
 

1 

Emergence of erythromycin resistance methyltransferases in Campylobacter coli strains in France 1 

 2 

Quentin Jehanne
1,2

, Lucie Bénéjat
1
, Astrid Ducournau

1
,
 
Chloé Domingues-Martins

1
, Théo Cousinou

1
, 3 

Emilie Bessède
1,2

, Philippe Lehours
1,2,#

 4 

 5 

1
 French National Reference Center for Campylobacters & Helicobacters, Bordeaux Hospital 6 

University Center, 33300, Bordeaux, France 7 

2
 Univ. Bordeaux, INSERM, UMR1053 Bordeaux Research in Translational Oncology, BaRITOn, 8 

33076, Bordeaux, France 9 

 10 

#Corresponding author: Prof Philippe Lehours, CHU Pellegrin, Laboratoire de Bactériologie, CNR 11 

des Campylobacters et des Hélicobacters, Place Amélie Raba Léon, 33076 Bordeaux cedex; tel: 12 

+33557571286; mail: philippe.lehours@u-bordeaux.fr. 13 

 14 

Running title: erm genes among Campylobacter coli in France. 15 

 16 

Keywords: Campylobacter, erythromycin, resistance, genomics, bioinformatics, methyltransferase.17 

AAC Accepted Manuscript Posted Online 9 August 2021
Antimicrob Agents Chemother doi:10.1128/AAC.01124-21
Copyright © 2021 American Society for Microbiology. All Rights Reserved.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

2 

ABSTRACT 18 

Antimicrobial resistance in Campylobacters is described worldwide. The emergence of multiresistant 19 

isolates, particularly among C. coli, is concerning. New resistance mechanisms appear frequently, and 20 

DNA-sequence-based methods such as whole genome sequencing (WGS) have become useful tools to 21 

monitor their emergence. 22 

The genomes of 51 multiresistant French Campylobacter sp. clinical strains from 2018 to 2019 were 23 

analyzed to identify associated resistance mechanisms. Analyses of erythromycin-resistant strains 24 

revealed 23S ribosomal RNA mutations among most of them and two different methyltransferases in 25 

4 strains: Erm(B) and a novel methyltransferase, here named Erm(N). The erm(B) gene was found in 26 

multidrug-resistant genomic islands, whereas erm(N) was inserted within CRISPR arrays of the 27 

CRISPR-cas9 operon. Moreover, using PCR screening in erythromycin-resistant strains from our 28 

collection, we showed that erm(N) was already present in 3 French clinical strains 2 years before its 29 

first report in 2018 in Quebec. Bacterial transformations confirmed that insertion of erm(N) into a 30 

CRISPR-cas9 operon can confer macrolide resistance. Campylobacter species are easily able to adapt 31 

to their environment and acquire new resistance mechanisms, and the emergence of 32 

methyltransferases in Campylobacters in France is a matter of concern in the coming years.  33 
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INTRODUCTION 34 

Each year, Campylobacter species are responsible for 800,000 gastroenteritis infection cases in the 35 

USA (1) and 200,000 in the European Union (2). In France, while there are an estimated 68,000 36 

foodborne infections each year (3), the number of campylobacteriosis cases is not clearly defined. 37 

Campylobacter sp. infection, mostly caused by the two main species C. jejuni and C. coli, typically 38 

occurs via the consumption of contaminated meat, especially chicken (4) (5). Symptoms include 39 

abdominal cramps, diarrhea and fever and can lead to a serious risk of complications at extreme ages 40 

of life in immunosuppressed, diabetic or cancer patients (6). Treatment of severe intestinal infections 41 

consists of the administration of a macrolide (e.g., azithromycin) or a fluoroquinolone (e.g., 42 

ciprofloxacin) (7). An increased rate of resistance to such molecules can be a problem when 43 

determining treatment options (8). 44 

 45 

In fact, resistance to quinolone and tetracycline has drastically increased over the years, especially in 46 

Europe. Campylobacter resistance levels are evaluated all over Europe by EU Member State reference 47 

centers and are summarized in “The European Union Summary Report on Antimicrobial Resistance 48 

in zoonotic and indicator bacteria from humans, animals and food” of the ECDC (2). Globally, in 49 

2018-2019, it was shown that C. coli displayed higher levels of resistance to important antimicrobials 50 

than C. jejuni. Resistance rates to ciprofloxacin/tetracycline were on average 59.3/47.2% and 51 

65.2/71.3% for C. jejuni and C. coli, respectively. However, resistance to erythromycin, gentamicin 52 

and amoxicillin-clavulanic acid remained relatively low. The proportion of human erythromycin-53 

resistant C. jejuni strains was 1.8% overall but was higher in C. coli (14.3%). Multidrug resistance 54 

(MDR)-type strain analyses for four antimicrobial classes (fluoroquinolones, macrolides, tetracyclines 55 

and aminoglycosides) also showed that the most common resistance profile in C. jejuni and C. coli 56 

was resistance to both ciprofloxacin and tetracycline, observed in 39.4% of C. jejuni strains and 57 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

4 

51.9% of C. coli strains. More specifically, between 1986 and 2019 in France, resistance to 58 

ciprofloxacin and tetracycline reached a critical rate of 60% for C. jejuni and C. coli (9) 59 

(www.cnrch.fr). Erythromycin and ampicillin resistance rates remain however relatively low, at 0.4%-60 

4% and 30% for both species, but should not be disregarded. 61 

 62 

Very high levels of resistance to fluoroquinolones are mostly due to the presence of point mutations 63 

on GyrA at positions 86 and 90 (10). A rarer mechanism is also mentioned, implying modifications in 64 

the expression of the efflux pump CmeABC, described, for example, in China (11). Gentamicin and 65 

tetracycline resistance genes are mostly found within chromosomal genomic islands (12). Resistance 66 

to macrolides is relatively low in Europe. The ECDC report mentioned that erythromycin resistance in 67 

Europe is almost entirely acquired by 23S rRNA mutations (A2074G, A2074C and A2075G), but the 68 

recent discovery of the erm(B) gene is also a matter of concern. Widely distributed in gram-positive 69 

and gram-negative bacteria (13), this gene is more frequently observed in C. coli than in C. jejuni, as 70 

described in recent studies in China (14). In Europe, erm(B) has only been reported in C. coli from 71 

broilers and turkeys in Spain and from a broiler strain in Belgium among tetracycline and 72 

aminoglycoside resistance genes (15) (16), with erythromycin minimum inhibitory concentrations 73 

(MICs) over 512 mg/L. It is therefore recommended by the ECDC to analyze any highly resistant or 74 

MDR strains by molecular methods such as whole genome sequencing (WGS). 75 

 76 

In the present study, the genomes of 51 clinically multiresistant C. jejuni and C. coli from the 77 

collection of the French National Reference Center for Campylobacters and Helicobacters (NRCCH) 78 

(www.cnrch.fr) between 2018 and 2019 were analyzed by WGS followed by computational genomics 79 

approaches to identify antimicrobial resistance markers. Among these resistance-associated genes, 80 

two methyltransferases were found: erm(B) and a rare erm gene, named erm(N) (N for new), 81 

described only once in Quebec in 2018 (17). PCR screening and complementary microbial 82 
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approaches, such as bacterial transformations, allowed us to evaluate the importance of this resistance 83 

mechanism. This study is the first description of erythromycin resistance methyltransferases in 84 

Campylobacters isolated from French clinical cases. This emergence is a matter of concern in the 85 

coming years.  86 
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MATERIALS AND METHODS 87 

Campylobacter strain datasets and antimicrobial susceptibility 88 

Fifty-one strains were selected from the French National Reference Center for Campylobacters and 89 

Helicobacters (NRCCH) (Bordeaux, France). These strains were isolated from stools obtained from 90 

French clinical cases between 2018 and 2019 (Tab. 1) by clinical laboratories that participate in the 91 

NRCCH surveillance network and send their campylobacter isolates for epidemiological 92 

identification. The mean age and female percentage of this dataset were 37 and 41.2%, respectively. 93 

The collection comprised 9 erythromycin-resistant Campylobacter jejuni and 42 Campylobacter coli 94 

strains resistant to multiple antimicrobials (Tab. 1). All of the strains were recovered from frozen 95 

stocks (-80°C in in-house peptone +20% glycerol broth) on Columbia blood agar (CBA) plates with 96 

