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Abstract: Tsushima leopard cats (TLC; Prionailurus bengalensis euptilurus) only inhabit Tsushima
Island, Nagasaki, Japan and are critically endangered and threatened by infectious diseases. The
feline foamy virus (FFV) is widely endemic in domestic cats. Therefore, its transmission from domestic
cats to TLCs may threaten the TLC population. Thus, this study aimed to assess the possibility that
domestic cats could transmit FFV to TLCs. Eighty-nine TLC samples were screened, and FFV
was identified in seven (7.86%). To assess the FFV infection status of domestic cats, 199 domestic
cats were screened; 14.07% were infected. The phylogenetic analysis revealed that the FFV partial
sequence from domestic cats and TLC sequences clustered in one clade, suggesting that the two
populations share the same strain. The statistical data minimally supported the association between
increased infection rate and sex (p = 0.28), indicating that FFV transmission is not sex dependent. In
domestic cats, a significant difference was observed in FFV detection in feline immunodeficiency
virus (p = 0.002) and gammaherpesvirusl infection statuses (p = 0.0001) but not in feline leukemia
virus infection status (p = 0.21). Monitoring FFV infection in domestic cats and TLC populations is
highly recommended as part of TLC surveillance and management strategies.

Keywords: foamy virus; feline; Tsushima leopard cat; domestic cat; Tsushima Island; FFV; molecular
epidemiology

1. Introduction

The Tsushima leopard cat (TLC), also known as Prionailurus bengalensis euptilurus, is
one of the most endangered animal species in Japan [1]. The TLC has a weight of 4.5 kg for
males and 3.5 kg for females, making it a small felid. A typical cat has a long and fat tail, a
long trunk, shorter-than-typical legs, and its color ranges from chestnut brown to cream
with faint brown spots [2]. It only inhabits Tsushima Island in the Nagasaki Prefecture [3].
The TLC tends to be abundant in the upper region of Tsushima, known as Kamijima. Ap-
proximately 200 to 300 TLCs lived on Tsushima Island until the 1970s [4]. According to the
Japan Wildlife Research Center, the number of TLCs continues to decrease at approximately
10% every 10 years. Human activity in wildcat habitats is one of the biggest threats to
their survival [5]. Another important factor is infectious diseases. Disease transmission
between domestic cats and TLCs have been previously documented [4,6-8]. Several cases
of TLCs being infected with diseases commonly associated with domestic cats, including
the feline immunodeficiency virus (FIV) and Felis catus gammaherpesvirusl (FcaGHV1),
have been reported [3,4,6]. According to a study that utilized the Geographical Information
System (GIS) data, FIV infection risk in TLCs is higher in areas densely populated with
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domestic cats than in areas sparsely populated with the species [1]. A previous study
reported the prevalence of feline leukemia virus (FeLV) infection in domestic cats but not in
TLCs; however, it was demonstrated that the virus could replicate in their cells [3]. A study
reported the detection of the feline foamy virus (FFV) infection in Iriomote leopard cats
(Prionailurus bengalensis iriomotensis) in Japan [9]. A single FFV infection has been shown
to be associated with potential pathological changes in domestic cats [10]. A previous
study reported histopathological changes in the kidney and lung after experimental FFV
inoculation [11]. Another study found that cats with FFV infection had a higher risk of
developing lymphoma compared to FFV-negative cats [12]. However, coinfections with
other viruses have been documented [13-15].

Foamy viruses (FVs) belong to the Retroviridae family, subfamily Spumaretrovirinae;
they are present in cattle, horses, cats, and monkeys and are zoonotic [16-20]. FFVs
have infected domestic cats globally, including in Asian countries [21,22], Australia [23],
Germany [24], Turkey [25], and the USA [26]. FVs are complex retroviruses, similar to
the lentiviral human immunodeficiency virus (HIV), and contain two terminal repeats
and three main retroviral genes, gag, pol, and env [27,28]. All retroviruses, including FVs,
replicate by first converting their RNA genome into a DNA intermediary that integrates into
the host genome [29]. FFV can be divided into two distinct sequence groups (F17/951-Type
and FUV-Type) in the env surface (SU) protein, each belonging to one neutralization group
(serotype) [22]. Salivary shedding and ongoing contact between animals are speculated to
be the primary routes of FV transmission, although vertical transmission through lactating
cats has also been reported [10,30]. Cats may transmit the virus through bites and social
contact, such as grooming [29]. Furthermore, biting and predation are major sources of
transmission among the simian populations [31,32]. Cats in the USA have been found
to have FFV prevalence rates ranging from 10 to 75%, with age and male sex as the risk
factors [33].

