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We conducted a molecular surveillance study for carbapenem-resistant Enterobacteriaceae (CRE) colonization in food-producing animals in China that included primarily swine and poultry for three consecutive years. A total of 2,771 samples from food-producing animals and their surrounding environments were collected from different regions in China from 2015 to 2017. Enrichment cultures supplemented with meropenem were used to isolate carbapenem non-susceptible isolates and these were subsequently identified by MALDI-TOF MS. Resistance phenotypes and genotypes were confirmed using antimicrobial susceptibility testing and molecular biological techniques. Genomic characteristics of the carbapenemase-producing isolates were investigated using whole genome sequencing (WGS) and bioinformatic analysis. In total, 88 NDM-positive Enterobacteriaceae were identified from 2,771 samples and 96.6% were Escherichia coli. The New Delhi metallo-β-lactamase (NDM)-positive E. coli displayed a diversity of sequence types (ST), and ST48 and ST165 were the most prevalent. Three variants of blaNDM (blaNDM-1, blaNDM-4, and blaNDM-5) were detected and WGS indicated that blaNDM-5 predominated and was carried primarily on IncX3 plasmids. All these isolates were also multiply-drug resistant. These results revealed that food-producing animals in China are an important reservoir for NDM-positive E. coli and pose a potential threat to public health.
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INTRODUCTION

Antimicrobial resistance (AMR) is rising to high levels in both human and veterinary health. New threats arising from multidrug-resistant bacteria and the very limited number of antibiotics coming to the market and bring us perilously to the end of antibiotic era where common treatable infections can once again be fatal. The abuse of human antibiotics in food-producing animals as prophylactic agents or growth promoters has become an important contributing factor to increasing AMR (Van et al., 2020). Food-producing animals could serve as reservoir for antibiotic-resistant bacteria that can be transmitted to humans through direct contact or the food chain (Founou et al., 2016; Wang et al., 2017). Therefore, the prevalence of AMR will continue to rise worldwide and become one of the most serious threats to human and animal health.

Among the major multidrug-resistant bacteria, the emergence and dissemination of carbapenem-resistant Enterobacteriaceae (CRE) is identified as one of the most serious threats to human and animal health worldwide (Mariana Huband et al., 2017; Zhang et al., 2017, 2018; Bonomo et al., 2018). Notably, the recent increase in CRE was primarily because of the acquisition of carbapenem hydrolyzing enzymes such as the New Delhi metallo-β-lactamase (NDM; Kumarasamy et al., 2010; Munoz-Price et al., 2013). Since the first report of NDM-1 in a Klebsiella pneumoniae isolated from a patient in 2009, NDM-positive Enterobacteriaceae have been rapidly spreading in hospitals as well as in food-producing animals around the world and especially in China (Yong et al., 2009; Logan and Weinstein, 2017). To date, NDM-positive Enterobacteriaceae have been found on swine, geese farms, cow and chicken in China (Kong et al., 2017a; Köck et al., 2018). The spread of NDM-positive Escherichia coli has been documented among chickens, swallows, farmers, dogs and even flies in a chicken farm (Berrazeg et al., 2014; Logan and Weinstein, 2017; Li et al., 2019).

However, the dissemination of NDM-positive E. coli among food-producing animals in China is currently poorly understood. A large-scale survey of the NDM-positive Enterobacteriaceae covering a large region of China has yet to be performed. In this study, we examined the long-term and large-scale prevalence and molecular epidemiological features of NDM-positive E. coli from livestock animals from northern to southern China for three consecutive years, 2015–2017.



MATERIALS AND METHODS


Sample Collection and Bacterial Isolation

A total of 2,771 samples, including 526 samples in 2015, 812 samples in 2016, and 1,433 samples in 2017 were collected from food-producing animals (fecal samples) on poultry and swine farms and their surrounding environments (Supplementary Table S1). Sixteen provinces that play important roles in the swine and poultry industry from north to south China were randomly selected for sampling. According to the north–south demarcation zone, eight provinces that include Jiangsu, Henan, Heilongjiang, Hebei, Jilin, Ningxia, Jiangsu, Inner Mongolia are situated in the north China while the remainder were located in south China (Figure 1).
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FIGURE 1. Sampling areas and detection rate. (A) Sampling areas for poultry and swine farms in China examined in this study. (B) Detection rate of blaNDM-positive isolates in different provinces. (C) Detection rate of blaNDM-positive isolates in different type of samples.


