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A chimeric porcine circovirus (PCV1-2) with the capsid gene of pathogenic PCV2 cloned into the genomic
backbone of nonpathogenic PCV1 is attenuated in pigs but elicits protective immunity against PCV2. In this
study, short epitope tags were inserted into the C terminus of the capsid protein of the chimeric PCV1-2 vaccine
virus, resulting in a tractable marker virus that is infectious both in vitro and in vivo. Pigs experimentally
infected with the epitope-tagged PCV1-2 vaccine viruses produced tag-specific antibodies, as well as anti-PCV2
neutralizing antibodies, indicating that the epitope-tagged viruses could potentially serve as a positive-marker
modified live-attenuated vaccine.

Porcine circovirus (PCV) is a small nonenveloped virus with
a single-stranded circular DNA genome of approximately 1.7
kb in the family Circoviridae (11, 28). Type 1 PCV (PCV1) was
discovered as a contaminant of PK-15 cells and is nonpatho-
genic in pigs (26, 27). Type 2 PCV (PCV2) was discovered in
piglets with postweaning multisystemic wasting syndrome and
is the causative agent of PCV-associated disease (1, 2, 7, 14,
17). At least two subtypes of PCV2, PCV2a and PCV2b, have
been recognized worldwide (4). The genome contains two
open reading frames (ORF); ORF1 encodes the replication
proteins (Rep and Rep�), and ORF2 encodes the capsid pro-
tein (Cap) (5, 6, 16, 20). We have previously demonstrated that
a chimeric PCV (PCV1-2) with the capsid gene of PCV2 in-
serted into the backbone of PCV1 is infectious but attenuated
in pigs (9, 10), and an inactivated commercial vaccine based on
chimeric PCV1-2 is currently on the market (9, 10, 13, 23).
Since PCV2 infection is mostly subclinical, it is important to
design a new vaccine that can track the virus’s spread and herd
level immunity. Immunogenic epitopes have been expressed on
surface-exposed domains of viral proteins in other viruses,
resulting in specific immune responses (12, 18, 21, 22, 25). In
part due to its small genome size, the ability of the PCV
genome to tolerate insertion and display foreign epitopes
has not been explored. In this study, we aimed to identify
genomic locations that can tolerate small insertions of
epitope tags and to produce an epitope-tagged vaccine virus

for use as a potential tractable modified live-attenuated
vaccine (MLV).

Identification of locations within the PCV genome that tol-
erate the insertion of small epitope tags. The PCV2 infectious
clone constructed in previous studies (4) was used as the
genomic backbone for the constructions of four mutants each
containing an influenza virus hemagglutinin (HA) tag (YPY
DVPDYA) inserted in frame at the amino (N�) and carboxy
(C�) termini of ORF1 and ORF2 (Table 1). Insertions were
introduced into the infectious clone by site-directed mutagen-
esis, followed by the assembly of two overlapping PCR prod-
ucts by overlap extension PCR (Table 1) and subcloning as
described previously (3). Each clone was completely sequenced
to verify the introduced tag and confirm that no undesired mu-
tations were introduced. Infectious virus stocks were generated by
transfection of PK-15 cells with each of the concatemerized full-
length clones, and infectivity titers of the mutant viruses in PK-15
cells were determined as previously described (8, 10). The HA tag
was visualized by an immunofluorescence assay (IFA) using a
fluorescein isothiocyanate (FITC)-labeled anti-HA monoclonal
antibody (MAb; Sigma, St. Louis, MO). No infectious virus was
detectable from cells transfected with N�-HA or C�-HA ORF1
mutants (Table 1), indicating that insertions at the termini of
ORF1 directly interfered with Rep/Rep� function and prevented
virus replication. However, N�-HA and C�-HA capsid insertion
mutants were infectious in PK-15 cells, with infectious titers of
103.5 and 105.0 50% tissue culture infective doses (TCID50)/ml,
respectively (Table 1). The N-terminal domain of the PCV capsid
is thought to interact with DNA on the interior of the virion,
which may explain the lower detection level of the HA tag for the
N�-HA mutant (15). The C terminus of the PCV2 capsid is a
type-specific immunoreactive epitope that is believed to be dis-
played on the surface of the virion (15, 24).

