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Abstract

Feline panleukopenia virus (FPV) and Canine parvovirus (CPV) are significant enteric viruses in cats,
causing acute diarrhoea, hemorrhagic enteritis and leukopenia. To better understand the prevalence
and molecular epidemiology of parvovirus in domestic kittens in China, we tested for these viruses in
143 faecal samples collected from diarrhoea-affected/healthy domestic kittens during 2016-2017 and
analysed the sequences of parvovirus-positive samples. According to the results, 55 samples (38.46%)
were positive for parvovirus; among these, 1 (named as CC-04/16-05) was identified as a new CPV-2a
strain, 1 (LY-02/16) as a new CPV-2b strain and 53 as FPV. These findings show CPV-2a/2b and FPV to
be circulating in domestic kittens in Northeast China. Genetic analysis shown that all of the FPV
strains isolated in China can be grouped into the FPV G1 cluster, whereas two FPV vaccine strains are
classified into the G2 cluster, revealing that this may be an important reason for the limited
effectiveness of vaccines against FPV. Furthermore, a common mutation (Tyr324Ile) was present in
strains CC-04/16-05 and LY-02/16, and Phe267Tyr and Thr440Ala mutations were present only in strain
LY-02/16. The emergence of novel CPV-2a/2b strains with critical mutations, which related to the host-
ranges of CPV, suggesting that there are a potential risk of the outbreak of CPV in felid.
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Introduction with approximately 5.2-kbp linear single-stranded
DNA genome®. FPV and CPV are the most

Feline panleukopenia virus (FPV) and Canine significant viral pathogens of severe enteric
Parvovirus (CPV), which belong to the genus disease in cats and dogs, respectively, characterized
parvovirus, subfamily Parvovirinae in the family by acute diarrhoea, haemorrhagic enteritis and
Parvoviridae, are small, non-enveloped viruses leukopenia. FPV-induced disease in cats was
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recognized in 1920s; in the late 1970s. a host-
range variant of FPV, CPV-2, emerged as a new
virus in dogs and then circulated rapidly
worldwide®. Between 1979 and 1985, two novel
genetic and antigenic variants of CPV, CPV-2a
(426Asn) and CPV-2a (426Asp), were found and
identified in dogs™. Soon after they emerged, a
new mutation was observed in CPV-2a/2b at
amino acid 297 (Ser to Ala) of the VP2 protein,
and these variants were designated as new
strains of CPV-2a/2b**®. Another antigenic
variant, CPV-2¢ (426Glu), was first reported in
Italy in 2000, and it has since become the
predominant type in several regions, including
Italy, Argentin a”, Portugal'”, India®”, China and
North America®*®".
variants CPV-2a/2b/2¢ have completely replaced

At present, the antigenic

original CPV-2, and appear to be co-circulating
in many countries.

Identity and similarity between FPV and
CPV-2 are more than 98% at the nucleotide
CPV-2 is
distinguished from FPV based on changes in six
VP2 protein residues, namely, 80, 93, 103, 323,
564 and 568".
important ligand that binds to the host cell

16)

and amino acid sequence levels.

A capsid protein, VP2 is an
transferrin receptor (TfR)™, and the host ranges
of the above two parvoviruses are determined by
residues 93, 103 and 323". Previous research
demonstrates that FPV cannot replicate in the
gut of dogs; CPV-2 is able to replicate in feline
cell cultures but is incapable of replicating
in feline tissues”. After the mid-1980s, three
antigenic variants, CPV-2a/2b/2¢, containing five
amino acid changes (residues 87, 300, 305, 426,
and 555) compared with the original CPV-2
emerged successively in dogs and rapidly spread
worldwide. With the emergence of subtypes, the
host range of CPV had also changed. Unlike the
original CPV-2, antigenic variants can bind to
feline TfR and infect cats, causing the same
clinical signs as feline panleukopenia (FPL)**.
Since the first report of cats infected with
CPV-2a in the late 1980s, CPV-2a/2b has been

reported in domestic cats in Japan®, Turkey®”,

)

Germany®, India®® and other countries. Recent

reports have shown that CPV-2c can also infect
cats and cause more serious symptoms®”.

