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Abstract

Porcine parvoviruses (PPVs) are small, nonenveloped DNA viruses that are widespread in
the global pig population. PPV type 1 (PPV1) is a major causative agent of reproductive fail-
ure and has been recognized since the 1960s. In recent decades, novel PPVs have been
identified and designated as PPVs 2 through 7 (PPV2~PPV7). Although the epidemiological
impacts of these newly recognized parvoviruses on pigs are largely unknown, continuous
surveillance of these PPVs is needed. The aim of this study was to develop an improved
and efficient detection tool for these PPVs and to assess the developed method with field
samples. Using 7 sets of newly designed primers, a multiplex polymerase chain reaction
(mPCR) protocol was developed for the simultaneous detection of the seven genotypes of
PPV (PPV1~PPV7). The sensitivity of the mPCR assay was analyzed, and the detection
limit was determined to be 3x10° viral copies. The assay was highly specific in detecting
one or more of the viruses in various combinations in specimens. The mPCR method was
evaluated with 80 serum samples, 40 lung or lymph node samples and 40 intestine or fecal
samples. When applied to these samples, the mPCR method could detect the 7 viruses
simultaneously, providing rapid results regarding infection and coinfection status. In conclu-
sion, the developed mPCR assay can be utilized as an effective and accurate diagnostic
tool for rapid differential detection and epidemiological surveillance of various PPVs in
numerous types of field samples.

Introduction

Parvoviruses are members of the Parvoviridae family, which has an extensive host range and
can be divided into two subfamilies: Parvovirinae and Densovirinae. The members of Parvovir-
inae infect vertebrate hosts, while those of Densovirinae infect arthropods. Parvovirinae com-
prises eight genera: Protoparvovirus, Tetraparvovirus, Copiparvovirus, Chapparvovirus,
Dependoparvovirus, Erythroparvovirus, Bocaparvovirus and Amdoparvovirus [1, 2]. The first
four genera contain porcine parvoviruses (PPVs). The present taxonomy proposed by the
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International Committee on Taxonomy of Viruses (ICTV) classifies PPV1 into Protoparvo-
virus; PPV2 and PPV3 into Tetraparvovirus; PPV4, PPV5 and PPV6 into Copiparvovirus; and
PPV7 into Chapparvovirus [3, 4].

PPVs are packaged in a nonenveloped icosahedral capsid with single-stranded linear DNA
approximately 4 to 6.3 kb in length [1]. The genomes of PPV consist of two gene cassettes,
each of which contains the P4 and P40 promoters [2, 5]. The nonstructural protein(s) (NS[s])
are transcribed from the left open reading frame (ORF) by the P4 promoter, and these proteins
have replicase activity. The right ORF encodes the structural protein(s) (VP[s]), which are
transcribed from the P40 promoter and are composed of capsids [2, 5, 6]. An additional ORF,
OREF3, translates nuclear phosphoproteins (NPs) and is located in the middle of ORF1 and
OREF?2; this ORF is characteristic of members of the Bocaparvovirus genus and of PPV4 [6, 7].
PPVs are considered to have more stable genomes than other parvoviruses and ssDNA viruses
[5, 8-10]. High mutation rates of approximately 3~5x10~* have been observed in the VP
genes, while moderate evolution rates of approximately 10~ have been observed in NS genes
[5].

PPV1 was the sole representative of Parvovirinae members until recently and has been
ubiquitous in the global pig population as a major causative agent of reproductive failure in
pigs. Recently, Several PPVs have been newly identified by molecular methods and have been
sequentially designated PPV2 through PPV7, but the true impact of these novel parvoviruses
on swine health has not been defined clearly given that virus isolation and experimental infec-
tions have not been performed [3, 4, 6, 11-14]. Multiplex PCR (mPCR) methods have been
developed for the simultaneous detection of various swine pathogens, including PPVs [15].
Furthermore, PPV1 through PPV6 have been detected using single, duplex or triplex differen-
tial real-time PCR assays [4, 11, 16]. PPV7 has also been detected by employing conventional
PCR and real-time PCR methods [3, 17]. However, there is no useful and specific diagnostic
assay capable of concurrently differentiating among the 7 PPVs (PPV1 through PPV7). There-
fore, in the present study, a simple, specific and sensitive mPCR assay was developed to detect
and differentiate among these PPVs in various samples.

Materials and methods
Cells, viruses and bacterial strains

Porcine reproductive and respiratory syndrome virus (PRRSV)-1 isolate CBNU0495
(KY434183.1) was grown in primary cultures of porcine alveolar macrophages (PAMs), while
PRRSV-2 strain VR2332 (AY150564.1) was propagated in MARC-145 cells (African green
monkey cells) at a multiplicity of infection (MOI) of 0.001. Both PAMs and MARC-145 cells
were used for virus culture in RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Invitrogen), 2 mM L-glutamine, and 100x antibiotic-antimycotic
solution (Anti-anti, Invitrogen; a 1x solution contains 100 IU/ml penicillin and 100 pg/ml
Fungizone®™ [amphotericin B]) at 37°C in a humidified 5% CO, atmosphere. A porcine circo-
virus type 2 (PCV2) isolate was grown in PK15 cells (ATCC-CCL31). The PK15 cells were
grown in MEM-o supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine (Invitro-
gen) and 100x Anti-anti. Japanese encephalitis virus (JEV, strain Beijing-1; kindly provided by
Dr. SK Eo, Jeonbuk National University, Iksan) was propagated in BHK-21 cells at an MOI of
1 with 2% DMEM. Pseudorabies Virus (PRV, strain Yangsan; kindly provided by DR. SK Eo)
was propagated in PK15 cells with same growth medium condition used for PCV2 propaga-
tion. The PED/TGE/Rota vaccine (Choong Ang Vaccine Laboratories Co., Ltd.) and the CSF
vaccine (KOMIPHARM INTERNATIONAL Co. Ltd.) were used for isolation of nucleic acids.
E. coli field isolate maintained within the laboratory was cultured in Luria-Bertani (LB) agar
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(Difco Laboratories, Inc.) and LB broth (Difco Laboratories, Inc.), whereas the Salmonella
enterica isolate was grown in tryptic soy agar (TSA) and TS broth (Difco Laboratories, Inc.).

