
Link et al. Virol J           (2021) 18:70  
https://doi.org/10.1186/s12985-021-01541-z

RESEARCH

Discriminating the eight genotypes 
of the porcine circovirus type 2 
with TaqMan-based real-time PCR
Ellen Kathrin Link1, Matthias Eddicks2, Liangliang Nan1, Mathias Ritzmann2, Gerd Sutter1 and Robert Fux1*  

Abstract 

Background: The porcine circovirus type 2 (PCV2) is divided into eight genotypes including the previously described 
genotypes PCV2a to PCV2f and the two new genotypes PCV2g and PCV2h. PCV2 genotyping has become an impor-
tant task in molecular epidemiology and to advance research on the prophylaxis and pathogenesis of PCV2 associ-
ated diseases. Standard genotyping of PCV2 is based on the sequencing of the viral genome or at least of the open 
reading frame 2. Although, the circovirus genome is small, classical sequencing is time consuming, expensive, less 
sensitive and less compatible with mass testing compared with modern real-time PCR assays. Here we report about a 
new PCV2 genotyping method using qPCR.

Methods: Based on the analysis of several hundred PCV2 full genome sequences, we identified PCV2 genotype 
specific sequences or single-nucleotide polymorphisms. We designed six TaqMan PCR assays that are specific for 
single genotypes PCV2a to PCV2f and two qPCRs targeting two genotypes simultaneously (PCV2g/PCV2d and PCV2h/
PCV2c). To improve specific binding of oligonucleotide primers and TaqMan probes, we used locked nucleic acid 
technology. We evaluated amplification efficiency, diagnostic sensitivity and tested assay specificity for the respective 
genotypes.

Results: All eight PCV2 genotype specific qPCRs demonstrated appropriate amplification efficiencies between 91 
and 97%. Testing samples from an epidemiological field study demonstrated a diagnostic sensitivity of the respective 
genotype specific qPCR that was comparable to a highly sensitive pan-PCV2 qPCR system. Genotype specificity of 
most qPCRs was excellent. Limited unspecific signals were obtained when a high viral load of PCV2b was tested with 
qPCRs targeting PCV2d or PCV2g. The same was true for the PCV2a specific qPCR when high copy numbers of PCV2d 
were tested. The qPCR targeting PCV2h/PCV2c showed some minor cross-reaction with PCV2d, PCV2f and PCV2g.

Conclusion: Genotyping of PCV2 is important for routine diagnosis as well as for epidemiological studies. The intro-
duced genotyping qPCR system is ideal for mass testing and should be a valuable complement to PCV2 sequencing, 
especially in the case of simultaneous infections with multiple PCV2 genotypes, subclinically infected animals or 
research studies that require large sample numbers.
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Background
One of the interesting features of the porcine circovi-
rus type 2 (PCV2), a member of the family Circoviridae 
within the realm Monodnaviria, is the high nucleotide 
substitution rate, which leads to an evolutionary dynamic 
that is comparable to that of RNA viruses and lesser to 

Open Access

*Correspondence:  robert.fux@lmu.de
1 Division of Virology, Department of Veterinary Sciences, LMU Munich, 
Veterinärstrasse 13, 80539 Munich, Germany
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-1149-1613
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12985-021-01541-z&domain=pdf


Page 2 of 12Link et al. Virol J           (2021) 18:70 

that of double stranded DNA viruses [1]. Recent studies, 
analyzing appropriate big data sets, estimated the rate 
at 1.4 ×  10–3 to 7.8 ×  10–4 substitutions per site per year 
[2], with a higher rate for the genotype PCV2a compared 
to PCV2b and PCV2d, and a slightly higher rate for the 
open reading frame 2 (ORF2; capsid protein gene) com-
pared to ORF1 (replicase protein gene) [3]. Although 
PCV2 has a very small genome (1767–1777 bp), the high 
evolutionary rate is the cause of a great abundance of 
PCV2 variants in the field. Therefore, the precise classi-
fication of strains within the species PCV2 has been the 
source for controversial discussions. Recently, Franzo and 
Segales proposed a new genotyping methodology based 
on a phylogeny-grounded genotype definition includ-
ing three requirements: (1) a maximum intra-genotype 
p-distance of the ORF2 sequence of 13%, (2) a bootstrap 
support at the corresponding internal node > 70% and 
(3) at least fifteen available sequences. This classification 
scheme allowed the definition of eight PCV2 genotypes, 
including the previously described genotypes PCV2a to 
PCV2f and the two new genotypes PCV2g and PCV2h 
[4] (see Table 1).

