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Whole-genome sequence analysis of canine parvovirus reveals
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Abstract

Canine parvovirus (CPV) infection causes severe gastroenteritis in canines, with high mortality in puppies. This virus evolved
from feline panleukopenia virus by altering its transferrin receptor (TfR), followed by the emergence of CPV-2 variants in
subsequent years with altered immunodominant amino acid residues in the VP2 protein. While previous studies have focused
on the VP2 gene, there have been fewer studies on non-structural protein (NS1 and NS2) genes. In the present study, CPV
genome sequences from clinical samples collected from canines throughout India in 2023, previous Indian CPV isolates from
2009-2019, and the current Indian CPV vaccine strain were compared. The study showed that the CPV-2c (N426E) variant
had almost completely replaced the previously dominant CPV-2a variant (N426) in India. The Q370R mutation of VP2 was
the most common change in the recent CPV-2c strain (CPV-2c 370Arg variant). Phylogenetic analysis showed the existence
of three clades among the recent CPV-2c strains, and sequence analysis identified several new sites of positive selection in
the VP1 (N-terminus), VP2, NS1, and NS2 protein-encoding genes in recent CPV strains, indicating the emergence of new
CPV-2c variants with varied antigenic and replication properties. The predominant ‘CPV-2c 370Arg variants’ were grouped
with the Chinese and Nigerian CPV-2c strains but were separate from the CPV vaccine strain and earlier isolates from our
repository. VP2 epitope analysis predicted nine amino acid variations (including two new variations) in four potential linear
B-cell epitopes in the CPV-2c 370Arg variants that might make vaccine failure more likely. This pan-Indian study lays the
foundation for further research concerning the dynamics of virus evolution and understanding genetic mutations.

Introduction six months of age. Clinical signs of the disease include vom-

iting, fever, diarrhoea (often bloody), hemorrhagic enteritis,

Canine parvovirus 2 (CPV-2) is a member of the genus Pro-
toparvovirus of the family Parvoviridae [1] that causes acute
hemorrhagic gastroenteritis and myocarditis in wild and
domestic canines [2]. The disease is responsible for a signifi-
cant number of animal deaths, particularly in puppies under
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myocarditis, and leukopenia [3]. CPV-2 is a non-enveloped
virus with a diameter of about 25 nm, and its genome is a
single-stranded linear DNA molecule of 5 kb that contains
two open reading frames [4], the first of which encodes the
structural proteins VP1 and VP2 and the second of which
encodes the non-structural proteins NS1 and NS2 [5].

In the late 1970s, CPV-2 emerged as a novel canine path-
ogen and spread rapidly throughout the world. This virus
evolved from feline panleukopenia virus (FPV) through
interspecies transmission with other carnivores such as
minks and foxes, eventually infecting dogs. Therefore,
CPV-2 can be regarded as a variant of FPV that specifically
affects canines [6]. After its emergence, CPV-2 underwent
genetic and antigenic changes within a few years, leading to
the evolution of newer strains, named CPV-2a and CPV-2b
[7], which differ at amino acid residue 426 of the VP2 gene,
which is asparagine in CPV-2a and aspartic acid in CPV-2b.
Later, an additional amino acid variation was documented
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in CPV-2a and CPV-2b isolates in Germany. These strains,
which have a Ser—Ala substitution at amino acid residue
297 of VP2, were designated as ‘New CPV-2a/2b’ in the
early 1990s and now as ‘CPV-2a/2b variants’ [8]. In 2000,
a new antigenic variant with glutamic acid at amino acid
residue 426 of the VP2 gene was reported in Italy and was
subsequently designated as ‘CPV-2¢’ [9]. Thus, CPV strains
are differentiated based on the variations observed at amino
acid residues 297 and 426 of the VP2 capsid protein [10].
Currently, New CPV-2a (CPV-2a variant), New CPV-2b
(CPV-2b variant), and CPV-2c appear to have replaced the
prototype CPV-2a/2b and become the predominant types co-
circulating in many Asian countries [5, 11-14]. The CPV-2
prototype is no longer found in canines but is still used in
CPV vaccines [15]. Previous studies have shown that the
CPV-2a variant is the predominant strain in India, but there
have been a few reports of CPV-2b and CPV-2c [11, 12,
16-20]. However, recent studies in neighbouring countries,
including China, Taiwan, Myanmar, and Thailand have
found a higher occurrence of CPV-2c, increasing the risk
that this variant will continue to spread [21-23].

So far, there has not been a comprehensive molecular
surveillance study of CPV encompassing all of the geo-
graphical areas of India. The majority of the studies have
focused on the VP2 capsid protein gene, but research on the
non-structural genes NS1 and NS2 and the gene encoding
VP1, which is important for viral replication and apoptosis,
also needs to be undertaken. It is crucial to analyze the
complete genome of the virus over time in a large geo-
graphical region for a better understanding of its evolution
and spread. Therefore, the aim of this study was to com-
pare the genomic profiles of CPV strains from 2009-2019
to those of current CPV strains distributed across all six
geographical regions of India.

Materials and methods
Clinical samples

A total of 203 faecal samples/rectal swabs were collected
from dogs with suspected CPV infection from different loca-
tions covering all six geographical regions of India during
2023, as detailed in Table 1. The samples were resuspended
in 0.1 M phosphate-buffered saline (pH 7.4) and transported
to the laboratory on ice for processing. After centrifugation
at 6000 rpm for 15 min at 4°C, the supernatant was col-
lected and stored at -40°C for further use. In addition to the
clinical samples, repository isolates of canine parvovirus
that had been identified and deposited in the collection of
the Department of Veterinary Microbiology, Rajiv Gandhi
Institute of Veterinary Education and Research (RIVER),
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India, over a period of time (2009-2019) (Supplementary
Table S1) were also used in this study, together with the
current CPV vaccine virus.

