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A B S T R A C T

Porcine sapelovirus (PSV) is a causative agent of acute diarrhoea, respiratory distress, reproductive failure, and
polioencephalomyelitis in swine. Here, we report the isolation, genomic sequence, and biological character-
ization of PSV isolated from pig diarrhoeal samples. In our study, two PSV strains were identified with a dia-
meter of approximately 25 nm, and their full genomes were 7564 nucleotides in length. We named the strains
PSV-JXXY-a2 and PSV-JXXY-c. Phylogenetic analysis showed that the two virus isolates were classified into the
China cluster. Moreover, the PSV-JXXY-a2 strain could be inactivated quickly at 54℃ and adapted to grow on
different cell lines of porcine, human, and baby hamster origin. Pathogenicity investigation showed that the
isolated PSV could infect neonatal piglets efficiently and caused diarrhoea in piglets. Further epidemiological
investigation revealed a high prevalence of PSV in pig herds, and the PSV-positive rates in pigs with diarrhoea
were much higher than in asymptomatic samples in China. Together, our findings demonstrate that PSV-JXXY-a2
is pathogenic to neonatal piglets and advance knowledge on the prevalence of PSV infection.

1. Introduction

Porcine sapelovirus (PSV) is a non-enveloped, positive-sense single-
stranded genomic RNA virus that was previously designated porcine
enterovirus 8 in the genus Enterovirus and is now classified into the
genus Sapelovirus in the family Picornaviridae (Tseng and Tsai, 2007). To
date, the genus Sapelovirus consists of porcine sapelovirus, simian sa-
pelovirus, avian sapelovirus and unclassified sapelovirus, including bat,
California sea lion, marmot, mouse and WUHARV sapelovirus. The
genome of PSV is approximately 7.5 kb and has a genomic organization
similar to that of other picornaviruses: a 5′ untranslated region (UTR), a
large open reading frame (ORF), a 3′ UTR and a poly (A) tail
(Racaniello, 2001). The large ORF encodes a single polyprotein that is
subsequently cleaved into four structural proteins (VP4, VP2, VP3 and
VP1) and seven functional proteins (2A, 2B, 2C, 3A, 3B, 3C and 3D)
(Lan et al., 2011; Oberste et al., 2002).

PSV is an important pathogen worldwide (Abe et al., 2011; Bak
et al., 2017; Buitrago et al., 2010; Prodelalova, 2012); it has been

reported to be associated with acute diarrhoea, respiratory distress,
reproductive failure, and polioencephalomyelitis in swine and mainly
transmits by a faecal-oral route, although PSV infection in swine is most
frequently asymptomatic (Abe et al., 2011; Lamont and Betts, 1960; Lan
et al., 2011; Schock et al., 2014). One study from Korea revealed that
there were no differences in the PSV infection rate between diarrhoea
and non-diarrhoea specimens (Bak et al., 2017), but another viral me-
tagenomics analysis in faecal samples demonstrated that PSV was more
prevalent in diarrhoeic pigs than in healthy pigs (Zhang et al., 2014).
Notably, a recent report demonstrated that the Korean PSV strain SV-A
is enteropathogenic in piglets, producing significant lesions in the in-
testines, and severe villous atrophy associated with high viral RNA
loads (Kim et al., 2016).

Here, we describe the isolation of PSV from swine diarrhoeic faecal
samples and molecular and biological characterization of PSV isolates.
Moreover, molecular and serological investigation revealed that PSV
was highly prevalent in Chinese pigs.
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2. Materials and methods

2.1. Cells

Swine testicular (ST) cells (kindly provided by professor Yaowei
Huang, Zhejiang University, China), porcine kidney (PK-15) cells (CCL-
33; ATCC), intestinal porcine enterocytes (IPEC-J2) (C0668; Shanghai
Guandao Biotechnology Co., Ltd., China), baby hamster kidney (BHK-
21) cells (CCL-10; ATCC), human embryonic kidney (293 T) cells (CRL-
11268; ATCC), adenocarcinomic human alveolar basal epithelial cells
A549 (CCL-185; ATCC), Madin-Darby canine kidney (MDCK) cells
(CCL-34; ATCC) and chicken fibroblast (DF-1) cells (CRL-1746; ATCC)
were maintained in our laboratory. ST, BHK-21, 293 T, A549, MDCK
and DF-1 cells were cultured at 37 °C in 5% CO2 in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco). PK-15 cells were cultured at 37 °C in
5% CO2 in minimum essential medium (MEM; HyClone). IPEC-J2 cells
were cultured at 37 °C in 5% CO2 in RPMI-1640 medium (Gibco). All
media were supplemented with 10% foetal bovine serum (FBS;
Biological Industries).

