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Non-typhoidal salmonella (TS) remains a significant health burden worldwide. In Vietnam, pork accounts for 70% of the total meat consumed, and contamination with Salmonella is high. High levels of antimicrobial resistance (AMR) have emerged among porcine NTS and of particular concern is the emergence of colistin resistance, a “last defense” antibioic against multi-drug resistant (MDR) Gram-negative pathogens. This study aimed to investigate the antibiotic susceptibility of 69 NTS isolates collected from the pork retail outlets and slaughterhouses in Vietnam during 2014 a nd 2018/19. Phenotypic testing and whole genome sequencing was used to assess the serotype and AMR gene profiles of the 69 NTS isolates. Seventeen different serotypes were identified, of which S. enterica subsp enterica serotype Typhimurium was the most common followed by S. ser. Rissen, S. ser. London, S. ser. Anatum, and S. ser. Derby. Phenotype AMR was common with 41 (59.4%) isolates deemed MDR. MDR strains were most common in slaughterhouses (83%) and supermarkets (75%) and lowest in traditional markets (38%) and convenience stores (40%). Colistin resistance was identified in 18 strains (15 resistant, three intermediate) with mcr-1 identified in seven isolates (S. ser. Meleagridis, S. Rissen, S. Derby) and mcr-3 in two isolates (S. Typhimurium). This includes the first mcr positive S. Meleagridis to our knowledge. Surprisingly, boutique stores had high levels (60%) of MDR isolates including 5/20 isolates with mcr-1. This study demonstrates that pork from modern retail stores classed as supermarkets or boutique (with pork claiming to be high quality, traceable, environmentally friendly marketed toward higher income consumers) still contained NTS with high levels of AMR.
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INTRODUCTION

Diarrhoeal disease remains a significant health burden worldwide causing approximately 45.5 million disability adjusted life years (DALYs) and an estimated 500,000 deaths in children under 5 years of age in 2019 (1). Non-typhoidal salmonella (NTS) is one of the key etiological agents of diarrhoeal disease, along with Escherichia coli, Campylobacter, and Norovirus (2), and results in an estimated 93.8 million cases of gastroenteritis and 155,000 associated deaths per annum (3).

Salmonella are Gram-negative bacteria of the family Enterobacteriaceae. Within two species, S. bongori and S. enterica, over 2500 different serotypes or serovars have been identified to date. S. enterica subsp. enterica contains 99% of serotypes responsible for human and animal infections (4). Over 95% of NTS infections are due to foodborne transmission (5), and the infection usually manifests as self-limiting gastroenteritis that does not require antimicrobial treatment. However, infection can also result in invasive disease, when the bacteria crosses the intestinal barrier into the bloodstream (6). The mortality rates of invasive disease is high and, thus, antimicrobial therapy is required (6). Recommended antimicrobial therapy regimens to treat invasive NTS infections are reviewed in (7).

Antimicrobial resistance (AMR) within NTS is now widespread, significantly contributing toward the public health burden [reviewed in (7)]. One contributing factor of emerging AMR has been antimicrobial use (AMU) for therapy, metaphylaxis, prophylaxis, and growth promotion in the animal production industry (8). Antimicrobials such as tetracycline, penicillins, and macrolides have been used as livestock growth promoters and prophylaxis since the 1950s (9). High proportions of NTS isolates from humans have shown resistance to antimicrobials that are linked to agricultural use, such as sulphonamides (32.8%), tetracyclines (30.2%), and ampicillin (27.5%) (10). In Europe by 2017, despite a ban on growth promotion, multi-drug resistance (MDR) among NTS isolates was high overall in clinical, fattening pigs and calves (28%) and was most common among S. enterica subsp. enterica serotype Typhimurium (11). Monitoring of S. Typhimurium from the food chain between 1996 and 2016 in China identified that 63% of over 11,000 isolates demonstrated resistance to at least four antibiotics including ampicillin, streptomycin, sulphonamides, and tetracycline (12). The percentage of multi-drug resistance in animals specifically was demonstrated to have increased between 2008 and 2016 (12). A systematic review of NTS in China identified an increasing prevalence of NTS in pork over time with high rates of tetracycline (0.68, CI 0.59–0.77), ampicillin (0.43, CI 0.34–0.53), streptomycin (0.42, CI 0.29–0.56), and sulfamethoxazole (0.42, CI 0.25–0.60) resistance (13). MDR has been associated with multiple serotypes such as Agona, Anatum, Dublin, Derby, Indiana, and Typhimurium (14–16).

