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Abstract

Campylobacter is a major foodborne bacterial pathogen that has become increasingly resistant to clinically important anti-
microbials. Of particular concern is the emergence of erm(B)-mediated macrolide resistance, which has been increasingly
documented across Campylobacter isolates from diverse ecological reservoirs. In this study, we investigated the genomic char-
acteristics and epidemiology of erm(B)-carrying clinical Campylobacter isolates from Shanghai, alongside a globally repre-
sentative dataset of all publicly available strains. Among clinical isolates obtained from a diarrhoeal outpatient surveillance
programme between 2020 and 2023 in Shanghai, China, 16% (80/500) were erythromycin-resistant, with 23.8% (19/80) testing
positive for erm(B). The genomes of these isolates were sequenced to identify erm(B) gene alleles. Phylogenetic analyses, pair-
wise comparisons of core and accessory genomes and examination of shared alleles revealed horizontal gene transfer as the
predominant mechanism driving the transmission of erm(B) between isolates from various sources. Poultry was identified as
a key reservoir for human infections caused by erm(B)-positive Campylobacter isolates. Comparative pangenome analyses of
erm(B)-positive and negative isolates identified multiple accessory elements associated with erm(B) acquisition, among which
the 1S607 family transposon-associated tnpB gene exhibited sequence and structural homology to functional progenitors of
CRISPR-Cas nucleases. These findings expand our understanding of the epidemiology of erm(B)-mediated macrolide resistance
in Campylobacter and underscore the urgent need for enhanced antimicrobial stewardship in poultry production and targeted
surveillance programmes to curb the spread of resistance.

Impact Statement

The global prevalence of the macrolide resistance gene erm(B) in Campylobacter represents a significant public health threat.
Although increasing reports of erm(B)-mediated resistance have been documented, the global dissemination of erm(B)-carrying
lineages in human infections and other reservoirs remains unclear. In this study, we investigated the prevalence of the erm(B)
gene in clinical isolates, identifying 80 erythromycin-resistant isolates through in vitro antimicrobial susceptibility testing, 19 of
which were erm(B)-positive. Genomic analysis of clinical isolates and a global dataset revealed that poultry serves as a critical
reservoir for the erm(B) gene, acting as a primary source of human infections. Horizontal gene transfer plays a key role in the
acquisition and spread of the erm(B) gene across diverse genetic backgrounds. These findings underscore the need for a One
Health approach, emphasizing collaboration among public health, veterinary and environmental sectors to develop integrated
strategies to curb the spread of antibiotic resistance.
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(https://www.ncbi.nlm.nih.gov/bioproject/1207921).

INTRODUCTION

Campylobacter are among the most common causes of bacterial foodborne gastroenteritis worldwide [1, 2]. The increasing
prevalence of antimicrobial resistance (AMR) in the two most common pathogenic species, Campylobacter jejuni and Campylo-
bacter coli, is now considered a serious threat to public health [3, 4]. In recent years, increasing resistance to clinically important
antibiotics used to treat severe Campylobacter infections, especially macrolides such as erythromycin, has limited the treatment
options of campylobacteriosis [1, 5]. Antimicrobial-resistant Campylobacter are more common in China than in some high-
income countries [6, 7]. For example, in structured sampling studies in Shanghai between 2012 and 2019, 2.5% and 59% of C.
jejuni and C. coli, respectively, were resistant to erythromycin [2, 7]. This is between three and six times higher erythromycin
resistance than European studies (0.7% for C. jejuni and 10% for C. coli) [2, 7]. As antimicrobial use in food animals is a major
driver of AMR, the historical extensive use of antimicrobials in China, particularly macrolides, which were among the most
commonly used classes in food animal production, may have contributed to the higher levels of erythromycin resistance observed
in Campylobacter isolates [8].

There are multiple mechanisms underlying macrolide resistance in Campylobacter, including mutations in 23S rRNA and ribo-
somal proteins L4 and L22, the CmeABC efflux system and the erm(B) gene [9]. The erm(B) gene encodes a 23S rRNA methyl-
transferase which confers high-level resistance to multiple antibiotic classes, including macrolides, lincosamides, streptogramin
B and telithromycin [10, 11]. Since its first discovery in Campylobacter, the erm(B) gene has been detected primarily in C. coli
isolates from both animal and clinical sources in China and several other countries [10, 12-15]. Investigation into the genetic
environment of erm(B) has revealed that it is commonly present within multidrug resistance genomic islands (MDRGIs) [16].
This facilitates horizontal gene transfer (HGT) along with other antibiotic resistance genes among bacterial populations [17, 18].