Environmental samples (sewage and soil) were incubated overnight in Luria Bertani broth without antibiotics. Environmental cultures and diluted feces samples were directly plated on MacConkey agar with 1 mg/l meropenem and incubated at 37°C. Carbapenem non-susceptible isolates were identified using MALDI-TOF MS (Shimadzu Biotech) and 16S rDNA sequencing (Seng et al., 2009; Walsh and Duffy, 2013) Carbapenemase production was examined for all isolates using the Carbapenemase Nordmann-Poirel test (Nordmann et al., 2012b). All the carbapenemase-producing isolates were screened using polymerase chain reaction (PCR) for the presence of blaNDM, blaOXA-48-like, blaVIM, blaKPC, and blaIMP (Poirel et al., 2011). In addition, the entire blaNDM amplicons were sequenced (Sanger) and the 813 bp ORF of blaNDM was typed using BLAST.1



Antimicrobial Susceptibility Testing

The minimal inhibitory concentrations (MIC) of 14 antibiotics (amikacin, gentamicin, meropenem, imipenem, ertapenem, cefoxitin, cefotaxime, ceftazidime, aztreonam, cefoxitin, tetracycline, fosfomycin, trimethoprim/sulfamethoxazole, and florfenicol) for the isolates were determined by agar dilution and interpreted according to the clinical and laboratory standard institute (CLSI) documents M100-S28 and VET01-S2. The breakpoints of tigecycline and colistin for Enterobacteriaceae were interpreted according to the EUCAST criteria (Version 6.0). E. coli American Type Culture Collection (ATCC) 25922 served as a quality control strain for the testing.



Pulsed-Field Gel Electrophoresis (PFGE) Typing, Whole-Genome Sequencing and Conjugation Assay

The genetic relatedness of NDM-positive isolates was investigated using XbaI-PFGE for E. coli. PFGE patterns were analyzed with the Dice coefficient and the unweighted pair group with arithmetic mean clustering method using BioNumerics (Applied Maths, Ghent, Belgium), resulting in PFGE patterns with > 90% similarity between clusters. Based on different resistance phenotypes and genetic relationships, 76 strains were selected for Whole-Genome Sequencing (WGS). Genomic DNA was extracted from isolates using the Genomic DNA Purification Kit (Tiangen, Beijing, China). WGS was performed with the Illumina HiSeq 2,500 system (Novogene Guangzhou, China). Gene annotation and prediction were performed using RAST2 and BLAST. MLST sequence types (ST), plasmid incompatibility (Inc) groups and antibiotic resistance genes (ARGs) were analyzed using software from IS finder3 and the Center for Genomic Epidemiology.4

Streptomycin-resistant E. coli strain C600 was used as the recipient to determine the transferability of the resistance genes. The conjugation assays were performed using the filter mating method and the proportion of donor to recipient bacteria stands 1:1. Transconjugants were selected using MacConkey agar plates containing both 2,000 mg/l streptomycin and 1.0 mg/l meropenem. Selected transconjugants were confirmed by PCR.




RESULTS


Bacterial Isolation and Detection of Carbapenemase Genes

In this study, 654 carbapenem non-susceptible bacteria (≥ 1 mg/l) were recovered from 2,771 fecal and environmental samples that included sewage and soil samples from 16 provinces in China from 2015 to 2017. We identified the presence of the blaNDM gene in 88 isolates. In 2015, the prevalence of NDM-positive Enterobacteriaceae detected in samples was 1.52% (8/526) and the positive samples were primarily from Jiangsu and Guangdong. The prevalence for 2016 was almost identical (1.48%, 12/812). Interestingly, the prevalence increased dramatically to 4.82% (69/1433) in 2017 (Supplementary Table S1). Among all the provinces, blaNDM was the most prevalent in Guangxi. Notably, samples collected from six provinces, including Jilin, Shandong, Ningxia, Chongqing, Guizhou and Hainan did not detected NDM-positive strain (Figure 1). Species identification and WGS analysis indicated that the 88 blaNDM-carrying isolates belonged to three Enterobacteriaceae species, including E. coli (n = 82), K. pneumoniae (n = 5) and Citrobacter freundii (n = 1).



