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Abstract

Canine circovirus (canine CV) is an etiological agent associated with diarrhea, hemorrhagic gastroenteritis and vasculitis.
Although canine CV has been identified and characterized in southern China in recent years, its epidemiology in other regions
of China and its precise molecular characteristics have not been examined. In this study, we examined 141 fecal specimens
collected from domestic dogs with or without diarrhea in Heilongjiang province, Northeastern China, during 2014 to 2016. A
total of 18 out of 141 samples were found to be positive for canine CV by real-time quantitative PCR. In the diarrhea samples,
canine CV was detected in coinfections with canine parvovirus 2. More importantly, two different canine CV strains were
detected in one sample. Five canine CV genomes were successfully amplified. Sequence analysis showed that there were two
unique amino acid changes in the Rep protein (N39S in the K1 strain, and T71A in the XF16 strain). Phylogenetic analysis
indicated that canine CV could be divided into four genotypes, and specific nucleotide mutations could be used for confirm-
ing the four genotypes. Moreover, recombination analysis revealed that a total of eight recombination events were found in
five genomic sequences. Molecular evolution analysis showed that the canine CV has been under purifying selection. This
study provides evidence that at least three genotypes of canine CV are co-circulating in China. Continuous epidemiological
surveillance is therefore necessary to understand their importance for the evolution of canine CV.

Introduction

Circoviruses are small, non-enveloped, spherical viruses that
are about 20 nm in diameter and possess a circular, single-
stranded DNA genome of approximately 2 kb, in size [1].
The family Circoviridae is divided into two genera: Circo-
virus and Cyclovirus. Circoviruses have two main inversely
arranged ORFs encoding the replicase protein and capsid
protein, respectively [2, 3]. Circoviruses have been identified
in a number of birds and other animals as well as humans.
While some circoviruses cause subclinical infections, others
can cause serious diseases with a serious economic impact
[4], such as porcine circovirus 2 (PCV2), which affects pigs
all over the world [5]. Circoviruses have been confirmed to
be associated with vesicular and hemorrhagic and enteric
diseases as well as low body weight, poor body condition,
and feathering disorders in birds [6, 7]. An immunosuppres-
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sive effect has been observed in infections with PCV2, psit-
tacine beak and feather disease virus, pigeon circovirus, and
duck circovirus [8, 9].

Canine circovirus (canine CV) was first detected in serum
samples from dogs in the United States in 2012 [2]. Canine
CV has been reported to be associated with vasculitis,
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hemorrhage, hemorrhagic enteritis, and diarrhea [10-13].
Canine CV DNA has also been discovered in mesenteric
lymph nodes and ileal Peyer’s patches in infected dogs [3,
10]. Furthermore, canine CV may act as a coinfection factor
and play a role in the development of disease [14, 15]. In
addition to dogs, canine CV has also been detected in wolves
and badgers [16]. However, the pathogenicity of canine CV
is still controversial. Moreover, little is known about the
evolutionary dynamics and genetic variation of this virus.
Recently, the prevalence and genetic variation of canine CV
in Guangxi, Southwest China, have been reported, but the
epidemiology of this virus in other regions of China is still
unclear.

In the present study, we collected 141 fecal samples from
dogs in Heilongjiang Province, Northeast China, tested them
for the presence of canine CV by real-time quantitative PCR,
and cloned the complete genome of individual isolates. In
addition, genetic variation, polymorphism analysis, and
recombination analysis were undertaken, and genotyping
based on all known canine CV strains was done using phy-
logenetic analysis.

Materials and methods
Sample collection

A collection of 141 fecal samples was obtained from domes-
tic dogs in Heilongjiang province, Northeast China, from
April 2014 to February 2016. Of these, 96 dogs had diar-
rhea, and 45 were healthy without clinical symptoms. In the
healthy dogs, 21 out of 45 had a history of diarrhea in the
past half year, 10 did not have a history of diarrhea, and the
status of the others was unknown. Fecal samples were gath-
ered by inserting a swab 2 cm into the rectum. The samples
were stored at -20 °C until further handling.