Epidemiological analyses have revealed a broad distribution of erm(B)-harbouring isolates and the proliferation of dominant
lineages [10, 17, 19]. Furthermore, the increasing availability of genomic data from structured surveillance has improved under-
standing of resistant lineages by inferring AMR in isolate genomes from different sources. However, tracking the global spread
of important resistance genes, including erm(B), requires a deeper understanding of resistant Campylobacter populations. In
this study, we analysed the AMR of 500 clinical isolates from a surveillance programme of outpatients with diarrhoea between
2020 and 2023 in Shanghai, China. The clinical erm(B)-carrying isolates were systematically compared with a global collection
of isolates from various sources using comparative genomic approaches. Pangenome analyses identified the accessory genes and
transposable elements (TEs) associated with the emergence of erm(B)-mediated resistance in Campylobacter.

METHODS
Campylobacter isolates and whole-genome sequencing

A total of 500 Campylobacter isolates were collected between 2020 and 2023 by the Shanghai Municipal Center for Disease Control
and Prevention (Shanghai CDC, China). The clinical strains were isolated from stool samples of patients with gastroenteritis
symptoms admitted to sentinel hospitals across Shanghai. A 5 g fresh stool sample was obtained from each patient and sent to
the laboratory for bacterial isolation. The isolation and identification of the isolates were conducted as previously described [1, 7]
using the filter-based method with Campylobacter isolation kits (ZC-CAMPY-001, Qingdao Sinova-HK Biotechnology Co., Ltd.,
Qingdao, China). Briefly, the faecal specimen was suspended in the enrichment broth provided in the kit and cultured at 42 °C
for 24-48 h in a microaerobic environment (5% O,, 10% CO, and 85% N.). Approximately 300 pl of the enriched medium was
filtered through a 0.45 pm membrane filter onto a Columbia Agar supplemented with 5% defibrinated sheep blood (Shanghai
Kemajia Microbiotech Co., Ltd., Shanghai, China). Single colonies resembling Campylobacter were sub-cultured for further
testing, including identification using the MALDI-TOF-MS (bioMérieux, France) and PCR analysis.

Genomic DNA from the isolates was extracted using the QIAamp DNA mini kit (Qiagen, Germany) following the manufac-
turer’s instructions. All isolates in this study were screened for the erm(B) gene using PCR [20], and paired-end sequencing
was performed on all isolates carrying the erm(B) gene using Illumina NovaSeq 6000 (Illumina, USA). The sequencing reads
were assembled de novo using SPAdes [21]. The quality of the genome was assessed using CheckM v1.2.2 [22], ensuring that the
contamination level was less than 5%. Assembled genomes of isolates carrying the erm(B) gene were archived in the PubMLST
database (https://pubmlst.org) which runs using BIGSdb software (Table S1, available in the online Supplementary Material)
[23, 24]. Isolates from other countries and sources, with genomes archived in the PubMLST database (~80,000 Campylobacter
genomes accessed on 27 August 2024), were screened for the presence of the erm(B) using the Gene Presence plugin. The sequence
types (STs) and clonal complexes (CCs) were determined for 259 isolates including erm(B)-harbouring isolates collected in this
study, clinical erm(B)-positive C. coli isolates [7] and 210 archived genomes containing the erm(B) gene using the PubMLST
database [25]. The allelic variation of erm(B) was assigned using the PubMLST database.
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Antimicrobial susceptibility testing

