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Abstract

As a pathogen of a major public health concern with animal health importance, Campylobacter constitutes a clear
and present threat to One Health. This organism colonizes the intestinal tract and is widely distributed among various
animal species, including livestock and poultry, companion animals, and wildlife. As a result of its broad distribu-

tion, Campylobacter is exposed to antibiotics used in both human and veterinary medicine, which creates antibiotic
selection pressure that has driven the development and rising prevalence of antibiotic resistant Campylobacter. This
is particularly evident with the resistance to fluoroquinolone (FQ), which has become a great concern for public
health. However, the increased prevalence of antibiotic-resistant Campylobacter cannot be solely attributed to
antibiotic usage, as interspecies transmission and subsequent clonal expansion also contribute to the dissemination
of antibiotic-resistant Campylobacter. This is exemplified by the emergence and expansion of FQ-resistant Campylo-
bacter clones in animal production systems where FQ antibiotics were never used, the transmission of extensively
drug resistant Campylobacter from dogs to human patients, and the spread of antibiotic-resistant and hypervirulent
Campylobacter from ruminants to humans. Another notable finding from recently published work is the emergence
of antibiotic resistance genes of Gram-positive origin in Campylobacter, suggesting that genetic exchange between
Campylobacter and Gram-positive bacteria occurs in the natural environment and is more frequent than previously
realized. Once these “foreign” antibiotic resistance genes are presented in Campylobacter, they can further disseminate
by clonal expansion or horizontal gene transfer among different Campylobacter species/strains. These findings indi-
cate that the emergence and transmission of antibiotic-resistant Campylobacter in the ecosystem are complex and
multidirectional, and are affected by multiple factors. Thus, a holistic and One Health approach is necessary to fully
comprehend and mitigate antibiotic resistant Campylobacter.
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Introduction

One Health represents both a concept and an approach.
As a concept, it emphasizes the interdependence of
human, animal, and environmental health, while as an
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approach it advocates for a systemic and ecological
practice that integrates interdisciplinary and transdis-
ciplinary collaborations and unifies regional and global
efforts to address issues that threaten human, animal,
and environmental health [1]. There are many current
challenges that impact One Health, such as emergence of
zoonotic infections and new pathogenic variants, trans-
mission of foodborne diseases, spread of antimicrobial
resistance (AMR), and climate changes [2-7]. As exem-
plified by AMR, these challenges are complex and affect
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multiple sectors in the ecosystem, and addressing these
issues requires a holistic approach to maximize impacts
and outcomes.

Owing to their high efficacy and safety, antibiotics
have been the key therapeutic agents of bacterial infec-
tious diseases in human and veterinary medicine [8]. The
development and spread of AMR have made antibiotic
treatments less or ineffective and are particularly prob-
lematic with severe and life-threatening infections. This
situation is even worse with the emergence of multidrug-
resistant bacteria and pathogens that are resistant even to
the last-resort antibiotics, such as carbapenem-resistant
Enterobacterales, colistin-resistant Escherichia coli, and
oxazolidinone-resistant Gram-positive pathogens [9-12].
Since antibiotics are important for prevention, control,
and treatment of animal diseases, AMR also constitutes
a major threat to animal production and welfare, food
safety, and food security. Additionally, the presence of
antibiotics and/or their metabolic products in soil and
water systems impacts microbial community and diversity
in the ecosystem and selects for the evolution and dissem-
ination of AMR genes in the environment [13]. Moreover,
the environment plays a key role in the transmission of
AMR to wildlife, domestic animals, and humans.

AMR naturally occurs in microbial community, but
the application of antibiotics in human and animal medi-
cine, as well as the use of antibiotics in crop production
has driven the rapid evolution and spread of AMR across
the entire ecosystem [8]. Thus, the extent and scale of
AMR are largely shaped by antibiotic selection pressure
originated from antibiotic usage. Bacteria have the natu-
ral ability to mutate and adapt under antibiotic selection
pressure. Additionally, many AMR determinants are car-
ried by mobile genetic elements, and bacteria can acquire
AMR via horizontal gene transfer [14].

AMR does not respect boundaries, and its transmis-
sion is multi-directional. AMR developed in one sector
can spill over to another. For example, AMR developed
in animal reservoirs may be transmitted to humans via
food, water, and environmental routes, while human sew-
age, animal manures, and agricultural runoff can spread
AMR to soil, water systems, and the environment [13].
Additionally, reverse zoonotic transmission of AMR from
humans to animals may also occur [15]. Thus, AMR truly
represents a One Health challenge.

Campylobacter is a major zoonotic and foodborne
pathogen [16], and is increasingly resistant to antibiotics
used for human and veterinary medicine [17]. Due to its
importance in public health and its rising resistance to
antibiotics, particularly fluoroquinolones (FQ), Campylo-
bacter has been recognized as one of the serious antibi-
otic resistant threats of high priority by both WHO and
the CDC [18]. Thus, antibiotic resistant Campylobacter
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presents a clear and imminent challenge to One Health.
In this review, we will examine development and trans-
mission of antibiotic-resistant Campylobacter from a
One Health perspective and will use some examples to
illustrate the relevance of antibiotic-resistant Campylo-
bacter to One Health. It should be pointed out that this
paper is not intended to provide a comprehensive review
on Campylobacter antibiotic resistance mechanisms and
trends. For such a topic, we would refer readers to some
recent review articles [17, 19-21].

Campylobacter distribution and transmission

in the ecosystem

Campylobacter has extensive animal reservoirs and is
commonly present in the intestinal tracts of food produc-
ing animals and companion animals [22]. Additionally,
Campylobacter may be carried by wildlife, flies, and other
insects, which serve as transmission vectors spreading
Campylobacter to and across farms and to the environ-
ment including surface water [23-26]. The common
presence of Campylobacter in animals and wildlife and
the variety of means by which it can disseminate con-
tribute to the broad distribution of Campylobacter in the
ecosystem. A single animal species may be colonized by
multiple Campylobacter spp., but there are some notable
differences in species distribution. For example, chick-
ens and ruminants tend to harbor more Campylobacter
jejuni than Campylobacter coli; pigs tend to carry more
C. coli than C. jejuni; and cats and dogs primarily carry
C. jejuni and Campylobacter upsaliensis [27-29]. Campy-
lobacter spp. are generally commensals in animal reser-
voirs; however, they can be pathogenic in some animal
species. One example is C. jejuni induced abortion in
sheep [22]. Transmission of Campylobacter from animal
reservoirs to humans mainly occurs through contami-
nated food, milk, and water [30]. Contact with animals,
such as petting zoo and companion animals, is another
transmission route [31-33]. Thus, Campylobacter is
both a zoonotic and a foodborne pathogen. In developed
countries, campylobacteriosis is mainly manifested as
foodborne enteritis, occurring as sporadic cases and out-
breaks, while in developing countries, Campylobacter is
endemic and a significant burden of diarrhea in children
[34]. Although the primary clinical condition induced by
Campylobacter in humans is enteritis, it is also associated
with extraintestinal diseases and other complications
such as bacteremia and Guillain Barrie Syndrome [30].

