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Abstract

Background Canine circovirus (CanineCV) is a single-stranded circular DNA virus that infects domestic and

wild canids in many countries. CanineCV is associated with gastroenteritis and diarrhea, respiratory disease, and
generalized vasculitis leading to a fatal event. The Capsid protein (Cap) is a structural protein of the virus which has
high genetic variability and plays a role in the canine immune response. In this study, we cloned the full-length
CanineCV Capsid gene (Cap). In-silico analyses were used to explore the genomic and amino acid variability and
natural selection acting on the Cap gene. The immune relevance for T-cell and B-cell epitopes was predicted by the
immunoinformatic approach.

Results According to the Cap gene, our results showed that CanineCV was separated into five phylogenetic groups.
The obtained CanineCV strain from this study was grouped with the previously discovered Thai strain (MG737385),
as supported by a haplotype network. Entropy analyses revealed high nucleotide and amino acid variability of the
Capsid region. Selection pressure analysis revealed four codons at positions 24, 50, 103, and 111 in the Cap protein
evolved under diversifying selection. Prediction of B-cell epitopes exhibited four consensus sequences based on
physiochemical properties, and eleven peptide sequences were predicted as T-cell epitopes. In addition, the positive
selection sites were located within T-cell and B-cell epitopes, suggesting the role of the host immune system as a
driving force in virus evolution.

Conclusions Our study provides knowledge of CanineCV genetic diversity, virus evolution, and potential epitopes for
host cell immune response.
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Background

Canine circovirus (CanineCV) comprises a small, non-
enveloped, covalently closed circular, single-stranded
DNA (ssDNA) genome. It belongs to the genus Circo-
virus in the family Circoviridae. The DNA genome of
CanineCV consists of ~2 kb of nucleotides that contains
two major open reading frames (ORFs) arranged in the
opposite orientation [1]. ORF1 or the replicase (Rep)
gene encodes 303 amino acids of a replicase-associated
(Rep) protein, while ORF2, or the capsid (Cap) gene,
encodes 270 amino acids of a viral capsid (Cap) protein.
CanineCV was first discovered in dog sera in the USA in
2012 [1]. It has been reported that CanineCV is associ-
ated with hemorrhagic gastroenteritis, diarrhea [2-8],
and respiratory problems [9-11]. Notably, a fatal out-
come occurred in dogs presented with severe hemor-
rhagic diarrhea, systemic vasculitis, and hemorrhage [7,
12,13].

Up to now, the genetic variability of this virus has been
continuously demonstrated and revealed that CanineCV
has been segregated into six genotypes [14]. Genetic
recombination has been identified for CanineCV evolu-
tion [8, 10, 11]. Nevertheless, the evolutionary charac-
teristic of the CanineCV, especially the Cap gene under
natural selection has not been well defined. With respect
to the Cap protein, this protein is a key structural pro-
tein that has been studied since it can stimulate a strong
immunological response compared to the Rep protein
[15]. In CanineCV, seroconversion of specific antibodies
to the recombinant CanineCV Cap protein was identified
[16]. It was found that antigenic epitopes which could
interact with T-cell associated molecules were located
on the Cap protein [17]. However, the study of antigenic
T-cell epitopes is still limited, and the B-cell epitopes
of CanineCV have not been demonstrated. This study,
therefore, aimed to investigate the genetic diversity of the
CanineCV Cap gene derived from oronasal swabs of a
CanineCV-infected dog showing respiratory disease. An
evolution of the CanineCV Cap gene under natural selec-
tion was identified. Additionally, immune-relevant B-cell
and T-cell epitopes were also proposed.

Results

Construction of recombinant CanineCV Cap gene

The amplified full-length sequence of the CanineCV Cap
gene from the Thailand strain was 813 bp, encoding 270
amino acids for the Cap protein. The nucleotide sequence
has been deposited in the GenBank database with acces-
sion number ON863358.