Minimum inhibitory concentrations (MICs) were determined for the 500 Campylobacter isolates using the broth microdilu-
tion method and commercial kits for six chemically distinct classes of antimicrobial drugs in accordance with the manufac-
turer’s instructions (Shanghai Fosun Long March Medical Science Co., Ltd., Shanghai, China). These included aminoglycosides
(gentamicin, GEN), macrolides (erythromycin, ERY), lincosamides (clindamycin, CLI), phenicols (florfenicol, FFN), quinolones
(nalidixic acid, NAL) and tetracyclines (tetracycline, TET). Phenotypic resistance was interpreted according to the standard of
the National Antimicrobial Resistance Monitoring System (NARMS) [26]. The breakpoint values for C. jejuni and C. coli were
different for some drugs, including >1 pug ml™ for CLI, 28 ug ml™ for ERY and 22 pug ml™ for TET for C. jejuni and > 2 pg ml™
for CLI, 216 ug ml™" for ERY and >4 pg ml™ for TET for C. coli, respectively. For other drugs, C. jejuni and C. coli have the same
MICs: 28 ug ml™ for FFN, 24 ug ml™ for GEN and 232 pg ml™ for NAL.

In silico identification of putative AMR and virulence genes

AMR and virulence genes were identified using Abricate v1.0.1 (https://github.com/tseemann/abricate) based on the NCBI
AMREFinder [27] and Virulence Factor Database (VFDB) [28], respectively. Positive hits were filtered using a minimum DNA
identity of 70% and sequence coverage of 70%. Point mutations associated with AMR genes were detected using PointFinder [29].

Core and accessory genome analyses

Genomes were annotated using Prokka v1.14.6 [30] and the pangenome was generated using PIRATE v1.0.5 [31]. This identified
core genes present in 95% of the genomes and accessory genes present in at least one isolate. Orthologous genes were clustered
using Markov cluster algorithm over a wide range of Aa identity thresholds, including 45%, 50%, 60%, 70%, 80%, 90%, 95%
and 98%. Core-genome variation between isolates was identified by calculating the pairwise average NT identity (ANI) using
FastANIv1.33 [32]. The gene presence matrix generated by PIRATE was utilized to create a heatmap illustrating shared pairwise
accessory-genome genes. A core-genome alignment was generated for all 259 Campylobacter isolates by concatenating gene
sequences present in 95% of genomes, using a gene-by-gene approach [33]. A maximum-likelihood phylogeny was generated
for the Campylobacter isolates using FastTree v2.1.11 [34] and visualized on Microreact [35] and iTOL [36], incorporating the
AMR and VEDB profiles of each isolate.

Comparative pangenome and protein analyses

C. jejuni and C. coli genomes from this study, and archived strains, were analysed to identify pangenome differences between
erm(B)-positive and erm(B)-negative isolates. A total of 611 C. jejuni isolates from various countries and sources were chosen
with up to 20 isolates per CC to maximize the representation of genetic diversity across the species. Similarly, 794 C. coli isolates
were chosen including isolates from the 3 ancestral clades and hybrid CC828 and CC1150 lineages. Pangenome plots generated
by Roary v3.13.0 [37] were used to determine the relationship between identified genes and number of genomes added. The
pangenome-wide association analyses were performed using Scoary [38] by comparing the gene content of erm(B)-negative
isolates with erm(B)-positive isolates for both C. jejuni (Table S2) and C. coli (Table S3). The gene presence/absence matrix was
used to calculate gene prevalence, and accessory elements associated with erm(B) were identified (P-value=0.05). In silico sequence
and structural analyses were conducted for TnpB. A homology search for TnpB was performed by BLAST comparison on the
Protein Data Bank database server [39]. Alignment of multiple protein sequences was conducted using the COBALT program
[40] and rendered by ESPript [41]. The 3D model of TnpB was constructed using AlphaFold 3 [42, 43]. PYMOL software [44]
was employed to represent the protein structure.

RESULTS

Erythromycin resistance has increased considerably in C. coli

A total of 500 clinical Campylobacter isolates, comprising 400 C. jejuni (80.0%, 400/500) and 100 C. coli (20%, 100/500), were
collected from individual patients with diarrhoea across 32 hospitals in Shanghai between 2020 and 2023 (Fig. 1a). C. jejuni was
the predominant species, and the proportion of C. coli had increased from 10.6% during 2012-2016 to 19.0% compared to a
previous study [7].