The biodiversity, evolutionary dynamics, and ecology of FFV are poorly understood.
Given that controlling disease in wild populations is difficult, monitoring for infectious
diseases among TLC populations is an essential part of surveillance and management [6].
During the breeding season, TLCs usually have a large home range; therefore, they may
contact free-roaming domestic cats. FIV prevalence among domestic cats is highest in
Tsushima Island compared to other regions of Japan [1]. Most FcaGHV1 and FIV infections
spread through territorial aggression and fighting according to previous epidemiological
data [6]. Based on the correlation between FcaGHV1 and FIV and the identification of FIV
in TLCs [1], there is a possibility that domestic cats could transmit FFV to TLCs.

To test this hypothesis, the FFV infection rate in TLCs and domestic cats was investi-
gated, and the system to manage and protect TLCs from infectious diseases from domestic
cats was evaluated. FFV infection was more frequent in domestic cats than in TLCs. The
TLC sequences were identical to some domestic cat sequences over a 600-bp region of the
virus. The phylogenetic analysis suggested that FFV transmission may occur between TLCs
and domestic cats in Tsushima. Furthermore, monitoring infectious diseases in domestic
cats will promote the conservative management of wild cats.

2. Materials and Methods
2.1. Ethics Statement

This study was approved by the Institutional Animal Care and Use Committee of
Yamaguchi University (identification code 2017/315). Animal studies were conducted in
accordance with the guidelines for the Care and Use of Laboratory Animals of the Ministry
of Education, Culture, Sports, Science, and Technology, Japan.

2.2. Study Location

Tsushima (34°05'-34°42' N, 129°10’-129°30" E) is an island in the Japanese archipelago
with a surface area of 708.6 km?2. It lies 50 km from Busan, the Korean peninsula, and
138 km from Kyushu Island, Japan. There are two main islands on Tsushima Island: the
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northern and southern Tsushima islands called Kamijima and Shimojima, respectively.
There are four boroughs in Kamijima (Kamitsushima, Kamiagata, Mine, and Toyotama)
and two in Shimojima (Mitsushima and Izuhara) (Figure 1).
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Figure 1. Maps of Tsushima Island and sample collection sites. (A) Map of sample collection sites for
domestic cats. (B) Map of sample collection sites for wild cats. Blue dots indicate sample locations.
Red dots represent positive samples.

2.3. Sample Collection

In total, 89 TLC (60 blood and 29 spleen) samples were obtained from Tsushima
Island (Figure 1B) between 1999 and 2020 [3]. TLC samples were collected by the Kyushu
Regional Environment Office (Tsushima Wildlife Conservation Center, Tsushima, Nagasaki,
Japan), Ministry of Environment, Japan. In most cases, the cats were killed by vehicles.
The Tsushima Animal Medical Center, a non-profit animal hospital on the island, donated
199 domestic cat blood samples [3]; the domestic cats brought to the center between 2009
and 2015 included both indoor-only and free-roaming cats. Blood samples and spleens
were stored at —80 °C, and working samples were stored at —30 °C. Figure 1A shows the
sample collection site for domestic cats on Tsushima Island.

