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Abstract

Porcine circovirus type 3 (PCV3) is a novel porcine circovirus associated with porcine dermatitis and nephritis
syndrome (PDNS), reproductive failure, and multisystemic inflammation. Capsid protein (Cap) encoded by PCV3
ORF2 gene has been identified as an immunogenic protein. Currently, there is no immunofluorescence assay (IFA)
available for serological diagnosis. Here, the N-terminal 33 amino acids of Cap protein were predicted to serve as a
PCV3 nuclear localization signal (NLS). Two types of recombinant plasmids were constructed for recombinant
protein expression in Sf9 cells by using a baculovirus expression system: plasmid rvBac-Pc for full-length Cap
protein expression and rvBac-Sc for Cap protein expression with a honeybee melittin signal peptide in place of the
predicted NLS sequence. Expression of the nuclear localization sequences was further analyzed by IFA. Strong and
specific fluorescence signals were observed in the nucleus of rvBac-Pc-transfected cells and in the cytoplasm of
rvBac-Sc-transfected cells. No cross-reactivity was observed with porcine circovirus type 2, porcine pseudorabies
virus, classical swine fever virus, or porcine reproductive and respiratory syndrome virus. In summary, we developed
two fluorescence detection modes for Cap protein that can be used to detect PCV3 antibodies. This method is
suitable for the diagnosis and epidemiological investigation of PCV3. This study provides a reliable detection
method for monitoring PCV3 antibody level in pigs in the future.
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Development of a fluorescence method to detect
PCV3 antibodies is necessary
A novel porcine circovirus (PCV) from pig tissues with
porcine dermatitis and nephritis syndrome (PDNS) was
identified by high-throughput sequencing technology
and was designated porcine circovirus type 3 (PCV3) in
previous studies (Palinski et al. 2017; Saraiva et al. 2018;
Kedkovid et al. 2018). PCV3 infection causes PDNS-like

symptoms, reproductive failure, myocarditis, multisyste-
mic inflammation, and congenital tremors in pigs
(Palinski et al. 2017; Phan et al. 2016; Ku et al. 2017;
Chen et al. 2017; Jiang et al. 2018). It has been reported
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that PCV3 is widely spread in pig farms in China (Wen
et al. 2018; Zheng et al. 2017). It not only poses a huge
threat to the pig industry but also brings certain bio-
safety risks to companion animals and humans (Zhang
et al. 2018; Guo et al. 2020; Kedkovid et al. 2018).
Hence, it is of great significance to establish an effective
antibody detection method for PCV3.
Currently, the most commonly used methods for

PCV3 detection in pigs include polymerase chain re-
action (PCR) and ELISA (enzyme-linked immuno-
sorbent assay, Yuan et al. 2020; Zhang et al. 2019).
ELISA has been used to test for positive porcine
serum samples (Deng et al. 2018; Xu et al. 2018)
while PCV3-Cap protein-based indirect ELISA is the
only method for PCV3 antibody detection (Deng
et al. 2018). However, nonspecific binding in ELISA
often gives false positive results. In addition, it is dif-
ficult to interpret ELISA results when the serum
antibody titer is near the cutoff threshold. Compared
with PCR and ELISA, IFA (immunofluorescence
assay) can be utilized to visualize the localization of
viral antigens inside cells, to detect viral antibodies
in serum, and to investigate viral infection processes
due to its accuracy and high specificity (Koh et al.
2010; Taber et al. 1976). Moreover, semiquantitative
IFA analysis of antibody level in serum can also be
performed based on fluorescence intensity. The aim
of this work was to develop a rapid, easy-to-use and
inexpensive Cap protein-based serological diagnostic
assay for PCV3 detection.

Verification of baculovirus-expressed PCV3 Cap
proteins
A previous study established indirect IFA to detect
PCV2 serum antibodies by cloning PCV2 ORF2 gene
into the eukaryotic expression vector pCEP5, and re-
sults were determined by observing the presence or
absence of a green fluorescence signal in nucleus or
perinucleus (Racine et al. 2004). In this study, pFast-
Bac1 vector was used as backbone to construct two
vectors, one containing full-length ORF2 and the
other containing ORF2 with a deletion of NLS (nu-
clear localization signal). To express PCV3 Cap pro-
tein in Sf9 cells, they were transfected with rvBac-Sc,
rvBac-Pc and wild-type baculovirus rBacmid. After 96
h of transfection, compared with mock-transfected Sf9
cells, transfected cells were enlarged approximately 2-
fold and showed extensive cellular vacuolation
(Fig. 1a).
To increase viral titers of the recombinant baculo-

