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Staphylococcus pseudintermedius is an important opportunistic pathogen of companion animals,
mainly associated with skin and mucous membrane colonization among pets. We aimed to characterize
the S. pseudintermedius isolates collected from dogs and cats nationwide in South Korea. A total of
1,071 S. pseudintermedius isolates were recovered from mostly dogs (n=1037) and cats (n=34) in four
different infection sites: skin/ear (n=887), urine (n=28), respiratory tract (n=49), and genital organs
(n=107). S. pseudintermedius isolates exhibited high resistance (> 50%) to penicillin, erythromycin,
clindamycin, trimethoprim/sulfamethoxazole, and chloramphenicol. Antimicrobial resistance rates
were significantly higher in non-skin isolates than in skin isolates from dogs (p <0.05). In addition,

the isolates demonstrated higher resistance to most antimicrobials in dogs of older ages. Multidrug
resistance was detected in more than 70% of isolates. The methicillin resistance was detected in 35.1%
of S. pseudintermedius. Furthermore, the methicillin-resistant S. pseudintermedius (MRSP) isolates
showed significantly higher resistance to non-beta-lactam antimicrobials than the methicillin-sensitive
S. pseudintermedius (MSSP) isolates (p <0.05). Multi-locus sequence typing revealed the presence of
48 sequence types (STs) in 100 MRSPs, of which 24 types were identified newly in this study. The most
frequently detected STs were ST121, ST794, ST1328, ST71, and ST496, comprising 33.3%. pRE25-

like elements, including rec, 1IS1252, and 1S1216, were identified in 62% of MRSP, commonly showing
resistance to chloramphenicol. Moreover, the pRE25-like elements were associated with STs, with

five predominantly detected STs carrying pRE25-like elements, except for ST71. The occurrence of
methicillin resistance among S. pseudintermedius with predominant STs and pRE25-like elements in
dogs and cats potentially poses health hazards to humans.

Keywords Staphylococcus pseudintermedius, Companion animals, Methicillin resistance, Sequence type,
PpRE25-like elements

Staphylococcus pseudintermedius is an opportunistic bacterium localized in the skin and mucous membranes of
companion animals. It is associated with over 80% of pyoderma infections, particularly in dogs! and, to a lesser
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extent, in cats’. S. pseudintermedius is also connected with postoperative wounds, eyes, and skin infections and is
a significant cause of disease of the urinary tract, respiratory system, and other body tissues’. In the past decades,
S. pseudintermedius has been isolated from dogs across Europe and North America at increasing frequencies and
occasionally from cats and horses*~°.

S. pseudintermedius resistance to the varying classes of antimicrobials is emerging as a severe problem in
veterinary practice. Recently, S. pseudintermedius isolated from companion animals has seen increased resistance
to various antimicrobials, including beta-lactams, macrolides, and fluoroquinolones, observed in different
countries”®. The epidemiology and molecular characterization of methicillin-resistant S. pseudintermedius
(MRSP) isolated from companion animals have been investigated worldwide®!?. Moreover, the clonal
dissemination of MRSP in companion animals has been reported in many countries, including Malaysia'l,
Italy'?, and Brazil'®.

pRE25-like elements, characterized as mobile genetic elements, impart resistance to multiple antimicrobials
in S. pseudintermedius'®. Several investigations have described multidrug-resistant pRE25-like elements
contributing to the spreading of resistance genes in methicillin-resistant S. pseudintermedius'>'®. Moreover,
these elements could be disseminated from companion animals to humans!®. The presence of these elements
leading to multidrug resistance may restrict treatment options for MRSP infections.

In Korea, several studies have been conducted to identify patterns of clonal spread, their genetic lineage, and
gene sharing among different geographical areas'’~'°. However, reported studies on the prevalence and clonal
dissemination were paucity in knowledge, such as targeting one or two infection sites, collecting samples from
only one hospital or a specific region, and tracing genetic lineages concerning their geographical incidences.
Thus, for the first time, we aimed to conduct a systematic investigation regarding S. pseudintermedius prevalence
in different infection sites of dogs and cats and to investigate the antimicrobial resistance and evidence of the
clonal expansion of MRSP lineages nationwide in South Korea. Moreover, we also assessed the presence of
pRE25-like elements in methicillin-resistant S. pseudintermedius.

Results

Distribution of S. pseudintermedius

A total of 1,071 (26.9%) S. pseudintermedius isolates were recovered from 3972 samples during 2018-2019
(Table 1). Among the samples, S. pseudintermedius isolates were frequently recovered from skin/ear (30.1%,
887/2949), followed by genital organ (22.5%, 107/476), respiratory system (16.1%, 49/305), and urine (11.6%,
28/242).

Antimicrobial resistance
Overall, a majority of the S. pseudintermedius isolates (53.8-78.5%) showed resistance to penicillin (78.5%),
followed by erythromycin (67%), clindamycin (63.4%), trimethoprim/sulfamethoxazole (57.6%), and
chloramphenicol (53.8%) (Fig. 1). No or rare (less than 1%) resistance was observed for amikacin, linezolid,
rifampin, and vancomycin. Antimicrobial resistances were diverse among different origin sites, with significant
variation in some antimicrobial resistance rates (Fig. 1). In dogs, chloramphenicol (52.5% vs. 61.8%),
erythromycin (65.9% vs. 74.6%), and penicillin (75.9% vs. 90.2%) were significantly higher in non-skin isolates
than in isolates recovered from the skin (p <0.05; Fig. 1a). In cats, the resistance rates (>50%) of erythromycin,
penicillin, and trimethoprim/sulfamethoxazole were found in the majority of the isolates (Fig. 1b). However,
only the ceftiofur resistance rate was significantly higher in non-skin isolates compared to skin isolates (p <0.05).
The S. pseudintermedius isolates obtained from dogs and cats exhibited different levels of antimicrobial
resistance depending on the age of their hosts. The isolates from dogs aged>15 years demonstrated higher
resistance to most antimicrobials (Table 2). Of note, resistance to beta-lactams was higher in the older age group.
Resistance to ampicillin (66.7%), cefovecin (48.1%), ceftiofur (48.1%), and oxacillin (55.6%) was significantly
greater in aged > 15 years compared to the other age groups (aged <1 year and 1-5 years). In cats, most of the
isolates recovered from aged < 1 year exhibited a greater rate of antimicrobial resistance compared to isolates from
older age groups (aged 1-5 years and 6-10 years). However, a higher level of resistance was observed towards
cefazolin (33.3%), cefpodoxime (33.3%), chloramphenicol (66.7%), penicillin (100%), and trimethoprim/
sulfamethoxazole (66.7%) in isolates from aged 6-10 years than those isolates from other age groups, although
there was no significant difference in any combination.