Colistin, or polymyxin E, is a bactericidal antibiotic of the polymyxin family that targets the lipopolysaccharide (LPS) of the bacterial cell wall. It is primarily used as a last-resort drug against infections caused by MDR gram-negative bacteria (17). Resistance to colistin can occur as a result of mutations in chromosomal genes that alter molecular mechanisms associated with LPS [reviewed in (18)]. The most common modifications associated with resistance are commonly attributed to mutations in genes associated with the two component systems (TCS) phoP/phoQ and pmrA/pmrB (19) and genes directly involved in the biosynthesis of lipid A [lpxA, lpxC, and lpxD (20)]. Resistance can also occur through the acquisition of transposable genetic elements carrying mobilized colistin resistance (mcr) genes which modify lipid A (21). To date, at least ten mcr genes have been identified that are associated with a resistant phenotype [reviewed in (22)]. While mcr genes are typically found on plasmids, there have been reports of chromosomally encoded mcr-1 and mcr-3 in Enterobacteriaceae (23, 24). The most prevalent mcr-carrying species include E. coli, S. enterica, and K. pneumonia (25). Since discovery, mcr genes have been identified in at least 47 countries across six continents: Asia, Europe, North and South America, Africa, and Oceania (26). The earliest mcr positive bacterial strain, isolated from a human in Vietnam, was a mcr-1 positive Shigella sonnei, isolated from a hospitalized child in Ho Chi Minh city in Vietnam in 2008 (27). In 2018, a study of mcr-1 carrying isolates from 31 countries reported the largest number of positive isolates in China (46%), Vietnam (13%), and Germany (5%) (28).

Vietnam is a rapidly developing country with a population of 95.5 million. In recent years the country has seen a rapid economic transition and accelerated urbanization. However, Vietnam is receiving increasing interest due to the high burden of infectious disease and levels of AMR. Pork accounts for over 70% of total meat consumed in Vietnam and is estimated at nearly 24.7 kg/capita/year (29). As it is mainly produced by small farm holders and sold at traditional markets, the pig production sector provides a livelihood for 4.13 million farmers (29). NTS is an important cause of pediatric gastroenteritis in Vietnam and has been reported as the most prevalent pathogen in children hospitalized with diarrhea (30). This is unsurprising considering the high contamination rates on farms and on livestock products. Farm-level NTS prevalence of 64.7%, 94.3%, and 91.3% has been reported for chicken, duck, and pig, respectively (31). Furthermore, high AMR levels have been reported in NTS in retail meats, with the most prevalent resistance to tetracycline (58.5%), sulphonamides (58.1%), streptomycin (47.3%), ampicillin (39.8%), chloramphenicol (37.3%), and trimethoprim (34.0%) (32). Until recently, antimicrobial use for agriculture was widespread in Vietnam, and antimicrobials were a component of many animal feeds (33). In 2016, 55.4% and 42.2% of commercial pig and chicken feeds, respectively, contained at least one antimicrobial (34). Pig feeds were reported to contain antimicrobials considered of critical and high importance by the World Health Organization (WHO), such as chlortetracycline (23.9%), colistin (12.1%), amoxicillin (1.1%), and neomycin (0.9%) (34).

The presence of Salmonella in the pork production chain poses a serious public health risk. It has been suggested that the risk of NTS infection is increasing because of poorer hygiene and contamination control practices during the production process (35). To combat this issue, the Vietnamese government introduced a National Action Plan to monitor AMR in 2017 and a Law on Animal Husbandry in 2018 that aimed to eliminate antimicrobial use in animal feeds by 2020 (36). In 2016, the Vietnamese Ministry of Agriculture and Rural Development registered 69 shops as part of the “Green outlets – safe farm products program,” in an effort to address public concerns about food safety and provide products that meet safety requirements. These boutique stores sell pork claiming to be traceable, environmentally friendly, and of high quality, marketed toward high- and middle-income consumers. Since then, the number of boutique stores has been further increased across the country with some concentration across urban centers.

Two studies, PigRISK and SafePORK, have been funded by the Australian Center for International Agricultural Research to help improve food safety in Vietnam. The PigRISK project was conducted from 2012 to 2017 with the main objective to assess food safety risk and disease burden for pork consumers in smallholder pig value chains in Vietnam (37). In this study based in the Vietnam provinces of Hung Yen and Nghe An, pig products and environmental samples were collected from farms, slaughterhouses, and traditional markets. The SafePORK project is an ongoing project (2017–2022) which seeks to reduce the burden of food-borne illnesses in Vietnam highlighted by the PigRISK project (38, 39). The SafePORK project included determination of NTS prevalence in Vietnamese retail, including modern retail such as supermarkets, convenience stores, and boutique stores in Hanoi (38). Supermarkets were defined as large stores which sell foods and household goods; convenience stores are defined as small retail shops which sell everyday items including groceries, toiletries, and soft drinks; and boutique stores promote the so-called “safe agricultural products” including pork (40). SafePORK aims to contribute to the development of a One Health food safety programme in Vietnam and has highlighted the importance of cost-effective food safety practices along the pork production chain. It has suggested that greater regulation and surveillance around food safety procedures, as well as an increased budget for food safety interventions, is needed to improve food safety in Vietnam (41).

This study describes the use of whole genome sequencing (WGS) and bioinformatic analysis of 69 NTS isolates from the PigRISK (2014/15) and SafePORK (2018/19) studies. The isolates represent the pig slaughterhouses and pork retail (traditional markets, convenience stores, supermarkets, and boutique stores) and compares antibiotic susceptibility testing (AST) data across retail outlets. We performed phylogenetic analysis to correlate and confirm serotype predictions. The aim of the study was to investigate whether changes in meat retail from markets to modern specialist outlets have resulted in NTS serotypes with lower levels of AMR. We identified that despite the improved food security associated with modern retail, NTS from these locations had high levels of AMR including NTS containing resistance to a drug of last resort, colistin.



