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ARTICLE INFO ABSTRACT

Keywords: Whole-Genome Sequencing has the potential to be an effective method for surveillance of foodborne diseases.

Wh°1€'gen°me sequencing This study aims to determine the genetic relatedness and prevalence of virulence-associated genes and antimi-

gﬁnlomlcs crobial resistance determinants in 135 Campylobacter jejuni, seven Campylobacter coli and three Campylobacter lari
ylogeny

isolates from the poultry supply chain and a hospital in Spain. The isolates showed a wide genetic diversity
between and within species with Clonal Complex 21 the most frequent lineage found. Among species, C. jejuni
showed the highest prevalence of virulence genes (287/333) in which a high occurring variability was observed
in the capsule biosynthesis and transport, O-linked flagellar glycosylation and lipooligosaccharide biosynthesis
loci, with a great impact of phase-variation that led to 72 different virulence gene patterns among all isolates.
High prevalence (> 90 %) of blapxa-type p-lactamase genes and mutations in DNA gyrase gene associated with
fluoroquinolones resistance were observed, and at a frequency similar to the tet(O) gene in C. jejuni (93 %) and
C. coli (86 %), both of which also harboured resistance determinants to aminoglycosides with a higher occur-
rence rate in C. coli (43 %), that was the only species in which mutations in the 23S ribosomal subunit conferring
resistance to erythromycin were identified (43 %). The present study constitutes the largest genomic survey of
Campylobacter isolates in Spain providing insight into the prevalence and diversity of the pathogen along the

Virulence genes
Phase variation
Antimicrobial genes

poultry supply chain in the country.

1. Introduction

Campylobacter spp. are the most common cause of foodborne
gastrointestinal infection worldwide with >127,000 human reported
cases in the EU in 2021 (EFSA and ECDC, 2022a). Campylobacter jejuni
causes approximately 90 % of them, followed by Campylobacter coli
(about 10 %) and less frequent species like C. lari (0.1 %). Poultry is the
most important source of Campylobacter transmission, although direct
contact with infected animals or environmental reservoirs (e.g., water
sources) are potential risk factors associated with Campylobacter out-
breaks (McLure et al., 2023). Moreover, certain lineages are frequently
associated with specific hosts or niche, like the C. jejuni Clonal Complex
(CC)257 defined as chicken-specialist lineage (Sheppard et al., 2014),
while others dominant genotypes, such as CC21, CC45 or CC848, are
host-generalist (Mehat et al., 2020).

The pathogenesis of Campylobacter is unclear due to the great di-
versity of bacteria, and the relevance of putative virulence factors is
commonly poorly understood (Garcia-Sanchez et al., 2018a). However,
some virulence factors involved in flagella (FlaA and FlaB) and proteins
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associated with adhesion (CadF), invasion (CiaB, CiaC, CiaD and Cial)
and colonization (CapA) have been described as responsible for
Campylobacter pathogenicity (Bolton, 2015). Moreover, the structure of
the capsular polysaccharide (CPS) and lipooligosaccharide (LOS),
together with the O-linked glycosylation of flagellin and genetic varia-
tions owing to phase variation, are also important determinants of the
pathogenicity of the bacteria (Burnham and Hendrixson, 2018).

Campylobacteriosis is usually a self-limiting infection and antibiotics
are only recommended for severe cases. However, their indiscriminate
use in humans and in food-producing animals has led to the emergence
of multidrug resistant strains that threaten global public health (Qin
et al., 2023). Nevertheless, specific Campylobacter genotypes are more
likely to resist antibiotics than others and a potential link was found
between specific lineages and source of isolation (Wirz et al., 2010; Shin
et al., 2013). Similarly, some C. jejuni genotypes have a better ability to
survive and persist at certain stages of the food supply chain (Melero
et al., 2012; Garcia-Sanchez et al., 2017).

Currently, Whole-Genome Sequencing (WGS) is applied for epide-
miology studies including surveillance of foodborne pathogens of public
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health concern, allowing outbreak detection and prevention of food-
borne diseases (Joensen et al., 2021; Dessouky et al., 2022). However, in
Spain, only a few studies have analysed the genetic diversity and
genomic traits of Campylobacter strains and used a limited number of
isolates from 16 to 70 (Cantero et al., 2018; Garcia-Sanchez et al., 2019;
Ocejo et al., 2021). The aim of this study was to investigate the diversity
of Campylobacter spp. isolated from different steps of the poultry supply
chain and from the hospital of Burgos (Spain), and compare their anti-
microbial resistance and virulence profiles.

2. Material and methods
2.1. Campylobacter isolates population

A total of 135C. jejuni, seven C. coli and three C. lari was selected
from our previous cross-sectional surveys carried out between June
2014 and July 2015 in different steps of the poultry supply chain of
northern and central Spain (n = 86), such as farms (n = 11), a slaugh-
terhouse (n = 32), a poultry processing plant (n = 14) and poultry
products form different regions of Spain at retail shops (n = 29), and
from human clinical samples of the region of Burgos (Spain) (n = 59)
(Garcia-Sanchez et al., 2017; Garcia-Sanchez et al., 2018a; Garcia-
Sanchez et al., 2020). During that period, the slaughterhouse was
exclusively supplied by the seven farms that were sampled, but the retail
shops received meat from different poultry processing plants (including
that of this study). Moreover, despite the slaughterhouse and poultry
processing plant comprised different areas of the same location, they
were studied independently due to the statistically significant associa-
tion (p < 0.05) between the frequency of C. jejuni isolates and these areas
(Garcia-Sanchez et al., 2017). Isolate metadata is described in Supple-
mentary Table S1.

2.2. Whole-Genome Sequencing (WGS) and genome analysis

Genomic DNA extraction and sequencing was performed as
described by Ortega-Sanz et al. (2023a). Briefly, Bacterial DNA was
extracted using the commercial QIAamp® DNA Mini Kit (QIAGEN,
Hilden, Germany), following the manufacturer’s instructions. DNA
concentrations were measured using the Qubit Fluorometer, while DNA
purities were determined using the NanoDrop ND-1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). Library prepa-
ration and sequencing was performed using the Nextera XT DNA Library
Preparation Kit (Illumina, San Diego, CA, USA) and the MiSeq platform
(Illumina) providing 2 x 300 bp paired-end reads.