5% sheep’s blood (Thermo Fisher Scientific, MA). Plate cultures were incubated at 37°C in jars using 97 

an Anoxomat microprocessor (Mart Microbiology, B.V. Lichtenvoorde, The Netherlands), which 98 

creates an atmosphere of 80–90% N2, 5–10% CO2, and 5–10% H2. Single strains were plated onto 99 

CBA plates and used for species confirmation using MALDI-TOF mass spectrometry (MS) as 100 

previously described (18) and antimicrobial susceptibility testing (AST). 101 

 102 

Antibiotic susceptibilities to ampicillin, ciprofloxacin, erythromycin, tetracycline and gentamycin 103 

were assessed based on the CASFM/EUCAST 2020 recommendations for Campylobacter sp. 104 

(https://www.sfm-microbiologie.org/2020/10/02/casfm-eucast-v1-2-octobre-2020/): Mueller–Hinton 105 

(MH) agar supplemented with 5% defibrinated horse blood (MH-F) and 20 mg/L β-NAD 106 

(bioMérieux, Marcy l’Etoile, France); inoculum: 0.5 McFarland standard; incubation for 24 h in a 107 

microaerobic environment as described above. MH-F plates were used and incubated at 37°C. For 108 

each strain, inhibition zone diameters were measured (Biorad, Marnes-La-Coquette, France) using an 109 

automatic system routinely applied in the laboratory for other bacterial species, SIRscan Auto (i2A, 110 
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Montpellier, France), as previously described (19). Following 24 hours of incubation, the point at 111 

which the zone of growth inhibition intersected the strip was read as the MIC in mg/L. The reference 112 

strain C. jejuni ATCC 33560 was used as a quality control strain, according to CASFM/EUCAST 113 

recommendations. 114 

 115 

DNA extraction, genome sequencing and assembly 116 

DNA was extracted from pure bacterial cultures using the MagNA Pure 6 DNA and Viral NA SV Kit, 117 

and DNA purification was performed from bacterial lysis on a MagNA Pure 96 System (Roche 118 

Applied Science, Manheim, Germany). Quantification and purity checks (260/280 and 260/230 ratios) 119 

were determined by spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA) before 120 

sequencing. Paired-end next-generation sequencing was performed on DNA samples using Illumina 121 

HiSeq 4000 technology (Integragen, Evry, France). Additionally, FastQC v0.11.8 (21) was used to 122 

run data quality tests. Genomic data were cleaned, and genomes were assembled using Sickle v1.33 123 

(22) and SPAdes v3.10.1 (23), respectively. Sequences are available in the PubMLST and NCBI 124 

databases, and corresponding identifiers are listed in Tab. 1. 125 

 126 

Whole genome analyses 127 

Each analysis was performed either from raw fastq sequencing files or assembled fasta files using a 128 

Python homemade pipeline. First, species were confirmed using ANI calculation (average nucleotide 129 

identity) against 33 Campylobacter sp. references (listed in Fig. 1) with FastANI v1.1 (24). 130 

Multilocus sequence typing (MLST) was then performed using the sequence tag tool of PubMLST 131 

(25) and the conventional method established by Dingle et al. in 2001 (26). Additionally, whole 132 

genome SNP phylogeny was achieved by aligning all studied genomes to C. coli NTICC13 reference 133 

using Samtools v1.10 (27). Pairwise SNP comparisons were performed to obtain distances between 134 
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all strains: 0% indicates absolute number of similar SNP and 100% indicates total divergence. 135 

Distances were displayed in a phylogenetic tree using MEGAX v10.1.7 (Fig. 1) (28). 136 

 137 

Resistance genes were identified using Ariba v2.14.4 (29) based on the CARD v3.1.0 database (30) 138 

and an in-house Campylobacter resistance gene and mutation database. This last database has been 139 

manually constructed from multiple previously published studies (10) (12) (31). Phylogenetic trees of 140 

resistance genes were constructed from amino acid sequence alignment using Muscle v3.8.1551 (32), 141 

Fasttree v2.1.11 (33) and iTOL v5 (34). Finally, potential sources of contamination were estimated 142 

using STRUCTURE software v2.3.4 (35) for 15 host-segregating genes (36) and 259 SNPs (37)
 
from 143 

C. jejuni and C. coli strains, respectively. C. jejuni markers allow us to discriminate isolates sampled 144 

from chickens, cattle and environmental reservoir hosts, whereas C. coli SNPs are able to differentiate 145 

chicken, cattle and pig isolates. 146 

 147 

PCR screening of identified methyltransferases 148 

PCR screening of erm(B) and erm(N) was performed on a new set of 141 and 30 erythromycin-149 

resistant C. coli and C. jejuni strains, respectively, that were selected from our collection between 150 

2016 and 2019 (mean age and female percentage of 42 and 40%, respectively). Primers for erm(B) 151 

were designed as follows: 5’-AAAGCCATGCGTCTGACATC-3’ (F) and 5’-152 

CTTACCCGCCATACCACAGA-3’ (R) with an expected PCR product size of 196 bp and primers 153 

for erm(N) 5’-TAGCGGTTACAGACGAGTCC-3’ (F) and 5’-GATTCTGGCATTGGGTACGG-3’ 154 

(R) with an expected size of 213 bp. Amplifications were performed using PCR with program #1 in 155 

Table S1 and analyzed on 2% agarose gels containing Midori Green Advance coloring (Nippon 156 

Genetics Europe, Düren, Germany). 157 

 158 

 159 
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Bacterial transformations 160 

Bacterial transformations of a C. coli erythromycin-sensitive and CRISPR-cas9-positive strain 161 

(2019/0231H) with CRISPR-erm(N) products were performed in biphasic systems as described by 162 

Wang & Taylor in 1990 (38). Briefly, the 2019/0231H strain was initially grown on a CBA plate for 163 

24 h (at 37°C in microaerobic conditions). Cells were selected (1 McF in 250 µL of MH broth, 164 

Thermo Fisher Scientific, MA) and grown on MH-F for 6 h using the same conditions. Incubations in 165 

biphasic systems were then performed for 5 h in 50 mL sterile polypropylene tubes containing 10 mL 166 

of MH-5% (sheep blood, Thermo Fisher Scientific, MA) + erythromycin (10 µg/mL), 1 mL of fresh 167 

cells in MH broth (1 McF) and 85 µL of PCR product (250 ng/µL). CRISPR-erm(N) regions were 168 

amplified using the primers 5’-CGCTTTTTGATATAGATAGTCATGG-3’ (F) and 5’-169 

CAAGCGACAAATTCCAAATAA-3’ (R) with expected sizes of 2,403 bp (2019/0191) and 2,468 bp 170 

(2019/0051) and PCR program #2 in Table S1. Transformations were performed using 2 CRISPR-171 

erm(N) PCR products obtained from C. coli strains 2019/0191 and 2019/0051. Finally, transformants 172 

were selected on MH-5% + erythromycin (10 µg/mL) for 48 to 72 h (at 37°C in microaerobic 173 

conditions). Growth controls were also realized using MH-F without erythromycin. Insertion of 174 

CRISPR-erm(N) PCR product into CRISPR-cas9-positive isolate 2019/0231H has been verified using 175 

PCR programs #1 and #2 and WGS. 176 

 177 

Data availability 178 

Assembled genomes are available under BioProject PRJNA717118. The initial 51 multiresistant 179 

strains under BioSamples SAMN18478564-SAMN18478614 (full accession list provided in Tab. 1) 180 

and additional erm-positive strains or those used for bacterial transformations were as follows: 181 

2016/0429H: SAMN18478615; 2016/0940: SAMN18478616; 2016/2392: SAMN18478617; 182 

2017/0180: SAMN18478618; 2018/1149: SAMN18478619; 2019/0231H/0051: SAMN18478620; 183 

2019/0231H/0191: SAMN18478621; and 2019/0231H: SAMN18478624. The novel sequences of the 184 
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resistance-associated genes identified in the present study were submitted to GenBank and are 185 

available under the following accession numbers: MZ015744 (erm(N)) and 186 

MZ015745/MZ015746/MZ015747 (erm(B)).  187 
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RESULTS 188 

 189 

Genomic characterization of 51 selected multiresistant Campylobacter strains 190 

The genomes of 51 Campylobacter sp. (42 C. coli and 9 C. jejuni) isolates were analyzed by WGS. C. 191 

coli genomes have a median genome length of 1.72 Mbp (range number of contigs from 23 to 304). 192 