Phylogenetic and similarity analysis of the CanineCV Cap
gene

The Bayesian phylogenetic analysis, based on the align-
ment of CanineCV Cap gene sequences obtained in this
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work with other ninety-four sequences retrieved from the
GenBank, including those from the USA, UK, Norway,
Brazil, Germany, Argentina, Italy, Iran, Vietnam, Colom-
bia, China, and Thailand, were classified into five clades
(designated as clade 1, 2, 3, 4, and 5). Our sequence from
this study was positioned in clade 3 with other sequences
from Thailand and China. The 1st clade consisted of
CanineCV sequences from the USA, Brazil, Germany,
Argentina, Italy, Iran, Colombia, and Vietnam, while the
2nd clade contained the sequences from China. The 4th
clade comprised CanineCV sequences from the USA,
Thailand and China. In addition, CanineCV sequences
from the UK and Norway were grouped within the 5th
clade (Fig. 1). The reliability of the phylogeny was shown
with a posterior probability value of the branch support.
Additionally, the similarity among Thai strains ranged
from 86.22 to 99.88%, as demonstrated in Table 1. The
percentage of nucleotide sequence similarity of the Cap
gene within each clade ranged from 89.54 to 100.00% (1st
clade), 77.24—-100.00% (2nd clade), 86.59-99.88% (3rd
clade), 84.13-100.00% (4th clade), and 81.06-99.75% (5th
clade), as provided in Supplementary Table 1. For the
nucleic acid substitution pattern, our findings showed
that the rate of transitional substitution was greater than
that of the transversional substitution (Table 2), with an
overall relative percentage of Adenine (A), Thymine (T),
Cytosine (C), and Guanine (G) at 31.80, 21.00, 25.50, and
21.70, respectively.

Haplotype diversity

The haplotype analysis showed that all retrieved
CanineCV Cap sequences were assigned into 86 haplo-
types. In haplotype #17, CanineCV strains AZ4133/1-13
(KT734815) and AZ4133/2-13 (KT734827) from Italy
were grouped together. Similarly, CanineCV strains
TE6685/1-13 (KT734821) and TE6685/2—-13 (KT734825)
from Italy were grouped in haplotype #22. CanineCV
strain WM66 (KY388492) and WM84 (KY388497) from
China formed haplotype #31, while strains XXT242
(KY388496) and XXT243 (KY388495) from China were
in haplotype #38. CanineCV strain 176 (MG279122) and
177 (MG279130) from China were grouped together in
haplotype #44. Strain 178 (MG279129), 180 (MG279127),
199 (MG279119), and 202 (MG279131) from China were
grouped in haplotype #45. Finally, strains FS-2/2022
(OP575984) and FS-3/2022 (OP575985) from China
were in haplotype #81. The TCS network illustrated that
the CanineCV Cap sequence from this study, defined
as haplotype #1, was closest to haplotype #5, which is
the CP191/TH2016 (MG737385) strain, another Thai
sequence, with 43 mutational occurrences. Other Thai
sequences, including CanineCV_R009 (MZ826142),
CanineCV_R010 (MZ826143), and 14P105D/TH2016
(MG737378), were found in haplotype #2, #3, and #4,
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Fig. 1 A Bayesian phylogenetic cladogram of CanineCV Cap sequence in this study (red triangle) and those taken from GenBank. The reliability of the
phylogeny was evaluated using posterior probability branch support values. The scale bar was scaled to the range of the branch lengths (in units of year)
of the phylogeny
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Table 1 Similarity of the CanineCV Cap sequences as examined
in dog samples in Thailand

Clade 3 4

Accession no. 1 2 3 4 5
1.ON863358

2.MG737385 94.59

3.MZ826142 88.68 86.22

4.MZ826143 88.68 86.22 99.88

5.MG737378 88.68 87.21 96.06 96.06

The accession number for Cap gene obtained in this study was shown in
boldface

Table 2 The nucleic acid substitution rate and base composition
of CanineCV Cap gene. Each entry is the probability of
substitution from one base (row) to another base (column). Rates
of different translational substitutions are shown in boldface and
those of transversional substitutions are shown in italics. The
maximum Log likelihood for this analysis was —8524.095

From\To A T C G

A - 519 519 14.62
T 519 - 14.62 519
C 519 14.62 - 519
G 14.62 519 519

respectively. The remaining haplotypes were from other
countries worldwide, as demonstrated in Fig. 2. The
values for haplotype diversity (Dh), nucleotide diver-
sity (), and the average number of nucleotide differ-
ences (K) were 1.000+£0.002, 0.328+0.007 and 119.566,
respectively.

Entropy analysis

Entropy analysis showed high variation along the Cap
nucleotide sequence alignment, with 211 peaks with the
highest entropy value of 1.291 at nucleotide position 443
(Fig. 3A). The entropy of amino acid sequences exhibited
in the chart showed 101 entropy peaks with the high-
est entropy value of 1.812 at amino acid position 149
(Fig. 3B).

