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Abstract: Classified as a high-priority pathogen by the World Health Organization, methicillin-resistant Staphylococcus
aureus (MRSA) has been widely found in livestock products and is transmitted along the food processing chain. A novel

multidrug-resistant ST9-MRSA-SCCmecXII strain, HP, was isolated from the spleen of a diseased pig with the aim to
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gain insight into the antibiotic resistance and genetic evolutionary characteristics of this MRSA. Its resistance phenotypes,
antibiotic resistance genes (ARGs), mobile genetic elements (MGEs), and evolutionary relationships with other strains were
comprehensively analyzed using the Kirby-Bauer disc diffusion method, PCR amplification, whole-genome sequencing
(second- and third-generation), and comparative genomics. The results showed that HP exhibited resistance to 11 antibiotics,
such as f-lactams and fluoroquinolones. In contrast, it demonstrated susceptibility to vancomycin, teicoplanin, and linezolid.
Nine ARGs were identified using PCR, whereas whole-genome sequencing and database comparison led to the detection
of 42 ARGs, predominantly comprising f-lactams, aminoglycosides, and macrolide-lincosamide-streptogramins. Of these,
nine ARGs were on the genomic island HPGI1 and one ARG was on plasmid 2. Evolutionary analysis revealed that HP
exhibited a strong correlation with one milk-derived and two porcine ST9-MRSA-SCCmecXIl strains and carried similar
MGEs, including SCCmecXIl, transposons, and genomic islands. The novel strain HP exhibits a complex resistance profile
with multiple ARGs and MGEs, indicating potential risks of transmission between different hosts and throughout the food
processing chain. These findings provides a genetic basis for early warning and effective control of ST9-MRSA-SCCmecXII
transmission in the food processing chain.
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R AN T A T bR < v &) R
(Methicillin-resistant Staphylococcus aureus, MRSA)
e WHO F1| g e J™ U 1) 22 B 24 g 2 —, I AFok,
HAEEFRIE AP IRAT SR BT A ORE R,
(R At S R AR P R o [ 2 —, HO
5 MRSA “FHHEWFRCIE 11.2%, mTHA, Bk
75 IV 25 oA S o [ % B HoE R MRSA A3 I 5%
VERZN: % A SRS IR 2 ) NE AN TP R
AR N A B s e T . AR, BRIEDE A
JE IR MRSA (1 255 AE RIS 7oA F o3 A
I, BB FE IR MRSA TN 245 R EATEL 22 &
YR T AE A B EEE L,

T AR, R VR MRSA ) 73 24 7 2Bk >k Bk 2
B, Z A1 5 31 43 B (Multilocus Sequence Typing,
MLST). #&EKESEE A 438 (Staphylococcal protein
A, SPA) i 4 a4k & K T 43 B (Staphylococcal
Cassette Chromosome mec, SCCmec) +& H 5 F )
WU MRSA 43 853, 2 0iiRiE BoR, 54 E
F# U MRSA 1 5 if 47 1) MLST B30 0 STORL, /5
& [E 3758 MRSA 43 B bk 1 70%~95% ™o T o [
IR MRSA i W1 SCCmec 25 RUNTITRL NIV AL,
FOrpTIALE WL T vt DU S5, IVASHE W TG 7R
VM BRI, AHIT SRS R BT R B
— ¥k STO-MRSA-SCCmecXIl ¥ % Bk, %A H
PR OAE SR & AR PR A B R B B, H A
ARG NI RS o — THVTAly 1D T3 4 R AR 7 i T
B MRSA 73 B #RULAT 2 1A 55 K W], SCCmecXIl

74

R MRSA 1£ 3% 3 3 Fl J& 52 3 vh 3 3 77 /2. Zhu
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W4T, FW SCCmecXIl 4 MRSA Wbk 7] A 2 5 1%
PN TAE AL . b ah, Wu M7 b [ 7 6 3 5L
R 9 WA B AR AR AR 2y B T SCCmecXTT B
MRSA B ¥k, EAERE IR, — X I 1% I8
MRSA AT W k-5 A I PR IS Rk (8] 140 8 R 1
RIBEFR, JEUE SCCmecXIl B MRSA 43 B #k AL A
A2 EM 21, 80T HE 5] ™ H A SRIG PR G
g AR, KHZ T RS PRI AT PR R 24 35
FER SR R A A2 E

