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ARTICLE INFO ABSTRACT

Handling Editor: Siyun Wang Campylobacter is a major cause of gastroenteritis worldwide, with broiler meat accounting for most illnesses.
Antimicrobial intervention is recommended in severe cases of campylobacteriosis. The emergence of antimi-

Keywords: crobial resistance (AMR) in Campylobacter is a concerning food safety challenge, and monitoring the trends of

Ca";Py lobacter spp AMR is vital for a better risk assessment. This study aimed to characterize the phenotypic profiles and molecular
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markers of AMR and virulence in the prevalent Campylobacter species contaminating chilled chicken carcasses
sampled from supermarkets in the United Arab Emirates (UAE). Campylobacter was detected in 90 (28.6%) out of
315 tested samples, and up to five isolates from each were confirmed using multiplex PCR. The species C. coli was
detected in 83% (75/90) of the positive samples. Whole-genome sequencing was used to characterize the de-
terminants of AMR and potential virulence genes in 45 non-redundant C. coli isolates. We identified nine
resistance genes, including four associated with resistance to aminoglycoside (aph(3)-III, ant(6)-Ia, aph(2")-Ib,
and aac(6')-Im), and three associated with Beta-lactam resistance (blaOXA-61, blaOXA-193, and blaOXA-489),
and two linked to tetracycline resistance (tet(O/32/0), and tet(0)), as well as point mutations in gyrA (fluo-
roquinolones resistance), 23S rRNA (macrolides resistance), and rpsL (streptomycin resistance) genes. A mutation
in gyrA 2 p.T86I, conferring resistance to fluoroquinolones, was detected in 93% (42/45) of the isolates and
showed a perfect match with the phenotype results. The simultaneous presence of blaOXA-61 and blaOXA-193
genes was identified in 86.6% (39/45) of the isolates. In silico analysis identified 7 to 11 virulence factors per
each C. coli isolate. Some of these factors were prevalent in all examined strains and were associated with
adherence (cadF, and jlpA), colonization and immune evasion (capsule biosynthesis and transport, lip-
ooligosaccharide), and invasion (ciaB). This study provides the first published evidence from the UAE charac-
terizing Campylobacter virulence, antimicrobial resistance genotype, and phenotype analysis from retail chicken.
The prevalent C. coli in the UAE retail chicken carries multiple virulence genes and antimicrobial resistance
markers and exhibits frequent phenotype resistance to macrolides, quinolones, and tetracyclines. The present
investigation adds to the current knowledge on molecular epidemiology and AMR development in non-jejuni
Campylobacter species in the Middle East and globally.
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1. Introduction

Campylobacter is among the key foodborne bacterial pathogens
causing gastroenteritis worldwide, with about one hundred million
cases of foodborne illness per year (Majowicz et al., 2020). The species
Campylobacter jejuni and Campylobacter coli are commonly associated
with human illnesses, with an estimated infectious dose of just a few
hundred bacterial cells (Asuming-Bediako et al., 2019). Campylobacter
colonizes the gut of broiler chicken and can be transferred to the carcass
during slaughter processing and spread further to retail chicken meat.
Cross-contamination arising from poor hygienic handling of raw chicken
is considered the leading risk factor impacting human exposure to
Campylobacter (Henry et al., 2011; Asuming-Bediako et al., 2019).

Campylobacter harbors a sophisticated set of virulence and fitness
determinants that facilitate host invasion and avoidance (adhesion,
survival inside the epithelial cells of the human intestine, and invasion)
(Bolton, 2015). Other factors include flagella, glycosylation of flagellins,
capsular polysaccharide, lipooligosaccharide, and genotypic diversity
owing to several phase-variable loci (Nauta et al., 2009). In severe cases
of campylobacteriosis, ciprofloxacin (fluoroquinolone) and erythro-
mycin (macrolide) are recommended as the first choice-antimicrobial
treatment (Asuming-Bediako et al., 2019). However, there is a
growing trend in many regions worldwide in Campylobacter resistance to
antimicrobials, notably against fluoroquinolones in C. jejuni and eryth-
romycin in C. coli (Asakura et al., 2019; Asuming-Bediako et al., 2022).
The acquisition of various determinants mediates antimicrobial resis-
tance in Campylobacter, and genetic mechanisms is related to a mixture
of inherent and acquired mechanisms, such as resistance genes, point
mutations, and efflux pumps (Asakura et al., 2019).

