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ABSTRACT

The emergence of livestock-associated (LA)-methicillin-resistant Staphylococcus aureus (MRSA)
in livestock animal has become a significant zoonotic concern. In the present study, we
investigated nationwide prevalence of LA-MRSA across pork production chain including pig
farms, slaughterhouses, and retail markets. A total of 40 MRSA strains were isolated during
the investigation and the overall prevalence of MRSA was 3.4% (n = 37), 0.6% (n = 2),

and 0.4% (n =1) in pig farms, slaughterhouses, and retail markets, respectively. Multilocus
sequence typing analyses revealed that the 2 most significant clonal lineages in pork
production chain in Korea were ST398 (n = 25) and ST541 (n = 6). All of the 40 MRSA
isolates were further characterized to investigate key genotypic and phenotypic correlates
associated with the emergence and spread of clonal complex 398 (CC398; ST398, and ST541)
LA-MRSA. Although the prevalence of swine-associated MRSA was still relatively low and
mostly restricted to pig farms, multidrug-resistant CC398 LA-MRSA isolates with new spa
types (t18102 and t18103) were identified as a major clonal lineage. The CC398 LA-MRSA
strains tended to exhibit increased levels of multiple drug resistance (MDR) phenotype
compared with non-CC398 MRSA strains. Of note, in comparison with non-CC398 MRSA
isolates, CC398 LA-MRSA isolates exhibited significantly enhanced tetracycline (TET) and
zinc resistance. These findings suggested that co-selection pressure associated with MDR
phenotype, especially TET resistance, and zinc resistance may have played a significant role
in the emergence and persistence of CC398 LA-MRSA in pig farms in Korea.
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INTRODUCTION

Methicillin-resistant Staphylococcus aureus (MRSA) strains adapted to humans have traditionally
been recognized as hospital-associated (HA)-MRSA and community-associated (CA)-MRSA
[1-3]. In addition to HA- and CA-MRSA infections, the incidence of livestock-associated
(LA)-MRSA infections has also been increasing in various animal species, especially in pigs

in European countries and North America [4-6]. Distinct clonal lineages of MRSA have been
identified depending on geographical regions. Although sequence type (ST) 398 LA-MRSA
has been detected in cattle, horses, sheep, goats, poultry, and even in companion animals,
pigs seem to be the major reservoir animal for ST398 MRSA [7,8]. More importantly, ST398
LA-MRSA has also been found in persons who are in direct/indirect contact with MRSA-
colonized pigs or foods of animal origin [5,9].

Although there is still limited information on the prevalence of LA-MRSA infections, recent
studies have indicated that the most frequent MRSA clones isolated from pork or pigs in
Korea are ST398 and ST541 (CC398), followed by ST72 [10-12]. It has been indicated that

the increase of LA-MRSA (ST398 and ST541) in pigs seem to be associated with the use of
antibiotics, especially tetracycline (TET) compounds [5,13]. In addition to TET resistance,
zinc resistance among LA-MRSA isolates is thought to be associated with prevalence of
ST398 MRSA [14,15]. Thus, the current investigation was designed to assess the national
prevalence of MRSA in the pork production chain including pigs, pork meat, workers, and
environment of the facilities in pig farms, slaughterhouses, and retail markets. In addition,
to investigate epidemiological correlation among the LA-MRSA isolates, multilocus ST
(MLST), staphylococcal cassette chromosome mec (SCCmec), spa, agr, and staphylococcal
enterotoxin (SE) types were determined. Moreover, to identify potential mechanisms/factors
involved in the frequent emergence of LA type of MRSA (CC398; ST398, and ST541) in pig
farms, resistance to zinc chloride and TET was examined, and genes that confer the resistant
phenotypes (czrC; tetK, tetL, tetM, tetO, and tetS) were identified.