Prediction of nuclear localization signal (NLS)

The CanineCV Cap protein obtained from this study
consisted of 270 amino acids. The predicted NLS
sequence was !'RRRYRTRPLIRYRRRRQNNFKMFHL-
RLRRT*, which was located at the N-terminus of the
Cap protein. An arginine (R) was identified as the most
frequent amino acid residue (43.33%, 13/30) within the
NLS region.

Population dynamics

According to the Bayesian Skyride plot, the effective
population size of CanineCV slowly increased from 1996,
when the oldest strains were discovered, reaching its
peak around 2012. Subsequently, from 2012 to 2016, the
effective population size gradually decreased, followed by

Page 4 of 14

a slight decline until the discovery of the youngest strains
in 2022 (Fig. 4).

Selection pressure

Datamonkey analysis revealed that there were 10, 4, and
6 sites indicating statistically significant purifying selec-
tion according to FEL, SLAC, and FUBAR, respectively
(Supplementary Table 2). Conversely, significant diver-
sifying selection was observed at 4, 1, 4, and 45 sites by
FEL, SLAC, FUBAR, and MEME, respectively (Table 3).
Among these, 4 codon positions, specifically 24, 103, 111,
were detected by 3 methods (FEL, FUBAR, MEME), with
only codon position 50 identified as under diversifying
selection by all methods. Additionally, the mean dN/dS
value for the entire Cap gene derived from the SLAC was
0.729.

Epitopes analysis

B-cell and T-cell epitopes were predicted based on
CanineCV Cap peptide sequence. Focusing on continu-
ous B-cell epitopes prediction, there were ten amino acid
sequences as potential epitopes which were relatively
conserved (Table 4). Regarding the Kolaskar & Tonga-
onkar antigenicity method, the average antigenicity of the
Cap protein was 1.000, with a maximum of 1.129 and a
minimum of 0.866 at the antigen determination thresh-
old value of 1.000 (Fig. 5A). To enhance the accuracy of
predicting continuous B-cell epitopes, prediction meth-
ods including BepiPred linear epitope, Parker hydro-
philicity, Emini surface accessibility, Chou & Fasman
Beta-turn prediction, and Karplus & Schulz flexibility
prediction were used. The BepiPred linear epitope algo-
rithm identified eight peptide regions as potential epit-
opes (Fig. 5B and Supplementary Table 3). Additionally,
the Parker hydrophilicity and Emini surface accessibil-
ity prediction tools proposed nine regions with a high
hydrophilicity (Fig. 5 C and Supplementary Table 4) and
six regions with a high probability of being located on the
Cap protein surface (Fig. 5D and Supplementary Table 5),
respectively. The Chou & Fasman Beta-turn algorithm
detected twelve Beta-turn regions within the sequence
(Fig. 5E and Supplementary Table 6), while the Karplus &
Schulz flexibility prediction revealed ten flexible regions
in the Cap protein (Fig. 5F and Supplementary Table 7).
A combination of predicted results from each parameter
showed four overlapping amino acid regions (Fig. 5A-F)
that could be candidates for B-cell epitope recognition
and achievable for antibody binding. In addition to con-
tinuous B-cell epitopes, the prediction of discontinuous
B-cell epitopes was evaluated based on the 3D struc-
ture of the Cap protein by the ElliPro server (Fig. 6A-B;
Table 5), which also overlapped with the linear sequence
of B-cell epitopes (Fig. 6 C). The yellow color in ElliPro
graph indicated the antigenicity properties in that area
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Fig. 2 TCS network of haplotypes based on CanineCV Cap sequences detected in Thailand and worldwide countries. The size of the circle is proportional
to the size of each haplotype which is color coded according to the identified country. The slash mark between each haplotype represents the one base
pair difference. The black circles are the intermediate traits caused by the single nucleotide polymorphism (SNP)

of Cap protein related with the BepiPred linear epitope
prediction.

In addition, the T-cell epitopes predicted based on the
Cap amino acid sequence were only found in the MHC
class I binding site. As shown in Table 6, eleven peptide
regions were considered to have strong binding efficacy
with high epitope prediction scores. However, only six
out of eleven peptides had an antigenicity score greater

than 0.5 based on the VaxiJen evaluation. Interestingly,
seven out of eleven peptide regions shared consensus
peptides with the B-cell epitope sequences.

