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As one of the most important enteric viruses, sapovirus (SaV) can infect humans and a
variety of animals. Until now, 19 SaV genogroups have been identified, among which 4
from human (Gl, Gll, GIV, and GV) and 8 from swine (Glll, GV-GXI). Porcine sapovirus
(PoSaV) Glll has been prevalent in China; however, the status of PoSaV infection in
Yunnan province remains unknown. In this study, 202 fecal samples were collected from
piglets associated with outbreaks of acute diarrhea in Yunnan between January and May
2020. PoSaV detection revealed that the total PoSaV infection rate in Yunnan was 35.2%,
with 21 PoSaV strains determined and phylogenetically analyzed. The phylogenetic tree
analyses demonstrated that twenty PoSaV strains belonged to Glll and fell into five
genotypes, whereas one PoSaV strain (YNQB) belonged to GV. Sequence alignments
revealed deletions in VP2 region in 10 of the 20 Glll strains, as well as deletions and
insertions in VP71 region of the GV strain (YNQB). Furthermore, genomic recombination
analyses showed that two GllI strains (YNAN and YNJD) were recombinants, closely
related to reference sequences MK965898 and LC215880, MK965898 and FJ387164,
respectively. In summary, PoSaV-Glll strains were identified in Yunnan in 2020, and for
the first time, a PoSaV-GV strain was identified from China, whereas the comprehensive
analyses illustrated high genetic diversity of Yunnan PoSaV strains. This study may shed
new light on the current PoSaV infections in Yunnan and pave the way toward further
control of the PoSaV infections in China.
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INTRODUCTION

Sapovirus (SaV) belongs to Sapovirus genus of the Caliciviridae family and is a positive sense,
single-stranded RNA virus. Its genome is ~7.1-7.7kb in length, containing two open reading
frames (ORF1 and ORF2) and a polyA tail at the 3’ end (1). ORF1 encodes a large polyprotein,
which comprises seven non-structural proteins (NS1-7) and one major capsid protein (VPI1),
whereas the ORF2 encodes the minor structural protein VP2 (2). The capsid protein VP1 confers
high genetic variability and is closely related to the viral immunogenicity, which thus is a key
protein for determination of genetic variation and genotype of SaV (3, 4). Some recent studies
reported high genetic variation of VP2 gene with different deletion patterns (5), which may exert
potential effects on the immunogenicity and antigenic epitopes of SaV.
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Sapovirus has a wide host spectrum, infecting not only
humans (6, 7), but also oysters (8), bats (9), rats (10), dogs and
cats (11, 12), chimpanzees (13), and pigs (14). SaV is one of the
main pathogens that cause acute gastroenteritis in children and
the elderly (1, 15, 16) and was observed for the first time under
electron microscopy from the stool samples of children with
diarrhea from United Kingdom in 1976 (17, 18). SaV was named
after the city of Sapporo, Japan, where the virus was first identified
in association with gastroenteritis in 1977 (19). The first porcine
SaV (PoSaV) was then isolated from piglet in 1980 and named
as Cowden strain (14). Afterward, the prevalence of PoSaV was
successively reported in Venezuela (20), Brazil (21), USA (5, 22),
Belgium (23), Czechia (24), Denmark (25), Japan (26), South
Korea (27), and many other countries, including China (28-36).

At present, based on the VPI gene sequences, SaV can be
divided into 19 genogroups and 52 subtypes (1, 37, 38), with 4
genogroups (GI, GII, GIV, and GV) and 8 genogroups (GIII and
GV-GXI) identified in humans and pigs, respectively. Among
the 8 PoSaV genogroups, GIII has been determined as the most
predominantly circulating genogroup in swine herds worldwide
(39-41), whereas GV is an enteric virus that infects both swine
and human, thus posing high risk on public health. In this
study, for the first time, we report the detection and genomic
characterization of 21 PoSaV strains of high genetic diversity
from Yunnan province, China, which is one of the biggest swine-
raising provinces in China, and more interestingly, we describe
the first case of identification of PoSaV-GV strain from China.