MATERIALS AND METHODS


Study Design

The NTS strains in this study were kindly provided from the PigRISK and SafePORK collections. The PigRISK study identified NTS in 435/1275 samples (33.9%): 68/216 (31.5%) from farms, 182/545 (33.4%) slaughterhouses, and 185/514 (35.4%) traditional markets between April 2014 and February 2015. A total of 293/435 NTS had serotyping data which identified 30 serotypes. The most common PigRISK serotypes were S. Typhimurium (109, 37.2%), S. Derby (52, 17.7%), S. London (31, 10.6%), S. Rissen (15, 5.1%), S. Anatum (12, 4.1%), S. Weltevreden (9, 3.1%), S. Stanley (7, 2.4%), S. Enteritidis (5, 1.7%) and Unknown (15, 5.1%). Nineteen PigRISK isolates were selected to represent slaughterhouses (6 isolates) and traditional markets (13) and common serotypes: S. Typhimurium (9), S. Derby (1), S. London (1), S. Rissen (1), S. Weltevreden (1), S. Stanley (1), S. Enteritidis (3), and Unknown (2) (Supplementary Table 1).

SafePORK identified NTS from 404/705 (57.3%) samples including 167/328 (50.9%) from modern retail samples. SafePORK isolates were not serotyped prior to this study, therefore 50 isolates were selected that represented boutique shops (20 from 47 isolates, supermarkets (21/59), and convenience stores (9/61) (Supplementary Table 1). The boutique stores isolates included an in-depth study of Hai Ba Trung (10 isolates) district plus representatives from Ba Dinh 3, Dong Da 2, and Ha Dong 5. An in-depth study of convenience stores and supermarket isolates was from the Cau Giay district of Hanoi due to greatest incidence of NTS in these retail outlets.



Isolation and Identification of Strains

Salmonella isolation and serotyping were carried out following ISO-6579, 2017 as described previously and stored at −30°C in cryovials containing brain heart infusion and 10% glycerol (42). Isolates were resurrected on selective IRIS Salmonella agar (Biokar, France) at 37°C for 24 h and sub-cultured onto XLD agar (Merck, Germany) for 24 h at 37°C. Confirmatory serotyping was performed following the Kauffman and White scheme using both polyvalent and monovalent O and H antiserum (Biorad, Germany).



Phenotypic Antimicrobial Susceptibility Assay

Selected Salmonella strains were tested for antibiotic susceptibility following the Kirby–Bauer disc diffusion test and the recommendations of the Clinical and Laboratory Standards Institute (CLSI) (43). Antibiotics were used as follows: ampicillin (AMP, 10 μg), gentamycin (GEN, 10 μg), trimethoprim (TMP, 5 μg), tetracycline (TET, 30 μg), nalidixic acid (NAL, 30 μg), ciprofloxacin (CIP, 5 μg), ceftriaxone (CRO, 30 μg), cefotaxime (CTX, 30 μg), piperacillin (PRL, 30 μg), nitrofurantoin (NIT, 100 μg), and chloramphenicol (CHL, 30 μg) (Oxoid, Basingstoke, UK). The interpretation of inhibition zones was performed according to European Committee on Antimicrobial Susceptibility Testing (EUCAST, breakpoint table v11.0) (44) and Clinical & Laboratory Standards Institute (CLSI) (43). In addition, micro-broth dilution assay was performed to identify colistin (COL) resistance. A series of dilutions of colistin sulfate (Sigma Aldrich, St Louis, MO, USA), from 32 μg/mL to 0.25 μg/mL, was used following manufacturer instruction. E. coli ATCC 25922 was used as a quality control strain.



Whole Genome Sequencing and Bioinformatic Analysis

Total genomic DNA was extracted using the Wizard genomic DNA extraction kit (Promega, USA) and quantified using the Qubit dsDNA BR assay kit (Invitrogen, USA). The Nextera XT library (2 x 301 bp) prep kit (Illumina, USA) and the Nextera DNA Flex library (2 x 151 bp) prep kit (Illumina, USA) were used to prepare the sequence libraries as per manufacturer's protocol. The samples were sequenced on a MiSeq System (Illumina, USA) as per the recommended protocol. Raw sequence data was quality controlled using Trimmomatic v0.38 (45) with the following specifications; Leading: 3, Trailing: 3, SlidingWindow: 4:20, and Minimum length: 36. Quality control (QC) checks were performed using FastQC v0.11.8 (46). Fastq reads were mapped against reference sequences using BWA MEM with default settings (47) and viewed in Artemis and ACT (48, 49). De novo sequence assemblies were performed using Spades v3.13 (50) with default settings, a coverage cut-off of 20, and k-mer lengths of 21, 33, 55, 77, 99, and 111. Draft genome multi-fasta files were evaluated using Quast assessment tool v5.0.2 (51). Three SafePORK isolates with assemblies which had a total base pair (bp) +/- 15% of 4.7Mbp were removed from analysis. Contigs were ordered against a S. Typhimurium str. LT2 (accession AE006468) using ABACAS v1.3.1 using -dmbc settings (52). The resulting assemblies were polished using Pilon v1.22 with default settings (53) and annotation using Prokka v1.13 in gram negative mode (54).

