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Abstract

Background: In this study we utilized padlock probes and rolling circle amplification as a mean to detect and
study the replication of porcine circovirus type 2 (PCV2) in cultured cells and in infected tissue. Porcine circovirus
type 2 is a single-stranded circular DNA virus associated with several severe diseases, porcine circovirus diseases
(PCVD) in pigs, such as postweaning multisystemic wasting syndrome. The exact reason and mechanisms behind
the trigger of PCV2 replication that is associated with these diseases is not well-known. The virus replicates with
rolling circle replication and thus also exists as a double-stranded replicative form.

Results: By applying padlock probes and rolling circle amplification we could not only visualise the viral genome
but also discriminate between the genomic and the replicative strand in situ. The genomic strand existed in higher
numbers than the replicative strand. The virus accumulated in certain nuclei but also spread into the cytoplasm of
cells in the surrounding tissue. In cultured cells the average number of signals increased with time after infection.

Conclusions: We have developed a method for detection of both strands of PCV2 in situ that can be useful for
studies of replication and in situ detection of PCV2 as well as of DNA viruses in general.

Background

Padlock probes are single-stranded linear oligonucleo-
tides that upon recognition of a target sequence can be
circularised using a DNA ligase [1]. The two ends of the
probe are hybridised juxtaposed on a target molecule
and upon perfect hybridisation at the ligation site the
ends are enzymatically ligated. The ligated padlock
probes can then be used to template a localised rolling
circle amplification (RCA) [2], giving rise to long single-
stranded DNA molecules that spontaneously coil into
~1 pm sized objects that can easily be observed as dis-
crete bright fluorescent spots at the sites in cells where
they have been generated [3]. The rolling circle products
(RCPs) remain covalently linked to the target molecule
by using the target strand as a primer for RCA. The
technology is suitable to quantify molecules in cells
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using a for the purpose developed program Blobfinder
[4]. Padlock probes and RCA has for example previously
been used in situ to genotype single nucleotide poly-
morphisms in mitochondrial DNA [5] and mRNA [6].
Padlock probes and target primed RCA was also used
for in situ detection of Anaplasma phagocytophilum and
Anaplasma marginale infections in cultured cells [7].
Padlock probes and RCA was used in the present
study to investigate active replication in porcine circo-
virus type 2 (PCV2) infected lymph nodes collected
from naturally and experimentally infected pigs and in a
porcine cell line infected with PCV2. PCV2 is a small
non-enveloped single-stranded circular DNA virus in
the family Circoviridae [8,9]. Although the common pre-
valence of PCV2 in pigs, it is associated to several dis-
eases in pigs (PCVD) such as postweaning multisystemic
wasting syndrome (PMWS), porcine dermatitis and
nephropathy syndrome and different reproductive disor-
ders. PMWS is a global disease that occurs in almost all
parts of the world and can give large economic losses
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[10,11]. The main clinical sign of PMWS is wasting but
other symptoms such as diarrhoea and dyspnea are
common. The lymph nodes of the infected pigs become
enlarged and one of the diagnostic criteria is the pre-
sence of moderate to high amounts of PCV2 in the tis-
sue. Virus can be found in a number of cells and in pigs
with PMWS the virus seem to accumulate in histiocytes,
where the virus can be found both in the nucleus and in
the cytoplasm [12]. If this is associated with viral repli-
cation in these cells and tissue is unclear. Viral replica-
tion occurs with rolling circle replication using a double
stranded replicative form (RF) as template. The exact
mechanism is not yet known but it has been studied
extensively in both PCV1 and PCV2 [13].

In this study we have applied padlock probes and RCA
to investigate the suitability of the technology for ana-
lyses of PCV2 infection in both fresh frozen tissue sec-
tions of lymph nodes from experimentally infected pigs,
and from pigs suffering from PMWS. Furthermore, the
course of PCV2 infection in PK-15A cells was followed
for 72 h to show the accumulation of the genomic as
well as the replicative strand. The results from this
study clearly shows that the technique allowed detection
of both the genomic strand and the replicative strand of
PCV2 in cultured cells and fresh frozen tissue sections.
Thus, the method opens up for further studies of
PCVDs in situ.

