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Abstract

The leopard cat (Prionailurus bengalensis) was listed as an endangered species under the Wildlife Conservation Act in Tai-
wan in 2009. However, no study has evaluated the possible direct or indirect effects of pathogens on the Taiwanese leopard
cat population. Here, we targeted viral pathogens, including carnivore protoparvovirus 1 (genus Protoparvovirus), feline
leukemia virus (FeLV), feline immunodeficiency virus (FIV), coronaviruses (CoVs), and canine distemper virus (CDV),
through molecular screening. The spatial and temporal dynamics of the target pathogens were evaluated. Through sequenc-
ing and phylogenetic analysis, we clarified the phylogenetic relationship of viral pathogens isolated from leopard cats and
domestic carnivores. Samples from 23 live-trapped leopard cats and 29 that were found dead were collected from 2015
to 2019 in Miaoli County in northwestern Taiwan. Protoparvoviruses and CoVs were detected in leopard cats, and their
prevalence (95% confidence interval) was 63.5% (50.4%—76.6%) and 8.8% (0%—18.4%), respectively. Most of the protopar-
vovirus sequences amplified from Taiwanese leopard cats and domestic carnivores were identical. All of the CoV sequences
amplified from leopard cats were identified as feline CoV. No spatial or temporal aggregation of protoparvovirus infection in
leopard cats was found in the sampling area, indicating a wide distribution of protoparvoviruses in the leopard cat habitat.
We consider sympatric domestic carnivores to be the probable primary reservoir for the identified pathogens. We strongly
recommend management of protoparvoviruses and feline CoV in the leopard cat habitat, particularly vaccination programs
and population control measures for free-roaming dogs and cats.

Introduction

The leopard cat (Prionailurus bengalensis) is an endangered
Handling Editor: Tim Skern. felid species that is distributed in East, Southeast, and South
Asia [1]. It was commonly distributed in lowland habitats
throughout Taiwan [2, 3]. However, after an island-wide
decline in its population, in 2009, the Wildlife Conservation
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is restricted to small areas in three counties in central Tai-
wan: Miaoli, Nantou, and Taichung City. Studies in Miaoli
County have suggested that road traffic, habitat fragmentation
and degradation, illegal trapping, and poisoning are the prin-
cipal threats to the sustainability of its population [5]. How-
ever, the possible direct or indirect effects of pathogens on
Taiwanese leopard cat population have not been evaluated.
Moreover, information related to infectious agents affecting
the wild Taiwanese leopard cat population is scant. Our previ-
ous study documented the distribution of carnivore protopar-
vovirus 1 in Taiwanese leopard cats and its association with
domestic carnivores [6]. To the best of our knowledge, this was
the only study on infectious agents in free-living leopard cats
in Taiwan. The effects of infectious diseases on the wildlife
population have been increasingly recognized [7, 8]. Although
conspicuous illnesses or mass die-offs of wild animals caused
by specific agents are easy to identify and are usually rec-
ognized as a threat to the abundance of wildlife populations,
unremarkable or sublethal diseases in wild animals, which are
more difficult to identify, may reduce their fitness through an
increased energy output or decreased food intake, thus sub-
stantially arresting population growth [7, 9].

Pathogen infection in wild felids has been documented
worldwide with different degrees of importance. The viral
pathogens that have been identified in wild or captive leop-
ard cats include feline immunodeficiency virus (FIV) [10],
carnivore protoparvovirus 1 (genus Protoparvoviruses) [6,
11, 12], feline herpesvirus type 1 (FHV-1) [11], and feline
calicivirus (FCV) [11]. Furthermore, bacterial and para-
sitic agents include Anaplasma [13, 14], hemoplasmas [13,
15], Hepatozoon felis [16—18], and several helminths [19].
Although the effects of these infectious agents on leopard cats
remain unclear, identifying infectious agents in the leopard cat
population is essential for disease management and species
conservation.

