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Abstract
Background  Staphylococcus hyicus causes porcine exudative epidermitis, predominantly affecting suckling and 
weaned piglets. This bacterium produces various exfoliative toxins (ExhA, ExhB, ExhC, ExhD, SHETA, and SHETB), which 
are responsible for the clinical manifestations of exudative epidermitis. However, treatment failure is common due 
to frequent antimicrobial resistance in porcine strains. Therefore, this study aimed to identify the genes encoding 
exfoliative toxins and assess the antimicrobial resistance profiles of S. hyicus. A total of 17 S. hyicus isolates were 
collected from piglets with skin lesions from 2014 to 2021. All strains were subjected to species-specific polymerase 
chain reaction targeting sodA to confirm the presence of S. hyicus, and polymerase chain reaction amplification of 
exfoliative toxin genes (exhA, exhB, exhC, exhD, sheta, and shetb) was performed to differentiate toxigenic strains. 
Pulsed-field gel electrophoresis analysis and minimum inhibitory concentration tests using broth microdilution were 
conducted to further analyze the strains.

Results  Exfoliative toxin genes were detected in 52.9% (n = 9) of the S. hyicus isolates, with notable detection of 
exhB (17.6%), exhC (17.6%), exhD (11.8%), exhA (5.9%), sheta (0%), and shetb (0%). Pulsed-field gel electrophoresis 
analysis categorized the isolates into 11 pulsotypes with 70% similarity. Among 18 tested antimicrobials, all isolates 
exhibited 100% susceptibility to ceftiofur and sulfonamides and high susceptibility rates to neomycin, tilmicosin, 
and tetracyclines. Whereas the susceptibility rate of spectinomycin was 0% in all isolates, multidrug resistance was 
observed in 82.4% of the isolates, and in all toxigenic strains.

Conclusions  These findings provide crucial insights for monitoring and devising effective treatment strategies for 
managing exudative epidermitis in pigs caused by S. hyicus.
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Background
Staphylococcus hyicus is an important pathogen on swine 
farms worldwide because it causes exudative epidermi-
tis (EE), also known as greasy pig disease, in young pigs 
[1]. EE is characterized by skin exfoliation with crusts, 
vesicles, and pustules, leading to considerable economic 
losses due to high morbidity and moderate mortality 
rates in pig-producing countries. It also causes significant 
discomfort and distress to the affected animals [2, 3]. 
Furthermore, S. hyicus is known to infect various animal 
species, including horses, goats, and cattle, and poses a 
zoonotic risk to humans [4–6].

S. hyicus can be classified into toxigenic and non-toxi-
genic strains based on their ability to cause EE in pigs, 
with specific virulence genes identified [7]. Exfoliative 
toxins (ExhA, ExhB, ExhC, ExhD, SHETA, and SHETB) 
are critical virulence factors of S. hyicus, inducing the 
characteristic symptoms of EE by cleaving the cell-to-cell 
adhesion of keratinocytes in the stratum granulosum of 
the superficial epidermis [3, 8]. While toxigenic strains 
of S. hyicus have been extensively examined due to their 
direct association with EE, non-toxigenic strains also play 
a significant role in the epidermitis that EE causes in pig-
lets and should be considered in EE research [7, 9].

Research on the characteristics and antimicrobial resis-
tance of S. hyicus isolated from EE is limited in Korea, 
as most studies are conducted locally [10–12]. S. hyicus 
infections are a major concern for pig breeders, and 
antimicrobial therapy is commonly employed during 
acute disease outbreaks due to the absence of a vaccine 
[13]. However, effective treatment is frequently hindered 
by the emergence of antimicrobial resistance among S. 
hyicus strains. Moreover, comprehensive data on resis-
tance patterns in S. hyicus are lacking. Therefore, this 
study aimed to evaluate the pathological and molecu-
lar characteristics and antimicrobial resistance profiles 
of toxigenic and non-toxigenic strains of S. hyicus iso-
lated from piglets exhibiting clinical signs of EE in South 
Korea.