Concerning C. jejuni genomes, a median genome length of 1.76 Mbp was found (range number of 193 

contigs from 27 to 886). These results are consistent with other published C. coli and C. jejuni 194 

genomes, estimated to be ~1.7 Mbp in length (39) (40). Nearly all strains of C. coli belonged to the 195 

clonal complex CC-828 (88%, n=37), whereas the clonal complexes of the remaining 14% (n=6) have 196 

not been characterized yet (Tab. 1) (Fig. 1). Sequence types were more diverse, with ST-872, ST-860, 197 

and uncharacterized ST as the main sequence types encountered with 15, 4 and 5 strains, respectively. 198 

By comparison, only 4 C. jejuni clonal complexes were identified: CC-353 (n=2), CC-52 (n=1) and 199 

CC-42 (n=1). Various sequence types were also identified: ST-6, ST-2066, ST-2274, ST-2328, ST-200 

6461, ST-6532 and ST-7010. Source attribution of C. coli strains showed that chickens were 201 

estimated to be the main reservoir at 83% (n=35), followed by pigs at 17% (n=7). Similarly, a 202 

majority of C. jejuni strains were attributed to the chicken population, with 56% of all attributions 203 

(n=5), while 33% were attributed to the environment (n=3) and 11% to cattle (n=1). These results are 204 

in line with our previous publications (37) (41) showing that chickens are the main source of C. jejuni 205 

and C. coli campylobacteriosis in France. 206 

 207 

Identification of antimicrobial resistance markers  208 

All 9 C. jejuni strains were resistant to ciprofloxacin and erythromycin. Ciprofloxacin resistance was 209 

granted by mutations in the GyrA amino acid sequence at position 86 (T86I (n=8) and T86R (n=1)), 210 

and erythromycin resistance was attributed to diverse 23S rDNA mutations: A2074C (n=2), A2074T 211 

(n=3), A2074G (n=1) and A2075G (n=3) (Tab. 2). A total of 5 strains (56%) were resistant to 212 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

12 

tetracycline, attributed to the presence of tetO, and 2 strains (22%) were resistant to ampicillin 213 

conferred by the G63T mutation in the OXA61 promoting region. 214 

 215 

Among the 42 multiresistant C. coli strains, all strains were resistant to ciprofloxacin, erythromycin 216 

and tetracycline, 41 strains (97.6%) were also resistant to ampicillin, and 6 strains (14.3%) were 217 

resistant to gentamicin (Tab. 2). Similar to C. jejuni, mutation T86I in the QRDR region of the GyrA 218 

protein was found in all ciprofloxacin-resistant strains, and an additional D90N mutation was found in 219 

2 of them (4.8%). Resistance to tetracycline has been attributed to the presence of tetO (42) for all 220 

strains and resistance to ampicillin to a single mutation (G63T) in the promoter region of OXA61 β-221 

lactamase (31) in almost all ampicillin-resistant strains but one (2018/2697). Nucleotide alignment 222 

revealed an entirely different promoter region compared to that of other analyzed C. coli genomes. 223 

This sequence is described in one ampicillin-resistant Chinese strain (HS11B, KX272768.1) (43) in 224 

the NCBI database, but unfortunately no MIC was determined in this study. Further investigations are 225 

needed to determine whether any mutation can be associated with resistance. Multiple versions of the 226 

APH(2'') gene have also been identified and associated with gentamicin resistance in corresponding 227 

strains (n=6, all C. coli) (12). These include APH(2'')-If, APH(2'')-Ih, APH(2'')-IIIa, APH(2'')-Ic and 228 

AAC(6')-Ie-APH(2'')-Ia. 229 

 230 

Finally, mutations in 23S rDNA were found in 38 erythromycin-resistant strains (90.5%) (44): 36 231 

strains had the A2075G mutation (85.7%), and 2 had the A2074G mutation (4.8%). Two 23S 232 

methyltransferases have been identified among the remaining 4 erythromycin-resistant strains from 233 

2019. Protein sequence alignment (Fig. 2) revealed the presence of erm(B) (n=1 strain; 2019/0773), a 234 

methyltransferase mainly described in China (45) (46) (47) and located within Type III Multidrug 235 

Resistance Genomic Island (MDRGI) (Fig. 3) (48), and a novel 23S methyltransferase named erm(N) 236 

for convenience in the present study (n=3 strains; 2019/0051, 2019/0191 and 2019/2001), described 237 
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only once in Quebec (17) and found within the CRISPR array of the CRISPR-cas9 operon (Fig. 4). 238 

Only C. coli clade 1 of the Type 2 CRISPR-Cas system was found in the present study, composed of 239 

cas9-1-2, CRISPR repeats/spacers and ending with the moeA gene (49). PCR screening was 240 

performed on erythromycin-resistant strains from our collection to estimate the prevalence of these 241 

methylases. 242 

 243 

PCR screening of erm(B) and erm(N) in erythromycin-resistant strains 244 

PCR screening of erm(B) and erm(N) among 171 erythromycin-resistant Campylobacter strains 245 

revealed 5 new methyltransferase-positive C. coli strains. Three strains from 2016 (2016/0940, 246 

2016/2392 and 2016/0429H) were positive for erm(N) two years before the first report in Quebec, and 247 

2 strains from 2017 and 2018 (2017/0180 and 2018/1149) were positive for erm(B). In summary, 248 

from 2016 to 2019, 1.4% (n=3) of all erythromycin-resistant strains from our collection were erm(B)-249 

positive, and 2.7% (n=6) were erm(N)-positive. WGS of erm(N)-positive strains showed conserved 250 

CRISPR-cas9 regions (Fig. 4): sequences surrounding the CRISPR array and erm(N) sequences were 251 

identical. Similar spacers within the CRISPR array were also found among each strain but in different 252 

orders. However, WGS of erm(B)-positive strains from 2017 and 2018 revealed diverse genomic 253 

regions (Fig. 3). Genomic analyses revealed the presence of a Type III MDRGI in one C. coli strain 254 

(2019/0773), highly similar to the ZP-GX-1 Chinese strain (KC876748.1) (48). Two other erm(B)-255 

positive C. coli strains identified by PCR screening (2017/0180 and 2018/1149) did not display any 256 

defined MDRGI type. In strain 2017/0180, erm(B) is carried by a plasmid (47,6 kbp contig length) 257 

within a standard resistance genomic island structure found in C. coli p1CFSAN032805 (CP045793.1, 258 

55 kbp length), which was identified in Spain in 2019 (8) from humans, animals and sewage strains, 259 

or in the C. jejuni pGMI16-002 plasmid (CP028186.1, 66.6 kbp length). Despite their great similarity 260 

based on the presence of multiple resistance markers against gentamicin (APH(3')-IIIa), streptomycin 261 

(sat4), aminoglycosides (aadK and ANT(9)) and tetracycline (tetO), both plasmids initially did not 262 
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harbor any methyltransferase. Gene transfer of chromosomal erm(B) within mobile MDRGI may have 263 

occurred and could now disseminate more easily. On the other hand, C. coli 2018/1149 erm(B) was 264 

found within a chromosomal MDRGI among duplicate copies of tetO and ANT(9), similar to the 265 

16SHKX65C erm-positive strain (CP038868.1) reported in 2016 in China (50). 266 

 267 

Transformation of the CRISPR-erm(N) PCR product transfers erythromycin resistance 268 

Bacterial transformations with CRISPR-erm(N) PCR products into a CRISPR-cas9-positive, erm(N)-269 

negative, 23S rDNA mutation-free and erythromycin-sensitive C. coli isolate were successfully 270 

performed. The presence of erm(N) in receiver strains was confirmed by PCR screening using primers 271 

designed on both sides of the expected integration site (Fig. 5). Moreover, WGS of transformants 272 

(2019/0231H/0051 and 2019/0231H/0191) revealed that the insertion occurred at the locus by strict 273 

homologous recombination (Fig. 6). erm(N) insertion into the CRISPR array was followed in both 274 

transformants by a significant increase in erythromycin MICs, from 1.5 µg/mL to 64 µg/mL before 275 

and after transformation, respectively. However, bacterial transformations showed here that MIC 276 

values were not strictly conserved after the insertion of CRISPR-cas9-erm(N) products. Donor isolate 277 

