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Porcine circovirus 2 (PCV2) is an icosahedral, non-enveloped, and single-stranded circular DNA virus that belongs
to the family Circoviridae, genus Circovirus, and is responsible for a complex of different diseases defined as
porcine circovirus diseases (PCVDs). These diseases — including postweaning multisystemic wasting syndrome
(PMWS), enteric disease, respiratory disease, porcine dermatitis and nephropathy syndrome (PDNS), and re-
productive failure — are responsible for large economic losses in the pig industry. After serial passages in swine
testicle (ST) cells of a wild-type virus isolated from an animal with PMWS, we identified three PCV2b viruses
with capsid protein (known as Cap protein) cumulative mutations, including two novel mutants. The mutant
viruses were introduced into new ST cell cultures for reisolation and showed, in comparison to the wild-type
PCV2b, remarkable viral replication efficiency (> 10'! DNA copies/ml) and cell death via necrosis, which were
clearly related to the accretion of capsid protein mutations. The analysis of a Cap protein/capsid model showed
that the mutated residues were located in solvent-accessible positions on the external PCV2b surface.
Additionally, the mutated residues were found in linear epitopes and participated in pockets on the capsid
surface, indicating that these residues could also be involved in antibody recognition. Taking into account the
likely natural emergence of PCV2b variants, it is possible to consider that the results of this work increase
knowledge of Circovirus biology and could help to prevent future serious cases of vaccine failure that could lead
to heavy losses to the swine industry.

1. Introduction

Porcine circovirus 2 (PCV2) is a small (17 nm in diameter), icosa-
hedral, non-enveloped, and single-stranded circular DNA virus be-
longing to the family Circoviridae, genus Circovirus, which is responsible
for a complex of different diseases defined as porcine circovirus diseases
(PCVDs) (Segalés, 2012). These diseases — including postweaning
multisystemic wasting syndrome (PMWS), enteric disease, respiratory
disease, porcine dermatitis and nephropathy syndrome (PDNS), and
reproductive failure — are responsible for large economic losses in the

pig industry at least since 1990s. PCV2 is currently the most important
domestic swine pathogen worldwide (Segalés et al., 2013). Until now,
genotypes PCV2a, PCV2b, and PCV2c have been identified (Segalés
et al., 2008), with PCV2a and PCV2b being the most prevalent world-
wide and PCV2c only described in Denmark (Dupont et al., 2008) and
in feral pigs from Brazil (Franzo et al., 2015a). Recently, an emerging
genotype (PCV2d-mPCV2b) has been proposed (Chae, 2015; Franzo
et al., 2015b) based on a virus described initially in China (Guo et al.,
2010) and later associated with cases of vaccine failures in other
countries (Seo et al., 2014; Xiao et al., 2012).
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The PCV2 genome is computationally predicated to encode 11
overlapping open reading frames (ORFs) (Hamel et al., 1998), but only
five viral proteins are expressed by its genome. The Rep and Rep’
proteins encoded by ORF1 are essential for viral replication (Cheung,
2003). ORF3 encodes a non-structural (NS) protein associated with
apoptosis (Liu et al., 2005), while ORF4 encodes NS protein, which
plays a role in suppressing caspase activity and regulating CD4 + and
CD8 + T lymphocytes during PCV2 infection (He et al., 2013). In turn,
ORF2 encodes a molecule composed of 233 or 236 amino acids known
as Cap protein, the structural unit of the PCV2 capsid. This multi-
functional protein is considered the main antigenic determinant of the
virus (Guo et al., 2011; Nawagitgul et al., 2000); indeed, four linear
immunorelevant epitopes (Mahé et al., 2000) and five different over-
lapping conformational epitopes (Lekcharoensuk et al., 2004) have
been identified in the PCV2 Cap protein. The immunogenic epitopes
previously identified (Mahé et al., 2000) were also mapped on a crystal
structure of an N-terminally truncated PCV2 virus-like particle at 2.3-A
resolution (Khayat et al., 2011). Additionally, regions of amino acid
heterogeneity in the Cap protein of different PCV2 strains were iden-
tified as important molecular segments for dominant immune response
(de Boisséson et al., 2004; Grau-Roma et al., 2008; Larochelle et al.,
2002; Timmusk et al., 2008; Wen et al., 2005). Hence, selective pres-
sures on these regions could lead to the emergence of PCV2 variants
(Larochelle et al., 2002) with conformational changes in neutralizing
epitopes (Huang et al., 2011; Liu et al., 2013; Saha et al., 2012a,b) that
may be related to vaccine failure.

Moreover, it has been suggested that the virulence properties of
PCV2 seem to be related to the Cap protein (Guo et al., 2011). A link
between Cap protein variation and PCV2 pathogenicity is strongly
suggested because modifications of the viral capsid may alter de-
terminants involved in tissue tropism and, consequently, could play a
key role in the PCV2 replication cycle and virus-host interactions
(Larochelle et al., 2002). Therefore, mutations in ORF2 PCV2 may also
lead to the emergence of variants with increased in vivo virulence, as
corroborated by some works involving PCV2d-mPCV2 isolated from an
aborted pig with PMWS (Guo et al., 2012) or variants that are atte-
nuated after serial passages in PK-15 cell culture (Fenaux et al., 2004).
In this last work, the authors enhanced the in vitro growth ability of
PCV2 after 120 passages and found two amino acid mutations (P110A
and R191S) in the Cap protein, suggesting an association between the
protein modifications and viral replication. However, structural ana-
lysis of these mutations in the Cap protein was not performed and the
authors did not report the occurrence of a cytopathogenic effect (CPE)
in the infected PK-15 cells.

Therefore, PCV2 mutations can be found in variants circulating in
the field induced by cell culture passages or chemical mutagenesis
techniques. Based on the above findings and considerations, it is vital to
carry out in vitro and in vivo studies to characterize these mutants and
map amino acid mutations, which may dramatically influence the viral
structure and its biological functions. Recently, in our laboratory, it was
possible to identify three PCV2b mutants, including two novel mutants,
after serial passages in swine testicle (ST) cells of a wild-type virus
isolated from an animal with PMWS, with evident CPE and increased
viral replication. Members of the genus Circovirus are in general con-
sidered non-cytopathogenic, difficult to isolate in cell culture, and
produce low viral titers (Chen et al., 2013; Meerts et al., 2005). How-
ever, subpopulations of the PK-15 cell line infected with PCV2 have
been described to present enhanced viral replication associated with
CPE (Chen et al., 2013), and the fetal porcine retinal cell line (VR1BL)
challenged with a large amount of PCV2b showed CPE due to apoptosis
(Dvorak et al., 2013); however, the authors did not analyze the ap-
pearance of PCV2 mutations. DNA sequencing of the mutant viruses
identified in this work revealed amino acid mutations in the Cap pro-
tein, indicating the possible association between structural conforma-
tional changes and the cell effects observed in vitro.