Samples and nucleic acid preparation

A total of 160 samples were used in this study. All samples were submitted to the Jeonbuk
National University Veterinary Diagnostic Center (JBNU-VDC) from Korean field swine
farms from 2018~2019. The samples included 80 serum samples collected from 22 farms, 40
lung or lymph node samples from 28 farms, and 40 intestine or fecal samples from 17 farms.

Viral nucleic acids were extracted from 200 pl of each serum samples using an NP968
Nucleic Acid Extraction System (XI’AN TIANLONG Science & Technology Co.) according to
the manufacturer’s instructions. One gram of tissue samples, including lung, lymph node,
intestine and fecal samples, was homogenized with mechanical homogenizer (TissueRuptor;
Qiagen), mixed with 10 ml of phosphate-buffered saline (PBS; 0.1 M, pH 7.4) and centrifuged
at 2,500 rpm for 10 min at 4°C. Viral nucleic acid was immediately extracted from the superna-
tant using a Patho Gene-spin DNA/RNA Extraction Kit (iNtRON Biotechnology, Inc.) accord-
ing to the manufacturer’s instructions. All extracts were stored at -80°C until use.

Primer design

To design primers for conserved regions in different types of PPV, the complete sequences of
PPV1 (n = 16), PPV2 (n = 18), PPV3 (n = 14), PPV4 (n = 13), PPV5 (n = 17), PPV6 (n = 29),
and PPV7 (n = 30) were collected from the NCBI GenBank (S1 Table) using CLC Sequence
Viewer 8 software (https://www.qiagen.com/) and compared by multiple alignment using
Lasergene@® MegAlign software (DNASTAR, Inc.). The primers were designed manually by
selecting the consensus region within each type of PPV. The BLAST tool from NCBI (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) and Multiple Primer Analyzer provided by Thermo Fisher
Scientific [18] were used to validate the suitability of the designed primers. The primers
(Table 1) were synthesized by BioD Co., Ltd. (Gyeonggi-do, Korea).

Construction of plasmids for positive controls

First, 40 serum samples and 20 lung or lymph node samples were selected for simplex PCR
amplification with the newly designed primers. The reaction for each PPV was performed in a

Table 1. Primers designed for the mPCR method used to detect seven PPV types in this study.

Primer Nucleotide sequence (5’ - 3°) Product size (bp) Target Reference strain Position
PPV1-mF AGTTAGAATAGGATGCGAGGAA 163 NS1 NC_001718 1761-1782
PPV1-mR TGCTTGGTAACCTTTCTTTACC 1923-1902
PPV2-mF GCGTGCTCAAGCTGTACC 286 NS1 NC_025965 195-212
PPV2-mR CTCACTGCGAGATGAAGG 480-463
PPV3-mF GCTGATAGGTTGATGAATAAGGAG 498 VP KY586143 2990-3013
PPV3-mR CCGCATACCCATAACAGG 3487-3470
PPV4-mF CTGAGACTGAATTCATCCCTG 592 ORF3 GU938965 2347-2367
PPV4-mR ATCAGAATCATGTATGGTCTGC 2938-2917
PPV5-mF AACCGAGTTAAGAACTTTACCG 945 VP ]X896322 2773-2793
PPV5-mR ACCCAAGTCAGGAGTTCG 3941-3924
PPV6-mF GTGATAATGATGTGACTACGGAG 396 NS1 MG345036 958-980
PPV6-mR CAGCAGTATGTGCAATAGCA 1353-1334
PPV7-mF AGGAAATGGAACATCCAGG 802 NS1 NC_040562 505-523
PPV7-mR TTATCTTTCGTGGCGTCC 1306-1289

https://doi.org/10.1371/journal.pone.0245699.t001
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25 pl volume composed of 12.5 pl of 2x F-Star Taq PCR Master Mix (BIOFACT Co.), 2 ul of
template, 1 pl each of the forward and reverse primers (20 uM) and 8.5 pl of nuclease-free
water (NFW). The simplex PCR conditions were as follows: predenaturation at 94°C for 1
min; 35 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at
72°C for 1 min; and a final extension at 72°C for 5 min. The PCR products were evaluated
with 1% agarose gel electrophoresis.

All PPV types were successfully amplified from the samples without any nonspecific bands
by simplex PCR, and the positive samples for each PPV type were amplified again and purified
with a Wizard® SV Gel and PCR Clean-Up Kit (Promega Co.) according to the manufactur-
er’s instructions. Each amplicon was ligated into a pPGEM®)-T Easy vector (Promega Co.)
using an RBC Rapid Ligation Kit (Real Biotech Co.) and transformed into DH5a HIT Compe-
tent Cells (Real Biotech Co.). Monoclonal bacterial strains for each TA-cloned PPV type were
cultured, and the extracted plasmids (extracted using an Exprep™ Plasmid SV Mini Kit, Gen-
eAll Biotechnology Co.) were sequenced using a commercial sequencing service (Macrogen
Inc., Seoul, Korea). The obtained sequences were assembled using Seqman™ (DNASTAR Inc.),
and the consensus sequences were verified to belong to each PPV type with the NCBI BLAST
tool. The acquired consensus sequences were submitted to NCBI GenBank under the acces-
sion number MW401540-MW401546. TA clones of each PPV type (P GEM-PPV1,
pGEM-PPV2, pGEM-PPV3, pGEM-PPV4, pGEM-PPV5, pGEM-PPV6, and pGEM-PPV?7)
were used as standard plasmids for subsequent establishment of the mPCR method.

Optimization of the mPCR method

All standard plasmids were mixed, and the mixture was used as a template to optimize the
annealing temperature (Ta). The primers were mixed into a premix of forward and reverse
primers with a concentration of 10 uM for each primer. The reaction for detecting of all PPV
types was performed with AccuPower® Multiplex PCR PreMix (Bioneer Co.), 1 pl of each for-
ward/reverse primer premix, 50 ng of mixed template ((GEM-PPV1~pGEM-PPV7), and
NFW. Gradient mPCR was performed with gradient Tas ranging from 50°C to 70°C for each
PCR mixture. The mPCR conditions were as follows: predenaturation at 95°C for 10 min; 30
cycles of denaturation at 95°C for 30 s, varied Ta for 40 s, and extension at 72°C for 1 min; and
a final extension at 72°C for 5 min. The PCR products were evaluated with 2% agarose gel
electrophoresis.