Blood samples were screened for FeLV and FIV infections using the SNAP FeLV /FIV
Combo Kit (IDEXX Laboratories Inc., Westbrook, ME, USA). Total DNA was extracted from
whole blood samples using the Dr. GenTLE System (Takara Bio Inc., Kyoto, Japan) and
DNAZzol reagent (Life Technologies Japan, Tokyo, Japan) according to the manufacturer’s
instructions. DNA was extracted from the spleen using a commercial kit (DNeasy® Blood
& Tissue Kit; QIAGEN, Hilden, Germany). Conventional PCR for feline glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was conducted as previously described to confirm
the presence of amplifiable template DNA [34].
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2.4. PCR Amplification and Sequencing

The nested-PCR amplification method for FFV was conducted as described previ-
ously [14] using the primers listed in Table 1. Primers were synthesized by Fasmac Co.,
Ltd., Kanagawa, Japan and dissolved in ultra-pure water (PCR grade) to a concentration
of 100.0 pmol/uL, from which working dilutions were made to a final concentration of
10.0 pmol/uL and stored at —30 °C until use.

Table 1. Primer used in nested-PCR amplification. The expected amplicon size after the second PCR
is 600 nucleotides.

Target Gene Name Sense Primer Sequence (5'-3') Reference
env-f2 1st forword GCTACTTCTACTAGAATAATGTTTTGGATA [14]
Envelope env-r2 1st reverse AGCCACAGTAGTAATTGCATGGCCAGGCC [14]
P env-f3 2nd forward GCTTTCAAAAATATGGACATTGTTATGTTA [14]
env-r3 2nd reverse GTTTCTCCAAAATCTGCAAGCATATGGATG [14]

The total volume of the reaction mixture used for each nested PCR was 24.0 uL. The
nested PCR reaction mixture contained 12.5 pL of KOD One ™ PCR master Mix (TOYOBO
Bio Inc., Osaka, Japan), 8.5 uL of ultra-pure water (PCR grade), and 1.5 uL of each of the
forward and reverse primer working stock. In the first PCR round (nested PCR 1), 1.0 uL
template DNA was added, spun quickly, and placed on a thermocycler with 30 cycles
of denaturation at 98 °C for 10 s, annealing at 63 °C for 5 s, and extension at 68 °C for
8 s. For the second PCR round (nested PCR 2), 1 uL of the PCR 1 product was added,
quickly spun, and placed in a thermocycler with 30 cycles of denaturation at 98 °C for 10s,
annealing at 63 °C for 5 s, and extension at 68 °C for 1 s. PCR amplification products were
further identified using electrophoresis with 1% agarose gels and purified using a FastGene
Gel /PCR extraction kit (Nippon Genetics Co., Ltd., Tokyo, Japan). DNA sequencing by
Fasmac Co., Ltd., Kanagawa, Japan, was performed on the second PCR product in both
directions. UGENE 45.0 software was used to visualize and analyze the sequences, and
GeneTyx (Software Development Co., Tokyo, Japan) and NCBI BLAST programs were used
to compare the 600 bp SU region sequences with other FFV SU region sequences.

2.5. Multiple Sequence Alignment and Phylogenetic Analysis

The SU region nucleotide sequences for the samples and international FFV isolates,
which were retrieved from GenBank, were aligned using ClustalW [35]. Phylogenetic
analyses were performed using two different software packages. The most suitable method
for phylogenetic analysis at the nucleic acid level was determined using the jModel-test [36].
MEGA®6 was used for phylogenetic analysis. The phylogenetic tree was constructed using
the maximum likelihood (Kimura 2-parameter) method for nucleic acids [35]. A total of
1000 bootstrap replicates were used to construct the phylogenetic tree.

2.6. Statistical Analyses

All statistical analyses were performed using the Minitab Statistical program (Minitab
version 18, Minitab Inc., Shanghai, China, 2018). The odds ratios (ORs), 95% confidence
intervals (95% Cls), and p-values were calculated to analyze the risk factors for FFV and
FFV co-infection; p values < 0.05 were considered statistically significant.

