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Abstract

:

We investigated the prevalence of livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) in pig slaughterhouses from 2018 to 2022 in Japan and the isolates were examined for antimicrobial susceptibility and genetic characteristics by whole-genome analysis. Although the positive LA-MRSA rates on farms (29.6%) and samples (9.9%) in 2022 in Japan remained lower than those observed in European countries exhibiting extremely high rates of confirmed human LA-MRSA infections, these rates showed a gradually increasing trend over five years. The ST398/t034 strain was predominant, followed by ST5/t002, and differences were identified between ST398 and ST5 in terms of antimicrobial susceptibility and the resistance genes carried. Notably, LA-MRSA possessed resistance genes toward many antimicrobial classes, with 91.4% of the ST398 strains harboring zinc resistance genes. These findings indicate that the co-selection pressure associated with multidrug and zinc resistance may have contributed markedly to LA-MRSA persistence. SNP analysis revealed that ST398 and ST5 of swine origin were classified into a different cluster of MRSA from humans, showing the same ST in Japan and lacking the immune evasion genes (scn, sak, or chp). Although swine-origin LA-MRSA is currently unlikely to spread to humans and become a problem in current clinical practice, preventing its dissemination requires using antimicrobials prudently, limiting zinc utilization to the minimum required nutrient, and practicing fundamental hygiene measures.
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1. Introduction


Staphylococcus aureus is a Gram-positive catalase-positive bacterium that is commonly found on the skin and mucosa of humans and animals [1,2]. Although usually classified as a commensal bacterium, S. aureus is a facultative pathogen that can cause several diseases, ranging from mild skin lesions to severe and potentially fatal infections [3].



Penicillin G (natural penicillin), a successfully mass-produced antibacterial drug in the 1940s, was effective against S. aureus, but its antibacterial potential became ineffective due to S. aureus’ production of penicillinase. Therefore, methicillin was developed and has been used in Europe and the United States since around 1960; methicillin-resistant S. aureus (MRSA) was isolated shortly after methicillin introduction [4]. The WHO has now designated MRSA as a high-priority pathogen given the emergence of its strains [5].



MRSA is the leading cause of hospital- and community-associated infections worldwide, with livestock-associated MRSA (LA-MRSA) emerging across Europe and many other parts of the world [6,7,8,9,10]. MRSA isolates from clonal complex 398 (CC398) have increasingly proliferated at high rates among pigs reared in European countries [11,12,13].



Different regions and countries exhibit varying positivity rates of LA-MRSA detected in pig farms, with European countries, specifically Denmark and the Netherlands, having extremely high positive rates of MRSA (over 75% or more) on pig farms [14,15].



A comparison of the molecular typing results of LA-MRSA isolates in pigs showed regional differences in genetic variant distribution. In Europe, the United States, and Canada, the primary LA-MRSA strain found in pig production farms was CC398. The most common spa types found in Europe in the CC398 lineage were t011, t034, and t108, which were mainly identified in pig breeding and production farms [6].



In Asia, non-CC398 LA-MRSA strains have been reported in pigs, whereas LA-MRSA CC9 strains have mostly been identified in pig farms in China, Thailand, Pakistan, and Vietnam [6,10].



In Japan, MRSA ST221, ST97, and ST5 were isolated from nasal samples from pig slaughterhouses in eastern Japan between 2009 and 2013 [16,17]. Thereafter, MRSA ST398 was isolated from pig farms in the eastern part in 2012 and from pig slaughterhouses in the northern part in 2017 [18]. In an epidemiological study, MRSA ST398/t034 was isolated from all sources in slaughterhouses, diseased pigs on farms, imported breeding pigs, and farm dust [19]. LA-MRSA isolates are human-transmittable, with people working or living on pig farms, including farmers and their families, abattoir staff, and veterinarians, being at a higher risk of contracting LA-MRSA from pigs [20,21]. In a 2013 survey of European Union/European Economic Area countries, LA-MRSA accounted for 3.9% of human MRSA isolates, whereas in five countries (Belgium, Denmark, Spain, the Netherlands, and Slovenia), it was over 10% [22].



LA-MRSA harbors genes encoding mecA that impart resistance to methicillin and other β-lactam antibiotics, such as cephalosporins, penicillins, and carbapenems. In addition, a wide range of resistance genes were detected in LA-MRSA, and these include genes known to be common in other Staphylococcus types of human and animal origin, such as the tetracycline resistance genes tet(M), tet(K), and tet(L), the macrolide resistance genes erm(A), erm(B), and erm(C), the trimethoprim resistance genes dfrK and dfrG, and the chloramphenicol resistance genes fexA and cfr. Heterogeneity in LA-MRSA resistance profiles has also been demonstrated [23,24,25].



Reports on human-isolated CC398 MRSAs in Japan are few [26,27], and studies reporting human-isolated LA-MRSA types remain nonexistent. However, as countries with high positive rates in pig farms have high LA-MRSA infection rates in humans, monitoring LA-MRSA prevalence in pig farms is crucial. Therefore, we investigated MRSA-positive rates in pig farms in Japanese slaughterhouses. We also examined antimicrobial susceptibility and genetic profiles such as ST, spa types, SCCmec types, antimicrobial resistance genes, zinc resistance genes, and virulence genes. This was carried out to identify LA-MRSA characteristics in Japan and to formulate countermeasures to prevent LA-MRSA transmission from pigs to humans and from humans, pigs, and other sources to pigs.




2. Results


2.1. Prevalence of MRSA in Slaughterhouses


The MRSA positivity rate of the samples for all slaughterhouses surveyed was 2.9% in 2018, increased significantly to 6.4% in 2019, and continued to increase thereafter, reaching 9.9% in 2022. The MRSA positivity rate of farms for all slaughterhouses surveyed was 8.3% in 2018, increased significantly to 20.4% in 2021, and continued to increase thereafter, reaching 29.6% in 2022 (Table 1).



The rate of positive MRSA samples in the two slaughterhouses studied continuously for over 5 years was 2.9% in 2018, increased significantly to 6.7% in 2019, and continued to increase thereafter to 9.9% in 2022. The MRSA positivity rate of farms in the same two slaughterhouses was 8.3% in 2018 and continued to increase thereafter to 23.4% in 2022 (Table 2).




2.2. Molecular Characterization of MRSA Isolates


Here, 88 MRSA isolates underwent whole-genome analysis for characterization (see Table 3 and Table S1). ST398 (66.0%) was the predominant MLST type, followed by ST5 (27.3%). Other types identified were ST8, ST380, ST7096, and ST8632. The spa type was t034 (54.5%) in ST398 and t002 (11.4%) and t21388 in ST5 (11.4%). SCCmec type Vc (5C2&5) (45.45) was predominant in ST398, whereas type IV (2B) (13.6%) was predominant in ST5.




2.3. Antimicrobial Susceptibility and the AMR Gene


Resistance rates were observed for tetracyclines: tetracycline (TC) (85.2%), macrolides: azithromycin (AZM) (46.6%) and erythromycin (EM) (46.6%), phenicol: chloramphenicol (CP) (43.2%), and aminoglycosides: streptomycin (SM) (31.8%). Resistance to fluoroquinolone: ciprofloxacin (CPFX) (18.2%) was also observed. ST398 presented markedly higher TC resistance rates than ST5, but ST5 exhibited markedly higher AZM, EM, CP, and CPFX resistance rates than ST398 (Table 4).