Specificity, sensitivity, and reproducibility of the mPCR method

To verify the specificity of the mPCR method, RNA or DNA extracted from PK-15 cells or
from other pathogens (PRRSV, PCV2, porcine epidemic diarrhea virus [PEDV], transmissible
gastroenteritis virus [TGEV], rotavirus, JEV, PRV, CSFV, E. coli and Salmonella enterica) was
used as a template to detect possible cross-reactivity of the primers. The nucleic acid extracts
from PK-15 cells, PCV2, PRV, E. coli and Salmonella enterica were used directly as templates
for the specificity assay, while the products of viral RNA extraction from PRRS, PEDV, TGEV,
rotavirus, JEV, and CSFV were reverse-transcribed into complementary DNA (cDNA) using a
high-capacity cDNA reverse transcription kit (Applied Biosystems) and utilized as PCR tem-
plates. Both premixed plasmids and the individual plasmids were tested.

To evaluate the sensitivity of the assay, a NanoDrop instrument was utilized to measure the
concentrations of the seven plasmids (pGEM-PPV1~pGEM-PPV?7). The copy number of the
plasmid DNA was calculated as previously described by other study groups [19, 20].

Each individual plasmid of the seven plasmids was serially diluted from 3x10° to 3x10" cop-
ies/pl, and the plasmid mixture was diluted from 3x10° to 3x10" copies/ul. The prepared
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diluents were used as the templates to identify the minimum detection limit of the new PCR
method.

The reproducibility of the established assay was also monitored. Using templates of plasmid
mixtures diluted from 3x10° to 3x10° copies/y, the established mPCR method was assayed
three times by using three different PCR machines at different times.

Evaluation of field samples and comparison of the mPCR method with
other detection PCR methods

After establishment of the mPCR assay, all samples described above (80 serum samples, 40
lung or lymph node samples and 40 intestine or fecal samples) were tested to evaluate the capa-
bility of the method to detect PPV1~PPV7 from field samples of various types.

To validate the established assay in this study, 4 samples from among samples that were
PCR-positive for each PPV type were selected. A total of 28 samples that were positive for sin-
gle or multiple PPV types were tested by simplex PCR with previously published primer sets
(S2 Table) [21-27].

Results
Establishment of the mPCR method

The optimal reaction conditions for the mPCR method were established by adjusting the
primer concentration, cycle number and Ta. Premixed standard plasmids of each PPV type
were used as templates, and the products were verified with 2% agarose gel electrophoresis.
The optimal Ta was evaluated with the gradient option, and there were no primer dimers or
nonspecific bands at 60°C, which was selected as the optimum Ta value (Fig 1).

Specificity of the mPCR method

The specificity of the established mPCR method was assayed using templates from sources
including PK-15 cells and other normal swine pathogens (PRRSV, PCV2, PEDV, TGEV, rota-
virus, JEV, PRV, CSFV, E. coli and Salmonella enterica). The new mPCR assay was able to

1 2 3 4 5 6 7 8 9 10 11

<— 943 bp
<— 800 bp

<— 590 bp
<— 497 bp

<+— 394 bp
<— 282 bp

< 162bp

Fig 1. Optimal Ta determination for PPV mPCR. Agarose gel electrophoresis (2%) of standard positive controls (P GEM-PPVs). Lane M, 100 bp-
plus DNA ladder; lane NC, negative control for detection of PPV1~PPV7; lanes 1~11, gradient Tas of 50.0°C, 51.9°C, 53.8°C, 56.1°C, 58.0°C,
60.0°C, 62.0°C, 63.8°C, 66.1°C, 68.0°C and 70°C, respectively.

https://doi.org/10.1371/journal.pone.0245699.9001
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Fig 2. Specificity of the PPV mPCR method. Agarose gel electrophoresis (2%) of specific fragments amplified by mPCR from the proviral DNA
and cDNA of Pk-15 cells, PRRS (NA), PRRS (EU), PCV2, PED/TGE/Rota-mixed (vaccine), E. coli, Salmonella enterica and JEV. Lane M, 100 bp-
plus DNA ladder; lane NC, negative control; lane 1, Pk-15 cells; lane 2, PRRS (NA); lane 3, PRRS (EU); lane 4, PCV2; lane 5, PED/TGE/Rota-
mixed (vaccine); lane 6, E. coli; lane 7, Salmonella enterica; lane 8, JEV; lane 9, PRV; lane 10, CSFV; lanes 11~17, pGEM-PPV1, pGEM-PPV2,
pGEM-PPV3, pGEM-PPV4, pGEM-PPV5, pGEM-PPV6 and pGEM-PPV7; lane 18, mixed standard of all pPGEM-PPV plasmids.

https://doi.org/10.1371/journal.pone.0245699.g002

detect and distinguish among PPV1~PPV7. The amplicons of the PPVs were confirmed by
sequencing (Fig 2). In contrast, no specific amplicons were produced from other templates
from sources including PK-15 cells and other normal swine pathogens.

Sensitivity of the mPCR method

The sensitivity of the mPCR method was evaluated by using each standard plasmid. The simul-
taneous minimum detection threshold for mPCR was 3x10° viral DNA copies, and 3x10? viral
copies were detectable for several PPVs. The minimum detection limit for single PCR was
3x10° viral copies for PPV1 through PPV7. In the cases of PPV4, PPV5 and PPV6, 3x10° viral
copies were detectable by single PCR (Fig 3).

Reproducibility of the mPCR method

To verify the reproducibility of the mPCR assay, the nucleic acids of the mixed PPV's were
diluted to 3x10° to 3x10° copies/pl for amplification using three different PCR machines at
different times. The mixed nucleic acids of PPVs produced distinct amplicons under different
conditions and produced similar results (S1 Fig).