In the Gulf Cooperation Council (GCC) countries, 2-28% of human
diarrheal cases are attributed to infection with Campylobacter (Kaakoush
et al., 2015). Nevertheless, there is currently minimal surveillance data
for Campylobacter at the human-food interface across the GCC nations.
Worldwide, the United Arab Emirates (UAE) is a significant consumer of
local and imported chicken meat, with ~60 kg/capita a year (USDA,
2021). The broiler industry has been expanding in recent years in the
UAE and is foreseen as a growing sector to aid with the food security gap
in the country (USDA, 2021). However, currently, there is limited
research in the UAE on the status of microbial contamination in chicken
meat (Habib et al., 2021). No baseline studies in the UAE have investi-
gated the extent of antimicrobial resistance of Campylobacter in the
broiler meat chain (Habib et al., 2021). Such baseline data are critical
for establishing a national program to control the foodborne trans-
mission of Campylobacter and are fundamental for surveillance AMR
from a One Health perspective.

Because of the public health and food safety importance of
Campylobacter, we aimed in this study to: (i) determine the prevalence of
Campylobacter spp. (referring to the thermo-tolerant species C. jejuni and
C. coli) in retail chilled whole chicken carcasses in the UAE; (ii) analyze
the phenotypic resistance to clinically important antibiotics, and to
characterize using whole-genome sequencing the determinants confer-
ring AMR and virulence markers in a selection of the prevalent
Campylobacter species presented in the UAE retail chicken meat.

2. Materials and methods
2.1. Sampling and survey

Between March to December 2021, a total of 315 whole chicken
carcasses were purchased from the chilled display of various (n = 26)
supermarkets in the UAE. The samples were obtained on two monthly
occasions (15 per each). We targeted (after deliberation with national
food control bodies) samples from seven different brands (denoted
anonymously as A to G). These brands included major national pro-
cessors (all from broiler flocks raised in the UAE), supplying more than
75% of the chilled chicken to the UAE retail. None of the seven
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processors produce organic chicken (all are from conventional produc-
tion systems). All samples were collected from chilled supermarkets
display, where all the carcasses were packed and labeled by brand.
Samples were shipped for testing on the same day in chilled containers,
and all microbiological testing was achieved within 6 h of collection.

2.2. Campylobacter isolation and species confirmation

Standard Campylobacter enumeration was carried out using a modi-
fication of the ISO 10272:2006 method (Habib et al., 2011). This study
adopted the enumeration method to generate quantitative data to sup-
port future risk assessment for Campylobacter contamination in chicken
meat in the UAE. For the tested whole carcasses, the sample was excised
from the neck skin. Neck skin is one of the most positive carcass sites for
detecting Campylobacter (Baré et al., 2013). A 10 g of neck skin was
mixed with 90 ml (nine volumes) of 0.1% peptone water (Oxoid,
Basingstoke, England) and homogenized for 1 min in a bag-mixer
blender. From this sample homogenate (10~ 1), a volume of 1 ml was
spread plated (0.3, 0.3, 0.3, and 0.1 ml) over four modified charcoal
cefoperazone deoxycholate agar plates (mCCDA) (Oxoid, Basingstoke,
England). The enumeration procedures of Campylobacter using 1 ml of
the initial homogenate over 3 or 4 plates has been utilized by several
studies in order to improve the chance of Campylobacter enumeration,
notably when the samples carry low loads (Habib et al., 2019). A further
(10~ 2) serial dilution was done in peptone water, of which 0.1 ml was
spread over the surface of mCCDA. Plates were incubated
micro-aerobically by introducing sachets of CampyGen (Oxoid) in a
rectangular jar (2.5 L capacity). All plates were incubated at 41.5 °C and
counted after 48 h.

Up to five presumptive colonies per sample were selected according
to their colony morphology and stored at —80 °C for further confirma-
tion. DNA extraction was achieved from an 18-24 h culture of the sus-
pected colonies using a commercial kit (Wizard®, Promega, USA). A
multiplex PCR assay amplifying 16S rRNA, mapA, and ceuE genes was
used to confirm the genus as Campylobacter and distinguish between the
thermo-tolerant species C. jejuni and C. coli. The PCR conditions and
oligonucleotides were described previously by Denis et al. (1999).