b, Btk gt . T
i R4S AT 8% B3t 4% g6 44F (Mobile Genetic Element,
MGE) 7E% i MRSA [ 24 1t F1 55 7 4% 1 DL Stk
it #2 p R P B S EE P EAY. MGE # i £
Tt AR 2 24 ik (R A2 ) R 776 MRSA P ] Bkt
Ry, (FRHEERMH AT, & MRSA RS
a0 22 S 24 1 A IR R, T AR
J5HT Y MRSA 5 K ZH 3R 15 A 4ERF MGE (PR E W] 9
TR £ E it 25 MRSA 9 H IURE A B LB 4k
Pa. SRT, H BT L T3 JE SCCmecXIl #1 . MRSA
(AR, IS R RSP 20 T i 26 40 56 T 7% sl g%
TCHF I AT A R 78

KA FCRT I AR A8 S S I — R TS R R
H o B B — PR T AL £ EL Y 2§ SCCmecX1 ! MRSA
WAk HP, KA THEMHHEARMAEYE B%F B,
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Mk PR 2 22 AVRUAT 6 22 55 A B, S SCCmec 9y
M. MLST 7 BEZ Fp M5, MR R
PR T T 48 78 208 B U MRSA BT 255451E, AT
HAFERAFH], FITZHT R MRSA R 252 K 15
e 5 ARHR UL SR AR R BEALAFAE . ASHE T
FEURHT Y MRSA (125 H R 24 A% A RS 0 472 it
A, A TR B AR 3R A B A o) e i 1
MRSA YL H g e R 2%

1 MRE5REE
1.1 ##

L1l Etk

%2 H it 2 MRSA Witk HP 20 58 H R 4A 9%
FE VS G REAE 28 A I e I L %o 2 2 W 28
p-MEEIEE . MU R KFELZRE RN JEXT
HP AT 2 AN 7, #id MLST Al SCCmecXII
43 B E Ho ST9-SCCmecXIT AL B #k o
1.1.2 AR EA RiX 4

fisi .0 ¥ W W 7% (Brain Heart Infusion Broth,
BHD, J MM AEMBI AR AR AR
AR, BN BAEY IR AE R AR 40w KA
DNA PR 2 Bl &, b a4 Y H R A R
/v 7 rTaq B (5 U/uL). dNTP Mixture, 10xPCR
Buffer. ¥ fl§ ¥, H A& TaKaRa /A 7 ; 5xLoading
Buffer. DL2000 DNA marker, X ilA¥IRMH R A
w5 5lY, HOEHERERE (R HSABRAE S K.
Pacbio RS II JII#1%, Pacific Biosciences A ). FEK
BR A, BB REAR AR, SiR&EmEXR
WA, HAZHEAF; PCR PG, £H ABI AF;
BRI AEAL, FEE Bio-rad A A HIKREBR S, =
Bio-rad A,

1.2 R F*

121 RAFHEKE

K HH 22 I R 52 56 = bR 4k P 2= (Clinical and
Laboratory Standards Institute, CLSI) #4148 97 Hi
VI 58 B R HP XGF 25 A 13 2R P04 R U, it
RPUERA S B LM GH AT HHR (10 pg,
<28 mm). AMEFEIR (1pg, <12mm). kP T
(30 pg, <21 mm). SLAIMEEYy (30 pug, <17 mm). 3k
il e fi5 (30 pg, <22 mm). 3k ffl fih i (30 pg,
<17mm). KK&EHEZR (10 pg, <14 mm). K%

& B0pg, <17mm). JY¥ZE (30pg, <I18mm),
KIEFHR K (30 pg, <18 mm). WM Z[K (30 pg,
<l6 mm). EHE=H (30 g, <17mm). WHKER
2pg, <20mm). wHHHR (15pg, <17mm). £
Bz (5pg, <2mm). JilEZR (G0pg, <14mm),
B fg 0pg, <13mm). KXKPE (5 pg,
<20 mm). AEBEWE (Spug, <I18mm). R
WA (Spg, <23mm). MEVWE (5pg, <22 mm),
SHHEW (194 ng, <15mm). FIHETF (5 pg,
<19mm). BEHGEIT - B AREVT (15 pg, <18 mm)
RN ZEe R (30 ug, <20 mm), SN S aureus
ATCC25923, %8 CLSI (¥ b #E f 2 2% SOk I 1 24
s ;1
122 A FPCRAE it 25 2 B A0