Methods
Samples and bacterial isolation
Piglets with skin lesions were presented to the Animal 
and Plant Quarantine Agency of Korea for differential 
diagnosis between 2014 and 2021. The piglets’ bodies 
were covered with a moist, greasy exudate, and some 
exhibited thick, crusty lesions either covering the entire 
body or appearing as discrete, circumscribed lesions 
that did not coalesce. After necropsy, bacterial cultures 
were performed on selected skin samples correspond-
ing to the gross lesions in each case. The samples were 
inoculated on 5% sheep blood agar plates (Asan Pharm 
Co., Seoul, Republic of Korea), and incubated aerobically 
at 37  °C. The suspected Staphylococcus colonies were 

isolated and identified as S. hyicus by matrix-assisted 
laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS; VITEK® MS; bioMérieux, 
Marcy I’Etoile, France).

Polymerase chain reaction (PCR) assay for exfoliative toxin 
genes
Genomic DNA was extracted using the Maxwell® RSC 
PureFood GMO Kit (REF AS1600; Promega, Madison, 
WI, USA) following the manufacturer’s instructions. 
Extracted DNA from S. hyicus isolates was subjected to 
species-specific PCR targeting the sodA (superoxide dis-
mutase A encoding gene) to confirm S. hyicus identity 
[14]. The presence of exfoliative toxin genes (exhA, exhB, 
exhC, exhD, sheta, and shetb) in the genomes of the iso-
lates was confirmed using previously published primers 
and protocols [15, 16].

Pulsed-field gel electrophoresis (PFGE)
Following the CDC PulseNet protocol [17], DNA from 
S. hyicus isolates was digested using the SmaI enzyme 
(Takara Bio Inc., Shiga, Japan). Electrophoresis was con-
ducted using the CHEF-DR® III PFGE system (Bio-Rad 
Laboratories, Hercules, CA, USA), and PFGE banding 
profiles were analyzed using BioNumerics software ver-
sion 8.0 (Applied Maths, Sint-Martens-Latem, Belgium). 
The Dice coefficient and unweighted pair group method 
with arithmetic mean were employed for analysis. Iso-
lates exhibiting a coefficient of similarity of ≥ 70% were 
considered genetically closely related [18].

Antimicrobial susceptibility test
Minimum inhibitory concentrations (MICs) were deter-
mined using the standard micro broth dilution method, 
as recommended by the Clinical and Laboratory Stan-
dards Institute [19]. The Sensititre Standard Susceptibil-
ity MIC Plates BOPO6F panel (Trek Diagnostic Systems, 
Cleveland, OH, USA), which contains 18 antimicrobi-
als, was used according to the manufacturer’s instruc-
tions. Staphylococcus aureus (ATCC 25923) served as 
the quality control strain. Multidrug resistance (MDR) 
was defined as resistance to three or more antimicrobial 
subclasses.

Results
Detection of exfoliative toxin genes from Staphylococcus 
hyicus
A total of 17 S. hyicus isolates were obtained from differ-
ent farms, with their clinical descriptions summarized in 
Fig. 1. All piglets were suckling (n = 8) or weaned (n = 9) 
and exhibited systemic atrophy and skin lesions, includ-
ing erythema, skin thickening, and crust formation. Most 
cases demonstrated the following histological lesions, 
except for two cases with no records: hyperkeratosis and/
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or epithelial hyperplasia (n = 15), erosion and/or ulcer-
ation in the epidermis (n = 13), pyonecrotic epidermi-
tis (n = 15), and/or dermatitis (n = 12). Additionally, one 
suckling piglet (12.5%) and five weaned piglets (55.6%) 
were co-infected with other viral or bacterial pathogens, 
including porcine reproductive and respiratory syndrome 
virus, porcine circovirus 2, Streptococcus suis, Glaesser-
ella parasuis, and Pasteurella multocida. Overall, 9 of the 
17 isolates (52.9%) were identified as toxigenic strains. 
The highest frequencies were for exhB (n = 3) and exhC 
(n = 3) at 17.6% each, followed by for exhD (11.8%, n = 2) 
and exhA (5.9%, n = 1), with neither sheta nor shetb 
detected. Toxigenic strains were predominantly found 
in the central region (n = 8/9) and during spring (n = 6/9), 
with no difference between suckling (n = 5) and weaned 
(n = 4) piglets (Fig. 1).

