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Abstract: Canine parvovirus 2 (CPV-2) was first identified in 1978, and is responsible for
classic parvoviral enteritis. Despite the widespread vaccination of domestic carnivores,
CPVs have remained important pathogens of domestic and wild carnivores. In this study,
we isolated CPV-2 from Tibetan mastiffs and performed a global analysis of the complete
VP2 gene sequences of CPV-2 strains in China. Six isolates were typed as new CPV-2a,
according to key amino acid positions. On a phylogenetic tree, these six sequences formed
a distinct clade. Five isolates occurred on the same branch as KF785794 from China and
GQ379049 from Thailand; CPV-LS-ZAT1 formed a separate subgroup with FJ435347 from
China. One hundred ninety-eight sequences from various parts of China and the six
sequences isolated here formed seven distinct clusters, indicating the high diversity of
CPVs in China. Of 204 VP2 sequences, 183 (91.04%) encoded the mutation Ser297Ala,
regardless of the antigenic type, implying that most Chinese CPV-2 strains contain the VP2
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mutation Ser297Ala. However, the biological significance of this change from prototype
CPV-2a/2b to new CPV-2a/2b types remains unclear. This study is the first to isolate new
CPV-2a from the Tibetan mastiff. Our data show that new CPV-2a/2b variants are now
circulating in China.
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1. Introduction

Two kinds of parvovirus can infect canines. One is the minute virus of canines (MVC) and the other
is canine parvovirus 2 (CPV-2). MVC is also referred to as canine parvovirus 1 (CPV-1) and was
isolated from a diseased dog in 1970, when it was initially considered a nonpathogenic virus. In early
1978, a new virus was identified in dogs with hemorrhagic enteritis and leucopenia [1,2].
To differentiate it from CPV-1, the new virus was designated CPV-2. Although CPV-1 and CPV-2
have both been called parvoviruses, they belong to different genera. CPV-1 belongs to the genus
Bocavirus, subfamily Parvovirinae, family Parvoviridae, whereas CPV-2 belongs to the genus
Parvovirus, subfamily Parvovirinae, family Parvoviridae.

CPV-2 is a small nonenveloped, single-stranded DNA virus (5.2 kb), and is considered to be a
highly contagious etiological agent, causing high mortality in young dogs (two prominent clinical
forms induce acute hemorrhagic enteritis and myocarditis) [3]. Puppies between 6 weeks and 6 months
of age appear to be most susceptible. The infected dogs show acute gastroenteritis, characterized by
loss of appetite, vomiting, fever, diarrhea (from mucoid to hemorrhagic), and leucopenia [3]. CPV-2
was first identified in 1978, and causes high morbidity and frequent mortality of up to 10%. In the
1980s, a new CPV-2 strain emerged and was designated CPV-2a. The first known CPV-2a (M24003)
strain differs from the prototype CPV-2 at five amino acid positions in VP2 (one of them, Val555Ile,
is unique to this virus) [3,4]. However, recent studies have reported that many CPV-2a strains do not
carry the Val-to-Ile substitution at position 555 [5-7]. The virus quickly mutated again and a new
strain, CPV-2b, emerged in 1984 [8]. CPV-2b differs from CPV-2a in one (Asn426Asp) amino acid.
CPV-2a and CPV-2b are still the parvovirus species that most commonly cause disease in canines
globally. In 2000, a new mutation, Asp426Glu in VP2 located on the capsid surface, was first
identified in Italy, giving rise to another antigenic variant, designated CPV-2c [9]. This strain was soon
reported in many regions, including Europe, South and North America, and Asia [10,11]. In recent
years, two antigenic variant strains, new CPV-2a and new CPV-2b, carrying the Ser297Ala mutation
as well as the variants of the original CPV-2 (Met87Leu, Ile101Thr, Ala300Gly, and Asp305Tyr),
were found circulating in many counties, including China [12,13]. It can be concluded that different
antigenic variants of CPV-2 predominate in different countries throughout the world.

In China, hemorrhagic enteritis in dogs caused by CPV-2 was first reported in 1983. In 1986,
CPV-2a replaced CPV-2 as the predominant isolate in China [14]. CPV-2b emerged during 1997 and
circulated together with CPV-2a, but the isolation frequencies of the two strains appear to differ
according to geographic region. The CPV-2a viruses are distributed in all parts of China, whereas
CPV-2b only circulates in the southern areas of China [13—15]. CPV-2¢ was first identified in Jilin
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Province and so far, this has been the only report of CPV-2c¢ in China [16]. In recent years, new CPV-2a
and new CPV-2b have been circulating together in China, and new CPV-2a has become the predominant
CPV type in China [13,17].

The Tibetan mastiff is a canine species known as the most ferocious dog in the world, and is a
domesticated pet in many countries. Tibetan mastiffs have been living on the Qinghai—Tibetan Plateau
(over 3000 m above sea level) for more than 1000 years [18]. This species is mainly distributed in
Tibet, Qinghai, and Sichuan Provinces in China. Because it has been domesticated as a pet and has
thus come into contact with other animals, many pathogens, including H3N2 canine influenza virus,
canine distemper virus, and Toxoplasma gondii infection, have become potential threats to the health
of Tibetan mastiffs [19-21]. However, there is little knowledge of CPV-2 infections in the Tibetan
mastiff, especially in pups. In this study, six CPV-2 strains were isolated from Tibetan mastiffs with
suspected CPV-2 infection in Sichuan Province, China. According to their nucleotide sequences and a
phylogenetic analysis, the six isolates all belong to a novel CPV-2a antigenic variant. To our knowledge,
this is the first report of CPV-2a isolated from the Tibetan mastiff.