Dogs Cats
% Recovery (Recovered isolates/No. of samples) % Recovery (Recovered isolates/No. of samples)
No. of Respiratory | Genital No. of Respiratory | Genital
Year | province | No. of hospital | Skin/ear Urine system organ hospital Skin/ear Urine system organ
2018 |7 38.8 (47/121) 26.7 (368/1376) | 5.3 (4/76) 28.9(28/97) |21.3(49/230) | 13.0 (10/77) | 9.6 (12/125) | 3.2(1/31) | 6.7 (3/45) 0(0/7)
2019 |7 41.3 (57/138) 39.4 (496/1258) | 22.9 (22/96) | 22.6 (12/53) | 26.2(58/221) | 11.0 (10/91) | 5.8 (11/190) | 2.6 (1/39) | 5.5 (6/110) | 0(0/18)
Total | 7 28.2(73/259) 32.8 (864/2634) (1256}172) 26.7 (40/150) (213(')?7/451) 11.3 (19/168) | 7.3 (23/315) | 2.9 (2/70) | 5.8 (9/155) | 0 (0/25)

Table 1. Distribution of collected samples and recovered Staphylococcus pseudintermedius isolates from dogs
and cats during 2018-2019 in South Korea.
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Fig. 1. Antimicrobial resistance profile of Staphylococcus pseudintermedius isolated from dogs (a) and cats (b)
during 2018-2019 in South Korea. *p <0.05 was considered to indicate a significant change in antimicrobial
resistance rate between skin and non-skin isolates. AMK, amikacin; AMP, ampicillin; CFZ, cefazolin; CHL,
chloramphenicol; CLI, clindamycin; CPD, cefpodoxime; ENO, enrofloxacin; ERY, erythromycin; GEN,
gentamicin; LNZ, linezolid; MAR, marbofloxacin; OXA, oxacillin; PEN, penicillin; RIE, rifampin; SXT,
trimethoprim/sulfamethoxazole; VAN, vancomycin; VEC, cefovecin; XNL, ceftiofur. MDR, multidrug
resistance.

Multidrug resistance (MDR) and antimicrobial resistance patterns

MDR isolates were defined when they showed resistance against three or more classes of antimicrobial agents?.
It was found that 91.5% of the isolates were resistant to at least one antimicrobial agent. Moreover, a total of
75.6% of the dog isolates and 70.6% of the cat isolates showed MDR (Fig. 1; Table 3). Resistance to one to four
antimicrobials was detected in 29.5% of isolates. Furthermore, 188 (17.6%) isolates demonstrated resistance to
ten or more antimicrobials. A total of 130 MDR combination patterns were observed in the collected isolates
(Supplementary Table S1). Among them, most of the resistant patterns included penicillin.

Occurrence of methicillin-resistant S. pseudintermedius

Methicillin-resistant S. pseudintermedius (MRSP) was found in 35.1% (376/1071) of the isolates from both dogs
(34.8%, 361/1037) and cats (44.1%, 15/34) (Table 2). Notably, dogs aged > 15 years had higher levels of MRSP
compared to other age groups. In the sample levels, the occurrence of MRSP was not significantly different
between skin and non-skin samples from dogs and cats. The resistance rates of MRSP (n=376) and MSSP (n=695)
against 18 antimicrobials are illustrated in Fig. 2. We have observed that MRSP isolates showed significantly
higher resistance against beta-lactam as well as non-beta-lactam antimicrobials compared to MSSP isolates.
In particular, resistance to clindamycin (71.5% vs. 59%), fluoroquinolones (enrofloxacin, 60.6% vs. 20.6% and
marbofloxacin, 62% vs. 20.4%), erythromycin (76.9% vs. 61.7%), and trimethoprim/sulfamethoxazole (70.7% vs.
50.5%) were also significantly higher in MRSP isolates than in MSSP (p <0.05).

Multi-locus sequence typing of methicillin-resistant S. pseudintermedius

Among the 376 MRSPs, we selected 100 multidrug-resistant MRSP isolates comprising dogs (98 isolates) and
cats (2 isolates) that exhibited co-resistance to clindamycin, erythromycin, and enrofloxacin (Fig. 3; Tables 2 and
4). A total of 48 STs were detected in 100 MRSPs. Among them, five predominant types were ST121 and ST794,
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No. of antimicrobials | No. of isolates (%) | Most common resistance pattern (No. of isolates)

0 91 (8.5) -

1 108 (10.1) PEN (n=73)

2 45 (4.2) PEN SXT (n=13)

3 60 (5.6) CHL CLI ERY (n=25)

4 103 (9.6) CHL CLI ERY PEN (n=33)

5 143 (13.4) CHL CLI ERY PEN SXT (n=78)

6 99(9.2) CHL CLI ERY GEN PEN SXT (1n=25)

7 81 (7.6) CHL CLI ENO ERY MAR PEN SXT (n=33)

8 68 (6.3) AMP VEC XNL CHL CLI ERY OXA PEN (n=13)

9 85 (7.9) AMP VEC CPD XNL CHL CLI ERY OXA PEN (n=24)

10 46 (4.3) AMP VEC CHL CLI ENO ERY MAR OXA PEN SXT (n=9)
i AMP VEC CPD XNL CHL CLI ERY OXA PEN SXT (n=9)

11 75 (7.0) AMP VEC XNL CHL CLI ENO ERY MAR OXA PEN SXT (n=34)