MATERIALS AND METHODS

Collection of samples

A total 0f 1,587 non-duplicate swab samples or pork meat samples were collected from 19 pig
farms (n =1,009), 7 slaughterhouses (n = 311), and 35 retail markets (n = 267) in 8 provinces in
Korea between July 2017 and August 2018. The pig farms, slaughterhouses, and retail markets
were selected at random in each of 8 provinces. Pig farm samples were collected from at least 10
different finishing pigs (nasal, skin, rectal, and fecal swabs from each pig) and different farm
environment (sewage, floor, fence, and ventilations). Slaughterhouse samples were collected from
pig carcasses within 6 h of slaughter. For retail meat samples, 2 to 3 fresh pork meat samples of
each type were collected from retail outlets and local markets based on their regional distribution
in each province. A total 0f 152 swab samples were collected from 39 workers in pig farms (n = 34),
slaughterhouses (n = 4), or retail markets (n = 1) after a written consent was obtained from each
participant. All swab samples and meat samples were stored under 4°C in ice-cooled containers
and transported to the laboratory for isolation of MRSA within 24 h of sampling.

Isolation of MRSA
All swab samples were inoculated into 5 mL of Tryptic Soy Broth (TSB; Difco Laboratories,
USA) supplemented with 10% NaCl for 24 h at 37°C. Pork meat samples (25 g) were
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homogenized in the 225 mL 0f 10% NaCIl-TSB and incubated at 37°C. After 24-h incubation,
10 pL aliquots of the pre-enriched media were streaked onto both chromogenic MRSA agar
(chromID MRSA SMART agar; bioMérieux, France) and incubated for 16-18 h at 37°C. Up to 3
suspected MRSA colonies from each sample were selected and subcultured on Baired-Parker
agar (Difco Laboratories) for further identification. All S. aureus strains were identified by
16S ribosomal RNA sequencing (Cosmogenetech, Korea) and Vitek 2 system (bioMérieux).
Coagulase production was confirmed as described in previous study [16]. Two or more

S. aureus strains recovered from the same animal or person were considered separate strains
when further phenotypic or genotypic analyses revealed different profiles.

Antimicrobial susceptibility assays

Antimicrobial susceptibility tests were performed using the disc diffusion methods according
to the 2017 Clinical and Laboratory Standards Institute guidelines [17]. The antimicrobial
agents used were ampicillin (AMP; 10 pg), chloramphenicol (30 pg), clindamycin (2 pg),
erythromycin (15 pg), cefoxitin (CEF; 30 pg), gentamicin (30 pg), rifampin (5 pug),
sulfamethoxazole-trimethoprim (23.73 + 1.25 pg), quinupristin-dalfopristin (15 pg),

TET (30 pg), ciprofloxacin (5 pg), mupirocin (200 ug Oxoid, UK). Minimum inhibitory
concentrations (MICs) to oxacillin, vancomycin, teicoplanin, tigecycline, and TET were
determined by using standard E-test (Bio Mérieux, France) on Meuller-Hinton agar plates
according to manufacturer's recommendation. S. aureus ATCC 29213 and S. aureus MW2
strains was used as a reference strain for the antimicrobial susceptibility assays. All the
antimicrobial susceptibility assays were performed 3 times.

Detection of mecA and SCCmec typing
Genomic DNA samples were prepared from S. aureus isolates using the previously described
method [18].

The presence of the mecA gene was determined in all MRSA isolates as described by Vannuftel
etal. [19]. SCCmec types were determined by the multiplex polymerase chain reaction (PCR)
method as described previously [20] based on combinations of the ccrand mec regions.

Molecular typing and sequencing

MLST was performed on all confirmed MRSA isolates as described previously [21]. Briefly,
fragments of 7 housekeeping genes (arcC, arok, glpF, gmk, pta, tpi, and yqiL) were PCR-
amplified and sequenced. Then, the alleles and STs were assigned according to the S. aureus
MLST database (http://pubmlst.org/saureus/).

The spais a surface protein that plays an important role in the avoidance of host immune
responses by binding to Fc portion of immunoglobulins [22]. The spa repeat regions were
amplified using a specific primer set [23], sequenced, and the spa type was determined based
on the variable number tandem repeats in the SpaServer database (http://spa.ridom.de/).

The agroperon is a critical regulatory component involved in the control of virulence factors
in S. aureus. The agr types (I-1V) of S. aureus isolates were determined by multiplex PCR assays

as described by Gilot et al. [24].

