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Abstract

Objectives: Antimicrobial resistant (AMR) Campylobacter is a global health threat; however, 

there is limited information on genomic determinants of resistance in low- and middle-income 

countries. We evaluated genomic determinants of AMR using a collection of whole genome 

sequenced Campylobacter jejuni and C. coli isolates from Iquitos, Peru.

Methods: Campylobacter isolates from two paediatric cohort studies enriched with isolates that 

demonstrated resistance to ciprofloxacin and azithromycin were sequenced and mined for AMR 

determinants.

Results: The gyrA mutation leading to the Thr86Ile amino acid change was the only gyrA 
mutation associated with fluoroquinolone resistance identified. The A2075G mutation in 23S 

rRNA was present, but three other 23S rRNA mutations previously associated with macrolide 

resistance were not identified. A resistant-enhancing variant of the cmeABC efflux pump genotype 

(RE-cmeABC) was identified in 36.1% (35/97) of C. jejuni genomes and 17.9% (12/67) of C. 
coli genomes. Mutations identified in the CmeR-binding site, an inverted repeat sequence in the 

cmeABC promoter region that increases expression of the operon, were identified in 24/97 C. 
jejuni and 14/67 C. coli genomes. The presence of these variants, in addition to RE-cmeABC, was 

noted in 18 of the 24 C. jejuni and 9 of the 14 C. coli genomes.

Conclusions: Both RE-cmeABC and mutations in the CmeR-binding site were strongly 

associated with the MDR phenotype in C. jejuni and C. coli. This is the first report of RE-

cmeABC in Peru and suggests it is a major driver of resistance to the principal therapies used to 

treat human campylobacteriosis in this setting.
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1. Introduction

Antimicrobial-resistant Gram-negative gastrointestinal pathogens are a global public health 

concern. The Centers for Disease Control and Prevention classified antimicrobial-resistant 

(AMR) Campylobacter as a pathogen of serious threat in 2019. Although the rates of 

azithromycin resistance have been stable for the past 10 years (2%–3% of isolates), there has 

been a continued rise in ciprofloxacin resistance [1], surpassing 30% in 2019 in the United 

States [2]. Macrolide and fluoroquinolone resistance poses a practical challenge in the clinic. 

Specifically, these are the two most effective oral antimicrobial treatment strategies for 

campylobacteriosis, the most common cause of bacterial enteritis globally [3, 4]. Although 

antimicrobials are not advised for treatment for uncomplicated gastroenteritis, antimicrobial 

therapy is advised for patients with severe symptoms, dysentery, and persistent infections 

and patients who are immunocompromised or pregnant. In a recent scoping review of 17 

studies that described the risk of AMR Campylobacter, all studies described an elevated risk 

of drug resistance in individuals who reported foreign travel [5].

Sequencing clinical isolate genomes is an increasingly accessible technology, even in low- 

and middle-income settings (LMIC). This has the potential to guide antimicrobial therapy 
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by characterizing the genetic variation that underlies resistance, theoretically faster than 

traditional culture and phenotypic resistance testing. However, Campylobacter genomes 

from LMICs, including Peru, are critically underrepresented in publicly available datasets, 

representing less than 5% of publicly available genomes (PubMLST Campylobacter jejuni/
coli database; accessed 14 December 2023). As a result, monitoring of AMR determinants 

from Campylobacter genomes from these areas of the world is also limited. In Peru, 

increasing trends of ciprofloxacin and azithromycin resistance have been reported in clinical 

isolates [6,7]. However, there is a lack of genomic characterization of AMR determinants 

[8].

We examined human isolates of C. jejuni and C. coli collected from 2010 to 2022 

from the Peruvian Amazon. The isolate collection included Campylobacter isolates from 

two paediatric cohort studies with specimen selection enriched to include strains with 

demonstrated phenotypic resistance to fluoroquinolones and azithromycin or clinical 

persistence. Through whole genome analysis, we identified genomic determinants associated 

with resistance to fluoroquinolones and macrolides, and other antibiotics with established 

CLSI breakpoints.

