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INTRODUCTION

Campylobacter is a central cause of diarrhea 
worldwide. The incidence of gastroen-
teritis is increasing in both developed and 
developing countries [1]. Campylobacter 
infection has posed an enormous bur-
den globally and was responsible for 
approximately 123,000 deaths in 2019 

[2]. The most frequently identified spe-
cies are Campylobacter coli (C. coli) and 
Campylobacter jejuni (C. jejuni), both of 
which are important triggers of human 
diarrheal diseases [3–5].

C. jejuni and C. coli usually live in the 
gut in animals including birds, swine, 
bovines, and domestic pets [6–10]. These 
bacteria are common in food animals 
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Abstract

Objective: The zoonotic pathogen Campylobacter is a major foodborne 
bacterial species worldwide. The distribution and drivers of antimicrobial 
resistance (AMR) in global Campylobacter strains remain largely unknown. 
Therefore, a comprehensive analysis of longitudinal trends and driving factors 
of AMR in Campylobacter is necessary at a global level.

Methods: We downloaded from public repositories 66,771 Campylobacter 
genomes (24,115 from C. coli and 42,656 from C. jejuni) in 53 countries/
regions during 1954–2023, and performed a comprehensive analysis.

Results: We categorized the Campylobacter isolates into 2,771 sequence 
types (STs), 45 of which were shared among humans, chickens, pigs, cattle, 
and the environment. We uncovered the spatial and temporal characteristics of 
resistance across antimicrobial classes on a global scale, and observed increased 
trends in the aminoglycoside, tetracycline, and fluoroquinolone resistance 
of C. jejuni during the past 23 years. Some of the antibiotic, climate, and 
socioeconomic indicators collected from the World Bank might potentially have 
driven the rise of AMR in various countries/regions to varying degrees.

Conclusions: In summary, we present a global genetic atlas of Campylobacter, 
which provides valuable insights for understanding the transmission dynamics 
of AMR in this species.

Keywords: Campylobacter, antimicrobial resistance (AMR), AMR gene, 
genomic mining, driving factor
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(e.g., poultry) and have developed resistance to several 
critical antibiotics, including f luoroquinolones and mac-
rolides. These antibiotics are the primary treatments for 
Campylobacter infections in humans [11,12]. In addition, 
resistance to certain antimicrobials increase in farm ani-
mals and food, and the incidence of multidrug resistance 
(MDR) in C. jejuni has also increased [13]. However, 
understanding of the mechanisms of antimicrobial resist-
ance (AMR) in Campylobacter, particularly in low-re-
source settings with limited data collection and surveil-
lance, remains lacking.

AMR is among the top ten threats to global public 
health, and substantially damages both global health and 
economies. In response to the AMR crisis, the World 
Health Organization launched the Global Action Plan 
on Antimicrobial Resistance in 2015 and established the 
Bacterial Priority Pathogens List, which was released 
every year [14]. According to research statistics, in the 
next 25 years, more than 39 million people worldwide 
may die from infections caused by AMR bacteria [15]. 
Given the growing concerns regarding Campylobacter and 
the extensive availability of genomic data in public reposi-
tories, temporal and spatial monitoring of AMR trends in 
Campylobacter is needed. Nevertheless, most Campylobacter 
AMR monitoring studies are limited in geographic scope, 
temporal scope, or hosts, and have focused on phenotypic 
or point-prevalence surveys. For example, a study from 
Denmark in 2019 analyzed the dynamic occurrence of 
Campylobacter in chickens and its correlations with human 
populations with campylobacteriosis [16]. One-third of 
the clinical Campylobacter isolates matched the chicken iso-
lates, but the study was limited to chickens and humans. 
Another study has described the AMR patterns of com-
mon pathogens causing childhood diarrhea in low- and 
middle-income countries from 1990 to 2020 [17]. Despite 
the increasing prevalence of campylobacteriosis, the global 
temporal and spatial distribution of AMR in Campylobacter 
in animals, humans, food, and the environment is not 
fully understood.