In addition, co-infection of CPV subtypes and
FPV has been detected in a variety of domestic
cats as well as wild cats, including tigers,
leopard, and lions, and also in pandas>®”. This
mixed infection increases the chance of genetic
mutation and recombination of CPV and FPV
and suggests that cats act as carriers of different
parvoviruses and as a source of new variants of
parvovirus that infect cats, dogs and other
animals.

Therefore, risk assessment of new parvovirus
variants will be helpful for carrying out molecular
aetiological investigations in domestic and wild
cats worldwide. In China, a number of CPV
strains isolated from dogs have been identified,
sequenced and analysed, though genetic analysis
of CPV and FPV in domestic cats is lacking®**”.
In the present study, we investigated the
molecular characterization of parvovirus in
domestic kittens from northeast China between
2016 and 2017. The genetic analysis of epidemic
isolates and comparison among isolates and
foreign isolates are discussed to allow a better
understanding of the prevalence status of

parvovirus in domestic cats in China.

Materials and Methods

Sample collection: A total of 143 faecal samples/
anal swabs were collected from 87 diarrhoea-
affected and 56 apparently healthy domestic
kittens, aged from one to six months, from animal
shelters, private veterinary clinics and rural
households in Northeast China between January
2016 and June 2017. The faecal samples/anal
swabs were homogenized in 1 ml of phosphate-
buffered saline (PBS, pH = 7.4) with ampicillin
and streptomycin, centrifuged at 8000g for
10 min at 4°C, and the supernatant was collected
and stored at —70°C until use.
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DNA extraction and preliminary screening by PCR
and RFLP: Genomic DNA of samples was extracted
using Viral DNA Extraction Kit I (OMEGA
Bio-tek., China) according the manufacturer’s
instructions. Preliminary parvovirus screening
was carried out using the parvovirus consensus
primers (P1: 5-GGATGGGTGGAAATCACAGC-3’;
P2: 5-ATAACCAACCTCAGCTGGTC-3)*, which
amplify an 845-base-pair (bp) fragment of the
VP2 gene and CPV and FPV were differentiated
by PCR-RFLP, as described previously”.
Preliminary screening were performed in triplicate

to ensure screening accuracy.

Amplification, sequencing and phylogenetic
analysis of the full VP2 gene: Genomic DNA of
PCR-positive samples was used as the template
for amplification of the full-length VP2 gene of
parvovirus using primer pairs (P3: 5-ATGAGT
GATGGAGCAGTTCAACCAGAC-3; P4: 5-CTA
GGTGCTAGTTGATATGTAATAAAC-3)*. The
amplified products were separated by 1.0% agarose
gel electrophoresis and visualized using gel
documentation system (Wealtec, USA). The PCR
products were purified using a DNA Gel
Extraction Kit (OMEGA Bio-tek., China), cloned
into the PMD-18T vector, and transformed into
DH-5a
instructions. Positive clones were selected, and

cells according the manufacturer’s
plasmids were purified using a plasmid mini kit
(OMEGA Bio-tek., China) and identified using
the universal primer pair M13/M17 for PMD-18T.
Positive plasmids were sequenced by Sangon
Biotech (Shanghai, China). To ensure sequence
accuracy, each sample was sequenced using at
least three positive clones and each specific base
was sequenced at least four times.

The full-length nucleotide and amino acid
sequences of the parvovirus VP2 gene obtained
in this study were compared with other parvovirus
reference sequences in GenBank. Sequence
analysis was performed with Lasergene software
using the MegAlign function (DNASTAR, Madison,
WI, USA). Phylogenetic analysis of the full-

length VP2 gene was inferred using the neighbour-

joining method in MEGA 7.0, and evolutionary
distances were computed using the maximum
composite likelihood method.