Fluoroquinolone (FQ) resistance in Campylobacter:
a One Health case study

As a zoonotic pathogen, Campylobacter is exposed to
antibiotics used for both human and veterinary medi-
cine. Its resistance to FQ antimicrobials is of particular
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concern to public health because FQs (e.g., ciproflox-
acin) are an important class of antimicrobials used
for clinical therapy of campylobacteriosis and other
enteric infections [35]. The prevalence of FQ-resistant
Campylobacter is continuing to rise on a global scale
and has reached alarming levels in some countries
[17, 21, 36-38]. This has led WHO to list FQ-resist-
ant Campylobacter as a high-priority for research and
development of new antibiotics [18]. Part of the reason
for this high rate of FQ resistance in Campylobacter is
due to the fact that DNA gyrase mutations that con-
fer resistance to FQ antibiotics readily occur in this
organism and these mutants are rapidly selected and
enriched under FQ treatment, which was shown by
both in vitro and in vivo studies as well as observations
from clinical trials with human patients [39, 40].

FQs are not only used in human medicine but also for
the control and treatment of animal diseases in many
countries [41]. In food producing animals, the use of FQ
antimicrobials are not intended for curing Campylobac-
ter but for the control and treatment of other bacterial
infections such as respiratory diseases in poultry, swine,
and cattle [42, 43]. Thus, the selection and enrichment of
FQ-resistant Campylobacter in these animals represent
an unintended consequence of FQ application. However,
FQ-resistant Campylobacter developed in food produc-
ing animals may be transmitted to humans via the food
chain or environmental route. Use of FQs in poultry is of
particular concern as Campylobacter is highly prevalent
in poultry, and administration of FQ antibiotics to poul-
try results in the rapid emergence of FQ-resistant Campy-
lobacter [44—46]. Given that contaminated poultry meat
serves as a major vehicle for transmission of Campylobac-
ter to humans, use of FQs and consequential development
of FQ-resistant Campylobacter in poultry pose a major
risk for food safety and public health. Indeed, there were
many epidemiological observations that demonstrated a
temporal link between approved use of FQ antimicrobi-
als in food producing animals, particularly in poultry, and
the increased prevalence of FQ-resistant Campylobacter
in both animal reservoirs and humans [47-49]. Addition-
ally, comparison of conventional production practices
and organic operations in the U.S. showed a significantly
higher rate of FQ-resistant Campylobacter in conven-
tional production systems than in organic operations [39,
50], further suggesting the contribution of FQ use to the
high prevalence of FQ-resistant Campylobacter. Arising
from the concern with FQ resistance in Campylobacter,
the FDA elected to withdraw the approval of FQ antibiot-
ics for poultry in the U.S. in 2005 [51].

Antibiotic selection pressure is not the only factor influ-
encing the emergence and transmission of FQ-resistant
Campylobacter. In contrast to many other countries, FQ
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antimicrobials were never used in poultry production in
Australia, where the prevalence of FQ-resistant Campylo-
bacter in human patients and poultry was historically at a
very low level [52, 53]. However, recent studies have iden-
tified the emergence of FQ-resistant Campylobacter in
both poultry production and human clinical cases in Aus-
tralia [54, 55]. Among the poultry isolates, the FQ resist-
ance rates were reported to be 15% in C. jejuni and 5% in
C. coli, while the FQ resistance rate among the human C.
jejuni isolates was 14%. Notably, FQ resistance appears to
be associated with a limited number of genotypes: three
sequence types (STs) for C. jejuni and a single ST for C.
coli. Similarly, FQ antibiotics are prohibited for use in
poultry in New Zealand, where FQ-resistant Campylo-
bacter was rarely reported until recently [56]. A recent
study identified the emergence and rapid expansion of a
FQ- and tetracycline- resistant C. jejuni clone (ST6964)
in both human and poultry [57]. This clone was first
detected in New Zealand in 2014 and became widely dis-
seminated in both chickens and human patients by 2015.
The emergence and dissemination of these FQ-resistant
Campylobacter clones in both Australia and New Zea-
land cannot be explained by the use of FQ antibiotics in
poultry and suggest that they were initially introduced
into poultry from a different source. As suggested by the
authors, this could be wildlife (such as wild birds) or even
reverse zoonotic transmission from human to chickens
[54]. Regardless of the original sources of these FQ-resist-
ant Campylobacter, their rapid expansion suggest that
they have a fitness advantage in the ecosystem.

Another example of the emergence of FQ resistance
due to clonal expansion is the recent discovery of a
FQ-resistant C. coli clone in sheep in the U.S. [58]. FQ
antimicrobials were never approved for use in sheep
production in the U.S., and Campylobacter from sheep
was generally susceptible to this class of antibiotics [59].
However, a 2019 study found that 95% of the C. coli iso-
lates from two commercial sheep farms were resistant
to ciprofloxacin [58]. This high FQ resistance rate could
not be explained by selection pressure derived from FQ
usage as they were never used on sheep farms in the
U.S. Additionally, the C. jejuni isolates derived from
the same sheep farms were largely susceptible to cipro-
floxacin (only 1.7% resistant to ciprofloxacin), further
suggesting the absence of FQ antimicrobial selection in
the sheep. Thus, the FQ-resistant C. coli in sheep was
likely introduced from another source. Notably, all the
C. coli isolates identified in the study belonged to a sin-
gle predominant genotype (ST902), suggesting that host
adaptation and clonal expansion contributed to its dis-
semination in sheep. How ST902 was introduced into
sheep and what made it predominant remains unknown.
Given that wild birds on livestock farms are known to
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carry FQ-resistant Campylobacter [23, 60], it is possible
that ST902 was initially transmitted to sheep by birds and
subsequently expanded in the production system.

Similar to the situation in sheep, FQ-resistant Campy-
lobacter are increasingly detected in cattle in the U.S.
For example, a study published by Tang et.al. in 2017
reported that 74% C. coli and 35% C. jejuni isolated from
feedlot cattle in five different states were resistant to cip-
rofloxacin [61]. Although the FQ-resistant C. jejuni iso-
lates were genetically diverse, most of the FQ-resistant
C. coli strains belonged to a single genotype, ST1068,
suggesting clonal expansion was involved in the dissemi-
nation of FQ-resistant C. coli in cattle. Another recent
study reported that 87% of the calves obtained from a
commercial farm were naturally colonized by FQ-resist-
ant C. jejuni [62], further indicating the high prevalence
of FQ-resistant Campylobacter in the ruminant host.
Different from sheep production where the use of FQ
antimicrobials is prohibited, FQs are used for the treat-
ment and control of respiratory diseases in cattle [63].
The use of FQ antimicrobials could serve as a selection
force for the spread of FQ-resistant Campylobacter, but a
recent FQ treatment study suggested that subcutaneous
injection of FQ antimicrobials did not result in the de
novo development of FQ-resistant mutants from the
inoculated FQ-susceptible C. jejuni in the cattle intes-
tinal tract [64]. As explained by the authors, this might
be due to the relatively low density of Campylobacter in
cattle feces and the high concentration of the antimicro-
bial excreted into the intestine [65], which could have
exceeded the mutant selection window and prevented
the emergence of FQ-resistant mutants. Although the
exact factors contributing to the increased prevalence
of FQ-resistant Campylobacter in cattle remain unclear,
it constitutes a risk for food safety and public health as
ruminant Campylobacter has been increasingly recog-
nized as a significant reservoir for human campylobac-
teriosis and for environmental contamination such as
surface water [66—72].

