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Abstract

Canine bocaviruses (CBoVs) have been recognized as pathogens associated with intestinal
diseases. Hematogenous spreading caused by CBoV has been documented and may
potentiate the virus entry across the blood-brain barrier to initiate a brain infection. This
study focused attention on CBoV detection in cases of encepahlopathy and attempted to
determine its viral localization. A total of 107 dog brains that histologically exhibited enceph-
alopathy (ED) were investigated for the presence of CBoVs using polymerase chain reaction
(PCR). Thirty-three histologically normal brain samples from dogs were used as a control
group (CD). CBoV-2 was detected in 15 ED dogs (14.02%) but not in CD dogs (p=0.02),
while no CBoV-1 and -3 were detected. Among the CBoV-2 positive dogs, brain histological
changes were characterized by nonsuppurative encephalitis, with inclusion body-like mate-
rials in some brains. In situ hybridization (ISH) and transmission electron microscopy (TEM)
confirmed the presence of CBoV-2 viral particles in glial cells, supporting neurotropism of
this virus. ISH signals were also detected in the intestines, lymphoid organs, and the heart,
suggesting both enteral and parenteral infections of this virus. Whole genome characteriza-
tion and evolutionary analysis revealed genetic diversity of CBoV-2 sequences and it was
varying among the different countries where the virus was detected. This study points to a
possible association of CBoV-2 with encephalopathy in dogs. It also highlights the genetic
diversity and cellular tropism of this virus.
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Introduction

The genus Bocaparvovirus (BoV) belongs to the Parvoviridae family, which contains 25 viral
species (1, 2). BoV has been identified in various animals, including numerous primates, lago-
morphs, rodents, pinnipeds, chiropterans, ungulates, carnivores, and humans [1,2]. Thus, spe-
cies classification of BoV viruses (BoVs) is based on the host [2]. Although BoVs are
commonly associated with respiratory and intestinal diseases of infected hosts, the pathological
roles of these viruses remain unclear [1,3-5].

To date, three bocaviruses that belong to Carnivore bocaparvovirus have been discovered in
domestic dogs, namely canine bocavirus 1 to 3 (CBoV-1 to -3) [5-8]. CBoV-1, previously
named canine minute virus, was first isolated in 1967 (7). Most CBoV-1 infections appear to
be asymptomatic, with the exception of those in newborn pups, which can develop a systemic
fatal disease [9]. CBoV-2 infection, which was discovered in 2012 in dogs, has recently been
considered to be a pathogenic [4]. Previous studies detected CBoV-2 genomes in dogs with
intestinal and respiratory diseases [5,10], which showed similarities to intestinal and respira-
tory diseases linked to bocavirus infections in humans. However, the possible association of
CBoV infections with the diseases remains unclear. CBoV-3 was detected as an incidental find-
ing in the liver of a dog in a metagenomic study [6]. Since then, there have been no further
reports of CBoV-3 detection. Speculation of CBoV infection associated with intestinal and
respiratory diseases has been proposed because of viral localization in related organs in dogs
with concurrent otherwise unexplained clinical symptoms [3-5]. The pathogenicity and mode
of transmission of CBoV's are unknown due to the lack of an appropriate animal model and an
established cell culture system for viral isolation [11].

A number of studies have suggested that various BoVs may serve as etiological agents in dis-
eases with atypical clinical symptoms, including encephalopathy [12-17]. Human bocavirus
(HBoV) and viral-like particles have been detected in cerebrospinal fluid derived from patients
with encephalitis [16,17]. Studies have also detected HBoV in the central nervous system
(CNS) of encephalitic patients with concomitant infections of unknown origin [12,13]. In
addition, HBoV has been detected in 3-15% of encephalitis patients, pointing to the possible
role of HBoV infection in encephalitis [12]. Furthermore, studies of CBoV in dogs and feline
bocavirus (FBoV) in cats showed the presence of these viral genomes in brain tissue using
polymerase chain reaction (PCR) [10,18,19]. Although CBoV/FBoV genomes have been
detected by PCR assays in CNS-related samples, the virus has not been identified in situ in
CNS tissue.

Several studies have indicated that BoV's can cause viremia, which may lead to its detection
in several organs via hematogenous spread [5,10,12,18]. If BoV's can enter the bloodstream
and cause viremia, they may be able to disseminate to other parts of body [11,20-22] and/or
localize and cause lesions [11]. As hematogenous spread is the typical route by which viruses
enter organs, BoVs may be able to pass through the blood-brain barrier and cause lesions in
the CNS [16]. There have been a number of recent reports on BoVs associated with encephali-
tis [12,13,17]. However, systematic studies on BoV localization in the CNS have not been
reported, except for one exception, a single case report of porcine bocavirus (PBoV) infection
in a pig with encephalitis [14]. Furthermore, little is known about CBoV cellular tropism and
its pathogenic potential in the CNS and other organs. Information on enteral and parenteral
infection, replication sites, and possible cellular targets of CBoVs are also lacking.

In this study, we focused on CBoV infection in dogs with clinical features of neurological
diseases. We conducted PCR assays to detect CBoV in brain tissue and utilized the in situ
hybridization (ISH) technique and transmission electron microscopy (TEM) to visualize viral
localization in the brains of infected dogs. Our findings also provided information regarding
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the genetic diversity and evolutionary patterns of CBoV strains, and CBoV pathogenicity and
disease presentation.

Materials and methods
Animals, samples, and genomic extraction

Between January 2019 and January 2021, 107 brain samples derived from 107 dogs with clini-
cally suspected encephalopathy (i.e., clinical signs of seizures, behavioral changes, circling, dis-
orientation, weakness, loss of balance, and/or cervical spinal pain) that were submitted for a
postmortem examination to the Department of Pathology, Faculty of Veterinary Science, Chu-
lalongkorn University, Bangkok, Thailand, were collected. These samples served as the study
group, hereafter referred to as the encephalopathy dog group (ED group). Brain tissues from
healthy dogs (N = 33) submitted for a postmortem examination that showed no neuropatho-
logical changes served as a control group (CD group). Samples positive for rabies infection via
a fluorescent antibody test were excluded. Samples with other anatomical abnormalities, such
as hydrocephalus, congenital cerebral or cerebellar hypoplasia, primary or secondary brain
tumors, traumatic brain injury, and/or metabolic, toxic, ischemic, and hemorrhagic brain dis-
eases as revealed by histopathology or other laboratory results were also excluded from the
study. All experimental protocols were approved by the Chulalongkorn University Animal
Care and Use Committee (No. 1631002).

