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Abstract: This study evaluated the contribution of cattle, sheep, poultry and pigs to the contamination
of surface water from rivers by Campylobacter jejuni and C. coli using MLST, cgMLST and considered
MALDI-TOF MS as an alternative technique. The 263 strains isolated from cattle (n = 61), sheep
(n = 42), poultry (n = 65), pigs (n = 60) and surface water (n = 35) were distributed across 115 sequence
types (STs), 49 for C. jejuni and 66 for C. coli. Considering MLST data, 14.2%, 11.4% and 2.8% of the
surface water strains could be attributed to cattle, poultry and sheep, respectively, none to pigs, and
85.7% were non-attributed. Analysis of cg-MLST data with STRUCTURE indicated that C. jejuni
strains from water were predominantly attributed to poultry (93.5%), weakly to sheep (<1%) and 6.3%
non-attributed, and that conversely, C. coli strains from water were predominantly non-attributed
(94.3%) and 5.7% attributed to poultry. Considering the protein profiles with a threshold of 94% and
97% of similarity, respectively, strains from surface water could be attributed to poultry (31.4% and
17.1%), and to cattle (17.1% and 5.7%); 54.1% and 77.1% were non-attributed. This study confirmed
these livestock animals might contribute to the contamination of surface water, with a level of
contribution depending on the typing technique and the method of analysis. MALDI-TOF could
potentially be an alternative approach for source attribution.

Keywords: Campylobacter; livestock animals; surface water; MLST; cgMLST; structure; MALDI-TOF

1. Introduction

Campylobacter spp. is one of the leading causes of foodborne illness in France, with an
estimated 330,000 to 1,060,000 cases of campylobacteriosis each year [1], with Campylobacter
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jejuni (83.4%) and C. coli (13.6%) being the two species most frequently isolated in human
cases [2].

This pathogen can be isolated from a wide range of sources including retail meats,
livestock, wild birds, environmental reservoirs and pets [3–6]. Western France is a region
of high livestock production for meat (pork, poultry, beef, veal and sheep), dairy (cows)
and eggs (hens). Many farms and slaughterhouses are concentrated in this geographical
area. These livestock species are known to be reservoirs of Campylobacter spp., carrying it
asymptomatically in their digestive tracts.

The prevalence in Campylobacter spp. in these livestock production sectors is high in
France. For example, reports show that 70 to 100% of the batches of poultry arriving at
the slaughterhouse carry Campylobacter spp. [4,7]. Campylobacter spp. has been detected
in the faeces of pigs on 69% [3] to 100% [8] of pig farms. A recent study on faeces at the
slaughterhouse yielded an individual prevalence of 39.3% for cattle and 99.4% for calves [9].
A survey realised in 2017 in 14 cattle farms and 12 sheep farms revealed that the occurrence
of Campylobacter on cattle and sheep farms was high with 86% 95%CI [70–101%] and 83%
95%CI [65–101%] of the cattle farms and sheep farms having Campylobacter spp.-positive
samples, respectively [10].

Campylobacter spp. is excreted at relatively high rates by animals: around 108 CFU/g,
5.105 CFU/g and 3.106 CFU/g of faeces in poultry [4], pigs [8] and sheep [11], respectively.
The spreading of manure, slurry and livestock effluents and animals grazing on pastures
can contribute to the spread of Campylobacter spp. in the environment and indirectly to the
contamination of surface water by runoff.

This pathogen can survive for a very long time in surface water and domestic wastew-
ater [12]. Campylobacter spp. can be detected throughout the year in the water of four
rivers in Brittany, France [13]. A recent French study found Campylobacter in river water
flowing into estuaries and seawater, with a prevalence of 88.6% for river water and of 58.3%
for seawater [14]. These Campylobacter spp. present in surface waters can originate from
animals or humans. The precise identification of the source(s) of Campylobacter in surface
water and the level of their contribution require strain typing.

Among available typing methods, multilocus sequence typing (MLST) and core
genome MLST (cgMLST) are effective ways to determine the origin of human infections and
also the origin of surface water contamination, with Campylobacter spp. [15–20]. However,
these techniques are time-consuming and costly and require bioinformatics skills.