Antimicrobial susceptibility testing identified 80 erythromycin-resistant strains, including 14 C. jejuni isolates and 66 C. coli
isolates. A significant rise in erythromycin resistance was observed in C. coli, while resistance in C. jejuni remained relatively
low as seen in previous studies (Fig. 1a). Overall, erythromycin resistance in C. coli was significantly higher than in C. jejuni
(Fisher’s exact; P<0.001), which was consistent with previous studies [7, 45]. Among the isolates, 3.8% (19/500) carried the
erm(B) gene, with a marked predominance in C. coli (94.7%, 18/19). All erm(B)-positive isolates exhibited multidrug resistance
and were resistant to at least three classes of antibiotics. The most common AMR profile was erythromycin (ERY) - nalidixic
acid (NAL) - gentamicin (GEN) - tetracycline (TET) - clindamycin (CLI) (52.6%, 10/19). Notably, four isolates, including three
C. coli and one C. jejuni isolates, displayed resistance to all tested antimicrobial agents.
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Fig. 1. Putative erythromycin resistance in Campylobacter from China and global distribution of erm(B)-carrying isolates. (a) Number of Campylobacter
isolates and percentage of Campylobacter isolates with macrolide (erythromycin) resistance in Shanghai, China (2012-2023). (b) Sankey diagram
showing the species, sources, countries and CCs of global collection of erm(B)-carrying isolates. (c) Global distribution of 259 erm(B)-carrying isolates.
The number of isolates in different geographical locations is shown by the shades of colour. The distribution of CCs in each country is indicated by pie
charts with different colours representing different CCs.

The erm(B) gene is globally disseminated in multiple lineage backgrounds

Nearly all of the erm(B)-positive isolates (18/19) were C. coli, with 17 assigned to the globally disseminated CC828 lineage
(n=17). One isolate was not assigned to any CC. The single erm(B)-positive C. jejuni isolate was assigned to a novel ST,
ST-14136 [46]. Multilocus sequence typing analyses assigned the 18 C. coli isolates into 13 STs within CC828, including 4
newly assigned STs in this study. Among these, ST-3753 was the most common (n=3), followed by ST-1145 (n=2), ST-825
(n=2) and ST-1586 (n=2). The erm(B)-positive C. jejuni isolate did not cluster within a known CC.

To gain insight into the genomic characteristics and epidemiology of local clinical Campylobacter isolates, we compared our
clinical dataset with other erm(B)-positive isolates from various sources (Table S1). The full erm(B) dataset comprised 225
C. coli and 34 C. jejuni isolates, originating from humans (n=131), poultry (chicken, n=91; ducks, n=10; and geese, n=4), pig
(n=3), the environment (n=4), other animals (#n=2) and other sources (n=14) (Fig. 1b). Among the dataset, 83.4% of isolates
(216/259) were obtained from China, comprising 101 from human, 89 from chicken and 26 from other sources (including
10 from ducks, 4 from environment, 4 from geese, etc.) (Fig. 1b, c). The remaining 43 isolates were collected from other
countries, including 24 from Vietnam, 7 from the USA, 6 from the UK, 4 from France and 2 from Australia (Fig. 1b, c).

Significant diversity and structural variation were observed among genotypes of global erm(B)-positive isolates. A total of
79% of C. jejuni isolates (n=27) belonged to 25 diverse STs, none of which were assigned to any recognized CC. The remaining
seven isolates were from lineages including CC353 (n=4), CC354 (n=1), CC661 (n=1) and CC45 (n=1). While CC45 is a
host generalist lineage [47-49], the others are poultry-associated CCs frequently linked to human infections [50-52]. The
sampling of CC353 isolates from both human and chicken sources is consistent with a common transmission route.
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In contrast to C. jejuni, C. coli isolates primarily clustered within CC828 or CC1150, with only 16 out of 225 isolates not
assigned to a CC. Overall, the 225 C. coli isolates represented 67 STs, with the most abundant being ST-1145 (n=37, 16.44%),
followed by ST-872 (n=26, 11.56%) and ST-825 (n=24, 10.67%). Among these 67 STs, 56 belonged to 2 major CCs, ST-828
complex (n=201, 89.33%) and ST-1150 complex (n=8, 3.56%). These CCs belong to a single C. coli clade, which accounts
for the majority of C. coli isolates found in human disease and agriculture, where extensive genetic recombination with
C. jejuni has occurred [53-55].