2.2. Virus isolation

Ten diarrhoeic faecal specimens were collected from 3-day-old
diarrhoeic piglets from four different farms of Xinyu city, Jiangxi
Province, in 2016. Three specimens, JXXY-a1, -a2, and -a3, were from
farm A; three specimens, JXXY-b1, -b2, and -b3, were from farm B;
three specimens, JXXY-F3, -F4, and -F5, were from farm C; and one
specimen, JXXY-c, was from farm D. Virus isolation was performed on
these ten diarrhoeic faecal specimens using ST cells. Briefly, samples
were diluted 10-fold with DMEM containing antibiotics (penicillin and
streptomycin), vortexed for 30 s and centrifuged at 3500 × g for
10min. Then, the supernatants were filtered through 0.22 μm pore
membrane filters (Merck Millipore Ltd. United States). Filtered super-
natants were used to inoculate confluent monolayers of ST cells at 37 °C
and 5% CO2 and observed daily for 3 days to monitor the development
of cytopathic effects (CPEs). At 3 days post-infection (dpi), the culture
supernatants were collected and passaged on ST cells 4 times. The viral
isolates were purified by plaque assay.

2.3. RNA extraction, deep sequencing and assembly

Viral RNA was extracted from the plaque-purified viruses using a
QIAamp Viral RNA Mini Kit (QIAGEN, Germany) and subjected to next-
generation sequencing on an Illumina MiSeq platform (Huada Gene
Technology Co. Ltd.). Viral RNA was qualified by an Agilent
Technologies 2100 Bioanalyzer. Reverse transcription polymerase
chain reaction (RT-PCR) was conducted using Superscript II reverse
transcriptase (Invitrogen) with the random primers N6. Paired-end li-
braries with insert sizes of 130–170 base pairs were subsequently
constructed using a standard protocol provided by BGI (BGI-Shenzhen)
and then sequenced on the BGISEQ-500 platform in PE100 mode
(Goodwin et al., 2016).

Raw data were obtained and filtered by SOAPnuke [options: -l 10 -q
0.1 -n 0.01] (v.1.5.6; https://github.com/BGI-flexlab/SOAPnuke). The
high-quality reads were processed to remove host contaminant reads by
using SOAP (Li et al., 2009) based on the reference genome of Sus scrofa
(GenBank assembly accession: GCA_000003025.6). The non-host reads
were mapped to the virus database using SOAP to screen the candidate
viruses (with the number of mapped reads ≥100). The non-host reads
were de novo assembled using IDBA-UD (Peng et al., 2012) with the
default options. We also used MAQ (Li et al., 2008) to perform re-
ference-based assembly with the genome of PSV and improved the re-
sults from IDBA-UD. Finally, apart from the 5′ and 3′ UTR sequences,
the main segments of the PSV genome were obtained and identified
using BLAST (Altschul et al., 1990) against the NCBI nucleotide (nt)
database.

To obtain the complete genomes of the two isolated PSV strains,
primer pairs were designed to amplify 5′ and 3′ UTR sequences based
on the Korean PSV strain KS04105 (GenBank accession no. KJ821019,
Supplemental Table S1). PCR products were individually purified and
cloned using the Mighty TA-cloning Kit (TaKaRa Bio Inc.) followed by
Sanger sequencing to determine the sequences. The genomes were as-
sembled and analysed using the DNASTAR program.

2.4. Preparation of anti-PSV antibody

Antiserum produced by pigs was acquired as approved by the
Institutional Animal Care and Ethics Committee of Nanjing Agricultural
University (permit no. IACECNAU2016102). Six 1-day-old conventional
pigs were divided into two groups (n= 3) and housed in two separate
enclosures. Piglets in group 1 were immunized thrice (ten days apart)
intramuscularly with 1.5mL inactivated PSV antigens mixed with ad-
juvant. The inactivated virus was prepared by incubating 6 parts for-
malin (Sigma) with 94 parts PSV-JXXY-a2 supernatant (106.94 PFU/mL)
at room temperature for 12 h and then homogenized with Freund’s
complete adjuvant (Sigma), a well-known adjuvant with water-in-oil
emulsion. Piglets in group 2 were used as negative controls. Piglets
were terminated by intravenously receiving Euthol solution two weeks
after the final immunization, and serum was collected from each piglet
and stored at -80℃.