Reads were filtered, assembled and annotated using CamPype
(Ortega-Sanz et al., 2023b). Briefly, read quality for each sample was
analysed using FastQC v0.11.9 (S. Andrews, http://www.bioinformatic
s.babraham.ac.uk/projects/fastqc) to optimize the read quality step.
Trimmomatic v0.39 (Bolger et al., 2014) was used to remove adapters
from reads (ILLUMINACLIP:adapters_and_sequences.fa:1:30:11), fol-
lowed by read quality filtering using PRINSEQ (Schmieder and Edwards,
2011) with the following parameters: -min_len 50 -min_qual mean 30
-trim_qual _right 25 -trim_qual_ window 20. Overlapping reads were
extended with FLASH v1.2.11 (Magoc and Salzberg, 2011) with default
settings, followed by de novo assembly through SPAdes v3.14.0
(Bankevich et al., 2012) using the isolate mode. Contigs shorter than
500 bp were removed, and the quality and completeness of genomes
were analysed through QUAST v5.0.2 (Gurevich et al., 2013) and
BUSCO v.5.2.2 using the campylobacterales_odb10 dataset (Simao et al.,
2015), respectively. Draft genomes were reordered against the reference
genomes of C. jejuni NCTC 11168 (AL1111681.1), C. coli RM2228
(CP035927.1) or C. lari RM2100 (CP000932.1) using pro-
gressiveMAUVE v2.4.0 (Darling et al., 2010) and annotated using
Prokka v1.14.6 (Seemann, 2014) with the corresponding reference
genome annotation for each species mentioned above. CRISPR arrays
and cas loci were also annotated using minced v0.2.0 (Bland et al.,

International Journal of Food Microbiology 427 (2025) 110940

2007), which was available in Prokka.

2.2.1. Genetic diversity, Multilocus Sequence Type (MLST) identification
and core genome MLST (cgMLST) analysis

Average nucleotide identity (ANI) was calculated based on the
BLAST algorithm using pyANI v0.2.11 (Pritchard et al., 2016) to assess
the similarity within species and to each reference genome. Draft ge-
nomes were taxonomically typed based on the auto-detected MLST
scheme by mlst v2.17.6 (T. Seemann, https://github.com/tsee
mann/mlst) and assigned to Clonal Complexes (CCs) by the PubMLST
database (Jolley et al., 2018). For C. jejuni and C. coli isolates, the MLST
scheme was composed of the following 7 housekeeping genes: aspA,
glnA, gltA, glyA, pgm, tkt and uncA, while for C. lari the gene targets were
adk, atpA, glnA, glyA, pgi, pgm and tkt. Phylogenetic comparison of the
genomes was performed using a Neighbour-Joining (NJ) tree based on
the distance matrix calculated from the allelic differences in the core
genome MLST (cgMLST).The genomes were analysed by chewBBACA
v2.8.5 (Silva et al.,, 2018) with default configuration following the
external pubMLST C. jejuni/coli cgMLST scheme of 1343 loci (Cody
et al., 2017) (last updated on September 12, 2022) and the Prodigal
training file provided for genome C. jejuni NCTC 11168-BN148 (https:
//www.ncbi.nlm.nih.gov/nuccore/HE978252). For allele assignment,
a BLAST Score Ratio (BSR) equal to 0.6 was used. The allele profile data
was subsequently used to obtain the cgMLST allele distance matrix by
cgmlst-dists ~ v0.4.0  (https://github.com/tseemann/cgmlst-dists).
Finally, MEGA X v10.2.5 (Kumar et al., 2018) was used to calculate the
NJ tree using the bootstrap method with 1000 replicates, and the “p-
distance” model. Annotations and visualizations were performed using
the web-based tool iTOL v6.5.8 (Letunic and Bork, 2021).

2.2.2. Identification of virulence genes

An in-house database of 333 Campylobacter virulence-associated
genes (Supplementary Table S2) was blasted twice against the draft
and annotated genomes through BLAST 2.10.1+ (Zhang et al., 2000).
Results were manually corrected for overlapping blast hits (i.e., different
genes found at the same location in the genome) based on analysing
Bidirectional Best Hits (BBHs) using the orthologr R package (Drost
et al., 2015) and gene synteny. BBHs confirmed the presence of a single
gene at a specific location when overlapping hits were observed at the
same genomic coordinates. When no BBH was possible, genes were
assigned based on contiguous sequences and sequential order of locus
tags in both the reference genome and the annotated genomes of study
(gene synteny). Furthermore, truncations were considered as gene
presence if the hit occurred at contigs boundaries (i.e., at the end of two
contigs) (Ortega-Sanz et al., 2024) and confirmed through mapping the
reads to the reference genome using BWA-maximal exact match (MEM)
0.7.17-r1188 (Li, 2013), followed by visualization of the alignment with
IGV (Robinson et al., 2011). For those virulence-associated genes
affected by phase-variation (PV) (Supplementary Table S2), the ON/OFF
status was analysed using Phasomelt (Aidley et al., 2018) with the
cutoffs 7 6 10 5 5 and the filter W9 as recommended for Campylobacter
analysis.

2.2.3. Identification of antimicrobial resistance genes

The detection of antimicrobial resistance (AMR) genes was per-
formed using ABRicate 1.0.1 (T. Seemann, https://github.com/
tseemann/abricate) against the databases ARG-ANNOT (Gupta et al.,
2014), CARD (Comprehensive Antibiotic Resistance Database)
(McArthur et al., 2013), ResFinder (Zankari et al., 2012), Megares
(Lakin et al., 2017) and NCBI Bacterial Antimicrobial Resistance
Reference Gene Database (NDARO) (https://www.ncbi.nlm.nih.gov/bio
project/PRINA313047). A minimum of 80 % identity and 60 %
coverage was required for gene presence. In addition, point mutations
conferring resistance were identified through PointFinder v3.1.1
(Zankari et al., 2017) in the genes existing in the database of the
Campylobacter species and using BLASTN. No blast threshold for identity
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or minimum coverage were specified for PointFinder and default
configuration was used (90 % identity and 60 % coverage). The in silico
data was finally compared with the antimicrobial in vitro susceptibility
tests that were previously performed in the research group (Garcia-
Sanchez et al., 2018b; Garcia-Sanchez et al., 2019; Garcia-Sanchez et al.,
2020).