2. Results
2.1. PCR Amplification of a Unique Fragment of the VP2 Gene and Virus Isolation

Seven fecal samples from Tibetan mastiffs showed positive results with the Anigen Rapid CPV Ag
Test Kit (Bionote Inc., Seoul, Korea), which were verified by PCR with primers P1 and P2. A specific
fragment (826 bp) of the VP2 gene was amplified from the seven samples (data not shown),
confirming the presence of CPV-2 in the samples. Feline kidney 81 cells were inoculated with the
seven PCR-positive samples. Cytopathic effects (CPE), including tapering cells, cytomixis, rounding cells,
and plaque-forming cells appeared in six cell samples at 613 days after inoculation (Figure 1). Of the
seven positive samples, six isolates were adapted to F81 cells after three passages. The culture of one of the
seven samples (laboratory number: CPV-YA-ZA3) failed. PCR with primers P1 and P2 was also used to
detect the VP2 gene of CPV-2 in the cell cultures. A specific fragment (826 bp) was observed in the six
cultured isolates (Figure 2), confirming that CPV-2 was successfully isolated from the six samples.

2.2. CPV-2 Characterization
2.2.1. TCIDSO Test

The 50% tissue culture infective dose (TCIDsy) was determined for the six isolates. As shown in
Table 1, when treated with heat, acid, organic solvent, and 5-iodo-2'-deoxyuridine (5-IDUR), the six
isolates were sensitive to 5-IDUR, but were resistant to heat, acid, and organic solvent compared with
the blank control. These results are consistent with the characteristics of DNA viruses, and indicate
that the six isolated strains are DNA viruses.
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Figure 1. CPV-infected F81 cell line showed cellular changes (x100). (A) normal F81
cells; (B) tapering cells; (C) cytomixis and rounding cells; and (D) plaque-forming cells.

.,.,

Figure 2. Specific fragment of the VP2 gene (826 bp) was amplified in six samples
with primer 1 and primer 2. Lane M, DNA marker (100 bp); lane N, blank control;
lane P, positive control (SCDN strain); lanes 1-6: 826-bp PCR product of CPV-YA-ZAI,
CPV-YA-ZA2,CPV-YA-ZA4, CPV-YA-ZAS, CPV-LS-ZA1, and CPV-CD-ZA1.

M N P | 2 3 4 5 0

2000 bp

1000 bp

750 b
500 bp

250 bp
100 bp

826 bp

Table 1. TCIDs, of isolates and reference strain SCDN (Strain that isolated from Bulldog
in Sichuan Province) when treated with heat, acid, organic solvent, or 5-IDUR.

SCDN CPV-YA-ZA1 CPV-YA-ZA2 CPV-YA-ZA4 CPV-YA-ZAS CPV-CD-ZA1 CPV-LS-ZA1l

Condition TICDsymL  TICDsy/mL TICDsy/mL TICDsy/mL TICDsy/mL TICDsy/mL TICDsy/mL
Control 1.6 x 10° 1.3x10° 1.0 x 10° 1.6 x 10° 13 x10° 2.0 x10° 0.8 x10°
60 °C 0.9 x 10° 1.0 x 10° 0.8 x 10° 1.4 x 10° 0.9 x 10° 1.8 x 10° 0.4 x 10°
pH3 0.6 x 10° 0.5x10° 0.3 x10° 0.8 x 10° 0.6 x 10° 1.3x10° 0.1x10°
Ether 0.7 x 10° 0.6 x 10° 0.4 x 10° 0.9 x 10° 0.5 x 10° 1.2 x10° 0.2 x 10°
5-IDUR 0.4 x10° 0.7 x 10° 0.6 x10° 0.9 x 10° 0.9 x 10° 1.9 x10° 0.9 x 10°

2.2.2. Viral Hemagglutination (HA)

HA at pH 7.2 and a temperature of 4 °C was used to identify the six isolates. As shown in Table 2,
the susceptibility of erythrocytes to the CPVs differed, but the six isolates agglutinated porcine red
blood cells (RBCs) strongly. The six isolates also agglutinated feline RBCs, but agglutinated other
erythrocytes less sensitively or negligibly. These results are consistent with those of other studies [22,23].
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Table 2. Hemagglutination spectra of the six isolates and reference strain SCDN.

Strain Name Pig Cow Sheep Mouse Dog Cat Chicken
SCDN 2 <! <! <2 < 2 <!
CPV-YA-ZA1 2" <! <! <" <t 2 <!
CPV-YA-ZA2 2° <! <! <2 <t 2 <!
CPV-YA-ZA4 2° <! <2! <" <t 2? <!
CPV-YA-ZA5 2 <! <! <2 <t 2 <!
CPV-CD-ZA1 2" <! <! <" <t 2 <!
CPV-LS-ZzA1 27 <! <! <2 <t 2! <!

2.3. PCR Amplification of the Complete VP2 Gene and Its Sequence

PCR products of 1767 bp were observed for the six isolates on agarose gel, indicating that the
complete VP2 gene of CPV-2 was amplified with primers P3 and P4 (data not shown). The purified
PCR products were cloned into the pMD® 19-T vector and the presence of the desired insert (1767 bp)
in the recombinant plasmid DNA was confirmed by PCR amplification (primers P3 and P4; Figure 3)
and double digestion with enzymes HindIll and EcoRIl (Figure 4). The correct insertion of the
Tibetan mastiff VP2 genes in six different recombinant plasmids was confirmed and the positive
recombinant plasmids were sequenced by Invitrogen™ of Shanghai Biotechnology Co., Ltd. (Shanghai,
China). When the restriction enzyme site sequences are disregarded, the actual length of the sequence
is 1755 bp. The sequences were deposited in GenBank under accession numbers HQ651237 for
CPV-YA-ZAL, JQ996151 for CPV-YA-ZA2, JQ996152 for CPV-YA-ZA4, JQ996153 for CPV-YA-ZAS,
JQ996154 for CPV-CD-ZA1, and JQ996155 for CPV-LS-ZA1.

