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A competitive PCR (cPCR) assay was developed for monitoring porcine circovirus (PCV) DNA in serum
samples from piglets. The cPCR was based on competitive coamplification of a 502- or 506-bp region of the PCV
type 1 (PCV1) or PCV2 ORF2, respectively, with a known concentration of competitor DNA, which produced
a 761- or 765-bp fragment, respectively. The cPCR was validated by quantification of a known amount of PCV
wild-type plasmids. We also used this technique to determine PCV genome copy numbers in infected cells.
Furthermore, we measured PCV DNA loads in clinical samples. More than 50% of clinically healthy piglets
could harbor both types of PCV. While PCV1 was detected in only 3 of 16 pigs with postweaning multisystemic
wasting syndrome (PMWS), all the sick piglets contained PCV2. A comparison of the PCV2 DNA loads of
healthy and sick animals revealed a significant difference, indicating that the development of PMWS may

require a certain amount of PCV2.

Postweaning multisystemic wasting syndrome (PMWS) was
first observed in western Canada in 1991 and in many other
countries later on (2, 3, 6, 8, 11, 14, 16-18). Clinical signs of the
disease include progressive weight loss, dyspnea, diarrhea, pal-
lor, and jaundice. It was histologically recognized by interstitial
pneumonia, lymphoid depletion, and histiocytosis in lymphoid
tissues and, less frequently, hepatitis and nephritis. Although
the causal agent has not been identified explicitly, a new strain
of porcine circovirus (PCV), PCV type 2 (PCV2), has been
isolated from a range of tissues of piglets affected by PMWS.
PCV2 is distinguishable antigenically and genomically from
nonpathogenic PCV (PCV1) from permanent pig kidney (PK-
15) cells (24). Preliminary studies on the pathogenesis of
PMWS have shown that PCV2 alone could not reproduce the
severe forms of PMWS and that a coinfection with other dis-
ease-producing agents was required (4, 7, 10, 12). At present,
PMWS is diagnosed by histopathology coupled with the identifi-
cation of PCV infection by multiplex or type-specific PCR, in situ
hybridization, immunohistochemistry, and enzyme-linked immu-
nosorbent assay (1, 2, 5-7, 9, 13, 15, 17, 19, 20, 22, 26, 27).
However, measurement of the PCV load and the dynamics of
PCV in the pathogenesis of PMWS have not been described.
Bearing this goal in mind, we believe that the availability of a
quantitative assay for PCV DNA would be especially useful for
addressing whether there is any correlation between the viral
DNA load and PMWS development. In this paper, we report on
a new competitive PCR (cPCR) assay that allows the quantifica-
tion of PCV DNA in the sera of piglets with PMWS.

To obtain a PCV type-specific signal in the cPCR assay, a
fragment of the ORF2 open reading frame was chosen as the
target sequence because of the high degree of diversity of this
region between the two types of PCVs (positions 1066 to 1568
in the PCV1 genome and positions 1081 to 1587 in the PCV2
genome). Two pairs of type-specific primers were designed
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accordingly. The primers for PCV1, I-FD (5'-GGGGGG
GGATCC CATAAA TAGTCA GCCTTA CCACA-3') and
I-BD (5'-GGGGGG GGATCC TTCTAC AGAATT TGTACT
CACCA-3"), were designed on the basis of the sequence of the
prototype ATCC CCL-33 strain of PCV1 (GenBank accession
no. U49186), whereas the primers for PCV2, II-FD (5'-
GGGGGG GGATCC CATACA TGGTTA CACGGC TAT
TG-3") and II-BD (5'-GGGGGG GGATCC CCGCAC CT
TCGG ATATAC TG-3'), were established in reference to the
sequence of the PCV2 strain isolated in our laboratory (Gen-
Bank accession no. AF086834). A BamHI site (underlined)
was added at the 5’ end of each primer for the cloning of the
PCR fragment. For the construction of plasmids, total DNA
was extracted from PK-15 cells or the liver tissue of a piglet
with PMWS by using a QIAamp kit (Qiagen Inc., Mississauga,
Ontario, Canada), and PCV DNAs were amplified by PCR
with virus-specific primers covering the whole genome and
cloned into the pBKSII(+) vector (Stratagene). The PCV1 or
PCV2 full-length genomic DNA could be released from the
resulting constructs with the SaplI (the unique recognition site
at position 574 in the PCV1 genome) or Sacll (the unique
recognition site at position 491 in the PCV2 genome) restric-
tion enzyme. To construct the competitive templates for cPCR,
the Hpal-Pmll fragment from pQBI25 (Quantum Biotechnol-
ogies Inc.) containing a portion of the coding sequence for
green fluorescent protein (GFP) was inserted into the unique
Stul site (recognition site at position 1128 of the PCV1 genome
or position 1143 of the PCV2 genome), generating two new
plasmids with a 259-bp insertion. The resulting PCV2 plasmids
are demonstrated in Fig. 1A. Thus, the PCR with wild-type
PCV1 or PCV2 template would produce a 502- or 506-bp
fragment, respectively, whereas a 761- or 765-bp fragment was
synthesized when the respective competitor plasmid was used
as the template.