Extraction of viral DNA

A 200-pL aliquot each of processed sample was treated with
a mixture containing lysis buffer, proteinase K, and mag-
netic beads and kept at 56°C for 5 min. The viral DNA was
extracted from clinical samples, repository isolates, and the
vaccine, using a Nucleic Acid Extraction Kit (Zybio Inc.
Chongging, China) according to the manufacturer's protocol,
and stored at -40 °C until further use.

PCR amplification

Samples were screened for the presence of CPV using the
primer pair Hg, (5’-CAGGTGATGAATTTGCTACA-3") and
H,., (5’-CATTTGGATAAACTGGTGGT-3") to amplify a
630-base-pair (bp) fragment of the CPV VP2 gene encod-
ing amino acid residues at positions 297, 300, 305, 375,
and 426, which are significant for CPV strain differentiation
[9]. The PCR reaction mixture consisted of a 1X concentra-
tion of Ampliqon AQ97 DNA Polymerase Master Mix, H;,/
H,., primers (0.2 uM each), 2 uL of template DNA, and
nuclease-free water to make up a final volume of 50 pL.
The conditions for PCR amplification were described previ-
ously by Karanam et al. [20]. The PCR-amplified products
were resolved on a 1.5% agarose gel in Tris-acetate EDTA
buffer and visualized using a UV transilluminator (Syngene,
Norway).

CPV strain identification

Seventy-four amplified PCR products of recent clinical
samples were selected, representing all six geographical
regions of India (Table 1). The PCR products were extracted
from a gel using a QIAGEN Gel Extraction Kit and sent
for custom sequencing in both directions (5'-3' and 3'-5")
using an Applied Biosystems 3100 automated sequencer.
The specificity of the sequences was checked using the
nucleotide Basic Local Alignment Search Tool (BLAST)
on the NCBI website (http://www.ncbi.nlm.nih.gov), and the
nucleotide sequences were aligned with the corresponding
CPV sequences available in the GenBank database using the
Clustal Omega program of the MEGA 11 software package
[24]. The partial sequences of the VP2 gene were submit-
ted to the GenBank database (www.ncbi.nlm.nih.gov/geneb
ank) under the accession numbers OR339704 to OR339759
(Table 1). The partial VP2 sequences of the 74 recent CPV
isolates, 21 repository isolates (2009-2019 isolates) from
our laboratory (Supplementary Table 1), seven CPV vaccine
strains, and 22 reference isolates from various parts of the
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Table 1 Details of sample collection during 2023 and the results

Region State State Place  Clinical Positive by Partial VP2 Whole Strain identified NCBI GenBank Acces-
samples PCR Sequencing genome sion ID
sequencing
Southern Puducherry Puducherry 14 7 3 1 CPV-2c (2) OR339706,
CPV-2a variant (1)  OR296265*
OR339746
Tamil Nadu Chennai 11 2 2 1 CPV-2c¢ (2) OR339710,
OR296263*
Andhra Pradesh Krishna 10 8 2 - CPV-2c (1) OR339707
CPV-2a variant (1) OR339747
Telangana Hyderabad 10 9 3 1 CPV-2c (3) OR339704,
OR339705,
OR296264*
Karnataka Gadag 10 - - - -
Bangalore 10 8 3 - CPV-2c¢ (2) OR339708, OR339709
CPV-2a variant (1) OR339748
Western Goa North Goa 5 5 3 1 CPV-2a variant (2) OR339757, OR339758
CPV-2c¢ (1) OR296275%
Mabharashtra Mumbai 10 10 3 1 CPV-2¢ (2) OR339716,
CPV-2a variant (1) OR296261*
OR339749
Sangli 10 8 3 - CPV-2¢ (2) OR339717, OR339718
CPV-2a variant (1) OR339750
Rajasthan Jaipur 5 4 4 1 CPV-2c (4) OR339722,
OR339723,
OR339724,
OR296276*
Northern Haryana Faridabad 8 7 7 1 CPV-2¢ (2) OR339721,
CPV-2b (1) OR296271*
CPV-2a variant (4) OR339745
OR339751,
OR339752,
OR339754,
OR339755
Delhi Delhi 4 4 4 1 CPV-2¢ (3) OR339719,
CPV-2a variant (1)  OR339720,
OR296260*
OR339753
Uttar Pradesh Ayodhya 9 2 2 1 CPV-2a variant (1) OR339756
CPV-2¢ (1) OR296272%
Eastern West-Bengal Kolkata 6 6 3 1 CPV-2c (3) OR339738,
OR339739,
OR296273*
Barrackpore 7 4 2 - CPV-2¢ (2) OR339740, OR339741
Jharkhand Ranchi 10 9 2 1 CPV-2¢ (2) OR339742,
OR296270*
Bihar Patna 8 8 2 1 CPV-2c¢ (2) OR339743,
OR296268*
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Table 1 (continued)

Clinical
samples

Region State State Place

PCR

Positive by Partial VP2 Whole
Sequencing genome

NCBI GenBank Acces-
sion ID

Strain identified

sequencing

North-Eastern Assam Guwahati 10 10

Mizoram Aizwal 9 9

Nagaland Pfutero

Manipur Imphal 8 7

Tripura
Chhattisgarh

Agartala

Central Durg 3 3

Madhya Pradesh Bhopal 9 9

Jabalpur 10 9

203 162

(79.8%)

6 Regions 21 States 25 places

74

1 CPV-2c (4) OR339728,
OR339729,
OR339730,

OR296274*

OR339731,
OR339732,
OR339733,
OR296277*

OR339734,
OR339735,
OR296262*

1 CPV-2¢ (4)

1 CPV-2c (3)

- CPV-2c¢ (2) OR339736, OR339737

1 CPV-2a variant (1) OR339744
CPV-2c¢ (2) OR339759,
OR296269*

OR339711,
OR339712,
OR339727,
OR296267*

OR339713,
OR339714,
OR339715,
OR339725,
OR339726,
OR296266*

CPV-2c¢ [59 (79.7%)], CPV-2a variant [14
(18.9%)], CPV-2b variant [1 (1.3%)]

1 CPV-2¢ (4)

1 CPV-2c (6)

18

“NCBI GenBank Accession ID for the Whole genome sequence

world (NCBI, GenBank) were used to construct a phyloge-
netic tree (outgroup rooted) by the neighbor-joining method,
using the MEGA 11 program [24].