MATERIALS AND METHODS

Sample Collection

During an outbreak of severe diarrhea in 3-50-day-old piglets in
Yunnan province, China, between January and May 2020, 202
fecal samples were collected from 53 different pig farms across
15 prefectures/cities of Yunnan province, representing ~5-10%
of the total number of farms in Yunnan, in format of rectal
swabs using a directed sampling method to minimize cross-
contamination, followed by shipment in sterile 15-ml falcon
tubes on ice to laboratory for storage at —80°C till isolation of
viral nucleic acid and virus detection.

Extraction of Nucleic Acids and Detection
of PoSaV

First, the 202 clinical fecal samples were processed for extraction
of viral RNA according to the user instructions of TRIpure
total RNA extraction reagent (cat. no.: RP001, BioTeke, Beijing,
China). Then, cDNA synthesis of the 202 RNA samples was
performed by incubating the reaction at 37°C for 15min and
85°C for 5s using EasyScript RT/RI Emzyme Mix (cat. no.:
AE311-02, Transgen, Beijing, China) and the downstream primer
(5'-CGGTACGCGTAACCAGGGAAAGA-3’ for GIII or 5-
AGTTGTTCATTTYTGGCCATCC-3' for GV, oligonucleotides
purchased from Tsingke Biotech, Kunming, China) for detection
of PoSaV-GIII and PoSaV-GV. The subsequent PCR was
performed using 2x Phanta Max Master Mix (cat. no.: P505-
01, Vazyme, Nanjing, China) and the corresponding prime
pairs (Forward 5-CCCTCATTGGACCAAGTGGGA-3' and

Reverse 5-CGGTACGCGTAACCAGGGAAAGA-3' for GIII,
Forward 5-ATCCCAGAGAACATGATGGC-3' and Reverse
5-AGTTGTTCATTTYTGGCCATCC-3' for GV, which were
designed according to the reference sequences FJ387164 and
KX000383, respectively). The amplification conditions were
denaturing at 95°C for 3 min, followed by 35 cycles of 95°C for
155, 60°C for 305, and 72°C for 60 s, with an additional extension
step at 72°C for 5 min. PoSaV-positive samples were determined
by gel electrophoresis to visualize the specific amplification
products (591 bp and 370 bp in length for the GIII amplicons
and the GV amplicons, respectively).

In addition, some most common diarrhea-causing bacterium
and parasites, such as Escherichia coli, Salmonella, Shigella,
and Coccidia, were also screened for the PoSaV-positive
samples according to the standard protocol. Furthermore, co-
infections with other nine diarrhea-related porcine viruses
were determined for the PoSaV-positive samples using
the primers validated in our recent report (42), namely,
porcine sapovirus (PoSaV), porcine epidemic diarrhea virus
(PEDV), transmissible gastroenteritis coronavirus (TGEV),
porcine rotavirus (PoRV), porcine bocavirus (PBoV), porcine
astrovirus (PAstV), porcine deltacoronavirus (PDCoV), classical
swine fever virus (CSFV), pseudorabies (PRV), and porcine
circovirus 2 (PCV2).

Sequence Determination of Capsid Protein

Genes and Genome of PoSaV

To determine the sequences of capsid protein genes (VPI
and VP2) or genome of PoSaV from the positive samples,
the PCR products from the amplifications using the prime
pairs listed in Supplementary Table S1 (for PoSaV-GIII strains)
and Supplementary Table S2 (for PoSaV-GV strains) were gel
purified, cloned into pMD18-T vector (cat. no.: 6011, Takara,
Dalian, China), purified, and transformed into E. coli DH5«
for bulk culture. The plasmid was then extracted from the
bacterial culture according to the user instructions of EZ-10 Spin
Column Plasmid DNA Minipreps Kit (cat. no.: B610413, Sangon
Biotech, Shanghai, China) for subsequent Sanger sequencing
confirmation at Sangon Biotech (Shanghai, China). A total of
three colonies were sequenced to determine the sequence of
VPI1, VP2 or the sequenced genome of PoSaV to minimize the
potential sequencing error.

