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PREFACE

Staphylococcus aureus is a commensal bacterium and an opportunistic pathogen
that colonizes the nares, gut, skin surfaces of humans, and several animal species [1]. S.
aureus is the major cause of hospital and community-acquired infections that have
serious consequences. It can cause bloodstream (BSI), skin and soft tissues (SSTI),
lower respiratory tract infections (LRTI), etc. S. aureus carried of virulence factors and
toxins. It is often responsible for many toxin-mediated diseases such as toxic shock
syndrome, scalded skin syndrome, and staphylococcal foodborne diseases (SFD) [1]. S.
aureus infections have been complicated by the acquisition of antimicrobial resistance,
including methicillin resistance. Methicillin-resistant S. aureus (MRSA) is a significant
cause of infection in the health care industry.

Many countries have experienced an increasing burden of MRSA that has
notable geographical variation. The highest prevalence of MRSA was in parts of
America and Asia (Figure 1) [2]. In recent years, public health concern has risen from
isolates harbored in the community and livestock species [3]. Hospital-associated
MRSA (HA-MRSA) is currently endemic in many hospitals. Community-associated
MRSA (CA-MRSA) clones have been spreading rapidly in the communities and
infiltrating healthcare in many regions worldwide [1]. To date, livestock-associated
MRSA (LA-MRSA) is found in various animals and certain high-risk groups of workers
that are in direct contact with live animals [4]. The evolutionary changes of MRSA have
contributed to its continued threat to public health [4]. Figure 2 shows the MRSA
populations geographically. It is evident that some HA-MRSA and CA-MRSA clones
overlap each other and showing a very close genetic association. Conversely, the LA-
MRSA has little correlation with either CA-MRSA or HA-MRSA clones (Figure 2) [1].

Moreover, many bacteria can initially cause a silent carrier state and may later
give rise to infections as being of foodborne origin. MRSA is one of the bacteria that
are of concern regarding the transmission of this strain to human populations in relation
to high-density swine production [5,6]. The bacteria can be transmitted to humans in
close contact with the LA-MRSA colonized animals and their products. Recently,
MRSA strains from livestock (e.g., swine, cattle, and poultry) or their products have
emerged throughout Europe, America, and Asia. Most of the LA-MRSA strains



belonged to clonal complex (CC) 398 as defined by multilocus sequence typing
(MLST), while ST9 was mostly found in Asian countries such as Taiwan [7], Hong
Kong [8,] and Thailand [9]. Human infections of LA-MRSA ST398 and ST9 have been
reported [10]. In Thailand, CC9 MRSA was isolated from 10%-40% of swine [10,11]
and 50% of retail pork [10]. The previous studies showed the potential risk of spread
from livestock reservoirs to the communities and hospitals. In addition, CC9-SCCmec
IX MRSA isolated from humans (a patient and a healthy healthcare worker) attracted
attention as it was unique and new community clone in Thailand [9].

The origin and molecular evolution of LA-MRSA especially ST398, seem to be
associated primarily with pigs [1]. LA-MRSA ST9 represents the most common
sequence type in Thailand [9,10]. LA-MRSA ST398 isolated from pigs in Thailand was
first detected between 2015 to 2017 as a major lineage in the previous study in the
central of Thailand [12]. The information about the importation of live pigs in Thailand
was shown in Figure 3. In this Figure, nearly 100% of the imported live pigs were from
the American and European countries which have experienced a remarkable increase in
LA-MRSA ST398 prevalence in pigs and other animal species [6]. However, the origin
or the transmission routes of LA-MRSA ST398 in Thailand are unclear and have not
been investigated so far.

The high-throughput whole-genome sequencing (WGS) is the comprehensive
method for analyzing entire genomes and has provided the enhanced resolution required
to accurately track the spread of LA-MRSA. It facilitates the formulation of more
effective infection prevention and control strategies. This method has also
revolutionized investigations of the evolution of established and emerging clones. This
thesis also used WGS to investigate the transmission dynamics of LA-MRSA in
slaughtered pig and pork samples in Thailand.

In Chapter I, an investigation about the prevalence, phenotype, and genotype of
MRSA in slaughtered pigs and retailed pork samples in the 2-year study (2017-2018) in
the central region of Thailand was covered. The slaughtered pigs were collected from
three slaughterhouses. The retailed pork samples were collected from butcher shops in
four fresh markets. The goal of this study was to determine prevalence of MRSA in
livestock animals especially swine and pork in Thailand. In Chapter Il, LA-MRSA
ST398 are characterized. A genomic screen was performed to identify important genes
for LA-MRSA ST398 in slaughtered pig and pork samples. This Chapter presented the
possible associations among Thai samples of LA-MRSA ST398 that were established



with WGS. The phylogenetic analysis of these samples based on single nucleotide
polymorphism (SNP) was also done. Further, we investigated the molecular
characteristics of MRSA to evaluate the potential relationships between livestock

animals, animal food products, and humans.
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CHAPTER |

Antimicrobial Resistance and Molecular Characterization of Methicillin-
Resistant Staphylococcus aureus Isolated from Slaughtered Pigs and Pork in
Central Region, Thailand

Introduction

MRSA has been a major public health concern as it causes nosocomial infections
leading to high mortality and morbidity in humans [15]. MRSA strains with resistance
to a wide range of antibiotics have been found in various sources globally [3,4,16]. LA-
MRSA strains have always been associated with exposure to livestock or their products
and have emerged in different countries in Europe, America, and Asia [17,18]. MRSA
types have divergent genetic backgrounds, hence different MRSA strains carry different
types of staphylococcal cassette chromosome mec (SCCmec) [17]. LA-MRSA
belonging to ST398 has been reported to colonize livestock and people with close
contact to them such as farmers and veterinarians [19-21].

However, infections by LA-MRSA were also found in people without livestock
exposure [22,23]. ST398 and several others (ST9, ST97, ST5) have been isolated from
pork, chicken, beef, and milk in many countries [24]. These finding demonstrate that
handling and/or consumption of food-producing animals contaminated by MRSA is a
potential zoonotic transmission source for humans [25,26]. When MRSA-carrying
animals are slaughtered, MRSA may spread to carcasses, to the environment, and to
abattoir workers. Moreover, if animal products are contaminated, MRSA can enter the
human food chain [27]. Therefore, LA-MRSA has become an important public health
issue that warrants intensive monitoring.

Thailand has a positive trend for the production and export of pork and live pigs
especially to ASEAN countries and domestic pork consumption increased 2—-3% from
2011 to 2016 [28]. As the central region of Thailand is the main pig production area
[29], the risk of zoonotic transmission of LA-MRSA through pigs and/or pig products
is high [12]. Although some studies have identified LA-MRSA from healthy pigs
[30,31], and pork [11] in Thailand, the prevalence of them in slaughtered pigs is still

unknown. Moreover, there is only one report on the description of the epidemiology and



molecular characteristics of LA-MRSA from slaughtered pigs and pork in Thailand [17].
Therefore, the purpose of this study was to investigate the prevalence, molecular
characteristics, and antimicrobial resistance pattern of MRSA isolated from slaughtered
pigs and retail pork in the central region of Thailand.
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Materials and Methods

Study design and sample collection

The cross-sectional study was performed in two settings of the food chain—
slaughterhouses and markets in the central region of Thailand in 2017 and 2018—to
determine the prevalence of MRSA.

A total of 204 nasal swab samples were collected from three slaughterhouses (A,
B, and C) during 2017-2018 (Figure 4). In each year, 34 nasal swab samples were
collected from each of the three slaughterhouses. All slaughterhouses were under the
control of Department of Livestock Development, Ministry of Agriculture and
Cooperatives, but under different ownerships. Slaughterhouse A belonged to the town-
municipal while slaughterhouses B and C belonged to private companies.
Approximately 100-200 pigs were slaughtered per day. Slaughtering of animals was
done according to common slaughtering practice; nasal swab samples were collected
immediately after the scalding and dehairing and prior to washing the head with water.
A cotton swab was inserted 2—7 cm (according to pig size) into both nostrils and gently
rotated against the mucosal epithelium. Then, the cotton swab was inserted in the tube
containing medium (Seed Swab y No. 2 “Eiken”; Eiken Chemical, Tokyo, Japan) and
the cap was tightly closed. All the swab samples were immediately stored in an ice box.

A total of 116 retailed pork samples were collected from 64 butcher shops in
four fresh markets (D, E, F, and G in Figure 4) in the 2-year study. In 2017, a total of
57 pork samples were collected from 32 butcher shops, including market D (n=6),
market E (n=37), market F (n=6), and market G (n=8). In 2018, a total of 59 pork
samples were collected from 32 butcher shops, including market D (n=7), market E
(n=38), market F (n=6), and market G (n=8). The unequal number of butcher shops for
sample collection in each market was dependent on the capacity of the market.
Approximately 50 g raw pork samples were purposely purchased from each butcher
shop and collected in individual plastic bags.

Slaughterhouses and fresh markets were selected for convenience, based on the
willingness of the producers to participate. All samples were kept individually in sterile
bags, stored in an icebox, and transported to the laboratory within 6 h for further

processing.
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This study used meat and carcass from pigs in markets and slaughterhouses that
had been legally registered. The Institutional Animal Care and Use Committee,

Thammasat University (IACUC-TU) has confirmed that no ethical approval is required.

Isolation and identification of MRSA

All samples were inoculated into trypticase soy broth (TSB; Oxoid, Basingstoke,
United Kingdom) containing ceftizoxime (5 pg/mL), aztreonam (75 mg/mL), and 6.5%
NaCl, and incubated at 37 °C for 24 h. Subsequently, enrichment cultures from
individual samples were streaked on oxacillin-resistance screening agar (ORSA)
supplemented with 2 pg/mL oxacillin (Oxoid) and incubated at 37 °C for 24-48 h. Up
to three suspected staphylococcal colonies (mannitol-positive) were selected per sample
from ORSA and sub-cultured on trypticase soy agar (TSA) (Oxoid). Colonies on TSA
were primarily identified by Gram stain, catalase test, coagulase test, DNase test, and
growth on mannitol salt egg-yolk agar (Figure 5).

Presumptive MRSA isolates were further confirmed to species level by
sequencing of 16S rRNA gene using primers Bact-rrs-F (5'-AGAGTTTGATCCTGGC
TCAG-3') and Bact-rrs-R (5- TACGGCTACCTTGTTACGAC-3') [32]. The PCR
reaction mixture (total 20 pL) consisted of 1x Ex Taq buffer, 1. mM MgCl;, 0.25 mM
of each dNTP, 0.25 uM of each primer, 0.5 U Taqg polymerase (Takara Bio Inc., Kyoto,
Japan), and 1 uL of DNA template. Thermal cycling was performed in a Thermal Cycler
(Applied Biosystems Veriti™ Thermal Cycler, Foster City, CA, USA). Amplification
conditions entailed the following: initial denaturation at 96 °C for 1 min, 35 cycles of
denaturation at 96 °C for 10 s, annealing at 55 °C for 10 s, DNA extension at 72 °C for
30 s, and final extension at 72 °C for 5 min. This protocol was adapted from Neilan et
al. (1997) [32]. Sequencing PCR was performed using a BigDye ver. 3.1 Terminator
Cycle Sequencing Kit (Thermo Fisher Scientific), followed by Sanger sequencing using
ABI 3500xL Genetic Analyzer (Thermo Fisher Scientific). After sequencing of the 16S
rRNA gene, contiguous sequences were analyzed by the BLAST search engine
(http://www.ncbi.nih.gov accessed on 19 February 2021) and compared with those
registered in the GenBank database.

Detection of the mecA gene was done by PCR using specific primers mecA-F
(5'-AAAATCGATGGTAAAGGTTGGC-3") and mecA-R (5'- AGTTCTGCAGTACC
GGATTTGC-3") for methicillin-resistance confirmation [33]. The PCR mixture was

12
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Swab inner wall of pig nose using Culture swab™/ 10 g of pork

Kept in ice box and transport to laboratory
within 24 h

Inoculate a swab and pork into 3 ml and 90 ml, respectively, of Trypticase soy broth
(contain ceftizoxime, aztreonam, 6.5% NaCl)

l Incubate at 37°C, 24 h

Streak the enrich culture on ORSAB agar (oxacillin resistance screening agar base)

l Incubate at 37°C, 24 - 48 h

Subculture 3 of representative single colony colored blue on Trypticase soy agar

Incubate at 37°C, 24 h

Confirmed identify on mannitol salt egg-yolk agar, DNAase agar, Coagulase test,
antimicrobial susceptibility test

Molecular confirmation tests: 16s rRNA Gene, mecA gene

l

Streak positive MRSA isolates (pure culture) onto a small section of TSA agar
plate

l Incubate at 37°C, 24 h

Suspend all bacterial grown on TSA into 1ml of 10% skim milk

|

Store at -80°C

Figure 5. Flow of isolation and identification for methicillin-resistance Staphylococcus
aureus (MRSA)
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prepared in a total volume of 20 ul per reaction. The mixture contained 1x Green
GoTaq reaction buffer, 1 mM MgClz, 0.25 mM each of dNTP, 0.25 uM of each primer,
0.5 U GoTaq DNA polymerase (Promega, Madison, WI, USA), and 1 pl of DNA
template. The final volume was adjusted to 20 pl with sterile deionized water. The PCR
conditions were the same as explained in the previous study [33]. Isolates

with mecA were kept frozen at —80 °C until further examination.

Antimicrobial susceptibility testing (AST)

Isolates identified as MRSA were examined for susceptibility to antimicrobial
agents using the disk diffusion method on Mueller—Hinton agar (MHA; Oxoid)
following the Clinical and Laboratory Standards Institute (CLSI) guidelines CLSI
VETO1 S5, 2018 for enrofloxacin [34]; and CLSI M100 S30, 2020 for all other
antibiotics [35]. A total of 12 antimicrobial disks were used comprised of ampicillin
(AMP, 10 ug), oxacillin (OXA, 1 ug), cefoxitin (FOX, 30 ug), chloramphenicol (CHL,
30 ug), clindamycin (CLI, 2 pg), erythromycin (ERY, 15 ug), ciprofloxacin (CIP, 5 ug),
enrofloxacin (ENR, 5 ug), gentamicin (GEN, 10 pg), tetracycline (TET, 30 ug),
sulfamethoxazole/trimethoprim (SXT, 25 pg), and vancomycin (VAN, 30 ug).

Molecular typing of MRSA

SCCmec typing of MRSA was performed by PCR amplification of
the mec (classes A-C) and ccr (types 1, 2, 3, and 5) regions as previously described [36].
The combinations of ccr types and classes of mec gene complexes were used to
determine the SCCmec types of each isolate.

Multilocus sequence typing (MLST) was performed following the protocol
described elsewhere [37]. The seven housekeeping genes (arcC, aroE, glpF, gmk,
pta, tpi, and yqi) were amplified by PCR. After agarose gel electrophoretic separation,
PCR products were purified using ExoSAP-IT™ PCR Product Cleanup Reagent
(Thermo Fisher Scientific, Waltham, MA, USA). The concentration and quality of the
purified PCR products were measured by Qubit 3 using Qubit dsDNA HS (High
Sensitivity) Assay Kit (Thermo Fisher Scientific). The purified products were
sequenced by ABI 3500xL Genetic Analyzer (Thermo Fisher Scientific) using a BigDye
ver. 3.1 Terminator Cycle Sequencing Kit (Thermo Fisher Scientific). The sequencing
data were analyzed using BioEdit version 7.0.9.1 [38]. The allele numbers and sequence

type (ST) of eachS. aureusisolate were obtained using MLST Databases

15



(http://saureus.mlst.net accessed on 19 February 2021). Phylogenetic trees were
constructed by Molecular Evolutionary Genetics Analysis (MEGA) software version
6.0 (www.megasoftware.net accessed on 19 February 2021). Isolates showing identical
antimicrobial resistance phenotype and genotype obtained from same sample were

considered as clonal.

Data analysis

The SPSS software version 19.0 was used for statistical analysis. The chi-square
tests or Fisher’s exact tests were carried out to examine the differences in the prevalence
of MRSA and antimicrobial resistance profiles among the MRSA isolates. The p-value

less than 0.05 was considered statistically significant.
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Results

Prevalence of MRSA

Among 204 nasal swab samples of pigs from three slaughterhouses and 116 pork
samples from four markets, 63 (19.7%) were positive for MRSA based on the presence
of the mecA (Table 1). The prevalence was significantly higher in pork samples (44.8%;
52/116) than in nasal swab samples (5.4%; 11/204) (p-value < 0.05) (Table 1 and Table
2). No MRSA was found in nasal swab samples from slaughterhouse C in both year
(2017 and 2018) or in pork samples from market D in the first year (2017). Among nasal
swab samples, the highest prevalence of MRSA was found at slaughterhouse A (11.8%;
8/68). For pork samples, the highest prevalence of MRSA was found at market F
(58.3%; 7/12) followed by market G (50.0%; 8/16), market E (48.0%; 36/75), and
market D (7.7%; 1/13). There were no significant differences between the sampling
years (Table 1). In total, 67 MRSA isolates, 11 from nasal swab and 56 from pork

samples, were used for further analyses (Table 1 and Table 3).