Up to now, the earliest proof of PCV2 in swine was 
reported from a German sample from 1962 [5]. In this 
specimen, PCV2 detection was positive using DNA 
in  situ hybridization and PCR. However, since only a 
66 bp sequence of ORF1 (GenBank EU158775) is avail-
able in this case, the genotype cannot be specified. 
One can speculate whether this is the first evidence of 
PCV2a, as it is believed that this genotype is the first 
to circulate in the pig population worldwide and has 
been linked to the onset of the postweaning multisys-
temic wasting syndrome (PMWS) [6–9]. In the first 
period, PCV2a was the most prevalent PCV2 geno-
type in clinically affected pigs. This changed with the 
rise of a second cluster of PCV2 variants, eventually 
called PCV2b [10]. Initially in Europe, later in North 
America, an increased incidence of PCV2 associated 
diseases (PCVD) was observed in the early 2000s, this 

time caused by the genotype PCV2b, which replaced 
PCV2a as the dominant virus variant in PCVD out-
breaks [8, 11–13]. This change is commonly known as 
“PCV2 genotype shift”. For several years PCV2b domi-
nated the world as causative agent of PCVD [3, 14–16] 
and caused severe economic losses. In 2008, Dupont 
and colleagues published a retrospective study of 
PCV2 isolates from Danish archives. Within this col-
lection, three genome sequences obtained from sam-
ples collected in 1980, 1987 and 1990 did not cluster 
with known PCV2a or 2b strains, but were assigned 
to a new branch of the PCV2 phylogenetic tree, later 
referred to as genotype PCV2c [8]. Interestingly, after 
their discovery, PCV2c strains were not detected in 
swine populations worldwide for a long period. More 
recently, PCV2c was detected in feral pigs in the Brazil-
ian Pantanal [17] and a Chinese group reported poten-
tial recombinants between PCV2b and PCV2c strains 
[18]. However, for global swine industry PCV2c is still 
of minor interest today. In contrast, genotype PCV2d 
is a challenge and a serious economic problem in pig 
production systems all over the world. It has become 
the most prevalent PCV2 genotype (“second genotype 
shift”), at least in clinically affected animals. About a 
decade ago, Guo and colleagues reported an emerging 
“mutant” PCV2 (strain BDH, HM038017) character-
ized by a mutation in the stop codon of ORF2 resulting 
in a capsid protein of 234 amino acid (aa) and which 
showed higher levels of virulence compared to classi-
cal PCV2a or 2b strains [19, 20]. Remarkably, other 
groups could not confirm a particular virulence of this 
virus variant [21]. However, BDH-like viruses spread 
quickly to North America [22], Europe [23] and the 
rest of the world [24]. In the phylogenetic tree of PCV2, 
these viruses formed a separate cluster together with 
virus strains originally described by Olvera and col-
leagues as subgroup 1C (= PCV2b, subgroup 1C) [13]. 
Therefore, different names were used for this group for 
some time (mutant PCV2, mPCV2b, PCV2b-1C), but 

Table 1 Typical features of PCV2 genotypes

a Historical samples

Genotype Full genome ORF2 Occurrence

PCV2a 1768 bp 702 bp/233 aa worldwide

PCV2b 1767 bp 702 bp/233 aa worldwide

PCV2c 1767 bp 705 bp/234 aa Brazil, China?,  Denmarka

PCV2d 1767 bp 705 bp/234 aa worldwide

PCV2e 1777 bp 717 bp/238 aa China, Japan, Mexico, USA

PCV2f 1767 bp 705 bp/234 aa Asia (China, India, Indonesia), Brazil, Croatia

PCV2g 1767 bp or 1768 bp 702 bp/233 aa or 705 bp/234 aa Asia, Europe (Germany, Romania, Ukraine)