Sequencing of all DNA samples was performed at Cosmo Genetech (Korea).
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Detection of virulence genes and SEs

The genes for Panton-Valentine leukocidin (PVL; JukFand [ukS), toxic shock syndrome toxin-1
(TSST-1), and exfoliative toxins (ETs; eta, eth, and etd) were detected using PCR-based assays
as previously described [25-27].

The presence of SE genes (sea, seb, sec, sed, and see) in S. aureus isolates was examined by PCR as
described before [28].

Detection of TET and zinc resistance genes
The presence of TET resistance genes (tetK, tetL, tetM, tetO, and tetS) and zinc resistance gene (czrC)
was determined by PCR-based assays using specific primer sets as described previously [29,30].

Zinc chloride susceptibility assays

The MICs to zinc chloride were determined by the standardized agar dilution assay in
Mueller-Hinton agar (MHA) as described previously [29]. Briefly, MHA was adjusted to pH5.5
and then supplemented with zinc chloride in 2-fold dilutions with concentrations ranging
from 0.25 to 16 mM to encompass low-to-high resistance levels. Zinc chloride resistance was
set as an MIC of > 2 mM based on previous publications [31,32]. A minimum of 3 experiments
was performed for each isolate on separate days.

Statistical analysis
All quantitative data were analyzed by Mann-Whitney U test using GraphPad Prism5 software
(GraphPad Software, USA; www.Graph Pad.com). A pvalues of < 0.05 was considered significant.

RESULTS

Prevalence of MRSA in pig farms, slaughterhouses, and retail outlets

A total of 40 MRSA strains (2.4%) were isolated from 1,657 samples taken from pig farms,
slaughterhouses, and retail markets during the study period (2017-2018). The prevalence
of MRSA was highest in pig farms (3.4%), followed by slaughterhouses (0.6%) and retail
markets (0.4%) (Table 1). Among the 40 MRSA strains, 37 MRSA strains (92.5%) were
isolated from pig farms in the Chungcheong, Jeolla, Gyeongsang provinces, while only

Table 1. Prevalence of MRSA isolates in pig farms, slaughterhouses, and retail markets in Korea

Sample origin Provinces Total
Gyeonggi Gangwon Chungcheong Jeolla Gyeongsang

Farms 0/178 0/160 11/228 (4.8) 17/259 (6.6) 9/254 (3.5) 37/1,079 (3.4)
Pigs 0/120 0/120 7/160 (4.3) 13/200 (6.5) 8/200 (4.0) 28/800 (3.5)
Workers 0/40 0/32 4/44 (9.0) 1/29 (3.4) 0/24 5/169 (3.0)
Environment 0/18 0/18 0/24 3/30 (10.0) 1/30 (3.3) 4/120 (3.3)

Slaughterhouses 0/40 0/43 0/43 2/142 (1.4) 0/43 2/311 (0.6)
Carcass 0/40 0/40 0/40 1/120 (0.8) 0/40 1/280 (0.4)
Workers - - - 1/13 (7.6) - 1/13 (7.6)
Environment - 0/3 0/3 0/9 0/3 0/21

Retail markets 0/65 1/42 (2.4) 0/55 0/54 0/51 1/267 (0.4)
Pork meats 0/58 1/42 (2.4) 0/55 0/54 0/51 1/260 (3.8)
Workers 0/4 - - - - 0/4
Environment 0/3 - - - - 0/3

Total 0/283 1/245 (0.4) 11/326 (3.4) 19/455 (4.2) 9/348 (2.6) 40/1,657 (2.4)

Data are shown as number of MRSA/total number of samples (% of MRSA isolation).

MRSA, methicillin-resistant Staphylococcus aureus.
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2 (5%) and 1 (2.5%) of the MRSA strains were isolated from slaughterhouses in Jeolla and
retail markets in Gangwon, respectively.

As shown in Fig. 1, 28/40 swine-associated MRSA strains were recovered from pigs, while 5 and 4
MRSA strains were isolated from the farm workers and the environment of pig farms, respectively.