Table 1. Methicillin-resistant Staphylococcus aureus (MRSA) isolated in
slaughterhouses and markets located in the central region of Thailand in 2017 and 2018

No. of MRSA positive samples / total No. (%)

Sample/place

2017 2018 Total
Nasal swab/
Slaughterhouse A 2/34 (5.9) 6/34 (17.6) 8/68 (11.8)
Slaughterhouse B 2/34 (5.9) 1/34 (2.9) 3/68 (4.4)
Slaughterhouse C 0/34 0/34 0/68
Total (n) 4/102 (3.9) 7/102 (6.9) 11/204 (5.4)
Pork/
Market D 0/6 1/7 (14.3) 1/13 (7.7)
Market E 22/37 (59.5)2 14/38 (36.8) 36/75 (48.0)
Market F 3/6 (50.0) 4/6 (66.7)2 7/12 (58.3)
Market G 3/8 (37.5) 5/8 (62.5) 8/16 (50.0)
Total (n) 28/57 (49.1) 24/59 (40.7) 52/116 (44.8)

2 Two MRSA isolates were derived from one sample (there were 2 samples).
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Table 2 Prevalence of MRSA among different sources

No. of samples

__ i p-value
MRSA Positive MRSA Negative
Slaughterhouse in 2017 4 98
. 0.352
Slaughterhouse in 2018 7 95
Market in 2017 28 29
0.361
Market in 2018 24 35
Total 2017 32 127
0.845
Total 2018 31 130
Slaughterhouse 11 193
<0.001*
Market 52 64
Market D 1 12
Market E 36 39
0.035*
Market F 7 5
Market G 8 8
Slaughterhouse A 8 60
Slaughterhouse B 3 65 0.008*
Slaughterhouse C 0 68

* The p-value less than 0.05 was considered statistically significant.
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Antimicrobial susceptibility

Drug susceptibility tests utilizing 12 antimicrobial agents of 10 drug classes
revealed that all examined isolates were resistant to ampicillin and cefoxitin, and various
degrees of resistance were observed in other 10 antimicrobial agents with all isolates
susceptible to vancomycin as shown in Tables 4 and Table 5. There was no statistically
significant difference between nasal swab and pork samples in the prevalence of each
antimicrobial resistance (Fisher’s test; p-value > 0.05). All MRSA isolates were multi-
drug resistant (MDR) and classified into 18 different patterns of resistance (Table 4).
Six and 16 different patterns of drug resistance were observed in isolates from nasal
swabs and pork samples, respectively. Nevertheless, it was found that all of isolates
showed resistance to at least two of the non-p-lactams antimicrobial classes. All isolates
from nasal swab samples were MDR, resulting in resistance to at least three non-f-
lactams antimicrobial classes, whereas only 39 (69.6%) MRSA isolates from pork
samples were MDR. The antimicrobial resistance profile of AMP-OXA-FOX-CLI-
TET, was the highest in frequency (23.9%; 16/67) and found only in pork samples from
market E (in 2017) and market F (both 2017 and 2018), followed by AMP-OXA-FOX-
CHL-CLI-ERY-CIP-ENR-GEN-TET (16.4%; 11/67) and AMP-OXA-FOX-CHL-CLI-
CIP-ENR-GEN-TET (16.4%; 11/67) found in both nasal and pork samples. The other
antimicrobial resistance patterns, which were mainly found in pork samples for both

years, were diverse and low in number.
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Table 5. Prevalence of antimicrobial resistance of MRSA isolated in slaughterhouse and
market located in the central region of Thailand in 2017 and 2018.

No. (%) of antimicrobial resistance of MRSA isolates

Class/

Antimicrobial Slaughterhouse Market
agents (n=30) (n=102) Total
2017 2018 Total 2017 2018 Total (n=67)
(n=4) (n=7) (n=11) (n=30) (n=26)  (n=56)

Penicillin

AMP 4(100)  7(100) 11 (100) 30 (100) 26 (100) 56 (100) 67 (100)

OXA 4(100)  7(100) 11 (100) 30 (100) 25(96.2) 55(98.2) 66 (98.5)
Cephem

FOX 4(100)  7(100) 11 (100) 30 (100) 26 (100) 56 (100) 67 (100)
Phenicol

CHL 3(75.0) 5(71.4) 8(72.7) 15(50.0) 19 (73.1) 34(60.7) 42 (62.7)
Lincosamide

CLI 3(75.0)  7(100) 10 (90.9) 27 (90.0) 23(88.5) 50(89.3) 60 (89.6)
Macrolide

ERY 3(75.0) 3(429) 6 (54.5) 10 (33.3) 9(346) 19(33.9) 25(37.3)
Fluoroquinolone

CIP 4 (100) 7 (100) 11 (100) 16 (53.3) 23(88.5) 39(69.6) 50 (74.6)

ENR 4(100)  6(85.7) 10 (90.0) 16 (53.3) 23(88.5) 39(69.6) 49 (73.1)
Aminoglycoside

GEN 4(100)  6(85.7) 10 (90.9) 10 (33.3) 23(88.5) 33(58.9) 43 (64.2)
Tetracycline

TE 4(100)  7(100) 11 (100) 30 (100) 25(96.2) 55(98.2) 66 (98.5)
Folate partway -inhibitor

SXT 2 (50.0) 0 2(18.2) 6(20.0) 8(30.8) 14(25.0) 16 (23.9)
Glycopeptide

VAN 0 0 0 0 0 0 0

Abbreviation: AMP, ampicillin; OXA, oxacillin; FOX, cefoxitin; CHL, chloramphenicol; CLI, clindamycin; ERY, erythromycin;
CIP, ciprofloxacin; ENR, enrofloxacin; GEN, gentamicin; TET, tetracycline; SXT, sulfamethoxazole/trimethoprim; VAN,
vancomycin
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Molecular characteristics (by Multilocus sequence typing (MLST) and SCCmec
typing) of MRSA isolates

MRSA isolates were differentiated into four SCCmec types and four STs.
SCCmec type 1X was the most prevalent (68.7%; 46/67), followed by SCCmec type V
(26.9%); 18/67) and SCCmec type IV (1.5%; 1/67), while two isolates (3.0%), consisting
of class C2 mec complex but negative amplification of ccr complex were nontypeable
(NT). The most frequently found ST was ST9 (70.1%; 47/67) followed by ST398
(26.9%; 18/67), ST779 (1.5%; 1/67), and ST5639 (1.5%; 1/67) (Table 6). ST5639 was
a new single-locus variant of ST9 with a substitution mutation (G52T) of glpF, resulting
in allelic profile 3-3-111-1-1-1-10, which belonged to CC 9. The five different genotype
profiles were identified where ST9-SCCmec IX was predominant in both nasal swabs
and pork samples. ST398-SCCmec V was identified at market F (in both years), market
E (only in the first year), and at slaughterhouse A (only in the first year). MRSA at
market E in the first year (2017) showed the most diverse molecular characteristic
profiles (Table 3). Four samples were found to carry two strains with different genotype
profiles in each. The characteristic genotype profile of ST9-SCCmec IX and ST398-
SCCmec V were found in a pork sample from market E and two pork samples from
market F. Moreover, ST398-SCCmec V and ST9-SCCmec NT were found in a pork

sample from market E.

Association between antimicrobial resistance and molecular typing

Antimicrobial resistance rates obtained for five different genotype profiles are
shown in Table 6 and Figure 6. ST9-SCCmec IX isolates showed significantly higher
rates of resistance (p-value < 0.05) than isolates with other genotype profiles, exhibiting
high prevalence of resistance to chloramphenicol, erythromycin, ciprofloxacin,
enrofloxacin, gentamicin, and sulfamethoxazole/trimethoprim. Among ST398-
SCCmec V isolates (n = 18), the antimicrobial resistance pattern AMP-OXA-FOX-CLI-
TE was found with the highest frequency in pork samples from markets (88.9%; 16/18)
(Figure 6 and Table 4). All MRSA ST398-SCCmec V from market F in both years
exhibited the same antimicrobial resistance profile, whereas one MRSA isolate from

market E in the first year was different in antimicrobial resistance pattern.
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ST SCCmec  Sample Location Year ?§0+20+0Q‘\10\>@Q:\(§®&0¢é9¢\\§\
- @TUS-B-N54/1 9 X Nasal swab Slaughterhouse_B 2017
- @TUS-B-N67/1 9 1X Nasal swab Slaughterhouse_B 2017
- @TUM-B-P16/2/3 9 X Pork Market_E 2017
®TUM-B2-P14/2/1 9 X Pork Market_E 2018
®TUM-B2-P16/1/1 9 X Pork Market_E 2018
®TUS-AN12/1 9 X Nasal swab Slaughterhouse_A 2017
®TUM-B-P16/1/1 9 X Pork Market_E 2017
- @TUM-B2-P10/2/2 9 X Pork Market_E 2018
- @TUS-A2-N09/1 9 X Nasal swab Slaughterhouse_A 2018
- @TUS-A2-N10/1 9 3 Nasal swab Slaughterhouse_A 2018
AMR - @TUS-A2-N22/1 9 IX Nasal swab Slaughterhouse_A 2018
Resistant - @TUM-B-P19/2/1 9 IX Pork Market_E 2017
. - @TUM-B-P22/1/3 9 X Pork Market_E 2017
Intermediate - @TUM-B2-P18/1/1 9 X Pork Market_E 2018
Susceptible - @TUM-B2-P18/2/1 g X Pork Market_E 2018
- @TUM-B2-P21/2/1 9 X Pork Market_E 2018
®TUM-B-P12/1/1 9 X Pork Market_E 2017
@®TUM-B-P13/2/1 9 X Pork Market_E 2017
@ TUM-B2-P09/2/1 9 X Pork Market_E 2018
@TUM-B2-P12/172 9 X Pork Market_E 2018
- @ TUM-B-P09/1/2 9 X Pork Market_E 2017
- @TUM-B2-P08/2/1 9 1X Pork Market_E 2018
- @TUM-B2-P15/172 9 X Pork Market_E 2018
- @TUM-B-P18/2/3 9 X Pork Market_E 2017
OTUM-B-P12/2/2 9 nontypable  Pork Market_E 2017
@ TUM-B-P20/2/1 9 nontypable  Pork Market_E 2017
@TUM-B-P21/1 9 IX Pork Market_E 2017
®TUM-D-P30/1/1 9 X Pork Market_G 2017
- @TUM-D2-P29/2/2 9 X Pork Market_G 2018
- @TUS-A2-NO3/1 9 X Nasal swab Slaughterhouse_A 2018
- @TUS-B2-N46/1 9 IX Nasal swab Slaughterhouse_B 2018
- @TUM-D-P32/2/1 9 X Pork Market_G 2017
- @TUM-B2-P12/2/3 9 X Pork Market_E 2018
- @TUM-B2-P15/2/1 9 X Pork Market_E 2018
- @TUM-D2-P30/1/1 9 X Pork Market_G 2018
- @TUM-D2-P30/2/1 9 X Pork Market_G 2018
-@TUM-C2-P27/132 9 X Pork Market_F 2018
- @TUM-A2-P05/1 9 X Pork 2018
- @TUM-D-P31/2/1 9 X Pork Market_G 2017
- @TUM-B2-P11/2/1 9 X Pork Market_E 2018
@®TUM-C2-P26/212 9 X Pork Market_F 2018
- @TUS-A2-N28/2 9 X Nasal swab Slaughterhouse_A 2018
- @TUM-C2-P28/1/3 9 X Pork Market_F 2018
- @TUM-D2-P31/1/2 9 X Pork Market_G 2018
- @TUM-D2-P31/2/1 9 X Pork Market_G 2018
- @TUM-C-P27/2/1 9 1X Pork Market_F 2017
- @TUS-A-N05/2 9 X Nasal swab Slaughterhouse_A 2017
— @ TUM-B2-P17/2/1 5639 X Pork Market_E 2018
®TUM-B-P08/2/3 779 L\ Pork Market_E 2017
* | @TUM-B-P22/2/2 398 v Pork Market_E 2017
—| @ TUS-A2-N16/1 398 \ Nasal swab Slaughterhouse A 2018
@ TUM-B-P10/1/2 308 v Pork Market_E 2017
* | @TUM-B-P12/2/1 398 Vv Pork Market_E 2017
* | @TUM-C-P26/1/1 308 v Pork Market_F 2017
®TUM-B-PO7/172 398 v Pork Market_E 2017
®TUM-C2-P27/1/1-1 308 v Pork Market_F 2018
* | @TUM-C-P27/1/1 398 v Pork Market_F 2017
®TUM-B-P07/212 398 v Pork Market_E 2017
®TUM-B-P18/1/1 398 v Pork Market_E 2017
* | @TUM-C2-P26/1/1 398 \'J Pork Market F 2018
®TUM-B-P13/1/1 398 v Pork Market_E 2017
®TUM-B-P15/2/2 398 \ Pork Market_E 2017
* |@TUM-B-P17/2/1 398 v Pork Market_E 2017
@ TUM-B-P18/2/1 398 v Pork Market_E 2017
@ TUM-B-P19/1711 398 v Pork Market_E 2017
@ TUM-B-P20/1/1 398 v Pork Market_E 2017
6x10* ®TUM-C2-P28/1/1 308 v Pork Market_F 2018

Figure 6. Phylogenetic tree showing the relationship between 67 MRSA strains isolated
from nasal swab and pork samples based on the concatenated sequences of seven
housekeeping enzyme genes’ loci (3186 bp). Boxes showing resistant, dark red;
intermediate, ocher; and susceptible, green. S. aureus selected for WGS analysis were
marked in red asterisk.
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Discussion

This study investigated the distribution of MRSA in individual slaughtered pigs
and pork in markets at central region of Thailand. This is the first report investigating
the epidemiology and molecular characteristics of MRSA in individual slaughtered pigs
and pork in Thailand.

The prevalence of MRSA in nasal swab samples observed in this study (11/204;
5.4%) was lower than that in European countries such as Latvia (17/100; 17%) [39] and
other Asian countries such as China (38/590; 6.4%) [40]. We estimated the prevalence
of MRSA isolated from pork as 44.8% (52/116), which is slightly lower than that in the
earlier study in the central region of Thailand (50%; 5/10) [11]. In contrast, these results
were higher than 1.8-15.8% among pork in European countries [41], 3.6-9.6% in North
American countries [42,43], and 7.1-21.5% in some Asian countries [44,45]. The
prevalence may vary depending on several factors, such as geographical area, sampling
methods, sample size, collection period, and laboratory methodologies.

In this study, the frequently observed STs were ST9 and ST398 which are known
to be associated with animals. These are major endemic MRSA clones circulating in
pigs in the central region of Thailand [11,12]. ST9 represents the most common
sequence type in Asian countries [17] while ST398 is the dominant clone disseminating
worldwide, especially in Europe and North America [3], and has been rarely identified
in some Asian countries [46]. However, these strains are an infection-associated strain
among pigs and humans in other Asian countries [17,46]. Although ST398 strains have
been found from veterinarian [47] and swine farms (pigs and swine workers) [12] in
Thailand, this report is the first to detect this strain from pork samples. ST9 and ST398
might be endemic in animal food production in the central region of Thailand.

ST9 has been rarely associated with human diseases [3]; however, a report from
Thailand identified ST9 in 2.5% (7/276) of pig farm workers’ isolates [48]. In this study,
ST5639, a novel single-locus variant of ST9, with a single base substitution in glpF was
detected in pork from the market. This finding supports the notion that pigs or food
animals are reservoirs for the emergence of new MRSA lineages or the evolution of
existing clones [49]. Of note, one ST779 isolate from pork in the market (Table 3) was

closely related to CA-MRSA or HA-MRSA observed among the population in Australia,
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UK, Ireland, and France [50,51]. We detected MRSA ST779 clone carrying
SCCmec type IV (Table 3) distinct from a previous report by Kinnevey et al. [52,53]
and Roberts et al. [54]. The former and the latter found ST779 carrying pseudo-element
YSCCmec-SCC-SCCcrispr and SCCmec type V, respectively. The emergence of
human-related STs indicates that slaughter pigs and pork could become important
reservoirs for MRSA and increase the potential risk of human infections. Thus, the
MRSA lineage described in this study should be considered as a possible public health
threat. These data suggest the need to investigate production practices in farms
supplying pork products to markets.

A high prevalence of SCCmec IX and V among MRSA isolates from markets
and slaughterhouses (Table 3 and Figure 6) indicates that this MRSA genotype is
rapidly spreading among swine processing chain. ST9 isolates carry different types of
SCCmec depending on the country [8,30,40,55]. Moreover, a large variety of
SCCmec types have been found in CC9 strains; much more so than CC398 stains [18].
Therefore, the structures of the non-typeable SCCmec found in ST9 in this study need
to be characterized by whole-genome sequencing in future study.

