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Abstract Porcine circovirus type 2 (PCV2) infection

causes postweaning multisystemic wasting syndrome and

porcine circovirus-associated diseases in many regions. A

total of 77 sequences, including 31 sampled from Henan

province of China, were retrieved from GenBank and sub-

jected to amino acid variation and phylogenetic analyses.

The two PCV genotypes prevailing in Henan were PCV-2a

and PCV-2b with PCV-2b accounting for 93.5 % (29/31) of

the Henan isolates. The 31 Henan isolates all shared between

92.7 and 100 % sequence similarity. Amino acid variation

analysis of the capsid protein revealed that Henan PCV2

strains tended to accumulate more substitutions within epi-

topic regions—a substitution pattern consistent with host

immune system-mediated selection of virus immune escape

variants. The analysed PCV sequences carry evidence of at

least six unique recombination events. Selective pressure

analysis of the relative recombination-free ORF2 sequences

of these viruses revealed evidence of sites that are likely

evolving in response to host-driven immune pressures—a

finding that coupled with information on the prevalent

diversity in Henan PCV2 isolates of known immunoreactive

genomic loci will aid in future studies aiming to assess the

evolutionary responses of PCV2 in China to the widespread

deployment of anti-PCV vaccines in the country.
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Introduction

Porcine circovirus (PCV) is a spherical, small, non-enveloped

virus of the family Circoviridae that contains a single-stranded

circular DNA genome. There are two known main PCV lin-

eages known as PCV types 1 and 2, which are antigenically

and genetically distinct from one other [1]. As a non-

cytopathic contaminant from the porcine kidney cell line PK-

15, PCV type 1 is non-pathogenic and is incapable of causing

clinical disease in swine [2]. In contrast, porcine circovirus

type 2 (PCV2) is the causative agent of postweaning multi-

systemic wasting syndrome (PMWS), porcine dermatitis and

nephropathy syndrome (PDNS) and other porcine circovirus-

associated diseases (PCVAD) [3–5]. Co-infection of PCV2

with porcine reproductive and respiratory syndrome virus and

Haemophilus parasuis could aggravate the disease pheno-

types of these other pathogens via immunosuppression [6].

Currently, PCV2 seriously affects the swine industry

worldwide.

PCV2 genomes tend to be either 1,767 or 1,768 bp in

length and contain two major open reading frames (ORFs).

ORF1 encodes two replication-associated proteins (Rep

and Rep’) and ORF2 encodes the capsid protein (Cap).

Besides the capsid protein being the primary elicitor of

protective host immune responses [7, 8], it also plays a

pivotal role in viral attachment to target cells such as

monocytes or macrophages via the heparin sulphate and

chondroitin sulphate B glycosaminoglycan receptors [9].
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Globally, when compared to other circoviruses such as

beak and feather disease virus, PCV2 diversity is relatively

low. Nevertheless, whatever PCV2 diversity does exist has

been used to classify different PCV2 isolates into genotype

groupings [5]. The currently accepted methodology for

classifying PCV2 lineages into genotype groupings is

based on pairwise sequence comparison (PASC) analyses

of ORF2 gene sequences with a genotype demarcation

threshold of 0.035 [10–12]. By means of this analysis

methodology and threshold, only three PCV2 genotypes

are currently accepted: PCV-2a, PCV-2b and PCV-2c.

Previous analyses of Chinese PCV2 diversity has indi-

cated that Chinese isolates on a genome-wide scale tend to be

[94.6 % identical to one another and have, overall, an only

slightly lower range of total diversity than PCV2 sequences

sampled world-wide (which all [93.4 % identical) [13–17].

For these past analyses, it is apparent that the majority of

Chinese PCV2 strains belong to genotypes PCV-2a and

PCV-2b, with PCV-2b presently being the dominant Chinese

genotype [13, 14, 16]. Slightly confounding the simple

pairwise sequence similarity-based classification of PCV2s

is the fact that many PCV2 isolates are known to be

recombinants, either of different PCV2 genotypes or of

PCV2 genotypes and currently unknown divergent PCV-like

viruses [18–21]. In addition, there likely exist recombination

hotspots within the ORF1 gene [19, 21, 22].