ST398 and ST5 exhibited differences in AMR gene rates and resistance gene types (Table 5).



For ST398, 58 isolates (100%) possessed one or two tetracycline-resistant genes (tet(K), tet(L), tet(M)), whereas only 14 isolates (58.3%) of ST5 possessed one of the tetracycline-resistant genes (tet(K), tet(L)) and none of the ST5 isolates had tet(M).



Regarding macrolide resistance genes, 25 (43.1%) of the ST398 isolates possessed one resistance gene (erm(A) or erm(C)) compared with 17 (70.8%) of the ST5 isolates that possessed one gene (erm(C)). None of the ST5 isolates possessed erm(A).



For lincosamide/streptomycin resistance genes, 62.1% of the ST398 isolates possessed lsa(E) + lnu(B), whereas ST5 harbored 100% of the vag(A) gene and two isolates (8.3%) also carried the lasa(E) + vag(A) gene.



ST398 and ST5 harbored the phenicol-resistant gene fexA in 20 (34.5%) and 12 (50%) isolates, respectively. Only the ST398 isolate possessed the catA gene; the ST5 isolate did not.



Furthermore, 45 (77.6%) of the ST398 isolates had aminoglycoside resistance genes (ant(9)-Ia), but ST5 isolates had no ant(9)-Ia; 8 (33.3%) of the ST5 isolates had aadD1.



ST398 and ST5 harbored the trimethoprim-resistant gene, dfrG, in 46 (79.3%) and 3 (12.5%) isolates, respectively.



Four mutations, GyrA_S84A, GyrA_S84L, ParC_S80F, and ParC_S80Y, to quinolone resistance were identified: 13 (54.2%) ST5 isolates harbored at least one mutation, with GyrA_S84A + ParC_S80F (7/29.2%) being the major mutation.




2.4. Zinc Chloride Resistance, PVL Toxin, and Bacteriophage-Mediated Immune Evasion Genes


Among the ST398 isolates, 53 (91.4%) possessed the zinc resistance gene, whereas only 2 (8.3%) of the ST5 isolates harbored this gene. All isolates lacked PVL toxin genes (lukF-PV and lukS-PV), whereas all ST5, ST8, ST380, and ST7096 isolates harbored leukotoxin genes (lukD and lukE).



ST398 and ST5 isolates had no scn, sak, or chp genes. However, the ST8 isolate possessed the scn and sak genes, and ST7096 possessed these three genes.




2.5. Phylogenetic Analysis


SNP-based phylogenetic tree analysis revealed that these isolates were clearly clustered by ST (Figure 1).



Regarding ST398, five clusters were formed when SNP analysis clustered strains with fewer than 100 base differences. Cluster 1 had the highest number of strains with t034-SCCmecV and Vc belonging to it, including isolates from all regions of Japan and Europe. While isolates of t571t without zinc resistance genes (Cluster 2) were isolated from the C and D regions t034-t034-SCCmec-untypable, isolates of t034- from the A region and t0571 from the USA belonged to Cluster 3. Isolates belonging to Clusters 4 and 5 were also isolated from a limited number of regions. All human-isolated strains were identified in different clusters to which the pig-derived strains belonged (Figure 2).



Regarding ST5, five clusters were formed when the SNP analysis clustered strains with fewer than 100 base differences. Cluster 5 had the highest number of strains of t21388-SCCmecIV(2B) belonging to it, including isolates from regions of E. The isolates belonging to the other clusters were also isolated from a limited number of regions. Pig-derived strains isolated in the USA were identified in different clusters to which the Japanese pig-derived isolates belonged. In addition, human-isolated strains were identified in different clusters to which the pig-derived strains belonged (Figure 3).





3. Discussion


This study showed that the proportions of MRSA-positive pigs and farms were approximately 10% and 30%, respectively, in 2022 (Table 1). Different countries exhibit varying prevalence rates of LA-MRSA infections, with European countries, such as Denmark (95% in 2019) and the Netherlands (76% in 2021), exhibiting extremely high rates of confirmed human LA-MRSA infections [14,15]. However, the present study revealed that the LA-MRSA-positive rate in Japan showed an increasing trend over the past five years, highlighting the need to characterize LA-MRSA and to formulate countermeasures against MRSA dissemination to pigs and humans.



The most common ST type was ST398 (58/88: 65.9%), followed by ST5 (24/88: 27.3%). Other ST8, ST380, ST7096, and new alleles (ST8632) were identified (Table 3). The distribution of STs of MRSA in swine populations varies regionally. In Europe, the United States, and Canada, the primary LA-MRSA strain found in pig production farms was ST398. In addition, swine herds in North America harbored not only ST398, but also a mixed population of LA-MRSA isolates containing ST9 and ST5 [28]. In Asia, except Japan, ST9 isolates dominate [29,30,31]. Although Asai et al. reported in 2012 that methicillin-susceptible S. aureus belonging to ST9, a potential reservoir of MRSA, existed in Japan [32], no MRSA belonging to ST9 was detected in the present study. ST5 is the second most common ST type and is a unique characteristic of LA-MRSA in Japan.



In this study, ST398-t034-SCCmec Vc (5C2&5) accounted for the largest proportion of isolates, similar to ST398 MRSA isolated from pigs in Europe and north America. The second most common was ST5-t002 SCCmecIV (2B). ST5-t002 is also predominant in the USA, but only a few reports of ST5-t002 exist in Europe and other Asian countries [6]. Japan’s importation of parent pigs from Europe and the USA could be a reason for the ST398 and ST5 spread. SNP analysis revealed that MRSA ST398 strains isolated from pigs in Europe and the US were identified in the same cluster as the isolates from pigs in Japan, whereas the ST5 strain isolated from pigs in the USA was not identified in the same cluster as the isolates from Japan. While ST398 has been detected in pigs during animal quarantine, ST5 has not [33]. Therefore, certain ST398 isolates may be of foreign origin, while ST5 isolates may be of unique Japanese origin. However, further analysis is required because the number of analyzed strains is quite limited.



Regarding antimicrobial susceptibility and AMR genes, in addition to all isolates being resistant to MPIPC harboring the mecA gene, ST398 showed a high TC resistance rate of 98.3%, harboring tet(K), tet(L), and tet(M), whereas ST5 showed a TC resistance rate of 62.5%, did not possess tet(M) genes, and possessed only one of tet(K) or tet(L). A study indicated that the Tn916 transposon carrying tet(M) has been maintained in livestock-associated CC398 since its origin for more than 50 years, largely due to selection pressure from the use of TC in pigs. Regarding isolates from pigs in this study, all tet(M) were carried by Tn916 (Supplementary Table S1).



ST398 possessed approximately 80% of lincosamide/streptogramin (lsa(E)/lnu(B)/vga(A)/vga(E)), aminoglycoside (ant(9)-Ia/str), and trimethoprim (dfrG) resistance genes. Conversely, ST5 had significantly higher macrolide and fluoroquinolone resistance rates than ST398, which harbored the macrolide resistance gene (erm(C)), and the mutation gyrA_S84A + parC_S80F mutation responsible for quinolone resistance. ST5 had no lsa(E) + lnu(B) as a lincosamide/streptogramin resistance gene, but approximately 90% of the isolates had vag(A) (Table 4 and Table 5). Thus, ST398 and ST5 exhibited variances in antimicrobial susceptibility and the resistance genes carried. Overall, MRSA possessed resistance genes toward most antimicrobial classes. Antimicrobial use has a strong and positive dose–response relationship with MRSA in pigs and humans living and/or working on pig farms [34]. The continuous promotion of the prudent use of antimicrobials in swine production is required.