We discovered a high diversity of MRSAs genotypes in markets. The major
genotype profiles of MRSA isolates were different in each year and each source
(slaughterhouses and markets). This analysis suggests that it may be linked to multiple
sources of pork in each market and to a temporal shift in the epidemiology of genotype
(STs and SCCmec type) in Thailand. Hence, further study is needed to monitor the
evolution of these pathogens among livestock especially in pig farms and food
production stages. Moreover, investigations of LA-MRSA compared to HA-MRSA and
CA-MRSA in the same area should be conducted to elucidate the source of cross-
contamination of MRSA among the human population, since certain clones may spread
in this population.

Notably, oxacillin-susceptible mecA-positive S. aureus (OS-MRSA) found in
one pork-sample isolate belonged to ST9-SCCmec IX (Table 6 and Figure 6). All of
LA-MRSA ST398 (Table 6 and Figure 6) displayed resistance to tetracycline similar to
the previous reports [56]. This demonstrates that the LA-MRSA ST398 strain originated
as methicillin-susceptible S. aureus in humans, then acquired methicillin and
tetracycline resistance by antimicrobial selective pressure within the pig farms [57].
Thus, human exposure to LA-MRSA ST 398 might lead to the re-adaptation of this
clone by re-acquisition of human pathogenicity genes [57,58]. The MRSA ST9 strain
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showed more diverse antimicrobial resistance profiles than ST398 clones. Similar
profiles to ST9 have been reported in central Thailand [12]. Previous reports have shown
that LA-MRSA isolates were resistant to at least one agent of the fluoroquinolone class
in Thailand [9,11,12,48,59,60]. Only LA-MRSA ST9 in this study was associated with
fluoroquinolone resistance. It is possible that several fluoroquinolones are available for
treatment of animals in farms, and thus, their use may increase resistance among LA-
MRSA. These results indicated that appropriate use of antimicrobials in farms is
necessary to avoid emergence of high antimicrobial resistance rates of MRSA which

can be sources of transmission to humans via food and other routes.
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Summary

This is the first report investigating the distribution of MRSA in individual
slaughter pigs and pork in Thailand. A high prevalence of SCCmec IX and V with high-
level antimicrobial resistance among MRSA isolates from markets and slaughterhouses
indicated that MRSA with this genotype was rapidly spreading in Thai swine-processing
chains. For planning countermeasures, further research is required to understand the
nationwide epidemiology of LA-MRSA among livestock, especially in pig farms and
food production. In accordance with the information obtained from this study, reduced
usage of antimicrobials in farms, prevention of MRSA contamination in animals along
the entire pig production chain, and improved hygiene in food practices can be
recommended to control the spread of MRSA and reduce the risk of MRSA to a

minimum.
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CHAPTER 11l

Whole-genome sequencing of livestock-associated methicillin-resistant

Staphylococcus aureus ST398 in Thailand

Introduction

LA-MRSA isolated from pigs was the first reported in France in 2005 that
belonged to clonal complex (CC) 398 [61]. The MRSA ST398 clone was discovered
widespread in pigs in the Netherlands [62]. This MRSA ST398 has been widely
identified for having a broader host-spectrum compared to other MRSA strains. LA-
MRSA ST398 is the most widely disseminated in European countries [3,6], while ST9
is more predominant in Asian countries [17]. Although LA-MRSA ST398 is the most
dominant clone in EU, this strain has been identified outside EU such as North America
[42,43], and some Asian countries [10,12,13,44-46]. LA-MRSA ST398 was not only
found to colonize pigs, but also in other species of animals such as mink [64], horse
[65], cattle [66], poultry [67], and dogs [68]. LA-MRSA ST398 is also found in animal-
derived foods such as pork meat, turkey, and milk [69]. Thus, Animal food products
might serve as potential vehicles for the transmission of antimicrobial resistance of LA-
MRSA ST398 due to manual handing of contaminated raw material [70]. This is an
increasing concern regarding the presence of foodborne MRSA encoding antimicrobial
resistance (AMR) and virulence genes through mobile genetic elements (MGESs). This
increases its adaptability to the host representing a serious public health threat [6].
MRSA ST398 in humans is associated with skin and soft tissue infections (SSTIs) and
has also caused bloodstream infections (BSIs) [5,22].

Swine LA-MRSA ST398 in Thailand was first detected between 2015 to 2017
as a major lineage in the previous study in the central of Thailand [12]. While the same
strain in retail pork, has been reported in Chapter | [13]. However, the transmission
routes of LA-MRSA ST398 in Thailand are unclear and have not been investigated so
far. The possible relations among Thai samples of LA-MRSA ST398 isolated from the
slaughtered pig and pork can be established with whole-genome sequencing (WGS) and
phylogenetic analysis based on single nucleotide polymorphism (SNP).
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The objectives of this study were: (i) to investigate the genotypes of LA-MRSA
ST398 isolated from slaughtered pigs and retail pork, and (ii) to investigate the possible
sources of LA-MRSA ST398 in Thailand.
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Materials and Methods

Selection criteria of LA-MRSA 398 isolates from Thailand

A total of seven LA-MRSA ST398 isolates from a cross-sectional study
conducted in central region of Thailand during 2017-2018 were selected for WGS
analysis [13]. Detailed data on the characteristics of MRSA isolates from each nasal
swab or pork samples were showed in Figure 6. Isolates were selected according to the
following criteria: (i) showing distinct phenotypic traits of antimicrobial susceptibility
pattern (resistant, intermediate, or susceptible following CLSI guidelines) compared
with other isolates (8 patterns), (ii) belonging to distinct years in each pattern, (iii)
originating from sources in which LA-MRSA ST398 was isolated from distinct markets
or slaughterhouses. Therefore, isolates displaying identical antimicrobial susceptibility
profiles were considered duplicates in each profile, and only one representative isolate
(from each profile) was selected for WGS analysis (Figure 6).

According to the described criteria, six strains originated from markets and one
strain from slaughterhouse. The strain from slaughterhouse A were isolated in 2018. For
six strains from markets, one strain was isolated in 2018 from market F, and five strains

in 2017 were isolated in 2018 from market E (3 strains) and market F (2 strains).

DNA extraction and WGS

Genomic DNA of seven LA-MRSA ST398 was extracted using bead-beating
method. The DNA extraction protocol was modified to include an initial bead-beating
step whereby the 500 pL of heat-killed MRSA was poured into a bead-beater tube
(containing beads). Then, 500 pL of chloroform was added to the tubes, shaken by a
bead beater for 1 min at 3,000 rpm, followed by centrifuging the tube for 5 min at 10,000
rpm (25°C) and take the upper layer (aqueous layer, about 400 pL) to a new tube. Next,
the supernatant in each tube was mixed with 40 pL (1/10 volume of the supernatant) of
3 M sodium acetate and 1 mL (2.5 times vol.) of ethanol, upside-down mixing, and then
incubated at 4°C for 30 min in a refrigerator (or on ice). Samples were centrifuged for
10 min (4°C) at 10,000 rpm. The supernatant from each tube was discarded by pouring.
Then 1 mL of 70% ethanol was added to the supernatant in each tube and mixed by light

tapping. Samples were centrifuged for 5 min (4°C) at 10,000 rpm and removed the
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supernatant with a pipet. Pellets in tubes were dried by opening the lid and laying it
inside of a safety cabinet at room temperature for 10 min to evaporate ethanol. Once
dried, the pellet was dissolved in 20-100 uL of sterilized TB buffer. The Qubit 3.0
Fluorometer (Invitrogen) and the Nanodrop were used to determine the DNA
concentration and indicate the purity of samples produced. The DNA samples were
stored in the freezer (-20°C). All samples were diluted to a concentration of ~0.2 ng/pL
before performed WGS.

DNA sequence library preparation was performed using an lllumina Nextera XT
Kit (lllumina) in accordance with the manufacturer’s instruction. Libraries were
sequenced on an Illumina MiSeq (lllumina) platform with paired-end operating
mode. Following each sequencing reaction, the forward and reverse fastq files for each

isolate were exported from the MiSeq computer.

Single nucleotide polymorphism (SNP) calling and phylogenetic analysis

SNPs were identified by mapping reads against the LA-MRSA ST398 reference
genome (strain S0385; GenBank accession no. AM9900992) through CFSAN SNP
pipeline [71]. SNPs falling into regions of putative recombination [57] were removed
from SNP alignment using Gubbins version 2.4.1 [72]. The maximum-likelihood
phylogenetic tree was established in 1Q-TREE version 2.1.2 [73].The tree was rooted
according to Sieber et al. (2018) [6] by using R version 3.6.3 with the
package ggtree [74] and ggplot2 [75]. The genetic distance between isolates was
calculated as the number of sites that differ between each pair of sequences in the
detected core genome.

For comparison, 88 S. aureus ST398 isolates from the international reference
collection (48 MRSA and 44 MSSA) [57], 283 LA-MRSA ST398 isolates from pigs
and humans in Denmark [6], 143 S. aureus ST398 isolates from samples in China (65
MRSA and 78 MSSA) [76-79] were included in the phylogenetic analysis. Metadata
for all isolates is provided in Data set (Table 7). The fastq file of S. aureus or MRSA
ST398 belonged to Danish lineage from the previous studies [5,6,57,64—66,69,80] were
also downloaded from GenBank and used to study the relationship. The variants were

also called using the preceding strategy.
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Genotypic characterization of isolates

The virulence genes and antimicrobial resistance genes were identified with the
online tools (http://www.genomicepidemiology.org/) VirulenceFinder v2.0 [81,82]
and ResFinder v4.1 [83,84], respectively, with a minimum query coverage of 60% and
similarity threshold value of 90%. The webserver MyDbFinder v2.0 (https://cge.cbs.dtu.
dk/services/MyDbFinder/) was used to determine the czrC gene encoding resistance to
cadmium and zinc (GenBank accession no. KF593809) with a minimum query coverage
of 60% and similarity threshold value of 98%.

The online tool (https://cge.cbs.dtu.dk/services/spatyper/) spaTyper v1.0 [85]

was applied to identify spa typing in S. aureus isolates.
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Table 7. Description of 521 S. aureus ST398 isolates analyzed in this study.

SRA Sample_Name Year Sources Country Xﬂzgﬁ Lineage Ref.
ERR1992226 SSI_80629 2004 Human Denmark MRSA Sieber et al., 2018
ERR1992378 SSI1_81109 2004 Human Denmark MRSA Sieber et al., 2018
ERR1992379 SSI_81699 2004 Human Denmark MRSA Sieber et al., 2018
ERR1992380 SS1_87885 2004 Human Denmark MRSA Sieber et al., 2018
ERR1992381 SSI_89393 2005 Human Denmark MRSA Sieber et al., 2018
ERR1992382 SS1_89475 2005 Human Denmark MRSA Sieber et al., 2018
ERR1992384 SS1_92855 2005 Human Denmark MRSA Sieber et al., 2018
ERR1992385 SSI_94863 2005 Human Denmark MRSA Sieber et al., 2018
ERR1992386 SSI1_95389 2005 Human Denmark MRSA Sieber et al., 2018
ERR1992388 SSI_95543 2005 Human Denmark MRSA Sieber et al., 2018
ERR1992389 SSI_104579 2006 Human Denmark MRSA Sieber et al., 2018
ERR1992227 SS1_105035 2006 Human Denmark MRSA Sieber et al., 2018
ERR1992228 SSI_105887 2006 Human Denmark MRSA L3 Sieber et al., 2018
ERR1992229 SSI_106337 2006 Human Denmark MRSA Sieber et al., 2018
ERR1992232 SSI_113509 2007 Human Denmark MRSA Sieber et al., 2018
ERR1992233 SS1_113843 2007 Human Denmark MRSA Sieber et al., 2018
ERR1992234 SSI_114345 2007 Human Denmark MRSA Sieber et al., 2018
ERR1992235 SSI_114473 2007 Human Denmark MRSA Sieber et al., 2018
ERR1992236 SSI_114657 2007 Pig Denmark MRSA Sieber et al., 2018
ERR1992238 SSI_114673 2007 Pig Denmark MRSA Sieber et al., 2018
ERR1992240 SSI_114695 2007 Pig Denmark MRSA Sieber et al., 2018
ERR1992241 SSI_114697 2007 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992246 SSI_115637 2007 Human Denmark MRSA Sieber et al., 2018
ERR1992248 SSI_115915 2007 Human Denmark MRSA Sieber et al., 2018
ERR1992249 SSI_116001 2007 Human Denmark MRSA Sieber et al., 2018
ERR1992250 SSI_116561 2007 Human Denmark MRSA Sieber et al., 2018
ERR1992251 SSI_116897 2007 Human Denmark MRSA Sieber et al., 2018
ERR1992139 55-114-001 2008 Pig Denmark MRSA Sieber et al., 2018
ERR1992140 55-114-002 2008 Pig Denmark MRSA Sieber et al., 2018
ERR1992141 55-114-003 2008 Pig Denmark MRSA Sieber et al., 2018
ERR1992142 55-114-004 2008 Pig Denmark MRSA Sieber et al., 2018
ERR1992143 55-114-005 2008 Pig Denmark MRSA Sieber et al., 2018
ERR1992144 55-114-006 2008 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992145 55-114-007 2008 Pig Denmark MRSA Sieber et al., 2018
ERR1992253 SSI_120535 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992254 SSI_120551 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992255 SSI_120561 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992256 SSI_121215 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992257 SSI_121217 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992259 SSI_121939 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992260 SSI_122129 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992261 SSI_122625 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992262 SSI_122661 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992263 SSI_122935 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992264 SSI_122983 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992265 SSI_122987 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992266 SSI_123193 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992267 SSI_123197 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992269 SSI_123725 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992271 SSI_123817 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992272 SSI_124381 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992273 SSI_124457 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992276 SSI_125007 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992277 SSI_125087 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992278 SSI_125089 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992279 SSI_125091 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992280 SSI_125527 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992281 SSI_125835 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992282 SSI_125843 2008 Human Denmark MRSA Sieber et al., 2018
ERR2437214 SSI_125845 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992284 SSI_125847 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992285 SSI_125849 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992286 SSI_125851 2008 Human Denmark MRSA L3 Sieber et al., 2018
ERR1992287 SSI_125853 2008 Human Denmark MRSA L3 Sieber et al., 2018
ERR1992288 SSI_125855 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992289 SSI_125857 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992290 SSI_125859 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992291 SSI_125861 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992292 SSI_125865 2008 Human Denmark MRSA L3 Sieber et al., 2018
ERR1992293 SSI_125871 2008 Human Denmark MRSA L1 Sieber et al., 2018
ERR1992294 SSI_125873 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992295 SSI_125875 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992296 SSI_125877 2008 Human Denmark MRSA Sieber et al., 2018
ERR2437215 SSI_125879 2008 Human Denmark MRSA L3 Sieber et al., 2018
ERR1992298 SSI_125881 2008 Human Denmark MRSA L2 Sieber et al., 2018
ERR1992299 SSI_125883 2008 Human Denmark MRSA L2 Sieber et al., 2018
ERR1992300 SSI_125887 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992302 SSI_126031 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992303 SSI_126159 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992304 SSI_126267 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992305 SSI_126523 2008 Human Denmark MRSA Sieber et al., 2018
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SRA Sample_Name Year Sources Country IMSSA Lineage Ref.
ERR1992306 SSI_126545 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992307 SSI_126547 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992308 SSI_126577 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992309 SSI_126837 2008 Human Denmark MRSA Sieber et al., 2018
ERR1992146 55-114-047 2010 Pig Denmark MRSA Sieber et al., 2018
ERR1992147 55-114-048 2010 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992148 55-114-049 2010 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992149 55-114-050 2010 Pig Denmark MRSA Sieber et al., 2018
ERR1992150 55-114-052 2010 Pig Denmark MRSA Sieber et al., 2018
ERR1992151 55-114-053 2010 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992152 55-114-054 2010 Pig Denmark MRSA Sieber et al., 2018
ERR1992153 55-114-055 2010 Pig Denmark MRSA Sieber et al., 2018
ERR1992154 55-114-056 2010 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992155 55-114-057 2010 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992156 55-114-058 2010 Pig Denmark MRSA Sieber et al., 2018
ERR1992157 55-114-059 2010 Pig Denmark MRSA Sieber et al., 2018
ERR1992158 55-114-060 2010 Pig Denmark MRSA Sieber et al., 2018
ERR1992159 55-114-061 2010 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992160 55-114-062 2010 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992377 55-100-001 2014 Pig Denmark MRSA Sieber et al., 2018
ERR2437216 55-100-002 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR2437206 55-100-003 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991975 55-100-004 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1991976 55-100-005 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1991977 55-100-006 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991978 55-100-007 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991979 55-100-008 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1823524 55-100-009 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991980 55-100-010 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1991981 55-100-011 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1991982 55-100-012 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991983 55-100-013 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991984 55-100-014 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991985 55-100-015 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1823525 55-100-016 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1991986 55-100-017 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991987 55-100-018 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991988 55-100-019 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991989 55-100-020 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1991990 55-100-021 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991991 55-100-022 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1991992 55-100-023 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1991993 55-100-024 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1991994 55-100-025 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1823526 55-100-026 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1991995 55-100-027 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991996 55-100-028 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991997 55-100-029 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991998 55-100-030 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1991999 55-100-031 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992000 55-100-032 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992001 55-100-033 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992002 55-100-034 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992003 55-100-035 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992004 55-100-036 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992005 55-100-037 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992006 55-100-038 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992007 55-100-039 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992008 55-100-040 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992009 55-100-041 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1823527 55-100-042 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992010 55-100-043 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992011 55-100-044 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992012 55-100-045 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992013 55-100-046 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992014 55-100-047 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992015 55-100-048 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992016 55-100-049 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992017 55-100-050 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992018 55-100-051 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992019 55-100-052 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992020 55-100-053 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992021 55-100-054 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992022 55-100-055 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1823528 55-100-056 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992023 55-100-057 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992024 55-100-058 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992025 55-100-059 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992026 55-100-060 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992027 55-100-061 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992028 55-100-062 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992029 55-100-063 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992030 55-100-064 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992031 55-100-065 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992032 55-100-066 2014 Pig Denmark MRSA L3 Sieber et al., 2018