2.3. Statistical analysis

Differences between means were examined using one-way analysis of
variance (ANOVA), and Fisher’s LSD (Least Significant Difference) test
was applied whenever multiple comparisons were carried out. Besides,
the significance of between-group differences in the frequency of posi-
tive isolates was verified with Fisher’s exact test. The statistical signif-
icance level was set at p < 0.05.

3. Results
3.1. Genome annotation

The 145 draft genomes were assembled into 10-86 contigs with an
average coverage of 162 + 104x (Supplementary Table S3). The total
genome length ranged from 1.61 to 1.87 Mbp in C. jejuni, 1.66 to 1.77
Mbp in C. coli, and 1.45 Mbp in C. lari. While the average size of the
C. jejuni and C. coli genomes was statistically equal (p < 0.001), C. lari
genomes were significantly shorter with ~240 kbp less, and so was the
number of coding DNA sequences (CDS) found. The genome annotation
revealed 1648 to 1967 CDS and 3-8 rRNAs in C. jejuni, 1674 to 1795 CDS
and 3-6 rRNAs in C. coli, and 1447 to 1451 CDS and 3 rRNAs in C. lari.
Moreover, 108 genomes (106C. jejuni and two C. coli) harboured a
CRISPR-Cas (Clustered Regularly Interspaced Palindromic Repeats)
system and genes encoding for Casl, Cas2 and Cas9, but the remaining
29C. jejuni genomes possessed the cas locus with no companion CRISPR
array, while no isolated cas locus (or CRISPR arrays) were found in the
remaining eight genomes (five C. coli and three C. lari). The average GC
content was 30.36 + 0.10 % in C. jejuni, 31.33 £+ 0.09 % in C. coli and
29.68 + 0.01 % in C. lari. Genome completeness was >99 % for all
genomes.

3.2. Genetic diversity and phylogenetic analysis of Campylobacter spp.

The ANI values calculated between isolates of the same species were
above 96 % for C. jejuni (mean = 98.76 %, range = 96.98 %-100 %),
C. coli (mean = 98.79 %, range = 98.45 %-99.73 %) and C. lari (mean =
99.04 %, range = 98.08 %-100 %). When the isolates were compared to
the reference genome within each species, highly similar ANI values
were obtained for C. jejuni (mean = 98.93 %, range = 97.26 %-99.97 %)
and C. coli (mean = 98.82 %, range = 98.55 %-99.01 %), but lower
values for C. lari (mean = 98.09 %, range = 98.08 %-98.10 %).

The Campylobacter strains showed a great variety of Clonal Com-
plexes (CCs) with 126 isolates (87 %) being grouped in 14 previously
described CCs, while the remaining 19 isolates belonged to yet unde-
fined CC, including the three C. lari isolates (Supplementary Table S3).
This diversity was predominant in C. jejuni, for which the most frequent
Clonal Complex was CC21 with 69 isolates in total (51 %), followed by
CC607 and CC464 with 10 isolates each (7 %). CC21 was the only
lineage that was isolated from all sampling locations (farm, slaughter-
house, poultry processing plant, retail shop and hospital) with a pre-
dominance in all of them (Fig. 1A). The distribution of CCs along the
food supply chain revealed that the slaughterhouse and poultry pro-
cessing plant were the stages with the least diversity of lineages (four
CCs each), while a high diversity of lineages was found in retail (nine
CCs) and, in particular, in hospital (12 CCs). Moreover, a potential as-
sociation was found between specific CCs and sampling locations (p <
0.001). Thus, isolates from slaughterhouse were more likely to belong to
CC607 than isolates from other sites (25 % versus 2 %, p < 0.001).
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Similarly, CC257 was only found in human campylobacteriosis cases,
while CC460 in surfaces in slaughterhouse and poultry processing plant,
and CC658 in retail chicken. In contrast, CC464 was the only CC found in
all sampling locations except in slaughterhouse. In the C. coli species, all
isolates were grouped in CC828.

Phylogenetic analysis of the strains showed three main clades, one
for each Campylobacter species (Fig. 1B). Of these, the highest diversity
of Sequence Types (STs) was observed in the C. jejuni clade, and, spe-
cifically, in isolates from clinical origin (Fig. 1B). They were divided into
25 STs and most of them (n = 130) belonged to 13 distinct CCs. How-
ever, five C. jejuni strains did not have a ST reported in the pubMLST
database (accessed on January 4, 2023), and belonged to an unknown
not yet reported CC. The most frequent STs in C. jejuni were ST-3769 (n
= 36), ST-50 (n = 12), ST-464 (n = 10) and ST-21 (n = 8). Despite such
diversity of the C. jejuni strains, sampling locations were also signifi-
cantly linked to specific STs (p < 0.001). Of these, ST-3769 and ST-904
were significantly predominant of environmental samples (83 % versus
9 %, p < 0.001) and in slaughterhouse and poultry processing plant over
other STs (89 % versus 6 %, p < 0.001). Both STs included strains with
little allelic variations among them and were highly clonal. Moreover,
ST-3769 was the most persistent ST along the poultry supply chain
(isolated from farm, slaughterhouse and processing plant) and in hos-
pital with increasing prevalence in the slaughterhouse and processing
plant (72 %). The C. coli strains were represented by four STs (ST-827,
ST-854, ST-860 and ST-1595), of which ST-860 (n = 3) was the most
frequent, and together with ST-854 persisted from retail to hospital. On
the other hand, all C. lari strains were represented by ST-21 (C. non-
jejuni/coli MLST scheme).

3.3. Virulence genes

A total of 191 virulence-associated genes were identified in the 145
Campylobacter spp. isolates, whereas differences were observed for 134
genes, and only the ggt gene (colonization) and seven genes of the Type
IV Secretion System (T4SS) were neither found in any isolate nor the
reference strains (Fig. 2). The distribution of genes indicated 72 different
virulence profiles among the isolates. Prevalence of genes varied among
the different categories of virulence factors, although the genes repre-
senting the flagellar Type III Secretion System (T3SS) and those related
to invasion (IamA/B and Cia proteins) and secretion system (TatABC
complex) were found in all isolates. Conversely, genes encoding enter-
obactin receptors (cfrB), autotransporters (capB), capsule components
(cj1426¢, cj1432c, 1433c, c¢j1435¢c-cj1438c and c¢j1440c) and secretion
systems (Type VI secretion system, T6SS) were less frequently detected
(below 20 %).