Two studies tested MALDI-TOF as bacterial typing method by considering the pro-
tein profiles (MALDI-Types) of bacteria. The first one [21] associated MALDI-types with
sequence types (STs) of Campylobacter spp. The second one [22] demonstrated that protein
profiles allowed to predict C. jejuni clonal complexes (CCs) and STs, at 100% and 93%,
respectively. This method has the advantage of being simple because it requires a simple
deposit of protein extracts of bacteria and few minutes to obtain the protein profiles.

The aims of this study were to evaluate the contribution of cattle, pig, poultry and
sheep in surface water contamination using MLST, cgMLST and MALDI-TOF, and see if
MALDI-TOF can be an alternative technique to answer this question. Here, we focused on
Campylobacter jejuni and Campylobacter coli, the two species most frequently isolated from
these livestock animals and from surface water [14].

2. Materials and Methods
2.1. Collections of Strains

The C. jejuni and C. coli strains considered in this study were isolated from different
sources: pigs (n = 60), cattle (n = 61), sheep (n = 42), poultry (n = 65) and surface water of
rivers (n = 35) (Table 1).

These strains were selected from previous collections (pigs, poultry and surface water)
or from sampling carried out in 2017 for this project (cattle and sheep). The number of
C. jejuni and C. coli per source selected for typing was proportional to the distribution of
these two species in the initial collections, assuming that it is the same proportions reaching
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the water surface of rivers. With the exception of surface water, we typed all the isolated
strains from surface water. All the Campylobacter strains considered in this study were
isolated in France.

Table 1. Number of Campylobacter strains typed per species and source.

Sources Pig Cattle Sheep Poultry River Total

C. jejuni 0 61 27 36 14 138
C. coli 60 0 15 29 21 125

Total 60 61 42 65 35 263

Poultry and pig strains come from national surveys carried out in slaughterhouses in
2012 (not published). All pig strains were C. coli (100%), 55.4% and 44.6% of poultry strains
were C. jejuni and C. coli, respectively. They were isolated from the caeca of poultry and
from the colon contents of pigs taken at random from slaughter lines at different times of
the year. Most of them came from conventional poultry farms and pig farms and some
on which animals had access to open areas. All the strains in this study were from the
slaughterhouses located in western France.

Cattle and sheep strains were isolated from a survey carried out in 2017 on 14 cattle
farms and 12 sheep farms [10]. The area of sampling focused on the Regnéville-sur-Mer and
La Vanlée bays on the western Normandy coast. The cattle and sheep farms were mostly
chosen for their proximity to these bays, except two sheep farms, which were located
further north, near Saint-Germain-sur-Ay bay. The strains were isolated from pools of
faeces (10 pools of faeces per farm) sampled on the ground at different farm locations. The
strains of Campylobacter recovered from cattle faeces were mainly C. jejuni (98%), the others
being C. hyointestinalis. The strains collected from sheep faeces were mostly C. jejuni (66%),
the others being C. coli (34%).

The strains sampled from surface water were collected from 2013 to 2015 [14]. These
rivers flow into the La Fresnaye Bay in the north of Brittany or into Régneville-sur-Mer and
La Vanlée bays on the western Normandy coast, France.

2.2. MLST and cgMLST

Genomic DNA was extracted from fresh colonies using the QIAamp DNA mini kit
from QIAGEN and genomes were sequenced at ICM (Paris, France) using Illumina MiSeq
technology. Genomes were assembled using the Shovill pipeline.

The analysis of the traditional seven-gene MLST was performed using whole-genome
sequencing (WGS) data by comparing the sequences with the publicly available PubMLST
database (BIGSDB, http://pubmlst.org/campylobacter (accessed on 1 March 2019)). Simp-
son’s diversity index (ID) was calculated using the online tool “Comparing Partitions” at
http://www.comparingpartitions.info (accessed on 1 March 2019).

The cgMLST types were determined according to the 1343-locus cgMLST scheme [23].
We considered only the loci common to all genomes in each species. Finally, up to 1100 and
1108 loci were run for cgMLST for C. jejuni and C. coli, respectively.

All the sequence analyses were performed using BioNumerics software (version 7.5)
(Applied Maths NV; Sint-Martens-Latem, Belgium), with graphical representations of the
population plotted as minimum spanning trees (MST) based on the MLST and cgMLST
data. A threshold of 11 allelic differences was used to classify the strains using the Oxford
cgMLST scheme, as previously described [24].