The assembled contigs were screened for AMR genes using ABRicate (55) v1.0.1 and CARD (56), and NCBI AMRFinderPlus (57) databases, and combined. Putative plasmid replicons were identified using the ABRicate with the PlasmidFinder database (58). Colistin sensitive genotypes were obtained from S. Typhimurium strain LT2 (lpxA, lpxC, lpxD, phoP/phoQ) (59) and S. Typhi CT18 (pmrA/pmrB) (60). MLST profiles were determined using the software package MLST v2.16.1 from the draft assemblies (61). SeqSero v1.0.1 (62) was used to predict serotype using both paired-end fastq and draft assembly genome data. The BSR-Based Allele Calling Algorithm (chewBBACA) (63) and predetermined Salmonella schema were used to generate cgMLST profiles and paralog removal using alleles present in 95% of reference and Vietnamese isolate genomes. Allele profile data was used to generate a MSTree in Grapetree using wgMLST and default settings (64). Heatmaps were generated using the Morpheus website (https://clue.io/morpheus) with hierarchical clustering using Euclidean distance using average linkage method.




RESULTS


Whole Genome Sequencing

All 69 isolates were fully sequenced (Table 1, Supplementary Table 2). The average draft genome size was ~4.845 Mbp with an average GC content of 51.98% (Table 1), consistent with the S. Typhimurium chromosome (59). The average number of coding sequences (CDS) was 4,695 with an average of 11 rRNA and 82 tRNA per genome (Table 1).


Table 1. Summary statistics for genome assemblies and annotation.
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In silico Serotyping

SeqSero has been demonstrated previously to accurately predict Salmonella serotypes with congruence of 81 (65) and 84% (66) compared to phenotypic testing. When taking into account ambiguous antigenic formulas which are shared by more than one serotype, accuracy was 98% (66). SeqSero was tested against 117 curated high-quality reference genomes (67) and correctly predicted 115/117 (98.3%) isolates (Supplementary Table 3).

The majority of PigRISK isolates (17/19) had been previously serotyped using the traditional Kauffman and White method (68) and correlated with the SeqSero prediction (Supplementary Table 1). The unknown 2/19 isolates (PS121 & PS258) serotypes were predicted to be S. London and S. Weltevreden respectively (Supplementary Table 1).

The SafePORK study serotypes were unknown prior to strain selection (Supplementary Table 1). Convenience stores NTS in silico analysis identified 6 serotypes (from nine strains) including S. ser. Newport (3/9) and S. Rissen (2/9) (Figure 1, Supplementary Table 1). Supermarket NTS predicted 10 serotypes (from 21 strains) including S. London (4/21) and S. Typhimurium (4/21) and S. Anatum (4/21) (Figure 1, Supplementary Table 1). Boutique stores NTS predicted 11 serotypes from 20 strains including 5/20 S. Rissen, 3/20 S. Bareilly, and 3/20 S. Derby (Figure 1, Supplementary Table 1). Boutique stores strains serotypes were subsequently confirmed phenotypically (Supplementary Table 1). Seventeen serotypes were determined and/or predicted across 69 NTS. No serotype was identified in all five sampling area categories although S. anatum was only found in modern retail (supermarkets, convenience stores, and boutique stores) and S. Rissen in all retail store categories but not slaughterhouses (Figure 1).


[image: Figure 1]
FIGURE 1. Breakdown of non-typhoidal salmonella (NTS) serotypes. Each vertical bar represents serotype with multi-locus sequence type(s) given in brackets. NTS serotypes by isolation location; red, slaughterhouse; orange, market; yellow, supermarket; light blue, convenience store; dark blue, boutique store. SafePORK serotype in silico predicted, PigRISK phenotypically serotyped and corroborated by in silico analysis. Corvallis, Corvallis or Chailey; Goldcoast, S. Goldcoast or S. Brikama; Javiana, II 9,12:l,z28:1,5 or S. Javiana, Typhimurium includes S. Typhimurium and potential monophasic variant of S. Typhimurium. ST34 includes SL406 a single SNP variant in purE of ST34.


Overall, S. Typhimurium was the predominant serotype, accounting for 14/69 (20.3%) of isolates (Figure 1). S. Typhimurium comprised of three multi-locus sequence types (ST): ST19 (6/13), ST36 (2/13), and ST34 (4/13 + 1/13 SLV/STNew) (Figure 1, Supplementary Table 1). S. Typhimurium SL406 had a novel single SNP variant of ST34 purE allele potentially generating a novel allele and ST. S. Newport was linked to two STs: ST46 and ST31. ST46 and ST31 only share 2 alleles: purE-15 and thrA-12. All other serotypes were associated with a single ST (Figure 1, Supplementary Table 1).