Results

We designed strand-specific padlock probes for both
strands of PCV2 in order to distinguish between the
genomic and the replicative strands. The two target sites
were located in nearby but not overlapping sequences.
Since it was unclear to what extent the viral DNA of the
replicative form would be double- or single-stranded in
cells, we prepared the target DNA such that it would
enable detection of both double stranded and single
stranded DNA. To ligate and amplify padlock probes,
the target DNA has to be single-stranded with a free 3’
end where RCA can be initiated (Figure 1). Double
stranded DNA was, therefore, cut with a restriction
enzyme and made single-stranded with an exonuclease.
(Figure 1b). To create a free 3’ end in single-stranded
target DNA, the DNA was cut site-specifically at a delib-
erately introduced AG mismatch between the padlock
probe and the target sequence (Figure 1b). The mis-
match is recognised by MutY, removing the A base in
the target sequence, and the phosphate backbone is
then cleaved using EndolV [14]. As we used it here, the
method can not tell if the DNA is double or single
stranded but only discriminate between the two strands
of DNA. However, by omitting the restriction digestion
step, one could potentially determine whether the repli-
cative form exists in a single-stranded form.
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Infection of PCV2 in PK-15A cells

PK-15A cells were infected with PCV2 for 24, 30, 48 or
72 hours to study the time course of the accumulation
of genomic and replicative forms of PCV2. An unin-
fected control was also included. The infection was per-
formed on triplicate slides. We applied padlock probes
and RCA on the cells, including another negative con-
trol which had no ligase in the ligation step on cells that
were infected for 72 hours. The RCPs from the genomic
strand was labelled with FITC and could be seen as
green signals and the RCPs from the replicative strand
was labelled with Cy3 and could be seen as red signals.
The number of signals from the two padlock probes was
quantified in the nuclei and in the cytoplasm of indivi-
dual cells in twenty images from each slide of the tripli-
cates using the Blobfinder software. In infected cells
there were signals from both the genomic and the repli-
cative strand already 24 hours post infection. In the
negative controls, which were uninfected or lacked ligase
in the ligation step, there were very few unspecific sig-
nals from the padlock probes (Figure 2) (Figure 3a-f).

There were, as expected, considerable more signals
from the genomic strand than from the replicative
strand throughout the infection. The signals from the
two strands also differed in localisation. The genomic
strand was concentrated to a limited number of cell
nuclei, which on the other hand had very high numbers
of signals. These cells also had a significant number of
signals for the genomic strand in the cytoplasm. Abun-
dant signals were also observed in the cytoplasm of
neighbouring cells, indicating a recent infection of these
cells. At the longer incubation times, most cells had at
least some signals from the genomic strand in the cyto-
plasm. The pattern displayed where certain nuclei were
heavily infected, was similar to that shown by immune
peroxidase labelling of the cultures for the capsid pro-
tein of PCV2 (data not shown).

The signals from the replicative strand were more
evenly spread in the cell than the signals from the geno-
mic strand and were present both in the nucleus and in
the cytoplasm. They were mostly detected in the cells
with very high levels of signals from the genomic strand.

When following the infection of PCV2 for 72 hours
we observed, as expected, that the total average number
of signals per cell increased over time for both strands
(Figure 3j-k). We observed an apparent slight decrease
in the number of genomic strands in the nucleus at
72 hours compared to 48 hours, but that could be due
to a saturation effect when counting the signals using
the RCP counting software. If the signals are very den-
sely packed they tend to merge, resulting in an appar-
ently reduced number of RCP counts.

To see if the proportion of cells that were infected
changed over time we defined an infected cell as a cell
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Figure 1 Schematics over the padlock probe and rolling circle amplification procedure. Strand-specific padlock probes are hybridised and
ligated a) directly on single stranded DNA (for the genomic form), and b) after restriction digestion and exonucleolysis on double stranded DNA
(for the replicative form). The target DNA is then cut site-specifically using the combined action of MutY and EndolV enzymes to create a free 3-
end as a starting point for RCA. After RCA the rolling circle products are visualised by hybridisation of fluorescently labelled detection

oligonucleotides, green for the products from the probe specific for the genomic strand and red for the probes specific for the replicative form.
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with 15 or more signals from the genomic strand in the
nucleus. The fraction of infected cells increased up to
48 hours and then decreased at 72 hours (Figure 3g).
The number of signals in the infected cells also
increased up to 48 hours but decreased at 72 hours
(Figure 3h).

