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Abstract

Introduction: Porcine circovirus 4 (PCV4) was first discovered in 2019 in a herd of pigs with porcine respiratory disease,
dermatitis and nephropathy syndrome in Hunan Province, China. It has subsequently been detected in other provinces and in South
Korea. In consideration of the potential of the virus to cause an epidemic, rapid, sensitive, and specific detection of PCV4 is needed,
as is the facilitation of further epidemiological research through elucidation of the whole genome of PCV4. This study had those
two aims. Material and Methods: Fifty-five blood samples, two pig tissue samples, nine saliva swabs and one semen sample
which all originated from Sichuan province pig farms were analysed. The virus’ genome of 1,770 bp was synthesised artificially
based on a Chinese reference strain and primers and probes for the ORF2 gene were designed. Then, the amplified target fragment
was cloned into the pMD19-T vector and a series of diluted recombinant plasmids were used to generate a standard curve.
An optimised real-time TagMan PCR method was established. Results: The results of this study showed that the established method
is specific for PCV4 but not for other viruses, and has amplification efficiency of 99.6%, a regression squared value (R?) of
1.000 and a detection limit of 2.2x10 DNA copies. This method was shown to be analytically specific and sensitive with a low
intra- and inter-assay coefficient of variation (<1.67 %). Of a total of 67 clinical samples tested using the established method, three
were shown to be positive (4%). Conclusion: This study confirms the existence of PCV4 in Sichuan and provides a promising
alternative tool for rapid detection of PCV4.
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Introduction

Porcine circovirus (PCV) is a circular single-
stranded negative-strand DNA non-enveloped virus that
belongs to the Circoviridae family and the Circovirus
genus (7). Currently, four different porcine circoviruses
have been reported: PCV1 (16), PCV2 (8), PCV3 (10)
and PCV4 (20). The first of the viruses was discovered
in 1974 as a contaminant of a porcine kidney cell line
(PK-15) and is considered non-pathogenic (15). On the
other hand, PCV2 is recognised as a necessary
but insufficient agent of porcine-circovirus-associated
diseases (PCVAD), including postweaning multisystemic
wasting syndrome (PMWS) and porcine dermatitis and
nephropathy syndrome (PDNS) (5, 12, 17). PCV2 has

become a threat to the swine industry globally. In 2016,
a new porcine circovirus was detected from the tissue
homogenate of sows exhibiting similar symptoms to
PDNS and inflammation of the heart and multiple
organs, and the virus, designated PCV3, was identified
to be another potential pathogenic factor of clinical
diseases in pigs (10, 11).

In April 2019 in Hunan Province, China, Zhang et al.
(20) discovered a new type of PCV in pigs with severe
clinical diseases, including respiratory diseases,
diarrhoea, porcine dermatitis and nephrotic syndrome;
this type, PCV4, poses a threat to the pig industry.
The genome of PCV4 has a total length of 1,770
nucleotides (nt). Based on prediction using ORFfinder
(https://www.ncbi.nlm.nih.gov/orffinder/), PCV4 contains
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12 open reading frames (ORF) with two major predicted
genes: a replicase gene spanning 891 nt encoding
a protein of 296 amino acids, and a capsid gene spanning
687 nt encoding a protein of 228 amino acids (20). There
were no relevant reports of PCV4 detection in other
regions, and therefore an efficient, sensitive and rapid
detection method is needed to provide specific diagnosis
that may facilitate accurate clinical investigation in
minimal time during the PCV4 epidemic.

Material and Methods

Viruses and clinical samples. All viruses used in
this study were collected in our laboratories, including
porcine reproductive and respiratory syndrome virus
(PRRSV) strains, porcine epidemic diarrhoea virus
(PEDV), classical swine fever virus (CSFV) attenuated
vaccine, porcine parvovirus (PPV) and pseudorabies
virus (PRV). A total of 67 samples (55 blood samples,
2 tissue samples, 9 saliva swabs and 1 semen sample)
were investigated, which were submitted to the
Department of Veterinary Medicine, Sichuan
Agricultural University from 15 pig farms located in the
cities of Chengdu, Mianyang, Suining, Dazhou, Zigong,
Dazhou, Nanchong, and Guangyuan of the Sichuan
province of China between 2018 and 2021.

