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Abstract
Severe fever with thrombocytopenia syndrome (SFTS) is a fatal zoonosis caused by ticks in East Asia. As SFTS 
virus (SFTSV) is maintained between wildlife and ticks, seroepidemiological studies in wildlife are important to 
understand the behavior of SFTSV in the environment. Miyazaki Prefecture, Japan, is an SFTS-endemic area, and 
approximately 100 feral horses, called Misaki horses (Equus caballus), inhabit Cape Toi in Miyazaki Prefecture. While 
these animals are managed in a wild-like manner, their ages are ascertainable due to individual identification. In 
the present study, we conducted a seroepidemiological survey of SFTSV in Misaki horses between 2015 and 2023. 
This study aimed to understand SFTSV infection in horses and its transmission to wildlife. A total of 707 samples 
from 180 feral horses were used to determine the seroprevalence of SFTSV using enzyme-linked immunosorbent 
assay (ELISA). Neutralization testing was performed on 118 samples. In addition, SFTS viral RNA was detected in 
ticks from Cape Toi and feral horses. The overall seroprevalence between 2015 and 2023 was 78.5% (555/707). 
The lowest seroprevalence was 55% (44/80) in 2016 and the highest was 92% (76/83) in 2018. Seroprevalence 
was significantly affected by age, with 11% (8/71) in those less than one year of age and 96.7% (435/450) in those 
four years of age and older (p < 0.0001). The concordance between ELISA and neutralization test results was 88.9% 
(105/118). SFTS viral RNA was not detected in ticks (n = 516) or feral horses. This study demonstrated that horses 
can be infected with SFTSV and that age is a significant factor in seroprevalence in wildlife. This study provides 
insights into SFTSV infection not only in horses but also in wildlife in SFTS-endemic areas.
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Background
Severe fever with thrombocytopenia syndrome (SFTS) 
is an emerging tick-borne zoonotic disease in East Asia 
that is fatal in 10–27% of patients [1–3]. The causative 
agent of SFTS is formally named Bandavirus dabieense, 
which belongs to the family Phenuiviridae and the genus 
Bandavirus (International Committee on Taxonomy 
of Viruses, March 2023; MSL #38). Because the formal 
name has changed frequently, this study used the most 
common name, SFTS virus (SFTSV). SFTSV was first 
detected in humans with acute febrile illnesses in China 
in 2009 [4]. Subsequently, SFTSV endemics have been 
confirmed not only in China but also in South Korea and 
Japan [5–7]. SFTSV has also been confirmed in other 
Asian countries, such as Vietnam, Pakistan, Thailand, 
and Myanmar [8–11]. However, detailed information on 
SFTS, including the number of people in these countries 
who are infected and die from SFTSV, is lacking.

SFTSV can infect a wide range of animals through 
exposure to ticks. Controlling SFTSV transmission in 
accessible animals is a critical component of public health 
because sick animals are a direct source of SFTSV infec-
tion [12–14]. Domestic cats are more likely to develop 
severe symptoms of SFTSV infection than other animals 
[15]. Although symptoms are severe in domestic dogs 
[16], experimentally infected dogs have shown little to 
no symptoms [17]. Therefore, it is believed that domes-
tic dogs are more resistant to SFTSV than cats, and only 
a proportion of infected dogs develop severe symptoms. 
Anti-SFTSV antibodies and SFTS viral RNA have been 
detected in many livestock, wild rodents, and wild mam-
mals [18–23]. However, the clinical signs of SFTSV infec-
tion in these animals remain unclear. The only exception 
is the feline cheetah, which has been reported to exhibit 
severe symptoms when infected with SFTSV [24]. SFTSV 
infection in horses is no exception, and few studies have 
examined [25, 26].

As SFTSV is considered to establish an interspecific 
cycle of infection between wildlife and ticks in Japan 
[19, 22, 23], the rate of SFTSV infection in wildlife could 
be correlated with the rate of viral possession in ticks. 
Therefore, monitoring SFTSV infections in wildlife is 
important for predicting SFTS outbreaks in humans. 
Miyazaki Prefecture, located in southeastern Kyushu, has 
the highest number of recorded cases of SFTS per capita 
in Japan [27]. In this study, we conducted a seroepide-
miological survey of SFTSV in feral horses living in Cape 
Toi, Miyazaki Prefecture, Japan, between 2015 and 2023. 
Feral horses are an indigenous Japanese breed called the 
Misaki horse (Equus caballus), and approximately 100 
of these horses live in the wild in Cape Toi. Their breed-
ing areas have been designated as natural monuments in 
Japan. Although they are managed in a wild-like manner, 
each horse is uniquely identified to determine its age and 

the time of seroconversion to SFTSV. This study will be 
useful for understanding the transmission cycle of SFTSV 
in wildlife as well as SFTSV in horses.

Methods
Samples
Misaki horses were captured every September by the 
Cape Toi Management Association and the Faculty of 
Agriculture, University of Miyazaki, for worming and 
blood sampling. Blood samples were collected for the 
purpose of quarantine. A total of 707 residual serum 
samples from 180 feral horses collected between 2015 
and 2023 were analyzed in this study.

A total of 293 residual serum samples from active Thor-
oughbred racehorses (Equus caballus) were obtained 
from the Equine Research Institute, Japan Racing Asso-
ciation. The blood were collected for the purpose of 
quarantine. No individual information associated with 
the sample, such as name, age, sex, or place of production 
was provided.