Using padlock probes and RCA it was also possible to
study the proportions of the different strands in differ-
ent compartments (nucleus and/or cytoplasm) over a
time course (Figure 3j - k).

Localisation of virus compared to Mitotracker staining

It has been proposed that PCV2 replicates and is loca-
lised in the mitochondrion [15]. We tested this by stain-
ing cells with the mitochondrial membrane dye
Mitotracker before applying padlock probes and RCA.
However, it did not appear like signals from neither
PCV2 genomic strand nor the replicative strand coloca-
lized with mitochondria (Figure 4).

PCV2 detected in tissue samples

Padlock probes were further used to detect PCV2 in
fresh frozen lymph node tissue sections from both
experimentally infected pigs and from a natural case of
PMWS (Figure 5). Tissue samples that have been tested
negative for PCV2 by qPCR were included as negative
controls. Signals were observed from both the genomic
and the replicative strand in the tissue from the experi-
mentally infected pig while they were absent in the tis-
sue from the uninfected pig. The majority of the signals

were from the probe detecting the genomic strand and
they were concentrated in certain cell nuclei, similar to
what was seen in the PCV2 infected cell lines. It was
only in and around these highly infected cells that sig-
nals from the replicative strand were seen. The signals
from the replicative strand were located in the nuclei as
well as in the cytoplasm. In the natural case of PMWS
we only observed signals from the genomic strand and
these were spread throughout the tissue section, and
thus not densely concentrated to a few nuclei as was
seen in the experimentally infected cells and tissues that
were in an experimentally induced acute phase of
PMWS. However, although this study shows the usabil-
ity of this technique to detect and study PCV2 replica-
tion in tissue, only a low number of pigs were
investigated and a more comprehensive study is needed
in order to achieve a better understanding of the infec-
tion and replication of PCV2 in pigs.

Discussion

During the early course of PCV2 infection the genomic
DNA can be found in the circulation before accumulat-
ing in cells of the monocyte/macrophage lineage [16,17].
The site of active PCV2 replication that leads to PMWS
and the triggering factors are however not well docu-
mented. PCV2 is a single-stranded circular DNA virus,
but during replication of PCV2 it exists as a double
stranded replicative form. The cellular localization of
PCV2 has been studied by electron microscopy of
lymph nodes and during the course of infection of a
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Figure 2 PCV2 Infection in PK-15A cells. Path of infection in PCV2 infected PK-15A cells after a) 24 hours, b) 30 hours, ¢) 48 hours, d) 72 hours,
e) 72 hours unligated padlock probe and f) uninfected for 24 hours. Rolling circle products from the genomic strand are seen as green dots,
signals from the replicative strand as red dots, and nuclei are counterstained with DAPI (blue).
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Figure 3 Quantification of PCV2 infection in cells. PCV2 infection in PK-15A cells. a-f) Distribution of virus strand RCPs in nucleus and
cytoplasm in individual cells at a) 24 h, b) 30 h, ¢) 48 h, d) 72 h, and e) 0 h after infection. f) negative control without ligase at 72 h after
infection, g) fraction of cells with at least 15 RCPs in the nucleus, h) average number of RCPs in cells with more than 15 RCPs in the nucleus,

j) average number of RCPs in nucleus are seen as white squares, in cytoplasm as crosses and totally per cell as black triangles from the padlock
probe targeting the genomic strand and, k) average number of RCPs in nucleus are seen as white squares, in cytoplasm as crosses and totally
per cell as black triangles from the padlock probe targeting the replicative strand.
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Figure 4 PCV2 detected in cells with mitochondrial staining. PCV2 detected in cells with mitochondrial staining. a) Merged image with RCP
detecting virus as green dots, replicative strand as blue dots and mitochondria labelled with Mitotracker seen in red, b) Mitotracker, c) signals
for the genomic strand and d) signals for the replicative strand.

porcine lymphoblastoid cell line, combining ultrastruc-
tural analyses with immunogold labelling for the capsid
protein of PCV2 [15,18,19]. To enable studies of PCV2
localisation and replication in detail however new meth-
ods are necessary. Therefore we designed an assay based
on padlock probes and RCA that are able to detect and
discriminate between the genomic and the replicative
strand of PCV2 in situ. The assay was successfully
applied to detect both strands of PCV2 in cells as well
as in fresh frozen tissue sections.