2.3. Whole-genome sequencing and bioinformatic analysis

A subset of 45 non-redundant C. coli isolates (one isolate per positive
sample from unrelated batches) was characterized further at the genome
level. WGS was carried out using short reads technology (Illumina,
NovaSeq) through a commercial service (Novogene, the United
Kingdom). De Novo assembly was carried out using SPADES
(https://cge.cbs.dtu.dk/services/SPAdes/) and assembled into contigs.
The assembled contigs were uploaded to PathogenWatch (https://patho
gen.watch) (accessed May 20, 2022) to confirm species identification.
The genomes that passed the quality tests were used to predict resistance
genes via NCBI Antimicrobial Resistance Gene Finder (AMRFinder;
https://github.com/ncbi/amr), and virulence genes were detected via
ABRicate (https://github.com/tseemann/abricate), and by using the
REsfinder (https://cge.food.dtu.dk/services/ResFinder/) and Virulence
finder (https://cge.food.dtu.dk/services/VirulenceFinder/) databases.
Point mutations in specific genes conferring antimicrobial resistance
were examined using SSI wrapper for calling and parsing the output of
KMA (Kmer Aligner) for finding point mutations (https://github.com/
ssi-dk/punktreskma). Hits were considered only for gene identities
>60% and lengths >90% (Dahl et al., 2021).

All read data generated in this study have been deposited in the
National Center for Biotechnology Information (NCBI) Sequence Read
Archive, and the whole-genome-sequenced Campylobacter coli can be
accessed under BioProject number PRINA897955 (accession numbers
are in continuous serial between SAMN31596899 and
SAMN31596941). Novel sequence types (STs) were registered and
assigned identification numbers through the designated multilocus
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sequence types (MLST) database of Campylobacter (PubMLST; https
://pubmlst.org/organisms/campylobacter-jejunicoli).

2.4. Antimicrobial resistance

For isolates characterized by WGS, antimicrobial resistance was
evaluated using minimum inhibitory concentration (MIC) (EUCAMP2
plates; Thermo Scientific, USA). The following antibiotics (and dilution
ranges) were evaluated in the panel: gentamicin (GEN; 0.12-16 mg/L),
ciprofloxacin (CIP; 0.12-16 mg/L), nalidixic acid (NAL; 1-64 mg/L),
tetracycline (TET; 0.5-64 mg/L), streptomycin (STR; 0.25-16 mg/L),
and erythromycin (ERY; 1-128 mg/L). MIC classification was inter-
preted as wild-type (susceptible) or non-wild-type (resistant) using the
epidemiological cutoff (ECOFF) defined by European Committee on
Antimicrobial Susceptibility (EUCAST) (EFSA et al., 2022). The relat-
edness between AMR genotypes and phenotypes was calculated by
dividing the count of resistant isolates based on their genotype by the
count of isolates that showed phenotypic resistance (Dahl et al., 2021).

3. Analysis of data

Campylobacter detection frequencies across the different retail
brands were compared using descriptive analysis and logistic regression
procedures. Differences with P values less than 0.05 were considered
significant. All analyses were done using the STATA software, version
16.0 (STATA Corporation. 2020).

4. Results and discussion

The study provides the first insight into the genomic characterization
of antimicrobial resistance and virulence markers in Campylobacter
isolated from retail chilled chicken carcasses from supermarkets in the
UAE, a country among the biggest markets for per capita chicken meat
consumption (USDA, 2021).

4.1. Overall campylobacter detection in chilled chicken carcasses

Campylobacter isolates were recovered from 90 of 315 chilled whole
chicken carcasses. Results in Fig. 1 shows evident variation across the
seven brands regarding the recovery of Campylobacter among their
samples. Of note, all (n = 30) carcasses from Company F were
Campylobacter-negative, while samples from company G (n = 30)
showed a significantly higher rate (logistic-regression odds ratio [OR] =
11.4, p-value< 0.0001) of Campylobacter detection.