Thus, to study the main characteristics of these new PCV2b viruses,
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Fig. 1. PCV2b mutants isolated after serial passages in swine testicle (ST) cells.
Initially, ST cells were inoculated with wild-type PCV2b (PCV2b-wt) obtained
from an inguinal lymph node of a piglet with PMWS. Next to the black arrows is
shown the total number of passages for each viral isolation. The parentheses
indicate the passage in which the cytopathogenic effect (CPE) was detected in
ST cells infected with PCV2 mutants (PCV2b-mut1, PCV2b-mut2, and PCV2b-
mut3).

questions related to their cytopathogenic effects, increased viral re-
plication in ST cells, and the expression of caspase-3, caspase-8 and p53
mRNAs were analyzed. In addition, a structural model was built to
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evaluate the position of the mutations in the Cap protein and possible
epitope alterations. This structural analysis was performed to gain in-
sights into the immunogenic/antigenic characteristics of PCV2b mu-
tants and to identify relevant structural/function correlations poten-
tially associated with the biological effects observed in vitro.

2. Materials and methods
2.1. Cells and viruses

In this study, PCV2b viruses with amino acid mutations in the capsid
gene (ORF2) were obtained by intensive serial passages using a swine
testicle (ST) PCV1-free cell line provided by Institute for Technological
Research (IPT)/University of Sao Paulo (USP) and treated with 100 mM
D-glucosamine (Fig. 1). Initially, the wild-type PCV2b virus (PCV2b-wt)
was isolated from an inguinal lymph node sample of a pig from
southern Brazil with typical clinical signs of PMWS. For this isolation,
the PCV2b infected cells were serially subcultured 20 times and har-
vested by freeze-thawing three times (Cruz and Araujo Jr, 2014),
achieving a high viral load (10 DNA copies/ml ST cell suspensions).
The PCV2b virus stock obtained from the previous procedures was
designated PCV2b-mutl (identification of the mutation T200I). The
PCV2b-mutl was then inoculated into a new ST cell culture, and the
posterior viral isolation was performed by traditional adsorption as
described (Cruz and Araujo Jr, 2014). During this viral isolation, the
occurrence of CPE in ST cells infected with PCV2b was observed after
the seventh passage (10'%°* DNA copies/ml ST cell suspensions). The
freeze-thawing procedure was repeated, and the virus stock was as-
signed as PCV2b-mut2 (identification of mutations T200I and M72I).
The PCV2b-mut2 was inoculated into a new ST cell culture, and the
virus was passaged until the sixth passage (10'*'®> DNA copies/ml ST
cell suspensions); however, the formation of CPE occurred in the fourth
passage (10'%** DNA copies/ml ST cell suspensions). The freeze-
thawing procedure was then repeated three times, and this new viral
stock was termed PCV2b-mut3 (identification of mutations T200I,
M?72I, and N77D). The position of the mutations have been numbered
according to PCV2b-wt (GenBank KF374705).

2.2. Evaluation of CPE and viral replication in ST cells

To study CPE and viral replication in ST cells, the PCV2b-wt and
mutants were reisolated by serially passages. The viral isolation with
traditional adsorption was performed as previously described (Cruz and
Araujo Jr, 2014), but treatment with 100 mM D-glucosamine was not
adopted to assess virus replication in ST cells without induction. Briefly,
ST cells with semiconfluent monolayer (25-cm? flasks) were inoculated
(0.5 ml) with 10% inguinal lymph node suspension PCV2b-wt (10547
TCIDso), PCV2b-mutl (10%'' TCIDso), PCV2b-mut2 (10%° TCIDso),
and PCV2b-mut3 (1057° TCIDso). The subcultures (1:2) were completed
in 48 h at 37 °C with minimum essential medium (MEM) (Gibco, Grand
Island, USA) supplemented with 1 mmol/] sodium pyruvate, 0.1 mmol/1
non-essential amino acids, 2 mmol/1 1-glutamine, 17.86 mmol/1 sodium
bicarbonate, 25 mmol/1 HEPES, and 10% fetal bovine serum (FBS)
(Gibco, Grand Island, USA). ST cells (control flask) were inoculated
with MEM. To evaluate viral replication, aliquots (intracellular viruses)
were separated from the infected and control cell suspensions after
trypsinization for DNA and RNA extraction. A total of 16 passages was
performed, but fewer were performed for some PCV2b mutants due to
severe cell death. For microscopic evaluation and cell counting, one
flask of each subculture was fixed with methanol and stained with
Giemsa (Freshney, 2000), except the flasks of the first passage. Cell
counting was performed in ten different randomly selected fields, and a
magnification of 400X was used for evaluation. The results are ex-
pressed as the mean number of ST cells/field.
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2.3. Nucleic acid extraction and reverse transcription

DNA was extracted from 100 pl of the aliquots collected from each
passage using the Illustra blood genomic Prep Mini Spin kit (GE
Healthcare, Buckinghamshire, UK) according to the manufacturer’s
instructions. The extracted DNA was eluted with 100 pl of nuclease-free
water. RNA was extracted (100 pul, 2 x 10° ST cells) using the Total
RNA Purification kit (Norgen Biotek Corporation, Thorold, Canada) and
eluted with 50 pl of nuclease-free water following the manufacturer’s
instructions. To remove contaminating DNA, extracted RNA was treated
with DNase I (Sigma, Saint Louis, USA) according to the manufacturer’s
protocol. Reverse transcription (RT) for synthesis of complementary
DNA (cDNA) was performed using the ImProm-II RT kit (Promega,
Madison, USA) with random primers (12.5ng/pl) according to the
manufacturer’s instructions.

2.4. Quantitative PCR (qPCR) for viral DNA

The PCV2b viral load was determined after each passage. Extracted
DNAs were analyzed by qPCR with 0.4uM of primers for ORF2
(Larochelle et al., 1999) using the Maxima SYBR Green qPCR Master
Mix kit (2x) (Fermentas, Vilnius, Lithuania). The reaction conditions
were as follows: 95 °C/10 min, 40 cycles at 95°C/15s and 60 °C/1 min
(7300 Real Time PCR System, Life Technologies, Foster City, USA). The
gPCR limit of detection (1.6 X 10! copies/ul) was determined with a
standardized plasmid diluted serially in ten-fold increments from
1.6 X 10" to 1.6 copies/pl, with a coefficient of correlation (R?) 0f 0.99
and an assay efficiency of 97.90% calculated by the standard curve. The
concentration of viral DNA was determined by absolute quantification
and defined as the number of DNA copies per milliliter of ST cell sus-
pension.