ST398 harbored 91.4% of zinc resistance genes (Table 6). Zinc concentration in feed affected LA-MRSA colonization status in pigs. MRSA carriage in pigs is influenced by exposure to therapeutic doses of in-feed ZnO (3000 mg/kg) compared with the recommended dietary levels (100 mg/kg) [35]. In some EU countries, zinc is used for the treatment of swine colibacillosis due to the prudent use of antimicrobial agents, such as colistin. Thus, EU state policies have mandated that zinc usage in therapeutic concentrations should be phased out by 2022 owing to the potential risk associated with zinc supplementation in pig feed for LA-MRSA colonization and spread [36]. Although high zinc concentrations are not approved as veterinary medicinal drugs for prevention or treatment purposes in Japan, restricting zinc utilization to the minimum required as a nutritional ingredient is crucial for preventing MRSA spread. The differences in zinc utilization might contribute to the differences in the LA-MRSA-positive rates observed in pigs between the EU and Japan.



The isolates predominating in Japan, ST398/t034 and SCCmecVc, V, carrying the zinc resistance gene were classified in the same cluster in the SNP analysis; they were isolated from all regions and widely spread throughout the country. Nevertheless, other isolates of the ST, spa type, and SCCmec types were only endemic in their respective regions. Several factors, such as the system of introduction of pig parents, foster parents, distribution of feed, and transfer of farm workers, may contribute to regional characteristic distribution, but further investigation is needed.



PVL is a leukemolytic toxin comprising two proteins, LukS and LukF. LukS and LukF act by binding to receptors on the leukemic cell membrane surface, forming pores in the membrane and lysing the blood cells [37]. The CC398 strains isolated from humans in Japan possessed both lukF-PV and lukS-PV genes (Figure 1 and Figure 2), but none of the isolates from pigs in Japan had either lukF-PV or lukS-PV.



Individuals who have contact with pigs, are at higher risk of contracting LA-MRSA from pigs [20,21]. Furthermore, in Europe, MRSA has been detected both in people engaged in pig production and in those who had no contact with livestock. In the Netherlands, LA-MRSA prevalence in humans markedly increased from 2002 to 2007 (from 0% to >20%) [22]. Originally, CC398 was described as colonizing asymptomatic pigs and pig farmers, but several recent studies have reported that CC398 strains are evolving toward increased virulence [38]. The presence of bacteriophage-mediated scn, sak, and chp genes is thought to be a marker of adaptation toward humans, owing to their specificity to the human immune cascade [38,39]. Human- and pig-isolated LA-MRSA isolates acquired phage-encoded immune modulators in Denmark. The present WGS analysis revealed no scn, sak, or chp genes in ST398. LA-MRSA ST398 isolates in Japan have not acquired the ability to cause severe diseases in immunocompetent humans. SNP analysis also showed that MRSA CC398 and MSSA ST398 from humans and MRSA ST398 from pigs formed different clusters, with the MRSA CC398 isolate from humans possessing the immune evasion gene and PVL, but not the zinc resistance gene. Conversely, ST398 from pigs had neither the immune evasion gene nor the PVL gene, but did possess the zinc resistance gene (Figure 1). Overall, these findings indicate that LA-MRSA (ST398) of swine origin is unlikely to spread to humans and cause issues in current clinical practice in Japan.



Considering pig–human transmission, ST5/t002 MRSA is among the most prevalent lineages causing clinical infections in humans; however, separate and distinct genetic determinants of AMR harbored by clinical ST5 isolates and swine-associated ST5 isolates have been identified in the USA [40]. In the report, the pig-derived isolate was characterized by erm(C) and/or vag(A) and tet(T)/tet(L), and the human-derived isolate was characterized by erm(A) and had no tet(T)/tet(L) or vag(A) gene. In this study, ST5 isolates had only erm(C) and not erm(A), and had tet(L) and vag(A) genes, similar to the ST5 isolate from swine in the USA and a previous Japanese report [19,40]. Furthermore, our SNP analysis revealed that the Japanese human-origin ST5 strain Mu50 was located in a different cluster from the pig-origin isolate ST5. Therefore, ST5 isolated from pigs in this study could also have a different origin from human strains and could be adapted to pigs.



In this study, ST398 and ST5 were identified as the major genotypes, but ST8, which remained unreported in Japanese pigs, was isolated from pigs. In humans, ST8, particularly the USA300 strain, has been reported to be the most highly virulent and prevalent type and is frequently isolated in the United States [41]. While the CA-MRSA strains reported in Japan are genetically rich in diversity, the Japan-intrinsic CA-MRSA strain (CA-MRSA/J), which is a form of ST8 that differs from USA300, has been isolated since 2003 [42]. A strain of CA-MRSA/J, t1767, carrying SCCmec type Ⅳ, leukotoxin gene lukD and lukE, and genes associated with immune evasion scn and sak were reported [43,44]. One of the ST8 isolates (R2-S-O9-2-29) from pigs in this study and CA-MRSA/J from humans in Japan had the same characteristics in spa type, SCCmec type, possession of leukotoxin gene, immune evasion gene, and AMR genes. The SNP analysis revealed a 117-nucleotide difference between the strains R2-S-O9-2-29 and JH4899 (Supplementary Table S2). ST8 was first isolated from pigs in this study in 2020 and is currently a minor population in pigs. Whether this strain was transmitted from humans or other sources to pigs or whether pigs originally harbored it remains unknown. Because a strain with the same genetic characteristics as CA-MRSA, which is pathogenic to humans, was detected in pigs, raising the awareness of workers engaged in pig production becomes crucial. Fundamental hygiene measures such as washing hands, hand sanitizing, changing clothes, and wearing masks in the field engaged in pig production are recommended. Carefully monitoring the potential of ST8 spread in pigs is also crucial.




4. Materials and Methods


4.1. Samples from Pigs at the Slaughterhouse


In the second half of each fiscal year from 2018 to 2022, sampling was conducted at slaughterhouses located from the northern to the southern part of Japan. The study started with two slaughterhouses in 2018 and was progressively expanded to five slaughterhouses in 2022. Sampling was conducted from pigs after slaughtering, with identification specific to each farm.



Nasal swabs were collected from 2170 pigs (five per farm) from 434 pig farms. Nasal swabs were obtained from individual slaughtered pigs by inserting a cotton swab (SEEDSWAB No. 1, Eiken Chemical, Tokyo, Japan) into one nostril up to the middle of the swab and rotating it after sanitizing the surface of the nose with alcohol cotton. The collected samples were delivered at 4–8 °C to the laboratory and analyzed within no longer than 5 days after sampling.