Lower recovery (28.6%) of Campylobacter in chicken carcasses was
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Fig. 1. Prevalence of Campylobacter in retail chilled carcasses representing
seven brands (denoted A to G) for sale in the United Arab Emirates
supermarkets.
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observed in our study compared to other Gulf Cooperation Council
countries in the region, such as Qatar (36.5%) and Saudi Arabia (52.2%)
(Mohammed et al., 2015; Alarjani et al., 2021). The recovery of
Campylobacter from supermarket broiler carcasses based on the direct
plating methods has been hypothesized to be lower as the bacterial load
fall below the limit of detection of the plate count method (below one
log10 CFU/g) of such a method (Oyarzabal et al., 2007). To avoid po-
tential underestimation in the prevalence estimate, a selective enrich-
ment method for Campylobacter and direct plating for quantification
should be considered fully determine baseline studies of Campylobacter
in the UAE.

Except for samples from one producer [F], our results indicate that
all other retail brands were positive for Campylobacter (Fig. 1). These
results reflect variation in prevalence, may be due to variations in flock
prevalence and processing approaches to control carcass contamination.
Several authors have reported that the load of bacteria contaminating
the surface of broiler carcasses might be affected by practices occurring
across the processing line, as well as by chicken rearing and preharvest
management (Sampers et al., 2008; Stella et al., 2017). In subsequent
work, it will be essential to investigate if and how certain processing
practices could influence the Campylobacter contamination risk profile
across the different producers in the UAE.

4.2. Campylobacter coli is dominant in retail chicken for sale in UAE
supermarkets

Using multiplex PCR (Fig. 2. A), C. coli was confirmed as the domi-
nant single species detected in 75 of 90 Campylobacter-positive samples
(Fig. 2. B). In this study, the high representation of C. coli in broiler
carcasses essentially contradicts other studies in various regions across
the world, where typically C. jejuni is more common than C. coli.
Nevertheless, in some survey studies, in Australia, Argentina, and China,
C. coli was reported to be the prevalent species isolated from chicken
meat and offal (Ma et al., 2014; Walker et al., 2019; Schreyer et al.,
2022). Additionally, in reporting antimicrobial resistance in the Euro-
pean Union, some countries in central and south Europe have also re-
ported C. coli as more prevalent than C. jejuni in broiler meat (EFSA
et al., 2022). Previous research noted that the colonization of C. coli in
the broiler gut seems to depend on the studies’ geographical setting, the
broiler’s age at slaughter, and potential selection due to antibiotic usage
(Henry et al., 2011; Wang et al., 2016). The high occurrence of C. coli in
the UAE retail chicken carcasses and its impact on public health war-
rants further investigation.

4.3. Whole-genome-based characterization of a subset of C. coli

4.3.1. Clonality and population structure

All Campylobacter coli isolates were assembled to a near-complete
form with an average genome size of 1,921,359 bp. The genomes were
assembled at high continuity with an average N50 of 142,172 bp, the
largest N50 achieved for a single isolate is around 248,261 bp. The
complete list of the basic statistics of the assemblies of all isolates is
given in Supplementary Table 1.

The 45 genomes identified previously described five multilocus
sequence types (ST464, ST830, ST1628, ST2718, and ST12096), all
belonging to one clonal complex (CC-828). As presented in Table 1,
eight novel STs were identified for the first time among 21 of the
sequenced C. coli isolated from retail chicken in the UAE. Five of the
eight newly assigned STs belong to CC-828, and were detected across
several brands (Table 1).

The predominance of the CC-828 was expected since several studies
demonstrated its global spread in both human and chicken C. coli pop-
ulations (Hull et al., 2021; Tedersoo et al., 2022). The prevalent clonal
complex we have found in the UAE retail chicken is concordant with the
worldwide dynamics of the C. coli population (Kaakoush et al., 2015).
Keeping track of molecular epidemiology in the local setting adds to the
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Fig. 2. [A] Multiplex PCR analysis of Campylobacter coli (lanes 1-3) and Campylobacter jejuni (lanes 4,5). In lane 6, C. coli and C. jejuni were concurrently detected in
the same sample. A 100 bp DNA marker is shown on the gel’s first (left-hand) lane. [B] Venn diagram showing Campylobacter species distribution in 90 Campylo-
bacter-positive samples out of 315 tested chilled chicken carcasses sampled from United Arab Emirates supermarkets.