Genetic diversity and clustering of erm(B)-positive Campylobacter isolates

A phylogenetic tree was constructed to better understand the genetic relatedness among erm(B)-positive isolates from
China and other geographical regions and sources. This revealed distinct clustering patterns between C. coli and C. jejuni.
Specifically, C. jejuni exhibited greater genetic diversity, while C. coli isolates tended to cluster within known CCs CC828
and CC1150. Overall, the isolates primarily clustered by CC rather than geographic origin or source (Fig. 2a). A detailed
comparative analysis focusing on core genome similarity and shared accessory genes was further conducted (Fig. 2b, c).
A total of 3,368 gene families were identified in 259 genomes using PIRATE [31]. These included 1,371 core gene clusters
present in at least 95% of the isolates and 1,997 accessory genes. Pairwise comparison of core-genome ANI and shared
accessory genes revealed a clear population structure (Fig. 2b, ¢). Clinical isolates were distributed among isolates from
various sources on the phylogeny (Fig. 2a), suggesting shared transmission routes involving agriculture and human activity.
No distinct geographical or source-based clustering was observed in either the core or accessory genomes. This is consistent
with widespread transmission of erm(B)-positive isolates across sources and geographic boundaries. Allelic variation of the
erm(B) gene was compared among C. jejuni and C. coli isolates (Fig. 2d). Four out of six erm(B) alleles were shared among
C. jejuni and C. coli isolates from multiple sources. The most common allele, allele 3, was present in 23 C. jejuni and 185
C. coliisolates (Fig. 2d). The circulation of erm(B) alleles is consistent with gene pool spread into multiple genetic backgrounds
through HGT.

There was considerable variation in putative antimicrobial resistance and virulence genes among erm(B)-
positive isolates

The distribution of 24 AMR genes and mutations in ermB-positive isolates varied among species and CCs. Principal coor-
dinate analysis results showed that the distribution of antimicrobial resistance genes (ARGs) among isolates from poultry
and clinical sources exhibited a more similar pattern compared to isolates from other sources (Fig. 2d). C. coli and C. jejuni
have similar levels of AMR, but on average, C. jejuni isolate genomes contain significantly more virulence genes (P<0.05)
(Figs 3 and S1). Nearly all isolates (98.84%, 256/259) harboured the T86I point mutation in the gyrA gene (Fig. 3), conferring
resistance to quinolones, consistent with previous studies [56, 57]. Aminoglycoside resistance genes, including aad9 and
aadE, were common in C. coli and C. jejuni isolates, being observed in 92% (238/259) and 96% (249/259) of the isolates,
respectively (Fig. 3). The aph(3')-1lla gene was the most common aminoglycoside resistance determinant, present in 78%
(201/259) of the isolates. For genes encoding beta-lactamases, bla_ , ., and bla_ , .. family genes were present in 83%
(216/259) and 10% (27/259) of isolates, respectively. The bla_ , .. gene was exclusively identified in C. jejuni isolates at a
frequency of 79% (27/34). The bla_, ... gene was the predominant beta-lactamase gene in C. coli isolate genomes (92%,
207/225) and was present in 21% (7/34) of C. jejuni isolates. In addition to erm(B), other genomic variation associated with
macrolide resistance included the A2075G point mutation in 23S rRNA, detected in 2% of C. coli isolates (6/259). Other
resistance genes included the following: (i) the lincosamide resistance gene Inu(C), present in 7 isolates (2 C. coli and 5
C. jejuni); (ii) the chloramphenicol resistance gene catA13, in 36% (94/259) of isolates; and (iii) the florfenicol resistance
genes fexA and optrA, present in 50 isolates (37 C. coli and 13 C. jejuni).

The genomes of the 259 erm(B)-positive Campylobacter displayed considerable variation in the presence of 16 putative
virulence genes (Fig. 3). These included genes associated with adhesion (cadF, jlpA and porA), invasion (ciaB and flaC),
toxins (cdtA, cdtB and cdtC), putative Guillain-Barré syndrome (GBS)-associated genes (wlaN and cst-1II) and the type
IV secretion system (T4SS, virB11, virB10, virB9, virB8, virB4 and virD4). Overall, the prevalence of virulent genes was
significantly higher in C. jejuni than in C. coli isolates (P<0.05) (Fig. S1). Specifically, the adhesion-associated gene jlpA was
present in all C. jejuni isolates but absent in all C. coli isolates. A similar trend was observed for the cytolethal distending
toxin-associated genes (cdtA, cdtB and cdtC). Invasion-associated genes were prevalent in both C. jejuni and C. coli, with
no significant difference (P>0.05). The GBS-associated genes wlaN or cst-III were detected in 4 C. jejuni isolates belonging
to CC353, with one isolate harbouring both genes. The T4SS gene cluster was rare in Campylobacter, detected only in one
C. coli and one C. jejuni isolate.