A total of 516 ticks were collected from Cape Toi 
between November 2021 and November 2022. Sampling 
was conducted six times in total at two-month intervals, 
with a maximum of 104 ticks collected per sampling. 
Adult and nymphal ticks were collected from the vegeta-
tion by dragging flannel sheets. The detail tick collection 
and species identification methods have been described 
in our previous studies [28].

Enzyme-linked immunosorbent assay (ELISA)
A double-antigen ELISA was used to detect anti-SFTSV 
nucleocapsid protein (NP) antibodies [29]. The serum 
sample was heat-treated at 56°C for 30 min, centrifuged 
at 800 × g for 3 min, and the supernatant was diluted 
25-fold with 20-fold diluted Blocking One (Nacalai 
tesque, Kyoto, Japan) before use in the ELISA. The details 
of the recombinant SFTSV NP (rSFTSV-NP), rSFTSV-
NP labeled with horseradish peroxidase (HRP), rabbit 
serum immunized with rSFTSV-NP used as a positive 
control, and the standard purified rabbit anti-SFTSV NP 
IgG used to construct the calibration curve are described 
in our previous report [29]. One hundred microliters of 
rSFTSV-NP diluted to 3 µg/mL in phosphate-buffered 
saline (PBS) with bovine serum albumin was added to 
half of the wells of a 96-well microtiter plate (F96 Maxi-
sorp, Thermo Fisher Scientific, Waltham, MA, USA), and 
100 µL of PBS with bovine serum albumin was added to 
the other half and coated overnight at 4°C. After wash-
ing with Tris-buffered saline with Tween 20 (TBS-T) 
and blocking with 5-fold diluted Blocking One for 1  h 
at 20–26°C, 100 µL of the diluted serum samples or rab-
bit anti-SFTSV standard IgG was added to both coated 
and uncoated wells and incubated for 2  h at 20–26°C 
with shaking. After washing with TBS-T, 100 µL of 
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HRP-conjugated rSFTSV-NP diluted 2000-fold with 
20-fold diluted Blocking One was added and incubated 
for 1  h at 20–26°C with shaking and light protection. 
After washing with TBS-T, 100 µL of 2,2’-azino-bis-
(3-ethylbenzthiazoline-6-sulfonic acid) substrate solution 
(ABTS 2-Component Microwell Peroxidase Substrate 
Kit, SeraCare Life Sciences, Milford, MA, USA) was 
added and incubated for 30 min at 20–26 °C with shaking 
under a light shield. Absorbance was measured at 405 nm 
using a microplate spectrophotometer (Benchmark Plus, 
Bio-Rad Laboratories, Hercules, CA, USA), and the dif-
ference in absorbance between the rSFTSV-NP-coated 
and uncoated wells was calculated. The amount of anti-
SFTSV NP antibody in the serum samples was calcu-
lated from the differences in absorbance of the rabbit 
anti-SFTSV IgG standard using a four-parameter logistic 
regression model (GraphPad Prism 6; GraphPad Soft-
ware, La Jolla, CA, USA).

Preparation of mouse anti-SFTSV NP antibody
The mouse anti-SFTSV NP antibody used in the neu-
tralization assay was generated by DNA immunization. 
Five-week-old female ICR mice were purchased from 
KBT Oriental (Saga, Japan). The mice were injected with 
50 µg of an expression plasmid, a pCI vector (Promega, 
Madison, WI, USA) encoding the NP gene of the SFTSV 
YG1 strain (Accession No. AB817995), using a Twin-Jec-
tor EZII jet injector (Japan Chemical Research, Ashiya, 
Japan). DNA injection was performed every two weeks, 
and the antiserum was separated from whole blood col-
lected from the mice after the fourth immunization. The 
whole blood was collected from the heart without thora-
cotomy under inhalation anesthesia with isoflurane, and 
the mice were euthanized by total blood collection and 
cervical dislocation.

Neutralization test
A 50% focus reduction neutralization test (FRNT50) was 
performed to analyze neutralizing antibody titers against 
SFTSV. Serum samples were diluted 1:5 and heat-treated 
at 56  °C for 30  min to inactivate the complement. The 
serum samples were further diluted 2-fold from 1:10 to 
1:160, and equal volumes of the SFTSV A17 strain (acces-
sion Nos. LC536536, LC536546, and LC536556) adjusted 
to approximately 3,000 focus forming units/mL were 
added [30]. A serum-free dilution containing SFTSV was 
used as control. After incubation of the serum-virus mix-
ture at 37 °C for 1 h, 100 µL of the incubated mixture was 
applied to Vero cell monolayers in a 24-well plate. After 
removal of the mixture and washing with PBS, the cells 
were overlaid with maintenance medium containing 1% 
methylcellulose and incubated in a 5% CO2 incubator at 
37 °C. After 3 days, the cells were fixed with 4% parafor-
maldehyde for 1 h. After two washes with PBS, 200 µL of 

a 3,000-fold diluted mouse anti-SFTSV NP antibody was 
added to the cells and incubated for 1 h at 37  °C. After 
three washes with PBS, 200 µL of a 2,500-fold diluted 
goat anti-mouse IgG antibody (AlexaFluor488 anti-
mouse IgG, Thermo Fisher Scientific) was added and 
incubated for 1 h at 37 °C. After three washes with PBS, 
the number of focal reactions in each diluted serum sam-
ple was counted using a fluorescence microscope (EVOS 
M7000 Imaging System; Thermo Fisher Scientific). The 
rate of reduction in the number of foci relative to that in 
the control at each serum dilution was calculated. If the 
rate of focus reduction was less than 50% at a 10-fold 
serum dilution or greater than 50% at a 160-fold serum 
dilution, the FRNT50 was defined as < 10 and > 160, 
respectively. If the FRNT50 was between 10 and 160, the 
FRNT50 was calculated using a four-parameter logistic 
regression model (GraphPad Prism 6). Neutralization 
was defined as positive if the FRNT50 was ≥ 10.