¥ B ¥k HP /£ BHI & 9% W ¥ P 5E 9% 18~24 h,
11 DNA $2BGaA7R& A1 1 52 B DNA. PCR 1
FAFWR : 94 CHIAEME S min ; 94 CAEME30s, &
IR K 305, 72 CHEMH CGEfI[A]4% 1 Kb-1 min
D 5 72 CAIEM S min. N AKRRWLE 1. PCR
PN B B B AR F UK VR BRI JE I8 & ISR A
= 25 RHECA PR w)#EAT 00 I R o A 40 T i 2
FA : mecA, mecC, blaZ, aac(6)/aph(2”), aph(3”)-Illa,
aadE, tet(K), tet(L), tetM, ermA, ermB, ermC, msrA,
msrB, fexA, dfrG, lind, Inu(B), Isa(E), c¢fr(B) ;& sulll,
SIPIF 552 i, W 2.
123 AKRAn 5 L5a s KR E#

V4 HP 18 PR I 26 42 F T BHI Bl ] 44 85 9% 5,
37 CHEFFIRMG VR, K 5018 7% 3 M 2] BHI W4
Brgedrh, 37 CHEFE 14 he 148 DNA REGR 7 &
() 1t BH $2 B DNA, A A Tllumina MiSeq #1 Pacbio
RS 1L 7 ~F & AT A 5L R A 7, 3845 HP )2
4115 2. FIFH SPAdes v3.9.0 Fl Canu v1.4 # /441
B P B, JF A Glimmer 3.02 314 32847 7K
% 52 #E (Open Reading Frame, ORF) T ill. X H
BLAST ¥R i A Filill 22 5 57 51 5 eggNOG 4l
FELEXT 4% 2 SR A ThRE, XA RS « E-value IIfi
FHEN le-6, [FHI—HMik 30% B 1, HFFILHLxt
KIS KA E 2 EAMIK T 70%. KA BLAST
B R B T £ B A S P AR R 2 SR Hae
J£ (Comprehensive Antibiotic Resistance Database,
CARD) #EATLEX}, E-value g FHEN le-6, ZIEMR
JP A —8 IR 45% L b, HFEFItexd K5 H 751
K Z HAMET 70%.
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Table 1 PCR reaction system
PR L34 TFil#  10xPCR Buffer Taq ddH,0  ##DNA Ei
ARAR (uL) 1 1 2.5 0.25 18.75 1 25
* 2 MZAEREPCREspasy B 15|49
Table 2 PCR and spa typing amplification primers
i 2 A ) HEZEE S 714 /775] (5-3)

mecA-fw GTAGAAATGACTGAACGTCCGATAA

mecd mecA-fw CCAATTCCACATTGTTTCGGTCTA

mecC mecC-fw GAAAAAAAGGCTTAGAACGCCTC
mecC-rv GAAGATCTTTTCCGTTTTCAGC

blaz blaZ-tw ACTTCAACACCTGCTGCTTTC

blaZ-rv TGACCACTTTTATCAGCAACC

aac(6’)/aph(2”)