PK-15A cells were infected with PCV2 and we fol-
lowed the infection for 72 hours to study the replica-
tion process. The signals for both the genomic and the

replicative form increased over time. The signals from
the genomic strand were concentrated in certain nuclei
but eventually spread to the cytoplasm in all cells. The
replicative form was only observed in and around
these highly infected cells, indicating that this is the
place of replication. The replicative strand was found
both in the nucleus and in the cytoplasm of the repli-
cating cell. Though the total number of signals from
the genomic strand increased throughout the infection,
the fraction of infected cells decreased between 48 and
72 hours. This could be because at 72 hours the cells
have started to undergo apoptosis resulting in loss of
cells.
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Figure 5 Detection of PCV2 in lymph node tissue. Detection of
PCV2 with padlock probes in lymph node tissue from a) an
experimentally infected pig, b) a natural case of PMWS and ¢) PCV2
negative tissue. Rolling circle products detecting the genomic
strand is seen as green dots, the replicative strand is seen as red
dots and the nuclei are counterstained with DAPI (blue).

Earlier observation [15,18,19] pointed to that PCV2
proteins were associated with mitochondria, and that
the mitochondria were suggested to be important for
viral replication. Therefore we used the newly developed
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method to study if we could detect a co-localisation of
the genomic and/or the replicative strand with mito-
chondria stained by Mitotracker. The infected cells
had weaker mitochondrial staining from the Mito-
tracker dye than the uninfected cells. Because Mito-
tracker stains active mitochondria that have normal
membrane potential these differences indicated that
infected cells were under stress. However, no correla-
tion between the localisation of mitochondria and viral
DNA for any of the PCV2 strands was detected and
could not support the findings by Rodriquez-Carino
et al. (2009, 2010a, b). However, our studies were not
very comprehensive and needs to be repeated to be
clear on this issue. One obvious difference is that we
detect viral DNA while they detect viral proteins. It is
possible that viral proteins localise in the mitochondria
and perform some function there. Furthermore, our
labelling was conducted on cells after 48 h of infection
whereas the co-localisation of PCV2 cap protein with
mitochondria was most obvious during the earlier
phase of infection [19]. Another potential explanation
for these discrepant results would be if the viral DNA
is more strongly associated with viral proteins in the
mitochondrion than elsewhere in the cell and thus less
available for probing.

We also applied the technique on lymph node tissue
from an experimentally infected pig and from a pig suf-
fering from PMWS. In the experimentally infected tissue
we found signals from both strands but the signals from
the padlock probe targeting the genomic strand were
much more abundant compared to that of the probe
targeting the replicative strand, showing that the geno-
mic strand is present in much higher levels than the
replicative strand also during early phases of infection.
In the naturally infected tissue we only observed signals
from the genomic strand, possibly indicating that PCV2
had ceased to replicate.

Different methods have been used by others to detect
PCV2 in situ, such as immunohistochemistry, and in
situ hybridisation [20-22]. Padlock probes can distin-
guish between different isolates that only differ at a sin-
gle base, which is not possible with FISH or in situ
PCR. Padlock probes also have an advantage of being
able to discriminate between the two complementary
strands which is otherwise difficult with FISH or when
studying viruses with PCR. In situ detection allows for
intra cellular localisation of the two complementary
strands and can thus be used to study the path of infec-
tion. A combination of FISH using probes detecting
PCV2 and fluorescence immunohistochemistry (FIHC)
with fluorescent antibodies to single stranded or double
stranded DNA has been elaborated and applied on tis-
sue sections from gnotobiotic pigs [23], but with that
technique other DNA strands than those from PCV2
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will also be detected if present. With padlock probes it
would also be possible to demonstrate the presence of
different viruses in multiplex by using various combina-
tions of fluorophores for detection. In this study we
choose to study PCV2 in fresh frozen tissue sections
and in cultured cells, but this method could be used for
in situ studies of single-stranded DNA viruses in gen-
eral. Especially interesting would be to study the known
co-infection of PCV2, torque teno virus and porcine
bocavirus in situ [24].

Conclusions

We developed an in situ assay for the simultaneous
detection and discrimination of the genomic and the
replicative form of PCV2, in cells and lymph node tissue
from pigs using padlock probes and RCA. This assay
can be used, as shown in this paper, to study different
aspects of viral replication of PCV2. Even though we
here chose to study PCV2 this method could be used to
study other DNA viruses as well as with some modifica-
tions RNA viruses.