12 45 (4.2) AMP VEC CPD XNL CHL CLI ENO ERY MAR OXA PEN SXT (n=21)

13 18 (1.7) AMP CFZ VEC CPD XNL CHL CLI ENO ERY MAR OXA PEN SXT (n=6)

14 3(0.3) AMP CFZ VEC CPD XNL CHL CLI ENO ERY GEN MAR OXA PEN SXT (n=3)

15 1(0.1) AMK AMP CFZ VEC CPD XNL CHL CLI ENO ERY GEN MAR OXA PEN SXT (n=1)

Table 3. Frequent resistance patterns of Staphylococcus pseudintermedius isolated from dogs and cats
(n=1071) during 2018-2019 in South Korea. AMK, amikacin; AMP, ampicillin; CFZ, cefazolin; CHL,
chloramphenicol; CLI, clindamycin; CPD, cefpodoxime; ENO, enrofloxacin; ERY, erythromycin; GEN,
gentamicin; MAR, marbofloxacin; OXA, oxacillin; PEN, penicillin; SXT, trimethoprim/sulfamethoxazole;

VEC, cefovecin; XNL, ceftiofur.
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Fig. 2. Antimicrobial resistance rate of methicillin-resistant (MRSP) and methicillin-susceptible
Staphylococcus pseudintermedius (MSSP) isolated from dogs and cats during 2018-2019 in South Korea.
*p<0.05 was considered to indicate a significant change in antimicrobial resistance rate between MRSP and
MSSP isolates. AMK, amikacin; AMP, ampicillin; CFZ, cefazolin; CHL, chloramphenicol; CLI, clindamycin;
CPD, cefpodoxime; ENO, enrofloxacin; ERY, erythromycin; GEN, gentamicin; LNZ, linezolid; MAR,
marbofloxacin; OXA, oxacillin; PEN, penicillin; RIE rifampin; SXT, trimethoprim/sulfamethoxazole; VAN,
vancomycin; VEC, cefovecin; XNL, ceftiofur. MDR, multidrug resistance.

followed by ST1328, ST71, and ST496, comprising 33.3% (33/100). However, 27 STs were found to represent only
a single isolate each (Fig. 3; Table 4). Moreover, the analysis of ST prevalence in different regions of South Korea
showed the most common MRSP STs with representatives from the A and F regions. In the genetic relationship
of MRSPs, we found that 33 of the 48 STs were related to each other and formed clonal complexes, while 14 STs
were singletons and did not make clonal complexes, accounting for 29.2% of all identified STs (Fig. 3). Moreover,
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Fig. 3. Clonal distribution of Staphylococcus pseudintermedius in different provinces. A single eBURST
diagram shows S. pseudintermedius ST in the same shade, representing the same clonal complex (CC) clusters
by setting a group founder marked with an asterisk that links the STs at four or more loci. The locus variants
are indicated by different numerals (1, 2, 3, or 4) above connected lines between STs.

among the identified STs, some STs (ST1328 and ST121) were the primary founders, surrounded by 6 SLVs
(single-locus variants) and DLVs (double-locus variants).

Analysis of pRE25-like element

We found three pRE25-like elements (rec, IS1252, and I1S1216) in this investigation (Table 4). Of the 100 MRSP
isolates, 62 (62%) were positive for pRE25-like elements, while the remaining 38 MRSPs did not contain
pRE25-like elements. There was an association of pRE25-like carrying elements with MLST. Among the 48
STs, 29 STs carried pRE25-like elements. Interestingly, four dominant STs (ST121, ST794, ST1328, and ST496)
carried the pRE25-like elements. However, of the 48 STs, a total of 19 ST clusters tested negative for PRE25-like
components. Moreover, among the multiple resistances, all isolates carrying pRE25-like elements were resistant
to chloramphenicol.

Discussion

In the present report, for the first time, we investigated the prevalence and antimicrobial resistance of S.
pseudintermedius in dogs and cats at the national level in South Korea. We also analyzed the variety of genotypes
and the presence of pRE25-like elements. Our findings showed that S. pseudintermedius exhibited significant
resistance to methicillin and other multiple antimicrobials, along with the emergence of various clonal lineages
distributed in different provinces.

In this investigation, different proportions of S. pseudintermedius isolates were recovered from companion
animals, mostly dogs rather than cats. Moreover, the prevalence of S. pseudintermedius varied in the sample
levels, with the majority found in the skin/ear, followed by the genital organ, respiratory system, and urine
samples. The findings of our study align with prior reports, indicating that dogs are the primary source of S.
pseudintermedius®!. The incidence of S. pseudintermedius infection in companion animals has been increasing,
associated with several risk factors, such as misuse and/or abuse of antimicrobials for treatment, long-term
hospitalization, surgery, and contact with infected companion animals in recent years®.

Moreover, skin/ear are the most common infection sites of S. pseudintermedius in companion animals?.
Studies conducted on the prevalence of S. pseudintermedius in dogs with skin and otitis externa symptoms are
also in common with our findings from Brazil** and China®. However, the occurrence of S. pseudintermedius
isolates in the skin in our investigation was less than that stated by the studies from the USA (45.6%)%, South
Africa (58.8%)%, and Finland (77%)?®. The frequency of recovered isolates from the genital organ, respiratory
organ, and urine samples was higher than that reported by the study from Gronthal et al.® in Finland. This
discrepancy in the occurrence of isolates might be due to variations in regional distribution, the presence or
absence of disease, the sampling site, and the testing method?’.