Construction of the PCV4 whole genome
plasmid. The whole genome of PCV4 (1,770 bp) was
synthesised artificially (Sangon Biotech, Shanghai, China)
based on a reference sequence of a Chinese isolate
available in GenBank (accession no. MT311852.1), and
then cloned into pUC57 Vector (TIANGEN, Beijing,
China). The plasmid DNA construct of pUC57-PCV4
was amplified in E. coli DH5a and subsequently purified
using a Plasmid MiniPrep Kit (Sangon Biotech) and
quantified using a NanoDrop 2000 spectrophotometer
(Thermo Fisher, Waltham, MA, USA).

Primers and probe for PCV4. Forward and
reverse PCV4 primers and a PCV4 probe were designed
manually based on the conserved regions shown by the
alignment of the ORF2 gene from complete genome
sequences of the PCV4 reference sequence isolated in
China. The nucleotide sequences of the primers and the
probe are listed in Table 1.

DNA cloning and sequencing. The plasmid
constructed in the previous step was used as the template
for DNA amplification using the PCV4-F/R primer set.
The amplified target fragment was recovered and then
cloned into pMD-19T Vector (TaKaRa, Dalian, China)

Table 1. Nucleotide sequences of PCV4 primers and PCV4 probe

for DH5a (TIANGEN) transformation. Following
colony screening and identification, positive clones
containing the desired DNA insert were grown overnight
in a culture volume of 5 mL for plasmid isolation using
a Plasmid MiniPrep Kit (Sangon Biotech). The DNA
concentration of the plasmid construct pMD19T-PCV4
was quantified using the NanoDrop 2000 spectrophotometer
(Thermo Scientific). The number of plasmid DNA copies
was calculated using the following formula: amount
(copies/uL) = (DNA concentration (g/uL)/(plasmid length
in base pairs x 660) x 6.02 x10%,

Optimisation of the real-time PCR. A real-time PCR
was performed on the CFX Connect Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) in
a reaction volume of 25 pL containing 12.5 pL of
SsoAdvanced Universal Probe Supermix (Bio-Rad),
different volumes of each primer (10 pmol/L) and probe
(10 umol/L), 2 uL of DNA template and RNase-free
deionised distilled water (ddH,O). The qPCR conditions
were as follows: initial denaturation at 94°C for 2 min
followed by 40 cycles at 94°C for 10 s and final extension
at 55.4°C for 30 s.

Method standardisation. The DNA concentration
of the pMDI9T-PCV4 plasmid construct was
determined using the NanoDrop2000 spectrophotometer
(Thermo Scientific) before being serially diluted
ten-fold. Each diluted concentration in the range from
2.20 x 108 copies/pL to 2.20 x 103 copies/uL was tested
by qPCR in triplicate. The calibration curves were
generated by CFX Manager software (Bio-Rad). The
standard curve of Ct versus plasmid copies was then
constructed.

Specificity analysis. For specificity analysis, 10 ng
of viral DNA or cDNA from PCV2, PCV3, PPV, PRV,
PRRSV, PEDV, FMDV vaccine and CSFV vaccine (all
provided by the Sichuan Agricultural University) was
used as templates for amplification by real-time PCR.
The analysis also used pMDI9T-PCV4 plasmid
construct as the positive control and ddH,O as the
negative control. To evaluate the specificity of this
method, the real-time TagMan PCR assay established in
this study was used for amplification.

Sensitivity analysis. Plasmid DNA of pMDI19-
PCV4 with a concentration ranging from 10%® to
10! copies/uL was used to evaluate the sensitivity of the
real-time PCR. The best reaction conditions with the
minimum detection volume in the PCR assay developed
in the course of this investigation were used for
sensitivity evaluation.