Whole-genome sequencing

Whole-genome sequencing was done for molecular charac-
terization of the structural (VP1 and VP2) and non-structural
(NS1 and NS2) protein genes of CPV. Eighteen randomly
selected representative recent samples that tested positive
using the primer pair Hy /H.,,, obtained from diverse loca-
tions in India (three samples from each region), 11 reposi-
tory CPV isolates (2009-2019 isolates), and a current Indian
CPV vaccine strain, were subjected to PCR amplification to
yield seven overlapping PCR products for generation of the
complete CPV genome sequence, using the seven sets of
primers listed in Supplementary Table S2, followed by cus-
tom sequencing and sequence alignment. The PCR reaction
mixture and the conditions of the PCR assay to amplify each
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fragment were carried out as described by Karanam et al.
[20]. The details of the 18 clinical samples and 11 repository
CPV isolates used for whole-genome sequence analysis are
shown in Table 1 and Supplementary Table S1, respectively.

Sequencing and sequence analysis

The seven overlapping amplified PCR products of CPV
sequences from each sample were subjected to gel extraction
and custom sequenced as described above, using the seven
sets of sequencing primers listed in Supplementary Table S2.
The sequencing results were checked by BLAST analysis
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and aligned. The
coding sequences of VP1 (N-terminus), VP2, NS1, and NS2
were aligned separately with the corresponding complete
coding sequences of the repository isolates, Indian CPV vac-
cine strain, and reference CPV strains available in GenBank,
using the Clustal Omega program of the MEGA 11 software
package [24] to identify new substitutions and mutations.
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Amino acid positions 297 and 426 of VP2 were examined
to identify strains [13, 25, 26], and 12 other amino acid posi-
tions in VP2 (5, 87, 267, 300, 322, 323, 324, 334, 341, 370,
440, and 555) that have been reported to affect infectivity
and pathogenicity [13, 25-28] were also examined for muta-
tions or variations.

Phylogenetic analysis based on the VP2 and NS1
genes

Phylogenetic analysis was performed separately based on the
complete coding sequences of the VP2 and NS1 genes. The
phylogenetic tree (outgroup-rooted) was constructed by the
neighbor-joining method, using the MEGA 11 program [24],
using the sequences of the 18 recent clinical samples and the
corresponding sequences of repository isolates, the Indian
vaccine strain, and reference CPV strains from various parts
of the world available in the NCBI nucleotide database. The
confidence level of branching in the phylogenetic tree was
evaluated as described by Karanam et al. [20].

Recombination analysis

GARD (Genetic Algorithms for Recombination Detection)
and RDP4 analysis (http://www.datamonkey.org) were per-
formed to identify breakpoints and recombination events in
the VP1, VP2, NS1, and NS2 genes of the CPV strains as
described by Karanam et al. [20].

Selective pressure analysis

Selective pressure was evaluated based on the ratios of non-
synonymous (dN) to synonymous (dS) mutations (dN/dS)
within the VP1,VP2, and NS1 genes of CPV strains, using
the single-likelihood ancestor counting (SLAC) method
(http://www.datamonkey.org) as described by Karanam et al.
[20]. The dN—dS ratio <1.0,= 1.0, and >1.0 indicate nega-
tive, neutral, and positive selection, respectively. Statisti-
cal analysis was performed to compare the targeted genes
of the recent CPV strains and repository isolates, using the
chi-square test of independence (X2 test) in SPSS software
version 20. A x? cal value that is higher than the x* tab
value indicates that the null hypothesis (HO) is rejected at a
5% significance level.

B cell epitope prediction

An effective vaccine should stimulate cellular and humoral
immune responses against the target pathogen. Hence, we
also sought to identify the potential B cell epitopes from our
study sequences. We limited our analysis to the structural
protein of the CPV (VP2 gene), as these are the most acces-
sible antigens for engaging B cell receptors. The Immune

Epitope Database (IEDB), a sequence-based tool, was
used to identify potential linear B-cell epitopes using the
Bepipred 2.0 algorithm.

Results

Out of 203 clinical samples, 162 (79.8%) were found to be
positive for the presence of CPV by PCR, using the primers
H;,/H,.,, which target a portion of the VP2 gene, yielding a
specific amplicon of 630 bp. Details about the samples col-
lected in India and their PCR results are shown in Table 1.

Identification of CPV strains

Partial VP2 sequences of 74 recently collected clinical samples
that tested positive by PCR were found to be completely identi-
cal to those of other CPV strains identified by BLAST analy-
sis of the NCBI GenBank database. Of the samples tested,
59 (79.7%) were identified as CPV-2¢ (297Ala, 426Glu), 14
(18.9%) were identified as CPV-2a (297Ala, 426Asn), and
only one (1.3%) was identified as CPV-2b (297Ala, 426Asp)
(Fig. 1, Table 1, and Supplementary Table S3).