4.2. Staphylococcus aureus Strain Isolation and MRSA Detection


Five swabs were taken from each farm and inoculated into 9 mL of Mueller–Hinton broth with 6.5% NaCl, followed by incubation for 16–20 h at 37 °C. Subsequently, 1 mL of pre-enriched broth was transferred into 9 mL of tryptone soy broth (Becton Dickinson, Franklin Lakes, NJ, USA) supplemented with cefoxitin (3.5 mg/L; Sigma-Aldrich, St. Louis, MO, USA) and aztreonam (75 mg/L; Sigma-Aldrich, St. Louis, MO, USA) and incubated for 16–20 h at 37 °C. The broth was then inoculated onto CHROMagarTM MRSA (Kanto Chemical Co., Inc., Tokyo, Japan) or MRSA-selective agar (Becton Dickinson & Co., Franklin Lakes, NJ, USA) and incubated for 24–48 h at 37 °C. Upon the observation of suspected MRSA colonies on these plates, up to five colonies per sample were selected randomly, streaked onto tryptone soy agar plates containing 5% sheep blood (Becton Dickinson), and incubated for 24 h at 37 °C [45]. PCR detections were conducted to identify MRSA by femB gene and mecA gene [46]. One of the five isolates was randomly selected for PCR detection to identify MRSA. When the selected isolate was not identified as MRSA, another strain was sequentially tested, and, finally, the isolate identified as MRSA was stored. We confirmed that the stored isolates were S. aureus by MALDI-TOF-MS analysis using a MALDI–TOF mass spectrometer (Microflex LT, Bruker Daltonik, Bremen, Germany) with FlexControl software (version 3.4) and MALDI Biotyper (MBT) Compass (version 4.1) for analysis. Among the stored MRSA isolates, one isolate per farm per year was selected for antimicrobial susceptibility testing and whole-genome sequencing (WGS).




4.3. Antimicrobial Susceptibility Testing


Antimicrobial susceptibility testing was performed following the domestic Japanese Veterinary Antimicrobial Resistance Monitoring System. Minimum inhibitory concentrations of antimicrobials were determined for oxacillin, cefoxitin, tetracycline, azithromycin, erythromycin, chloramphenicol, streptomycin, gentamicin, and ciprofloxacin using the broth dilution method following the Clinical and Laboratory Standards Institute (CLSI) guidelines [47]. S. aureus ATCC 29213 was used as a quality control strain. The breakpoints of these antimicrobial agents were determined according to CLSI interpretation criteria, except for streptomycin, which was defined microbiologically.




4.4. DNA Sequencing for WGS


DNA samples were prepared for WGS using the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA). Tagmentation and PCR amplification were performed using a Nextera XT DNA Sample Preparation Kit (Illumina, Inc., San Diego, CA, USA). WGS was carried out using a MiSeq instrument (Illumina, Inc., San Diego, CA, USA) in paired-end mode (2 × 300). Quality control and trimming of MiSeq raw reads were performed with fastp (v0.23.2) (Chen et al., 2018). De novo assembly was performed using Shovill software (version 1.1.0) (https://github.com/tseemann/shovill (accessed on 10 February 2023)). Quality assessment for genome assemblies was evaluated using QUAST (https://doi.org/10.1093/bioinformatics/btt086 (accessed on 27 June 2023)).



The contig sequences were analyzed using AMR FinderPlus (version 3.11.2) (https://github.com/ncbi/amr (accessed on 10 February 2023)) and abricate (version 1.0.1) (https://github.com/tseemann/abricate (accessed on 10 February 2023)) to infer the antimicrobial resistance (AMR) genes, Panton–Valentine leukocidin (PVL) toxin gene, and bacteriophage-mediated immune evasion genes (sak, chp, and scn genes).



The zinc-resistant gene czrC was determined using Prokka (version 1.14.6) (https://github.com/tseemann/prokka (accessed on 9 May 2023)) and GenAPI (version 1.0) (https://github.com/MigleSur/GenAPI (accessed on 9 May 2023)). WGS data were also used for MLST, spa typing, and SCCmec typing. MLST analysis was performed using FastMLST (version 0.0.15) (https://github.com/EnzoAndree/FastMLST (accessed on 9 May 2023)). Spa typing was performed using the Python script (get_spa_type.py) (version 0.1.0) (https://github.com/mjsull/spa_typing (accessed on 9 May 2023)), and SCCmec typing was performed using SCCmecFinder (version 1.2) (https://cge.food.dtu.dk/services/SCCmecFinder/ (accessed on 7 August 2023)). Snippy (version 4.6.0) (https://github.com/tseemann/snippy (accessed on 9 May 2023)) was used to generate a core genome alignment based on single-nucleotide polymorphisms (SNPs) and insertion/deletion (indels). The chromosome of the MRSA strain isolated from a human patient in Japan, N1195 (CC398 (ST1232)) and Mu50 (ST5), was used as a reference genome. The chromosomes of the methicillin-susceptible S. aureus strain (ST398) isolated from human patients in Japan (SA0052, SA0479, and SA2854) and the MRSA strain isolated from pigs in Europe (55-100-120 and 55-103-051) and USA (ISU933 and P23-03_SW181_1) were used (Supplementary Table S1). Gubbins (version 2.3.4) (https://github.com/nickjcroucher/gubbins (accessed on 9 May 2023)) was used to remove recombination from the resulting alignment (Croucher et al., 2014). The phylogenetic tree was finally visualized using ggtree (version 3.8.0) (https://bioconductor.org/packages/release/bioc/html/ggtree.html (accessed on 18 June 2023)).




4.5. Statistical Analyses


Fisher’s exact test was used to identify differences in the MRSA-positive farm and sample rates between 2018 and the other year and the resistance rates between ST398 and ST5. A probability of p < 0.05 was considered statistically significant [48].





5. Conclusions


Positive LA-MRSA rates on the farms and samples in Japan remained lower than those observed in European countries, where LA-MRSA had been dismissed in human clinical sites, but the rate showed a gradually increasing trend over five years. ST398/t034 was predominant, followed by ST5/t002. ST398 and ST5 demonstrated differences in antimicrobial susceptibility and the resistance genes carried. Overall, LA-MRSA possessed genes resistant to many antimicrobial classes. Moreover, ST398 harbored 91.4% zinc resistance genes. These findings indicate that the co-selection pressure associated with multidrug and zinc resistance may have markedly contributed to LA-MRSA persistence. Therefore, the effective prevention and control of LA-MRSA dissemination requires utilizing antimicrobials prudently and limiting zinc usage to the minimum required as a nutrient. Furthermore, the immune evasion genes, scn, sak, and chp, were undetected in ST398 and ST5. The SNP analysis revealed that the CC398 from humans and ST398 from pigs, as well as ST5 from humans and pigs, formed different clusters. ST8 is a minor genotype among pig-derived strains, but a major genotype in CA-MRSA in Japan. An isolate in this study was identical in genotype to a strain isolated from a clinical patient in Japan, despite more than 100 nucleotide differences being identified in the SNP analysis. Consequently, further monitoring is essential to prevent further transmission from humans and other sources to pigs, the spread of ST8 among pigs, and the subsequent negative impact on human health. Although LA-MRSA of swine origin is currently unlikely to spread to humans and become a problem in clinical practice, the effective prevention of LA-MRSA transmission from pigs to humans and from humans, pigs, and other sources to pigs in Japan requires the implementation of consistent fundamental hygiene measures in the field engaged in pig production.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antibiotics13020155/s1: Table S1: Accession number and genetic profiles of methicillin-resistant Staphylococcus aureus (MRSA) analyzed in this study; Table S2: Single-nucleotide polymorphism (SNP) distance matrix of ST8 strains.