S. pseudintermedius isolates recovered from companion animals have frequently demonstrated resistance
to several antimicrobials, including B-lactams and non-f-lactams. Concurring with prior studies in Canada®,
Poland®!, and Argentina®?, a significant proportion of S. pseudintermedius obtained from dogs and cats showed
resistance to penicillin, erythromycin, clindamycin, chloramphenicol, and trimethoprim/sulfamethoxazole.
Several previous investigations have detected variable resistance rates (17-90%) to these antimicrobials in S.
pseudintermedius isolated from dogs and cats?®33*. Our studies revealed consistent findings, indicating that
53.8-78.5% of the S. pseudintermedius obtained from dogs and cats exhibited resistance to these antimicrobials.
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Animals Cities
ST (No.) (No.) (No.) Hospital (No.) Resistance pattern (No.) PRE25-like element (No.)
B(no2), | H4(n=1) H-18
coy | =212 AMP FOV XNL CHL CLI ENO ERY MAR OXA SXT (n=4), AMP FOV XNL CHL
121(n=8) | Dog(n=8) |{ (1=3) | (n=2).H-26 CLI ENO ERY GEN MAR OXA SXT (1=2), AMP FOV CHL CLI ENO ERY MAR | rec+1S1252+1S1216 (n=8)
Gnzay |(n=1.1-28 OXA SXT (n=1), AMP FOV CPD XNL CHL CLI ENO ERY MAR OXA SXT (n=1)
B (n=2)
H-1(n=1), H-3
Dog (n—7), | E(n=3) E::B H1e | AMPEOV XNL CHL CLI ENO ERY MAR OXA SXT (n=6), AMP FOV CPD XNL
794 (n=8) | Qo8 AGn=3), | (17 S CHL CLI ENO ERY GEN MAR OXA SXT (n=1), AMP FOV CPD XNL CHL CLI | rec+1S1252+1S1216 (n=8)
atin= G(n=2) |7 ENO ERY MAR OXA SXT (n=1)
(n=1), H-29
(n=3)
B(n=1), | H-24 (n=1), AMP FOV CPD XNL CHL CLI ENO ERY GEN MAR OXA SXT (n=3), AMP FOV
~ | F(r=4), |H29(n=1), XNL CHL CLI ENO ERY MAR OXA SXT (n=1), AMP FOV XNL CHL CLI ENO ~
1328 (n=7) | Dog (n=7) | g 1Y | H-31 (n=4), ERY GEN MAR OXA SXT (n=1), AMP CZO FOV CPD XNL CHL CLI ENO ERY | ¢¢ +181252+181216 (n=7)
A(n=1) |H36(n=1) GEN MAR OXA SXT (n=1), AMP CHL CLI ENO ERY MAR OXA SXT (n=1)
F(1—4), | H.6 (n—1), H-34 | AMP CZO FOV CPD XNL CLI ENO ERY MAR OXA SXT (1=3), CLI ENO ERY
=5 | Dogn=5) | =) |2y GEN MAR OXA SXT (n=1), AMP FOV CPD XNL CLI ENO ERY MAR OXA SXT |-
- - (n=1)
H-8 (n=1), H-15 | AMP FOV CPD XNL CHL CLI ENO ERY MAR OXA SXT (n=2), AMK AMP CZO
~ . | Am=4), | (r=1),H-10 FOV CPD XNL CHL CLI ENO ERY GEN MAR OXA SXT (n=1), AMP CZO FOV ~
496 (n=5) | Dog(n=5) | ;1) | (n=1) H-18 CPD XNL CHL CLI ENO ERY GEN MAR OXA SXT (n=1), AMP CZO FOV CPD | "¢ +181252+181216 (n=5)
(n=2) XNL CHL CLI ENO ERY MAR OXA SXT (n=1)
361(n—4) | Dog(n—s) | F(n=3) |H24(n=D), AMP CZO FOV CPD XNL CLI ENO ERY GEN MAR OXA SXT (=3), AMP CZO
= 8(1=4) | A (n=1) | H-30 (n=3) FOV CPD XNL CLI ENO ERY MAR OXA SXT (n=1)
A (n2), | H4(1=1), H-17 | AMP CHL CL ENO ERY MAR OXA SXT (n=1), AMP FOV CPDXNLCHLCLL | _
370 (1=3) | Dog(n=3) | A"=2> | (u=1), H21 ENO ERY MAR OXA SXT (n=1), AMP FOV XNL CLI ENO ERY MAR OXA SXT |~ #=2),
F(n=1) (n=1) (n=1) rec+1S1252+1S1216 (n=1)
H-2 (n=1), H-8 _
Atn=3), | (eosyFint AMP FOV CHL CLI ENO ERY MAR OXA SXT (n=2), AMP FOV CPDXNLCHL | oo oo
1394 (n=4) | Dog (n=4) =3), | (n=1), CLI ENO ERY MAR OXA SXT (n=1), AMP FOV XNL CHL CLI ENO ERY MAR 3 ~
g .
G(n=1) |(n=1),H-28 OXA SXT (n=1) (n=2), rec+1S1216 (n=2)
(n=1) -
1609 (n—4) | DoB(1=3) | £y | H-30(n=2), AMP CLI ENO ERY GEN MAR OXA SXT (n=3), CLI ENO ERY GEN MAR OXA
Cat (n=1) H-31 (n=2) SXT (n=1)
124(1=3) | Dog(n=3) |E(#=D: |H-1(1=2),H-20 [ AMP FOV CPD XNL CLI ENO ERY MAR OXA SXT (n=1), AMP FOV XNLCLI | _
= 8(1=3) 1 A(n=2) | (n=1) ENO ERY MAR OXA SXT (n=1), CLI ENO ERY GEN MAR OXA SXT (n=1)
- | Fm=1), [H1(r=1), H-31 | AMP CZO FOV CPD XNL CHL CLI ENO ERY GEN MAR OXA (= 1), AMP FOV -
45(n=2) | Dog(n=2) |y, 1) | (4=1) CPD XNL CHL CLI ENO ERY MAR OXA (n=1) rec+181252+181216 (n=2)
H-3 (n=1), H-28 | AMP FOV CPD XNL CHL CLI ENO ERY GEN MAR OXA (1= 1), AMP FOV CPD
566 (1=2) | Dog(n=2) |G (n=2) (nzg’ ) XNL CHL CLI ENO ERY MAR OXA (n=1) (n=1) rec+181216 (n=2)
- B - - AMP CZO FOV CPD XNL CHL CLI ENO ERY MAR OXA SXT (n=1), AMP CZO ~
568 (n=2) | Dog(n=2) |G(n=2) |H-10(n=2) FOV CPD XNL CHL CLI ENO ERY GEN MAR OXA SXT (1=1) rec+1S1252+1S1216 (n=2)
- ~ ~ ~ AMP FOV CPD XNL CLI ENO ERY GEN MAR OXA SXT (n=1), AMP FOV XNL
958 (n=2) | Dog(n=2) |F(n=2) |H-17(n=2) CLI ENO ERY GEN MAR OXA SXT (n=1)
1553 (n=2) | Dog (n=2) g((’;::ll)) gjg gz = 3 AMP CLI ENO ERY MAR OXA SXT (n=2) -
1604 (n1=2) | Dog (n=2) |E(n=2) |H-29 (n=2) AMP FOV CPD XNL CHL CLI ENO ERY MAR OXA (n=2) rec+181252+1S1216 (n=2)
H-17 (n=1), AMP CHL CLI ENO ERY GEN MAR OXA SXT (n=1), AMP FOV XNL CHL CLI
1605 (n=2) | Dog (n=2) |F(n=2) |37 (77) ENO ERY GEN MAR OXA SXT (ro) o D © CHEC recr1s12s24151216 (1=2)
1608 (n=1) | Dog (n=1) | F(n=1) |H-31(n=1) AMP FOV CHL CLI ENO ERY MAR OXA SXT (n=1) rec+181252+1S1216 (n=1)
1610 (n=2) | Dog (n=2) | G (n=2) |H-12(n=2) ég%ﬂ%\;ggk/&%ggg ISE)I?F{ E\ﬁélll)OXA SXT (n=1), AMP FOV CPD XNL CHL rec+ 1512524 1S1216 (n=2)
1617 (1=2) | Dog (n=2) | F(n=2) |H-17 (n=2) AMP FOV CPD XNL CLI ENO ERY MAR OXA SXT (n=2) -
2076 (1=2) | Dog(n=2) | B(n=2) |H-36 (n=2) AMP CLIENO ERY MAR OXA SXT (n=1), AMP FOV CLI ENO ERY MAR OXA
g SXT (n=1)
2079 (n=2) | Dog (n=2) | A(n=2) | H-21 (n=2) AMP FOV CPD XNL CLI ENO ERY MAR OXA SXT (n=2) -
76(n=1) |Dog(n=1) |C(n=1) | H-22 (n=1) AMP FOV CPD XNL CHL CLI ENO ERY MAR OXA SXT (n=1) rec+181252+1S1216 (n=1)
569 (1=1) | Dog(n=1) | D (n=1) |H9 (n=1) AMP FOV XNL CLI ENO ERY MAR OXA SXT (n=1) -
583 (n=1) |Dog(n=1) |A(n=1) |H-4(n=1) AMP FOV CLI ENO ERY MAR OXA SXT (n=1) -
631(n=1) |Dog(n=1) |B(n=1) | H-13(n=1) AMP FOV CPD XNL CLI ENO ERY GEN MAR OXA SXT (n=1) -
678 (n=1) | Dog(n=1) | C(n=1) | H-35(n=1) AMP FOV CHL CLI ENO ERY MAR OXA SXT (n=1) rec+181252+181216 (n=1)
793 (n=1) | Dog(n=1) |B(n=1) |H-25(n=1) AMP FOV CPD XNL CHL CLI ENO ERY MAR OXA SXT (n=1) rec+181252+181216 (n=1)
809 (1=1) |Dog(n=1) |F(n=1) | H-31(n=1) AMP CLI ENO ERY GEN MAR OXA SXT (n=1) -
1267 (n=1) | Dog (n=1) |A(n=1) |H-1(n=1) AMP CHL CLI ENO ERY MAR OXA (n=1) rec+181252+1S1216 (n=1)
1541 (n=1) | Dog (n=1) |F(n=1) |H-34(n=1) AMP CZO FOV CPD XNL CLI ENO ERY GEN MAR OXA SXT (n=1) N
1602 (n=1) | Dog (n=1) | A (n=1) |H-8(n=1) AMP FOV CPD XNL CLI ENO ERY MAR OXA SXT (n=1) -
1603 (n=1) | Dog (n=1) | A (n=1) |H-18 (n=1) AMP FOV XNL CHL CLI ENO ERY MAR OXA SXT (n=1) rec+181252+1S1216 (n=1)
1606 (n=1) | Dog (n=1) |F(n=1) |H-34(n=1) AMP CZO FOV CPD XNL CLI ENO ERY MAR OXA SXT (n=1) -
Continued
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Animals Cities