2019/0191 initially displayed high level of resistance (MIC ≥256 µg/mL) whereas transformant 278 

2019/0231H/0191 showed a lower level of 64 µg/mL. Similarly, transformant 2019/0231H/0051 279 

showed a 4-fold difference in erythromycin MIC with its initial donor (64 µg/mL against 16 µg/mL 280 

for 2019/0051 donor isolate). Finally, no mutation was detected in the 23S rDNA sequence of the 281 

transformants, which led to the conclusion that erm(N) expression is solely associated with 282 

erythromycin resistance. 283 

 284 

In conclusion, with the application of our WGS strategy to multiresistant C. coli and C. jejuni strains, 285 

erm(B) and erm(N) were identified for the first time in France in C. coli strains isolated from human 286 

cases. erm(N) corresponds to a new methyltransferase never before described in Europe.  287 
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DISCUSSION 288 

 289 

Resistance to antibiotics is a matter of concern worldwide. Since the discovery of these molecules, 290 

bacteria have learned to adapt to their environment and have developed various defense mechanisms. 291 

Campylobacter species are of particular concern, and resistance has increased over the past few years. 292 

Strong selective pressure has revealed various resistance mechanisms among Campylobacter sp. 293 

genomes. Here, we were interested in resistance genes and mutations of multiresistant C. jejuni and C. 294 

coli French strains that were selected from clinical cases between 2018 and 2019. We have shown that 295 

WGS and bioinformatics tools combined with public and in-house databases are powerful tools for 296 

retrieving well-known mutations or genes associated with ampicillin, ciprofloxacin, tetracycline, 297 

erythromycin and gentamycin resistance. The bioinformatics approach implemented in the present 298 

study also allowed us to identify erythromycin resistance-associated methyltransferases for the first 299 

time in France. Among 9 C. coli isolates, there were two distinct methyltransferases, erm(B) and 300 

erm(N), which are shared by various bacterial species. Erm enzymes are able to methylate 23S 301 

ribosomal RNA to decrease the binding of macrolides (51). 302 

 303 

erm-expressing Campylobacter strains were mainly described in China, with erm(B) being the main 304 

methyltransferase encountered and commonly found within MDRGIs. erm(B) was reported for the 305 

first time in 2014 (46) within a C. coli strain from 2008 and multiple times until now in this country 306 

or provinces (45) (47). The first written record of an erm(B)-positive isolate outside of China was in 307 

Kenya in 2013 (52), and since then, various countries have reported their first cases, such as in 308 

Mongolia in 2015 (53), the USA in 2018 (54) or Australia in 2020 (55). In Europe, erm(B) was 309 

reported in C. coli from broilers in Belgium and Spain in 2012 and 2015, respectively (15) (16). It is 310 

now accepted that Campylobacter erythromycin-resistant isolates may express erm(B). Screening for 311 

this gene is performed in some laboratories interested in Campylobacter sp. from animal origins (2) 312 
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(56). Despite its emergence, some countries have failed to identify its presence, such as France (56), 313 

Poland (57)
 
or Korea (58). Although erm(B) can be carried by a plasmid or harbored in chromosomal 314 

regions, its nucleotide sequences remain highly identical between each isolate, indicating a quick and 315 

straightforward dissemination between Campylobacter species. To the best of our knowledge, this 316 

current paper describes the first erm(B)-positive Campylobacter coli strains in France. 317 

 318 

While most studies tend to focus on erm(B), the second completely different Erm identified in the 319 

present study remained undetected until its first and only report in 2018 in a Canadian C. coli strain 320 

(17). That novel Erm, called here “Erm(N)”, was exclusively located within CRISPR arrays. It is clear 321 

that the CRISPR-cas9 immune system is somehow related to the presence of an antibiotic resistance 322 

gene within its region. However, the role of CRISPR-cas9 in bacterial adaptation and gene acquisition 323 

remains obscure, and no consensus has been reached yet. A recent study suggested that CRISPR-cas9 324 

restrains horizontal gene transfer (HGT) in Pseudomonas aeruginosa by targeting phages that may 325 

contain exogenous bacterial DNA sequences (59). It has also been shown that CRISPR-cas9 can 326 

inhibit conjugation and transformation by interfering with foreign DNA containing adaptive material 327 

such as virulence or antibiotic resistance genes (60) (61). In line with this finding, we failed to 328 

observe bacterial conjugations between CRISPR-cas9-erm(N) strains and bacteria with or without 329 

CRISPR-cas9 (data not shown). In contrast, we demonstrated in the present study that bacterial 330 

transformation is possible with the transfer of erm(N) PCR products. A very recent study has also 331 

shown that the entire CRISPR-cas9 system can be acquired by one bacterium through transduction 332 

(62). 333 

 334 

Moreover, highly identical cas1-2-9, erm(N) and CRISPR spacer sequences were identified in all 335 

positive C. coli strains, suggesting that the whole region could have been transferred between 336 

bacteria. It is also expected that the entire region can be transferred vertically between cells since the 337 
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region is chromosomal. However, we have shown from bacterial transformations that erythromycin 338 

MICs can varied although CRISPR-cas9-erm(N) region is conserved, suggesting expression level of 339 

erm(N) may be mediated by unrelated CRISPR-cas9 factors. In fact, diverse genomic factors may be 340 

involved as insinuated by SNP phylogeny (Figure 1), where high MIC (≥ 256 µg/mL) erm(N) positive 341 

strains are located within the same distinct cluster in contrast with lower MIC strains. Regulation of 342 

erm(N) could be investigated in further analyses using qPCR on a higher number of positive isolates. 343 

The presence of CRISPR-cas9-erm(N) is also rare and involves only 2.7% of our erythromycin-344 

resistant strains. It has only been found in C. coli, where the proportion of CRISPR-cas9-positive 345 

strains is relatively low. Consistent with a previous study (49), less than 8% of all C. coli in our 346 

genome collection (n=227) harbored this particular immune system and, comparatively, accounted for 347 

approximately 90% of C. jejuni strains (n=247) (analysis performed using BLAST and cas sequences; 348 

data not shown). We therefore suggest that the presence of the CRISPR-cas9 operon within the C. 349 

jejuni genome may have a negative impact on the transfer of erm(N) itself. The insertion of erm(N) in 350 

C. coli through recombination may have occurred punctually and, since then, mostly disseminated 351 

using CRISPR-cas9 as a vector to transfer to bacteria without such an immune system. 352 

 353 

CRISPR-cas9 interference in conjugation and transformation may explain why erm(N) has slowly 354 

disseminated since at least 2016 in France. Even though time is not a major factor, Erm 355 

methyltransferases have become an issue of considerable concern, especially erm(B) in China (45) 356 

(48), and every other country should not underestimate such antibiotic resistance mechanisms. To 357 

date, erm(N)-positive strains have only been identified in Quebec and France, but it is more likely this 358 

methyltransferase is circulating elsewhere in the world. Therefore, in addition to erm(B) PCR 359 

screening, research on erm(N) in new and older strains needs to be undertaken. Source attribution 360 

based on host-segregating SNPs also highlights the importance of the chicken reservoir in its 361 

diffusion, and specific monitoring in broiler production units may be considered. The emergence of 362 
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these new resistance mechanisms has to be followed carefully in the coming years and in any strain 363 

collections, either from humans or animals.  364 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

19 

ACKNOWLEDGMENT 365 

The authors want to thank all of the laboratories that sent Campylobacter strains to our reference 366 

center. This study was financed by internal funding of the French National Reference Center for 367 

Campylobacters and Helicobacters (Bordeaux, France) (http://www.cnrch.fr/). The material is original 368 

research and has not been previously published or submitted for publication elsewhere. The authors 369 

declare no conflict of interest. The current manuscript was edited for proper English language using 370 

American Journal Experts services (verification code 8D86-16BD-87BB-E355-D448). 371 

  372 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

20 

REFERENCES 373 

1.  Scallan E, Griffin PM, Angulo FJ, Tauxe RV, Hoekstra RM. 2011. Foodborne illness acquired in 

the United States--unspecified agents. Emerg Infect Dis 17:16–22. 

2.  The European Union Summary Report on Antimicrobial Resistance in zoonotic and indicator 

bacteria from humans, animals and food in 2018/2019 | European Food Safety Authority. 

https://www.efsa.europa.eu/en/efsajournal/pub/6490. 