Little is currently known about the genetic variation and

evolutionary dynamics of PCV2 within China’s main swine

husbandry hub in the province of Henan. Throughout this

province, PCV2 infections are a major emerging threat to pig

farming and for this reason, vaccination against PCV2 is

likely to be the most effective ways of mitigating losses to

this virus. The main objective of this study was, therefore, to

catalogue the genetic variation and phylogenetic character-

istics of Henan PCV2 populations prior to widespread vac-

cine deployment, both to inform the choice of vaccines that

are ultimately used and to provide a baseline from which to

monitor the molecular epidemiological impacts of these

vaccines on future Chinese PCV2 diversity and evolution.

Materials and methods

PCV2 genome sequence data set

A total of 31 PCV2 full genome sequences, all derived from

Henan, were retrieved from GenBank as of April, 2012. We

downloaded full genome sequences of an additional 46 PCV2

isolates, originating outside Henan Province, available in

GenBank that contained information on sample collection dates

and geographical locations. All these sequences, deposited

between 1997 and 2011, were downloaded, linearized at the

same point and aligned with the CLUSTALW [23] component

of the MegAlign program (DNASTAR, version 7.10, Madison,

WI, USA). The isolates are listed in Tables 1 and 2.

Genetic variation and phylogenetic analyses of PCV2

sequences

A phylogenetic tree of the ORF2 gene was generated by the

neighbor-joining method by means of MEGA 5 [24] with

1,000 bootstrap replicates and the Kimura 2-parameter

nucleotide substitution model (identified as the best-fitting

substitution model implemented in MEGA 5.0). Deduced

Cap protein amino acid sequences were also aligned to

identify potentially immunologically important residue

substitutions amongst the Henan isolates. PCV2 genotyp-

ing was based on the currently accepted pairwise sequence

comparison methods outlined above in the introduction.

Recombination between PCV2 sequences

To detect putative recombination breakpoints in the PCV2

genomes and identify likely parental sequences, six meth-

ods implemented in the Recombination Detection Program

(RDP) were used [25]. To minimise the number of tests

performed (so as to reduce the severity of the multiple

testing correction needed to ensure an acceptably low rate

of false positives), the ’auto mask for optimal recombina-

tion detection’ setting was chosen. The six recombination

detection methods used the following general settings:

window size = 30, highest acceptable P value = 0.01 and

Bonferroni multiple comparison correction.

Selection pressure

Selective pressure along the PCV2 ORF2 gene was assessed

(this gene is relatively free of recombination—a process that

can lead to false positive inferences of positive selection).

Amino acid entropy scores per site were calculated by means

of DAMBE [26] and plotted versus the difference between the

non-synonymous (dN) and synonymous (dS) substitution

rates (dN-dS) for sites along the ORF2 gene. The difference

was calculated by means of the Tamura–Nei method imple-

mented in the MEGA 5.0 software [27, 28]. dN-dS [ 0, dN-

dS = 0 and dN-dS \ 0 suggested, respectively, positive

selection (adaptive molecular evolution), neutral selection

and negative selection (purifying selection) [29].

Results

Sequence similarity analysis

The sequence analysis showed the pairwise similarities of

the 31 Henan isolates ranged between 92.6 and 100 %
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(Table 3). Compared with the representative strain first

confirmed in Canada (AF027217, isolates PMWS PCV)

and the strains BF, HR, BX, which were first isolated in

mainland China in 2001, the identity ranged from 92.9 to

96.9 % and 92.6 to 96.9 %.

Phylogenetic relationships of PCV2 isolated in Henan

Phylogenetic analysis indicated that PCV-2a and PCV-2b

(Fig. 1) are the only PCV2 genotypes prevalent in Henan.

While only the PCV-2a isolates (EF524531 and JF928003)

from this province cluster most closely with one another

relative to PCV-2a isolates from China and from Canada,

the 29 PCV-2b isolates were interspersed with PCV-2b

isolates from elsewhere in the country. The genetic

distances between the Henan PCV2 isolates ranged from

0.003 to 0.055.