Author Contributions


Conceptualization, M.K. (Michiko Kawanishi); methodology, M.K. (Michiko Kawanishi), H.A., M.O. and M.M.; validation, M.K. (Michiko Kawanishi); formal analysis, M.K. (Michiko Kawanishi), H.A. and Y.H. (Yuta Hosoi); investigation, M.K. (Michiko Kawanishi) and M.M.; resources, M.K. (Michiko Kawanishi) and M.K. (Mio Kumakawa); data curation, H.A. and Y.H. (Yuta Hosoi); writing—original draft, M.K. (Michiko Kawanishi); writing—review and editing, H.A., M.M., M.O., Y.H. (Yuta Hosoi), Y.H. (Yukari Hiraoka), S.H., M.K. (Mio Kumakawa) and H.S.; visualization, M.K. (Michiko Kawanishi) and H.A.; supervision, M.K. (Michiko Kawanishi) and H.S.; project administration, M.K. (Michiko Kawanishi) and H.S.; funding acquisition, M.K. (Michiko Kawanishi) and H.S. All authors have read and agreed to the published version of the manuscript.




Funding


This study was partially supported by grants from the Japanese Ministry of Health, Labor and Welfare (Research Program on ensuring Food Safety, 21KA1004).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All raw short-read sequence data have been deposited in the DNA Data Bank of Japan (BioSample IDs, SAMD00326077 to SAMD00326107 and SAMD00407345 to SAMD00407369; DRA accession no. DRA012277 and DRA012899, Supplementary Table S1).




Acknowledgments


The authors thank Junzo Hisatsune for providing valuable and constructive scientific input on the subjects discussed in this paper. We would also like to thank Toshiko Takaoka, Erina Shudo, Konomi Moriya, and Kazue Miyazawa for their technical assistance in this study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Silva, V.; Araujo, S.; Monteiro, A.; Eira, J.; Pereira, J.E.; Maltez, L.; Igrejas, G.; Lemsaddek, T.S.; Poeta, P. Staphylococcus aureus and MRSA in Livestock: Antimicrobial Resistance and Genetic Lineages. Microorganisms 2023, 11, 124. [Google Scholar] [CrossRef]

	



Crespo-Piazuelo, D.; Lawlor, P.G. Livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) prevalence in humans in close contact with animals and measures to reduce on-farm colonisation. Ir. Vet. J. 2021, 74, 21. [Google Scholar] [CrossRef]

	



Lowy, F.D. Staphylococcus aureus infections. N. Engl. J. Med. 1998, 339, 520–532. [Google Scholar] [CrossRef]

	



Lee, A.S.; de Lencastre, H.; Garau, J.; Kluytmans, J.; Malhotra-Kumar, S.; Peschel, A.; Harbarth, S. Methicillin-resistant Staphylococcus aureus. Nat. Rev. Dis. Primers 2018, 4, 18033. [Google Scholar] [CrossRef]

	



Walesch, S.; Birkelbach, J.; Jezequel, G.; Haeckl, F.P.J.; Hegemann, J.D.; Hesterkamp, T.; Hirsch, A.K.H.; Hammann, P.; Muller, R. Fighting antibiotic resistance-strategies and (pre)clinical developments to find new antibacterials. EMBO Rep. 2023, 24, e56033. [Google Scholar] [CrossRef]

	



Khairullah, A.R.; Kurniawan, S.C.; Effendi, M.H.; Sudjarwo, S.A.; Ramandinianto, S.C.; Widodo, A.; Riwu, K.H.P.; Silaen, O.S.M.; Rehman, S. A review of new emerging livestock-associated methicillin-resistant Staphylococcus aureus from pig farms. Vet. World 2023, 16, 46–58. [Google Scholar] [CrossRef]

	



Li, J.; Jiang, N.; Ke, Y.; Fessler, A.T.; Wang, Y.; Schwarz, S.; Wu, C. Characterization of pig-associated methicillin-resistant Staphylococcus aureus. Vet. Microbiol. 2017, 201, 183–187. [Google Scholar] [CrossRef]

	



Moon, D.C.; Jeong, S.K.; Hyun, B.H.; Lim, S.K. Prevalence and Characteristics of Methicillin-Resistant Staphylococcus aureus Isolates in Pigs and Pig Farmers in Korea. Foodborne Pathog. Dis. 2019, 16, 256–261. [Google Scholar] [CrossRef]

	



Sahibzada, S.; Abraham, S.; Coombs, G.W.; Pang, S.; Hernández-Jover, M.; Jordan, D.; Heller, J. Transmission of highly virulent community-associated MRSA ST93 and livestock-associated MRSA ST398 between humans and pigs in Australia. Sci. Rep. 2017, 7, 5273. [Google Scholar] [CrossRef]

	



Tanomsridachchai, W.; Changkaew, K.; Changkwanyeun, R.; Prapasawat, W.; Intarapuk, A.; Fukushima, Y.; Yamasamit, N.; Flav Kapalamula, T.; Nakajima, C.; Suthienkul, O.; et al. Antimicrobial Resistance and Molecular Characterization of Methicillin-Resistant Staphylococcus aureus Isolated from Slaughtered Pigs and Pork in the Central Region of Thailand. Antibiotics 2021, 10, 206. [Google Scholar] [CrossRef] [PubMed]

	



de Neeling, A.J.; van den Broek, M.J.; Spalburg, E.C.; van Santen-Verheuvel, M.G.; Dam-Deisz, W.D.; Boshuizen, H.C.; van de Giessen, A.W.; van Duijkeren, E.; Huijsdens, X.W. High prevalence of methicillin resistant Staphylococcus aureus in pigs. Vet. Microbiol. 2007, 122, 366–372. [Google Scholar] [CrossRef]

	



Khanna, T.; Friendship, R.; Dewey, C.; Weese, J.S. Methicillin resistant Staphylococcus aureus colonization in pigs and pig farmers. Vet. Microbiol. 2008, 128, 298–303. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, H.C.; Mølbak, K.; Reese, C.; Aarestrup, F.M.; Selchau, M.; Sørum, M.; Skov, R.L. Pigs as source of methicillin-resistant Staphylococcus aureus CC398 infections in humans, Denmark. Emerg. Infect. Dis. 2008, 14, 1383–1389. [Google Scholar] [CrossRef] [PubMed]

	



DANMAP 2019—Use of Antimicrobial Agents and Occurrence of Antimicrobial Resistance in Bacteria from Food Animals, Food and Humans in Denmark. 2019. Available online: https://backend.orbit.dtu.dk/ws/files/235092204/DANMAP_2019.pdf (accessed on 2 October 2023).

	



MARAN 2021 Monitoring of Antimicrobial Resistance and Antibiotic Usage in Animals in the Netherlands. 2021. Available online: https://rivm.openrepository.com/handle/10029/625006?show=full (accessed on 2 October 2023).