ST (No.) (No.) (No.) Hospital (No.) Resistance pattern (No.) PRE25-like element (No.)
1607 (n=1) | Dog(n=1) | F(n=1) |H-34(n=1) AMP FOV CPD XNL CLI ENO ERY MAR OXA SXT (n=1) -

1611 (n=1) | Dog(n=1) | G (n=1) | H-14 (n=1) AMP FOV CPD XNL CLI ENO ERY GEN MAR OXA SXT (n=1) -

1612 (n=1) | Dog(n=1) | G(n=1) |H-10(n=1) AMP FOV CPD XNL CHL CLI ENO ERY GEN MAR OXA (n=1) rec+181252+1S1216 (n=1)
1614 (n=1) | Dog(n=1) | A(n=1) | H-21(n=1) AMP FOV XNL CHL CLI ENO ERY MAR OXA SXT (n=1) rec+1S1252+1S1216 (n=1)
1615 (n=1) | Dog(n=1) |B(n=1) |H-23 (n=1) AMP FOV XNL CHL CLI ENO ERY MAR OXA SXT (n=1) rec+181252+1S1216 (n=1)
1616 (n=1) | Dog(n=1) |B(n=1) |H-13(n=1) AMP FOV CPD XNL CHL CLI ENO ERY MAR OXA SXT (n=1) rec+181252+1S1216 (n=1)
1937 (n=1) | Dog(n=1) | F(n=1) |H-17(n=1) AMP FOV XNL CHL CLI ENO ERY MAR OXA SXT (n=1) rec+1S1252+1S1216 (n=1)
2077 (n=1) | Dog (n=1) | C(n=1) |H-19 (n=1) AMP CHL CLI ENO ERY MAR OXA SXT (n=1) rec+181252+1S1216 (n=1)
2078 (n=1) | Dog (n=1) |F(n=1) |H-17(n=1) AMP FOV CPD XNL CLI ENO ERY MAR OXA SXT (n=1) -

