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Cross-species transmission can often lead to deleterious effects in incidental hosts. Parvoviruses have a wide host
range and primarily infect members of the order Carnivora. Here we describe juvenile common palm civet cats
(Paradoxurus musangus) that were brought to the Singapore zoo and fell ill while quarantined. The tissues of
two individual civets that died tested PCR-positive for parvovirus infection. Phylogenetic analysis revealed this
parvovirus strain falls in a basal position to a clade of CPV that have infected dogs in China and Uruguay, suggest-

ing cross-species transmission from domestic to wild animals. Our analysis further identified these viruses as ge-
notype CPV-2a that is enzootic in carnivores. The ubiquity of virus infection in multiple tissues suggests this virus
is pathogenic to civet cats. Here we document the cross-species transmission from domestic dogs and cats to wild
civet populations, highlighting the vulnerability of wildlife to infectious agents in companion animals.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Viruses in the subfamily Parvovirinae infect vertebrates and have a
wide host range, infecting humans, pigs, bats, rodents, and several
species in the mammalian order Carnivora [1]. There are main three
parvoviruses that infect these animals; canine parvovirus (CPV), feline
panleukopenia virus (FPV), and mink enteritis virus (MEV). Parvovi-
ruses are primarily transmitted fecal-orally, though it may also be
transmitted via predation, scavenging carcasses, or oronasally [2].
Virus is shed at high titers for 4-12 days post-infection [3,4], typically
in young animals, but it is exceptionally durable and can persist in the
environment for weeks under ideal conditions [5]. CPV is thought to
have originated from FPV from a cat or another carnivore [6]. Although
cats can be infected with CPV, dogs are the natural reservoir.

Parvoviruses are non-enveloped single-stranded DNA viruses with a
genome approximately 5 kb in length that consists of two open reading
frames (ORF) flanked by the 5’ and 3’ untranslated regions [7]. The first
ORF encodes the non-structural proteins NS1 and NS2, while the second
ORF encodes the structural VP1 and VP2 proteins [8]. Host machinery
transcribes their genomes into mRNAs and replication occurs in the
nucleus. The capsid region determines host range [9] and is prone to
immunological pressure [10].
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Singapore is a highly urbanized country that has lost nearly all of its
original habitats and suffered a consequent loss of wildlife diversity
[11]. Wild animals have limited sites to inhabit within this complex
urban island biogeography. This loss of habitat also increases interac-
tions between forest species and peridomestic species, potentially lead-
ing to cross-species transmission between these two groups [12]. There
are four confirmed species of civet cats in Singapore, one of which
adapts readily to human habitation (Paradoxurus musangus) [13].
Their use of human domiciles may lead them into contact with feral
dogs and cats.

In this study, we sequenced and characterized a parvovirus isolated
from a juvenile civet cat to understand its relatedness to known isolates.
Apparently healthy juvenile civet cats (Paradoxurus musangus) were
brought to Wildlife Reserves Singapore (WRS) from central and eastern
Singapore. Within 27 days after arrival one individual developed diar-
rhea and died, and shortly after another individual housed with the
first, developed diarrhea and also died. To ensure other species at the
zoo would not be exposed, the two remaining civets housed in the
same area were euthanized as a viral infection was suspected.

Tissue samples were collected from two civet cats and delivered to
Duke-NUS Medical School for screening. Tissues were placed into vials
with virus transport media and silicate beads, then homogenized in a
Fast-Prep-24 (MP Biomedicals, Santa Ana, CA). DNA was extracted
from the homogenized tissues using Qiagen DNeasy Blood and Tissue
Kit (Qiagen, Germantown, MD) following the manufacturer's instruc-
tions. Samples were initially tested for both canine parvovirus (CPV)
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and feline parvovirus (FPV) using a nested PCR to amplify a 428 bp re-
gion in the non-structural protein (NS1) gene following published pro-
tocols [14,15] (supplementary data 1). A second PCR was run to amplify
583 bp of the VP2 capsid gene using a previously established protocol
[16]. The resulting PCR products were purified with a QIAquick Gel
Purification kit (Qiagen, Germantown, MD) and sent for sequencing to
Axil Scientific (Singapore).