36



MRSA
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ERR1823529 55-100-067 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992033 55-100-068 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1992034 55-100-069 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992035 55-100-070 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992036 55-100-071 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992037 55-100-072 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1823530 55-100-073 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992038 55-100-075 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992039 55-100-076 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992040 55-100-077 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992041 55-100-078 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1823531 55-100-079 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1823532 55-100-080 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1823533 55-100-081 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR2437207 55-100-082 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992043 55-100-083 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR2437208 55-100-084 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992045 55-100-086 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR2437209 55-100-087 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992046 55-100-088 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR2437210 55-100-089 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992048 55-100-090 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992049 55-100-091 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR2437211 55-100-092 2014 Pig Denmark MRSA Sieber et al., 2018
ERR2437212 55-100-093 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR2437213 55-100-094 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992053 55-100-095 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1823535 55-100-096 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992054 55-100-097 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1992055 55-100-098 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992056 55-100-099 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992057 55-100-100 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992058 55-100-101 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1992059 55-100-102 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992060 55-100-103 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992061 55-100-104 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992062 55-100-105 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1992063 55-100-106 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992064 55-100-107 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1992065 55-100-108 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1992066 55-100-109 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992067 55-100-110 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992068 55-100-111 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1992069 55-100-112 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1992070 55-100-113 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992071 55-100-114 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992072 55-100-115 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992073 55-100-116 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992074 55-100-117 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992075 55-100-118 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992076 55-100-119 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992077 55-100-120 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992078 55-100-121 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992079 55-100-122 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992080 55-100-123 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1823536 55-100-124 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992081 55-100-125 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992082 55-100-126 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992083 55-100-127 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992084 55-100-128 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992085 55-100-129 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992086 55-100-130 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992087 55-100-131 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1823537 55-100-132 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1823538 55-100-133 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992088 55-100-134 2014 Pig Denmark MRSA Sieber et al., 2018
ERR1992089 55-100-135 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992090 55-100-136 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1823539 55-100-137 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992091 55-100-138 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992092 55-100-139 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992093 55-103-001 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992094 55-103-002 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992095 55-103-003 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992096 55-103-004 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992097 55-103-005 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992098 55-103-006 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992099 55-103-007 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992100 55-103-008 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992101 55-103-009 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992102 55-103-010 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992103 55-103-011 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992104 55-103-012 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992105 55-103-013 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992106 55-103-014 2014 Pig Denmark MRSA L1 Sieber et al., 2018
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ERR1992107 55-103-015 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992108 55-103-016 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992109 55-103-017 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992110 55-103-018 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992111 55-103-019 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992112 55-103-020 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992113 55-103-021 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992114 55-103-022 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992115 55-103-023 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992116 55-103-024 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992117 55-103-025 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992118 55-103-026 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992119 55-103-027 2014 Pig Denmark MRSA L2 Sieber et al., 2018
ERR1992120 55-103-028 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992121 55-103-029 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992122 55-103-030 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992123 55-103-031 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992124 55-103-032 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992125 55-103-033 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992126 55-103-034 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992127 55-103-035 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992128 55-103-041 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992129 55-103-042 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992130 55-103-043 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992131 55-103-044 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992132 55-103-045 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992133 55-103-046 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992134 55-103-047 2014 Pig Denmark MRSA L1 Sieber et al., 2018
ERR1992135 55-103-048 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992136 55-103-049 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992137 55-103-050 2014 Pig Denmark MRSA L3 Sieber et al., 2018
ERR1992138 55-103-051 2014 Pig Denmark MRSA L3 Sieber et al., 2018
SRR445240 324 2009 Pig Germany MSSA Price et al., 2012
SRR445234 1061 2009 Pig Germany MSSA Price et al., 2012
SRR445235 1953 2007 Human United States MSSA Price et al., 2012
SRR445238 2046 2007 Human United States MSSA Price et al., 2012
SRR445278 23225 2008 Pig_dust Austria MRSA Price et al., 2012
SRR445284 23824 2008 Pig_dust Austria MRSA Price et al., 2012
SRR445239 29139 2008 Pig_dust Italy MRSA Price et al., 2012
SRR445029 30116 2008 Pig_dust Italy MRSA Price et al., 2012
SRR445045 47771 2005 Human Denmark MRSA Price et al., 2012
SRR445053 50148 2006 Human Denmark MRSA Price et al., 2012
SRR445280 51225 2006 Human Denmark MRSA Price et al., 2012
SRR445057 51726 2006 Human Denmark MRSA Price et al., 2012
SRR445289 55488 2007 Human Denmark MRSA Price et al., 2012
SRR445073 60036 2008 Human Denmark MRSA Price et al., 2012
SRR445074 61888 2008 Human Denmark MRSA Price et al., 2012
SRR445075 62951 2008 Human Denmark MSSA Price et al., 2012
SRR445071 089B_2 2009 Pig Peru MRSA Price et al., 2012
SRR445233 09/01691/3 2009 Pig Poland MSSA Price et al., 2012
SRR445027 12152-5 2008 Pig_dust Italy MRSA Price et al., 2012
SRR445232 13349 2 2008 Pig_dust Italy MRSA Price et al., 2012
SRR445283 13349 6 2008 Pig_dust Italy MRSA Price et al., 2012
SRR445025 199/08 2008 Pig_dust Slovenia MRSA Price et al., 2012
SRR445275 2007-70-91-4-SPA 2007 Pig Denmark MRSA Price et al., 2012
SRR445274 2007-70-92-6-SPA 2007 Pig Denmark MSSA Price et al., 2012
SRR445273 2007-70-95-9-SPA 2007 Pig Denmark MSSA Price et al., 2012
SRR445276 2008-60-1662-5 2008 Pig_dust The Netherlands MRSA Price et al., 2012
SRR445236 2008-60-3254 2008 Pig_dust Denmark MRSA Price et al., 2012
SRR445237 2008-60-970 2008 Pig_dust Denmark MRSA Price et al., 2012
SRR445290 2296-MRSA 2008 Pig_dust Germany MRSA Price et al., 2012
SRR445028 25207-25126/08 2008 Pig_dust Poland MRSA Price et al., 2012
SRR445072 34-M-B-1_11 2008 Pig Denmark MSSA L1 Price et al., 2012
SRR445286 374/08 2008 Pig_dust Slovenia MRSA Price et al., 2012
SRR445229 3-S-1 2007 Pig Denmark MRSA Price et al., 2012
SRR445030 44523-1 2008 Pig_dust Italy MRSA Price et al., 2012
SRR445031 6919/08_8 2008 Pig_dust Poland MRSA Price et al., 2012
SRR445288 7_2007-70-77-4 2007 Pig Denmark MRSA Price et al., 2012
SRR445032 7-1 2007 Pig Canada MRSA Price et al., 2012
SRR445033 7-109 2007 Pig Canada MRSA Price et al., 2012
SRR445034 7-12 2007 Pig Canada MRSA Price et al., 2012
SRR445035 7-14 2007 Pig Canada MRSA Price et al., 2012
SRR445036 3-Jul 2007 Pig Canada MRSA Price et al., 2012
SRR445282 7413532-2 2002 Pig Denmark MSSA L3 Price et al., 2012
SRR445281 7SPA_T72-13850-1 2000 Pig Denmark MSSA Price et al., 2012
SRR445277 9B 2007 Pig Denmark MRSA Price et al., 2012
SRR445292 Aureus_56 2008 Cattle Belgium MRSA Price et al., 2012
SRR445279 AV4 2008 Horse Belgium MRSA Price et al., 2012
SRR445287 AV6 2008 Horse Belgium MRSA Price et al., 2012
SRR445293 DC38 BP_TET_F 7 2009 Turkey_meat United States MSSA Price et al., 2012
SRR445026 DC57_BP_GEN_I_7 2009 Turkey_meat United States MSSA Price et al., 2012
SRR445241 F10 2008 Pork United States MSSA Price et al., 2012
SRR445242 F20 2008 Pork United States MSSA Price et al., 2012
SRR445243 F38 2008 Pig United States MSSA Price et al., 2012
SRR445086 LY19990171 1999 Human France MSSA Price et al., 2012
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SRR445037 M2009_10003479 2009 Pig_dust Hungary MRSA Price et al., 2012
SRR445038 M2009_10004208 2009 Pig_dust Hungary MRSA Price et al., 2012
SRR445291 M-5 2008 Pig_dust Belgium MRSA Price et al., 2012
SRR445263 P23-01_Sw31.1 2008 Pig United States MRSA Price et al., 2012
SRR445265 P23-02_SW62.1 2008 Pig United States MRSA Price et al., 2012
SRR445262 P23-03_SwW181.1 2008 Pig United States MRSA Price et al., 2012
SRR445039 P23-10_WZz-103 2003 Human China MSSA Price et al., 2012
SRR445040 P23-11_HF-446 2007 Human China MSSA Price et al., 2012
SRR445041 P23-12_HF-80520 2007 Human China MSSA Price et al., 2012
SRR445042 P23-13 _HF-724402 2007 Human China MSSA Price et al., 2012
SRR445076 P23-14_SD4.1 2008 Pig_dust China MSSA Price et al., 2012
SRR445043 P23-9 Wz-1 2002 Human China MSSA Price et al., 2012
SRR445231 PR7/08 2007 Pig_dust Portugal MRSA Price et al., 2012
SRR445077 ST20071083 2007 Human French Guiana MSSA Price et al., 2012
SRR445078 ST20082015 2008 Human France MSSA Price et al., 2012
SRR445079 ST20090121 2008 Human France MSSA Price et al., 2012
SRR445080 ST20091155 2009 Human France MSSA Price et al., 2012
SRR445081 ST20091526 2009 Human France MSSA Price et al., 2012
SRR445082 ST20091826 2009 Human France MSSA Price et al., 2012
SRR445083 ST20100011 2009 Human France MSSA Price et al., 2012
SRR445084 ST20100537 2010 Human France MSSA Price et al., 2012
SRR445085 ST20101526 2003 Human France MSSA Price et al., 2012
SRR445264 SW356 1993 Cattle Swizerland MRSA Price et al., 2012
SRR445266 SWK35 2009 Pig United States MSSA Price et al., 2012
SRR445267 T2 2009 Turkey_meat United States MRSA Price et al., 2012
SRR445268 T3 2009 Turkey_meat United States MSSA Price et al., 2012
SRR445269 T4 2009 Turkey_meat United States MSSA Price et al., 2012
SRR445270 T5 2009 Turkey_meat United States MSSA Price et al., 2012
SRR445271 T6 2009 Turkey_meat United States MSSA Price et al., 2012
SRR445272 T7 2009 Turkey_meat United States MSSA Price et al., 2012
SRR445060 UB08116 2008 Pig_dust France MSSA Price et al., 2012
SRR445066 UB08187 2008 Pig_dust France MRSA Price et al., 2012
SRR445228 USA42 1993 Cattle United States MRSA Price et al., 2012
SRR445285 Veo008/01292-1 2008 Pig_dust Spain MSSA Price et al., 2012
SRR445230 Ve08/003845st 2008 Pig_dust Spain MRSA Price et al., 2012
SRR11526821 18-398-15 2018 Human China MRSA Luetal., 2021
SRR11526822 18-398-14 2018 Human China MRSA Lu etal., 2021
SRR11526823 18-398-13 2018 Human China MRSA Luetal., 2021
SRR11526824 18-398-11 2018 Human China MRSA Lu etal., 2021
SRR11526825 18-398-05 2018 Human China MRSA Luetal., 2021
SRR11526826 15-398-9 2015 Human China MRSA Luetal., 2021
SRR11526827 18-398-04 2018 Human China MRSA Luetal., 2021
SRR11526828 18-398-01 2018 Human China MRSA Luetal., 2021
SRR11526829 17-398-43 2017 Human China MRSA Luetal., 2021
SRR11526830 17-398-42 2017 Human China MRSA Luetal., 2021
SRR11526831 17-398-40 2017 Human China MRSA Luetal., 2021
SRR11526832 17-398-38 2017 Human China MRSA Luetal., 2021
SRR11526833 17-398-37 2017 Human China MRSA Luetal., 2021
SRR11526834 17-398-36 2017 Human China MRSA Luetal., 2021
SRR11526835 17-398-35 2017 Human China MRSA Luetal.,, 2021
SRR11526836 17-398-30 2017 Human China MRSA Luetal., 2021
SRR11526837 15-398-7 2015 Human China MRSA Luetal., 2021
SRR11526838 17-398-29 2017 Human China MRSA Luetal., 2021
SRR11526839 17-398-26 2017 Human China MRSA Luetal., 2021
SRR11526840 17-398-25 2017 Human China MRSA Luetal., 2021
SRR11526841 17-398-21 2017 Human China MRSA Luetal., 2021
SRR11526842 17-398-20 2017 Human China MRSA Luetal., 2021
SRR11526843 17-398-18 2017 Human China MRSA Lu etal., 2021
SRR11526844 17-398-12 2017 Human China MRSA Luetal., 2021
SRR11526845 17-398-11 2017 Human China MRSA Lu etal., 2021
SRR11526846 17-398-10 2017 Human China MRSA Luetal., 2021
SRR11526847 17-398-09 2017 Human China MRSA Lu etal., 2021
SRR11526848 15-398-6 2015 Human China MRSA Luetal.,, 2021
SRR11526849 16-398-39 2016 Human China MRSA Luetal., 2021
SRR11526850 16-398-36 2016 Human China MRSA Luetal., 2021
SRR11526851 16-398-35 2016 Human China MRSA Luetal., 2021
SRR11526852 16-398-31 2016 Human China MRSA Luetal., 2021
SRR11526853 16-398-30 2016 Human China MRSA Luetal., 2021
SRR11526854 16-398-22 2016 Human China MRSA Luetal., 2021
SRR11526855 16-398-15 2016 Human China MRSA Luetal., 2021
SRR11526856 16-398-8 2016 Human China MRSA Lu etal., 2021
SRR11526857 16-398-14 2016 Human China MRSA Lu etal., 2021
SRR11526858 16-398-7 2016 Human China MRSA Lu etal., 2021
SRR11526859 16-398-1 2016 Human China MRSA Lu etal., 2021
SRR11526860 15-398-19 2015 Human China MRSA Lu etal., 2021
SRR11526861 18-398-33 2018 Human China MRSA Lu etal., 2021
SRR11526862 18-398-32 2018 Human China MRSA Lu etal., 2021
SRR11526863 15-398-10 2015 Human China MRSA Lu etal., 2021
SRR11526864 18-398-31 2018 Human China MRSA Lu etal., 2021
SRR11526865 18-398-29 2018 Human China MRSA Lu etal., 2021
SRR11526866 18-398-26 2018 Human China MRSA Lu etal., 2021
SRR11526867 18-398-21 2018 Human China MRSA Lu etal., 2021
SRR11526868 18-398-16 2018 Human China MRSA Lu etal., 2021
SRR11526869 16-398-12 2016 Human China MRSA Lu etal., 2021
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MRSA

