Journal of General Virology (2016), 97, 922-933

DOI 10.1099/jgv.0.000398

In silico analyses of antigenicity and surface
structure variation of an emerging porcine
circovirus genotype 2b mutant, prevalent

in southern China from 2013 to 2015

Yang Zhan, Naidong Wang, Zhe Zhu, Zhanfeng Wang, Aibing Wang,
Zhibang Deng and Yi Yang

Correspondence

Research Center of Functional Proteomics, College of Veterinary Medicine, Hunan Agricultural
Yi Yang University, Changsha, PR China

yiyang@hunau.edu.cn

Porcine circovirus type 2 (PCV2) is the pivotal pathogen causing porcine circovirus-associated
diseases. In this study, 62 PCV2 isolates were identified from seven farms in southern China
from 2013 to 2015 and phylogenetic trees were reconstructed based on whole-genome
sequences or the cap gene. In this investigation, PCV2b was the main genotype in

circulation throughout these farms. Furthermore, an emerging mutant (PCV2b-1C), isolated
from PCV2-vaccinated farms, was the predominant strain prevalent on these farms. In addition,

we isolated a new cluster that may represent evolution of the virus through recombination of
PCV2b-1A/1B and PCV2b-1C. Finally, we discuss evidence that antigenicity and surface
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structure variation of the capsid resulted from mutation of the C-terminal loop (Loop CT) of the

INTRODUCTION

Porcine circoviruses (PCVs), the smallest, non-enveloped
animal viruses of the genus Circovirus in the family Circo-
viridae, have a circular ssDNA genome (Cheung, 2006).
There are two known main genotypes, porcine circovirus
type 1 (PCV1) and PCV2, with high levels of nucleotide
homology and a common genomic organization (Segalés
et al., 2013). The first isolation of PCV1 was from a porcine
kidney cell line (PK15; ATCC CCL-33) as a contaminant
and non-pathogenic agent in swine (Tischer et al., 1986,
1974). Furthermore, PCV2 causes post-weaning multisys-
temic wasting syndrome, porcine dermatitis and nephro-
pathy syndrome, respiratory distress, acute pulmonary
oedema, and other PCV-associated diseases (PCVADs)
(Chae, 2005; Segalés, 2012; Segalés et al., 2005), now
present in every major swine-producing country and
causing great economic losses in the global swine industry
(Alarcon et al., 2013; Gillespie et al., 2009).

PCV2 has a circular genome of 1766-1768 nt (Wei et al.,
2013) with three major ORFs. Whereas ORF1 encodes

The GenBank/EMBL/DDBJ accession numbers of the sequences of
the PCV2 isolates JXPX-1-1, YiY-2-4, XT-1-1-1, XT-1-1-2, YiY-1-3-2,
YiY-2-12, YiY-3-20 and YiY-3-2-2 are KJ437192, KJ867555,
KM235959, KM235960, KP112484, KP112485, KP112486 and
KT804910, respectively.

Two supplementary tables and two supplementary figures are available
with the online Supplementary Material.

replication-associated proteins (Rep and Rep’) essential
for replication of viral DNA (Cheung, 2003; Finsterbusch
& Mankertz, 2009), ORF2 (cap gene) encodes the major
structural protein of the capsid (molecular mass
27.8 kDa), the main antigenic determinant of the virus
(Nawagitgul et al., 2000; Pogranichnyy et al., 2000). Finally,
ORF3, embedded in ORF1, encodes a protein that is not
essential for PCV2 replication, but has potential apoptotic
activity (Juhan et al., 2010; Liu et al., 2005).

