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Abstract

Porcine circoviruses (PCVs) type 1 (PCV1) and type 2 (PCV2) show high levels of nucleotide similarity, but PCV1 is considered non-
pathogenic and PCV2 has been associated with several disease outcomes in pigs, mainly postweaning multisystemic wasting syndrome (PMWS).
After exploring different topologies of the origin of PCVs, it was concluded that PCV1 and PCV2 seem to have a common origin. On the other
hand, PCV2 could be divided into two groups (1 and 2) and eight clusters (1A to 1C and 2A to 2E), but none of those was apparently associated
with disease status or geographic area. When phylogenetic trees constructed with the whole PCV2 genome, the cap or the rep genes were
compared, some incongruence was identified. The possible existence of recombination was evaluated and cluster 1B was found to have a possible
recombinant origin. Selective pressure was detected in all parts of the PCV2 genome, especially in the rep gene. Finally, the cap gene was the
more suitable phylogenetic and epidemiological marker for PCV2, despite the fact that the virus can undergo recombination mainly within the first
part of the rep region.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Two porcine circoviruses (PCVs), from the Circoviridae
family, have been described to date, namely porcine circovirus
type 1 (PCV1) and type 2 (PCV2) (Allan et al., 1999b). PCVs
are the smallest animal viruses known; PCV2 has a 1768
nucleotide genome of circular, single stranded DNA, and the
genome of PCV1 is even shorter, with 1759 nucleotides
(Hamel et al., 1998; Meehan et al., 1998). Although PCVs are
closely related, PCV1 is considered non-pathogenic (Allan et
al., 1994; Tischer et al., 1986) while PCV2 has been described
as the necessary infectious factor, although not proven as the
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sole factor, to develop postweaning multisystemic wasting
syndrome (PMWS) (Allan et al., 1999a; Krakowka et al.,
2001). PMWS is clinically suspected in outbreaks of
respiratory clinical signs and wasting in pigs and pathologi-
cally characterized by lymphocyte depletion and granuloma-
tous inflammation of lymphoid tissues (Rosell et al., 1999).
PCV2 has also been related to a number of disease syndromes
in pigs (Segales et al., 2004); the terminology porcine
circovirus diseases (PCVD) was proposed to include those
conditions that had been linked with PCV2 infection (Allan et
al., 2002). Even though PCV1 and PCV2 seem to be very
different from a pathogenic point of view, both viruses are
very similar at the genomic level since they have about 80%
overall nucleotide sequence identity (Hamel et al., 1998;
Mankertz et al., 2000; Meehan et al., 1998). The possibility of
these PCVs having a common antecessor or one deriving from
the other has never been explored.
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From the first described PCV2 sequence by Hamel et al.
(1998) until September 2005, up to 150 PCV2 complete
genomes have been submitted to the GenBank nucleotide
database at the National Center for Biotechnology Informa-
tion, NCBI (http://www.ncbi.nlm.nih.gov). Despite the high
number of sequences available from GenBank, no extensive
phylogenetic studies have been performed; this is probably
due to the high level of homology (≥94%) between PCV2
genomes (Larochelle et al., 2002; Mankertz et al., 2000;
Meehan et al., 2001). This high level of similarity between
genomes could theoretically prevent the detection of sig-
nificant differences among strains. Moreover, both PCVs
genomes show the typical organization of the Circoviridae
family, with a replicase (rep) gene in the sense strand and a
capsid (cap) gene in the antisense strand (Cheung, 2003a;
Mankertz et al., 2004). Furthermore, the rep gene has a
splicing alternative rep′, in which the central part of rep (378
nucleotides) is eliminated as an intron (Cheung, 2003b;
Mankertz and Hillenbrand, 2001).

To date, several genotyping studies on PCV2 have been
published (De Boisseson et al., 2004; Grierson et al., 2004a,
2004b; Larochelle et al., 2002; Wen et al., 2005), but no
evaluation of the utility of the cap and the rep genes as
molecular markers or assessment of potential PCV2 clonality
have been undertaken. Furthermore, phylogenetic and evolu-
tionary studies are of increasing importance in molecular
epidemiological studies on viral and bacterial pathogens.