SRA Sample_Name Year Sources Country IMSSA Lineage Ref.
SRR11526870 16-398-10 2016 Human China MRSA Luetal., 2021
SRR11526871 15-398-5 2015 Human China MRSA Luetal., 2021
SRR11526872 15-398-4 2015 Human China MRSA Lu etal., 2021
SRR5062006 HO_MRSA_7 2011 Human China MRSA Heetal., 2018
SRR5054902 HO_MSSA_38 2010 Human China MSSA He et al., 2018
SRR5054903 HO_MRSA_4 2011 Human China MRSA Heetal., 2018
SRR5054904 HO_MSSA_20 2014 Human China MSSA He et al., 2018
SRR5054905 LA_MSSA_3 2014 Cattle China MSSA Heetal., 2018
SRR5054906 HO_MSSA_60 2011 Human China MSSA Heetal., 2018
SRR5054907 HO_MSSA_54 2011 Human China MSSA He et al., 2018
SRR5054908 HO_MSSA_22 2012 Human China MSSA Heetal., 2018
SRR5054909 HO_MSSA_14 2014 Human China MSSA He et al., 2018
SRR5054910 HO_MSSA_26 2012 Human China MSSA Heetal., 2018
SRR5054911 HO_MSSA_31 2012 Human China MSSA He et al., 2018
SRR5054912 HO_MSSA_25 2010 Human China MSSA Heetal., 2018
SRR5054913 HO_MSSA_59 2012 Human China MSSA He et al., 2018
SRR5054914 HO_MSSA_18 2014 Human China MSSA Heetal., 2018
SRR5054915 HO_MSSA_51 2012 Human China MSSA He et al., 2018
SRR5054916 HO_MSSA_46 2012 Human China MSSA Heetal., 2018
SRR5054917 HO_MRSA_5 2012 Human China MRSA He et al., 2018
SRR5054918 HO_MSSA_53 2014 Human China MSSA Heetal., 2018
SRR5054919 HO_MSSA_12 2014 Human China MSSA Heetal., 2018
SRR5054920 HO_MSSA_17 2012 Human China MSSA He et al., 2018
SRR5054921 HO_MSSA_49 2014 Human China MSSA Heetal., 2018
SRR5054922 HO_MSSA_29 2012 Human China MSSA He et al., 2018
SRR5054923 LA_MSSA_7 2014 Cattle China MSSA He etal., 2018
SRR5054924 HO_MSSA_27 2012 Human China MSSA He et al., 2018
SRR5054925 HO_MRSA_2 2014 Human China MRSA Heetal., 2018
SRR5054926 HO_MSSA_34 2011 Human China MSSA He etal., 2018
SRR5054927 HO_MSSA_42 2014 Human China MSSA Heetal., 2018
SRR5054928 LA_MSSA_11 2015 Cattle China MSSA He et al., 2018
SRR5054929 HO_MSSA_61 2010 Human China MSSA Heetal., 2018
SRR5054930 HO_MSSA_36 2012 Human China MSSA He et al., 2018
SRR5054931 HO_MSSA_8 2010 Human China MSSA Heetal., 2018
SRR5054932 HO_MSSA_37 2011 Human China MSSA He etal., 2018
SRR5054933 LA_MSSA_2 2014 Cattle China MSSA He et al., 2018
SRR5054934 HO_MRSA_7 2011 Human China MRSA Heetal., 2018
SRR5054935 HO_MSSA_15 2010 Human China MSSA He et al., 2018
SRR5054936 HO_MRSA_1 2014 Human China MRSA He etal., 2018
SRR5054937 HO_MSSA_30 2010 Human China MSSA He et al., 2018
SRR5054938 HO_MSSA_16 2011 Human China MSSA Heetal., 2018
SRR5054939 HO_MSSA_47 2012 Human China MSSA He et al., 2018
SRR5054940 HO_MSSA_52 2014 Human China MSSA Heetal., 2018
SRR5054941 HO_MSSA 21 2014 Human China MSSA He et al., 2018
SRR5054942 HO_MSSA_39 2012 Human China MSSA Heetal., 2018
SRR5054943 LA_MSSA_12 2015 Cattle China MSSA He et al., 2018
SRR5054944 LA_MSSA_13 2015 Cattle China MSSA He etal., 2018
SRR5054945 HO_MSSA_48 2012 Human China MSSA Heetal., 2018
SRR5054946 LA_MSSA_15 2015 Cattle China MSSA He et al., 2018
SRR5054947 LA_MSSA_6 2014 Cattle China MSSA He etal., 2018
SRR5054948 HO_MSSA_35 2014 Human China MSSA He et al., 2018
SRR5054949 LA_MSSA_4 2014 Cattle China MSSA He etal., 2018
SRR5054950 HO_MSSA_55 2010 Human China MSSA He et al., 2018
SRR5054951 HO_MSSA_56 2011 Human China MSSA Heetal., 2018
SRR5054952 HO_MSSA_28 2012 Human China MSSA He et al., 2018
SRR5054953 HO_MSSA_33 2012 Human China MSSA Heetal., 2018
SRR5054954 HO_MSSA 9 2014 Human China MSSA He et al., 2018
SRR5054955 HO_MSSA_24 2012 Human China MSSA Heetal., 2018
SRR5054956 HO_MSSA_10 2011 Human China MSSA He et al., 2018
SRR5054957 LA _MSSA_1 2014 Cattle China MSSA He etal., 2018
SRR5054958 HO_MSSA_13 2014 Human China MSSA Heetal., 2018
SRR5054959 LA_MSSA_5 2014 Cattle China MSSA He et al., 2018
SRR5054960 LA_MSSA_10 2015 Cattle China MSSA He etal., 2018
SRR5054961 HO_MSSA 44 2011 Human China MSSA He et al., 2018
SRR5054962 HO_MSSA_58 2014 Human China MSSA Heetal., 2018
SRR5054963 LA_MSSA_14 2015 Cattle China MSSA He et al., 2018
SRR5054964 HO_MSSA_43 2011 Human China MSSA Heetal., 2018
SRR5054965 LA_MSSA_9 2014 Cattle China MSSA He et al., 2018
SRR5054966 HO_MSSA_41 2012 Human China MSSA Heetal., 2018
SRR5054967 HO_MSSA_19 2010 Human China MSSA He et al., 2018
SRR5054968 LA_MSSA_8 2014 Cattle China MSSA He etal., 2018
SRR5054969 HO_MSSA_57 2014 Human China MSSA He et al., 2018
SRR5054970 HO_MSSA_45 2011 Human China MSSA He etal., 2018
SRR5054971 HO_MRSA_6 2012 Human China MRSA He etal., 2018
SRR5054972 HO_MSSA 11 2014 Human China MSSA He et al., 2018
SRR5054973 HO_MRSA_3 2012 Human China MSSA He etal., 2018
SRR5054974 HO_MSSA_50 2014 Human China MSSA He et al., 2018
SRR5054975 HO_MSSA_40 2012 Human China MSSA He etal., 2018
SRR5054976 HO_MSSA_23 2012 Human China MSSA He et al., 2018
SRR5054977 HO_MSSA_32 2012 Human China MSSA He etal., 2018
ERR3792042 29MR_KINA 2019 Pork China MSSA Lietal., 2021
ERR3792044 31IMR_KINA 2019 Pork China MRSA Lietal., 2021
ERR3792051 48 1_KINA 2019 Sushi China MSSA Lietal., 2021
ERR3792052 48_2_KINA 2019 Sushi China MSSA Lietal., 2021
ERR3792054 48 4 KINA 2019 Sushi China MSSA Lietal, 2021
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MRSA

SRA Sample_Name Year Sources Country IMSSA Lineage Ref.
SRR9046749 R09 2016 Human China MRSA Chen et al., 2020
SRR9046750 X05 2016 Human China MRSA Chen et al., 2020
SRR9046751 Jo1i 2016 Human China MRSA Chen et al., 2020
SRR9046752 J12 2016 Human China MRSA Chen et al., 2020
SRR9046753 F18 2012 Human China MSSA Chen et al., 2020
SRR9046754 07B04 2016 Human China MSSA Chen et al., 2020
SRR9046755 X06 2016 Human China MRSA Chen et al., 2020
SRR9046756 R3383 1999 Human China MSSA Chen et al., 2020
SRR9046757 08B22 2016 Human China MSSA Chen et al., 2020
sampleA107 TUM-B-P12/2/1 2017 Pork Thailand MRSA L3 This study
sampleA131 TUM-B-P17/2/1 2017 Pork Thailand MRSA L3 This study
sampleA154 TUM-B-P22/2/2 2017 Pork Thailand MRSA L1 This study
sampleA170 TUM-C-P26/1/1 2017 Pork Thailand MRSA L3 This study
sampleA172 TUM-C-P27/1/1 2017 Pork Thailand MRSA L3 This study
sampleB10 TUS-A2-N16/1 2018 Slaughtered pig Thailand MRSA L1 This study
sampleB53 TUM-C2-P26/1/1 2018 Pork Thailand MRSA L3 This study
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Results

Genotypic and phenotypic characteristic of LA-MRSA ST398 isolated from pork
and slaughtered pig in Thailand

WGS was performed on seven recently isolated LA-MRSA ST398 strains
representative of the major clones, as defined by phenotypic profiles from Chapter |
[13]. All seven isolates, from pork (n=6) and slaughtered pig (n=1), were characterized
based on genomic identification of virulence genes, antimicrobial resistance
profiles, SCCmec type, and spa type as showed in Figure 7. None of the isolates were
found to carry any of the human-related immune evasion gene cluster (IEC)-containing
genes sea, sep, sak, chp, and scn.

All seven LA-MRSA ST398 strains were of SCCmec V type, six of which were
spa t034 and one was spa t1255. (Figure 7). For the antimicrobial resistance genes, all
isolates carried blaZ, mecA, czrC, dfrG, Inu(B), Isa(E), tet(K), and tet(M) gene.
Moreover, all isolates were found to carry exoenzyme genes (aur) and toxin genes (hlgA,
hlgB, and hlgC), whereas enterotoxins gene (sem) was detected only 2 (28.6%) isolates.
There was one isolate carrying genes encoding staphylococcal enterotoxins (seg, sei,

sen, and seu) that belonged to spa t1255.

Comparison of Thai LA-MRSA ST398 with Chinese S. aureus strains

The genomes of the seven LA-MRSA ST398 isolates from Thailand were
compared with 143 Asian (Chinese) [76-79] and 88 international reference genomes
of S. aureus ST398 [57]. In total, 238 genomes were considered for phylogenetic
relationship analysis based on SNPs.

After removal of recombination regions, 13,932 core genomes SNPs from 238
isolates were used to construct a rooted maximume-likelihood tree (Figure 8). The
analysis revealed the distribution of the isolates from Thailand into two groups
(designated A and B) (Figure 8). These isolates also differed by source and year of
collection. Group A composed of two isolates collected in 2018 from market E (1
isolate) and slaughterhouse A. Group B composed of other five isolates. These included
(1 isolate) collected in 2018 from market F. While isolates from market E (2 isolates)

and market F (2 isolates) were collected in 2017. The average SNP distance between
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seven Thai LA-MRSA ST398 isolates and S. aureus ST398 of Danish pig (from
international reference collection) was 109.9 (range, 91-118 SNPs). Whereas, the
average shortest SNP distance to LA-MRSA ST398 isolates from Chinese samples
was 273.7 SNPs (range, 271-279 SNPs) (Figure 8 and Table 8).

Comparison of Thai LA-MRSA ST398 with Danish and Chinese strains

Animal movement through trade is considered a driver for the spread of LA-
MRSA ST398 among pigs. To trace the possible source and investigate any
transboundary or local dissemination of recently identified Thai LA-MRSA ST398
isolates, the data on import of pigs to Thailand is shown in Figure 3 and Figure 9. The
data reported that Denmark was the country with the highest number of pigs imported
into Thailand especially in 2017. Moreover, Denmark experienced an increase in LA-
MRSA ST398 prevalence in pig farms. To this purpose, additional genome data of 283
isolates from Danish pigs [6] were incorporated in this analysis. So, the genomes of the
seven Thai LA-MRSA ST398 isolates were compared with 283 genomes from
previously sequenced S. aureus ST398 isolates from the public database [6,57,76-79].
The total of 521 genomes were included in this analysis to reconstruct phylogenetic
relationship based on SNPs.

The 17,395 core genomes SNPs after the removal of sites falling into
recombination regions were used to construct a rooted maximume-likelihood tree shown
in Figure 10. Thai LA-MRSA ST398 in group A and B in Figure 8 exhibited a close
relatedness with the Danish L1 and L3 lineages (Figure 10), respectively. The seven
LA-MRSA ST398 isolates had the shortest average SNP distances to LA-MRSA ST398
from Danish pig [6] that was 22.7 SNPs [range, 17-34 SNPs]). The average SNP
distance to S. aureus ST398 from Danish pig in the international collection samples [57]
was 110.1 SNPs (range, 91-119 SNPs), and LA-MRSA ST398 isolates from Chinese
samples [78] was 272.1 SNPs (range, 268-280 SNPs) (Figure 10 and Table 9).
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Figure 8. Maximum-likelihood phylogeny was established from 13,932 SNPs after
filtering for recombination tracts (21 SNPs). It include seven recent LA-MRSA ST398
isolates from Thailand, 88 S. aureus isolates from international reference collection [57],
52 Chinese isolates from hospital [77], 77 CA-MRSA ST398 and LA-MRSA ST398 of
Chinese isolates [76], nine S. aureus ST398 isolates from patients in China [79], and
five S. aureus ST398 isolates from retail foods in China [78]
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Figure 10. Maximum-likelihood phylogeny was established from 17,415 SNPs after
filtering for recombination tracts (20 SNPs). It includes seven Thai LA-MRSA ST398
isolates from this study, 88 S. aureus isolates from international reference collection
[57], 52 Chinese isolates from hospital [77], 77 CA-MRSA ST398 and LA-MRSA
ST398 of Chinese isolates [76], nine S. aureus ST398 isolates from patients in China
[79], five S. aureus ST398 isolates from retail foods in China [78], and 283 LA-MRSA

ST398 of Danish isolates [6].
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Comparison of Thai LA-MRSA ST398 with Lineage 1 (L1) and 3 (L3) of
S. aureus ST 398 from the database

Seven Thai LA-MRSA ST398 isolates clustered with 2 Danish Lineages (L1 and
L3). Therefore, LA-MRSA ST398 was selected for further analysis to understand the
genetic relationships between Thai LA-MRSA ST398 isolates and other S. aureus
ST398in L1 and L3.

To trace the other sources of S. aureus ST398 in L1, additional genome data of
S. aureus in L1 from the previous studies were investigated. This was done through the
construction of phylogenetic tree based on SNPs. After removing sites in recombination
regions, 1,533 core genome SNPs in 103 isolates (including two Thai LA-MRSA
ST398) were used to construct the rooted maximum-likelihood tree shown in Figure 11.
The analysis revealed a non-uniform distribution of the isolates, which appeared
dispersed throughout the phylogeny and did not cluster according to the source of
isolation. The average SNP distance between two recently isolated LA-MRSA ST398
strains in the Danish L1 and other sources of S. aureus ST398 was 34 (Figure 11). Two
Thai LAMRSA ST398 isolates in this study were more closely related to MRSA ST398
isolated from Danish pig production farm.

We further compared S. aureus in L3 with strains that have been published
previously. Hence, additional genome data of 240 S. aureus ST398 isolates in the L3
from the previous studies were compared with five LA-MRSA ST398 isolates from my
Thai samples. The total of 245 genomes (including five Thai LA-MRSA ST398)
were considered for phylogenetic analysis based on SNPs. The 3,156 core genomes
SNPs after the removal of sites falling into recombination regions were used to construct
a rooted maximume-likelihood tree as shown in Figure 12. The average SNP distance
between five recently isolated LA-MRSA ST398 strains in the Danish L3 and other
sources of S. aureus ST398 from the previous study was 18.8 (range, 17-21 SNPs)
(Figure 12). Five isolates in this study were closely related to MRSA ST398 isolated
from Danish pig breeding farm.

Distribution of virulence genes and antimicrobial resistance genes

The genetic foundation for the spread of Danish Lineage in this study was
investigated by comparing the prevalence of antimicrobial resistance determinants in L1
versus L3. Clustered Thai isolates within L1 and L3 showed virulence and AMR gene

patterns very similar to those from the database belonging to the same lineages. The
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analysis revealed that L1 wasenriched for determinants conferring resistance
to lincosamides, cadmium/zinc, quinolones compared to L3 (Figure 11, Figure 12, and
Table 10). The gyrA and grlA mutations conferring resistance to quinolones were
present only in L1. Aminoglycoside resistance was mainly encoded
by aadD and ant(6)-lain L1 (Figure 11, Figure 12, and Table 10),
whereas str and ant(9)-la was the most abundant aminoglycoside resistance gene in L3
(Figure 11, Figure 12, and Table 10). The tetracycline resistance genes, tet(K) and
tet(M), were ubiquitous in both L1 and L3.