Clinical use of FQ antimicrobials in human patients
also selects for FQ-resistant Campylobacter, which was
shown in clinical trials [40, 73]. Since human-to-human
transmission of Campylobacter is rare in developed
countries, the foodborne and environmental routes play
a major role in the transmission of FQ-resistant Campy-
lobacter to humans. However, in developing countries,
where Campylobacter is endemic and people may carry
Campylobacter —asymptomatically, community-based
transmission of FQ-resistant Campylobacter may also
occur. Additionally, antibiotic-resistant Campylobacter
developed in humans may spill over to domestic animals,
wildlife, and the environment by reverse zoonotic trans-
mission [54, 74]. Together, the examples discussed above
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illustrate that the transmission and dissemination of FQ-
resistant Campylobacter are complex and multi-direc-
tional, and constitute a threat to One Health.

The shared AMR gene pool between Campylobacter
and other organisms in the One Ecosystem
Campylobacter shares the same "One Ecosystem" with
many other bacteria in the animal intestinal tract and the
environment and has the ability to acquire AMR deter-
minants from other bacteria via horizontal gene transfer.
Recent studies have discovered a plethora of antibiotic
resistance determinants that were horizontally trans-
ferred to Campylobacter. Some examples include erm(B)
and erm(N) for macrolide resistance [75-79], fexA,
optrA, and cfr(C) for florfenicol resistance [80—84], and
tet(L) for tetracycline resistance [85]. The emergence
and spread of these AMR genes in Campylobacter were
likely driven by the use of antibiotics in food producing
animals. These genes are either associated with multid-
rug-resistance genomic islands or carried by conjugative
plasmids. Sequence analysis strongly suggest that they
were originated from Gram-positive bacteria, such as
Enterococcus, Staphylococcus, and Streptococcus. These
recent discoveries, plus previously identified horizon-
tally acquired AMR genes, such as cat (chloramphenicol
resistance) [86], aphA-3 (kanamycin resistance) [87, 88],
and tet(O) (tetracycline resistance) [89], imply that gene
transfer between Campylobacter and Gram-positive
bacteria frequently occurs in the natural environment.
It remains unclear how gene exchange occurs between
Campylobacter and other bacteria, but it has been specu-
lated that AMR genes were first introduced into Campy-
lobacter from a Gram-positive origin by conjugation
and then integrated into Campylobacter chromosome
or plasmids [90]. Subsequent spread among different
Campylobacter species and strains could be facilitated by
natural transformation, which was shown under labora-
tory conditions. The sharing and transfer of AMR genes
between Campylobacter and Gram-positive bacteria have
both direct and indirect consequences for public health.
For instance, macrolide is the drug of choice for thera-
peutic treatment of campylobacteriosis in humans. Thus,
the spread of erm(B) and erm(N) may undermine the effi-
cacy of this important class of antibiotics. Some of the
florfenicol resistance genes, such as optrA and c¢fr(C), not
only confer resistance to florfenicol but also to the oxazo-
lidinone class [91], which is critical for treating infections
caused by multidrug resistant Gram-positive pathogens
[12]. Although oxazolidinones are not used for treating
Campylobacter infections, gene exchange may lead to
dissemination of these AMR genes from Campylobacter
to other Gram-positive pathogens that share the same
niche with Campylobacter.
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Sharing of multidrug resistant Campylobacter
between companion animals and humans

Dogs and cats harbor many different Campylobacter spp.,
particularly C. jejuni, Campylobacter upsaliensis, and
Campylobacter helveticus, and their prevalence is higher
in younger dogs than in older dogs [29]. These animals
may carry Campylobacter asymptomatically, but Campy-
lobacter-induced clinical diseases, such as enteritis, bac-
teremia, and abortion, have been reported in dogs [29].
Due to the intimate interaction between companion ani-
mals and their owners, transmission of Campylobacter
may occur between them. Indeed, there have been mul-
tiple reports of transmission of Campylobacter between
dogs and humans [92-94]. In these reported cases, epi-
demiological investigation and the use of genetic typ-
ing methods confirmed human-to-pet or pet-to-human
transmission. Of particular note are the recent reports on
a large outbreak associated with extensively drug-resist-
ant C. jejuni that occurred in the U.S. from 2016 to 2021
[95-97]. Over the course, more than 160 people were
infected, and multiple patients were hospitalized. Epi-
demiological investigation and whole genome sequence
analysis conducted by the CDC linked the outbreak
cases to contact with pet store puppies. Notably, the C.
jejuni isolates implicated in the outbreak were extensively
resistant to antibiotics and belonged to a single ST type
(ST2109). Whole genome sequence analysis revealed
the presence of multiple antibiotic resistance genes and
resistance-conferring mutations in the outbreak isolates,
explaining the extensively drug resistance phenotype.
Additionally, ST2109 harbors a functionally enhanced
multidrug efflux transporter CmeB (RE-CmeB), which
was known to work with other AMR mechanisms to
confer exceedingly high-level resistance to various anti-
biotics [98]. Interestingly, C. jejuni ST2109 was rarely
reported in other animal species, and the reasons for its
prevalence in commercial dog breeding facilities remain
unknown. Furthermore, how ST2019 was introduced
into dogs and how it became multidrug resistant are
intriguing and warrant further investigations.

Ruminant-to-human transmission of hypervirulent
and antibiotic-resistant C. jejuni: a case study