	



Baba, K.; Ishihara, K.; Ozawa, M.; Tamura, Y.; Asai, T. Isolation of meticillin-resistant Staphylococcus aureus (MRSA) from swine in Japan. Int. J. Antimicrob. Agents 2010, 36, 352–354. [Google Scholar] [CrossRef] [PubMed]

	



Sato, T.; Usui, M.; Motoya, T.; Sugiyama, T.; Tamura, Y. Characterisation of meticillin-resistant Staphylococcus aureus ST97 and ST5 isolated from pigs in Japan. J. Glob. Antimicrob. Resist. 2015, 3, 283–285. [Google Scholar] [CrossRef] [PubMed]

	



Sasaki, Y.; Yamanaka, M.; Nara, K.; Tanaka, S.; Uema, M.; Asai, T.; Tamura, Y. Isolation of ST398 methicillin-resistant Staphylococcus aureus from pigs at abattoirs in Tohoku region, Japan. J. Vet. Med. Sci. 2020, 82, 1400–1403. [Google Scholar] [CrossRef] [PubMed]

	



Ozawa, M.; Furuya, Y.; Akama, R.; Harada, S.; Matsuda, M.; Abo, H.; Shirakawa, T.; Kawanishi, M.; Yoshida, E.; Furuno, M.; et al. Molecular epidemiology of methicillin-resistant Staphylococcus aureus isolated from pigs in Japan. Vet. Microbiol. 2022, 273, 109523. [Google Scholar] [CrossRef]

	



Van Cleef, B.A.; Broens, E.M.; Voss, A.; Huijsdens, X.W.; Zuchner, L.; Van Benthem, B.H.; Kluytmans, J.A.; Mulders, M.N.; Van De Giessen, A.W. High prevalence of nasal MRSA carriage in slaughterhouse workers in contact with live pigs in The Netherlands. Epidemiol. Infect. 2010, 138, 756–763. [Google Scholar] [CrossRef]

	



Smith, T.C.; Gebreyes, W.A.; Abley, M.J.; Harper, A.L.; Forshey, B.M.; Male, M.J.; Martin, H.W.; Molla, B.Z.; Sreevatsan, S.; Thakur, S.; et al. Methicillin-resistant Staphylococcus aureus in pigs and farm workers on conventional and antibiotic-free swine farms in the USA. PLoS ONE 2013, 8, e63704. [Google Scholar] [CrossRef]

	



Kinross, P.; Petersen, A.; Skov, R.; Van Hauwermeiren, E.; Pantosti, A.; Laurent, F.; Voss, A.; Kluytmans, J.; Struelens, M.J.; Heuer, O.; et al. Livestock-associated meticillin-resistant Staphylococcus aureus (MRSA) among human MRSA isolates, European Union/European Economic Area countries, 2013. Eurosurveillance 2017, 22. [Google Scholar] [CrossRef]

	



Kadlec, K.; Fessler, A.T.; Hauschild, T.; Schwarz, S. Novel and uncommon antimicrobial resistance genes in livestock-associated methicillin-resistant Staphylococcus aureus. Clin. Microbiol. Infect. 2012, 18, 745–755. [Google Scholar] [CrossRef] [PubMed]

	



Argudín, M.A.; Tenhagen, B.A.; Fetsch, A.; Sachsenröder, J.; Käsbohrer, A.; Schroeter, A.; Hammerl, J.A.; Hertwig, S.; Helmuth, R.; Bräunig, J.; et al. Virulence and resistance determinants of German Staphylococcus aureus ST398 isolates from nonhuman sources. Appl. Environ. Microbiol. 2011, 77, 3052–3060. [Google Scholar] [CrossRef] [PubMed]

	



Dweba, C.C.; Zishiri, O.T.; El Zowalaty, M.E. Methicillin-resistant Staphylococcus aureus: Livestock-associated, antimicrobial, and heavy metal resistance. Infect. Drug Resist. 2018, 11, 2497–2509. [Google Scholar] [CrossRef] [PubMed]

	



Nakaminami, H.; Takadama, S.; Ito, A.; Hasegawa, M.; Jono, C.; Noguchi, M.; Shoshi, M.; Wajima, T.; Fujii, T.; Maruyama, H.; et al. Characterization of SCCmec type IV methicillin-resistant Staphylococcus aureus clones increased in Japanese hospitals. J. Med. Microbiol. 2018, 67, 769–774. [Google Scholar] [CrossRef] [PubMed]

	



Koyama, H.; Sanui, M.; Saga, T.; Harada, S.; Ishii, Y.; Tateda, K.; Lefor, A.K. A fatal infection caused by sequence type 398 methicillin-resistant Staphylococcus aureus carrying the Panton-Valentine leukocidin gene: A case report in Japan. J. Infect. Chemother. 2015, 21, 541–543. [Google Scholar] [CrossRef]

	



Weese, J.S. Methicillin-resistant Staphylococcus aureus in animals. ILAR J. 2010, 51, 233–244. [Google Scholar] [CrossRef]

	



Ho, P.L.; Chow, K.H.; Lai, E.L.; Law, P.Y.; Chan, P.Y.; Ho, A.Y.; Ng, T.K.; Yam, W.C. Clonality and antimicrobial susceptibility of Staphylococcus aureus and methicillin-resistant S. aureus isolates from food animals and other animals. J. Clin. Microbiol. 2012, 50, 3735–3737. [Google Scholar] [CrossRef]

	



Yu, F.; Cienfuegos-Gallet, A.V.; Cunningham, M.H.; Jin, Y.; Wang, B.; Kreiswirth, B.N.; Chen, L. Molecular Evolution and Adaptation of Livestock-Associated Methicillin-Resistant Staphylococcus aureus (LA-MRSA) Sequence Type 9. mSystems 2021, 6, e0049221. [Google Scholar] [CrossRef]

	



Wagenaar, J.A.; Yue, H.; Pritchard, J.; Broekhuizen-Stins, M.; Huijsdens, X.; Mevius, D.J.; Bosch, T.; Van Duijkeren, E. Unexpected sequence types in livestock associated methicillin-resistant Staphylococcus aureus (MRSA): MRSA ST9 and a single locus variant of ST9 in pig farming in China. Vet. Microbiol. 2009, 139, 405–409. [Google Scholar] [CrossRef]

	



Asai, T.; Hiki, M.; Baba, K.; Usui, M.; Ishihara, K.; Tamura, Y. Presence of Staphylococcus aureus ST398 and ST9 in Swine in Japan. Jpn. J. Infect. Dis. 2012, 65, 551–552. [Google Scholar] [CrossRef]

	



Furuno, M.; Uchiyama, M.; Nakahara, Y.; Uenoyama, K.; Fukuhara, H.; Morino, S.; Kijima, M. A Japanese trial to monitor methicillin-resistant Staphylococcus aureus (MRSA) in imported swine during the quarantine period. J. Glob. Antimicrob. Resist. 2018, 14, 182–184. [Google Scholar] [CrossRef] [PubMed]

	



Dorado-Garcia, A.; Dohmen, W.; Bos, M.E.; Verstappen, K.M.; Houben, M.; Wagenaar, J.A.; Heederik, D.J. Dose-response relationship between antimicrobial drugs and livestock-associated MRSA in pig farming. Emerg. Infect. Dis. 2015, 21, 950–959. [Google Scholar] [CrossRef] [PubMed]

	



Pieper, R.; Dadi, T.H.; Pieper, L.; Vahjen, W.; Franke, A.; Reinert, K.; Zentek, J. Concentration and chemical form of dietary zinc shape the porcine colon microbiome, its functional capacity and antibiotic resistance gene repertoire. ISME J. 2020, 14, 2783–2793. [Google Scholar] [CrossRef] [PubMed]

	



Slifierz, M.J.; Friendship, R.; Weese, J.S. Zinc oxide therapy increases prevalence and persistence of methicillin-resistant Staphylococcus aureus in pigs: A randomized controlled trial. Zoonoses Public Health 2015, 62, 301–308. [Google Scholar] [CrossRef] [PubMed]

	



Kaneko, J.; Kamio, Y. Bacterial two-component and hetero-heptameric pore-forming cytolytic toxins: Structures, pore-forming mechanism, and organization of the genes. Biosci. Biotechnol. Biochem. 2004, 68, 981–1003. [Google Scholar] [CrossRef] [PubMed]