3. Results
3.1. Prevalence and Demographics

The creation of amplicons relies on the primer that amplifies the sequence of the
partial env gene (SU region). Therefore, nested PCR primers were obtained from a previous
study [14]. The nested PCR method successfully amplified the SU region in seven TLC sam-
ples indicating an overall FFV detection frequency of 7.86% in TLCs (Table 2). These seven
FFV-positive TLCs originated from Kamijima and comprised four males and three females.
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Table 2. FFV detected in feline DNA sample by nested PCR.
Host Species No. of Samples No. of FFV Positive % Positive
Tsushima leopard cat 89 7 7.86
Domestic cat 199 28 14.07

Given that domestic cats are the primary natural hosts of FFV, their FFV infection status
was investigated to better understand TLC management. In total, 28 of the 199 (14.07%)
domestic cats were positive for FFV according to the nested PCR test (Table 2). The
characteristics of the domestic cats tested in this study are presented in Table 3. No
significant difference was observed in the FFV-positive sample (FFV infection rate) between
Kamijima and Shimojima (Table 4). Of the 35 FFV-positive samples for domestic cats and
TLCs, 29 (82.85%) were obtained from Kamitsushima and Kamiagata (Figure 1A,B).

Table 3. Prevalence of FFV among domestic cat samples.

FFV Status

Variable Categories Positive Negative Total % Positive
Male 15 73 88 17.04
Sex Female 13 98 111 11.71
. Kamijima 22 134 156 14.10
Location Shimojima 6 37 13 13.95
FIv'! Positive 23 61 84 27.38
Negative 12 103 115 10.43
FeLV 2 Positive 2 22 24 8.33
Negative 33 142 175 18.85

FcaGHV1! Positive 14 11 25 56

Negative 21 153 174 12.06

I Cited from reference number 8; 2 Cited from reference number 2.

Table 4. Univariable logistic regression analysis to evaluate the association between variables and
FFV detection in domestic cats.

Variables Categories Z Statistic =~ Odds Ratio 95% CI 1 p Value
Location Kamijima vs. Shimojima 0.02 1.01 0.38-2.67 0.98
Sex Male vs. female 1.06 1.54 0.69-3.45 0.284
FIV Positive vs. negative 3 3.23 1.50-6.96 0.002
FeLV Positive vs. negative 122 0.391 0.08-1.74 0.21
FcaGHV1 Positive vs. negative 4.78 9.27 3.72-23.08 0.0001

1 Confidence intervals; CI, Confidence interval.

3.2. FFV Co-Infection with FIV, FeLV, and FcaGHV1

To study the dynamics of retrovirus infection in TLCs, FFV co-infection with FeLV,
FIV, and FcaGHV1 in the 199 domestic cats, which had previously been tested for FeLV,
FIV, and FcaGHV1, was investigated (Table 3). FIV and FcaGHV1 infection statuses were
significantly associated with FFV detection (Table 4). In contrast, FeLV infection status was
not associated with FFV detection. Furthermore, no sex difference was observed for single
infections of FFV and FeLV in the domestic cat samples (Tables 4 and 5). FIV and FcaGHV1
had higher infection rates in males than females (Table 5). In contrast, the FFV and FeLV
coinfection rates in males were not significantly different from those in females.
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Table 5. Evaluation of the association between sex and another feline virus detection in domestic cats.

Variable No. of Positive Samples Male Female % Positive Z Statistic Odds Ratio 95% CI ! p Value
FIV 84 51 33 422 3.94 3.25 1.81-5.86 0.0001
FelLV 24 12 12 12 0.60 1.30 0.55-3.06 0.54
FcaGHV1 25 17 8 12.2 2.47 3.08 1.26-7.53 0.013
FeLV + FFV 2 1 1 1 0.16 1.26 0.07-20.50 0.86
FIV + FFV 23 16 7 11.6 2.49 3.30 1.29-8.43 0.012
FcaGHV1 + FFV 14 11 3 7.03 2.68 6.02 1.62-22.34 0.007

n

Synonymous mutation

1 Confidence intervals; CI, Confidence interval.

3.3. Nucleotide Similarity with SU Region for FFV

In total, 35 FFV-positive samples (7 TLCs and 28 domestic cats) were sequenced;
however, two domestic cat samples were lost. Nucleotide sequences of the partial env
gene (SU region) were determined. Two distinct env genotypes (F17/951-Type and FUV-
Type) were identified with a nucleotide similarity ranging from 98 to 100% and 82 to 85%
within and between genotypes, respectively (Figure 2). A total of 12 mutations (5 non-
synonymous and 7 synonymous) were identified in 15 samples (F17/951-Type) (Figure 2A),
and 12 (4 non-synonymous and 8 synonymous) in 18 samples (FUV-Type) (Figure 2B).
The FUV and F17/951 types are distributed along the Tsushima Island (Figure S1). The
nucleotide differences may appear as a logical result because the amplification target in
this study was the SU region, which is considered a hypervariable region.