Therefore, the main objectives of the present study were (i) to
determine the ancestral status of PCV1 or PCV2 within the
Circorviridae family; (ii) to find out clonal relationships among
PCV2 complete genomes; and (iii) to evaluate the capsid (cap)
and replicase (rep) genes as phylogenetic and epidemiological
markers for PCV2.
Fig. 1. Evolutive relationships among Circovirus groups. Phylogenetic tree based on
tree topologies, as well as equal percentage of support for the internal branches, are re
− lnL=20,815, SBL=3.136, Tree Length=4855, Consistency Index=0.711.
Results

Ancestral status

All phylogenetic trees pointed to the same topology among
the assayed Circoviridae family sequences. Three main mono-
phylethic lineages supported by high bootstrap values were
differentiated: one for Beak and Feather Disease Virus grouped
with Columbid, Starling and Canary Circoviruses, another for
Duck, Mallard Duck, Muscovy Duck and Goose Circoviruses
and a monophyletic branch for PCVs separated from avian
circoviruses. Both PCV types were also clearly separated into
two different monophyletic clusters (Fig. 1). After evaluation of
the six proposed topologies based on the maximum likelihood,
maximum parsimony and minimum evolution criteria, log-
likelihoods, SBL and the number of steps all undoubtedly
pointed to the dichotomy topology as the best tree. These results
suggest a common origin as the most reliable possibility for
PCVs (data not shown).

Genome variation and utility of PCV2 sequences

Saturation effects in the whole genome and for the first,
second and third codon positions of the cap and rep genes data
sets were evaluated. In all cases, the number of observed
transversions relative to that of transitions gradually decreased
with increasing divergence; moreover, data sets followed a line,
not a curve, indicating that transitions and transversions were
not saturated and that they can be used in phylogenetic recon-
structions. In addition, Xia's test supported little saturation for
all data sets.

From 148 PCV2 genomes, 479 out of 1768 nucleotide sites
were variable, with 604 mutations detected: 330 transitions, 272
the NJ method for the 20 Circoviridae sequences used (Appendix A). Identical
ported with the ML and MP tree-building methods. Scores of the best topology:

http://www.ncbi.nlm.nih.gov
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transversions and 2 indels. From these mutations, 252 were
detected in the cap gene and 238 in the rep gene. As ex-
pected, both genes presented a biased pattern of mutation, as
Fig. 2. Phylogenetic tree based on the NJ method for the 148 PCV2 sequences plus 2
of confidence in the ML, MP and NJ analyses. Sequences included in each cluster a
indicated by low gamma parameters (αCap=0.33, αRep=0.33,
αGenome=0.21); third codon positions showed more variable
sites (171) than the first (121) and second ones (100).
outgroups used in the study. Numbers along the branches refer to the percentages
re listed in Appendix B.
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Phylogenetic relationships among PCV2 sequences

ANJ tree for PCV2 genomes with confidence values for ML,
MP and NJ methods is shown in Fig. 2. All three algorithms
reported congruent results, and the groupings were supported by
moderate to high confidence values. Sequences could be
divided into two main groups: group 1, which was further
subdivided in 3 clusters (1A to 1C), and group 2, subdivided in
5 clusters (2A to 2E). Three PCV2 sequences remained
unclustered in group 2, two of which were in the same branch
(supported by moderate confidence values). The average
distance within groups 1 and 2 was 0.0158 and 0.0234,
respectively, and it was 0.0444 between groups. Within clusters,
the average distances ranged from 0.005 for cluster 1A to 0.023
for cluster 2D; between clusters, those distances ranged from
0.015 (cluster 1A vs 1B) to 0.049 (cluster 1C vs 2E). Groups
were defined by 52 marker positions, the distribution of which
was highly skewed: 33 located in the cap gene, 13 in the rep
gene and 6 in the rest of the genome (indel, cap and rep genes
marker positions are indicated in Table 1). In addition, an indel
position just after the stop codon of the cap gene (genome
position 1033, Table 1) differentiated PCV2 genomes of group
2 (1768 nucleotides) from those of group 1 (1767 nucleotides).
The genome size was very consistent for each group, and the
few disagreements (two out of 148) were attributed to indel
positions inside one of the two ORFs. Moreover, cluster 1C was
characterized by another indel position in the last codon of the
cap gene (genome position 1036), changing the reading frame.
This cap gene finished one codon further in another stop codon,
being one lysine longer (Table 1).

No discrepancy in the definition of groups and clusters was
observed comparing the three phylogenetic methods assayed
between the cap gene and the whole PCV2 genome. Never-
theless, partial trees based on the rep gene presented some
incongruence compared with the cap and the complete genome
trees. Several genomes (n=22), belonging to clusters 1B and
1C, were grouped into group 1 based on the whole genome and
the cap gene. Surprisingly, those genomes were grouped into
group 2 with the rep gene. It is noteworthy that this feature was
reported in all phylogenetic reconstructions.