Primer Nucleotide sequence (5'-3") Nt position
PCV4-F AATCTCACTGTCCACACCTG 1105-1124
PCV4-R CAAAACCCCAGGACCCATC 12671249
PCV4-probe FAM-ACCCACACCCTCCACTTCCAGC-BHQ!I

PCV4 — porcine circovirus 4
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Repeatability and reproducibility analyses.
To determine the reproducibility and repeatability of the
real-time PCR, 103, 10%, 10° and 10? copies of pMD19-
PCV4 were tested in triplicate in three independent
experiments. The inter-assay variability was evaluated
in three independent runs and in different thermocyclers
(ABI, Forster, CA, USA; Roche Diagnostics, Risch-
Rotkreuz, Switzerland; Bio-Rad) performed on different
days. The mean, standard deviation and coefficient of
variation (CV) were calculated using the Ct values
obtained for each dilution in each run. The range
(minimum and maximum values) for each parameter
was determined. The mean, standard deviation and the
CV were calculated using SPSS statistical software
(IBM, Armonk, NY, USA) to evaluate the method
repeatability.

Detection of PCV4 from clinical samples. Viral
DNA was extracted from 72 clinical samples, which
were amplified using the developed real-time PCR
method. Samples amplified before 38 cycles with typical
amplification curves were considered PCV4-positive.
Evaluation was repeated if a typical amplification curve
was observed with a Ct value of greater than 38. Samples
that underwent repeated tests with the same result were
considered positive, and those showing inconsistent
results in repeated tests were considered negative.

Results

Real-time PCR  optimisation.  Reactions
containing 12.5 pL of SsoAdvanced Universal Probe
Supermix (Bio-Rad), 8.05 pL of RNase-free ddH,O,
2 uL of DNA template, 1.1 puL of each primer
(10 pmol/L) and 0.25 pL of solution of probe
(10 pmol/L) were found to produce the strongest
fluorescent signals.

Using the pUCS57-PCV4 construct as the template,
the target fragment with a length of 163 bp was
successfully amplified by PCR with specific primers.
Following DNA purification, the PCR products were
cloned into the pMDI19-T Vector to construct
a pMDI9T-PCV4 recombinant plasmid standard.
Comparison of the DNA sequencing results for the
isolates from the samples with the reference sequence
revealed no mutation in the sequence of the DNA insert,
showing that the pMD19T-PCV4 recombinant plasmid
standard had been successfully constructed. DNA
quantification showed that the plasmid concentration
was 2.20 x 10° copies/uL.

Standard curve. For standard curve generation,
pMDI19T-PCV4 was diluted tenfold in RNase-free
ddH,0O, and the diluted samples were used as the
template for the real-time PCR. As shown in Fig. 1,
the generated standard curve had a range of
10°-10% copies/uL with a good linear correlation
between 2.20 x 10® copies/uL and 2.20 x 103 copies/uL
(Slope: —3.330; y-int: 34.697; correlation coefficient
R2: 1.000; amplification efficiency: 99.6%).

Standard Curve
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Fig. 1. Standard curve of PCV4 real-time PCR for serially diluted
pMDI9T-PCV4 recombinant plasmids. Mean threshold cycle (Ct)
values from three replicates (y-axis) are plotted versus logarithmic
concentrations of plasmid copies (x-axis)
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Fig. 2. Sensitivity analysis of the TagMan real-time PCR for PCV4.
RFU —relative fluorescence units; 1-8—2.2 x 10® copies/uL-2.2 * 10! copies/uL.
The lowest copy number detected by gqPCR was 2.2 x 10" copies/uL

Specificity analysis. Using DNA and cDNA of
other viruses or vaccines as templates, our results
showed that only PCV4 was detected by real-time PCR,
while other viruses were undetected. Similar results
were obtained from three repeated independent
reactions, demonstrating that the assay was highly
specific.

Sensitivity analysis. To evaluate the assay
sensitivity, diluted pMDI19T-PCV4 samples with
a concentration range of 108-10' copies/uL were used as
a template. Our results showed that the real-time PCR
had a detection limit of 10! copies and similar results
were obtained from three repeated independent reactions
(Fig. 2).

Reproducibility analysis. In order to evaluate the
repeatability of the detection method, the assay was
carried out using recombinant plasmids at three different
concentrations from 2.20 x 10° to 2.20 x 102 copies/uL.
Each concentration was evaluated three times, and the
determined Ct values, mean, standard deviation and CV
are shown in Table 2. Our results showed that the
experimentally established method for the detection of
PCV4 genotype by fluorescence quantitative PCR has
good reproducibility. Therefore, this method can be used
for stable and reliable detection of the PCV4 genotype
from the samples.

