ, Gormley FJ, Rotariu O, Ogden ID, Miller G, Dunn GM, et al. Attri-
bution of Campylobacter infections in northeast Scotland to specific sources by
use of multilocus sequence typing. J Infect Dis 2009;199(8):1205-8.

Karenlampi R, Rautelin H, Schonberg-Norio D, Paulin L, Hanninen ML. Longi-
tudinal study of Finnish Campylobacter jejuni and C. coli isolates from hu-
mans, using multilocus sequence typing, including comparison with epidemi-
ological data and isolates from poultry and cattle. Appl Environ Microbiol
2007;73(1):148-55.

Meistere 1, Kibilds ], Eglite L, Alksne L, Avsejenko ], Cibrovska A, et al. Campy-
lobacter species prevalence, characterisation of antimicrobial resistance and
analysis of whole-genome sequence of isolates from livestock and humans,
Latvia, 2008 to 2016. Eurosurveillance 2019;24(31):1800357.

Manning G, Dowson CG, Bagnall MC, Ahmed IH, West M, Newell DG. Multilocus
sequence typing for comparison of veterinary and human isolates of Campy-
lobacter jejuni. Appl Environ Microbiol 2003;69(11):6370-9.

Grove-White DH, Leatherbarrow A], Cripps PJ, Diggle PJ, French NP. Molecular
epidemiology and genetic diversity of Campylobacter jejuni in ruminants. Epi-
demiol Infect 2011;139(11):1661-71.

Kovanen S, Kivisto R, Llarena AK, Zhang ], Karkkainen UM, Tuuminen T,
et al. Tracing isolates from domestic human Campylobacter jejuni infections to
chicken slaughter batches and swimming water using whole-genome multilo-
cus sequence typing. Int | Food Microbiol 2016;226:53-60.

Boysen L, Rosenquist H, Larsson JT, Nielsen EM, Sorensen G, Nordentoft S,
et al. Source attribution of human campylobacteriosis in Denmark. Epidemiol
Infect 2014;142(8):1599-608.

Thepault A, Rose V, Quesne S, Poezevara T, Beven V, Hirchaud E, et al. Rumi-
nant and chicken: important sources of campylobacteriosis in France despite a
variation of source attribution in 2009 and 2015. Sci Rep 2018;8(1):9305.
Berthenet E, Thepault A, Chemaly M, Rivoal K, Ducournau A, Buissonniere A,
et al. Source attribution of Campylobacter jejuni shows variable importance of


http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0001
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0002
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0002
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0002
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0002
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0002
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0002
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0002
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0003
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0003
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0003
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0003
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0003
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0003
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0003
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0003
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0004
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0004
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0004
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0004
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0004
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0004
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0004
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0004
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0005
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0005
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0005
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0005
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0005
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0006
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0006
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0006
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0006
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0006
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0007
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0007
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0007
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0007
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0007
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0007
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0007
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0007
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0008
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0008
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0008
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0008
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0008
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0008
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0008
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0008
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0009
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0009
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0009
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0009
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0009
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0009
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0009
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0009
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0010
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0010
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0010
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0010
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0010
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0010
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0010
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0011
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0011
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0011
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0012
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0012
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0012
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0012
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0013
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0013
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0013
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0013
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0013
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0013
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0013
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0013
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0014
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0014
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0014
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0014
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0015
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0015
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0015
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0015
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0015
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0015
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0016
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0016
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0016
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0016
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0016
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0016
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0016
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0016
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0017
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0017
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0017
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0017
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0018
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0018
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0018
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0018
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0018
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0018
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0019
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0019
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0019
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0019
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0019
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0019
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0019
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0019
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0020
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0020
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0020
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0020
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0020
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0020
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0021
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0021
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0021
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0021
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0021
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0021
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0022
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0022
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0022
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0022
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0022
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0023
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0023
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0023
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0023
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0023
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0023
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0023
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0023
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0024
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0024
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0024
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0024
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0025
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0025
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0025
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0025
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0026
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0026
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0026
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0026
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0026
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0026
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0026
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0026
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0027
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0027
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0027
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0027
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0028
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0028
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0028
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0028
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0028
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0028
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0028
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0028
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0029
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0029
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0029
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0029
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0029
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0029
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0029
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0029
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0030
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0030
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0030
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0030
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0030
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0030
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0030
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0031
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0031
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0031
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0031
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0031
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0031
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0031
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0031
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0033
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0033
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0033
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0033
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0033
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0033
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0033
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0034
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0034
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0034
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0034
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0034
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0034
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0034
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0034
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0035
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0035
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0035
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0035
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0035
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0035
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0035
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0035
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0036
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0036
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0036
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0036
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0036
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0036
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0036
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0036
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0037
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0037
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0037
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0037
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0037
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0037
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0038
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0038
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0038
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0038
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0038
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0038
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0038
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0038
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0039
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0039
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0039
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0039
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0039
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0039
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0039
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0040
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0040
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0040
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0040
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0040
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0040
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0041
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0041
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0041
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0041
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0041
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0041
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0041
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0041
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0042
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0042
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0042
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0042
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0042
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0042
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0042
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0042
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0043
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0043
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0043
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0043
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0043
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0043
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0043
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0043
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0044
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0044
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0044
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0044
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0044
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0044
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0044
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0044