RNA extraction and detection of SFTS viral RNA
Residual serum of 20 µL per feral horse was pooled from 
a maximum of 10 animals, regardless of the antibody test 
results. Viral RNA was extracted from each pooled 200 
µL serum using a fully automated nucleic acid extraction 
system (MagLEAD system, Precision System Science, 
Chiba, Japan). The method for RNA extraction from ticks 
has been described in our previous report [28]. RNA was 
extracted from each individual tick.

One-Step PrimeScript III RT-qPCR Mix (TaKaRa Bio, 
Kusatsu, Japan) and PrimeTime qPCR assays (Integrated 
DNA Technologies, Coralville, IA, USA) with target 
gene-specific primers and probes were used to detect 
SFTSV and internal control genes of horses and ticks. 
The primers and probe set used for SFTSV, GAPDH 
and tick 18 S rDNA detection were adapted from previ-
ous reports using slightly modified primers and probe 
[31–33]. SFTSV forward primer;  T G T C A G A G T G G T C 
C A G G A T T, reverse primer;  A C C T G T C T C C T T C A G 
C T T C T, probe; FAM- T G G A G T T T G/ZEN/ G T G A G C 
A G C A G C-Iowa Black FQ. GAPDH forward primer;  G 
C T G C C C A G A A C A T C A T C C, reverse primer; GTCA-
GATCCACRACKGAYAC, probe; TEX- T C A C T G G C A 
T G G C C T T C C G T- Iowa Black RQ. Tick 18 S rDNA for-
ward primer;  A G C T A A T A C A T G C A G T G A G C, reverse 
primer;  T G A T C G C A T G G C C A C G A G-3’, probe; Cy5- C G 
G G T G C T T/TAO/ T T A T T A G A C C AAGAT-Iowa Black 
RQ. Sera from an SFTSV-infected cat and a tick engorged 
into the animal were used as positive controls.

Statistical analysis
The chi-square test and Fisher’s exact test were used to 
compare viral infection rates between age groups and 
sexes, respectively. These analyses were performed using 
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the GraphPad Prism 6 software. p < 0.05 was considered 
statistically significant.

Results
To determine the cutoff ELISA value in horses, 293 
serum samples from active Thoroughbred racehorses 
were tested using double-antigen ELISA. Almost all race-
horses (99.7%, 292/293) showed low absorbance differ-
ences (mean, 0.0029; standard deviation (SD), 0.0038), 
and these 292 racehorses were considered a naive pop-
ulation that had never been exposed to SFTSV. In this 
study, the cutoff value was set at 0.0257, which was the 
mean of the absorbance difference for the naive popula-
tion plus six times its SD. Only one racehorse with a high 
absorbance difference (0.776) in the ELISA was positive 
in the neutralization test (FRNT50: 51.6). Accordingly, 
this horse was excluded from the naive population.

The seroprevalence of SFTSV in feral horses was ana-
lyzed using a double-antigen ELISA. The overall sero-
prevalence of feral horses from 2015 to 2023 was 78.5% 

(555/707) (Table 1). The seroprevalence was 75% (64/85) 
in 2015, decreased to 55% (44/80) in 2016, and increased 
to 71% (61/86) and 92% (76/83) from 2017 to 2018. 
After decreasing to 81% (68/84) in 2019, it increased to 
89% (64/72) in 2020 and then decreased to 82% (55/67) 
in 2021 and was stable at 81% (56/69) in 2022 and 83% 
(67/81) in 2023. Seroprevalence differed significantly by 
age: 11% (8/71) were seropositive at less than one year of 
age, but 47% (33/71) at one year of age, 63% (40/64) at 
two years of age, 77% (39/51) at three years of age, and 
96.7% (435/450) at four years of age or older were sero-
positive (p < 0.0001, chi-square test) (Table 1). The num-
ber of seroconversions from negative to positive varied 
from year to year, with 16 horses in 2017 and 18 in 2018, 
but less than five in other years (Fig. 1). The seropreva-
lence in male and female horses was 74.0% (245/331) 
and 82.4% (310/376), respectively (p < 0.01, Fisher’s exact 
test). In contrast, there was no difference in seropreva-
lence by sex in animals four years of age and older (male; 
96.6% (197/204), female; 96.7% (238/246), p = 1.00, Fish-
er’s exact test). Feral horses less than one year of age rep-
resented 12.1% (40/331) and 8.2% (31/376) of male and 
female horses, respectively. The difference in the propor-
tion of juveniles with low seroprevalence may have influ-
enced the differences in seroprevalence according to sex.

To ensure the reliability of the ELISA, neutralizing 
antibody titers against SFTSV were determined in serum 
samples from feral horses. In this study, 118 of 707 sam-
ples were used for neutralization testing. There were 37 
serum samples with an FRNT50 less than 10, of which 34 
were negative by ELISA (Table 2). There were 81 serum 
samples with FRNT50 greater than 10, of which 71 tested 
positive by ELISA. All 41 serum samples with an FRNT50 
greater than 160 were positive by ELISA. The concor-
dance rate between ELISA and neutralization test results 
was 88.9% (105/118).