In our previous study, we recorded protoparvovirus infec-
tion in free-living leopard cats, although that study had a lim-
ited sample size [6]. Here, we have extended the screening to
include other viral pathogens and increased the sample size.
The target viral pathogens were protoparvoviruses, feline leu-
kemia virus (FeLV), FIV, coronaviruses (CoVs), and canine
distemper virus (CDV). The target pathogens were identified
through molecular screening, and their spatial and temporal
distribution was analyzed. Furthermore, through sequencing
and phylogenetic analysis, we determined the phylogenetic
relationship of viral pathogens of leopard cats to those of
domestic carnivores.
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Materials and methods
Study area

All samples from leopard cats were collected from Miaoli
County in northwestern Taiwan (Fig. 1). The landscape of
the sampling area for the leopard cat population and the
population of sympatric free-roaming domestic carnivores
was described previously [6].

Sample collection

Samples from leopard cats were collected from Janu-
ary 2015 to April 2019. Free-living leopard cats were
trapped for radio telemetry tracking, or for relocation if
they invaded poultry farms. Permission for conducting
this study was issued by the Forest Bureau (permit no.:
Council of Agriculture, Forestry Bureau, 1061702029,
1081603388). Steel-mesh box traps (108-Rigid Trap,
Tomahawk Live Trap, Hazelhurst, WI, USA) baited with
live quails were employed for trapping leopard cats. The
trapped leopard cats were anesthetized by veterinarians by
using a mixture of dexmedetomidine hydrochloride (100
pg/kg) and tiletamine HCl/zolazepam HCI (2 mg/kg). The
procedures for leopard cat trapping, anesthesia administra-
tion, and sample collection were approved by the Institu-
tional Animal Care and Use Committee of the National
Pingtung University of Science and Technology (approval
numbers: NPUST-106-014 and NPUST-107-041).

The carcasses of found-dead (FD) leopard cats, with most
deaths caused by vehicle collisions, were collected and sub-
mitted by the County Government of Miaoli for additional
necropsy and sample collection.

The types of tissues and swabs collected for PCR or
reverse transcription PCR (RT-PCR) screening of selected
pathogens and the corresponding primers are presented in
Table 1.

We recorded the sex and age of each leopard cat. Age was
estimated as described previously [6]. The samples from
2015 to 2017 used in this study were the same as those used
by Chen et al. [6]

Nucleic acid extraction and RT-PCR screening
for selected viral pathogens

Samples were homogenized prior to nucleic acid extrac-
tion. Total DNA was extracted from the collected tissues
and blood samples using a DNeasy Blood and Tissue Kit,
and total RNA was extracted using an RNeasy Mini Kit
and a QIAamp RNA Blood Mini Kit (QIAGEN, Valen-
cia, CA, USA). A QIAamp DNA Stool Mini Kit and a



Viruses in wild leopard cats in Taiwan

429

120;800

121.000 121.200
1 1

24.600

24.400

Location of leopard cats

@ Live trapped
Roadkilled

Landuse type

I Agriculture

Il Forest

Il Wetland

I Building

Fig. 1 Sampling sites of leopard cats in Miaoli County. The inset
map of Taiwan indicates the location of Miaoli County. Circles and
triangles denote leopard cats that were live-trapped and found dead,

QIAamp Viral RNA Mini Kit (QIAGEN) were used to
extract DNA and RNA, respectively, from rectal swabs.

The manufacturer’s recommended procedures were fol-
lowed for nucleic acid extraction. Reverse transcription
of total RNA to cDNA was performed using an iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) fol-
lowing the manufacturer’s instructions.

We selected consensus primer sets for each viral
pathogen to avoid possible nucleotide mutations at the
primer annealing sites [20]. The detection limit of RT-
PCR was 10-100 gene copies/uL (Table 2). Samples that
were PCR-positive for the virus were then subjected to
sequencing for confirmation.

PCR amplicons were sequenced in an ABI377
sequencer using an ABI PRISM dye-terminator cycle
sequencing ready reaction kit with AmpliTaq DNA poly-
merase (Perkin-Elmer, Applied Biosystems, MA, USA).
To identify sequences similar to those of the amplicons,
a BLAST search of the GenBank nt/nr database, avail-
able on the BLAST website (https://blast.ncbi.nlm.nih.
gov/Blast.cgi), was performed.

respectively. The land-use type (agriculture, forest, wetland, or build-
ing areas) is indicated in the background.