Laboratory investigation

The fecal samples were examined for common pathogens.
For detection of bacterial pathogens, the samples were inoc-
ulated onto 5% sheep blood agar (Biocell BioTech., Co.,
Zhengzhou, China) and cultured at 37 °C for 48 h under
aerobic or anaerobic conditions. Subsequently, bacterial
identification was carried out using a Biolog Microbial ID
System (Genelll, Biolog Inc. USA). Meanwhile, the fecal
samples were examined for common enteric viral pathogens.
DNA and RNA were extracted from each fecal sample using
a Genomic DNA Purification Kit (Axygen, Corning Incor-
porated) or TRIzol LS (Gibco-BRL, Life Tech.) according
to the manufacturer’s protocol. PCR and RT-PCR assays
were used for detection of canine coronavirus, canine par-
vovirus type 2 (CPV-2), canine distemper virus, rotaviruses,
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caliciviruses, and astroviruses. Real-time PCR for the detec-
tion of canine CV was conducted as described by Hsu et al.
[12]. The feces were also examined for intestinal parasites
using zinc sulfate flotation.

Amplification, cloning, and full-genome sequencing
of canine CV from positive samples

To amplify the complete genome of canine CV from the
positive samples, PCR was carried out using KOD FX
Neo DNA polymerase (Toyobo, Japan) and four pairs of
PCR primers (Table S1). The PCR products were purified
using a DNA Purification Kit (Tiangen Biotech, Beijing)
and were ligated into the pMD19-T simple vector (TaKaRa
Biotech, Dalian, China). Then, the recombinant plasmids
were sequenced by Comate BioTech (Changchun) Co., Ltd.

Sequence analysis, polymorphism analysis,
and recombination analysis

Nucleotide sequences were analyzed using the programs in
the DNAStar software (DNASTAR, Madison, WI, USA).
The genomic sequences obtained in this study, together with
all the available complete genome sequences in the GenBank
database (Table S2), were aligned by the Clustal W method.
A phylogenetic tree based on the main ORFs (ORF1 plus
ORF2) was constructed by the neighbor-joining method in
MEGAT7 [17], using the aligned data set, and statistical sup-
port was evaluated using 1000 bootstrap replicates.

DNA sequence polymorphism analysis of complete
genome sequences was carried out using DnaSP ver. 5.10.00
[18]. To examine the neutral theory of evolution, Fu and Li’s
D and F [19] tests were used, and the rates of non-synony-
mous (Ka) and synonymous (Ks) mutations were calculated
using DnaSP ver. 5.10.00.

Recombination events in the canine CV strains were
detected using the Recombination Detection Program
package, which includes the RDP, GENECONYV, Maxchi,
Chimaera, 3Seq, Bootscan and SiSscan programs (RDP4)
[20] to identify putative recombination sites in the among
aligned DNA sequences. Recombination events were con-
sidered likely only if they were detected by at least four of
the seven programs in the package with a P-value < 0.01.

Results

Detection of canine CV as a causative agent
of enteritis

In the present study, real-time PCR results showed that
12.8% (18/141) of the samples tested were positive for
canine CV (Table 1). In diarrhea samples, 15 out of 96
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Table 1 Canine pathogens detected in the samples

Sample name Location

Sampling month Age (months) Fecal condition

DogCV Other enteric pathogens detected

1 Dagqing April/2014 46 Diarrhea + CPV+ETEC+Salmonella
2 Dagqing April/2014 2 Diarrhea + CPV+ETEC
3 Dagqing May/2014 17 Diarrhea + CPV
4 Daqing November/2014 35 Diarrhea + CPV
5 Qiqihar November/2014 120 Diarrhea + CPV
6 Dagqing November/2014 18 Diarrhea + CPV+-caliciviruses
7 Daging February/2015 Diarrhea + CPV
8 Mudanjiang February/2015 Diarrhea + CPV+ETEC
9 Mudanjiang June/2015 14 Diarrhea + CPV+ETEC
10 Harbin June/2015 28 Diarrhea + CPV+ETEC
11 Mudanjiang June/2015 48 Diarrhea + CPV+-caliciviruses
12 Qigihar June/2015 5 Diarrhea + CPV+ETEC
13 Mudanjiang November/2015 10 Diarrhea + CPV+ETEC4STEC
14 Harbin November/2015 52 Diarrhea + CPV
15 Harbin November/2015 13 Diarrhea + CPV
16 Harbin February /2016 28 Healthy(Diarrheic in recent half a + _
year)
17 Harbin February /2016 33 Healthy(Diarrheic in recent half a + _
year)
18 Harbin February /2016 84 Healthy(Unknown situation in recent + _

half a year)