2.3. Source Attribution Using STRUCTURE

Source attribution of strains of C. jejuni (n = 14) and C. coli (n = 20) recovered from
surface water was performed using STRUCTURE software, publicly accessible online at
this address https://web.stanford.edu/group/pritchardlab/structure.html (accessed on
1 March 2023). STRUCTURE includes a clustering method based on a Bayesian model

http://pubmlst.org/campylobacter
http://www.comparingpartitions.info
https://web.stanford.edu/group/pritchardlab/structure.html
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enabling population structure inference and attribution of individuals to sources using
genotyping data [25]. Probabilistic assignments were carried out separately for C. jejuni
and C. coli, using allelic profiles of 1341 core-genome loci for C. jejuni and 1328 core-genome
loci for C. coli. The “no admixture” model was used with a correlated allele frequency
model and assumed that each isolate originated in one of the putative source populations
showing each a characteristic set of allelic frequencies [26]. Analyses were performed with
10,000 burn-in cycles followed by 10,000 iterations, consistent with previously published
work [27]. The reference data set used for C. jejuni source attribution included 61 bovine
strains, 36 chicken strains, and 27 sheep strains. Regarding C. coli source attribution, the
reference data set comprised 59 swine strains, 29 chicken strains and 15 sheep strains. For
both analyses a fourth putative source was created to represent unsampled hosts/reservoirs
such as wild animals, companion animals, etc. in accordance with the approach previously
published [28].

2.4. MALDI-Typing

Strains were subcultured on blood agar for 24 h at 37 ◦C in microaerobic conditions.
The proteins of each strain were extracted as recommended by Bruker. Colonies were
suspended in 300 µL of water for injection (WFI) in which 900 µL of pure ethanol were
added. After a centrifugation at 13,000 rpm for 2 min, the pellets were then mixed with
10 µL of formic acid 70% and then with 10 µL of acetonitrile. After another centrifugation
at 13,000 rpm for 2 min, 1 µL of the supernatant was deposited eight times per strain on
a plate of MSP 48 target polished steel. After drying, 1 µL of IVD-HCCA (α-Cyano-4-
hydroxycinnamic acid) matrix was added on each target. The protein extracts were sent
to MALDI-TOF Platform of the Anses. Mass spectra were acquired on a Microflex LT
mass spectrometer (MALDI Biotyper from Bruker Daltonics). The default parameters were:
detection in linear positive mode, laser frequency of 60 Hz, ion source voltages of 2.0 and
1.8 kV, lens voltage of 6 kV) within the m/z of 2000–20,000. For each strain, 32 spectra
per protein extract (4 reads per target with 8 targets per strain) was obtained. External
calibration of the mass spectra was performed using Bruker Bacterial Test Standard (BTS)
(8255343, Bruker Daltonics GmbH, Bremen, Germany).

The spectra were preprocessed by applying the “smoothing” and “baseline subtrac-
tion” procedures available in FlexAnalysis software (version 3.4.79.0) (Bruker Daltonics
GmgH, Bremen, Germany).

The spectra were exported as peak lists with m/z values and signal intensities for each
peak in text format and then imported into a database in BioNumerics software (version
7.5) (Applied Maths NV; Belgium). Peak detection was performed in BioNumerics using
a signal-to-noise ratio of 20. An average spectrum of protein for each strain was created
using the following parameters: minimum similarity, 90%; minimum peak detection rate,
60%; constant tolerance, 1; and linear tolerance, 300 ppm. Then all the average spectra were
compared in a circular tree using the UPGMA method and Pearson’s coefficient.

A previous study using a similarity threshold of 94% showed that protein profiles
can predict CC and ST using a random forest algorithm [21]. Although our approach to
analysing the results is different, we have taken this threshold as a reference and tested
a lower and a higher threshold. We considered the results according to three similarity
thresholds ≥to 91%, ≥to 94%, ≥to 97%.

3. Results
3.1. Contribution of Livestock Type to Surface Water Contamination with Genome Comparison

The 263 strains were distributed across 115 STs: 49 for C. jejuni and 66 for C. coli, the
most prevalent being ST19 and ST21 for C. jejuni, and ST854 and ST2699 for C. coli.