Discussion

Nowadays, CanineCV is becoming widely studied since
the virus causes serious fatal events in domestic and wild
carnivores. Although many studies have demonstrated
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Table 3 Codon positions under diversifying selection

Codon FEL SLAC FUBAR MEME

position dN/dS p-value dN/dS p-value dN/dS Prob (dN >dS) dN/neutral evolution component p-value
19 1.256 0.827 1.213 0.600 0.829 0.387 238.42 0.000
24 Infinity 0.037 2.189 0.202 7.467 0915 584.250 0.000
28 0.420 0.495 0.550 0.884 0.596 0417 1719.740 0.010
29 3.990 0310 0321 0.948 0.440 0.329 8693.050 0.000
39 0.000 0327 2469 0.522 1324 0.66 238.250 0.000
50 Infinity 0.055 9.043 0.069 7.855 0.950 25.220 0.070
57 0434 0.571 1382 0612 0.657 0.401 1795.310 0.000
58 0.565 0471 0.704 0.823 0711 0.065 6106.950 0.000
65 0.082 0112 0.082 0.994 0.239 0.196 24658.290 0.010
66 0.160 0.195 0215 0.974 0.262 0.265 17485.640 0.000
77 Infinity 0317 3.440 0422 2.076 0.737 160.780 0.020
83 0.482 0.384 0.704 0.800 0484 0.103 78563.810 0.000
100 0.824 0.891 1.450 0487 1.090 0.494 37692.940 0.000
102 0.206 0.015 0.771 0.790 0.240 0.019 61548.010 0.000
103 Infinity 0.020 2.308 0.132 16.355 0.968 688.490 0.000
105 Infinity 0.134 1.088 0.634 1.800 0.69 2342.400 0.000
1 Infinity 0.051 1.261 0421 10.813 0.971 2921.020 0.000
17 0.969 0.987 1.493 0518 1.236 0616 100000.000 0.000
118 Infinity 0377 2.607 0.346 2471 0.793 41.470 0.060
120 Infinity 0328 2464 0523 1.322 0.66 189.450 0.000
123 23229 0.655 2.065 0.592 1.302 0.585 7515.460 0.010
136 Infinity 0.446 2483 0.521 1678 0.689 1692.420 0.000
139 Infinity 0434 Infinity 0.664 1443 0.742 377.070 0.000
144 1.103 0.885 1451 0414 0.939 0.176 710.280 0.080
145 1973 0.605 2114 0.368 1.836 0.699 36105.340 0.000
149 1.363 0.651 1717 0318 1.119 0.207 2149.200 0.000
156 Infinity 0.112 0.082 0.994 0.240 0.196 15474.400 0.020
171 0.219 0.199 0323 0.940 0.393 0.254 1138.890 0.000
172 Infinity 0.166 2441 0.362 1973 0.774 940.120 0.000
177 0.683 0.763 0.993 0.743 0.855 0454 3869.740 0.000
178 0.733 0.686 0.850 0.740 0.849 0.105 1320.070 0.000
194 0.262 0382 1.012 0.734 0.489 0421 18394.290 0.000
195 0.765 0.696 1.070 0.588 0.827 0.076 4307.630 0.000
196 0469 0512 0.571 0.858 0.642 0.308 480.140 0.000
198 0.263 0.078 0.350 0.967 0.382 0.012 1320.410 0.000
205 0.772 0.839 0.991 0.744 0.948 0476 4532.940 0.000
206 0.540 0711 1.154 0.630 0.632 0.396 9150.990 0.000
208 Infinity 0.156 Infinity 0.254 3.048 0.879 23.470 0.090
211 0466 0.536 1.340 0493 0911 0367 16887.420 0.000
220 0.850 0.879 1.284 0576 0.974 0.491 735.490 0.000
230 0.070 0.189 0.549 0.845 0.171 0.323 47879.560 0.010
236 1.038 0977 1.245 0.679 1.167 0.566 561.620 0.000
239 2.987 0452 2499 0.406 2220 0.775 117.860 0.010
249 0.900 0.967 1473 0.671 1.024 0527 44.930 0.090
257 0.191 0.181 0.931 0.708 0339 022 138.530 0.010