viruses, P1 viruses were passaged three times in Sf9 cells.
The expression of Cap proteins was analyzed by western
blot using a PCV3 Cap-specific monoclonal antibody (Li
et al. 2018). Positive Cap protein signals between 23 kDa

and 30 kDa were observed in the supernatant and lysate
of rvBac-Sc-infected cells and in the lysate of rvBac-Pc-
infected cells. Cap protein didn’t detected in the ly-
sates of noninfected Sf9 cells, indicating specific Cap
expression in Cap-Bac-infected cells (Fig. 1b). Fur-
thermore, cells infected with P4 generation of recom-
binant baculoviruses were further analyzed by IFA.
rvBac-Sc and rvBac-Pc produced green fluorescence
in different localizations inside cells. Intense and spe-
cific fluorescence was observed in nucleus and peri-
nuclear regions of rvBac-Pc-infected Sf9 cells, whereas
luorescence signal of rvBac-Sc-infected Sf9 cells was
mainly distributed in cytoplasm (Fig. 1c), suggesting
that the N-terminal 33 amino acid sequence indeed
functions as an NLS.

Optimal number of Sf9 cells and dilution of serum
The optimal number of Sf9 cells and the optimal
serum dilution rate were further determined. Results
were classified into -, +, ++, +++, or ++++ according
to the number of positive cells and fluorescence in-
tensity, as showED in Table 1. At a 200x magnifica-
tion, the average number of positive cells was
determined in five random fields. If no positive cells
could be observed, results were identified as “-”. If
the average number of positive cells was less than 5,
results were identified as “+”. If the average number
of positive cells was more than 5 but less than 25,
the results were identified as “++”, more than 25 but
less than 100 cells were identified as “+++“and more
than 100 cells were identified as “++++”. When cell
number was 1.0 × 104/well, a specific but very weak
fluorescence signal was observed, which may be due
to the cell number being too low. When the number
of cells increased to 4.0 × 104/well or 8.0 × 104/well,
cells were too crowded, and fluorescence overlapped
frequently, resulting in inconvenience in observation.
When serum was diluted to 1:10 or 1:20, positive
cells exhibited a bright specific fluorescence signal.
However, when serum was diluted to 1:40, only a
weak green fluorescence signal was observed in cyto-
plasm of rvBac-Sc-infected Sf9 cells. In summary,
the optimal cell number per well was 2.0 × 104/well,
and the optimal serum dilution was 1:20 (Table 1).

Judgment of a positive serum sample
As the cutoff of results is subjective, operator needs
to have a wealth of experience to minimize the
interference of visual errors (Demir et al. 2020). Fur-
thermore, some pig farms may have been immunized
with subunit vaccines originating from the baculo-
virus expression system, resulting in the production
of nonspecific antibodies in the serum, in turn caus-
ing a nonspecific green fluorescence signal and
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affecting the accuracy of this assay. To reduce the
influence of subjective judgment error and nonspe-
cific green fluorescence signals, serum was separately
added to rvBac-Sc-infected and rvBac-Pc-infected Sf9
cells. Sf9 cells infected with rvBac-Sc exhibited green
fluorescence in cytoplasm, while Sf9 cells infected
with rvBac-Pc displayed green fluorescence in nu-
cleus. Only when the correct green fluorescence pat-
tern was observed in both types of infected cells
could the sample be judged as PCV3-positive.

Detection limitation and cross-reactivity of the
IFA method
Cap protein encoded by PCV3 ORF2 shares only 21%
and 36% homology with the corresponding proteins in
PCV1 and PCV2, respectively. They exhibit low amino
acid homology with no cross-reactivity (Woźniak et al.
2019). Here, PCV3-positive serum from a natural PCV3
infection was diluted to 1:10, 1:20, 1:40, 1:80, 1:160, 1:
320, 1:640, 1:1280 and 1:2560 and tested by IFA on Sf9
cells infected with rvBac-Sc, rvBac-Pc and rvBac, as

