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Campylobacter jejuni and Campylobacter coli are major food-borne pathogens that cause bacterial gastroenteritis in humans, and poultry is considered as their most important reservoir. Macrolides, such as erythromycin, are the first-line choice for treatment of campylobacteriosis. In this study, of the 143 Campylobacter isolates recovered from poultry in central China during 2015–2017, 25.2% were erythromycin resistant. A2075G substitution in 23S ribosomal RNA (rRNA) and ribosomal methylase encoded by erm(B) were found in 4.2 and 4.9% isolates, respectively, and correlated with erythromycin resistance. The polymorphisms of CmeR-Box were also analyzed in our isolates. Among them, 9.1% isolates harbored a point deletion or insertion within the CmeR-Box, and we first showed that point deletion or insertion, but not substitution, in CmeR-Box led to high expression of cmeABC, which was significantly associated with erythromycin resistance (p < 0.05). These results suggest that point deletion or insertion in CmeR-Box, A2075G substitution in 23S rRNA, and presence of erm(B) are three main factors to erythromycin resistance in C. jejuni and C. coli.
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INTRODUCTION

Campylobacter species, especially Campylobacter jejuni and Campylobacter coli, are major food-borne pathogens that cause bacterial gastroenteritis in humans (Huang et al., 2009; Kaakoush et al., 2015). Campylobacter is widespread in animals, with poultry as the most important reservoir (Kaakoush et al., 2015). Contaminated poultry products are recognized as the main source of human infection (Zhang T. et al., 2016). In view of the high incidence of fluoroquinolone resistance, including in China (Zhang et al., 2017b), macrolides, such as erythromycin, are the first-line choice for treatment of campylobacteriosis (Bolinger and Kathariou, 2017). Although erythromycin has been limited for use in animal production in China in 2000, the incidence of erythromycin resistance in Campylobacter continues to increase (Zhang A. et al., 2016; Du et al., 2018). Therefore, the surveillance of erythromycin-resistant Campylobacter is important not only for animal breeding but also for public health.

Macrolides are antibiotics that act by binding to the bacterial 50S ribosomal subunit to obstruct the ribosomal exit tunnel, resulting in inhibition of protein synthesis in bacteria (Dinos, 2017). The A2075G and A2074C/G substitutions in the 23S ribosomal RNA (rRNA) are the most common mechanism for erythromycin resistance in Campylobacter (Hao et al., 2009; Perez-Boto et al., 2010; Zhao et al., 2016). Recently, the erm(B) gene, which encodes a horizontally transferable ribosomal methylase, was identified in Campylobacter (Qin et al., 2014). erm(B) can dimethylate a single adenine in the 23S rRNA, leading to the inhibition of the binding of macrolides to the 50S subunit of bacterial ribosomes (Qin et al., 2014; Wang et al., 2014). In addition, various native efflux pumps are encoded in bacteria, which provide baseline resistance levels (Trastoy et al., 2018). cmeABC is an important efflux system in C. jejuni and C. coli (Lin et al., 2002), and the inactivation of cmeB results in a significant decrease in the minimum inhibitory concentrations (MICs) of various antibiotics (Ge et al., 2005). CmeR acts as transcriptional repressor by binding to the promoter of cmeABC operon to control its expression (Lin et al., 2005a). Mutations in the regulatory region of cmeABC promoter (CmeR-Box) have been reported to confer fluoroquinolone resistance in Campylobacter (Zhang et al., 2017a; Du et al., 2018), but the effect of these mutations on macrolide resistance has not been investigated.

In this study, to uncover the prevalence and the underlying molecular basis of erythromycin-resistant Campylobacter in central China, resistance analysis was conducted, and the mutations on macrolide targets and the present of erm(B) were screened. In addition, the polymorphisms of CmeR-Box in the promoter of the cmeABC efflux pump were also investigated.