The diversity of all our C. jejuni collection was high (ID = 0.94, 95%CI [0.93–0.97]);
while this diversity was lower in cattle and sheep than in poultry (Table 2). Among the
138 C. jejuni strains, 49 STs were identified: 16 in cattle, seven in sheep, 25 in poultry and
11 in surface water (Table 2). These STs were distributed into 20 clonal complexes (CC);
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18 strains (11 STs) had unassigned CCs. Two CCs were predominant, with CC21 and CC45
representing 30.4% (n = 42) and 10.1% (n = 14) of the strains, respectively. Several STs of
C. jejuni were assigned to a single source: 10 of the 16 STs found in cattle, five of the seven
STs in sheep, 20 of the 25 STs in poultry and eight of the 11 STs in surface water.

Table 2. Distribution of C. jejuni (on the left) and C. coli (on the right) strains according to the sources,
Sequence type (ST) and Clonal Complexes (CC).

Campylobacter jejuni Campylobacter coli

CC ST Cattle Sheep Poultry River Total CC ST Pig Sheep Poultry River Total

21 19 14 7 1 1 23 828 825 2 3 2 7
21 8 5 3 16 828 2 2
50 2 2 829 1 1
53 1 1 832 2 2

22 22 3 3 854 15 3 4 22

42 42 7 7 860 2 2
9760 2 2 890 1 1 2

45 11 2 2 899 1 1
45 3 1 3 7 1016 2 1 3

137 1 1 2 1061 1 1
583 1 1 1096 2 2 4
1701 1 1 1103 1 1
6076 1 1 1107 4 4

48 38 5 1 6 1142 1 1
48 1 1 1413 2 2

52 52 5 5 1436 1 1

61 61 9 9 1545 1 1

179 6421 1 1 1556 2 2

257 257 4 1 5 1583 1 1
824 1 1 1590 2 2
2254 1 1 1834 2 2

283 267 1 1 2183 1 1

353 356 1 1 2642 1 1
400 1 1 2699 2 8 1 11
2641 1 1 2733 1 1

354 324 1 1 2741 2 2
354 5 5 4044 1 1

443 51 1 1 4086 1 1
443 2 2 5306 2 2
859 1 1 5959 1 1

446 450 1 1 6538 1 1

464 464 2 2 6688 1 1

574 305 1 1 7168 1 1

607 863 1 1 7285 1 1

658 658 1 1 7286 1 1
1044 1 1 7288 1 1

952 7834 1 1 7289 1 1

1275 3629 1 1 7292 1 1
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Table 2. Cont.

Campylobacter jejuni Campylobacter coli

CC ST Cattle Sheep Poultry River Total CC ST Pig Sheep Poultry River Total

NA 586 1 1 7336 1 1
1409 3 3 9631 1 1
2274 1 1 9703 1 1
2324 3 3 9704 1 1
3766 1 1 9706 1 1

4282 1 1 NA 1143 1 1
4490 2 2 1450 1 1
5053 1 1 1470 1 1
5210 2 2 1577 1 1
9632 2 2 1584 1 1
9633 1 1 1764 2 2

Total 61 27 36 14 138 1766 3 3

ID 0.89 0.84 0.97 0.95 0.94 1981 1 1

95% CI 0.86–
0.93

0.80–
0.89

0.96–
0.99

0.89–
1.02

0.93–
0.97 1990 1 1

1991 2 2
1991 2 2
4951 1 1
5150 1 1
7284 1 1
8487 1 1
9629 1 1
9630 1 1
9705 1 1
9707 1 1
9708 1 1
9709 1 1
9758 1 1
9759 1 1
9946 1 1