with clone SA

Secondary to poultry, ruminants are major reservoirs
for C. jejuni, and there are many different strains and
genotypes of C. jejuni in bovine and small ruminants
[99-102]. Molecular typing and source attribution stud-
ies have increasingly recognized the role of ruminants in
human campylobacteriosis [66, 71, 103—105]. Ruminant
Campylobacter may be transmitted to humans via unpas-
teurized milk and other routes such as petting zoo or
environmental contamination. Campylobacter reside in
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the intestinal tract of ruminant animals typically as com-
mensals, but some strains may be pathogenic and induce
clinical abortion [22]. For example, a single C. jejuni
clone named SA (for sheep abortion), has emerged as the
major cause of sheep abortion in the U. S., responsible for
more than 90% of Campylobacter-induced abortion cases
[106]. Based on multi-locus sequence typing, all clone SA
isolates belonged to a single sequence type (ST8). One of
the distinct features of C. jejuni clone SA is that all the
isolates derived after the year 2000 were resistant to tet-
racycline, the only antibiotic approved for the control of
sheep abortion in the U.S. [106]. Early clone SA isolates
(derived before the year 2000) carried the tet(O) gene
on a plasmid, but later isolates had the antibiotic resist-
ance gene inserted into the chromosome [107]. Clone SA
is well adapted in the intestinal tract and gall bladder of
sheep and is commonly detected in healthy animals [108].
However, C. jejuni clone SA is hypervirulent in pregnant
ewes, as orally inoculated clone SA is able to translocate
across the intestinal epithelium, produce systemic infec-
tion, and infect placenta, causing clinical abortion [109,
110]. This distinguishes clone SA from many other C.
jejuni strains that typically stay in the intestinal tract.
The genomes of clone SA isolates are highly homologous
and harbor unique amino acid substitutions in the major
outer membrane protein encoded by the porA gene,
which were shown to be responsible for its hyperviru-
lence in abortion induction [107]. In addition to being
present in sheep, clone SA was also widely distributed on
cattle farms (both feedlot and dairy cattle) in the U.S. and
was also detected in goats [102, 108, 111, 112]. However,
C. jejuni clone SA is uncommon in other animal species,
indicating ruminant animals are the major reservoirs for
C. jejuni clone SA.

Importantly, C. jejuni clone SA is also a foodborne haz-
ard that is transmitted to humans via contaminated raw
milk and other routes, causing foodborne enteritis [108].
Molecular evidence have linked multiple outbreaks and
sporadic cases to this clone in the U.S. [108]. A known
route for zoonotic transmission of C. jejuni clone SA is
raw milk, but ruminant animals may also contaminate
environmental water systems, which may also facilitate
the dissemination of this pathogenic clone to humans.
Analysis of the Campylobacter genomic sequences
deposited in NCBI indicated that clone SA is primarily
isolated from ruminants and humans, further suggest-
ing the transmission between the ruminant reservoir
and humans. The analysis also indicated that C. jejuni
clone SA was primarily reported in North America, but
it was also found in other countries, such as China, Japan,
Switzerland, and the UK (Zhang, unpublished data). The
emergence of C. jejuni clone SA in the U.S. appears to
be a relatively recent event as molecular clock analysis
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estimates that it initially occurred around mid 1970s
[107]. What has driven the emergence and spread of
clone SA is not entirely clear, but computer analysis of
genomic sequence data suggested the specific amino acid
changes in the major outer membrane protein contrib-
uted to the evolution and expansion of clone SA. Addi-
tionally, the use of tetracycline in sheep production and
insertion of the tet(O) gene into the chromosome may
have also helped the clone to expand on sheep farms and
in other ruminant hosts.

Conclusion and future perspectives

The examples discussed above illustrate several key
aspects of Campylobacter that are important to One
Health. As a zoonotic pathogen, Campylobacter has
broad animal reservoirs, and its transmission in the
ecosystem is multidirectional and often crosses spe-
cies boundaries. This pathogenic organism has the abil-
ity to rapidly evolve in response to antibiotic selection
pressure and the conditions in various animal hosts and
the environment, leading to the emergence of new vari-
ants with multidrug resistance and/or hypervirulence
(e.g., ST2109 and ST8). The use of FQ antimicrobials in
human and veterinary medicine has driven the rapid rise
of FQ resistance in Campylobacter worldwide, but recent
studies suggest that interspecies transmission and sub-
sequent clonal expansion have also contributed to the
dissemination of FQ-resistant Campylobacter (such as
ST6964 in poultry in New Zealand and ST902 in sheep
in the U.S.). What has promoted the rapid expansion of
these FQ-resistant clones in the absence of FQ selec-
tion is unknown but intriguing, and answering these
questions will facilitate the mitigation of FQ resistance.
Thus, further investigations are warranted to understand
the bacterial, host, and environmental factors that con-
tribute to the establishment and thriving of these FQ-
resistant clones in different animal species. Additionally,
many of the recently identified AMR genes in Campylo-
bacter appear to be the result of horizontal gene trans-
fer from Gram-positive bacteria, which share the same
niche with Campylobacter in the animal intestine. The
mechanisms underlying the initial trans-Gram genetic
exchange and subsequent integration of the transferred
AMR genes into Campylobacter chromosome (e.g., mul-
tidrug resistance genomic islands) or plasmids remain to
be defined. This needs to be examined beyond labora-
tory conditions, ideally in the natural environment (e.g.,
animal intestine) where Campylobacter resides. With the
recent technological advancement, it is now possible to
elucidate the transfer of AMR genes in complex niche
systems. Although poultry remains the primary source of
human Campylobacter infections, the role of ruminants
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and companion animals in transmitting Campylobacter
to humans is being increasingly recognized, but has been
understudied. Thus, heightened efforts should be taken
to understand the complex and broader interactions of
various animal reservoirs with humans and the environ-
ment in transmission of antibiotic-resistant Campylobac-
ter. A holistic and One Health approach that emphasizes
the interconnection of animal reservoirs, humans, and
the environment will likely lead to the optimal control of
zoonotic Campylobacter and its resistance to clinically
important antibiotics.

Authors’ contributions

Q.Z. conducted literature search, analyzed and synthesized information,
drafted and finalized the manuscript; AB. conducted literature search,
analyzed data, and revised the manuscript; Y.Y. performed literature search,
analyzed data, and revised the manuscript. All three authors contributed to
the conceptual design of this review article. All authors read and approved the
final manuscript.

Funding

Qijing Zhang is the current holder of Dr. Roger and Marilyn Mahr Chair in One
Health in lowa State University's College of Veterinary Medicine, and this work
is supported in part by funds from the endowed chair.

Availability of data and materials
Not Applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 19 January 2023 Revised: 2 February 2023 Accepted: 3 Febru-
ary 2023
Published online: 30 March 2023

References

1. WHO. One Health. https://www.who.int/news-room/questions-and-
answers/item/one-health. Accessed 10 Jan 2023.

2. Zinsstag J, Crump L, Schelling E, Hattendorf J, Maidane YO, Ali
KO, et al. Climate change and One Health. Fems Microbiol Lett.
2018;365(11):fny085.

3. Sinclair JR. Importance of a One Health approach in advancing global
health security and the sustainable development goals. Rev Sci Tech
OIE. 2019;38(1):145-54.

4. Sleeman JM, DeLiberto T, Nguyen N. Optimization of human, animal,
and environmental health by using the One Health approach. J Vet Sci.
2017;18:263-8.

5. Hernando-Amado S, Coquet TM, Baquero F, Martinez JL. Defining and
combating antibiotic resistance from One Health and global health
perspectives. Nat Microbiol. 2019;4(9):1432-42.

6. Cavicchioli R, Ripple WJ, Timmis KN, Azam F, Bakken LR, Baylis M, et al.
Scientists'warning to humanity: microorganisms and climate change.
Nat Rev Microbiol. 2019;17(9):569-86.

7. Boquist S, Soderqvist K, Vagsholm I. Food safety challenges and One
Health within Europe. Acta Vet Scand. 2018;60(1):1.


https://www.who.int/news-room/questions-and-answers/item/one-health
https://www.who.int/news-room/questions-and-answers/item/one-health

Zhang et al. One Health Advances

20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

32.