Methods

Design of padlock probes

Thirty nucleotide long sequences were selected in the
viral genome of PCV2 as target sequences. The
sequences were chosen so that they would target 28
known Swedish isolates of PCV2 [25] and padlock
probes for both strands of PCV2 were designed accord-
ingly genomic strand padlock probe: AGAATAAG
AAAGGTTGCGACTATCTATCCTCAATGCTGCTGC
TGTACTACTTCCTCCCGTTGAATACTAC and repli-
cative strand padlock probe: GTAACGGTGGCGGG
GTTCCTTTTACGAAGTCGGAAGTACTACTCTCTTT
CTACGATTGCCTTCTCCAGCG. The two target
sequences were located on the same ORF close to each
other but they were not overlapping to avoid hybridisa-
tion between the two padlock probes. The padlock
probes contained target complementary sequences in
the ends and a sequence for detection in the middle
(italics). The same sequences were used with a 5’ fluoro-
phore for detection. The padlock probes also contain a
mismatch (underlined) for site specific cleavage by
MutY and EndolV [14].

Cells and tissues

Approximately 10° PK-15A cells per ml DMEM supple-
mented with antibiotics and 4% FCS were grown in
Leighton tubes on 9 x 40 mm cover slips until one
third of the area was covered. Cells were incubated
together with PCV2 (PCV2 Imp.1010-Stoon; 5 x10°
TCIDsy) for five hours before carefully rinsed and incu-
bated in Leighton tubes with 2 ml fresh medium. Cells
were then fixed in ethanol after a total infection time of
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24, 30, 48 and 72 hours. Parallel cultures were grown
with 100 nM Mitotracker® Orange CMTMRos before
fixation after 48 h. Negative control slides were also pre-
pared with non-infected PK-15A cells grown for 24 h
before fixation. All slides with cells were prepared in tri-
plicates. Tissue sections, 10 um thick, were prepared
from archived material, i.e., fresh frozen lymph nodes
stored in liquid nitrogen. The lymph nodes were col-
lected from a pig experimentally co-infected with por-
cine parvovirus and PCV2 terminated 28 days post
infection, from an uninfected control pig [26], and from
a clinical case of PMWS where time of infection is
unknown but having PCV2 DNA in its blood a month
before termination [27]. Tissue slides were kept dry in a
-70°C freezer until used.

Target preparation

The slides with cells or tissue sections were treated with
0.01% pepsin in 0.1 M HCI for 90 or 270 seconds
respectively and then washed with phosphate buffered
saline. Slides with cells were dried in a series of ethanol
70, 85 and 99.5% and Secure Seals (SA16S-0.5; Grace
Bio-labs) were then attached to the slides. All the fol-
lowing reactions on cells were performed with ~40 pl
within a 7.0 x 7.0 x 0.8 mm Secure Seal, and all reac-
tions on tissues were performed in a reaction volume of
20 pl under a 22 x 25 mm LifterSlip (221 x 25-2-4635;
Erie Scientific Company), except for the RCA step
which was performed in a volume of 40 pl within a cir-
cular area defined using an ImmEdge Pen (Vector
Laboratories). All the reactions were performed in a
humid chamber and all washes were performed in
either the Secure Seal, or in a coupling jar. Secure Seals
were rinsed with TBS supplemented with Tween-20 to
minimise formation of air-bubbles in the following reac-
tions. DNA was restriction digested and made single-
stranded in a combined reaction with 0.5 U/ul Nlalll
and 0.4 U/ul T7 exonuclease (New England Biolabs) in
1x NEB4 buffer supplemented with 0.2 pg/ul BSA (New
England Biolabs). The reaction was carried out at 37°C
for thirty minutes and cells and tissues were then
washed in 0.1 M Tris- HCI, 0.15 M NaCl, and 0.05%
Tween-20.