Figure 3. Complete VP2 genes, obtained from the six isolates using primer 3 and primer 4,
were confirmed in the recombinant plasmids. Lane M, DNA marker (100 bp); lane N,
negative control; lane P, positive control (SCDN strain); lanes 1-6: 1767-bp complete
VP2 gene sequences of CPV-YA-ZA1, CPV-YA-ZA2, CPV-YA-ZA4, CPV-YA-ZAS5,
CPV-LS-ZA1, and CPV-CD-ZALl, respectively, in the recombinant plasmids
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Figure 4. Doubly digested (HindIIl and EcoRI) 1767-bp complete VP2 genes inserted into
recombinant plasmids. Lane M, DNA marker (250 bp); lanes 1, 3, 5, 7, 9, and 11:
recombinant plasmid DNA of CPV-YA-ZA1, CPV-YA-ZA2, CPV-YA-ZA4, CPV-YA-ZAS,
CPV-LS-ZA1, and CPV-CD-ZALl, respectively, digested with HindIIl and EcoRI; lanes 2,
4, 6, 8, 10, and 12: recombinant plasmid DNA of CPV-YA-ZAl, CPV-YA-ZA2,
CPV-YA-ZA4, CPV-YA-ZAS5, CPV-LS-ZA1, and CPV-CD-ZA1, respectively digested
with HindIII
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2.4. Phylogenetic Tree and Amino Acid Analysis

The six sequences identified in this study, 46 published full sequences of the CPV VP2 gene, and
one FPV VP2 gene from GenBank were analyzed. The CPV reference strains CPV-2, CPV-2a,
CPV-2b, CPV-2c, new CPV-2a, and new CPV-2b were collected from various parts of the world,
including Europe, America, and Asia. A neighbor-joining (NJ) phylogenetic tree was constructed with
the MEGA version 4.0 software, with the Kimura two-parameter model (Figure 5). The phylogenetic
tree shows that the six sequences isolated in this study predominantly cluster in a distinct clade.
Five isolates are located on the same branch as KF785794 from China and GQ379049 from Thailand,
whereas CPV-LS-ZA1 forms a subgroup with FJ435347 from China. The six sequences all cluster
within the Asian strain clade, so they share the same ancestral origin.
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Figure 5. Phylogenetic tree of six isolates and parvovirus reference strains based on the
complete nucleic acid sequences of their VP2 genes. The analysis was performed with the NJ
method based on 1000 replicates using the MEGA 4.0 software, and bootstrap values >70%
are shown at the corresponding node. Following the names of the countries are the years,
GenBank accession numbers, and the types of sequence.
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To analyze all the CPV-2 VP2 sequences from China deposited in GenBank, 198 sequences of the
full-length VP2 gene (1755 bp) were extracted, including 15 CPV-2, 115 CPV-2a, 24 CPV-2b, two
CPV-2c, 17 new CPV-2a, six new CPV-2b, and 19 uncharacterized strains. CPV-2a (115, 56.17%) is the
predominant type of CPV-2 in China, followed by the CPV-2b (24, 11.76%). As shown in Figure 6,
the six sequences isolated in this study and the other 198 sequences from China deposited in the
GenBank database formed seven distinct clusters (clusters 1-7). Clusters 2 and 5 include more than
two types of parvoviruses, indicating strong variation within the two clusters. CPV-2a and new CPV-2a
strains are found in clusters 1, 3, 4, and 6. Five of the six sequences in this study occurred in cluster 2,
whereas the JQ996155 sequence did not. Moreover, only two CPV-2c sequences were collected in our
study, which indicates that CPV-2c is seldom isolated in China. We also found that cluster 1 (54 strains)
and cluster 2 (41 strains) contain the most strains, indicating that these two groups are the major
clusters occurring in China. We also found that more CPV-2 sequences were submitted to GenBank in
2007 (47 strains) and 2009 (38 strains) than in other years, which implies that CPV-2 infections were
very serious in China during that period.
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Figure 6. Global analysis of 198 full-length CPV-2 VP2 genes (1755 bp) isolated in China
and retrieved from GenBank, together with the six sequences isolated in this study. The

analysis was performed with the NJ method based on 1000 replicates using the MEGA 4.0

software, and bootstrap values >70% are indicated at the corresponding nodes. Following the

names of the countries are the years, GenBank accession numbers, and the types of sequence.
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Figure 6. Cont.

China-2008-EU441280-2a
China-2012-KC262178

99 — China-2008-KJ186139
L—— China-2008-KJ186140
China-2010-HQ883275
China-2009-GU392238
73 China-2008-GQ857595
China-2008-F J435344-2
88 - China-2008-F J435342-2
— China-2008-FJ435348-2
China-2010-KJ194462
China-1983-GU569943-2 Cluster 7
China-2009-GQ169553-2 2/2a
96 | China-2008-F J432718-2
l China-2009-GQ169552-2

China-2009-GU392237-2
China-2009-GU392240-2
— China-2010-KJ194463
— China-2009-GU392239-2
China-2009-GU392236-2
|| | China-2009-GU392241-2