3.  Van Cauteren D, Le Strat Y, Sommen C, Bruyand M, Tourdjman M, Da Silva NJ, Couturier E, 

Fournet N, de Valk H, Desenclos J-C. 2017. Estimated Annual Numbers of Foodborne Pathogen-

Associated Illnesses, Hospitalizations, and Deaths, France, 2008-2013. Emerging Infect Dis 

23:1486–1492. 

4.  Kaakoush NO, Castaño-Rodríguez N, Mitchell HM, Man SM. 2015. Global Epidemiology of 

Campylobacter Infection. Clin Microbiol Rev 28:687–720. 

5.  Chlebicz A, Śliżewska K. 2018. Campylobacteriosis, Salmonellosis, Yersiniosis, and Listeriosis 

as Zoonotic Foodborne Diseases: A Review. Int J Environ Res Public Health 15. 

6.  Fernández-Cruz A, Muñoz P, Mohedano R, Valerio M, Marín M, Alcalá L, Rodriguez-Créixems 

M, Cercenado E, Bouza E. 2010. Campylobacter bacteremia: clinical characteristics, incidence, 

and outcome over 23 years. Medicine (Baltimore) 89:319–330. 

7.  Yang Y, Feye KM, Shi Z, Pavlidis HO, Kogut M, J. Ashworth A, Ricke SC. 2019. A Historical 

Review on Antibiotic Resistance of Foodborne Campylobacter. Front Microbiol 10. 

8.  Mourkas E, Florez-Cuadrado D, Pascoe B, Calland JK, Bayliss SC, Mageiros L, Méric G, 

Hitchings MD, Quesada A, Porrero C, Ugarte-Ruiz M, Gutiérrez-Fernández J, Domínguez L, 

Sheppard SK. 2019. Gene pool transmission of multidrug resistance among Campylobacter from 

livestock, sewage and human disease. Environ Microbiol 21:4597–4613. 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

21 

9.  French National Reference Center for Campylobacters & Helicobacters (Bordeaux Hospital 

University Center). 2019. 2018 Campylobacters surveillance report. French National Reference 

Center for Campylobacters & Helicobacters, Bordeaux, France. 

10.  Tang Y, Fang L, Xu C, Zhang Q. 2017. Antibiotic resistance trends and mechanisms in the 

foodborne pathogen, Campylobacter. Animal Health Research Reviews 18:87–98. 

11.  Yao H, Shen Z, Wang Y, Deng F, Liu D, Naren G, Dai L, Su C-C, Wang B, Wang S, Wu C, Yu 

EW, Zhang Q, Shen J. 2016. Emergence of a Potent Multidrug Efflux Pump Variant That 

Enhances Campylobacter Resistance to Multiple Antibiotics. mBio 7. 

12.  Fabre A, Oleastro M, Nunes A, Santos A, Sifré E, Ducournau A, Bénéjat L, Buissonnière A, 

Floch P, Mégraud F, Dubois V, Lehours P. 2018. Whole-Genome Sequence Analysis of 

Multidrug-Resistant Campylobacter Isolates: a Focus on Aminoglycoside Resistance 

Determinants. Journal of Clinical Microbiology 56. 

13.  Roberts MC. 2008. Update on macrolide–lincosamide–streptogramin, ketolide, and oxazolidinone 

resistance genes. FEMS Microbiology Letters 282:147–159. 

14.  Liu D, Liu W, Lv Z, Xia J, Li X, Hao Y, Zhou Y, Yao H, Liu Z, Wang Y, Shen J, Ke Y, Shen Z. 

2019. Emerging erm(B)-Mediated Macrolide Resistance Associated with Novel Multidrug 

Resistance Genomic Islands in Campylobacter. Antimicrobial Agents and Chemotherapy 63. 

15.  Florez-Cuadrado D, Ugarte-Ruiz M, Meric G, Quesada A, Porrero MC, Pascoe B, Sáez-Llorente 

JL, Orozco GL, Domínguez L, Sheppard SK. 2017. Genome Comparison of Erythromycin 

Resistant Campylobacter from Turkeys Identifies Hosts and Pathways for Horizontal Spread of 

erm(B) Genes. Front Microbiol 8. 

16.  Elhadidy M, Miller WG, Arguello H, Álvarez-Ordóñez A, Dierick K, Botteldoorn N. 2019. 

Molecular epidemiology and antimicrobial resistance mechanisms of Campylobacter coli from 

diarrhoeal patients and broiler carcasses in Belgium. Transboundary and Emerging Diseases 

66:463–475. 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

22 

17.  Greninger AL, Addetia A, Starr K, Cybulski RJ, Stewart MK, Salipante SJ, Bryan AB, Cookson 

B, Gaudreau C, Bekal S, Fang FC. 2020. International Spread of Multidrug-Resistant 

Campylobacter coli in Men Who Have Sex With Men in Washington State and Québec, 2015–

2018. Clinical Infectious Diseases 71:1896–1904. 

18.  Bessède E, Angla-Gre M, Delagarde Y, Sep Hieng S, Ménard A, Mégraud F. 2011. Matrix-

assisted laser-desorption/ionization biotyper: experience in the routine of a University hospital. 

Clin Microbiol Infect 17:533–538. 

19.  Sifré E, Salha BA, Ducournau A, Floch P, Chardon H, Mégraud F, Lehours P. 2015. EUCAST 

recommendations for antimicrobial susceptibility testing applied to the three main Campylobacter 

species isolated in humans. J Microbiol Methods 119:206–213. 

20.  Hunter JD. 2007. Matplotlib: A 2D Graphics Environment. Computing in Science Engineering 

9:90–95. 

21.  Wingett SW, Andrews S. 2018. FastQ Screen: A tool for multi-genome mapping and quality 

control. F1000Res 7:1338. 

22.  Joshi N, Fass J. 2011. Sickle: A sliding-window, adaptive, quality-based trimming tool for FastQ 

files (Version 1.33)[Software]. 

23.  Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, Lesin VM, Nikolenko 

SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV, Vyahhi N, Tesler G, Alekseyev MA, 

Pevzner PA. 2012. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-

Cell Sequencing. Journal of Computational Biology 19:455–477. 

24.  Jain C, Rodriguez-R LM, Phillippy AM, Konstantinidis KT, Aluru S. 2018. High throughput ANI 

analysis of 90K prokaryotic genomes reveals clear species boundaries. Nat Commun 9. 

25.  Jolley KA, Bray JE, Maiden MCJ. 2018. Open-access bacterial population genomics: BIGSdb 

software, the PubMLST.org website and their applications. Wellcome Open Res 3:124. 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

23 

26.  Dingle KE, Colles FM, Wareing DRA, Ure R, Fox AJ, Bolton FE, Bootsma HJ, Willems RJL, 

Urwin R, Maiden MCJ. 2001. Multilocus Sequence Typing System for Campylobacter jejuni. J 

Clin Microbiol 39:14–23. 

27.  Li H. 2011. A statistical framework for SNP calling, mutation discovery, association mapping and 

population genetical parameter estimation from sequencing data. Bioinformatics 27:2987–2993. 

28.  Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: Molecular Evolutionary 

Genetics Analysis across Computing Platforms. Mol Biol Evol 35:1547–1549. 

29.  Hunt M, Mather AE, Sánchez-Busó L, Page AJ, Parkhill J, Keane JA, Harris SR. 2017. ARIBA: 

rapid antimicrobial resistance genotyping directly from sequencing reads. Microb Genom 

3:e000131. 

30.  Alcock BP, Raphenya AR, Lau TTY, Tsang KK, Bouchard M, Edalatmand A, Huynh W, Nguyen 

A-LV, Cheng AA, Liu S, Min SY, Miroshnichenko A, Tran H-K, Werfalli RE, Nasir JA, Oloni 

M, Speicher DJ, Florescu A, Singh B, Faltyn M, Hernandez-Koutoucheva A, Sharma AN, 

Bordeleau E, Pawlowski AC, Zubyk HL, Dooley D, Griffiths E, Maguire F, Winsor GL, Beiko 

RG, Brinkman FSL, Hsiao WWL, Domselaar GV, McArthur AG. 2020. CARD 2020: antibiotic 

resistome surveillance with the comprehensive antibiotic resistance database. Nucleic Acids Res 

48:D517–D525. 