MATERIALS AND METHODS


Ethics Statement

All animal studies were conducted in strict accordance with the animal welfare guidelines of the World Organization for Animal Health. The protocols were approved by the Hubei Provincial Animal Care and Use Committee (approval number SCXK 2015-0021).



Bacterial Isolation

From 2015 to 2017, 143 Campylobacter isolates were collected from chickens or chicken meats in central China (three farms and four markets in Hubei, two farms and three markets in Henan, two farms and two markets in Jiangxi, one farm and two markets in Anhui, and one farm in Hunan), and all the chickens were from commercial broiler flocks. In brief, freshly collected anal and meat swabs were kept into Cary–Blair modified transport media (AMRESCO, United States) and transported to the laboratory for Campylobacter isolation. The samples were resuspended in phosphate-buffered saline (PBS) first, and then inoculated in Bolton broth containing Campylobacter growth supplement (Oxoid, United Kingdom) and Campylobacter Bolton broth selective supplement (Oxoid, United Kingdom) for 24 h at 42°C under microaerobic condition. After inoculation, 100 μl of the culture was spread onto a modified charcoal cefoperazone deoxycholate agar (mCCDA, Oxoid) plate containing Campylobacter CCDA-selective supplement (Zhang A. et al., 2016). The suspected Campylobacter colonies were identified by polymerase chain reaction (PCR) targeting 16S ribosomal DNA (rDNA) and sequencing as described (Weisburg et al., 1991), and the primers were as follows: 27F, 5′-AGAGTTTGATCMTGGCTCAG-3′; 1492R, 5′-TACGGYTACCTTGTTACGACTT-3′. C. jejuni and C. coli were differentiated by hippuric acid hydrolysis test and PCR test targeting C. jejuni-specific hipO gene and C. coli-specific asp gene (Persson and Olsen, 2005; Keller and Shriver, 2014). To generate a microaerobic environment, all the bacterial culture processes were carried out at 42°C in air tight jars containing the AnaeroPack (Mitsubishi, Japan).



Antimicrobial Susceptibility Test

According to the European Committee on Antimicrobial Susceptibility Testing guidelines (EUCAST, 2018), erythromycin resistance was first determined by the disk diffusion method on Mueller–Hinton agar (Oxoid, United Kingdom) using erythromycin disks with 15 μg. After incubation for 40 h at 42°C, the diameters (in mm) of the inhibition zones were measured, and <20 mm (C. jejuni) or <24 mm (C. coli) was determined to be resistant. Then, the MICs of erythromycin-resistant strains were measured by the broth dilution method. In brief, twofold serial dilutions of erythromycin was used at the concentrations of 2–2,048 μg/ml, and 5 × 105 CFU/ml of each isolate was incubated in Mueller–Hinton broth containing serial dilutions of erythromycin under microaerobic condition at 42°C for 24 h. The MICs were determined as the lowest concentration of the agent that completely inhibits visible growth. The antibiotic disks and powder were purchased from Oxoid, United Kingdom. The Escherichia coli ATCC 25922 was used as a quality control strain.



MLST

Multilocus sequence typing (MLST) was carried out in all erythromycin-resistant isolates. In brief, genomic DNA of the Campylobacter isolates was extracted using MiniBEST Universal Genomic DNA Extraction Kit (TaKaRa, Dalian, China) according to the manufacturer’s instructions. MLST analysis was conducted by sequencing seven Campylobacter housekeeping genes (aspA, glnA, gltA, glyA, pgm, tkt, and uncA) as previously described (Dingle et al., 2001). Allele numbers, sequence types (STs) and clonal complexes (CCs) were assigned using the Campylobacter MLST database1. The calculated tree of the erythromycin-resistant isolates was constructed using the SliptsTree 4 version 1.2 based on the ST types.