A significant p-value for diversifying selection was shown in boldface

a genetic diversity of CanineCV, the selection pressure by cloning technique. The Cap sequences were analyzed
affecting CanineCV has not been well established. More-  for genetic diversity and natural selection pressure. The
over, epitopes for T-cell and B-cell on the CanineCV  antigenicity of B-cell and T-cell epitopes was also pro-
Capsid protein have not been well defined. In this study, posed based on the Cap amino acid sequence.

we characterized the Cap gene of CanineCV constructed
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Table 4 Analysis of linear B-cell epitopes predicted from the Cap
peptide sequence determined in this study

Number Start End Peptide Conserved
amino
acid / Total
amino acid

1 32 38 MFHLRLR 5/7

2 68 80 HLSFKLTDFLQAS 9/13

3 86 105 FQHLPPFRFYKFKKIYVRAK  12/20

4 119 125 GRTALDL 5/7

5 138 151 SHLDPGTVPGLSEP 7/14

6 158 165  APFIYDPL 7/8

7 195 202 TSPSATAP 5/8

8 209 217 PWVSVIQGA 6/9

9 225 230 SISLRQ 5/6

10 245 259  QIPQVQYDISAYITF 11/15

Phylogenetic analysis of CanineCV Cap gene

sequences revealed that the Cap sequence from this
study was grouped within the 3rd clade, together with
sequences from China and previously discovered Thai-
land sequences. The phylogram result was supported by
the haplotype analysis, which showed that our Cap Thai-
land sequence (accession number ON863358), defined as
haplotype #1 was closest to another Thailand sequence
(accession number MG737385), along with sequences
from China. Other Thailand sequences (accession
number MZ826142, MZ826143 and MG737378) were
grouped in different haplotypes together with sequences
from China and the USA. This finding indicated that
CanineCV has some genetic diversity of the Cap genes
observed in different haplotype networks in Thailand
and other countries. As well, these Cap genes may share
genetic traits with sequences determined earlier world-
wide. However, our findings are not consistent with a
previous publication from Iran reported by Beikpour et
al. (2022), who described CanineCV being divided into
six phylogenetic groups because the full-genome nucle-
otide sequences were used in the previous publication,
apart from the method and model of tree construction.

Regarding the entropy analysis, multiple sequence
alignment of the Cap gene revealed a high polymorphism
of nucleic and amino acid sequences with 211 and 101
entropy peaks, respectively. Notably, the highest entropy
value at amino acid position 149 implies high variabil-
ity of this amino acid position, where the amino acid
was detected under the diversifying selection by MEME
method and found to be a part of linear (Table 4; Fig. 5)
and discontinuous B-cell epitopes (Fig. 6 C). These find-
ings suggest that certain positions within the Cap gene
and Cap amino acid sequences exhibit high variabil-
ity, which is a result of diversifying selection induced by
host immunity, as observed in Porcine circovirus type 2
(PCV2) study [18].
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The NLS is a short peptide that plays an important
role in the transportation of proteins from the cytoplasm
into the nucleus. In this study, the NLS was identified in
the CanineCV Cap protein, and most of the amino acids
were arginine. The existence of NLS in the Cap protein
has been reported in PCV2 and PCV3 [19, 20]. Notably,
an arginine-rich region at the N-terminus of NLS was
also described [21]. A subcellular localization study is
needed to elucidate the biological and functional charac-
teristics of NLS in canine host cells providing knowledge
of the virus life cycle.

Considering the selection pressure acting on the Cap
gene, the mean dN/dS was less than 1, indicating that the
CanineCV Cap gene is evolving under purifying selec-
tion, consistent with prior studies on CanineCV [22],
PCV2 [23, 24], and PCV3 [25]. Purifying selection is the
selective removal of deleterious mutations. Too strong
purifying selection leads to a genetic diversity reduction.
Parvovirus B19, a human parvovirus, is another ssDNA
virus in which the Cap protein also evolved under puri-
fying selection. Preserving its biological function was
the reason [26]. As to whether the CanineCV Cap bio-
logical functions are associated with receptor binding,
virus entry, or virus assembly, we have proposed that
the purifying selection pressure acting on the Cap pro-
tein maintains its virological activity. Functional iden-
tification might clarify this speculation. The only codon
under diversifying selection, significantly supported by
all methods, was at position 50. We found that this codon
residue was located in the recognized B-cells epitopic
regions (Supplementary Tables 3, 4, 6, 7 and Fig. 6C).
Furthermore, a codon at position 24, supported by three
methods, was identified in B-cell epitopes (Supplemen-
tary Tables 3, 4, 5, and 7), while the codons at position
103 and 111, supported by three methods, were detected
in the T-cell epitopic regions (Table 6). The positive
selection site on the antigenic epitope was also indicated
in PCV research [23, 25]. Our result suggests that this
diversifying selection in these codon positions was partly
driven by host immunological response.