Cross-validation with other PCR detection methods

Twenty-eight clinical samples determined to be positive by mPCR were assessed with simplex
PCR assays with published primer sets. The results were compared between the simplex PCR
and mPCR methods, and the findings were as follows (number of positive diagnoses from
mPCR/number of positive diagnoses from simplex PCR): for PPV1, 5/5; for PPV2, 11/12; for
PPV3, 8/9; for PPV4, 5/5; for PPV5, 8/8; for PPV6, 11/10; and for PPV7, 5/4. Thus, the results
of the mPCR assay and simplex PCR assay showed 100% agreement in the total number of
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Fig 3. Sensitivity of the PPV mPCR method. The seven pGEM-PPV single plasmids, diluted from 3x10° to 3x10" copies/l, and the mixed plasmids, diluted from
3x10° to 3x10" copies/pl, were used to determine the minimum detection limit of the PPV mPCR method. (A) Sensitivity for PGEM-PPV 1. (B) Sensitivity for
PGEM-PPV2. (C) Sensitivity for pPGEM-PPV3. (D) Sensitivity for pPGEM-PPV4. (E) Sensitivity for PGEM-PPV5. (F) Sensitivity for pPGEM-PPV6. (G) Sensitivity for
PGEM-PPV7. (H) Sensitivity for pPGEM-PPV1~pGEM-PPV7. Lane M, 100 bp-plus DNA ladder; lane NC, negative control.

https://doi.org/10.1371/journal.pone.0245699.9003

tests. However, mPCR was more efficient with regard to time, effort and reagent cost for the
detection of PPVs than simplex PCR.

Evaluation of field samples

The ability of the mPCR method to detect PPVs in different sample types was tested with 80
serum samples, 40 lung/lymph node samples and 40 intestine/fecal samples. The mPCR per-
formed well for all types of samples and produced distinct amplicons for the clinical samples
(S2 Fig). The results of mPCR are summarized in Table 2.

Among serum samples, 53.3% (48/80) of the samples were positive for PPVs. The rate of
single infection (35.0%, 28/80) was higher than that of multiple infection (25.0%, 20/80) in
serum. The single infection rate was highest for PPV6 (12.5%, 10/80) followed by PPV2
(11.3%, 9/80). Single infection with PPV3, PPV4 or PPV5 was detected in 3.8% of samples (3/
80). With regard to multiple infection, PPV2+PPV5 showed the highest rate (6.3%, 5/80). Not
taking into account multiple infection, the simple infection rate was highest for PPV6 (30.0%,
24/80), followed by PPV2 (21.3%, 17/80), PPV5 (18.8%, 15/80), PPV4 (16.3%, 13/80) and
PPV3 (5.0%, 4/80). PPV1 and PPV7 were not detected in serum samples (Fig 4).

Among lung/lymph node samples, 67.5% (27/40) of the samples were virus positive. PPV3
and PPV7 showed the highest single infection rates (7.5%, 3/40). Interestingly, the multiple
infection rate (47.5%, 19/40) was higher than the single infection rate (20.0%, 8/40) in lung
and lymph node samples. PPV6 showed the highest simple infection rate (27.5%, 11/40), fol-
lowed by PPV2 and PPV3 (25.0%, 10/40); PPV1, PPV5 and PPV7 (20.0%, 8/40); and PPV4
(7.5%, 3/40) (Fig 4).

Among intestine and fecal samples, 16 of the 40 samples were virus positive (40%). PPV3
exhibited the highest single infection rate (10.0%, 4/40), followed by PPV2 (7.5%, 3/40). The
multiple infection rate (17.5%, 7/40) was slightly lower than the single infection rate (22.5%, 9/
40) in intestine/fecal samples. The simple infection rates were 17.5% (7/40) for PPV3, 15.0%
(6/40) for PPV2, 12.5% (5/40) for PPV7, 10.0% (4/40) for PPV6, and 2.5% (1/40) for both
PPV4 and PPV5. PPV1 was not detected (Fig 4).
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Table 2. Detection of PPV types from various types of field samples from Korea using the PPV mPCR method.

Serum Lung & LN IN & Feces
(n=80) (n =40) (n = 40)
npos(“) ‘ rate® Npos | rate Npos ‘ rate
Single infection
PPV1 0 0.00% 0 0.00% 0 0.00%
PPV2 9 11.30% 1 2.50% 3 7.50%
PPV3 3 3.80% 3 7.50% 4 10.00%
PPV4 3 3.80% 0 0.00% 1 2.50%
PPV5 3 3.80% 0 0.00% 0 0.00%
PPV6 10 12.50% 1 2.50% 1 2.50%
PPV7 0 0.00% 3 7.50% 0 0.00%
Total 28 35.00% 8 20.00% 9 22.50%
Multiple infections
PPV2+PPV3 0 0.00% 1 2.50% 0 0.00%
PPV2+PPV4 0 0.00% 2 5.00% 0 0.00%
PPV2+PPV5 5 6.30% 1 2.50% 0 0.00%
PPV2+PPV6 2 2.50% 1 2.50% 0 0.00%
PPV2+PPV7 0 0.00% 2 5.00% 2 5.00%
PPV3+PPV5 0 0.00% 0 0.00% 1 2.50%
PPV3+PPV6 0 0.00% 1 2.50% 1 2.50%
PPV4+PPV5 1 1.30% 0 0.00% 0 0.00%
PPV4+PPV6 4 5.00% 0 0.00% 0 0.00%
PPV5+PPV6 3 3.80% 1 2.50% 0 0.00%
PPV5+PPV7 0 0.00% 1 2.50% 0 0.00%
PPV6+PPV7 0 0.00% 0 0.00% 2 5.00%
PPV1+PPV2+PPV3 0 0.00% 1 2.50% 0 0.00%
PPV1+PPV3+PPV6 0 0.00% 2 5.00% 0 0.00%
PPV1+PPV5+PPV6 0 0.00% 2 5.00% 0 0.00%
PPV2+PPV3+PPV7 0 0.00% 0 0.00% 1 2.50%
PPV2+PPV4+PPV6 1 1.30% 0 0.00% 0 0.00%
PPV3+PPV4+PPV6 1 1.30% 0 0.00% 0 0.00%
PPV4+PPV5+PPV6 3 3.80% 0 0.00% 0 0.00%
PPV1+PPV3+PPV5+PPV6 0 0.00% 1 2.50% 0 0.00%
PPV1+PPV2+PPV4+PPV5+PPV6+PPV7 0 0.00% 1 2.50% 0 0.00%
Total 20 25.00% 19 47.50% 7 17.50%
*Npos, Number of positive samples
Prate, positive rate
https://doi.org/10.1371/journal.pone.0245699.t002
Discussion

The roles of novel PPVs in swine diseases are not completely understood. In addition, only
PPV1 has been cultured in vitro, and virus challenge experiments for the other novel PPVs
have not been performed. Therefore, the significance of PPVs can be inferred only at the DNA
level [4]. Previous studies have investigated the prevalence of PPVs but have not simulta-
neously tested all the PPV types, PPV1 through PPV7 [4, 11, 16], as such investigation would
cost considerable time and effort. In addition, no previous study has developed a diagnostic
method to simultaneously detect PPV1 through PPV7. Here, we developed an mPCR method
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for the concurrent detection of PPVs. To our knowledge, this method is the first developed
method that is capable of detecting PPV1 through PPV7.