Recombination analysis

After running the RDP software, 4685 potential recombina-
tion events were detected. Considering only statistically
significant events reported by more than one algorithm, possible
recombination events between cluster 1A and sequences
belonging to different clusters of group 2 were consistently
reported. All PCV2 genomes from cluster 1B were found to be
daughter genomes of recombination events that are listed in Fig.
3. In order to summarize the results, only the cluster of the
parent genomes was reported and putative breakpoints (BP)
were grouped in 11 areas. Clusters 1A and 2D were mainly
identified as the major and minor parents. Nevertheless, clusters
1C, 2B and 2A were occasionally reported as minor parents.
Supporting this, a close inspection of marker positions showed
that cluster 1B had the same marker positions as cluster 1A



Fig. 3. Results of the search for recombination events among PCV2 genomes using RDP, MaxChi, GeneConv, BootScan, SiScan and Chimera algorithms. The location of beginning and ending breakpoints is indicated in
a PCV2 genome scheme. Numbers represent the three regions defined for the rep genes. Putative recombination breakpoint regions are also indicated (BP). Following the annotation of genome PCV2-B (Accession
Number AF112862), BP1 is located after the origin of replication, BP2 at the repeat region, BP3, BP4 and from BP6 to BP10 in the rep gene, finally, BP5 and BP11 are located in the cap gene. Beginning and ending
breakpoint regions are indexed in two tables. Cluster of the parent genomes are indicated in the tables with the algorithms with significant results and the breakpoints in each region. The number of events detected is
indicated in brackets.
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except for rep gene up to marker position 501 (Table 1). At the
beginning of the rep gene, this cluster showed the same marker
positions as group 2. No recombination events pointing to the
same direction were detected for cluster 1C genomes. Looking
at the marker positions, cluster 1C had the same marker posi-
tions as group 2 PCV2 genomes in the rep gene, but it had
different marker positions in the cap gene, where those were
more abundant. Furthermore, putative beginning BP were
placed at the beginning of the cap gene (BP5), the region
adjacent to the origin of replication (BP1), the repeat region
(BP2) and the beginning of the rep gene until position 167 (BP3
and BP4) as annotated for the PCV2-B genome (Accession
Number AF112862). Possible ending BP were found between
positions 167 and 963 of the rep gene or at the ending of the cap
gene (Fig. 3). Only one putative beginning and one putative
ending BP were reported by five algorithms. The putative
recombination beginning BP was BP1, between positions 42
and 89, at the beginning of the rep gene. The best supported
putative ending BP was BP3 between positions 389 and 429;
curiously this region includes the splice donor for the rep′
transcript (Mankertz and Hillenbrand, 2001). This result points
Fig. 4. Difference between non-synonymous and synonymous rates (dN−dS) and am
the three regions are indicated. For the capsid gene, the variable amino acid for each
are highlighted in gray.
to the first part of the rep gene, corresponding to the first exon
of the rep′ transcript, which has the most likely recombinant
region. Potential recombination beginning BP were concen-
trated at the origin region and the beginning of the rep gene
while the putative recombination ending BP were spread over a
wide part of the rep gene, more precisely the intron and the
second exon of the rep′ transcript until the cap gene. Finally,
position 167 was detected as a BP by four algorithms, although
it could be a beginning as well as an ending region.

Selective pressure

In the difference between non-synonymous and synonymous
substitution rates (dN−dS) for the whole genome, the cap and
the rep genes were all negative (−0.0174±0.0053, −0.0744±
0.0144 and −0.0604±0.0097, respectively), indicating that the
PCV2 genome was under purifying selection. In order to
identify regions under strong negative selection, the dN−dS for
every codon was plotted against the amino acid entropy, at the
same point, for both cap and rep genes (Fig. 4). As already said
before, the rep gene has a splicing alternative, rep′, and it was
ino acid entropy rates plot for the replicase and the capsid. For the replicase gene,
cluster is also indicated. Amino acid changes corresponding to a marker position
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divided into three regions. Region 1 corresponded to the
common part of the rep and rep′ transcripts; region 2 was the
intron eliminated by splicing to create the rep′ transcript; and
region 3 was the final fragment of rep and rep′. The latter
region is translated in different reading frames for rep and rep′
(Mankertz et al., 2004; Mankertz and Hillenbrand, 2002). The
gamma parameters for those three regions were clearly different
(0.19, 0.32 and 97.03), indicating a highly skewed substitution
pattern for the first two regions and a more uniform substitution
pattern for the last one. The cap gene was divided in immu-
nogenic and not immunogenic regions, based on four antigenic
domains or epitopes already defined by the experiments
performed by Lekcharoensuk et al. (2004) and Mahe et al.
(2000) (Fig. 3). Most amino acid positions in all epitopes were
under neutral selection. Amino acid positions under selection in
epitopes A and B showed more amino acid positions under
positive selection (10 and 6 respectively) than under negative
selection (6 and 5 respectively). Besides, in epitope C, almost
all amino acid positions were under negative selection (16).
Finally, one amino acid position was neutral, one positively
selected and one negatively selected in epitope D, which was
one amino acid longer in cluster C. The region between epitopes
was mainly under neutral selection. Curiously, five amino acid
positions adjacent to epitope Awere positively selected. As said
above, few amino acid changes were detected inside the
epitopes: 11 out of 37 in epitope A, 7 out of 26 in epitope B, 4
out of 35 in epitope C and 2 out of 4 in epitope D. It has to be
pointed out that four of those amino acid changes (two in
epitope A, one in epitope C and one in epitope D) were
associated with marker positions (Fig. 3).