Based on genome sequence analysis of PCV?2 isolates, PCV2
was divided into three main genotypes (PCV2a, PCV2b
and PCV2c) with a threshold distance of 0.02 (Cortey
et al., 2011; Grau-Roma et al., 2008). In addition, PCV2a
was further subdivided into five clusters (2A, 2B, 2C, 2D
and 2E) and PCV2b into three clusters (1A, 1B and 1C);
PCV2c¢, which has only been reported in Denmark, has
three isolates in GenBank (An et al, 2007; Olvera et al.,
2007; Wang et al., 2013). Based on sequence analysis of
the cap gene of PCV2 recovered from various countries,
virus isolates have also been divided into three main
genotypes (PCV2a, PCV2b and PCV2c¢) with a threshold
distance of 0.035 (Cortey et al, 2011; Segalés et al,
2008), and PCV2b was subdivided into two clusters
(1A/1B and 1C) (An et al., 2007; Cai et al., 2012). Previous
studies indicated that PCV2 is continuously evolving
through a series of point mutations in ORF2 and genome
recombination between PCV2a and PCV2b (Cai et al.,
2012; Mu et al., 2012).
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Recently, PCV2b has become the predominant genotype
worldwide (Beach & Meng, 2012; Trible & Rowland,
2012). Of note, a newly emerging mutant of PCV2b (desig-
nated PCV2b-1C) has been frequently isolated from PCV2-
vaccinated farms in the USA, Korea and Germany (Eddicks
et al., 2015; Opriessnig et al., 2013; Reiner et al, 2015; Seo
et al., 2014; Xiao et al., 2012). An extra lysine present at the
C terminus (CT) of PCV2 Cap is a unique feature of this
mutant; furthermore, the presence of this additional
amino acid increases virus titre in sera (Opriessnig et al.,
2014b) and pathogenicity (Guo et al.,, 2012).

Infection with PCV2 is a huge burden to swine production,
even in farms that vaccinate against the agent, throughout
southern China — an important swine-breeding region.
However, the genotype prevalence and genetic variation
of PCV2 in this region from 2013 to 2015 remain
unknown. Currently, there is no specific treatment avail-
able for PCV2 infection and PCVADs. Vaccination has
proved to be the best way to prevent PCV2 infection in
field. Thus, investigation of the antigens and capsid struc-
ture variations of the virus is critical to improve diagnosis,
new vaccine design and our understanding of PCV2 patho-
genesis. Therefore, the main objectives of this study were to
characterize the prevalence, genetic variation and phylo-
genetic characteristics of PCV2 isolates in southern China
from 2013 to 2015. In particular, alterations in antigenicity
and surface structure of the capsid due to altered Cap
amino acids are evaluated and discussed.

RESULTS

Preparation of PCV2 genomic DNA and sequence
analysis

Based on PCR, 62/160 (38.8%) samples were apparently
PCV2-positive; therefore, these 62 samples were subjected
to genomic DNA amplification (Table S1, available in the
online Supplementary Material) and sequence analysis.
Based on complete genomic DNA sequence analysis,
pairwise similarities of the 62 isolates ranged from 94.8
to 99.9%.

Phylogenetic analysis of the 62 PCV2 isolates

A phylogenetic tree was reconstructed using complete
genomic DNA sequences of the 62 PCV2 isolates along
with 27 PCV2 and one PCV1 reference strains deposited
in GenBank (Fig. 1). Of the 62 PCV2 isolates, two and 59
readily fitted into the clades of PCV2a and PCV2b, respect-
ively, indicating that PCV2b was the predominant geno-
type circulating in southern China from 2013 to 2015 in
our investigation. Of the 59 PCV2b isolates, 23.7%
(14/59) belonged to cluster 1B and 76.3% (45/59) belonged
to cluster 1C, although no PCV2b isolate was obtained in
cluster 1A (Fig. 1), suggesting that PCV2b-1C was an emer-
ging predominant cluster. Notably, one isolate (YiY-3-2-2)
was classified into a new cluster in a distinct branch located

between PCV2b-1A/1B and PCV2b-1C within phylogenetic
trees, based on either the complete genome (Fig. 1) or the
cap gene (Fig. 2a), whereas this isolate was indistinguish-
able from the others in the PCV2b-1B cluster in the phylo-
genetic trees based on the rep gene (Fig. 2b). Therefore, we
inferred that variations of the cap gene likely reflected evo-
lution of PCV2. In addition, based on analysis of genomic
sequences of all 62 PCV2 isolates, PCV2a had higher hom-
ology (95.7-96.2%) with PCV2b-1A/1B when compared
with PCV2b-1C (94.8-95.2%). Furthermore, similarity
between PCV2b-1A/1B and PCV2b-1C isolates ranged
from 96.2 to 99.9%, whereas homologies within PCV2b-1C
and PCV2b-1A/1B clusters were 98.2-99.9 and 99.7-99.9%,
respectively (Table 1).