Fig. 1 Verification of PCV3 Cap protein expression in Sf9 cells. a Cytopathic effect in Sf9 insect cells transfected with recombinant bacmids. The
left panel shows Sf9 cells, the middle panel shows Sf9 cells transfected with rvBac-Sc, and the right panel shows rvBac-Pc-transfected Sf9 cells. b
Identification of recombinant Cap protein expression by western blot. Lane 1, cell lysate of Sf9 cells infected with rvBac-Pc. Lane 2, cell lysate of
rvBac-Sc-infected Sf9 cells. Lane 3, supernatant of rvBac-Pc-infected Sf9 cells. Lane 4, supernatant of Sf9 cells infected with rvBac-Sc. Lane 5, cell
lysate of mock-infected Sf9 cells. M, Marker. c Identification and localization of PCV3 Cap protein in infected Sf9 cells by IFA. rvBac-Sc, Sf9 cells
infected with rvBac-Sc. rvBac-Pc, Sf9 cells infected with rvBac-Pc. Con, mock-infected Sf9 cells
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described in the Methods section. When the serum of
PCV3 was diluted 640-fold, a weak fluorescence signal
was still present in both of rvBac-Sc- and rvBac-Pc-
infected cells (Fig. 2). However, when the serum was di-
luted 1280-fold, no detectable green fluorescence signal
was observed. No positive signal was observed by using
this IFA method to detect PCV2- (Fig. 2), PRV (pseudo-
rabies virus)-, CSFV-(classical swine fever virus), or
PRRSV (porcine reproductive and respiratory syndrome
virus)-positive serum (Table 1), suggesting that this assay
has good specificity. Then, three positive and one nega-
tive PCV3 Cap serum samples were tested by IFA with
different batches of rvBac-Sc-, rvBac-Pc- and rvBac-
infected Sf9 cells, and no obvious changes in fluores-
cence intensity were observed, suggesting that this assay
has good reproducibility.
In addition, the immobilization of specimens is an im-

portant step in indirect IFA. During immobilization, it is
also important to maintain the antigenicity of antigens
while preserving their localization inside cells. After
many trials, absolute ethanol was selected as a fixative
due to its excellent characteristics in maintaining cell
morphology and specific fluorescence. Results of repeat-
ability test showed that there was no obvious difference
in green fluorescence intensity produced by different
batches of cells (data not shown), indicating that this
method has good repeatability. In summary, the method
established in this research showed good specificity and
reproducibility.

Comparison of ELISA and IFA
The robustness of IFA was further evaluated with field sam-
ples. A total of 102 serum samples were randomly selected

for IFA and ELISA tests. Comparing IFA with ELISA, 46/
49 (93.88%) ELISA-positive samples tested positive by IFA.
Similarly, of the field samples originally testing negative by
ELISA, 53/53 (100%) were negative by IFA (Table 2). The
chi square test was performed to assess the correlation be-
tween these two methods, which was found to be signifi-
cant, with the results reflecting the same index.

Epidemiological investigation of PCV3 antibody in
China
Since PCV3 was first reported in the United States in
2015, China, South Korea, Poland, Brazil, Japan and
other countries have also reported, and its prevalence
rate in various countries has increased year by year. The
genome sequences of PCV3 from different countries are
quite similar, suggesting that PCV3 may spread across
borders (Palinski et al. 2017; Kwon et al. 2017; Ku et al.
2017). Currently, the only detection method for PCV3
antibody is PCV3-Cap protein-based indirect ELISA
(Deng et al. 2018). However, ELISA often shows false
positive results. In addition, insufficient antigen purity
often results in difficulty in distinguishing results near
the negative-positive thresholds. Therefore, the goal of
this study was to establish a low-cost, easy-to-use, sensi-
tive and specific method for detecting PCV3 antibodies
and to perform an epidemiological investigation of
PCV3 antibodies in China.
Here, epidemiological investigation of PCV3 was per-

formed by using this IFA method. The results showed
that the positive rate of PCV3 antibody was 45.8% (143/
312). Detection rates of PCV3 antibody were further cat-
egorized corresponding to the growth stage of pigs, and