In this study, B-cell epitopes analyzed based on the
CanineCV Cap peptide sequence with characteristic
parameters including antigenicity, hydrophilicity, flex-
ibility, accessibility and turns prediction provided four
consensus peptide chains (Fig. 5). The antigenic potential
of these four regions was emphasized by the predicted
discontinuous B-cell epitopes from the ElliPro server
(Fig. 6 C). For T-cell epitopes prediction, the NetMH-
Cpan-4.1 server proposed eleven peptides of MHC-I
binding sites of canine T-cells that can interact with
DLA molecule of canine MHC. However, based on the
VaxiJen antigenicity score, with the cut-off set at 0.5, as
a result, the remaining six peptide sequences which are
RTRPLIRYR (position 15-23), KMFHLRLRR (position
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Table 5 Analysis of discontinuous B-cell epitopes predicted
from the 3D structure of the CanineCV Capsid peptide sequence
in this study
Epitope Number of Score
number residues
1 R23,Q27,N28,N29, F30, K31, L77, 36

Q78, A79, 580, H81, G82, T83, G84,

D85, F86, Q87, P90, P91, R93, S212,

V213,1214,Q215, G216, A217,N218,

K260, E261, F262, D263, Y264, E265,

T266, G267, R268
2 K187,M189,T191,Q192,D193,1194, 21

T195,5196, P197,5198, A199, T200,

A201, P202, W203, L204, T205, R206,

G207,T208, P209

Residues

0.68

0.646

31-39), YVRAKWINW (position 101-109), SVIQ-
GANMYV (position 212-220), MVWNGLSISL (posi-
tion 219-228) and, SAYITFKEF (position 254-262)
had antigenic potential to simulate immune response
(Table 6). Recently, a study of CanineCV using a bio-
informatic approach suggested five epitopes for epit-
ope-based vaccine development [17]. Noteworthy, two
epitopes, YQHLPPFRF (position 86-94) and YIRAK-
WINW (position 101-109), are similar to our proposed
T-cell epitopes. Recently, Kaushik and colleagues identi-
fied the sequence DPLQDRSSSRSENM (position 163—
176) as a T-cell epitope on the Cap protein [27], which
shares a consensus region with our predicted T-cell epi-
topes (Table 6). Together with the outcomes regardimg
B-cell epitopes, we found seven out of eleven sequences
that shared consensus regions with the B-cell epitope
sequences: KMFHLRLRR (position 31-39), HLPPFR-
FYK (position 88-96), FIYDPLQDR (position 160-168),
SVIQGANMYV (position 212-220), MVWNGLSISL
(position 219-228), VQYDISAYI (position 249-257), and
SAYITFKEF (position 254—262) (Table 6). The discovery
of T-cell epitope regions in previous studies, similar to
those identified in our research, along with the detection
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of B-cell epitopes within T-cell epitope regions, empha-
sizes the potential importance of these antigenic sites.
In this investigation, we only analyzed epitope regions
through in silico analysis of one Capsid protein sequence,
leading to inherent limitations. Expanding analysis to
more sequences and conducting in vivo experiments is
crucial for stronger evidence of immune epitopes on the
CanineCV Capsid protein.

Conclusions

We characterized the CanineCV Cap genome using clon-
ing technique. The virus has high genetic and amino
acid variability. Our CanineCV strain is grouped within
the 3rd clade. The Cap gene of CanineCV appears to be
influenced by purifying natural selection. However, the
presence of positive selection within the predicted B-cell
and T-cell epitopes implies that virus evolution is partly
driven by host immunity. Evolving of the virus under
other factors requires further elucidation. Our study
provides not only the CanineCV genetic and evolution-
ary fundamental knowledge but also a new insight into
immune-related epitopes of the viral Cap protein that
can be applied for the development of immunodiagnos-
tic tools and vaccine strategies for CanineCV infection in
the future.

Materials and methods

Ethics statement

This study was approved by the Institutional Animal Care
and Use Committee (IACUC) (No. 2031014) and the
Institutional Biosafety Committee (IBC) (No. 1931036) of
Chulalongkorn University, Thailand.