Analysis of amino acid substitutions of ORF2 genes

To investigate variation in the deduced amino acid

sequences of ORF2 gene products, the amino acid

sequences of 35 PCV2 isolates including the 31 Henan

isolates were aligned. As shown in Fig. 2 the ORF2 amino

acid variations at seven positions, 49 (leucine to serine), 59

(arginine to alanine), 72 (methionine to leucine), 77

(asparagine to aspartic acid), 151 (threonine to proline),

206 (isoleucine to lysine) and 232 (asparagine to lysine),

were unique to the two Henan genotype PCV-2a isolates

(EF524531 and JF928003). Besides, ten out of 29 isolates

Table 1 PCV2 isolates in Henan province used in the present study

Isolate’s name Age

(weeks)

Clinical history Isolate tissue Year of

isolation

Genome

size (nt)

GenBank accession

number

Henan 3–5 PMWS Inguinal lymph node 2005 1,767 AY969004

HN0601 Unknown Respiratory signs Spleen 2006 1,767 EF524531

HN0602 Unknown Dead pig Lymph node 2006 1,767 EF524534

HN-PDSH 3–4 PMWS Spleen, lymph node and lung 2007 702 ORF2 gene EU296794

Henan-1 Unknown Unknown Unknown 2007 1,767 EU346945

HN08 Unknown Dead pig Lymph node 2008 1,767 FJ608546

ZhouKou Unknown Swine fever Spleen, lymph node and lung 2008 1,767 EU656143

PuYang-PCV2 Unknown Unknown Unknown 2008 1,767 FJ440338

Luoyang 3–5 Congenital tremors Spleen, lymph node and lung 2008 1,767 EU555439

JaoZuo 6–7 PMWS Spleen, lymph node and lung 2008 1,767 EU780073

KF 4–8 Swine fever Spleen, lymph node and lung 2008 1,767 EU780074

XingYang-PCV2 5 Nervous sign Spleen, lymph node and lung 2008 1,767 EU647557

Yuanyang 5–7 PMWS Spleen, lymph node and lung 2008 1,767 EU521709

Luohe 5–7 PMWS Spleen, lymph node and lung 2008 1,767 EU521707

Runan 7 PMWS Spleen, lymph node and lung 2008 1,767 EU521708

RUZHOU 3–6 PDNS Spleen, lymph node and lung 2008 1,767 EU418626

TangHe 7 Swine fever Spleen, lymph node and lung 2008 1,767 EU418627

09HeN Unknown Random sampling Serum, lung, lymph node and spleen 2009 1,767 HQ395033

Zhengzhou Unknown Unknown Unknown 2010 1,767 HQ693093

ZM-4 Unknown PMWS Lymph node 2010 1,767 JN119257

Nanyang Unknown Unknown Unknown 2010 1,768 HQ693092

Wuzhi Unknown Unknown Unknown 2010 1,767 HQ650833

HN-2 Unknown PMWS Lymph node, lung, kidney and spleen 2011 1,767 JF899334

JY-2 Unknown PMWS Lung and kidney 2011 1,767 JN615187

DF-1 Unknown PMWS Lung and kidney 2011 1,767 JN119255

WX-1 Unknown PMWS Lymph node and lung 2011 1,767 JN119256

LY-2 Unknown PMWS Lung, kidney and spleen 2011 1,767 JF928004

XN-1 Unknown PMWS Lymph node, lung, kidney and spleen 2011 1,767 JF928002

NY-2 Unknown PMWS Kidney, spleen 2011 1,767 JF928006

LN-1 Unknown PMWS Lymph node, lung 2011 1,767 JF928005

PDS-1 Unknown PMWS Lymph node, lung, kidney and spleen 2011 1,768 JF928003
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Table 2 Reference PCV2 isolates used in the sequence and phylogenetic analysis

Isolate’s

name

Region/

country

Age

(weeks)

Clinical condition Isolate tissue Years of

isolation

Genome

size (nt)

GenBank accession

number

PMWS PCV Canada Unknown PMWS Lung, mesenteric

lymph node and

tonsil

1997 1,768 AF027217

2-B Canada Unknown Diseased pigs with various

clinical signs and lesions

Lung, mesenteric

lymph node and

tonsil

1998 1,768 AF112862

2-C Canada Unknown Diseased pigs with various

clinical signs and lesions

Lung, mesenteric

lymph node and

tonsil

1998 1,768 AF109398

2-D Canada Unknown Diseased pigs with various

clinical signs and lesions

Lung, mesenteric

lymph node and

tonsil

1998 1,768 AF117753

2-E Canada Unknown Diseased pigs with various

clinical signs and lesions

Lung, mesenteric

lymph node and

tonsil

1998 1,768 AF109399

Imp. 999 USA Unknown PMWS Lung 1998 1,768 AF055391 (Meehan et al. [2])