2.5. Reverse transcription-quantitative PCR (RT-qPCR) for viral mRNA
and caspase-3, caspase-8 and p53 mRNAs

RT-qPCR was performed to quantify the expression of the Cap
protein (ORF2), caspase-3, caspase-8 and p53 mRNAs, using as an en-
dogenous control mRNA of swine glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The RT-qPCR was prepared using the Maxima
SYBR Green qPCR Master Mix (2X) kit (Fermentas, Vilnius, Lithuania),
and the reaction conditions were 95 °C/10 min, 40 cycles at 95°C/15s
followed by specific annealing-extension temperatures/1 min (7300
Real Time PCR System, Life Technologies, Foster City, USA). The
primer concentrations and annealing-extension temperatures of each
target gene were as follows: ORF2 (0.4 uM; 60 °C) (Larochelle et al.,
1999), caspase-8 (0.3 uM; 61 °C) (Duran et al., 2009), p53 (0.3 uM;
61°C) (Duran et al., 2009), and GAPDH (0.3 uM; 60 °C) (Cruz and
Araujo Jr, 2014). For RT-qPCR of caspase-3, the forward (5’ — CCGGA
ATGGCATGTCGAT -3’) and reverse (5- TGAAGGTCTCCCTGAGATTT
-3’) primers were used at 0.3puM with an annealing-extension tem-
perature of 60 °C. The concentrations of mRNAs for each target gene
were normalized to the concentrations of GAPDH, and relative quan-
tification by the standard curve method was used (Larionov et al.,
2005). All DNase I-treated RNA samples were analyzed by qPCR with
0.4 uM of primers for ORF1 (Ladekjaer-Mikkelsen et al., 2002) to rule
out amplification due to DNA contamination.

2.6. Sequencing of PCV2b isolates in ST cells

The PCV2b-wt and mutants (PCV2b-mutl, PCV2b-mut2, and
PCV2b-mut3) used as inoculum, PCV2b isolates from the fifth passage
(PCV2b-wt™®, PCV2b-mut1”®, and PCV2b-mut2”®), last passage before
cell death (PCV2b-mut1®'?, PCV2b-mut2”"', and PCV2b-mut3™*), and
last passage of wild-type PCV2b (PCV2b-wt"'®) were subjected to
complete genomes sequencing. Four primer pairs designed to amplify
four overlapping fragments of PCV2b were used as previously described
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Virus Research 251 (2018) 22-33

Nucleotide mutation at position A645G, amino acid mutations at positions M72I, N77D, and T200I in the ORF2 gene (capsid protein) of PCV2b, DNA viral load
detected by quantitative PCR, and occurrence of cytopathogenic effects (CPE) during serial passages in swine testicle (ST) cells.

PCV2b Passages Viral load” CPE Amino acid mutations Nucleotide mutations
T200I M721 N77D A645G
1st” 2nd” 3rd”

PCV2b-wt inoculum 11.22 - T M N A

PCV2b-wt™® 5 9.32 no T M N A

PCV2b-wt"1® 16 8.01 no T M N A

PCV2b-mutl inoculum 10.94 - 1 M N A

PCV2b-mut1®® 5 10.26 no I M N A

PCV2b-mut1?!? 12 10.36 yes 1 I N G

PCV2b-mut2 inoculum 11.06 - I I N G

PCV2b-mut2”® 5 10.06 no T/1 I D A/G

PCV2b-mut2P!! 11 10.62 yes T/1 I D A/G

PCV2b-mut3 inoculum 11.88 - I I D A/G

PCV2b-mut3™ 4 10.69 yes T/1 I D A/G

Bold text: nucleotide and amino acid mutations.
% ORF2-DNA copies/ml ST suspensions (10g;0).

> Order of occurrence of amino acid mutations during serial passages in ST cells.

(An et al., 2007). The amplified PCR products with expected molecular
sizes were excised from 1.0% agarose gels. The DNA from agarose gels
was purified using Illustra GFX PCR DNA and Gel Band Purification kits
(GE Healthcare, Buckinghamshire, UK). The purified PCR products
were sequenced with both sense and antisense primers using the Big
Dye Terminator v.3.1 Cycle Sequencing kit (Life Technologies, Foster
City, USA) according to the manufacturer's instructions. Automated
sequencing was performed on the ABI 3500 Genetic Analyzer instru-
ment (Life Technologies, Foster City, USA). After sequencing, the Basic
Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) was utilized to confirm the compatibility of the DNA se-
quences to known PCV2 sequences, and a quality analysis was per-
formed using the Phred program (http://asparagin.cenargen.embrapa.
br/phph/). Editing and assembling were performed by using the pro-
grams BioEdit v.7.0 (Hall, 1999) and Geneious v.8.0 (Kearse et al.,
2012). The nucleotide and amino acid sequences of ORF1, ORF2, ORF3,
and ORF4 were aligned using ClustalW (Larkin et al., 2007) im-
plemented in MEGA v.5.2 (Tamura et al., 2011) to compare sequences
with the PCV2b-wt sequence (GenBank KF374705).

2.7. Analysis of ORF2 from different PCV2 sequences in the database

One thousand seven hundred twenty PCV2 complete genomes, 999
capsid gene (ORF2) sequences of PCV2 and 60 PCV1 complete genomes
available in the GenBank database were analyzed for the presence of
nucleotide and amino acid mutations described in this work. Multiple
alignments were performed at the nucleotide and amino acid level for
the ORF2 gene using ClustalW (Larkin et al., 2007) within MEGA v.5.2
(Tamura et al., 2011) and Geneious v.8.0 (Kearse et al., 2012). These
alignments were manually edited to remove sequences with low
quality, reading frame errors and early stop codons.

2.8. Cap protein molecular modeling

A molecular model of the PCV2b-mut3 Cap protein was built to
verify the position of the mutations M72I, N77D, and T200I. This mo-
lecular model was based on the 2.3A resolution-crystallographic
structure of the capsid from a previously determined consensus se-
quence of PCV2 (PDB code 3ROR) (Khayat et al., 2011). Initially, a
portion composed of nine units of the PCV2b-mut3 Cap protein was
separated from the capsid to contain one of its capsomers formed by
five units of the Cap protein. The amino acid residues of this nonameric
structure were analyzed in relation to their protonation states using the
PDB2PQR server (Dolinsky et al., 2004, 2007). The program Charmm
v.c36al (Brooks et al., 2009) was then used to improve the nonameric
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structural model: conjugate gradient (CG) and Adopted Basis Newton-
Raphson (ABNR) methods of energy minimization were applied to the
whole structure with the simultaneous application of harmonic re-
straints. For this process, the progressive decrease of the harmonic re-
straints (force 250 to zero) was associated with seven cycles of energy
minimization using the conjugate gradient method. For the first six
cycles, 100 steps were calculated and the tolerance applied to the
average gradient was 1.0. During the seventh and last cycle, 10000
steps were calculated and the tolerance applied to the average gradient
was 0.01. Identification of surface pockets of the Cap protein monomers
was performed with the LIGSITE®™C server (https://omictools.com/
ligsitecsc-tool) (Huang and Schroeder, 2006) using a grid space = 1 A
and a probe radius = 5A. The C* atom RMSD between all nonameric
model monomers and the Cap crystallographic structure was calculated
using VMD Molecular Graphics Viewer v.1.9.3 (Humphrey et al., 1996).