Among species, a higher number of virulence genes was found for
C. jejuni (mean = 287, range = 255-313), followed by C. coli (mean =
255, range = 249-258) and C. lari (mean = 222, range = 222-222), that
was statistically significant between each pair (p < 0.001). A similar
pattern was observed by virulence factor category with the exception of
genes related to lipooligosaccharide (LOS), that were less prevalent in
C. coli with on average three genes less compared to the 12 genes found
in C. lari, although the difference was not significant between the two (p
> 0.05). Compared to each selected reference genome per species, C. lari
harboured on average 12 genes less and the difference was significant (p
< 0.001), while no statistical difference was observed in the C. jejuni
isolates despite harbouring 22 genes less neither in C. coli (p > 0.05).
Hierarchical clustering analysis based on the 134 variable genes showed
clear clustering patterns for each species and CC (Fig. 2). Within CC21,
ST-21 and ST-883 formed a separate cluster due to large differences in
the capsule biosynthesis and transport locus. This locus together with
the O-linked flagellar glycosylation and LOS biosynthesis loci showed
high intra- and interspecies variability due to phase-variable (PV) genes,
especially in C. jejuni and C. coli. From the 24 virulence-related PV genes
whose ON/OFF state was assessed, 19 were located in one of these three
loci (Fig. 2). Differences in the phase state were found for 23 PV genes,
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Fig. 1. Phylogenetic analysis of the Campylobacter species isolated from Spain in this study. Clonal Complex (CC) frequency distribution of Campylobacter spp.
isolates grouped per sampling location are detailed (A). Phylogenetic tree is based on the pubMLST Campylobacter jejuni/coli cgMLST scheme (B). Tree branches are
coloured based on species with C. jejuni in black, C. coli in red and C. lari in blue. Host or isolation source is shown in coloured boxes for each strain with reference
genomes in bold. Sampling location and Sequence Types (STs) are highlighted in the outer rings for each strain. *, C. non-jejuni/coli MLST scheme.
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Fig. 2. Distribution of Campylobacter spp. virulence-associated genes. The heatmap shows the presence (dark grey, green and red) and absence (light grey) of variable
virulence genes, phase-variable (PV) genes and absent genes among the 145 Campylobacter isolates and reference genomes (C. jejuni NCTC 11168, C. coli RM2228 and
C. lari RM2100). PV genes are represented in green or red based on their ON/OFF status. The dendrogram in the left represents the similarity among isolates based on
their virulence pattern and phase state of PV genes and was generated according to the result of the hierarchical clustering using the complete linkage method on the
Euclidean distance matrix. Strains are colour-coded according to Campylobacter species, Clonal Complex and sampling location from where they were isolated.
Virulence genes are highlighted by coloured boxes according to virulence factor categories. The heatmap was created using the ComplexHeatmap v.2.10.0 package

(Gu et al., 2016) of the R software v.4.1.1.

while capB (autotransporter protein) was in the OFF state in all isolates
that harboured it (19 %). Furthermore, certain genes like cj1024c (figR)
and cgtB were more likely to be in the ON state at rates higher than 86 %,
while others, such as ¢j0170/1 and cj0628/9 (capA), were mainly in the
OFF state and at frequencies >81 %. However, a predominance of the
ON state was found among the variable PV genes among isolates along
the poultry supply chain (52 %), although no significant difference was
found between each stage (p > 0.05).

Furthermore, a total of 45 virulence-associated genes were only
found in C. jejuni, including capA and capB (adherence), cji421c,
cj1426¢, cji427c, cj1429c, cj1432c, cj1433c and cj1435c-cji437c
(capsule biosynthesis and transport), tonB2 (iron metabolism), cgtB,
¢j1140-cj1144c/5¢ and cst-II (lipooligosaccharide, LOS), fspA (motility
and export apparatus), pglG and wlaJ (N-linked glycosylation), ¢j1296/7,
¢j1306¢, ¢j1322/3 and ¢j1325/6 (O-linked flagellar glycosylation),
¢j0170/1 and rrpB (regulation), ¢j0260c, cj0344, sdhB, sdhC and cj1159c
(stress), and tssA-tssM (Type VI secretion system, T6SS). Although, the
prevalence of virulence factors was widely distributed among the iso-
lates per site of isolation, cfrB (ferric enterobactin receptor) was pre-
dominant in isolates from retail and hospital (18/19 isolates, p < 0.001),
but was not found in any isolate from the slaughterhouse and poultry
processing plant. Moreover, isolates from retail significantly possessed a
reduced number of virulence-associated genes (mean = 275, range =
222-311) and PV genes (mean = 13, range = 6-23) on average
compared to isolates from any other sampling location (p < 0.05), which
showed increased number of virulence genes (mean = 287, range =
249-313) and PV genes (mean = 16, range = 7-23).

Among CCs, the greatest number of virulence genes was noted in
isolates harbouring T6SS, which was significantly associated with
CC464 (mean = 310, range = 308-313), CC607 (mean = 296, range =
296-297), CC460 (mean = 296, range = 296-296) (p < 0.001), followed
by CC21 (mean = 289, range = 282-308) and CC206 (mean = 289,
range = 288-289). Thus, the prevalence of virulence genes was signif-
icantly linked to bacterial lineages (p < 0.001). The sialyltransferase
encoded by cst-II that determines LOS locus class A or B was significantly
associated with CC48, CC206, CC460, CC464 and CC607 (p < 0.001),
and the sialyltransferase encoded by cst-III that determines LOS locus
class C was significantly associated with CC21 (p < 0.001). Similarly, the
Campylobacter isolates that carried either wlaN or cgtB could elicit
Guillain-Barré syndrome (GBS), and the presence of these genes was
significantly associated with C. jejuni lineages, particularly CC21, CC48,
CC52, CC206, CC257, CC353, CC354, CC460, CC464, CC607 and CC658
(p < 0.001).