aac(6’)/aph(2”)-fw
aac(6”)/aph(2”)-rv

ACATGGCAAGCTCTAGGA
GAAGTACGCAGAAGAGA

aph(3°)-llla

aph(3’)-lla-fw
aph(3’)-lla-rv

CTTTAAAAAATCATACAGCTCGCG
GGCTAAAATGAGAATATCACCGG

. aadE-fw GCAGAACAGGATGAACGTATTCG
“ aadE-tv TTATCCCAACCTTCCACGAC
(eHK) tet(K)-fiw GTAGCGACAATAGGTAATAGT
¢ tet(K)-rv GTAGTGACAATAAACCTCCTA
oL tet(L)-fw TCGTTAGCGTGCTGTCATTC
tet(L)-rv GTATCCCACCAATGTAGCCG
Y tetM-fw AGT GGA GCG ATT ACA GAA
¢ tetM-rv CAT ATG TCC TGG CGT GTC TA
o ermA-fw AAGCGGTAAACCCCTCTGA
ermA-tv TTCGCAAATCCCTTCTCAAC
» ermB-fw CATTTAACGACGAAACTGGC
e ermB-1v GGAACATCTGTGGTATGGCG
c ermC-fiw ATCTTTGAAATCGGCTCAGG
e ermC-tv CAAACCCGTATTCCACGATT
y msrA-fw TCCAATCATTGCACAAAATC
e msrA-rv AATTCCCTCTATTTGGTGGT
- msrB-fw TATGATATCCATAATAATTA TCCAATC
" msrB-tv AAGTTATATCATGAATAGATTGTCCTGTT
fexd fexd-fw GTACTTGTAGGTGCAATTACGGCTGA
fexA-rv CGCATCTGAGTAGGACATAGCGTC
G dfrG-fw TGCTGCGATGGATAAGAA
4 dfiG-rv TGGGCAAATACCTCATTCC
i linA-fw GGTGGCTGGGGGGTAGATGTATTAACTGG
linA-rv GCTTCTTTTGAAATACATGGATTTTTC GATC
nu(B) Inu(B)-fiw CCTACCTATTGTTTGTGGAA
i Inu(B)-rv ATAACGTTACTCTCCTATTC
Isa(E) Isa(E)-fw TTGTACGGAATGTATGG
e Isa(E)-rv TTCGCTTCTATTAAGCACTCTT
#B) ofr(B)-fw AAAAGCACAACAATCTACACAA
¢ ofr(B)-rv TCACATGATACAAGTTCCCACT
. sulll-fw CGGCATCGTCAACATAACC
o sulll-rv GTGTGCGGATGAAGTCAG
. spa-f GACGATCCTTCGGTGAGC
” spa-rv CAGCAGTAGTGCCGTTTG
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F| F PasteurMLST #4 #fi F£ (https://cge.cbs.
dtu.dk/services MLST/), #fi & arcC, aroE, glpFE, gmk, pta,
1pi M yqil7 A8 52 B R 55 A B 5, M 3R
5 B ¥k HP (%) MLST 43 8. K HP 1 42 5 [ 4 {5
B I A% & SCCmecFinder $1 #i% J# (https://cge.cbs.
dtu.dk/services/SCCmecFinder) it 17 43 #1 LA A 52 I
SCCmec JufFAL B 7AYo Fic [ SCHR IR AE (1) 77 v 38
1L PCR 4" 4 spa 73 B 51 W) (4132 2 Fros), ¥4 Pt
#3 PCR 77 ¥y k47 X 1) P e J P2, 4R JL 5" o
br & 5 (RCAMCAAAA) L J2 3" 3 b & % 5
(TAYATGTCGT), H[a|FF 4% 24 bp 73 HIKANF
(P E S BT, $RACEIEHE E (hitp:/www.ridom.de/
spaserver/) 1, E|EEEZHITHFYIS . BITA
BB RITHI 85 B S PR A2 2 HUE 2 LA E
itk HP (1) spa 7371
12,5 #AHHT

M NCBI %4t £ (https://www.ncbi.nlm.nih.
gov/) Pk BUCR B A F E X H 15 £ B 5 HP Wbk &
JEARBAY 88 P43 (0 & BRI . A H] PATRIC #4fs
JE (Pathosystems Resource Integration Center,
PATRIC) Chttps://docs.patricbrc.org/) 4=BRHE H K i
(PGFams) H [ & 5 B A AZ 7 R 7 471 6 89 #k B gk
7, Hopf# | MUSCLE & A iUF 51,
Fi BioPython [ Codon_align B %5 bt 4% H R 7 41l
ffH RaxML 27t RFE K EMW. @ — Bt
BacWGSTdb #{ # J& (http://bacdb.cn/BacWGSTdb/
index.php) XJ & ¥k HP it 7 + 4 3 1) 8 PR 1T &% B4
PR IEAT 4 BRI K P 1) 3% B R 2 A& 1 (Single
Nucleotide Polymorphism, SNP) 73 #r. LA B ¥ HP
NSHBR, R P3R4 B B2 5 7€ Rk
PRI K] SNPs #ig . Jk T 4B M 2 SNP BEALH, JF
f# ] MEGA 5.0 il Adobe Illustrator #fFHET AL .
12,6 EHBARE KB AT A