One isolate in L3 from this study was found to carry seg, sei, sem, sen, seu
(enterotoxin) (Table 11), fexA (phenicol resistance) and aac(6')_aph(2")

(aminoglycoside resistance) (Table 10).
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Figure 12. Maximum-likelihood phylogeny was established from 3,156 SNPs after filtering for recombination tracts
(174 SNPs). It includes five LA-MRSA ST398 isolates in Lineage3 (L3) from this study and 240 isolates from
previous studies [5,6,57,64-66,69,80]. The details of each isolate, presence of virulence genes (blue), as well as
antimicrobial resistance genes (green), is indicated on the right. The filled squares indicate the presence of genes,
while the empty squares indicate the absence of genes. The scale bar represents the number of nucleotide substitution
per variable site. The isolates in this study were mark in red box.
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Table 10. Prevalence of antimicrobial resistance determinants in the L1 and L3

No. (%0) of isolates

Antimicrobia}l resistance L1 (n=103) L3 (n=245)
determinants Database Thai isolates Database Thai isolates
(n=101) (n=2) (n=240) (n=5)

Aminoglycoside

aac(6")_aph(2") 0 0 0 1(20.0)

aadD 73 (72.3) 2 (100) 3(1.3) 0

ant(6)-la 75 (74.3) 2 (100) 0 0

spc 0 0 1(0.4) 0

str 12 (11.9) 0 96 (40.0) 5 (100)

ant(9)-la 2 (2.0) 0 193 (80.4) 5 (100)
B-lactam

blaz 98 (97.0) 2 (100) 239 (99.6) 5 (100)

mecA 95 (94.1) 2 (100) 239 (99.6) 5 (100)

blaOXA-232 1(1.0) 0 0 0
Cadmium/zinc

czrC 87 (86.1) 2 (100) 234 (97.5) 5 (100)
Trimethoprim

dfrG 101 (100) 2 (100) 239 (99.6) 5 (100)
Macrolide

erm(B) 0 0 5(2.1) 0

erm(C) 35 (34.7) 1(50.0) 32 (13.3) 0

mph(C) 1(1.0) 0 0 0
Lincosamide

Inu(B) 78 (77.2) 2 (100) 239 (99.6) 5 (100)

Isa(E) 78 (77.2) 2 (100) 239 (99.6) 5 (100)
Streptogramin B

vga(A) 1(1.0) 0 0 0

vga(A)V 4 (4.0) 0 0 0

vga(A)LC 0 0 1(0.4) 0
Quaternary ammonium compounds

gacJ 1(1.0) 0 0 0

gacG 1(1.0) 0 6 (2.5) 0
Phenicol

cat(pC194) 1(1.0) 0 0 0

cat(pC233) 0 0 1(0.4) 0

fexA 1(1.0) 0 0 1(20.0)
Tetracycline

tet(K) 86 (85.1) 2 (100) 230 (95.8) 5 (100)

tet(M) 99 (98.0) 2 (100) 231 (96.3) 5 (100)
Quinolone

gyrA_S84A 3(3.0) 0 0 0

gyrA_S84L 87 (86.1) 2 (100) 0 0

grlA_S80Y 96 (95.0) 2 (100) 1(0.4) 0

Abbreviations: L1, lineage 1; L3, lineage 3
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Table 11. Prevalence of virulence genes in the L1 and L3

No. (%) of isolates

Virulence genes H (n=103) _ LS (n:245)_ :
Database Thai isolates Database Thai isolates
(n=101) (n=2) (n=240) (n=5)
Exoenzyme genes
aur 100 (99.0) 2 (100) 240 (100) 5 (100)
edinB 1(1.0) 0 0 0
Toxin genes
higA 101 (100) 2 (100) 240 (100) 5 (100)
higB 101 (100) 2 (100) 240 (100) 5 (100)
higC 101 (100) 2 (100) 240 (100) 5 (100)
lukD 1(1.0) 0 0 0
lukE 1(1.0) 0 0 0
lukF-PV 1(1.0) 0 0 0
lukS-PV 1(1.0) 0 0 0
sea 1(1.0) 0 2(0.8) 0
seg 0 0 0 1 (20.0)
sei 0 0 0 1(20.0)
sem 0 0 0 2 (40.0)
sen 0 0 0 1(20.0)
sep 7 (6.9) 0 0 0
seu 0 0 0 1(20.0)
Hostimm genes
sak 10 (9.9) 0 5(2.1) 0
scn 9(8.9) 0 3(1.3) 0

Abbreviations: L1, lineage 1; L3, lineage 3
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Discussion

The high-throughput WGS is the comprehensive method for gaining insights
into the transmission dynamics and accurately track the spread of LA-MRSA. This tool
was tested to determine whether LA-MRSA ST398 isolates from Thai animal-food
products were closely related to each other, or with LA-MRSA ST398 isolates from
Danish pigs [6] or other S. aureus ST398 isolates from international collection samples
[57]. Pigs are the primary host of LA-MRSA ST398 in Denmark [5,26]. The prevalence
of pig farms in Denmark that were positive for LA-MRSA STT398 increased from 16%
in 2010 to more than 60% in 2019 [5]. Denmark is the leader country of pig exports to
the European countries [26]. The data analysis revealed that Denmark has been the main
provider of pigs to Thailand since 2004 (The data were retrieved from the Observatory
of Economic Complexity [14]). These findings suggest the mode for LA-MRSA ST398
introduction and spread in the central region of Thailand. There is an expansion of LA-
MRSA ST398 strain by trading of live pigs with other European countries. Denmark
has experienced an increase in the prevalence of LA-MRSA ST398 in pig farms [6].
The increase of this Danish strain has been linked to the clonal expansion of three
dominant lineages (L1, L2, and L3) [6]. All three lineages have spread beyond the pig
farm level. They have been detected in the Danish food production chain and health care
facilities [26,69].

The genomic comparison of seven Thai isolates to Danish isolates revealed that
isolates from Thai pork samples were clustered within the dominant Danish lineages L1
and L3. This finding supports the data about the transmission of Danish LA-MRSA
ST398 with imported pigs to Thailand. Previous studies revealed that some S. aureus
ST398 strains isolated from other animal species were clustered in one of three dominant
Danish lineages. LA-MRSA ST398 strains belonging to the Danish lineages (L1-L3)
were also increasingly found in animal-derived foods such as pork meat, turkey, and
milk [69]. It could be hypothesized that Danish lineages might have spread to other
countries. However, only a few data about WGS of LA-MRSA in other Asian countries
were available in the ST398 reference data set. Thus, other national collection samples
of S. aureus ST398 isolates from other countries should be inspected to confirm this

hypothesis.
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All of MRSA ST398 isolates in this study from animal-food products belonged
to the predominant SCCmec type V. However, the first finding in Thailand of MRSA
ST398 from a human in 2006 carried SCCmec type IX. It suggests that epidemiological
evolution may vary geographically. The most prevalent spa type was t034, which is
recognized as the most common types in the Danish pig productions [6]. One isolate in
this study belonged to spa type t1255. spa types t011, t034, and t1255 are widely
distributed in most European countries [87].

Thai and Danish LA-MRSA isolates clustered within the predominant Danish
lineages (L1, L2, and L3) and shared similarities in AMR genes which confer resistance
to antimicrobials commonly used in pig farming in Denmark [88]. The recent Thai
isolates were all positive for the zinc/cadmium resistance gene czrC. Zinc oxide is one
of the most commonly used forms of zinc supplementation in animal feed [89]. Zinc
oxide has widespread therapeutic use and prevents postweaning diarrhea in pigs [89].
Moreover, the therapeutic dose of zinc is effective in stimulating growth [89]. The czrC
and mecA genes of LA-MRSA ST398 are located within the same MGEs of the SCCmec
type V element [90]. It suggests that the increase of selection pressure to maintain the
SCCmec element might be the potential contributor to the emergence and spread of
MRSA in pigs via the use of zinc in feed as an antidiarrheal agent [90]. Danish lineage
(L1 to L3) were enriched for AMR determinants [6]. The czrC and tet(K) gene are also
integrated into the J region (the remaining parts of SCCmec) of SCCmec type Vc [91].
Moreover, most animal-derived MRSA ST398 isolated in European countries exhibited
multidrug resistance [92] that was in concordance with my study. MRSA
characteristically carry two identical mutations: gyrA Ser84Leu and grlA Ser80Phe
[93]. These double-serine mutations were reported to be the most frequent
fluoroquinolone resistance mechanism of MRSA in multiple studies [93]. Although the
double-serine mutations seem to associated with HA-MRSA strains [93], LA-MRSA
ST398 in L1 of Danish pigs were also positive to double-serine mutations.

The virulence genes in this study were found in two of seven isolates. The
isolates were positive for the enterotoxins gene and both were L3. This finding was in
concordance with the fact that the majority of ST398-MRSA isolates are negative for
major virulence factors such as enterotoxins, Panton-Valentine leucocidin, toxic shock
syndrome toxins, and exfoliative toxins [69].

There are some limitations in this study. Firstly, the skewness of the Danish data
set in this analysis may have caused the bias toward the origin of MRSA in Thai animal-
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food products. From the previous studies, all LA-MRSA ST398 strains of other Asian
countries analyzed by WGS were not clustered within Danish lineage [76-79]. Secondly,
a small proportion of animal-food products collected only from the central region of
Thailand was included in this study. Thus, the different genotypes in each Danish
lineage of this strain may have been underestimated. Numerous previously studies
clearly showed the persistence of S. aureus on environmental surfaces ranging from
hours to weeks and even years [94]. It is possible that the origin and transmission of
Thai LA-MRSA ST398 isolates in this study were not from imported live pigs, but they
might be as a result of contamination from the environment [95], human carriers,
contaminated fomites [96], or from humans or during transportation to slaughterhouses
and markets. So, there is need to continue investigating the origin of LA-MRSA ST398
in pig farms in Thailand and compare the information with other local or international

data sources.
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Summary

This study provides genome-based evidence to investigate Thai LA-MRSA
ST398 transmission through MESA colonized pigs between European countries and
Thailand. Thai LA-MRSA ST398 in animal-food products were associated with lineage
(L1, L2, and L3), also found in Danish pigs. L1 and L3 were the dominant lineage in
this study. Two isolates in this study belonged to L1 and five to L3 of Danish lineage.
Thai isolates in L1 and L3 were closely related to LA-MRSA ST398 isolates from
Danish pigs than to isolates from other Asian countries. It suggested that there is a
spillover of LA-MRSA ST398 from the Danish pig reservoir into pigs in Thailand and
then to animal-food products. This finding showed that international trading of MRSA
colonized pigs is an important factor contributing to the spread of LA-MRSA ST398
worldwide. It underscores the need for control measures on animal-food products to
prevent transmission of LA-MRSA ST398 among pigs, humans, and animal-food

products.

59



Conclusion

MRSA has been a major public health concern in humans and various animals.
LA-MRSA strains have always been associated with livestock or their products. This
strain has emerged in different countries globally. There are few reports on
epidemiology of Thai LA-MRSA and their molecular characteristics. Moreover,
prevalence of LA-MRSA in slaughtered pigs is still unknown.

In Chapter I, the objective was to investigate the prevalence, molecular
characteristics, and antimicrobial resistance pattern of MRSA isolated from slaughtered
pigs and retail pork in the central region of Thailand. A total of 204 nasal swab and 116
retailed pork samples were collected from three slaughterhouses and four fresh markets,
respectively. Individual samples were used for screening for MRSA and obtained
isolates were examined for drug-resistance profiling for 12 antimicrobial agents of 10
drug classes. In addition, SCCmec typing and MLST were conducted to obtain genotype
profiles. MRSA were isolated from 11 and 52 nasal swab and pork samples,
respectively. The prevalence was significantly higher in the pork than in the nasal swab
samples (p-value < 0.05). A high prevalence of ST9-SCCmeclX and ST398-SCCmecV
with high-level antimicrobial resistance from markets and slaughterhouses indicated the
spreading of MRSA with these genotypes in the Thai swine processing chains.

In Chapter 1l, LA-MRSA ST398 isolates from Chapter | (one slaughtered pig
and six retail pork samples) were compared by WGS with previous data found for China
samples, international reference collection samples, and Danish pig samples. The results
showed that Thai LA-MRSA ST398 from animal-food products were associated with
lineages found in Danish pigs, especially L1 and L3 of Danish pigs.

This finding suggests that LA-MRSA can spread into the general population.
Thus, it is important to identify MRSA among animal food production chain and
implement effective control measures to prevent transmission of LA-MRSA among

pigs, humans, and animal-food products.

60



ACKNOWLEDGEMENT

I would like to express my sincere gratitude and deep appreciation to my
supervisor, Prof. Yasuhiko Suzuki from Division of Bioresources, Hokkaido University
International Institute for Zoonosis Control for his excellent guidance, invaluable
advice, supervision, editing, warm encouragement, generous support, and patience
given to me throughout my research works and all activities in Ph.D. course. | greatly
appreciate Prof. Chie Nakajima from Division of Bioresources, Hokkaido University
International Institute for Zoonosis Control. She always supports and suggests with a
gentle mind throughout Ph.D. study. Their advice on analysis allowed me to get a new
perspective on my research. Without their encouragement and continuous support, the
completion of this thesis would have been impossible.

| am also particularly grateful to Prof. Hideaki Higashi from Division of
Infection and Immunity, Hokkaido University International Institute for Zoonosis
Control and Assoc. Prof. Norikazu Isoda from Laboratory of Microbiology, Faculty of
Veterinary Medicine, Hokkaido University for valuable comments to improve my
research and dissertation.

| would also be grateful to my former college research advisor of the master’s
program, Prof. Orasa Suthienkul for kindly introducing and encouraging me to apply
for Ph.D. program in Hokkaido University under the guidance of Prof. Yasuhiko Suzuki,
an excellent supervisor. I wish to thank staff members from Faculty of Public Health,
Thammasat University and from Faculty of Public Health, Mahidol University for their
kind assistance and great cooperation.

| would like to appreciate Asst. Prof. Toyotaka Sato to accept my internship
activity at Department of Microbiology, Sapporo Medical University School of
Medicines. This internship activity gave me an excellent opportunity to learn new
techniques and help me to broaden my knowledge in future research.

| truly thank staff members in Division of Bioresources, Ms. Yukari Fukushima,
Ms. Yayoi Kameda for their assistance. | am grateful to Ms. Yuko Hidaka for her
support and encouragement. | also thank my seniors, colleagues, and juniors in Division

of Bioresources for support and making a friendly working environment.

61



| would like to thank the Leading Program (LP) and WISE program office of the
Graduate School of Veterinary Medicine for supporting me. I would like to thank you
Ms. Shizuka Yoshioka and Ms. Yuko Akita for continuous encouragement with a gentle
mind.

Finally, I would like to offer my special thanks to my mother, and sister for their
emotional support to continue my Ph.D. study. The last, the thesis is dedicated to the

memory of my father who always encouraged and inspired me.

62



References

Lakhundi, S.; Zhang, K. Methicillin-Resistant Staphylococcus aureus: Molecular
Characterization, Evolution, and Epidemiology. 2018, doi:10.1128/CMR.00020-
18.

Lee, A.S.; de Lencastre, H.; Garau, J.; Kluytmans, J.; Malhotra-Kumar, S.;
Peschel, A.; Harbarth, S. Methicillin-Resistant Staphylococcus aureus. Nat. Publ.
Gr. 2018, 4, doi:10.1038/nrdp.2018.33.

Aires-de-Sousa, M. Methicillin-Resistant Staphylococcus aureus among
Animals: Current Overview. Clin. Microbiol. Infect. 2017, 23, 373-380.
Stefani, S.; Chung, D.R.; Lindsay, J.A.; Friedrich, AW.; Kearns, A.M.; Westh,
H.; MacKenzie, F.M. Meticillin-Resistant Staphylococcus aureus (MRSA):
Global Epidemiology and Harmonisation of Typing Methods. Int. J. Antimicrob.
Agents 2012, 39, 273-282.

Larsen, J.; Petersen, A.; Larsen, A.R.; Sieber, R.N.; Stegger, M.; Koch, A.;
Aarestrup, F.M.; Price, L.B.; Skov, R.L.; Johansen, H.K.; Westh, H.; Pedersen,
M.; Jensen, U.S.; Jensen, M.L.S.; Chen, M.; Strgbak, S.; @stergaard, C.;
Lomborg, S.; Ellermann-Eriksen, S.; Ripadal, P. Emergence of Livestock-
Associated Methicillin-Resistant Staphylococcus aureus Bloodstream Infections
in Denmark. Clin. Infect. Dis. 2017, 65, 1072—-1076, doi:10.1093/cid/cix504.
Sieber, R.N.; Skov, R.L.; Nielsen, J.; Schulz, J.; Price, L.B.; Aarestrup, F.M.;
Larsen, A.R.; Stegger, M.; Larsen, J. Drivers and Dynamics of Methicillin-
Resistant Livestock-Associated Staphylococcus aureus CC398 in Pigs and
Humans in Denmark. MBio 2018, 9, doi:10.1128/mBi0.02142-18.

Fang, HW.; Chiang, P.H.; Huang, Y.C. Livestock-Associated Methicillin-
Resistant Staphylococcus aureus ST9 in Pigs and Related Personnel in Taiwan.
PLoS One 2014, 9, doi:10.1371/journal.pone.0088826.

Boost, M. V.; Wong, A.; Ho, J.; O’Donoghue, M. Isolation of Methicillin-
Resistant Staphylococcus aureus (MRSA) from Retail Meats in Hong Kong.
Foodborne Pathog. Dis. 2013, 10, 705710, doi:10.1089/fpd.2012.1415.
Lulitanond, A.; Ito, T.; Li, S.; Han, X.; Ma, X.X.; Engchanil, C.; Chanawong, A.;
Wilailuckana, C.; Jiwakanon, N.; Hiramatsu, K. ST9 MRSA Strains Carrying a

63



10.

11.

12.

13.

14.

15.

16.

17.

Variant of Type IX SCCmec Identified in the Thai Community. BMC Infect. Dis.
2013, 13, 214, d0i:10.1186/1471-2334-13-214.

Chuang, Y.Y.; Huang, Y.C. Livestock-Associated Meticillin-Resistant
Staphylococcus aureus in Asia: An Emerging Issue? Int. J. Antimicrob. Agents
2015, 45, 334-340.