48285 France Unknown PMWS Lung 1998 1,767 AF055394 (Meehan et al. [2])

GER1 Germany Unknown PMWS Randomly collected

organ samples

1999 1,768 AF201305 (Meehan et al. [2])

24657 NL Netherlands Unknown PMWS Randomly collected

organ samples

1999 1,767 AF201897

Strain: No. 35 Japan Unknown PMWS Lymph node 2001 1,768 AB072303

BF Beijing Unknown Wasting Lymph node 2001 1,768 AF381175

HR Hebei Unknown Wasting Lymph node 2001 1,768 AF381176

BX Beijing Unknown Wasting Lymph node 2001 1,768 AF381177

Imp. 1147 UK Unknown PDNS Kidney 2001 1,766 AJ293869

SZ Guangdong Unknown Wasting Lymph node 2002 1,768 AY181948

SD Shandong Unknown Wasting Lymph node 2002 1,767 AY181947 (Wang et al. [13])

KSY-2 Korea Unknown PMWS Lymph node and spleen 2002 1,768 AF544024

Pingtung-2 Taiwan, China Unknown Unknown Unknown 2002 1,767 AY146992

HB Hubei Unknown Unknown Unknown 2003 1,767 AY291317

S2 China Unknown Unknown Unknown 2003 1,767 AY288133

JXI Jiangxi Unknown Unknown Unknown 2004 1,767 AY686762

JXII Jiangxi Unknown Unknown Unknown 2004 1,767 AY732494

HB0401 Hebei Unknown Dead pig Spleen 2004 1,768 EF524518

HB0402 Hebei Unknown Respiratory signs Spleen 2004 1,767 EF524519

JS Jiangsu Unknown PMWS Inguinal lymph node 2005 1,767 HM038024 (Guo et al. [14])

SD3 Shandong Unknown 2005 1,767 DQ218419

HB05 Hebei Unknown Dead pig Lymph node 2005 1,767 EF524528

HN Hunan 9 PMWS Lymph node 2006 1,767 HM038021 (Guo et al. [14])

ZheJiang2006 Zhejiang PMWS 2006 1,767 EF210106

15/23R Brazil 8-12 PMWS Kidney, liver, spleen,

lung and lymph node

2006 1,767 DQ923524

SC07 Sichuan Unknown Respiratory signs Spleen 2007 1,767 FJ608538

BJ07 Beijing Unknown Respiratory signs Spleen 2007 1,767 FJ608540

ly4 Fujian Unknown Unknown Unknown 2007 1,767 EU274311

HuB08 Hubei Unknown Dead pig Spleen 2008 1,767 FJ608542

BJ08 Beijing Unknown Respiratory signs Spleen 2008 1,767 FJ608543

AH Anhui 5 PMWS Serum 2008 1,766 HM038030

09AH Anhui Unknown Random sampling Serum, lung, lymph

node, and spleen

2009 1,767 HQ395022 (Cai et al. [19])

09HeB Hebei Unknown Random sampling Serum, lung, lymph

node, and spleen

2009 1,767 HQ395032 (Cai et al. [19])

09SD Shandong Unknown Random sampling Serum, lung, lymph

node, and spleen

2009 1,767 HQ395042 (Cai et al. [19])
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in PCV-2b, which had 234 amino acids for Cap protein, all

carried substitutions at positions 8 (tyrosine to phenylala-

nine), 53 (phenylalanine to isoleucine), 59 (arginine to

lysine), 68 (alanine to asparagine), 89 (arginine to leucine),

90 (serine to threonine), 121 (serine to threonine), 134

(threonine to asparagine), 169 (serine to glycine or argi-

nine), 190 (alanine to threonine), 210 (glutamic acid to

aspartic acid) and 215 (valine to isoleucine). In addition,

there were several major regions of variation within the

Henan PCV2 ORF2 sequences including residues 57–81,

86–91, 130–133, 185–191, 206–215 and 230–233.