PCV2h 1767 bp 705 bp/234aa Asia (China, India, Indonesia, Thailand, Viet Nam)
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eventually this cluster was accepted as the genotype 
PCV2d [2]. Although the PCV2d reference strain BDH 
was isolated in 2008 [19], the oldest published PCV2d 
sequence (AY484410) was obtained from a Dutch study 
carried out in 2001/2002 [25]. Furthermore, Xiao and 
colleagues demonstrated a significant heterogene-
ity within the genotype PCV2d and subdivided it into 
the major clades PCV2d-1 (containing mainly “old” 
sequences, obtained before 2008) and PCV2d-2 (BDH-
like strains) [24]. This classification scheme was used in 
several other studies [2, 26, 27] until the new genotyp-
ing methodology [4] transferred most of the PCV2d-1 
strains into the new genotype PCV2g. Interestingly, 
some of the former PCV2d-1 members (e.g. AY484410 
or AY181946) remained within in the “new” genotype 
2d. Remarkably, most PCV2g strains have been iso-
lated from wild boars. In 2016, Davies and colleagues 
reported a unique new cluster of PCV2 strains, col-
lected in North America from 2006 to 2015. These 
viruses were characterized by a larger genome size due 
to an insertion at the 3′ end of ORF2, causing a 238 aa 
capsid protein (see Table 1). This cluster, named geno-
type PCV2e, showed the highest distance to all other 
PCV2 genotypes, and it was hypothesized that it might 
be a kind of PCV2 ancestor [28]. Meanwhile, PCV2e 
strains have also been detected in China [29] and Japan 
(GenBank number LC278353). Bao and colleagues 
introduced genotype PCV2f in 2018, containing mainly 
strains from China, India and Indonesia [30]. Two iso-
lates that are an exception were reported from a wild 
boar in Croatia (HQ591381) and feral pigs in Brazil 
(KJ094600), originally described as PCV2a [17]. The lat-
ter is showing a comparative big distance to the other 
PCV2f members. As described above, genotype PCV2g 
includes strains previously described as PCV2d-1, hav-
ing a capsid protein of 234 aa. However, the analysis of 
Franzo and Segales [4] shows that this group also con-
tains PCV2 sequences with a 233 aa ORF2 product and 
a total length of 1768  bp, which is typical for PCV2a 
strains. This might explain, why some of these strains 
were described as “inter-genotype” recombinants 
before [31]. One of the oldest members of this new gen-
otype, sequence AY713470, is a good example of how 
complex correct genotyping of PCV2 strains can be. 
This strain originated from a German wild boar, which 
was hunted in the winter of 2003/04. The longer capsid 
protein (234 aa) and the full genome length of 1767 bp 
of the virus were explained by a one nucleotide dele-
tion at the end of ORF2 of a PCV2a virus [32]. In 2007, 
Olvera and colleagues classified this virus as a member 
of group 1C [13], and after the proposal of Segales and 
colleagues for PCV2 genotype definition and nomen-
clature [10] it was reclassified as PCV2b. Three years 

later it was integrated into a putative new genotype 
PCV2d [19], but alternative names (e.g. PCV2b-1C, 
mPCV2b) were still used [22, 23, 33] until the revision 
of PCV2 genotyping by Franzo and colleagues in 2015, 
which exemplified the classification to genotype PCV2d 
[2]. In the same year Xiao and colleagues introduced 
the virus as one of the PCV2d-1 reference strains [24], 
until recently it became one of the reference strains for 
genotype PCV2g [4]. Simultaneously with PCV2g, the 
new genotype PCV2h was documented. Up to now, 
only PCV2 sequences from Asia belong to this group 
[4]. Some of these strains were previously described as 
recombinant viruses or as “intermediate” strains [24, 
34, 35].

From the beginning, scientists around the world tried 
to correlate different phylogenetic clusters or genotypes 
of PCV2 with characteristics such as virulence or clini-
cal manifestation [8, 13, 36]. Although virulence-contrib-
uting features of the PCV2 genome or proteome are still 
poorly understood, correct PCV2 genotyping has become 
an important task, not only for answering scientific ques-
tions, but also in routine diagnostic work. Molecular 
epidemiology, the detection of emerging genotypes, trac-
ing PCV2 spreading by international and national trade, 
the investigation of viral evolution and the evaluation of 
vaccine effectiveness and cross protection are only a few 
points, which illustrate the importance of correct PCV2 
genotyping [2, 3, 37, 38]. Because of its small, circular 
genome, full genome sequencing of PCV2 is compara-
tively easy. Several protocols to amplify and sequence 
overlapping genome fragments have been published [8, 
12, 25, 39]. In general, samples from animals with PCVD 
can be targeted this way because of the high viral load 
in these specimens. Receiving high quality sequencing 
results from subclinically infected pigs is more challeng-
ing. Several attempts to increase sensitivity by nested 
PCR or unspecific amplification of the circular DNA 
of circoviruses by rolling circling amplification (RCA) 
before PCR have been published [14, 40]. However, real-
time PCR is a valuable option for faster, cheaper, more 
sensitive and more mass compatible genotyping in rou-
tine diagnostics. Two multiplex TaqMan-based qPCR 
assays for the differentiation of PCV2a and PCV2b were 
published already a decade ago [41, 42]. With the rise of 
PCV2d as new dominant genotype, these assays lost their 
importance, especially, as in one of the assays, cross reac-
tion of the PCV2b specific TaqMan probe with PCV2d 
strains was observed [22].

In order to support the recently described new clas-
sification scheme [4] and to enable a fast and sensitive 
determination of the PCV2 genotypes, we here report the 
development and evaluation of PCV2 genotype specific 
TaqMan-PCR assays, covering all eight PCV2 genotypes.
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Methods
Identification of PCV2 genotype specific nucleotide 
sequences and design of oligonucleotide primers 
and TaqMan probes
Reference genomes for the eight PCV2 genotypes were 
selected according the analysis of Franzo and Segales 
[4] (Fig.  1). For PCV2c, PCV2e, PCV2f and PCV2g all 
availlable full genome sequences were analysed, and sup-
plemented by available ORF2 sequences, if necessary to 
cover the heterogeneity within a genotype. Due to the 
large number of availlable sequences for PCV2a, PCV2b, 
PCV2d and PCV2h, we selected up to 100 sequences per 
genotype, representing the full diversity of each group 
(e.g. all PCV2a subtypes, according to [13].