31.  Zeng X, Brown S, Gillespie B, Lin J. 2014. A single nucleotide in the promoter region modulates 

the expression of the β-lactamase OXA-61 in Campylobacter jejuni. J Antimicrob Chemother 

69:1215–1223. 

32.  Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high 

throughput. Nucleic Acids Res 32:1792–1797. 

33.  Price MN, Dehal PS, Arkin AP. 2009. FastTree: computing large minimum evolution trees with 

profiles instead of a distance matrix. Mol Biol Evol 26:1641–1650. 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

24 

34.  Letunic I, Bork P. 2016. Interactive tree of life (iTOL) v3: an online tool for the display and 

annotation of phylogenetic and other trees. Nucleic Acids Res 44:W242-245. 

35.  Pritchard JK, Stephens M, Donnelly P. 2000. Inference of population structure using multilocus 

genotype data. Genetics 155:945–959. 

36.  Thépault A, Méric G, Rivoal K, Pascoe B, Mageiros L, Touzain F, Rose V, Béven V, Chemaly 

M, Sheppard SK. 2017. Genome-Wide Identification of Host-Segregating Epidemiological 

Markers for Source Attribution in Campylobacter jejuni. Appl Environ Microbiol 83:e03085-16. 

37.  Jehanne Q, Pascoe B, Bénéjat L, Ducournau A, Buissonnière A, Mourkas E, Mégraud F, Bessède 

E, Sheppard SK, Lehours P. 2020. Genome-Wide Identification of Host-Segregating Single-

Nucleotide Polymorphisms for Source Attribution of Clinical Campylobacter coli Isolates. Appl 

Environ Microbiol 86. 

38.  Wang Y, Taylor DE. 1990. Natural transformation in Campylobacter species. J Bacteriol 

172:949–955. 

39.  Pearson BM, Rokney A, Crossman LC, Miller WG, Wain J, van Vliet AHM. 2013. Complete 

Genome Sequence of the Campylobacter coli Clinical Isolate 15-537360. Genome Announc 1. 

40.  Taylor DE, Eaton M, Yan W, Chang N. 1992. Genome maps of Campylobacter jejuni and 

Campylobacter coli. J Bacteriol 174:2332–2337. 

41.  Thépault A, Rose V, Quesne S, Poezevara T, Béven V, Hirchaud E, Touzain F, Lucas P, Méric G, 

Mageiros L, Sheppard SK, Chemaly M, Rivoal K. 2018. Ruminant and chicken: important 

sources of campylobacteriosis in France despite a variation of source attribution in 2009 and 

2015. Sci Rep 8:1–10. 

42.  Sougakoff W, Papadopoulou B, Nordmann P, Courvalin P. 1987. Nucleotide sequence and 

distribution of gene tetO encoding tetracycline resistance in Campylobacter coli. FEMS 

Microbiology Letters 44:153–159. 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

25 

43.  Yao H, Liu D, Wang Y, Zhang Q, Shen Z. 2017. High Prevalence and Predominance of the 

aph(2″)-If Gene Conferring Aminoglycoside Resistance in Campylobacter. Antimicrob Agents 

Chemother 61. 

44.  Engberg J, Aarestrup FM, Taylor DE, Gerner-Smidt P, Nachamkin I. 2001. Quinolone and 

macrolide resistance in Campylobacter jejuni and C. coli: resistance mechanisms and trends in 

human isolates. Emerg Infect Dis 7:24–34. 

45.  Li B, Ma L, Li Y, Jia H, Wei J, Shao D, Liu K, Shi Y, Qiu Y, Ma Z. 2017. Antimicrobial 

Resistance of Campylobacter Species Isolated from Broilers in Live Bird Markets in Shanghai, 

China. Foodborne Pathog Dis 14:96–102. 

46.  Qin S, Wang Y, Zhang Q, Zhang M, Deng F, Shen Z, Wu C, Wang S, Zhang J, Shen J. 2014. 

Report of ribosomal RNA methylase gene erm(B) in multidrug-resistant Campylobacter coli. J 

Antimicrob Chemother 69:964–968. 

47.  Chang Y-C, Tien N, Yang J-S, Lu C-C, Tsai F-J, Huang T-J, Wang I-K. 2017. Class 1 integrons 

and plasmid-mediated multiple resistance genes of the Campylobacter species from pediatric 

patient of a university hospital in Taiwan. Gut Pathog 9:50. 

48.  Wang Y, Zhang M, Deng F, Shen Z, Wu C, Zhang J, Zhang Q, Shen J. 2014. Emergence of 

Multidrug-Resistant Campylobacter Species Isolates with a Horizontally Acquired rRNA 

Methylase. Antimicrob Agents Chemother 58:5405–5412. 

49.  Differential Distribution of Type II CRISPR-Cas Systems in Agricultural and Nonagricultural 

Campylobacter coli and Campylobacter jejuni Isolates Correlates with Lack of Shared 

Environments | Genome Biology and Evolution | Oxford Academic. 

https://academic.oup.com/gbe/article/7/9/2663/592738. 

50.  Liu D, Li X, Wang Y, Schwarz S, Shen J. 2020. Emergence of the Phenicol Exporter Gene fexA 

in Campylobacter coli and Campylobacter jejuni of Animal Origin. Antimicrob Agents 

Chemother 64. 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

26 

51.  Weisblum B. 1995. Erythromycin resistance by ribosome modification. Antimicrobial Agents and 

Chemotherapy 39:577–585. 

52.  Taitt CR, Leski TA, Prouty MG, Ford GW, Heang V, House BL, Levin SY, Curry JA, Mansour 

A, Mohammady HE, Wasfy M, Tilley DH, Gregory MJ, Kasper MR, Regeimbal J, Rios P, 

Pimentel G, Danboise BA, Hulseberg CE, Odundo EA, Ombogo AN, Cheruiyot EK, Philip CO, 

Vora GJ. 2020. Tracking Antimicrobial Resistance Determinants in Diarrheal Pathogens: A 

Cross-Institutional Pilot Study. 16. International Journal of Molecular Sciences 21:5928. 

53.  Byambajav Z, Bulgan E, Hirai Y, Nakayama M, Tanaka M, Nitta Y, Suzuki A, Umemura T, 

Altankhuu B, Tsagaan A, Vanaabaatar B, Janchivdorj E, Purevdorj N-O, Ayushjav N, Yamasaki 

T, Horiuchi M. 2021. Research Note: Antimicrobial resistance of Campylobacter species isolated 

from chickens near Ulaanbaatar city, Mongolia. Poult Sci 100:100916. 

54.  Chen JC, Tagg KA, Joung YJ, Bennett C, Francois Watkins L, Eikmeier D, Folster JP. 2018. 

Report of erm(B)+ Campylobacter jejuni in the United States. Antimicrob Agents Chemother 62. 

55.  Wallace RL, Bulach D, Valcanis M, Polkinghorne BG, Pingault N, Stylianopoulos A, Givney RC, 

Glass K, Kirka MD. 2020. Identification of the first erm(B)-positive Campylobacter jejuni and 

Campylobacter coli associated with novel multidrug resistance genomic islands in Australia. 

Journal of Global Antimicrobial Resistance 23:311–314. 

56.  Kempf I, Kerouanton A, Bougeard S, Nagard B, Rose V, Mourand G, Osterberg J, Denis M, 

Bengtsson BO. 2017. Campylobacter coli in Organic and Conventional Pig Production in France 

and Sweden: Prevalence and Antimicrobial Resistance. Front Microbiol 8:955. 

57.  Wysok B, Wojtacka J, Hänninen M-L, Kivistö R. 2020. Antimicrobial Resistance and Virulence-

Associated Markers in Campylobacter Strains From Diarrheic and Non-diarrheic Humans in 

Poland. Front Microbiol 11:1799. 

58.  Wei B, Kang M. 2018. Molecular Basis of Macrolide Resistance in Campylobacter Strains 

Isolated from Poultry in South Korea. Biomed Res Int 2018:4526576. 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

27 

59.  Wheatley RM, MacLean RC. 2020. CRISPR-Cas systems restrict horizontal gene transfer in 

Pseudomonas aeruginosa. ISME J https://doi.org/10.1038/s41396-020-00860-3. 