Profiles of MLST, spa, SCCmec, and agr types

All 40 MRSA strains were subjected to sequencing of 7 housekeeping genes (arcC, aroE, glpF,
gmk, pta, tpi, and yqiL) for MLST analyses. As shown in Table 2 and Fig. 1, MLST indicated a
total of 5 STs (ST1, ST5, ST2084, ST541, and ST398) among the isolates, except for one isolate
(for which spa type was t901). The 2 most significant clonal lineages among the 40 MRSA
isolates were ST398 (n = 25) and ST541 (n = 6), accounting for 62.5% and 15% of the isolates,
respectively. Interestingly, except for 2 non-typeable isolates from pigs, all ST398 and ST541
MRSA isolates harbored SCCmec type V. Although MRSA isolates with the major LA-MRSA
lineage, CC398 (ST398 and ST541), were recovered from pig farms (pigs, farm workers, and
environment within facilities) or carcass samples in slaughterhouses, none of the CC398
MRSA isolates were recovered from samples from retail markets. All other MRSA isolates
with non-CC398 (ST1, ST5, and ST2084) genotype had SCCmec IV or SCCmec11.

In addition to the MLST and SCCmec types, sequence analyses of spa in the 40 MRSA isolates
revealed ten different spa types: t18102, t18103, t571, t034, t664, t5440, t128, t9353, t901, and
t2460. The majority of ST398 MRSA strains isolated from Gyeongsang and Jeolla provinces

| Pig farms | | Slaughterhouses | | Retail markets
& & &
Q Q Q
& (\ﬂ(\ o & Q(Q & Q(Q
& & & K RS & ©
< N <& & N <& <® N <&
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NT =TV
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ST 2084
ST 541
ST398 | &) o
[N]
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(70%) (12.5%) (10%)  (2.5%) (2.5%) (2.5%)

Fig. 1. Prevalence and genetic profiles of MRSA isolates recovered from pig farms, slaughterhouses, and retail
markets. Each square represents individual MRSA isolate and staphylococcal cassette chromosome mec type II,
IV, V, or N is shown in the square.

MRSA, methicillin-resistant Staphylococcus aureus; NT, non-typeable for multilocus sequence typing; ST,
sequence type; N, non-typeable.
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Table 2. Genotypes, antimicrobial resistance profiles, virulence factors, and zinc chloride susceptibility of methicillin-resistant Staphylococcus aureus strains