Phylogenetic analysis

We selected sequences for phylogenetic analysis from the
NCBI GenBank database (https://www.ncbi.nlm.nih.gov/
nucleotide/) through a BLAST search (accessed on Sep-
tember 10, 2020) of each amplified sequence from the leop-
ard cat samples. The GenBank sequences were restricted
to sequences amplified in our sampling area, Taiwan, and
other Asian countries. Furthermore, some sequences were
observed to be widely distributed in Asian countries; we
retrieved five sequences of each type in Asian countries.
The nucleotide sequences of the infectious agents identi-
fied in this study and those retrieved from GenBank were
aligned using CLUSTALW [27] in MEGA 7 software [28].
Protoparvovirus variants were classified based on the amino
acid residues of the VP2 gene at positions 300, 305, 323, and
426 [21]. For identical sequences of the same protoparvo-
virus variant, we added a number after the variant designa-
tion (e.g., CPV-2a/1 is strain 1 of the CPV-2a variant). The
maximum-likelihood method [29] with 1000 bootstrap repli-
cates was used to model the phylogenetic relationship of the
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Table 1 Samples collected from free-living leopard cats and PCR primers used for amplifying the target pathogens

Virus! Sample for screening Screening method Primer nucleotide Amplicon size and ~ Ref.
position in the viral ~ gene
genome
(annealing tempera-
ture °C)
Live-trapped Carcasses
Protoparvoviruses Whole blood, rectal  spleen, Nested PCR First set (52°C): 482 bp; VP2 gene [21]
swab lymph node, M10 (3612-3637):
small intestine, 5’-ACACATACA
rectal swab TGGCAAACA
AATAGA-3’

MI11 (4125-4150):
5’-ACTGGTGGT
ACATTATTTAAT
GCAG-3’

Second set (65°C):

M13 (3629-3658):
5’-AATAGAGCA
TTGGGCTTACCA
CCATTTTT-3’

M14 (4082-4111):
S’ATTCCTGTT
TTACCTCCAATT
GGATCTGTT-3’

FelLV whole blood spleen Nested PCR First set (50°C): 601 bp; Gag and [22]
U3-F1 (186-205): LTR gene
5’- ACAGCAGAA
GTTTCAAGG
CC-3’
G-R1 (936-955):
5’-GACCAGTGA
TCAAGGGTG
AG-3’
Second set (52°C):
U3-F2 (224-243):
5’-GCTCCCCAG
TTGACCAGA
GT-3’
G-R2 (824-805):
5’-GCTTCGGTA
CCAAACCGA
AA-3’
FIV Whole blood Spleen Nested PCR First set (52°C): 576 bp; RNA- [23]
P1F (2407-2435): dependent DNA
5’-TGGCCW polymerase gene
YTAWCWAAT
GAAAARATW
GAAGC-3’
P2R (3401-3427):
5’-GTATTYTCT
GCYTTTTTCTTY
TGTCTA-3’
Second set (50°C):
P2F (2421-2450):
5’- TGAAAA
RATWGA
AGCHTTAACA
GAMATAG-3’
P1R (2967-2997):
5’-GTAATTTRT
CTTCHGGNGTY
TCAAATCCCC-3’
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Table 1 (continued)

Virus! Sample for screening

Live-trapped Carcasses

Screening method

Primer nucleotide Amplicon size and  Ref.
position in the viral ~ gene

genome

(annealing tempera-

ture °C)

CoV ‘Whole blood,

rectal swab

Spleen,

Small intestine,
lymph node,

rectal swab

RT-semi nested
PCR?