3.4. Antimicrobial resistance genes

The analysis of the antimicrobial resistome revealed the presence of
resistance determinants to five groups of antibiotics, including p-lactams
(blapxa), tetracycline (tetO), (fluoro)quinolones (point mutation T861/
T86V in gyrA), erythromycin (point mutation A2075G in 23S rRNA) and
aminoglycosides (aad9, aadE, aadE-Cc, aph(2")-If, aph(3)-Illa, aph7, sat4
and point mutation K43R in rpsL), and the presence of two Cme efflux
pumps (cmeABC and cmeDEF) with the cmeR gene (Fig. 3). Altogether 11
antimicrobial resistance (AMR) patterns were distinguished among
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Fig. 3. Distribution of antimicrobial resistance (ARM) genes. The binary heatmap shows the presence (dark grey) and absence (light grey) of AMR genes among the
145 Campylobacter isolates and the reference genomes (C. jejuni NCTC 11168, C. coli RM2228 and C. lari RM2100). The dendrogram in the left represents the
similarity among isolates based on their AMR pattern and was generated according to the result of the hierarchical clustering using the complete linkage method on
the Euclidean distance matrix. Strains are colour-coded according to Campylobacter species, Clonal Complex and sampling location from where they were isolated.
AMR genes are highlighted by coloured boxes according to AMR classes. The heatmap was created using the ComplexHeatmap v.2.10.0 package (Gu et al., 2016) of
the R software v.4.1.1.
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Campylobacter spp., and differences were observed between species
(Table 1). C. coli harboured more resistance determinants against anti-
microbials, especially for aminoglycosides, and showed an increased
AMR diversity in proportion to C. jejuni, while C. lari possessed the
lowest number of AMR markers with only the blapxs.493 gen, the
CmeABC multidrug efflux pump with its transcriptional regulator CmeR,
and the point mutation T86V in GyrA. Despite such diversity of patterns,
B-LAC + TET + (F)QUI was not only predominant in C. jejuni (80 %) and
C. coli (29 %), but also the most prevalent pattern in each stage of the
poultry supply chain, particularly in farm, slaughterhouse and poultry
processing plant accounting for >90 % of isolates each, and in hospital
(75 %) (Table 1). Moreover, the diversity of AMR determinants was
greater in isolates from hospital, followed by retail, than in the initial
stages of the poultry supply chain (Fig. 4). Resistance to aminoglyco-
sides was only found in isolates from retail and hospital, locations where
the tet(O) gene was absent in certain strains.

In total, B-lactamase (blapxs) genes were present in 124C. jejuni
isolates (92 %), five C. coli isolates (71 %) and C. lari (100 %) (Table 2).
The blapxa.s1 gene was widely distributed among C. jejuni (75 %) and
C. coli (71 %), except in CC443 and ST-904/CC607 that were linked to
blaOXA_184 (1 00 %), ST-48/CC48 with bla()XA_185 (1 00 0/0), ST-677/CC677
with blapxa-447 (100 %), and C. lari with blagxa_493 (100 %) (Fig. 3). The
tetracycline resistance (tetO) gene was found in C. jejuni (93 %) and
C. coli (86 %). Higher prevalence of point mutations in the gyrA gene
associated with resistance to (fluoro)quinolones were detected. While
the T86I mutation in GyrA was found in C. jejuni (96 %) and in C. coli
(100 %), the T86V substitution in GyrA was detected in C. lari (100 %).
Neither blapxa gene was found in ST-1074/CC460 nor tet(O) in ST-677/

Table 1
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CC677, nor gyrA mutations in ST-1044/CC658. Presence of erythro-
mycin resistance determinant (23S rRNA A2075G) was exclusive to
C. coli (43 %) and was combined with mutation in the DNA gyrase gene
(T861) associated with (fluoro)quinolones resistance. Moreover, nearly
all isolates seemed to be sensitive to aminoglycosides as only eight
isolates (five C. jejuni —ST-441 and ST-21/CC21— and three C. coli
—ST-827/CC828, ST-854/CC828 and ST-1595/CC828—) acquired
sporadically one or more aminoglycoside resistance determinants,
except one of the two C. coli isolates representing ST-854 that had
resistance genes to spectinomycin, streptomycin, gentamicin, kana-
mycin and streptothricin. Streptomycin resistance gene aadE-Cc was
associated with C. jejuni ST-441 (100 %), although the eight Campylo-
bacter isolates harboured some streptomycin resistance determinant
(aadE, aadE-Cc or point mutation K43R in rpsL). While probable resis-
tance to kanamycin and streptothricin were detected in a C. jejuni isolate
(<1 %) and another C. coli (14 %), putative resistance to spectinomycin
was only observed in C. coli (29 %). Multidrug resistance to four or more
antibiotics was found in three C. jejuni (2 %) and three C. coli isolates
(43 %). Furthermore, the multidrug efflux CmeABC pump, associated
with an increased level of resistance towards fluoroquinolones, macro-
lides and tetracycline, complemented by the CmeDEF secondary efflux
pump were highly predominant in the Campylobacter spp. isolates. Both
efflux pumps were present in C. jejuni (100 %) and C. coli isolates (100
%), while C. lari only harboured the CmeABC efflux pump. However,
cmeR, the transcriptional regulator of multidrug efflux CmeABC pump,
was present in all isolates (100 %).

Antimicrobial resistance (AMR) profiles for the Campylobacter species isolated from Spain in this study. For each AMR pattern, the number of isolates by species and
sampling location is indicated when found, together with the Clonal Complexes (CCs) associated.

AMR pattern AMR determinant

C. jejuni (n = 135)

C.coli(n=7) C. lari (n

=3)

Clonal Complex (CC)*

H Total R H Total R  Total

1 B-LAC + MEP
2 p-LAC + MEP

blapxa + cmeABC, cmeDEF, cmeR
blapxa + cmeABC, cmeDEF, cmeR + tetO 1

+ TET

3 B-LAC + MEP blapxa + cmeABC, cmeDEF, cmeR + 10 31 13
+ TET + (F) tetO + gyrA p.T861
QUI

4 B-LAC + MEP
+ (FQUI

blapxa + cmeABC, cmeR + gyrA p.T86V

blapxa + cmeABC, cmeDEF, cmeR +
gyrA p.T861

rpsL p.K43R + blapxa + cmeABC,
cmeDEF, cmeR + gyrA p.T861

5 AMI + B-LAC
+ MEP + (F)
QUI
aadE, aph(3)-Illa, sat4 + blaoxa +
cmeABC, cmeDEF, cmeR + gyrA p.T86I
aad9, aadE + blagxs + cmeABC,
cmeDEF, cmeR + gyrA p.T861