Four variable amino acid sites were identified in recent
CPV strains when compared to the repository CPV isolates
and the Indian vaccine strain (Supplementary Table S3).
Notably, the GIn370— Arg mutation was detected in 61
(82%) of the 74 recent CPV isolates studied. The major-
ity of recent CPV-2c isolates (55/59, 93.2%) had the
GIn370— Arg substitution (CPV-2c 370Arg variant), but
the recent CPV-2a variant (6/14, 42.8%) (CPV-2a 370Arg
variant) was also detected. The lone CPV-2b variant did not
have the GIn370— Arg variation. The other three variations
included Gly286—Ser in one CPV-2c isolate (OR296260),
Glu368—Lys in six CPV-2a/2c isolates (OR339747,
OR339748, OR339749, OR339750, OR339753,
OR339720), and Asp373—Asn in three CPV-2a isolates
(OR339749, OR339751, OR339753). The previously pre-
dominant variation at amino acid residue 440 (Thr—Ala)
that was present in our earlier repository isolates (CPV-2a
variant) was not observed in most of our recent CPV iso-
lates, especially the recent CPV-2c isolates.

Phylogenetic analysis based on partial VP2
gene sequences

Phylogenetic analysis was performed using 74 recent CPV iso-
lates, 21 repository isolates (2009-2019) from our laboratory,
seven CPV vaccine strains, and 22 reference CPV sequences
representing various strains from various parts of the world
(NCBI, GenBank) (Fig. 2). The recent CPV isolates analyzed

@ Springer


http://www.datamonkey.org
http://www.datamonkey.org

189 Page 6 of 23

Reddy et al.

Variant

18.9 %
AN

1.3%
CPV 2b
Variant

9 Guwaahcti
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Fig. 1 CPYV strain identification in recently collected CPV samples covering wide geographical areas in India. The CPV-2c strain was predomi-
nant in most parts of India, with few co-circulating CPV-2a variants and a lone CPV-2b variant

in this study formed three clades (clades I, II, and III). Most
of the recent CPV-2c isolates with an arginine substitution at
position 370 (CPV-2c 370Arg variant) formed a monophy-
letic clade (clade I), together with Chinese CPV-2c strains,
that was separate from the vaccine strains. The recent CPV-2a
variants and CPV-2b variant formed a separate monophyletic
clade (clade II) together with Chinese CPV-2a strains and
the 2009-2019 repository isolates (CPV-2a/2b variant), but
a few CPV-2c strains (OR339717, OR339736, OR296269,
and OR339719) without a change at amino acid position 370
(GIn370) also were clustered in clade II. Similarly, some of
the CPV-2c strains (10 sequences) without a change at amino
acid position 324 (Tyr324) grouped with the prototype CPV-
2c¢ strain and the vaccine strains and formed a separate clade
(clade III). A phylogenetic tree constructed using the maxi-
mum-likelihood method showed a similar distribution pattern
of the CPV strains (data not shown).

Whole-genome analysis
The complete genome sequences (4,363 nt) of 30 CPV

sequences analyzed in this study (including 18 recent CPV
isolatates, 11 repository CPV isolates, and one Indian CPV
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vaccine strain) were submitted to the GenBank database
(www.ncbi.nlm.nih.gov/genebank) under the accession
numbers OR296260 to OR296277 (18 recent CPV isolates),
OR296278 to OR296288 (11 repository CPV isolates), and
OR296289 (CPV vaccine strain) (Table 1 and Supplemen-
tary Table S1). BLAST analysis revealed that the study
sequences had 98.9 to 100% nucleotide sequence identity to
other CPV isolates and contained four putative open reading
frames (ORFs) (NS1, NS2, VPI1, and VP2).

Analysis of the N-terminal amino acid
sequence of the VP1 gene

VP1 consists of the entire VP2 sequence plus an extra,
unique N-terminal sequence. The variations in the VP1
N-terminal amino acid sequence are shown in Supplemen-
tary Tables S4 and S5. The VP1 gene is 2184 nt long with
no insertions or deletions, encoding a protein of 728 amino
acids. Of the 11 repository isolates from 2009 to 2019, one
had a Ser251le substitution, one had a Gly82Glu substitu-
tion, and three had a Leu95Val substitution in VP1 with
respect to the CPV vaccine strain. However, in the CPV
strains from 2023, an additional 12 amino acid substitutions
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Fig.2 Phylogenetic tree based on partial nucleotide sequences of the
VP2 gene, depicting the phylogenetic relationship among parvovi-
rus strains. The tree was constructed in MEGA version 11.0 by the
neighbor-joining method with the Kimura 2-parameter model and
1000 bootstrap replications. Recent parvovirus strains sequenced in

were identified in VP1: Glu30Lys, Ala37Pro, Asp43Asn,
Glu44Lys, Ala45Ser, Ala47Pro, Asp64Asn, Leu83His,
Tyr84Phe, Arg87Lys, Lys116Thr, and His120Leu. The
Leu83—His mutation, which was not present in earlier iso-
lates, was found in 83.3% of the recent CPV isolates. In
addition, there was an increase in variations at amino acid
positions 25 (Ser—lle) and 95 (Leu—Val) in recent CPV
strains.

Sequence analysis of the VP2 gene

Most of the viral capsid is composed of VP2, with VP1 com-
prising a smaller proportion. The sequencing results showed
that the VP2 gene is 1755 nt long, with no insertions or
deletions, encoding a protein of 585 amino acids. The vari-
ations in the VP2 protein found in this study are shown in
Table 2 and Supplementary Table S6. The repository iso-
lates had variations at 11 amino acid positions — 101, 219,
267, 297, 300, 305, 324, 375, 386, 401, and 440 — when

CPV-2c 370Arg variant

Clade |

2 o

® Ofp ez Cpvac kokata N0 223
OR296272 CPV-2€ UP Inda 2023
OR29871 CPV-2c Hoyanalndia2023
R26270 CPv-2

harkhond indi
® 0R29265 cpy o N India 2023

22P G ncia 2095

CPV-2¢ (GIn370)

this study (indicated by solid circles) were analyzed together with
repository isolates (2009-2019) (indicated by solid triangles), CPV
vaccine strains (indicated by solid squares), and reference sequences
representing CPV strains from various parts of the world

compared to the Indian CPV vaccine strain. In the recent
CPV strains, an additional five new mutations were identi-
fied in the VP2 protein: Alal189Ser (OR296260), Met1901Ile
(OR296277), Gly286Ser (OR296260), GIn370Arg
(OR296260-0OR296277), and Lys582Asn (OR296260). All
18 of the recent CPV isolates had the Asn426—Glu substitu-
tion, which is characteristic of CPV-2c strains.