First set (54.7°C):

IN-6 (14215-14237):
5’-GGTTGGGAC
TATCCTAAG
TGTGA-3’

Cor-RV (14791-
14813): 5°-TGT
GAGCAAAAT
TCGTGAGGTCC-
3

Second set (55°C):

IN-6 (14215-14237):
5’-GGTTGGGAC
TATCCTAAG
TGTGA-3’

IN-7 (14631-14654):
5’- CCATCATCA
GATAGAATCATC
ATA-3’

439 bp; RNA-
dependent DNA
polymerase gene

[24, 25]

CDV

‘Whole blood Spleen, lung, lymph

node

RT-semi nested PCR

First set (48°C):

F1 (10080-10105):

S-TCITTYTTT

494 bp; RNA- [26]
dependent RNA
polymerase gene

AGRASITTYG-
GNCAYCC-3’
R (10665-10690):
5’-CKCATTTT
GTAIGTCATY
TTNGCRAA-3’
Second set (55°C):
F2 (10197-10225):
GCYATATTY
TGTGGRATA
ATHATHAAYGG
R (10665-10690):
5’-CKCATTTT
GTAIGTCATY
TTNGCRAA-3’

lprotoparvoviruses, carnivore protoparvovirus 1; FeLV, feline leukemia virus; FIV, feline immunodeficiency virus; CoV, coronavirus; CDV,

canine distemper virus

ZRT seminested PCR, reverse transcription seminested PCR

Table 2 Sensitivity of specific PCR assays for detecting protoparvo-
viruses, FeLV, FIV, CoV, and CDV. The target genes were cloned into
a plasmid vector, and the plasmid was diluted to 10° to 10° gene cop-
ies/uL for each detection assay

Targeted agent Sensitivity (gene copies/ul)

Protoparvoviruses 10 gene copies/pl
FeLLV 100 gene copies/pl
FIV 10 gene copies/pl
CoV 100 gene copies/pl
CDhV 10 gene copies/pl

sequences for each infectious agent. For each tree, the most
suitable model was determined using MEGA 7 based on
the lowest Bayesian information criterion (BIC) score [30].

Data analysis

Because we did not use a probability sampling design for
sample collection, we estimated the prevalence of conveni-
ence samples (hereafter "prevalence") of each targeted infec-
tious agent and the 95% confidence interval (CI) [31]. As
leopard cats are endangered and our sample size was limited,
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we did not conclude that one of the targeted infectious agents
was absent in the population of leopard cats if all of the
individual samples tested negative.

The samples from live-trapped (LT) and FD leopard cats
were pooled to identify possible spatial or temporal clus-
ters of target pathogens using SaTScan v9 [32] with the
Bernoulli model [33]. The analysis was used to determine
whether positive cases were randomly distributed over space
and time. Detection of a significant cluster of positive cases
would help to identify the possible influencing factors, which
would be critical for implementing disease management and
prevention programs. Cluster determination was performed
by gradually scanning a window across time and/or space
and comparing the numbers of observed and expected cases
[34]. Multiple window sizes were used during scanning. Sig-
nificant spatial and temporal clusters were reevaluated using
Monte Carlo replications under the null hypothesis to ensure
adequate power for defining clusters [34]. The maximum-
likelihood approach was used to determine the clusters, and
a p-value was determined for each cluster [34].

Results

Leopard cat sample collection and distribution
in Miaoli County

From 2015 to 2019, we collected samples from 23 LT and
29 FD leopard cats (Table 3; Table S1). No significant

difference in sex was noted between LT and FD individu-
als (Pearson’s chi-squared test; p = 0.157). However, the
FD group had significantly more adults than the LT group
(Fisher’s exact test; p = 0.0026). Samples were collected
from leopard cats across western Miaoli County in a land-
scape of fragmented secondary forest habitat surrounded by
farmland and residential areas (Fig. 1), corresponding to the
current distribution of the leopard cat population.

Prevalence of convenience samples and distribution
of targeted viral pathogens

Among the targeted viral pathogens, only protoparvoviruses
[prevalence (95% CI): 63.5% (50.4%—-76.6%)] and CoV
[8.8% (0%—18.4%)] were detected in the collected samples
from leopard cats (Table 4). The prevalence of protoparvo-
viruses in FD cats was significantly higher than that in LT
cats (Fisher’s exact test, p = 0.002). Furthermore, the preva-
lence was significantly higher in adults than in subadults
(Fisher’s exact test, p = 0.01). No differences in prevalence
were noted regarding the type of sample, sex, or age for
CoV (Table 4).