(2023) 1:4

McEwen SA, Collignon PJ. Antimicrobial Resistance: a One Health
perspective. Microbiol Spectr. 2018;6(2). https://doi.org/10.1128/micro
biolspec. ARBA-0009-2017.

Zhang SQ, Abbas M, Rehman MU, Wang MS, Jia RY, Chen S, et al.
Updates on the global dissemination of colistin-resistant Escheri-

chia coli: An emerging threat to public health. Sci Total Environ.
2021,799:149280.

Shen YB, Zhang R, Schwarz S, Wu CM, Shen JZ, Walsh TR, et al. Farm ani-
mals and aquaculture: significant reservoirs of mobile colistin resistance
genes. Environ Microbiol. 2020;22(7):2469-84.

lovleva A, Doi Y. Carbapenem-Resistant Enterobacteriaceae. Clin Lab
Med. 2017;37(2):303-15.

Brenciani A, Morroni G, Schwarz S, Giovanetti E. Oxazolidinones:
mechanisms of resistance and mobile genetic elements involved. J
Antimicrob Chemother. 2022;77(10):2596-621.

Larsson DGJ, Flach CF. Antibiotic resistance in the environment. Nat Rev
Microbiol. 2022;20:257-69.

Kent AG, Vill AC, Shi Qea. Widespread transfer of mobile antibiotic
resistance genes within individual gut microbiomes revealed through
bacterial Hi-C. Nat Commun. 2020;11:4379.

Abraham S, Jagoe S, Pang S, Coombs GW, O'Dea M, Kelly J, et al. Reverse
zoonotic transmission of community-associated MRSA ST1-IV to a dairy
cow. Int J Antimicrob Agents. 2017;50(1):125-6.

Havelaar AH, Kirk MD, Torgerson PR, Gibb HJ, Hald T, Lake RJ, et al. World
Health Organization global estimates and regional comparisons of the
burden of foodborne disease in 2010. PloS Med. 2015;12(12):e1001923.
Qin X, Wang X, Shen Z. The rise of antibiotic resistance in Campylobac-
ter. Curr Opin Gastroen. 2023;39(1):9-15.

Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL,
et al. WHO pathogens priority list working group. Discovery, research,
and development of new antibiotics: the WHO priority list of antibiotic-
resistant bacteria and tuberculosis. Lancet Infect Dis. 2018;18(3):318-27.
Aleksic E, Miljkovic-Selimovic B, Tambur Z, Aleksic N, Biocanin V, Avra-
mov S. Resistance to antibiotics in thermophilic Campylobacters. Front
Med. 2021,8:763434.

Shen Z,Wang Y, Zhang Q, Shen J. Antimicrobial resistance in Campylo-
bacter spp. Microbiol Spectr. 2018;6(2). https://doi.org/10.1128/micro
biolspec. ARBA-0013-2017.

Tang YZ, Fang LX, Xu CY, Zhang QJ. Antibiotic resistance trends and
mechanisms in the foodborne pathogen. Campylobacter Anim Health
Res Rev. 2017;18(2):87-98.

Sahin O, Yaeger M, Wu Z, Zhang Q. Campylobacter-associated diseases
in animals. Annu Rev Anim Biosci. 2017;5:21-42.

Ahmed NA, Gulhan T. Campylobacter in wild birds: is it an animal and
public health concern? Front Microbiol. 2022;12:812591.

Kerkhof P-J, Peruzy MF, Murru N, Houf K. Wild boars as reservoir for
Campylobacter and Arcobacter. Vet Microbiol. 2022;270:109462.

Hald B, Skovgard H, Pedersen K, Bunkenborg H. Influxed insects as vec-
tors for Campylobacter jejuni and Campylobacter coli in Danish broiler
houses. Poult Sci. 2008;87(7):1428-34.

Mughini-Gras L, Pijnacker R, Coipan C, Mulder AC, Fernandes VA,

de Rijk S, et al. Sources and transmission routes of campylobacteri-
osis: a combined analysis of genome and exposure data. J Infect.
2021,82(2):216-26.

Epps SVR, Harvey RB, Hume ME, Phillips TD, Anderson RC, Nisbet DJ.
Foodborne Campylobacter: infections, metabolism, pathogenesis and
reservoirs. Int J Environ Res Public Health. 2013;10(12):6292-304.
Jacobs-Reitsma W, Lyhs U, Wagenaar J. Campylobacter in the food sup-
ply. In: Nachamkin I, Szymanski CM, Blaser MJ, editors, Campylobacter.
Washington: American Society for Microbiology; 2008. p. 627-44.

Acke E. Campylobacteriosis in dogs and cats: a review. N Z Vet J.
2018,66(5):221-8.

Kaakoush NO, Castano-Rodriguez N, Mitchell HM, Man SIM. Global
epidemiology of Campylobacter infection. Clin Microbiol Rev.
2015;28(3):687-720.

Conrad CC, Stanford K, Narvaez-Bravo C, Callaway T, McAllister T.

Farm fairs and petting zoos: a review of animal contact as a source of
zoonotic enteric disease. Foodborne Pathog Dis. 2017;14(2):59-73.
Evers EG, Berk PA, Horneman ML, van Leusden FM, de Jonge R. A quan-
titative microbiological risk assessment for Campylobacter in petting
z00s. Risk Anal. 2014;34(9):1618-38.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 7 of 9

Thepault A, Rose V, Queguiner M, Chemaly M, Rivoal K. Dogs and cats:
reservoirs for highly diverse Campylobacter jejuni and a potential source
of human exposure. Animals. 2020;10(5):838.

Platts-Mills JA, Kosek M. Update on the burden of Campylobacter in
developing countries. Curr Opin Infect Dis. 2014;27(5):444-50.
Graninger W, Zedtwitz-Liebenstein K, Laferl H, Burgmann H. Quinolones
in gastrointestinal infections. Chemotherapy. 1996;42:43-53.

Sproston EL, Wimalarathna HML, Sheppard SK. Trends in fluoroqui-
nolone resistance in Campylobacter. Microb Genom. 2018;4(8): e€000198.
Veltcheva D, Colles FM, Varga M, Maiden MCJ, Bonsall MB. Emerging
patterns of fluoroquinolone resistance in Campylobacter jejuni in the UK
1998-2018. Microb Genom. 2022;8(9):mgen000875.

Dabbousi AA, Osman M, Dabboussi F, Hamze M. High rates of mac-
rolide and fluoroquinolone resistance in human campylobacteriosis in
the Middle East and North Africa. Future Microbiol. 2022;17(12):957-67.
Luangtongkum T, Jeon B, Han J, Plummer P, Logue CM, Zhang QJ.
Antibiotic resistance in Campylobacter: emergence, transmission and
persistence. Future Microbiol. 2009;4(2):189-200.