Table 1
New multilocus sequence types (STs) identified in this study and their assigned clonal complexes (CC).
Sequence Type (ST) Clonal Complex (CC) aspA glnA gltA glyA pgm tht uncA Number of C. coli isolates Source/brand
12243 CC-828 33 39 103 140 104 206 17 1 D
12244 CC-828 33 66 30 79 104 35 17 1 C
12245 CC-828 33 39 30 140 483 47 17 2 B, G
12246 NA® 33 38 30 79 189 206 17 1 G
12247 CC-828 33 39 30 79 483 47 17 6 C(#),D(1),E()
12248 NA 33 38 30 79 189 47 17 1 B
12249 NA 33 66 30 79 189 206 17 2 G
12250 CC-828 33 38 30 140 104 206 17 7 G(@3),C(1),D),E1)

# NA, not assigned to a known clonal complex.

universal picture of the movement of dominant Campylobacter strains
and subtypes.

4.3.2. Genotypic determinants of antimicrobial resistance

Fig. 3 provides an overview of the detected AMR genes and
resistance-associated point mutations. The most frequently encountered
point mutation was the gyrA 2 p.T86I (nucleotide change, ACT —> ATT)
conferring resistance to quinolones, which was detected in 42/45
(93.3%) of the sequenced C. coli isolates in this study (Fig. 3). The T861
mutation in the gyrA gene has been reported as the most prevalent AMR
mechanism in Campylobacter from animal and human sources (Zhang
et al., 2003). In addition to the gyrA mutation, an RNA mutation 23S
r.2075 conferring macrolide-resistance (nucleotide change, A - > G) was
present among 30/45 (66.6%) of the characterized C. coli (Fig. 3). This
point mutation is the most prevalent genetic determinant conferring
high levels of erythromycin resistance in Campylobacter (Vinueza-Burgos
et al., 2017).

Three types of f-lactam (blaOXA) genes were detected based on WGS
analysis; blaOXA-61 and blaOXA-193 were concurrently present in 39/
45 (86.6%). p-lactams are not typically prescribed for treating

campylobacteriosis, and most of the panels used for routine AMR
monitoring for Campylobacter spp. currently do not include this class of
antimicrobials (Ocejo et al., 2021). Four genes associated with amino-
glycoside resistance (aph(3')-III, ant(6)-Ia, aph(2")-Ib, and aac(6’')-Im),
and two linked to tetracycline resistance (tet(0/32/0) in 20 C. coli, and
tet(0)) in eight isolates were also identified (Fig. 3). This study elabo-
rates further the added value of WGS in the hazard characterization of
foodborne pathogens, such as C. coli, providing genomic insight into
determinants of AMR.

4.3.3. Concordance between phenotypic and genotypic antimicrobial
resistance

As shown in Table 2, for the six antimicrobials included in the MIC
test panel, there was an agreement ranging from 94 to 100% between
MICs above the ECOFF breakpoint and the predicted resistance genes or
mutations. Our results indicate a 100% concordance between genotype
and phenotype for (fluoro)quinolones (nalidixic acid and ciprofloxacin)
and erythromycin. Previous studies reported a similar perfect correla-
tion level for Campylobacter in different populations, including human,
poultry, and ruminants sourced isolates (Dahl et al., 2021; Ocejo et al.,
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Fig. 3. Frequency of genetic determinants associated with resistance genes and point mutations on genomes of 45 Campylobacter coli isolated from chilled chicken

carcasses sampled from United Arab Emirates supermarkets.

Table 2
Concordance between resistance genotype and phenotype for 45 Campylobacter coli isolated from chilled chicken carcasses sampled from United Arab Emirates
supermarkets.
Classes of Antimicrobials® ECOFF” No. of phenotypically AMR genes and mutations Concordance between
antimicrobials resistant isolates genotype and phenotype
(Fluoro)quinolone NAL (but not >16 pg/ 1 gyrA 2 p.T86I (n = 1)
CIP.) ml
CIP (but not >0.5pg/ 1 gyTA 2 p.T86I + gyrA p.T86V (n = 1) 100% (42/42) ©
NAL.) ml
CIP + NAL 40 gyrA 2 p.T86I (n = 33); gyrA 2 p.T86I + gyrA p.T86I (n = 7)
Macrolide ERY >8 g/ 30 23S 1.2075A > G (n = 30) 100% (30/30)
ml
Aminoglycoside GEN >2pg/ 17 aph(2")-1b + aph(3')-1II, + aac(6')-Im (n = 9); aph(3)-ll (n =  94.1% (16/17)
ml 7)
Aminoglycoside STR >4 pg/ 18 ant(6)-Ia (n = 5); ant(6)-Ia + rpsL p.K43R (n = 2); ant(6)-Ia + 94.4% (17/18)
ml aph(3')-1II (n = 3); aph(2")-Ib + aph(3')-III + aac(6')-Im + ant
(6)-Ia(n=7)
Tetracycline TET >2 pg/ 29 tet(O) (n = 8) 96.5% (28/29)
ml tet(0/32/0) (n = 20)