2080 (n=1) | Dog (n=1) | A(n=1) |H-5(n=1) AMP XNL CHL CLI ENO ERY MAR OXA SXT (n=1) rec+1S1252+1S1216 (n=1)
2081 (n=1) | Dog(n=1) | C(n=1) |H-19(n=1) AMP CHL CLI ENO ERY MAR OXA SXT (n=1) rec+1S1252+1S1216 (n=1)
2082 (n=1) | Dog (n=1) |C(n=1) | H-27 (n=1) AMP FOV CHL CLI ENO ERY MAR OXA (n=1) rec+1S1252+181216 (n=1)
2083 (n=1) | Dog (n=1) |C(n=1) |H-32(n=1) AMP FOV CHL CLI ENO ERY MAR OXA (n=1) rec+181252+1S1216 (n=1)
2084 (n=1) | Dog (n=1) |E(n=1) |H-7 (n=1) AMP CHL CLI ENO ERY MAR OXA SXT (n=1) rec+181252+1S1216 (n=1)

Table 4. Molecular characteristics of multidrug-resistant Staphylococcus pseudintermedius isolated from dogs
and cats during 2018-2019 in South Korea. AMK, amikacin; AMP, ampicillin; CHL, chloramphenicol; CLI,
clindamycin; CPD, cefpodoxime; CZO, Cefazolin; ENO, enrofloxacin; FOV, cefovecin; GEN, gentamicin;
MAR, marbofloxacin; OXA, oxacillin; PEN, penicillin; RIF, rifampicin; SXT, trimethoprim/sulfamethoxazole.
ST, sequence type. Distribution cities in South Korea (A, Seoul; B, Busan; C, Daegu; D, Incheon; E, Gwangju; F,
Daejeon; and G, Ulsan).

Moreover, the overall resistance rate of the tested antimicrobials was higher in dog isolates than in cats, a
disparity that could be attributed to a greater prevalence of sampling within the dog population. Dogs are more
prone to bacterial infections than cats, usually with S. pseudintermedius, especially in conditions like pyoderma,
and are likely to receive more antimicrobials, leading to the development of higher resistance in dogs than in
cats®. Similar other prior studies have documented the notable difference®®’.

Antimicrobial resistance of the isolates showed variation among the different sites of origin. Our findings
showed that resistance to most of the antimicrobials, including chloramphenicol, erythromycin, and penicillin,
was significantly higher in dog non-skin isolates compared to skin isolates. These findings were inconsistent
with those of Gronthal et al.%, who reported that skin isolates from dogs showed significant resistance to these
antimicrobials. Among cats, the majority of isolates (> 50%) showed resistance to erythromycin, penicillin, and
trimethoprim/sulfamethoxazole. The resistance of the S. pseudintermedius isolates obtained from cats to these
antimicrobials is consistent with the previous studies in different geographical locations”>!. The higher incidence
of antimicrobial resistance might be due to the frequent use of antimicrobials in companion animals®*°.

In this study, we evaluated the occurrence of antimicrobial-resistant S. pseudintermedius in dogs and cats
in different age groups, considering that age has a significant role in the prevalence of bacterial infection and
the emergence of antimicrobial resistance®. Resistance to ampicillin, cefovecin, ceftiofur, and oxacillin was
significantly higher in the isolates from dogs aged > 15 years compared to the other age groups (aged < 1 year
and 1-5 years). Similarly, a comparatively higher level of resistance was observed to cefazolin, cefpodoxime,
chloramphenicol, penicillin, and trimethoprim/sulfamethoxazole in isolates from the comparatively older
age group (aged 6-10 years) of cats. However, the strains obtained from aged < 1 year cats exhibited relatively
higher resistance to other tested antimicrobials, including fluoroquinolones and macrolides, than other age
groups. It is speculated that animals are more vulnerable to bacterial infection at an early age, which triggers
the increased intake of antimicrobials for treatment, resulting in a higher prevalence of resistant bacteria®!.
Moreover, consistent with the previous research, our study found a higher occurrence of antimicrobial resistance
in isolates obtained from older companion animals*?. Increased antimicrobial resistance rates in the isolates
from companion animals might be due to their exposure to more antimicrobials throughout their lifetime®3.
However, previous studies revealed inconsistent antimicrobial resistance dynamics in isolates recovered from
animals of different ages**.

In this investigation, we found MDR phenotype in more than 70% of S. pseudintermedius isolates recovered
from both dogs and cats. This was much higher than that of the previous studies conducted in Finland
(17%)*® and Spain (43.3%)* on companion animals. We observed diverse MDR patterns; the most common
resistance patterns included penicillin. It was reported that MDR patterns frequently include resistance to this
antimicrobial?®. Moreover, the veterinary guidelines recommend penicillin, which belongs to the class of -
lactam antimicrobials often used for systemic antimicrobial therapy in canine infections*. The strong selective
pressure of antimicrobials may trigger the increase in the prevalence of MDR S. pseudintermedius in Korean
companion animals*’. Hence, the emergence and dissemination of MDR S. pseudintermedius in canines and
felines are of growing concern, limiting treatment options and complicating efforts to control resistance®®.

We found that S. pseudintermedius isolates from dogs (34.8%) and cats (44.1%) showed resistance to
methicillin. Moreover, MRSP isolates also exhibited high resistance to multiple antimicrobials, including p-
lactam and non-P-lactam antimicrobials. The prevalence of canine pyoderma associated with MRSP was
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reported in Italy (31.6%), which is consistent with the findings of this study'2. Furthermore, concurring with
this investigation, it was observed that the prevalence of MRSP isolates was significantly higher in clinical cases
of canine and feline pyoderma compared to MSSP isolates*.