Sequence analysis of the NS1 gene

The sequencing results showed that the NS1 gene is 2007 nt
long, encoding a protein of 669 amino acids, with no inser-
tions or deletions in the coding region. The variations in the
NS1 protein found in this study are shown in Table 3 and
Supplementary Table S7. The repository isolates had three
variations at amino acid positions 19, 207, and 237 with
respect to the CPV vaccine strain. The Lys19Arg substitu-
tion was present in 91% of the repository CPV-2a variants
but was observed in only one recent CPV strain. In the recent
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CPV samples, an additional 23 new mutations were identi-
fied in the NS1 protein at amino acid positions 60, 217, 229,
231,242,247, 260, 263, 351, 383, 389, 392, 427, 544, 545,
554, 572, 583, 584, 586, 596, 630, and 664. In the recent
CPV-2c isolates, 83.3% (15 of 18 samples) had a variation
at amino acid position 583 (Lys—Glu), and 72.2% (13 of
18 samples) had the substitutions Ile60Val and Leu630Pro,
which were not observed in our repository isolates but have
been observed in CPV strains circulating in other countries.

Sequence analysis of the NS2 gene

The NS2 gene is 498 nt in length, encoding a protein of
166 amino acids. Variations were observed at amino acid
positions 19 and 110 in the repository isolates compared
to the vaccine strain (Supplementary Tables S8 and S9).
In addition, four new amino acid substitutions were found
in the recent CPV strains: Ile60Val, Lys92Arg, Asp93Glu,
and Thr94Ala. Among the recent CPV-2c isolates, 83.3%
(15 of 18 samples) had a variation at amino acid position
92, and 72.2% (13 of 18 samples) had a variation at amino
acid position 60, neither of which had been observed in the
repositories.

Phylogenetic analysis based
on the complete VP2 gene

Phylogenetic analysis based on the complete VP2 gene
(1755 nt) was performed using sequences of 18 recent CPV
isolates, 21 repository isolates (2009—19) from our labora-
tory, six CPV vaccine strains, and 29 reference strains from
different parts of the world (NCBI, GenBank) (Fig. 3). All
of the recent CPV-2c isolates formed a separate monophyl-
etic cluster (clade I) together with CPV- 2c sequences from
China, Nigeria, and north-eastern India. All of our reposi-
tory CPV-2a/2b/2c isolates (2009-2019) belonged to clade
II, in which almost all of the CPV-2a variant strains clustered
together (subclade Ila) with CPV-2a isolates from China,
and few repository isolates (CPV-2a/2b/2c) were clustered
with CPV-2a/2b/2c strains from Italy, Brazil, and the USA
in subclade IIb. However, the CPV vaccine strains (CPV-2)
were separated from the recent CPV sequences and instead
clustered with the prototype CPV/FPV strains (clade III). A
similar distribution pattern was observed in a phylogenetic
tree constructed using the maximum-likelihood method
(data not shown).

Phylogenetic analysis based on the NS1
gene

Phylogenetic analysis based on the complete NS1 gene
(2007 nt) was performed using sequences of 18 recent CPV
isolates, 11 repository isolates (2009-2019) from our labora-
tory, one CPV vaccine strain, and 17 reference strains from
various parts of the world (NCBI, GenBank) (Fig. 4). The
majority of the recent CPV-2c isolates (13 sequences) had a
substitution at amino acid residue 60 (Ile—Val) and formed
a monophyletic clade (clade II) together with CPV-2c strains
from China and Nigeria, as well as one strain from India
(Mizoram), that grouped separately from the CPV vaccine
strain and the CPV repository isolates (subclade Ia). A few
recent CPV-2c isolates (OR296261, OR296263, OR296264,
OR296273, and OR296275), which lacked a mutation at
amino acid residue 60 (Ile60) clustered with the prototype
CPV/FPV strains in subclade Ib. A phylogenetic tree con-
structed using the maximum-likelihood method showed
a similar pattern of distribution of CPV strains (data not
shown).

Recombination analysis

RDP4 analysis did not identify any breakpoints in the CPV
sequences from this study, indicating that no recombination
events had occurred.

Selective pressure analysis
of the VP1-VP2-coding region

In the repository isolates (2009-2019), it was found that the
overall dN-dS substitution rate was 0.106, which indicates nega-
tive selection (AN/dS < 1.0). However, sites exhibiting positive
selection were identified at amino acid residues 25, 82, and 95 in
the N-terminus of VP1 and at residues 101, 219, 267, 297, 300,
305, 324, 375, 386, 401, and 440 in VP2. In recent strains of
CPYV, the overall dN-dS substitution rate was found to be 0.212,
which is also less than 1.0. Additional positively selected sites
were identified at amino acid positions 30, 37, 43, 44, 45, 47,
64, 83, 84, 87, 116, and 120 in the N-terminus of VP1 and 189,
190, 286, 370, 426, and 582 in VP2 (Supplementary Fig. S1).
The differences in the substitution rates in the VP1-VP2-coding
region between the recent CPV strains and repository isolates
were found to be statistically significant (p < 0.05).
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«Fig. 3 Phylogenetic tree based on complete nucleotide sequences of
the VP2 gene, depicting the phylogenetic relationship among parvo-
virus strains. The tree was constructed in MEGA version 11.0 by the
neighbor-joining method with the Kimura 2-parameter model and
1000 bootstrap replications. Recent parvovirus strains sequenced in
this study (indicated by solid circles) were analyzed together with
repository isolates (2009-2019) (indicated by solid triangles), CPV
vaccine strains (indicated by solid squares), and reference sequences
representing CPV strains from various parts of the world