As many feral horses have anti-SFTSV antibodies, 
we suspected that some were viremic. Therefore, we 
attempted to detect SFTS viral RNA in all serum samples 
using real-time reverse transcription PCR; however, it 
was not detected.

Table 1 Seroprevalence of severe fever with thrombocytopenia syndrome virus in feral horses in Cape Toi, Japan
Year Total Male Female < 1-year-old 1-year-old 2-year-old 3-year-old ≥ 4-year-old
2015 75% (64/85) 72% (31/43) 79% (33/42) 30% (3/10) 38% (3/8) 40% (4/10) 83% (5/6) 96% (49/51)
2016 55% (44/80) 63% (22/35) 49% (22/45) 0% (0/10) 10% (1/10) 29% (2/7) 36% (4/11) 88% (37/42)
2017 71% (61/86) 67% (26/39) 75% (35/47) 10% (1/10) 56% (5/9) 75% (9/12) 60% (3/5) 86% (43/50)
2018 92% (76/83) 90% (35/39) 93% (41/44) 17% (1/6) 78% (7/9) 100% (10/10) 100% (9/9) 100% (49/49)
2019 81% (68/84) 78% (32/41) 84% (36/43) 11% (1/9) 22% (2/9) 88% (7/8) 100% (6/6) 100% (52/52)
2020 89% (64/72) 82% (28/34) 95% (36/38) 33% (1/3) 50% (3/6) 57% (4/7) 100% (6/6) 100% (50/50)
2021 82% (55/67) 70% (23/33) 94% (32/34) 0% (0/7) 67% (2/3) 33% (1/3) 50% (1/2) 98% (51/52)
2022 81% (56/69) 71% (22/31) 90% (34/38) 10% (1/10) 40% (2/5) 67% (2/3) 100% (2/2) 100% (49/49)
2023 83% (67/81) 72% (26/36) 91% (41/45) 0% (0/6) 67% (8/12) 25% (1/4) 75% (3/4) 100% (55/55)
Total 78.5% (555/707) 74.0% (245/331) 82.4% (310/376) 11% (8/71) 47% (33/71) 63% (40/64) 77% (39/51) 96.7% (435/450)

Fig. 1 Seroprevalence and number of seroconversions to SFTS virus in 
feral horses at Cape Toi. The line graph shows seroprevalence, and the bar 
graph shows the number of seroconversions. The left y-axis shows serop-
revalence, and the right y-axis shows the number of seroconversions. The 
number of seroconversions was not recorded for 2015 because no data 
were available for 2014
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Next, 516 ticks collected from Cape Toi between 
November 2021 and November 2022 were tested for 
SFTS viral RNA. Of the 516 ticks collected. 301 were 
Haemaphysalis longicornis (230 nymphs and 71 adults), 
138 were H. formosensis (79 nymphs and 59 adults), 70 
were H. flava (62 nymphs and eight adults), four were H. 
hystricis (four adults), and three were Amblyomma testu-
dinarium (two nymphs and one adult) [28]. However, no 
SFTS viral RNA was detected in the ticks.

Discussion
This study encompassed a nine-year serological survey 
for SFTSV in feral horses in Miyazaki Prefecture, Japan, 
an SFTS-endemic area. Annual seroprevalence ranged 
from 55 to 92%, with the highest seroprevalence in 2018 
and the lowest in 2016. Seroprevalence was considerably 
influenced by age, with only 11% of horses less than one 
year of age being seropositive, whereas 96.7% of horses 
four years of age and older were seropositive. The number 
of seroconversions was inconsistent annually, with higher 
numbers occurring in 2017 and 2018. Despite its high 
seroprevalence, SFTS viral RNA has not been detected in 
feral horses or vegetation ticks in their habitats.

A double-antigen ELISA using rSFTSV-NP was used 
in this study [29]. This method does not require the use 
of HRP-labeled secondary antibodies for serum samples 
from different species. Thus, serological tests for multiple 
species (e.g., dogs and cats) can be performed simulta-
neously, and wildlife for which secondary antibodies are 
difficult to prepare can be tested. We have previously 
reported an antibody test against SFTSV in humans, 
dogs, cats, Japanese badgers, and Japanese raccoons 
using this method [13, 19, 34]. However, the correlation 
between the values measured by ELISA and neutral-
izing activity against SFTSV has not been investigated. 
This study showed that the concordance rate between 
the ELISA and neutralization test results was 88.9%. A 
possible reason for the partial disagreement may be that 
the neutralization target was directed against the Gn/

Gc glycoproteins of SFTSV, and the ELISA was directed 
against the NP [35]. Based on these results, this method 
may be a suitable and reliable tool for serological surveys 
of SFTSV in animals.

To perform ELISA using horse serum samples, a cut-
off value had to be established, and a certain number of 
horse serum samples that had never been exposed to 
SFTSV was required. Approximately 98% of Thorough-
bred racehorses in Japan are raised in Hokkaido [36], an 
area where no SFTS patients have been confirmed, and 
they are carefully managed by humans, indicating that 
they are less exposed to ticks. Therefore, we believe that 
they could serve as naive controls that had never been 
exposed to SFTSV. As expected, 99.7% (292/293) of the 
racehorses were considered naive, with a mean absor-
bance difference of 0.0029 and an SD of 0.0038. Because 
the mean and SD of the absorbance differences were 
quite low, the mean plus six times the SD was used as the 
cutoff value (0.0257) in this study. We have previously 
calculated cutoff values in the same ELISA method for 
wildlife (Japanese badger and Japanese raccoon dog) for 
which naive population serum was not available, using 
the change-point analysis method [19, 37]. If the cutoff 
values calculated in a previous study (antibody concen-
trations of ≥ 3641 ng/mL as positive, 1096–3641 ng/mL 
as weakly positive, and < 1096 ng/mL as negative) were 
used in this study, the seroprevalence of feral horses 
would be 79.1%, which is nearly the same as the serop-
revalence in this study (Table  2). This result indicates 
that the cutoff values calculated by Kaneko et al. can be 
applied as cutoff values for double-antigen ELISA in any 
wild or companion animal [19].