A BRIG B, LLTE Pk HP (1) 4 & 4L
YRS HFEA, MHBINZHE 1.2.5 T HE
T2 V8 bR EAT 4 5 LA EE S a0 b, R 22 5 DX
HATVERE.
127 AR B4t

F| A IslandViewer 3 4, °K H IslandPath-
DIMOB. SIGI-HMM F#il IslandPick —F§ Filill 75 ¥ %t
HP B Pk 1) 4 JE DR 20 e 1) g 47 2 DR 0y 000
FEHRIH IBS A2 il 2 [R5 S5 0 ]

1.3 BT

H PCR Al 45 3 S 3 B 15 31 1 T 24 25 [ 53 )
IR PR R BRBATIC A SG1, RiEsEEaAE R
24 S DR I R 0 £ Excel 04445 i A & FIT Venn
K. BT AR )7 5 SNP 7 # 43 Jil it A7 124k
AT, Ko i g R LA T U E B, A IBS
(Tllustrator for Biological Sequences, IBS) % {4 X
SCCmec F15: A By 43 #r 45 R x| G ik EE ], it
Adobe lustrator FAF X &R EE AT .

2 HRE5VW

2.1 HEARHPX25F £ £ B 2 8UE A

JEUR MRSA (11t 24 155 X 5 77 FEDI Pt A 2 4
RZVIAESG, PrARAEFRE A )2 A8 XI5
MRSA & B £ /7, ARk FLTi 24 14 0 7= AR R
KEHER, HEFRE A A PE = e B
B. UR%E. LER. &5 % KIEZNRDH
R, mlETRMEEIZ. VIR ERS. MRaT sk
AR M E R KA RY . BT Bkk HP XF 25 Fh
WHPAE RN, AR SRER (k3
JzR), Bk HP X HIE R ARV ED. B-W
BERG2E CEE R RMEIMR., kAP T . SkAumefs).
P ER (UHFE). FIREERE (FEF). B
BE2S (RFHE) AT CemEm R, Bk (B
T WD DL KB PE T 2R (M YT - A4
WIT) EPUERmMA, M ER. BERTA
R 2 e i S A AU . A5 SRR WA HP 17BN
ST9-SCCmecXIl # % MRSA C.HEAL A £ Fhfid &
I 2P, TAEIRYT %8 2 MRSA 5| & 1) s ge Al
P I RT A% T3 1 B 3 AR AR M S A KA

ARG AT RIE — 8 — TR A E ARk
A% UR MRSA P14 2 it 24 VE i 7 45 R Bom
ST9 ! MRSA WX WU Z . KRER. HHY
B T B PUAE R I 2, 553 B AR R A P
M2, BT B R 306 7 i 85 2% R 2% M i Rk
2 [ 6 AN FRFEVE MRSA 2 B R B AE
RN T R, 2 BN w R R &R
100% ffif 24, F VU IR 25 F1 Sk 70 WE i 25 0 AR 2R 26 2%
Wik 90% LA b, xS s R FIRML AR E
FHUE. Amoako Z5" NI FF IR 3% 5K B MRSA 4
PRI 25 73 pr i B s BT R KRB 2 . SR A
VU 34 25 R0 1 A 1 S5 0 AR 28 T 24 1 Aot 5 8 2R
1) 2 Mo e R 5 R 2 1) SR
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Table 3 Resistance phenotypes and resistance genes of HP
Ak F LA wAEE s /mm WA RAE PCR w2 KB AN LR CARD e 25 2L B posd 25 R
TEE <28 R
v F AR <12 R
- KeHT <21 R
B- 7 Bl & PN _ blaZ, mecA blaZ, blaR1, blal, mecA, mecR1
PR <17 S
KIorE Iy <22 S
KFatbE <17 S
KXEE <14 S aph(3’)- _ >
£ at gm ok R , ’ iph(3°)-1lla, ant(6), ant(6)-1a, aac(6’)
BAMEF R EREE 17 S aac(6’)/aph(2”), aadE Japh(2™), aph(2*)-1a, aadF, spw
, R E <18 R
Wik k£ tetl. tetl, tet38
ARiETF <18 S
1P TN S E R <16 S / /
Bl Bg K AEE <17 R fexA fexA
RAEFEE <17 R
xHxnEs-#h  EEE <22 S
< Bhi - 4k 18 EHEE <20 R Inu(B), Isa(E) ermA, ermC, Inu(B), Isa(E)
e
R T - -
KAg T =18 R
7 EEE <14 S
e kK . / /
BHEFET <13 S
KA E <20 R
Bk A £ ERRE <18 S / grlA, griB, gyrd, gyrB, norA, norB, arlS,
XHVE <23 S arlR
Ay 2 <22 S
b5 ES 5.7 # % <15 R afrG dfrC, dfvE, dfiG folP
FIRFE X FlAE-F <19 R / rpoB, rpoC
Lol f B H i e <20 S / /
A / / / / bacA, fosB, LuxR, tuf4, mepA, mepR, mgrA,
- mprF, pgsA