Results

Screening results

Of the total samples, 55 (38.46%) tested
positive for parvovirus. Parvovirus-positive kittens
were found across different age groups in all
populations, with high positive rate ranging from
28.00% to 46.38%. Faecal samples/anal swabs
collected from different regions showed different
positive rate ranging from 22.22% to 45.57%.
Female and male kittens had a similar positive
rate (37.97% and 39.06%), and those with
diarrhoea had a higher positive rate (55.17%)
than healthy kittens (12.5%), and unvaccinated
kittens also have a higher positive rate (48.21%)
than vaccinated kittens (28.21%) (Table 1). In
addition, two parvovirus-positive samples tested
positive for CPV in a PCR-RFLP assay, yielding
602-bp and 414-bp Other
samples were positive for FPV, generating
602-bp, 302-bp and 102-bp specific products in
PCR-RFLP reactions (data not shown). Detailed
information on the parvovirus-positive samples,

specific products.

including the names, sources and viral types of
samples and the ages, sexes, vaccination status
and clinical signs of kittens, are shown in

supplemrntary table 1.

Sequence analysis

The full-length VP2 gene was successful
amplified from the parvovirus-positive samples,
yielding a 1755-bp PCR fragment, and 24 different
sequences (GenBank accession no. MF541119-
MF541142) were obtained from 55 positive faecal
samples/anal swabs. Sequence analysis showed
these sequences to be highly related to each
other, with nucleotide sequence identity ranging
from 97.9% to 99.9%; moreever, had high identity
of 97.7%-99.9% with the VP2 gene of reference
FPV and CPV-2a/2b/2¢ strains in GenBank were
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observed. Among these positive samples, 53 were
identified as FPV, one as CPV-2a (CC-04/16-05),
and one as CPV-2b (LY-02/16), considering
changes in residues 87, 297, 300, 305, 426, and
555 of the VP2 protein. These results were in
accord with the results of PCR-RFLP screening.

To further analyse mutations in these positive
samples, we determined amino acid changes in
the VP2 protein of parvovirus-positive samples
(Table 2). All FPV-positive samples presented
G171A, T302C and G1521A mutations, with
corresponding amino acid changes of Gly57Gly,
I1e101Thr and Thr507Thr. Four non-synonymous
mutations were present in partial FPV sequences
obtained in this study, but these mutations were
invalid for the classification of these FPVs.
Samples, such as JL-04/16, with the only mutation
of Ilel01Thr in VP2 protein compared with
reference strain (M38246) were predominant
(49/53) in all FPV-positive samples, suggesting
that this FPV strain was predominant strain in
Northeast China. For CPV-positive samples,
CC-04/16-05 presented Leu87Met, Ala297Ser and
Gly300Ala substitutions and was characterized
as a new CPV-2a strain; LY-02/16, with its
Ala297Ser
identified as a new CPV-2b strain. Furthermore,
residue 267 (Phe—Tyr), 324 (Tyr—Ile) and 440
(Thr—Ala) changes, which had been described in
CPV-2a and CPV-2b isolated from China, South
Korea and Japan, were also found in CC-04/16-05
and LY-02/16"%%40,

and Asp426Asn mutations, was

Phylogenetic analysis

A phylogenetic tree based on the full-length
VP2 nucleotide sequence was constructed using
24 parvovirus-positive samples with different
sequences in this study and 64 reference FPV
and CPV strains from Europe, America and Asia
(Fig. 1). The phylogenetic analysis indicated that
all of the parvoviruses can be grouped into two
large branches: the CPV branch and the FPV
branch. All of the FPV strains were classified
into three clusters, G1 (1521A), G2 (1521G) and
G3 (246G, 699C and 1602G), and all CPV strains