The distribution of protoparvovirus-positive individuals
was scattered in western Miaoli County. Three CoV-positive
samples were found in northwest Miaoli (Fig. 2). No spatial
or temporal aggregation of protoparvovirus infection was
observed in the sampling area (SaTScan, Bernoulli model, p
= 0.094). Spatial and temporal analyses were not performed

Table 3 Sex and age

Ee . Type of animal analyzed Female (n = 19) Male (n = 33) Total
distribution of live-trapped and
found-dead leopard cats Adult Subadult Juvenile Adult Subadult Juvenile
Live-trapped 4 4 5 7 0 23
Found dead 0 16 4 1 29
Total 10 5 4 21 11 1 52
Table 4 Preyalence of Category Protoparvoviruses (n = 52) Coronaviruses (n = 34)
protoparvoviruses and
coronaviruses in the free- Positive Prevalence (95% CI) Positive Prevalence (95% CI)
living leopard cat population
according to sample type, sex, Total 33 63.5% (50.4-76.5) 3 8.8% (0-18.4)
and age Type of sample
Live-trapped 9 39.1% (19.2-59.1) 1 7.1% (0-20.6)
Found-dead 24 82.8% (69.0-96.5) 2 10.0% (0-23.1)
Sex
Female 11 57.9% (35.7-80.1) 3 27.3% (0-53.6)
Male 22 66.77% (50.6-82.8) 1 4.3% (0-12.7)
Age
Adult 24 77.4% (62.7-92.1) 0 0% (0-15)
Subadult 37.5% (13.8-61.2) 2 22.2% (0-49.4)
Juvenile 3 60% (17-100) 1 20% (0-55.1)
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Fig.2 Spatial distribution of protoparvoviruses and coronavirus in leopard cats. No significant aggregation of positive samples was noted for

either virus.
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Fig.3 Frequency of positive detection of protoparvovirus variants
from 2015 to 2018

for CoV, CDV, FeLV, and FIV because there were few or no
positive samples.

Identification of viral variants and phylogenetic
analysis

Identification of protoparvovirus variants was based on the
VP2 amino acid sequences obtained from 29 protoparvovi-
rus-positive samples, 13 of which were from our previous
study and were already in the GenBank database [6]. We
determined that 11, 7, 6, and 5 leopard cats were infected
with CPV-2a, CPV-2b, CPV-2c, and feline panleukope-
nia virus (FPV), respectively (Table S2). The occurrence
of protoparvovirus variants was significantly different

between 2015 and 2018 (Fisher’s exact test, p = 0.006);
the occurrence of CPV-2b decreased, and that of CPV-2¢
and FPV increased (Fig. 3).

Partial VP2 sequences of 414 bp from nucleotide posi-
tions 3679 to 4092 of all protoparvovirus strains ampli-
fied from 29 leopard cats, 27 dogs, and 9 cats in Miaoli
County and accessed from GenBank were included in our
phylogenetic analysis (Table S3). We adopted the Tamura
3-parameter model to construct a protoparvovirus phylo-
genetic tree based on the lowest BIC scores. Most of the
sequences of each protoparvovirus variant from leopard
cats and domestic carnivores in Taiwan were identical,
comprising strains CPV-2a/1, CPV-2b/1, CPV-2b/3, CPV-
2c/1, CPV-2¢/2, and FPV-1 (Fig. 4, Table S3). However,
certain strains were detected in leopard cats but not in
domestic carnivores (Fig. 4, Table S3). Most nucleotide
mutations in different protoparvovirus variants from leop-
ard cats were synonymous (Fig. 4; Table S2), whereas
nonsynonymous mutations were found in CPV-2a/3,
with P352L and P356S substitutions; CPV-2b/2, with an
S339N substitution; FPV/2, with an A379V substitution;
and FPV/3, with Q310L, A334T, R377K, and R382K
substitutions.