Segreti J, Gootz TD, Goodman LJ, Parkhurst GW, Quinn JP, Martin BA,

et al. High-level quinolone resistance in clinical isolates of Campylobac-
ter jejuni. J Infect Dis. 1992;165(4):667-70.

Aslam B, Khurshid M, Arshad MI, Muzammil S, Rasool M, Yasmeen N,

et al. Antibiotic resistance: one health one world outlook. Front Cell
Infect Microbiol. 2021;11:771510.

Roth N, Kaesbohrer A, Mayrhofer S, Zitz U, Hofacre C, Domig KJ. The
application of antibiotics in broiler production and the resulting
antibiotic resistance in Escherichia coli: a global overview. Poul Sci.
2019,98(4):1791-804.

McEwen SA, Fedorka-Cray PJ. Antimicrobial use and resistance in
animals. Clin Infect Dis. 2002;34:593-106.

Aarestrup FM, McDermott PF, Wegener HC. Transmission of antibiotic
resistance from food animals to humans. In: Nachamkin I, Szymanski
CM, Blaser MJ, editors. Campylobacter. Washington: American Society
for Microbiology; 2008. p. 645-65.

McDermott PF, Bodeis SM, English LL, White DG, Walker RD, Zhao SH,

et al. Ciprofloxacin resistance in Campylobacter jejuni evolves rapidly in
chickens treated with fluoroquinolones. J Infect Dis. 2002;185(6):837-40.
Luo N, Sahin O, Lin J, Michel LO, Zhang QJ. In vivo selection of Campylo-
bacter isolates with high levels of fluoroquinolone resistance associated
with gyrA mutations and the function of the CmeABC efflux pump.
Antimicrob Agents Chemother. 2003;47(1):390-4.

Aarestrup FM, Wegener HC. The effects of antibiotic usage in food
animals on the development of antimicrobial resistance of importance
for humans in Campylobacter and Escherichia coli. Microbes Infect.
1999;1(8):639-44.

Engberg J, Neimann J, Nielsen EM, Aarestrup FM, Fussing V. Quinolone-
resistant Campylobacter infections in Denmark: Risk factors and clinical
consequences. Emerg Infect Dis. 2004;10(6):1056-63.

Smith KE, Besser JM, Hedberg CW, Leano FT, Bender JB, Wicklund JH,

et al. Quinolone-resistant Campylobacter jejuni infections in Minnesota,
1992-1998. N Engl J Med. 1999;340(20):1525-32.

Kassem II, Kehinde O, Kumar A, Rajashekara G. Antimicrobial-resistant
Campylobacter in organically and conventionally raised layer chickens.
Foodborne Pathog Dis. 2017;14(1):29-34.

FDA. Withdrawal of enrofloxacin for poultry. 2017. https://www.fda.gov/
animal-veterinary/recalls-withdrawals/withdrawal-enrofloxacin-poultry.
Accessed 14 Jan 2023.

Unicomb LE, Ferguson J, Stafford RJ, Ashbolt R, Kirk MD, Becker NG,

et al. Low-level fluoroquinolone resistance among Campylobacter jejuni
isolates in Australia. Clin Infect Dis. 2006;42(10):1368-74.

Unicomb L, Ferguson J, Riley TV, Collignon P. Fluoroguinolone resist-
ance in Campylobacter absent from isolates. Australia Emerg Infect Dis.
2003;9(11):1482-3.

Abraham S, Sahibzada S, Hewson K, Laird T, Abraham R, Pavic A, et al.
Emergence of fluoroquinolone-resistant Campylobacter jejuni and
Campylobacter coli among Australian chickens in the absence of fluo-
roguinolone use. Appl Environ Microbiol. 2020;86(8):e02765-19. https://
doi.org/10.1128/AEM.02765-19.

Devi A, Mahony TJ, Wilkinson JM, Vanniasinkam T. Antimicrobial suscep-
tibility of clinical isolates of Campylobacter jejuni from New South Wales.
Australia J Glob Antimicrob Resist. 2019;16:76-80.


https://doi.org/10.1128/microbiolspec.ARBA-0009-2017
https://doi.org/10.1128/microbiolspec.ARBA-0009-2017
https://doi.org/10.1128/microbiolspec.ARBA-0013-2017
https://doi.org/10.1128/microbiolspec.ARBA-0013-2017
https://www.fda.gov/animal-veterinary/recalls-withdrawals/withdrawal-enrofloxacin-poultry
https://www.fda.gov/animal-veterinary/recalls-withdrawals/withdrawal-enrofloxacin-poultry
https://doi.org/10.1128/AEM.02765-19
https://doi.org/10.1128/AEM.02765-19

Zhang et al. One Health Advances

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

(2023) 1:4

Pleydell EJ, Rogers L, Kwan E, French NP. Low levels of antibacterial
drug resistance expressed by Gram-negative bacteria isolated from
poultry carcasses in New Zealand. N Z Vet J. 2010;58(5):229-36.
French NP, Zhang J, Carter GP, Midwinter AC, Biggs PJ, Dyet K, et al.
Genomic analysis of fluoroquinolone- and tetracycline-resistant
Campylobacter jejuni sequence type 6964 in humans and poultry,
New Zealand, 2014-2016. Emerg Infect Dis. 2019;25(12):2226-34.
Xia J, Pang J, Tang Y, Wu Z, Dai L, Singh K, et al. High prevalence of
fluoroquinolone-resistant Campylobacter bacteria in sheep and
increased Campylobacter counts in the bile and gallbladders of
sheep medicated with tetracycline in feed. Appl Environ Microbiol.
2019;85(11):200008.

Wu Z, Sippy R, Sahin O, Plummer P, Vidal A, Newell D, et al. Genetic
diversity and antimicrobial susceptibility of Campylobacter jejuni iso-
lates associated with sheep abortion in the United States and Great
Britain. J Clin Microbiol. 2014;52(6):1853-61.

Sippy R, Sandoval-Green CMJ, Sahin O, Plummer P, Fairbanks WS,
Zhang Q, et al. Occurrence and molecular analysis of Campylobacter
in wildlife on livestock farms. Vet Microbiol. 2012;157(3-4):369-75.

. Tang YZ, Sahin O, Pavlovic N, LeJeune J, Carlson J, Wu ZW, et al. Rising

fluoroquinolone resistance in Campylobacter isolated from feedlot
cattle in the United States. Sci Rep. 2017,7(1):494. https://doi.org/10.
1038/541598-017-00584-z.

Goulart DB, Beyi AF, Wu Z, Adiguzel MC, Schroeder A, Singh K; et al.
Effect of danofloxacin treatment on the development of fluoro-
quinolone resistance in Campylobacter jejuni in calves. Antibiotics
(Basel). 2022;11(4):531.

FDA. Extralabel use and antimicrobials. 2022. https://www.fda.gov/
animal-veterinary/antimicrobial-resistance/extralabel-use-and-antim
icrobials. Accessed 10 Jan 2023.

Goulart DB, Beyi AF, Wu Z, Adiguzel MC, Wilson S, Xu C, et al. Influ-
ence of single dose enrofloxacin injection on development of fluo-
roquinolone resistance in Campylobacter jejuni in calves. Antibiotics
(Basel). 2022;11(10):1407.