L. Mughini-Gras, R. Pijnacker, C. Coipan et al.

45.

46.

47.

48.

49,

50.

51

52.

53.

chicken and ruminants reservoirs in non-invasive and invasive French clinical
isolates. Sci Rep 2019;9(1):8098.

Kittl S, Heckel G, Korczak BM, Kuhnert P. Source attribution of human Campy-
lobacter isolates by MLST and fla-typing and association of genotypes with
quinolone resistance. PLoS One 2013;8(11):e81796.

Leonard EK, Pearl DL, Janecko N, Weese ]S, Reid-Smith R], Peregrine AS,
et al. Factors related to Campylobacter spp. carriage in client-owned dogs
visiting veterinary clinics in a region of Ontario, Canada. Epidemiol Infect
2011;139(10):1531-41.

Mughini-Gras L, Penny C, Ragimbeau C, Schets FM, Blaak H, Duim B, et al. Quan-
tifying potential sources of surface water contamination with Campylobacter je-
juni and Campylobacter coli. Water Res 2016;101:36-45.

Friesema IH, Havelaar AH, Westra PP, Wagenaar JA, van Pelt W. Poultry culling
and Campylobacteriosis reduction among humans, the Netherlands. Emerg Infect
Dis 2012;18(3):466-8.

Shrestha R.D., Midwinter, A.C., Marshall, ].C., Collins-Emerson, ].M., Pleydell, E.].,
French, N.P. Campylobacter jejuni associated with wild birds and those caus-
ing human disease in six high-use recreational waterways in New Zealand.
2019.

Havelaar AH, van Pelt W, Ang CW, Wagenaar JA, van Putten JP, Gross U,
et al. Immunity to Campylobacter: its role in risk assessment and epidemiol-
ogy. Crit Rev Microbiol 2009;35(1):1-22.

Ang CW, Teunis PF, Herbrink P, Keijser J, Van Duynhoven YH, Visser CE,
et al. Seroepidemiological studies indicate frequent and repeated exposure to
Campylobacter spp. during childhood. Epidemiol Infect 2011;139(9):1361-8.
Swift L, Hunter PR. What do negative associations between potential risk fac-
tors and illness in analytical epidemiological studies of infectious disease really
mean? Eur | Epidemiol 2004;19(3):219-23.

Friedman CR, Hoekstra RM, Samuel M, Marcus R, Bender ], Shiferaw B,
et al. Risk factors for sporadic Campylobacter infection in the United States:
a case-control study in FoodNet sites. Clin Infect Dis: Off Publ Infect Dis Soc Am
2004;38(Suppl 3):5285-96.

226

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Journal of Infection 82 (2021) 216-226

Lake R., Ashmore E., Cressey P., Horn B., Pirikahu S., Sherwood J., et al. Source
assigned campylobacteriosis in New Zealand study (SACNZS) - New Zealand
food safety discussion paper no: 2020/01. Ministry for Primary Industries, New
Zealand Government; 2020 2020.