Sample collection and DNA extraction

The secretion samples were collected via nasal and oro-
pharyngeal swabs from a one-year-old female Golden
Retriever dog at the Small Animal Teaching Hospital,

Table 6 Prediction of conserved peptide sequences of CanineCV Cap antigen for precessing and binding to MHC class | of T-cell

epitopes
Allele Start End Length Peptide Epitope prediction score Percentile VaxiJen score
rank
DLA-8,850,801 15 23 9 RTRPLIRYR 0506259 022 1.1896'
DLA-8,850,801 31 39 9 KMFHLRLRR 0.586756 0.12 0.778"
DLA-8,850,801 88 96 9 HLPPFRFYK 0.703917 0.04 0.1583
DLA-8,803,401 101 109 9 YVRAKWINW 0406047 0.25 2.1568"
DLA-8,850,801 11 120 10 KTMMENVLGR 0460722 0.29 -0.6666
DLA-8,850,801 112 120 9 TMMENVLGR 0.615539 0.10 -0.5524
DLA-8,850,801 160 168 9 FIYDPLQDR 0682513 0.06 -0.0399
DLA-8,850,101 212 220 9 SVIQGANMV 0431024 0.25 0.5916"
DLA-8,850,101 219 228 10 MVWNGLSISL 0418579 026 0.9690°
DLA-8,850,801 249 257 9 VQYDISAYI 0507105 0.22 0.1127
DLA-8,803,401 254 262 9 SAYITFKEF 0.373039 0.3 1.0686"

The VaxiJen score with cut-off above 0.5 is shown with asterisk. The peptide sequences sharing with B-cell epitopes are shown in boldface
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Faculty of Veterinary Science, Chulalongkorn University,
Thailand. The samples were immersed in 1% (v/v) sterile
phosphate-buffered saline (PBS) and immediately used
for CanineCV DNA extraction using the Viral DNA/
RNA extraction kit (Geneaid, Taiwan), following the
manufacturer’s protocol. The concentration and purity of
DNA samples were defined at the 260/280 ratio using a
Nanodrop® Lite spectrophotometer (Thermo Scientific™,
USA). The extracted samples were kept at —80 °C until
further use.

Amplification of CanineCV Cap gene

The CanineCV Cap gene was amplified by conventional
PCR using specific primers designed with the 4 base
sequences (underline) at the 5 end of forward primer
with an overhang sequence (GTGG) in a pET100/D-
TOPO* vector (Invitrogen, USA) as shown in Table 7.
The PCR reaction mixture was performed in a total vol-
ume of 20 pL, containing 50 ng of DNA template, 0.5
uM of each primer, 200 uM of each deoxynucleotide tri-
phosphate (ANTPs), 1x phusion GC buffer, nuclease free
water and 0.4 U Phusion® High-Fidelity DNA Polymerase
(New England Biolabs, UK). The thermocycling was car-
ried out in a thermal cycler (Eppendorf, Germany) with
an initial denaturation at 98 °C for 30 s, followed by 35
cycles of 98 °C for 10 s, 63 °C for 20 s, 72 °C for 30 s, and
72 °C for 10 min, providing 813 bp length of the full Cap
gene (Table 7). The positive control was retrieved from
a previous publication [10], while non-template control
(NTC) was used as a negative control. The PCR prod-
ucts were run on 1% (w/v) agarose gel electrophoresis,
stained with SYBR green fluorescence dye, and visualized
under a UV transilluminator. The positive samples were
purified using a NucleoSpin Extract II (Macherey-Nagel,
Germany) according to the manufacturer’s instruction,
and then submitted for bidirectional Sanger’s sequencing
(Macrogen, Korea).

Cloning and sequencing of the CanineCV Cap gene

To construct recombinant CanineCV Cap gene, the
purified PCR product was ligated unidirectionally into
pET100/D-TOPO® vector (Invitrogen, USA). The liga-
tion product was transformed into chemically competent
Escherichia coli TOP10 cells and plated on Luria-Bertani
(LB) agar with ampicillin. Positive colonies were selected,
cultured overnight, and the recombinant plasmids were
extracted from bacterial cultures using a PureDireX Plas-
mid miniPREP Kit (Bio-helix, Taiwan) for sequencing.