Hybridisation and ligation of padlock probes

One hundred nM of each padlock probe (Integrated
DNA Technology) was hybridised to the target
sequences and ligated with 0.25 U/ul Ampligase (Epi-
centre) in Ampligase buffer supplemented with 0.2 pg/ul
BSA, 1 mM NAD, 125 mM KCl, and 5% glycerol. The
reaction was carried out at 55°C for one hour. Cells and
tissues were then washed in 2x SSC and 0.05% Tween-
20 for five minutes at 37°C and then in 0.1 M Tris-
HCI, 0.15 M NaCl, and 0.05% Tween-20.
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Site specific cleavage with MutY and EndolV

The padlock probes contained an AG mismatch. The A in
the target sequence was cleaved off with MutY and
EndolV to produce a free 3’ end as a starting point for
RCA [14]. Two pM MutY (usb) and 0.2 U/pl Endo IV
(Fermentas) was used to cut single-stranded DNA in a
reaction with 0.5 ug/pl BSA, 20 mM Tris-HCI (pH 7.6),
30 mM NaCl, 1 mM EDTA, 0.1 M KCl, and 1 mM DTT
at 37°C for thirty minutes. Cells and tissues were then
washed in 0.1 M Tris- HCI, 0.15 M NaCl, and 0.05%
Tween-20.

Rolling circle amplification

Circularised padlock probes were amplified with RCA.
Phi29 DNA polymerase (Fermentas) was used in the
supplied buffer supplemented with 0.2 pug/ul BSA,
0.25 mM dNTP, and 5% glycerol. RCA was performed
for one hour at 37°C. Cells and tissues were then
washed in 0.1 M Tris- HCI, 0.15 M NaCl, and 0.05%
Tween-20.

Detection and mounting

Two hundred and fifty nM of fluorescently labelled
detection oligonucleotide was hybridised to the RCP in a
reaction containing 20% formamide and 2x SSC at 37°C
for fifteen minutes. Cells and tissues were then washed in
0.1 M Tris- HCI, 0.15 M NaCl, and 0.05% Tween-20.
Slides were then dried in ethanol and Secure Seals were
removed. Nuclei were counterstained with 100 ng/mL
DAPI in Vectashield mounting media (Vector labora-
tories). Cover slips with cells were mounted onto a
microscope slide and microscope slides with tissue sec-
tions were covered with 22 x 22 mm cover slips.

Microscopy

Slides with cells or tissue sections were studied with an
Axioplan II Zeiss with 40x magnification and images
were collected with the Axiovision 4.5 software. DAPI
was acquired for 150 ms for cells and 50 ms for tissue,
FITC for 100 ms and Cy5 for 800 ms. Twenty images
with 11 z-stacks with 0.495 nm between two z-stacks
were taken from each slide of the triplicates with cell
cultures and the images were then analysed with the
Blobfinder software [4].

Acknowledgements

This work was supported by the Wallenberg foundation, SIDA/Sarec (SWE-

2005-469), the Swedish Farmers Foundation for Agricultural Research (Grant
no. H0850396), Formas (Grant no. 221-2006-897) and the Swedish Research
council.

Author details

'Department of Genetics and Pathology, Rudbeck laboratory, Uppsala
University, SE-75185 Uppsala, Sweden. “Department of Biomedical Sciences
and Veterinary Public Health, Section of Virology, Swedish University of
Agricultural Sciences (SLU), Uppsala, Sweden. 3Departmem of Biomedical

Page 9 of 10

Sciences and Veterinary Public Health, Section of Immunology, SLU, Uppsala,
Sweden.

Authors’ contributions

SH designed padlock probes, performed padlock and RCA experiments and
analysed data with the Blobfinder software. ALB and LF performed PCV2
infections in cells. SH, ALB, CF, MB, and MN planned the study. MB and MN
supervised the work. All authors have contributed to the writing of the
manuscript and have read and approved the final manuscript.

Competing interests
MN owns shares in the company Olink AB that holds the commercial rights
to the technique.

Received: 8 September 2010 Accepted: 24 January 2011
Published: 24 January 2011

References

1. Nilsson M, et al: Padlock probes: circularizing oligonucleotides for
localized DNA detection. Science 1994, 265:2085-2088.

2. Fire A, Xu SQ: Rolling replication of short DNA circles. Proc. Natl. Acad. Sci.
USA 1995, 92:4641-4645.

3. Lizardi PM, Huang X, et al: Mutation detection and single-molecule
counting using isothermal rolling-circle amplification. Nat Genet 1998,
19(3):225-232.

4. Allalou A, Wahlby C: BlobFinder, a tool for fluorescence microscopy
image cytometry. Comput Methods Programs Biomed 2009, 94(1):58-65.