@ CIP, Ciprofloxacin; ERY, erythromycin; GEN, Gentamicin; NAL, Nalidixic; STR, Streptomycin; TET, Tetracycline.
> EUCAST epidemiological cut-off values (ECOFF) for Campylobacter coli; resistant phenotype = non-wild-type.

¢ Overall concordance for the (fluoro)quinolone group.

2021). Hence, adopting outcomes based on WGS to identify the genetic
markers conferring the phenotypic resistance against clinically signifi-
cant antimicrobials should be considered much more broadly in national
and regional antimicrobial monitoring programs for Campylobacter.

Although most campylobacteriosis cases are self-limiting, ciproflox-
acin and erythromycin are recommended as empirical therapy to treat
severe cases (Bolton, 2015). Our results from the UAE retail chicken
align with other reports from different countries, raising the alarm about
the emergence of AMR in thermophilic Campylobacter, mainly against
fluoroquinolones in C. jejuni and notably against erythromycin in C. coli
(Kaakoush et al., 2015; Asuming-Bediako et al., 2019). The high resis-
tance rates for fluoroquinolones and erythromycin in the present study
might be attributed to the common use of these antibiotics in UAE
poultry farms. Stewardship programs to optimize the use of antibiotics
in poultry production are essential for the future of animal and public
health (Pinto Ferreira et al., 2022).

4.3.4. Virulence markers in C. coli from retail chicken

The prevalence of virulence genes detected among genomes of the 45
C. coli are presented in Fig. 4. In silico analyses revealed a range of seven
to 11 virulence factors per each C. coli isolate. Some of these factors were
prevalent in all (n = 45) of the isolates, and these were associated with
adherence (cadF and jIpA), colonization and immune evasion (capsule
biosynthesis and transport and lipooligosaccharides (LOS)), and inva-
sion (ciaB). The results observed for the former genes are aligned with
findings reported by several studies that such genes were detected in
most of the strains associated with clinical cases (Zhang et al., 2003;
Tedersoo et al., 2022).

The cytolethal-distending toxins (CDT), encoded by the cdtABC
operon, was present in 88.8% (40/45) of the isolates. Previous studies
have indicated a similarly high prevalence of CDT in Campylobacter
recovered from patients with life-threatening diarrhea (Tegtmeyer et al.,
2021). Additionally, about half (53.3% (24/45)) of the characterized
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C. coli isolates carried type 4 secretion system (T4SS) genes: virB4, virB8,
virB9, virB10, and virD4. T4SS is encoded by genes present on the pVir
plasmid, known for its potential role in intestinal epithelial adhesion and
invasion. Plasmid pVir has also been hypothesized to facilitate the events
of horizontal gene transferability that could add to increased virulence
and fitness of some campylobacters (Mihaljevic et al., 2007). It is
important to note that yet the role of many of the genes linked to the
virulence potential of Campylobacter are not fully understood in the
development of gastroenteritis (Bolton, 2015).

5. Conclusion

Campylobacter coli was found to be the most common species
detected in retail broiler chicken carcasses in the UAE. Genomic data
provided further insight on virulence and resistance profiles in a
representative subset of C. coli for the first time in the UAE, a country
among the leading markets for the per capita consumption of broiler
meat. Our study reveals a disturbing pattern of AMR to quinolones and
macrolides among C. coli, and we report a high resistance rate to
tetracycline and aminoglycosides. The insight obtained from the present
study provided a piece of evidence that help with filling the gap in the
epidemiology of AMR in Campylobacter in the UAE. The use of WGS adds
value to the surveillance of Campylobacter and can be considered a tool
to support future One Health AMR surveillance from farm to fork.
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