Sequence Analyses

VPI is a highly divergent capsid protein and closely related
to the viral immunogenicity, and therefore, its encoding
gene has been commonly used for genetic characterization of
SaV (3, 4). Some selected SaV reference sequences (listed in
Supplementary Table S3) were retrieved from the GenBank
database for sequence alignments and phylogenetic analyses with
the sequences of capsid genes (VPI and VP2) determined in
this study (accession numbers in Supplementary Table S4 and
sequences in Supplementary File). DNAStar 6.0 software with
the default parameters was used to assemble the sequences and
to perform the similarity analysis of the nucleic acid sequences
between the selected reference sequences representative of
16 SaV genogroups (Supplementary Table S3) and the 21
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strains obtained in this study (Supplementary Table S4
and Supplementary File). Since the alignments contain
gaps due to indels, which are phylogenetically informative,
the gaps were included into the calculations and
further analyses.

The construction of phylogenetic trees from the aligned
nucleotide sequences using bootstrap method with 1,000
replicates was achieved using the ClustalW alignment program
included in MEGA 7.0 software package (43) with p-distance as
the substitution model (22) and using neighbor-joining method.
Of note, p distance may not be the best method to estimate
genetic distances as the model fails to consider some biologically
relevant factors; however, this model is still used in this study,
for direct comparison with some previously published similar
studies (5, 22). Recombination Detection Program (RDP, version
4) (44) was used to perform recombination analyses using the
unweighted pair-group method (UPGMA) (45). All the seven
methods (i.e., RDP, GENECONYV, BootScan, Maxchi, Chimaera,
SiScan, and 3Seq) in the RDP package were included in the
recombination analysis, and only when all of them detected a
recombination event, can it be accepted as a recombination. The
p-values reported in the study correspond to the ones from RDP
method. Phylogenetic trees and RDP plots are present for each
recombinant strain.

RESULTS

Detection of PoSaV From Yunnan Province,
China

A considerable number of pig farms in Yunnan province reported
severe diarrhea in piglets between January and May 2020, which
spread in different batches and across adjacent pens, causing huge
economic losses to the farms. Over the period, the pig farms
collected 202 stool samples in total from diarrheic piglets (3-
—6 samples per pig farm) for pathogen diagnoses at College of
Animal Veterinary Medicine, Yunnan Agricultural University.

First, we checked the samples for some most common
diarrhea-causing bacterium and parasites, such as Escherichia
coli, Salmonella, Shigella, and Coccidia. It turned out that
Salmonella, Shigella, and Coccidia were not detected from the
samples. Only Escherichia coli were isolated from some of the
samples; however, the Escherichia coli-killing antibiotics (such
as gentamicin and enrofloxacin) from drug sensitivity test did
not show noticeable therapeutic effects after being applied to
the diarrheic piglets for treatment, indicating that the direct link
between Escherichia coli infection and diarrhea in piglets was
not supported.

Then, RT-PCR detection method showed that the PoSaV-
positive rate in diarrheic piglets varied from 22.2 to 64.7%
depending on the prefectures or cities, with a total positive rate
of 35.2% (71/202, Table 1). In spite of co-infection of PoSaV
with some other diarrhea-related porcine viruses, such as PEDV,
PoRYV, and PAstV, 15 of the 71 PoSaV-positive samples (21.1%)
were not co-infected with any of the other nine diarrhea-related
porcine viruses, suggesting that PoSaV is a contributing factor
for diarrhea in swine herds, in agreement with a very recent

TABLE 1 | Sample collection and detection rate of porcine sapovirus.

Prefecture/City Number of pig Sample = Number of Positive rate
farms number PoSaV-positive (%)
sample
Chuxiong 5 17 11 64.7
Yuxi 6 19 12 63.2
Pu’er 1 4 2 50.0
Kunming 4 15 6 40.0
Lincang 3 9 3 33.3
Xishuangbanna 3 13 4 30.8
Baoshan 3 10 3 30.0
Dehong 3 17 5 29.4
Zhaotong 2 7 2 28.6
Honghe 4 18 5 27.8
Wenshan 3 1 3 27.3
Dali 5 19 5 26.3
Lijiang 2 8 2 25.0
Quiing 7 26 6 231
Nujiang 2 9 2 222
Sum 53 202 71 35.2

report (46). As there is no report yet about PoSaV infection in
Yunnan, in this report, we focus on the PoSaV epidemiology and
the sequence characterization.