After alignment of the sequences using DNASTAR 
software, we evaluated consensus sequences or SNPs 
(single nucleotide polymorphism) specific for PCV2 
genotypes, respectively. When possible, oligonucleotide 
primer and TaqMan probes were designed to be spe-
cific for only one genotype. However, some primers or 
probes were used in several PCR assays. In some cases 
we designed more primers for one genotype to cover 
the heterogeneity within one genotype and to avoid the 
use of too many degenerate bases. Additionaly, we used 
locked nucleic acid (LNA) technology to increase the 
specific binding of oligonucleotides. Overall, we designed 
eight singleplex TaqMan-PCRs, six (PCR A-F) specific 
for only one genotype (PCV2a-PCV2f) and two assays 
(PCR G and H) detecting two genotypes (PCV2g/PCV2d 
and PCV2h/PCVc) simultaneously (Figs.  2, 3, Tables  2, 
3). All primers and TaqMan probes (inluding LNA modi-
fied oligonucleotides) were obtained from Merck (Sigma-
Aldrich Chemie GmbH, Germany).

PCV2 genotype specific TaqMan PCR assays
For real-time PCR we used the Luna Universal Probe 
qPCR (New England BioLabs). 10 µl of the master mix, 
4.4 µl RNase free water, 1.6 µl genotype specific primer–
probe mix (Table  3) and 4  µl DNA template yielded a 
final volume of 20 µl per reaction. The thermal profile of 
the PCR was: 95 °C for 1 min, and 40 cycles of 95 °C for 
15 s, 59 °C for 20 s and 68 °C for 20 s. We used the Ari-
aMx real-time PCR system (Agilent) and the correspond-
ing Aria 1.7 software to perform and analyze the qPCRs. 
Experiments with serial dilutions of the templates were 
repeated in two independent runs.

PCV2 genotype specific DNA for testing PCR efficiency 
and specificity
To evaluate the eight PCV2 genotype specific qPCRs, 
we used reference or consensus sequences of each PCV2 
genotype as target. PCV2a (GenBank MW262923), 

PCV2b (MW262924) and PCV2d (KP698398) full 
genome sequences were obtained from isolated virus 
strains originally obtained from German diagnostic sam-
ples in 2013 and 2014, and regularly passaged on PK15 
cells. Because virus strains of the other genotypes were 
not available, we used synthesized DNA covering the tar-
get regions with the sequences of the following reference 
strains: PCV2c: EU148503, PCV2e: KT870146, PCV2f: 
MF278779, PCV2g: HQ202972 and PCV2h: KJ729074. 
Log10 dilutions of the templates were tested in dupli-
cates, respectively. Amplification efficiency was calcu-
lated the following: E = − 1 +  10(−1/slope) [43].

Testing of diagnostic sensitivity
To estimate the diagnostic sensitivity of the PCV2a and 
PCV2d specific genotype qPCRs, we used oral fluid sam-
ples obtained from mainly subclinically infected pigs as 
part of an epidemiological study (approved by the ethic 
committee of the Centre for Clinical Veterinary Medi-
cine, LMU Munich, approval number 191-05-11-2019) 
performed in Germany in 2019 (manuscript in prepara-
tion). Samples containing only one PCV2 genotype (22 
PCV2a; 34 PCV2d) were tested with a recently described 
pan-PCV2 qPCR serving as standard assay for detection 
and quantification of PCV2 [37, 44, 45], and the genotype 
specific qPCRs, respectively.

Results
Design of PCV2 genotype specific oligonucleotide primers 
and TaqMan probes
In order to enable genotype specific detection using 
qPCR, suitable target regions in the PCV2 genome had 
to be identified that have a high inter-genotype variety 
and a high degree intra-genotype conservation. Moreo-
ver, these regions had to cumulate closely together, to 
allow fast and efficient amplification with PCR. There-
fore, the designed oligonucleotides (excluding PCR 
F) targeted only binding sites within ORF2 (Fig.  2). 
Nucleotide position 1219–1243 (refering to PCV2a 
full genome) was used as binding site for the forward 
primers (excluding PCR F), because it was recently 
described that genotype PCV2d significantly differs 
from PCV2a and PCV2b in this region [23]. The same 
was observed for PCV2e and PCV2g. The binding sites 
of the TaqMan probes were between nucleotide 1460–
1482, a region that was already targeted by the duplex 
qPCR described by Opriessnig and colleagues [42]. The 
reverse primers were targeting a region between nucle-
otide 1492–1567, in order to complete genotype spe-
cific forward pimers/TaqMan probes (PCRs A, B, G and 
H) or to add another genotype specific element (PCRs 
C, D and E). The size of the amplified PCR products 
varied between 291  bp (PCR E) and 337  bp (PCR C). 
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Fig. 1 Phylogenetic analysis of PCV2 based on the complete genome of selected PCV2 strains representing the heterogeneity of the eight PCV2 
genotypes. The tree was constructed using the neighbour joining method (P-distance model; 1000 bootstraps). The scale bar indicates nucleotide 
substitutions per site. Underlined reference sequences were used for the evaluation of the PCV2 genotype specific qPCR assays
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Because we were not able to design a sensitive and spe-
cific qPCR for genotype PCV2f at this location of the 
PCV2 genome, we used distinguishing sequences at the 
C-terminal end of ORF2, alternatively. Here, a PCV2f 
specific fragment of 97 bp was amplified.