2.5. Immunofluorescence assay (IFA)

To examine the capability of PSV to infect various cells, ST, PK-15,
IPEC-J2, BHK-21, 293 T, A549, MDCK and DF-1 cells were inoculated
with PSV-JXXY-a2 at a multiplicity of infection (MOI) of 0.5. The in-
oculated ST, PK-15, BHK-21 and 293 T cells were cultured for 10 h, and
the inoculated IPEC-J2, A549, MDCK and DF-1 cells were cultured for
48 h. After incubation, the cells were fixed with 4% paraformaldehyde,
incubated with anti-PSV sera (diluted 1:100) for 1 h at 37℃, and then
incubated with a FITC-conjugated-secondary antibody (KPL) for 1 h at
37℃. Cellular nuclei were stained with 10 μg/mL DAPI (Roche) for
5min, and samples were examined by fluorescence microscopy
(ECLIPSE Ti-S, Nikon, Japan).

2.6. In vitro growth characterization and temperature sensitivity

The virus titres of PSV-JXXY-a2 for each time point were de-
termined by plaque assay in ST cells with modifications, as described
previously (Hu et al., 2015). Briefly, after the overlay-covered cells
were incubated at 37℃ for 60 h, the plates were fixed and stained with
1% (w/v) crystal violet in 20% EtOH and 5% formaldehyde for at least
2 h. Then, the plaques were counted, and the virus titres were expressed
as PFU/mL. To further examine the temperature sensitivity of PSV, PSV-
JXXY-a2 was heated at 37, 42, 50, 51, 52, 53, 54, and 55℃ for the
indicated time, and then virus titres (TCID50/mL) were determined in
triplicate in ST cells by IFA.

2.7. Virus purification and electron microscopy

ST cell monolayers were infected with PSV-JXXY-a2 at an MOI of
0.5 for 48 h. The cells were subjected to three freeze-thaw cycles. The
cellular debris was clarified by centrifugation at 4807 × g at 4 °C for
15min. Crude virus was pelleted from the clarified supernatant by ul-
tracentrifugation at 92,600 × g at 4 °C for 3 h. The virus pellet was
resuspended in 0.4 mL DMEM and was then layered onto a 20–60% (w/
v) discontinuous iodixanol solution (OptiPrep™ Density Gradient
Medium, Sigma-Aldrich) by centrifugation at 126,100 × g at 4 °C for
2.5 h. The virus band at the interface was collected and detected by
Hitachi Model H-7650 transmission electron microscopy (TEM).
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2.8. Sequence and phylogenetic analysis

Nucleotide sequences and deduced amino acid (aa) sequences of the
polyprotein gene and individual genes of PSV isolates were compared
with those of other known picornaviruses (Supplemental Table S2)
using multiple alignments conducted with the Clustal W program.
Phylogenetic analyses were performed based on nucleotide sequences
by the neighbour-joining method in MEGA 7.0. Bootstrap values were
calculated with 1000 replicates. Structural homology modelling of the
PSV VP1 protein was performed by the SWISS-MODEL server (https://
www.swissmodel.expasy.org/).

2.9. Animal experiments

Ethics approval of animal experiments was as described for the
antiserum produced in pigs. Neonatal healthy conventional piglets,
RNA negative for PSV, Porcine epidemic diarrhea virus (PEDV), Porcine
deltacoronavirus (PDCoV), Transmissible Gastroenteritis Virus (TGEV),
genogroup A rotavirus (GARV), and mammalian orthoreovirus (MRV)
in the faecal samples, selected from one sow that was PSV, PEDV, and
PDCoV RNA and antibody negative, were housed in a HEPA-filtered
level 2 biosecurity facility. Piglets were fed a milk-replacement diet
(Anyou, China) instead of colostrum and breast milk. Four one-day-old
neonatal piglets were divided into two groups. Piglets in group 1 (V1-
V2) were each challenged orally with 5mL PSV-JXXY-a2 (106.94 PFU/
mL, 108.20 copies/mL); piglets in group 2 (C1–C2) received 5mL DMEM
orally as negative controls. All piglets were monitored daily for rectal
temperature and clinical signs, and a faecal consistency score was as-
signed to each piglet using a subjective scale wherein 0 is normal, 1 is
pasty, 2 is creamy and 3 is watery. Piglets with faecal consistency scores
of 2 or 3 were scored as diarrhoea positive. Faecal swabs were collected
from all piglets for viral RNA detection were at 0, 1, 2, 3, and 4 dpi. All
piglets received Euthol solution intravenously to be euthanized at 5 dpi.
The heart, liver, spleen, lung, kidney, tonsil, cerebellum, cerebrum,
spinal cord, submaxillary nodes, inguinal lymph nodes, bladder and
alimentary tract were collected from each piglet for viral RNA detec-
tion, and the alimentary tract was sampled separately from the sto-
mach, duodenum, jejunum, ileum, caecum, colon, rectum and mesen-
teric lymph nodes. Virus shedding from faeces or tissues was tested by
qRT-PCR as described previously. The intestinal contents collected from

V1 and V2 piglets were used for virus re-isolation on ST cells.