Not surprisingly, the three prefectures or cities (Chuxiong,
Yuxi and Kunming) which are the three biggest swine producing
areas in Yunnan province showed highest PoSaV detection rates,
when excluding Pu’er city from discussion due to the very
limited sample number (only 4 samples in total from Pu’er).
Interestingly, besides 70 PoSaV-GIII-positive samples, a stool
sample turned to be PoSaV-GV-positive, which is the first case
for detection of SaV-GV in pigs from China.

Genogroup Determination of Yunnan
PoSaV Strains by Phylogenetic Analyses

In this study, 2-4 PoSaV-positive samples from each
prefecture/city were randomly selected for nucleic acid
sequence determination of the structural capsid protein
genes VPI and VP2, or of the sequenced PoSaV genome.
Subsequently, nucleic acid sequences of capsid protein genes of
17 GIII PoSaVs, whole genomic sequences of three PoSaV-GIII
strains (YNLH, YNAN, and YNJD) and one PoSaV-GV strain
(YNQB) were determined using the primer pairs listed in
Supplementary Tables S1, S2, respectively. The 21 Yunnan
PoSaV strains obtained in this study are documented in
GenBank under the accession numbers MW285639-MW 285642
and MW296248-MW296266 (Supplementary Table S4 and
Supplementary File).

Next, phylogenetic tree analysis using MEGA?7.0 software was
performed for the 21 Yunnan PoSaV strains and 60 selected
PoSaV reference sequences representing 16 PoSaV genogroups
(Supplementary Table S3). In both phylogenic trees constructed
on either only VPI gene sequences (Figure1lA) or longer
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FIGURE 1 | Phylogenetic analysis of sapovirus sequences of VP71 (A) and capsid genes (VP71 and VP2) (B) including the 20 Yunnan PoSaV-GlIl strains (indicated with
a solid blue square) and one Yunnan PoSaV-GV strain YNQB (indicated with a red triangle) determined in this study. The sequences retrieved from GenBank were
labeled with their accession numbers (Supplementary Table S3). The phylogenetic trees were constructed by neighbor-joining (NJ) method. Significant bootstrap
values are indicated as a percentage for 1000 replicates. Bootstrap values higher than 50 are displayed along the relative branches. Different genogroups in blocks are
color coded. The numbers in the trees indicate the confidence and the bars under the trees indicate the phylogenetic distance.
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sequences (VPI and VP2) (Figure 1B), 20 identified Yunnan
PoSaV strains (indicated by solid blue squares) were clustered
together with the selected PoSaV-GIII reference strains (Figure 1,
block highlighted in light green). On the other hand, one
Yunnan PoSaV strain (YNQB, indicated by a red triangle)

was clustered together with the 9 selected PoSaV-GV strains
(Figure 1, highlighted in dark blue).

Finally, in agreement with the data from specific PCR
amplification and sequence determination, phylogenetic tree
analyses revealed that PoSaV infection is prevalent in Yunnan
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pig farms, with PoSaV-GIII to be the predominant genogroup.
Furthermore, a PoSaV-GV strain was identified from Yunnan,
which is the first report in China.

High Genetic Diversity of Yunnan
PoSaV-Glll Strains

At present, the 19 genogroups of SaVs can be classified into
at least 52 genotypes based on complete sequences of VPI
genes using a pairwise distance cutoff value of <0.169 to
distinguish different genotypes or clusters (1, 37). To further
scrutinize the genetic diversity of the 20 Yunnan PoSaV-
GIII strains, the complete sequences of VPI genes of these
20 strains were subjected to phylogenetic analysis together
with 38 selected PoSaV-GIII reference sequences retrieved
from NCBI (Supplementary Table S3). Phylogenetic analysis
revealed that the 58 PoSaV-GIII VPI gene sequences could
be divided into 11 genotypes (Figure 2), with the 20 Yunnan
PoSaV-GIII strains dispersed into 5 genotypes (genotypes 3,
5,9, 10, and 11) according to the previous classification (29).
Sequence dissimilarity comparison (Supplementary Figure S1)
confirmed that the sequence discrepancy within a cluster was
<0.169 and that the sequence disparity between different
clusters was mostly >0.169, in agreement with the widely
accepted genotype definition (1, 37). Furthermore, when
correlating the identification years and places of the PoSaV-GIII
strains (Supplementary Table §3) with the genotype assignment
(Figure 2), for most of the clusters, we did not find clear
clustering profiles based on the years or places of strain
identification. Besides, none of the 20 Yunnan PoSaV-GIII strains
grouped together with the Cowden strain (KT922087 in genotype
1), and the 4 Yunnan PoSaV-GIII strains in genotype 3 grouped
together with 12 PoSaV-GIII strains identified from USA, Spain,
Korea, Japan, and China between 2012 and 2019. Taken together,
the in-depth phylogenetic analysis revealed high genetic diversity
of Yunnan PoSaV-GIII strains.