Beyi AF, Mochel JP, Magnin G, Hawbecker T, Slagel C, Dewell G, et al.
Comparisons of plasma and fecal pharmacokinetics of danofloxacin
and enrofloxacin in healthy and Mannheimia haemolytica infected
calves. Sci Rep. 2022;12(1):5107.

Wilson DJ, Gabriel E, Leatherbarrow AJH, Cheesbrough J, Gee S,
Bolton E, et al. Tracing the source of Campylobacteriosis. PloS Genet.
2008;4(9):e1000203.

Mulder AC, Franz E, de Rijk S, Versluis MAJ, Coipan C, Buij R, et al. Trac-
ing the animal sources of surface water contamination with Campy-
lobacter jejuni and Campylobacter coli. Water Res. 2020;187:116421.
Berthenet E, Thepault A, Chemaly M, Rivoal K, Ducournau A, Buisson-
niere A, et al. Source attribution of Campylobacter jejuni shows vari-
able importance of chicken and ruminants reservoirs in non-invasive
and invasive French clinical isolates. Sci Rep. 2019;9(1):8098. https://
doi.org/10.1038/541598-019-44454-2.

Gras LM, Smid JH, Wagenaar JA, de Boer AG, Havelaar AH, Friesema
IHM, et al. Risk factors for Campylobacteriosis of chicken, ruminant,
and environmental origin: A combined case-control and source
attribution analysis. PLoS ONE. 2012;7(8):e42599.

Hudson LK, Andershock WE, Yan R, Golwalkar M, M'lkanatha NM,
Nachamkin |, et al. Phylogenetic analysis reveals source attribution
patterns for Campylobacter spp. in Tennessee and Pennsylvania.
Microorganisms. 2021;9(11):2300.

Codys AJ, Maiden MCJ, Strachan NJC, McCarthy ND. A systematic
review of source attribution of human campylobacteriosis using multi-
locus sequence typing. Euro Surveill. 2019;24(43):8-15 1800696.

Clark CG, Price L, Ahmed R, Woodward DL, Melito PL, Rodgers FG, et al.
Characterization of waterborne outbreak-associated Campylobacter
Jjejuni, Walkerton. Ontario Emerg Infect Dis. 2003;9(10):1232-41.
Ellispegler RB, Hyman LK, Ingram RJH, McCarthy M. A placebo
controlled evaluation of lomefloxacin in the treatment of bacterial diar-
rhoea in the community. J Antimicrob Chemother. 1995;36(1):259-63.
lannino F, Salucci S, Di Donato G, Badagliacca P, Vincifori G, Di Gianna-
tale E. Campylobacter and antimicrobial resistance in dogs and humans:
“One Health"in practice. Vet Ital. 2019;55(5):203-20.

Wang Y, Zhang M, Deng F, Shen Z, Wu C, Zhang J, et al. Emer-

gence of multidrug-resistant Campylobacter species isolates with a

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Page 8 of 9

horizontally acquired rRNA methylase. Antimicrob Agents Chemother.
2014;58(9):5405-12.

Qin S, Wang Y, Zhang Q, Zhang M, Deng F, Shen Z, et al. Report of ribo-
somal RNA methylase gene erm(B) in multidrug-resistant Campylobac-
ter coli. J Antimicrob Chemother. 2014;69(4):964-8.

Wang T, Zhao W, Li S, Yao H, Zhang Q, Yang L. Characterization of erm
(B)-carrying Campylobacter Spp. of retail chicken meat origin. J Glob
Antimicrob Resist. 2022;30:173-7.

Jehanne Q, Benejat L, Ducournau A, Domingues-Martins C, Cousinou
T, Bessede E, et al. Emergence of erythromycin resistance methyl-
transferases in Campylobacter coli strains in France. Antimicrob Agents
Chemother. 2021;65(11):e0112421.

Florez-Cuadrado D, Ugarte-Ruiz M, Meric G, Quesada A, Porrero MC,
Pascoe B, et al. Genome comparison of erythromycin resistant Campylo-
bacter from turkeys identifies hosts and pathways for horizontal spread
of erm(B) genes. Front Microbiol. 2017;8:2240.

Tang B, Wang Y, Luo Y, Zheng X, Qin X, Yang H, et al. Coexistence of
optrA and fexA in Campylobacter. Sphere. 2021,6(3):00125-21.

Liu D, Yang D, Liu X, Li X, Fessler AT, Shen Z, et al. Detection of the ente-
rococcal oxazolidinone/phenicol resistance gene optrA in Campylobac-
ter coli. Vet Microbiol. 2020;246:108731.

Tang 'Y, Dai L, Sahin O, Wu Z, Liu M, Zhang Q. Emergence of a plasmid-
borne multidrug resistance gene cfr(C) in foodborne pathogen Campy-
lobacter. J Antimicrob Chemother. 2017;72(6):1581-8.

Liu D, Li X, Liu W, Yao H, Liu Z, Fessler AT, et al. Characterization of
multiresistance gene cfr(C) variants in Campylobacter from China. J
Antimicrob Chemother. 2019;74(8):2166-70.

Zhao S, Mukherjee S, Hsu C-H, Young S, Li C, Tate H, et al. Genomic
Analysis of emerging florfenicol-resistant Campylobacter coli isolated
from the cecal contents of cattle in the United States. Sphere.
2019/4(3):€00367-19.

Yao H, Jiao D, Zhao W, Li A, Li R, Du X-D. Emergence of a novel tet (L)
variant in Campylobacter spp. of chicken origin in China. Antimicrob
Agents Chemother. 2021,65(1):e01622-20.

Wang Y, Taylor DE. Chloramphenicol resistance in Campylobacter coli:
nucleotide sequence, expression, and cloning vector construction.
Gene. 1990;94(1):23-8.

Papadopoulou B, Courvalin P. Dispersal in Campylobacter spp. of
aphA-3, a kanamycin resistance determinant from gram-positive cocci.
Antimicrob Agents Chemother. 1988;6(32):945-8.

Gibreel A, Skold O, Taylor DE. Characterization of plasmid-mediated
aphA-3 kanamycin resistance in Campylobacter jejuni. Microb Drug Res.
2004;10(2):98-105.

Sougakoff W, Papadopoulou B, Nordmann P, Courvalin P.Nucleotide
sequence and distribution of gene tetO encoding tetracycline resist-
ance in Campylobacter coli. Fems Microbiol Lett. 1987;44(1):153-9.
Courvalin P. Transfer of antibiotic resistance genes between gram-
positive and gram-negative bacteria. Antimicrob Agents Chemother.
1994,38(7):1447-51.

Schwarz S, Zhang W, Du X-D, Krueger H, Fessler AT, Ma S, et al. Mobile
Oxazolidinone resistance genes in Gram-positive and Gram-negative
bacteria. Clin Microbiol Rev. 2021;34(3):e0018820.