Total 60 15 29 21 125

ID 0.93 0.67 0.97 0.98 0.96

95% CI 0.88–
0.98

0.49–
0.86

0.95–
1.00

0.95–
1.01

0.93–
0.98

Only six STs included C. jejuni strains from different sources: ST19 and ST21 (=CC21),
ST45 and ST137 (=CC45), ST38 and ST257 (Table 2). Strains from cattle (57.3%) had STs in
common with strains from sheep (44.4%) and/or poultry (19.4%). One strain isolated from
water clustered in ST19 with 14 cattle strains, seven sheep strains and one poultry strain.
Three other strains from water clustered in ST45 with three cattle strains and one poultry
strain, and one water-sourced strain clustered in ST137 with one cattle strain. Finally, 35.7%,
28.5% and 7.14% of C. jejuni strains from water had similar STs to strains isolated from
cattle, poultry and sheep, respectively (Table 3(a)), and nine (64.3%) were not attributed to
any animal source.
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Table 3. (a) Attribution of C. jejuni strains isolated from water to cattle, sheep and poultry using MLST and MALDI typing with three similarity thresholds ≥to
91%, ≥to 94%, ≥to 97%. Water strains with the same ST or grouped in the same MALDI cluster as animal strains were first considered. The remaining water
strains were defined as non-attributed. (b) Attribution of C. coli strains isolated from water to pig, sheep and poultry using MLST and MALDI typing with three
similarity thresholds ≥to 91%, ≥to 94%, ≥to 97%. Water strains with the same ST or grouped in the same MALDI cluster as animal strains were first considered. The
remaining water strains were defined as non-attributed.

(a) MLST MALDI ≥ 91% MALDI ≥ 94% MALDI ≥ 97%

sources of
C. jejuni
strains

n. of
isolates

n. of water
strains with
same ST as

animal
strains

% of
attributed

water
strains

n. of water
strains in same
cluster ≥ 91%

as animal
strains

% of
attributed

water
strains

n. of water
strains in same
cluster ≥ 94%

as animal
strains

% of
attributed

water
strains

n. of water
strains in same
cluster ≥ 97%

as animal
strains

% of
attributed

water
strains

Cattle 61 5 35.7 11 78.6 6 42.8 2 14.3
Sheep 27 1 7.1 1 7.1 0 0 0 0
Poultry 36 4 28.5 12 85.7 4 14.3 1 7.1
Water 14 9 non-

attributed
64.3 1

non-attributed
7.1 6

non-attributed
42.8 11

non-attributed
78.8

(b) MLST MALDI ≥ 91% MALDI ≥ 94% MALDI ≥ 97%

sources of
C. coli
strains

n. of
isolates

n. of water
strains with
same ST as

animal
strains

% of
attributed

water
strains

n. of water
strains in same
cluster ≥ 91%

as animal
strains

% of
attributed

water
strains

n. of water
strains in same
cluster ≥ 94%

as animal
strains

% of
attributed

water
strains

n. of water
strains in same
cluster ≥ 97%

as animal
strains

% of
attributed

water
strains

Pig 60 0 0 5 23.8 0 0 0 0
Sheep 15 0 0 5 23.8 0 0 0 0
Poultry 29 0 0 14 66.6 7 33.3 5 23.8

Water 21 21 non-
attributed 100 2

non-attributed 9.52 14
non-attributed 66.6 16

non-attributed 76.2
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The diversity of all C. coli collection was also high (ID = 0.96; 95%CI [0.93–0.98]) with a
lower diversity in sheep than in the other livestock species (Table 2). Among the 125 C. coli
strains, 66 STs were identified (33 in pigs, four in sheep, 21 in poultry and 17 in surface
water), with 43 STs in CC828 (the only CC identified for C. coli in this study). Only two of
the 21 strains isolated from surface water carried CC828; the 23 other STs had unassigned
CCs (Table 2). Three STs were predominant: ST854 (22 strains), ST2699 (11 strains) and
ST825 (seven strains). Several STs were assigned to a single source; 27 of the 33 STs were
identified in pigs, one of the four STs in sheep, 15 of the 21 STs in poultry and all 17 STs in
surface water.

Only six STs of C. coli grouped strains from different sources (ST825, ST854, ST890,
ST1016, ST1096 and ST2699), indicating that strains from pigs (40%) had STs in common
with strains from sheep (93.3%) and/or poultry (52.4%) (Table 2). However, none of the
21 C. coli strains isolated from surface water shared an ST in common with other sources
indicating that 100% were not attributed to any animal source (Table 3(b)).