Whole genome sequencing has become an effective tool 
for studying AMR and tracking the transmission path-
ways of Campylobacter spp. This method enables detailed 
analysis of bacterial genomes, thus providing insights into 
the genetic mechanisms underlying AMR [18–21]. Whole 
genome sequencing has been used for monitoring AMR 
and the frequency of acquired ARGs, as well as muta-
tions within and among microbial populations [22–28]. In 
addition, this technique can facilitate precise tracking of 
bacterial strains in epidemiological studies, and the pin-
pointing sources of outbreaks and transmission pathways 
[29]. The global drivers of bacterial AMR are multifac-
eted and involve a complex interplay of various factors. 
The major drivers include antibiotic overuse and misuse 
in medicine and agriculture, inadequate infection control 
measures, and the global movement of individuals and 
goods [30]. Poor hygiene conditions, particularly in low- 
and middle-income countries, exacerbate the spread of 

resistant bacteria. Moreover, climate, social, and economic 
factors are positively associated with AMR in Salmonella 
[25]. Although a recent study has reported that climate 
change is closely associated with the spread of diarrhea 
caused by Campylobacter [31], full-scale associations of 
AMR in Campylobacter with global climate and socioec-
onomic factors have rarely been investigated. Therefore, 
extensive and up-to-date real-time data are crucial for 
monitoring the worldwide spread of Campylobacter.

In this study, following the “One Health” strategy 
[32,33], we first constructed a high-quality dataset of 
Campylobacter by using 66,771 genomes covering 53 coun-
tries/regions from 1954 to 2023. Subsequently, we explored 
the temporal dynamics of AMR, ARGs, mobile genetic 
elements, and virulence genes (VGs) worldwide. In addi-
tion, we analyzed the correlations of AMR in Campylobacter 
with global climate and socio-economic indicators. The 
high-quality dataset generated herein should aid in devel-
opment of effective intervention measures for the control 
and prevention of AMR in Campylobacter.

MATERIALS AND METHODS

Dataset collection
In this study, the 86,365 available Campylobacter genomes 
were downloaded from the NCBI database (https://www.
ncbi.nlm.nih.gov/assembly/, as of May 20th, 2023). The 
genome accessions and metadata information were manu-
ally sorted and verified (S1 Table). The 86,365 assembled 
Campylobacter genomes included a range of human, ani-
mal, and environmental genomes in 53 countries/regions 
from 1954 to 2023. We screened the metadata of pub-
licly available assembled Campylobacter genomes from the 
NCBI BioSample database (https://www.ncbi.nlm.nih.
gov/biosample/), and further summarized the BioSample 
information for each genome (S2 Table). The publicly 
available C. coli and C. jejuni genomes were then filtered 
according to their BioSample information. At least two 
of the three columns of collection date, geographic loca-
tion, and host were required to contain information. A 
total of 19,594 genomes were discarded because no clear 
background information regarding the collection time, 
isolation source, and sampling site had been simultane-
ously recorded. Following the One Health strategy, we 
focused on the following common types: humans, aquatic 
animals, chickens, cattle, pigs, food, turkey, wild ani-
mals, and the environment. A total of 66,771 high-quality 
genomes of C. coli and C. jejuni with detailed biosamples 
were retained for further analysis. These clean data cov-
ered 53 countries/regions from 1954 to 2023.

A total of 66,771 genomes of Campylobacter were further 
chosen for subsequent analysis. We extracted and arranged 
the information on geographic location, collection time, 
and isolation sources. The samples were systematically 
documented for each isolate, and the collection date, 
isolation source, and geographic locations were further 
detailed. The isolates from swine, pork, or pig feces were 
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classified into the pig category. The isolates from chicken 
ceca, chicken wings, whole chicken rinses, chicken throat 
swabs, chicken hams, or chicken breasts were classified 
into the chicken category. Other categories were classified 
similarly to the description above. The approach in this 
study was consistent with the methods used in previous 
studies [7,34,35].