Primer design is the first and critical step in the process of establishing an mPCR assay [28].
Primers that are designed manually should satisfy 3 criteria: (1) they should target specific and
highly conserved regions for each PPV type, (2) they should have similar annealing tempera-
tures, and (3) they should not self-dimerize or create cross-primer dimers and thus should not
generate nonspecific bands [20]. In the current study, primers were designed using complete
sequences from GenBank to target the seven types of PPVs based on a conserved region. The
primer sets for PPV, PPV2, PPV6 and PPV7 targeted the NSI genes, while the primer sets for
PPV3 and PPV5 targeted the VP genes. The primers for PPV4 were designed to target the
OREF3 region because only PPV4 has a characteristic ORF3 region (Table 1). The combinations
of primers produced amplicons that could easily be used to distinguish among the different
types of PPVs. Moreover, the primer annealing temperatures (Tas) were similar, and there
were no self-dimers, cross-primer dimers or nonspecific bands.

The establishment of a new mPCR assay is a complicated task because the existence of
more than one primer pair in the same reaction mix may limit the sensitivity or specificity [29,
30]. However, the specific primers in this study produced distinct amplicons for each PPV
type, which could be visualized and easily differentiated by 2% agarose gel electrophoresis. A
cross-reactivity test for pathogens that could be present due to simultaneous infection or sec-
ondary infection, including viruses (PRRSV, PCV2, PED, TGE, rotavirus, JEV, PRV and
CSFV) and bacteria (E. coli, Salmonella enterica), showed that the proposed new mPCR assay
had high specificity (Fig 2). In a previous study, the detection limit of a single conventional
PCR method for PPV4 was approximately 9.5x10° copies [22]. In addition, an mPCR method
for detecting porcine bocavirus (PBoV), a virus similar to PPVs, shows detection limits of
1.0x10% 4.5x10%, and 3.8x10> copies/pl for PBoV G1, G2, and G3, respectively [31]. Likewise,
the new mPCR assay developed in the current study was able to detect as few as 3x10° copies/
ul of the seven types of PPVs, indicating that it showed high sensitivity (Fig 3).
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A total of 160 samples (serum: 80, lung/lymph node: 40, intestine/feces: 40) from
JBNU-VDC were tested using the new mPCR method. The results showed that PPVs were
readily detected regardless of the sample type and that single PCR amplicons were easily distin-
guished for each type of PPV. Twenty-eight PPV-positive samples were randomly selected for
comparison of the mPCR method with single PCR methods. The results indicated that the pos-
itivity rate of the new mPCR assay and the single PCR methods exhibited 100% agreement,
although the mPCR method showed slightly lower positivity rates for PPV2 and PPV3 and
slightly higher positivity rates for PPV6 and PPV7 than the single PCR methods. Therefore,
the newly developed mPCR assay enables faster detection of various PPV types than other
established PCR methods.

In previous studies, although the detection rates of PPVs have varied among reports by
sample type and age, all types of PPV have been able to be identified from serum, lung, oral
fluid and fecal samples [4, 11, 16, 32]. Despite the limited total sample size in this study, all
types of PPV's were successfully detected by using the new mPCR method in serum, lung/
lymph node and intestine/fecal samples, except for PPV1 in serum and intestine/fecal samples
and PPV7 in serum samples (Fig 4). This result indicates that the mPCR method established in
this study is effective for detection of PPV DNA in various sample types; thus, the main aim of
this study was accomplished. The prevalence of each PPV by age and sample type should be
investigated and analyzed in detail in future studies.

mPCR is designed to detect more than one target and has the potential to considerably
reduce the time and effort necessary for detection. Moreover, mPCR has been successfully
used for molecular diagnostics at various diagnostic laboratories [33-36]. Although fluoro-
genic real-time PCR assays have many advantages over conventional PCR and mPCR assays at
diagnostic laboratories in developed countries, fluorogenic PCR is still being developed, and
its cost prohibits its use in many developing countries [33]. Additionally, probe-based single
or multiplex TagMan real-time PCR assays are costly and highly influenced by the potential
existence of mutations in the probe binding site that can prevent probe annealing and subse-
quent detection [37]. However, the new mPCR method developed in the present study suc-
cessfully detected the various PPV types and has the potential to save time, effort and reagent
costs for routine diagnosis of PPVs. Furthermore, it reduces the amount of sample required
for the assay, which is beneficial when sample material is limited. To our knowledge, this is the
first report of the development of a simple, sensitive and specific assay to detect and differenti-
ate PPV1 through PPV7 in various sample types for monitoring and diagnosis of PPV infec-
tions in swine. Therefore, the developed mPCR method can be used as a valuable tool with
which to investigate the prevalence or circulation patterns of novel PPVs in the field, as it
requires less effort and exhibits higher efficiency than existing methods.

Conclusion

In conclusion, this paper describes the development and evaluation of an mPCR method that
has been demonstrated to enable rapid, sensitive, specific and concurrent detection of the dif-
ferent PPV genotypes in various types of samples. The newly developed mPCR assay can sim-
plify the diagnostic procedure and reduce reagent and labor costs.