In this study, 78.5% of the feral horses in Miyazaki 
had a history of SFTSV infection, and 55% (41/74) had 
high neutralizing antibody titers to SFTSV (FRNT50; 
>160). On the other hand, there was almost no history 
of infection in active Thoroughbreds. To the best of our 
knowledge, there are few reports on SFTSV infection in 
horses. Lee et al. [25] reported that approximately 20% of 
70 horses on farms in South Korea, were antibody posi-
tive by ELISA and neutralization testing. Han et al. [26] 
reported that of the 887 horses in the slaughterhouse and 
equestrian centers in South Korea, 51% were antibody 
positive and 1.3% were positive for SFTSV RNA. These 
results indicate that horses can be infected with SFTSV 
and develop a short period of viremia. On the other hand, 
no horses have been reported to develop severe symp-
toms, thus, unlike cats and dogs [12–14], horses are not 
considered to be a source of direct non-tick-mediated 
transmission of the virus. While active Thoroughbreds 
are at little risk of being a source of SFTSV infection, the 
possibility that ticks engorged to horses can be a source 
of infection to humans cannot be ruled out in riding 
horses, food horses, and wild horses.

Table 2 Correlation between neutralization assay and ELISA 
results using horse serum
FRNT50

† Absorbance 
difference

Antibody concentration (ng/mL)

< 0.0257 ≥ 0.0257 < 1096‡ 1096–
3641‡

≥ 3641‡

Negative Positive Negative Weakly 
positive

Positive

< 10 34 3 34 3 0
10–40 7 4 8 3 0
40–160 3 26 2 4 23
> 160 0 41 0 0 41
Total 44 74 44 10 64
† FRNT50: 50% focus reduction neutralization test
‡ These cutoff values were calculated by Kaneko et al. [19]
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In Japan, the Kyushu-Yamaguchi area is most endemic 
for SFTS, and several serological studies have been con-
ducted on wildlife. In particular, sika deer (Cervus nip-
pon) and wild boar (Sus scrofa) have been designated by 
the Japanese government as control animals, and serum 
samples are relatively easy to obtain compared to those 
from other wildlife. Surveys conducted in Yamaguchi, 
Kagoshima, and Oita prefectures reported that 64.6% 
(n = 789, 2010–2020), 34.7% (n = 107, 2014–2018), and 
54.8% (n = 115, 2011 and 2014) of sika deer were sero-
positive, respectively [22, 38, 39]. Surveys conducted in 
Yamaguchi, Kagoshima, Oita, Nagasaki, and Miyazaki 
prefectures reported that 38.5% (n = 517, 2010–2020), 
53.9% (n = 102, 2014–2018), 12% (n = 65, 2011 and 2014), 
18.9% (n = 190, 2006–2012), and 41.9% (n = 105, 2009) of 
wild boar were seropositive, respectively [22, 38–41]. In 
other wildlife, 68% (n = 63) of Japanese badgers (Meles 
anakuma) and 23% (n = 53) of Japanese raccoons (Nyc-
tereutes procyonoides viverrinus) had antibodies against 
SFTSV in Miyazaki Prefecture between 2019 and 2021 
[19]. Although not in the Kyushu-Yamaguchi area, a 
large-scale survey of raccoons (Procyon lotor) was con-
ducted in Wakayama Prefecture over 12 years, with a 
mean seroprevalence of 39.8% (n = 2299) and no years 
exceeding 60% [23]. Compared with other wildlife, the 
seroprevalence of SFTSV tends to be higher in feral 
horses and sika deer. It is possible that these animals are 
more susceptible to SFTSV infection; however, they are 
not multiparous, and their long lifespans may have con-
tributed to their high seroprevalence. Wild boars, rac-
coons, and badgers were multiparous. Deer and horses 
consume only one litter per year. A typical wildlife sero-
epidemiological survey cannot identify individuals or 
obtain information such as age. Misaki horses were indi-
vidually identified and their ages were determined. The 
age of feral horses contributed remarkably to the serop-
revalence of SFTSV, with seroprevalence reaching nearly 
100% in horses four years of age and older compared to 
11% in horses less than one year of age. Thus, the pro-
portion of young animals can have a significant impact 
on the seroprevalence of SFTSV in wildlife. Wildlife with 
a higher frequency of generational change may have a 
lower seroprevalence of SFTSV in SFTS-endemic areas.