6 $-LAC + MEP blapxa + cmeABC, cmeDEF, cmeR + tetO

+ TET + ERY + 23S rRNA 2075 A > G + gyrA p.T861
+ (HQUI
7 AMI + B-LAC aadE-Cc + blapxa + cmeABC, cmeDEF,
-+ MEP + TET cmeR + tetO + gyrA p.T861
+ (HQUI
8 AMI + MEP + aad9, aadE-Cc, aph(2")-If, aph(3)-IlIa,
TET + ERY + aph7, sat4 + cmeABC, cmeDEF, cmeR +
(F)QUI tetO + 23S rRNA 2075 A > G + gyrA p.
T861
MEP + (F)QUI cmeABC, cmeDEF, cmeR + gyrA p.T86I
10  MEP + TET + cmeABC, cmeDEF, cmeR + tetO + gyrA 1 1
(F)QUI p.T861

11 MEP + TET +
ERY + (F)QUI

cmeABC, cmeDEF, cmeR + tetO + 23S
rRNA 2075 A > G + gyrA p.T861

1 1 677
1 4 21 (3), 658
42 108 2 2 21 (60), 48, 52 (3), 206 (2), 257

(2), 353 (3), 354 (4), 443 (6),
464 (4), 607 (10), 828 (2), other

(13)
3 3 Other (3)
3 6 21 (4), 48, 677
1 1 21
1 1 21
1 1 828
1 1 828
2 3 1 1 828, other (3)
1 1 828
1 353
5 10 353 (2), 460 (2), 464 (6)
1 1 828

AMR, antimicrobial resistance. F, farm. S, slaughterhouse. P, poultry processing plant. R, retail. H, hospital. B-LAC, beta-lactams. MEP, multidrug efflux pump. TET,
tetracycline. (F)QUI, (fluoro)quinolones. AMI, aminoglycosides. ERY, erythromycin (macrolide). *In brackets: number of strains if more than one isolate was observed.
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C. coli
(n=7)
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Fig. 4. Proportion of isolates displaying specific AMR patterns in each stage of the poultry supply chain within the Campylobacter species isolated from Spain in this
study. The size of the charts is proportional to the number of isolates representing each stage for each species.

Table 2

Occurrence of isolates (%) harbouring resistance determinants conferring spe-
cific antibiotic resistance within the Campylobacter species isolated from Spain in
this study.

Antibiotic class C. jejuni (n = 135) C.coli(n=7) C. lari(n = 3)
Aminoglycosides 4 43 0

p-lactams 92 71 100
Erythromycin 0 43 0
(Fluoro)quinolones 96 100 100
Tetracycline 93 86 0

4. Discussion

The study highlighted the wide diversity of Spanish Campylobacter
strains between and within species, as previously reported Nafarrate
et al. (2021). However, despite the isolates did not group into specific
clusters based on the isolation source, isolates from slaughterhouse and
processing plant were closely related and shared similar profiles of
virulence-associated genes and antimicrobial resistance determinants.
The ANI values indicated that the isolates of study were as closely
related to each other as to the reference genomes, especially the C. jejuni
and C. coli genomes, in a similar way to what Laconi et al. (2021)
observed. Nonetheless, important differences in the gene content were
demonstrated through the analysis of virulence genes and antimicrobial
resistome.

Most Campylobacter lineages found in poultry, environment, water
sources and poultry products, were also isolated from clinical isolates,
except CC460 and CC658. This suggests that sources of human infection
could be located anywhere leading to the existence of diverse patterns of
transmission of the pathogen to humans. In agreement with many other
analyses of different countries and regions, CC21 was the most common
Campylobacter genotype, representing 18 % of all strains logged to the
PubMLST database (consulted on January 4, 2023) (Rokney et al., 2018;
Zhang et al., 2020). Nonetheless, although CC21 is widely distributed
worldwide, in Spain <10 % of Campylobacter spp. accounted for this CC

according to the PubMLST database, while approximately 30 % of re-
ported isolates were grouped in CC828, which indicates that the actual
number of isolates from Spain could be unregistered there. Predominant
distribution of C. coli within CC828 has also been reported, which means
that C. coli strains are genetically more conserved than C. jejuni (Duarte
et al., 2014; Piccirillo et al., 2014; Ngulukun et al., 2016). Other less
frequent CCs found in this study (CC257, CC353, CC354, CC443, CC464
and CC607) have also been reported in Portugal, Italy and UK (Duarte
et al., 2014; Piccirillo et al., 2014; Cody et al., 2015). Of these, CC257
regarded as chicken-specific was found in isolates from clinical origin in
this study, just like Piccirillo et al. (2014) observed. Therefore, although
certain lineages seem to be host specific, most of Campylobacter lineages
are widespread in the environment, supporting the ubiquitous nature of
these bacteria.

A comparative virulome analysis was performed to characterize the
prevalence of virulence-associated genes in the campylobacters. The
wide diversity of virulence profiles found among the isolates, in which
more than half of the genes analysed were common to all strains
comprising up to 17 different virulence functional categories, indicates
that the virulence of bacteria is a complex multifunctional mechanism
involving phase-variable (PV) genes that requires specific virulence-
associated genes (Bolton, 2015). Among these, data highlighted that
secretion and invasion could be the key categories for the virulence of
the bacteria. The Type III Secretion System (T3SS) is essential for flagella
biosynthesis and required for exporting of virulence proteins, such as the
Campylobacter invasion antigens (Cia) necessary for effective host cells
invasion, but also for intracellular survival (Eucker and Konkel, 2012).
High prevalence of invasion markers (87-99 %) has also been reported
(Gahamanyi et al., 2021). The different virulence patterns observed
were mainly the result of variation in the polysaccharide capsule,
flagellar glycosylation, and LOS biosynthesis loci, as previously noticed
by Fiedoruk et al. (2019).