Supporting information

S1 Fig. Reproducibility of the PPV mPCR method. Mixed PPV plasmids were diluted as
templates from 3x10° to 3x10° copies/pl to amplify specific fragments by using three different
PCR instruments at different times. Lane M, 100-bp plus DNA ladder; lanes 1, 5, and 9, nega-
tive controls for the three tests; lanes 2~4, mPCR amplification of 3x10° copies/pl, 3x10*
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copies/pl, and 3x10° copies/pl PPV plasmids; lanes 6~8 and 10~12, repeated mPCR.
(PDF)

S2 Fig. Evaluation of field samples. Eighty serum, 40 lung/lymph node and 40 intestine/fecal
samples were tested with the established mPCR method. (A) Serum samples: lane M, 100 bp-
plus DNA ladder; lane PC, positive controls; lane NC, negative controls; lanes 1~80, mPCR-
tested serum samples. (B) Lung/lymph node samples: lane M, 100 bp-plus DNA ladder; lane
PC, positive controls; lane NC, negative controls; lanes 1~40, mPCR-tested lung/lymph node
samples. (C) Intestine/fecal samples: lane M, 100 bp-plus DNA ladder; lane PC, positive con-
trols; lane NC, negative controls; lanes 1~40, mPCR-tested intestine/fecal samples.

(PDF)

S1 Table. NCBI GenBank sequences used in this study for primer design.
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(XLSX)

Acknowledgments

The authors wish to acknowledge the assistance of the laboratory technicians from the Jeonbuk
National University Veterinary Diagnostic Center (JBNU-VDC).

Author Contributions

Conceptualization: Seung-Chai Kim, Salik Nazki.

Data curation: Seung-Chai Kim, Salik Nazki.

Formal analysis: Seung-Chai Kim.

Funding acquisition: Won-II Kim.

Investigation: Seung-Chai Kim, Sim-In Lee, Ye-Chan Baek, Yong-Jin Jung.
Methodology: Seung-Chai Kim, Salik Nazki.

Resources: Sim-In Lee, Ye-Chan Baek, Yong-Jin Jung.
Supervision: Won-II Kim.

Validation: Chang-Gi Jeong.

Writing - original draft: Seung-Chai Kim, Chang-Gi Jeong.

Writing - review & editing: Won-Il Kim.

References

1. Afolabi KO, lweriebor BC, Okoh Al, Obi LC. Increasing diversity of swine parvoviruses and their epide-
miology in African pigs. Infect Genet Evol. 2019; 73:175-83. https://doi.org/10.1016/j.meegid.2019.04.
029 PMID: 31048075

2. Palinski RM, Mitra N, Hause BM. Discovery of a novel Parvovirinae virus, porcine parvovirus 7, by meta-
genomic sequencing of porcine rectal swabs. Virus Genes. 2016; 52(4):564—7. https://doi.org/10.1007/
$11262-016-1322-1 PMID: 26995221

3. OuhlO, Park S, Lee JY, Song JY, Cho IS, Kim HR, et al. First detection and genetic characterization of
porcine parvovirus 7 from Korean domestic pig farms. J Vet Sci. 2018; 19(6):855—7. https://doi.org/10.
4142/jvs.2018.19.6.855 PMID: 30304892

4. Milek D, Wozniak A, Guzowska M, Stadejek T. Detection Patterns of Porcine Parvovirus (PPV) and
Novel Porcine Parvoviruses 2 through 6 (PPV2-PPV6) in Polish Swine Farms. Viruses. 2019; 11(5).

PLOS ONE | https://doi.org/10.1371/journal.pone.0245699  January 28, 2021 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245699.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245699.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245699.s004
https://doi.org/10.1016/j.meegid.2019.04.029
https://doi.org/10.1016/j.meegid.2019.04.029
http://www.ncbi.nlm.nih.gov/pubmed/31048075
https://doi.org/10.1007/s11262-016-1322-1
https://doi.org/10.1007/s11262-016-1322-1
http://www.ncbi.nlm.nih.gov/pubmed/26995221
https://doi.org/10.4142/jvs.2018.19.6.855
https://doi.org/10.4142/jvs.2018.19.6.855
http://www.ncbi.nlm.nih.gov/pubmed/30304892
https://doi.org/10.1371/journal.pone.0245699

PLOS ONE

Multiplex PCR for detection of porcine parvoviruses

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

Streck AF, Canal CW, Truyen U. Molecular epidemiology and evolution of porcine parvoviruses. Infect
Genet Evol. 2015; 36:300-6. https://doi.org/10.1016/j.meegid.2015.10.007 PMID: 26453771

Wang W, Cao L, Sun W, Xin J, Zheng M, Tian M, et al. Sequence and phylogenetic analysis of novel
porcine parvovirus 7 isolates from pigs in Guangxi, China. PLoS One. 2019; 14(7):e0219560. https://
doi.org/10.1371/journal.pone.0219560 PMID: 31291362

Ni J, Qiao C, Han X, Han T, Kang W, Zi Z, et al. Identification and genomic characterization of a novel
porcine parvovirus (PPV6) in China. Virol J. 2014; 11:203. https://doi.org/10.1186/s12985-014-0203-2
PMID: 25442288

Lukashov VV, Goudsmit J. Evolutionary relationships among parvoviruses: Virus-host coevolution
among autonomous primate parvoviruses and links between adeno-associated and avian parvoviruses.
J Virol. 2001; 75(6):2729-40. https://doi.org/10.1128/JV1.75.6.2729-2740.2001 PMID: 11222696

Lopez-Bueno A, Villarreal LP, Aimendral JM. Parvovirus variation for disease: a difference with RNA
viruses? Curr Top Microbiol Immunol. 2006; 299:349-70. https://doi.org/10.1007/3-540-26397-7_13
PMID: 16568906

Duffy S, Shackelton LA, Holmes EC. Rates of evolutionary change in viruses: patterns and determi-
nants. Nat Rev Genet. 2008; 9(4):267-76. https://doi.org/10.1038/nrg2323 PMID: 18319742

Cui J, Biernacka K, Fan J, Gerber PF, Stadejek T, Opriessnig T. Circulation of Porcine Parvovirus
Types 1 through 6 in Serum Samples Obtained from Six Commercial Polish Pig Farms. Transbound
Emerg Dis. 2017; 64(6):1945-52. https://doi.org/10.1111/tbed. 12593 PMID: 27882679