Recombination analysis

Based on phylogenetic analyses, the new isolate (YiY-3-2-2)
was identified as a distinct cluster with bootstrap support
values of >50%, indicating evolution traces of the isolate
in both phylogenetic trees were reliable (Figs 1 and 2a).
As this isolate was located between PCV2b-1A/1B and
PCV2b-1C within the phylogenetic tree, the cap gene of
the isolate was compared with the strains from clusters of
PCV2b-1A/1B (strain WH; GenBank accession number
FJ598044), PCV2b-1C (strain rBDH; GenBank accession
number HMO038017) and PCV2a (strain LG; GenBank
accession number HMO038034), previously reported in
China (Guo et al., 2012; Zhai et al., 2014). This recombina-
tion analysis revealed that a potential breakpoint might be
located at position 296 (position in alignment of cap gene;
Fig. 3). The new gene cluster (YiY-3-2-2) had higher
sequence similarity to PCV2b-1C (HMO038017) before the
breakpoint and shared greater sequence similarity com-
pared with PCV2b-1A/1B (FJ598044) after the breakpoint,
albeit with a lower sequence similarity as compared with
PCV2a (HMO038034) (Fig. 3). Nucleotide sequences
before the breakpoint of the isolate (YiY-3-2-2) had 99.0
and 94.9% identity with PCV2b-1C (HM038017) and
PCV2b-1A/1B (FJ598044), respectively, whereas nucleotide
sequences after the breakpoint of the isolate had 98.8 and
94.3% identity with PCV2b-1A/1B (FJ598044) and
PCV2b-1C (HMO038017). A similar result was observed
when we randomly used three distinct strains of PCV2b-
1A/1B (GenBank accession number HQ713495), PCV2b-
1C (GenBank accession number ]JX535296) and PCV2a
(GenBank accession number DQ397521), recovered from
the USA as reference sequences for the recombination anal-
ysis of this isolate (YiY-3-2-2) (Fig. Sla). As controls, the
cap genes of two new isolates (XT-1-1-1 and CS-1-1) in
our study were substituted for the queries in the recombi-
nation analyses. The results indicated no recombination
event in either of these two cases (Fig. Slb, c), despite
both of the control query isolates showing high homology
to the recombination isolate of YiY-3-2-2 (98.3 and 96%).
Therefore, we inferred that this isolate (YiY-3-2-2) was the
product of a recombination event between the genomes of
PCV2b-1A/1B and PCV2b-1C. Analysis of the breakpoint
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Fig. 1. Phylogenetic tree of the 62 PCV2 isolates in our study with 28 reference strains from PCV1 (KJ408798), PCV2a
(2A: AF109398, AY754017 and AY556474; 2B: AY180396, AY146993, AF166528; 2C: AF201308, AF201309,
AF201310; 2D: AY322004, AY424403, AF381176; 2E: DQ104423, AJ223185, AB072301), PCV2b (1A: AY3220083,
AY424405, AF055393; 1B: AY484407, AY691169, HQ202970; 1C: HQ202973, HM038017, JX535296) and PCV2c
(EU148503, EU148504, EU148505) deposited in GenBank. The phylogenetic tree was reconstructed based on complete
genomic sequences of isolates described above. MEGAS.05 was used to reconstruct a neighbour-joining tree using a Kimura
two-parameter model. Reliabilities of the tree were assessed (1000 bootstrap replications). A, 13 PCV2 isolates in 2013;
M, 20 PCV?2 isolates in 2014; 4, 29 PCV2 isolates in 2015. Bar, 0.02 substitutions per site.

position at Cap indicated that the recombination event
might create a novel surface combination between clusters
1C and 1A/1B on the capsid of the recombination cluster
(Fig. S2). Three-dimensional structure analysis suggested
that the variable amino acid residues were all distributed
on the capsid surface (Fig. S2b). Before the breakpoint,
amino acid residues of this recombination isolate exhibited
100% identity to Cap of cluster 1C (Fig. S2a), and the dis-
tinct amino acid residues between the clusters 1C and 1A/
1B were located in or close to the Loop BC-decorated five-
fold axes on the capsid (green in Fig. S2b). However, after
the breakpoint the amino acid residues of this recombina-
tion isolate were much closer to the traditional PCV2b
strains (PCV2b-1A/1B) in which an extra lysine is absent
at the CT of Cap (Fig. S2a).