The brain, heart, liver, spleen, and small intestine from one
P. musangus and the brain and heart samples from the second individual
tested positive for canine parvovirus using the nested CPV NS1 PCR. The
liver sample from the second individual tested negative with the CPV
NS1 primers and all samples tested negative with the FPV primers. Ex-
tracted DNA from the tissues was pooled by individual and screened
for CPV VP2, both of which were positive. Preliminary genetic analysis
of the NS1 and VP2 segments sequenced from the diagnostic PCR dem-
onstrated that they belonged to canine parvoviruses.

To generate a full parvovirus genome, we used samples from the first
civet cat to display symptoms and designed primers for whole genome
amplification using Primer3 in Geneious v7.1.6 [17] (Suppl. Table 1).
When specific PCR products produced poor direct sequencing results,
these amplicons were purified using a QIAquick PCR purification kit
(Qiagen, Germantown, MD) and cloned with a p-GEM-T Easy Vector
System (Promega, Madison, WI). Amplification of untranslated regions
was performed using 3’ RACE and 5’ RACE Systems for Rapid Amplifica-
tion of cDNA ends (Life Technologies, Carlsbad, CA) according to the
manufacturer's instructions followed by a hemi-nested PCR, however,
amplification of the 5" and 3’ untranslated regions was unsuccessful.

To quantify the viral DNA copy load per tissue, 1 g of each tissue type
from each animal was homogenized in 1000 pl of viral transport media.
A total of 200 pl of supernatant was used for the DNA extraction (as
above) and eluted in 200 pl of Qiagen elution buffer. The qPCR reaction
mixture was 10 pl of 2 x SensiFAST SYBR No-ROX (BIOLINE, London,
UK), 10 uM of the forward (CPV-NS1 456F 5’- AGCTTCCAGGAGACTT
TGGT-3’) and reverse primers (CPV-NS2 599R 5’'- CCGCCCAGTTTTCA
TCCCAT-3"), 4 ul of water and 4 pl of DNA template. The PCR conditions
consisted of an initial denaturation period at 95 °C for 5 min, followed by
40 cycles of 95 °C for 20 s and 55 °C for 30 s with a melt curve analysis
from 45 °C-95 °C increasing 0.5 °C every 5 s and were run on a CFX96
Touch Real-Time PCR Detection System (Bio-Rad). A standard curve
was generated by amplifying a 461 bp fragment of the NS1 gene con-
taining the qPCR target using the primers Parvo271F (5’-TTTTAGAATG
CACGGATGGA-3") and Parvo477R (5’- CTTTGCAACCTGGTGAATTT-3").
Serial 10-fold dilutions were quantified with the qPCR to generate an
absolute standard curve (Suppl. Fig. S1).

Recombination detection analysis, using the publicly available CPV
full genomes, implemented using GARD [18], revealed a recombination
breakpoint that corresponds to the junction between the two ORFs, con-
sistent with previous reports [19]. All subsequent phylogenetic analyses
were therefore conducted on separate alignments of the NS1 and VP2
genes. The full-length VP2 dataset comprised a total of 417 parvovirus
sequences, including 411 CPV sequences from different hosts such as
bobcat (Lynx rufus), coyote (Canis latrans), dog (Canis lupus), fisher
(Martes pennanti), gray wolf (Canis lupus), raccoon (Procyon lotor), red
fox (Vulpes vulpes) stone marten (Martes foina); four MEV sequences
from Mink species (Mustela lutreola); and one sequence from a feline
species as an outgroup. For the full-length NS1 dataset, 104 sequences
were included in the analysis. Phylogenetic relationships were inferred
using maximum likelihood in RAXML v.8.0.14 [20], under the general

time reversible model of nucleotide substitution with gamma distribu-
tion of rate variation among sites.