Selective pressure analysis
of the NS1-coding region

In the repository isolates (2009-2019), the overall dN-dS
substitution rate was found to be 0.06, indicating negative
selection (dN/dS < 1.0), but sites exhibiting positive selec-
tion were identified at amino acid positions 19, 207, and 237
in the NS1 protein. In the recent CPV strains, the overall
dN-dS substitution rate was found to be 0.246 (dN/dS <
1.0), and additional positively selected sites were observed
at amino acid positions 60, 217, 229, 231, 242, 247, 260,
263, 351, 383, 389, 392, 427, 544, 545, 554, 572, 583, 584,
586, 596, 630, and 664 in NS1 (Supplementary Fig. S2). The
difference in the substitution rates in the NS1-coding region
between the recent CPV strains and repository isolates were
found to be statistically significant (p < 0.05).

Prediction of B cell epitopes

We identified 19 predicted peptide epitopes in the CPV VP2
capsid protein of the CPV vaccine strain, repository isolates,
and recent CPV sequences (Supplementary Tables S10, S11,
and S12). These epitopes were located between amino acids
4 and 580 (Supplementary Table S10). In the repository iso-
lates (2009-2019), seven amino acid variations were iden-
tified in the four major peptide epitopes compared to the
CPV vaccine strains (Supplementary Table S11). However,
most of the recent CPV strains had two additional variations
at amino acid residues 370 and 426 in the major peptide
epitope region (Supplementary Table S12).

Discussion

In this study, a PCR assay was conducted to screen the
samples for CPV, and the overall positivity rate was 79.8%.
Similar results were also obtained in our earlier studies [11,
12] and studies by other researchers in India [17, 29]. The
majority of the new CPV isolates were CPV-2c, with the
CPV-2a variant found in a few samples, and the CPV-2b
variant found in only one sample. All previous reports [12,
18, 30-32] have shown CPV-2a to be the predominantly

circulating CPV variant in India, but a few studies indicated
the presence of CPV-2b/2c in certain isolated pockets in
small numbers [18, 33, 34]. The present study is the first of
its kind in which CPV-2c was found to be the predominant
circulating variant in all of the geo-climatic zones of
India and has almost completely replaced the previously
predominant CPV-2a variant. The CPV-2b variant was
found to be almost extinct in the present study. Fu et al. [35]
reported that the prevalence of CPV-2c in China increased
annually beginning in 2017 and became more prevalent than
the CPV-2a variant strain in 2018, suggesting that CPV-2c
has become the primary CPV variant in China. Hao et al.
[36] also found that CPV-2c was replacing CPV-2a as
the new dominant variant in Asia, South America, North
America, and Africa. CPV-2c has completely replaced
the previously dominant CPV-2a variant in the North-
East and Eastern regions, and almost completely in the
Central region of India. Only a few CPV-2a variants and
a lone CPV-2b variant were detected in the North, West,
and Southern regions. This observation suggests that the
current CPV-2c variant in India might have originated in
neighboring Asian countries that share borders with states
in the North-Eastern zone of India and entered through their
very porous borders.

In the immunodominant VP2 protein, the variation at
amino acid position 370 (Gln— Arg) was found in the major-
ity of the recent CPV-2c strains and a few CPV-2a strains,
so almost all of the recent CPV-2c strains in this study were
considered ‘CPV-2c 370Arg variants’. This variation was not
observed in the repository isolates (2009-2019) identified
from various regions of India. Guo et al. [37] speculated that
residue 370 is close to residues 375 and 377 and is associ-
ated with the ability of CPV to hemagglutinate or alter the
pH dependence of hemagglutination. Similarly, residue 370
is close to residues 379 and 384, and changes at this position
might affect binding to the canine transferrin receptor (Tfr),
thereby affecting the host range of the virus. Substituting
GIn370 with Arg might result in a conformational change or
affect receptor binding through neighboring residues. Most
of our recent CPV-2c strains had the amino acid substitu-
tions Phe267Tyr, Tyr3241le, and GIn370Arg, which are char-
acteristic of CPV-2c strains circulating in Asian countries,
including Laos [38], Taiwan [39], South Korea [40], and
China [35, 41]. Another variation, Ala5—Gly, which has
been reported in CPV-2c strains from many Asian countries
[42-45], was not observed in recent CPV strains or reposi-
tory isolates from India. This indicates that this mutation
may not have a single origin but has evolved independently
due to the increasing selective pressure at this site, as this
mutation was not present in some variants from China [41].