Detection of erm(B) and Mutations in 23S rRNA and CmeR-Box

The presence of erm(B) was screened by PCR as previously reported (Wang et al., 2014), and the primers used were as follows: ermB-F, 5′-GGGCATTTAACGACGAAACTGG-3′; ermB-R, 5′-CTGTGGTATGGCGGGTAAGT-3′. Polymorphisms present on the amplified fragment of the 23S rRNA and on the promoter of cmeABC operon (CmeR-Box) were investigated using PCR and double-stranded DNA sequencing as previously described (Corcoran et al., 2005; Perez-Boto et al., 2010). The primers for amplifying the fragment of the 23S rRNA and CmeR-Box were as follows: 23S-F, 5′-GCTCGAAGGTTAATTGATG-3′ and 23S-R, 5′-GCTCTTGGCAGAACAAC-3′; Cbox1-F, 5′-GG TTGTTACAGGTTGAGGC-3′ and Cbox1-R, 5′-AGCTTAC GCAAAGGATAATG-3′ for C. jejuni; and Cbox2-F, 5′-GGTT GTTACAGGTTGAGGC-3′ and Cbox2-R, 5′-AGCTTACGCAAAGGATAATG-3′ for C. coli.



Electrophoresis Mobility Shift Assay

Binding of recombinant CmeR protein to the promoters of the cmeABC operon, which contained different CmeR-box sequences, was performed by electrophoresis mobility shift assay (EMSAs) as previously described (Zhang et al., 2012; Grinnage-Pulley and Zhang, 2015). Briefly, the DNA fragments containing CmeR-Box sequences were amplified from genomic DNA of Campylobacter of the Campylobacter isolates. To obtain the CmeR protein, the coding sequence of cmeR was amplified and cloned into vector pET-28a (Novagen, Shanghai, China). Escherichia coli BL21(DE3) was transformed with the recombinant plasmid pET28a-cmeR, and then, the expression was induced by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 18°C for 12 h. The recombinant CmeR protein was purified with Ni–NTA agarose (Bio-Rad, Shanghai, China) under native conditions, according to the manufacturer’s instructions. Binding reactions were carried out in a 20 μl volume containing 0.1 μg promoter DNA and different amounts of purified recombinant CmeR protein (0, 2, 4, and 8 μg), and incubated at room temperature for 30 min. Electrophoresis was carried out with 5% native polyacrylamide gels at 100 V for 1 h. The gels were stained with 1 μg/ml of ethidium bromide. To compare the bonding abilities, the optical densities of bound DNA and free DNA were measured using Clinx Image Analysis software (Clinx Science Instruments Co., Ltd., Shanghai, China). The proportions of bound DNA were calculated according to the optical densities values (0% was “−”; >0 to ≤50% was “+”; >50 to ≤95% was “++”; >95% was “+++”).



Real-Time RT-PCR

To analyze the effect of CmeR-Box polymorphism on the expression of cmeABC, five C. jejuni isolates (QCJ3, JSJ27, XZJ48, WHJ54, and XTJ10) were chosen. The QCJ3 strain contained a wild-type CmeR-Box, the JSJ27 strain contained a point substitution in CmeR-Box, the XZJ48 (ST-7510) and WHJ54 (ST-7512) strains contained the same point deletion in CmeR-Box, and the XTJ10 (ST-7508) strain contained a point insertion in CmeR-Box. None of the isolates contain the erm(B) and/or A2075G substitution in the 23S rRNA. Total RNAs of the selected Campylobacter isolates were isolated as follows: overnight cultured bacteria were diluted 1:100 in fresh Mueller–Hinton broth and then incubated to mid-log phase (OD600 = 0.5) at 42°C under microaerobic condition. Eight micrograms per milliliter (two times of MIC breakpoint by EUCAST, and the breakpoint of erythromycin is 4 μg/ml) of erythromycin was added, and the bacteria were collected at 0, 5, and 120 min post-treatment. Total RNA was isolated and purified using the RNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. Then, the isolated RNA was reverse transcribed to complementary DNA (cDNA), and the expression levels of the cmeA gene were assessed by real-time reverse transcription PCR (RT-PCR) using SYBRGreen detection (TAKARA BIO INC., Dalian, China) in an ABI7500 system (Thermo Fisher Scientific, CA, United States). The primers for cmeA were as follows: qcmeA-F, 5′-CTGACAAGTTTAGCAGGGTA-3′, qcmeA-R, 5′-GCAGCAAAGAAGAAGCACCA-3′. The 16S rRNA and gapdh genes were used as the internal control. The primers were as follows: q16S-F, 5′-TACCTGGGCTTGATATCCTA-3′, q16S-R, 5′-GGACTTAACCCAACATCTCA-3′; qgapdh-F, 5′-AGGCAGTGTTGATAGTGAAGG-3′, qgapdh-R, 5′-CAATTTGTGCGCCGTGTT-3′. The expression level of cmeA before treatment of the strain harboring wild-type CmeR-Box (C. jejuni strain QCJ3) was used as control condition. Each assay was carried out with at least three biological replicates. Differences in relative transcript abundance level were calculated using the 2–ΔΔCT method (Pfaffl, 2001), and ≥2-fold changes were considered as differentially expressed.