Phylogenetic analysis of the three sequences (length:
381 bp, positions 14,218 to 14,598) amplified from the
RNA-dependent DNA polymerase (RdRP) gene of CoV
from leopard cats was performed using the Tamura three-
parameter model with a discrete gamma distribution. The
phylogenetic tree indicated that all of the CoV sequences
from leopard cats belonged to a cluster corresponding to
the species Alphacoronavirus 1 and a feline coronavirus
subcluster (Fig. 5).
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IMN136063/India*, MH711888/Thailand*

CPV-2a/2 Leopard cat  [MN528735

CPV-2a/3 Leopard cat _[MN528736
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CPV-2b/1 Leopard cat |MH127898*, MH127901

Do IKX396350/Taiwan*

CPV-2b/2 Leopard cat  [MH127900*

g pard ca 27897*, 27899%. 279027 279037
CPV-2b/3 Leopard cat  [MH127897*, MH127899%, MH127902*, MH127903

Dog JAB120728/Vietnam* _KX396361/Taiwan*

Leopard cat _|MN528724, MN528731, MN528734, MN528737, MN528738

CPV-2¢/1 KX3
Dog ;.
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395/Taiwan*, LC216910/Indonesia*, MK332007/China*, MN453230/South Korea*,

Leopard cat _[MN528729

CPV-2e2 o
e MH711902/Thailand*

IMN832850/Taiwan*, MN453230/South Korea*, MT010564/China*, MK357734/Vietnam*,

528721 52872 52872
FPV-strain 1 Leopard cat [MNS528726, MN528727, MN528728,

Cat IMH127912/Taiwan*, JX048608/ Taiwan*, KC814179/China*

FPV-strain 2 Leopard cat _[MN528725

FPV-strain 3 Leopard cat _[MN528723

*Sequence retrieved from Genbank
TAIll the leopard cat samples were collected from Miaoli-Taiwan

Fig.4 Molecular phylogenetic relationship of partial VP2 sequences
of carnivore protoparvovirus 1 amplified from leopard cats and
domestic carnivores and sequences retrieved from GenBank. A, phy-
logenetic tree; B, information about strains, host and isolation area/
country of each sequence amplified or retrieved from GenBank; C,
spatial distribution of strains amplified in this study or retrieved from

Discussion

In this study, we screened for selected viral pathogens using
RT-PCR and determined the distribution of protoparvovi-
ruses and CoVs in free-living leopard cats. Phylogenetic
analysis revealed that, in most cases, identical strains of pro-
toparvovirus variants were present both in leopard cats and
in domestic carnivores; however, unique strains were also
identified in leopard cats. RdRp sequencing revealed that
all the CoVs identified were strains of feline CoV (FCoV),
species Alphacoronavirus 1.

Protoparvovirus and FCoV infection in free-living leop-
ard cats has been reported only in Taiwan [6], although
protoparvovirus infection has been reported previously in
captive leopard cats in Taiwan and Vietnam [11, 12]. The
worldwide distribution of protoparvoviruses has resulted
in the infection of various wild carnivorous species [21,

@ Springer

GenBank in the sampling area; D, spatial distribution of each strain
retrieved from GenBank in Taiwan and Southeast Asia. The boot-
strap value is reported next to the node with 1000 replicates. Each
variant and strain is labeled and followed by the number of identical
sequences within each group (e.g., CPV-2a/1 (23) indicates that strain
1 of the CPV-2a variant contains 23 identical sequences)