2. Methods

2.1. Sample selection

C. jejuni and C. coli isolates were collected as part of two paediatric cohorts in Iquitos, 

Peru. Stool samples in both cohorts were collected every time a child experienced diarrhoea, 

in addition to a routine monthly sample (even in the absence of diarrhoeal symptoms) 

for surveillance purposes [9]. Campylobacter was cultured using standard microbiology 

techniques [6,10]. The first cohort consisted of a collection of 917 Campylobacter isolates 

collected from children between 2009 and 2016 [11]. From this first cohort, a selection 

criterion was used to assure the presence of isolates resistant to both azithromycin 

and ciprofloxacin, two first-line antimicrobial agents [12], with 11 C. jejuni and 27 C. 
coli isolates selected and sequenced. We additionally selected isolates identified from 

persistent infections since these would be the most likely to need antibiotic treatment for 

campylobacteriosis in this population [13,14]. Persistent infection was defined as three 

consecutive infections detected by culture from monthly surveillance samples (46 C. jejuni 
and 26 C. coli) [15]. The second cohort is an ongoing birth cohort in which enrolment began 

in 2021 and had no selection, with 40 C. jejuni and 14 C. coli genomes sequenced.

2.2. Antimicrobial phenotypic profiles

Phenotypic antimicrobial susceptibility patterns were assessed using standard disk-diffusion 

methods [6]. Resistance to the following antibiotics was tested: ciprofloxacin (CIP), 

erythromycin (ERY), azithromycin (AZM), tetracycline (TET), gentamicin (GEN), 

amoxicillin and clavulanic acid (AMC), ampicillin (AMP), chloramphenicol (CHL) and 

imipenem (IMP). Zone diameter breakpoints (mm) for Campylobacter spp. from the Clinical 

and Laboratory Standards Institute (CLSI M45) were applied to assess CIP, ERY, AZM 

and TET resistance. The CLSI zone diameter breakpoints (mm) for Enterobacteriaceae were 

Schiaffino et al. Page 3

J Glob Antimicrob Resist. Author manuscript; available in PMC 2024 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



used for GEN, AMC, AMP, CHL and IMP, given that there are no established breakpoints 

for Campylobacter spp.

2.3. Molecular diagnostics, sequencing and bioinformatic analysis

DNA was extracted from all bacterial cultures using the Pure-Link Genomic DNA Mini Kit 

(Invitrogen, Carlsbad, CA) as specified by the manufacturer’s instructions. A duplex qPCR 

targeting the 16S rRNA and the Campylobacter adhesion to fibronectin (cadF) genes was 

performed to confirm all bacterial cultures as Campylobacter spp. and C. jejuni/C. coli [16].

Libraries from Campylobacter isolates from the first paediatric cohort were prepared with 

the Nextera XT kit (Illumina, San Diego, CA), and batches of 24 isolates gDNA were 

barcoded. Genomes were sequenced using an Illumina MiSeq generating 250 bp paired-end 

reads. For strains from the second paediatric cohort, libraries were prepared using the 

Illumina DNA Prep Tagmentation kit following the manufacturer’s instructions with the 

following changes: decreasing the first and second volumes of the Sample Purification 

Beads to 40 μL and 11 μL, respectively, and a final elution in 10 μL Illumina resuspension 

buffer. Illumina-DNA/RNA UD Plate A, B, C and D dual index adapters were ordered 

from Integrated DNA Technologies (Coralville, IA) and used at 1 μM final concentration. 

Individual libraries were quantified using the KAPA Library Quantification Kit (Roche) in 

10 μL volume reactions and 90 s annealing/extension PCR, pooled and normalized to 4 nM. 