Based on the results of ELISA and neutralization tests, 
there is no doubt that feral horses in Miyazaki have been 
exposed to SFTSV. However, despite its high seropreva-
lence, SFTS viral RNA has not been detected. Blood sam-
ples were collected from the feral horses in September of 
each year. In Japan, SFTS tends to be most prevalent in May 
and least prevalent from November to January [27]. There-
fore, the prevalence of SFTSV in ticks should not have 
decreased extensively during September. A possible expla-
nation for this is that the seroprevalence in feral horses was 
too high, limiting the number of animals that could become 

viremic. Tatemoto et al. also reported high seroprevalence 
in wildlife but reported that SFTS viral RNA was detected 
in only 0.4% (n = 229) of serum samples collected from sika 
deer and 0% (n = 116) from wild boars [22]. In contrast, 
SFTS viral RNA was detected in 7.6% (n = 106) of wild 
boars in Miyazaki, but the seroprevalence was only 41.9% 
[41]. Higher seroprevalence of SFTSV does not appear to 
increase the detection of SFTS viral RNA in wildlife. When 
seroprevalence is extremely high, the endemicity of SFTSV 
in the population may be limited owing to the acquisition 
of herd immunity. When seroprevalence in the population 
decreases owing to generational changes, SFTSV could 
once more become endemic in the population.

In the present study, there was a marked difference 
in seroprevalence by sex among feral horses. However, 
because there was no difference in seroprevalence among 
animals four years of age and older, the study concluded 
that the difference was due only to the higher proportion 
of juveniles among male horses. A total of 331 males and 
376 females were sampled, with 40 males (12.1%) and 31 
females (8.2%) sampled from horses less than one year of 
age. However, it is unclear why male Misaki horses were 
born in higher numbers and had shorter lives.

Vegetation ticks were collected from Cape Toi at two-
month intervals between November 2021 and Novem-
ber 2022; however, no SFTS viral RNA was detected. The 
fact that sampling was conducted only in a limited area 
of Cape Toi may also have affected the negative results. 
Further research is required to determine the prevalence 
of SFTSV in ticks in Cape Toi.

Conclusions
This study demonstrated that horses can be infected 
with SFTSV and that a high percentage of feral horses in 
SFTS-endemic areas are exposed to SFTSV. Because no 
SFTS viral RNA was detected, we believe that horses are 
not natural hosts of SFTSV. Research on Misaki horses, 
which are wild but have been individually identified, will 
help us understand the spread of SFTSV in wildlife. Con-
tinued research is important to understand the transmis-
sion cycle of SFTSV in nature and to identify unidentified 
natural host species. Surveillance of SFTSV infections in 
wildlife is particularly important for predicting SFTS out-
breaks in humans.

Abbreviations
ELISA  Enzyme-linked immunosorbent assay
FRNT50  50% focus reduction neutralization test
HRP  Horseradish peroxidase
NP  Nucleocapsid protein
rSFTSV-NP  Recombinant severe fever with thrombocytopenia syndrome 

virus nucleocapsid protein
PBS  Phosphate-buffered saline
SD  Standard deviation
SFTS  Severe fever with thrombocytopenia syndrome
SFTSV  Severe fever with thrombocytopenia syndrome virus
TBS-T  Tris-buffered saline with Tween 20



Page 7 of 8Mekata et al. BMC Veterinary Research          (2024) 20:190 

Acknowledgements
The authors thank Saori Kusakari for technical assistance with the experiments.

Author contributions
H.M. designed and organized the study. K.Y. and Ka.U. generated the research 
materials. M.Y. performed the laboratory assay. A.O., I.K. and T.H. collected the 
samples. Ku.U. and T.O. obtained the research fund. H.M. wrote the original 
draft. All authors read and approved the final manuscript.

Funding
This work was supported by the Japan Agency for Medical Research and 
Development [grant number JP21fk0108495].

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Declarations

Ethical approval
All sampling procedures complied with international and Japanese 
regulations. The use of residual serum from Misaki horses and the collection 
of ticks in Cape Toi were approved by the Educational Committee of Kushima 
City, Miyazaki Prefecture, Japan (approval no. 520–573 on November 11, 2021; 
approval no. 520–644 on June 3, 2021). The preparation of mouse anti-SFTSV 
NP antibodies for use in the neutralization assays was approved by the Oita 
University Animal Experimentation Committee (approval no. P01001).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 27 October 2023 / Accepted: 29 April 2024

References
1. Kobayashi Y, Kato H, Yamagishi T, Shimada T, Matsui T, Yoshikawa T, et al. 

Severe fever with thrombocytopenia syndrome, Japan, 2013–2017. Emerg 
Infect Dis. 2020;26:692–9.

2. Miao D, Liu MJ, Wang YX, Ren X, Lu QB, Zhao GP, et al. Epidemiology and ecol-
ogy of severe fever with thrombocytopenia syndrome in China, 2010–2018. 
Clin Infect Dis. 2021;73:e3851–8.

3. Yun SM, Park SJ, Kim YI, Park SW, Yu MA, Kwon HI, et al. Genetic and patho-
genic diversity of severe fever with thrombocytopenia syndrome virus 
(SFTSV) in South Korea. JCI Insight. 2020;5:e129531.

4. Yu XJ, Liang MF, Zhang SY, Liu Y, Li JD, Sun YL, et al. Fever with thrombo-
cytopenia associated with a novel bunyavirus in China. N Engl J Med. 
2011;364:1523–32.

5. Park SW, Han MG, Yun SM, Park C, Lee WJ, Ryou J. Severe fever with 
thrombocytopenia syndrome virus, South Korea, 2013. Emerg Infect Dis. 
2014;20:1880–2.

6. Yoshikawa T, Shimojima M, Fukushi S, Tani H, Fukuma A, Taniguchi S, et al. 
Phylogenetic and geographic relationships of severe fever with thrombo-
cytopenia syndrome virus in China, South Korea, and Japan. J Infect Dis. 
2015;212:889–98.