Core Genome MLST

To put the Vietnamese isolates into context, cgMLST alleles were produced using a chewBBACA Salmonella predetermined schema for the 117 curated reference genomes plus the Vietnamese isolates. The cgMLST schema used 3190/8558 of the whole genome MLST (wgMLST) alleles based on 95% allele prevalence and removal of 182 paralogs. All isolates clustered according to ST (Figure 2A), which were proxy for serotypes, and the Vietnamese isolates were distributed throughout the tree (Figure 2B).


[image: Figure 2]
FIGURE 2. A minimal spanning tree based on core genome multi-locus sequencing type (cgMLST). A cgMLST schema was produced using a chewBBACA salmonella predetermined schema. The schema was used to call alleles in 117 reference and 69 Vietnamese isolates and a MSTree produced. (A) MSTree colored by MLST sequence type (ST) with number of isolates in square brackets, (B) MSTree colored by value chain location of isolates.


Within the S. Typhimurium isolates, the Vietnamese ST34 isolates formed a distinct cluster adjacent to the Vietnamese ST19 isolates. The Vietnamese S. Typhimurium ST19/ST34 isolates formed a separate cluster but adjacent to the reference ST19 isolates, suggesting a local variation in these isolates or reflecting difference between draft and completed genomes. The two Vietnamese ST36 isolates were deep rooted to the S. Typhimurium clade with the nearest reference isolate S. Typhimurium DT2 (ST128).

The S. Newport isolates formed three linked but distinct clusters defined by a single ST: ST31, ST46, and ST45. There was no reference ST46, however the three Vietnamese ST46 isolates were identical by cgMLST. The single Vietnamese ST31 was highly similar to reference CDC 2010K-2159, identified as a ST31. Eight reference ST45 S. Newport formed a cluster with S. Newport CVM N18486, a purE novel variant of ST45. S. Newport CVM 21554, a novel aroC variant of ST45, was the nearest neighbor to the ST45 cluster.



Phenotypic Antimicrobial Resistance

The phenotypic disk diffusion/dilution results demonstrated that over half of the isolates were resistant or intermediately resistant to ampicillin (48, 69.6%), tetracycline (42, 60.9%), chloramphenicol (39, 56.5%), and trimethoprim (41, 59.4%) (Table 2, Figure 3, Supplementary Table 4). High prevalence of resistance was also seen against piperacillin (22, 31.8%), ciprofloxacin (30, 43.5%), and nalidixic acid (17, 24.6%) (Table 2, Supplementary Table 4). Resistant or intermediately resistant to third-generation cephalosporins, cefotaxime, and ceftriaxone was also high at 20.3 and 15.9%, respectively. Additionally, eighteen isolates (26.1%) were resistant to colistin (Table 2, Supplementary Table 4). MDR, defined as resistant to at least one antimicrobial from ≥3 different antimicrobial classes, was present in 41 (59.4%) isolates from twelve serotypes. All MDR isolates were resistant or intermediately resistant to ampicillin and/or piperacillin. All seven S. London (ST155) isolates were MDR (resistant to ampicillin/piperacillin, trimethoprim, and at least one other antimicrobial class) (Figure 4). The majority of S. Typhimurium isolates (9/13, 69.2%) were MDR (4/6 ST19, 4/6 ST34, 2/2 ST36, and SL406/ST34 variant) and were resistant or intermediately resistant to ampicillin/piperacillin and at least three other antimicrobial classes (Figure 4, Supplementary Table 4). Three S. Weltevreden (PS403, SP35, BD03-005), five S. Derby (SP164, SP9, HBT03-008, HBT03-014, HBT03-016), and both S. Meleagridis (SP90, SP130) isolates were MDR (Figure 4, Supplementary Table 4). Almost all isolates (65/69 94.2%) were susceptible to Nitrofurantoin, and a single S. Typhimurium slaughterhouse isolate was identified as resistant and two retail isolates with intermediate resistance (Table 2); PS234 (S. Typhimurium, ST19) was resistant and HBT03-001 (S. Rissen), SP136 (S. London), and SP164 (S. Derby) were intermediate resistant. SL406 (Typhimurium [ST34], slaughterhouse) was resistant to all four β-lactams, Aminoglycoside (Gentamicin), Tetracycline, Chloramphenicol, colistin, and intermediate resistant to quinolones (Nalidixic, Ciprofloxacin). A total of 5/69 (7.2%) isolates were fully susceptible to all 12 antimicrobials tested: SP1 [S. Anatum], SP46 & SP52 [S. Newport], SP97 [S. Stanley], and SP140 [S. Typhimurium] (Supplementary Table 4). Six (8.7%) isolates were only intermediately resistant to only one antimicrobial: PS281 (ciprofloxacin), PS411 (cefotaxime), SP22 (tetracycline), and SP30 (piperacillin), HBT03-002 & HBT03-005 (Ampicillin) (Supplementary Table 4). MDR strains were isolated from all four retail outlet categories and slaughterhouses (Figure 4). In slaughterhouses 5/6 (83%) were MDR, market 5/13 (38%), convenience stores 4/10 (40%), supermarkets 15/20 (75%), and boutique stores 12/20 (60%) (Figure 4).