Pooled libraries were requantified by ddPCR on a QX200 system (Bio-Rad, Hercules, CA), 

using the Illumina TruSeq ddPCR Library Quantification Kit following the manufacturer’s 

protocols. Libraries were sequenced using a 2 × 250 bp paired end (500-cycle, v2) reagent 

kit on a MiSeq instrument. Short-read data are available at NCBI SRA and are associated 

with BioProject PRJNA912682.

All genomes were assembled using the Spades assembler plugin for Geneious Prime v. 

2022.2.2 (https://www.geneious.com). Genome quality metrics included <300 contigs and 

N50 >10 000 bp (Supplementary Table S1). Genomes were assessed using CheckM v. 1.1.3 

software to determine completeness and/or contamination. CheckM parameters for genome 

quality control included completeness of more than 98.9% and contamination of less than 

4.0%. Genomes with contamination greater than 4% by CheckM were analysed using the 

Kraken Taxonomic Sequence Classification System which used Kraken2 v. 2.1.2 software 

with the standard database (created on 18 August 22) to remove any sample in which 

bacterial genomes other than Campylobacter spp. or more than one Campylobacter species 

were detected. All genomes were assessed for heterogeneity through CheckM. Additionally, 

samples identified as heterogeneous (mixed strains, between 9% and 70%) by CheckM 

were validated as mixed using Geneious Prime v. 2022.2.2 to identify single nucleotide 

polymorphisms (SNPs) that occur in >10% of trimmed reads mapping to a nucleotide of the 

de novo assembly. Samples were validated as heterogeneous when more than five different 

SNPs from reads that mapped to the de novo assembly were identified. All assembled 

genomes are accessible in the public Campylobacter PubMLST database.

Sequence types (ST) and associated clonal complexes (CC) were determined through the 

PubMLST allelic database. Genomes were mined for antimicrobial resistance chromosomal 

point mutations and antibiotic resistance genes using the Comprehensive Antibiotic 
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Resistance Database (CARD), ResFinder and PointFinder, and NCBI AMRFinder databases. 

A positive match was determined when a gene had more than 80% nucleotide identity and 

more than 60% coverage. Additionally, mutations in the gyrA gene [17–19], the cmeABC 
efflux system operon [20–22], 23S rRNA gene [23], L4 and L22 ribosomal protein encoding 

genes [24] and blaOXA [25] gene and promoter region were determined using BLASTN 

plugin in Geneious Prime v.2022.2.2.

A core genome was generated for the C. jejuni (n = 97) and C. coli (n = 67) genomes 

in this study using Roary v.3.12.0 with a 90% identity cutoff and creating a multiFASTA 

alignment of core genes using PRANK and a fast core gene alignment using MAFFT 

v.7.475 (concatenated alignment found in Supplementary Data File S1). The best-fit model 

of evolution was determined using ModelTest-NG v.0.1.7 software, and then the maximum 

likelihood phylogenies were constructed using RAxML v.8.2.12 using the General Time 

Reversible (GTR) with gamma distributed rates and invariable sites (GTRGAMMAIX 

model) and bootstrapped 1000 times. Visualization was done in iTOL v.6.6. The presence 

and absence of resistance genes, point mutations, lipooligosaccharide class, sequence type 

and clonal complex were added as metadata to the Newick file and visualized using 

Microreact. References for all bioinformatic tools are available in Supplementary Data File 

S2).

2.4. Statistical analysis

Frequency of detection of point mutations and genes conferring antimicrobial resistance 

were tabulated for C. jejuni and C. coli separately. Phenotypic resistance profiles are taken 

as the benchmark. Through comparison to this, the positive predictive value (PPV), negative 

predictive value (NPV), and accuracy (Accuracy= [True Positive + True Negative]/[True 

Positive + True Negative + False Positive + False Negative]) of genomic determinants 

was calculated for C. jejuni and C. coli separately. The total number of genes and point 

mutations were calculated for each genome. The number of antibiotic classes with one or 

more antibiotic resistance genes or point mutation per genome were also calculated for each 

genome. Data management, statistical analysis and graphical representation were done in 

Stata 17 (Stata Corp 2021, College Station, TX) and R v.4.2.1.