Isolates MLST  Origin spa SCCmec agr Places Resistance phenotype tet TET MICs czrC Zinc MICs ETsTSST  SEs
(ng/mL) (ug/mL)  PVL
PKFA-1101 ST398 Pig 118102 Vv | F-1 AMP, CHL, CEF, TET, CIP tet(M), tet(K) 64 + 10
PKFA-181 Pig 118102 Vv | F-1 AMP, CHL, CEF, TET, CIP tet(M), tet(K) 64 + 10
PKFA-191 Pig 118102 \ | F-1 AMP, CHL, CEF, TET, CIP tet(M), tet(K) 64 + 10
PKFA-111 Pig t18102 \ | F-1 AMP, CHL, CEF, TET, CIP tet(M), tet(K) 64 > 10
PKFA-171 Pig 118102 Vv | F-1 AMP, CHL, CEF, TET, CIP tet(K) 32 + 10
PKFA-151 Pig t571 Vv | F-1 AMP, CHL, CEF, TET, CIP tet(M), tet(K) 64 + 10
PJFA-3101 Pig t571 NT | F-2 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(K) 32 + 10
TET, CIP
PJFA-561 Pig 118103 Vv (=8 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(K) 64 + 4 sea
TET, CIP
PJFA-511 Pig 118103 Vv F-3 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 64 + 4
TET, CIP
PJFA-521M Pig 118103 Vv F-3 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 64 + 4
TET, CIP
PJFA-531M Pig 118103 Vv F-3 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 64 - 4
TET, CIP
PJFA-541M Pig 118103 Vv =8 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 128 + 4 etb
TET, CIP
PJFA-55TM Pig 118103 \ F-3 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 64 + 4 etb
TET, CIP
PJFA-581M Pig 118103 Vv (=8 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 64 + 4
TET, CIP
PJFA-59TM Pig 118103 % F-3  AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 128 - 4 etb
TET, CIP
PJFA-5101M Pig 118103 Vv (=8 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 64 + 4
TET, CIP
PKFA-163 Pig t571 NT F-1 AMP, CHL, CLI, ERY, CEF, GEN, TET, tet(M), tet(L) 32 + 12
CIp
PJFA-573 Pig 118103 Vv (=8 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(K) 64 + 6 sea
TET, CIP
PKFA-124 Pig 118102 Vv | F-1 AMP, CHL, CEF, TET, CIP tet(M), tet(K) 64 + 10
PJFH-522M Worker t18103 Vv | (=8 AMP, CHL, CLI, ERY, CEF, GEN, TET, tet(M), tet(L) 64 = 4
CIP
PKFE-102-1 Environ. t18102 \ | F-1 AMP, CHL, CEF, TET, CIP tet(M), tet(K) 64 + 10
PJFE-502 Environ. t18103 Vv | F-3 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 64 = 4
TET, CIP
PJFE-503 Environ. t18103 Vv F-3 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 128 + 4
TET, CIP
PJFE-504 Environ. t18103 Vv (=8 AMP, CHL, CLI, ERY, CEF, GEN, SYN, tet(M), tet(L) 128 + 4
TET, CIP
PJSM-251E Carcass  t571 \Y% | S-1  AMP, CHL, CEF, TET, CIP tet(M), tet(K) 64 + 10 sec, sed
PCFA-221 ST541 Pig t034 Vv | F-4 AMP, CLI, ERY, CEF, TET tet(K) 64 6
PCFA-231 Pig t034 Vv | F-4 AMP, CLI, ERY, CEF, TET tet(K) 16 - 4
PCFA-263 Pig t034 Vv | F-4 AMP, CLI, ERY, CEF, TET tet(K) 64 6
PCFA-254 Pig t034 \" | F-4 AMP, CLI, ERY, CEF, TET tet(K) 16 6
PCFA-244 Pig t034 Vv | F-4  AMP, CLI, ERY, CEF, TET tet(M), tet(K), 16 6
tet(L)
PCFH-226 Worker  t034 % F-4  AMP, CLI, ERY, CEF, TET tet(M), tet(K), 64 + 6
tet(L)
PCFH-321 ST2084 Worker  t664 \" | =B AMP, ERY, CEF <0.25 = 4
PCFH-322 Worker  t5440 I\ | F-5 AMP, ERY, CEF <0.25 - 4
PCFH-326 Worker  t664 \" | =5 AMP, ERY, CEF, STX <0.25 = 4
PJSH-331E Worker  t5440 \" | S-2 AMP, CEF 0.5 - 4 sed
PCFA-3102 ST5 Pig 19353 \" | E5 AMP, CLI, ERY, CEF, TET, CIP, MUP tet(M), tet(K) 16 = 4 tsst
PGMM-T711 Pork t2460 1l 1l R-1 AMP, CLI, ERY, CEF, GEN, TET, CIP tet(M) 16 - 4 tsst
PCFA-442 ST1 Pig 1128 \" 1l F-12  AMP, CEF <0.25 + 4 pvi sea
PJFA-423 Pig 1128 \" 1l F-6 AMP, CEF, GEN, STX, SYN, CIP <0.25 + 4 pvi sea, sec
PJFA-393 NT Pig t901 \" | F-2 AMP, ERY, CEF <0.25 + 6

MLST, multilocus sequence typing; ST, sequence type; SCCmec, staphylococcal cassette chromosome mec; MIC, minimum inhibitory concentrations;

ET, exfoliative toxin; TSST, toxic shock syndrome toxin; PVL, Panton-Valentine leukocidin; SE, staphylococcal enterotoxin; NT, non-typeable; F, farms; S,
slaughterhouses; R, retail markets; AMP, ampicillin; CHL, chloramphenicol; CLI, clindamycin; ERY, erythromycin; CEF, cefoxitin; GEN, gentamicin; RIF, rifampicin;
SXT, sulfamethoxazole-trimethoprim; SYN, quinupristin-dalfopristin; MUP, mupirocin; TET, tetracycline; CIP, ciprofloxacin.
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Fig. 2. Antimicrobial susceptibility and frequency of MDR phenotype. Antimicrobial susceptibility of (A) CC398 and (B) non-CC398 MRSA isolates and frequency
of a MDR phenotype among (C) CC398 and (D) non-CC398 MRSA isolates. Susceptibility assays were performed using the disc diffusion methods according to the
2017 Clinical and Laboratory Standards Institute guidelines [17].