Vestergaard, M.; Cavaco, L.M.; Sirichote, P.; Unahalekhaka, A.; Dangsakul, W.;
Svendsen, C.A.; Aarestrup, F.M.; Hendriksen, R.S.; Butaye, P.R.; Golding, G.
SCCmec Type IX Element in Methicillin Resistant Staphylococcus aureus Spa
Type T337 (CC9) Isolated from Pigs and Pork in Thailand. 2012,
d0i:10.3389/fmich.2012.00103.

Chanchaithong, P.; Perreten, V.; Am-In, N.; Lugsomya, K.; Tummaruk, P.;
Prapasarakul, N. Molecular Characterization and Antimicrobial Resistance of
Livestock-Associated Methicillin-Resistant Staphylococcus aureus Isolates from
Pigs and Swine Workers in Central Thailand. Microb. Drug Resist. 2019, 25,
1382-1389, do0i:10.1089/mdr.2019.0011.

Tanomsridachchai, W.; Changkaew, K.; Changkwanyeun, R.; Prapasawat, W.;
Intarapuk, A.; Fukushima, Y.; Yamasamit, N.; Kapalamula, T.F.; Nakajima, C.;
Suthienkul, O.; Suzuki, Y. 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, 1-12, doi:10.3390/antibiotics10020206.

Simoes, A.; Hidalgo, C.A. The Economic Complexity Observatory: An
Analytical Tool for Understanding the Dynamics of Economic Development.
Workshops at the Twenty-Fifth AAAI Conference on Artificial Intelligence.
Work. Twenty-Fifth AAAI Conf. Artif. Intell. 2011, 39-42.

de Lencastre, H.; Oliveira, D.; Tomasz, A. Antibiotic Resistant Staphylococcus
aureus: A Paradigm of Adaptive Power. Curr. Opin. Microbiol. 2007, 10, 428-
435.

Foster, T.J. Antibiotic Resistance in Staphylococcus aureus. Current Status and
Future Prospects. FEMS Microbiol. Rev. 2017, 007, 430-449,
doi:10.1093/femsre/fux007.

Chuang, Y.Y.; Huang, Y.C. Livestock-Associated Meticillin-Resistant
Staphylococcus aureus in Asia: An Emerging Issue? Int. J. Antimicrob. Agents
2015, 45, 334-340.

64



18.

19.

20.

21.

22.

23.

24,

25.

26.

Butaye, P.; Argudin, M.A.; Smith, T.C. Livestock-Associated MRSA and Its
Current Evolution. Curr. Clin. Microbiol. Reports 2016, 3, 19-31.

Lewis, H.C.; Mglbak, K.; Reese, C.; Aarestrup, F.M.; Selchau, M.; Sgrum, M.;
Skov, R.L. Pigs as Source of Methicillin-Resistant Staphylococcus aureus
CC398 Infections in Humans, Denmark . Emerg. Infect. Dis. 2008, 14, 1383—
1389, d0i:10.3201/eid1409.071576.

David, M.Z.; Daum, R.S. Community-Associated Methicillin-Resistant
Staphylococcus aureus: Epidemiology and Clinical Consequences of an
Emerging Epidemic. Clin. Microbiol. Rev. 2010, 23, 616-687.

Petinaki, E.; Spiliopoulou, I. Methicillin-Resistant Staphylococcus aureus among
Companion and Food-Chain Animals: Impact of Human Contacts. Clin.
Microbiol. Infect. 2012, 18, 626-634.

Larsen, J.; Petersen, A.; Sgrum, M.; Stegger, M.; Van Alphen, L.; Valentiner-
Branth, P.; Knudsen, L.K.; Larsen, L.S.; Feingold, B.; Price, L.B.; Andersen,
P.S.; Larsen, A.R.; Skov, R.L. Meticillin-Resistant Staphylococcus aureus
CC398 Is an Increasing Cause of Disease in People with No Livestock Contact
in Denmark HHS Public Access. Euro Surveill 2015, 20, doi:10.2807/1560-
7917.ES.2015.20.37.30021.

Lekkerkerk, W.S.N.; Van De Sande-Bruinsma, N.; Van Der Sande, M.A.B.;
Tjon-A-Tsien, A.; Groenheide, A.; Haenen, A.; Timen, A.; Van Den Broek, P.J.;
Van Wamel, W.J.B.; De Neeling, A.J.; Richardus, J.H.; Verbrugh, H.A.; Vos,
M.C. Emergence of MRSA of Unknown Origin in the Netherlands. Clin
Microbiol Infect 2012, 18, 656661, d0i:10.1111/j.1469-0691.2011.03662.x.
Chon, J.; Sung, K.; Khan, S. Methicillin-Resistant Staphylococcus aureus
(MRSA) in Food- Producing and Companion Animals and Food Products. In
Frontiers in Staphylococcus aureus; InTech, 2017.

EFSA Assessment of the Public Health Significance of Meticillin Resistant
Staphylococcus aureus (MRSA) in Animals and Foods. EFSA J. 2009, 7.
Larsen, J.; Stegger, M.; Andersen, P.S.; Petersen, A.; Larsen, A.R.; Westh, H.;
Agersg, Y.; Fetsch, A.; Kraushaar, B.; Kdsbohrer, A.; Fepler, A.T.; Schwarz, S.;
Cuny, C.; Witte, W.; Butaye, P.; Denis, O.; Haenni, M.; Madec, J.Y.; Jouy, E.;
Laurent, F.; Battisti, A.; Franco, A.; Alba, P.; Mammina, C.; Pantosti, A.;
Monaco, M.; Wagenaar, J.A.; De Boer, E.; Van Duijkeren, E.; Heck, M.;
Dominguez, L.; Torres, C.; Zarazaga, M.; Price, L.B.; Skov, R.L. Evidence for

65



27.

28.

29.

30.

31.

32.

33.

34.

35.

Human Adaptation and Foodborne Transmission of Livestock-Associated
Methicillin-Resistant Staphylococcus aureus. Clin. Infect. Dis. 2016, 63, 1349—
1352, doi:10.1093/cid/ciw532.

Kock, R.; Becker, K.; Cookson, B.; van Gemert-Pijnen, J.E.; Harbarth, S.;
Kluytmans, J.; Mielke, M.; Peters, G.; Skov, R.L.; Struelens, M.J.; Tacconelli,
E.; Tornég, A.N.; Witte, W.; Friedrich, A.W. Methicillin-Resistant
Staphylococcus aureus (MRSA): Burden of Disease and Control Challenges in
Europe. Eurosurveillance 2010, 15, 1-9.

Office of Agriculture Economics Report of Important Agricultural Goods and
Trend in 2016. Ministry of Agriculture and Cooperatives, Thailand. Available
online: http://www.oae.go.th/view/1/Home/EN-US (accessed on 15 April 2020).
Charoensook, R.; Knorr, C.; Brenig, B.; Gatphayak, K. Thai Pigs and Cattle
Production, Genetic Diversity of Livestock and Strategies for Preserving Animal
Genetic Resources. Magjo Int. J. Sci. Technol 2013, 7, 113-132.

Larsen, J.; Imanishi, M.; Hinjoy, S.; Tharavichitkul, P.; Duangsong, K.; Davis,
M.F.; Nelson, K.E.; Larsen, A.R.; Skov, R.L. Methicillin-Resistant
Staphylococcus aureus ST9 in Pigs in Thailand. PLoS One 2012, 7, €31245,
doi:10.1371/journal.pone.0031245.

Anukool, U.; O’Neill, C.E.; Butr-Indr, B.; Hawkey, P.M.; Gaze, W.H.;
Wellington, E.M.H. Meticillin-Resistant Staphylococcus aureus in Pigs from
Thailand. Int. J. Antimicrob. Agents 2011, 38, 86-87,
d0i:10.1016/J.IJANTIMICAG.2011.02.018.

Neilan, B.A.; Jacobs, D.; Del Dot, T.; Blackall, L.L.; Hawkins, P.R.; Cox, P.T;
Goodman, A.E. RRNA Sequences and Evolutionary Relationships among Toxic
and Nontoxic Cyanobacteria of the Genus Microcystis. Int. J. Syst. Bacteriol.
1997, 47, 693-697, doi:10.1099/00207713-47-3-693.

Murakami, K.; Minamide, W.; Wada, K.; Nakamura,’, E.; Teraoka, H.;
Watanabe’, S. ldentification of Methicillin-Resistant Strains of Staphylococci by
Polymerase Chain Reaction; 1991; Vol. 29;.

CLSI VETO01 S2 VET01-S2 Performance Standards for Antimicrobial Disk and
Dilution Susceptibility Tests For; 2013; ISBN 1562388797.

Standars, C. and L.I. Performance Standards for Antimicrobial Susceptibility
Testing. 27th Ed. CLSI Supplement M100. Wayne, PA: Clinical and Laboratory
Standards Institute; 2017; ISBN 1-56238-1-56238-805-3.

66



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kondo, Y.; Ito, T.; Ma, X.X.; Watanabe, S.; Kreiswirth, B.N.; Etienne, J.;
Hiramatsu, K. Combination of Multiplex PCRs for Staphylococcal Cassette
Chromosome Mec Type Assignment: Rapid Identification System for Mec, Ccr,
and Major Differences in Junkyard Regions. Antimicrob. Agents Chemother.
2007, 51, 264274, doi:10.1128/AAC.00165-06.

Enright, M.C.; Day, N.P.J.; Davies, C.E.; Peacock, S.J.; Spratt, B.G. Multilocus
Sequence Typing for Characterization of Methicillin-Resistant and Methicillin-
Susceptible Clones of Staphylococcus aureus; 2000; Vol. 38;.

Hall, T.A. BioEdit: A User-Friendly Biological Sequence Alignment Editor and
Analysis Program for Windows 95/98/NT/2K/XP 1999, 95-98.

Ivbule, M.; Miklasevics, E.; Cupane, L.; Berzina, L.; Balin§, A.; Valdovska, A.
Presence of Methicillin-Resistant Staphylococcus aureus in Slaughterhouse
Environment, Pigs, Carcasses, and Workers. J. Vet. Res. 2017, 61, 267-277,
doi:10.1515/jvetres-2017-0037.

Yan, X.; Yu, X.; Tao, X.; Zhang, J.; Zhang, B.; Dong, R.; Xue, C.; Grundmann,
H.; Zhang, J. Staphylococcus aureus ST398 from Slaughter Pigs in Northeast
China. Int. J. Med. Microbiol. 2014, 304, 379-383,
d0i:10.1016/j.ijmm.2013.12.003.

Lassok, B.; Tenhagen, B.A. From Pig to Pork: Methicillin-Resistant
Staphylococcus aureus in the Pork Production Chain. J. Food Prot. 2013, 76,
1095-1108.

Weese, J.S.; Avery, B.P.; Reid-Smith, R.J. Detection and Quantification of
Methicillin-Resistant Staphylococcus aureus (MRSA) Clones in Retail Meat
Products. Lett. Appl. Microbiol. 2010, 51, 338-342, doi:10.1111/j.1472-
765X.2010.02901.x.

Hanson, B.M.; Dressler, A.E.; Harper, A.L.; Scheibel, R.P.; Wardyn, S.E.;
Roberts, L.K.; Kroeger, J.S.; Smith, T.C. Prevalence of Staphylococcus aureus
and Methicillin-Resistant Staphylococcus aureus (MRSA) on Retail Meat in
lowa. J. Infect. Public Health 2011, 4, 169-174, doi:10.1016/j.jiph.2011.06.001.
Lim, S.K.; Nam, H.M.; Park, H.J.; Lee, H.S.; Choi, M.J.; Jung, S.C.; Lee, J.Y.;
Kim, Y.C.; Song, S.W.; Wee, S.H. Prevalence and Characterization of
Methicillin-Resistant Staphylococcus aureus in Raw Meat in Korea. J. Microbiol.
Biotechnol. 2010, 20, 775-778, d0i:10.4014/jmb.0912.12022.

O’Donoghue, M.; Chan, M.; Ho, J.; Moodley, A.; Boost, M. Prevalence of

67



46.

47.

48.

49,

50.

51.

52.

Methicillin-Resistant Staphylococcus aureus in Meat from Hong Kong Shops and
Markets. 2010.

Huang, Y.C.; Chen, C.J. Detection and Phylogeny of Staphylococcus aureus
Sequence Type 398 in Taiwan. J. Biomed. Sci. 2020, 27, 15, doi:10.1186/512929-
019-0608-8.

Li, S.; Skov, R.L.; Han, X.; Larsen, A.R.; Larsen, J.; Sgrum, M.; Wulf, M.; VVoss,
A.; Hiramatsu, K.; Ito, T. Novel Types of Staphylococcal Cassette Chromosome
Mec Elements Identified in Clonal Complex 398 Methicillin-Resistant
Staphylococcus aureus Strains. Antimicrob. Agents Chemother. 2011, 55, 3046—
50, doi:10.1128/AAC.01475-10.

Patchanee, P.; Tadee, P.; Arjkumpa, O.; Love, D.; Chanachai, K.; Alter, T.;
Hinjoy, S.; Tharavichitkul, P. Occurrence and Characterization of Livestock-
Associated Methicillin-Resistant Staphylococcus aureus in Pig Industries of
Northern Thailand. J. Vet. Sci. 2014, 15, 529-536,
d0i:10.4142/jvs.2014.15.4.529.

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, 405409, doi:10.1016/j.vetmic.2009.06.014.

Coombs, G.; Pearson, J.; Christiansen, K.; Nimmo, G. Staphylococcus aureus
Programme 2010 (SAP 2010). Community Survey. MRSA Epidemiology and
Typing Report on Behalf of the Australian Group for Antimicrobial Resistance
(AGAR); 2011;

Monecke, S.; Coombs, G.; Shore, A.C.; Coleman, D.C.; Akpaka, P.; Borg, M.;
Chow, H.; Ip, M.; Jatzwauk, L.; Jonas, D.; Kadlec, K.; Kearns, A.; Laurent, F.;
O’Brien, F.G.; Pearson, J.; Ruppelt, A.; Schwarz, S.; Scicluna, E.; Slickers, P.;
Tan, H.L.; Weber, S.; Ehricht, R. A Field Guide to Pandemic, Epidemic and
Sporadic Clones of Methicillin-Resistant Staphylococcus aureus. PLoS One
2011, 6, doi:10.1371/journal.pone.0017936.

Kinnevey, P.M.; Shore, A.C.; Brennan, G.l.; Sullivan, D.J.; Ehricht, R,
Monecke, S.; Slickers, P.; Coleman, D.C. Emergence of Sequence Type 779
Methicillin-Resistant Staphylococcus aureus Harboring a Novel Pseudo
Staphylococcal Cassette Chromosome Mec (SCCmec)-SCC-SCCCRISPR

68



53.

54.

55.

56.

S7.

58.

59.

Composite Element in Irish Hospitals. Antimicrob. Agents Chemother. 2013, 57,
524-531, doi:10.1128/AAC.01689-12.

Kinnevey, P.M.; Shore, A.C.; Brennan, G.l.; Sullivan, D.J.; Ehricht, R.;
Monecke, S.; Coleman, D.C. Extensive Genetic Diversity ldentified among
Sporadic Methicillin-Resistant Staphylococcus aureus Isolates Recovered in
Irish Hospitals between 2000 and 2012. Antimicrob. Agents Chemother. 2014,
58, 1907-1917, do0i:10.1128/AAC.02653-13.

Roberts, M.C.; Joshi, P.R.; Monecke, S.; Ehricht, R.; Muller, E.; Gawlik, D.;
Paudel, S.; Acharya, M.; Bhattarai, S.; Pokharel, S.; Tuladhar, R.; Chalise, M.K;
Kyes, R.C. MRSA Strains in Nepalese Rhesus Macaques (Macaca Mulatta) and
Their Environment. Front. Microbiol. 2019, 10, doi:10.3389/fmicb.2019.02505.
Neela, V.; Zafrul, A.M.; Mariana, N.S.; Van Belkum, A.; Liew, Y.K.; Rad, E.G.
Prevalence of ST9 Methicillin-Resistant Staphylococcus aureus among Pigs and
Pig Handlers in Malaysia. J. Clin. Microbiol. 2009, 47, 4138-4140,
d0i:10.1128/JCM.01363-009.

Wendlandt, S.; Schwarz, S.; Silley, P. Methicillin-Resistant Staphylococcus
aureus : A Food-Borne Pathogen? Annu. Rev. Food Sci. Technol. 2013, 4, 117—
139, doi:10.1146/annurev-food-030212-182653.

Price, L.B.; Stegger, M.; Hasman, H.; Aziz, M.; Larsen, J.; Andersen, P.S;
Pearson, T.; Waters, A.E.; Foster, J.T.; Schupp, J.; Gillece, J.; Driebe, E.; Liu,
C.M.; Springer, B.; Zdovc, |.; Battisti, A.; Franco, A.; Zmudzki, J.; Schwarz, S.;
Butaye, P.; Jouy, E.; Pomba, C.; Porrero, M.C.; Ruimy, R.; Smith, T.C,;
Robinson, D.A.; Weese, J.S.; Arriola, C.S.; Yu, F.; Laurent, F.; Keim, P.; Skov,
R.; Aarestrup, F.M. Staphylococcus aureus CC398: Host Adaptation and
Emergence of Methicillin Resistance in Livestock. MBio 2012, 3, 1-6,
d0i:10.1128/mBi0.00305-11.