3. Results

C. jejuni and C. coli strains were isolated from paediatric individuals who were part of two 

cohort studies (details shown in Table 1). Of the 97 C. jejuni strains, 28 (28.9%) were CIP 

and AZM susceptible, 56 (57.8%) were CIP resistant and AZM susceptible, 12 (12.3%) 

were both CIP and AZM resistant, and 1 (1.0%) was CIP susceptible and AZM resistant. 

Of the 67 C. coli strains, 15 (22.4%) were CIP and AZM susceptible, 24 (35.8%) were 

CIP resistant and AZM susceptible, and 28 (41.8%) were both CIP and AZM resistant. CIP 

resistance was prevalent in both C. jejuni and C. coli strains at 70.1% (68/97) and 77.6% 

(52/67), respectively. AZM resistance was found in 12.4% (12/97) C. jejuni and 41.8% 

(28/67) in C. coli. Including ERY resistance increased macrolide resistance to 16.5% (16/97) 

in C. jejuni and 44.8% (30/67) in C. coli (see Supplementary Table S2A and Supplementary 

Table S2B).
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These C. jejuni and C. coli strains were sequenced, and genome sizes ranged between 

1.59 Mb and 1.89 Mb, with an average size of 1.73 Mb. Genome assemblies resulted in 

17–295 contigs, with a median of 82 contigs per genome assembly. Supplementary Table 

S1 shows quality metrics for each individual genome. CheckM identified 113 samples with 

0% heterogeneity. For 51 genomes, heterogeneity was reported between 9% and 70%. These 

51 assemblies were manually examined using reference assembly within Geneious Prime 

v.2022.2.2, and the genomes were determined to represent single Campylobacter isolates.

3.1. Population structure

Multilocus sequence typing (MLST) assigned sequence types (ST) for 96/97 C. jejuni strains 

from 13 known different clonal complexes (CC) and 49 STs. One C. jejuni genome was 

not assigned a ST due to incomplete aspA allele. C. coli genomes were assigned to two 

different clonal complexes (CC828 and CC1150) and a total of 29 different STs. Overall, 

phylogenetic analysis of the strains used in this study were diverse, and AMR phenotypes or 

genotypes did not cluster within a specific ST or CC. A complete list of allele numbers, STs 

and CC for each isolate is presented in Supplementary Table S1.

3.2. Antimicrobial resistance genotypes

Antimicrobial resistance genes and point mutations detected in C. jejuni and C. coli isolate 

genomes are shown in Table 2A and Table 2B, respectively, alongside the associated 

antibiotic susceptibility profiles. C. coli genomes harboured a median number of four 

(interquartile range [IQR]: 2–5) antimicrobial genes and point mutations, whereas C. jejuni 
harboured a median of one (IQR: 0–4) (Fig. 1C). Forty-nine percent (44/97) of C. jejuni 
genomes and 67.1% (45/67) of C. coli genomes contained antimicrobial resistance genes 

and point mutations that conferred resistance to three or more antibiotic classes. C. coli 
isolates had a significantly higher number of AMR genes compared to C. jejuni (Mann-

Whitney U test, P < 0.0001). Similarly, C. coli isolates had a significantly higher number 

of AMR-related SNPs compared to C. jejuni (Mann-Whitney U test, P < 0.0001) (Fig. 

1C). Generally, C. coli isolates exhibited increased phenotypic resistance compared to C. 
jejuni isolates for all major antibiotic classes tested (Fig. 1D). The presence of resistance 

genes and point mutations as well as the phenotypic profile of each sample is presented 

in Supplementary Table 2A and 2B. Internal validity metrics comparing specific antibiotic 

phenotypes and antibiotic resistance genes or point mutations and associated contingency 

tables are shown in Supplementary Table 3A and Supplementary Table 3B.