Non-synonymous mutation

LC747041 G .

LC747036 © A

LC747025

LC747035 .

LC747034 A ©
LC747033 A

LC747031

LC747030 c c T T
LC747029

LC747028

LC747027 .

LC747024 A

LC747023 .

LC747022 A .

LC747020 . . . . A A . . . . . .
Consequences C T G T G G T G T C A G
Reference sequence site 780 791 861 878 905 983 1009 1061 1064 1216 1219 1220
5]

LC747042 . . A A . . . B G . A
LC747037 B B A A . B B . G . A
LC747044 . . A . . . . . .

LC747045 . . . . . . . .

LC747046 . C . . . . .

LC747047 . . . . . . .
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LC747039 @ . A . . . G .
Consequences T T G G T A G G A C T G
Reference sequence site 714 731 740 842 876 880 975 1039 1044 1045 1089 1186

Figure 2. Comparison of the nucleic acid sequence of the SU region. (A) Multiple sequence alignment
of the SU region for F17/951-Type. (B) Multiple sequence alignment of the SU region for FUV-Type.
Dots indicate identical consequences. Black and red color labels indicate domestic cat and TLC
samples, respectively.
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3.4. Phylogenetic Analysis of FFV Based on SU Region
A total of 33 FFV sequences and 51 international FFV sequences retrieved from the

GenBank database were used to construct a phylogenetic tree based on nucleic acids
(Figure 3). Phylogenetic analysis demonstrated that 15 FFV-positive domestic cat samples
belonged to the F17-Type and 18 samples (11 domestic cat and 7 TLC samples) belonged to
the FUV-Type. Evidence of FFV transmission on Tsushima Island is strong, although some
subclades indicate region-specific viral populations. FFV isolates from domestic cats were
interspersed throughout the tree; in contrast, TLC FFV isolates were confined to one clade.

M Domestic cat samples

d Tsushima leopard cat samples

ﬁ International FFV samples

F17 (AJS64745)
NV138 (MW349910)
SV201 (MW349911)

770 VN119 (MW349913)
91 [ Sammy-1 (MW349915)
7801 (AB0S27!

$7801 (AB052796) —— F17/951-Type
X1031(MH833268)
X130 (MH633283)

X433 (MHB33334)

X124 (MH633278)

X128 (MH633282)

X1364 (MHE33288)

X1324DC (MH633430)

Baj (MHB33336)

— X1369 (MHB33290)

X142 (MHB33304)

X127 (MHB33281)

X1667 (MHB33310)

X286 (MHB33322)

98| x1670 (uHe33313)

X1089 (MHB33271)
Coleman (AB052797)

X301 (MH833329)

0 | X429 (MH633333)

|67 [ X367R2 (MH633330)
X296R1 (MHB33325)

X300 (MH833327)  —————————

84| Pc-X102 (KC292054)
73| Pe-X103 (KC292055)
X1058R1 (MH633272)
551l x1391 (MH633296)
7| X1553 (MHE33308)
X1400 (MH633298)
Betsie (MH§33337)
677 X1259 (MH633280)
87 £ x1049 (MHB33271)
58| X1357 (MHE33287)
X1641 (MHE33309)
5; X590 (MH633335)
X1041DC (MH633417)
X1033 (MH633269)
X297 (MHE33326)
X290R1 (MH633324)
X423R1 (MH633332)

5! X387 (MHB33331)
FUV (Y08851) = FUV-Type
VN150 (MW349914)

C747019

Bovine foamy virus

Figure 3. Maximum likelihood tree for SU region nucleic acid sequence. The percentage of replicate
trees in which the associated taxa clustered in the bootstrap test (1000 replicates) are shown next to the
branches. The tree is drawn to scale with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed using the
Kimura 2-parameter method and are in the units of the number of base differences per site. This

analysis involved 84 nucleotide sequences.
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3.5. Nucleotide Sequence Accession Numbers

The partial FFV nucleotide sequences obtained in this study were deposited in the
DDB]J, GenBank, and EMBL databases under accession numbers LC747016-L.C747048.