grouped into four clusters, CPV-2, CPV-2a
(426Asp), CPV-2b (426Asn) and CPV-2c (426Glu).
All the FPV sequences in this study were placed
in the G1 cluster, which consisted of three
strains from Japan, three strains from South
Korea, four strains from Italy, one strain from
Hungary and nine strains from China, while two
FPV vaccine strains (Pfizer and Merial vaccines)
were classified in the G2 cluster. Four FPV
sequences (BJ-03/16, CC-02/16, JL-04/16 and
JL-01/17-03) formed a subcluster with the
common synonymous mutation A1110G; two
sequences (SP-01/16 and JL-10/17-06) and some
reference strains from South Korea and Italy
were placed in different clades, and the other 16
FPV sequences were grouped into a subcluster
with V211, V142, HRB-CS1, Tiger/H7-163 and
Changc2007, as well as other strains isolated
from China and Japan. CC-04/16-05 was placed
into a new CPV-2a cluster with JL4/2013 and
HB3/2013 isolated from China and LY-02/16 into
a new CPV-2b cluster with JL6/2013 and
HB1/2013 (strains from China).

Discussion

Haemorrhagic enteritis and leukopenia
caused by parvovirus is a highly contagious viral
enteric disease in cats, with very high morbidity
ranging from 20% to 100% and mortality of
25%-90%.

breed, vaccination status and housing conditions,
32,34)

Many risk factors, including age,

affect the prevalence of parvovirus in cats
It is widely believed that cats up to one year
old have higher mortality than younger kittens,
and considering the preservation of maternally
derived antibodies (MADs), the vast majority
of parvovirus infections in younger Kkittens are
subclinical infections. Recent research has
indicated that kittens aged 3-6 months are more
vulnerable than younger kittens or older cats to
parvovirus infection'”. Moreover, the prevalence
is closely related to the clinical signs. For

example, the cat population with vomiting and
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Fig.1. A phylogenetic tree based
on the full-length VP2 gene was
constructed by the neighbour-
joining method with 1000 bootstrap
replicates using MEGA 7.0. Evolutionary
relationships among 66 reference
parvovirus sequences obtained from the
GenBank database and 24 sequences
isolated in this study and detailed
information on each strain, including
strain name, country and time of
isolation, antigenic types, and GenBank
accession number. Diamonds (@), inverted
triangles (VW) and triangles (A) indicate
FPV, CPV-2a and CPV-2b strains isolated
from domestic kittens in this study,
respectively. Squares (H) indicate FPV
vaccine strains. Abbreviations: ARG,
Argentina; AU, Australia; BE, Belgium;
CN, China; HU, Hungary; ITA, Italy; IN,
India; JP, Japan; KR, South Korea; PT,
Portugal; RU, Russia; TH, Thailand; TW,
Taiwan; USA, United States of America.
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diarrhoea has a greater risk of parvovirus
infection than other populations. In the current
study, 38.46% (55/143) of cats were found to be
positive for parvovirus, and kittens with diarrhoea
had a higher prevalence (55.17%) than healthy
kittens (12.5%). Furthermore, 44.83% of the
kittens
infection, suggesting that the diarrhoea in many

with diarrhoea had no parvovirus

of those cats may have been caused by other
pathogens, such as bacteria, parasites, Feline
Astrovirus, Feline Rotavirus and others, rather
than by parvovirus. Although the difference in
prevalence for kittens of different ages was not
significant, those aged 0-1 and 1-2 months had
higher mortality than those aged 2-6 months;
this may be related to the sample source and
health status. Indeed, the sample source reflects
the housing conditions of the kittens, and the
results suggested that kittens grouped together
in crowded housing, such as animal shelters,
were more susceptible to parvovirus. Vaccination
against feline panleukopenia are considered the
most effective measure providing protection from
FPV infection, but many investigations discovered
that the effectiveness of current vaccines against
FPV is limited. For

investigated the prevalence of antibodies against

instance, one study
FPV in client-owned cats in southern Germany
and discovered that 27% of the vaccinated cats
had no antibodies against FPV'. A recent study
investigated the prevalence of FPV from blood
samples collected from stray and housedold cats
in South Korea and discovered that the
FPV-positive rate of vaccinated cats was 1.3%'".
In the current study, FPV-positive rate of
unvaccinated kittens is 48.21%, interestingly,
vaccinated kittens also have a higher positive
rate (28.21%), consistent with descriptions in
previous investigations®'”. These findings further
reveal that the current vaccines cann’t provide
complete protection from FPV infection.