2.10. Epidemiological investigation

For the molecular epidemiological survey of PSV, a total of 185
clinical samples, including faeces, faecal swabs and intestine, were
collected between February 2016 and March 2017 from sows, finishers
and nursing piglets that were asymptomatic or with clinical diarrhoea
in different commercial pig herds in the provinces of Anhui, Fujian,
Jiangxi, Guangxi, Zhejiang, Jiangsu, Hubei, Hunan, Shandong, Liaoning
and Shanghai in China (Fig. 6A). All samples were investigated for PSV
and porcine epidemic diarrhoea virus (PEDV). PSV detection was per-
formed using qRT-PCR screening for the 5′ untranslated region as
previously reported by Chen et al. (Chen et al., 2014). The method used
for detecting PEDV was as previously reported (Song et al., 2006).

For the serological epidemiological survey, 258 pig serum samples
were collected between February and December 2017 from commercial
pig herds in Gansu, Shanxi, Hebei, Beijing, Shandong, Jiangsu, Anhui,
Zhejiang, Fujian, Jiangxi, Hunan, Hubei, Guangxi and Hainan provinces
in China (Fig. 6C). The PSV-specific antibody titres were determined by
IFA as previously described. Briefly, ST cells were inoculated with PSV
at an MOI of 1 for 12 h, and then IFA was performed using the 258
serum samples with 4-fold serial dilutions. All samples were tested in
triplicate.

2.11. Statistical analysis

Summary statistics were calculated to assess the overall quality of
the data. All data were processed using GraphPad Prism software
(version 7.0). In vitro experiments were carried out independently at
least 3 times, and the t-test was used to evaluate the statistical sig-
nificance of the virus titres. Statistical significance was set to a P-value
of 0.05.

3. Results

3.1. Isolation and identification of PSV strains

ST cells were inoculated with ten diarrhoeic faecal specimens that
were PDCoV RNA positive but PEDV, TGEV, GARV and MRV RNA

Fig. 1. Isolation and identification of PSV. CPE, plaque purification and electron microscopy of PSV-JXXY-a2 in ST cells. (A) ST cells infected with PSV-JXXY-a2
strain showed shrinking, rounding and lifting morphology at 15–18 hpi. (B) Infected ST cell monolayers were completely detached at 24–36 hpi. (C) Mock-infected
ST cells. (D) Plaques of unpurified and purified PSV-JXXY-a2 strain. (E) Electron microscopy of purified PSV-JXXY-a2 virions.
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negative. After 2 blind passages in ST cell monolayers, two samples,
JXXY-a2 and JXXY-c, showed CPEs with shrinking, rounding and lifting
morphology after 48–52 hpi. Unexpectedly, RNA extracted from these
two isolates was negative for PDCoV. After 4 serial passages, ST cells
inoculated with these two isolates showed visible CPEs after 15–18 hpi,
and infected cell monolayers were completely detached by 24–36 hpi in
comparison with mock-infected cells (Fig. 1A–C). Plaque assays showed
that the plaques were approximately 3.5 mm in diameter after three
purifications (Fig. 1D). TEM observations revealed icosahedral, non-
enveloped viral particles with a diameter of approximately 25 nm
(Fig. 1E). Next-generation sequencing revealed these two isolates to be
PSV, and no other viral matches were detected. These results confirm
that these two virus isolates are PSVs, and they are named PSV-JXXY-a2
and PSV-JXXY-c (GenBank accession no. MH626634 and MH626635).