PFGE analysis of Staphylococcus hyicus
All isolates were categorized into 11 pulsotypes with 70% 
similarity. The dendrogram revealed no cluster formation 
based on toxin gene presence, years of isolation, season, 
region, age, or antimicrobial resistance patterns (Fig. 1).

Antimicrobial susceptibility of Staphylococcus hyicus
Table  1 describes the antimicrobial resistance and 
cumulative percentages of S. hyicus isolates, includ-
ing nine toxigenic and eight non-toxigenic strains. All 
isolates were 100% susceptible to ceftiofur and sulfon-
amides, while neomycin (70.6%), tilmicosin (70.6%), 
and tetracyclines (64.7%) showed relatively high suscep-
tibility rates. Conversely, susceptibility rates for spec-
tinomycin (0%), clindamycin (17.6%), penicillin (17.6%), 
ampicillin (23.5%), florfenicol (23.5%), tylosin (23.5%), 

tulathromycin (23.5%), and fluoroquinolones (29.4%) 
were relatively low. Resistance to ampicillin, fluoroqui-
nolones, aminoglycosides, clindamycin, tylosin tartrate, 
tulathromycin, and tiamulin was higher in toxigenic 
strains than in non-toxigenic strains, whereas resistance 
to penicillin, tetracyclines, and tilmicosin was higher in 
non-toxigenic strains. The prevalence of MDR was very 
high at 82.4%, excluding three non-toxigenic strains 
(Fig.  1). Additionally, toxigenic strains were all resistant 
to clindamycin and exhibited 100% MDR, whereas non-
toxigenic strains were all resistant to penicillin.

Discussion
S. hyicus has been globally recognized as the causative 
pathogen of EE in pigs for over 180 years, establishing 
it as a significant staphylococcal skin disease. Clinical 
manifestations are most severe in piglets aged 3–32 days, 
often leading to dehydration and potential mortality [20, 
21]. While extensive research has been conducted on 
staphylococcal-induced EE [22–26], studies specifically 
targeting S. hyicus remains sparse, both nationally and 
globally.

In this study, we investigated the exfoliative toxins 
produced by S. hyicus isolated from pigs with EE. Prior 
studies in South Korea have documented swine EE and 
associated mortality caused by S. hyicus on farms in the 
Gyeongsang [10], Chungcheong [27], and Jeolla prov-
inces [12], with exacerbation of some cases due to con-
current viral infections. However, in-depth studies of the 
exfoliative toxins produced by S. hyicus are limited. These 
toxins are key virulence factors of S. hyicus, and ExhA, 
ExhB, ExhC, ExhD, SHETA, and SHETB toxins facilitate 
skin exfoliation in pigs [3, 15, 16]. All variants of these 

Fig. 1  Dendrogram showing the relationship among 17 Staphylococcus hyicus pulsotypes, exfoliative toxin gene detection, pathologic features, and 
antimicrobial resistance profiles
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exfoliative toxins induce blister formation in porcine skin 
by cleaving desmoglein-1, though human desmoglein-1 is 
resistant to these toxins [3, 8]. Although toxigenic strains 
of S. hyicus have been isolated from both healthy and dis-
eased pigs, the isolation rate is higher in pigs affected by 
EE than in healthy pigs [16, 22, 28]. In this study, 52.9% 
of the isolates were identified as toxigenic, consistent 
with the findings of Andresen et al. [22], who reported 
that 47.1–66.7% of S. hyicus strains isolated from pigs 
with EE appeared toxigenic. However, these findings con-
trast with those of Russian [29] and Brazilian [18] stud-
ies which reported that approximately 90% of isolates are 
toxigenic. The highest detection rates in this study were 
for exhB and exhC (17.6% each), followed by for exhD 
(11.8%) and exhA (5.9%). Although the number of iso-
lates was insufficient for a robust comparison with other 
studies, previous research has shown variable detection 
rates of exfoliative toxins; for instance, 18–22% with the 
highest rate for exhB was observed in Denmark [30], 
0.7–48.9% with the highest rate for exhA in Japan [28], 
24.4–76.1% with the highest rate for exhC in Brazil [18], 
and 89.5% with the highest detection rate for exhD in 
Russia [29]. Additionally, studies within the same coun-
try have shown temporal changes in the distribution of 
toxin genes, such as a decrease in the prevalence of exhB 
[15, 18]. Therefore, distribution of exfoliative toxins and 
prevalence of toxigenic strains reported in the literature 
vary according to different countries and study periods.