Damborg P, Olsen KEP, Nielsen EM, Guardabassi L. Occurrence of
Campylobacter jejuni in pets living with human patients infected with C.
jejuni. J Clin Microbiol. 2004;42(3):1363-4.

Wolfs TFW, Duim B, Geelen SPM, Rigter A, Thomson-Carter F,

Fleer A, et al. Neonatal sepsis by Campylobacter jejuni: Geneti-

cally proven transmission from a household puppy. Clin Infect Dis.
2001;32(5):E97-9.

Campagnolo ER, Philipp LM, Long JM, Hanshaw NL. Pet-associated
Campylobacteriosis: A persisting public health concern. Zoonoses
Public Health. 2018;65(3):304-11.

Francois Watkins LK, Laughlin ME, Joseph LA, Chen JC, Nichols M, Basler
C, et al. Ongoing outbreak of extensively drug-resistant Campylobacter
Jjejuni infections associated with US pet store puppies, 2016-2020.
JAMA Netw Open. 2021;4(9):e2125203.

Goyal D, Watkins LKF, Montgomery MP, Jones SMB, Caidi H, Friedman
CR. Antimicrobial susceptibility testing and successful treatment of
hospitalised patients with extensively drug-resistant Campylobacter
Jjejuni infections linked to a pet store puppy outbreak. J Glob Antimi-
crob Resist. 2021;26:84-90.


https://doi.org/10.1038/s41598-017-00584-z
https://doi.org/10.1038/s41598-017-00584-z
https://www.fda.gov/animal-veterinary/antimicrobial-resistance/extralabel-use-and-antimicrobials
https://www.fda.gov/animal-veterinary/antimicrobial-resistance/extralabel-use-and-antimicrobials
https://www.fda.gov/animal-veterinary/antimicrobial-resistance/extralabel-use-and-antimicrobials
https://doi.org/10.1038/s41598-019-44454-2
https://doi.org/10.1038/s41598-019-44454-2

Zhang et al. One Health Advances

97.

98.

99.

100.

102.

103.

105.

106.

107.

108.

109.

110.

1.

112,

(2023) 1:4

Joseph LA, Watkins LKF, Chen J, Tagg KA, Bennett C, Caidi H, et al. Com-
parison of molecular subtyping and antimicrobial resistance detection
methods used in a large multistate outbreak of extensively drug-resist-
ant Campylobacter jejuni infections linked to pet store puppies. J Clinl
Microbiol. 2020;58(10):e00771-e820.

Yao H, Shen Z, Wang Y, Deng F, Liu D, Naren G, et al. Emergence of a
potent multidrug efflux pump variant that enhances Campylobacter
resistance to multiple antibiotics. MBio. 2016;7(5):e01543-e1616.

Lazou T, Houf K, Soultos N, Dovas C, lossifidou E. Campylobacter in small
ruminants at slaughter: prevalence, pulsotypes and antibiotic resist-
ance. Int J Food Microbiol. 2014;173:54-61.

Ocejo M, Oporto B, Luis Lavin J, Hurtado A. Whole genome-based
characterisation of antimicrobial resistance and genetic diversity in
Campylobacter jejuni and Campylobacter coli from ruminants. Sci Rep.
2021;11(1):8998.

Englen MD, Hill AE, Dargatz DA, Ladely SR, Fedorka-Cray PJ. Prevalence
and antimicrobial resistance of Campylobacter in US dairy cattle. J Appl
Microbiol. 2007;102(6):1570-7.

Tang Y, Meinersmann RJ, Sahin O, Wu Z, Dai L, Carlson J, et al. Wide

but variable distribution of a hypervirulent Campylobacter jejuni clone
in beef and dairy Cattle in the United States. Appl Environ Microbiol.
2017,83(24):e01425-e1517.

Tyson GH, Tate HP, Abbott J, Thu-Thuy T, Kabera C, Crarey E, et al.
Molecular subtyping and source attribution of Campylobacter isolated
from food animals. J Food Prot. 2016;79(11):1891-7.

Jonas R, Kittl S, Overesch G, Kuhnert P. Genotypes and antibiotic
resistance of bovine Campylobacter and their contribution to human
campylobacteriosis. Epidemiol Infect. 2015;143(11):2373-80.

de Haan CPA, Kivisto RI, Hakkinen M, Corander J, Hanninen M-L. Multilo-
cus sequence types of Finnish bovine Campylobacter jejuni isolates and
their attribution to human infections. BMC Microbiol. 2010;10:200.
Sahin O, Plummer PJ, Jordan DM, Sulaj K, Pereira S, Robbe-Austerman S,
et al. Emergence of a tetracycline-resistant Campylobacter jejuni clone
associated with outbreaks of ovine abortion in the United States. J Clin
Microbiol. 2008;46(5):1663-71.

Wu Z, Periaswamy B, Sahin O, Yaeger M, Plummer P, Zhai W, et al. Point
mutations in the major outer membrane protein drive hypervirulence
of a rapidly expanding clone of Campylobacter jejuni. Proc Natl Acad Sci
USA. 2016;113(38):10690-5.

Sahin O, Fitzgerald C, Stroika S, Zhao S, Sippy RJ, Kwan P, et al. Molecular
evidence for zoonotic transmission of an emergent, highly patho-
genic Campylobacter jejuni clone in the United States. J Clin Microbiol.
2012;50(3):680-7.

Yaeger MJ, Sahin O, Plummer PJ, Wu Z, Stasko JA, Zhang Q. The pathol-
ogy of natural and experimentally induced Campylobacter jejuni abor-
tion in sheep. J Vet Diagn Invest. 2021;33(6):1096-105.

Burrough ER, Sahin O, Plummer PJ, Zhang QJ, Yaeger MJ. Patho-
genicity of an emergent, ovine abortifacient Campylobacter jejuni
clone orally inoculated into pregnant guinea pigs. Am J Vet Res.
2009;70(10):1269-76.

Stone DM, Chander Y, Bekele AZ, Goyal SM, Hariharan H, Tiwari K,

et al. Genotypes, antibiotic resistance, and ST-8 genetic clone in
Campylobacter isolates from sheep and goats in Grenada. Vet Med Int.
2014;2014:212864. https://doi.org/10.1155/2014/212864.

Hsu CH, Harrison L, Mukherjee S, Strain E, McDermott P, Zhang Q, et al.
Core genome multilocus sequence typing for food animal source
attribution of human Campylobacter jejuni infections. Pathogens.
2020,9(7):532.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1155/2014/212864

	Zoonotic and antibiotic-resistant Campylobacter: a view through the One Health lens
	Abstract 
	Introduction
	Campylobacter distribution and transmission in the ecosystem
	Fluoroquinolone (FQ) resistance in Campylobacter: a One Health case study
	The shared AMR gene pool between Campylobacter and other organisms in the One Ecosystem
	Sharing of multidrug resistant Campylobacter between companion animals and humans
	Ruminant-to-human transmission of hypervirulent and antibiotic-resistant C. jejuni: a case study with clone SA
	Conclusion and future perspectives
	References