Efficiency of the PCV2 genotype specific qPCRs
We tested log10 dilution series of PCV2 genotype spe-
cific templates in duplicates to evaluate the amplification 
efficiency of the eight qPCR assays. All qPCRs demon-
strated sufficient efficiency > 90%, however, significant 
differences were observed. PCR E, F and H performed 
best with mean efficiency values > 97%, followed by PCR 
B, C, G (93–96%) and PCR A and D (91–92%).

Diagnostic sensitivity of the PCV2 genotype specific qPCRs
The idea behind our qPCR system was to simplify PCV2 
genotyping and not to use these assays for primary PCV2 
diagnostics or quantification of viral loads. Nevertheless, 
a high diagnostic sensitivity of the qPCRs is required, 
to be a useful tool for investigation of samples with low 
virus loads, e.g. from subclinically infected animals. 
Therefore, we compared PCR A and D, which demon-
strated lowest efficiency values, with our standard pan-
PCV2 qPCR (Fig.  4). We use the latter (estimated limit 
of detection: 10–20 genome copies per reaction) for diag-
nostics as well as for epidemiological studies to detect 
and quantify PCV2 positive samples. For this purpose, 
we used oral fluid samples from German farms contain-
ing different amounts of PCV2a (22 samples; Cq values of 
the pan-PCV2 qPCR 23.8 to 37.9) or PCV2d (34 samples, 
Cq values 21.3 to 38.7), respectively. On average, Cq val-
ues in PCR A were 1.2 higher compared to the pan-PCV2 
qPCR, with a maximum deviation of 3.1, whereas PCR D 
resulted 0.4 lower Cq values.

Specificity of the PCV2 genotype qPCRs
To evaluate the specificity of PCR A-H, we tested dilution 
series (in a clinically relevant range, starting with Cq val-
ues of 10–12) of all genotype templates with every PCR 
system (Fig. 5). qPCRs B, C, E and F (detecting the corre-
sponding PCV2 genotype) showed no unspecific signals, 

Table 2 Oligonucleotide primers and TaqMan probes used for 
specific detection of PCV2 genotypes