Table 1 Fluorescent observations of different treatments

Analysis Specific fluorescence Nonspecific fluorescence

Cell number (104/well) 1.0 ++ –

2.0 ++++ –

4.0 ++++ –

8.0 ++++ –

Serum dilution 1:10 ++++ –

1:20 ++++ –

1:40 +++ –

1:80 ++ –

1:160 + –

Cross-reactivity of pathogens PCV3 ++++ –

PCV2 – –

PRV – –

CSFV – –

PRRSV – –

PCV3 Porcine circovirus type 3, PCV2 Porcine circovirus type 3, PRV pseudorabies virus, CSFV classical swine fever virus, PRRSV porcine reproductive and respiratory
syndrome virus. Results are classified as -, +, ++, +++, or ++++ according to the number of positive cells and the intensity of fluorescence
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summarized in Table 3. Our date indicated that PCV3
was widely spread in China.
In summary, this research developed an IFA method

for the diagnosis and epidemiological investigation of
PCV3. The epidemiological investigation of PCV3 in
Hebei, Henan and Jiangxi, Chongqing of China was
performed. This method can provide a reference for
the development of commercial PCV3 antibody detec-
tion kit.

Methods
Construction of the recombinant bacmid
NLS sequence of PCV3 Cap protein (GenBank NO:
KY354039) was predicted by NLStradamus (http://
www.moseslab.csb.utoronto.ca/NLStradamus). The N-
terminal 33 amino acids were predicted as the NLS.
Therefore, an insect gene codon-optimized ORF2 gene

Fig. 2 Analysis of detection limitation and cross-reactivity of PCV3 Cap protein-based IFA. Fluorescence signals in different baculovirus-infected
Sf9 cells when incubated with 640-fold diluted PCV3- or PCV2-positive serum

Table 2 Results of PCV3 serum samples detected by IFA and
ELISA

Paired Chi Square
Test

ELISA

+ – Total

IFA + 46 0 46

– 3 53 56

Total 49 53 102

Statistical results Chi square value p

86.87 0

PCV3 Porcine circovirus type 3, IFA immunofluorescence assay
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was synthesized (GenScript Biotech Corp, Nanjing,
China) and cloned into the pFastBac1 vector (Invitro-
gen, Thermo Fisher Scientific, Inc., Carlsbad, USA).
For comparison, two Cap protein expression con-
structs were made: plasmid pFastBac1-ORF2 (Pc),
containing a full-length ORF2 gene, and plasmid
pFastBac1-ORF2 (Sc), containing the NLS-deleted
ORF2 gene. Then, plasmids were transformed into
DH10Bac competent cells. The positive bacmids, des-
ignated rBac-Sc and rBac-Pc, respectively, were char-
acterized by sequencing.

Expression of recombinant protein
The rBac-Sc, rBac-Pc and rBacmids (wild-type baculo-
virus) were transfected into Sf9 insect cells by using Li-
pofectamine™ 2000 (Life Technologies, CA, USA) and
incubated for 4–5 d at 27 °C to obtain recombinant
baculoviruses. Supernatants of transfected cells were
harvested as P1 generation viruses and designated
rvBac-Sc, rvBac-Pc and rvBac, respectively. Subse-
quently, 50 μL P1 generation virus was inoculated into a
6-well plate with fresh Sf9 cells and incubated for 72 h at
27 °C. After cells showed an apparent cytopathic effect
(CPE), supernatant was collected as the second gener-
ation (P2) recombinant baculovirus. The virus was pas-
saged as described above until the fourth generation
(P4) and stored at − 80 °C.
In total, 50 mL Sf9 cell suspension was infected with

P4 generation virus at a multiplicity of infection (MOI)
of 0.05 and incubated in a shaking incubator (160 g) at
27 °C for 96 h, after which the cells were collected for
further analysis. Cap protein expression was analyzed by
using a western blot assay with a PCV3-specific mono-
clonal antibody as previously described (Guo et al.
2016). Mouse anti-PCV3 Cap protein monoclonal anti-
body was used as the primary antibody, and HRP-goat
anti-mouse IgG (AntGene, Wuhan, China) was used as
the secondary antibody.
The expression and localization of PCV3 Cap pro-

tein in transfected cells was verified by IFA. P4 gener-
ation viruses of rvBac-Sc and rvBac-Pc, 1 μL per well,
were simultaneously inoculated into a 96-well plate
with 2.0 × 104 Sf9 cells/well. Sf9 cells inoculated with
wild-type baculovirus were used as a negative control.
IFA assay was performed as described previously
(Woźniak et al. 2019).