The type specificity of the PCR assay was tested with each
pair of primers in a noncompetitive PCR. It turned out that
both pairs of primers were type specific, as expected, and no
cross-reaction was observed (data not shown). To examine
whether there was competition between these two pairs of
plasmids, when they were coamplified in one reaction tube,
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FIG. 1. Construction of wild-type and competitor plasmids and validation of
cPCR. (A) Diagrammatic representation of PCV2 wild-type and competitor
constructs. The whole genome (1,768 nucleotides) of PCV2 was cloned with a
Sacll restriction enzyme into the pBKSII(+) vector. The largest two open read-
ing frames (ORFs) in the PCV2 genome are indicated by open arrows. Two small
filled arrows point out the primer binding sites. A portion of the GFP coding
sequence as the insert for the construction of the competitor plasmid is demon-
strated by a filled box. (B and C) Quantification of a known amount of PCV2
wild-type DNA. (B) cPCR assay performed with two series of 10-fold dilutions of
competitor DNA (lanes 1 to 6, 100 ng, 10 ng, 1 ng, 100 pg, 10 pg, and 1 pg,
respectively; lanes 7 to 12, 100 pg, 10 pg, 1 pg, 100 fg, 10 fg, and 1 fg, respectively)
to compete against two fixed amount of PCV2 wild-type DNA per reaction (lanes
1to 6, 1 ng; lanes 7 to 12, 1 pg). Black bars above the lane numbers indicate the
equivalent point. (C) The densities of DNA bands were measured with SPOT
DENSO software by using an Alphalmager 2200 instrument, and values repre-
senting the average density per area unit were plotted. The numbers on the x axis
correspond to the respective lane in panel B. The value determined for the
wild-type DNA was in excellent agreement with the actual input amount.

cPCR was carried out with a 50-pl reaction mixture containing
20 mM Tris-HCI (pH 8.3), 50 mM KCl, 5 mM MgCl,, 200 pM
(each) deoxynucleoside triphosphate, 500 nM (each) primer,
and 2.5 U of platinum Taq polymerase (Gibco-BRL) with a
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fixed amount of wild-type DNA and various quantities of com-
petitor DNA. Following incubation at 94°C for 2 min, PCR was
performed for 30 cycles, with each cycle consisting of 94°C for
30 s, 57°C for 30 s, and 72°C for 1 min, with a final extension
at 72°C for 7 min in a GeneAmp PCR System 2400 instrument
(Perkin-Elmer). Ten microliters of the amplification products
was analyzed on a 1% agarose gel (Ultrapure agarose; Gibco-
BRL) in 1X Tris-acetate-EDTA electrophoresis buffer and 0.2
pg of ethidium bromide per ml. The equivalence points, at
which the 502- and 506-bp bands and the 761- and 765-bp
bands had equal intensities, were determined by visual inspec-
tion and densitometric scanning in an Alphalmager 2200 in-
strument (Alpha Innotech Corporation). Figure 1B shows a
progressive competition between PCV2 wild-type DNA at two
fixed amounts (1 ng or 1.8 X 10® molecules and 1 pg or 1.8 X
10° molecules) and 10-fold dilutions ranging from 100 ng to 1
pg or 100 pg to 1 fg of competitor DNA, indicating a broad
range of sensitivity of the cPCR. A similar competition was
also observed between PCV1 wild-type and competitor DNAs
(data not shown).