Analysis of Cap amino acid sequences

To investigate Cap amino acid variations amongst all 61
PCV2 isolates, these Cap amino acid sequences were
aligned. The sequence conservation found amongst aligned
amino acid sequences was 87.6—-100%. Seven conserved
regions of Cap (each represented by >10 residues) were
mapped at residues 1-33, 92-120, 135-150, 152-168,
170-189, 192205 and 216-231, whereas variable amino
acid residues were detected at positions 34, 37, 47, 53,
59-60, 63, 68, 77, 86, 88-91, 121, 131, 133-134, 151, 169,
190-191, 206, 210, 215 and 232-234 (Table 2). Of these,
residues at positions 47, 53, 59-60, 169, 190-191, 206
and 232-234 were located at three conformational
epitopes, recognized by neutralizing antibodies (Lekchar-
oensuk et al., 2004). Furthermore, 16 amino acid residues
(V7s, PA, SOT/s, 63T, 77D, o, S8R $9 Olf 13p 133gT,
I51p 190g 191 206K and 2%2K) were identified to differen-
tiate clusters of PCV2a from others (PCV2b-1A/1B and
1C); three and 11 amino acid residues were unique in the
clusters of PCV2b-1A/1B (**R, *'°E and **’S/P) and
PCV2b-1C (**Y/H, “H/R, *’I, ®N, L, *’T, 'T, "N,
'9R/G, I and ***K), respectively (Table 2).

Effects of Loop CT variations/mutations on the
surface structure and the antigenicity of the PCV2
capsid

A typical feature of the newly emerging mutant of PCV2b-
1C was demonstrated by the presence of an extra lysine at
the CT of Cap (Guo et al, 2012). Based on the crystal

structure of PCV2 Cap, the CT consisted of a loop, lacking
a typical secondary structure; therefore, we designated this
loop as Loop CT. In traditional PCV2b isolates, Loop CT
contained nine amino acid residues (Fig. 4a). Based on
the three-dimensional structure, Loop CT loops were
exposed on the exterior surface after 60 Caps self-
assembled into the capsid (blue; Fig. 4b). Notably, the
last two amino acid residues (***NP?*®) of this loop were
missed in the crystal structure, but it was clear that residues
of 2°PL**! at the end of Loop CT projected from the capsid
surface (yellow and magenta; Fig. 4c) (Khayat et al., 2011).
Therefore, we inferred the missing two amino acid residues
(***NP?**?) should extend further from the capsid surface.
Furthermore, the extra amino acid residue (***K), exclu-
sively present at the end of Loop CT of PCV2b/1C, was
also located on the capsid surface and could enhance/
change surface patterns of the capsid as compared with
traditional PCV2b isolates. Based on crystal structure anal-
ysis, we inferred that Loop CT (blue) was adjacent to and
evenly distributed around the Loop BC-decorated fivefold
axes (red) on the capsid surface, although it kept a distance
from Loop BC and f-strand B (green) in both the primary
and three-dimensional structures of the Cap monomer
(Figs 4a and 5a, b). In the capsid, Loop CT arranged
closely to Loop BC and f-strand B of neighbouring
subunits (Fig. 5¢), and some of the surface composed by
p-strand B was below and partly obscured by Loop BC
and Loop CT (Fig. 5d). Previous studies suggested Loop
BC, Loop CT and fi-strand B contained critical conform-
ational epitopes, capable of being recognized by PCV2 neu-
tralizing antibodies (Huang et al, 2011; Lekcharoensuk
et al, 2004; Liu et al, 2013; Shang et al, 2009).
Therefore, alteration of amino acid composition in Loop
CT might have changed the antigenic epitope(s) of the
PCV2 capsid.

DISCUSSION

PCV2b has become one of the prevalent genotypes world-
wide over the last decade (de Castro et al, 2012; Mano-
karan et al., 2008; Pérez et al., 2011; Reiner et al., 2015;
Wang et al., 2013; Wiederkehr et al, 2009). In this
regard, a genotypic shift of PCV2 was reported from
2001 to 2011 in Taiwan and 77.1% of isolates belonged
to the PCV2b genotype (Wang et al., 2013). Wei et al.
(2013) reported that 61/65 isolates fitted into the
PCV2b genotype from 2011 to 2012 in southern China.
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Fig. 2. Phylogenetic trees of the 62 PCV2 isolates with 28 reference strains were reconstructed based on either the (a) cap

or (b) rep genes. Bars, 0.05 (a) and 0.02 (b) substitutions per site.
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Table 1. Homology of complete genomic sequence amongst our isolates and PCV2 reference strains

Strain (GenBank Identity of strains (%)
accession no.)