7. Zhang YZ, He YW, Dai YA, Xiong Y, Zheng H, Zhou DJ, et al. Hemorrhagic fever 
caused by a novel bunyavirus in China: pathogenesis and correlates of fatal 
outcome. Clin Infect Dis. 2012;54:527–33.

8. Rattanakomol P, Khongwichit S, Linsuwanon P, Lee KH, Vongpunsawad S, 
Poovorawan Y. Severe fever with thrombocytopenia syndrome virus infec-
tion, Thailand, 2019–2020. Emerg Infect Dis. 2022;28:2572–4.

9. Tran XC, Yun Y, Van An L, Kim SH, Thao NTP, Man PKC, et al. Endemic severe 
fever with thrombocytopenia syndrome, Vietnam. Emerg Infect Dis. 
2019;25:1029–31.

10. Win AM, Nguyen YTH, Kim Y, Ha NY, Kang JG, Kim H, et al. Genotypic hetero-
geneity of orientia tsutsugamushi in scrub typhus patients and thrombocy-
topenia syndrome co-infection, Myanmar. Emerg Infect Dis. 2020;26:1878–81.

11. Zohaib A, Zhang J, Saqib M, Athar MA, Hussain MH, Chen J, et al. Serologic 
evidence of severe fever with thrombocytopenia syndrome virus and related 
viruses in Pakistan. Emerg Infect Dis. 2020;26:1513–6.

12. Kirino Y, Yamanaka A, Ishijima K, Tatemoto K, Maeda K, Okabayashi T. 
Retrospective study on the possibility of an SFTS outbreak associated with 
undiagnosed febrile illness in veterinary professionals and a family with sick 
dogs in 2003. J Infect Chemother. 2022;28:753–6.

13. Mekata H, Kawaguchi T, Iwao K, Umeki K, Yamada K, Umekita K, et al. Possible 
transmission of severe fever with the thrombocytopenia syndrome virus to 
an individual who buried an infected cat. Jpn J Infect Dis. 2023;76:211–4.

14. Yamanaka A, Kirino Y, Fujimoto S, Ueda N, Himeji D, Miura M, et al. Direct 
transmission of severe fever with thrombocytopenia syndrome virus from 
domestic cat to veterinary personnel. Emerg Infect Dis. 2020;26:2994–8.

15. Matsuu A, Momoi Y, Nishiguchi A, Noguchi K, Yabuki M, Hamakubo E, et al. 
Natural severe fever with thrombocytopenia syndrome virus infection in 
domestic cats in Japan. Vet Microbiol. 2019;236:108346.

16. Ishijima K, Tatemoto K, Park E, Kimura M, Fujita O, Taira M, et al. Lethal disease 
in dogs naturally infected with severe fever with thrombocytopenia syn-
drome virus. Viruses. 2022;14:1963.

17. Park SC, Park JY, Choi JY, Oh B, Yang MS, Lee SY, et al. Experimental infection of 
dogs with severe fever with thrombocytopenia syndrome virus: pathoge-
nicity and potential for intraspecies transmission. Transbound Emerg Dis. 
2022;69:3090–6.

18. Gu XL, Su WQ, Zhou CM, Fang LZ, Zhu K, Ma DQ, et al. SFTSV infec-
tion in rodents and their ectoparasitic chiggers. PLoS Negl Trop Dis. 
2022;16:e0010698.

19. Kaneko C, Mekata H, Umeki K, Sudaryatma PE, Irie T, Yamada K, et al. 
Seroprevalence of severe fever with thrombocytopenia syndrome virus 
in medium-sized wild mammals in Miyazaki, Japan. Ticks Tick Borne Dis. 
2023;14:102115.

20. Kuan CY, Lin TL, Ou SC, Chuang ST, Chan JP, Maeda K, et al. The first nation-
wide surveillance of severe fever with thrombocytopenia syndrome in 
ruminants and wildlife in Taiwan. Viruses. 2023;15:441.

21. Niu G, Li J, Liang M, Jiang X, Jiang M, Yin H, et al. Severe fever with thrombo-
cytopenia syndrome virus among domesticated animals, China. Emerg Infect 
Dis. 2013;19:756–63.

22. Tatemoto K, Mendoza MV, Ishijima K, Kuroda Y, Inoue Y, Taira M, et al. Risk 
assessment of infection with severe fever with thrombocytopenia syndrome 
virus based on a 10-year serosurveillance in Yamaguchi Prefecture. J Vet Med 
Sci. 2022;84:1142–5.

23. Tatemoto K, Ishijima K, Kuroda Y, Mendoza MV, Inoue Y, Park E, et al. Roles of 
raccoons in the transmission cycle of severe fever with thrombocytopenia 
syndrome virus. J Vet Med Sci. 2022;84:982–91.

24. Matsuno K, Nonoue N, Noda A, Kasajima N, Noguchi K, Takano A, et al. Fatal 
tickborne phlebovirus infection in captive cheetahs, Japan. Emerg Infect Dis. 
2018;24:1726–9.

25. Lee H, Kim EJ, Cho IS, Song JY, Choi JS, Lee JY, et al. A serological study of 
severe fever with thrombocytopenia syndrome using a virus neutraliza-
tion test and competitive enzyme-linked immunosorbent assay. J Vet Sci. 
2017;18:33–8.

26. Han SW, Cho YK, Rim JM, Kang JG, Choi KS, Chae JS. Molecular and serological 
survey of severe fever with thrombocytopenia syndrome virus in horses 
from the Republic of Korea. Vector Borne Zoonotic Dis. 2023. https://doi.
org/10.1089/vbz.2022.0101.