3.3. Fluoroquinolone resistance

A chromosomal point mutation of the gyrA gene that causes a threonine to isoleucine 

change at amino acid 86 (Thr86Ile) in the gyrase protein was the only point mutation 

identified in gyrA that would confer quinolone resistance in either C. jejuni or C. coli. 
Its presence supported resistance to ciprofloxacin in 75.0% (51/68) of CIP-resistant C. 
jejuni isolates, whereas 13.8% (4/29) of CIP-susceptible C. jejuni isolates also harboured 

the mutation. Of the 97 C. jejuni isolates with phenotypic and genomic data, the state 

of codon 86 correctly identified 51 resistant isolates and 25 susceptible isolates. For C. 
coli, 50 of the 52 resistant isolates and 9 of the 15 susceptible isolates were correctly 

classified. Additionally, amino acid substitutions Asp90Asn, Thr86Lys, Thr86Val, Thr86Ala 
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and Asp90Tyr as well as double amino acid substitutions Thr86Ile-Pro104Ser and Thr86Ile-

Asp90Asn in the GyrA protein previously identified to confer quinolone resistance were not 

found in this set of genomes [17–19,23,26,27].

3.4. Macrolide resistance

The A2075G point mutation in the 23S rRNA gene was present in 31.3% (5/16) of C. jejuni 
isolates and in 90.0% (27/30) of C. coli isolates that were macrolide resistant. This mutation 

was identified in three macrolide-susceptible C. jejuni isolate and six macrolide-susceptible 

C. coli isolates. Of significance, the emerging ermB gene conferring macrolide resistance 

was not identified in this set of genomes, nor were mutations in the genes encoding L4 and 

L22 ribosomal proteins previously associated with macrolide resistance.

3.5. Resistance to other antibiotics

Although less important in the clinical LMIC setting, we identified the genotypic resistant 

determinants for aminopenicillins, aminoglycosides and tetracyclines. The presence of 

resistance genes associated with an aminopenicillin was confined to blaOXA being present in 

62.9% (61/97) of C. jejuni and of 88.1% (59/67) of C. coli samples. The genotypic databases 

divided the blaOXA into families including blaOXA-61 and blaOXA-184; however, SNP-based 

analysis revealed few differences (Supplementary Fig. S1), so only blaOXA is reported. 

Genotypic databases did not report the presence of a functional TATA box in the promoter 

of blaOXA gene that is linked to high-level beta-lactam resistance [28]. The only tetracycline 

resistance determinant identified was the tet(O) gene. Genotypic databases identified the 

tet(O) gene in 76.0% (38/50) tetracycline-resistant C. jejuni isolates and 93.2% (41/44) 

tetracycline-resistant C. coli. Six tetracycline-susceptible C. jejuni and two susceptible C. 
coli harboured tet(O). Finally, the aminoglycoside-resistant genes identified were aph(2’)-If, 
aph(3’)-IIIa, aad6, aad9, aadE, ant6-Ia, SAT4 and rpsL. The presence of any aminoglycoside 

resistance gene explained resistance in 100% (25/25) of C. coli isolates and 70% (7/10) of C. 
jejuni isolates, with aph(3’)-IIIa being the main resistance gene identified in both species.

3.6. Multidrug efflux pump

The universally present and constitutively expressed Campylobacter multidrug efflux pump 

(CmeABC) is a tripartite energy-dependent transmembrane pump belonging to the resistance 

nodulation division (RND) that plays a role in resistance to bile salts as well as multiple 

antimicrobials, including macrolides and quinolines [20,29,30]. The cmeABC operon is 

regulated by repressor proteins CmeR and CosR [31]. Mutations in two distinct genomic 

regions related to the operon and its regulatory elements result in clearly defined changes in 

the MICs of target antibiotics: major mutations within the cmeB gene and mutations in the 

CmeR-binding site (an inverted repeat (IR) region) [21,32].