We then applied this cPCR method to evaluate whether
there were any changes in the amount of viral DNA after
D-glucosamine treatment of PK-15 cells or PCV2-infected
cells. About 10° PK-15 cells or PCV2-infected PCV-free PK-15
cells (at a multiplicity of infection of ~1) were incubated with
300 mM p-glucosamine for 30 min, and 24 h later total DNA
was extracted with a QIAamp kit and eluted into 200 wl of
H,O. Five microliters of the 10-fold-diluted (PCV1) or undi-
luted (PCV2) DNA was subjected to cPCR with various known
amounts of competitor DNA. It turned out that the PCV1
DNA content in PK-15 cells was about 10°-fold the PCV2
DNA content in PCV2-infected cells under our experimental
conditions. As illustrated in Fig. 2, p-glucosamine did not
cause any increase in viral DNA levels in PCV-infected cells.
These findings were compatible with those of previous studies
in which D-glucosamine promoted the entry of viral DNA into
the nucleus prior to mitosis but the number of viral inclusion
bodies per infected cell was not increased after p-glucosamine
induction (23, 25).

Subsequently, we measured the viral DNA loads in serum
samples from piglets with various clinical signs and lesions.
Serum samples were collected from two herds in Canada. Total
DNA was extracted from 200 pl of each serum sample and was
eluted into 200 pl of H,O. A standard, noncompetitive PCR
was carried out with type-specific primers to detect PCV be-
fore the quantitative cPCR was performed. Figure 3A and B
show two examples of the results of the cPCR experiments.
The specificity of the cPCR assay was evaluated by sequencing
several randomly selected PCR products (two for PCV1 and
five for PCV2). For this purpose, the samples were subjected to
a standard PCR and were cloned into a pBKSII(+) vector via
BamH]I, which was incorporated into the 5’ ends of the prim-
ers. The inserts were sequenced with an automated DNA se-
quencer.

The majority of clinically healthy piglets had both PCV1 and
PCV2. The DNA loads ranged from 1.8 X 107 to 1 X 10°
copies/ml of serum for PCV1 (n = 11) or 1.8 X 10° to 1 X 10*
copies/ml of serum for PCV2 (n = 25), with PCV2 DNA loads
(mean, 1.89 X 10°) being approximately 1 log higher than the
PCV1 DNA loads (mean, 2.68 X 10%) (Fig. 3C). In contrast, 3
of 16 piglets with PMWS had detectable PCV1, whereas all 16
had PCV2, suggesting that PCV2 might play a role in the
development of PMWS and PCV1 might not be involved. It
was noteworthy that the mean PCV2 DNA content (4.61 X 10°
copies/ml) obtained for the 16 piglets with PMWS was signif-
icantly higher than that (1.89 X 10° copies/ml) obtained for 25
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FIG. 2. Application of cPCR for detection of PCV2 DNA in cell culture. (A)
cPCR assay of PCV2 DNA in infected PCV-free PK-15 cells with or without
p-glucosamine treatment. About 10° cells were infected with PCV2 at a multi-
plicity of infection of ~1. One flask was incubated with 300 mM bp-glucosamine
for 30 min at 24 h postinfection. Both treated and untreated cells were harvested
24 h later. DNAs extracted from PCV2-infected cells (designated PCV2; lanes 1
to 6) and PCV2-infected, D-glucosamine-treated cells (designated PCV2-G;
lanes 7 to 12) were coamplified with a selected range of 10-fold dilutions of
competitor DNA (lanes 1 to 6 or 7 to 12, 1 ng, 100 pg, 10 pg, 100 fg, 10 fg, and
1 fg, respectively). (B) Quantification after densitometric scanning of the DNA
bands in panel A. In both cases (PCV2 and PCV2-G) the equivalent point
corresponds to 10 to 1 pg of competitor DNA.

healthy animals (P = 0.0273 in a two-tailed ¢ test) (Fig. 3C),
indicating that there might be a threshold of the PCV2 amount
which was needed to trigger the disease.