The collected brain samples were aliquoted for routine histology by immersing in 10% neu-
tral buffered formalin (SigmaAldrich, MA, USA). For routine diagnostic virology, they were
stored at -80°C. For the histopathology study, the histology sections were examined by an
American-boarded veterinary pathology (TK) for histology description. For virological stud-
ies, the brain samples were subjected to viral nucleic acid extraction. Briefly, the brain tissue
samples (5 g) were homogenized in 1X phosphate buffered saline using an aseptic technique.
The homogenized samples were subjected to viral genomic extraction using a Viral Nucleic
Acid Extraction Kit IT (GeneAid, Taipei, Taiwan) according to the manufacturer’s instruc-
tions. The extracted nucleic acids were quantified on the basis of a 260/280 absorbance ratio
using a Nanodrop®) Lite spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA). The extracted nucleic acids were then stored at -80°C. Fresh-frozen and formalin-fixed,
paraftin-embedded (FFPE) samples derived from various organs in the ED group were also
collected. Data on the ages of the dogs were recorded, and the life stage of each dog was classi-
fied according to the guidelines of American Animal Hospital Association [23].

CBoV detection and genome sequencing

All the extracted brain samples were initially screened for genomic BoV using pan-BoV PCR
assays targeting a board range of BoVs [24]. Pan-BoV PCR (panBoV)-positive brain samples
were subjected to a pan-canine BoV PCR assay (panCBoV), which can detect CBoV-1 to -3
[25]. The primers, cycling conditions, and protocols were as described in a previous study [5],
with minor modifications. Specifically, we used GoTaq Green Master Mix (Promega, Madison,
WI, USA) which contains a mixture of Taqg DNA polymerase, 400 uM of dNTPs, 3 mM of
MgCl, and PCR buffers, and added 5 pl of extracted nucleic acids to increase detection affinity.
The PCR-amplified products were visualized using the QIAxcel capillary electrophoresis plat-
form. The capillary cartridge type and settings used in this analysis have been described previ-
ously [26]. The positively amplified fragments were later purified using a NucleoSpin®)
Extract I kit (Macherey-Nagel, Diiren, Germany). The purified fragments were then submit-
ted for bidirectional Sanger sequencing at Macrogen Inc. (Incheon, South Korea) to confirm
the presence and genetic diversity of the CBoV genomes. To detect other viruses in these
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samples, the CBoV-positive brain samples were screened using an in-house pan-family viro-
logical PCR pipeline targeting caliciviruses, coronaviruses, flaviviruses, herpesviruses, para-
myxoviruses, parvoviruses [18,26,27], and circoviruses [28]. Moreover, specific PCR assays
targeting common viruses associated with neurological diseases in canines, including canine
distemper virus, canine adenoviruses, and canine parvovirus [29-31], were also conducted.
Based on an initial assessment of genetic diversity from the partial genome sequencing results
obtained from the panCBoV PCR assay, we selected six representative CBoV-positive samples
for full-length coding genome sequencing and analysis. A primer set used to amplify the com-
plete coding genome sequence of the CBoV was designed based on the consensus genomic
alignment of previously published CBoV genomes available in the GenBank database. The
primers used in this study are listed in S1 Table. The designed primer pair were used in a com-
bination of GoTaq Green Master Mix (Promega, Madison, WI, USA) and 5 pl of DNA tem-
plate, to amplify sequential CBoV fragments. The cycling conditions included 95°C, 5 min of
initial denaturation, followed by 40 cycles of 95°C for 30 sec, 50°C for 1 min, 72°C for 12 min,
with a final extension at 72°C for 10 min.

Genetic diversity and evolutionary analysis of the CBoV-positive samples

To investigate the genetic diversity and evolutionary patterns of the CBoVs, six complete cod-
ing sequences of the selected positive samples in this study were genetically aligned with previ-
ously published CBoV genomes and other BoV genomes derived from various host species
(available in the GenBank database) using MAFFT alignment version 7 (http://maftt.cbrc.jp/
alignment/server/) and MEGA 7 [32]. Phylogenetic trees were then constructed from these
alignments using the maximum likelihood method with HKY+G as a best-fit model of nucleo-
tide substitution according to the Bayesian information criterion. All phylogenetic trees were
tested with 1,000 bootstrapping replicates. Genome pairwise similarity sequences were calcu-
lated using a maximum composite likelihood model. Evolutionary analyses were conducted in
MEGA 7. The generated nucleotide identity among the CBoVs is presented in Microsoft Excel
format.

To identify the impact of recombination processes on the evolution of CBoV strains, RDP
v. Beta 4.94 [33], an integrated, statistical-based recombination detection program, was uti-
lized. The settings and criteria used for the analysis of the recombination events were as
described previously [26-28,34], with a p value of 0.01 used as an acceptable cut-off. Bonfer-
roni correction was done as standard. Similarity plot and bootscanning analysis, which are
embedded in the SImPlot software package v. 3.5.146 (SCRoftware Baltimore, MD), were then
implemented for CBoV strains with recombination events in the RDP. This was done to
reconfirm the in silico analysis of genetic recombination. The bootscan analysis was tested
using the Kimura-2 parameter (K2P) model for 100 replications, with a window size of 200 bp,
step size of 20 bp, and transition/transversion ratio of 2, as previously described [18,27,28,34].

To shed light on the evolutionary process of the CBoVs, the alignment of various BoV
genomes was used as a template for the evolutionary analysis. Briefly, a data set of 33 complete
genome sequences containing 27 CBoV complete genome sequences was retrieved from the
GenBank database. This data set was then used in an evolutionary analysis of six potential
CBoV strains derived from canine brains in this study. The evolutionary analysis was per-
formed using the Bayesian Markov Chain Monte Carlo model, implemented in BEAST v2.4.8
[35]. A jModelTest [36] was performed to identify the best fitting nucleotide substitution
model for multiple alignment sequences. The best-fit substitution model under a log-normal
relaxed and strict clock model at constant population sizes as priors was implemented to
account for varied evolutionary rates among lineages. A coalescent Bayesian skyline tree prior
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and empirical base frequencies were conducted under the best-fit clock model and run for 500
million chains, sampling every 50,000th generation, with the first 10% discarded as burn-in.
The convergence of parameters was confirmed by calculating the effective sample size using
the TRACER program v.1.7.0 [37]. Maximum clade credibility trees were annotated using
TreeAnnotator v.1.8.3 [35]. A phylogenetic tree with estimated divergence, variable timeline,
posterior probability, and 95% highest posterior density (HPD) was generated and displayed
using FigTree v.1.4.3.