60.  Bikard D, Hatoum-Aslan A, Mucida D, Marraffini LA. 2012. CRISPR interference can prevent 

natural transformation and virulence acquisition during in vivo bacterial infection. Cell Host 

Microbe 12:177–186. 

61.  Marraffini LA, Sontheimer EJ. 2008. CRISPR interference limits horizontal gene transfer in 

staphylococci by targeting DNA. Science 322:1843–1845. 

62.  Watson BNJ, Staals RHJ, Fineran PC. 2018. CRISPR-Cas-Mediated Phage Resistance Enhances 

Horizontal Gene Transfer by Transduction. mBio 9.  

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
11

 A
ug

us
t 2

02
1 

by
 1

94
.1

67
.1

79
.1

97
.



 

28 

Legends 374 

 375 

Table 1. Campylobacter jejuni and coli strains and genomes used in the study 376 

Metadata for all strains and genomes analyzed in this study. Assembled sequences are available in 377 

both BIGSdb and NCBI databases using their Id
1 

and BioSample
2 

numbers, respectively. 378 

Antimicrobial susceptibility
3 

was determined by the disk diffusion method (see Materials and 379 

Methods) (AMP, ampicillin; CIP, ciprofloxacin; ERY, erythromycin; TET, tetracycline; GEN, 380 

gentamycin): R for resistant and S for susceptible. Campylobacter species were determined by 381 

MALDI-TOF. Sex and age of the patients are indicated. Clonal complexes (CC) and sequence types 382 

(ST) determined by MLST are shown. Source of contamination estimation
4 

was performed using 383 

STRUCTURE software combined with 15 source-discriminating genes (36) and 259 SNPs (37) for C. 384 

jejuni and C. coli, respectively. 385 

 386 

Table 2. Antimicrobial resistance profiles and resistance mechanisms identified by NGS 387 

Resistance mechanisms identified by NGS for the 51 Campylobacter strains studied were identified 388 

using Ariba v2.14.4 software combined with CARD v3.1.0 and local Campylobacter resistance 389 

mechanism databases (see Material and Methods). The corresponding number of isolates
1 

for each 390 

resistance profile is indicated. 391 

AMP, ampicillin; CIP, ciprofloxacin; ERY, erythromycin; TET, tetracycline; GEN, gentamycin; “-”, 392 

no resistance gene, strain susceptible to the corresponding molecule. 393 

 394 

Figure 1. Whole Genome SNP phylogenetic tree based on NTICC13 C. coli reference and from 395 

every C. jejuni (n=9) and C. coli (n=50) analyzed genomes 396 
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Analyses were performed from assembly fasta files on which species identification was assessed from 397 

33 Campylobacter species: C. armoricus, avium, blaseri, canadensis, coli, concisus, corcagiensis, 398 

cuniculorum, curvus, fetus, geochelonis, gracilis, helveticus, hepaticus, hominis, hyointestinalis, 399 

iguaniorum, insulaenigrae, jejuni, lanienae, lari, mucosalis, novaezeelandiae, ornithocola, peloridis, 400 

pinnipediorum, rectus, showae, sputorum, subantarcticus, upsaliensis, ureolyticus and volucris. Two 401 

distinct clades for both species were obtained based on the analysis of 220,825 SNPs from the 402 

alignment on NTICC13 C. coli reference genome. Branch lengths display total number of SNP 403 

difference in percentage. Highlighted isolates indicate sequence types, and vertical colored bars clonal 404 

complexes. Gray STs or CCs are unknown or unique types. Corresponding erm-positive strains are 405 

indicated on the right side along with associated MIC for erythromycin. Here, C. coli isolates show 406 

less diverse ST and CC and highly similar genomes, especially at the top of the tree, contrary to C. 407 

jejuni isolates. Moreover, 3 clusters of erm(N)-positive C. coli isolates are displayed depending on 408 

their MIC values (16, 64 and ≥ 256 µg/mL), suggesting diverse genomic factors may be involved in 409 

the mediation of erm(N) expression. 410 

 411 

 412 

 413 

Figure 2. Phylogenetic tree from amino acid sequence alignment of erythromycin resistance 414 

methyltransferases 415 

Alignments were performed using Muscle v3.8.1551 and 5 Erm versions: Erm(B), (D), (F), (N) and a 416 

putative Erm from C. jejuni 11168. Highlighted isolates correspond to positive C. coli for Erm(B) and 417 

Erm(N) identified in this study. Strain names are displayed between “[]” and accession numbers 418 

bewteen “()” when WGS was not performed. Each clade is distinct from each other, except Erm(D), 419 

which is located close to Erm(F). Moreover, Erm(B) sequences and Erm(N) sequences are highly 420 

similar between each strain and country. 421 
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 422 

Figure 3. Multidrug resistance genomic islands (MDRGIs) of erm(B)-positive strains 423 

Each erm(B)-positive isolate in our collection (n=3) was aligned against various MDRGI types 424 

described in previous publications. Gene similarities are indicated here as percentages and using “*” 425 

and “**” when genes are distant. MDRGI found in C. coli isolate 2019/0773 (SAMN18478599) 426 

showed high similarity to Type III MDRGI described in China (48), whereas in C. coli isolates 427 

2017/0180 (SAMN18478618) and 2018/1149 (SAMN18478619), their respective MDRGIs did not 428 

correspond to any defined type. In strain 2017/0180, erm(B) is carried by a plasmid (47,6 kbp contig 429 

length) within a standard resistance genomic island structure found in C. coli p1CFSAN032805 430 

(CP045793.1, 55 kbp length) identified in Spain in 2019 (8) but without any methyltransferase. C. 431 

coli 2018/1149 erm(B) is expressed within a chromosomal MDRGI among duplicate copies of tetO 432 

and ANT(9), similar to the 16SHKX65C erm(B)-positive strain (CP038868.1) reported in 2016 in 433 

China (50). 434 

 435 

Figure 4. Alignment of CRISPR-cas9 operons in erm(N)-positive strains 436 

CRISPR-cas9 regions of each erm(N)-positive isolate were extracted from WGS (displayed order: 437 

2019/0191: SAMN18478591; 2019/2001: SAMN18478607; 2019/0051: SAMN18478589; 438 

2016/0940: SAMN18478616; 2016/2392: SAMN18478617; 2016/0429H: SAMN18478615) between 439 

the cas9 and moeA genes. CRISPR arrays are indicated in orange and yellow boxes for C. coli 440 

palindromic repeat sequences (ATTTTACCATAAAGAAATTTAAAAAGGGACTAAAA and 441 

ATTTTACCATAAAGAAAATTAAAAAGGGACTAACCC, respectively) and boxed numbers for 442 

viral/plasmid spacers. Similar spacers were found in every isolate but in different configurations. 443 

Moreover, sequences for cas9, cas1, cas2, erm(N) and moaE were 100% identical between all 444 

isolates. 445 

 446 
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Figure 5. erm(N) and CRISPR-cas9 PCR from WT and transformant isolates 447 

(1) erm(N)-PCR negative, strain 2019/0231H (SAMN18478624) control, (2) erm(N)-PCR positive 448 

control, strain 2019/0191 (SAMN18478591), (3) erm(N)-PCR positive control, strain 2019/0051 449 

(SAMN18478589), (4) erm(N)-PCR, transformant 2019/0231H/0191 (SAMN18478621), (5) erm(N)-450 

PCR, transformant 2019/0231H/0051 (SAMN18478620), (6) CRISPR-cas9-PCR negative control 451 

(blank), (7) CRISPR-cas9-erm(N)-PCR control, strain 2019/0191, (8) CRISPR-cas9 erm(N)-PCR 452 

control, strain 2019/0051, (9) CRISPR-cas9-PCR, strain 2019/0231H, (10) CRISPR-cas9 PCR strain 453 

2019/0231H/0191, (11) CRISPR-cas9 PCR strain 2019/0231H/0051. 454 

2% agarose gel. 100 bp and 1 kbp ladders on the left and right sides, respectively. 455 

 456 

Figure 6. Region of CRISPR-erm(N) PCR product insertion into erythromycin-sensitive and 457 

CRISPR-cas9-positive C. coli 458 

Aligned CRISPR-erm(N) regions were extracted from WGS data of erm(N)-positive C. coli 459 