Effects of insertion sizes and different epitope tags in the C
terminus of the capsid on PCV1-2 virus infectivity in vitro. We
further investigated the effects of insertion sizes of the HA tag
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and two additional epitope tags on the infectivity of chimeric
PCV1-2 vaccine virus (10). Five PCV1-2 mutants were con-
structed and tested in vitro for infectivity, with each mutant
containing a different tag inserted in frame in the C terminus
of the capsid: a single HA tag (HA1), an HA tag dimer (HA2),
an HA tag trimer (HA3), a glu-glu tag (GLU) from mouse
polyomavirus medium T antigen (CEEEEYMPME), and a
KT3 tag (KT3) from simian virus 40 large T antigen (KPPTP
PPEPET) (Table 1). The results showed that each of the 5
mutants (PCV1-2-HA1, PCV1-2-HA2, PCV1-2-HA3, PCV1-
2-GLU, and PCV1-2-KT3) was infectious in vitro, as lysates
from transfected PK-15 cells had infectious titers of 103.5 to
103.7 TCID50/ml (Table 1). Confocal microscopy examination
revealed that each of the inserted epitope tags was properly
expressed on the surface of virions, resulting in double labeling
of infected cell nuclei with both anti-PCV2 capsid and anti-
epitope tag antibodies (Fig. 1). The HA, KT3, and GLU tags
were visualized using polyclonal rabbit anti-HA (eBioscience,
San Diego, CA), anti-KT3, and anti-GLU (GenScript, Piscat-
away, NJ) antibodies, respectively, followed by staining with an
Alexa Fluor 647-labeled goat anti-rabbit antibody (Invitrogen,
Carlsbad, CA). The PCV2 capsid was stained with a mouse
anti-PCV2 capsid MAb (RTI, Brookings, SD), followed by an
FITC-labeled goat anti-mouse antibody (KPL, Gaithersburg,
MD). The stability of the epitope-tagged PCV1-2-KT3 and
PCV1-2-GLU viruses was verified by 10 successful serial pas-
sages of the mutant viruses in PK-15 cells, followed by IFA and
DNA sequencing confirmation of the passaged viruses (data
not shown). The results showed that the C terminus of the
capsid tolerates epitope tag insertions as large as 27 amino acid
(aa) residues, as mutants with the HA tag dimer and trimer
were both infectious in vitro (Fig. 1 and Table 1).

Chimeric PCV1-2 vaccine viruses with epitope tags inserted
in the C terminus of the capsid are infectious in specific-
pathogen-free pigs, inducing both anti-epitope tag and anti-
PCV2 neutralizing antibodies. To determine whether the
tagged chimeric PCV1-2 viruses are infectious and immuno-
genic, a total of 12 pigs, 7 weeks old, were randomly assigned
to four groups of 3 each. Each group was inoculated intramus-
cularly with 2 � 103.5 TCID50 of PCV1-2, PCV1-2-KT3, PCV1-
2-GLU, or phosphate-buffered saline (PBS). The HA-tagged
viruses were not tested in vivo, as they are not considered
viable MLV candidates in pigs due to potential antibody cross-
reactivity in pigs naturally infected with swine influenza vi-
ruses. The pigs were each bled prior to inoculation and weekly
thereafter until necropsy at 42 days postinoculation (dpi). A
nested PCR (first-round primers 5�-TGGAGAAGAAGTTGT
TGT-3� [forward] and 5�-ATGACGTATCCAAGGAGGCGT
TACCGCAGAAGAAGACACCGCCCCCGCAG-3� [re-
verse] and second-round primers 5�-GGAGGTACCCGAAG
GCCGATTTGAAGCAG-3� [forward] and 5�-CCCTTTGAA
TACTACAGA-3� [reverse]) was used to detect viremia in the
sera of all pigs. An enzyme-linked immunosorbent assay
(ELISA) was used to detect anti-PCV2 antibodies in the
weekly sera (19). Synthetic-peptide-based ELISAs were used
to detect anti-GLU and anti-KT3 tag antibodies in the sera.
ELISA plates were coated with bovine serum albumin-conju-
gated GLU or KT3 synthetic peptides (GenScript, Piscataway,
NJ). Diluted pig serum was added to each well and incubated
1 h at 37°C, followed by incubation with 1:2,000-diluted, horse-
radish peroxidase-labeled goat anti-swine IgG antibody (KPL,
Gaithersburg, MD). The cutoffs for both the KT3 and GLU
ELISAs were determined as the mean optical density at 450
nm (OD450) of all negative pig sera from 0 to 42 dpi plus 3
standard deviations. To determine if the anti-PCV2 antibodies