Chromogenic identification of CBoV DNA localization in brain tissues

To support the results of CBoV PCR and hence viral tropism in other organs, seven selected
CBoV FFPE tissues in which CBoV PCR was positive were subjected to perform the ISH tech-
nique with a chromogenic DNA probe. Briefly, the FFPE tissues were cut at 4 pm, and placed
onto a positively charged glass slide. After deparaffinization, rehydration, and proteolytic
digestion with 10 ng/ml of proteinase K at 37°C for 10 min, the FFPE sections were post-fixed
and subsequently hybridized with 20 ng/pl of CBoV DNA probe. This probe covered 440 bp of
the NSI gene and was constructed using a PCR DIG Probe Synthesis Kit (Roche Diagnostics,
Basel, Switzerland) according to the manufacturer’s recommendations. Following ISH over-
night at 50°C, the reactions were visualized using a combination of 1:200 anti-DIG-AP Fab
fragments in blocking solution (Roche Diagnostics, Basel, Switzerland) and Liquid Permanent
Red (Dako, Glostrup, Denmark). The sections were then counterstained with hematoxylin.
Samples containing red dots marked localization of the virus and were considered positive.
Incubation with a feline panleukopenia virus probe [38] rather than the CBoV probe was used
as a negative control. A CBoV-2-negative brain section incubated with a CBoV-2 probe was
used as an additional negative control.

To confirm CBoV localization in brain tissue, ISH was performed using the same hybrid-
ization procedure described earlier, except using a different CBoV probe covering 214 base
pairs of the VP1I gene. StayGreen/AP Plus (Abcam, Cambridge, USA) was used as the detection
system. Green precipitates associated with the cells were considered positive. The negative
control slides were performed as described above.

CBoV particles in brain tissues

To support the PCR and ISH evidence of CBoV in brain tissue, virus particles in two CBoV-
positive brain sections were analyzed using TEM and a modified pop-off technique, as previ-
ously described [27,38]. The sections were postfixed in 1% osmium tetroxide prior to the TEM
(HT7800; Hitachi, Tokyo, Japan) study at 80 kV.

Detection of CBoV localization in other organs

To evaluate cellular tropism of the CBoV, conventional PCR, in combination with ISH target-
ing the NSI gene of CBoV-2, as described in the chromogenic identification of CBoV DNA
localization in brain tissues, was used to detect the virus in various organs. Previously known
CBoV genomes obtained from a previous study [5] and a no template control were used as
positive and negative controls, respectively.

Statistical analysis

Two-tailed Fisher’s exact test was used for statistical anaysis of the various groups, and a p-
value of < 0.05 was considered to indicate statistical significance. All statistical analyses were
performed using GraphPad Prism 8.
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Results
Genetic screening of CBoV in brain samples

As shown by the initial BoV screening results using a panBoV PCR assay in brain samples,
CBoV was detected only in the ED group that revealed 14.02% (15/107) positive samples.
There were significant differences in the CBoV-positive dogs that were found only in the ED
dogs (p = 0.02). The panBoV-positive PCR samples were then tested using a panCBoV PCR
assay to validate the positive results and differentiate the subtypes of CBoV. The results showed
that all the panBoV PCR-positive samples were positive in the panCBoV PCR assay. All the
samples were identified as CBoV-2, as confirmed by bi-directional sequencing. Among the
positive samples, 60% (9/15) were from pups, 26.67% (4/15) were from adult dogs, and 13.33%
(2/15) were from senior dogs. All the CBoV-2 positive dogs showed clinical signs of weakness
(15/15), and 66.67% (10/15) of CBoV-2 positive dogs had seizures (10/15). Canine circovirus
was also detected in one CBoV-positive dog in the ED group.

Full-length genome analysis of CBoV-2

Six CBoV-positive PCR samples were selected for analysis of the entire genome coding sequences
by multiple conventional PCR assays and sequencing. Six 5,000 bp complete CBoV genome
coding sequences were obtained: CBoV 036CP1-TH2021, 038CP3-TH2021, 008CP4-TH2021,
240CP5-TH2020, 241CP6-TH2020, and 147CP7-TH2020 (GenBank accession numbers:
MW922648-MW922653). Three open reading frames (ORFs) that encoded nonstructural proteins
(NSI and NS2), viral structural proteins (VPI and VP2), and nucleoprotein (NP), respectively, were
detected. An additional ORF (4) was identified downstream of the NS1 in the obtained CBoV-2
strain. Partial deletions downstream of the VP genes were not observed. Pairwise genetic diver-
gence of the obtained CBoV-2 strain was estimated based on a comparison with previously pub-
lished CBoV genomes. Of the six CBoV-positive PCR samples, pairwise genetic diversity ranged
from 86.4 to 97.0%. However, when compared with a previously detected CBoV-2 strain, Con-161
(JN648103), genetic similarity was lower, ranging from 86.4 to 86.8% (S1 Fig). Genetic recombina-
tion analysis revealed no evidence of potential recombination in the obtained CBoV-2 genomes.

Evolutionary analysis of CBoV

A data set on complete genomes of CBoVs detected in various geographical regions, together
with obtained CBoV strains in this study, was used to estimate the divergence timeline and
evolutionary history of CBoVs. The general time-reversible (GTR) model with a strict clock
model was used as a suitable best-fit substitution model for aligned sequences. A phylogenetic
tree of these data revealed four main distinct clades: CBoV-1, CBoV-2 group I (GI), CBoV-2
group II (GII), and CBoV-3 (Fig 1). The overall evolutionary rate was estimated to be

2.36 x 10~ substitutions/site/year (95% HPD: 4.18-5.22 x 10~*). The phylogenetic tree based
on the complete genome sequences of the six CBoV strains identified in this study showed that
they formed two distinct groups, which may have the same origin around 2000. Based on refer-
ence strains, five of the six CBoV strains (036CP1, 038CP3, 008CP4, 240CP5, and 241CP6)
belong to CBoV-2 GI, which shares the same lineage as an CBoV strain isolated from Hong
Kong and South Korea and a BoV strain, 147CP7, belonging to CBoV-2 GII, which exhibits
high nucleotide identity to a CBoV strain found in Thailand in 2016 (MG025952).