Bioinformatics analysis
ST analysis was conducted with multi-locus sequence 
typing (MLST) v2.0 (https://github.com/tseemann/
mlst) [36]. The ARG and AMR phenotypes were ana-
lyzed with ResFinder v4.1 (https://bitbucket.org/genom-
icepidemiology/resfinder/src/master/) [37] with the 
following parameters: identity ≥95% and coverage ≥90%. 
Campylobacter-specific point mutations were screened with 
PointFinder (https://bitbucket.org/genomicepidemiol-
ogy/pointfinderdb/src/master/) with parameters of iden-
tity ≥95% and coverage ≥90%. All results were verified 
and used for subsequent analysis. ABRicate v1.0.1 (https://
github.com/tseemann/abricate) was further applied to 
identify the VGs with default parameters. PlasmidFinder 
v2.0.1 [38] was used to detect putative plasmids with the 
parameters of identity ≥90% and coverage ≥60%.

Data collection on indicators
To determine the associations of agriculture, antibiot-
ics, climate, environment, and socioeconomic indicators 
with AMR in Campylobacter, we collected data including 
the animal husbandry production index, cereal produc-
tion, CO2 emissions, and GDP per capita. The primary 
dataset was sourced from the World Bank (https://www.
worldbank.org/en/home). Additionally, the global aver-
age mean surface air temperature data were obtained 
from the Climate Change Knowledge Portal (https://
climateknowledgeportal.worldbank.org/download-data). 
One representative country with the largest number of 
Campylobacter genomes in each of the six continents was 
selected and analyzed. World Bank data collected from 
five countries were used in the data analysis.

Statistical analyses and visualization
The geographical origins of the Campylobacter genomes 
were mapped and visualized with MapChart (https://
www.mapchart.net/). Heatmap figures were generated 
with R 4.4.1 and associated R-tools. Pie charts and bar 
graphs were produced with GraphPad Prism version 9.0. 
A regression analysis was performed to investigate the 
associations of climate change and socioeconomic indica-
tors with ARGs and AMR. Kruskal-Wallis tests, imple-
mented in GraphPad Prism version 9.0, were used to 
evaluate differences in the counts of ARGs, plasmids, and 
VGs per isolate across various decade-specific datasets. 
The ImageGP online website (http://www.ehbio.com/
ImageGP/) was used to generate the images. Additionally, 
the minimum spanning tree of STs was constructed with 
PHYLOViZ 2.0 (http://www.phyloviz.net/).

RESULTS

Global overview of Campylobacter
The assembled Campylobacter genomes included primarily 
C. jejuni (66%), C. coli (30%), and other Campylobacter 
species (4%). We focused on 42,656 genomes of C. jejuni 
and 24,115 genomes of C. coli (Fig 1A and S2 Table). The 
Campylobacter isolates derived from chickens were mainly 
from North America (29,062/66,771). The Campylobacter 
isolates derived from humans were distributed pri-
marily in North America (29,716/66,771) and Europe 
(8,594/66,771). In contrast, the Campylobacter isolates 
from both humans and pigs were predominant in Europe 
(8,182/66,771) (Fig 1B and S3 Table).

We classified the isolates into the following periods for 
temporal analysis: before 2000 (n = 224), 2000–2004 (n 
= 1,050), 2005–2009 (n = 2,166), 2010–2014 (n = 4,046), 
2015–2019 (n = 37,885), and 2020–2023 (n = 20,331) (Fig 
1C and S4 Table). The strains were isolated primarily from 
humans (n = 11,612), chickens (n = 30,213), pigs (n = 
3,417), turkeys (n = 1,500), and cattle (n = 9,881), and 
accounted for ~84.8% of the 66,771 genomes. However, 
only a small fraction was isolated from the environment (n 
= 986) (Fig 1D and S5 Table).

The 66,771 isolates were categorized into 2,771 dif-
ferent STs. Most of these STs were enriched predom-
inantly in North America and Europe, and the top 20 
STs composed 42.2% of the total (Fig 1E and S6-S8 
Tables). Among the top 20 STs, the isolates ST829 (n = 
2,513) and ST7818 (n = 1,974) had high proportions of 
C. coli. Similarly, in North America, ST353 (n = 1,729) 
and ST50 (n = 1,416) had high proportions of C. jejuni 
(S6 Table). The isolates originated primarily from the 
periods 2015–2019 (56.94%) and 2020–2023 (30.75%), 
whereas isolates before 2000 accounted for only a small 
fraction (0.36%) (S1A Fig). Most isolates originated from 
North America, where agriculture or industry was con-
centrated (76.9%) (S1B Fig). In contrast, ST45 and ST22 
were more ubiquitous before 2000, and ST854 was the 
major type during 2005–2009 (Table 1). ST854 was the 
dominant type with pig origins, and was the main type 
originating from pigs in China (Table 1). ST353, ST829, 
and ST860 were frequently identif ied in Africa, North 
America, and Asia, respectively (Table 1). The ST2993 
clonal complex (CC) was enriched in primarily Africa, 
whereas the ST45 CC was enriched primarily in Oceania 
(Table 1).