Previously described atypical cmeB genes result in an altered CmeABC efflux pump (RE-

cmeABC) that increases the MIC to ciprofloxacin by nine-fold and to erythromycin by 

four-fold [21, 33]. Among cmeABC, the cmeB gene from C. jejuni was most often identified 

as absent by the CARD database. However, screening for the cmeB gene in most of these 

samples identified atypical cmeB variants that should result in production of RE-cmeABC 
[21]. The RE-cmeABC was identified in 36.1% (35/97) C. jejuni genomes and 17.9% 
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(12/67) C. coli genomes (Table 2A and Table 2B). RE-cmeABC was identified in 66.7% 

(10/15) of C. jejuni isolates resistant to both macrolides and quinolones, and in 27.6% 

(8/29) of C. coli isolates resistant to both macrolides and quinolones. That said, there is 

a significant relationship between the presence of RE-cmeABC and C. jejuni isolates that 

have a multidrug-resistant phenotype (X2 (1,N = 97) = 17.23, P < 0.001) and genotype 

(X2 (1,N = 97) = 59.2, P < 0.001). Specifically, 75.0% (18/24) of C. jejuni isolates with a 

MDR genotype contained RE-cmeABC, and 62.5% (15/24) of C. jejuni isolates with a MDR 

phenotype contained RE-cmeABC. Of the 45 C. coli isolates with an MDR genotype, 11 

had RE-cmeABC (X2 (1, N = 67) = 3.98, P < 0.046), and of the 35 C. coli isolates with 

an MDR phenotype, eight had RE-cmeABC (X2 (1, N = 67) = 1.21, P < 0.269). Table 3 

shows the presence of the RE-cmeABC according to the number of antibiotics to which 

the Campylobacter isolates are phenotypically resistant or contain a genomic determinant of 

resistance.

The second cmeABC group of genomic variants includes mutations identified in the 

CmeR-binding site, an inverted repeat sequence in the cmeABC promoter region which 

increases expression of the operon and, in turn, leads to higher levels of resistance in C. 
jejuni isolates [32,34]. Twenty-four C. jejuni genomes had a disrupted IR which could 

lead to overexpression of the CmeABC pump. Nineteen C. jejuni genomes had both the 

RE-cmeABC and functional mutation in the IR region. Of these, 18 had an MDR genotypes. 

Among C. coli genomes, 14 had a functional mutation in the IR region, and five had both 

the RE-cmeABC form of the pump and functional IR mutation, all of which corresponded to 

MDR genotypes (Table 3). The presence of IR variants that could lead to an overexpression 

of the cmeABC pump had a significant relationship with the occurrence of an MDR 

genotype (X2 (1,N = 97) = 26.9, P < 0.001) and MDR phenotype (X2 (1,N = 97) = 7.8, 
P = 0.005) among C. jejuni isolates. This association was also identified among C. coli 
isolates (MDR genotype (X2 (1,N = 67) = 5.68, P = 0.017); MDR phenotype (X2 (1,N = 67) 
= 8.72, P = 0.003). Table 4 presents mutations and deletions in the specified IR sequence, 

including what the potential functional meaning of these could be and its association with a 

MDR genotype and phenotype in both C. jejuni and C. coli. We identified 10 variations in 

the IR region in C. jejuni, seven of which would hypothetically lead to the overexpression of 

the CmeABC pump. Among C. coli, 14 variations were identified, with only one predicted 

to cause overexpression, and 10 C. coli genomes were missing the IR region, which should 

lead to overexpression of the cmeABC. Although the presence of the genes encoding 

the CmeABC efflux pump were identified by the CARD database, none of the databases 

reported the presence or absence of cmeABC genotypes associated with increased multidrug 

resistance [32, 34].