Histopathology and CBoV-2 localization in brain sections

In 15 of the CBoV-2 PCR-positive brain samples, histological changes were described collec-
tively, except where otherwise specified. Similar levels of mild-to-moderate degeneration of
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resident cells, including gliosis, darked neurons, and some neuronal vacuolations, were
observed in all of 15 PCR-positive brain sections. In the study, 10/15 (66.67%) CBoV-2 PCR-
positive brain sections showed minimal-to-mild encephalitis, characterized by nonsuppurative
perivascular cuffing. In 4/15 (26.67%) brain sections, hypercellularity of the cortical plate and
ventricular zone of the cerebrum was observed, with dense aggregates of glial cells, neurons,
and neuropils, some of which were edematous. Some neurons were triangular and hypereosi-
nophilic, with nuclear pyknosis (neuronal necrosis). In two of four brain specimens examined,
variable numbers of glial cells containing large, bright eosinophilic intranuclear inclusion-like
material were observed. One of two specimens with inclusion-like material had diffuse thick-
ening of meninges, with markedly engorged blood vessels and increased prominence of spin-
dloid stromal cells. Mild interstitial and perivascular infiltration of lymphocytes and plasma
cells were also observed in this specimen. In the cerebellum, meningeal blood vessels in the
sulci and gyri were markedly engorged (Fig 2A).

Viral localization of the selected CBoV-2 PCR-positive brain samples in the CNS was inves-
tigated using two independent ISH techniques with different targeting probes. Six of seven
brain sections (85.71%) tested positive using both ISH methods, with five of seven sections
(71.42%) showing strong nuclear signals in many glial cells, which were located at the cortical
plate and, to lesser extent, within the ventricular zone of the cerebrum (Fig 2B-2D). Nuclear
positive signals were strong where inclusion body-like materials were observed. The results of
the two independent ISH methods were similar: There were no signals detected in the cerebel-
lum and the brain stem of the examined sections, and no hybridization signals were observed
in the negative control section using a feline parvovirus probe (S2 Fig).

To confirm the results of the two independent ISH procedures and the presence of CBoV-2
particles in brain tissues of the infected dogs, two selected FFPE-brain sections with viral-like
inclusion bodies in glial cells that were positive in both ISH assays were subjected to TEM.
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Fig 2. CBoV-2 infection in dog no. 240CP5. Photomicrographs demonstrate H&E staining (A) and CBoV-2 ISH (B-D) in brain. (A). Hypercellularity of the
cortical plate and ventricular zone of the cerebrum (inset). Variable numbers of glial cells containing large, bright eosinophilic intranuclear inclusion-like
material (arrows) and hypereosinophilic neurons (arrowhead). (B). Hybridization signals using a probe targeting NSI of CBoV-2 were strong and localized in
the nucleus of glial cells (red precipitates). The signals were strong and clearly observed in the glial cells containing intranuclear inclusion-like material (inset).
Hematoxylin (pale blue) was used as a counterstain. (C) and (D). Nuclear hybridization signals using a probe targeting VPI of CBoV-2 revealed diffuse staining
patterns in many glial cells (dark blue green). Nuclear fast red (pink) was used as a counterstain. Bars indicate 25 um (A and D) and 120 pm (B and D).

https://doi.org/10.1371/journal.pone.0255425.9002

TEM revealed the ultrastructural localization of CBoV-2, with numerous electron-dense icosa-
hedral viral particles, measuring about 20 nm in diameter, aggregated within large, dense
intranuclear inclusion elements within the glial cells (Fig 3).

Enteral and parenteral localization of CBoV-2

To explore the potential distribution of CBoV-2 in different organs, both conventional PCR
and ISH methods were used. The PCR assay was conducted to detect CBoV-2 in various
organs, including the intestines and brains of all the tested dogs. Lymph nodes, thymus, kid-
neys, heart, brain, spleen, and trachea were differentially positive among the cases (S2 Table).
To elucidate the presence of CBoV-2 genes in various organs due to either hemorrhagic
spreading or actual localization as viral tropism, ISH was performed in samples that were PCR
positive. Apart from the brain, strong nuclear hybridization signals were detected in villous
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Fig 3. CBoV-2 infection in dog no. 241CP6, showing the ultrastructure of an infected brain. An oligodendroglia cell containing an inclusion body within
the nucleus, which contained aggregates of electron-dense icosahedral virions (inset). Bar as indicated.

https://doi.org/10.1371/journal.pone.0255425.9003

epithelia and lymphocytes in thymus and lymph nodes (Fig 4). Weaker ISH-positive signals
were noted in the nucleus of the myocardium (Fig 4E). No signals were detected in other tested
organ sections. Details on the PCR and ISH results are provided in S2 Table.

Discussion

Viremia induced by BoVs increases the possibility of dissemination of the virus to various
organs and tissues [5,11,18,21,22]. If the virus can adapt to infect resident cells, novel tropism
may result in infection of new cells. Apart from gastrointestinal and respiratory diseases,
recent studies have implicated HBoV's in encephalopathy/encephalitis [12,13,15-17]. In this
study, we hypothesized that CBoVs may disseminate to the CNS where they may be associated
with neurological disorders in canines, similar to those found in HBoV-infected humans.
However, this hypothesis is not definitively proved by fulfilling the Koch’s postulates due to
the lack of a cell culture system for CBoV-2 propagation. Therefore, this study only conducted
the controlled study of diseased and healthy animals to provide insight into this assumption.
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Fig 4. CBoV-2 infection in dogs no. 008CP4 (A-B) and no. 038CP3 (C-E). Photomicrographs demonstrate H&E staining (A) and CBoV-2 ISH (B-E). Variable
numbers of enterocytes contained large, bright eosinophilic, intranuclear inclusion bodies (inset). (B). Diffuse strong hybridization signals were localized in the
nucleus of enterocytes (red precipitates), the cells of which contained inclusion bodies (inset). (C) Strong hybridization signals were observed in the nucleus of
mononuclear cells (inset) of the thymus and (D) mesenteric lymph nodes. (E) Nuclear hybridization signals were observed in myocardial cells (inset).
Hematoxylin (pale blue) was used as a counterstain. Bars indicate 25 um (A-E).

https://doi.org/10.1371/journal.pone.0255425.9004

Since this study investigated on the rabies-negative brain samples, we only detected the CBoV-
2 genome (with no presence of other common canine viral neuropathogens such as CDV,
CAdVs, and CPV) in brain tissue of the ED group but not the CD group. The detection of
CBoV-2 in ED brains corresponded with optical determination of viral localization using ISH
and TEM, suggesting that CBoV-2 plays a potential role in encephalitis. This study also
revealed the presence of CBoV-2 antigen in other organs, corresponding with the PCR and
ISH results.