(15.6%) were identified as canine CV positive, and all of
the 15 positive samples were coinfected with CPV-2 and/
or other pathogens. About 40% (6/15) of the positive sam-
ples had two different pathogens, canine CV and CPV-2;
46.7% (7/15) had a triple infection, and 13.3% (2/15) had a
quadruple infection. Correspondingly, in the healthy group,
the results showed that three out of 45 samples (6.7%) were
positive for canine CV. Two of the dogs that were positive
for canine CV were among the 21 that had a history of diar-
rhea in the preceding half year (9.5%). In the samples from
dogs without a history of diarrhea, none were positive for
canine CV (0/10). Of the 14 samples from dogs with uncer-
tain history of diarrhea in the preceding six months, only one
was positive for canine CV (Table 1).

There was a significant difference in the rate of detection
of canine CV between the diarrheic group and the healthy
group (P = 0.009); however, there was no significant dif-
ference between samples from dogs with diarrhea history
and those without a history of diarrhea in the healthy group
(P> 0.09).

Full-genomic characterization of the canine CV
strain

Although 18 positive samples were detected, unfortunately,
only five complete genome sequences were obtained,
namely, those of canine CV isolates XF16, K1, C79, C24
and C85 (GenBank ID MF797786, MK731982, MK944079,

MK?731981 and MK944080). It should be noted that the iso-
lates C79 and C24 were obtained from the same positive
sample. Similar to other canine CV isolates, the length of
the genome of the new strains was 2,063 nt.

The sequence identity among the complete genomic
sequences of canine CVs in this study ranged from 98.7%
(strain C24 vs. C85) to 93.2% (strains C24 and C85 vs.
XF16). A comparison using just the replicase sequences
revealed identities of 92.1-98.6% at the nt level and 95.7-
98.7% at the aa level. A comparison of capsid sequences
showed 93.7-98.9% identity at the nt level and 95.9-98.7%
at the aa level.

A comparison of the five sequences in this study with
published sequences in the GenBank database revealed
overall sequence identities of 85.2-96%. Comparisons of the
replicase sequences and capsid sequences with published
sequences in the GenBank database showed that the rep-
licase sequences had 84.5-98.7% nt sequence identity and
90.5-98.7% aa sequence identity, and the capsid sequences
showed identities of 80.7-97.3% and 91.1-98.5-% at the nt
and aa level, respectively. In the replicase protein, there
were two amino acid changes that were unique to strain K1
(N39S) and strain XF16 (T71A).

Phylogeny analysis

A phylogenetic tree based on the combined ORF1 and ORF2
nucleotide sequences available in the GenBank database (n
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=75), is shown in Fig. 1. Phylogenetic analysis showed that
the 75 genes of global canine CV strains were segregated
into four distinct groups with strong (100%) bootstrap sup-
port, namely, canine CV 1, canine CV 2, canine CV 3 and
canine CV 4. The canine CV 1 group consisted of 12 strains
from Italy, two from Germany, one from Argentina, one
from China and four from the USA, including the first canine
CV strain that was discovered (JQ821392). The canine CV 2
group consisted of most of the Chinese strains investigated
as well as three strains that were detected in the year 2014,
13 strains from 2015 and 24 strains from 2017. The canine
CV 3 group included six strains from China detected in the
years 2014 and 2015. The other nine strains, including the
USA UCD3-478 strain (KC241983), belonged to the canine
CV 4 group, which included five strains from this study and
three strains isolated from Guangxi Province, China, in
2015-2016.

Some individual nucleotide sequence polymorphisms
could be used for differentiating the four genotypes. The
nucleotide substitutions specific to the genotype canine CV
2 were mainly localized at positions 525 (G to T), 579 (G to
A), 1066 (A to G), 1219 (T to A), 1258 (A to G), 1281 (T
to A), 1489 (G to T), 1509 (G to A), 1513 (G to A), 1558
(Cto A), 1638 (A to T) and 1639 (T to C). The nucleotide
variations at six positions 891 (C to T), 961 (T to A), 970 (G
to A), 1021 (Cto T), 1129 (A to G) and 1192 (A to T) were
unique for the genotype canine CV 3. Finally, five positions,
1212 (T to G), 1213 (T to C), 1219 (T to C), 1372 (T to G)
and 1435 (G to A) contained variations that were unique to
the genotype canine CV 4.