Among the 2,771 ST types, 45 STs were shared among 
humans, chickens, pigs, cattle, and the environment, and 
most of them originated from Europe (n = 3,693) and 
North America (n = 23,991) (S9 Table). In addition, the 
CCs of chicken specialists (enriched primarily in chicken) 
and generalists formed the largest group. ST-host special-
ization analysis of the most copious CCs revealed mod-
erate levels of chicken-specific STs in the ST45 CC and 
highly chicken-specific STs in the ST50 and ST353 CCs 
(Table 1).
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Temporal variations in AMR
A total of 290,546 ARGs covering 68 types, as well as 
11,524 gyrA (T86I) mutations mediating f luoroquinolone 
resistance were identified (S10 Table). An overall increas-
ing trend of aminoglycoside, tetracycline, and f luoro-
quinolone resistance in C. jejuni in the past 23 years was 
observed (Fig 2A). For example, the prevalence of ARGs 
conferring f luoroquinolone resistance in C. jejuni mark-
edly increased, from 3.45% before 2000 to 28.77% during 
2015–2019 and to 22.81% during 2020–2023 (Fig 2A, B). 
Among C. jejuni genomes, the proportion with beta-lactam 
resistance decreased from 2005–2009 to 2020–2023 in 
North America but remained steady in Europe, in contrast 
to C. coli (Fig 2A, C). In Asia, no substantial alterations 
in f luoroquinolone resistance were observed in C. jejuni 
during the past 23 years, whereas tetracycline and beta-
lactam resistance showed an increasing trend. Similarly, in 
Asia, the beta-lactam and aminoglycoside resistance in C. 
coli showed an increasing trend since 2009; although tet-
racycline resistance slightly decreased between 2015 and 
2019, it also displayed an increasing trend (Fig 2A, C). 
Notably, in Europe, North America, and South America, 
we observed an increasing trend in the f luoroquinolone 
resistance of C. jejuni (Fig 2A, B).

In contrast, aminoglycoside and tetracycline resistance 
in C. coli showed an increasing trend until 2005–2009, 
then decreased until 2020–2023 (Fig 2C, D). We also 
examined resistance to phenicol, a key antimicrobial 
agent in veterinary medicine. However, although ARGs 

conferring resistance to phenicols showed an increasing 
tendency over time, the proportion of ARGs was very 
low (Fig 2). In chicken isolates, an overall increasing 
trend in AMR level occurred before 2019, then remained 
steady until 2023 (S2 Fig). Although some f luctuations 
were observed, this trend remained steady in the C. 
jejuni genomes during the 23 years, whereas in the C. 
coli genomes, a decrease in beta-lactam, tetracycline, and 
aminoglycoside resistance was observed since 2010 (Fig 2). 
Although the beta-lactam resistance remained steady in 
the past 23 years, an increasing trend of tetracycline and 
f luoroquinolone resistance in C. jejuni genomes, and of 
beta-lactam, tetracycline, and aminoglycoside resistance 
in C. coli genomes, was observed since 2005 (Fig 2). In 
cattle, an overall increasing trend in AMR level observed 
before 2019, then decreased sharply thereafter. Notably, 
the distribution patterns of ARGs with human, chicken, 
and cattle origins were similar, thus indicating potential 
cross-transmission among these species. In contrast, in C. 
jejuni with pig origins, beta-lactam, tetracycline, and f luo-
roquinolone resistance sharply increased between 2005–
2009 and 2010–2014, then decreased until 2023.