Limited data point to Carnivore bocavirus in the CNS [10,18,19]. However, several studies
have pointed to the potential role of HBoVs in encephalitis [12,13,15-17]. PBoV infection
without concomitant infections was reported in a pig with signs of encephalitis, and this study
confirmed neurotropism of the PBoV [14]. Given the current evidence for BoV neurotropism,
in this study, we focused on CBoV detection in brain samples obtained from dogs with signs
of encephalopathy. We detected CBoV-2 in brain tissues in the ED group but no CBoV geno-
types in the CD group. Thus, CBoV-2 presumably plays a dominant role in canine encephalop-
athy. As the sample size in our study was small, the findings may not truly reflect the
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epidemiology of CBoVs. Further large-scale retrospective and perspective studies are needed
to elucidate the incidence of CBoV genotypes in dogs with encephalopathy.

Intestinal epithelia and lymphoid cells have been recognized as sites of cellular tropism in
most Carnivore bocavirus, including CBoV-1 and CBoV-2 [5,7,10,39] and FBoV-1 [18]. In the
present study, CBoV-2 was localized in intestinal epithelia and lymphoid tissues, including
lymph node and thymus, supporting the idea of cellular tropism. As noted earlier, carnivore
bocaviral DNA has been found in brain tissues via PCR methods (10, 18). However, no studies
have confirmed virus localization in the brain. Thus, the present study demonstrates a poten-
tially novel cellular tropism of CBoV-2 in brain.

In addition, we detected CBoV-2 in myocardium, which suggests that the heart may serve
as another target organ for CBoV-2 infections. Note also that CBoV-1, a counterpart of CBoV-
2, is known to be associated with myocarditis [40]. In the present study, although we detected
CBoV-2 DNA in all the selected brain tissue samples, as well as in several other organs in the
infected dogs, not all brain samples or PCR-positive tissues revealed ISH signals to support the
presence of viral DNA. Hematogenous spreading of the virus or low amounts of virus present
in the tested organs may be hypothesized for this finding. However, we did not investigate the
presence of CBoV-2 in blood of these cases, further investigations are needed to support this
hypothesis. Evidence of viral hematogenous spreading of CBoV-2 and other BoVs has been
reported, in addition to viral gene/genome detection in various organs [5,18,21,22]. The incon-
gruence between our PCR and ISH data may be caused by a difference in sensitivity, as ISH
has lower sensitivity than PCR [41,42]. In this study, we postulated that if CBoV-2 causes vire-
mia, it could disseminate to various organs in the body and infect resident cells. Future studies
using animal models or primary culture systems susceptible to CBoV-2 infection are needed to
shed light on this issue.

Several recent studies have shed light on the genetic diversity of CBoV-2 [3,4,10,24,25,43].
Although CBoV-2 is a DNA virus, which has a low potential to mutate, recent studies indi-
cated that CBoV-2 has a major dynamic range of its evolution due to natural genetic recombi-
nation [5,44]. Previous studies reported partial deletion and the presence of a unique ORF,
ORF4, in the VP gene of CBoV-2, with the authors speculating that this ORF may play a role
in CBoV-2 disease presentation and pathogenicity [3-5]. These observations required us to
investigate the genetic diversity of CBoV-2 in the present study. Although a previous study
described CBoV-2 genomes derived from dogs in Thailand provided evidence of genetic
recombination [5], we found no evidence of genetic recombination in these obtained CBoV-2
genomes in the present study. However, we found that the obtained CBoV-2 genomes were
diverse and disperse. The evolutionary data obtained in this study revealed that CBoV sub-
group diversity can occur frequently. This finding is supported by molecular epidemiology
studies of CBoV strains isolated in different districts and countries [5,10,24,43]. Intensive
monitoring and tracking of genetic diversity and evolutionary forces of CBoV-2 are needed in
further research.

Conclusions

This study provides novel insights into CBoV-2 tropism, suggesting that CBoV-2 plays a
potential role in canine encephalopathy. Our data on viral localization indicate that CBoV-2
may also infect lymphoid and myocardial cells. Furthermore, we hypothesize the hematoge-
nous spreading of bocaviruses. Hematogenous spreading and viral dissemination may result
in different disease presentations. Finally, this study provides novel avenues for future research
on CBoV-2, and the CBoV-2 infection in dogs may serve as a model for comparative studies of
other BoV infections.
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Supporting information

S1 Fig. Pairwise nucleotide identity of obtained CBoV-2. The highest and lowest nucleotide
identity of obtained CBoV-2 are highlighted with red and yellow colors, respectively.
(TIF)

$2 Fig. CBoV-2 infection. Photomicrographs of dog no. 240CP5. In situ hybridization with
feline panleukopenia probe incubation served as negative controls of (A) brain, (B) intestine,
(C) thymus, and (D) heart sections. Bars indicate 25 um for (A) and 120 um for (B-D).

(TIF)

$1 Table. The CBoV-2-specific primers used for the full-length genome sequencing and
for in situ hybridization (ISH). The primers were designed based on alignment of multiple
CBoV-2 genomes available in GenBank.

(DOCX)

S2 Table. Detection of CBoV-2 in various organs of selected dogs. The CBoV-2 genomes
were detected using conventional polymerase chain reaction (PCR) and in situ hybridization
(ISH).

(DOCX)

Author Contributions
Conceptualization: Chutchai Piewbang, Tanit Kasantikul, Somporn Techangamsuwan.
Data curation: Chutchai Piewbang, Jakarwan Yostawonkul.

Formal analysis: Chutchai Piewbang, Sabrina Wahyu Wardhani, Wichan Dankaona, Jira
Chanseanroj.

Funding acquisition: Somporn Techangamsuwan.

Investigation: Chutchai Piewbang, Sabrina Wahyu Wardhani, Sitthichok Lacharoje, Jakarwan
Yostawonkul, Tanit Kasantikul.

Methodology: Chutchai Piewbang, Poowadon Chai-in, Tanit Kasantikul.

Project administration: Chutchai Piewbang, Suwimon Boonrungsiman, Tanit Kasantikul,
Somporn Techangamsuwan.

Resources: Poowadon Chai-in, Jira Chanseanroj, Suwimon Boonrungsiman, Yong
Poovorawan.

Software: Jira Chanseanroj.

Supervision: Suwimon Boonrungsiman, Tanit Kasantikul, Yong Poovorawan, Somporn
Techangamsuwan.

Validation: Chutchai Piewbang.
Writing - original draft: Chutchai Piewbang.

Writing - review & editing: Chutchai Piewbang, Somporn Techangamsuwan.