3.2. Full genome sequence and phylogenetic analyses

The two isolates, PSV-JXXY-a2 and PSV-JXXY-c, have the same
genomic organization, excluding the poly(A) tail. The length of the

complete genomes is 7564 nt, including a 489 nt 5′ UTR sequence, a
6996 nt polyprotein gene and a 79 nt 3′ UTR sequence. As shown in
Supplemental Table 2, the length of the complete genomes of PSV-
JXXY-a2/c is different from all of the other reference PSV strains. The
length of the polyprotein gene is varied in PSV strains and ranges from
6969 nt to 6999 nt; however, it is relatively conserved in Chinese PSVs
with a 6996 nt length, except for the HuN4 strain with a three-nu-
cleotide insertion. According to a previous study, the 5′ terminal nu-
cleotide residues of PSV should be UU (Son et al., 2014); PSV-JXXY-a2/
c are consistent with these sequence features, but in the reference
strains, only KS04105, KS05151, KS055217 and IA33375 have the
complete 5′ UTR sequences; and between these sequences, the length of
the 5′ UTR ranges from 489 nt to 491 nt. The complete 3′ UTR se-
quences have been widely reported, and the length is relatively con-
served, commonly being 79 nt and 82 nt.

The encoding regions of the PSV genome, including the polyprotein
gene, capsid-coding region (P1 gene) and genes of mature peptides
cleaved from P1 protein (VP1, VP2 and VP3), were phylogenetically
analysed (Fig. 2). The phylogenetic tree of the polyprotein gene showed

Fig. 2. Phylogenetic analysis of the polyprotein nucleotide sequence for PSV-JXXY-a2 and PSV- JXXY-c strains. A phylogenetic tree was constructed using the
neighbour-joining method with 1000 bootstrap replicates. The branch length is indicated at each branch node.
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that the genus sapelovirus is more closely related to Enterovirus than to
Teschovirus. In the sapelovirus genus, porcine sapelovirus is most closely
related to Bat sapelovirus. The PSV isolates, along with 25 complete
polyprotein sequences of picornavirus strains available in the NCBI
database, showed that all of the PSV strains are classified into three
distinct clusters correlated with their geographical location, China,
South Korea and USA/England/India. PSV-JXXY-a2 and PSV-JXXY-c
are classified into the China cluster, which is more closely related to the
South Korea PSV cluster.

3.3. Comparative analysis of the deduced amino acid sequence of the
polyprotein

To investigate the genetic relationships and characteristics between
PSVs and the genetics of PSV-JXXY-a2 and PSV-JXXY-c, sequence
alignments of the deduced amino acids of the polyprotein were com-
pared with the representative reference PSV strains from different
clusters in the polyprotein gene phylogenetic tree. The data revealed
that the deduced amino acid sequences of PSV-JXXY-a2 and PSV-JXXY-
c polyproteins were identical, and they shared many molecular simi-
larities with Chinese HuN2/3/4 strains. Compared with other reference
strains, PSV-JXXY-a2/c had amino acid substitutions in all of the twelve
mature peptides (L-VP4-VP2-VP3-VP1-2A-2B-2C-3A-3B-3Cpro-3Dpro)
cleaved from polyprotein, and the significant substitutions in VP2, VP3,
VP1, 2C, 3A and 3C are shown in Fig. 3A. Among these mature pep-
tides, VP1 was the most hypervariable protein, with three mutant

clusters and a varied 3′ end sequence. Mutant cluster 1, including four
adjacent amino acid mutations, was located at positions 750–752 and
754. Mutant cluster 2, including five amino acid mutations, was located
at positions 771, 772 and 775−777. Mutant cluster 3, including six
amino acid mutations, was located at positions 844, 845, and
847−850. Structural homology-modelling of PSV VP1 monomer pro-
tein with the template of human enterovirus 71 VP1 protein (3zfe.1.A
in the SWISS-MODEL template library) revealed that these three mutant
clusters of VP1 protein were located in three loops that are probably
exposed on the virion surface (Fig. 3B). In addition, the varied 3′ end
sequence of the VP1 protein was located at position 888−900. It is
interesting that the different lengths of polyproteins mainly resulted
from this 3′ end-varied region. With the same 3′ end sequence, strains of
JXXY-a2/c, HuN1/2/3, QT2013, YC2011, JD2022, csh, KS05151, and
IA33375 have the same length as VP1 protein (2332 aa). HuN4 has a
one amino acid longer VP1 protein (2333 aa) due to a single amino acid
insertion at position (896 L) in the 3′ end sequence. KS055217/
KS04105 (2324 aa) and V13/C-6 (2323 aa) have shorter VP1 proteins
because of a nine-amino-acid deletion at position (891ASQAGF-
YPA900); another nine-amino-acid deletion at position (888YYPASQ-
AGF897) led to the shorter VP1 protein (2324 aa) of the ISU-SHIC strain
(Fig. 3A).