Taking into account an allelic difference of 11 for the clustering of the strains in cgMLST,
no animal strain from any source clustered with any other animal strain. Only one C. jejuni
strain from water (2.8%) could be attributed to sheep, and none to cattle, poultry or pigs
(Figures 1 and 2) indicating that 92.8 % of the C. jejuni from water and that 100% of the
C. coli from water were not attributed to any animal source by cgMLST.
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Figure 1. cgMLST-based MST (1100 loci) of C. jejuni isolated from cattle, sheep, poultry and river
samples. Complex clonal CC21 and CC45 are represented on the MST and ST of the strains are
indicated. Taking into account an allelic difference of 11 for the clustering of the strains in cgMLST,
only one C. jejuni strain from water (identified by a white star) could be linked to strains from sheep
(7 allele differences). The number of sections in a circle corresponds to the number of strains.
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Figure 2. cgMLST-based MST (1108 loci) of C. coli isolated from pig, sheep, poultry and river samples.
Taking into account an allelic difference of 11 for the clustering of the strains in cgMLST, no C. coli
strain from any animal source clustered with any C. coli water strain.

3.2. Source Attribution of C. jejuni and C. coli Strains Retrieved from Surface Water

Probabilistic assignments of the surface water strains to each potential host source were
performed separately for C. jejuni and C. coli using STRUCTURE software, publicly accessi-
ble online at this address https://web.stanford.edu/group/pritchardlab/structure.html
(accessed on 1 March 2023) and allelic profiles of core-genome loci. A total of 124 agricul-
tural C. jejuni strains and 103 agricultural C. coli strains were used as reference data sets to
attribute surface water C. jejuni (n = 14) and C. coli (n = 21) strains to their source.

A total of 93.5% of C. jejuni surface water isolates were attributed to poultry, while
6.3% were attributed to unsampled sources and the remaining (<1%) to the sheep reservoir
(Table 4). Cattle did not appear to contribute to surface water contamination by C. jejuni in
this study. Regarding C. coli, 94.3% of surface water isolates were attributed to unsampled
sources, while 5.7% were attributed to poultry (Table 4). Two sources did not appear to
contribute to the surface water contamination by C. coli—pig and sheep reservoirs.

Table 4. Probabilistic assignments of Campylobacter jejuni or Campylobacter coli isolates recovered
from surface water to their source using STRUCTURE software. The values indicated in the table
correspond to the probability that C. jejuni or C. coli isolates recovered from surface water in France,
originally come from cattle, poultry, sheep, pig or from an unsampled source.

Sources Cattle Pig Poultry Sheep Unsampled

C. jejuni (n = 14) 0 NA 0.935 0.003 0.063
C. coli (n = 21) NA 0 0.057 0 0.943

https://web.stanford.edu/group/pritchardlab/structure.html
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3.3. Contribution of Animal Production in the Surface Water Contamination with MALDI Typing
Comparison

The similarity of the C. jejuni and C. coli strains according their MALDI-types are
represented in two distinct circular trees (Figures 3 and 4, respectively). We analysed the
results according to three similarity thresholds ≥to 91%, ≥to 94%, ≥to 97 % (Table 3(a,b)).
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Figure 3. Radial tree of Campylobacter jejuni isolates from their protein average spectrum obtained by
MALDI-TOF. The radial tree was created with BioNumerics® software (version 7.5) (Applied Maths
NV; Belgium) using UPGMA method and Pearson’s coefficient. Clusters were considered from a
cut-off ≥to 91%, 94% and 97% of similarity.

We observed that the C. jejuni strains from bovine, poultry and/or sheep can be
grouped on the same branches suggesting a close similarity and that few branches were
linked to only one host. The percentage of water strains non-attributed to an animal origin
increases in parallel with the increase of the threshold, to the detriment of the percentage
attributed to cattle and poultry (Table 3(a)). At ≥91%, sheep are identified as a potential
source of river contamination by C. jejuni, but no longer at 94% and 97%. At ≥91%, only
four C. jejuni water strains clustered in MALDI with animal strains had the same ST as
animal strains (ST19 (1 strain), ST45 (2 strains) and ST137 (1 strain)); the others water strains
had no ST in common (ST11, ST267, ST583, ST586, ST3629, ST5053, ST6076, and ST7834)
with animal strains. The concordance of results between these two techniques, MLST and
MALDI, is therefore weak.