Discussion

PCVs are very small animal viruses, with single stranded
DNA genomes of less than 2 kb, which show a high level of
homology despite their apparently different pathogenicity
(Allan et al., 1995). PCV1 is the only non-pathogenic member
of the Circoviridae family (Allan et al., 1995; Tischer et al.,
1986), while PCV2 is involved in the PCVD (Allan et al.,
2002). The high degree of similarity between PCVs raised the
question about their origin and the possibility of PCV1 derived
from an ancestral pathogenic PCV type or PCV2 derived from a
non-pathogenic ancestor. Unfortunately, with the sequences
used in this study, an ancestral status for PCVs could not be
established and topological evaluations gave support to a
common origin for both types.

The lowest identity reported in this study between two PCV2
genomes was 0.93. This high sequence homology probably
discouraged detailed phylogenetic studies in the past in order to
find clonal lineages among PCV2 genomes. Nevertheless,
phylogenetic analysis of the genome clearly indicated that
PCV2 sequences can be divided into two major groups, with
several clusters into each one. Both PCV2 groups were
homogeneous and several marker positions, mainly located in
the cap gene, were identified. Furthermore, both groups showed
differences in two indel positions and, as a consequence,
genomes in group 1 and in group 2 differed in length by one
nucleotide. Unfortunately, no correlation regarding groups and
health status could be performed, although this is probably due
to the lack of this information in some genome submissions.
Furthermore, no relationship between group and country of
isolation could be defined. Only a relationship between group
and year of submission was found (data not shown); however, it
is known that a genome sequence can be published a long time
after detection. Genomes of group 1 were mainly published in
NCBI after 2003 (87 out of 94) and genomes of group 2 were
mainly published before 2003 (33 out of 53), indicating that
group 1 could be more recent than group 2.

In the comparison among phylogenetic trees constructed
with the whole PCV2 genome, the cap and rep genes indicated
a minor incongruence regarding clusters 1B and 1C. One
possible explanation for this incongruence is the potential
existence of recombination events involving genomes from
both PCV2 groups. However, only cluster 1B was clearly iden-
tified as having undergone recombination. In the six genomes
included in this cluster, recombination events were detected in
five out of the six algorithms used, indicating the strength of this
observation. These results indicate that genomes owning to
cluster 1B are the product of a recombination event between a
genome of cluster 1A as the major parent and a genome of
group 2 (most probably belonging to cluster 2D) as the minor
parent. The best supported recombinant region was the genome
fragment between the beginning of the rep gene (BP3) and the
splicing donor for rep′ (BP6) including region 1 of the rep
gene, the first exon of the rep′ transcript. Putative recombinant
ending BP were diffused in a wide part of the PCV2 genome;
the latter is probably due to the high level of conservation of
regions 2 and 3 of the rep gene complicating the determination
of an ending BP.

Furthermore, our results showed that the whole PCV2
genome, the rep and the cap genes were under purifying selec-
tion, as indicated by the negative dN−dS values (Nei, 2000).
Looking at the codon selection pressure for both genes, the rep
gene was highly conserved; in contrast, the cap gene showed a
variety of positively and negatively selected positions. These
findings were additionally supported by a low number of
marker positions (33 vs 13), and a high proportion of mutations
detected in single sequences (65% vs 45%) in the rep gene
compared with the cap gene. Interestingly, very few mutational
changes were detected in regions 2 and 3 of the rep gene. These
differences could be caused by both neutral selection or, most
likely, by a very strong purifying selection. Moreover, region 2
is probably limited in sequence changes, not only by the
selection on the amino acid sequence, but also by its implication
in a splicing process. Furthermore, the promoter of the cap gene
(Pcap) has also been mapped in this region for PCV1, more
exactly among nucleotide positions 431 and 507 (Mankertz and
Hillenbrand, 2002). In region 3, splicing results in the utilization
of an alternative reading frame for rep′ compared with rep
(Cheung, 2004; Mankertz and Hillenbrand, 2001). Probably this
frame shift between rep and rep′ in region 3 is affecting the
usual degeneration of the genetic code, which allows the third
codon position to have more changes than the other two. This
is corroborated by an unusually high value of the gamma
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parameter (97.03) for this region, indicating a homogeneous
pattern of nucleotide substitution in region 3, unlike the other two
rep gene regions. The high selective pressure on this region of the
genome could also be an explanation to the high level of
conservation inside PCV2. This virus genome is a circular
molecule, and the selection on one region can drag a whole
genome due to a hitch-hiking effect (Barton, 2000).