Characteristics of ARGs across sample times, 
hosts, and geographic locations
The prevalence of ARGs varied across hosts, continents, 
and time periods (Fig 3A-F; S11-S13 Tables). The gyrA 
(T86I) mutations blaOXA-61, blaOXA-450, blaOXA-453, and 
tet(O) increased during 2010–2014 in C. jejuni, whereas 

FIGURE 1  |  Study design and summary of the global Campylobacter genome data. (A) Flowchart of study design. (B) Geographical distribu-
tion of the 66,771 Campylobacter isolates. (C-E), All isolates were grouped by (C) sampling time, (D) host, and (E) sequence type (ST). A total 
of 2,771 STs were detected. The 20 dominant STs were summarized and are shown in E.
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blaOXA-61 and blaOXA-450 slightly decreased in C. coli dur-
ing 2010–2014 (Fig 3C, F). Notably, the gyrA (T86I) 
mutations from C. jejuni were concentrated in the peri-
ods of 2005–2009 and 2015–2019 (Fig 3C). Furthermore, 
temporal increases in gyrA (T86I) and tet(O/W/O) were 
observed in both humans and chickens (Fig 3B, E; S11-
S13 Tables). We also detected 1,077 C. jejuni genomes with 
human and chicken origins carrying the MDR genotype 
of blaOXA-61-tet(O/W/O)-gyrA (T86I), thus representing 
an increase in co-occurrence of ARGs (S11-S13 Tables).

Our f indings indicated a notable increasing trend in 
beta-lactam resistance (Fig 3C). Among beta-lactam 
isolates, nine blaOXA genes (blaOXA-446, blaOXA-447, 
blaOXA-448, blaOXA-449, blaOXA-465, blaOXA-466, blaOXA-184, 
blaOXA-185, blaOXA-193) and one blaCTX-M-1 gene were 
identif ied. The blaOXA-61 gene was the predominant 
beta-lactam resistance determinant in C. jejuni, and 
most cases were reported in Asia and Oceania (S11 and 

S12 Tables). The gyrA (T86I) mutations had the highest 
proportions in genomes from South America (77.2%), 
followed by Asia (72.5%) and Europe (40.5%) (Fig 3A). 
Notably, we identif ied 415 Campylobacter strains carrying 
the lincosamides resistance gene lnu (C), including 357 
C. coli and 58 C. jejuni.

A total of 143 Campylobacter isolates—126 C. coli and 
17 C. jejuni—carried macrolide resistance genes. Most of 
them were distributed in China (120/143), whereas only 
several were distributed in other countries. The mac-
rolide resistance genes such as erm(A) (9/66,771), erm(B) 
(137/66,771), and erm(C) (5/66,771) were distributed pri-
marily in ducks, humans, chickens, and other poultry. 
The number of erm(B) genes was higher in C. coli than 
C. jejuni (S3A Fig). The gyrA (T86I) mutation predom-
inated in Europe (4,020/66,771) and North America 
(6,131/66,771), and were distributed mainly in the United 
Kingdom and the USA (S13 Table). Specifically, C. coli 

TABLE 1  |  Sampling period, host, and continents distribution of STs in Campylobacter.