Table 7 Primer pairs used for amplification and sequencing of
capsid (Cap) gene for CanineCV detection

Primer name
CanineCV-F1928
CanineCV-R1116

Primer sequence (5'- 3) Size (bp)
CACCATGCGCGTACGTAG 813
TTACAACTGTCGACCAGTTTCA
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CanineCV Capsid sequence and in silico analysis
Phylogenetic analysis

A CanineCV Cap sequence from this study and other
ninety-four Cap sequences retrieved from the GenBank
database were edited, aligned with the ClustalW func-
tion, and translated into amino acid using Bioedit soft-
ware v.7.2 [28]. MEGA 7.0 program [29] was used to
analyze the Cap sequences similarity, nucleotide com-
position (A%, T%, C%, G%), and nucleotide substitution
rates. Bayesian Evolutionary Analysis Sampling Trees
(BEAST) v.1.10.4 was applied to analyze the sequences,
with the tree built using the HKY+G+1 as the best-fit
substitution model identified by MEGA. The tree was
estimated by 10,000,000 Markov chain Monte Carlo
(MCMC) sampling method which 25% of sampled trees
were discarded. The reconstructed phylogenetic tree was
visualized using FigTree v.1.4.4. The reliability of the phy-
logeny was supported by posterior probability branch
support values of the tree. In addition, a Bayesian Skyride
plot was demonstrated using a coalescent Gaussian Mar-
kov random field (GMRF) Bayesian Skyride model with
the time-aware smoothing option, in combination with a
random local clock model to estimate the past population
dynamic of CanineCV.

Entropy analysis

Entropy patterns of the Cap nucleotide and amino acid
sequences were evaluated by Bioedit software package
version v.7.2 [28].

Haplotype diversity

DnaSP software v.6.0 [30] was employed to examine the
haplotype diversity (Dh), nucleotide diversity (i), and
average number of nucleotide differences (K). Templeton,
Crandall, and Sing (TCS) Network was then generated by
Population Analysis with the Reticulate Trees (popART)
program [31].

Nuclear localization signal prediction

The Nuclear Sorting signal prediction server (http://
mleg.cse.sc.edu/seqNLS.) was used to identify the
nuclear localization signal (NLS) region in the CanineCV
Cap protein sequence. The submitted amino acid resi-
dues with the highest score (>0.89) were predicted to be
a part of NLS [32].

Evolutionary analysis

Selection pressure acting on the Cap gene was evaluated
by a combination of four evolutionary analyses including
Single-Likelihood Ancestor Counting (SLAC) [33], Fixed
Effects Likelihood (FEL) [33], Fast Unconstrained Bayes-
ian AppRoximation (FUBAR) [34], and Mixed Effects
Model of Evolution (MEME) [35] to estimate diversify-
ing or purifying natural selection using the Datamonkey
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online program [36] based on the ratios between non-
synonymous and synonymous substitution rates (dN/
dS). The diversifying selection was accepted when the
p-value<0.1 in SLAC, FEL, MEME, and the posterior
probability>0.9 in FUBAR [37, 38]. Sites presented posi-
tive signal at least one method were interpreted as being
under diversifying selection pressure [38].

B-cell and T-cell epitopes analysis

To identify the potential antigenic regions for B-cell, the
translated Cap amino acid sequence was submitted to the
Immune Epitope Database and Analysis Resource (IEDB-
AR) (http://www.iedb.org). The prediction of continuous
B-cell epitopes was computed based on physiochemical
properties of the protein sequences using the Kolaskar &
Tongaonkar antigenicity, BepiPred linear epitope, Parker
hydrophilicity, Emini surface accessibility, Chou & Fas-
man Beta-turn prediction, and Karplus & Schulz flex-
ibility prediction. Then, ElliPro online program was used
to establish the 3D structures of antigens for the predic-
tion of the discontinuous B-cell epitopes. Additionally,
in silico T-cell epitope evaluation was done using the
T-cell epitopes MHC Binding method in IEDB Analysis
Resource on NetMHCpan-4.1 server to predict epitopes
on the Cap protein sequence to a specific MHC class I
molecule (MHC-I). The MHC-I epitope binding sites
with a strong binding ability was considered when the
percentage rank was lower than 0.5% [39]. The predicted
epitope sequences were evaluated for antigenicity using
the VaxiJen server v.2.0 to determine their potential as
antigens. Epitopes with a Vaxijen score greater than 0.5
were considered to be suitable antigens [40].
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