E: AP RREAMZE, SAREHE,
2.2 TIARHPIE F 40 3 RS F A

BRI AR HP (1 55 R 4 s K 5o 2 850 509 bp, ~F
¥ GC &8N 32.82%, IAH 2 938 MG ERH. 5
eggNOG 4l P LL 0t 45 - &7, 2 938 A2 hid Ak [A]
WA 2 280 AR g 5 11 £ 3R A3 COG (H & [
REEK) TIReERE, & 77.60%. COG JjReiE
B A T 224~ COG sk B, K28R ER
SHEBRACHA D, b 36.886%. JiRL TN 45 5
N, BPEHP SA 2 FiR R 7R 8 (plasmid 1
F1 plasmid 2). R $E PasteurMLST %45 Ji LU X 45
W Pk HP (1) 7 AN RS 5098 areC3. aroE-3.
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glpF-1. gmk-1. pta-1. tpi-1. yqiL-10, Hfij & F£ MLST
RN ST9. MR spa 73 T B4 e LL X 25 B, B bk
HP ] spa 73 8 24 1899, 4 Hij #ff 7T K B, ST9-t899
7 MRSA i [H 5% Y5 MRSA 19 % 297 47 1 Y.
W B bk HP 1) 4 B2 4 A5 S A% % SCCmecFinder
B B3 AT o0, W€ I SCCmec 43 B 0y X1 AL
SCCmecXIl % MRSA T #k i JLAF H B0 37 3L 0%
J5 MRSA F#E",

2.3 HEARHPH LA & it 28 S F A7

K HAL L 1 PCR ¥ 368 v 4 JE R 4L K P 5
CARD %(¥5 JF EU X5 W3 Bl 5 v2: 0 52 HP LR R i 24
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FEH . I PCRYHE T 21 AN 25 8 A, Al 1) L
oA (R3), B L WELIEIK (blaZ. mecd).
g 3 W 2K Laac(6’)/aph(2”)s aadE]. MLS &
Lnu(B). Isa(B)]. DU 3% 3K 2K (rerl) 55 (& 1ad.
ERFERAKT L, iS5 CARD Hil FELLx, %
EH A2 ANPUERM AR (K3, G4 NG
ORI 25 FE AN 1 AN BRI 25 26 Y, 32 ZE A0 45 s B
P 2K Laph(3’)-Illa. ant(6). ant(6)-la. aac(6’)/
aph(2”). aph(2>’)-la~ aadE ]. B- W& (blaz.
blaR1. blal. mecA. mecRI). % W& ifi i 2% (grid.
griB. gyrd. gyrB. nord. norB. arlS. arlR). P4t
#=R (tetL. tet38). MLS 2 [ermA. ermC. Inu(B)-
Isa(B)] DAL IAhBTAERMZERE (F 1b).

W4 TR PR HP 90 AR 2% 24 2 A0 R0 2k (R 2R gE AT L
BRI, BEPK HP XTSRS - B, DU3R
FR (UK FRD. FEERE, BlamER, Halz
H WEREIE DS HE B 1 o 3R 255 8 KRR P R R
N 254, PCR oAl 31 Horb 6 S A4: i 245 5L A,
BTl 5= 7 ) CARD #04 PE LU HY 14 25, B
Pk HP S 9600 U8 i 28 B0 2E R 240 FF oK ot 2
BB AP RIM 2], WfE PCR ¥ 345 Rk
R I A B SIS 24 FE AL, DRI T A b T S
iR, Mt 2GR A PCR ¥4 45 3 2 [a] H BLX — 1w
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