The selective pressure on the cap gene was of special
interest since it is the most exposed part of the virus and is the
most likely to interact with the host immune system (Roitt and
Male, 1998). As stated before, this gene shows several
positions under positive selection and more amino acid
changes than in the rep gene are possible. In some viruses,
epitopes are under positive selection since they are submitted
to high immunologic pressure and have a high rate of amino
acid changes to evade the immune response (Grenfell et al.,
2004). In PCV2, epitope amino acid sequences showed little
variable positions although the four proposed epitopes
concentrated the majority of the variation of the cap gene.
Controversially, epitopes A and B had more positively selected
positions, but epitope C was mainly under negative selection.
In fact, no high rate of amino acid replacement was found,
indicating no clear immunological selection (Grenfell et al.,
2004). Interestingly, four marker positions that lead to amino
acid changes were in one of the four epitopes and, in cluster C,
the epitope D is one lysine longer. This is of special interest
and could be indicative of potential immunogenic differences
among strains from different groups or clusters.

As a whole, we consider that the cap gene is a reliable
phylogenetic marker for PCV2 strains since it was able to
reconstruct the same tree as the whole viral genome. This is
because the cap gene is under less selective pressure compared
with the rep gene, accumulating much more variability, and it
probably weighs more in the phylogenetic tree reconstructions.
The effects of recombination seem to be limited to the first
region of the rep gene, having little impact on the phylogenetic
reconstructions performed using the cap gene. Furthermore,
since the cap gene is shorter, it would be a more suitable
molecular marker for epidemiological and phylogenetic studies
since its sequencing is less labor extensive than the sequencing
of the whole genome. Furthermore, the use of gene sequences in
epidemiological studies is of special interest since they are easy
to share among laboratories (Foxman et al., 2005).

In conclusion, PCV1 and PCV2 seem to have a common
origin. PCV2 genomes can be divided in different clonal
lineages (2 groups and 8 clusters), although the possible
existence of virulence or immunogenic differences between
strains has to be further studied. Finally, the cap gene is a
suitable phylogenetic and epidemiological marker since it was
not affected by recombination, in contrast to the rep gene.

Materials and methods

Ancestral status of PCVs

Twenty complete genomes of different animal circoviruses
available in GenBank (http://www.ncbi.nlm.nih.gov) were
used. Five PCV2 and five PCV1 genomes randomly selected
were aligned with representatives of the other members of the
Circoviridae family, including Goose Circovirus, Canary
Circovirus, Beak and Feather Disease Virus and yet
unclassified circoviruses (Columbid Circovirus, Duck Circo-
virus, Mulard Duck Circovirus, Muscovy Duck Circovirus
and Starling Circovirus) (Appendix A). To determine the
ancestral status of PCV1 or PCV2 within the Circorviridae
family, six alternative topologies were constructed considering
the initial divergence of PCV1 sequences (two topologies), the
initial divergence of the PCV2 sequences (three topologies)
and a final topology considering a dichotomy between PCV1
and PCV2 groups of sequences. These six topologies were
tested using minimum evolution, maximum likelihood and
parsimony criteria. Initially, topologies were tested by the
modified Kishino and Hasegawa test (Shimodaira, 1999),
computing the log-likelihoods per site for each tree and
comparing the total log-likelihoods among topologies. Sec-
ondly, the sum of branch lengths (SBL) for each proposed
topology was computed. Under the minimum evolution
criteria, the topology with the smallest SBL was considered
the best phylogenetic tree. Finally, the number of steps for
each topology was computed, and the one that required the
smallest number of steps was chosen to be the best
phylogenetic tree.

PCV2 genome sequence data set

The one hundred and forty-eight PCV2 and two PCV1
complete genomes (for rooting purposes) present at the
NCBI nucleotide database (http://www.ncbi.nlm.nih.gov) in
September 2005 were used to study the clonality of PCV2
and the utility of cap and rep genes as potential epi-
demiological markers. All sequences were downloaded,
linearized at the same point and aligned with the annotated
genome sequence for PCV2-B (Accession Number AF112862,
(Hamel et al., 2000)). NCBI accession numbers of the
sequences used in this study are listed in Appendix B.
Utility of cap and rep genes was studied only with 137
genomes by deleting eleven sequences containing indel
positions in any of the two ORFs (Appendix B) from the
database. Those indel positions moved the reading frame,
making the comparison among amino acid sequences
difficult.