_l China-2009-GU392243-2
——— China-2009-GU392242-2
L—— China-2009-GU392244-2

90

95

=
0.0005

We also analyzed the amino acid residues encoded by the VP2 gene in the six isolates. The results
are shown in Table 3. The deduced amino acid residues of VP2 for the isolates were compared with
those of the reference strains at critical positions in the CPV-2 VP2 protein. The six isolates were typed
as new CPV-2a according to the key amino acid residues at positions 87, 101, 297, 300, 305, 426, and
555. Our results indicate that the six isolates from the Tibetan mastiff belong to antigenic type CPV-2a.
Interestingly, the Ser297Ala mutation occurs in all six isolates. We also analyzed this mutation in the 198
Chinese sequences from GenBank, 177 (89.39%) of which displayed the Ser297Ala mutation. Moreover,
the residues at position 324 in our six isolates were all altered. HQ651237, JQ996151, JQ996154,
and JQ996155 displayed the mutation Tyr3241le; the Tyr324Asn mutation was detected in JQ996152;
and the Tyr324Phe mutation in JQ996153. The mutation Tyr324lle was observed in 69 (34.85%) VP2
sequences of the 198 Chinese CPV-2 VP2 sequences in GenBank. Although this mutation does not
result in antigenic variation, the substitution at residue 324 is adjacent to residue 323, which is
considered to affect the infection of canine cells. Some strains have recently been reported to have the
mutation Gly300Asp, but no sequence from China has this mutation.
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Table 3. Amino acid variations in the VP2 proteins of the six CPVs.

12180

Amino Acid Position

Strail ey 87 93 101 103 297 300 305 323 324 426 555 564 568
FPV Lys Met Lys 1Ile Val Ser Ala Asp Asp Tyr Asn Val Asn Ala
CPV2 Arg Met Asn 1Ile Ala Ser Ala Asp Asn Tyr Asn Val Ser Gly
CPV2a Arg Leu Asn Thr Ala Ser Gly Tyr Asn Tyr Asn Ile Ser Gly
CPV2b Arg Leu Asn Thr Ala Ser Gly Tyr Asn Tyr Asp Val Ser Gly
CPV2c Arg Leu Asn Thr Ala Ala Gly Tyr Asn Tyr Glu Val Ser Gly
new CPV2a Arg Leu Asn Thr Ala Ala Gly Tyr Asn Tyr Asn Val Ser Gly
new CPV2b Arg Leu Asn Thr Ala Ala Gly Tyr Asn Tyr Asn Val Ser Gly
YAZAI1 Arg Leu Asn Thr Ala Ala Gly Tyr Asn 1Ile Asn Val Ser Gly
YAZA2 Arg Leu Asn Thr Ala Ala Gly Tyr Asn Ile Asn Val Ser Gly
YAZA4 Arg Leu Asn Thr Ala Ala Gly Tyr Asn Asn Asn Val Ser Gly
YAZAS Arg Leu Asn Thr Ala Ala Gly Tyr Asn Phe Asn Val Ser Gly
CDZA1 Arg Leu Asn Thr Ala Ala Gly Tyr Asn Ile Asn Val Ser Gly
LSZA1 Arg Leu Asn Thr Ala Ala Gly Tyr Asn 1Ile Asn Val Ser Gly

2.5. Homology of the Six Isolates from the Tibetan Mastiff

Compared with 10 references strains from China and other countries (Table 4), the six isolates from
the Tibetan mastiff showed nucleotide identities of 98.6%-99.6% and divergences of 0.4%—1.4%.
The strain most similar to the reference strains was HQ883267 from Beijing, China, with homologies
0f 99.0%—-99.6%.

Table 4. VP2 gene homology analysis for the six isolates and 10 reference strains.

Accession 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16

Number
1 992 990 99.4 987 993 985 99.0 99.6 99.0 99.0 988 99.0 99.0 98.8 989
2 0.8 99.0 992 99.1 99.0 99.0 99.6 99.6 99.5 993 994 995 995 994 995
3 10 1.0 99.5 994 989 983 989 994 988 988 98.6 989 988 986 98.7
4 06 08 05 99.0 99.1 985 99.0 99.5 99.0 99.0 988 99.0 99.0 988 989
5 13 09 06 10 989 983 99.0 99.0 989 987 987 988 989 987 98.8
6 07 10 11 09 LI 983 99.0 99.1 988 987 98.6 989 988 98.6 98.7
7 16 10 17 16 17 17 993 989 993 99.1 99.1 99.1 993 99.1 99.2
8 10 04 11 10 10 10 07 994 997 99.6 995 995 997 995 99.7
9 04 04 06 05 10 09 11 06 994 994 992 994 994 992 993
10 10 05 12 10 11 12 07 03 06 99.5 996 99.6 99.8 99.6 99.7
1 10 07 12 10 13 13 09 04 06 05 99.5 995 997 995 99.6
12 12 06 14 12 13 14 09 05 08 04 05 99.5 997 995 99.7
13 10 05 11 10 12 11 09 05 06 04 05 05 99.7 99.5 99.7
14 10 05 12 10 11 12 07 03 06 02 03 03 03 99.8 99.9
15 12 06 14 12 13 14 09 05 08 04 05 05 05 02 99.9
16 11 05 13 11 12 13 08 03 07 03 04 03 03 01 01

The upper right values are the percentage identities of the VP2 gene among viruses and the lower left values
are the divergences; 1-6: CPV isolates from the Tibetan mastiff (CPV-CD-ZA1, CPV-LS-ZA1, CPV-YA-ZAI,
CPV-YA-ZA2, CPV-YA-ZA4, CPV-YA-ZAS, respectively); 7-16: CPV isolates from China and other
countries with GenBank accession numbers: GU569943, GU569947, HQ883267, FJ005259, GU569944,
FJ222823, AY742951, FJ222821, FJ005214, GQ865519, respectively.
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3. Discussion

In this study, six strains of new CPV-2a were isolated from young Tibetan mastiff dogs. According
their clinical histories, seven dogs in this study were incompletely vaccinated puppies (vaccinated once
or twice). Their infection with canine parvovirus may be attributable to either infection before
vaccination or the failure of vaccination. Differences in virus types between field viruses and the
vaccine virus could be another important reason for some immunization failure in dogs and wildlife.
The vaccine available in China is a type CPV-2 vaccine (such as Nobivac Puppy DP and Nobivac
DHPPi). The effectiveness of this vaccine against the new CPV-2a virus must be evaluated, because it
confers lower and shorter immunity against heterologous CPVs [13,24].