For the 20 Yunnan PoSaV-GIII strains identified in this
study, the sequence assembly revealed that the length of
VPI gene is 1635 nt, whereas the length of VP2 gene is
516 (10 strains with 9 nt deletions, highlighted in the red
square in Figure 3A) or 525 nt (another 10 strains without
deletions, highlighted in the black square in Figure 3A). In
addition, the genome sequences were determined for 3 PoSaV-
GIII strains with different lengths (7341 nt for YNJD and
YNAN, whereas 7350 nt for YNLH). Analysis using MegAlign
function incorporated in software DNASTAR 6.0 revealed that
the nucleic acid sequence similarity between the 20 Yunnan
PoSaV-GIII capsid protein genes (VPI and VP2) ranged from
75.3% (YNSJ1 vs. YNYM2) to 99.9% (YNDY1 vs. YNDY2) as
highlighted in red squares (Supplementary Figure S1), on the
other hand, when cross-comparing the 20 Yunnan PoSaV-GIII
sequences with the 38 selected PoSaV-GIII reference sequences,
as highlighted in black squares (Supplementary Figure S1), the
sequence disparity of capsid protein genes (VPI and VP2)
is between 3.5 (YNLH-MK965898) and 25.1% (YNSJ1 vs.
MK965899, YNLH vs. LC215876, and YNLH vs. LC965875).
Opverall, high sequence discrepancy with deletions and insertions

again implied high genetic diversity of Yunnan PoSaV-
GIII strains.

Further sequence evaluation using MEGA 7.0 software
revealed that 10 Yunnan PoSaV-GIII strains had a 9 nt deletion
(7218-7226 nt) in the VP2 region (Figure 3A, highlighted in red
square), whereas the other 10 did not possess this deletion at the
same location (Figure 3A, highlighted in black square), resulting
in deletion of three amino acids (2406-2408 aa, Figure 3B), in
agreement with a previous report (5) and further complicating
the PoSaV genetic diversity. Additionally, when looking into
the origin of the 20 Yunnan PoSaV-GIII strains (Table 1), we
noticed that the PoSaV-GIII strains determined from the three
biggest swine producing prefectures or cities (Chuxiong, Yuxi,
and Kunming) in Yunnan province contained both types, with or
without the 9 nt deletion in gene VP2: two strains from Chuxiong
(YNDY1 and YNDY?2), two strains from Kunming (YNAN and
YNANT1) and three strains from Yuxi (YNTH1, YNYM3, and
YNYM4) showed the deletion of 7218-7226 nt in VP2 gene
region, whereas one strain from Chuxiong (YNLF1), one strain
from Kunming (YNDC1), and two strains from Yuxi (YNYM1
and YNYM2) showed no deletion of 7218-7226 nt. The data
suggested that different sub-genotypes of PoSaV-GIII strains may
be prevalent in some certain areas.

Sequence Alignment and Analyses of the
Yunnan PoSaV-GV Strain With Reference

Sequences

One PoSaV-GV strain (YNQB) was identified from Yunnan in
this study, which is the first report for PoSaV-GV strain in
China. Sanger sequencing and sequence assembly revealed that
the length of the sequenced genome, VPI gene, and VP2 gene
of YNQB is 7496, 1736, and 495 nt, respectively. Alignment
of the sequenced genome of YNQB strain with all the 9 SaV-
GV strains we extracted from NCBI revealed that the sequenced
genome of the Yunnan PoSaV-GV strain (YNQB) from this
study shared nucleic acid sequence similarity ranging from
56.9% (YNQB vs. JN420370 of sea lion origin) to 85.5% (YNQB
vs. KX000383 of swine origin) (Figure 4A). According to the
previous classification (47), SaV-GV strains could be classified
into five genotypes (from GV-1 to GV-5) and the YNQB strain
fell into cluster 5 together with another two SaV-GV strains of
swine origin (Figure 4A).