2019/0191 (SAMN18478589), WT sensitive strain 2019/0231H (SAMN18478624) and a transformed 460 

isolate (SAMN18478621), and are displayed in lanes #1 for the WT sequence, #2 for the PCR product 461 

used for transformation and #3 for the transformant sequence. Highlighted sequences indicate cas2 in 462 

blue, CRISPR arrays in green, erm(N) in red, moeA in yellow and forward and reverse primers in 463 

purple. For display purposes, the left CRISPR array was cut between 493 and 1000 bp, although fully 464 

identical between the transformed isolate and PCR product. 465 

 466 
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Isolate name Species Patient sex Patient age AMP CIP ERY TET GEB ST CC

2018/0061H 12577 SAMN18478564 C. jejuni F 67 S R R S S 2066 ST-52 chicken

2018/0116 12525 SAMN18478565 C. jejuni M 68 S R R R S 2274 - chicken

2018/0843H 12530 SAMN18478566 C. jejuni M 43 S R R R S - - environment

2018/1793 12535 SAMN18478567 C. jejuni F 74 R R R R S 6461 ST-353 chicken

2018/2533 12541 SAMN18478568 C. jejuni F 51 I R R R S 2328 - chicken

2019/0207 12548 SAMN18478569 C. jejuni M 59 S R R R S 7010 - environment

2019/0511H 12551 SAMN18478570 C. jejuni M 59 S R R R S 6532 ST-42 cattle

2019/0557H 12693 SAMN18478571 C. jejuni M 60 S R R S S 6 - environment

2019/1193 12562 SAMN18478572 C. jejuni M 46 R R R R S 6461 ST-353 chicken

2018/0030H 12523 SAMN18478573 C. coli F 81 R R R R S 872 ST-828 chicken

2018/0065H 12524 SAMN18478574 C. coli M 15 R R R R S 827 ST-828 chicken

2018/0187 12526 SAMN18478575 C. coli M 15 R R R R S 827 ST-828 chicken

2018/0417H 12527 SAMN18478576 C. coli M 47 R R R R S - - chicken

2018/0534H 12528 SAMN18478577 C. coli M 2 R R R R S 2097 ST-828 pig

2018/0590H 12529 SAMN18478578 C. coli F 82 R R R R S 872 ST-828 chicken

2018/0857H 12531 SAMN18478579 C. coli F 66 R R R R S 872 ST-828 chicken

2018/1021H 12533 SAMN18478580 C. coli M 59 R R R R S - - pig

2018/1062 12534 SAMN18478581 C. coli M 10 R R R R S 5380 ST-828 chicken

2018/2008 12536 SAMN18478582 C. coli M 2 R R R R S 872 ST-828 chicken

2018/2034 12537 SAMN18478583 C. coli M 18 R R R R S 860 ST-828 chicken

2018/2141 12538 SAMN18478584 C. coli M 45 R R R R S 872 ST-828 chicken

2018/2195 12539 SAMN18478585 C. coli M 47 R R R R S 1600 ST-828 chicken

2018/2289 12540 SAMN18478586 C. coli F 24 R R R R S - - chicken

2018/2656 12543 SAMN18478587 C. coli F 28 R R R R S 1108 ST-828 pig

2018/2697 12544 SAMN18478588 C. coli F 61 R R R R R 860 ST-828 chicken

2019/0051 12545 SAMN18478589 C. coli F 6 R R R R S - - chicken

2019/0079h 12546 SAMN18478590 C. coli M 16 R R R R S 872 ST-828 chicken

2019/0191 12547 SAMN18478591 C. coli M 4 R R R R R 9840 ST-828 chicken

2019/0242H 12549 SAMN18478592 C. coli F 16 R R R R R 2097 ST-828 pig

2019/0320H 12550 SAMN18478593 C. coli M 25 R R R R S 828 ST-828 pig

2019/0587 12553 SAMN18478594 C. coli M 37 R R R R S 6689 ST-828 chicken

2019/0633 12554 SAMN18478595 C. coli M 57 R R R R S 10048 ST-828 chicken

2019/0648 12555 SAMN18478596 C. coli M 18 R R R R R 860 ST-828 chicken

2019/0716 12556 SAMN18478597 C. coli F 21 R R R R S 9987 ST-828 chicken

2019/0736 12557 SAMN18478598 C. coli M 5 R R R R S 9987 ST-828 chicken

2019/0773 12558 SAMN18478599 C. coli M 57 R R R R R 860 ST-828 chicken

2019/0916h 12559 SAMN18478600 C. coli F 72 R R R R S - - pig

2019/0973H 12561 SAMN18478601 C. coli M 14 R R R R S 9987 ST-828 chicken

2019/1612 12564 SAMN18478602 C. coli F 14 R R R R S 872 ST-828 chicken

2019/1720 12565 SAMN18478603 C. coli F 8 R R R R S 872 ST-828 chicken

2019/1832 12566 SAMN18478604 C. coli F 41 R R R R S 872 ST-828 chicken

2019/1855 12567 SAMN18478605 C. coli F 56 R R R R S 872 ST-828 chicken

2019/1859 12568 SAMN18478606 C. coli M 7 R R R R S 9987 ST-828 chicken

2019/2001 12569 SAMN18478607 C. coli F 14 R R R R R 9840 ST-828 pig

2019/2005 12570 SAMN18478608 C. coli F 87 R R R R S 827 ST-828 chicken

2019/2160 12571 SAMN18478609 C. coli M 18 R R R R S 872 ST-828 chicken

2019/2258 12572 SAMN18478610 C. coli M 59 R R R R S 9987 ST-828 chicken

2019/2475 12573 SAMN18478611 C. coli M 6 R R R R S 872 ST-828 chicken

2019/2562 12574 SAMN18478612 C. coli F 37 R R R R S 872 ST-828 chicken

2019/2832 12575 SAMN18478613 C. coli F 38 R R R R S 872 ST-828 chicken

2019/2879 12576 SAMN18478614 C. coli M 5 R R R R S 872 ST-828 chicken

Antimicrobial susceptibility3

BIGSdb1 NCBI2 Source4

 
Table 1. Campylobacter jejuni and coli strains and genomes used in the study 
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Resistance markers

Species AMP CIP ERY TET GEN

C. coli 30 blaOXA-61 promoter mutation G63T GyrA mutation T86I 23S mutation A2075G tetO -

C. coli 2 blaOXA-61 promoter mutation G63T GyrA mutations T86I and D90N 23S mutation A2075G tetO -

C. coli 2 blaOXA-61 promoter mutation G63T GyrA mutation T86I tetO -

C. coli 1 Sensitive GyrA mutation T86I 23S mutation A2075G tetO -

C. coli 1 blaOXA-61 promoter mutation G63T GyrA mutation T86I tetO -

C. coli 1 GyrA mutation T86I 23S mutation A2075G tetO

C. coli 2 blaOXA-61 promoter mutation G63T GyrA mutation T86I tetO

C. coli 1 blaOXA-61 promoter mutation G63T GyrA mutation T86I 23S mutation A2075G tetO

C. coli 1 blaOXA-61 promoter mutation G63T GyrA mutation T86I 23S mutation A2075G tetO AAC(6')-Ie-APH(2'')-Ia

C. coli 1 blaOXA-61 promoter mutation G63T GyrA mutation T86I erm(B) tetO AAC(6')-Ie-APH(2'')-Ia

C. jejuni 1 blaOXA-61 promoter mutation G63T GyrA mutation T86I 23S mutation A2074C tetO -

C. jejuni 1 blaOXA-61 promoter mutation G63T GyrA mutation T86I 23S mutation A2075G tetO -

C. jejuni 2 - GyrA mutation T86I 23S mutation A2074T tetO -

C. jejuni 2 - GyrA mutation T86I 23S mutation A2075G tetO -

C. jejuni 1 - GyrA mutation T86I 23S mutation A2074C tetO -

C. jejuni 1 - GyrA mutation T86R 23S mutation A2074T - -

C. jejuni 1 - GyrA mutation T86I 23S mutation A2074G - -

n of isolates1

23S mutation A2074G

novel erm erm(N)

Undescribed blaOXA-61 promoter mutations APH(2'')-If , APH(2'')-Ih and AAC(6')-Ie-APH(2'')-Ia

novel erm erm(N) APH(2'')-IIIa and APH(2'')-Ic

APH(2'')-IIIa and APH(2'')-Ic

 

Table 2. Antimicrobial resistance profiles and resistance mechanisms identified by NGS 
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