Excluding three mutant clusters and the varied 3′ end sequence of
the VP1 protein, another significant amino acid substitution existed in
the polyprotein. Ten amino acid residues, 626D, 663A, 705 K, 892S,
1237 T, 1245 T, 1279R, 1573D, 1635I and 1700 K, were identical only

Fig. 3. Analysis of the deduced amino acid sequences of PSV polyprotein. (A) The differences in deduced amino acids in the polyproteins of the isolated PSV and
reference strains. The dots represent amino acid residues that are identical to the PSV-JXXY-a2 strain. Boxes with red dashed lines indicate three mutant clusters in
VP1 protein. Boxes with blue dashed lines indicate the varied region in the 3′ end of VP1 protein, and the red bars indicate the precise positions of deletions. (B)
Illustration of the predicted three-dimensional structure of the PSV-JXXY-a2 VP1 protein. The protein modelling of the PSV VP1 protein monomer was built using
SWISS-MODEL, and the mutant amino acids mapped to the three mutant clusters are boxed with rose dashed lines. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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in PSV-JXXY-a2/c strains. Twenty amino acid residues at positions
545A, 596M, 615E, 619I, 620 V, 622 K, 631 K, 680 K, 698 K, 723 K,
756 L, 762Y, 768 V, 837A, 838 V, 840 L, 855 V, 874A, 882 V and 887 T
were identical between PSV-JXXY-a2/c and HuN2/3/4 but different
from other reference strains (Fig. 3A).

3.4. Temperature sensitivity and cellular adaptation of the PSV isolate

To detect the virus growth kinetics, ST cells were inoculated with
PSV-JXXY-a2 at an MOI of 0.5 for the indicated time points. The virus
titre presented a gradual upward tendency and reached the highest
peak (107.57 PFU/mL) at 18 hpi (Fig. 4A), revealing that the PSV-JXXY-
a2 strain could infect and replicate efficiently in ST cells. To detect
temperature sensitivity, PSV strain JXXY-a2 was heated at the indicated
temperatures for 1 h and then used to inoculate ST cell monolayers.
Compared with the untreated control, the JXXY-a2 infectivity de-
creased significantly after exposure to 37℃ for 1 h, and with a con-
tinuous increase in treatment temperature, the virus titre continued to
decrease (Fig. 4B). JXXY-a2 retained infectivity at 53℃ for 1 h but was
inactivated completely at 54℃ for only 6min (Fig. 4C). These results
revealed that 54℃ is the most effective temperature to inactivate PSV.
To assess cell adaptation to different cell lines, the infection ability of
PSV strain JXXY-a2 was examined with various cell lines, including ST,
PK-15, IPEC-J2, BHK-21, 293 T, A549, MDCK and DF-1 cells. As shown
in Fig. 4D, JXXY-a2 could not only infect ST, PK-15 and IPEC-J2 but
also infect BHK-21 and 293 T very efficiently. However, A549 and
MDCK were not susceptible to PSV infection. Our results indicate that

the PSV-JXXY-a2 strain has broad cell tropism in vitro.

3.5. PSV is pathogenic to neonatal piglets

To determine whether the isolated PSV-JXXY-a2 strain is an enteric
pathogen in pigs, two one-day-old, neonatal, healthy conventional
piglets were inoculated with PSV-JXXY-a2. No significant temperature
changes or obvious clinical signs were observed at 1, 2 and 3 dpi in any
of the four piglets. At 4 dpi, two PSV-inoculated piglets developed
watery diarrhoea (score of 3) compared to two mock-inoculated piglets
(Fig. 5A–B). Due to the severe clinical signs of diarrhoea in two of the
PSV-inoculated piglets, all piglets were terminated at 5 dpi. To further
explore the virus shedding and the viral antigen distribution in PSV
orally inoculated piglets, daily faecal swabs and tissue samples derived
from all piglets were collected for viral RNA detection. Faecal virus
shedding showed that high levels of viral RNAs were shed in faecal
samples of PSV-infected pigs at 2–4 dpi (Fig. 5C). Furthermore, viral
RNAs could be detected in all of the alimentary tract organs, and the
levels of viral RNAs were higher in the cecum, colon and rectum than in
the duodenum, jejunum, ileum, stomach and mesenteric lymph nodes
(Fig. 5D). Moreover, a higher level of PSV RNA was detected in the
tonsil, inguinal lymph nodes and bladder than in the spleen, lung,
cerebellum, cerebrum and submaxillary nodes, but viral RNAs were not
detected in the heart, liver, kidney and spinal cord (Fig. 5E). Further-
more, the virus re-isolation from PSV-infected intestinal contents
showed obvious CPE at 42 hpi, and a large number of PSV-positive cells
were observed in IFA with the antiserum specific for PSV (Fig. 5A).