2.9. Statistical analysis

The data for the quantification of DNA viral load, mRNA levels, and
the cell counting results were analyzed by the Mixed Models with the
passages as a random effect (repeated measurements in the same in-
dividual). In these analyses, a P-value less than 0.05 was considered
statistically significant.

2.10. Accession number

The complete sequences of the wild-type and PCV2b mutants re-
ported in this study were deposited in the GenBank database under the
following accession numbers: PCV2b-mutl (GenBank MF150182),
PCV2b-mut2 (GenBank MF150183), PCV2b-mut3 (GenBank
MF150184), PCV2b-wt’® (GenBank MF150185), PCV2b-mut1®®
(GenBank MF150186), PCV2b-mut2”® (GenBank MF150187), PCV2b-
wtP1® (GenBank MF150188), PCV2b-mut1®!? (GenBank MF150189),
PCV2b-mut2”!! (GenBank MF150190), and PCV2b-mut3”* (GenBank
MF150191).

3. Results
3.1. Nucleotide and amino acid mutations in the ORF2 gene (Cap protein)

Four nucleotide transitions were found only in the ORF2 gene (Cap
protein) (Table 1). The mutations were observed at nucleotide positions
645 (A645G), 599 (C599T), 216 (G216A), and 229 (A229G) in the
PCV2 Cap protein gene. For one mutation (A645G), there were no
amino acid changes, but three nucleotide mutations (C599T, G216A,
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and A229G) resulted in amino acid changes. The first mutation was
observed in PCV2b-mut1 at nucleotide position 599 (C599T) after 20
passages and resulted in a change from threonine to isoleucine (T2001).
Then, after seven more passages, a new mutant virus was identified
(PCV2b-mut2) that maintained the T200I amino acid mutation and
showed two new additional mutations at nucleotide positions 645
(A645G), and 216 (G216A). The second amino acid mutation was found
at nucleotide position G216A, which resulted in a methionine to iso-
leucine substitution (M72I). The mutant PCV2b-mut3 was obtained
after four more passages: the previous three nucleotide mutations
(A645G, C599T, and G216A) were kept in the capsid gene and re-
mained in subsequent passages. However, a new nucleotide mutation at
positon 229 resulted in the third amino acid mutation, in which an
asparagine was changed to an aspartic acid (N77D).

The nucleotide and amino acid mutations found during the re-
isolation were as follows: T200I was observed in the fifth passage of
PCV2b-mutl (PCV2b-mutl®®). T200I and M72I were found in the last
passage of PCV2b-mut1*'2, T200I, M72I, and N77D were found in the
passages of PCV2b-mut2”®, PCV2b-mut2**!, and PCV2b-mut3**. The
silent amino acid mutation (A645G) was found in mutant virus isolates
(PCV2b-mut2”'2, PCV2b-mut2”®, PCV2b-mut2”!!, and PCV2b-mut3®%).

3.2. Analysis of the PCV2 sequences from the GenBank database

After analysis of multiple alignments, 1549 PCV2 complete gen-
omes, 839 ORF2 sequences of PCV2 and 55 PCV1 complete genomes
were selected. Consequently, the total of 2388 ORF2 sequences of PCV2
were assessed for the presence of mutations identified in this study
(M72I, N77D, and T200I), which were found in 338 sequences. Certain
data were not available for selected sequences, so in this study only
described information is presented. Six isolates (0.25%) collected from
2007 to 2011 in China and South Korea showed the amino acid mu-
tation 72I. The isolates presented the PCV2a and PCV2b genotype, and
one PCV2b isolated from China (GenBank AY847748) was related to
PMWS. The largest number of isolates (n = 314; 13.15%), collected
from 1994 to 2014, showed the 77D mutation. These isolates were from
several countries, such as Australia, Brazil, Canada, China, Croatia,
Denmark, France, Germany, Hungary, India, Italy, Japan, Mexico,
Portugal, Romania, Serbia, Slovakia, South Africa, South Korea, Spain,
Switzerland, Taiwan, and the United States. The genotypes identified in
these isolates were PCV2a, PCV2b, and PCV2e, as well the recombinant
PCV1/2a. Some isolates (n = 34) presented clinical disorders such as
congenital tremors (n = 1), mummified fetuses (n = 1), porcine der-
matitis and nephropathy syndrome (PDNS, n = 1), PMWS (n = 29),
and sow abortion (n = 2). The 200I amino acid mutation was found in
16 (0.67%) PCV2a and PCV2b isolates from China, Canada, Belgium,
Romania, Slovakia, and India, from 2007 to 2012. Two PCV2a isolates
from Slovakia (GenBank JN133305) and China (GenBank HM038033)
were diagnosed with PMWS. Two isolates (0.084%) from Taiwan and
the United States (collected in 2012) presented the nucleotide mutation
645 G in the ORF2 gene, but the genotype and health status were not
described for these sequences. Thus, until now, isolates with three Cap
protein amino acid mutations (72I, 77D, and 200I) have not been de-
scribed. Only isolates of the PCV2a genotype with two simultaneous
mutations in this protein have been found (Table 2). Four Chinese
isolates (GenBank HMO038033, JF682791, JF682793, and JF682794)
presented the mutations 721 and 200I. The isolates from Canada
(GenBank GU049340) and Slovakia (GenBank JN133305) showed
mutations 77D and 200I, while those isolated from South Korea (Gen-
Bank JF317584) showed mutations 72I and 77D. The 645 G nucleotide
and 77D amino acid mutations were found in one isolate from the
United States (GenBank KM190985). Fifty-three PCV1 isolates had
variable amino acids at positions 72 (glutamine, tyrosine, histidine, and
glutamic acid), 77 (isoleucine), and 200 (glycine). The 645 G nucleotide
mutation was found in all sequences of PCV1.
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3.3. Evaluation of CPE in ST cells infected with PCV2b mutants