Phylogenetic utility of PCV2 sequences

The loss of phylogenetic information due to substitution
saturation in the PCV2 genome was evaluated. The level of
saturation was studied by plotting the pairwise number of
observed transitions and transversions versus genetic dis-
tance. In addition, substitution saturation was evaluated with
Xia et al.'s (2003) test. Both analyses were done for the
entire genome, the rep and the cap genes, as well as for the
first, second and third positions of the codons for both
genes separately; all these studies were performed using the
DAMBE program (Xia and Xie, 2001).

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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Phylogenetic analyses of PCV2 sequences

Phylogenetic relationships among sequences were ana-
lyzed by parsimony and nucleotide distance methods. Firstly,
the heuristic search option of PAUP 4.0.b (Swofford, 1998),
considering a single stepwise addition procedure and a tree
bisection-reconnection (TBR=100) branch swapping algo-
rithm, was used for unweighted maximum parsimony
analysis (MP). A majority rule consensus tree was then
generated from the 100 most parsimonious trees found in
each of the 1000 bootstrap replicates of the analysis.
Secondly, we computed a nucleotide distance matrix between
sequences to infer phylogenies by a Neighbor-Joining (NJ)
and a Maximum Likelihood (ML) trees using respectively
MEGA 2.1 (Kumar et al., 2001) and TreePuzzle 5.0
(Schmidt et al., 2002). Confidence in the NJ tree was
estimated by 1000 bootstrap replicates. The tree search
quartet puzzling algorithm directly assigned estimations of
support to each internal branch of the ML tree. Sequences
were compared using the gamma Tamura–Nei model (Nei,
2000) considering different gamma parameters for the whole
PCV2 genome, the rep and the cap genes. A phylogenetic
tree based on the NJ method with the percentages of
confidence in the ML, MP and NJ analyses along the
branches is shown in Fig. 2.

Recombination among PCV2 sequences

To detect putative recombination breakpoints in the PCV2
genome and to identify sequences possibly originated from a
recombination event, six methods implemented in the RDP
v1.08 program (Martin and Rybicki, 2000) were evaluated
(RDP, GeneConv, BootScan, MaxChi, Chimaera and SiS-
can). The six methods used the following general settings:
window size=20, highest acceptable P value=0.001 and
Bonferroni correction. Only putative recombination events
detected by more than one method were considered. In
addition, marker positions for the identified clusters were
indexed (Table 1).

Selection pressure on the PCV2 genome

The existence of selective pressures along the genome was
assessed first by calculating the difference between non-
synonymous (dN) and synonymous (dS) rates (dN−dS) for the
whole genome, the cap and the rep genes by the modified
Nei–Gojobori method using MEGA 2.1 software. Further-
more, the amino acid sequence entropy calculated using
BioEdit (Hall, 1998) was plotted versus the difference between
dN and dS (Fig. 3). These differences were calculated with the
SNAP web utility (http://hiv-web.lanl.gov/content/hiv-db/
SNAP/WEBSNAP/SNAP.html).
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Appendix A. Accession Numbers, virus name and host of
the sequences used in Fig. 1
Accession
Number
Virus
 Host
NC001944
 Beak and feather disease virus
 Psittaciformes

AF311296
 Beak and feather disease virus
 Psittaciformes

NC003410
 Canary circovirus
 Serinus canaria

NC002561
 Columbid circovirus
 Columba fasciata

NC008033
 Starling circovirus
 Sturnus vulgaris

NC003054
 Goose circovirus
 Anser sp.

AF536933
 Goose circovirus
 Anser sp.

NC007220
 Duck circovirus
 Anas domesticus

NC005053
 Mulard duck circovirus
 Anas platyrhynchos domesticus×

Cairina moschata domesticus

NC006561
 Muscovy duck circovirus
 Cairina moschata domesticus

NC005148
 Porcine circovirus type 2
 Sus scrofa

AF109399
 Porcine circovirus type 2
 Sus scrofa

AF112862
 Porcine circovirus type 2
 Sus scrofa

AF109398
 Porcine circovirus type 2
 Sus scrofa

AF117753
 Porcine circovirus type 2
 Sus scrofa

NC006266
 Porcine circovirus type 1
 Sus scrofa

AY660574
 Porcine circovirus type 1
 Sus scrofa

AY184287
 Porcine circovirus type 1
 Sus scrofa

AY219836
 Porcine circovirus type 1
 Sus scrofa

AY193712
 Porcine circovirus type 1
 Sus scrofa
Appendix B. Accession Numbers, clade assigned to the
sequence, country of origin of the isolated, year of the
isolation and known characteristics of the pig host
Accession Number
 Clade
 Country
 Year
 Health status
DQ141322
 1A
 Shandong, China
 2005
 Unknown