5. Larsson C, Koch J, et al: In situ genotyping individual DNA molecules by
target-primed rolling-circle amplification of padlock probes. Nat Methods
2004, 1(3):227-232.

6. Larsson C, Grundberg |, Soderberg O, Nilsson M: In situ detection and
genotyping of individual mRNA molecules. Nat Methods 2010, 7(5):395.

7. Wamsley HL, Barbet AF: In situ detection of Anaplasma spp. by DNA
target-primed rolling-circle amplification of a padlock probe and
intracellular colocalization with immunofluorescently labeled host cell
von Willebrand factor. J Clin Microbiol 2008, 46(7):2314-9.

8. Allan GM, McNeilly F, Kennedy S, Daft B, Clarke EG, Ellis JA, Haines DM,
Meehan BM, Adair BM: Isolation of porcine circovirus-like viruses from
pigs with a wasting disease in the USA and Europe. J Vet Diagn Invest
1998, 10(1):3-10.

9. Meehan BM, McNeilly F, Todd D, Kennedy S, Jewhurst VA, Ellis JA,

Hassard LE, Clark EG, Haines DM, Allan GM: Characterization of novel
circovirus DNAs associated with wasting syndromes in pigs. J Gen Virol
1998, 79(Pt 9):2171-9.

10.  Allan GM, Ellis JA: Porcine circoviruses: a review. J Vet Diagn Invest 2000,
12(1):3-14, Review. Advisory Committee on Genetic Modification: Annual
Report. London; 1999.

11. Segalés J, Allan GM, Domingo M: Porcine circovirus diseases. Anim Health
Res Rev 2005, 6(2):119-42.

12. Chae C: Postweaning multisystemic wasting syndrome: a review of
aetiology, diagnosis and pathology. Vet J 2004, 168(1):41-9.

13. Faurez F, Dory D, Grasland B, Jestin A: Replication of porcine circoviruses.
Virol J 2009, 18(6):60.

14.  Howell WM, Grundberg |, Faryna M, Landegren U, Nilsson M: Glycosylases
and AP-cleaving enzymes as a general tool for probe-directed cleavage
of ssDNA targets. Nucleic Acids Res 2010, 38(7):99.

15. Rodriguez-Carifio C, Sénchez-Chardi A, Segalés J: Subcellular
immunolocalization of porcine circovirus type 2 (PCV2) in lymph nodes
from pigs with post-weaning multisystemic wasting syndrome (PMWS). J
Comp Pathol 2010, 142:291-9.

16.  Gilpin DF, McCullough K, Meehan BM, McNeilly F, McNair |, Stevenson LS,
Foster JC, Ellis JA, Krakowka S, Adair BM, Allan GM: In vitro studies on the
infection and replication of porcine circovirus type 2 in cells of the
porcine immune system. Vet Immunol Immunopathol 2003, 94(3-4):149-61.

17. Vincent IE, Carrasco CP, Herrmann B, Meehan BM, Allan GM, Summerfield A,
McCullough KC: Dendritic cells harbor infectious porcine circovirus type
2 in the absence of apparent cell modulation or replication of the virus.
J Virol 2003, 77(24):13288-300.

18. Rodriguez-Carifio C, Segalés J: Ultrastructural findings in lymph nodes
from pigs suffering from naturally occurring postweaning multisystemic
wasting syndrome. Vet Pathol 2009, 46(4):729-35, Epub 2009 Mar 9.


http://www.ncbi.nlm.nih.gov/pubmed/7522346?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7522346?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9662393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9662393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18950895?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18950895?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15782198?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15782198?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20383134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20383134?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18495855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18495855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18495855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18495855?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9526853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9526853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9747726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9747726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10690769?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16583778?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15158207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15158207?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20081204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20081204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20081204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20096850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20096850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20096850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12909411?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12909411?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12909411?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14645585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14645585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19276043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19276043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19276043?dopt=Abstract

Henriksson et al. Virology Journal 2011, 8:37
http://www.virologyj.com/content/8/1/37

20.

21.

22.

23.

24.

25.

26.

27.

Rodriguez-Carifio C, Duffy C, Sdnchez-Chardi A, McNeilly F, Allan GM,
Segalés J: Porcine Circovirus Type 2 Morphogenesis in a Clone Derived
from the L35 Lymphoblastoid Cell Line. J Comp Pathol 2010, 2010 Aug
25.