Fig. 4. Growth kinetics, temperature sensitivity and cellular adaptation of PSV-JXXY-a2. (A) In vitro growth kinetics curve of PSV-JXXY-a2. ST cell monolayers were
infected with PSV-JXXY-a2 at an MOI of 0.5 and were harvested at 1, 4, 6, 8, 12, 18, 24 and 30 hpi. Virus titres (PFU/mL) were determined in ST cells in triplicate
using plaque assays. (B) Temperature sensitivity of PSV-JXXY-a2. Virus titres (TCID50/mL) were determined in triplicate after treatment at 37, 42, 50, 51, 52, 53,
54℃ and 55℃ for 1 h. The unheated PSV (UC) was used as a positive control. (C) Minimum time for inactivating PSV-JXXY-a2 at the most effective temperature.
Virus titres (TCID50/mL) were determined in triplicate after treatment at 54℃ for 2, 4, 6 and 8min. Experiments of growth kinetics and temperature sensitivity were
carried out independently at least 3 times, and the mean values of the log-transformed titres are shown ± the standard error of the mean (SEM). Differences in the
titres were evaluated by a two-tailed t-test with the threshold of statistical significance indicated (** P < 0.01; *** P < 0.001). (D) Infectivity of PSV-JXXY-a2 in
different cell species was determined by IFA using anti-PSV serum. All cell lines were infected with PSV-JXXY-a2 at an MOI of 0.5. ST, PK-15, BHK-21 and 293T cells
were fixed at 10 hpi. IPEC-J2, A549, MDCK and DF-1 cells were fixed at 48 hpi.
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Fig. 5. Pathogenicity of the PSV-JXXY-a2 strain in neonatal piglets. (A) Clinical signs in PSV-JXXY-a2- and mock-infected neonatal piglets. Representative PSV-
infected neonatal piglets (V1 and V2) showing clinical signs of diarrhoea, piglets (C1 and C2) inoculated with DMEM showing no obvious clinical signs. ST cells
inoculated with filtered intestinal contents collected from PSV-JXXY-a2-infected piglets for 42 h showed a large number of PSV-positive cells by IFA. (B) Faecal
consistency scores in PSV-JXXY-a2- and mock-infected neonatal piglets. PSV-inoculated piglets (V1 and V2) developed watery diarrhoea (score of 3) compared to
DMEM-inoculated piglets (C1 and C2), the clinical score of diarrhoea: 1 is pasty, 2 is creamy, and 3 is watery. (C) Viral RNA shedding in faecal swabs after virus and
DMEM inoculation. High levels of viral RNAs were shed in faecal samples of PSV-infected pigs (V1 and V2) at 2–4 dpi, and faecal swabs from DMEM-inoculated
piglets (C1 and C2) were PSV viral RNA-negative. (D–E) Viral RNA distribution in the alimentary tract and tissues from PSV-inoculated piglets (V1 and V2). (D) Viral
RNAs were detected in all of the alimentary tract organs, and the levels of viral RNAs were higher in the caecum, colon and rectum than in the duodenum, jejunum,
ileum, stomach and mesenteric lymph nodes. (E) Higher levels of PSV RNAs were detected in the tonsil, inguinal lymph nodes and bladder than in the spleen, lung,
cerebellum, cerebrum and submaxillary nodes; however, viral RNAs were not detected in the heart, liver, kidney and spinal cord.
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These data demonstrate that PSV-JXXY-a2 is pathogenic to piglets.

3.6. Epidemiological investigation of PSV infection in pig herds

To evaluate the frequency of PSV infection, a total of 185 samples
(138 with clinical diarrhoea and 47 asymptomatic) were collected and
investigated by qRT-PCR. As shown in Fig. 6B, of the 185 samples, 75
were PSV positive (40.54%), 72 were PEDV positive (39.92%), and 32
were PSV/PEDV double positive (17.30%). Notably, all of the positive
rates of PSV (44.93%, 62/138), PEDV (46.38%, 64/138) and co-infec-
tion of PSV/PEDV (20.29%, 28/138) in diarrhoea samples were much
higher than in asymptomatic samples, which were 27.66% (13/47),
17.02% (8/47) and 6.38% (3/47), respectively. Meanwhile, for sero-
epidemiological investigation, a total of 258 pig serum samples were
collected and investigated by IFA. As shown in Fig. 6D, a high PSV
positive rate (80.23%, 207/258) was observed in collected sera. Ad-
ditionally, 68.99% (178/258) of the total samples had a titre greater
than 43, over half had a titre between 43 and 44, and 10.85% (18/258)

had a titre greater than 45. Collectively, these results revealed that PSV
infection was highly prevalent in pig herds and that the proportion of
PSV infection in diarrhoea samples was higher than in asymptomatic
samples.