We identified two unique mutations that had not been
reported previously: Gly286—Ser (in a CPV-2c strain) and
Glu368—Lys (in CPV-2a/2c strains). These mutations are in
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Fig.4 Phylogenetic tree based on complete nucleotide sequences of
the NS1 gene, depicting the phylogenetic relationship among parvo-
virus strains. The tree was constructed in MEGA version 11.0 by the
neighbor-joining method with the Kimura 2-parameter model and
1000 bootstrap replications. Recent parvovirus strains sequenced in

the GH loop of the VP2 protein (residues 267-498, located
between the bG and bH strands), and the most significant
variability was seen in this antigenic region [46]. Thus,
the identification of such unique mutations in the present
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this study (indicated by solid circles) were analyzed together with
repository isolates (2009-2019) (indicated by solid triangles), CPV
vaccine strain (indicated by solid squares), and reference sequences
representing CPV strains from various parts of the world

study indicated that the CPV strains are under constant
selection pressure and are constantly mutating, leading to
the evolution of new CPV types or variants [12]. Another
unique amino acid variation was identified at amino acid
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position 373, Asp—Asn (in a CPV-2a variant), located
within the VP2 flexible loop, a pH-sensitive structure that
governs binding to divalent ions in FPV and CPV-2 [10].
The Tyr324—Ile substitution was identified in most CPV-
2c and CPV-2a variants and the lone CPV-2b variant. This
mutation was widely reported earlier in India [11, 12, 18],
in Asian countries [26, 47-50], and in Italy [51]. Notably,
some recent CPV-2c strains in this study were observed to
lack a variation at the amino acid residue 324 and therefore
resembled the prototype (Tyr324). Since the Tyr324—Ile
mutation is located near residue 323 in the VP2 protein,
which participates in the recognition of Tfr type I [52], the
variation at 324 residues is likely to have an effect on the
host range of CPV.

In our recent CPV samples (CPV-2¢c 370Arg variants),
we did not observe the previously predominant variation
at amino acid residue 440 (i.e., Thr—Ala). Similarly, a few
recent CPV-2a variants with the GIn370Arg variation are
also observed with the prototype Thr440. In contrast, the
repository CPV-2a/2b variants without the GIn370Arg sub-
stitution had the Thr440— Ala substitution, as also reported
by other researchers [53, 54]. The amino acid residue 440 of
VP2 is located on the top of the 3-fold spike of loop 4 and
might be a variable site [55]. The frequency of Thr440—Ala
mutations peaked in 2014 [27, 36, 54, 56], and this muta-
tion was not identified in the recent CPV strains. Therefore,
all of the recent CPV strains with the GIn370Arg variation
had the prototype Thr440. This distinction in the amino acid
sequence at these positions potentially aids in finer differen-
tiation between various CPV-2 genetic variants.

In addition, the recent CPV strains had 22four?? addi-
tional amino acid variations in comparison to the vaccine
strain at positions 189, 190, 286, and 582, which were
neither observed in our repository isolates nor reported in
earlier CPV strains studied. These four unique single muta-
tions are not located within the VP2 protein loops, and their
effect on the biological functions of CPV requires further
investigation.

Phylogenetic analysis based on partial VP2 gene
sequences revealed the existence of three clades of CPV-
2c strains that are currently co-circulating in the canine
population in India, together with a few CPV-2a/2b vari-
ants. Most of the CPV-2c strains, i.e., the CPV-2c 370Arg
variants, clustered with Chinese CPV-2c isolates and a few
Indian CPV-2c strains from the North-East region. The clus-
tering with the Chinese CPV-2c strains suggests that the
“Asian CPV-2c” lineage had progressively replaced other
lineages and become the dominant strain in several areas
of Asia within a few years [41]. The fact that this cluster
included CPV-2c strains from the North-Eastern states of
India indicated a possible potential link between the CPV-
2c¢ variants in India and the Chinese CPV-2c isolates, with
North-Eastern states of India, with their porous borders

possibly serving as entry points. Notably, this group of
CPV-2c strains was phylogenetically separate from the
current Indian CPV vaccine strains. In clade II, very few
recent CPV-2c strains without a variation at position 370
were grouped along with recent CPV-2a/2b strains, reposi-
tory isolates (CPV-2a/2b variant), and the Chinese CPV-2a
variants. This is in agreement with earlier findings [18, 29].
Some recent CPV-2c strains without a variation at residue
324, with the prototype Tyr324, formed a separate clade
(clade III) together with the prototype CPV-2c strain and
vaccine strains. These findings provide valuable insights into
the genetic relationships and potential transmission dynam-
ics of CPV variants within India and globally. The cluster-
ing patterns highlight the possible origins and divergence of
CPV strains, underscoring their rapid evolution.

Phylogenetic analysis based on complete VP2 gene
sequences showed that all of the recent CPV-2c strains
grouped in a clade with Chinese, Nigerian, and North-East
Indian CPV-2c strains. These recent CPV-2c strains clus-
tered separately from the repository CPV-2a/2b/2c isolates
(2009-2019), prototype Italian CPV-2c isolates, and current
Indian CPV vaccine strains.

VP1 consists of the whole sequence of VP2 plus an extra,
unique N-terminal sequence. In addition to the three varia-
tion sites observed in our repository isolates (2009-2019),
recent CPV strains (2023) had 12 additional amino acid
variation sites in the VP1 protein (N-terminus) in compari-
son to the vaccine strain. The substitution Leu83—His was
observed in the majority of the recent CPV-2c strains but
was not observed in our repository isolates or reported in any
Indian CPV strains analyzed earlier, although this variation
has been observed in CPV strains from China, the USA, and
Nigeria. The VP1 N-terminal sequence is essential for virus-
cell interaction because it has phospholipase A2 enzyme
activity that is necessary for viral infectivity [57], as well
as a potential nuclear transport sequence [58]. Therefore,
variations in the N-terminal VP1 sequence can potentially
affect viral infectivity.

There have been no detailed studies on the non-structural
genes of CPV strains from India. These genes are associated
with the replication of the CPV genome. In the NS1 pro-
tein, in addition to three variations observed in the reposi-
tory isolates (2009-2019), recent CPV strains (2023) were
found to have 23 additional amino acid substitutions when
compared with the vaccine strain. Notably, the unique muta-
tions Ile60Val and Leu630Pro were observed in the major-
ity of the recent CPV-2c isolates but were not found in our
repository isolates. The NS1 protein of Asian-origin CPV-2a
variant and CPV-2c strains frequently contained Ile60— Val,
Phe544, Val545, and Lys630—Pro. These variations are
characteristic of Asian-origin CPV-2c strains [35, 54, 59].
Amino acid position 60 is located in the N-terminal por-
tion of the replication domain. The Leu630—Pro mutation,
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which is located in the C-terminal transactivation domain,
may be responsible for local adaptation, as suggested by Han
et al. [13]. Similarly, another unique variation at residue 583
(Lys—Glu) of the NS1 protein was observed in the majority
of the recent CPV-2c isolates but was not observed in our
repository isolates (2009-2019). This mutation was identi-
fied in earlier CPV strains circulating in other countries,
including in CPV-2b isolates [60].