4. Discussion

This study is the first molecular survey and genetic analysis of FFV in TLCs (Prion-
ailurus bengalensis euptilurus). FFV detection in felids other than domestic cats, which are
its natural hosts, suggests that FFV can be transmitted to other felines. There is no “gold
standard” diagnostic test for FFV, and most previous studies have used qPCR assays. FFV
may not be detected in spleen samples in some cases, even if other tissues or fluids (such as
blood or saliva) test positive, depending on the stage of infection [10]. According to a previ-
ous study, enzyme-linked immunoassay (ELISA) and PCR tests had similar sensitivities;
however, ELISA had a higher specificity [16]. As a result, it is possible that the assays in this
study do not detect all FFV positive cases in either the domestic cats or TLC populations.

Previous studies have demonstrated FIV and FcaGHV1 transmission in TLC [1,6]. The
phylogenetic analysis of retrovirus-positive individuals supports the transmission of FIV
and FcaGHV1 from domestic cats to TLC on Tsushima Island. Therefore, FFV was included
in this survey because TLCs only inhabit this region, and FFV transmission from domestic
cats to TLCs may affect management strategies for protecting this endangered species.

The prevalence of FFV in domestic cats and TLCs in Tsushima was 14.8% (domestic
cats, 6.48%; TLCs, 7.7%), similar to the previously reported prevalence, which ranged from
8% to 80%, based on geographic location [16,24]. Thus, domestic cats are more likely to
be infected with FFV than TLCs, and FFV may be a cross-species transmission infection.
Furthermore, FFV transmission may be possible in other cat species. No significant dif-
ference was observed in the FFV infection rate between Kamijima and Shimojima (ORs,
1.01; 95% CI, 0.38-2.67). The identification of FFV-positive samples from Kamijima and
Shimojima indicated that FFV is widely spread across free-ranging populations. Although
no FFV-positive TLC was detected in Shimojima, FFV infection of TLC may spread there in
the future as it has been confirmed to be present in the area in recent years (Figure 1B).

FFV has been suggested to be pathogenic through co-infection with retroviruses [30].
FFV co-infection with FeLV or FIV has been reported to increase FeLV proviral load and
detection rate [37,38]; previous studies have shown that non-regenerative anemia and
T-cell lymphoma may occur [14]. Therefore, the relationship between FFV infection and
other infections (FeLV, FIV, and FcaGHV1) were analyzed. FIV- and FcaGHV-positive
individuals had a higher FFV infection rate than the negative individuals. In contrast,
FeLV-positive individuals had a lower FFV infection rate than negative individuals (OR,
0.39; 95% Cl, 0.08-1.74). Therefore, FFV may spread horizontally by bites, similar to
FIV and FcaGHV1. Among the 199 domestic cat samples tested, 183 were strays or cats
housed outdoors, whereas 16 were completely housed cats, suggesting that the population
bias affected the study outcome. Most sampled cats died from traffic accidents and were
discovered by chance; therefore, the relationship between the co-infection of these viruses
and pathogenicity was unknown. In addition, these infectious diseases may have caused
the death of individuals living in isolated environments.

Previous studies have demonstrated that the male sex is a significant risk factor
for FcaGHV1 infection [34,39,40]. In addition, the FIV infection rate in males has been
reported to be higher than that in females [6]. The statistical data from this study minimally
supported the association between the increased single infection rate of FFV and FeLV and
sex, indicating that FFV is readily transmitted between sexes. Additionally, previous reports
have indicated that sex may not be a risk factor for FFV infection [29]. FIV and FcaGHV1
had higher infection rates in males, consistent with previous findings [41]. Regarding the
sex difference in co-infection rates between FFV and other retroviruses, males were more
likely to have a co-infection with FFV and FIV than females (OR, 3.30; 95% CI, 1.29-8.43).
Furthermore, the co-infection rate of FFV and FcaGHV1 was higher in males (OR, 6.02;
95% CI, 1.62-22.34), suggesting that horizontal transmission by bite is the main route
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of infection in domestic male cats, similar to FIV and FcaGHV1, whereas FFV may be
transmitted in domestic female cats via a different infection route (vertical transmission,
etc.). No significant sex-related difference was observed in the co-infection rate between
FFV and FeLV (OR, 1.26; 95% CI, 0.07-20.50). Therefore, it is unlikely that FFV would be
transmitted through a prolonged contact route.