Since the first report of FPV infection in a
cat with diarrhoea in 1920s, FPV and the host-
range variants, CPV-2a/2b/2c¢ have -circulated

rapidly in domestic and wild cats worldwide.

Although FPV and CPV antigenic variants can
infect cats and cause the same clinical signs, the
results of previous parvovirus investigations in
cats showed that more than 95% of cases were
caused by FPV. Regardless, the prevalence of
CPV antigenic variants in cats has exhibited an
increasing trend in many European and American
countries in recent years, and the number of cases
of FPV and CPV co-infection is also gradually

2102120 Mo date, only a few studies have

rising
reported CPV infection in cats in China, wehreas
reports of CPV in cats are common in Japan and
South Korea. Wu et al. assessed CPV infection in
domestic dogs and cats in Beijing during 2010-
2013 and found two new CPV-2a strains in 16
samples collected from domestic cats; however,
reports of CPV-2b/2¢ infection in cats in China

are SC&I‘C638).

In recent research, two novel
CPV-2a variants, which exhibit similar changes
at residues 324 (Tyr—lIle) and 444 (Thr—Ala) to
CPV strains isolated from dogs in many countries,
including China, South Korea, Italy and Brazil,
were detected in faeces collected from cats with
diarrhoea in India®®. In our study, one novel
CPV-2a variant, CC-04/16-05, and one CPV-2b
variant, LY-02/16 (Tyr324Ile), were found in
domestic kittens; this is the first report of the
emergence of novel CPV variants in cats in
China. It has been demonstrated that CPV-2
strains can replicate in canine and feline cells in
vitro but cannot infect cats in vivo, whereas the
CPV antigenic variants CPV-2a/2b/2¢ have an
expanded host range and can infect domestic and
wild cats in vivo. The host range of parvovirus is
determined by the residues at positions 93, 103
and 323 of the VP2 protein®. Muz et al
characterized the VP2 gene of CPV in domestic
cats from Turkey and found Asn323Asp change
in CPV-2a and CPV-2c strains, demonstrating a
feline host®™. No changes at residues 93, 103 or
323 in the strains CC-04/16-05 and LY-02/16
strains were found, but a common mutation is
present at residue 324, with a change from Tyr
to Ile. Previous studies have noted that residue

324 in all carnivore parvoviruses is subject to
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strong positive selection. This residue is adjacent
to residue 323, and together with residue 93,
which affects TfR binding, it plays an important
role in the host range of parvovirus''**”. This
mutation is frequent in CPV strains isolated

7,14,41)

from dogs in many countries , though only
one study reported the presence of a change at
residue 324 (Tyr—lIle) in two new CPV-2a strains
isolated from cats®™. Although this evidence was
not sufficient to establish that residue 324 has
impacted the parvovirus host range, the same
mutation in CC-04/16-05 and LY-02/16 isolated
from cats in China in this study provides support
for the theory of position 324 being involved as a
canine host-range mutation.

In addition, mutations Phe267Tyr and
Thr440Ala, which have been described in many
CPV-2a/2b/2c

countries and in CPV strains isolated from cats,

strains from dogs in various
were present only in strain LY-02/16. Residue
440 is important because it is located at the main
antigenic site of the virus, the top of the three-
fold spike of the VP2 protein on the surface of
the capsid™®**. Mutation of this amino acid
alters the antigenicity of CPV in its host and
further explains the fact that it is not ideal for
immunoprotection through CPV-2 vaccines.
Despite the many studies on FPV in China,
analysis and molecular characterization of the
VP2 gene and the complete genome are lacking,
which may be related to the single genotype and
serotype of FPV. In previous studies, some
were used to denote
FPV
globally”. All FPVs grouped into three clusters,
G1 (1521A), G2 (1521G) and G3 (246G, 699C and
1602G); the G3 cluster diverged first, followed by
of the G2 and G1

clusters"®”. In the current study, we first analysed

nucleotide mutations

phylogenetic classification for strains

sequential divergence
mutations in the VP2 gene and the classification
of FPV strains isolated in China. Phylogenetic
analysis placed all FPV sequences in this study
into the G1 cluster along with other FPV strains
isolated in China, whereas two FPV vaccine

strains were classified into the G2 cluster.