Furthermore, we wanted to examine the relationship be-
tween the PCV2 DNA content and the clinical expression of
disease in different phases of PMWS. Two piglets with poor
growth conditions suggestive of possible early signs of PMWS
were sampled at 10-day intervals until they were diagnosed
with clinical acute PMWS. One animal showed a continuous
increase in PCV2 content from 10° to 107 copies/ml of serum
during the development of PMWS, whereas the PCV2 load of
the other piglet remained at a stable (and high) level (10°)
during this process. In another series of experiment, a fol-
low-up sample was collected from six piglets 10 days after the
onset of the acute phase of PMWS since they were found to be
recovering from PMWS, as judged clinically. At the acute
phase of PMWS, the piglets had 10° to 107 copies/ml of serum.
The cPCR assay with the follow-up samples did not reveal any
change in the viral DNA content, indicating that PCV2 had not
been effectively eliminated in this 10-day period, even though
our preliminary data demonstrated that the animals mounted
an antibody response (data not shown). The observation of the
apparent irrelevance of the PCV2 DNA content (at a certain
level, though) to the alleviation and aggravation of clinical
PMWS was in line with the findings that PCV2 is not the only
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FIG. 3. Quantification of PCV DNA in serum samples from piglets with
different clinical conditions. (A and B) Two representative samples of PCV DNA
in serum samples from piglets with different clinical signs. Total DNA was
purified from 200 pl of serum, and 10 pl was used per reaction mixture in a cPCR
with 10-fold dilutions of competitor DNA. (A) cPCR assay of the PCV1 DNA
load present in a clinically healthy piglet (lanes 1 to 5) and the PCV2 DNA
burden present in a piglet with PMWS (lanes 6 to 10) with 10 pg, 1 pg, 100 fg, 10
fg, and 1 fg of PCV1 or PCV2 competitor DNA, respectively. The equivalent
zone was determined by measuring and plotting the densities of DNA bands (B).
(C) PCV DNA loads of healthy and PMWS piglets. The viral loads of PCV1 (n =
11) and PCV2 (n = 25) in healthy piglets (designated PCV1H and PCV2H,
respectively) and PCV2 DNA content (n = 16) in piglets with PMWS (desig-
nated PCV2P) were demonstrated. Error bars represent the standard deviation
from the mean.

infectious agent required for the production of PMWS (7, 10,
12).

In conclusion, the viral DNA levels in serum carried by the
piglets in the acute (and recovering) phases of PMWS were
significantly higher than those in clinically healthy piglets. This
observation suggested that the development of PMWS might
require a certain amount of PCV2. Although all the piglets
with PMWS tested in this study had high PCV2 genome con-
tents (above the threshold), some animals carrying the same
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amount of PCV2 remained healthy, leading us to speculate
that PCV2 is required, but may not be sufficient, to cause
PMWS. The ultimate occurrence of PMWS may probably rely
on a secondary pathogen and/or the conditions of individual
piglets. It is also intriguing that the clinically healthy piglets
could harbor both types of PCV, whereas the majority of the
clinically PMWS-positive piglets tested in this study contained
only PCV2. The fairly high incidence of PCV1 and PCV2 in
healthy piglets and the rather low incidence of PCV1 in piglets
with PMWS are in agreement with several recent serological
surveys (9, 13, 19). The biological significance of the coexist-
ence of the nonpathogenic and apparently pathogenic strains
of PCV in healthy piglets and the almost entire exclusion of the
nonpathogenic PCV strain from the piglets with PMWS re-
quire further studies. Also compatible with a previous study
(13) is the observation of the apparent predominance of PCV2
in all the samples tested, suggesting that PCV2 might have
developed a much more efficient way of transmission.

The type-specific primers used in this study were designed
on the basis of the sequences of one PCV1 strain and one
PCV2 strain, respectively. Compared to all four complete PCV1
sequences in GenBank, the forward primer for detecting PCV1
had an entire match to three isolates and a one-nucleotide
mismatch to the French isolate, whereas the backward primer
had an one-nucleotide mismatch to the French and the U.S.
isolates. In the case of PCV2-specific primers, the backward
primer had full homology to all 26 PCV2 sequences in Gen-
Bank, while the forward primer had an one-nucleotide mis-
match to the two isolates reported from Taiwan. Because of
the mismatches of the primers, we could not exclude the pos-
sibility of missing certain genetically divergent PCV strains,
albeit it seemed somewhat unlikely since the one-nucleotide
mismatches were located internally and not at the extreme 3’
ends of the primers, which would not affect the primer-tem-
plate binding dramatically (21).

In summary, we have described the development of a cPCR
and the monitoring of PCV DNA levels in serum samples,
which makes it possible to analyze the correlation between the
amount of circulating viruses and clinical parameters in differ-
ent groups of piglets. Moreover, the cPCR method will also
benefit studies of PMWS as well as PCV, e.g., the spread of
virus within tissues of swine.
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