The occurrence of CPE was confirmed after serially passaging of
PCV2b-mutl, PCV2b-mut2, and PCV2b-mut3 in ST cells. The total
passages achieved before cell death was as follows: 12 passages
(PCV2b-mutl), 11 passages (PCV2b-mut2), and 4 passages (PCV2b-
mut3). CPE was more severe in the 9th passage of PCV2b-mutl and
PCV2b-mut2 and the 3rd passage of PCV2b-mut3. The ST cell control
and wild-type virus (PCV2b-wt) did not show CPE and were passed
until the 16th passage. The cell counting data comparisons of the ST cell
control and PCV2b-wt revealed higher numbers in comparison to
PCV2b mutants during viral reisolation; the PCV2b-mut3 had the
lowest cell numbers (Fig. 2). The evaluation of mean cell counts be-
tween the ST cell control and PCV2b-wt showed no statistically sig-
nificant differences (P = 1.0). On the other hand, the lower mean cell
counts of PCV2b mutants differed significantly compared with the ST
cell control (P < 0.0001) and PCV2b-wt (P < 0.0001). The compar-
ison between PCV2b mutants also revealed a statistically significant
difference between the lower mean cell count of PCV2-mut3 and
PCV2b-mutl (P < 0.0001) and PCV2b-mut3 and PCV2b-mut2
(P = 0.0001), while the comparison between PCV2b-mutl and PCV2b-
mut2 showed no significant difference (P = 0.995). A microscopic
evaluation revealed fusiform to rounded cells that became becoming
necrotic with an eosinophilic cytoplasm, condensed chromatin, kar-
yorrhexis, and karyolysis (Fig. 3).

3.4. Increased viral replication of PCV2b mutants in ST cells

The viral loads determined for PCV2b-mutl, PCV2b-mut2, and
PCV2b-mut3 were higher than that of the original PCV2b-wt (Fig. 2).
The mean viral loads of PCV2b-mutl, PCV2b-mut2, and PCV2b-mut3
were significantly different from the mean viral load of PCV2b-wt
(P < 0.0001). However, there were no significant differences in the
mean viral load between PCV2b-mutl and PCV2b-mut2 (P = 0.991),
PCV2b-mutl and PCV2b-mut3 (P = 0.295), PCV2b-mut2 and PCV2b-
mut3 (P = 0.164). All passages of the ST cell control were negative for
PCV2 by qPCR. The occurrence of severe CPE coincided with the peak
viral load (> 10! DNA copies/ml ST cell suspensions) in PCV2b-mut1,
PCV2b-mut2, and PCV2b-mut3. After the occurrence of CPE, the viral
load was lower in the subsequent passages due to cell death. Thus,
fewer passages were used for PCV2b-mut3 in comparison to PCV2b-wt,
PCV2b-mutl, and PCV2b-mut2.

3.5. Relative expression of ORF2, caspase-3, caspase-8, and p53 mRNAs

The expression of ORF2-mRNA for PCV2b mutants was higher in
comparison to PCV2b-wt, and the peaks of viral mRNA expression co-
incided with the occurrence of CPE, as described above for the viral
load (Fig. 2). The mean expression of ORF2-mRNA was significantly
higher in PCV2b-mutl, PCV2b-mut2, and PCV2b-mut3 in relation to
PCV2b-wt (P < 0.0001). However, there were no significant differ-
ences in the mean expression of ORF2-mRNA between PCV2b-mut1 and
PCV2b-mut2 (P = 0.655), PCV2b-mutl and PCV2b-mut3 (P = 0.973),
PCV2b-mut2 and PCV2b-mut3 (P = 0.514). The mRNA levels of cas-
pase-3, caspase-8, and p53 were slightly elevated in PCV2b mutants and
PCV2b-wt in comparison to the ST cell control (Fig. 4), but there was no
statistically significant difference in the mean expression of mRNA of
caspase-8 (P > 0.3) and p53 (P > 0.7) in the comparisons performed
between these groups. For the mean expression of caspase-3 mRNA,
there was a statistically significant difference only for the higher ex-
pression of mRNA of PCV2b-mut3 in relation to ST cell control
(P = 0.0424). All DNase I-treated RNA samples were negative for
ORF1-DNA by qPCR.
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Table 2

Sequences available in the GenBank database showing more than one mutation in the ORF2 gene (capsid protein) of PCV2a.
Accession Number Amino acid mutations Nucleotide mutations Country Year Health status References

721 77D 2001 645G

HMO038033 I N I A China 2007 PMWS Guo et al. (2010)
JF682791 I N I A China 2010 Unknown Guo et al. (2011)
JF682793 1 N I A China 2011 Unknown Guo et al. (2011)
JF682794 I N 1 A China 2011 Unknown Guo et al. (2011)
GU049340 M D 1 A Canada 2007 PMWS Fort et al. (2010)
JN133305 L D 1 A Slovakia 2009 PMWS Saha et al. (2012a,b)
JF317584 I D T A South Korea 2010 Unknown Nguyen et al. (2012)
KM190985 M D T G USA 2012 Unknown Xiao et al. (2015)

Bold text: nucleotide and amino acid mutations described in this study.
PMWS: postweaning multisystemic wasting syndrome.

3.6. Cap protein molecular model

The energy-minimized nonameric PCV2b-mut3 Cap protein model
presented good stereochemistry, as shown by the MolProbity program
(Chen et al., 2010): 98.8% of all residues were in allowed regions of the
Ramachandran plot. Additionally, the model showed a good MolProbity
score (1.31), an evaluation that takes into account structural para-
meters such as clashes, rotamers, and stereochemistry (Chen et al.,
2010). Additionally, an analysis of the whole structure using the server
ProSA-web (Wiederstein and Sippl, 2007) indicated a good Z-score
(-4.47). This Z-score indicated an adequate overall quality of the qua-
ternary structural model in comparison to experimentally determined
protein chains with similar molecular sizes deposited in the Protein
Data Bank (PDB) (Wiederstein and Sippl, 2007). C* atom alignment
between all nine monomers in the model and to the Cap crystal-
lographic structure also highlighted the high structural similarity of this
molecule, with a RMSD = 1.0 A. The nonameric and monomeric
PCV2b-mut3 Cap models are shown, respectively, in Figs. 5 and 6.

4. Discussion

Mutations in the Cap protein may be related to PCV2 pathogenicity
due to alterations of the determinants involved in tissue tropism, the
PCV2 replication cycle and the host protective response against viral
infection (Larochelle et al., 2002; Opriessnig et al., 2006). The identi-
fication of new wild-type-derived PCV2b viruses with Cap protein
mutations (PCV2b-mutl — T200I mutation; PCV2b-mut2 — M72I and
T200I mutations; and PCV2b-mut3 — M72I, N77D, and T200I muta-
tions) and the in vitro and in silico studies showing the notable adap-
tation of these viruses, their evident cytopathogenic effect (CPE) and
suggested important viral characteristics of the PCV2b variants are
discussed below.