A neighbor-joining tree constructed based on the com-
plete genome, replicase protein gene and capsid protein gene
are shown in Fig. S1.

Polymorphism analysis

DNA sequences were compared to evaluate the genetic
diversity of canine CV, and the average number of pairwise
nucleotide differences (K) was 211.881. The nucleotide
sequence diversity (r) was 0.10275, and the overall hap-
lotype diversity (Hd) for the 75 canine CV sequences was
1.000 + 0.002. The highest peak of nucleotide sequence
diversity was within the region of nucleotide positions
301-400, whereas the most conserved region was within
the region of nucleotide positions 901-1050. Of the 734
polymorphic sites, 239 were singleton variable sites and
496 were parsimony-informative sites. Te Fu and Li’s D
and F values for canine CV were also negative: -0.32754
(P > 0.10) and -0.20165 (P > 0.10), respectively. The rate
of non-synonymous (Ka) to synonymous mutations (Ks)
was estimated. Ka (0.05637) was found to be lower than Ks
(0.32477) and the Ka/Ks ratio was 0.17357, indicating that
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Fig. 1 Phylogenetic analysis of canine circovirus. Neighbor-joining
trees based on the combined ORF1 and ORF2 regions. The reference
strains and GenBank accession numbers are listed in Table S2. Sta-
tistical support was provided by bootstrapping with 1,000 replicates.
The scale bars indicate the estimated numbers of nucleotide or amino
acid substitutions. Filled squares indicate strains that were first men-
tioned in this article



Canine circovirus in northeastern China, 2014-2016

141

canine CV is spreading within the population and/or is under
purifying selection pressure.

Recombination analysis

Eight potential recombination events were discovered in
the five sequences in this study by seven methods (RDP,
GENECONY, BootScan, MaxChi, Chimaera, SiScan, 3Seq)
in RDP4. As shown in Table 2, two putative recombination
sites were found in each of the isolates XF16, C24 and C85,
and one was found in each of the isolates K1 and C79. The
reliability of these results is supported by p-values less than
0.01 for at least four of the seven methods used.

The sites of event 1 in isolate C24 and event 2 in strain
C79, which were detected by all the seven algorithms, are
located between nt 1205 and 1690, with strain 102 and
FUBerlin-JRS as the major and minor parent, respectively.
The site of event 3 in strain C24, which was detected by
all methods except Chimaera, is located between nt 60 and
1828, with strain GL33 as the major parent. The site of event
4 in strain K1, which was detected by all methods, is located
between nt 1206 and 1598, with strain 102 as the major par-
ent. The sites of events 5 and 6 in strain C85 are located at
nucleotide positions 1205-1690 and 100-1750, respectively,
with strains 102 and GL33 as the respective major parents.
In XF16, two sites of recombination events were identified,
one from nt 974 to 1860 for event 7, with CB6293/1-14 as
the major parent, and the other from nt 114 to 695 for event
8, with UCD1-1698 as the major parent. Most of the putative
recombination events occurred within or close to the coding
regions for the cap and rep proteins; one was located near
the rep gene (Table 2, event 8), and five were located near
the cap gene (Table 2, events 1, 2, 4, 5, and 7).

Discussions

In this study, for the first time, the prevalence of canine CV
in northeastern China was investigated. The overall preva-
lence was found to be 12.8%, which was somewhat higher
than the rate in Guangxi (8.75%, 81/926) but lower than
the rate in Taiwan (28.02%, 58/207) [12, 21]. These differ-
ences might have been due to differences in sample types
and geographic distribution. Our results indicated that the
prevalence of canine CV among diarrheic dogs was 15.6%,
while it was 6.7% among clinically healthy dogs. There were
significant statistical differences between the two types of
samples, as was also found in a study conducted in Taiwan
[12], showing that the prevalence of canine CV in diarrheal
dogs was significantly higher than that in healthy dogs (P <
0.001). However, this was inconsistent with a study in the
USA that showed that the difference in prevalence between
healthy dogs and diarrheic dogs was not significant [3].