Apart from vital virulence determinants, the absence in the isolates
of study of the ggt gene and the Type IV Secretion System (T4SS) in-
dicates that particular virulence factors might be dispensable for the
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virulence of Campylobacter. The ggt gene encodes a gamma-glutamyl
transpeptidase that promotes persistent colonization of animals and,
contrary to this study, it was previously found in 23 % to 31 % C. jejuni
isolates from humans and poultry (Floch et al., 2014; Gonzalez-Hein
etal., 2014). The T4SS is encoded by genes found in the plasmid pVir and
contributes to the adhesion and invasion of intestinal epithelial cells
(Bacon et al., 2000), as well as in the bacterial conjugation-dependent
horizontal gene transfer. However, the plasmid pVir or some of the vir
genes encoded might be likely to be absent in Campylobacter spp., in
agreement with previous studies that also found a low prevalence of
these genes (below 5 %) (Redondo et al., 2019; Panzenhagen et al.,
2021). Hence, T4SS may had an unsignificant impact on the plasticity of
the Campylobacter genomes of study delaying the dissemination of
virulence and antibiotic resistance genes between strains. Therefore, it
could be that this secretion system plays no role in promoting fitness and
virulence of Campylobacter isolates from Spain.

The study corroborated the link between some virulence de-
terminants and Campylobacter lineages. To CC460, CC464 and CC607,
T6SS was also found to be linked to CC353 by Rokney et al. (2018), in
disagreement with this study, but at similar frequency rate (17 %).
Moreover, these lineages harbouring the T6SS also possessed the highest
number of virulence genes due to longer genomes, which could increase
their virulence. This study also highlighted the high prevalence of
multiple virulence factors in C. jejuni in agreement with many authors
(Cantero et al., 2018; Rokney et al., 2018). This suggests that the high
number of virulence genes in this species may contribute to the patho-
genicity of bacteria that would ultimately result in higher prevalence
rates in the environment, although the specific set of genes existing only
in C. jejuni could also be relevant. Nonetheless, more studies examining
the virulence factors in species different than C. jejuni need to be per-
formed as most of known virulence factors comes from C. jejuni and it is
possible that the presence/absence of some genes in other species might
have been missed (Bravo et al., 2021). Furthermore, the difference in the
distribution of CRISPR-Cas system between the three species indicate
that C. jejuni is on advantage against bacteriophages, plasmids and
integrative elements, which is in accordance with a previous study
reporting a higher prevalence in this species (Pearson et al., 2015).
Moreover, it was demonstrated that CRISPR-Cas system does not only
play a role in bacterial immune systems but also Cas9 promotes viru-
lence and antimicrobial resistance in C. jejuni (Shabbir et al., 2018a;
Shabbir et al., 2018b). Therefore, all this may contribute to the higher
prevalence of C. jejuni worldwide.

The analysis of the resistome in the Campylobacter isolates revealed a
high diversity of resistance determinants in strains from retail (from
different Spain regions) and hospital, which is a cause of important
concern in the region of Burgos that could also be extended to other
regions in Spain due to the wide distribution of these products. None-
theless, the lower diversity of resistomes found in the initial stages of the
poultry supply chain could be the result of the lower number of geno-
types representing these locations compared to retail stores or hospital,
which agrees with previous studies reporting the emergence of new
PFGE profiles in C. jejuni isolates from poultry products at retail and
hospital (Melero et al., 2012; Thépault et al., 2018). Despite the chicken
gut and biofilms provide suitable conditions for HGT in slaughterhouses
and poultry processing facilities contributing to the spread of AMR genes
(Samarth and Kwon, 2020; Ma et al., 2021), the absence of T4SS in the
isolates suggests that HGT is not likely to be the process involved in
dissemination of antibiotic resistance genes in Burgos, but the presence
of Campylobacter bacteriophages, as those carrying antibiotic resistance
genes persist longer in the environment than their bacterial hosts (Marti
et al,, 2014; Colavecchio et al., 2017). Therefore, phage-mediated
transference of AMR genes could have developed the AMR diversity of
Campylobacter in retail poultry and humans in the region. Nonetheless,
retailers in Burgos could have been supplied by providers located in
other areas of the country that could contribute to the higher diversity of
genotypes and AMR profiles found at retail stores compared to the initial
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stages of the poultry supply chain, as well as consumers could have been
infected after travelling outside the region, apart from the possible ex-
istence of several cross-contamination events along the chain
(Domingues et al., 2012; Melero et al., 2012).

The prevalence of antibiotic resistance determinants was associated
with Campylobacter species and lineages, particularly for blapxa genes. A
higher antimicrobial resistance spectrum in C. coli was found in this
study, that indicates that this species could be less sensible to antibiotics,
while C. lari might be highly susceptible to antimicrobials, which could
explain its lower prevalence in the poultry supply chain, together with a
smaller genome and reduced virulence gene content. Previous reports
showed a traditionally higher resistance rate to most antimicrobials of
C. coli from both humans and animals (Garcia-Sanchez et al., 2020; EFSA
and ECDC, 2022b). Moreover, the blapxs_493 gene (resistance to f-lac-
tams) and the T86V mutation in gyrA (resistance to fluoroquinolones)
were exclusive to C. lari, just like mutations in the 23S rRNA gene
conferring erythromycin resistance in C. coli, while genes associated
with aminoglycosides and tetracycline resistance were only found in
C. jejuni and C. coli. Similar results were reported by Rivera-Mendoza
et al. (2020) that highlighted the specificity of Campylobacter species to
some of the genetic determinants associated with antibiotic resistance.
Moreover, the association between different Sequence Types (STs) and
AMR genes supports the idea that AMR is spread clonally (Elhadidy
et al., 2018; Mouftah et al., 2021). Hence, the genomic characterization
of clinical Campylobacter isolates through WGS may be crucial for
tailoring efficient medical treatment plans for patients suffering from
campylobacteriosis.

The isolates analysed here represent a subset of isolates from farm,
slaughterhouse and retail whose antimicrobial susceptibility was eval-
uated in vitro in previous studies (Garcia-Sanchez et al., 2018b; Garcia-
Sanchez et al., 2019; Garcia-Sanchez et al., 2020). Frequency of AMR
genes was comparable to the phenotypic data of these studies in all
species, except in C. lari, for which resistance to tetracycline and gen-
tamycin was encountered as opposed to this study, where no AMR
determinant for these antibiotics was found. Other studies reported as
well the resistance of C. lari isolates to tetracycline and aminoglycosides,
although none of them analysed the presence of AMR markers in their
genomes supporting this antibiotic resistance (Leatherbarrow et al.,
2007; Murawska et al., 2022). However, all isolates presented the genes
coding for the CmeABC efflux pump, that was reported to play a crucial
role in conferring high-level resistance to tetracycline in C. jejuni isolates
even when the tet(O) gene was present (Gibreel et al., 2007). This sug-
gests that in C. lari an active CmeABC efflux pump could restore tetra-
cycline resistance when the specific AMR determinant is absent,
highlighting the improved effectiveness of this efflux pump over the Tet
(O) protein. Nonetheless, more research should be done to elucidate this
gap in C. lari.