Although the antigenicity of FPV strains was not
affected by these synonymous mutations, these
mutations may increase the genetic complexity of
the virus, and this might be an important reason
for the limited effectiveness of vaccines against
FPV*'®19%  FPV strains isolated in China and
FPV vaccine strains were placed into different
branches, suggesting that the FPV strains in the
G1 cluster are the dominant strains in China
and that the dominant strains should be used as
vaccine candidates to control the spread of FPV.

In conclusion, FPV, CPV-2a and CPV-2b
were found in faecal samples and anal swabs
collected from domestic kittens in China, and
these strains show high homology with Asian
epidemic parvovirus strains. Among them, FPV
was the dominant strain causing severe enteric
disease in kittens. Genetic analysis revealed that
all of the FPV strains isolated in China can be
grouped into the FPV G1 cluster and that novel
CPV-2a/2b strains are present in cats in China.
Therefore, genetic mutation and corresponding
antigenic change, as a major mechanism of the
emergence and evolution of newer parvovirus
variants, should be monitored by large-scale
molecular epidemiological investigation, which
will be helpful for controlling the spread of FPV
and CPV in cats worldwide.

Human and animal rights statement

This article does not contain any studies

with animals performed by any of the authors.

Conflict of Interest

All authors declare that they have no

competing interests.

Acknowledgements

This study was supported by the Research



Jiang Ting Niu et al.

Project of the National Key Research and
Development Plan of China (grant no.
2016YFD0501002). This work was also financed
by an Agriculture Industry Project of China
(grant no. 201303042).

Supplemental data

Supplemental data associated with this
article can be found, in the online version, at
http:/dx.doi.org/10.14943/jjvr.66.3.145

Reference

1) An DJ, Jeong W, Jeoung HY, Yoon SH, Kim
HJ, Park JY, Park BK. Phylogenetic analysis
of feline panleukopenia virus (FPLV) strains
in Korean cats. Res Vet Sci 90, 163-167,
2011

2) Battilani M, Balboni A, Giunti M, Prosperi
S. Co-infection with feline and canine
parvovirus in a cat. Vet Ital 49, 127-129,
2013

3) Blanco K, Prendas J, Cortes R, Jimenez C,
Dolz G. Seroprevalence of viral infections in
domestic cats in Costa Rica. J Vet Med Sci
71, 661-663, 2009

4) Buonavoglia C, Martella V, Pratelli A,
Tempesta M, Cavalli A, Buonavoglia D,
Bozzo G, Elia G, Decaro N, Carmichael L.
Evidence for evolution of canine parvovirus
type 2 in Italy. J Gen Virol 82, 3021-3025,
2001

5) Calderon MG, Romanutti C, A DA, Keller L,
Mattion N, La Torre J. Evolution of canine
parvovirus in Argentina between years 2003
and 2010: CPV2c has become the predominant
variant affecting the domestic dog population.
Virus Res 157, 106-110, 2011

6) Clegg SR, Coyne KP, Dawson S, Spibey N,
Gaskell RM, Radford AD. Canine parvovirus
in asymptomatic feline carriers. Vet Microbiol
157, 78-85, 2012

7) Csagola A, Varga S, Lorincz M, Tuboly T.
Analysis of the full-length VP2 protein of
canine parvoviruses circulating in Hungary.
Arch Virol 159, 2441-2444, 2014

8) Decaro N, Desario C, Addie DD, Martella V,
Vieira MdJ, Elia G, Zicola A, Davis C,
Thompson G, Thiry E, Truyen U, Buonavoglia

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

153

C. The study molecular epidemiology of
canine parvovirus, Europe. Emerg Infect Dis
13, 1222-1224, 2007

Decaro N, Buonavoglia D, Desario C,
Amorisco F, Colaianni ML, Parisi A, Terio V,
Elia G, Lucente MS, Cavalli A, Martella V,
Buonavoglia C. Characterisation of canine
parvovirus strains isolated from cats with
feline panleukopenia. Res Vet Sci 89, 275-
278, 2010