Meanwhile, in the VPI gene region of the YNQB strain, we
observed 3 nt insertion (position 5827-5829 nt), 9 nt deletion
(position 6376-6384 nt), and 3 nt insertion (position 6481-
6483 nt) (Figure 4B), resulting in a corresponding insertion
of one amino acid (position 1943 aa), deletion of three
amino acids (position 2126-2128 aa) and insertion of one
amino acid (position 2161 aa) (Figure4C), which are also
presented in two out of the four SaV-GV strains of swine
origin (LC483440 and KX000383). Of note, as shown in
Figure 4A, two PoSaV-GV strains (AB521771 and AB521772,
both from Japan in 2008) exhibit similar nucleic acid sequence
profile (68.5-69.0% sequence similarity) with SaV-GV strains
of human origin (AB775659, AY645856, MN161594, and
NC027026), but shares lower sequence similarity (56.7-67.2%)
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FIGURE 2 | The 20 Yunnan PoSaV-Glll strains fell into 5 genotypes by phylogenetic analysis of the capsid genes (VP71 and VP2), including 38 reference sequences
retrieved from GenBank (Supplementary Table S3). The phylogenetic trees were constructed by neighbor-joining (NJ) method. Significant bootstrap values are
indicated as a percentage for 1,000 replicates. Bootstrap values higher than 50 are displayed along the relative branches. Different genotypes are color coded. The
blue squares represent the PoSaV sequences obtained in this study from Yunnan. The numbers in the trees indicate the confidence and the bars under the trees
indicate the phylogenetic distance.
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FIGURE 3 | Nucleotide (A) and amino acid (B) sequence alignment of partial VP2 region for PoSaV-Glil strains. ClustalWWw method with the default parameters was
used to perform the similarity analysis of the VP2 gene sequences between the 7 selected PoSaV-Glil VP2 reference sequences (Supplementary Table S$3) and the
20 Yunnan PoSaV-Glll VP2 sequences obtained in this study (Supplementary Table S4 and Supplementary File). The positions of sequences were provided using
MK985898 as reference. The 10 Yunnan PoSaV-Glll VP2 sequences without deletions are indicated with the black square, whereas the other 10 Yunnan PoSaV-Glll
VP2 sequences with deletions are indicated with the red square. On top of the aligned sequences, numbers in black stands for the sequence region in comparison,
whereas the numbers in red (7218-7226 in A for nucleic acid locations and 2406-2408 in B for the corresponding amino acid locations) indicate the deletion region,
which is highlighted by the red squares and the connecting lines. * indicated identical nucleic acid or amino acid sequences across the porcine sapovirus strains.

with the other PoSaV-GV strains (LC4822440, KX000383, determined as the two parental strains (29) for KX688107

and YNQB). identified from Shanghai in 2015. To perform the recombination

) analyses for the four Yunnan PoSaV strains (YNLH, YNAN,
Recombinant Analyses of Yunnan YNJD, and YNQB), whose genome sequences were determined,
PoSaV-Glll Strains using software RDP v.4 (44), analyses with stringent threshold

Recombination, both inter- and intra-genogroup, is common  (high confidence for all the computation programs) revealed that
for SaVs (1, 5, 22, 48). To the best of our knowledge, there  two PoSaV-GIII strains out of the four genomes (three PoSaV-
was only one report from China about intra-genogroup (PoSaV-  GIII strains and one PoSaV-GV strain) may be resulted from
GIII) recombination, where KT922089 and KF204570 were  multiple recombination events. As shown in Figure5, YNJD
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FIGURE 4 | Sequence alignment and analyses of the Yunnan PoSaV-GV strain (YNQB, highlighted in red square) with reference sequences. Similarity of the
sequenced genomes of YNQB and nine SaV-GV strains retrieved from NCBI (A). Nucleotide (B) and amino acid (C) sequence alignment of partial VP17 region of 10
SaVv-GV strains. ClustalWw method with the default parameters was used to perform the similarity analysis of VP71 sequences of the nine selected SaV-GV reference
sequences (Supplementary Table S3) and the Yunnan PoSaV-GV strain obtained in this study. The positions of sequences were provided using KX000383 as
reference. On top of the aligned sequences, numbers in black stands for the sequence region in comparison, whereas the numbers in red (5827-5829, 6376-6384,
and 6481-6483 in B for nucleic acid locations, whereas 1943, 2126-2128, and 2161 in C for the corresponding amino acid locations) indicate the indel regions,
which is highlighted by the red squares and the connecting lines. * indicated identical nucleic acid or amino acid sequences across the porcine sapovirus strains.