MDR, multidrug resistance; MRSA, methicillin-resistant Staphylococcus aureus; AMP, ampicillin; CHL, chloramphenicol; CLI, clindamycin; ERY, erythromycin; CEF,
cefoxitin; GEN, gentamicin; RIF, rifampicin; SXT, trimethoprim-sulfamethoxazole; SYN, quinupristin-dalfopristin; TET, tetracycline; CIP, ciprofloxacin; MUP, mupirocin.

were t18102 and t18103 types, respectively (Table 2). All of the 6 ST541 MRSA strains isolated
from Chungcheong province had spa type of t034. All MRSA isolates were assigned to agr type
1, except for 2 ST1 and a ST5 isolates with agr type of IIl and II, respectively.

Based on the profiles of MLST, SCCmec, spa, and agr types, the most prevalent genotypes
observed in these MRSA isolates were ST398-SCCmec V-t18102, ST398-SCCmec V-t18103, and
ST541-SCCmec V-t034.

Antimicrobial resistance profiles and TET resistance genes

All 40 MRSA strains exhibited resistance to AMP and CEF (Table 2 and Fig. 2A and C), and
they were all susceptible to rifampin, vancomycin, teicoplanin, and tigecycline (data not
shown). Interestingly, all CC398 (ST398 and ST541) MRSA isolates displayed a multidrug
resistance (MDR) phenotype (resistant to > 3 antimicrobial subclasses) with 100% resistance
to TET (Table 2). All these CC398 MRSA isolates carried 1 or more TET resistance genes

(tetM, tetK, or tetL) (Table 2). None of the 40 MRSA isolates carried tetO and tetS for TET
resistance phenotype. As shown in Fig. 3A and B, the TET MICs and minimum bactericidal
concentrations (MBCs) were significantly higher for CC398 MRSA isolates than for non-CC398
MRSA isolates (p < 0.0001). Except for 2 ST5 MRSA isolates, which harbored tetM and/or tetK
with TET MICs of 16 pg/mL, all non-CC398 MRSA isolates displayed TET MICs of < 0.5 pg/mL.
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Fig. 3. Box and Whisker plots of TET MICs (A) and MBCs (B) for CC398 and non-CC398 MRSA isolates. The median
TET MICs for CC398 and non-CC398 MRSA isolates were 64.59 pg/mL and 3.778 pg/mL, respectively (p = 0.0001).
The median TET MBCs for CC398 and non-CC398 MRSA isolates were 192.5 ug/mL and 7.667 pg/mL, respectively
(p = 0.0004).

MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; MRSA, methicillin-resistant
Staphylococcus aureus; TET, tetracycline.

Zinc chloride susceptibility and PCR detection of czrC

Previous studies have indicated that zinc resistance phenotype in LA-MRSA may be associated
with certain clonal lineages of MRSA isolates such as CC398 MRSA [32]. Interestingly, all 40
MRSA isolates displayed zinc chloride MICs of > 2 mM, indicating zinc resistance phenotype
(Table 2). Despite the absence of the czrC gene, 1 isolate of ST541 MRSA, 4 isolates of ST2084
MRSA, and 2 isolates of ST5 MRSA exhibited a zinc resistant phenotype. Of note, 12 of the 25
ST398 MRSA (48%) and 5 of the 6 ST541 (83.3%) MRSA isolates had zinc chloride MICs of 2 6
mM. A high level zinc chloride resistance (MICs of > 10 mM) was observed only among czrC-
positive ST398 MRSA isolates. As presented in Fig. 4, when the MRSA strains were compared
as groups of CC398 and non-CC398 strains, the CC398 MRSA strains exhibited significantly
higher levels of zinc chloride MICs as compared to the non-CC398 MRSA strains (median
zinc chloride MICs of 6.581 vs. 4.222 pg/mL, p = 0.0027).
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Fig. 4. Box and Whisker plots of zinc chloride MICs for CC398 and non-CC398 MRSA isolates. The median zinc
chloride MICs for CC398 and nonCC398 MRSA isolates were 6.581 pg/mL and 4.222 pug/mL, respectively (p = 0.0027).
MIC, minimum inhibitory concentration; MRSA, methicillin-resistant Staphylococcus aureus.
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Virulence factors and SE genes
An analysis of ETs in the 40 MRSA isolates revealed that only 3 ST398 MRSA isolates (7.5%)
from pigs were positive for eth.