STs Before 2000 2000–2004 2005–2009 2010–2014 2015–2019 2020–2023

ST21 1.84% 4.14% 3.58% 3.31% 2.06% 0.92%

ST22 8.76% 1.42% 1.11% 0.76% 1.41% 0.47%

ST45 11.98% 6.64% 3.14% 3.78% 3.29% 1.37%

ST353 2.30% 10.02% 0.86% 1.07% 3.06% 3.53%

ST854 0% 21.79% 10.36% 4.12% 0.35% 0.50%

ST982 0% 54.47% 2.10% 4.36% 2.22% 1.16%

ST827 0% 0.11% 0.99% 4.88% 0.71% 0.61%

ST50 6.45% 3.81% 1.97% 2.16% 4.11% 3.24%

ST829 0% 0.65% 0.99% 1.59% 3.53% 6.81%

STs Human Cattle Chicken Pig Turkey Environment

all STs 15.69% 14.84% 46.61% 5.07% 2.20% 1.48%

ST45 25.00% 14.42% 29.73% 0.71% 2.54% 1.48%

ST50 27.30% 5.30% 49.25% 0.09% 1.28% 1.69%

ST353 5.98% 2.03% 78.11% 0.16% 0.64% 0.21%

ST354 30.99% 7.79% 47.15% 0.19% 0.76% 0.76%

ST1068 0.29% 79.47% 5.17% 10.48% 1.15% 1.22%

ST828 5.21% 20% 39.44% 26.62% 2.39% 1.27%

ST829 1.32% 1.71% 84.77% 2.61% 5.96% 0.43%

ST854 1.84% 1.84% 12.89% 67.03% 0.92% 11.79%

STs Asia Africa Europe North America South America Oceania

ST860 4.66% 0% 0.28% 0.04% 0.64% 0.18%

ST50 3.74% 0% 6% 3.06% 1.49% 6.52%

ST353 0% 8.74% 0.88% 3.73% 5.53% 0.06%

ST829 1.01% 3.88% 0.21% 5.43% 2.13% 0.12%

ST2993 0.51% 0% 0.04% 0% 16.81% 0.06%

ST45 0.91% 0% 3.64% 2.45% 0.21% 10.36%
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(59.5%) with poultry origins in China carried more ARGs 
than C. jejuni (40.5%), thus indicating a shift in relative 
abundance from C. jejuni to C. coli in poultry from China.

Specific ARGs were found to be present in several 
hosts and periods. A total of 126 (0.2%, 126/66,771) 
Campylobacter strains carrying the fexA gene were identified 

FIGURE 2  |  Temporal changes in the resistomes of C. jejuni and C. coli genomes worldwide over the past 23 years. (A-B), Prevalence of 
AMR rates in C. jejuni genomes from different continents (A) and sources (B). (C-D), Prevalence of AMR in C. coli genomes from different 
continents (C) and sources (D).
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from China, including those from chickens (n = 67), other 
poultry (n = 26), ducks (n = 7), geese (n = 7), the envi-
ronment (n = 3), humans (n = 3), and pigs (n = 2). The 
fexA-positive isolates markedly increased between 2016 
and 2021. Interestingly, we also detected several fexA-
positive Campylobacter strains from humans (n = 3) and 
pigs (n = 2). These isolates were distributed in the United 
Kingdom, New Zealand, and China. Furthermore, the 
optrA gene was found primarily in C. coli with pig origins 
from China. The number of optrA was higher in C. coli 
than C. jejuni (S3B Fig). We also observed co-existence of 

the optrA and fexA genes within 15 Campylobacter isolates 
from pigs, ducks, and chickens in China.

Temporal variations in VGs and plasmids
Most isolates carried abundant VGs (S14 Table). We exam-
ined 137 VGs in Campylobacter; the top 11 VGs were cheV, 
f lgE, cheW, cheA, f liG, f liF, f liH, motB, f lhB, motA, and f liN. 
Several genes associated with adhesion, colonization, inva-
sion (cadF, porA, ciaB, and jlpA), and cytolethal distend-
ing toxin (cdtA, cdtB, and cdtC) were present in C. jejuni. 
The toxin cdtB was identified in 42,119 (63.08% of 66,771) 
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FIGURE 3  |  Prevalence of global ARG in C. jejuni and C. coli genomes. (A-C), Global ARG prevalence in C. jejuni genomes, by continent (A),  
host (B), and sampling period (C). (D-F), Global ARG prevalence in C. coli genomes, grouped by continent (D), host (E) and sampling 
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genomes distributed in 1,616 STs. The top five STs were 
ST50 (n = 2,187), ST353 (n = 1,873), ST45 (n = 1,690), 
ST48 (n = 1,604), and ST982 (n = 1,188) (S14 Table).

A total of 143 plasmid replicons categorized into 29 
distinct types were identified (S15 Table). The preva-
lence of plasmid replicons varied among hosts, times, and 
countries (Fig 4A-F). Isolates derived from humans and 

chickens exhibited a higher prevalence of plasmids than 
those from other sources (Fig 4A, D). Col (pHAD28) 
was dominant in humans, cattle, and chickens, whereas 
IncFII (pSE11) was dominant in humans (Fig 4A, D). The 
plasmid replicons were distributed in 66 STs, and most of 
them were dominant in North America and Europe dur-
ing 2015–2019 (Fig 4B, C, E-F). However, the plasmid 
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replicon prevalence in C. coli showed no clear distribution 
in South America and Africa (Fig 4F).