Bold and underlined: nucleotide with LNA modification

Primer/probe Sequence 5′–3′ Length

PCV2a_V1-F ATC AAT AGT GGA RTC RAG AAC AG 23

PCV2a_V2-F ATC AAT RGT GGA ATC AAG GAC 21

PCV2a-R CGG TGG ACA TGM TGA GAT 18

PCV2b-F TCA ATA GTG GAA TCT AGG ACA GG 23

PCV2b-R CGG TKG ACA TGM TGA GAT T 19

PCV2c-R GTT AAT GCC TCA CAG GTC T 19

PCV2d-F AAT CGA TTG TCC YAT CAA G 19

PCV2d-R AAC GCC CTC CTG GAA T 16

PCV2e-F AAT CGA TTA TCC TAT CAA GGA CA 23

PCV2e-R TTG GAG ATT TCC TCC CAC 18

PCV2f-F TTT CTC ACT TTG TGT TAA GAG 21

PCV2f-R GTA AAT ACG ACC AGG ACT ACA 21

PCV2g_V1-F CGA TTG TCC TGT CAA GGA C 19

PCV2g_V2-F ATC GAT TGT CCT ATC AAG GA 20

PCV2h_V1-F AAT CAA TAG TGG AAT CAA GAA CAG 24

PCV2h_V2-F ATC GAT AGT GGA ATC AAG AAC AG 23

Probe PCV2a FAM- GGT ATA GAG ATT TTG TTG GTC C -BHQ1 22

Probe PCV2b FAM- ACA GAG CGG GGG TTT GA -BHQ1 17

Probe PCV2cgh FAM- CAC AGT GAG GGG GTT TGA G -BHQ1 19

Probe PCV2d FAM- ACA GTG AGG GGG TTT GA -BHQ1 17

Probe PCV2e FAM- GGG TAC AGA GAG GGG GTT TGT T 
-BHQ1

22

Probe PCV2f FAM- CTA AAT TGT ACA TAA ACG GTT ATA C 
-BHQ1

25

Fig. 2 Position of the oligonucleotide primers and TaqMan probes of the eight genotype specific qPCR assays (A-H), relative to the PCV2a genome 
(upper scale) and ORF2. Primers of PCR A were used in PCR C, G and H, too. For PCR C, G and H the identical TaqMan probe was used
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when DNA sequences of other genotypes were used as 
template. qPCR A (target PCV2a) showed amplification 
curves, when high concentrations of the PCV2d template 
were tested. Here, mean Cq values of 33.5 (undiluted 
PCV2d template, which resulted Cq 11.4 in the PCV2d-
specific qPCR) and 37.1 (1:10 dilution of the PCV2d 
template, which resulted Cq 14.5 in the PCV2d-specific 
qPCR) were obtained. That means the difference between 
the nonspecific (PCR A) and the specific (PCV D) signal 
was more than 20 Cq values. Likewise, qPCR D (target 
PCV2d) and PCR G (target PCV2d and PCV2g) showed 
weak unspecific signals when high amounts of PCV2b 

template were tested. qPCR H (targeting genotypes 
PCV2h and PCV2c) demonstrated limited cross reac-
tions with template PCV2d, PCV2f and PCV2g. How-
ever, in all these cases the distances between specific and 
unspecific signals were between 17.3 and 21.2 Cq values.

Discussion
Because of the considerable increase in the num-
ber of available genome sequences worldwide and 
the high mutation and recombination rate of PCV2, 
regular revision of existing intra-species classification 
schemes is important. Recently, a new PCV2 genotyping 

Fig. 3 Binding sites of oligonucleotide primers and TaqMan probes. Consensus sequences of the PCV2 genotypes (with indicated position in the 
full genome) show the binding position of the used oligonucleotide primer or probes (bold and underlined). Letters in red demonstrate motifs 
discriminating the PCV2 genotypes

Fig. 4 Comparison of PCV2a (left panel) and PCV2d (right panel) genotype specific qPCR with our standard pan-PCV2 qPCR. Shown are the Cq 
values of diagnostic samples (oral fluids) from pigs infected with PCV2a or PCV2d, respectively
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methodology based on the capsid protein gene (ORF2) 
divided the heterogeneous population of PCV2 strains 
into eight genotypes (PCV2a to PCV2h) [4]. However, in 
order for this knowledge to be properly used in the sci-
entific and veterinary community, feasible genotyping 

methods must be available. These have to account for 
complex or theoretical studies (e.g. epidemiological stud-
ies on associated diseases or vaccine mediated cross 
protection) but also practical issues (like routine testing 
in diagnostic settings) [2]. Therefore, rapid and reliable 

Fig. 5 Standard curves of PCV2 genotype specific PCR assays (A-H) based on serial log10 dilutions of genotype specific DNA template. Mean Cq 
values of two independent experiments

Table 3 Composition and specificity of the primer–probe (PP) mixes

PP Components (concentration in PCR mix) Specificity

A PCV2a_V1-F (400 nM) + PCV2a_V2-F (400 nM) + PCV2a-R (800 nM) + probe PCV2a (200 nM) PCV2a

B PCV2b-F (800 nM) + PCV2b-R (800 nM) + probe PCV2b (200 nM) PCV2b

C PCV2a_V2-F (800 nM) + PCV2c-R (800 nM) + probe PCV2cgh (200 nM) PCV2c

D PCV2d-F (800 nM) + PCV2d-R (800 nM) + probe PCV2d (200 nM) PCV2d

E PCV2e-F (800 nM) + PCV2e-R (800 nM) + probe PCV2e (200 nM) PCV2e

F PCV2f-F (800 nM) + PCV2f-R (800 nM) + probe PCV2f (200 nM) PCV2f

G PCV2g_V1-F (400 nM) + PCV2g_V2-F (400 nM) + PCV2a-R (800 nM) + probe PCV2cgh (200 nM) PCV2g/2d