On the C. coli circular tree, strains from pigs, poultry and sheep were almost separated
from each other according to the origin, suggesting that these C. coli strains are strongly
associated with the host. The percentage of water strains non-attributed to an animal origin
increases in parallel with the increase of the threshold, to the detriment of the percentage
attributed to poultry (Table 3(b)). At ≥91%, pig and sheep are identified as a potential
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source of river contamination by C. coli, but no longer at 94% and 97%. At ≥91%, no C. coli
water strains clustered in MALDI with animal strains had the same ST as animal strains
(ST1764, ST1766, ST1981, ST1990, ST1991, ST8487, ST9629, ST9704, ST9705, ST9706, ST9707,
ST9708, ST9709, ST9758, and ST9759). There was no concordance in the results between the
two techniques, MLST and MALDI.
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cut-off ≥to 91%, 94% and 97% of similarity.

4. Discussion

This study focused on a collection of C. jejuni and C. coli strains isolated in France from
different livestock types—cattle, sheep, pigs and poultry—to evaluate the contribution
of these farm animals in the contamination of surface water of rivers. First, the overall
diversity was high, as was the diversity of strains within each source (with C. coli in pigs
showing the lowest diversity). The 263 strains were distributed across 115 STs (49 for C.
jejuni and 66 for C. coli), suggesting a good representativeness of the STs occurring in the
different sources considered here and providing sufficiently robust data to demonstrate
the link between STs and their hosts. For example, several STs were specific to one source
whereas other STs were found in several sources. It is common for different animal species
to share the same STs [19,29,30]; some STs belonging for example to the ST-21 or ST-45
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clonal complexes can be considered as host-generalist STs because they can be isolated
from multiple reservoirs [31].

4.1. Diversity of Sequence Types in Cattle, Sheep, Poultry and Pigs

In cattle, we had mainly C. jejuni, whereas C. coli was also isolated [9], albeit at a lower
level (7.8% of the strains) than C. jejuni. C. coli has also been isolated from cattle in Spain [32].
As also observed in other studies [9,33,34], CC21 was prevalent in our cattle Campylobacter
population. Five STs identified only in cattle (ST38, ST42, ST61, ST45 and ST658) were
common to STs isolated from bulk tank milk in dairy herds in Italy [34], suggesting that
some strains can be host-specific.

In our study, sheep excreted both C. jejuni and C. coli. These two species are associated
with abortion in sheep in the USA [35,36] and in Turkey [37]. The USA study [35] identified
ST19 and ST21 as responsible for sheep abortion; these two STs were isolated in our study
from healthy sheep. Our strains from sheep were distributed across only 11 STs, with
ST2699 being the most prevalent, followed by ST19 and ST21. These two ST belong to CC21,
a CC that was prevalent in sheep in a Spanish study [33]. Among the 11 STs identified in
sheep in our study, five were also found in cattle, poultry and/or pigs, further supporting
the fact that some STs are host-generalist STs.

The diversity of STs from C. jejuni and C. coli from poultry was high, as already
observed for the poultry production sector in France [38,39]. Although those studies
highlight the predominance of CC21, CC45 and CC464 in the broiler production chain,
there was no particular ST or CC that stood out from the others in our poultry sample
collection.

The only CC found in our study for C. coli was CC828 (the others being unidentified),
which has been previously described as the predominant CC in C. coli isolates [40]. In pigs,
we identified C. coli only as recently reported in the French pig production sector [3,41].
The diversity of our C. coli from pigs was high (33 STs for 60 strains) and ST854 was one
of the most prevalent STs as reported in other countries, e.g., Switzerland, the UK, USA,
Denmark and Italy [40,42–46]. Nine other STs of our C. coli from pigs were also identified
in another study [45], indicating that similar strains can be isolated at different times and
in different locations. Overall, 40% of the C. coli from pigs shared six STs with those from
poultry (i.e., 38% of the C. coli identified in poultry). The concentration and the proximity
of these two livestock types can contribute to the circulation of these STs between them.

4.2. Sources of Campylobacter Contamination of Rivers

In our study, CC45 (in particular ST45) was the most prevalent CC found among the
strains isolated from the surface water of rivers. This CC is known to be more widely
distributed within the environment than other STs [17,47,48].