Recombination analysis

By running the RDP software, 28 potential recombination

events were detected amongst all the analysed PCV2

genomes (including all the reference and Henan isolates).

Only the six most statistically significant events are

reported here (Table 4). One example is shown in Fig. 3.

Although no evidence of direct genetic exchange between

PCV2a and PCV2b sequences was detected, four of these

recombination events likely involved exchanges between

PCV2b sequences. However, in two cases, PCV2b

sequences (EU418627 and JN639857) carried evidence of

having acquired sequences from PCV-like viruses related

to PCV2a. Five out of the six recombination events

involved recombination transfers of large fragments of the

ORF1 gene. The detected recombination events, except for

event 5, had likely breakpoint positions within 100 nucle-

otides of the PCV virion strand origin of replication: both

known recombination hot-spots in all circoviruses [21].

The ORF2 gene was, conversely, relatively free of

recombination (only 1/12 detected breakpoints were within

this gene), an observation which is again consistent with

Cap protein genes of single-stranded DNA viruses in

general including circoviruses such as beak and feather

disease virus, but has not so far been identified as a

recombination cold spot for PCV [21].

Selective pressure analysis of the PCV genome

To find positions under positive and negative selection in

the relatively recombination-free ORF2 genes of the Henan

PCV2 sequences, the difference between non-synonymous

and synonymous substitution rates (dN-dS) for every

codon was evaluated (Fig. 4). According to the previous

report, we designated the antigenic regions of this gene

between positions 51–84, 113–136, 166–208, 228–234 as

epitopes A, B, C, D, respectively [8, 30, 31]. Epitope A, B

and C contained more positions under positive selection (5,

Table 3 Analysis of nucleotide identity (%) of full genome by year amongst the isolates from Henan province with representative China PCV

isolates (BF, HR, BX) and Canada isolate PMWS PCV

Isolation year 2005 2006 2007 2008 2009 2010 2011 BF, HR, BX PMWS PCV

2005 100 95.8–98.2 99.2 95.6–99.4 96.5 96.1–98.1 95.7–98.6 95.8–95.9 96.0

2006 – 95.9–100 95.3–97.8 92.8–99.4 95.2–96.2 94.7–98.5 94.6–99.3 95.9–96.9 96.0–96.9

2007 – – 100 95.1–98.8 96.1 95.6–97.6 95.2–98.0 95.4–95.5 95.6

2008 – – – 95.2–100 93.3–96.7 93.1–99.7 92.6–99.7 92.6–96.7 92.9–96.1

2009 – – – 100 95.9–98.8 95.3–98.8 95.5–95.6 95.7

2010 – – – – 95.8–100 94.9–99.9 94.9–95.5 95.2–95.5

2011 – – – – – – 94.7–100 94.8–96.8 95.2–96.8

Table 2 continued

Isolate’s

name

Region/

country

Age

(weeks)

Clinical condition Isolate tissue Years of

isolation

Genome

size (nt)

GenBank accession

number

Anhui01 Anhui Unknown Unknown Unknown 2010 1,767 HQ113120

Anhui02 Anhui Unknown Unknown Unknown 2010 1,767 HQ113121

10AH Anhui Unknown Random sampling Serum, lung, lymph

node, and spleen

2010 1,767 HQ395049 (Cai et al. [19])

10JS Jiangsu Unknown Random sampling Serum, lung, lymph

node, and spleen

2010 1,767 HQ395059 (Cai et al. [19])

XJ-SW2 Xinjiang Unknown Unknown Unknown 2011 1,768 JN639857

PCV2-SD Shandong Unknown PMWS Lung, lymph node 2011 1,767 JF827599

JSTZ Jiangsu Unknown PMWS Stool 2011 1,767 JQ413808
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Fig. 1 The linearized

phylograms constructed by the

neighbor-joining method for the

nucleotide sequences of PCV2

ORF2 gene sequences. Filled
circle Henan isolates in

genotype PCV2a and PCV2b;

filled triangle reference strains

first isolated in China; filled
square reference strains first

confirmed in Canada

468 Virus Genes (2012) 45:463–473

123



5 and 4 sites, respectively, with dN-dS scores [ 0) than

under negative selection (3, 1 and 3 sites, respectively, with

dN-dS scores \ 0). In epitope D, five amino acid

positions were apparently evolving under neutral selection,

one under negative selection and one under positive

selection. The immunodominant decoy epitope (169–180)