Garcia Rde C, de Castro TX, de Miranda SC,
Lopes G, Jr., de Lima M, Labarthe NV, Leite
JP. Characterization of parvoviruses from
domestic cats in Brazil. J Vet Diagn Invest
23, 951-955, 2011

Hoelzer K, Shackelton LA, Parrish CR,
Holmes EC. Phylogenetic analysis reveals
the emergence, evolution and dispersal of
carnivore parvoviruses. J Gen Virol 89,
2280-2289, 2008

Hueffer K, Parker JS, Weichert WS, Geisel
RE, Sgro JY, Parrish CR. The natural host
range shift and subsequent evolution of
canine parvovirus resulted from virus-specific
binding to the canine transferrin receptor. J
Virol 77, 1718-1726, 2003

TIkeda Y, Nakamura K, Miyazawa T,
Takahashi E, Mochizuki M. Feline host
range of canine parvovirus: recent emergence
of new antigenic types in cats. Emerg Infect
Dis 8, 341-346, 2002

Jeoung SY, Ahn SJ, Kim D. Genetic analysis
of VP2 gene of canine parvovirus isolates in
Korea. J Vet Med Sci 70, 719-722, 2008

Joao Vieira M, Silva E, Oliveira J, Luisa
Vieira A, Decaro N, Desario C, Muller A,
Carvalheira J, Buonavoglia C, Thompson G.
Canine parvovirus 2c¢ infection in central
Portugal. J Vet Diagn Invest 20, 488-491,
2008

Kaelber JT, Demogines A, Harbison CE,
Allison AB, Goodman LB, Ortega AN, Sawyer
SL, Parrish CR. Evolutionary reconstructions
of the transferrin receptor of Caniforms
supports canine parvovirus being a re-emerged
and not a novel pathogen in dogs. PLoS
Pathog 8, €1002666, 2012

Kapil S, Cooper E, Lamm C, Murray B,
Rezabek G, Johnston L, 3rd, Campbell G,
Johnson B. Canine parvovirus types 2c¢ and
2b circulating in North American dogs in
2006 and 2007. J Clin Microbiol 45, 4044-
4047, 2007

Kim SG, Lee KI, Kim HJ, Park HM.
Prevalence of Feline Panleukopenia Virus in
Stray and Household Cats in Seoul, Korea.



154

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

Molecular characterization of parvovirus

Journal of Veterinary Clinics 30, 333-338,
2013

Mende K, Stuetzer B, Sauter-Louis C, Homeier
T, Truyen U, Hartmann K. Prevalence of
antibodies against feline panleukopenia virus
in client-owned cats in Southern Germany.
Vet J 199, 419-423, 2014

Miranda C, Parrish CR, Thompson G. Canine
parvovirus 2c infection in a cat with severe
clinical disease. J Vet Diagn Invest 26, 462-
464, 2014

Miranda C, Thompson G. Canine parvovirus:
the worldwide occurrence of antigenic
variants. J Gen Virol 97, 2043-2057, 2016
Mochizuki M, Horiuchi M, Hiragi H, San
Gabriel MC, Yasuda N, Uno T. Isolation of
canine parvovirus from a cat manifesting
clinical signs of feline panleukopenia. J Clin
Microbiol 34, 2101-2105, 1996
Mukhopadhyay HK, Nookala M, Thangamani
NR, Sivaprakasam A, Antony PX, Thanislass
J, Srinivas MYV, Pillai RM. Molecular
characterisation of parvoviruses from
domestic cats reveals emergence of newer
variants in India. J Feline Med Surg 2016
Muz D, Oguzoglu TC, Timurkan MO, Akin H.
Characterization of the partial VP2 gene
region of canine parvoviruses in domestic
cats from Turkey. Virus Genes 44, 301-308,
2012