strain may come from the recombination between strains with
similar sequences to major parent MK965898 (regions of 1-3803
and 4339-7582 nt) and minor parent LC215880 (region of 3804
4338 nt) with high confidence 2.344 x 10~%°. Meanwhile, as
shown in Supplementary Figure S2, YNAN strain may originate
from the recombination between strains with similar sequences
to major parent MK965898 (regions of 1-5195 and 6352-7583
nt) and minor parent FJ387164 (region of 5196-6351 nt) with
high confidence 1.303 x 107%°, In agreement with most of other
SaV recombination events, the breakpoints for Yunnan PoSaV-
GIII strain YNJD and previously reported Shanghai PoSaV-GIII
strain KX688107 (29) located in the RdRp-capsid junction region,
which is critical for virus replication. However, we noticed that
the breakpoint for Yunnan PoSaV-GIII strain YNAN located
in the VP1 region, which is important for immunogenicity. In
summary, the distinct recombination background with different
parental strains and different breakpoint regions for the three
recombinants from China further illustrated the high genetic
diversity of Yunnan PoSaV-GIII strains.

DISCUSSION

Comparing with the other provinces in China, Yunnan is one
of the most important swine-producing provinces in China (42).
Long geographic borders with Vietnam, Laos, and Myanmar, and
extensive trade with foreign countries potentially exacerbated
the high risk of disease transmission in pig herds. Porcine SaV
is widely detected throughout the world, and the first outbreak
of gastroenteritis in piglets caused by PoSaV in China was
reported from Shanghai in 2008 (32); however, the relative
information on the genetic characterization of PoSaV in China is
still rather limited, with no information from Yunnan province.
Therefore, it is imperative to investigate the genetic diversity and
relationship of PoSaV strains currently circulating in Yunnan.
Between January and May 2020, many pig farms in Yunnan had
experienced months of enteric diseases, especially with severe
diarrhea in piglets. Per the veterinarians’ request, 202 fecal
samples were collected from 3 to 50-day-old diarrheic piglets
and sent to College of Animal Veterinary Medicine, Yunnan
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FIGURE 5 | in red block) and a major parent strain with similar sequence to MK965898 (highlighted in green block) in the region of 1-3803 nt and 4339-7582 nt (A),
and between the recombinant strain YNJD (highlighted in red block) and a minor parent strain with similar sequence to LC215880 (highlighted in blue block) in the
region of 3804-4338 nt (B). (C). Analysis of the complete genomic sequences of MK965898 (green line) and LC215880 (pink line), with YNJD as the query sequence.
Red, green, and blue color shades are used to label the recombinant, potential major and minor parent strains on each tree, respectively. In the RDP plots, turquoise
blue lines are potential major parent-recombinant; purple lines are potential minor parent-recombinant; yellow lines are potential major parent-potential minor parent.
The value below the red barcode indicates the confidence of the RDP analysis, with the smaller value standing for higher probability.

Agricultural University for the identification of the causative
pathogens of disease.

The RT-PCR detection revealed that the PoSaV infection
rate in Yunnan is 35.2% (Table 1, 71/202), much higher than
in other areas in China. For example, the PoSaV-positive rates
of fecal samples from diarrheic piglets by RT-PCR for Hunan
province (samples collected between August 2006 and July 2007),
Guangdong province (samples collected between November
2011 and April 2013), and Xinjiang province (samples collected
between January 2013 and December 2014) were 14.73 (22/153)
(33), 6.9 (7/101) (36), and 3.42% (5/146) (28), respectively.
Considering that similar prevalence of PoSaVs was detected
in diarrheic and non-diarrheic pigs (37), we speculate the
overall PoSaV infection rate in different populations of pigs
in Yunnan could be in the range 30 and 40%, which is high
enough to draw sufficient attention from the veterinarians and
the governments.