Fig. 2 Alignment of the deduced amino acids for the capsid protein of 35 PCV2 strains in the study. Alignment was conducted by the ruler of the

Consensus. Residues that match the Consensus exactly are indicated by dots

Virus Genes (2012) 45:463–473 469
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within epitope C contained one amino acid position (178)

under positive selection. There was one amino acid site at

position 91 within the heparin sulphate binding receptor

domain (positions 91 and 113) that was possibly evolving

under positive selection.

Discussion

Since the recognition of porcine circovirus type 2 in 2001,

a considerable number of PCV2 sequences from various

areas of China have been deposited in Genbank. These

Table 4 Results of the detection for recombination events amongst 76 PCV2 genomes by means of RDP, MaxChi, GeneConv, BootScan,

SiScan and Chimaera algorithms

No. Recombinant/

genotype

Major parent/

genotype

Minor parent/

genotype

Detection algorithm/P value Breakpoint positions

beginning/ending

1 EU418627/PCV2b AY146992/PCV2a-like AF381176/PCV2a-like RDP/1.504 9 10-7

GENECONV/2.231 9 10-25

BootScan/4.577 9 10-32

MaxChi/1.260 9 10-10

Chimaera/6.307 9 10-21

76/1041

2 JF928005/PCV2b AY181947/PCV2b AY732494/PCV2b BootScan/4.222 9 10-4

MaxChi/5.463 9 10-5

Chimaera/7.390 9 10-5

SiScan/4.273 9 10-10

398/15

3 EF210106/PCV2b AY732494/PCV2b HQ395049/PCV2b BootScan/8.830 9 10-4

MaxChi/3.129 9 10-6

Chimaera/6.215 9 10-6

SiScan/8.116 9 10-8

29/971

4 HQ395049/PCV2b AY686762/PCV2b HQ395033/PCV2b MaxChi/6.566 9 10-4

SiScan/1.064 9 10-6

33/1038

5 JF827599/PCV2b HQ395049/PCV2b HQ395033/PCV2b MaxChi/2.474 9 10-4

Chimaera/2.676 9 10-4

SiScan/3.767 9 10-5

936/1393

6 JN639857/PCV2b JF928003/PCV2a-like EF524518/PCV2a-like MaxChi/1.849 9 10-6

SiScan/1.155 9 10-4

1423/75

Fig. 3 Identification of the

recombination events. One of

the recombinations between

AY146992 and AF381176 was

shown by means of the

BootScan method.

Recombination was detected

between sequences sharing

70–100 % sequence identify.

The left and right bounds of the

pink tract region indicate

breakpoint positions. The

analysis based on the pairwise

distance and modeled with a

window size 30. The x-axis

refers to the positions of

informative sites and y-axis

represents bootstrap support
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include multiple deposits of isolates from the Henan

province, the first of which was only deposited in 2005.

During the past 11 years, there have been several investi-

gations that have analysed the distribution and prevalence

of PCV2 infections in China [13–17]. To give a more

detailed description of amino acid sequence variations and

the phylogenetic characteristics of Henan PCV2 sequences,

a total of 77 PCV2 sequences from Henan and elsewhere

were retrieved from Genbank and analysed.

The lowest degree of identity between any two Henan

isolates was 92.7 %. Although this implies slightly higher

diversity amongst Chinese PCV2 isolates than has been

reported in other studies (for example 94.6 % in [13]), it is

still apparent that the over-all diversity of PCV2 isolates is

low. A combination of this low diversity and the fact that

recombination is a prominent feature of PCV2 evolution

could seriously undermine the power of phylogenetic and

other genetic variation analyses seeking to illuminate the

evolution and spread of PCV2 genomes.