Parisi, A.; Caruso, M.; Normanno, G.; Latorre, L.; Miccolupo, A.; Fraccalvieri,
R.; Intini, F.; Manginelli, T.; Santagada, G. MRSA in Swine, Farmers and
Abattoir Workers in Southern Italy. Food Microbiol. 2019, 82, 287-293,
d0i:10.1016/J.FM.2019.03.003.

Chanchaithong, P.; Perreten, V.; Schwendener, S.; Tribuddharat, C.;
Chongthaleong, A.; Niyomtham, W.; Prapasarakul, N. Strain Typing and
Antimicrobial Susceptibility of Methicillin-Resistant Coagulase-Positive
Staphylococcal Species in Dogs and People Associated with Dogs in Thailand.

69



60.

61.

62.

63.

64.

65.

66.

J. Appl. Microbiol. 2014, 117, 572-586, doi:10.1111/jam.12545.

Sinlapasorn, S.; Lulitanond, A.; Angkititrakul, S.; Chanawong, A.; Wilailuckana,
C.; Tavichakorntrakool, R.; Chindawong, K.; Seelaget, C.; Krasaesom, M.;
Chartchai, S.; Wonglakorn, L.; Sribenjalux, P. SCCmec IX in Meticillin-
Resistant Staphylococcus aureus and Meticillin-Resistant Coagulase-Negative
Staphylococci from Pigs and Workers at Pig Farms in Khon Kaen, Thailand. J.
Med. Microbiol. 2015, 64, 1087-1093, doi:10.1099/jmm.0.000119.
Armand-Lefevre, L.; Ruimy, R.; Andremont, A. Clonal Comparison of
Staphylococcus from Healthy Pig Farmers, Human Controls, and Pigs. Emerg.
Infect. Dis. 2005, 11, 711-714, doi:10.3201/eid1105.040866.

Voss, A.; Loeffen, F.; Bakker, J.; Klaassen, C.; Wulf, M. Methicillin-Resistant
Staphylococcus aureus in Pig Farming. Emerg. Infect. Dis. 2005, 11, 19651966,
d0i:10.3201/eid1112.050428.

Price, L.B.; Stegger, M.; Hasman, H.; Aziz, M.; Larsen, J.; Andersen, P.S;
Pearson, T.; Waters, A.E.; Foster, J.T.; Schupp, J.; Gillece, J.; Driebe, E.; Liu,
C.M.; Springer, B.; Zdovc, |.; Battisti, A.; Franco, A.; Zmudzki, J.; Schwarz, S.;
Butaye, P.; Jouy, E.; Pomba, C.; Porrero, M.C.; Ruimy, R.; Smith, T.C;
Robinson, D.A.; Weese, J.S.; Arriola, C.S.; Yu, F.; Laurent, F.; Keim, P.; Skov,
R.; Aarestrup, F.M. Staphylococcus aureus CC398: Host Adaptation and
Emergence of Methicillin Resistance in Livestock. MBio 2012, 3, 1-6,
doi:10.1128/mBi0.00305-11.

Hansen, J.E.; Stegger, M.; Pedersen, K.; Sieber, R.N.; Larsen, J.; Larsen, G.;
Lilje, B.; Chriél, M.; Andersen, P.S.; Larsen, A.R. Spread of LA-MRSA CC398
in Danish Mink (Neovison Vison) and Mink Farm Workers. Vet. Microbiol.
2020, 245, 108705, doi:10.1016/j.vetmic.2020.108705.

Islam, M.Z.; Espinosa-Gongora, C.; Damborg, P.; Sieber, R.N.; Munk, R.;
Husted, L.; Moodley, A.; Skov, R.; Larsen, J.; Guardabassi, L. Horses in
Denmark Are a Reservoir of Diverse Clones of Methicillin-Resistant and -
Susceptible  Staphylococcus  aureus.  Front.  Microbiol. 2017, 8,
doi:10.3389/fmich.2017.00543.

Hansen, J.E.; Ronco, T.; Stegger, M.; Sieber, R.N.; Fertner, M.E.; Martin, H.L.;
Farre, M.; Toft, N.; Larsen, A.R.; Pedersen, K. LA-MRSA CC398 in Dairy Cattle
and Veal Calf Farms Indicates Spillover From Pig Production. Front. Microbiol.
2019, 10, doi:10.3389/fmich.2019.02733.

70



67.

68.

69.

70.

71.

72.

73.

74.

75.

Nemeghaire, S.; Roelandt, S.; Argudin, M.A.; Haesebrouck, F.; Butaye, P.
Characterization of Methicillin-Resistant Staphylococcus aureus from Healthy
Carrier Chickens. Avian Pathol. 2013, 42, 342-346,
doi:10.1080/03079457.2013.805183.

Chueahiran, S.; Yindee, J.; Boonkham, P.; Suanpairintr, N.; Chanchaithong, P.
Methicillin-Resistant Staphylococcus aureus Clonal Complex 398 as a Major
Mrsa Lineage in Dogs and Cats in Thailand. Antibiotics 2021, 10, 1-12,
doi:10.3390/antibiotics10030243.

Li, H.; Andersen, P.S.; Stegger, M.; Sieber, R.N.; Ingmer, H.; Staubrand, N.;
Dalsgaard, A.; Leisner, J.J. Antimicrobial Resistance and Virulence Gene
Profiles of Methicillin-Resistant and -Susceptible Staphylococcus aureus From
Food Products in Denmark. Front. Microbiol. 2019, 10, 2681,
d0i:10.3389/fmich.2019.02681.

Li, H.; Stegger, M.; Dalsgaard, A.; Leisner, J.J. Bacterial Content and
Characterization of Antibiotic Resistant Staphylococcus aureus in Danish Sushi
Products and Association with Food Inspector Rankings. Int. J. Food Microbiol.
2019, 305, 108244, doi:10.1016/j.ijfoodmicro.2019.108244.

Davis, S.; Pettengill, J.B.; Luo, Y.; Payne, J.; Shpuntoff, A.; Rand, H.; Strain, E.
CFSAN SNP Pipeline: An Automated Method for Constructing Snp Matrices
Fromnext-Generation Sequence Data. PeerJ Comput. Sci. 2015, 2015, €20,
doi:10.7717/peerj-cs.20.

Croucher, N.J.; Page, A.J.; Connor, T.R.; Delaney, A.J.; Keane, J.A.; Bentley,
S.D.; Parkhill, J.; Harris, S.R. Rapid Phylogenetic Analysis of Large Samples of
Recombinant Bacterial Whole Genome Sequences Using Gubbins. Nucleic Acids
Res. 2015, 43, e15, doi:10.1093/nar/gkul196.

Nguyen, L.T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast
and Effective Stochastic Algorithm for Estimating Maximum-Likelihood
Phylogenies. Mol. Biol. Evol. 2015, 32, 268-274, doi:10.1093/molbev/msu300.

Yu, G.; Smith, D.K.; Zhu, H.; Guan, Y.; Lam, T.T.Y. Ggtree: An r Package for
Visualization and Annotation of Phylogenetic Trees with Their Covariates and
Other Associated Data. Methods Ecol. Evol. 2017, 8, 28-36, doi:10.1111/2041-
210X.12628.

Wickham, H. Ggplot2 - Elegant Graphics for Data Analysis Available online:
https://www.springer.com/gp/book/9780387981413 (accessed on 7 June 2021).

71



76.

77.

78.

79.

80.

81.

82.

83.

He, L.; Zheng, H.X.; Wang, Y.; Le, K.Y.; Liu, Q.; Shang, J.; Dai, Y.; Meng, H.;
Wang, X.; Li, T.; Gao, Q.; Qin, J.; Lu, H.; Otto, M.; Li, M. Detection and Analysis
of Methicillin-Resistant Human-Adapted Sequence Type 398 Allows Insight into
Community-Associated Methicillin-Resistant Staphylococcus aureus Evolution.
Genome Med. 2018, 10, 1-14, doi:10.1186/s13073-018-0514-9.

Lu, H.; Zhao, L.; Si, Y.; Jian, Y.; Wang, Y.; Li, T.; Dai, Y.; Huang, Q.; Ma, X;
He, L.; Li, M. The Surge of Hypervirulent ST398 MRSA Lineage With Higher
Biofilm-Forming Ability Is a Critical Threat to Clinics. Front. Microbiol. 2021,
12, 636788, doi:10.3389/fmich.2021.636788.

Li, H.; Tang, T.; Stegger, M.; Dalsgaard, A.; Liu, T.; Leisner, J.J.
Characterization of Antimicrobial-Resistant Staphylococcus aureus from Retail
Foods in Beijing, China. Food Microbiol. 2021, 93,
doi:10.1016/j.fm.2020.103603.

Chen, H.; Yin, Y.; Li, X,; Li, S.; Gao, H.; Wang, X.; Zhang, Y.; Liu, Y.; Wang,
H. Whole-Genome Analysis of Livestock-Associated Methicillin-Resistant
Staphylococcus aureus Sequence Type 398 Strains Isolated from Patients with
Bacteremia in China. J. Infect. Dis. 2020, 221, S220-S228,
d0i:10.1093/INFDIS/JIZ575.

Islam, M.Z.; Espinosa-Gongora, C.; Damborg, P.; Sieber, R.N.; Munk, R.;
Husted, L.; Moodley, A.; Skov, R.; Larsen, J.; Guardabassi, L. Local and
Transboundary Transmissions of Methicillin-Resistant Staphylococcus aureus
Sequence Type 398 through Pig Trading. Appl. Environ. Microbiol. 2020, 86,
d0i:10.1128/AEM.00430-20.

Joensen, K.G.; Scheutz, F.; Lund, O.; Hasman, H.; Kaas, R.S.; Nielsen, E.M;
Aarestrup, F.M. Real-Time Whole-Genome Sequencing for Routine Typing,
Surveillance, and Outbreak Detection of Verotoxigenic Escherichia Coli. J. Clin.
Microbiol. 2014, 52, 1501-1510, doi:10.1128/JCM.03617-13.

Tetzschner, A.M.M.; Johnson, J.R.; Johnston, B.D.; Lund, O.; Scheutz, F. In
Silico Genotyping of Escherichia Coli Isolates for Extraintestinal Virulence
Genes by Use of Whole-Genome Sequencing Data. J. Clin. Microbiol. 2020, 58,
d0i:10.1128/JCM.01269-20.

Bortolaia, V.; Kaas, R.S.; Ruppe, E.; Roberts, M.C.; Schwarz, S.; Cattoir, V.;
Philippon, A.; Allesoe, R.L.; Rebelo, A.R.; Florensa, A.F.; Fagelhauer, L.;
Chakraborty, T.; Neumann, B.; Werner, G.; Bender, J.K.; Stingl, K.; Nguyen, M.;

72



84.

85.

86.

87.

88.

89.

90.

Coppens, J.; Xavier, B.B.; Malhotra-Kumar, S.; Westh, H.; Pinholt, M.; Anjum,
M.F.; Duggett, N.A.; Kempf, I.; Nykésenoja, S.; Olkkola, S.; Wieczorek, K.;
Amaro, A.; Clemente, L.; Mossong, J.; Losch, S.; Ragimbeau, C.; Lund, O;
Aarestrup, F.M. ResFinder 4.0 for Predictions of Phenotypes from Genotypes. J.
Antimicrob. Chemother. 2020, 75, 3491-3500, doi:10.1093/jac/dkaa345.
Zankari, E.; Allesge, R.; Joensen, K.G.; Cavaco, L.M.; Lund, O.; Aarestrup, F.M.
PointFinder: A Novel Web Tool for WGS-Based Detection of Antimicrobial
Resistance Associated with Chromosomal Point Mutations in Bacterial
Pathogens. J.  Antimicrob.  Chemother. 2017, 72, 2764-2768,
doi:10.1093/jac/dkx217.

Bartels, M.D.; Petersen, A.; Worning, P.; Nielsen, J.B.; Larner-Svensson, H.;
Johansen, H.K.; Andersen, L.P.; Jarlgv, J.O.; Boye, K.; Larsen, A.R.; Westh, H.
Comparing Whole-Genome Sequencing with Sanger Sequencing for Spa Typing
of Methicillin-Resistant Staphylococcus aureus. J. Clin. Microbiol. 2014, 52,
43054308, doi:10.1128/JCM.01979-14.

Sieber, R.N.; Skov, R.L.; Nielsen, J.; Schulz, J.; Price, L.B.; Aarestrup, F.M.;
Larsen, A.R.; Stegger, M.; Larsen, J.; Sieber, C.R. Drivers and Dynamics of
Methicillin-Resistant Livestock-Associated Staphylococcus aureus CC398 in
Pigs and Humans in  Denmark  Downloaded From. 2018,
doi:10.1128/mBi0.02142-18.

Tegegne, H.A.; Florianova, M.; Gelbicova, T.; KarpiSkova, R.; KolaCkova, 1.
Detection and Molecular  Characterization of  Methicillin-Resistant
Staphylococcus aureus Isolated from Bulk Tank Milk of Cows, Sheep, and Goats.
Foodborne Pathog. Dis. 2019, 16, 68—73, doi:10.1089/fpd.2018.2511.

Danish Integrated Antimicrobial Resistance Monitoring and Research
Programme DANMAP 2018—Use of Antimicrobial Agents and Occurrence of
Antimicrobial Resistance in Bacteria from Food Animals, Food and Humans in
Denmark. Statens Serum Institut, Natl. Vet. Inst. Natl. Food Institute, Tech. Univ.
Denmark, Kgs. Lyngby, Denmark 2019, doi:10.1089/fpd.2015.1954.

European Food Safety Authority Scientific Opinion on the Potential Reduction
of the Currently Authorised Maximum Zinc Content in Complete Feed. EFSA J.
2014, 12, 1-77, doi:10.2903/j.efsa.2014.3668.

Hau, S.J.; Frana, T.; Sun, J.; Davies, P.R.; Nicholson, T.L. Zinc Resistance within
Swine-Associated Methicillin-Resistant Staphylococcus aureus Isolates in the

73



91.

92.

93.

94.

95.

96.

United States Is Associated with Multilocus Sequence Type Lineage. Appl.
Environ. Microbiol. 2017, 83, doi:10.1128/AEM.00756-17.

Li, S.; Robert, §; Skov, L.; Han, X.; Larsen, A.R.; Larsen, J.; Serum, M.; Wulf,
M.; Voss, A.; Hiramatsu, K.; Ito, T. Novel Types of Staphylococcal Cassette
Chromosome Mec Elements Identified in Clonal Complex 398 Methicillin-
Resistant Staphylococcus aureus Strains 1. Antimicrob. Agents Chemother. 2011,
55, 3046-3050, doi:10.1128/AAC.01475-10.

Argudin, M.A.; Tenhagen, B.A.; Fetsch, A.; Sachsenrdder, J.; Kasbohrer, A.;
Schroeter, A.; Hammer, J.A.; Hertwig, S.; Helmuth, R.; Braunig, J.; Mendoza,
M.C.; Appe, B.; Rodicio, M.R.; Guerra, B. Virulence and Resistance
Determinants of German Staphylococcus aureus ST398 Isolates from Nonhuman
Sources. Appl. Environ. Microbiol. 2011, 77, 3052-3060,
doi:10.1128/AEM.02260-10.

Fuzi, M.; Szabo, D.; Csercsik, R. Double-Serine Fluoroquinolone Resistance
Mutations Advance Major International Clones and Lineages of Various Multi-
Drug Resistant Bacteria. Front. Microbiol. 2017, 8, 2261.

Wilmann, J.E.; Kirchhoff, L.; Briggemann, Y.; Todt, D.; Steinmann, J.;
Steinmann, E. Persistence of Pathogens on Inanimate Surfaces: A Narrative
Review. Microorganisms 2021, 9, 1-37.

Schulz, J.; Friese, A.; Klees, S.; Tenhagen, B.A.; Fetsch, A.; Rosler, U.; Hartung,
J. Longitudinal Study of the Contamination of Air and of Soil Surfaces in the
Vicinity of Pig Barns by Livestock-Associated Methicillin-Resistant
Staphylococcus aureus. Appl. Environ. Microbiol. 2012, 78, 5666-5671,
doi:10.1128/AEM.00550-12.

Grentvedt, C.A.; Elstram, P.; Stegger, M.; Skov, R.L.; Andersen, P.S.; Larssen,
K.W.; Urdahl, A.M.; Angen, @.; Larsen, J.; Amdal, S.; Latvedt, S.M.; Sunde, M.;
Bjernholt, J.V. Methicillin-Resistant Staphylococcus aureus CC398 in Humans
and Pigs in Norway: A “One Health” Perspective on Introduction and
Transmission. Clin. Infect. Dis. 2016, 63, 1431-1438, doi:10.1093/cid/ciw552.

74