References

1.  Guido M, Tumolo MR, Verri T, Romano A, Serio F, De Giorgi M, et al. Human bocavirus: Current knowl-
edge and future challenges. World J Gastroenterol. 2016; 22(39):8684—-97. https://doi.org/10.3748/wjg.
v22.i39.8684 PMID: 27818586

PLOS ONE | https://doi.org/10.1371/journal.pone.0255425 August 12, 2021 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255425.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255425.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255425.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255425.s004
https://doi.org/10.3748/wjg.v22.i39.8684
https://doi.org/10.3748/wjg.v22.i39.8684
http://www.ncbi.nlm.nih.gov/pubmed/27818586
https://doi.org/10.1371/journal.pone.0255425

PLOS ONE

Canine bocavirus-2 in dogs with encephalopathy

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Manteufel J, Truyen U. Animal bocaviruses: a brief review. Intervirology. 2008; 51(5):328-34. https:/
doi.org/10.1159/000173734 PMID: 19023216

Choi JW, Lee KH, Lee JI, Lee MH, Lee KK, Oem JK. Genetic characteristics of canine bocaviruses in
Korean dogs. Veterinary Microbiology. 2015; 179(3—4):177-83. https://doi.org/10.1016/j.vetmic.2015.
07.023 PMID: 26233679

Kapoor A, Mehta N, Dubovi EJ, Simmonds P, Govindasamy L, Medina JL, et al. Characterization of
novel canine bocaviruses and their association with respiratory disease. J Genl Virol. 2012; 93(Pt
2):341-6. https://doi.org/10.1099/vir.0.036624-0 PMID: 22031527

Piewbang C, Jo WK, Puff C, Ludlow M, van der Vries E, Banlunara W, et al. Canine Bocavirus Type 2
Infection Associated With Intestinal Lesions. Vet Pathol. 2018; 55(3):434—41. https://doi.org/10.1177/
0300985818755253 PMID: 29421972

LiL, Pesavento PA, Leutenegger CM, Estrada M, Coffey LL, Naccache SN, et al. A novel bocavirus in
canine liver. Virol J. 2013; 10(1):54. https://doi.org/10.1186/1743-422X-10-54 PMID: 23402347

Macartney L, Parrish CR, Binn LN, Carmichael LE. Characterization of minute virus of canines (MVC)
and its pathogenicity for pups. The Cornell veterinarian. 1988; 78(2):131-45. PMID: 2836128

Decaro N. Enteric Viruses of Dogs. Advances in Small Animal Care. 2020; 1:143-60.

Decaro N, Amorisco F, Lenoci D, Lovero A, Colaianni ML, Losurdo M, et al. Molecular characterization
of Canine minute virus associated with neonatal mortality in a litter of Jack Russell terrier dogs. J Vet
Diagn Invest. 2012; 24(4):755-8. https://doi.org/10.1177/1040638712445776 PMID: 22604773

Bodewes R, Lapp S, Hahn K, Habierski A, Forster C, Konig M, et al. Novel canine bocavirus strain asso-
ciated with severe enteritis in a dog litter. Veterinary Microbiology. 2014; 174(1-2):1-8. https://doi.org/
10.1016/j.vetmic.2014.08.025 PMID: 25263495

Schildgen O, Schildgen V. The Role of the Human Bocavirus (HBoV) in Respiratory Infections. In: Tang
Y-W, Stratton CW, editors. Advanced Techniques in Diagnostic Microbiology. Cham: Springer Interna-
tional Publishing; 2018. p. 281-301.

Akturk H, Sik G, Salman N, Sutcu M, Tatli B, Ciblak MA, et al. Atypical presentation of human bocavirus:
Severe respiratory tract infection complicated with encephalopathy. J Med Virol. 2015; 87(11):1831-8.
https://doi.org/10.1002/jmv.24263 PMID: 25966820

Ergul AB, Altug U, Aydin K, Guven AS, Altuner Torun Y. Acute necrotizing encephalopathy causing
human bocavirus. Neuroradiol J. 2017; 30(2):164—7. https://doi.org/10.1177/1971400916687586
PMID: 28059631

Pfankuche VM, Bodewes R, Hahn K, Puff C, Beineke A, Habierski A, et al. Porcine Bocavirus Infection
Associated with Encephalomyelitis in a Pig, Germany(1). Emerg Infects Dis. 2016; 22(7):1310-2.

Mori D, Ranawaka U, Yamada K, Rajindrajith S, Miya K, Perera HKK, et al. Human bocavirus in patients
with encephalitis, Sri Lanka, 2009—-2010. Emerg Infect Dis. 2013; 19(11):1859-62. https://doi.org/10.
3201/eid1911.121548 PMID: 24188380

Mitui MT, Shahnawaz Bin Tabib SM, Matsumoto T, Khanam W, Ahmed S, Mori D, et al. Detection of
Human Bocavirus in the Cerebrospinal Fluid of Children With Encephalitis. Clin Infect Dis. 2012; 54
(7):964—7. https://doi.org/10.1093/cid/cir957 PMID: 22238160

YudJM, Chen QQ, Hao YX, Yu T, Zeng SZ, Wu XB, et al. Identification of human bocaviruses in the cere-
brospinal fluid of children hospitalized with encephalitis in China. J Clin Virol. 2013; 57(4):374—7. https://
doi.org/10.1016/j.jcv.2013.04.008 PMID: 23707415

Piewbang C, Kasantikul T, Pringproa K, Techangamsuwan S. Feline bocavirus-1 associated with out-
breaks of hemorrhagic enteritis in household cats: potential first evidence of a pathological role, viral tro-
pism and natural genetic recombination. Sci Rep. 2019; 9(1):16367. https://doi.org/10.1038/s41598-
019-52902-2 PMID: 31705016

Garigliany M, Gilliaux G, Jolly S, Casanova T, Bayrou C, Gommeren K, et al. Feline panleukopenia
virus in cerebral neurons of young and adult cats. BMC Vet Res. 2016; 12:28. https://doi.org/10.1186/
5$12917-016-0657-0 PMID: 26895627

Schildgen O, Milller A, Allander T, Mackay IM, V6lz S, Kupfer B, et al. Human bocavirus: passenger or
pathogen in acute respiratory tract infections? Clin Microbiol Rev. 2008; 21(2):291-304, table of con-
tents. https://doi.org/10.1128/CMR.00030-07 PMID: 18400798

Bonvicini F, Manaresi E, Gentilomi GA, Furio FD, Zerbini M, Musiani M, et al. Evidence of human boca-
virus viremia in healthy blood donors. Diagn Microbiol Infect Dis 2011; 71(4):460-2. https://doi.org/10.
1016/j.diagmicrobio.2011.08.019 PMID: 21996095