As reported previously, the ORF2 gene is reasonably

free from the impact of recombination, so that it will

generally yield the same tree as the whole viral genome

[30]. Therefore, the ORF2 gene was employed for phylo-

genetic analysis in this study which showed that the Henan

PCV2 isolates could be divided into two major genotypes

and that isolates in PCV-2b belonged to several distinct

clusters. Our study showed the approximate percentages of

genotypes PCV-2a, PCV-2b and PCV-2c in Henan between

2005 and 2011 were 6.5 % (2/31), 93.5 % (29/31) and 0 %,

respectively. Over the past 7 years, genotype PCV-2b has,

therefore, probably been the overwhelmingly predominant

PCV2 genotype in this province. Besides, finding no

evidence of PCV-2c in Henan, we also found no evidence

of two rare genotypes, PCV-2d and PCV-2e, that have

previously been detected in China [13]. We noted, how-

ever, that the Henan isolate, EF524531 (strain HN0601),

which has a clearly PCV-2a-derived ORF2 sequence, has a

full genome sequence that has been previously identified as

predominantly PCV-2e-like.

The two identified Henan PCV-2a isolates were

obtained five years apart in 2006 and 2011 from different

parts of the province. Nevertheless, the phylogenetic

analysis revealed that these two isolates are clearly more

closely related to one another than they are to any other

PCV-2a isolates and that they may therefore represent a

Henan specific PCV-2a lineage. It will, however, require a

substantially more dense sampling of Chinese PCV-2a

isolates to determine whether this Henan PCV-2a lineage

originated in and is endemic to Henan or whether these

PCV-2a isolates were carried into the province from else-

where in China.

At least some of the amino acid variation in the Cap

protein could be associated with the pathogenicity and/or

immunogenicity of PCV2. The most variable of these

regions amongst the predicted expressed amino acid

sequences of the Henan PCV2 isolates include the known

immunoreactive residues in the Cap protein (57–91,

121–134 185–191, 206–215, 230–234 [13, 32, 33]), the

hypothetical ORF1 protein (amino acid residues 81–100

and 201–220) [34].

It has previously been demonstrated that PCV Cap

proteins contain a highly conserved putative N-glycosyla-

tion site at amino acids 143–145 (N143YS) [35]. Deletion

of this site could heighten specific immune responses,

Fig. 4 Difference between non-

synonymous and synonymous

rates (dN-dS) and amino acid

entropy rates plot for the ORF2

gene of PCV2 Henan isolates.

The x-axis refers to the amino

acid position of ORF2 gene
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improving the immunogenicity of Cap-based DNA vac-

cines and inducing higher Cap-specific T lymphocyte

proliferative activity and levels of interferon-c. This

potential N-glycosylation site was absolutely conserved in

all of the analysed PCV2 sequences, implying that all of

these sequences might, via this site, weaken anti-PCV2

immune responses in the animals that they infect.

It has additionally been reported that the alanine at posi-

tion 59 in the Cap protein of PCV-2a strains is a crucial

determinant of a conformational neutralizing antibody epi-

tope in this virus lineage [36]. While the two Henan PCV-2a

isolates are likely to express Cap proteins with an alanine at

position 59, the PCV-2b isolates contained a variety of other

amino acids at this site (threonine, lysine and arginine). This

difference between the PCV-2a and PCV-2b isolates may

reduce the recognition of this epitope and decrease the

antibody neutralizing ability of PCV-2b infected animals.

The oligopeptide 169-STIDYFQPNNKR-180 serves as

an immunodominant epitope associated with disease [8].

Through Alanine scanning, it has been determined that

Y-173, F-174, Q-175 and K-179 are crucial for antibody

recognition. However, this peptide may also serve as a

decoy, diverting the humoral response away from some

other potentially protective epitope [8]. Amongst the ORF2

genes of the 31 Henan isolates, this potential decoy epitope

was conserved in both the PCV-2a isolates and 19 of the

PCV-2b isolates. In the ten other PCV-2b isolates, either a

glycine or an arginine was observed at position 169 and an

isoleucine was observed at position 178. Since these sub-

stitutions are not within the four sites previously identified

as being crucial for immune recognition, it is unknown

what effect these substitutions might have on the immu-

nogenicity of this epitope.

Recent studies have demonstrated that an antigenic

epitope, 26-RPWLVHPRHRY-36, in the nuclear localiza-

tion signal region of the PCV2 Cap protein could elicit a

neutralizing anti-PCV2 host immune response [37]. As is

shown here, this epitope is conserved in both the Henan

PCV-2a isolates and 24 of the Henan PCV-2b isolates.