In China, the predominant CPV-2 strains are CPV-2a and CPV-2b [13-15,17]. Our results also
showed that the predominant types of CPV-2 are CPV-2a (115, 56.17%) and CPV-2b (24, 11.76%)
among 204 sequences analyzed in this study. Phylogenetic analysis indicates that the six isolates in our
study predominantly cluster in a distinct clade (Figure 5), which might be attributed to the process of
local adaptation (six samples were all collected in and around Chengdu, Sichuan, China) as indicated
by previous study [13,25].

The Ser297Ala amino acid change in VP2 is considered the defining mark of the new CPV-2a and
new CPV-2b strains [13,26]. However, the biological significance of this mutation for the new
CPV-2a/2b types remains unclear. This mutation was present in our six isolates. When we analyzed
this mutation in the 198 sequences from China in GenBank, 177 (89.39%) of them displayed the
mutation Ser297Ala. The Ser297Ala change appeared in 111 of the 115 CPV-2a strains and in all
24 CPV-2b strains. This result indicates that many CPV-2a/b stains isolated in China can be classified
as new CPV-2a or new CPV-2b. According to this criterion, new CPV-2a or new CPV-2b has been the
dominant CPV-2 in China for a long time, which is consistent with the results of other studies [13,17].

Previous studies have reported that a distinct mutation, Tyr324lle, frequently occurs in the VP2
gene of CPV-2 from Asian, South American and European countries, including China [13,17],
Korea [12,27], Thailand [28], Japan [29], India [30,31], Taiwan [32], Uruguay [33] and Hungary [34].
Phylogenetic analysis indicated that the Uruguayan CPV-2a strain is related to CPV-2a strains from
China collected during 2006-2009 [33]. Recently, the Tyr324lle alteration was also detected in
Hungarian strains and possessed a “Hungarian-specific” substitution (Ala516Thr) [34]. This is the first
time the Tyr324Ile mutation was detected in Europe. In our study, HQ651237, JQ996151, JQ996154,
and JQ996155 contained the mutation Tyr324lle, whereas JQ996152 and JQ996153 had the mutations
Tyr324Asn and Tyr324Phe, respectively. To our knowledge, Try324Phe is a unique and previously
unrecorded mutation of CPV-2a. Whether the Try324Phe mutation is a new evolutionary event needs
more samples isolated from Tibetan mastiffs to verify. Further analysis showed that the Tyr324lle
mutation occurs in 69 (34.85%) of the 198 CPV-2 VP2 sequences from China in GenBank. Previous
studies have shown that the substitution at residue 324 is adjacent to residue 323, which is thought to
affect the parvovirus host range, although this mutation does not alter the antigenic properties of the
virus [35]. In our study, three CPV-2 VP2 sequences from the red panda (DG354068), blue fox
(GQ857595), and raccoon dog (GQ857614) were also included in the analysis [36,37]. When residues
323 and 324 were examined, the Asn323Asp mutation was only detected in GQ857595. No mutation
was detected at residues 324 in DQ354068, GQ857595, or GQ857614. Therefore, further study
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of more extensive CPV-2 sequences from various animals is required to clarify whether residue
323 affects the parvovirus host range. On a phylogenetic tree, DQ354068 formed a separate branch,
indicating its great genetic distance from the other strains. The phylogenetic relationship between
GQ857614 and GQ857600 is close, so they may share an ancestral origin. GQ857595 was placed in
cluster 7, which contained other CPV-2 strains, indicating that GQ857595 is similar to CPV-2. This result
demonstrates that the CPV-2 strains in wild animals are constantly evolving to extend their host ranges.
Another study has also shown that evolutionary events have occurred in CPV-2 to extend its host range,
such as the mutation of residue 370 in VP2 detected in the CPV-2 strain infecting the giant panda [36].

4. Materials and Methods
4.1. Sample Collection and Preprocessing

In 2010-2011, seven rectal swab specimens from Tibetan mastiffs (Table 5) with suspected CPV-2
infection were collected from the Teaching Veterinary Hospital of Sichuan Agricultural University and
pet clinics in and around Chengdu, the capital city of Sichuan Province, China. The diagnostic criteria
for CPV-2 infection were based on clinical signs, the examination of blood, and a positive result on the
Anigen Rapid CPV Ag test kit (Bionote Inc., Gyeonggi-do, Korea). The swabs were washed 3 times in 1
mL of phosphate-buffered saline (PBS, pH 7.2) and then clarified at 12,000 rpm for 10 min at 4 °C.
The supernatants were passed through 0.22 um filters (Millipore, Billerica, MA, USA) and then used
for PCR amplification.

Table 5. Breed, age, sex, and vaccination status of the seven dogs infected with CPV-2.