4.1. CPE and viral replication in wild-type and mutants

According to the evaluation of CPE and cell counting after reisola-
tion, the mean number of ST cells/field remained similar (530 ST cells/
field) at passage 2 in the ST cell control, PCV2b-wt, and PCV2b-mut1.
However, for PCV2b mutants with two (PCV2b-mut2; 372 ST cells/
field) and three amino acid mutations (PCV2b-mut3; 138 ST cells/
field), there was a decrease in the mean number of ST cells/field due to
the occurrence of CPE with severe cell death (Fig. 2), indicating a re-
markable influence of these viruses on cell viability. This effect was
especially prominent for the virus with three Cap protein mutations, as
highlighted by the evident CPE at passage 3. In contrast, PCV2b-mut1
and PCV2b-mut2 viruses caused evident CPE only at passage 9. More-
over, after the detection of CPE, the PCV2b-mut1 supported three more
ST cell passages before severe cell death, while PCV2b-mut2 and
PCV2b-mut3 permitted only two and one more ST cell passage before
severe cell death, respectively (Fig. 2).
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In the microscopic evaluation of the CPE found in ST cells infected
with PCV2b, the observed changes were cell death by necrosis.
However, PCV2 can induce apoptosis by activating caspase-8 and cas-
pase-3 pathways (Liu et al., 2005) via the action of non-structural ORF3
protein, which competes with p53 for binding to Pirh2, deregulating
p53 homeostasis (Karuppannan et al., 2010; Liu et al., 2007). Thus, the
occurrence of apoptosis was analyzed by RT-qPCR for detecting mRNA
expression of caspase-3, caspase-8, and p53 from each passage of the ST
cell control and ST cells infected with PCV2b-wt and PCV2b mutants.
The mRNA of caspase-3, caspase-8, and p53 was expressed at all pas-
sages, but there was no statistically significant difference between
caspase-8 and p53. On the other hand, a significantly higher mean
expression level of caspase-3 mRNA in PCV2b-mut3 was detected in
comparison to the ST cell control (P = 0.0424). Thus, according to
these results PCV2b-mut3 may have induced a rapid and intense ST cell
death via necrosis and apoptosis. PCV2 infection of VR1BL cells de-
monstrated that apoptosis may not be the only mechanism involved in
PCV2-mediated cell death since a marked increase in cell death and a
small number of early apoptotic cells were observed by flow cytometry
(Dvorak et al., 2013). Moreover, it has been reported that different
cellular antiviral death programs compete with each other (Agol,
2012). In general terms, mechanisms of necrosis and apoptosis may be
activated after virus entry into the cell, synthesized viral proteins may
produce positive or negative stimuli for these pathways, and the dom-
inance of one of the mechanisms will depend on the balance between
proapoptotic and antiapoptotic factors present in infected cell (Agol,
2012). Therefore, PCV2 produces viral proapoptotic (ORF3 protein)
(Liu et al., 2005) and antiapoptotic (ORF4 protein) proteins (He et al.,
2013), which may influence the development of necrosis or apoptosis.
Consequently, the balance between these mechanisms involved in cell
death induced by PCV2 must be elucidated, as suggested by our results.

The occurrence of two amino acid mutations in the PCV2a capsid
(P110A and R191S) were reported after 120 viral passages, which en-
hanced virus replication in vitro and attenuated the virus in vivo without
morphological changes in PK-15 cells (Fenaux et al., 2004). The pre-
sence of these mutations was analyzed in PCV2b-wt and PCV2b mutant
sequences, but these positions were occupied by the amino acid re-
sidues proline (position 110) and glycine (position 191). To analyze the
possible effects caused by the mutations M72I, N77D, and T200I on
PCV2b replication efficiency, qQPCR and RT-qPCR assays were per-
formed. For PCV2b-wt, there was a significant decrease in viral load in
comparison to the mutant viruses during viral isolation. In isolates with
amino acid mutations, these values were higher and peaked (> 10!
DNA copies/ml ST cell suspensions), which coincided with the occur-
rence of evident CPE. After the maximum peak, there was a decrease in
the viral load due to extensive cell death. The same profile was ob-
served for the expression of ORF2-mRNA, with significantly higher viral
mRNA levels of mutant viruses in comparison to PCV2b-wt (Fig. 2).
Therefore, the three amino acid mutations in the viral capsid could be
responsible for the higher replication efficiency of the PCV2b mutants
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Fig. 2. Evaluation of cell survival and viral replication in ST cells infected with PCV2b-wt and mutants. Cell survival was evaluated by cell counting, which revealed a
decrease due to the cytopathogenic effect (CPE) with severe cell death, while the replication efficiency was analyzed by determination of the DNA viral load (qQPCR)
and expression of ORF2-mRNA (RT-qPCR) in swine testicle (ST) cells infected with wild-type PCV2b (PCV2b-wt) and PCV2b mutants (PCV2b-mut1, PCV2b-mut2,
and PCV2b-mut3). (A) ST cell control: without virus; no CPE. (B) PCV2b-wt: no CPE. (C) PCV2b-mutl: CPE at passage 9. (D) PCV2b-mut2: CPE at passage 9. (E)
PCV2b-mut3: CPE at passage 3. The mean DNA viral load and ORF2-mRNA levels of the PCV2b mutants were significantly higher in relation to PCV2b-wt
(P < 0.0001). The mean cell counts of the PCV2b mutants were significantly lower than the ST cell control (P < 0.0001) and PCV2b-wt (P < 0.0001). The mean
cell counts of the PCV2b-mut3 were significantly lower in relation PCV2b-mutl (P < 0.0001) and PCV2b-mut2 (P = 0.0001). There were no statistically significant
differences between the mean cell counts for the ST cell control and PCV2b-wt, the PCV2b-mutl and PCV2b-mut2, or the mean DNA viral load and ORF2-mRNA
expression between PCV2b mutants.

observed in ST cells, leading to severe cell death (CPE) due to cell Imp.1010-Stoon strains (GenBank GU049340) (Fort et al., 2010). Both
culture adaptation. However, the in vivo response must be investigated strains were obtained from PMWS-affected piglets, and the occurrence
since it may be more virulent or attenuated in infected animals. To of CPE after growth in PK-15 cells was not described. The Imp.1010-
clarify this issue, assessment of the pathogenicity of PCV2b mutants in Stoon strain (GenBank GU049340) was obtained from the original
vivo is currently being carried out by our research group. Imp.1010-Stoon strain (GenBank AF055392) (Meehan et al., 1998),

which is referenced in several studies with PCV2 since its isolation (Ellis
4.2. Analysis of the deposited sequences highlights the unique identity of the et al., 1998) and molecular characterization (Meehan et al., 1998).
PCV2 mutants Interestingly, the 77D mutation was present in the original strain