Antimicrobial Susceptibility Testing and Conjugation Assays

Our collection of 88 NDM-positive isolates were found to be resistant to imipenem (MIC 4 to > 64 mg/l), meropenem (MIC 4 to > 64 mg/l) and ertapenem (MIC 16 to > 64 mg/l) as well as concurrently resistant to the other β-lactams cefotaxime, cefoxitin and ceftazidime. Moreover, most were also resistant to trimethoprim/sulfanilamide (96.6%; n = 85; MIC 40 to > 320 mg/l), tetracycline (94.3%; n = 83; MIC 16 to > 256 mg/l), florfenicol (80.6%; n = 71; MIC 16 to > 256 mg/l), ciprofloxacin (72.7%; n = 60; MIC 4 to > 256 mg/l), and gentamicin (59.1%; n = 52; MIC 16 to > 256 mg/l). However, we found relatively a lower prevalence for resistance to aztreonam (45.5%), amikacin (34.1%), Fosfomycin (29.5%), colistin (28.4%) and tigecycline (11.4%). These results showed that NDM-positive isolates displayed reduced susceptibilities to β-lactam antibiotics, but remained susceptible to colistin and tigecycline. Conjugation experiments using these isolates resulted in the transfer of blaNDM-carrying plasmids from 76 isolates (86.5%) to E. coli C600str recipient (Supplementary Table S2).



Phylogenetic Analysis of NDM-Positive Escherichia coli

PFGE was successfully performed on these 77 blaNDM-carrying E. coli and resulted in 74 PFGE patterns. There were four groups of isolates that shared similar PFGE patterns including FS21-4 and FSCK25-1, HB14-1 and HB14-3, JZ33 and JZ41-2; most isolates of each PFGE group were from the same area, while HN68-2 and FCG47-1 were from different provinces and years but shared > 90% similarity in PFGE patterns. The remaining 69 isolates belonged to different phylogenetic groups (Supplementary Figure S1). Based on PFGE profiles, a total of 72 isolates were selected for WGS and this analysis demonstrated that these E. coli isolates had 38 distinct STs. The most prevalent STs were ST48 (10/72; 13.9%), ST165 (6/72; 8.3%) and ST405 (4/72; 5.6%).



Resistance Profiles

Whole genome sequencing analysis revealed that NDM-positive E. coli isolates possessed > 30 distinct ARGs conferring resistance to nearly all currently available antibiotics. Among the other 24 ARG types, 11 ARGs were common with a prevalence > 50% and these included blaTEM (n = 43), aph (n = 64), ant (n = 36), aadA (n = 49), aac (n = 40), cmlA (n = 37), dfrA (n = 68), sul (n = 65), tet (n = 65), mdf (n = 72), and flor (n = 53). These genes conferred resistance to seven classes of antibiotics; β-lactams, sulphonamides, quinolones, tetracyclines, chloramphenicol, aminoglycosides and macrolides. Notably, gene mcr-1 mediating resistance to the last-resort antibiotic colistin (Poirel et al., 2017; Li et al., 2020) was detected in 19 NDM-positive E. coli isolates. Additional analysis of plasmid sequences indicated that 72 NDM-positive E. coli isolates in this study carried 14 types of Inc. plasmids. IncX3 predominated and IncFIB (65.3%, 47/72) and IncFII (34.7%, 25/72) were also highly represented (Figure 2).
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FIGURE 2. MLST, Resistance Phenotype, ARG and plasmid replicons of 72 NDM-positive Escherichia coli isolates from food-producing animals in China. The heatmap was generated after aligning the contigs of sequenced genomes of each strain to MLST, Resfinder and PlasmidFinder. ARGs and plasmid Inc. types are indicated by yellow and blue squares, respectively. AMK, amikacin; GEN, gentamicin; MEM, meropenem; IMP, imipenem; ERT, ertapenem; CTX, cefotaxime; CAZ, ceftazidime; FOX, cefoxitin; ATM, aztreonam; FOS, fosfomycin; CS, colistin; TET, tetracycline; TGC, tigecycline; CIP, ciprofloxacin; SXT, sulfamethoxazole-trimethoprim. FFC, florfenicol.