	



Laumay, F.; Benchetrit, H.; Corvaglia, A.R.; van der Mee-Marquet, N.; Francois, P. The Staphylococcus aureus CC398 Lineage: An Evolution Driven by the Acquisition of Prophages and Other Mobile Genetic Elements. Genes 2021, 12, 1752. [Google Scholar] [CrossRef]

	



Hau, S.J.; Sun, J.; Davies, P.R.; Frana, T.S.; Nicholson, T.L. Comparative Prevalence of Immune Evasion Complex Genes Associated with beta-Hemolysin Converting Bacteriophages in MRSA ST5 Isolates from Swine, Swine Facilities, Humans with Swine Contact, and Humans with No Swine Contact. PLoS ONE 2015, 10, e0142832. [Google Scholar] [CrossRef]

	



Hau, S.J.; Haan, J.S.; Davies, P.R.; Frana, T.; Nicholson, T.L. Antimicrobial Resistance Distribution Differs Among Methicillin Resistant Staphylococcus aureus Sequence Type (ST) 5 Isolates From Health Care and Agricultural Sources. Front. Microbiol. 2018, 9, 2102. [Google Scholar] [CrossRef]

	



Tenover, F.C.; McDougal, L.K.; Goering, R.V.; Killgore, G.; Projan, S.J.; Patel, J.B.; Dunman, P.M. Characterization of a strain of community-associated methicillin-resistant Staphylococcus aureus widely disseminated in the United States. J. Clin. Microbiol. 2006, 44, 108–118. [Google Scholar] [CrossRef]

	



Iwao, Y.; Ishii, R.; Tomita, Y.; Shibuya, Y.; Takano, T.; Hung, W.C.; Higuchi, W.; Isobe, H.; Nishiyama, A.; Yano, M.; et al. The emerging ST8 methicillin-resistant Staphylococcus aureus clone in the community in Japan: Associated infections, genetic diversity, and comparative genomics. J. Infect. Chemother. 2012, 18, 228–240. [Google Scholar] [CrossRef]

	



Hagiya, H.; Hisatsune, J.; Kojima, T.; Shiota, S.; Naito, H.; Hagioka, S.; Morimoto, N.; Otsuka, F.; Sugai, M. Comprehensive analysis of systemically disseminated ST8/non-USA300 type community-acquired methicillin-resistant Staphylococcus aureus infection. Intern. Med. 2014, 53, 907–912. [Google Scholar] [CrossRef] [PubMed]

	



Hisatsune, J.; Hagiya, H.; Shiota, S.; Sugai, M. Complete Genome Sequence of Systemically Disseminated Sequence Type 8 Staphylococcal Cassette Chromosome mec Type IVl Community-Acquired Methicillin-Resistant Staphylococcus aureus. Genome Announc. 2017, 5. [Google Scholar] [CrossRef]

	



Authority, E.F.S. Analysis of the baseline survey on the prevalence of methicillin-resistant Staphylococcus aureus (MRSA) in holdings with breeding pigs, in the EU, 2008—Part A: MRSA prevalence estimates. EFSA J. 2009, 7, 1376. [Google Scholar] [CrossRef]

	



Pérez-Roth, E.; Claverie-Martín, F.; Villar, J.; Méndez-Alvarez, S. Multiplex PCR for simultaneous identification of Staphylococcus aureus and detection of methicillin and mupirocin resistance. J. Clin. Microbiol. 2001, 39, 4037–4041. [Google Scholar] [CrossRef] [PubMed]

	



Sweeney, T.M. Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria Isolated from Animals, 5th ed.; VET01; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2018. [Google Scholar]

	



Furuya, Y.; Matsuda, M.; Harada, S.; Kumakawa, M.; Shirakawa, T.; Uchiyama, M.; Akama, R.; Ozawa, M.; Kawanishi, M.; Shimazaki, Y.; et al. Nationwide Monitoring of Antimicrobial-Resistant Escherichia coli and Enterococcus spp. Isolated From Diseased and Healthy Dogs and Cats in Japan. Front. Vet. Sci. 2022, 9, 916461. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 13 00155 g001] 





Figure 1. Phylogenetic tree of the 88 isolates from this study and 10 genomes available in GenBank. N1195 isolated from a human patient in Japan was used as the reference for the construction of the tree. Isolation source, country or region, ST, SCCmec, Spa type, leukotoxin genes (lukD and lukE, lukF-PV and lukS-PV), and immune evasion genes (scn, sak, chp) are also shown with color coding. 
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Figure 2. Phylogenetic tree of the ST398 isolates from this study and genomes available in GenBank. N1195 isolated from a human patient in Japan was used as the reference for the construction of the tree. Isolation source, country or region, ST, SCCmec, Spa type, leukotoxin genes (lukD and lukE, lukF-PV and lukS-PV), and immune evasion genes (scn, sak, chp) are also shown with color coding. 
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Figure 3. Phylogenetic tree of the ST5 isolates from this study and genomes available in GenBank. Mu50 isolated from a human patient in Japan was used as the reference for the construction of the tree. Isolation source, country or region, ST, SCCmec, Spa type, leukotoxin genes (lukD and lukE, lukF-PV and lukS-PV), and immune evasion genes (scn, sak, chp) are also shown with color coding. 
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Table 1. Results of MRSA detection in all slaughterhouses studied.
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	2018 *
	2019 *
	2020 *
	2021 *
	2022 *





	Number of slaughterhouses
	2
	3
	4
	5
	6



	Number of pigs sampled
	240
	375
	465
	515
	575



	Number of positive samples
	7
	24
	29
	39
	57



	Positive rate of samples
	2.9%
	6.4%
	6.2%
	7.6% **
	9.9% **



	Number of farms
	48
	75
	93
	103
	115



	Number of positive farms
	4
	10
	19
	21
	34



	Positive rate of farms
	8.3%
	13.3%
	20.4%
	20.4%
	29.6% **







* Fiscal year (spanning from April to March of the subsequent year), ** p-values: positive rate vs. 2018 determined by Fisher’s exact test. ** p < 0.05.













 





Table 2. Results of MRSA detection in 2 slaughterhouses continuously surveyed for 5 years among the five slaughterhouses listed in Table 1.
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	2018 *
	2019 *
	2020 *
	2021 *
	2022 *





	Number of slaughterhouses
	2
	2
	2
	2
	2



	Number of pigs sampled
	240
	300
	340
	340
	320



	Number of positive samples
	7
	20
	20
	24
	23



	Positive rate of samples
	2.9%
	6.7% **
	5.9%
	7.1% **
	7.2%**



	Number of farms
	48
	60
	68
	68
	64



	Number of positive farms
	4
	7
	13
	12
	15



	Positive rate of farms
	8.3%
	11.7%
	19.1%
	17.6%
	23.4% **







* Fiscal year (spanning from April to March of the subsequent year), ** p-values: positive rate vs. 2018 determined by Fisher’s exact test. ** p < 0.05.