(Imp.1010-Stoon), but the 2001 mutation was obtained after serial

Taking into account that the accretion of the identified Cap protein passaging (Fort et al., 2010), as observed in our results. Taken together,

mutations is associated with a higher viral replication efficiency and ~ these data suggest that the combination of two mutations (72I/77D,
cell death, the combination of the amino acid residues was investigated 721/2001, and 77D/2001) present a low frequency but are associated
in 721, 77D, and 200I in other PCV2 isolates. The presence of two with serial passages in PK-15 cells and/or the occurrence of PMWS.
concomitant amino acid mutations was identified in seven PCV2a se- Remarkably, the simultaneous presence of the Cap protein 721, 77D,
quences. Amino acid mutations 721 and 77D were observed in an isolate and 2001 mutations or a double combination of these mutations have
termed A5293 (GenBank JF317584) from a > 300-day-old piglet with not been described for the PCV2b virus to date. Thus, it is clear that the
unknown clinical signs (Nguyen et al., 2012) and any information re- isolates identified herein could present very distinct pathogenic prop-
garding the occurrence of CPE and increased viral replication. Four erties in comparison to other wild-type and mutant PCV2a/PCV2b

isolates from China (GenBank HM038033, JF682791, JF682793, and  Viruses that have been previously studied. Indeed, this hypothesis is
JF682794) had the amino acid mutations 72I and 2001. In this case, a strengthened by the findings related to the higher viral replication and
strain identified as CL (GenBank HM038033) was isolated from the lung evident CPE observed in vitro for the PCV2b mutants.

of a 9-week-old piglet with PMWS and respiratory signs (Guo et al.,

2010). The same research group performed a recombination study in 4.3. Cap protein structural analysis suggests relevant viral characteristics
vitro by PK-15 cell co-infection and obtained new strains from CL

(strains PCV2a/CL1, PCV2b/JF11, and PCV2b/YJ) (Guo et al., 2011). To evaluate the position of the M72I, N77D, and T200I mutations on
In this study (Guo et al., 2011), the authors also reported that two new the surface of the Cap protein, a structural model containing nine

PCV2b recombinant mutants, (PCV2b(JF11)/2a(CL1) (GenBank monomers of this molecule was built based on the 2.3 A resolution
JF682793) and PCV2b(YJ)/2a(CL1) (GenBank JF682794), obtained crystallographic structure of the capsid from a previously determined
from the posterior recombination of PCV2a/CL1, PCV2b/JF11, and the consensus sequence of PCV2 (PDB code 3ROR) (Khayat et al., 2011).

PCV2b/YJ strains presented an enhanced in vitro replication efficiency The nonameric model presents three central monomers of the Cap
and antigenicity alterations in comparison to their parental strains. protein and six additional chains to provide interfacial contacts for the
However, these two new PCV2 recombinant mutants did not contain central units (Fig. 5A). This model construction was performed to avoid
any amino acid or nucleotide mutations in relation to their parental improper tertiary structure displacement of the central three monomers
strains, and the occurrence of CPE was not reported. The 77D and 2001 during the energy minimization process used to improve the whole
mutant combination were observed in two strains deposited in Gen- nonameric structure. The structural analysis of the nonameric model

Bank: the Slovak (GenBank JN133305) (Saha et al., 2012a,b) and demonstrated that this modeling strategy might be considered

Fig. 3. Cytopathogenic effect (CPE) in swine testicle (ST) cells infected with PCV2b mutants (Giemsa staining). Third passage (A, B, C, D, and E) and ninth passage (F,
G, H, and I) cells presented the following results: (A) ST cell control: no CPE. (B) PCV2b-wt"3: no CPE. (C) PCV2b-mut1®3: no CPE. (D) PCV2b-mut2”3: no GPE. (E)
PCV2b-mut3”3: CEP. (F) ST cell control: no CPE. (G) PCV2b-wt"®: no CPE. (H) PCV2b-mut1®®: CPE. (I) PCV2b-mut2”®: CPE. Magnification of 400 X .
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Fig. 4. Levels of caspase-3, caspase-8, and p53 mRNA expression. Swine testicle
(ST) cells were infected with wild-type PCV2b (PCV2b-wt) and PCV2b mutants
(PCV2b-mutl, PCV2b-mut2, and PCV2b-mut3). The levels of caspase-3, cas-
pase-8, and p53 mRNA expression were determined by RT-qPCR. (A) mRNA
expression of caspase-3. (B) mRNA expression of caspase-8. (C) mRNA ex-
pression of p53. A significantly higher mean expression level of caspase-3
mRNA in PCV2b-mut3 was found in comparison to the ST cell control by Mixed
Models with the passages as a random effect (repeated measurements in the
same individual) (*P < 0.05).

adequate: 98.8% of all residues were allocated in allowed regions of the
Ramachandran plot (Chen et al., 2010), and the MolProbity score (Chen
et al., 2010) and Z-score (Wiederstein and Sippl, 2007) (respectively,
1.31 and —4.47) confirmed the overall good stereochemistry of the
model. Moreover, a C* atom alignment between all nine monomers of
the model and to the Cap crystallographic structure also demonstrated
the very similar structures of these molecules (RMSD = 1.0 A).