Genetic Environments of blaNDM

A sequence comparison analysis revealed that all 64 IncX3 plasmids were similar to a blaNDM-5-carrying IncX3 plasmid pNDM-MGR194 (Acc. No. NC_022740) from a K. pneumoniae isolate. These 64 plasmids shared an identical and conserved IncX3 backbone, and their inserted blaNDM sites were all near the umuD gene. Differences between these plasmids were primarily contained within the blaNDM-5 region between the parA and IS3000 genes. The diversity within this region was used to separate these 64 plasmids into four groups (Types A–D). Type A plasmids (n = 47) shared the highest similarity with the reference plasmid. Types B (n = 5), C (n = 11), and D (n = 1) omitted IS5, ΔISAba125 and ΔISAba125-IS3000-ΔTn2, respectively (Figure 3A). In the Type B group, blaNDM was located in the structure IS26-tat-trpF-bleMBL-blaNDM-ISAba125-IS3000-ΔTn2. The structure was inserted into the plasmid pEC14-35 (Acc. No. NC_019083) and therefore formed the genetic environments of blaNDM for Type B. Type A most likely was formed by IS5 insertion into the region between blaNDM and ISAba125. Types C and D emerged after losing ISAba125 and ISAba125-IS3000-ΔTn2 most likely due to homologous recombination (Figure 3B).
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FIGURE 3. Genetic environments for blaNDM. (A) Comparison of blaNDM-5-carrying IncX3 plasmids with reference sequence pNDM-MGR194. (B) Four different genetic environments on the IncX3 plasmid harboring blaNDM. (C) Linear sequence comparison of pHB141-NDM4 and pHNTH02-1.


In addition, the genetic environments of a blaNDM-4-bearing IncA/C plasmid (pHB141-NDM4) demonstrated that the ARGs sul1, aadA2 and dfrA12 were packaged in Class I integrons located within the structure of ISAba125-blaNDM-4-bleMBL-trpF-tat-ΔcutA. There were also a series of genes mediating Hg resistance downstream of blaNDM-4. Two IS26 elements flanking the aphA1 gene were also downstream of blaNDM-4. A sequence comparison analysis revealed that all the 64 IncX3 plasmids were similar to a blaNDM-9-carrying IncK2 plasmid pHNTH02-1 from E. coli in China (Acc. No. NZ_MG196294). The reference sequence featured a composite transferable structure of IS26-ΔISAba125-blaNDM-bleMBL-trpF-tat-ΔcutA-ISCR1-sul1-aad2-gcuF-dfrA12-intI1-IS26, with two inverted repeat sequences ΔTn1721 and ΔTn5393 (Figure 3C).