LG Isolates in our ~ WuHan (FJ598044)  Isolates in our study BDH Isolates in
(HM038034) study (PCV2a) (PCV2b-1A/1B) (PCV2b-1A/1B) (HMO038017) our study
(PCV2a) (PCV2b-1C) (PCV2b-1C)

LG (HMO038034) 100 96.5 95.6 95.6-95.8 95.5 95.2-95.5
(PCV2a)

Isolates in our study 99.5 95.6-95.7 95.7-96.2 94.9-95.0 94.8-95.2
(PCV2a)

WuHan (FJ598044) 100 99.1-99.3 96.1 96.0-97.1
(PCV2b-1A/1B)

Isolates in our study 99.7-99.9 96.3-96.4 96.2-99.9
(PCV2b-1A/1B)

BDH (HM038017) 100 98.5-99.9
(PCV2b-1C)

Isolates in our study 98.2-99.9
(PCV2b-1C)

1.00
0.98 |
096 \

0.94 |
0.92 |
0.90 |
088
0.86
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0.82
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|
|
|
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|
|
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Fig. 3. The new cluster of YiY-3-2-2 was a product of genome recombination between PCV2b-1A/1B and PCV2b-1C.
The cap gene similarity was compared between the cap gene of the new cluster (YiY-3-2-2) and those of PCV2 reference
strains of PCV2b-1A/1B (GenBank accession number FJ598044), PCV2b-1C (GenBank accession number HM038017)
and PCV2a (GenBank accession number HM038034) using SimPlot molecular recombination software. The y-axis indicates
identity within a sliding window (200 bp wide) centred on the position plotted, with a step size between plots of 20 bp.
GapStrip, on; Kimura (two-parameter); T/t=2.0. The red vertical line indicates a potential breakpoint.
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Table 2. Variable amino acid residues in the putative capsid protein of ORF2 amongst 61 PCV2 isolates and 40 reference strains

Of the 61 PCV2 isolates, only two isolates were PCV2a, 14 were PCV2b-1A/1B and 45 were PCV2b-1C.

Position* PCV2a PCV2b-1A/1B PCV2b-1C
Isolates in Reference Isolates in our study Reference Isolates in Reference
our study strainst strains} our study strains$

34 H 1Q/24H H H 6Y/39H H

37 R R R R 1H/44R R

47 S 1S/4A/20T T T T T

53 F 11/24F F F 1 3F/91

59 A 1R/24A K 1A/9R K 1R/2A/9K

60 1S/1T 2S5/23T T T T 1S/11T

63 T 5T/6S/14R R 2R/8K R 2S/10R

68 A A A A N 3A/9N

77 D 5N/20D N N N N

86 T T S S S S

88 K K P P P P

89 1 1 R R L L

90 S S S S T T

91 1 1 \% \% \% \%

121 S 10S/15T S S T T

131 P 41/9P/12T T T T T

133 1S/1T 6S/19A A A A A

134 T 1P/24T T T N 2T/10N

151 P 5T/20P T T T 3P/9T

169 S 3G/22S S S 16R/29G R

190 S 4T/21S T A T 2S8/10T

191 K 1K/4G/10R/10A G G G 2A/10G

206 K 41/21K 1 I 1 3K/91

210 D D E E D D

215 \% \% A\ \% 1 1

232 K 1N/24K N 1K/9N N 1K/11N

233 P P 15/13P P P P

234 - - — - K K

*Amino acid positions in Cap. Bold indicates amino acid residues located in loops; otherwise, the amino acid residues are located in f-strands,
except for amino acid residues 34 and 37 that are located in the nuclear localization signal domain.

TPCV2a reference sequences: GenBank accession numbers AB072302, AF117753, AF109398, AY754017, AY556474 (2A); AY180396, AF364094,
AY146993, HQ202944, AF166528 (2B); AY256455, AF201308, AF201309, AF201310, AY256459 (2C); AY322004, AF201306, AY424403,
AY288135, AF381176 (2D); DQ104423, AY699793, AF264040, AJ223185, AB072301 (2E).

#PCV2b-1A/1B reference sequences: GenBank accession numbers AY322003, AY424405, DQ141322, HQ202966, AF055393 (1A); AY484407,
AY691169, AY556475, AY678532, HQ202970 (1B).

SPCV2b-1C reference sequences: GenBank accession numbers HQ202972, HM038017, AY713470, AY484410, JX535296, HQ395022, HQ395025,

HQ395029, HQ3950038, HQ3950043, HQ3950052, HQ3950061.