Statistical Analysis

The Fisher test was used to identify the correlation between resistance and mutations, and the Student’s t-test was used to compare the expression levels of target genes of different strains. The analysis was carried out by SPSS 19.0. A probability (p) value of <0.05 was considered statistically significant.



RESULTS


Prevalence of Erythromycin-Resistant Campylobacter

A total of 143 Campylobacter strains, including 83 C. jejuni and 60 C. coli isolates, were isolated and tested for erythromycin susceptibility. Among them, 36 (25.2%) Campylobacter isolates were erythromycin resistant, including 25 (30.1%, MIC > 4 mg/l) C. jejuni and 11 (18.3%, MIC > 8 mg/l) C. coli (Figure 1). These results showed high erythromycin resistance rates of C. jejuni and C. coli isolates in our study.
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FIGURE 1. Dendrogram of multilocus sequence typing (MLST) profiles among the 36 erythromycin-resistant Campylobacter isolates. Corresponding minimum inhibitory concentrations (MICs) of erythromycin, erythromycin-resistant genes, mutations found, and the CmeR-Box sequence are listed for each isolate. aUA means unallocated in campylobacters. bThe underline indicates that two of the three copies were mutated. cUnderline means point substitution, “(A)” means point insertion, “–” means point deletion.




Mutations in 23S rRNA of Campylobacter Isolates

Polymorphisms on the 23S rRNA were analyzed in all Campylobacter isolates. As shown in Table 1, Figure 1, and Supplementary Material, point substitutions on 23S rRNA were found in 23 isolates (8 C. jejuni and 15 C. coli isolates). According to published sequences, the Campylobacter genome encodes three copies of 23S rRNA (Sheppard and Maiden, 2015). Except for the isolates that contained A2075G substitution, 16 isolates contained the C2113T (C. jejuni) or T2113C (C. coli) substitution in all three copies of 23S rRNA, while one C. jejuni contained this substitution in two of three copies (double peak and the peak for guanine was two times higher than the peak for adenine), and among them, 7 of the 17 isolates were erythromycin resistant; thus, the correlation was not significant (p > 0.05). The A2075G substitution was observed in 6 (5 C. jejuni and 1 C. coli isolates) of the 23 isolates, and all of them were erythromycin resistant. These results suggested that the A2075G, but not the C2113T or T2113C, substitution in 23S rRNA was responsible for erythromycin resistance in Campylobacter.


TABLE 1. Polymorphisms on the 23S rRNA gene of C. jejuni and C. coli isolates.
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Presence of erm(B) in Campylobacter Isolates

The ribosomal methylase erm(B) gene was found in seven Campylobacter isolates (4.9%), including three C. jejuni and four C. coli. These seven isolates were also erythromycin resistant, and none of them contained an A2075G substitution in 23S rRNA (Figure 1; Wang et al., 2014). Although the incidence of erm(B) was not high, the seven erm(B)-harboring strains were isolated from five different regions.