The presence of erm(B) covaries with other pangenome elements

Pangenome analysis indicated that the increase in new gene discovery reached saturation as more genomes were included
(Fig. 4). This demonstrated that among the samples in this study, a relatively stable pangenome was achieved from 611
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Fig.2.Genomic comparison of globally disseminated erm(B)-carrying Campylobacterisolates. (a) Phylogenetic tree of 259 erm(B)-carrying Campylobacter
isolates. Colours indicate the species, sources, countries and CCs of the isolates. (b) Heatmap of pairwise ANI of all Campylobacter isolates ordered
according to the phylogenetic tree; source and CC are indicated. Core genome similarity within species and CCs (C. jejuni) is clearly visible. (c) Heatmap
of pairwise accessory genome similarity (gene presence/absence) among Campylobacter isolates ordered according to the phylogenetic tree; source
and CC are indicated. (d) Distribution of erm(B) alleles among Campylobacter species and sources. Shared allelic sequences between isolates are
indicated by joining lines, coloured differently for different alleles. (e) Principal coordinate analysis (PCoA) for antimicrobial resistance genes (ARGs)
among C. jejuni and C. coli isolates from different sources, human, poultry and others. The x-axis accounts for 34.36% of the variance, while the y-axis
accounts for 28.51% variance. Each dot represents an isolate, with different colours indicating different groupings.

C. jejuni (Fig. 4a) and 794 C. coli (Fig. 4b) genomes. To investigate potential functional variation associated with the presence
of the erm(B) gene, we conducted a pangenome comparison among erm(B)-positive and erm(B)-negative isolates. Significant
gene associations were identified at a P-value threshold of 0.05, with specificity for the absence of associated genes in trait-
negative isolates set above 90%. For C. jejuni, 155 genes were significantly more common among isolates harbouring erm(B),
including 52 with annotated function and 103 encoding hypothetical proteins. In C. coli, 97 genes with annotated function
were more common among erm(B)-positive isolates and 387 genes encoding hypothetical proteins. While the chronology
of gene acquisition and lineage (CC) expansion may influence this, 18 genes were differentially present in erm(B)-positive/
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negative isolates from both C. jejuni and C. coli (Table 1). This may be indicative of potentiation, co-acquisition and/or
compensation following HGT [54].

Multiple resistance genes, including aadE, aphA3, aacA/aphD, tet(L) and catA, were identified as more prevalent among
erm(B)-positive isolates compared to susceptible isolates, potentially derived from Gram-positive bacteria such as Staphy-
lococcus, Streptococcus, Enterococcus and Bacillus [10, 17, 19]. This implies that the gut environment, where Campylobacter
coexists with Gram-positive microbes, may facilitate the selection of erm(B) harbouring MDRGI. Varying ARG prevalence
with the diverse MDRGIs is consistent with observations describing the genetic organization of ORFs, even though the
erm(B) sequence remains conserved [10, 17, 46, 58, 59].

Notably, the genes encoding toxin-antitoxin (TA) system were found exclusively in erm(B)-positive Campylobacter isolates
with 100% specificity. BLASTP analysis showed a 99% aa identity to the homologue in Streptococcus pyogenes (Q57231.3),
implying a possible Gram-positive bacterial origin. Moreover, several TEs covaried with the presence of erm(B), suggesting
a potential link to the horizontal transfer of erm(B). Various other accessory elements commonly found in the genomes of
erm(B)-positive strains were identified in the representative C. jejuni strain SHCB21133, including aadE, aad9, aphA3, aacA/
aphD, tet(L), ywrO, fexA, hph, neuA and cat, and antitoxin element, ISChh1 tnpB (Fig. 5a) [46].