Mayr A, Bachmann PA, Siegl G, Mahnel H, Sheffy BE. Characterization of a small porcine DNA virus.
Arch Gesamte Virusforsch. 1968; 25(1):38-51. https://doi.org/10.1007/BF01243088 PMID: 5729634

Opriessnig T, Halbur PG. Concurrent infections are important for expression of porcine circovirus asso-
ciated disease. Virus Res. 2012; 164(1-2):20-32. https://doi.org/10.1016/j.virusres.2011.09.014 PMID:
21959087

Allan GM, Kennedy S, McNeilly F, Foster JC, Ellis JA, Krakowka SJ, et al. Experimental reproduction of
severe wasting disease by co-infection of pigs with porcine circovirus and porcine parvovirus. J Comp
Pathol. 1999; 121(1):1-11. hitps://doi.org/10.1053/jcpa.1998.0295 PMID: 10373289

Xu XG, Chen GD, Huang Y, Ding L, Li ZC, Chang CD, et al. Development of multiplex PCR for simulta-
neous detection of six swine DNA and RNA viruses. J Virol Methods. 2012; 183(1):69—74. https://doi.
org/10.1016/j.jviromet.2012.03.034 PMID: 22575688

Opriessnig T, Xiao CT, Gerber PF, Halbur PG. Identification of recently described porcine parvoviruses
in archived North American samples from 1996 and association with porcine circovirus associated dis-
ease. Vet Microbiol. 2014; 173(1-2):9-16. https://doi.org/10.1016/j.vetmic.2014.06.024 PMID:
25081955

Xing X, Zhou H, Tong L, Chen Y, Sun Y, Wang H, et al. First identification of porcine parvovirus 7 in
China. Arch Virol. 2018; 163(1):209—13. https://doi.org/10.1007/s00705-017-3585-9 PMID: 29022179

Scientific T. Multiple primer analyzer. 2013.

Wang C-Y, Hsu C-J, Chen H-J, Chulu JL, Liu H-J. Development of a reliable assay protocol for identifi-
cation of diseases (RAPID)-bioactive amplification with probing (BAP) for detection of Newcastle dis-
ease virus. Veterinary microbiology. 2008; 130(1-2):28-36. https://doi.org/10.1016/j.vetmic.2007.12.
015 PMID: 18261864

Hao X, Liu R, He Y, Xiao X, Xiao W, Zheng Q, et al. Multiplex PCR methods for detection of several
viruses associated with canine respiratory and enteric diseases. PloS one. 2019; 14(3). https://doi.org/
10.1371/journal.pone.0213295 PMID: 30830947

Csagola A, Lérincz M, Cadar D, Tombécz K, Biksi |, Tuboly TJAov. Detection, prevalence and analysis
of emerging porcine parvovirus infections. 2012; 157(6):1003—10.

Gava D, Souza CK, Schaefer R, Vincent AL, Cantdo ME, Coldebella A, et al. A TagMan-based real-
time PCR for detection and quantification of porcine parvovirus 4. 2015; 219:14—7.

Ogawa H, Taira O, Hirai T, Takeuchi H, Nagao A, Ishikawa Y, et al. Multiplex PCR and multiplex RT-
PCR for inclusive detection of major swine DNA and RNA viruses in pigs with multiple infections. Jour-
nal of virological methods. 2009; 160(1-2):210—4. https://doi.org/10.1016/j.jviromet.2009.05.010 PMID:
19467264

Ru-Jing C, Ting-Ting L, Qiu-Yong C, Xue-Min W, Yong-Liang C, Shan Y, et al. Genetic Characterization
of Porcine Parvovirus 7 (PPV7) Isolates in Fujian, China. Kafkas Universitesi Veteriner Fakilltesi Der-
gisi. 2018; 24(3).

Schirtzinger EE, Suddith AW, Hause BM, Hesse RA. First identification of porcine parvovirus 6 in North
America by viral metagenomic sequencing of serum from pigs infected with porcine reproductive and
respiratory syndrome virus. Virology journal. 2015; 12(1):170. https://doi.org/10.1186/s12985-015-
0401-6 PMID: 26475593

PLOS ONE | https://doi.org/10.1371/journal.pone.0245699  January 28, 2021 12/13


https://doi.org/10.1016/j.meegid.2015.10.007
http://www.ncbi.nlm.nih.gov/pubmed/26453771
https://doi.org/10.1371/journal.pone.0219560
https://doi.org/10.1371/journal.pone.0219560
http://www.ncbi.nlm.nih.gov/pubmed/31291362
https://doi.org/10.1186/s12985-014-0203-2
http://www.ncbi.nlm.nih.gov/pubmed/25442288
https://doi.org/10.1128/JVI.75.6.2729-2740.2001
http://www.ncbi.nlm.nih.gov/pubmed/11222696
https://doi.org/10.1007/3-540-26397-7%5F13
http://www.ncbi.nlm.nih.gov/pubmed/16568906
https://doi.org/10.1038/nrg2323
http://www.ncbi.nlm.nih.gov/pubmed/18319742
https://doi.org/10.1111/tbed.12593
http://www.ncbi.nlm.nih.gov/pubmed/27882679
https://doi.org/10.1007/BF01243088
http://www.ncbi.nlm.nih.gov/pubmed/5729634
https://doi.org/10.1016/j.virusres.2011.09.014
http://www.ncbi.nlm.nih.gov/pubmed/21959087
https://doi.org/10.1053/jcpa.1998.0295
http://www.ncbi.nlm.nih.gov/pubmed/10373289
https://doi.org/10.1016/j.jviromet.2012.03.034
https://doi.org/10.1016/j.jviromet.2012.03.034
http://www.ncbi.nlm.nih.gov/pubmed/22575688
https://doi.org/10.1016/j.vetmic.2014.06.024
http://www.ncbi.nlm.nih.gov/pubmed/25081955
https://doi.org/10.1007/s00705-017-3585-9
http://www.ncbi.nlm.nih.gov/pubmed/29022179
https://doi.org/10.1016/j.vetmic.2007.12.015
https://doi.org/10.1016/j.vetmic.2007.12.015
http://www.ncbi.nlm.nih.gov/pubmed/18261864
https://doi.org/10.1371/journal.pone.0213295
https://doi.org/10.1371/journal.pone.0213295
http://www.ncbi.nlm.nih.gov/pubmed/30830947
https://doi.org/10.1016/j.jviromet.2009.05.010
http://www.ncbi.nlm.nih.gov/pubmed/19467264
https://doi.org/10.1186/s12985-015-0401-6
https://doi.org/10.1186/s12985-015-0401-6
http://www.ncbi.nlm.nih.gov/pubmed/26475593
https://doi.org/10.1371/journal.pone.0245699

PLOS ONE

Multiplex PCR for detection of porcine parvoviruses

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Xiao C-T, Gerber PF, Giménez-Lirola LG, Halbur PG, Opriessnig TJVm. Characterization of porcine
parvovirus type 2 (PPV2) which is highly prevalent in the USA. 2013; 161(3—4):325-30.