Sukkaromdee P, Wiwanitkit V. Bocavirus viremia. Ann Thorac Med. 2015; 10(3):219. https://doi.org/10.
4103/1817-1737.160848 PMID: 26229569

PLOS ONE | https://doi.org/10.1371/journal.pone.0255425 August 12, 2021 13/15


https://doi.org/10.1159/000173734
https://doi.org/10.1159/000173734
http://www.ncbi.nlm.nih.gov/pubmed/19023216
https://doi.org/10.1016/j.vetmic.2015.07.023
https://doi.org/10.1016/j.vetmic.2015.07.023
http://www.ncbi.nlm.nih.gov/pubmed/26233679
https://doi.org/10.1099/vir.0.036624-0
http://www.ncbi.nlm.nih.gov/pubmed/22031527
https://doi.org/10.1177/0300985818755253
https://doi.org/10.1177/0300985818755253
http://www.ncbi.nlm.nih.gov/pubmed/29421972
https://doi.org/10.1186/1743-422X-10-54
http://www.ncbi.nlm.nih.gov/pubmed/23402347
http://www.ncbi.nlm.nih.gov/pubmed/2836128
https://doi.org/10.1177/1040638712445776
http://www.ncbi.nlm.nih.gov/pubmed/22604773
https://doi.org/10.1016/j.vetmic.2014.08.025
https://doi.org/10.1016/j.vetmic.2014.08.025
http://www.ncbi.nlm.nih.gov/pubmed/25263495
https://doi.org/10.1002/jmv.24263
http://www.ncbi.nlm.nih.gov/pubmed/25966820
https://doi.org/10.1177/1971400916687586
http://www.ncbi.nlm.nih.gov/pubmed/28059631
https://doi.org/10.3201/eid1911.121548
https://doi.org/10.3201/eid1911.121548
http://www.ncbi.nlm.nih.gov/pubmed/24188380
https://doi.org/10.1093/cid/cir957
http://www.ncbi.nlm.nih.gov/pubmed/22238160
https://doi.org/10.1016/j.jcv.2013.04.008
https://doi.org/10.1016/j.jcv.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23707415
https://doi.org/10.1038/s41598-019-52902-2
https://doi.org/10.1038/s41598-019-52902-2
http://www.ncbi.nlm.nih.gov/pubmed/31705016
https://doi.org/10.1186/s12917-016-0657-0
https://doi.org/10.1186/s12917-016-0657-0
http://www.ncbi.nlm.nih.gov/pubmed/26895627
https://doi.org/10.1128/CMR.00030-07
http://www.ncbi.nlm.nih.gov/pubmed/18400798
https://doi.org/10.1016/j.diagmicrobio.2011.08.019
https://doi.org/10.1016/j.diagmicrobio.2011.08.019
http://www.ncbi.nlm.nih.gov/pubmed/21996095
https://doi.org/10.4103/1817-1737.160848
https://doi.org/10.4103/1817-1737.160848
http://www.ncbi.nlm.nih.gov/pubmed/26229569
https://doi.org/10.1371/journal.pone.0255425

PLOS ONE

Canine bocavirus-2 in dogs with encephalopathy

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Creevy KE, Grady J, Little SE, Moore GE, Strickler BG, Thompson S, et al. 2019 AAHA Canine Life
Stage Guidelines. J Am Anim Hosp Assoc. 2019; 55(6):267—90. https://doi.org/10.5326/JAAHA-MS-
6999 PMID: 31622127

Lau SK, Woo PC, Yeung HC, Teng JL, Wu Y, Bai R, et al. Identification and characterization of boca-
viruses in cats and dogs reveals a novel feline bocavirus and a novel genetic group of canine bocavirus.
The Journal of general virology. 2012; 93(Pt 7):1573-82. https://doi.org/10.1099/vir.0.042531-0 PMID:
22495233

Zhai SL, Lin T, Chen YW, Liu R, Lv DH, Wen XH, et al. First complete genome sequence of canine
bocavirus 2 in mainland China. New Microbes New Infect. 2017; 18:47-9. https://doi.org/10.1016/j.
nmni.2017.04.002 PMID: 28616242

Piewbang C, Techangamsuwan S. Phylogenetic evidence of a novel lineage of canine pneumovirus
and a naturally recombinant strain isolated from dogs with respiratory illness in Thailand. BMC Vet Res.
2019; 15(1):300. https://doi.org/10.1186/s12917-019-2035-1 PMID: 31426794

Piewbang C, Wardhani SW, Chaiyasak S, Yostawonkul J, Chai-in P, Boonrungsiman S, et al. Insights
into the genetic diversity, recombination, and systemic infections with evidence of intracellular matura-
tion of hepadnavirus in cats. PloS one. 2020; 15(10):e0241212. https://doi.org/10.1371/journal.pone.
0241212 PMID: 33095800

Piewbang C, Jo WK, Puff C, van der Vries E, Kesdangsakonwut S, Rungsipipat A, et al. Novel canine
circovirus strains from Thailand: Evidence for genetic recombination. Sci Rep. 2018; 8(1):7524. https://
doi.org/10.1038/s41598-018-25936-1 PMID: 29760429

Piewbang C, Rungsipipat A, Poovorawan Y, Techangamsuwan S. Development and application of mul-
tiplex PCR assays for detection of virus-induced respiratory disease complex in dogs. J Vet Med Sci.
2017; 78(12):1847-54. hitps://doi.org/10.1292/jvms.16-0342 PMID: 27628592

Piewbang C, Rungsipipat A, Poovorawan Y, Techangamsuwan S. Cross-sectional investigation and
risk factor analysis of community-acquired and hospital-associated canine viral infectious respiratory
disease complex. Heliyon. 2019; 5(11):e02726. https://doi.org/10.1016/j.heliyon.2019.e02726 PMID:
31844690

Chaiyasak S, Piewbang C, Banlunara W, Techangamsuwan S. Carnivore Protoparvovirus-1 Associ-
ated With an Outbreak of Hemorrhagic Gastroenteritis in Small Indian Civets. Vet Pathol.
2020:0300985820932144. https://doi.org/10.1177/0300985820932144 PMID: 32880233

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-
ger Datasets. Molecular biology and evolution. 2016; 33(7):1870—4. https://doi.org/10.1093/molbev/
msw054 PMID: 27004904

Martin DP, Murrell B, Golden M, Khoosal A, Muhire B. RDP4: Detection and analysis of recombination
patterns in virus genomes. Virus Evolution. 2015; 1(1). https://doi.org/10.1093/ve/vev003 PMID:
27774277