4. Discussion

In summary, we isolated, sequenced and genetically characterized
two PSV strains, PSV-JXXY-a2 and PSV-JXXY-c, from diarrhoeal sam-
ples in pig farms of Jiangxi Province in 2016 and demonstrated pa-
thogenicity in neonatal piglets.

The PSV capsid protein VP1 is the most external viral protein, which
contains a number of major neutralization sites (Mateu, 1995). The VP1
protein is considered to be immunodominant and has proved to be
valuable in determining genetic relationships among picornaviruses
(Oberste et al., 1999; Son et al., 2014). A homology comparison of the
deduced VP1 amino acid sequences in this study revealed that PSV-
JXXY-a2, PSV-JXXY-c and Chinese HuN strains have three mutant

Fig. 6. Epidemiological investigation of PSV infection. (A–B) Viral investigation of PSV infection. (A) Pink colour represents provinces sampled for PSV investigation.
The numbers in brackets indicate PSV-positive/total samples. (B) Rates of positive PSV, PEDV and PSV-PEDV co-infection in diarrhoea, asymptomatic and total
collected samples. (C–D) Serological investigation of PSV infection. (C) Orange colour represents provinces sampled for PSV serological investigation. The numbers in
brackets represent the ratios of PSV serum-positive/total serum samples. (D) Sero-prevalence and antibody titres of PSV determined by IFA. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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clusters compared with other reference strains. Structural homology
modelling found that these three mutant clusters are located on the
surface loops of the VP1 protein. Loops exposed on the virion surface
are the most variable regions of picornavirus virions and are considered
to be the most important neutralizing immunogenic sites (Plevka et al.,
2012; Rossmann et al., 1985; Sherry et al., 1986). Thus, whether these
three mutant clusters are responsible for the neutralizing im-
munogenicity needs to be further investigated. Additionally, the C-
terminus of VP1 can induce neutralizing antibodies in many picorna-
viruses (Foo et al., 2007; Mateu, 1995); therefore, it is worth noting if
the varied 3′ end sequence of PSV VP1 protein is associated with neu-
tralizing antigenic sites.

Due to the near identical nucleotide and deduced amino acid se-
quences of PSV-JXXY-a2 and PSV-JXXY-c, the in vitro growth char-
acterization, temperature-sensitivity assays, and the in vivo pathogenic
experiments of PSV were all carried out with the representative strain
PSV-JXXY-a2. A previous study reported that PSV infection was limited
to cells of porcine origin (Kim et al., 2016). Another study revealed that
the human cell lines PLC/PRF/5, HepG2/C3a and the green monkey
cell lines Vero E6 and PGMKC are also susceptible to PSV infection (Bai
et al., 2018). Our study showed that in addition to the porcine cell lines
ST, PK-15, and IPEC-J2, the human 293 T cell line and the baby hamster
BHK-21 cell line are both susceptible to PSV infection. In summary, the
infection of human, green monkey and baby hamster cells with PSV
raises concerns about its potential host range beyond swine. However,
the human cell line A549, dog cell line MDCK and chicken fibroblast
cell line DF-1 were resistant to PSV in our study, and the susceptibility
differences to PSV should be useful for studying receptors of PSV. Al-
though PSV is widely distributed, it can be inactivated easily by heating
at 65 °C for 5min or 60 °C for 10min (Bai et al., 2018); our result in-
dicates that the minimum condition to inactivate PSV-JXXY-a2 is
heating at 54 °C for 6min, which may be due to the different PSV
strains.

To date, the pathogenicity of PSV has been poorly studied, and only
one PSV strain, Korean SV-A, has been well characterized for intestinal
pathogenicity; it can induce diarrhoea and intestinal pathology in
piglets (Kim et al., 2016). In the present study, the diarrhoeic faecal-
origin PSV strain PSV-JXXY-a2 was found to replicate efficiently in the
intestine and induce diarrhoea in piglets, implying that this PSV-JXXY-
a2 strain may be pathogenic. Notably, epidemiological investigation in
this study revealed that the PSV-positive rates and co-infection of PSV/
PEDV in diarrhoea samples were much higher than in asymptomatic
samples, indicating that PSV may contribute collectively to enteric
disease of pigs along with other porcine pathogens; therefore, PSV
cannot be ignored when controlling the diarrhoea of pigs.
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