TABLE 1. Epitope tag insertion mutants of PCVs

Strain ID Parent strain Insert location Insert tag Insert size (aa) Primersa Titer (TCID50/ml)

PCV2b NAb NA NA NA 1 � 2 104.5

PCV1-2 NA NA NA NA 11 � 12 103.7

2-ORF1N-HA PCV2 N�-ORF1 HA 9 1 � 3, 2 � 4
2-ORF1C-HA PCV2 C�-ORF1 HA 9 1 � 5, 2 � 6
2-ORF2N-HA PCV2 N�-ORF2 HA 9 1 � 7, 2 � 8 103.5

2-ORF2C-HA PCV2 C�-ORF2 HA 9 1 � 9, 2 � 10 105.0

PCV1-2-HA1 PCV1-2 C�-ORF2 1� HA 9 12 � 13, 11 � 14 103.7

PCV1-2-HA2 PCV1-2 C�-ORF2 2� HA 18 12 � 15, 11 � 16 103.7

PCV1-2-HA3 PCV1-2 C�-ORF2 3� HA 27 12 � 17, 11 � 18 103.5

PCV1-2-GLU PCV1-2 C�-ORF2 GLU 10 12 � 19, 11 � 20 103.5

PCV1-2-KT3 PCV1-2 C�-ORF2 KT3 11 12 � 21, 11 � 22 103.7

a Primer sequences (5 prime to 3 prime): primer 1, AGCCCGCGGAAATTTCTGACAAACGTTAC; primer 2, TTTCCGCGGGCTGGCTGAACTTTTGAAAG;
primer 3, ACATGTACCCATACGATGTTCCAGATTACGCTCCCAGCAAGAAGA; primer 4, GGAGCGTAATCTGGAACATCGTATGGGTACATGTTGCTG
CTGAGG; primer 5, ACTACCCATACGATGTTCCAGATTACGCTTGAGTCTTTTTTATCAC; primer 6, ACTCAAGCGTAATCTGGAACATCGTATGGGTA
GTAATTTATTTCA; primer 7, GTAGCGTAATCTGGAACATCGTATGGGTACATAGCTGAAAACGAAA; primer 8, CTATGTACCCATACGATGTTCCAG
ATTACGCTACGTATCCAAGGAG; primer 9, CATTAAGCGTAATCTGGAACATCGTATGGGTAAGGGTTAAGTGGGG; primer 10, CTTACCCATACGAT
GTTCCAGATTACGCTTAATGAATAATAAAAAC; primer 11, GGAGGTACCCGAAGGCCGATTTGAAGCAG; primer 12, TCGGGTACCTCCGTGGATTG
TTCTCCAGC; primer 13, ATTTAAGCGTAATCTGGAACATCGTATGGGTAGGGTTTAAGTGGGG; primer 14, AACCCTACCCATACGATGTTCCAGATT
ACGCTTAAATGAATAAAAATAA; primer 15, ATTTAAGCGTAATCTGGAACATCGTATGGGTACGCATAGTCCGGGACGTCATACGGATAGGGTTTAA
GTGGGG; primer 16, AACCCTATCCGTATGACGTCCCGGACTATGCGTACCCATACGATGTTCCAGATTACGCT TAAATGAATAAAAATAA; primer 17,
ACGGATAAGCGTAATCTGGAACATCGTATGGGTACGCATAGTCCGGGACGTCATACGGATAGGGTTTAAGTGGGG; primer 18, TATGCGTACCCAT
ACGATGTTCCAGATTACGCTTATCCGTATGACGTCCCGGACTATGCGTAAATGAATAAAAATAA; primer 19, ATTTATTCCATCGGCATATATTCTTC
TTCTTCGCAGGGTTTAAGTGGGG; primer 20, AACCCTGCGAAGAAGAAGAATATATGCCGATGGAATAAATGAATAAAAATAA; primer 21, ATTTAG
GTTTCCGGTTCCGGCGGCGGGGTCGGCGGTTTGGGTTTAAGTGGGG; primer 22, AACCCAAACCGCCGACCCCGCCGCCGGAACCGGAAACCTAAA
TGAATAAAAATAA.