A total of 4363 bases were sequenced with a G + C content of 36.6%
(Accession number: KX618915). Overlapping regions from directly se-
quence PCR products and cloned amplicons showed 8 nucleotide sites
with variants, four of these with non-synonymous mutations (Suppl.
Table 2). Where there was overlap, the civet cat parvovirus was 99.6%
identical to canine parvovirus isolate SC02/2011 (JX660690) from
China. The consensus parvovirus sequence generated lacked stop co-
dons in the coding genes indicating it was a viable virus and that a
non-viable genome was not sequenced. The first civet cat was much
more heavily infected than the second civet cat. The comparative num-
ber of viral DNA copies was 20x higher in the brain, 80x higher in the
heart and 4700 x higher in the liver in the first animal, indicating this
animal was likely recently infected (Table 1). The spleen was the
organ with the highest number of viral DNA copies, followed by the
liver and small intestine.

Phylogenetic analysis of the NS1 region revealed this parvovirus
strain falls in a basal position to a clade of CPV that have infected dogs
in China [21] and Uruguay [22] (Fig. 1A and Suppl. Fig. S2). The phylog-
eny of the VP2 gene showed a similar relationship, but with no statisti-
cal support (Fig. 1B and Suppl. Fig. S3). Our phylogenetic analysis
therefore indicates the virus from civets is a canine parvovirus. As CPV
populations show a strong spatial structure, with limited gene flow be-
tween populations [23], we hypothesize that these civet cats acquired
the infection locally from an infected dog or dog feces. Furthermore,
genotyping of the CPV from civet cats based on amino acid position
426 of the VP2 protein [24,25] showed that it was a CPV-2a virus
(Fig. 1C).

Host range and host switching for parvoviruses appear to be corre-
lated to specific mutations in the VP2 capsid protein [26]. The progeni-
tor CPV genotype (CPV-2) affected dogs, but was unable to infect other
carnivores. Subsequent mutations in VP2 residues produced two pan-
demic variants, CPV-2a and CPV-2b, with the ability to infect multiple
species in Carnivora. In the VP2, there are a number of polymorphic
sites that differ between hosts and mutations in these sites may modify
antibody binding or change the structure of the capsid [27]. The CPV de-
scribed here had the same amino acid profile in the VP2 as the most ge-
netically closely related strain (GenBank accession number JX660690),
but there was one key difference at amino acid residue 300 where the
civet cat had an aspartic acid, while canine parvoviruses typically have
a glycine (Table 2). This site has been shown to influence transferrin re-
ceptor binding of host cells and may indicate a virus adaptation as
aspartic acid at the VP2 aa residue is often witnessed in raccoons [28].
Interestingly, there were several amino acid residue differences be-
tween this strain and a palm civet parvovirus detected in China. Addi-
tionally, canine parvoviruses are able to use feline receptors to enter
cells and infect members of the Suborder Feliformia [29]. The absence
of host adaptation related mutations in the capsid of this virus sequence,
suggests that the civet cat infection was a direct or recent transfer from a
dog, consistent with the phylogenetic analysis.

Cross-species transmission events are governed by several factors.
Incidental hosts need to share space and time with infected reservoirs
or encounter infectious material. These individuals need to be suscepti-
ble and the pathogen must possess the capacity to utilize host cell re-
ceptors and replication machinery [30,31]. Infections are often
ephemeral, resulting in acute host morbidity and mortality or failure
of the parasite to thrive. In both cases, the parasite is infrequently

Table 1

Viral DNA copy numbers per 1 g of tissue per animal.
Animal Brain Heart Liver Spleen Small Intestine
Civet cat 1 (074F-0644) 9.11 x 10* 2.07 x 10° 1.37 x 107 9.26 x 107 8.44 x 10°
Civet cat 2 (0728-87A6) 4.43 x 103 2.61x 103 2.88 x 10°
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