According to phylogenetic analysis, TLCs and domestic cats are hosts for the same
virus. Phylogenetic analysis demonstrated that all TLC isolates belonged to one clade;
however, domestic cat isolates clustered throughout the phylogenetic tree, basal to or
within the TLC dominant clade (Figure 3). Additionally, F17/951-Type spreads between
domestic cats, while FUV-Type infects both domestic cats and TLCs. A previous study
reported that domestic cats are the main host of FFV [37], and that there is a high possibility
of FFV transmission from domestic cats to TLCs. Previous studies have demonstrated
the viral transmission of FIV and FcaGHV1 in TLCs [1,6]. Phylogenetic analysis of these
retrovirus-positive individuals supports the interspecific transmission of FIV and FcaGHV1
from domestic cats to TLCs [1]. According to recent reports, wild cats are increasingly
preying on domestic animals near populated areas, suggesting an increase in the viral
spillover from domestic cats to wild cats [42,43].

Phylogenetic analysis of the SU region indicated two distinct clades denoting the two
SU env genotypes (F17-Type and FUV-Type; Figure 3). Nucleotide sequence similarity
within and between genotypes ranged from 98 to 100% and 83 to 85%, respectively. Similar
mutations between the isolates (LC747042 and LC747037) support our suggestion that
the FFV virus is transmitted between the domestic cat and the TLC. In addition, random
mutations have been found in some isolates (such as LC747041) that may occur after the
infection of cats. Both SU env genotypes were isolated from domestic cats and obtained from
Kamijima and Shimojima. This suggests a synergistic interaction between both genotypes,
which are adapted to domestic cats and regularly co-circulate. Both genotypes were highly
prevalent in domestic cats, suggesting that they are well-adapted despite the large quantity
of amino acid variability in this SU region. Recent studies have reported two unique env
SEV subtypes that are consistent with this observation in non-human primates [44,45]. In
domestic cats, serotype-specific PCR, sequencing, and neutralizing assays have been used
to identify these two genotypes [23]. In addition, a previous study reported the existence
of the F17-Type in Iriomote cats on the Yaeyama Islands of Japan [46]. However, there are
no available data about the existence of the FUV-Type in Japan; therefore, this study is the
first to report the existence of the FUV-Type on Tsushima Island. Both SU env genotypes
were isolated from domestic cats, and one genotype (FUV-Type) was isolated from TLCs,
supporting the speculation that the virus was moved to Tsushima. Additionally, further
research on the transmission routes and co-infections is required for the revision of this
management regime.

5. Conclusions

The study findings demonstrated that TLCs were infected with FFV, in addition to
previously reported diseases, which may be originating from domestic cats. Furthermore,
the infection rate of FFV in TLCs was approximately 7.86% indicating that it was more
widespread than FcaGHV1. The regional distribution of positive samples, co-infection
trends, and previous findings support the hypothesis that FFV may be transmitted in-
terspecies between domestic cats and TLCs. Consequently, domestic cats and TLCs may
have a closer relationship than previously speculated, posing a new challenge for the
management and protection of endangered TLCs.

Considering the infectious diseases that originate from domestic cats, based on pre-
vious research and the FFV infection rate in TLCs in this study, various measures are
necessary for TLC conservation. Specifically, to minimize the interaction between TLCs
and domestic cats, stray domestic cats in Tsushima should be eliminated, and households
should be advised to keep their cats indoors and ensure their thorough vaccination. In
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addition to regular testing for FeLV and FIV, testing for FFV infection should be added as a
new index to investigate the spread of infectious diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/v15040835/s1. Figure S1. Maps of Tsushima Island and positive
sample sites.
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