4. Discussion

Current trends in rising resistance to ciprofloxacin and azithromycin in clinical isolates of 

Campylobacter compromise treatment using first-line orally administered therapies. In this 

study, we analysed the genomic determinants of C. jejuni and C. coli clinical isolates derived 

from children under two years of age in Iquitos, Peru. Reports on genomic determinants of 

Campylobacter spp. in Latin America are generally concentrated on strains of animal origin, 

with few reports from human clinical isolates in Brazil [35–37], Peru [8] and Chile [38].
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Increasing trends in quinolone resistance have previously been detected in Campylobacter 
[6,39,40]. Quinolone resistance is predominantly associated with mutations in gyrA [17–

19,23,26,27]. In this study, as well as in others from Latin America, the C to T transitional 

mutation at position 257 of gyrA (Thr86Ile) was the only substitution identified in gyrA of 

the Campylobacter isolates. Other mutations that have been previously reported to confer 

quinolone resistance were not identified. With regard to macrolide resistance, the A2075G 

mutation in 23S rRNA was the only mutation identified that would exclusively confer 

resistance to these antibiotics.

The mutations affecting the structure (RE-cmeABC) or expression (IR polymorphisms) of 

the CmeABC efflux pump have been demonstrated to affect resistance to both quinolones, 

macrolides and other classes of antibiotics in C. jejuni [21,24,32,41]. Both genotypic 

changes were informative in relation to quinolone and macrolide resistance phenotypes. 

Moreover, it is possible that an altered CmeABC is associated with phenotypic resistance 

to other antibiotics that were shown to be genotypically susceptible. RE-cmeABC was 

significantly linked with multidrug resistance among this collection of C. jejuni and C. coli 
and helped explain macrolide resistance among C. jejuni isolates. Although this resistant 

form of the pump has been identified globally in C. jejuni since at least 2014, this study 

is one of the first reports of the RE-cmeABC form of the pump in C. coli within the Latin 

American region [32].

Both permeases and efflux pumps are relatively poorly reflected in CARD, ResFinder and 

PointFinder, which focus mostly on point mutations in enzyme-modifying antibiotics and/or 

mutations causing conformational changes at known antibiotic binding sites. None of the 

databases currently include RE-cmeABC or functional mutations in the IR, hindering the 

performance of these tools. Despite the global importance of this enteric pathogen, there 

is a relative paucity of studies exploring highly resistant Campylobacter isolates among 

large-scale population studies with epidemiologically linked specimens. More studies of this 

nature are needed to contribute to these AMR mining tools to improve their performance.

Phenotype to genotype association was imperfect for both C. coli and C. jejuni for almost 

all antimicrobials. This finding is atypical compared to other studies [42–45] and could be 

a result of heterogenous culturable Campylobacter populations, even though quality control 

metrics for genomes included in the analysis were considered optimal. Phenotypic resistance 

data obtained from a mixed culture of Campylobacter could be associated with discrepant 

phenotype to genotype correlations. That said, there is a need to integrate additional 

information in the most commonly used genomic databases prior for the direct use for 

clinical decision making or policy based on from genomic testing alone for Campylobacter.

Historically, most therapy directed at Campylobacter would also be adequate for shigellosis, 

the other major bacterial aetiology of severe inflammatory enteritis [46]. Emerging 

resistance will challenge our ability to treat both pathogens concurrently with an oral 

antimicrobial that is currently licenced and widely available. Rapid turnaround of point-of-

care testing for resistance determinants is a high-value target for the appropriate regional 

surveillance and the management of individual patients [47]. This would be especially 

attractive in LMIC settings, where heterogeneous protocols in clinical microbiology 
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predominate across healthcare institutions. To achieve this, a more complete understanding 

of genomic determinants of resistance in human-derived Campylobacter from low-resource 

settings is required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Population structure and antimicrobial resistance profiles of 97 C. jejuni and 67 C. coli 
isolates used in our study. (A) C. jejuni isolates (yellow) and C. coli isolates (blue) 

are shown on a circular phylogenetic tree reconstructed using an approximation of the 

maximum-likelihood algorithm implemented in RAxML, with the isolate names indicated 

next to the associated tip of the tree. The scale represents the number of substitutions per 

site. (B) The same phylogenetic tree is shown in rectangular form with epidemiologic, 

clinical and microbiologic data reported. The sex (male: purple, female: pink) associated 

with each isolate is shown in the top row, followed by disease status (symptomatic: dark 

red, asymptomatic: light red) in the second row of the data. The third rows show the 

clonal complexes and sequence types. The following three rows indicate the genotypic 

AMR-associated SNPs (red), and the next 13 rows indicate the presence/absence (purple) 

or allelic variation at known resistance gene loci (efflux pumps: black/grey). The remaining 

eight rows illustrate the phenotypic resistance (susceptible: yellow, intermediate: green, 

resistant: red, not tested: light grey) for the eight major antibiotic classes used in our study. 