Both toxigenic and nontoxigenic strains of S. hyicus 
have been reported to induce hyperkeratosis and inflam-
matory cell hyperplasia of the epidermis in pigs [7, 9, 
31]. Consistent with this, our findings showed no corre-
lation between the presence or type of exfoliative toxins 
and clinicopathological presentation of skin lesions. For 
instance, 47.1% of the S. hyicus isolates were identified 
as non-toxigenic strains, yet al.l were isolated from skin 
displaying mild-to-severe pathological lesions of EE. The 
absence of toxins in the isolates even in cases with severe 
skin lesions suggests the involvement of other virulence 
factors in EE, necessitating further research utilizing 
whole-genome sequencing to identify potential virulence 
determinants beyond exfoliative toxins involved in EE in 
pigs. Additional predisposing factors that may contrib-
ute to S. hyicus colonization and virulence in pigs include 
viral diseases, nutritional deficiencies, dermatophytosis, 
pityriasis rosea, parasitism, poor hygiene, inadequate 
ventilation, high humidity, trauma, and genetic predispo-
sition [20].

The current study demonstrated a high diversity of 
both toxigenic and non-toxigenic S. hyicus strains in 
South Korea, irrespective of the year of isolation, season, 
region, age, or antimicrobial resistance pattern. Consis-
tent with our finding, previous studies have reported sig-
nificant diversity in the PFGE patterns of S. hyicus strains 

isolated from pigs [18, 31–33], with no clustering based 
on toxigenic strains or resistance profiles. Furthermore, 
various PFGE patterns have been identified on the same 
farm [32]. PFGE analysis of S. hyicus strains isolated 
from other animal species has shown diverse patterns 
and high variability in chickens and bovine milk [32, 34]. 
Given these studies, the high diversity observed in the 
PFGE results of this study appears to be inherent to the 
characteristics of S. hyicus. Therefore, PFGE results have 
limitations in cross-national comparative analyses for 
epidemiological research, necessitating the application of 
other molecular analysis techniques.

Antimicrobial susceptibility testing revealed that all 
S. hyicus isolates were 100% susceptible to ceftiofur and 
sulfonamides. However, the isolates demonstrated low 
susceptibility to penicillins (17.6–23.5%) and fluoro-
quinolones (29.4%). Among the macrolides, resistance 
to tilmicosin was 29.4%, while resistance to tylosin and 
tulathromycin was 76.5%. Consistent with our findings, 
other studies have shown low resistance rates to ceftiofur 
(0–0.97%) and sulfadimethoxine (1.9–5.2%) in Brazil and 
trimethoprim/sulfamethoxazole (9.7–25.8%) in Brazil 
and Japan among S. hyicus isolates from porcine EE [18, 
28]. Despite the low resistance to ceftiofur, third-genera-
tion cephalosporins are classified as highest priority criti-
cally important antimicrobials (HPCIA) for humans and 
veterinary critically important antimicrobials (VCIA) 
for animals, according to the WHO (in 2024) [35] and 
WOAH (in 2021), respectively [36]. Fluoroquinolones 
are also classified into the HPCIA and VCIA categories. 
However, our results indicated a higher fluoroquinolone 
resistance rate at 64.7% compared to 0–13.2% in Euro-
pean countries, except for that reported by one Brazil-
ian study [13, 18, 37]. Thus, there is an urgent need to 
address the high rate of fluoroquinolone resistance. Peni-
cillin resistance rates vary widely across different coun-
tries and study periods, including 25.0% in Germany and 
76.8% in Japan, and even fluctuate within the same coun-
try over time [13, 18, 28, 37]. However, a direct compari-
son of the MDR results obtained in this study with those 
reported by previous Korean studies poses challenges 
due to differing antimicrobials and testing methods used, 
even though a previous Korean report indicated a 12.6% 
MDR rate [10]. Furthermore, MDR has been observed to 
increase over time [18] and is predominant in toxigenic 
strains [28]. Consistent with this, 82.4% of isolates were 
MDR, with 76.5% (n = 13) resistant to five or more anti-
microbial subclasses, and all toxigenic strains were 100% 
MDR. These findings showed that S. hyicus isolates from 
EE exhibited increased resistance to most antimicrobi-
als, which was unlike the findings of previous studies. 
Ensuring that bacteria do not develop resistance to anti-
microbials is crucial for both animal and human health. 
Therefore, it is essential to confirm diagnoses using 
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susceptibility tests rather than base diagnoses on clinical 
symptoms alone to select appropriate antimicrobials [20]. 
Likewise, developing a vaccine against S. hyicus should 
also be considered, as autogenous vaccines using strains 
isolated from affected herds have reduced metaphylactic 
antimicrobial treatment and lowered morbidity and mor-
tality rates in weaned pigs [20, 38].