35-38]. Mech et al. [38] determined that protoparvovi-
ruses reduced wolf pup survival by 40%—60% and impeded
their population growth rate. Although clinical signs of
protoparvovirus infection are commonly found in juve-
nile or subadult individuals of domestic carnivores, severe
clinical signs of protoparvovirus infection have also been
noted in adults [39—41]. Studies have been increasingly
reporting severe protoparvoviruses enteritis in adult dogs
[40, 42]. Furthermore, a higher risk of chronic gastroin-
testinal disease in dogs after protoparvovirus infection has
been reported [43]. In our study, we observed a higher
prevalence of protoparvoviruses in FD samples and adults.
A higher prevalence may represent a higher risk of infec-
tion or lower mortality. However, prevalence data alone
are insufficient to evaluate the effect of protoparvoviruses
on different sample types or age categories. Therefore,
information regarding the physical effects, pathological
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Fig.5 Molecular phylogenetic relationship of the partial RNA-
dependent RNA polymerase gene of coronavirus amplified from
leopard cats and sequences retrieved from GenBank. The bootstrap

changes, and mortality caused by protoparvoviruses is
required.

FCoV infection has been documented in various domestic
and wild felids [44—47]. The infection can be asymptomatic
or associated with a fatal systematic disease, feline infec-
tious peritonitis (FIP), and enteric disease [48, 49]. Mochi-
zuki et al. [50] tested 17 Iriomote cats (P. bengalensis irio-
motensis, a subspecies of leopard cat) for serum antibodies
against FCoV and found a prevalence of 82%. That study
indicated frequent exposure to and transmission of FCoV in
leopard cats. Although FCoV is commonly detected in wild
felids worldwide, only a few species, such as cheetahs (Aci-
nonyx jubatus), have been reported to exhibit FIP [44, 46,
48]. In our study, two of three positive samples were from
FD cats and one was from an LT cat. We did not detect any
pathological changes or clinical signs related to FCoV. Nev-
ertheless, felids infected with FCoV without any evidence
of disease are considered chronic carriers that may increase
other felids’ risk of contracting FIP [45, 49].

We did not evaluate the effects of protoparvoviruses or
FCoV on individuals or the population of these leopard
cats. However, based on the documented effects and cases
of protoparvoviruses and FCoV in wild felids, the effect of
protoparvoviruses and FCoV on leopard cats should not be
overlooked, and continuous surveillance is required.

No spatial aggregation of protoparvovirus infection in
leopard cats was found in the sampling area, which indi-
cated an even distribution of protoparvoviruses in the
leopard cat habitat, and the probability of exposure to
protoparvoviruses was similar throughout the population
of leopard cats in the sampling area. However, our sample

value for 1000 replicates is reported next to the node. Three amplified
sequences for leopard cats (GenBank accession numbers: MN528739
— MN528741) are located in the feline coronavirus cluster.

size was only 52, and the sampling design was not ran-
dom. The total population of leopard cats was estimated
to be 354-524 individuals [51], and our sampling area was
approximately half of their critical habitat area in Taiwan.
We believed that the sample size covered a relatively high
proportion of the population and that the sample was rep-
resentative of the population. Protoparvoviruses are stable
in the environment, and can remain infectious for several
months [35]. Free-roaming domestic carnivores are com-
monly observed in the sampling area, which is an active
area with well-developed road systems [52, 53]. Although
the sample size was small, we found a very high preva-
lence of protoparvoviruses (90%; n = 10; data not shown)
in free-roaming dogs and cats in our sampling area. These
conditions aggravate the transmission and distribution of
protoparvoviruses in the leopard cat habitat. Future studies
should evaluate the influence of domestic carnivores on
protoparvovirus transmission in the habitat.

In addition to pathogen surveillance, molecular analysis
techniques may be useful for investigating several aspects
of pathogenesis [54], including pathogen characteristics and
pathogen transmission [54]. We identified infections with
four variants of protoparvoviruses and FCoV in leopard cats
by sequencing amplicons obtained by PCR or RT-PCR. A
study using temporal dynamics revealed that CPV-2c and
FPV infections increased and that CPV-2b gradually became
the predominant protoparvovirus variant in dogs [55]. We
first detected CPV-2c in leopard cats in 2017, suggesting that
the original direction of transmission of protoparvoviruses
might have been from domestic carnivores to leopard cats.
Background information and surveillance data for FPV are
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scant. Therefore, factors that increase FPV infection rates
need to be assessed.