Table 2. Summary of antimicrobial susceptibility testing for 69 isolates. Phenotypic resistance classified using EUCAST and CLSI guidelines.
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FIGURE 3. Breakdown of antimicrobial susceptibility testing for 69 isolates. Phenotypic resistance classified using EUCAST and CLSI guidelines. Red, resistant; yellow, intermediate; blue, susceptible. Antibiotics were used as follows: ampicillin (AMP, 10 μg), gentamycin (GEN, 10 μg), trimethoprim (TMP, 5 μg), tetracycline (TET, 30 μg), nalidixic acid (NAL, 30 μg), ciprofloxacin (CIP, 5 μg), ceftriaxone (CRO, 30 μg), cefotaxime (CTX, 30 μg), piperacillin (PRL, 30 μg), nitrofurantoin (NIT, 100 μg), chloramphenicol (CHL, 30 μg) (Oxoid, Basingstoke, UK).
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FIGURE 4. Incidence of multi-drug resistant non-typhoidal salmonella (NTS). Blue, NTS isolates classified as multi-drug resistant [MDR] (fully resistant to at least 1 antimicrobial from ≥3 different antimicrobial classes); Red, non-MDR isolates. (A) Breakdown of MDR/non-MDR isolates by serotype, (B) Breakdown of MDR/non-MDR isolates by serotype as a percentage, (C) Breakdown of MDR/non-MDR isolates source by isolation source, and (D) Breakdown of MDR/non-MDR isolates source by isolation source as a percentage.




Genotypic Antimicrobial Resistance

AMR genotypes were identified which are linked to resistance to 12 antibiotic classes, including β-lactams, tetracycline, and polymyxins. Genes associated with the multidrug efflux pumps MdsABC (mdsA, mdsB, mdsC, and golS) and MdtK (mdtK) were identified in 100% and 98.5% of isolates, respectively. The most common β-lactamase was blaTEM−1 identified in 43/69 isolates. TEM-1 is a broad-spectrum β-lactamase found in many Gram-negative bacteria which confers resistance to penicillins and first-generation cephalosporins. A total of 33/44 isolates that were resistant and 4/4 intermediate resistant to ampicillin possessed blaTEM−1; however, 6/21 ampicillin sensitive also contained a blaTEM−1. Additionally, piperacillin resistance (8/43) or intermediate resistance (9/43) was linked to TEM-1 positive strains. blaTEM−150 is a β-lactamase found in Enterobacter spp., E. coli, and Klebsiella pneumoniae as well as Salmonella and was identified in a single strain: SP5 (S. Anatum, supermarket), which was only ampicillin resistant. blaLAP−2 is an Ambler Class A β-lactamase gene conferring resistance to quinolones and was identified in SL372 (S. Typhimurium, market) which also was blaTEM−1 positive and demonstrated resistance to ampicillin, pipercillin, ceftriaxone, intermediate to cefotaxime, as well as the only strain nalidixic acid and ciprofloxacin resistant (Table 3, Figure 5, Supplementary Table 4). SL406 (S. Typhimurium, slaughterhouse) possessed blaCTX−M−55 as well as blaTEM−1 and was resistant to ampicillin, piperacillin, cefotaxime, and ceftriaxone (Figure 5, Supplementary Table 4). Trimethoprim resistance genes, dfrA12 and dfrA14, were indicative of trimethoprim resistance; 30/39 (76.9%) of resistant isolates carried at least one dfrA gene and only 3/28 (10.7%) sensitive strains carried one of these genes. Chloramphenicol resistance genes (floR and cmlA1) were moderately indicative of chloramphenicol resistance. A total of 36/39 (92.3%) resistant strains possessed at least one resistance gene; however, 11/30 (36.7%) sensitive strains also possessed at least one resistance gene, with 2/30 (6.7%) containing both genes. Similarly, qnrS1 presence, a fluoroquinolone resistance gene, was moderately linked to ciprofloxacin resistance, 3/3 (100%) resistant strains, and 21/27 (77.8%) intermediately resistant strains possessing the qnrS1 gene. A total of 6/27 (22.2%) intermediately resistant strains did not possess qnrS1 and 8/39 (20.5%) sensitive strains did possess the gene. The presence of genes linked to tetracycline resistance (tetA, tetB, and/or tetM) was not indicative of tetracycline resistance with 8/39 (20.5%) resistant strains possessing no identified tet gene and 15/27 (55.5%) susceptible strains possessing at least one tet gene, with 8/27 (29.6%) strains containing both tetA and tetM.


Table 3. Summary of AMR genes found in 69 non-typhoidal salmonella isolates from slaughterhouses and food retail outlet stores.
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FIGURE 5. Heatmap of AMR genes within Vietnamese NTS isolates. Presence of Antimicrobial resistance genes within the draft genomes identified by Abricate using CARD and ResFinder databases. Circle indicates presence of match >90% identity with >90% coverage of reference gene. AMR genes present in all strains were removed; golS, mdsABC, mktK, and sdiA. MDR indicates an isolate defined as resistant to at least 1 antimicrobial from ≥3 different antimicrobial classes. Hierarchical clustered using Euclidian distance.