Phylogenetic analysis based on the complete NS1 gene
revealed that the majority of recent CPV-2c isolates with a
substitution at residue 60 were clustered in clade II with Chi-
nese, Nigerian, and North-East Indian CPV-2c strains and
grouped separately from the CPV vaccine strain and strains
from the repository. However, a few recent CPV-2c isolates
without a substitution at amino acid position 60 (Ile60) clus-
tered with the prototype CPV/FPV strains.

In the NS2 protein, in addition to the two variations
observed in the repository isolates (2009-2019), recent
CPV strains (2023) had four additional amino acid variations
when compared with the vaccine strain. The majority of the
recent CPV-2c isolates had variations at residues 60 and
92, which were not observed in earlier repository isolates
but had been observed in other countries. The NS2 protein
associates with cellular proteins that are involved in essential
processes in the nucleus such as chromatin modification and
the DNA damage response and therefore has a potentially
important role in chromatin remodeling and other interac-
tions required for viral replication [61].

In agreement with the other studies [35, 62], no evidence
of genetic recombination within the VP2 gene was found in
any of the CPV isolates analyzed. While recombination can
play an essential role in the evolution of many viruses, the
absence of any recombination events in CPV strains suggests
that point mutations and selection pressure might be more
influential in shaping the genetic diversity of CPV and the
emergence of variants.

Selective pressure analysis indicated that, although the
recent CPV strains were generally under negative (purifying)
selection, individual potential positive selection sites could
be identified in the VP1-VP2 and NS1 genes. A statistically
significant increase in the dN/dS ratio was detected over the
years, as was reported previously by Nguyen et al. [63]. Fu
et al. [35] identified 17 positive selection sites in the VP2
gene of CPV. The NS1 gene has more positively selected
sites than VP2, and specific amino acids in the NS1 gene
have been associated with the differentiation of FPV and
CPV-2 [51]. Positive selection at several sites in the recent
CPYV strains might have contributed to the fitness or adapt-
ability of the virus in the current environment.

B-cell epitope analysis of the VP2 protein predicted that,
in addition to the seven amino acid variations observed in
our repository isolates (2009-2019), the majority of the
recent CPV isolates (2023) had two additional variations
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in the major peptide epitope at amino acid residues 370 and
426 when compared to the vaccine strain. Amino acid 426
is located near the 3-fold spike of the CPV-2 capsid protein
and might therefore affect the major antigenic region and
result in the selection of new variants of CPV-2, posing
a potential threat to domestic dogs. We speculate that the
mutation at residue 426, within the major antigenic region
of CPV-2, provides the mutant with certain evolutionary
advantages, such as immune escape or further adaptation
to the canine host [5, 64]. Hao et al. [36] predicted that
mutation of residue 370, which is located at the edge of the
protein-binding pocket of VP2, could significantly impact
specific protein interactions affecting the binding ability of
VP2. Therefore, these variations observed in the recent CPV
strains at the major epitope sites could be responsible for
antigenic variations and possible mismatching between the
circulating CPV strains and the current CPV vaccine strain
available in India.

Conclusion

In this pan-Indian study, we analyzed CPV strains collected
from all geographical regions of India in 2023 and found that
the CPV-2c strain was the predominant strain circulating in
India, with a few co-circulating CPV-2a variants. The CPV-
2b strain has almost become extinct. The study also revealed
that the CPV-2c strain had almost completely replaced the
previously predominant CPV-2a variant in India. The results
also showed that the Q370R variation was consistently pre-
sent in nearly all of the recent CPV-2c isolates (CPV-2c
370Arg variant) and some recent CPV-2a variants. Genomic
analysis also confirmed that the prevailing CPV-2c strain in
India probably originated in the neighboring Asian countries
that border the North-Eastern region of India. Comparison
of whole genome sequences with those of the repository
CPV isolates (2009-2019 isolates) and the current Indian
CPV vaccine strain revealed new substitutions and identified
several new positive selection sites in the VP1 (N-terminus),
VP2, NS1, and NS2 genes of recent CPV strains. These
findings suggest the emergence of new CPV-2c variants
with varied antigenic and replication properties. Although
most of the sites within the VP1-VP2 and NS1 genes of the
circulating CPV strains (2023) are negatively selected, an
increasing dN/dS ratio over the years indicates increasing
positive selective pressure. Phylogenetic analysis revealed
the existence of three clades of CPV-2c strains. The pre-
dominant CPV-2c 370Arg variants were grouped with the
Chinese and Nigerian CPV-2c strains and separated from
the CPV vaccine strain and repository isolates. Nine amino
acid variations, including two new ones, were identified in
the VP2 protein. These variations are present in the four
potential linear B-cell epitope regions of the predominantly
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circulating CPV-2c 370Arg variants. These variations may
be responsible for the frequent vaccine failures observed in
the field in recent times. Therefore, this pan-Indian study
covering diverse geo-climatic regions of India lays the foun-
dation for further research concerning the dynamics of virus
evolution and the effects of genetic mutations. Further stud-
ies on molecular evolutionary relationships of CPV strains
may help us to control potential future epidemics associated
with this virus more efficiently and also aid in the develop-
ment of new candidate vaccine strains.
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