In our previous study, partial VP2 gene sequences
revealed that most sequences of protoparvovirus variants
were identical between domestic carnivores and leopard cats
[6], suggesting frequent transmission of protoparvoviruses
between domestic and wild carnivores. In this study, we col-
lected twice the number of leopard cat samples and identi-
fied several different strains of each protoparvovirus variant
circulating in the leopard cat population (Fig. 4). However,
the majority of the domestic carnivores and leopard cats
were infected with a specific strain of each variant. These
results support the assumption that protoparvoviruses are
transmitted between domestic carnivores and leopard cats.
However, the lack of complete VP2 sequences precluded the
determination of the phylogenetic relationships between the
protoparvoviruses isolated from leopard cats and those from
domestic carnivores.

We identified nonsynonymous mutations in the strain
from leopard cats. The functional importance of these
amino acid substitutions is not known. The amplified DNA
sequence of protoparvovirus VP2 encoded amino acids 300
to 437 (Table S2), located in the GH loop, an externally
exposed loop in the antigenic region with the greatest vari-
ability [56]. Although specific protoparvovirus strains were
detected in leopard cats, only a few sequences from domestic
carnivores in the sampling area were available for phyloge-
netic analysis. Therefore, we could not determine if those
strains are specific to leopard cats.

Cross-species transmission of protoparvoviruses between
domestic and free-living carnivores has been demonstrated
or suspected in several countries [35, 36]. Because leopard
cats are endangered in Taiwan, sustained protoparvovirus
transmission in this low-density population is improbable
[57]. We therefore consider domestic carnivores to g3 the
primary reservoirs because, among the carnivores in the
study area, dogs and cats were the most abundant and exhib-
ited a high prevalence of protoparvovirus infection.

In this study, we did not detect any FIV, FeLV, or CDV
infections in leopard cats. The 95% CI of FIV, FeLV, and
CDV prevalence was 0%-5.9%, 0%—6%, and 0%—6.3%,
respectively. Because FIV and FeLV proviral DNA gets
incorporated in peripheral blood monocytic cells of felids,
which can be long-term carriers of the virus, the probabil-
ity of a false negative by PCR screening is low. Therefore,
we consider the prevalence of FIV and FeLV to be low in
Taiwanese leopard cats. Serological surveys of FIV and
FeLV in leopard cats in Taiwan and Vietnam revealed no
positive cases [12, 58]. However, Hayama et al. [10] deter-
mined prevalence rates of 3% (n = 86) and 13.6% (n = 280)
for FIV infection in Tsushima leopard cats and domestic
cats, respectively, in Kami-Shima, Tsushima Island, Japan.
Domestic cats were considered the reservoirs of FIV in the
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Tsushima case [10, 59]. The prevalence of FIV and FeLV
varies among different felids and in different geographic
regions [60].

CDV infection has been reported in both wild and domes-
tic felids [60, 61]. Ikeda et al. [62] reported the detection of
antibodies against CDV in a captive leopard cat in Taiwan.
Furthermore, a serological survey for CDV found a preva-
lence of 77.8% in wild Taiwanese leopard cats [63]. Expo-
sure to CDV in Taiwanese leopard cats is considered high.
However, none of the leopard cats in our sample showed
clinical signs of CDV. Although we targeted our nucleotide
sequence amplification to a CDV strain found in leopard
cats, a low detection rate was expected because the virus has
a short shedding period. Furthermore, a diseased individual
may reduce its activity, thereby reducing the likelihood that
it will be found for sampling.

Our study revealed protoparvovirus and FCoV infection
in free-living leopard cats. Sympatric domestic carnivores
are considered the primary reservoirs for the pathogens iden-
tified in our study. Although we did not evaluate the effects
of protoparvoviruses and FCoV on individual leopard cats
or populations of leopard cats, we strongly recommend that
protoparvoviruses and FCoV be managed in the leopard
cat habitat, with an emphasis on vaccination programs and
population control measures for free-roaming dogs and cats.
Because of antigenic differences among protoparvovirus var-
iants, new vaccines that also provide protection against the
CPV-2c variant may need to be developed [40, 64].
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