 





Table 3. ST type, spa typing, and SCCmec of MRSA isolated from pig.
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ST

	
Spa Typing

	
SCCmec




	

	
Number

	
Rate (%)

	

	
Number

	
Rate (%)






	
ST398

	
t034

	
48

	
54.5

	
Vc (5C2&5)

	
40

	
45.5




	

	
t571

	
6

	
6.8

	
V (5C2&5)

	
4

	
4.5




	

	
t21390

	
1

	
1.1

	
V (5C2)

	
2

	
2.3




	

	
UD

	
3

	
3.4

	
Va (5C2)

	
2

	
2.3




	

	
t21388

	

	

	
I (1B) or IV (2B)

	
5

	




	

	

	

	

	
Untypable

	
5

	




	

	

	
58

	
65.9

	

	
58

	
65.9




	
ST5

	
t002

	
10

	
11.4

	
IV (2B)

	
12

	
13.6




	

	
t21388

	
10

	
11.4

	
IV (2B&5)

	
6

	
6.8




	

	
t010

	
2

	
2.3

	
V (5C2&5)

	
3

	
3.4




	

	
t1560

	
2

	
2.3

	
Untypable

	
3

	
3.4




	

	

	
24

	
27.3

	

	
24

	
27.3




	
ST8

	
t21389

	
1

	
1.1

	
IV(2B)

	
3

	
3.4




	

	
t1767

	
1

	
1.1

	

	

	
0.0




	

	
t5071

	
1

	
1.1

	

	

	
0.0




	

	

	
3

	
3.4

	

	
3

	
3.4




	
ST380

	
t024

	
1

	
1.1

	
IVc (2B)

	
1

	
1.1




	

	

	
1

	
1.1

	

	
1

	
1.1




	
ST7096

	
t9624

	
1

	
1.1

	
IVc (2B)

	
1

	
1.1




	

	

	
1

	
1.1

	

	
1

	
1.1




	
ST8632

	
t034

	
1

	
1.1

	
Untypable

	
1

	
1.1




	

	

	
1

	
1.1

	

	
1

	
1.1




	

	
total

	
88

	

	

	
88

	











 





Table 4. Antimicrobial resistance prevalence of MRSA isolated from pig.
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Resistant Rate (%)

	




	
Antimicrobial Agents

	
BP

	
Total

(n = 88)

	
ST398

(n = 58)

	
ST5

(n = 24)

	
p-Values Determined by Fisher’s Exact Test

(ST398 vs. ST5)






	
MPIPC

	
4

	
100

	
100

	
100

	
-




	
CFX

	
8

	
100

	
100

	
100

	
-




	
TC

	
16

	
85.2

	
98.3

	
62.5

	
p < 0.05




	
AZM

	
8

	
46.6

	
37.9

	
66.7

	
p < 0.05




	
EM

	
8

	
46.6

	
37.9

	
66.7

	
p < 0.05




	
CP

	
32

	
43.2

	
41.4

	
54.2

	
-




	
SM

	
64

	
31.8

	
36.2

	
20.8

	
-




	
GM

	
16

	
2.3

	
0

	
0

	
-




	
CPFX

	
4

	
18.2

	
8.6

	
33.3

	
p < 0.05








p-values were determined by Fisher’s exact test. p < 0.05.













 





Table 5. AMR genes identified in MRSA isolated from pig.
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Antimicrobial Resistance Genes/

	
Total (n = 88)

	
ST398 (n = 58)

	
ST5 (n = 24)




	
Antimicrobial Class

	
Mutation

	
Number

	
Rate (%)

	
Number

	
Rate (%)

in ST398

	
Number

	
Rate (%) in ST5






	
beta-lactam

	
mecA

	
88

	
100

	
58

	
100

	
24

	
100




	
tetracycline

	
tet(K)

	
7

	
8.0

	

	

	
6

	
25.0




	

	
tet(L)

	
8

	
9.1

	

	

	
8

	
33.3




	

	
tet(M)

	
11

	
12.5

	
10

	
17.2

	

	




	

	
tet(K) + tet(M)

	
47

	
53.4

	
46

	
79.3

	

	




	

	
tet(L) + tet(M)

	
2

	
2.3

	
2

	
3.4

	

	




	

	

	
75

	
85.23

	
58

	
100

	
14

	
58.3




	
macrolide

	
erm(A)

	
4

	
4.5

	
3

	
5.2

	

	




	

	
erm(C)

	
40

	
45.5

	
22

	
37.9

	
17

	
70.8




	

	

	
44

	
50.0

	
25

	
43.1

	
17

	
70.8




	
lincosamide/

	
vga(A)

	
24

	
27.3

	
2

	
3.4

	
22

	
91.7




	
streptogramin

	
vga(E)

	
2

	
2.3

	
2

	
3.4

	

	




	

	
lsa(E) + lnu(B)

	
36

	
40.9

	
36

	
62.1

	

	




	

	
lsa(E) + lnu(B) + vga(A)

	
1

	
1.1

	
1

	
1.7

	

	




	

	
lsa(E) + lnu(B) + vga(E)

	
5

	
5.7

	
5

	
8.6

	

	




	

	
lsa(E) + vga(A)

	
2

	
2.3

	

	
0.0

	
2

	
8.3




	

	

	
70.0

	
79.5

	
46.0

	
79.3

	
24

	
100.0




	
phenicol

	
catA

	
3

	
3.4

	
3

	
5.2

	

	




	

	
fexA

	
32

	
36.4

	
20

	
34.5

	
12

	
50.0




	

	

	
35

	
39.8

	
23

	
39.7

	
12

	
50.0




	
aminoglycoside

	
aadD1

	
6

	
6.8

	

	

	
6

	
25.0




	

	
aadD1 + ant(6)-Ia + spw

	
1

	
1.1

	

	

	
1

	
4.2




	

	
aadD1 + ant(6)-Ia + spw + str

	
1

	
1.1

	

	

	
1

	
4.2




	

	
ant(9)-Ia

	
31

	
35.2

	
30

	
51.7

	

	




	

	
ant(9)-Ia + str

	
15

	
17.0

	
15

	
25.9

	

	




	

	
aac(6′)-Ie/aph(2″)-Ia

	
2

	
2.3

	

	

	

	




	

	
str

	
4

	
4.5

	
3

	
5.2

	
1

	
4.2




	

	

	
60

	
68.2

	
48.0

	
82.8

	
9

	
37.5




	
trimethoprim

	
dfrG

	
49

	
55.7

	
46

	
79.3

	
3

	
12.5




	

	

	
49

	
55.7

	
46

	
79.3

	
3

	
12.5




	
quinolone

	
gyrA_S84A + parC_S80F

	
7

	
8.0

	

	

	
7

	
29.2




	

	
gyrA_S84L + parC_S80F

	
5

	
5.7

	

	

	
2

	
8.3




	

	
gyrA_S84L + parC_S80Y

	
4

	
4.5

	
4

	
6.9

	

	




	

	
parC_S80F

	
7

	
8.0

	
3

	
5.2

	
4

	
16.7




	

	

	
23

	
26.1

	
7

	
12.1

	
13

	
54.2











 





Table 6. Zinc chloride resistance genes and leucocidin toxin genes detected in MRSA isolated from pig.
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Total

	
ST398

	
ST5




	

	

	
Number

	
Rate (%)

	
Number

	
Rate (%)

	
Number

	
Rate (%)






	
czrC

	
+

	
56

	
63.6

	
53

	
91.4

	
2

	
8.3




	

	
−

	
32

	
36.4

	
5

	
8.6

	
22

	
91.7




	
LukD + LukE

	
+

	
29

	
33.0

	
0

	
0

	
24

	
100




	

	
−

	
59

	
67.0

	
58

	
100

	

	
0
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