The MRSP isolates demonstrated increased resistance to fluoroquinolones and trimethoprim/
sulfamethoxazole, which aligns with the reports worldwide”!*°. However, the fluoroquinolones (> 60%) and
clindamycin (71.5%) resistance rates are still higher than those reported in Germany (fluoroquinolones, 23.3%;
clindamycin, 0%)°'. Nonetheless, the resistance rates of these antimicrobials are lower than those reported by
the study in Australia (66-91.6%)°% Multiple studies have revealed that selection pressure exerted by using other
antimicrobials acts as a risk factor for the prevalence of MRSP*>%, Moreover, the presence of the MRSP reservoir
in companion animals is concerning because they could potentially contribute to the spread of MRSP to humans
and other animals®.

In this study, we found a total of 48 STs in 100 MRSPs, with the most prevalent types being ST121 and
ST794, followed by ST1328, ST71, and ST496, distributed in different provinces. Previous studies conducted
in Sri Lanka® and South Korea'> described the predominant prevalence of ST121 and ST794 in MRSP
isolated from companion animals. Moreover, the genetic studies of S. pseudintermedius reported that ST71 is
predominant in Europe® and ST296 in Australia®®. In addition, consistent with previous investigations, our
studies demonstrated that various genetic lineages, including ST71, ST76, ST121, ST361, ST370, ST566, ST568,
and ST809, have been identified in South Korea!’"1*%’. It was shown that among the detected predominant STs,
ST71 is of prime importance for MDR”. Papi¢ et al.”® reported that various MDR incidences are mainly related
to clonal transmission by ST71.

However, specific STs were observed in particular provinces in the present study: ST71 was detected
only in A and E Moreover, more than five region-specific STs were detected in E A, C, G, and B. Together
with our findings, we suggested that the resistance of S. pseudintermedius has been spreading worldwide and
within different provinces of South Korea due to the expansion and dissemination of specific lineages with
similar genetic backgrounds and the increased mobility of animals and people across topographical borders.
Regarding the genetic relations of MRSPs, our current findings were in line with those reports from different
countries'***%0 and previously reported STs from South Korea'®. Moreover, the dissemination of MRSP CC121,
CC566, and CC1328 among companion animals in different countries has been reported, which is consistent
with our investigation!>,

In our results, we identified some genetic lineages, such as ST124, ST1328, ST1394, and ST1609, that formed
clonal complexes with already identified STs. On the other hand, some other identified STs, including ST1604,
ST1605, ST1607, ST1612, ST1614, ST1616, ST1617, ST2077, ST2078, ST2079, ST2082, and ST2083, did not
form clonal complexes with previously identified STs and are genetically distinct from previously reported STs
by other countries and South Korea, attributed as locally evolved new clones!”~1%%7.

The pRE25-like elements significantly contribute to the antimicrobial resistance in pathogenic bacteria'®.
In this study, a significant proportion of multidrug-resistant MRSP isolates were positive for all pRE25-like
elements, which include rec, IS1252, and IS1216. It was investigated that the multidrug resistance pRE25-like
element rec was frequently detected in S. pseudintermedius isolated from canine pyoderma'®. The 1S1252, a
mobile genetic element, was often detected in staphylococci isolated from companion animals, significantly
contributing to the spread of antimicrobial resistance®°2. Another transposable element, IS1216, frequently
detected in S. pseudintermedius strains isolated from dogs and cats, demonstrated its presence in combination
with other resistance genes such as erm(B) (gene for macrolide) and aac(6°)-aph(2”) (gene for aminoglycoside),
contributing to the dissemination of antimicrobial resistance®>¢4.

In addition, most of the STs proved to include pRE25-like elements contributing to the range of diversity in S.
pseudintermedius'®. Moreover, these transposable elements reinforce their potential to be clonally disseminated
to humans and animals®. The STs of S. pseudintermedius containing pRE25-like components were detected,
with a total of 29 STs. Furthermore, four predominant STs carried the pRE25-like elements. A previous study
showed that the predominant number of STs were associated with the pRE25 group in S. pseudintermedius
isolated from dogs suffering from pyoderma!®. In addition, all MRSP isolates exhibited resistance to various
other antimicrobials. Among them, chloramphenicol resistance was present in all isolates containing pRE25-like
components, consistent with a previous investigation conducted in South Korea!®.

Conclusion

In conclusion, our findings suggest that S. pseudintermedius has emerged as and continues to be an important
canine and feline pathogen, not only limited to skin or skin infections but also distributed at various other
sites in dogs and cats as an opportunistic pathogenic bacterium. Furthermore, this facultative pathogenic
bacterium showed high resistance to methicillin and other commonly used antimicrobials, including penicillin,
erythromycin, and clindamycin. Several MRSP clones were distributed nationwide in different provinces of
South Korea. Moreover, the MRSP produced numerous clonal lineages (ST124, ST1328, ST1394, and ST1609)
and pRE25-like elements (rec, IS1252, and IS1216), leading to severe problems for clinical therapeutics to treat
infections. This study highlights the importance of current and future efforts to prevent and control infections
and reduce the risk of methicillin resistance in S. pseudintermedius in humans and other animals. Thus,
continuous supervision, monitoring, and the careful use of antimicrobials are necessary to prevent methicillin
and other antimicrobial resistance in S. pseudintermedius.
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Materials and methods

Sample collection

Samples were collected between 2018 and 2019 from dogs and cats at 259 veterinary hospitals in seven
metropolitan cities in South Korea. Swabs were collected from the skin/ear, urine, and genital organs of dogs and
cats suspected of bacterial infection. The respiratory samples were obtained using rhinoscopy. A total of 3972
samples from dogs (2634 skin/ears, 172 urine, 150 respiratory systems, and 451 genital organs) and cats (315
skin/ears, 70 urine, 155 respiratory systems, and 25 genital organs) were collected (Table 1). All of the dogs and
cats were house pets. Collected swab samples were placed in ice-cooled containers and immediately transported
to the seven laboratories/centers participating in the Korean Veterinary Antimicrobial Resistance Monitoring
System. The isolates obtained from various veterinary hospitals located in different provinces are displayed in
Supplementary Fig. S1. However, we do not have information regarding the antimicrobial usage history in dogs
and cats considered for this study.