Considering MLST data in our study, the highest contributor to surface water con-
tamination was cattle, followed by poultry and sheep. Pigs were not identified as a source
of surface water contamination. This result differs from what has been observed in other
countries. Using an asymmetric island model for source attribution on MLST data [17], 4.3%
and 1.2% of C. coli surface water strains could be attributed to pigs for Luxembourg and the
Netherlands, respectively. In these countries, C. jejuni and C. coli strains from surface water
were mainly attributed to wild birds (61.0%, and 37.3%, for respectively, Luxembourg and
The Netherlands) and poultry, followed by ruminants and pigs [17]. If we consider all the
surface water strains in our study (n = 35), we can estimate that 85.7% are not attributed to
any animal production. A proportion of these strains could therefore be attributed to wild
birds. However, in a recent study carried out in Luxembourg [49] it was observed that 4%
of C. jejuni from wild birds corresponded to recurrent genotypes in humans, suggesting a
key role for wild birds in the spread and persistence of these genotypes and its multi-host
characteristic.

A previous study using a 94% similarity threshold showed that protein profiles can
predict CCs and STs with the help of a random forest algorithm [22]. That is why we
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considered it interesting to type our strains with the MALDI biotyper to see if we reached
the same conclusions for these two approaches, MLST and MALDI. Using a threshold of
≥91% of similarity for the protein profiles of the strains, our study showed that strains from
surface water were attributed to all the four animal productions and to a greater extent,
mainly to poultry, followed by cattle. By raising the threshold to ≥94% and then to ≥97%,
we lose the contribution of sheep and pigs. At a threshold of 94%, strains from surface water
could be attributed to poultry (31.4%), and to cattle (17.1%), and 54.1% were non-attributed.
At a threshold of 97%, strains from surface water could be attributed to poultry (17.1%),
and to cattle (5.7%), and 77.1% were non-attributed. This approach may be an alternative
method for attributing the origin of strains isolated from surface water or human infections.
A threshold of 94% seems to be a good compromise. However, a very low concordance for
C. jejuni and no concordance for C. coli were observed between the MALDI clusters that
grouped water strains with animal strains and STs of these water strains; their STs were
not found in animals (with the exception of four C. jejuni water strains). It is not the same
strains that are involved in the attribution between MALDI and MLST. This poor or lack
of agreement between the two techniques could be explained by the fact that the protein
spectra of strains may be influenced by the environmental conditions they encountered
during their lifetime (digestive tract, soil, water, etc.). Therefore, the relevance of MALDI
for this type of study is questionable.

Using cgMLST analysis, the involvement of wild birds mainly and poultry in surface
water contamination was confirmed in the Netherlands [20]. Based on 11 allelic differences
to cluster the strains in cgMLST [24], we only identified one strain from surface water (2.8%)
related to sheep. None of the strains from cattle, poultry or pigs could be associated with
strains from river surface water. As a result, 97.2% of the strains isolated from the surface
water are not attributed. This could be explained by the fact that cgMLST is more discrim-
inating than MLST, which only considers seven housekeeping genes. Nevertheless, this
result suggests that birds make a significant contribution to surface water contamination.

Of the 35 strains (14 C. jejuni and 21 C. coli) isolated from surface water, 30 had an ST
that was not identified in any of the livestock types. Five STs (ST11, ST267, ST583, ST5053
and ST7834) of our strains isolated from surface water were associated with wild birds in
the pubMLST database (consulted 4 July 2023).

Analysis of cg-MLST data with STRUCTURE indicates that C. jejuni strains from
surface water are predominantly attributed to poultry (93.5%) with 6.3% non-attributed,
and that conversely, C. coli strains from surface water are predominantly non-attributed
(94.3%) with 5.7% attributed to poultry. Our results are consistent with those obtained
previously with STRUCTURE [20] for C. coli where 93.7% of the strains in the surface
water were attributed to wild birds and 5.6% to poultry. The addition in our analysis of a
fourth source to represent unsampled reservoirs such as wild animals, companion animals,
etc. as previously described [28] is a very appropriate approach for a better attribution of
contamination sources.

5. Conclusions

This study confirmed that these livestock animals—cattle, sheep, poultry and pigs—
might contribute to the contamination of surface water. However, our study showed that
the level of contribution of each animal production is variable depending on the typing
technique and the method of analysis, and that the proportion of non-attributed strains must
be taken into account to reflect unsampled sources. Our study suggests that other sources,
such as wild birds, would contribute to surface water contamination by Campylobacter.
MALDI could potentially be an alternative approach for source attribution. However,
questions remain about the stability of these protein spectra in different environments and
over time.
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