Polymorphism Analysis of CmeR-Box in Campylobacter Isolates

Polymorphisms of CmeR-Box were analyzed in all isolates, and seven CmeR-Box variants were identified (Figure 1 and Table 2). Among them, 13 (9.1%) isolates contained a point deletion/insertion within the inverted sequences (Figure 2A), and 12 out of 13 were resistant to erythromycin. Among the 12 resistant isolates, 11 did not contain erm(B) or a mutation on 23S rRNA. Statistical analysis showed that the occurrence of point deletion/insertions significantly correlated with erythromycin resistance (p < 0.05), suggesting an important role in the erythromycin resistance phenotype. In contrast, point substitutions in CmeR-Box were found in 41 (49.4%) C. jejuni isolates and 36 (60.0%) C. coli isolates, but among them, only 9 (22.0%) C. jejuni and 9 (25.0%) C. coli isolates were erythromycin resistant, and among the 18 resistant isolates, most of them also harbor mutations in 23S rRNA and/or the erm(B) gene (Figure 1). Statistical analysis showed that nucleotide substitution was not correlated with erythromycin resistance (p > 0.05). Our results suggested that point deletions or insertions, but not nucleotide substitution, in the CmeR-Box was significantly associated with erythromycin resistance.


TABLE 2. CmeR-Box polymorphisms in C. jejuni and C. coli isolates.
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FIGURE 2. cmeA expression levels in Campylobacter isolates with different CmeR-Box sequences. (A) CmeR-Box sequences in the Campylobacter isolates. (B) Binding of CmeR to the variant cmeABC promoter DNA. (C) The expression levels of cmeA gene at 5- and 120-min post-erythromycin treatment in the Campylobacter isolates harboring different CmeR-Box sequences. Each assay was carried out at least in three biological replicates, and the bars mean the standard deviation in each assay.




EMSAs and Expression Analysis of cmeABC

To further understand the effect of point deletion/insertion in the CmeR-Box on erythromycin resistance, the binding of CmeR to the CmeR-Box with a point deletion/insertion was confirmed with the EMSAs. As shown in Figure 2B, the binding of CmeR to CmeR-Box with a point deletion/insertion was significantly decreased, suggesting that the cmeABC operon in these isolates was highly derepressed and associated with erythromycin resistance. Analysis of the expression levels of cmeA at the time point 0 min further confirmed these results (Figure 2C). Although cmeA expression could be induced by the addition of erythromycin in all the isolates, as compared with the isolate without a mutation in the CmeR-Box, higher expression was observed in the isolates harboring a point deletion/insertion before and after erythromycin treatment (p < 0.05). It is worth noting that, in the isolates harboring a point deletion/insertion, cmeA expression was originally high before erythromycin treatment and only increased by approximately twofold at 5 min post-treatment and recovered at 2 h post-treatment. In contrast, in the wild-type isolate and isolate with a point substitution, although cmeA expression was upregulated by more than fourfold at 5 min post-treatment, their expression levels were still lower than in isolates with a point deletion/insertion.



Genetic Diversity Analysis

The genetic diversity of erythromycin-resistant Campylobacter isolates was analyzed with MLST, as previously described (Dingle et al., 2001). As shown in Figure 1, the 36 erythromycin-resistant Campylobacter isolates were distributed along 23 STs and 8 CCs. The dominant CC was CC353, and seven isolates could not be assigned to a CC. Five C. jejuni strains with an A2075G substitution in the 23S rRNA belonged to three CCs (CC607, CC464, and CC52), and one could not be assigned to a CC. Three C. jejuni erm(B)-harboring strains belonged to two different CCs (CC353 and CC21), and one was not assigned. These results suggest a diverse distribution of genotypes in C. jejuni resistant to erythromycin. In contrast, 10 out of 11 erythromycin-resistant C. jejuni with a point deletion in the CmeR-Box were distributed between two STs both belonging to the dominant CC353, suggesting a common ancestor. In C. coli isolates, three erm(B)-harboring isolates shared the same CC (CC828) clustered with an unallocated (UA) strain, suggesting a common ancestor.