H PCV2h_V1-F (400 nM) + PCV2h_V2-F (400 nM) + PCV2a-R (800 nM) + probe PCV2cgh (200 nM) PCV2h/2c
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implementation and practicability are important features 
of a new test system. For routine diagnostics, a typical 
workflow for PCV2 genotyping includes PCV2 detection 
using qPCR, amplification of larger genome fragments, 
control and clean-up of the PCR products, sequencing 
and annotation of sequencing results, and phylogenetic 
analysis using reference genomes and suitable software 
programs. For single samples of good quality and experi-
enced operators, this approach is quite feasible. However, 
limitations of that workflow become evident, in cases of 
large epidemiological studies with high sample numbers, 
low quality samples or specimens with low virus load, e.g. 
subclinical PCV2 infections. Here, additional work time 
(and costs) for nested PCRs or pre-amplification of cir-
covirus genomes (e.g. using RCA) have to be spend to 
increase sensitivity [14, 40]. The versatile advantages of 
real-time PCR technology in virology and diagnostics are 
well established [46–49]. A most significant improvement 
is the rapidity with which qPCR can produce results. 
This advantage was utilized by various groups for geno-
typing of several virus species [50–53], including PCV2 
[41, 42]. Many of these assays use primers able to bind 
at conserved regions of the viral genome in combination 
with probes (labeled with different fluorophores), specific 
for genotype discriminating sequences. Moreover, this 
approach allows multiplex PCR. However, concerning the 
increasing number of PCV2 genotypes, the heterogeneity 
within some of the PCV2 genotypes (e.g. PCV2a) and the 
wide distribution of genotype specific sequence pattern 
or SNPs within ORF2, we were not able to design such 
an assay. To grant high specificity and sensitivity of the 
method, we designed eight singleplex qPCRs, specific for 
one (PCR A-F) or two (PCR G and H) PCV2 genotypes. 
For example, PCR G detects genotype PCV2g as well as 
PCV2d. Both genotypes share similar sequence features, 
which is why many members of genotype PCV2g were 
denominated as PCV2d-1 in older classification schemes. 
To ensure the high sensitivity of the qPCR, we did not 
enhance the specificity for PCV2g, but designed a sec-
ond qPCR (PCR D) specific only for PCV2d in order to 
rule out PCV2g infection. Since PCV2g is of minor inter-
est for swine industry worldwide, this is a very practical 
approach. Overall, this allows for efficient combination of 
PCR tests, regarding to the diagnostic task and the epi-
demiological background. In German swine industry, for 
example, the genotypes PCV2a, 2b and 2d are prevalent 
in cases of PCVD [14, 23, 37]. Therefore, our workflow in 
clinical cases is the following: detection and quantifica-
tion of PCV2 with a pan-PCV2 reactive qPCR [44] and 
afterwards genotyping using PCR A, B and D. If Cq val-
ues of the pan-PCV2 qPCR correspond with the result 
of one of the genotype specific qPCRs, PCVD diagnosis 
is completed. If not (significantly lower Cq values in the 

pan-PCV2 qPCR), the remaining genotype specific PCRs 
will be applied. In this way, the introduction of a new 
PCV2 genotype can be easily detected. In other regions 
of the world, the setup might be adapted, e.g. in North 
America PCR E might become a part of the start setting 
or if European wild boars are tested, PCR G should be 
included.

Single unique primers or probes or the tactical combi-
nation of oligonucleotides generate the PCV2 genotype 
specificity of the several PCRs (Fig. 2, Table 3). In some 
cases, however, only a few genotype specific SNPs were 
available that we could use as targets for discriminating 
primers or probes. Therefore, we tried to enhance the 
relevance of these positions by using locked nucleic acid 
technology. A LNA monomer is a 2′-O,4′-C-methylene-
linked ribonucleotide with a locked C3′-endo sugar con-
formation, which significantly increases hybridization 
properties (e.g. melting temperature, duplex stability and 
specificity). Therefore, LNA is a versatile tool e.g. for SNP 
detection [54, 55]. Using this technology, we were able to 
design shorter oligonucleotides with enhanced affinity 
for the genotype specific sequences.

Nevertheless, in a limited number of the PCV2 geno-
type specific PCRs (especially PCR H) slightly unspecific 
signals were obtained, when a very high copy number 
of some non-targeted genotypes was tested. In severe 
cases of PCVD such high viral loads may appear in rou-
tine diagnostics, however, distances between specific and 
unspecific signals were about 20 Cq values (equivalent 
to about a one million-fold difference). In consequence, 
the operator must interpret such test results carefully 
in direct context with the results from the other qPCRs. 
For example in abortion samples with a Cq value of 15 
for PCV2d, a Cq value of 37 for PCV2a might just be 
ignored, as it might not be etiological for the clinical out-
come. Otherwise, in our experience, randomly collected 
samples for epidemiological PCV2 studies rarely dem-
onstrate viral loads to allow these unspecific signals to 
occur.

A major advantage of our genotyping system is the 
ability to easily detect multiple PCV2 genotypes within 
one sample. Coinfections of single animals with dif-
ferent PCV2 strains or genotypes and recombination 
events have been reported since the rise of PCV2 as rel-
evant pathogen [3, 36, 56–58]. In cases with comparable 
virus loads of the different virus strains, this may cause 
low quality sequencing results and cloning of the PCR 
products might be necessary in order to obtain read-
able sequences [57]. Due to own observations, mixed 
sequences of insufficient quality can sometimes be mis-
interpreted as recombinants or “new” virus variants. 
On the other hand, in samples with uneven virus loads 
of different genotypes, it is likely that only the dominant 
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virus is detected and sequenced probably, if standard 
procedures were used. This might significantly bias epi-
demiological studies about distribution of genotypes in 
the field.