Table 2 Putative recombination events amongst the five canine CV genomes sequenced, detected by the RDP, GeneConv, BootScan, MaxChi, Chimaera, SiScan and 3SEQ algorithms

P-value

Position(in alignment)

Minor parent

Major parent

Strain

Event

number

3SEQ

SiScan

BootScan MaxChi Chimaera

GENECONV

RDP

2.197x10™* 1.858x107™*  3.377x10™°  3.748x107°  4.850x107°  1.337x10°°

4.470x107°

1205-1690

FUBerlin-JRS

102
102

C79
C24
C24
K1

2.197x10™* 1.858x107™*  3.377x10™°  3.748x107°  4.850x107°  1.337x10°°

44701075

1205-1690

FUBerlin-JRS

C79

9.737x1073 1.909x107  2.200x107% 8.831x107Y  4.794x10™%#
4.850%x107°

7.662x107*

60-1828

1206-1598

GL33
102
102

1.337x107°

2.197x10™* 1.858x107*  3.377x10™°  3.748x107°

44701075

FUBerlin-JRS

2.197x10™* 1.858x10™*  3.377x10™°  3.748x107°  4.850x107°  1.337x10°°

44701075

1205-1690

FUBerlin-JRS

C79

C85
C85

9.737x1073 1.909x1073  2.200x10~% - 8.831x107Y  4.794x10™%

7.662x107*

100-1750
974-1860
114-659

GL33

1.199x107%
1.670x107%

8.700x107"*  2.571x107°  1.365x107%

3.158x107'2
1.136x107""!

2.183x107""

7.885%x107 1

CB6293/1-14  YLI11

UCD1-1698

XF16

7.725%x107"7

3.648x1071°

1.697x107°

WM46

XF16

8
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At the same time, we also surveyed common pathogens in
canine CV-positive samples and found that the most preva-
lent pathogen involved in coinfections with canine CV was
CPV-2, which is consistent with the results of previous stud-
ies in Taiwan [12] and Italy [15].

Interestingly, we detected two different canine CV strains
in one sample. Whether coinfection with different canine CV
strains affects the pathogenesis and outcome of infection
deserves further investigation.

Phylogenetic analysis based on the main coding
sequences of the canine CV genome (ORF1 + ORF2), as
was done previously with PCV3 [22], displayed clear clus-
ters, providing evidence that canine CV can be divided into
four genotypes. These results were supported by high boot-
strap values and the presence of unique nucleotide muta-
tions. Two of the four genotypes identified, canine CV 1 and
canine CV 2 corresponded to groups identified previously
by Sun et al. [21]. The groups canine CV 3 and canine CV
4, however, are newly emerging genotypes, which provides
evidence that at least three genotypes of canine CV are co-
circulating in China. Furthermore, these findings imply an
association between genotypes and specific geographic loca-
tions. The genotypes canine CV 2 and canine CV 3 included
all of the strains discovered in southwestern China, the geno-
type canine CV 4 mainly included strains from northeastern
China, and all of the canine CV sequences that were not
from China belonged to the genotype canine CV 1.

Using the RDP package, a total of eight recombination
events were detected in the canine CV sequences in this
study. Previous studies have shown that recombination
events can occur not only in the replicase gene [23] but also
in other parts of the genome [22], which is in agreement with
our results. In addition, this study also confirmed that intra-
genotypic and inter-genotypic recombination events have
occurred. The major parent sequences that were identified
were not only from China but also from abroad, suggesting
that various strains have been prevalent in China.

In summary, we have investigated the prevalence of
canine CV and coinfection of this virus with other enter-
opathogens in dogs in northeastern China. Two unique
amino acid changes and new recombination events were
found, and the virus was found to be under purifying selec-
tion. This study provides evidence that at least three geno-
types of canine CV are co-circulating in China. However,
our understanding of the pathogenic mechanism of this virus
and its possible synergistic effects on other pathogens is still
very limited. Continuous epidemiological surveillance is
therefore necessary to understand the importance and evo-
lution of canine CV.
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