Detection of PCV4 in clinical samples. Using 67
samples collected from pig farms in different regions of
the Sichuan province from 2018 to 2021, the
practicability of the established quantitative PCR
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(qPCR) detection method based on TaqMan was
evaluated. A positive rate of 4% (3/67) was determined
by qPCR, all samples positive by qPCR were sequenced.
The similarity between MT311852.1 and the four
isolates ranged from 95.45% to 98.85%.

Table 2. Repeatability test of gPCR

Positive

plasmid Intra-assay Inter-assay

concentration
(copies/uL) Ct (6% Ct (6%
copies/p (mean+SD) % (mean + SD) %
2.20 x 10° 18.15£0.22 121 18.14+0.25 1.38
2.20 x 10* 21.48+0.14  0.65 21.49+0.18 0.84
2.20 % 10° 2498+0.16  0.64 24,92 +0.28 1.12
2.20 x 10? 28.56+0.36  1.26 28.53+0.48 1.68

Ct — threshold cycle

Discussion

The four PCVs are similar in structure with two
ORFs oriented in opposite directions in the circular
genome; ORF1 or the rep genes Rep and Rep’ encoding
proteins associated with replication (not characterised
for PCV3 or PCV4 at this point); and ORF2 or the cap
gene encoding the capsid or Cap protein (1). The fourth
type of the virus was first identified in 7- and 12-week-
old pigs suffering from respiratory, enteric and PDNS
symptoms, and also in healthy pigs in April 2019 (20).
Since the discovery of PCV4, only a few sequences of
the virus have become available and the clinical
significance and pathogenic mechanism of the virus
have not been reported. An efficient and stable detection
method is an effective means to control and prevent the
spread of the newly emerging virus.

Currently, real-time fluorescent PCR is widely used
in clinical detection. Compared with loop-mediated
isothermal amplification, the TaqgMan-based real-time
PCR assay has superior accuracy. Isothermal
amplification requires specialised personnel for
operation, and the samples are vulnerable to
contamination; therefore, the potential for false positive
results is high and it is difficult to guarantee the accuracy
of detection (18). Compared with SYBR, the cost of
TagMan assays is higher, where the expense probe
synthesis particularly is a consideration. Another of their
disadvantages is that quantification is often affected by
enzyme performance because of the use of the 5'—3’
exonuclease activity of the Taq enzyme. However, the
advantage of real-time TagMan PCR over SYBR-
Green-based PCR (19) is that it yields highly specific,
low false positives and read-through signals generated
by the TagMan probe. Compared with conventional
PCR (14), real-time PCR is able to detect the reaction
process in real time and determine the absolute amount
of amplified products, with strong specificity and better
sensitivity. The developed real-time PCR assay is rapid

with no requirement for post-PCR steps. Real-time
TagMan PCR and ELISA are the most commonly used
laboratory confirmation methods for the early diagnosis
of the virus, but the targets detected by the two methods
are different. Viral antibody detection is an indirect
method of confirming viral infections, so the clinical
significance is slightly different. In viral infections,
viraemia occurs first, and then the antibodies are
produced. The real-time TagMan PCR method can
detect positive specimens <1 d after the onset, while the
ELISA method can detect positive samples only a few
days after (4).

At present, according to research reports, PCV4 has
been detected in Hunan, Guangxi, Shaanxi, Henan and
Inner Mongolia provinces of China (3, 6, 13, 14, 20).
This is the first study to report the successful detection
of PCV4 in the Sichuan province. The virus was also
successfully detected in South Korea in 2021 (9).
Evidence is lacking of this virus’ presence outside Asia:
PCV4 has not been detected in Italy or Spain (2). It may
be due to trade in pork products between these two
countries and China not taking place frequently.
However, PCV4 may eventually circulate globally
because of international trade.

In conclusion, we successfully developed and
evaluated a real-time PCR assay for rapid and accurate
detection of PCV4. Our established real-time PCR
method detected down to a lower limit of 101 copies,
and it was analytically specific and sensitive with low
intra- and inter-assay CV (<1.67 %), indicating reproducible
and reliable in providing rapid and accurate PCV4
detection.
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