We designed our PCR system as a kind of “second-
line” diagnostic tool for easy and specific genotyping and 
not for primary PCV2 diagnostics. For PCV2 detection 
(demanding a maximum in sensitivity) and quantifica-
tion of virus loads well-established pan-PCV2 qPCRs are 
available and continue to be useful. Therefore, we have 
refrained from determining the analytical sensitivity, 
the limit of detection or the limit of quantification of the 
eight PCV2 genotype specific PCRs. Instead, we choose 
a very practical approach to investigate the diagnos-
tic sensitivity of the PCR A and D, which demonstrated 
the lowest PCR efficiency in dilution experiments. We 
used oral fluid samples collected and processed within a 
highly standardized study about the occurrence of PCV2 
genotypes in Germany (manuscript in preparation) and 
compared results of the relevant PCV2 genotype spe-
cific PCRs with our recently described standard pan-
PCV2 qPCR (Fig.  4). Since no relevant differences were 
obtained and samples with low virus load and Cq values 
above 35 could be clearly assigned to genotype PCV2a 
or PCV2d, respectively, we concluded that the diagnos-
tic sensitivity of these PCV2 genotype specific qPCRs is 
sufficient to reliably identify PCV2 genotypes in samples 
from pigs with subclinical PCV2 infection.

In diagnostics, the robustness of a qPCR is an impor-
tant quality characteristic, too. Minor deviations in 
annealing temperature or time, in concentrations of 
primers or probes, in salt concentrations of the used 
PCR chemistry, or the use of different polymerases or 
real time PCR machines should not affect the outcome of 
the analysis. For the introduced genotyping PCR system, 
however, we must point out that even small changes in 
the setting can negatively affect specificity or sensitiv-
ity. For example, in pre-experiments (data not shown), 
we compared different qPCR kits of several suppliers. A 
higher level of unspecific signals was obtained when the 
Luna Universal Probe qPCR chemistry was not used. It 
might be speculated, if an adjustment of the annealing 
temperature would have resolved this problem. However, 
if annealing temperature was increased slightly from 59 
to 60 °C in our setting, efficiency and sensitivity of some 
of the assays decreased in an unacceptable manner (data 
not shown).

Olvera and colleagues demonstrated early that analy-
sis of ORF2 is sufficient to investigate phylogenetic rela-
tionships between PCV2 strains [13]. Therefore, also 
the updated PCV2 genotyping methodology by Franzo 
and Segales is based on ORF2 sequences [4]. In agree-
ment with these data, our genome analysis also revealed 

sequences located in ORF2 to be prime targets for geno-
typing with qPCR. However, analyzing only fragments or 
a single ORF of the viral genome always has the disad-
vantage, that e.g. recombination events could be missed. 
The dataset that was analyzed for the phylogeny-based 
genotype definition, obtained more than 4500 ORF2 
sequences. More than 99% of these were classified as 
members of one of the eight defined genotypes (PCV2a 
to PCV2h). However, some of the remaining sequences 
also formed phylogenetic clusters, but were not recog-
nized as new PCV2 genotypes due to the limited number 
of available sequences and to avoid the risk of defin-
ing poor quality sequences as separate genotypes [4]. 
We excluded those sequences from our analysis, too. 
Therefore, the ongoing evolution of these or other PCV2 
strains has to be monitored constantly. Our evaluation 
of the PCV2 genotype specific qPCRs used a limited 
number of sequences, which cannot cover the complete 
phylogenetic diversity of PCV2. Therefore, future adap-
tations of the described PCV2 genotyping PCR system 
might be necessary and the ongoing sequencing of PCV2 
strains and provision of this information in freely avail-
able databases remains of high importance. We would 
like to emphasize that we consider our PCV2 genotyping 
PCR system to be a valuable and helpful tool that com-
plements standard sequencing methods.

Conclusion
Genotyping of PCV2 is important for routine diagnosis 
as well as for scientific studies. Typically, sequencing of 
the full circovirus genome or at least the ORF2 sequence 
is needed for genotype assignment. Disadvantages of this 
method are the missing mass compatibility, limited speed 
and sensitivity. Therefore, we designed and evaluated a 
fast, sensitive and reliable genotyping system based on 
eight singleplex TaqMan real-time PCRs. This system 
might be a valuable complement to the classical sequenc-
ing methodology, especially in cases of simultaneous 
infections with multiple PCV2 genotypes, subclinically 
infected animals or epidemiological studies with large 
sample numbers.
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