DQ104422
 1A
 China
 2005
 Unknown

DQ104420*
 1A
 China
 2005
 Unknown

AY188355
 1A
 Zhejiang, China
 2005
 Unknown

AY969004
 1A
 Henan, China
 2005
 Unknown

DQ017036
 1A
 Guangzhou, China
 2005
 Unknown

AY849938
 1A
 Changsha, China
 2005
 Unknown

AY916791
 1A
 Guangzhou, China
 2005
 Unknown

AY484416
 1A
 Netherlands
 2004
 PMWS

AY484415
 1A
 Netherlands
 2004
 PMWS

AY484414
 1A
 Netherlands
 2004
 PMWS

AY484413
 1A
 Netherlands
 2004
 PMWS

AY484412
 1A
 Netherlands
 2004
 Healthy

AY484411
 1A
 Netherlands
 2004
 Healthy

AY484409
 1A
 Netherlands
 2004
 Healthy

AY484408
 1A
 Netherlands
 2004
 Healthy

AY682997*
 1A
 Guangzhou, China
 2004
 Unknown

AY682993
 1A
 Dongguan, China
 2004
 Unknown

AY682990
 1A
 Boluo, China
 2004
 Unknown

AY732494
 1A
 Jiangxi, China
 2004
 Unknown

AY691679
 1A
 China
 2004
 Unknown

AY686764
 1A
 Zhejiang, China
 2004
 Unknown

AY686762
 1A
 Jiangxi, China
 2004
 Unknown

AY651850
 1A
 Zhejiang, China
 2004
 PMWS

AY641542
 1A
 China
 2004
 PMWS

AY604430
 1A
 China
 2004
 Unknown

AY613854
 1A
 Guangdong, China
 2004
 PMWS

AY596823
 1A
 Guangzhou, China
 2004
 PMWS

AY596822*
 1A
 Guangzhou, China
 2004
 PMWS

AY578327*
 1A
 China
 2004
 PMWS
(continued on next page)
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AY579893
 1A
 China
 2004
 PMWS