DISCUSSION
The growing threat of AMR in Campylobacter

The rise of antimicrobial-resistant Campylobacter poses a critical global health challenge, severely constraining thera-
peutic strategies against this leading cause of bacterial gastroenteritis [1, 2, 5]. Of particular concern is the emergence of
erm(B)-mediated macrolide resistance, which has been increasingly documented across Campylobacter isolates from diverse
ecological reservoirs [60, 61]. However, the dissemination of erm(B)-carrying lineages in human infections and other sources
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remains unclear. The expanding global repository of bacterial genomic data facilitates systematic in silico exploration of
erm(B)-carrying isolates and their associated genetic elements in antimicrobial-resistant Campylobacter. Here, we applied
genomic approaches to analyse a comprehensive collection of erm(B)-positive clinical isolates from Shanghai, alongside a
globally representative dataset encompassing all publicly available strains spanning diverse temporal and geographic origins.

Poultry as a major reservoir for clinical erm(B)-positive Campylobacter isolates

Our analysis identified human and poultry as two primary reservoirs of erm(B)-harbouring Campylobacter isolates worldwide,
similar to previous studies that have highlighted these sources as important reservoirs for antimicrobial-resistant Campylobacter
[11, 60, 62]. Phylogenetic analysis and pairwise comparisons of core and accessory genomes revealed a close relationship between
C. coli isolates carrying the erm(B) gene from human and poultry sources. Additionally, four erm(B)-carrying C. jejuni isolates
from both human and poultry origins clustered within poultry-associated CC CC353. The close phylogenetic proximity and clus-
tering observed in the pangenome-sharing analysis further support poultry as the main source of erm(B)-positive Campylobacter
infections in humans. While erm(B) was first reported in C. coli strain ZC113 of swine origin, it has since been predominantly
isolated from poultry [10, 59]. The reasons behind this shift, such as differences in sample coverage, host ecology, transmission
dynamics or selective pressures, require further investigation and continuous monitoring to better understand the drivers of
this trend.

Differences in AMR between C. coli and C. jejuni

Antimicrobial-resistant C. coli isolates were previously reported to be better adapted than C. jejuni to the poultry industry in
China, which may account for the shift in C. coli prevalence [60]. We also observed significantly higher macrolide resistance in
C. coli than that in C. jejuni [9, 60], potentially contributing to an increase in C. coli cases, rising from 10.6% during 2012-2016
to 19.0% during 2020-2023 [7]. While erm(B)-positive isolates were predominantly from C. coli, in line with recent studies
[13, 15, 16, 18, 58], the AMR comparison of erm(B)-positive isolates revealed no significant differences in the number of AMR
genes between C. coli and C. jejuni. This observation contrasts with earlier studies that reported C. coli genomes harbouring more
AMR genes than those of C. jejuni [45, 63]. The discrepancy may be due to differences in isolate sources, as our study specifically
focused on erm(B)-positive isolates rather than the broader population of antimicrobial-resistant Campylobacter.

Associated AMR elements in erm(B)-positive isolates

Pangenome analysis further supports this observation, revealing multiple AMR genes associated with the presence of erm(B) in
both C. jejuni and C. coli. There is evidence of the transfer of erm(B)-carrying MDRGIs between C. coli and C. jejuni [16, 46],
which could have led to the simultaneous acquisition of multiple AMR genes. The co-occurrence of AMR genes with erm(B),
particularly derived from Gram-positive bacteria, highlights the circulation of AMR determinants not only among Campylobacter
species in different habitats but also through HGT from other bacterial taxa [16, 64, 65]. Additionally, the TA system identified in
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Table 1. Functional annotations and prevalence of identified accessory elements associated with erm(B) in Campylobacter

Functional annotation Gene C. jejuni C. coli
Sensitivity (%) Specificity (%) Sensitivity (%) Specificity (%)
Antimicrobial genes tet(L) 47.1 99.5 16.9 100
fexA 23.5 99.5 12.9 100
aad9 82.3 99.0 88 99.5
cat 11.8 99.5 54.7 98.8
aadE 100 95.0 92.9 99.3
aphA 88.2 95.0 76 98.1
aacA/aphD 52.9 97.4 81.8 99.8
hph 67.6 97.2 27.6 98.2
Toxin-antitoxin system Antitoxin epsilon 76.5 100 66.7 100
Transposases 151595 family ISBath1 20.6 97.2 83.1 100
151595 family ISAcsp6 29.4 97.1 27.6 94.2
151595 family ISCaje6 20.6 97.1 82.7 100
15607 family ISChh1 23.5 91.3 28.9 94.4
1821 family 15232 23.5 97.4 86.2 100
AA transport and metabolism mhpE 8.8 99.7 12.4 98.2
Cell wall/membrane/envelope biogenesis neuA 11.8 99.7 13.8 92.4
Coenzyme transport and metabolism tarD 14.7 100 34.7 94.7
NAD(P)H-dependent oxidoreductase ywrO 23.5 99.8 12 100
Total genes 18