Kim D, Ha Y, Lee YH, Chae S, Lee K, Han K, Kim J, Lee JH, Kim SH,

Hwang KK, Chae C: Comparative study of in situ hybridization and
immunohistochemistry for the detection of porcine circovirus 2 in
formalin-fixed, paraffin-embedded tissues. J Vet Med Sci 2009,
71(7):1001-4.

Sorden SD, Harms PA, Nawagitgul P, Cavanaugh D, Paul PS: Development
of a polyclonal-antibody-based immunohistochemical method for the
detection of type 2 porcine circovirus in formalin-fixed, paraffin-
embedded tissue. J Vet Diagn Invest 1999, 11(6):528-30, Advisory
Committee on Genetic Modification: Annual Report. London; 1999.
McNeilly F, Kennedy S, Moffett D, Meehan BM, Foster JC, Clarke EG, Ellis JA,
Haines DM, Adair BM, Allan GM: A comparison of in situ hybridization and
immunohistochemistry for the detection of a new porcine circovirus in
formalin-fixed tissues from pigs with post-weaning multisystemic
wasting syndrome (PMWS). J Virol Methods 1999, 80(2):123-8.

Hamberg A, Ringler S, Krakowka S: A novel method for the detection of
porcine circovirus type 2 replicative double stranded viral DNA and
nonreplicative single stranded viral DNA in tissue sections. J Vet Diagn
Invest 2007, 19:135-141.

Blomstrom A-L, Fossum C, Bélak S, Wallgren P, Berg M: Studies of porcine
circovirus type 2, porcine boca-like virus and torque teno virus indicate
the presence of multiple viral infections in postweaning multisystemic
wasting syndrome pigs. Virus Research 2010, 152:59-64.

Timmusk S, Wallgren P, Brunborg IM, Wikstrom FH, Allan G, Meehan B,
McMenamy M, McNeilly F, Fuxler L, Beldk K, Podersoo D, Saar T, Berg M,
Fossum C: Phylogenetic analysis of porcine circovirus type 2 (PCV2) pre-
and post-epizootic postweaning multisystemic wasting syndrome
(PMWS,). Virus Genes 2008, 36:509-520.

Hasslung F, Wallgren P, Ladekjaer-Hansen AS, Betner A, Nielsen J,
Wattrang E, Allan GM, McNeilly F, Ellis J, Timmusk S, Beldk K, Segall T,
Melin L, Berg M, Fossum C: Experimental reproduction of postweaning
multisystemic wasting syndrome (PMWS) in pigs in Sweden and
Denmark with a Swedish isolate of porcine circovirus type 2. Vet
Microbiol 2005, 106:49-60.

Brunborg IM, Fossum C, Lium B, Blomgqvist G, Merlot E, Jargensen A,
Eliasson-Selling L, Rimstad E, Jonassen CM, Wallgren P: Dynamics of serum
antibodies to and load of porcine circovirus type 2 (PCV2) in pigs in
three finishing herds, affected or not by postweaning multisystemic
wasting syndrome. Acta Vet Scand 2010, 52:22.

doi:10.1186/1743-422X-8-37

Cite this article as: Henriksson et al: Development of an in situ assay for
simultaneous detection of the genomic and replicative form of PCV2
using padlock probes and rolling circle amplification. Virology Journal
2011 8:37.

Page 10 of 10

~
Submit your next manuscript to BioMed Central
and take full advantage of:
e Convenient online submission
e Thorough peer review
¢ No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
¢ Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BioMed Central
J



http://www.ncbi.nlm.nih.gov/pubmed/19652494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19652494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19652494?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12968735?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12968735?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12968735?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12968735?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10471021?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10471021?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10471021?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10471021?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17402607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17402607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17402607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20542066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20542066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20542066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20542066?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18343985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18343985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18343985?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15737473?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15737473?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15737473?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20302632?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20302632?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20302632?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20302632?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Infection of PCV2 in PK-15A cells
	Localisation of virus compared to Mitotracker staining
	PCV2 detected in tissue samples

	Discussion
	Conclusions
	Methods
	Design of padlock probes
	Cells and tissues
	Target preparation
	Hybridisation and ligation of padlock probes
	Site specific cleavage with MutY and EndoIV
	Rolling circle amplification
	Detection and mounting
	Microscopy

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