Vaccination NCBI Accession

Strain Number Breed Age Gender Status Numbers
CPV-YA-ZA1 Tibetan mastiff Two months Female Once HQ651237
CPV-YA-ZA2 Tibetan mastiff One month Female Once JQ996151
CPV-YA-ZA3 Tibetan mastiff Three months Female Twice /
CPV-YA-ZA4 Tibetan mastiff Two months Female Once JQ996152
CPV-YA-ZA5S Tibetan mastiff Two months Female Twice JQ996153
CPV-LS-ZA1 Tibetan mastiff Two months Male Once JQ996155
CPV-CD-ZAl1 Tibetan mastiff Three months Female Twice JQ996154

4.2. DNA Extraction and VP2 Gene Amplification

An aliquot (100 pL) of the supernatant was used to extract the viral DNA with a Qiagen Viral DNA
kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions [14]. Primers 1 and 2
(P1: 5'-AACGGATGGGTGGAAATCAC-3"; P2: 5-TAATAGTAGCTTCAGTAATA-3") were used to
amplify a unique 826-bp fragment of the VP2 gene. The PCR reaction was performed in a final volume
of 25 pL containing 1.0 pL of viral DNA, 0.125 pL of Ex Tag DNA polymerase (5 U/uL), 2.5 pL of
10x Ex Tag buffer (Mg>" plus), 2 uL of NTP mixture (2.5 mmol/L), 1 uL of P1, and 1 uL of P2,
made up to 25 uL with sterile distilled water. The standardized PCR protocol for primers 1 and 2 in a
25 pL reaction mixture was incubation at 96 °C for 3 min, followed by 30 cycles of denaturation at
94 °C for 30 s, primer annealing at 52 °C for 35 s, and extension at 72 °C for 3 min; with a final
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extension at 72 °C for 10 min. The PCR products were analyzed by electrophoresis on 1.5% agarose
gels stained with ethidium bromide.

4.3. Virus Isolation and Characterization by HA and TCIDs

The seven PCR-positive samples were used for virus isolation, as described by Nandi, S. [38].
The samples were homogenized in PBS (pH 7.2) and then clarified at 12,000 rpm for 10 min. The
supernatants were filtered through 0.22 pum filters (Millipore). The filtrates were then treated with
penicillin and streptomycin overnight at 4 °C and used to inoculate feline kidney 81 cells cultured in
Dulbecco’s modified Eagle’s medium (Sigma, Saint Louis, MO, USA) with 15% fetal calf serum
(Gibco, Logan, UT, USA). The infected monolayers displaying CPE were harvested 4-5 days after
infection with three cycles of alternative freezing and thawing. The virus-containing supernatants were
used for DNA isolation or stored at —20 °C until further analysis. An HA test and TCIDs test were used to
characterize the viral isolates [22,23]. SCDN (Strain that isolated from Bulldog in Sichuan province)
(CPV-2a) strain used as positive control [39].

4.4. Six Viral Isolates Identified with PCR

Viral DNA was extracted from the harvested supernatants of the cultures. Primers 3 and 4 (P3, P4)
were designed to amplify the complete VP2 gene. HindIIl: P3: 5'-AAGCTTATGAGTGATGGAGCA
GTTCAACCAGAC-3', EcoRI: P4: 5'-GAATTCTTAATATAATTTTCTAGGTGCTAGTTGA-3'.

The forward primer (P3) and reverse primer (P4) were tagged the restriction site for HindIIl and
EcoRlI, respectively, to allow the complete VP2 gene of the isolates to be cloned into the pMD® 19-T
vector (Takara Biotechnology (Dalian) Co., Ltd., Dalian, China). The 50 uL PCR reactions contained:
2.5 pL of viral DNA, 0.25 pL of Ex Tag DNA polymerase (5 U/uL), 5.0 uL of 10x Ex Tagq buffer
(Mg”* plus), 4 uL of dNTP mixture (2.5 mmol/L), 2 pL of P3, and 2 pL of P4, made up to 50 pL with
sterile distilled water. The standardized PCR protocol for primers 3 and 4 in a 50 puL reaction mixture
was incubation at 96 °C for 3 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing
at 50 °C for 30 s, and extension at 72 °C for 140 s; with a final extension at 72 °C for 10 min. The PCR
products were analyzed by electrophoresis on 1.5% agarose gels stained with ethidium bromide.
The PCR-amplified products (1767 bp) were excised from the gel and purified with the QIAquick Gel
Extraction kit (Qiagen, Hilden, Germany).

The purified PCR products of 1767 bp were cloned into the bacterial vector pMD® 19-T (Takara
Biotechnology (Dalian) Co., Ltd., Dalian, China), according to the manufacturer’s instructions.
Positive colonies were confirmed by PCR amplification and double enzymatic digestion.

4.5. Nucleotide Sequencing and Analysis

The positive clones were sequenced at the Sequencing Facility, Invitrogen. Neighbor-joining
phylogenetic trees were constructed with the MEGA version 4.0 software (Biodesign Institute, Tempe, AZ,
USA) with the Kimura two-parameter method [13]. The data analyzed were the nucleotide sequences of
the VP2 genes of the canine parvovirus 2 (CPV-2) isolates from the Tibetan mastiff and another 198
full-length CPV VP2 genes isolated in China (1755 bp) extracted from GenBank (years 1983-2013).
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The deduced amino acid sequences of the six isolates were compared with the reference strains at
some key VP2 residues. Sequence alignments were performed with the DNAMAN version 6.0
software. The percentage similarity and divergence of the VP2 genes among the six isolates and
10 references strains (GU569943, GU569947, HQS883267, FJ005259, GU569944, FJ222823,
AY742951, FJ222821, FJ005214, and GQ865519) from China and other countries were analyzed with
MegAlign of the DNAStar software (DNASTAR Inc., Madison, WI, USA).