DISCUSSION

Campylobacter jejuni and Campylobacter coli are major food-borne pathogens worldwide, and poultry is recognized as the most important reservoir of these pathogens (Crawshaw, 2019; Thomas et al., 2019). Usually, erythromycin is the first-line choice for treatment of campylobacteriosis (Bolinger and Kathariou, 2017). Therefore, to investigate the prevalence and erythromycin resistance mechanisms of C. jejuni and C. coli is not only important for the poultry industry but also for public health.

In our study, 30.1% C. jejuni and 18.3% C. coli isolates were erythromycin resistant. As previously reported, the prevalence of macrolide resistance is common in C. coli but remains low in C. jejuni. For example, data from the National Antimicrobial Resistance Monitoring System (NARMS) report of the U.S. Food and Drug Administration on human clinical isolates and food-producing animal isolates indicated that the resistance rate in C. jejuni was under 4% in 2014 (FDA, 2014). In a previous investigation in China, the global resistance rate of Campylobacter to erythromycin was 18.4%, and among the resistant strains, 97.5% were C. coli and 2.5% were C. jejuni (Zhang A. et al., 2016). However, in this study, high erythromycin resistance rates were found in both C. jejuni and C. coli isolated from central China, which pressed us to further understand the molecular mechanisms of erythromycin resistance in these isolates.

Mutations in 23S rRNA, and single adenine methylation in the 23S rRNA by ribosomal methylase erm(B), are two well-known mechanisms for erythromycin resistance in Campylobacter (Zhao et al., 2016). In this study, A2075G substitution in 23S rRNA and ribosomal methylase encoded by erm(B) were found in 4.2 and 4.9% isolates, respectively, and all of them were erythromycin resistant. As previously reported, the A2075G substitution is one of the most prevalent genetic events conferring high-level resistance to erythromycin (Zhao et al., 2016), as further evidenced by our results. Substitutions at 2113 site were found in our isolates. Based on previous reports and the sequenced reference strains, including C. jejuni NCTC 11168 and C. coli OR12 (Parkhill et al., 2000; Perez-Boto et al., 2010; O’Kane and Connerton, 2017), the dominant nucleotide at 2113 site is “C” in C. jejuni and “T” in C. coli, which were defined as wild type in both species in this study. Correlation analysis showed that this substitution was not correlated with erythromycin resistance (p > 0.05). We infer that this substitution exists extensively in Campylobacter and does not affect erythromycin resistance. Some of the resistant isolates with this substitution could be explained by other resistance factors, such as erm(B) in strains QCJ11, XTJ11, XTJ12, and XTJ13. However, the causes of resistance on the part of isolates are still unknown and require further study.

erm(B)-harboring Campylobacter isolates were first reported in 2014 in China (Qin et al., 2014) and then detected in Spain and the United States (Florez-Cuadrado et al., 2016). In this study, although the incidence of erm(B) was not high, seven erm(B)-harboring strains were isolated from five different regions. Our results suggested that erm(B) might be widespread at the regional distribution in central China.