Nookala M, Mukhopadhyay HK, Sivaprakasam
A, Balasubramanian B, Antony PX,
Thanislass J, Srinivas MV, Pillai RM. Full-
length VP2 gene analysis of canine parvovirus
reveals emergence of newer variants in
India. Acta Microbiol Immunol Hung 63,
411-426, 2016

Parrish CR, Aquadro CF, Carmichael LE.
Canine host range and a specific epitope map
along with variant sequences in the capsid
protein gene of canine parvovirus and related
feline, mink, and raccoon parvoviruses.
Virology 166, 293-307, 1988

Parrish CR. Emergence, natural history, and
variation of canine, mink, and feline
parvoviruses. Adv Virus Res 38, 403-450,
1990

Parrish CR. Mapping specific functions in
the capsid structure of canine parvovirus
and feline panleukopenia virus using
infectious plasmid clones. Virology 183,
195-205, 1991

Parrish CR, Aquadro CF, Strassheim ML,
Evermann JF, Sgro JY, Mohammed HO.
Rapid antigenic-type replacement and DNA
sequence evolution of canine parvovirus. J

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

Virol 65, 6544-6552, 1991

Perez R, Francia L, Romero V, Maya L,
Lopez I, Hernandez M. First detection of
canine parvovirus type 2c in South America.
Vet Microbiol 124, 147-152, 2007

Streck AF, de Souza CK, Goncalves KR,
Zang L, Pinto LD, Canal CW. First detection
of canine parvovirus type 2c in Brazil. Braz
J Microbiol 40, 465-469, 2009

Stuetzer B, Hartmann K. Feline parvovirus
infection and associated diseases. Vet J 201,
150-155, 2014

Truyen U, Platzer G, Parrish CR. Antigenic
type distribution among canine parvoviruses
in dogs and cats in Germany. Vet Rec 138,
365-366, 1996

Truyen U, Parrish CR. Feline panleukopenia
virus: its interesting evolution and current
problems in immunoprophylaxis against a
serious pathogen. Vet Microbiol 165, 29-32,
2013

Tsao J, Chapman MS, Agbandje M, Keller
W, Smith K, Wu H, Luo M, Smith TJ,
Rossmann MG, Compans RW, et al. The
three-dimensional structure of canine
parvovirus and its functional implications.
Science 251, 1456-1464, 1991

Wang H, Jin H, Li Q, Zhao G, Cheng N,
Feng N, Zheng X, Wang J, Zhao Y, Li L, Cao
Z, Yan F, Wang L, Wang T, Gao Y, Yang S,
Xia X. Isolation and sequence analysis of the
complete NS1 and VP2 genes of canine
parvovirus from domestic dogs in 2013 and
2014 in China. Arch Virol 161, 385-393,
2016

Wang X, Li T, Liu H, Du J, Zhou F, Dong Y,
He X, Li Y, Wang C. Recombinant feline
parvovirus infection of immunized tigers in
central China. Emerg Microbes Infect 6, e42,
2017

Wu J, Gao XT, Hou SH, Guo XY, Yang XS,
Yuan WF, Xin T, Zhu HF, Jia H. Molecular
epidemiological and phylogenetic analyses of
canine parvovirus in domestic dogs and cats
in Beijing, 2010-2013. J Vet Med Sci 77,
1305-1310, 2015

Yang S, Wang S, Feng H, Zeng L, Xia Z,
Zhang R, Zou X, Wang C, Liu Q, Xia X.
Isolation and characterization of feline
panleukopenia virus from a diarrheic monkey.
Vet Microbiol 143, 155-159, 2010

Zhang C, Yu 'Y, Yang H, Li G, Yu Z, Zhang H,
Shan H. Development of a PCR-RFLP assay
for the detection and differentiation of canine
parvovirus and mink enteritis virus. J Virol
Methods 210, 1-6, 2014



Jiang Ting Niu et al. 155

41) Zhang R, Yang S, Zhang W, Zhang T, Xie Z, circulating in China. Virus Genes 40, 397-
Feng H, Wang S, Xia X. Phylogenetic analysis 402, 2010
of the VP2 gene of canine parvoviruses