5. Conclusions

We isolated CPV-2 from young Tibetan mastiff dogs in China. Six isolates were typed as new
CPV-2a based on the key amino acids at positions 87, 101, 297, 300, 305, 426, and 555. A
phylogenetic tree showed that our six sequences formed a distinct clade. Five isolates occurred on the
same branch as KF785794 from China and GQ379049 from Thailand. CPV-LS-ZA1 formed a separate
subgroup with FJ435347 from China. The six sequences identified in this study and 198 sequences
from China deposited in GenBank formed seven distinct clusters, which indicates the high level of
diversity in the CPVs in China. Of 198 sequences, 177 (89.39%) displayed the mutation Ser297Ala.
The incorporation of field strains in the commercial vaccine may allow the effective control of CPV-2
infection in the Tibetan mastiff.

Acknowledgments

This study was supported by the Key Project of the Education Department in Sichuan, China
(09ZA082, 13ZA0263), the National Natural Science Foundation of China (31272620), and the
Program for Changjiang Scholars and Innovative Research Teams at Universities (IRT0848).

Author Contributions

G.N.P. and Z.J.Z. conceived and designed the experiments; Z.J.Z., L.Q.L., and X.H.L. performed
the experiments; J.Z., X.B.G., and Y.G. analyzed the data; X.Y.X., X.F.C., Z.Y.Z., Z.H.R, and L.H.S.
contributed reagents/materials/analysis tools; Z.J.Z. and J.Z. wrote the paper; L.Q.L. and Z.J.Z. developed
and performed the molecular data analyses; G.N.P. contributed insight into data interpretation. All the
authors have read and approved the final manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Appel, M.1.; Cooper, B.J.; Greisen, H.; Scott, F.; Carmichael, L.E. Canine viral enteritis. I. Status
report on corona- and parvo-like viral enteritides. Cornel. Vet. 1979, 69, 123—133.

2. Appel, M.J.; Scott, F.W.; Carmichael, L.E. Isolation and immunisation studies of a canine
parco-like virus from dogs with haemorrhagic enteritis. Vet. Rec. 1979, 105, 156—159.

3. Decaro, N.; Buonavoglia, C. Canine parvovirus—A review of epidemiological and diagnostic
aspects, with emphasis on type 2c. Vet. Microbiol. 2012, 155, 1-12.



Int. J. Mol. Sci. 2014, 15 12185

10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Parrish, C.R.; Have, P.; Foreyt, W.J.; Evermann, J.F.; Senda, M.; Carmichael, L.E. The global
spread and replacement of canine parvovirus strains. J. Gen. Virol. 1988, 69, 1111-1116.

Wang, H.C.; Chen, W.D.; Lin, S.L.; Chan, J.P.; Wong, M.L. Phylogenetic analysis of canine
parvovirus VP2 gene in Taiwan. Virus Genes 2005, 31, 171-174.

Martella, V.; Decaro, N.; Buonavoglia, C. Evolution of CPV-2 and implication for
antigenic/genetic characterization. Virus Genes 2006, 33, 11-13.

Chinchkar, S.R.; Mohana Subramanian, B.; Hanumantha Rao, N.; Rangarajan, P.N.; Thiagarajan, D.;
Srinivasan, V.A. Analysis of VP2 gene sequences of canine parvovirus isolates in India. Arch. Virol.
2006, 151, 1881-1887.

Parrish, C.R.; Aquadro, C.F.; Strassheim, M.L.; Evermann, J.F.; Sgro, J.Y.; Mohammed, H.O.
Rapid antigenic-type replacement and DNA sequence evolution of canine parvovirus. J. Virol.
1991, 65, 6544-6552.

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. 2001, 82, 3021-3025.

Hoelzer, K.; Parrish, C.R. The emergence of parvoviruses of carnivores. Vet. Res. 2010, 41, 39.
Nandi, S.; Kumar, M. Canine parvovirus: Current perspective. Indian J. Virol. 2010, 21, 31-44.
Jeoung, S.Y.; Ahn, S.J.; Kim, D. Genetic analysis of VP2 gene of canine parvovirus isolates in
Korea. J. Vet. Med. Sci. 2008, 70, 719-722.

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

Zhao, Y.; Lin, Y.; Zeng, X.; Lu, C.; Hou, J. Genotyping and pathobiologic characterization of
canine parvovirus circulating in Nanjing, China. Virol. J. 2013, 10, 272.

Zhang, Q.; Xu, X.M.; Zhai, G.Q.; Wang, Z.; Hou, S.H. Molecular characterisation of canine
parvovirus strains circulating in China. Afr. J. Biotechnol. 2010, 9, 4556—4560.

Zhang, R.Z.; Yang, S.T.; Feng, H.; Cui, C.S.; Xia, X.Z. The first detection of canine parvovirus
type 2c¢ in China. J. Pathog. Biol. 2010, 5, 246-249.

Xu, J.; Guo, H.C.; Wei, Y.Q.; Shu, L.; Wang, J.; Li, J.S.; Cao, S.Z.; Sun, S.Q. Phylogenetic
analysis of canine parvovirus isolates from Sichuan and Gansu provinces of China in 2011.
Transbound. Emerg. Dis. 2014, doi:10.1111/tbed.12078.

Li, Q.; Liu, Z.; Li, Y.; Zhao, X.; Dong, L.; Pan, Z.; Sun, Y.; Li, N.; Xu, Y.; Xie, Z.
Origin and phylogenetic analysis of Tibetan mastiff based on the mitochondrial DNA sequence.
J. Genet. Genomics 2008, 35, 335-340.

Li, W.; Li, T.; Liu, Y.; Gao, Y.; Yang, S.; Feng, N.; Sun, H.; Wang, S.; Wang, L.; Bu, Z.; et al.
Genetic characterization of an isolate of canine distemper virus from a Tibetan mastiff in China.
Virus Genes 2014, doi:10.1007/s11262-014-1062-z.