As shown in Fig. 5B, the mutated residues 721, 77D, and 2001 were
localized in solvent-accessible positions on the external surface of the
virus. This finding raises interesting questions about the role of these
mutated residues in structural/functional properties of the Cap protein
as, for example, cell recognition. As previous described (Misinzo et al.,
2006), virus attachment to host cells is a triggering event for infection
and can be inherently associated with tissue tropism and pathogenesis.
These same authors investigated the role of glycosaminoglycans (GAGs)
as molecular receptors for PCV2 based on two points: i) these molecules
are important cell receptors for many other viruses (Bernfield et al.,
1999; Liu and Thorp, 2002; Rostand and Esko, 1997; Vanderplasschen
et al.,, 1993), and ii) several different cellular types are implicated in
PCV2 infection, indicating thus these viruses could identify an ubiqui-
tous cell receptor. Their results indicated that pre-incubation of PCV2
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with heparin, heparan sulfate and chondroitin sulfate B was able to
reduce infection in porcine monocytic 3D4/31 cells, possibly due to
competition with similar receptors present on the cellular surfaces. As
demonstrated by the authors, these findings emphasize the importance
of specific molecules for PCV2 attachment and posterior infection,
given that other GAGS did not avoid viral invasion in 3D4/31 cells. The
possible structural/functional effects of the M72I, N77D, and T200I
mutations is especially strengthened by the physical-chemical proper-
ties of the mutated residues, which present different characteristics in
comparison to the new ones added to the Cap protein sequence. As
described above, these mutations were cumulative and identified in the
following sequence: PCV2b-mutl presented the T200I mutation, in
which a non-charged and polar residue (threonine) was substituted for
an aliphatic and hydrophobic one (isoleucine); PCV2b-mut2 showed the
mutations T200I and M72l, with the latter characterized by the sub-
stitution of a hydrophobic residue with a longer aliphatic side chain and
a weakly nucleophilic thioether group (methionine) for another hy-
drophobic one (isoleucine). The PCV2b-mut3 presented the previous
two mutations (M72I and T200I) plus N77D, which is also very re-
markable since a non-charged and polar residue (asparagine) was re-
placed by a negatively charged one (aspartate). In addition, further
detailed analysis of the surface of the model revealed that the mutated
residues of the whole model were mostly localized in rim regions and/
or inside Cap protein cavities (pockets). As previously described,
pockets are in general concave-shaped sites where ligands may firmly
bind to proteins (Gao and Skolnick, 2012). Remarkably, at the entrance
and part of the interior region of a given external Cap protein pocket
(herein denominated pocket 1), the residues methionine and threonine
at positions 72 and 200 are substituted for two isoleucine residues,
making the environment of this pocket predominantly hydrophobic,
while the entrance of another external Cap protein pocket (herein de-
nominated pocket 2) becomes negatively charged due to a Asn — Asp
mutation (Fig. 6). Additionally, but equally important, the mutated
residues also play roles in the linear epitopes identified in antigenic
studies of PCV2 with pathogen-free swine (Mahé et al., 2000). Indeed,
the M72 and N77 residues (which were mutated in PCV2b-mut2 and
PCV2b-mut3) are putative residues found on the external capsid surface
that are responsible for discriminating monoclonal antibody binding to
PCV1 and PCV2 (Khayat et al., 2011). However, as observed in our
model for mutated residue 1200, a previous detailed inspection of the
Cap protein crystallographic model (Khayat et al., 2011) revealed that
the side chain of residue T200 also helped to complete the concave
surface of pocket 1, suggesting that this residue could also be involved
in antibody recognition. Therefore, there is a clear possibility that the
mutant viruses PCV2b-mutl, PCV2b-mut2 and PCV2b-mut3 can pro-
voke cases of vaccine failure if they emerge in nature and reach swine
populations.

Finally, taking into account the increased cytopathogenic properties
of the PCV2b mutants in vitro and their possible immunological/anti-
genic characteristics, it is evident that a deeper understanding of the
biology and structure of these viruses will be valuable to avoid future
problems in the swine industry. A feasible solution to prevent upcoming
risks to commercial swine populations could be, for example, to pro-
duce new vaccines containing artificial capsids with the Cap protein
mutations described herein and other identified in future studies.

5. Conclusions

In vitro studies showed that the PCV2b mutants, in comparison to
the wild-type virus (PCV2b-wt), presented a higher viral replication
efficiency and marked cell death via necrosis, which were clearly as-
sociated with the accretion of Cap protein amino acid mutations. The
amino acid mutations M72I, N77D, and T200I found in the PCV2b
mutants were found in two (59-80 and 180-191) of the three Cap
protein major variable regions (59-80, 121-136, and 180-191) pre-
viously identified (Larochelle et al., 2002) and subsequently confirmed
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Fig. 5. M72I, N77D, and T200I mutations on the surface of the PCV2b Cap protein. (A) The nonameric model (depicted in cartoon representation) presents at the
center three Cap protein monomers (in red) and more six Cap protein monomers (in olive) added to provide interfacial contacts to the central units during the energy
minimization cycles used to improve the whole nonameric model. (B) The blue spots indicate the atoms of the mutated residues M72I, N77D, and T200I exposed on
the nonameric model surface. Illustration generated with the program PyMOL (DeLano, 2002) (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article).

by other authors (de Boisséson et al., 2004; Grau-Roma et al., 2008;
Timmusk et al., 2008; Wen et al., 2005). The possible involvement of
these highly variable regions in the emergence of PCV2 variants has
been reported, mainly owing to two of these regions (59-80 and
121-136) (Larochelle et al., 2002). Hence, the detection of these mu-
tations in the final passages (as shown in Table 1) during viral isolation
may be due to the presence of quasispecies in the original viral in-
oculum (inguinal lymph node suspension) and/or as result of serial
passages in cell culture. Although there is no report of quasispecies
detection in vivo and in vitro (Segalés et al., 2013), PCV2 has a high
genetic diversity that seems to be generated by the combination of
mutations and genetic recombination (Ssemadaali et al., 2015). In fact,
PCV2 presents one of the highest rates of nucleotide substitution

(approximately 1.2 x 10™° substitutions/site/year) for a single-
stranded DNA virus, very possibly resulting in the rapid emergence of
mutants (Firth et al., 2009) and albeit the reason why the high mutation
rate of these viruses is still elusive (Firth et al., 2009; Duffy et al., 2008).
Furthermore, the spontaneous deamination and higher frequency of C
to T transitions are more common in single-stranded DNA viruses due to
lack of double helix protection (Lindahl and Nyberg, 1974; Ritchie
et al., 2003). Therefore, based on our findings, it is not possible to draw
conclusions regarding the nature of the process, leading to the emer-
gence of the identified mutants in vitro. However, it is possible that
these PCV2b mutants can arise under natural conditions, as demon-
strated by the mutations found in database sequences, and provoke
severe pathogenic effects in vivo as observed in vitro. Moreover, analysis

Fig. 6. Solvent-exposed surface (in red) of the
mutated amino acid residues found in the Cap
protein. The mutations around pockets 1 and 2
(identified with cyan probes) change the phy-
sical-chemical properties around their sur-
roundings: methionine and threonine at posi-
tions 72 and 200 are substituted for two
isoleucine residues, making the environment of
the first pocket predominantly hydrophobic,
while the Asn— Asp mutation becomes the
entrance of the second negatively charged
pocket. Illustration generated with the pro-
gram PyMOL (DeLano, 2002) (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web ver-
sion of this article).
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of the Cap protein/capsid model showed that the mutated residues 72I,
77D and 200I are localized in solvent-accessible positions on the ex-
ternal PCV2b surface. This structural feature brings attention to a
possible role of these mutated residues in structural/functional prop-
erties of the Cap protein related to the peculiar pathogenic effect ob-
served in vitro. Additionally, the mutated residues are found in linear
epitopes and participate in pockets on the capsid surface, indicating
thus these residues could also be involved in antibody recognition. Also,
our analyses suggest the PCV2b-mut3 can induce cellular death both by
necrosis and apoptosis due to the significant caspase-3 expression, in-
dicating thus another explanation to the remarkable pathogenic activity
of this virus. Based on our findings and the possibility of natural
emergence of the identified PCV2b mutant virus we consider that an-
other in vitro and in vivo studies should be carried out to avoid cases of
vaccine failure and serious losses to the swine industry in the future.
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