Mobile colistin resistance (mcr) genes were detected in nine isolates: mcr-1 was present in S. Meleagridis (SP90), S. Rissen (HBT03-009, HBT03-010), and S. Derby (SP164, HBT03-008, HBT03-014, HBT03-016) (100% identity with E. coli SHP45 pHNSHP45 mcr-1 gene, accession NG_050417.1), mcr-3 was present in PS563 (S. Typhimurium, ST34) and SL406 (S. Typhimurium, ST34 variant) (100% identity with E. coli WJ1 pWJ1 mcr-3 gene, accession NG_055505.1). All nine of these isolates were colistin resistant (MIC 4 μg/ml except a single MIC 8 μg/ml for HBT03-010/S. Rissen/Boutique store). All nine of these isolates were determined MDR by AST, with SP90 showing resistance to four antimicrobial classes and SP164, PS563, and SL406 showing resistance to six antimicrobial classes.

MDR phenotype was associated with identification of multiple genes linked to AMR (Figure 5). A total of 33/69 strains with 10 or more (mean 12, range 10–16) AMR genes were MDR but two strains (S. Rissen, PS281 & S. Typhimurium, PS435) with 12 AMR genotypes were only intermediate resistant to Ciprofloxacin and intermediate resistant to ampicillin, cefotaxime, and ciprofloxacin, respectively. A total of 8/69 strains were MDR but had less than 10 (range 1–9) AMR genes.



Identification of mcr Carrying Plasmids

The genomes of these isolates were screened for plasmid markers to predict potential mcr carrier plasmids. Incompatibility group (Inc) HI1A, IncHI1B, IncX4, IncFIA, and IncQ1 replicons were detected in SP90 and IncX4 replicons were detected in SP164. Furthermore, all mcr-1 positive isolates carried IncX4 replicons (100% identity with the E. coli strain UMNF18 plasmid pUMNF18_32, accession CP002895) on the same contig as mcr-1. Assemblies and reads from these isolates mapped to an entire IncX4 reference plasmid pIMBC (MF449287), which contained mcr-1 (Supplementary Figure 1). No plasmid replicons were detected in the mcr-3 positive SL406 and, while IncA/C2 and IncQ1 replicons were detected in PS563, neither replicon was located on the same draft genome contig as mcr-3.




DISCUSSION

Food safety is of global concern and the common serotypes identified in this study have been linked to human illness in Vietnam (69, 70). In this study we used a collection of NTS from two studies of the pork value chain to understand the serotypes that are found on pork meat presented to customers, especially in context with increasing customer awareness and desire for safe food products. PigRISK and SafePORK both demonstrated that NTS are prevalent across all the retail outlets tested as well as at slaughterhouses.

WGS is now well-established as an essential tool for understanding bacterial pathogenesis, antimicrobial resistance, and epidemiology. This study, along with other studies (65, 66), demonstrates WGS can be used to reliably determine Salmonella serotypes either through direct in silico mimicking of the laborious laboratory method (SeqSero) or through a highly concordant proxy (MLST). Indeed, WGS derived core genome MLST (cgMLST) with hierarchical clustering has been proposed to replace phenotypic testing by defining major antigenic clusters as a ST-serovar linked to the Kauffmann and White scheme name (71). At present, cost and availability of both technology and reagents limit implementation of WGS in resource poor areas; however, this is rapidly changing.

Correct prediction of AMR phenotypes from WGS remains more elusive (72). Comparison of the AMR genotypes with AST data showed many inconsistencies with some isolates demonstrating resistance but without obvious genotypes and sensitive isolates having identifiable AMR genes within their genomes. Similar results of incoherence between AMR phenotype and genotype in Salmonella have been reported in China (73, 74). In this study, for example, the presence of TEM-1 was strongly linked to ampicillin resistance, although some blaTEM−1 positive strains were still sensitive. Hyperproduction of TEM-1 has been linked to piperacillin resistance (75), and in this study some TEM-1 positive strains also demonstrated resistance; however, prediction of expression levels by WGS is not easily determined. The difficulty in predicting AMR was in part due to complexity of interactions of multiple genotypes, annotation within AMR databases, focus on acquired genotypes over spontaneous mutations and difficulty in predicting expression and functionality of the proteins. For example, a study demonstrated that a catA1 positive, chloramphenicol-sensitive Salmonella phenotype was attributed to a deleterious deletion in the promotor region (76). A further example of a sensitive porcine E. coli carrying an AMR plasmid with intact genes and promotors did not express the encoded phenotype even following inoculation into piglets, but the AMR phenotype was restored after the plasmid was introduced into a different strain (77). However, the carriage of unexpressed AMR genes in Salmonella has implications for public health as it suggests a reservoir of AMR genes, even in susceptible populations, that cannot be detected by phenotypic studies. Despite the challenges, improvements in prediction algorithms using WGS are become more common in diagnostic laboratories, for example, for prediction of resistance in Mycobacteria tuberculosis, and further development and may soon be suitable for other bacteria such as Salmonella.