27. Department of Virology 1, National Institute of Infectious Diseases. Overview 
of SFTS cases notified in the national epidemiological surveillance of 
infectious diseases diseases. 2023. https://www.niid.go.jp/niid/ja/sfts/sfts-
idwrs/7415-sfts-nesid.html. Accessed 30 Aug 2023.

28. Mekata H, Kobayashi I, Okabayashi T. Detection and phylogenetic analysis of 
Dabieshan tick virus and Okutama tick virus in ticks collected from Cape Toi, 
Japan. Ticks Tick Borne Dis. 2023;14:102237.

29. Umeki K, Yasuda A, Umekita K, Megumi R, Nomura H, Kawaguchi T, et al. 
Detection of anti-SFTSV nuclear protein antibody in the acute phase sera of 
patients using double-antigen ELISA and immunochromatography. J Virol 
Methods. 2020;285:113942.

30. Sato Y, Mekata H, Sudaryatma PE, Kirino Y, Yamamoto S, Ando S, et al. Isolation 
of severe fever with thrombocytopenia syndrome virus from various tick 
species in area with human severe fever with thrombocytopenia syndrome 
cases. Vector Borne Zoonotic Dis. 2021;21:378–84.

31. Yoshikawa T, Fukushi S, Tani H, Fukuma A, Taniguchi S, Toda S, et al. Sensitive 
and specific PCR systems for detection of both Chinese and Japanese severe 

https://doi.org/10.1089/vbz.2022.0101
https://doi.org/10.1089/vbz.2022.0101
https://www.niid.go.jp/niid/ja/sfts/sfts-idwrs/7415-sfts-nesid.html
https://www.niid.go.jp/niid/ja/sfts/sfts-idwrs/7415-sfts-nesid.html


Page 8 of 8Mekata et al. BMC Veterinary Research          (2024) 20:190 

fever with thrombocytopenia syndrome virus strains and prediction of 
patient survival based on viral load. J Clin Microbiol. 2014;52:3325–33.

32. Nunes M, Parreira R, Carreira T, Inácio J, Vieira ML. Development and evalua-
tion of a two-step multiplex TaqMan real-time PCR assay for detection/quan-
tification of different genospecies of borrelia burgdorferi sensu lato. Ticks Tick 
Borne Dis. 2018;9:176–82.

33. Taglinger K, Nguyen NV, Helps CR, Day MJ, Foster AP. Quantitative real-time 
RT-PCR measurement of cytokine mRNA expression in the skin of normal 
cats and cats with allergic skin disease. Vet Immunol Immunopathol. 
2008;122:216–30.

34. Mekata H, Umeki K, Yamada K, Umekita K, Okabayashi T. Nosocomial severe 
fever with thrombocytopenia syndrome in companion animals, Japan, 2022. 
Emerg Infect Dis. 2023;29:614–7.

35. Hofmann H, Li X, Zhang X, Liu W, Kühl A, Kaup F, et al. Severe fever with 
Thrombocytopenia virus glycoproteins are targeted by neutralizing antibod-
ies and can use DC-SIGN as a receptor for pH-dependent entry into human 
and animal cell lines. J Virol. 2013;87:4384–94.

36. Livestock I, Bureau. Ministry of Agriculture, Forestry and Fisheries. The situa-
tion in the horse production area. 2023. https://www.maff.go.jp/j/chikusan/
keiba/lin/attach/pdf/index-16.pdf. Accessed 30 Aug 2023.

37. Killick R, Eckley IA. Changepoint: an R package for changepoint analysis. J Stat 
Softw. 2014;58:1–19.

38. Hashimoto T, Yahiro T, Yamada K, Kimitsuki K, Okuyama MW, Honda A, et al. 
Distribution of severe fever with thrombocytopenia syndrome virus and 
antiviral antibodies in wild and domestic animals in oita prefecture, Japan. 
Am J Trop Med Hyg. 2022;106:1547–51.

39. Matsuu A, Hamakubo E, Yabuki M. Seroprevalence of severe fever with 
thrombocytopenia syndrome virus in animals in Kagoshima Prefecture, 
Japan, and development of gaussia luciferase immunoprecipitation system 
to detect specific IgG antibodies. Ticks Tick Borne Dis. 2021;12:101771.

40. Hayasaka D, Fuxun Y, Yoshikawa A, Posadas-Herrera G, Shimada S, Tun MM, 
et al. Seroepidemiological evidence of severe fever with thrombocytopenia 
syndrome virus infections in wild boars in Nagasaki, Japan. Trop Med Health. 
2016;44:6.

41. Kirino Y, Yamamoto S, Nomachi T, Mai TN, Sato Y, Sudaryatma PE, et al. 
Serological and molecular survey of tick-borne zoonotic pathogens including 
severe fever with thrombocytopenia syndrome virus in wild boars in Miyazaki 
Prefecture, Japan. Vet Med Sci. 2022;8:877–85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://www.maff.go.jp/j/chikusan/keiba/lin/attach/pdf/index-16.pdf
https://www.maff.go.jp/j/chikusan/keiba/lin/attach/pdf/index-16.pdf

	Nine-year seroepidemiological study of severe fever with thrombocytopenia syndrome virus infection in feral horses in Cape Toi, Japan
	Abstract
	Background
	Methods
	Samples
	Enzyme-linked immunosorbent assay (ELISA)
	Preparation of mouse anti-SFTSV NP antibody
	Neutralization test
	RNA extraction and detection of SFTS viral RNA
	Statistical analysis

	Results
	Discussion
	Conclusions
	References