Correlation analysis of driving factors and AMR
The correlations among antimicrobial, climate change, 
socioeconomic indicators, and AMR in Campylobacter 
with human origins showed different patterns from those 
with animal origins (Table 2, S4A-E Fig). The rural popu-
lation and population growth in China, cereal production 
in the USA, and CO2 emissions in Peru were positively 
correlated with ARGs of human origin (Table 2). In con-
trast, the food production index, cereal production, and 
GDP per capita in China; GDP per capita, and popula-
tion growth in the United Kingdom; and rural population 
in Peru were negatively correlated with ARGs of human 
origin. Similarly, the CO2 emissions in New Zealand; the 
average mean surface air temperature and GDP per cap-
ita in the United Kingdom; and the rural population and 
population growth in the USA were positively correlated 
with ARGs with animal origins (Table 2). In contrast, 
the animal husbandry production index, food production 
index, GDP per capita, average mean surface air tempera-
ture in the USA, and population growth in New Zealand 
were negatively correlated with ARGs with animal ori-
gins (Table 2).

Furthermore, the average mean surface air temperature 
in the USA was positively correlated with the number of 
Campylobacter genomes (S4D Fig). In contrast, the popu-
lation growth in China and the USA, and CO2 emissions 
in the United Kingdom and the USA, were negatively 
correlated with the number of Campylobacter genomes 
(S4D-E Fig). In the antibiotic consumption analysis, 
we observed that aminoglycoside, beta-lactam, f luoro-
quinolone, and tetracycline resistance in Peru, and amino-
glycoside resistance in the USA, were positively associ-
ated with the annual ratio of resistant phenotypes with 
human origins, and f luoroquinolone resistance in China 
was positively associated with the annual ratio of resist-
ant phenotypes with animal origins (Table 2, S4 Fig). In 
contrast, the aminoglycoside resistance in China and the 
f luoroquinolone resistance in the United Kingdom were 
negatively correlated with the annual ratio of resistant 
phenotypes with animal origins.

DISCUSSION

In this study, we provide a global AMR atlas for 
Campylobacter, encompassing 66,771 isolates from animals, 
humans, food, and the environment in 53 countries/
regions from 1954 to 2023, according to the One health 
framework. The AMR profile established herein is the 
most current and largest dataset of Campylobacter world-
wide, and presents a comprehensive genomic snapshot of 
the C. coli and C. jejuni to date. The results highlighted 
crucial spatial differences in the AMR of Campylobacter, 
and provided estimates for countries or regions lacking 
genomic surveillance data. To our knowledge, this study 

provides the first comprehensive atlas of AMR across 
chickens, pigs, humans, cattle, aquatic animals, and the 
environment during the period of substantial industrial 
expansion of animal protein production.

The ARGs inf luencing tetracycline and beta-lactam 
resistance were observed predominantly in C. jejuni and C. 
coli genomes. The beta-lactam and tetracycline phenotypes 
were also the predominant AMRs of human pathogenic 
bacteria in hospital wastewater from megacities in China 
and were present in plasmid replicons [39]. Substantially 
more genomic data were used in this study than previous 
studies [21,23,35,40,41]. Most ARGs recently discovered 
in Campylobacter appear to have been from gene transfer 
from Gram-positive bacteria, which shared an ecological 
niche with Campylobacter in animal intestines [42].

In this work, fexA-positive strains were detected in the 
Campylobacter genomes from humans, the environment, 
pigs, chickens, ducks, and other sources. Acquisition of 
the fexA gene specifically promotes resistance to f lorfen-
icol in C. jejuni, and the fexA gene within Campylobacter 
is frequently associated with mobile genetic elements or 
MDR islands [43]. Notably, the observation of fexA-pos-
itive strains with human and pig origins provided a new 
perspective on the spread pattern, given that fexA had long 
been reported not to exist in these isolates [44]. Therefore, 
system monitoring should be implemented to prevent the 
spread of fexA to humans.