This study confirmed the extremely high incidence of Campylobacter
isolates in Spain harbouring resistance genes to p-lactams (> 90 %),
tetracycline (> 90 %) and fluoroquinolones (> 96 %). A cross-sectional
survey carried out in the region of the Basque Country in Spain showed a
similar occurrence of blapxa genes in isolates from ruminants of 85 % in
C. jejuni and 77 % in C. coli (Ocejo et al., 2021). Since the resistance to
many p-lactam agents has been widely reported among Campylobacter
spp. isolated from humans and poultry (Aarestrup and Engberg, 2001;
Giacomelli et al., 2014; Redondo et al., 2019), pB-lactams are not rec-
ommended for treating campylobacteriosis and the monitoring of
B-lactams is optional in the EU since 2007 (EFSA, 2007). Likewise, a
Spanish national surveillance program on AMR over the 2002-2018
period in Campylobacter spp. from animals, including poultry, revealed a
proportion of isolates resistant to tetracycline and fluoroquinolones
>80 % in both C. jejuni and C. coli (Lopez-Chavarrias et al., 2021). In
C. lari isolates, Leatherbarrow et al. (2007) also reported maximum
fluoroquinolone resistance rate (100 %), but encountered reduced
resistance to ampicillin (B-lactam) (70 %). Prevalence of resistance de-
terminants to erythromycin was only detected in C. coli and at levels as
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high as those found in human isolates in Portugal (37 %) and Finland
(43 %) (EFSA and ECDC, 2022b). Nonetheless, other studies also
described resistance to erythromycin in C. jejuni, albeit at very low levels
(3 %) (Rivera-Mendoza et al., 2020). Combined presence of erythro-
mycin and (fluoro)quinolones determinants, which is considered criti-
cally important for treatment of human campylobacteriosis, was only
found in C. coli (43 %), but in the clinical isolates the rate was lower (14
%) than in those isolates found in humans from Portugal (37 %) and
Finland (41 %), while similarly uncommon detection was shown in
C. jejuni isolates from humans in the EU (<1 %) (EFSA and ECDC,
2022b). Interestingly, data showed that ciprofloxacin-resistant isolates
rose at a higher rate than erythromycin-resistant isolates, which is
consistent with the 10,000-fold higher frequency mutations of the DNA
gyrase gene associated with fluoroquinolone resistance than mutation
frequency in the 23S ribosomal subunit that confers erythromycin
resistance (Yan et al., 2006; Lin et al., 2007). Besides, several resistance
markers associated with resistance to aminoglycosides were found in
C. jejuni and C. coli with an increased occurrence of streptomycin
resistance genes in both species, but a wider aminoglycoside resistance
diversity in C. coli, which translates into higher aminoglycoside resis-
tance in this species as previously described Lopez-Chavarrias et al.
(2021). In agreement with recent studies, co-resistance to four or more
antimicrobials (MDR) was higher in C. coli than in C. jejuni (Béjaoui
et al., 2022; EFSA and ECDC, 2022b). Therefore, the prevalence of AMR
determinants in the isolates of this study was similar to previous studies
in other countries. Overall, the results of the Campylobacter spp. resis-
tome indicate that the identification of species after bacterial infection is
a good clinical practice for proper drug therapy in serious cases of
Campylobacter infections, but WGS in combination with an automated
and specific workflow for Campylobacter like CamPype (Ortega-Sanz
et al., 2023b) would accelerate and optimize drug delivery to patients as
part of precision medicine. Macrolides, such as erythromycin, and
aminoglycoside drugs, such as gentamicin, would be more effective to
treat severe human campylobacteriosis cases in Spain than common
drugs like B-lactams, tetracyclines or fluoroquinolones like ciprofloxa-
cin, whose use would be increasingly ineffective leading to higher
medical costs.

Comparing the prevalence of virulence and antibiotic resistance
genes between isolates per location, clinical isolates seem to be as
virulent as isolates from the initial stages of the poultry supply chain
(from farm to poultry processing plant) regarding their virulence gene
content (i.e., number of virulence genes), despite they were clustered
close to isolates from retail that could be less virulent due to their
reduced virulome but similar antibiotic resistance patterns. Further-
more, no significant AMR profile was found along the whole set of iso-
lates or among isolates from each sampling location that could be linked
to potentially more virulent strains, except a possible sensitivity of
Campylobacter isolates to aminoglycosides when the T6SS is present.
However, in other cases, positive correlations between specific
Campylobacter virulence-associated genes (racR, ceuE, virB11 and pldA)
and antibiotic resistance phenotypes has been described (Gharbi et al.,
2022). Therefore, the multiple combinations of virulence genes, which
are increased by the different ON/OFF states of those PV genes, seem to
have a greater impact on the pathogenicity of the bacteria in the envi-
ronment than diverse AMR profiles.

In conclusion, the present study provides valuable insights into the
genomic diversity of Campylobacter spp. in Spain. The wide diversity of
lineages between and within species was corroborated through the
several virulence patterns and antimicrobial resistance profiles found,
specifically in C. jejuni. Moreover, the mechanism underlying Campylo-
bacter pathogenesis is the result of a complex combination of multi-
functional virulence factors, some of which are affected by phase-
variation that might increase fitness of bacteria, and antimicrobial
resistance genes, that seemed to be species-specific and associated with
lineages. The high rates of AMR genes observed explain the increased
resistance of bacteria to drugs therapy, particularly, p-lactams,
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tetracycline and fluoroquinolones. Therefore, the use of WGS can pro-
vide important information for the monitoring of Campylobacter circu-
lating in the country towards improved public health surveillance and
the application of more effective One Health approaches, while serving
as a valuable framework for future investigations.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijfoodmicro.2024.110940.
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