b NA, not applicable.
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in the serum of each pig at 42 dpi were neutralizing, an in vitro
serum virus neutralization assay was performed. Serial 2-fold
dilutions of each serum were mixed with an equal volume of
PCV2a or PCV2b virus stock and incubated at 37°C for 1 h.
PK-15 cells at 50% confluence in 96-well plates were infected
in duplicate with 50 �l of each reaction mixture. After incu-
bation at 37°C for 72 h, the infected cells were visualized by
IFA (8, 10) and the percentage of virus neutralization was
calculated.

Viremia was detected by nested PCR in 8/9 inoculated pigs,
thus confirming infection by each chimeric virus (Table 2).
PCV1-2-GLU had a noticeably lower frequency and duration
of viremia than PCV1-2 and PCV1-2-KT3, which were similar.
Sequencing and sequence analysis of all positive PCR products
confirmed the authenticity and in vivo stability of each epitope-
tagged virus (data not shown).

Anti-PCV2 capsid antibodies were detected in all infected

pigs but not in PBS control pigs (Fig. 2A). All pigs infected
with PCV1-2 and PCV1-2-KT3 seroconverted to PCV2 an-
tibodies by 28 dpi. One pig in the PCV1-2-GLU group
seroconverted by 28 dpi, while the other two had a delayed
seroconversion at 35 dpi. Anti-KT3 tag antibodies were de-

FIG. 1. Confocal microscopy of double immunofluorescent staining of epitope tags and PCV2 capsid antigen in PK-15 cells infected with chimeric
PCV1-2 containing different inserted epitope tags. PK-15 cells infected with different insertion mutants were dually labeled with respective rabbit anti-tag
and mouse anti-PCV2 capsid antibodies (Rural Technologies, Inc., Brookings, SD) and then stained with a mixture of Alexa Fluor 647-labeled goat
anti-rabbit (Invitrogen, San Diego, CA) and FITC-labeled goat anti-mouse (KPL, Gaithersburg, MD) antibodies: (A) PCV1-2-HA1 (a single HA tag),
(B) PCV1-2-HA3 (HA tag trimer), (C) PCV1-2-GLU (a single GLU tag), and (D) PCV1-2-KT3 (a single KT3 tag). Cells infected with chimeric PCV1-2
vaccine virus (control) were dually labeled with mouse anti-PCV2 capsid and rabbit anti-HA (E), rabbit anti-GLU (F), and rabbit anti-KT3 (G) antibodies
and then stained as described above. Infected cells were visualized at �1,000 to �1,500 magnification using a Nikon TE2000-E confocal microscope at
488 nm (525/50 emission filter) to detect the PCV2 capsid and at 647 nm (710/50 emission filter) to detect the epitope tags, and images were captured
using a Cascade II 512 camera (Roper Scientific/Photometrics, Tucson, AZ). Scale bars all represent 5 �m.