DISCUSSION

The presence of NDM-positive Enterobacteriaceae in livestock animals is of concern because this may facilitate expansion of the gene pool from which pathogenic bacteria can acquire ARGs and consumers may subsequently be exposed via the food chain (Woodford et al., 2014; Mollenkopf et al., 2017). For this reason, we conducted a long-term and large-scale characterization of the prevalence and genetic relationships between NDM-positive bacteria from livestock animals in China from 2015 to 2017. Since its first report in British, blaNDM-5 has been detected in clinical isolates from Europe, Asia, South America, the United States of America and Australia (Nakano et al., 2014; Wailan et al., 2015; Baek et al., 2019; López-Hernández et al., 2020; Ramadan et al., 2020; Costa et al., 2021). Notably, the prevalence of blaNDM-5 isolates from food-producing animals has been sporadic in aboard (Ghatak et al., 2013), although there are more relevant reports in China (Yang et al., 2016; Kong et al., 2017a; Yao et al., 2020; Zhao et al., 2021; Lv et al., 2022). In the current study, our results revealed a wide contamination of NDM-positive Enterobacteriaceae in ten different provinces. In particular, the prevalence of blaNDM-carrying Enterobacteriaceae in swine and poultry in Guangxi province (10.3%, 32/312) was much higher than for 2017 and suggested that food-producing animals in Guangxi province have been severely contaminated by carbapenem-resistant Enterobacteriaceae. Fortunately, three northern provinces Jilin, Ningxia and Shandong, and three southern provinces Chongqing, Guizhou and Hainan had not been contaminated by NDM-positive Enterobacteriaceae over our 3-year study period.

While carbapenem use is prohibited in swine and poultry production chains, different Enterobacteriaceae species and various blaNDM variants have been found on livestock farms (Zhai et al., 2020; Wang et al., 2021). In the current study, we identified 88 NDM-positive isolates belonging to three Enterobacteriaceae species including E. coli, K. pneumoniae and C. freundii. For the NDM-positive E. coli isolates, the predominant variant of blaNDM was blaNDM-5. There are to date seven blaNDM variants (blaNDM-1, blaNDM-4, blaNDM-5, blaNDM-7, blaNDM-9, blaNDM-17, and blaNDM-20) that have been detected in food-producing animals in China and blaNDM-5 was the most prevalent and was found in poultry, swine, geese and ducks (Liu et al., 2017, 2018; Pruthvishree et al., 2017; Cen et al., 2021; Wang et al., 2021). Furthermore, our PFGE analysis illustrated that the genetic background of NDM-positive E. coli varied considerably across the country although there were a small number of closely related strains in the same regions. Therefore, clonal spread was not the primary mode of blaNDM gene transmission and was consistent with the results of previous studies (Mantilla-Calderon et al., 2016; Zhang et al., 2018). Our WGS results also demonstrated that these E. coli isolates had 38 distinct STs and could be distinguished by their geographical distribution. For instance, ST48, ST165 and ST405 were more prevalent than the others. ST48 E. coli isolates have been linked to blaNDM spread in livestock farms and in retail meat in China (Liu et al., 2019; Zhang et al., 2019b).

IncX3 plasmids have been identified as the primary vectors for the horizontal transfer of blaNDM-5 on farms (Ho et al., 2018; Williams et al., 2018) and our study further confirms this. IncX3 plasmids normally encode a type IV secretion system (pilX1-11) that allows the exchange of genetic material within bacteria. IncX3 plasmids are also highly conjugatable and stable and exert no fitness costs on their bacterial hosts (Zhai et al., 2020). This characteristic may explain why NDM-positive bacteria still have been found in these settings even though carbapenem use is prohibited on livestock farms. In addition to the IncX3 plasmids, IncFIB and IncFII were also highly represented. IncFIB plasmids have been frequently detected in E. coli and has already been described as an ESBL gene carrier (Zhang et al., 2019a). IncFII plasmids are important in ARGs spread and are also the primary mcr-1 vector for E. coli (Xavier et al., 2016; Sugawara et al., 2019). Therefore, the three types of plasmids discussed above may serve as an important vehicles for the spread of ARGs among animals and humans.



CONCLUSION

In this study we identified 88 NDM-positive isolates from animal farms and their surrounding environments in China. Notably, this is a large-scale survey of CRE covering a large region of China over three consecutive years. Phylogenetic analysis indicated considerable diversity for this population of CRE isolates taken from livestock farms. WGS analysis further determined that blaNDM-5 coexisted with other ARGs and also demonstrated a great diversity in the plasmid population; the latter provides important epidemiological information for the global dissemination of blaNDM-5. These results indicated that continuous monitoring of NDM-positive E. coli in livestock farms and their surrounding environments is required to ensure public health safety.
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