Teng, Q.; Zhang, X.; Xu, D.; Zhou, J.; Dai, X.; Chen, Z.; Li, Z. Characterization of an
H3N2 canine influenza virus isolated from Tibetan mastiffs in China. Vet. Microbiol. 2013, 162,
345-352.



Int. J. Mol. Sci. 2014, 15 12186

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wang, M.; Wang, Y.H.; Ye, Q.; Meng, P.; Yin, H.; Zhang, D.L. Serological survey of toxoplasma
gondii in Tibetan mastiffs (Canis lupus familiaris) and yaks (Bos grunniens) in Qinghai, China.
Parasites Vectors 2012, 5, 35.

Parthiban, S.; Mukhopadhyay, H.K.; Panneer, D.; Antony, P.X.; Pillai, R.M. Isolation and typing
of canine parvovirus in CRFK cell line in Puducherry, South India. Indian J. Microbiol. 2011, 51,
456-460.

Carmichael, L.E.; Joubert, J.C.; Pollock, R.V. Hemagglutination by canine parvovirus: Serologic
studies and diagnostic applications. Am. J. Vet. Res. 1980, 41, 784—791.

Goddard, A.; Leisewitz, A.L. Canine parvovirus. Vet. Clin. N. Am. Small Anim. Pract. 2010, 40,
1041-1053.

Pereira, C.A.; Leal, E.S.; Durigon, E.L. Selective regimen shift and demographic growth increase
associated with the emergence of high-fitness variants of canine parvovirus. Infect. Genet. Evol.
2007, 7, 399-409.

Ohshima, T.; Hisaka, M.; Kawakami, K.; Kishi, M.; Tohya, Y.; Mochizuki, M. Chronological
analysis of canine parvovirus type 2 isolates in Japan. J. Vet. Med. Sci. 2008, 70, 769-775.

Yoon, S.H.; Jeong, W.; Kim, H.J.; An, D.J. Molecular insights into the phylogeny of canine
parvovirus 2 (CPV-2) with emphasis on Korean isolates: A bayesian approach. Arch. Virol. 2009,
154, 1353-1360.

Phromnoi, S.; Sirinarumitr, K.; Sirinarumitr, T. Sequence analysis of VP2 gene of canine
parvovirus isolates in Thailand. Virus Genes 2010, 41, 23-29.

Soma, T.; Taharaguchi, S.; Ohinata, T.; Ishii, H.; Hara, M. Analysis of the VP2 protein gene of
canine parvovirus strains from affected dogs in Japan. Res. Vet. Sci. 2013, 94, 368-371.
Mukhopadhyay, H.K.; Matta, S.L.; Amsaveni, S.; Antony, P.X.; Thanislass, J.; Pillai, R.M.
Phylogenetic analysis of canine parvovirus partial VP2 gene in India. Virus Genes 2014, 48,
89-95.

Mittal, M.; Chakravarti, S.; Mohapatra, J.K.; Chug, P.K.; Dubey, R.; Upmanuyu, V.; Narwal, P.S.;
Kumar, A.; Churamani, C.P.; Kanwar, N.S. Molecular typing of canine parvovirus strains
circulating from 2008 to 2012 in an organized kennel in India reveals the possibility of
vaccination failure. Infect. Genet. Evol. 2014, 23, 1-6.

Lin, C.N.; Chien, CH.; Chiou, M.T.; Chueh, L.L.; Hung, M.Y.; Hsu, H.S. Genetic
characterization of type 2a canine parvoviruses from Taiwan reveals the emergence of an 1le324
mutation in VP2. Virol. J. 2014, 11, 39.

Perez, R.; Bianchi, P.; Calleros, L.; Francia, L.; Hernandez, M.; Maya, L.; Panzera, Y.; Sosa, K.;
Zoller, S. Recent spreading of a divergent canine parvovirus type 2a (CPV-2a) strain in a CPV-2c¢
homogenous population. Vet. Microbiol. 2012, 155, 214-219.

Csagola, A.; Varga, S.; Lorincz, M.; Tuboly, T. Analysis of the full-length VP2 protein of canine
parvoviruses circulating in Hungary. Arch. Virol. 2014, doi:10.1007/s00705-014-2068-5.

Hueffer, K.; Parrish, C.R. Parvovirus host range, cell tropism and evolution. Curr. Opin. Microbiol.
2003, 6, 392-398.

Qin, Q.; Loeffler, .K.; Li, M.; Tian, K.; Wei, F. Sequence analysis of a canine parvovirus isolated
from a red panda (4ilurus fulgens) in China. Virus Genes 2007, 34, 299-302.



Int. J. Mol. Sci. 2014, 15 12187

37. Chen, X.Y.; Xie, Z.J.; Zhao, Z.P.; Jiang, S.J.; Zhao, H.K.; Zhu, Y.L.; Zhang, X.X. Genetic
diversity of parvovirus isolates from dogs and wild animals in China. J. Wildl. Dis. 2011, 47,
1036-1039.

38. Nandi, S.; Chidri, S.; Kumar, M.; Chauhan, R.S. Occurrence of canine parvovirus type 2c¢ in the
dogs with haemorrhagic enteritis in India. Res. Vet. Sci. 2010, 88, 169—171.

39. Ge, R.; Peng, G.; Xia, X.; Yang, S.; Su, J.; Zou, X.; Feng, N.; Ma, X.; Shi, J. Isolation and
identification of canine parvovirus Sichuan strains. Chin. J. Prev. Vet. Med. 2007, 29, 836—839.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