As shown in Table 2, only 3 CC398 MRSA isolates (3 ST398 MRSA isolates) carried at least 1 of
the SE genes; 2 ST398 MRSA harbored sea, 1 ST398 MRSA isolate was double-positive for sec
and sed, and none of the ST541 MRSA isolates had SE genes. Three of the non-CC398 MRSA
isolates were positive for at least 1 of the SE genes; 1 ST2084 had sed, and 2 ST1 MRSA were
positive for sea and sea/sec. Although the 2 ST1 MRSA isolates were also positive for PVL, none
of the CC398 MRSA isolates carried genes for PVL and TSST-1.

DISCUSSION

The emergence and spread of LA-MRSA in food-producing animals have raised public

health concerns particularly on the possible transmission to humans [33-35]. Although
LA-MRSA has primarily been associated with livestock animals, especially pigs [8], there

is a considerable number of reports where humans are colonized by LA-MRSA through
occupational contact [7,33-36]. In this study, the overall prevalence of MRSA in pigs,

farm workers, and farm facilities was 2.2%, 3.2%, and 2.8% (30/1,340, 6/186, and 4/144),
respectively. Similar to the prevalence rates reported in 2 previous studies in Korea (3.2% [10]
and 4.4% [11]), the prevalence of swine-associated MRSA in this study was still much lower
than the prevalence in North Americas (26-36%) [37,38] and several European countries such
as Spain (20.7%) [39], Germany (49%) [40], and Netherlands (38.7%) [41]. Unlike the similar
levels of MRSA prevalence in pigs, the prevalence of MRSA in pig farmers (15.4%, 6 out of 39
pig farmers) observed in this study was somewhat lower than that (16.7%) in another study
conducted in Korea during 20122016, in which only nasal swab samples were collected

from pig farmers [11]. This might be attributed to several factors such as the sampling and
isolation methods, farm management system, pig density, and geographical regions [4]. The
prevalence of LA-MRSA was significantly decreased in slaughterhouses (0.6%) and retail
markets (0.4%). Recently, Moon et al. [12] also reported a low level of MRSA prevalence

in pig carcasses (0.6%) from slaughterhouses. These results indicate that transmission

of LA-MRSA from pig farms to slaughterhouses and then to retail markets is still limited

in Korea. However, the high prevalence of MRSA, especially swine-associated MRSA, in
persons in contact with livestock or food of animal origin has been frequently observed in
many countries [35,42,43]. Thus, continued efforts are required to identify the potential
transmission routes of MRSA.

The spread of LA-MRSA CC398 (ST398 and ST541) in the swine population and pork
production system has been linked to an increased number of MRSA infections in humans
[44]. In contrast to other Asian countries, where the widespread colonization of ST9 LA-
MRSA has been observed [35,45], the most frequent pig-associated MRSA in Korea has been
ST398 and ST541 with spa type of t571 and t034 (ST398-t571 and ST541-t034), respectively
[10,11]. In line with the previous observations [11,32,46], 25 (62.5%) and 6 (15%) of the 40
MRSA isolates were ST398 and ST541, respectively, mostly carrying SCCmec V. However, in
contrast to the prior investigation [10-12], 21/25 ST398 MRSA strains isolated in this study
had spa type of t18103 or t18102. The detection of different spa types in MRSA isolates with
identical STs may be attributed to the diversification of spa through adaptation to different
environments. The detection of ST398 MRSA isolates with varied spa types (ST398-t18103 and
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ST398-t18102) warrants further investigation and monitoring. Furthermore, although the
incidence is still limited, the detection of LA-MRSA isolates with identical genotypes (ST398-
t571-SCCmecV-agrI) both in pig farms and slaughterhouses suggests potential transmission of
LA-MRSA from live pigs to pork supply chains.