both C. coli and C. jejuni appears to be a common feature within MDRGISs [17]. TA systems, which vary widely in function and
composition across organisms, are increasingly recognized as bacterial defence mechanisms against antimicrobial agents [66, 67].
These systems are more frequently found in organisms exposed to stressful or hostile environments, where HGT is common,
and serve as strategies for bacterial survival [68-70]. Several TA systems have been characterized in Campylobacter [66, 70],
and the TA system identified in this study shares homology with one in S. pyogenes, known for its role in plasmid maintenance
[71]. The exclusive presence of this TA system in erm(B)-positive isolates suggests its involvement in promoting the stability and
transmission of the erm(B) gene under antimicrobial pressure.

Association of erm(B) with transposons and potential links to bacterial immunity

Several AMR genes have been previously found to be located in proximity to transposase genes, facilitating the acquisition of
these resistance genes [72, 73]. Pangenome analysis revealed that erm(B) was associated with multiple transposases in both
C. jejuni and C. coli. Further sequence and structural analysis of the erm(B)-positive C. jejuni strain SHCB21133 identified the
first erm(B)-associated transposon protein TnpB in C. jejuni. This TnpB protein exhibited homology to TnpB proteins from IS200/
IS600 and IS607 transposon families [74, 75], revealing high secondary structural similarity and conserved domain organiza-
tion (Fig. 5b), with AA identities of 34% and 33%, respectively. The transposon-encoded TnpB protein is predicted to be an
ancestor of the Cas12 nucleases found in CRISPR-Cas systems [74-76], which are part of bacterial defence systems that provide
adaptive immunity and have already been utilized for genome editing. Conserved residues D191, E278 and D361, critical to the
catalytic centre of the RuvC domain in ISDra2 TnpB, are also present in SHCB21133 ISChh1 TnpB at corresponding positions
D198, E294 and D376 (Fig. 5b). Structural comparison between the modelled TnpB of SHCB21133 and thecryogenic electron
microscopy structures of the ISDra2 TnpB and ISFbal TnpB displayed similar 3D architecture, with root mean square deviation
values of 2.727 and 1.461 A, respectively, suggesting potential similarities in catalytic activity (Fig. 5c). Previous studies have
also identified a novel ermN gene located exclusively within CRISPR arrays in C. coli [15, 77], highlighting an intriguing link
between the macrolide resistance determinants and bacterial immunity systems. Furthermore, the tnpB gene identified within
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the accessory elements of the SHCB21133 genome exhibited a 99.8% identity with the previously reported ISChh1-like element
of optrA-containing fragment (MT780492). This transposon belongs to the IS607 family, which mediates the acquisition of the
optrA gene in C. coli [73]. Further investigation, including functional studies such as TnpB gene knockout experiments, is required
to clarify the intricate relationship between erm genes and the bacterial immunity system, which may shed light on their role in
bacterial adaptation and horizontal gene acquisition.

In conclusion, the widespread use of antibiotics, particularly in clinical and poultry settings, may have provided the antibiotic
pressure promoting the global dissemination of erm(B)-positive Campylobacter isolates, with a notably higher prevalence observed
in poultry from China. Our study underscores the significant role of poultry as a reservoir for erm(B) in clinical cases. The rational
use of antimicrobials in poultry industries could effectively reduce the selective fitness of Campylobacter isolates and mitigate
the risk of human infections. Also, multiple accessory genes are associated with the erm(B) acquisition in both C. jejuni and
C. coli. Continuous global genomic surveillance of erm(B)-positive Campylobacter is crucial for tracking its transmission dynamics
and curbing its dissemination.
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