TABLE 2. Detection by nested PCR of viremia of tagged and wild-
type chimeric PCV1-2 in the sera of infected specific-pathogen-free pigs

Inoculum

No. of pigs with detectable viremia/total no.
of pigs at dpi:

0 7 14 21 28 35 42

PBS 0/3 0/3 0/3 0/3 0/3 0/3 0/3
PCV1-2 0/3 3/3 2/3 1/3 3/3 1/3 0/3
PCV1-2-GLU 0/3 2/3 0/3 0/3 0/3 0/3 0/3
PCV1-2-KT3 0/3 3/3 2/3 2/3 1/3 1/3 1/3
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tected in all PCV1-2-KT3-infected pigs but not in other
groups (Fig. 2B). Anti-KT3 tag antibodies were detected in
all three pigs by 14 dpi, which remained seropositive at 42
dpi. Similarly, anti-GLU tag antibodies were detected only
in PCV1-2-GLU-infected pigs (Fig. 2C): two pigs serocon-
verted at 14 and 28 dpi, while one pig had detectable anti-
GLU antibodies only at 28 dpi. Anti-PCV2 neutralizing
antibodies were detected in all infected pigs at 42 dpi (Fig.
2D). The levels of neutralizing antibodies in the PCV1-2 and
PCV1-2-KT3 pigs were similar, while the two PCV1-2-GLU
pigs with delayed seroconversion had noticeably lower levels
of neutralizing antibodies (Fig. 2D). Therefore, the results
indicated that PCV1-2-KT3 induced an anti-PCV2 antibody
response that was comparable to that induced by PCV1-2
but stronger than that induced by PCV1-2-GLU. The small
animal numbers and pig-to-pig variation may play a role in
the observed difference in antibody response among groups.

Also, insertion of tags may affect the ability of the tagged
viruses to replicate in pigs, although the viremia pattern of
PCV1-2-KT3 was similar to that of wild-type PCV1-2 (Table
2). Importantly, both PCV1-2-KT3 and PCV1-2-GLU elic-
ited anti-PCV2 neutralizing antibodies and anti-epitope tag
antibodies.

In summary, we demonstrated that the C terminus of PCV2
capsid protein tolerates insertions of at least 27 aa, whereas
short terminal insertions in rep rendered the virus nonviable.
We further demonstrated that chimeric PCV1-2 vaccine vi-
ruses containing inserted epitopes in the C terminus of the Cap
protein are infectious in vitro and in vivo and elicit both anti-
epitope tag antibodies and anti-PCV2 neutralizing antibodies.
These epitope-tagged PCV1-2 vaccine viruses will allow the
serologic differentiation of vaccinated pigs from naturally in-
fected ones and thus could potentially serve as a tractable
MLV such as a compliance marker vaccine.

FIG. 2. Detection of specific anti-GLU and anti-KT3 tag antibodies, as well as anti-PCV2 neutralizing antibodies, in specific-pathogen-free pigs
infected with chimeric PCV1-2 containing the inserted KT3 or GLU epitope. Specific antibody responses were examined in the sera of pigs infected
with PCV1-2 (f), PCV1-2-KT3 (F), PCV1-2-GLU (‚), or PBS (E) using three different ELISAs, (A) a PCV2 capsid-specific ELISA, (B) a KT3
tag-specific ELISA, and (C) a GLU tag-specific ELISA. The mean OD450 � the standard error of the mean is plotted for each treatment group
throughout the experiment, with an asterisk indicating significant differences on that day. Treatments with different letters have statistically
significant differences on that day. Statistical comparison was performed using repeated-measures analysis of variance, with the slice option of the
Glimmix procedure, followed by Tukey’s procedure for multiple comparisons. Statistical significance was set to alpha � 0.05. All analyses were
performed using commercially available software (SAS version 9.2; SAS, Cary, NC). The dotted horizontal line indicates the cutoff of each assay.
(D) PCV2-specific neutralizing antibodies (Ab) detected in sera of infected pigs at 42 dpi. Serum samples from each pig were tested for specific
anti-PCV2a and anti-PCV2b neutralizing activity. Black bars represent PCV1-2, open bars represent PCV1-2-KT3, and shaded gray bars represent
PCV1-2-GLU. The mean percentage of virus neutralization for each treatment group � the standard deviation is plotted for five different serum
dilutions.
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