Mughini-Gras L, Enserink R, Friesema I, Heck M, van Duynhoven Y, van Pelt W.
Risk factors for human salmonellosis originating from pigs, cattle, broiler chick-
ens and egg laying hens: a combined case-control and source attribution anal-
ysis. PLoS One 2014;9(2):e87933.

Kapperud G, Espeland G, Wahl E, Walde A, Herikstad H, Gustavsen S, et al. Fac-
tors associated with increased and decreased risk of Campylobacter infection: a
prospective case-control study in Norway. Am J Epidemiol 2003;158(3):234-42.
Hakkinen M, Hanninen ML. Shedding of Campylobacter spp. in Finnish cattle on
dairy farms. ] Appl Microbiol 2009;107(3):898-905.

Ghafir Y, China B, Dierick K, De Zutter L, Daube G. A seven-year survey of
Campylobacter contamination in meat at different production stages in Bel-
gium. Int | Food Microbiol 2007;116(1):111-20.

MMWR morbidity and mortality weekly report. In. MMWR morbidity and
mortality weekly report, 62. Centers for Disease Control and Prevention (CDC);
2013. p. 702.

Kenyon ], Inns T, Aird H, Swift C, Astbury ], Forester E, et al. Campylobacter out-
break associated with raw drinking milk, North West England, 2016. Epidemiol
Infect 2020;148:e13.

Fonseca BB, Beletti ME, de Melo RT, Mendonca EP, Coelho LR, Nale-
vaiko PC, et al. Campylobacter jejuni in commercial eggs. Braz | Microbiol
2014;45(1):76-9.

Parsons BN, Cody AJ, Porter CJ, Stavisky JH, Smith JL, Williams NJ, et al. Typing
of Campylobacter jejuni isolates from dogs by use of multilocus sequence typ-
ing and pulsed-field gel electrophoresis. J Clin Microbiol 2009;47(11):3466-71.
Monge S, Teunis P, Friesema I, Franz E, Ang W, van Pelt W, et al. Inmune
response-eliciting exposure to Campylobacter vastly exceeds the incidence of
clinically overt campylobacteriosis but is associated with similar risk factors: a
nationwide serosurvey in the Netherlands. J Infect 2018;77(3):171-7.


http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0044
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0045
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0045
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0045
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0045
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0045
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0046
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0046
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0046
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0046
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0046
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0046
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0046
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0046
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0047
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0047
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0047
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0047
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0047
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0047
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0047
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0047
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0048
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0048
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0048
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0048
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0048
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0048
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0050
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0050
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0050
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0050
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0050
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0050
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0050
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0050
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0051
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0051
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0051
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0051
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0051
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0051
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0051
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0051
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0052
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0052
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0052
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0053
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0053
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0053
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0053
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0053
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0053
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0053
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0053
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0055
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0055
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0055
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0055
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0055
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0055
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0055
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0056
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0056
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0056
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0056
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0056
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0056
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0056
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0056
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0057
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0057
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0057
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0058
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0058
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0058
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0058
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0058
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0058
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0059
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0060
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0060
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0060
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0060
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0060
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0060
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0060
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0060
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0061
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0061
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0061
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0061
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0061
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0061
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0061
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0061
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0062
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0062
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0062
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0062
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0062
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0062
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0062
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0062
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0063
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0063
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0063
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0063
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0063
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0063
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0063
http://refhub.elsevier.com/S0163-4453(20)30733-7/sbref0063

	Sources and transmission routes of campylobacteriosis: A combined analysis of genome and exposure data
	Introduction
	Materials and methods
	Human isolates
	Animal isolates
	Environmental isolates
	Sequencing
	Analysis of molecular variance
	Source attribution analysis
	Risk factor analysis

	Results
	Source heterogeneity
	Genotype distribution
	Attributable sources
	Risk factors

	Discussion
	Funding
	Declaration of Competing Interest
	Acknowledgments
	References