—, Dashes indicate amino acid residues at this position are absent among these PCV2 genotypes.

Furthermore, cluster 1C (45/61) was the predominant clus-
ter in that study (Wei et al,, 2013).

Based on our investigation, we inferred that PCV2b was the
main genotype circulating in southern China from 2013 to
2015, accounting for >95% (59/62) of PCV2 isolates
(Fig. 1). In particular, an emerging PCV2b-1C with an
extra lysine present at the CT of Cap was the predominant
genotype, accounting for 72.6% of the positive samples in
our study. This mutant has also been frequently isolated
from PCV2-vaccinated farms in various countries (Eddicks
et al., 2015; Opriessnig et al., 2013; Reiner et al., 2015;

Seo et al, 2014; Xiao et al, 2012). Moreover, these
PCV2b-1C isolates in our study do not exhibit 100%
genome identity to any strain deposited in GenBank,
which strongly suggests PCV2 is still evolving within cluster
1C of PCV2. In our study, the homology (94.8-95.2%)
between PCV2b-1C isolates and PCV2a was less than the
homology between PCV2b-1A/1B and PCV2a, which
ranged from 95.7 to 96.2% (Table 1). Thus, despite the
current evidence suggesting that PCV2a-based vaccines
can provide cross-protection from infection by PCV2b
(Ma et al., 2007; Opriessnig et al., 2014a; Segalés, 2012),
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Fig. 4. Primary amino acid sequence alignment of PCV2b Cap and surface structure of PCV2 capsid. (a) Comparison of
Cap amino acid residues amongst nine PCV2b reference isolates (GenBank accession numbers AY322003, AY424405,
AF055393, AY484407, AY691169, HQ202970, HQ202973, HM038017 and JX535296). (b, c) The surface structure of a

PCV2b capsid was generated based on the crystal structure of

PCV2°S (Protein Data Bank ID: 3ROR; Khayat et al., 2011)

and displayed using PyMOL. The amino acid residues of Loop CT are labelled in blue (b) and the two amino acid residues

(28°PL23") at the end of Loop CT are marked in magenta (c). N
were absent in the crystal structure.

ote that the last two amino acid residues (***NP?33) of Cap

ongoing evolution of PCV2b poses a future challenge
regarding efficacy of PCV2a-based commercial vaccines.

As a non-enveloped DNA virus, the PCV2 capsid is respon-
sible for engagement of factors (clues) in host cells to trans-
locate and release the viral genome to the correct site for
DNA replication (Suomalainen & Greber, 2013). There-
fore, alteration of the capsid may affect viral life cycle, anti-
genicity and neutralizing antibody recognition. Previous
studies on epitope mapping of PCV2, along with the crystal
structure analysis of Cap in our study, revealed Loop CT,
Loop BC and f-strand B contained a few critical epitopes
recognized by neutralizing antibodies (Huang et al., 2011;
Lekcharoensuk et al., 2004; Liu et al., 2013; Shang et al.,
2009). The amino acid residues (**'LNP?*%) of Loop CT

constitute a linear epitope and also participate in formation
of a conformational epitope (Lekcharoensuk et al., 2004;
Shang et al., 2009). Removal of the last three residues of
Loop CT resulted in failed recognition by one neutralizing
antibody to PCV2 capsid (Shang et al, 2009). The region
from amino acid residue 47 to 57 of Cap was one of the
conformational epitopes recognized by the neutralizing
antibody (6H2) (Lekcharoensuk et al, 2004). Notably,
replacement of Loop CT with the corresponding one
from PCV1 Cap will weaken the recognition capacity of
the neutralizing antibody against the PCV2 capsid (Lek-
charoensuk et al., 2004), indicating the mutation in Loop
CT had an adverse effect on neutralizing antibody binding
to the conformational epitope. Structural analysis of PCV2
Cap demonstrated that the amino acid residues 47-57

930
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Fig. 5. Localization and orientation of f-strand B, Loop BC and
Loop CT in the crystal structures of both the PCV2 Cap monomer
and capsid. Localization of f-strand B (green), Loop BC (red) and
Loop CT (blue) in the Cap monomer is displayed in a (a) surface
model or (b) a backbone model. After 60 Cap monomers self-
assembled into a capsid, the orientations of -strand B, Loop BC
and Loop CT on the surface are displayed on (c) a global scale or
(d) an enlarged scale. Note that the last two amino acid residues
(232NP2%3) of Cap were absent in the crystal structure.