In addition, macrolide-resistant Campylobacter was more 
common in China than other countries. The erm(B) gene, 
the main contributor to macrolide resistance, was distrib-
uted in humans, chickens, and other origins. As reported, 
to date, erm(B)-mediated macrolide resistance has been 
limited primarily to C. coli in China, and the use of anti-
microbials in China might have placed unique selection 
pressure on Campylobacter [45].

Fluoroquinolone and macrolide resistance have been 
found to be widely present worldwide [24], as further sup-
ported by our results. Campylobacter in ruminants might 
be transmitted to humans through unpasteurized milk 
and other means [42]. Although poultry remains the main 
source of human Campylobacter infections, ruminants, and 
companion animals might also play important roles in the 
spread of Campylobacter to humans.

Recently, several studies [9,10,46,47] have isolated 
Campylobacter from wild bird feces, and there observed 
overlap of strains among humans, livestock, and wild 
birds. These findings suggest that Campylobacter can rap-
idly spread worldwide, thus threatening human public 
health. In recent years, metagenomics technology has 
been applied to directly capture clinical Campylobacter 
genomes, for example, in humans [48] and chickens [49]. 
This method is worthy of future exploration.

Certain economic, climatic, and social indicators may 
drive the rise of AMR in Campylobacter in different coun-
tries. Examples include rural population and population 
growth in China, cereal production in the USA, and 
CO2 emissions in Peru. Notably, the rural population and 
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population growth in the USA are positively correlated 
with ARGs with animal origins, because people with 
social and environmental disadvantages are more likely to 
have contact with animals, and human or animal waste, 
thus increasing the risk of multi-drug resistant urinary tract 
infections [50]. In contrast, the annual average temperature 
changes may be an important driving factor for changes 
in Campylobacter numbers in the USA; however, whether 
this relationship applies to other countries is unclear. This 
study provides the first report, to our knowledge, of asso-
ciations between climatic change and socio-economic 
indicators and AMR in Campylobacter. Climate change 
has been found to be associated with the spread of diar-
rhea. Whereas rising temperatures, increased humidity, and 
prolonged sunlight have been associated with the spread 
of diseases caused by Campylobacter, the correlations with 
rainfall and wind speed are comparatively weaker [28]. 
This finding might be due to increased survival and trans-
mission of pathogens under warm weather, or might be 
associated with human behavior and social patterns during 
this period.

Our study has several limitations. First, although 
86,365 Campylobacter genomes were downloaded from 
the NCBI and analyzed, a total of 19,594 genomes were 
discarded because of a lack of detailed background infor-
mation or the presence of quality control issues. Genomes 
without clear background information were discarded. 
Because genomes cannot be used for spatiotemporal 
analysis and outbreak investigation without detailed 
information on the collection time, location, and source, 
the quality of uploaded data must be improved in the 
future. Therefore, we recommend that all researchers 
deposit information on the data source. Second, only 
223 genomes were collected before 2000. Moreover, a 
large proportion of genomes from North America were 
missing data pertaining to the year of isolation. Third, 
we did not obtain comprehensive data on antimicro-
bial consumption in both humans and animals world-
wide. Antimicrobial consumption was obtained in two 
previous reports [51,52]. Finally, we did not explicitly 
investigate the indirect effects of factors driving AMR in 
Campylobacter. Thus, the use of current data and genome-
based approaches may advance understanding of global 
bacterial infectious diseases and the spread of persistent 
bacterial foodborne hazards [53,54].

CONCLUSIONS

In summary, on the basis of the “One Health” concept, 
we mapped a comprehensive genetic atlas of Campylobacter 
worldwide. This study provides the previously unde-
scribed landscape and drivers of AMR in Campylobacter 
globally, thus revealing the evolving patterns and dissem-
ination mechanisms of AMR in Campylobacter over the 
past century. Beta-lactam, tetracycline, f luoroquinolone, 
and aminoglycoside resistance were the main AMR types 
in Campylobacter. A positive correlation was observed 

between the dissemination of these AMR types and 
the use of antimicrobials in veterinary contexts, such as 
poultry production. This study is the first, to our knowl-
edge, to investigate how several factors inf luence AMR 
in Campylobacter at the global level. Further strengthening 
of genomic surveillance and creating a large-scale sur-
veillance dataset for AMR in Campylobacter is crucial for 
maintaining global health.
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