As shown in Table 2 and Fig. 2, all CC398 MRSA isolates exhibited multidrug-resistant
phenotype with 100% resistance to TET. Similar to the findings of previous studies [12,13,15],
these LA-MRSA isolates carried 1 or more genes that could confer TET resistance (tetK, tetL,
and/or tetM). It has been proposed that TET resistance is a potential phenotypic marker for
CC398 LA-MRSA isolates (ST398 and ST541 LA-MRSA) [9]. Although the history of TET usage
in the pig farms in the current study is not available, TET compounds have been frequently
used to control respiratory diseases in weaning pigs in Korea. As shown by the results in Fig.
3A and B, CC398 MRSA isolates showed significantly higher levels of MICs (p =0.0001) and
MBCs (p =0.0004) to TET than non-CC398 MRSA isolates, indicating that the CC398 MRSA
isolates can have selective advantage under TET pressure. Thus, in combination with MDR
phenotype, it is speculated that the CC398 LA-MRSA strains isolated in this study may have
been selected by various antimicrobial agents, especially TET.

In addition to the resistance to TET, zinc resistance mediated by the czrC gene has been
associated with the high prevalence of CC398 LA-MRSA in pigs. As the czrC and mecA genes
are colocalized within the SCCmecV element [47], the use of zinc as a feed additive to prevent
diarrhea in weaning pigs may favor the selection of czrC in CC398 LA-MRSA. As shown in Fig.
4, the levels of zinc chloride MICs were significantly higher for the CC398 LA-MRSA group
than for the non-CC398 MRSA group (p < 0.01), suggesting that the use of dietary zinc in
feed may contribute to the prevalence of CC398 LA-MRSA in pigs in Korea by promoting the
selection and maintenance of the SCCmecV element in these clonal lineages. Zinc chloride
MIC data, in combination with the TET susceptibility (Fig. 3) and SCCmec typing data (Table
2), indicate that co-selection pressure associated with TET usage and zinc supplementation
in feed may play an important role in the prevalence of CC398 LA-MRSA in the swine
population in Korea. Future studies are necessary with a larger collection of MRSA strains to
elucidate the role of zinc and TET cross-resistance in the selection and maintenance of CC398
LA-MRSA in pig farms.

The acquisition of SE genes, PVL genes (/ukF and [ukS), TSST-1, and ET genes (eta, etb, and
etd) by LA-MRSA isolates may pose a considerable threat to public health. However, in
comparison with non-CC398 MRSA isolates, CC398 LA-MRSA isolates did not acquire these
virulence genes more frequently, and none of the CC398 LA-MRSA isolates harbored the PVL
and TSST-1 genes in our current study.

It is important to recognize that our current study have several limitations. Our data were
generated based on a limited number of LA-MRSA isolates recovered from 2017-2018. Thus,
future studies with a larger sample of LA-MRSA over an extended period of time are required.
Moreover, information on antibiotic usage, especially TET, and zinc concentration in the feed
additives in pig farms were not available in the present study. However, our current study is
unique in that it is the first national investigation to systematically sample pigs, humans, and
facility environment of different sectors in the pork production chain including pig farms,
slaughterhouses, and retail markets. In addition, this study is the first to report the detection
of ST398-t18102 and ST398-t18103 LA-MRSA isolates in pigs and farm workers in Korea.
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In conclusion, our results suggest that 1) the prevalence of swine-associated MRSA is lower in
Korea than in other European and Asian countries, which is similar to the findings of previous
studies [10,11]; 2) the prevalence of CC398 LA-MRSA (ST398 and ST541) appears to be correlated
with increased levels of MDR phenotype, especially TET resistance; and 3) in addition to TET
resistance, CC398 LA-MRSA isolates tend to exhibit cross-resistance to zinc, suggesting its
potential role in the prevalence and persistence of swine-associated CC398 LA-MRSA in Korea.
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