Isolation and identification of species

The S. pseudintermedius strains were isolated and identified from dog and cat samples using the previously
described method®. Briefly, swab samples were streaked on blood agar (Synergy Innovation, Gyeonggi-do, South
Korea) and incubated aerobically for 16-20 h at 37 °C. The presumptive identification of S. pseudintermedius was
based on colony morphology and color on the blood agar plate. In order to exclude the contaminant samples,
only 1-2 major colonies showing morphological differences on one culture plate were selected for further
analysis. The suspected colonies were further confirmed by polymerase chain reaction (PCR) using primers
(forward, F: TRGGCAGTAGGATTCGTTAA and reverse, R: CTTTTGTGCTYCMTTTTGG)® and matrix-
assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF; Bruker Corporation, MA,
USA). Briley, bacterial colonies were grown on the blood agar plate overnight at 37 °C. A small quantity of
colony biomass was spread across the target sites on the MALDI plate. A 1 pL of matrix solution comprising
alpha-cyano-4-hydroxycinnamic acid was applied to each sample spot and subsequently air-dried to promote
matrix-sample co-crystallization. The prepared MALDI plate was positioned in the linear scanning mode of
the MALDI-TOF mass spectrometer. The plate was read, and the findings were compared with the database,
delineating the distinctive spectrum of particular bacteria. One isolate per animal was used, and isolates from
the same animal were not considered in our study.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was carried out by the broth microdilution method using the commercially
available COMPGPIF Sensititre plates (Thermo Fisher Scientific, Waltham, MA, USA)*2. The isolates were
tested for susceptibility toward 18 antimicrobials of different classes (aminoglycosides: amikacin and gentamicin;
aminopenicillin: ampicillin; ansamycins: rifampicin; cephalosporins: cefazolin, cefovecin, cefpodoxime, and
ceftiofur; folate pathway inhibitors: trimethoprim/sulfamethoxazole; glycopeptides: vancomycin; lincosamides:
clindamycin; macrolides: erythromycin; oxazolidinones: linezolid; penicillins: oxacillin and penicillin:
phenicols: chloramphenicol; and quinolones: enrofloxacin and marbofloxacin) (Supplementary Tables S2 and
S3). Methicillin-resistant isolates were detected based on resistance to oxacillin (CLSI, 2020)%. S. aureus ATCC
29,213 was used as a quality control strain. All antimicrobial resistance was interpreted according to the Clinical
and Laboratory Standards Institute (CLSI) (VET-01 S, M100)®. The results were within the CLSI quality control
strain ranges, and the isolates were categorized as resistant and susceptible.

Detection of pRE25-like elements

The presence of pRE25-like elements was assessed by PCR using the previously described method and primers'>:
rec, F: GAAATATGGATATGCACGTGTC and R: GTACTGCGACTGAAACCG; IS1252, F: GAAACATCGTCT
TGCCAAAG and R: CCAATTAGAGAATTCTTTCCCAC; 1S1216, F: GATTATTGTAGCCGTGGGC and R: C
CTTTAATCGTGGTAGAGGC. The PCR was performed based on the following conditions: enzyme activation
and initial denaturation at 95 °C for 5 min, 35 cycles of amplification at 95 °C for 30 s, followed by 58 °C for 30
s. The PCR products were sequenced to determine the amplified genes using the ABI3730XL system (SolGent,
Daejeon, South Korea). The DNA was extracted using a mini DNA extraction kit (Macherey-Nagel GmbH,
Duren, Germany).

Multi-locus sequence typing analysis

S. pseudintermedius genetic diversity was determined by multi-locus sequence typing (MLST) following the
previous method®. A total of seven target genes (tuf, cpn60, pta, purA, fdh, ack, and sar) were amplified and
sequenced. Gene sequencing was conducted using an ABI Prism 3730 analyzer (Solgent, Daejeon, South Korea).
The inferred sequence of each target gene was compared with known sequences from the PubMLST database
(http://pubmlst.org/spseudintermedius). An isolate with a novel combination of alleles was assigned a new
ST number by the database curator (vincent.perreten@vetsuisse.unibe.ch). The STs of the S. pseudintermedius
isolates were grouped using PHYLOViZ 2.0 and examined for associations with existing STs previously reported
in the MLST database.

Statistical analysis

We analyzed the data using Excel (Microsoft Excel, 2016, Microsoft Corporation, Redmond, WA, USA) and Rex
Software (Version 3.0.3, RexSoft Inc., Seoul, South Korea). The antimicrobial resistance rates were determined
using the chi-square test, where p-values less than 0.05 were considered statistically significant. Statistical
analysis for multiple comparisons among the different age groups of dogs and cats was performed using the
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R statistical software package (version 4.5.1)7. For each antimicrobial resistance in dog isolates, age-group
differences were tested with an omnibus Pearson x?, followed by 2 x 2 Fisher’s exact pairwise comparisons with
Holm’s multiplicity control, while in cats, age-group differences were tested with an omnibus Fisher’s exact and
Fisher’s pairwise tests with Holm’s adjustment.

Limitation and future perspective

It should be mentioned that there are some limitations in this investigation. The quantity of S. pseudintermedius
isolates obtained from dogs (n=1037) was much higher than that from cats (n=34), making it challenging to
compare the results between the two groups. Moreover, the lack of available antimicrobial usage history data
for the animals considered in this study exposes them to a reporting bias that should be cautiously taken into
account in future investigations. Moreover, experiments on determining P-lactamase (ESBL/AmpC) genes
warrant to be performed. Furthermore, the whole-genome sequencing needs to be accomplished for efficient
comparison of the genetic characteristics of the isolates, including their clonal lineage.

Data availability

The data produced in this study are included within the article and its supplementary material.
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