AY536756
 1A
 Zhejiang, China
 2004
 PMWS

AY536755
 1A
 Zhejiang, China
 2004
 PMWS

AY322003
 1A
 France
 2004
 Healthy

AY322002
 1A
 France
 2004
 Healthy

AY322001
 1A
 France
 2004
 Healthy

AY322000
 1A
 France
 2004
 PMWS

AY321999
 1A
 France
 2004
 PMWS

AY321998
 1A
 France
 2004
 Unknown

AY321997
 1A
 France
 2004
 PMWS

AY321996
 1A
 France
 2004
 Unknown

AY321995
 1A
 France
 2004
 PMWS

AY321994
 1A
 France
 2004
 Healthy

AY321993
 1A
 France
 2004
 Healthy

AY321992
 1A
 France
 2004
 Healthy

AY321991
 1A
 France
 2004
 PMWS

AY321990
 1A
 France
 2004
 PMWS

AY321989
 1A
 France
 2004
 PMWS

AY321988
 1A
 France
 2004
 PMWS

AY321987
 1A
 France
 2004
 Healthy

AY321986
 1A
 France
 2004
 PMWS

AY321985
 1A
 France
 2004
 Unknown

AY321984
 1A
 France
 2004
 PMWS

AY321983
 1A
 France
 2004
 Healthy

AY321982
 1A
 France
 2004
 Healthy

AY424405
 1A
 Austria
 2003
 Unknown

AY424404
 1A
 Austria
 2003
 Unknown

AY391729
 1A
 Zhejiang, China
 2003
 PMWS

AY256460
 1A
 Hungary
 2003
 PDNS

AY256457
 1A
 Hungary
 2003
 PMWS

AY291318*
 1A
 Shang Hai, China
 2003
 PMWS

AY291316
 1A
 Qing Dao, China
 2003
 PMWS

AY217743
 1A
 Zhejiang, China
 2003
 Unknown

AY181945
 1A
 Tianjin, China
 2003
 PMWS

AY177626
 1A
 Guangdong, China
 2003
 PMWS

AF201897
 1A
 Netherlands
 2000
 PMWS

AF538325
 1A
 China
 2003
 Unknown

AY288134
 1A
 China
 2003
 Unknown

AY288133
 1A
 China
 2003
 Unknown

AY122275
 1A
 China
 2002
 Unknown

AF201311
 1A
 France
 2000
 PMWS

AY847748*
 1B
 Beijing, China
 2005
 PMWS

AY484407
 1B
 Netherlands
 2004
 Healthy

AY682995
 1B
 Qingyuan, China
 2004
 Unknown

AY682992
 1B
 Conghua, China
 2004
 Unknown

AY691169
 1B
 China
 2004
 PMWS

AY678532
 1B
 Zhejiang, China
 2004
 PMWS

AY556475
 1B
 Guangxi, China
 2004
 PMWS

DQ151643*
 1C
 China
 2005
 Unknown

AY713470
 1C
 Germany
 2005
 Healthy

AY943819
 1C
 Yongzhou, China
 2005
 Unknown

AY484410
 1C
 Netherlands
 2004
 Healthy

AY682996
 1C
 Shantou, China
 2004
 Unknown

AY682994
 1C
 Guangzhou, China
 2004
 Unknown

AY682991
 1C
 Conghua, China
 2004
 Unknown

AY686765
 1C
 Jiangxi, China
 2004
 Unknown

AY686763
 1C
 Shanghai, China
 2004
 Unknown

AY556477
 1C
 Hunan, China
 2004
 PMWS

AY556476
 1C
 Hainan, China
 2004
 PMWS

AY556473
 1C
 Shandong, China
 2004
 PMWS

AY510375
 1C
 Zhejiang, China
 2004
 PMWS

AY291317
 1C
 Hu Bei, China
 2003
 PMWS

AY181947
 1C
 Shandong, China
 2003
 PMWS

AY181946
 1C
 Tianjin, China
 2003
 PMWS
AY035820
 1C
 China
 2001
 PMWS

AY556474
 2
 Fujian, China
 2004
 PMWS

AY146992*
 2
 Taiwan
 2002
 Unknown

AF201307
 2
 Germany
 2000
 PMWS

AB072302
 2A
 Japan
 2001
 PMWS

AF109398
 2A
 Canada
 2000
 Unknown

AF117753
 2A
 Canada
 2000
 Unknown

AY180397
 2B
 Taiwan
 2003
 Unknown

AY180396
 2B
 Taiwan
 2003
 Unknown

AY146993
 2B
 Taiwan
 2002
 Unknown

AY146991
 2B
 Taiwan
 2002
 Unknown

AF364094*
 2B
 Taiwan
 2001
 Unknown

AY256459
 2C
 Hungary
 2003
 PMWS

AY256455
 2C
 Hungary
 2003
 PDNS

AF201310
 2C
 Spain
 2000
 PMWS

AF201309
 2C
 Spain
 2000
 PMWS

AF201308
 2C
 Spain
 2000
 PMWS

AY322004
 2D
 France
 2004
 Healthy

NC005148
 2D
 Austria
 2003
 Unknown

AY424403
 2D
 Austria
 2003
 Unknown

AY424402
 2D
 Austria
 2003
 Unknown

AY424401
 2D
 Austria
 2003
 Unknown

AY256458
 2D
 Hungary
 2003
 PMWS

AY256456
 2D
 Hungary
 2003
 PMWS

AY288135
 2D
 China
 2003
 Unknown

AF381176
 2D
 China
 2001
 Unknown

AF109399
 2D
 Canada
 2000
 Unknown

AF264043
 2D
 USA
 2000
 PMWS

AF201305
 2D
 Germany
 2000
 PMWS

AF201306
 2D
 Germany
 2000
 PMWS

DQ104423
 2E
 China
 2005
 Unknown

DQ104421
 2E
 China
 2005
 Unknown

DQ104419*
 2E
 China
 2005
 Unknown

AY699793
 2E
 USA
 2004
 Unknown

AY325495
 2E
 South Africa
 2003
 PMWS

AY094619
 2E
 USA
 2003
 Unknown

AY181948
 2E
 Censen, China
 2003
 PMWS

AF465211
 2E
 Taiwan
 2002
 Unknown

AF544024
 2E
 Korea
 2002
 Unknown

AF520783
 2E
 South Korea
 2002
 PDNS

AF454546
 2E
 South Korea
 2002
 Unknown

AB072303
 2E
 Japan
 2001
 PMWS

AB072301
 2E
 Japan
 2001
 PMWS

AF408635
 2E
 Canada
 2001
 PMWS

AF381177
 2E
 China
 2001
 Unknown

AF381175
 2E
 China
 2001
 Unknown

AF112862*
 2E
 Canada
 2000
 Unknown

AF118097
 2E
 Canada
 2000
 PMWS

AF118095
 2E
 Canada
 2000
 PMWS

AF264042
 2E
 USA
 2000
 PMWS

AF264041
 2E
 USA
 2000
 PMWS

AF264040
 2E
 USA
 2000
 PMWS

AF264039
 2E
 Iowa, USA
 2000
 PMWS

AF264038
 2E
 Iowa, USA
 2000
 PMWS
⁎ Sequences removed in the recombination study.
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