Xiao C-T, Gimenez-Lirola LG, Jiang Y-H, Halbur PG, Opriessnig TJPO. Characterization of a novel por-
cine parvovirus tentatively designated PPV5. 2013; 8(6).

Wang ZH, Zuo JK, Gong JS, Hu JG, Jiang W, Mi RS, et al. Development of a multiplex PCR assay for
the simultaneous and rapid detection of six pathogenic bacteria in poultry. Amb Express. 2019; 9(1).
https://doi.org/10.1186/s13568-019-0908-0 PMID: 31728678

Elnifro EM, Ashshi AM, Cooper RJ, Klapper PE. Multiplex PCR: Optimization and application in diag-
nostic virology. Clin Microbiol Rev. 2000; 13(4):559-+. https://doi.org/10.1128/cmr.13.4.559-570.2000
PMID: 11023957

Markoulatos P, Siafakas N, Moncany M. Multiplex polymerase chain reaction: a practical approach. J
Clin Lab Anal. 2002; 16(1):47-51. https://doi.org/10.1002/jcla.2058 PMID: 11835531

Zheng X, Liu G, Opriessnig T, Wang Z, Yang Z, Jiang Y. Development and validation of a multiplex con-
ventional PCR assay for simultaneous detection and grouping of porcine bocaviruses. J Virol Methods.
2016; 236:164-9. https://doi.org/10.1016/j.jviromet.2016.06.014 PMID: 27448821

Mitek D, Wozniak A, Stadejek T. The detection and genetic diversity of novel porcine parvovirus 7
(PPV7) on Polish pig farms. Research in veterinary science. 2018; 120:28-32. https://doi.org/10.1016/j.
rvsc.2018.08.004 PMID: 30170185

Yue FX, Cui SJ, Zhang CF, Yoon KJ. A multiplex PCR for rapid and simultaneous detection of porcine
circovirus type 2, porcine parvovirus, porcine pseudorabies virus, and porcine reproductive and respira-
tory syndrome virus in clinical specimens. Virus Genes. 2009; 38(3):392—7. https://doi.org/10.1007/
$11262-009-0333-6 PMID: 19214728

Aguero M, Fernandez J, Romero LJ, Zamora MJ, Sanchez C, Belak S, et al. A highly sensitive and spe-
cific gel-based multiplex RT-PCR assay for the simultaneous and differential diagnosis of African swine
fever and Classical swine fever in clinical samples. Vet Res. 2004; 35(5):551-63. https://doi.org/10.
1051/vetres:2004031 PMID: 15369658

Cao S, Chen H, Zhao J, Lu J, Xiao S, Jin M, et al. Detection of porcine circovirus type 2, porcine parvovi-
rus and porcine pseudorabies virus from pigs with postweaning multisystemic wasting syndrome by
multiplex PCR. Vet Res Commun. 2005; 29(3):263-9. https://doi.org/10.1023/b:verc.0000047501.
78615.0b PMID: 15736858

Huang C, Hung JJ, Wu CY, Chien MS. Multiplex PCR for rapid detection of pseudorabies virus, porcine
parvovirus and porcine circoviruses. Vet Microbiol. 2004; 101(3):209—-14. https://doi.org/10.1016/.
vetmic.2004.04.007 PMID: 15223125

Zheng LL, Wang YB, Li MF, Chen HY, Guo XP, Geng JW, et al. Simultaneous detection of porcine par-
vovirus and porcine circovirus type 2 by duplex real-time PCR and amplicon melting curve analysis
using SYBR Green. Journal of Virological Methods. 2013; 187(1):15-9. https://doi.org/10.1016/j.
jviromet.2012.06.024 PMID: 22771739

PLOS ONE | https://doi.org/10.1371/journal.pone.0245699  January 28, 2021 13/13


https://doi.org/10.1186/s13568-019-0908-0
http://www.ncbi.nlm.nih.gov/pubmed/31728678
https://doi.org/10.1128/cmr.13.4.559-570.2000
http://www.ncbi.nlm.nih.gov/pubmed/11023957
https://doi.org/10.1002/jcla.2058
http://www.ncbi.nlm.nih.gov/pubmed/11835531
https://doi.org/10.1016/j.jviromet.2016.06.014
http://www.ncbi.nlm.nih.gov/pubmed/27448821
https://doi.org/10.1016/j.rvsc.2018.08.004
https://doi.org/10.1016/j.rvsc.2018.08.004
http://www.ncbi.nlm.nih.gov/pubmed/30170185
https://doi.org/10.1007/s11262-009-0333-6
https://doi.org/10.1007/s11262-009-0333-6
http://www.ncbi.nlm.nih.gov/pubmed/19214728
https://doi.org/10.1051/vetres%3A2004031
https://doi.org/10.1051/vetres%3A2004031
http://www.ncbi.nlm.nih.gov/pubmed/15369658
https://doi.org/10.1023/b%3Averc.0000047501.78615.0b
https://doi.org/10.1023/b%3Averc.0000047501.78615.0b
http://www.ncbi.nlm.nih.gov/pubmed/15736858
https://doi.org/10.1016/j.vetmic.2004.04.007
https://doi.org/10.1016/j.vetmic.2004.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15223125
https://doi.org/10.1016/j.jviromet.2012.06.024
https://doi.org/10.1016/j.jviromet.2012.06.024
http://www.ncbi.nlm.nih.gov/pubmed/22771739
https://doi.org/10.1371/journal.pone.0245699