Determination of the optimal number of Sf9 cells and
serum dilution
Square array titration was used to determine the opti-
mal number of cells for inoculation and serum dilu-
tion. Briefly, Sf9 cells were seeded in 96-well plates at
1.0 × 104, 2.0 × 104, 4.0 × 104 and 8.0 × 104/well, and
the P4 generation of rvBac-Sc, rvBac-Pc and rvBac
was added at an MOI of 0.05 to the plates. After in-
cubation for 96 h at 27 °C, cells were fixed and
blocked as outlined above. The blocked plate was
used immediately or stored at − 20 °C. PCV3-positive
serum and PCV3-negative serum were serially diluted
to 1:10, 1:20, 1:40, 1:80, 1:160, 1:320 and 1:640. Then,
100 μL/well of diluted sera was added to rvBac-Sc,
rvBac-Pc and rvBac cell plates and incubated for 1 h
at 37 °C. Afterwards, FITC-labeled goat anti-mouse
secondary antibody (1:500) was added to the plate
and then incubated at 37 °C for 1 h in the dark. DAPI
was used to stain nuclei. When a specific fluorescence
signal was observed in cells infected with rBac-Sc and
rBac-Pc but not in the cells infected with control
rBacmids, the sample was judged positive. According
to the number of positive cells and intensity of fluor-
escence, the results were classified as -, +, ++, +++,
++++or +++++.

Detection limitation, cross-reactivity and repeatability of
the IFA method
Sf9 cells infected with rvBac-Sc, rvBac-Pc and rvBac
were added to 96-well plates and subjected to IFA assay
as described above. PCV3-positive serum was diluted to
1:10, 1:20, 1:40, 1:80, 1:160, 1:320, 1:640, 1:1280 and 1:
2560, and then 100 μL/well of the diluted serum was
added to a 96-well plate to determine the detection limi-
tation of IFA. Cross-reactivity was assessed by testing
serum samples from pigs infected with PCV2, PRV,
CSFV, and PRRSV. The same batch of positive and
negative sera was used to stain different batches of cells
to determine the repeatability of the assay.

Sample collection
A total of 312 pig serum samples from 21 farms in 4
provinces of China (Hebei, Henan, Jiangxi, and Chong-
qing) from January 2020 to March 2021 were kindly pro-
vide by Animal Disease Diagnostic Center of Huazhong
Agricultural University. Samples were further catego-
rized corresponding to the growth stage of pigs,

Table 3 Detection rates of PCV3 antibody

Background Growth stage

Piglets Nursery Fattening Sow Total

PCV3 antibody positivity rate 33.33% 37.31% 37.62% 59.35% 45.83%

7/21 25/67 38/101 73/123 143/312
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including 21 serum samples from piglets, 67 serum sam-
ples from nursery pigs, 101 serum samples from fatten-
ing pigs, and 123 serum samples from breeder pigs. For
serum collection, approximately 1.5 mL blood was trans-
ferred into 2 mL tubes (Fengqin, Guangzhou, China) and
maintained at 4 °C for 24 h. Then, samples were centri-
fuged for 10 min at 2000 g and 4 °C, supernatant was col-
lected and stored at − 80 °C for further study.

Serological detection of PCV3 antibody by ELISA
A total of 102 pig serum samples were randomly col-
lected for ELISA analysis. Serum samples of PCV3-
specific Cap protein antibodies were evaluated according
to a previous report (Wang et al. 2019). Briefly, PCV3
ORF2 gene fragment was inserted into pET-30a (Invitro-
gen, Thermo Fisher Scientific, Inc., Carlsbad, USA), and
the recombinant protein was induced by 1 mmol/L IPTG
(Sigma), followed by incubation at 37 °C for 6 h. The op-
timal antigen coating concentration was 1 μg/mL, and
serum dilution was 1:20. After incubation at 37 °C for 1
h, plate was washed with PBST (Chuntest) three times
and incubated with 100 μL goat anti-swine immuno-
globulin G conjugated with horseradish peroxidase
(Abclonal, Wuhan, China) for 1 h at 37 °C. After wash-
ing, a 2′ 2-azino-bis-(3-ethylbenzothiazoline) substrate
solution and then a 1.0% sodium dodecyl sulfate as a
stop solution were added to all wells of the microplate.
Serum samples were confirmed as positive if the absorb-
ance was higher than the cutoff value (0.4).

Statistical analysis
Experimental results were analyzed by paired chi-square
tests using SPSS V. 21.0. Pearson’s correlation coefficient
was calculated using the same software for determin-
ation of relative coupling efficiencies and comparison of
singleplex versus multiplex assays.
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