form the first f-strand (B) in the viral jelly roll (Fig. 5b)
(Khayat et al., 2011). We concluded the exterior surface
constituted by f-strand B was located beneath Loop BC
and Loop CT, and partly in the shadows of both loops
(Fig. 5d). Therefore, variations in Loop BC or Loop CT
could affect recognition of antibodies to the epitope(s) in
p-strand B. Furthermore, an additional amino acid at the
end of Loop CT may impair antibody recognition of the epi-
tope by steric hindrance. Therefore, the extra lysine of PCV2
Cap may not only affect the linear epitope (**'LNP**?) recog-
nized by antibodies, but also increase impediments of anti-
bodies recognizing epitopes around Loop CT. In addition,
the extra, positively charged lysine projecting from the
capsid surface may enhance initial, non-specific interaction
of the virus with negatively charged heparan sulphate or
chondroitin sulphate B on the cell membrane during PCV2
infection. It was reported that heparan sulphate and chon-
droitin sulphate B are attachment receptors for PCV2 entry
into its host cells, and that blocking the interaction of
PCV2 with these receptors dramatically impairs PCV2
internalization (Misinzo et al., 2006). However, apparently
no heparin-binding motif of PCV2 Cap has been reported,
although analysis of the amino acid sequence of PCV2 Cap
revealed a putative heparin-binding motif (**IRKVKV'®)
and the crystal structure indicates the motif is hidden
inside the capsid. Recently, a PCV2 mutant with an
additional lysine at the end of Loop CT had significantly

more PCV2 DNA in sera compared with traditional
PCV2b strains (Opriessnig et al., 2014b). Therefore, infectiv-
ity of this mutant may be stronger than traditional strains
in vivo, although the association between infectivity and
the extra lysine remains to be determined.

Five isolates were identified as a recombinant cluster that
arose from an inter-genotypic recombination between
PCV2a and PCV2b strains within ORF2 (Cai et al., 2012).
The new isolate (YiY-3-2-2) in our study was present in a
distinct branch located between PCV2b-1A/1B and
PCV2b-1C in phylogenetic trees, based on either complete
genomes (Fig. 1) or cap genes (Fig. 2a). Recombination
assay revealed a new recombination event occurred between
PCV2b-1A/1B and PCV2b-1C within ORF2, which yielded
a novel PCV2 strain (Fig. 3). Interestingly, the recombina-
tion isolate forms a combinatorial surface pattern on its
capsid since the surface regions around the icosahedral five-
fold axes are the same as those of PCV2b-1C, whereas other
parts are similar to the traditional PCV2b (PCV2b-1A/1B).
In particular, the combination between the icosahedral
fivefold axes and Loop CT on the capsid surface is novel.
Therefore, the capsid of the recombination isolate displays
a surface pattern around the icosahedral fivefold axes
derived from PCV2b-1C along with a Loop CT-determining
surface pattern from PCV2b-1A/1B. The potential effects of
the new surface combination on antigenicity of the capsid
remain to be determined. Generally, co-infection with
distinct PCV2 isolates in the same pig is a precondition
for genome recombination and two distinct isolates were
recovered from one pig in our study (Table S1).

Alignment of Cap sequences amongst the 61 isolates with
40 reference strains deposited in GenBank revealed a few
amino acid residues that were highly divergent (Table 2).
Specifically, amino acids at positions 47, 53, 59-60, 169,
190-191, 206 and 232-234 were located at three putative
conformational epitopes (Lekcharoensuk et al, 2004).
Furthermore, amino acid residues at positions 59-60 par-
ticipated in the formation of conformational neutralizing
epitopes (Huang et al, 2011; Liu et al., 2013). Mutation
of A”R in Cap of PCV2a (CL, LG and JF2) strains com-
pletely inhibited immunoreactivity of three PCV2a strains
with mAb 8E4 (Huang et al, 2011), but mutations of
R*A and A%°T in Cap of the Y] strain increased neutraliz-
ation and recognition by mAb 8E4 (Liu et al., 2013). Struc-
tural analysis demonstrated these amino acid residues were
all located on the capsid surface (Loop BC); therefore, con-
tinuous mutations at these crucial positions may help the
virus avoid the host immune system, thereby promoting
virus propagation under field conditions.