N1 = New Clonal Complex 1, N2 = New Clonal Complex 2. (C) Number of AMR genetic 

determinants (genes and SNPs) identified in silico for C. jejuni (light grey) and C. coli 
(black) isolates, respectively. The error bar represents the standard error of the mean (SEM). 

Significance was tested using Mann–Whitney U test: *P < 0.05, **P < 0.01 and ****P < 

0.001. (D) The proportion (%) of phenotypically resistant C. jejuni (light grey) and C. coli 
(black) isolates, for seven major antibiotic classes used in our study.
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Table 4

Characterization of the Cme repressor (cmeR) binding site in Campylobacter jejuni and Campylobacter coli 
demonstrates a strong association between both genetic mechanisms predicting overexpression of the efflux 

pump cmeABC with a multidrug-resistant genotype and phenotype

N MDR genotype MDR phenotype

Campylobacter jejuni 97 45.4% (44/97) 28.9% (28/97)

Not repressed 24 91.7% (22/24) a 50.0% (12/24) b

TGTAATAA-TATTACA 2 100% (2/2) 0% (0/2)

TGTAATAAA-ATTACA 4 100% (4/4) 100% (4/4)

TGT 1 100% (1/1) 0% (0/1)

TGTAATAAATATCACA 1 0% (0/1) 0% (0/1)

TGTAATAAATATGACA 1 100% (1/1) 100% (1/1)

TGTAATAAATATTGCA 8 87.5% (7/8) 62.5% (5/8)

TGTCA 7 100% (7/7) 28.6% (2/7)

Repressed 69 30.4% (21/69) a 20.3% (14/69) b

TGCCA 2 100% (2/2) 100% (2/2)

TGTCA 11 0% (0/11) 18.2% (2/11)

TGTCA (c) 45 20.0% (9/45) 17.8% (8/45)

TGT 11 90.9% (10/11) 18.2% (2/11)

Undetermined 4 25.0% (1/4) 50.0% (2/4)

Campylobacter coli 67 67.2% (45/67) 52.2% (35/67)

Not repressed 14 92.9% (13/14) d 85.7% (12/14) e

No CmeR binding site 10 100% (10/10) 90.0% (9/10)

TGTAATAAATATTGCA 4 75.0% (3/4) 75.0% (3/4)

Repressed 51 58.8% (30/51) d 41.2% (21/51) e

TGCCA 14 57.1% (8/14) 50.0% (7/14)

TGCCA 10 90.0% (9/10) 90.0% (9/10)

TGTCA 2 0% (0/2) 0% (0/2)

TGTCA (c) 25 52.0% (13/25) 20.0% (5/25)

Undetermined 2 50.0% (1/2) 50.0% (1/2)

a
Relationship between the cmeR function and a MDR genotype among Campylobacter jejuni isolates (X2 (1, N = 97) = 26.9, P < 0.001).

b
Relationship between the cmeR function and a MDR phenotype among Campylobacter jejuni isolates (X2 (1, N = 97) = 7.8, P = 0.005).

c
Wild type, conserved inverted repeat region.

d
Relationship between the cmeR function and a MDR genotype among Campylobacter coli isolates (X2 (1, N = 67) = 5.68, P = 0.017).

e
Relationship between the cmeR function an MDR phenotype among Campylobacter coli isolates (X2 (1, N = 67) = 8.72, P = 0.003).
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