A total of twenty out of the 21 PoSaV strains obtained in
this study belonged to GIII (Figure 1) and shared 75.3-100%
sequence identities in the capsid protein genes VP I and VP2
(Supplementary Figure S1), which was more divergent than a
recent study (22). The 20 GIII strains were rather different
and did not completely cluster together. Instead, they formed
five genotypes (Figure 2), suggesting that multiple strains co-
circulate in Yunnan pig populations. In addition, a PoSaV-GV
strain (YNQB) was identified in this study. To the best of our
knowledge, this is the first PoSaV-GV case reported from piglets
in China. Of note, genogroup GIII was also identified from the
pig farm where the GV strain was determined, but from different
piglets, indicating the simultaneous presence of two genogroups
of PoSaV in a single pig farm. Despite the presence of two
genogroups of PoSaVs (GIII and GV), GIII was the predominant
genogroup in our sample set, in consent with recent reports
(5,22).

A total of two genogroups (PoSaV-GIII and PoSaV-GV)
and diverse PoSaV-GIII strains are co-circulating in Yunnan,
providing adequate niches for generating new recombinant
strains through intra- and inter-genogroup recombination.
Recombination analyses revealed that two PoSaV-GIII strains
(YNJD and YNAN) may have evolved through intra-genogroup
recombination events (Figure 5 and Supplementary Figure S2),
where a strain with similar sequence to MK965898 is the
major parent for both recombination events. With optimal
amplification conditions and ideal virus isolation, more whole
genome sequences can be determined for Yunnan PoSaV-GIII
strains, and very likely, more recombinants may be discovered,
which will further complicate the control and prevention of
PoSaV infection.

In addition to recombination, SaVs also exploit a genetic drift
mechanism (insertions, deletions, and mutations) to maximize

viral fitness (5, 39). A total of ten out of the twenty PoSaV-GIII
strains determined in this study have an identical 9 nt deletion in
the VP2 gene region as the Cowden strain, resulting in a deletion
of 3 aa (Figure 3), when using MK965898 as the reference
sequence. We also identified a variable region in the 3’ end of
VPI in the Yunnan PoSaV-GV strain YNQB. Compared with the
reference strain AB775659, YNQB has a 9-nt deletion and two
3-nt-long insertions, which correspond to a deletion of 3 amino
acids and two insertions of one amino acid (Figure 4). Both VPI
and VP2 are viral capsid proteins, which are closely related to
immunogenicity and essential for the production of infectious
virions (49); therefore, we speculate that these indels in the VPI
and VP2 genes may lead to immune escape and even change of
the virulence. Isolation of the PoSaV strains and reverse genetic
tools are warranted for future studies to explore the role of indels
in virus replication and pathogenicity.

In summary, our study reported the detection and genetic
characterization of PoSaVs in diarrheic piglets of 3-50 days from
different prefectures or cities in Yunnan province during the
period of January and May in 2020. The overall infection rate of
PoSaV in Yunnan was 35.2%, much higher than in other areas
in China. A total of two genogroups (GIII and GV) of PoSaVs
were detected, with GIII strains of high genetic divergency
predominating in Yunnan pigs. A total of two Yunnan PoSaV-
GIII strains (YNJD and YNAN) may have evolved through
intra-genogroup recombination events. Our findings provided
significant insights into the epidemiology PoSaV in Yunnan
and reported the first identification of PoSaV-GV in China,
which is critical for the future vaccine development; however,
continued surveillances on PoSaVs are indispensable to monitor
viral evolution in pigs.

CONCLUSION

In conclusion, we reported here the first molecular
epidemiological investigation of porcine sapovirus (PoSaV)
infection in Yunnan, China. Then, the overall infection rate
of PoSaV in Yunnan was 35.2%, much higher than in other
areas in China from previous studies. In addition, twenty
PoSaV strains were partially or completely sequencing, where
for the first time, a PoSaV GV strain was identified from
China. Furthermore, two out of the twenty PoSaV-GIII
strains were revealed to be recombinants. Eventually, our
comprehensive analyses illustrated high genetic diversity of the
Yunnan PoSaV.
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