In conclusion, the mutated PCV2b strain (PCV2b-1C) has
been the predominant genotype in southern China from
2012 to 2015. In particular, based on three-dimensional
structure and in silico analyses of antigenicity and surface
structure variation of the capsid, we inferred that amino
acid mutations in the capsid surface may have potential
effects on antigenic patterns and neutralizing antibody
recognition of the virus.
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METHODS

Sample collection, viral DNA extraction and PCV2 detection.
Field samples were collected during 2013-2015 from seven com-
mercial farms in southern China, including Jiangxi, Hunan,
Jiangsu and Hubei provinces. Tissue samples (spleen, lymphoid node,
lung, kidney and liver) (n=160) from pigs diagnosed with doubtful
PCVADs were tested by PCR. Viral genomic DNA was extracted from
fresh or frozen tissue samples using a TIANamp Genomic DNA kit
(Tiangen) following the manufacturer’s protocol. All samples were
screened for PCV2 by PCR using primer pairs pPCV2-cap-F-ZY009
and pPCV2-cap-R-ZY010 (Table S2). Thermal cycling conditions
were 5 min at 94 °C, followed by 30 cycles of 30 s at 94 °C, 30 s at
60 °C and 45 s at 72 °C, and a final elongation step of 10 min at 72 °C.
Finally, PCR products were separated with 1% agarose gel electro-
phoresis and positive samples confirmed based on the presence of
DNA bands (~ 780 bp).

PCV2 genomic DNA amplification and sequence determin-
ation. In total, 62 PCV2-positive DNA samples were used for PCV2
genomic amplification (Table S2) and sequence analysis. The PCV2
genomic DNAs were PCR-amplified using the primer pairs pPCV2-
FL-F-KpnI-ZY001 and pPCV2-FL-R-HindIII-ZY002 (Table S2). Two
restriction sites (Kpnl and HindIII) were separately introduced into
the 5'-terminal ends of the primers for genomic DNA, inserting into
pSP72 vector (Promega) in order to obtain the PCV2 complete
genome sequence. The PCR mixtures (50 pl) contained 25 pl
2 X EasyTaq PCR SuperMix (TransGen Biotech), 0.4 uM each primer
and 100 ng extracted DNA. The PCR was performed in a thermo-
cycler under the following conditions: 5 min at 94 °C, followed by 25
cycles of 30's at 94 °C, 30 s at 60 °C and 2 min at 72 °C, and a final
step of 10 min at 72 °C. Resultant PCR products were purified using a
Gel Extraction kit (Omega) following the manufacturer’s instructions,
and then both the vector (pSP72) and insert of purified PCV2
genomic DNA were doubly digested with KpnI and HindIII at 37 °C
for 1 h. After digestion, products were purified using a Cycle-Pure kit
(Omega). The ligation mixture contained 5U T4 DNA ligase
(Thermo), 100 ng PCV2 genomic DNA fragment and 20 ng vector,
and was incubated at 22 °C for 30 min. The ligation product was then
transformed into Trans50 chemically competent cells (TransGen
Biotech) and plasmid DNA extracted using a Plasmid DNA Mini kit
(ProCell) according to the manufacturer’s instructions. Positive
plasmid-containing inserts were identified by restriction analysis with
Kpnl and HindIIl. Finally, positive plasmids were sent for DNA
sequencing at a commercial facility (GenScript) using universal
primer T7 and two primers (pPCV2-FL-Seq001 and pPSP72-BSP6-
Seq002 in Table S1). Resulting DNA fragments were assembled using
DNAMAN software (Lynnon).

Bioinformatics analysis. A neighbour-joining tree was constructed
using MEGA5.05 with a Kimura two-parameter model. Reliability of
the neighbour-joining tree was calculated using 1000 bootstrap
replicates. Sequence similarity was analysed and aligned with the
CcLUSTAL W method of the MegAlign program of DNASTAR
version 7.10 (Lasergene). PCV2 cap genes of the putative recombinant
isolate and reference strains were further analysed with SimPlot
version 3.5.1 recombination analysis software to determine nucleotide
identity.

Three-dimensional mapping of amino acids in PCV2 virus-like
particles. Three-dimensional structures of the PCV2 capsid and
Cap were displayed with PyMOL version 1.7.4.4 (www.pymol.org).
Structure data for the capsid and Cap were downloaded from
the Protein Data Bank (ID: 3ROR; www.rcsb.org) (Khayat et al.,
2011).
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