S. Typhimurium was present in almost all animal-food sources, with monophasic variants (e.g., ST34) having a strong association with pork production (10). ST34 has been shown recently to be a pandemic clonal group associated with pigs and other wildlife and of global concern due to MDR isolates (78–81). S. Typhimurium was the most common serotype identified, with just over half of the sample (7/13, 54%) being ST34 variants. Two MDR S. Typhimurium ST34 isolates carried the mcr-3, a combination previously reported in Denmark, China, and Canada (82–84). Interestingly, cases in Denmark were linked to travel from Thailand and Vietnam (82) and cases in Canada were linked to travel from Thailand (84), supporting a suggestion that Southeast Asia is a potential reservoir for the global dissemination of mcr-3 carrying S. Typhimurium ST34 (85). These slaughterhouses isolates were extremely drug resistant, having full or intermediate resistance to seven antimicrobial classes each. Concerningly, one isolate had also acquired a CTX-M-55 β-lactamase, complementing the TEM-1 already present, with an apparent increase in resistance to ceftriaxone. Treatment options for this strain would be limited with only sensitivity to nitrofurantoin of the antibiotics tested. Interestingly, two ST34 isolates were not resistant to any of the antibiotics.

S. Rissen has been identified as the most common serotype from pork samples from markets and supermarkets in Vietnam (86) and was the fourth most common isolate in the PigRISK study (slaughterhouses and markets). S. Rissen were isolated from all retail outlets in this study indicating that even with improved retail conditions and improvements in food production, this serotype remains a problem in the sector. S. Rissen has been linked to MDR phenotypes (87) and 7/9 S. Rissen in this study were MDR, including two isolates which possessed colistin resistance through mcr-1. An mcr-1 positive S. Rissen has been described in Vietnam previously (88) and mcr-1 was also found in 4/6 S. Derby isolates identified from modern retail, one from convenience store C02 (Cau Giay district) and three from boutique stores (B13, B14 & B15 within Hai Ba Trung district). The three isolates have near identical AMR phenotypes and identical genotypes suggesting a single strain and decoding retail outlets indicated these were three outlets for the same company. Additionally, the C02 isolate possessed the same genotypes as the boutique store isolates and highly similar AMR pattern despite the shop being a different company in a different district. This again indicates a possible common meat production network for these isolates, but further investigation of the network would confirm the WGS epidemiology.

The final mcr-1 positive strain (SP90) was in one of two S. Meleagridis NTS (Supermarket, Cau Giay district), and to our knowledge this is the first time this serotype has carried an mcr gene. Both S. Meleagridis NTS were from supermarkets and resistant to ampicillin, tetracycline, and chloramphenicol with SP90 having a Colistin MIC of 4 compared to 1 for SP130. Interestingly SP130 was also resistant to trimethoprim and intermediate to nalidixic acid.

The high levels of AMR in NTS from the pork retail outlets is concerning. Resistance (complete and intermediate) was observed to multiple antimicrobials considered critically important for human health by WHO (89), including ampicillin (69.6%), piperacillin (31.9%), cefotaxime (20.3%), ceftriaxone (15.9%), gentamycin (15.9%), ciprofloxacin (43.5%), and colistin (26.1%). In particular, resistance to ciprofloxacin and third-generation cephalosporins in NTS is of concern as these antimicrobials are used for the treatment of invasive salmonellosis in humans (90). Indeed, in 2008–09, the most commonly sold antibiotics in Vietnamese hospitals were oral second- and third- generation cephalosporins (91). This study reported 59.4% of isolates as MDR, similar to other reports of NTS from retail meats in Vietnam (86, 92), higher than the last EFSA report on MDR in Salmonella isolated from pigs (93) but lower than NTS isolates from pig slaughtering process in Hingzhou, China (85.9%) (73). MDR strains were isolates from all sample locations, with the highest proportions from slaughterhouses (5/6, 83.3%) and supermarkets (15/21, 71.4%). Boutique stores also showed a high prevalence of MDR strains (12/20, 60%), with 5 of these isolates carrying mcr-1, suggesting that while these stores promote “safe-agricultural products,” their pork produce may not be safer that those purchased from other retail outlets. Recently, the Vietnamese government, especially Ministry of Agriculture and Rural Development and Ministry of Health, has issued and updated the National Action Plan for combating drug resistance, which aims to promote prevention of drug resistance by improving the quality and effectiveness of the prevention and control measures, building surveillance capacity. One of the important components was to increase awareness on AMR among food and agriculture professionals, farmers, and the general public.

In Vietnam, pork is the most widely consumed meat representing more than 70% of all meat consumed. However, trust in food is low due to common food scares and continual high risk. Modern retail, especially boutique stores, arose to meet the concerns over food safety by promoting products as safe. In this study, while slaughterhouses and supermarkets had the highest levels of MDR strains, boutique stores were predicted to have lower levels of AMR due to the implied improved food production methods. In this study, however, NTS from boutique stores were often resistant to multiple classes of antibiotics, with 60% of isolates being classified as MDR. Interestingly, convenience stores and markets had lower rates of MDR. However, limitations to this study were the small number of isolates and sampled locations. The data presented here highlight the ongoing importance of AMR among NTS on retail meat despite the improvement in modern retail, with implications on human health irrespective of where the meat was purchased.
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