While five of Henan PCV-2b isolates expressed a leucine at

position 30, one of these five isolates (EU656143) also

expressed a histidine at position 35. While the change at

position 30 was from a polar amino acid (valine) to a

hydrophobic amino acid (leucine) with the same isoelectric

points, that at position 35 was from one alkaline amino acid

(arginine) to another (histidine), but with different iso-

electric points. The effect of these apparently conservative

substitutions on the immunogenicity of these PCV-2a

proteins should be further explored.

Overall, the various amino acid substitutions that we

have detected within immunoreactive protein domains

could potentially impact the ease with which PCV2 could

be managed by a vaccination programme.

Genetic recombination is known to occur frequently

between and within different PCV lineages [19] and is an

important evolutionary mechanism whereby PCV2 diver-

sity is generated. Also, given that co-infections of indi-

vidual cells with genetically distinct virus strains were an

obvious pre-condition for recombination [38], the perva-

siveness of detectable recombinant PCV genotype suggests

that an appreciable proportion of PCV infection involves

multiple PCV lineages. For example, Cai et al. [19] iden-

tified a novel PCV genotype that had apparently arisen

through recombination between PCV-2a and PCV-2b

strains within the ORF2 gene. Our analysis demonstrated

that recombination has likely also played a significant role

in the generation of PCV2 genetic diversity in Henan.

Specifically, we found that Henan PCV2 isolates have been

involved in both inter- and intra-genotype recombination

events. Consistent with previous reports on recombination

in PCV [18], the genome regions observed to be most

frequently transferred in the Henan isolates were portions

of the replication-associated protein gene and ORF2.

Recombinants, displaying evidence of ORF1 and ORF2

genes’ transfers between different PCV2 genotypes, have

previously been shown to display significantly enhanced

viral replication and altered antigenicity in vitro [39].

Although we did not detect obvious evidence of recombi-

nation between Chinese PCV-2a and PCV-2b genotypes, it

is probable that some of the Henan PCV-2b isolates contain

fragments of sequence inherited from divergent PCV lin-

eages more distantly related to PCV-2b than PCV-2a (see

events 1 and 6 in Table 3). Our results also indicated that

recombination between different PCV-2b lineages can

occur in the ORF1 and ORF2 genes and that such recom-

bination likely contributes to the genetic diversity of this

lineage.

Our analysis of selective pressures acting on ORF2 of

the Henan PCV2 strains showed that the four ORF2 epi-

topes (A, B, C and D) contained a variety of positively and

negatively selected positions. Specifically, the few codon

sites within these epitopes that were not conserved were

mostly detected to be evolving under positive rather than

negative selection. This observation corroborates a previ-

ous report based on analysis of a far larger PCV2 dataset

(including many of the same Chinese sequences analysed

here) [30]. In this report, it was demonstrated that although

epitope C was mainly evolving under negative selection,

position 170, located in decoy epitope, exhibited evidence

of positive selection. In our Henan PCV2 dataset, we found

that position 178 of this decoy epitope (within the receptor

binding domain of the Cap protein) is likely also evolving

under positive selection. Such evidence of positive selec-

tion within epitopes is generally considered to be evidence

of host-driven immune evasion [40]. However, very little

experimental evidence exists to corroborate the role of
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immune evasion in driving the fixation of non-synonymous

substitutions in this region of the PCV2 Cap gene.

So far, series commercial recombinant baculovirus

expressed PCV-2a capsid protein-based vaccines are

available for application in the field. Such proteins have

been shown to be protective against PCV-2b infection in

the field [41, 42]. Given the capacity for PCV2 to evolve

via recombination and mutation in response to the wide-

spread deployment of such vaccines, continual epidemiol-

ogy surveillance and extra laboratory work is needed to

both monitor the changing landscape of PCV2 diversity

and determine the impact of this diversity of control

strategies. In summary, the current study indicated that a

diverse range of recombinogenic PCV2 genotypes is likely

endemic in Henan province and these may be capable of

rapidly evolving novel lineages capable of overcoming

future vaccines as and when they are widely deployed

within this region of China.
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