Piewbang C, Radtanakatikanon A, Puenpa J, Poovorawan Y, Techangamsuwan S. Genetic and evolu-
tionary analysis of a new Asia-4 lineage and naturally recombinant canine distemper virus strains from
Thailand. Sci Rep. 2019; 9(1):3198. https://doi.org/10.1038/s41598-019-39413-w PMID: 30824716

Bouckaert R, Heled J, Kuhnert D, Vaughan T, Wu CH, Xie D, et al. BEAST 2: a software platform for
Bayesian evolutionary analysis. PLoS Comput Biol. 2014; 10(4):e1003537. https://doi.org/10.1371/
journal.pcbi.1003537 PMID: 24722319

Posada D. jModelTest: phylogenetic model averaging. Molecular biology and evolution. 2008; 25
(7):1253-6. https://doi.org/10.1093/molbev/msn083 PMID: 18397919

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior Summarization in Bayesian Phylo-
genetics Using Tracer 1.7. Syst Biol. 2018; 67(5):901—4. https://doi.org/10.1093/sysbio/syy032 PMID:
29718447

Piewbang C, Wardhani SW, Chanseanroj J, Yostawonkul J, Boonrungsiman S, Saengkrit N, et al. Natu-
ral infection of parvovirus in wild fishing cats (Prionailurus viverrinus) reveals extant viral localization in
kidneys. PloS one. 2021; 16(3):e0247266. https://doi.org/10.1371/journal.pone.0247266 PMID:
33651823

Decaro N, Buonavoglia C. Canine parvovirus—a review of epidemiological and diagnostic aspects, with
emphasis on type 2c. Veterinary Microbiology. 2012; 155(1):1—12. https://doi.org/10.1016/j.vetmic.
2011.09.007 PMID: 21962408

Harrison LR, Styer EL, Pursell AR, Carmichael LE, Nietfeld JC. Fatal disease in nursing puppies associ-
ated with minute virus of canines. J Vet Diagn Invest. 1992; 4(1):19-22. https://doi.org/10.1177/
104063879200400105 PMID: 1313305

Jensen E. Technical Review: In Situ Hybridization. The Anatomical Record. 2014; 297(8):1349-53.
https://doi.org/10.1002/ar.22944 PMID: 24810158

PLOS ONE | https://doi.org/10.1371/journal.pone.0255425 August 12, 2021 14/15


https://doi.org/10.5326/JAAHA-MS-6999
https://doi.org/10.5326/JAAHA-MS-6999
http://www.ncbi.nlm.nih.gov/pubmed/31622127
https://doi.org/10.1099/vir.0.042531-0
http://www.ncbi.nlm.nih.gov/pubmed/22495233
https://doi.org/10.1016/j.nmni.2017.04.002
https://doi.org/10.1016/j.nmni.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28616242
https://doi.org/10.1186/s12917-019-2035-1
http://www.ncbi.nlm.nih.gov/pubmed/31426794
https://doi.org/10.1371/journal.pone.0241212
https://doi.org/10.1371/journal.pone.0241212
http://www.ncbi.nlm.nih.gov/pubmed/33095800
https://doi.org/10.1038/s41598-018-25936-1
https://doi.org/10.1038/s41598-018-25936-1
http://www.ncbi.nlm.nih.gov/pubmed/29760429
https://doi.org/10.1292/jvms.16-0342
http://www.ncbi.nlm.nih.gov/pubmed/27628592
https://doi.org/10.1016/j.heliyon.2019.e02726
http://www.ncbi.nlm.nih.gov/pubmed/31844690
https://doi.org/10.1177/0300985820932144
http://www.ncbi.nlm.nih.gov/pubmed/32880233
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/ve/vev003
http://www.ncbi.nlm.nih.gov/pubmed/27774277
https://doi.org/10.1038/s41598-019-39413-w
http://www.ncbi.nlm.nih.gov/pubmed/30824716
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1003537
http://www.ncbi.nlm.nih.gov/pubmed/24722319
https://doi.org/10.1093/molbev/msn083
http://www.ncbi.nlm.nih.gov/pubmed/18397919
https://doi.org/10.1093/sysbio/syy032
http://www.ncbi.nlm.nih.gov/pubmed/29718447
https://doi.org/10.1371/journal.pone.0247266
http://www.ncbi.nlm.nih.gov/pubmed/33651823
https://doi.org/10.1016/j.vetmic.2011.09.007
https://doi.org/10.1016/j.vetmic.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/21962408
https://doi.org/10.1177/104063879200400105
https://doi.org/10.1177/104063879200400105
http://www.ncbi.nlm.nih.gov/pubmed/1313305
https://doi.org/10.1002/ar.22944
http://www.ncbi.nlm.nih.gov/pubmed/24810158
https://doi.org/10.1371/journal.pone.0255425

PLOS ONE Canine bocavirus-2 in dogs with encephalopathy

42, Biedermann K, Dandachi N, Trattner M, Vogl G, Doppelmayr H, Moré E, et al. Comparison of Real-
Time PCR Signal-Amplified In Situ Hybridization and Conventional PCR for Detection and Quantifica-
tion of Human Papillomavirus in Archival Cervical Cancer Tissue. Journal of Clinical Microbiology.
2004; 42(8):3758. https://doi.org/10.1128/JCM.42.8.3758-3765.2004 PMID: 15297527

43. GuoD,WangZ, Yao S, LiC, Geng Y, Wang E, et al. Epidemiological investigation reveals genetic
diversity and high co-infection rate of canine bocavirus strains circulating in Heilongjiang province,
Northeast China. Research in veterinary science. 2016; 106:7—13. https://doi.org/10.1016/j.rvsc.2016.
03.003 PMID: 27234529

44. Fu X, Wang X, Ni B, Shen H, Wang H, Zhang X, et al. Recombination analysis based on the complete
genome of bocavirus. Virol J. 2011; 8(1):182. https://doi.org/10.1186/1743-422X-8-182 PMID:
21507266

PLOS ONE | https://doi.org/10.1371/journal.pone.0255425 August 12, 2021 15/15


https://doi.org/10.1128/JCM.42.8.3758-3765.2004
http://www.ncbi.nlm.nih.gov/pubmed/15297527
https://doi.org/10.1016/j.rvsc.2016.03.003
https://doi.org/10.1016/j.rvsc.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27234529
https://doi.org/10.1186/1743-422X-8-182
http://www.ncbi.nlm.nih.gov/pubmed/21507266
https://doi.org/10.1371/journal.pone.0255425