Drug efflux is another important resistance mechanism conferred by native efflux systems in bacteria. The cmeABC operon, which encodes a drug efflux pump and plays an important role in drug resistance in Campylobacter (Lin et al., 2005a), is negatively regulated by CmeR by binding to a 16-base inverted repeat sequence [CmeR-Box, TGTAATA(or T)TTTATTACA] in the promoter region (Yan et al., 2006). In our isolates, a couple of CmeR-Box variants were identified (Figure 2A and Table 2), including point substitutions and deletion/insertion within the inverted sequences. It is interesting that point deletions/insertions were found in 13 (9.1%) isolates, and 12 out of 13 isolates were resistant, which was correlated to erythromycin resistance (p < 0.05). However, Campylobacter harboring point deletions in CmeR-Box were seldom reported and not well characterized (Abd El-Tawab et al., 2019). In contrast, point substitutions were not correlated to erythromycin resistance (p > 0.05). Substitutions in CmeR-Box have been reported to cause overexpression of cmeABC although not affecting the susceptibility of C. jejuni to most tested antimicrobials including erythromycin (Grinnage-Pulley and Zhang, 2015). It is worth noting that all of the mutations identified in CmeR-Box were point substitutions in that report, so their result was consistent with our finding that there was no correlation between point substitutions in CmeR-Box and erythromycin resistance. In our study, point deletion/insertion in CmeR-Box was identified in C. jejuni isolates, and our results suggested that point deletion or insertion, but not substitution, in CmeR-Box was significantly associated with erythromycin resistance.

To further investigate the effect of point deletion/insertion in CmeR-Box on resistance, the binding of CmeR to the various CmeR-Box and the expressional levels of cmeABC were detected. It is well-known that CmeR can interact with bile salts and transduce this signaling, but little is known about the capacity of antibiotics to induce cmeABC expression (Lin et al., 2005b). In this study, the expression of cmeA was induced after erythromycin treatment. We found that the expression of cmeR, which encodes the repressor of cmeABC, was slightly reduced 5 min post-treatment, and there were no significant difference between these tested isolates (data not shown). We inferred that the upregulated expression of cmeABC after erythromycin treatment was due to the reduced expression of its repressor CmeR. Comparing with the wild-type CmeR-Box and CmeR-Box with point substitution, an obvious decrease in binding ability of CmeR to CmeR-Box with a point deletion/insertion, and subsequent higher overexpression of cmeABC, was showed. These results support why point deletion or insertion, but not substitutions, in CmeR-Box was significantly associated with erythromycin resistance. Functional CmeR is a dimer, and each monomer binds to one half of the inverted repeat of the CmeR-Box (Gu et al., 2007; Lei et al., 2011). We inferred that, although point substitutions reduced the bonding strength of CmeR to CmeR-Box, the bonding strength was still moderate (Figure 2B). Therefore, the expression of cmeABC was only slightly increased (Figure 2B) in these isolates harboring CmeR-Box with point substitutions. The slightly increased expression of cmeABC might result in increased MICs, but the MICs did not reach the breakpoint in these isolates. In contrast, a point deletion/insertion changed the distance between two consecutive binding sequences, leading to an obvious decrease in binding ability and subsequent overexpression of cmeABC (Figure 2), which conferred high level of erythromycin resistance. With regard to that one susceptible isolate carrying point deletion in CmeR-Box, we infer that there might be some unknown mutations, such as the mutations in the cmeABC proteins, which affect its resistant ability. CC-JMJ1 is a specific highly resistant isolate, which does not contain any mutations in CmeR-Box and 23S rRNA, and for erm(B), we infer that it may contain a previously reported resistance-enhancing variant of the efflux pump cmeABC, or due to other unknown mechanisms (Yao et al., 2016).



CONCLUSION

In summary, 25.2% of Campylobacter isolates in central China were erythromycin resistant. The A2075G substitution in 23S rRNA and the presence of erm(B) were identified as two important factors that lead to erythromycin resistance. Furthermore, this is the first study to report that a point deletion/insertion, but not substitution, in CmeR-Box could significantly increase the expression of cmeABC, which plays important roles in erythromycin resistance. These findings will help us to further understand the mechanism of erythromycin resistance in Campylobacter.
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and/or erm(B). P The correlation between resistance and mutations were calculated
with the Fisher test.
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C. jejuni NCTC 11168 (accession number: AL111168.1). PThe mutations were
determined based on the sequence of the reference strain C. coli OR12 (accession
number: CP013733.1) (O’Kane and Connerton, 2017). ¢ The numbers in parenthe-
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