Despite pigs developing disease resistance with age, 
S. hyicus can still be recovered from older pigs’ skin, 
and these asymptomatic carriers can contaminate naïve 
herds [39]. Research has shown that suckling piglets are 
primarily infected by dams, some of whom are vaginally 
infected at birth [20]. Moreover, S. hyicus has been iso-
lated from healthy pigs. However, this study included 
limited samples for the differential diagnosis of piglets 
with skin lesions. Therefore, further studies are war-
ranted to determine the overall distribution of S. hyicus 
based on clinical manifestations, age groups, and pig 
farm environments in South Korea.

Conclusion
This study analyzed the pathological findings, toxin types, 
and antimicrobial resistance of S. hyicus isolated from EE 
lesions from affected pigs in the Republic of Korea. All 
exfoliative toxins (ExhA, ExhB, ExhC, and ExhD) were 
detected, except for sheta and shetb. Ceftiofur and sulfon-
amides exhibited 100% antimicrobial susceptibility. Addi-
tionally, most S. hyicus isolates were found to be MDR. 
Thus, our study showed that selecting effective antimi-
crobials is crucial for enhancing treatment efficiency and 
preventing antimicrobial resistance. Owing to the limited 
number of samples available for disease diagnosis, fur-
ther nationwide prevalence studies are necessary, regard-
less of clinical symptoms.

The results were calculated using the Dice coefficient 
and the unweighted pair group method with arithme-
tic averages (UPGMA), shown with a similarity greater 
than 70%. Seasonal divisions: Spring, March-May; Sum-
mer, June-August; Fall, September-November; Win-
ter, December-February. Regional divisions: Northern, 
Gyeonggi and Gangwon; Central, Chungbuk, Chun-
gnam, Gyeongbuk, and Jeonbuk; Southern, Jeonnam 
and Gyeongnam. Age categories: Wean: Weaned piglets 
(25–70 days old); Suck: Suckling piglets (1–24 days old). 
Co-infections: PRRSV: Porcine reproductive and respi-
ratory syndrome virus; PCV2: Porcine circovirus type2; 
SS: Streptococcus suis; HPS: Haemophilus parasuis; PM: 
Pasteurella multocida. Pathological features: CR/HK/
HP: Crust, Hyperkeratosis, or Hyperplasia in the epider-
mis; ERO/ULC: Erosion or Ulceration; PN-epi: Pyone-
crotic epidermatitis; PN-dermis: Pyonecrotic dermatitis. 
Severity indicator: +++, severe; ++, moderate; +, weak; 
-, no histological lesion; NT, not tested. Anitmicrobial 
resistance profile: AMP, ampicillin; PEN, penicillin; XNL, 

ceftiofur; DAN, danofloxacin; ENO, enrofloxacin; GEN, 
gentamicin; NEO, neomycin; SPE, spectinomycin; CTC, 
chlortetracycline; OTC, oxytetracycline; CLI, clindamy-
cin; FFL, florfenicol; TIL, tilmicosin; TYLT, tylosin tar-
trate; TUL, tulathromycin; SDM, sulfadimethoxine; SXT, 
trimethoprim/sulfamethoxazole; TIA, tiamulin; MDR, 
multidrug resistance.
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