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Abstract

Astroviruses (AstVs) are among the most important viruses causing diarrhea in human infants and many animals, posing
a threat to public health safety and a burden on the economy. Five porcine AstV (PAstV) genotypes have been identified in
various countries, including China. However, the epidemiology of PAstV in Yunnan province, China, remains unknown.
In this study, 489 fecal samples from pigs in all 16 prefectures/cities of Yunnan were collected between April and August
of 2020 for epidemiological investigation. The total infection rate of PAstV-2 or PAstV-5 was 39.9%, with suckling piglets
having the highest infection rate (62.3%). The ORF2 genes of seven PAstV-2 and 10 PAstV-5 isolates were sequenced and
phylogenetically analyzed. In addition to coinfections with PAstV-2 and PAstV-5, coinfections of PAstV with other diarrhea-
inducing viruses (e.g., porcine bocavirus) were also discovered. A comparison of ORF2-encoded capsid protein sequences
revealed that there were multiple insertions and deletions in the seven Yunnan PAstV-2 sequences, while point mutations,
but no deletions or insertions, were found in the 10 Yunnan PAstV-5 sequences, which were very similar to the reference
sequences. This is the first epidemiological investigation and genetic characterization of PAstV-2 and PAstV-5 in Yunnan
province, China, demonstrating the current PAstV infection situation in Yunnan.

Introduction

Astroviruses (AstVs) are among the most important viruses
causing diarrhea in human infants and numerous animals
worldwide [1, 2], with outbreaks occurring predominantly
in spring and winter [3]. AstVs are small, non-enveloped,
positive-sense single-stranded RNA viruses that belong to
the family Astroviridae, with genomes of 6-8 kb in length
and viral particles of 28-35 nm in diameter, characterized by
5- to 6-pointed star-like surfaces [4]. The genome of AstVs
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comprises a 5’ noncoding region, three open read frames
(ORF1a, ORF1b, and ORF2), a 3’ noncoding region, and a
polyA region [4]. ORF2 encodes the capsid protein, a viral
immune-related protein with high immunogenicity that var-
ies in structure between different species and genotypes [5].
The region including amino acids 1-415 (N-terminus) of the
capsid protein is highly conserved, and the region starting
at amino acid 416 (C-terminus) is extremely variable and
is the neutralizing antigenic determinant of the virus, with
multiple neutralization epitopes [6]. Based on their ORF2
gene sequences and host specificity, AstVs are classified into
3 species in the genus Avastrovirus, whose members infect
birds, and 19 species of the genus Mamastrovirus, whose
members infect mammals. Mamastroviruses that infects pigs
(porcine astroviruses, PAstVs) are classified into five geno-
types (PAstV1-5) based on phylogenetic analysis of the full-
length ORF?2 capsid protein sequence, regardless of clinical
manifestations [7-9].

Since its first detection by electron microscopy in the
feces of piglets with diarrhea in 1980 [10] and its first iso-
lation from a case of porcine acute gastroenteritis in 1990
[11], PAstV has been prevalent in many countries, includ-
ing Kenya and Uganda [12], the USA [9, 13-20], Canada

@ Springer


http://orcid.org/0000-0002-7336-3895
http://crossmark.crossref.org/dialog/?doi=10.1007/s00705-021-05311-8&domain=pdf

356

K.Ren et al.

[7], Colombia [21, 22], Croatia [23], Italy [24], Belgium
[25], Austria [26], Hungary [27-29], India [30], Thailand
[31], South Korea [32, 33], and Japan [34]. There have been
many reports of PAstV infections in China, with all five
PAstV genotypes present in Guangxi [35-37], PAstV-1, -2,
-4, and -5 in Hunan [38, 39], PAstV-2 and -5 in Sichuan
[40], PAstV-2 in Shanghai [41], PAstV-5 in Jilin [42], and
PAstV-4 in Anhui [43] and Tianjin [44]. However, there has
been no report on PAstV epidemiology in Yunnan, one of
China’s top porcine-protein-producing provinces, with a
turnover of approximate 31.45 million pigs, including 3.2
million sows.

In the present study, 489 fecal samples were collected
from various pig populations, with or without diarrhea, from
all 16 prefectures/cities in Yunnan province between April
and August of 2020 to investigate the prevalence of PAstV
infections in Yunnan. The ORF2 gene sequences of viruses
found in these samples were genetically characterized to pro-
vide insights into the epidemiology and genetic relationships
of PAstVs circulating in Yunnan for better monitoring, early
warning, prevention, and control of PAstV.

Materials and methods
Sample collection

Four hundred eighty-nine separate pig fecal samples were
collected from all 16 prefectures/cities of Yunnan province,
China, between April and August of 2020 (Table 1). The
sampled pigs were differentiated as suckling piglets, weaned
piglets, finisher pigs, and sows, and roughly equal numbers
of samples were collected from each (130, 139, 117, and
103, respectively) (Table 1). The number of samples from
each prefecture or city was proportional to the size of the
farms and depended on the convenience of sampling. Among
the samples, approximately one-third (151 samples) were
from pigs with diarrhea, while the remaining two-thirds (338
samples) were from pigs without clinical signs of diarrhea.
Fecal samples were collected with sterile swabs and shipped
in sterile 15-mL Falcon tubes on ice to the lab for storage at
—80°C until viral nucleic acid isolation.

Sample processing and viral nucleic acid extraction

Approximately 5 mL of 0.85% sterile saline was added
to each 15-mL Falcon tube, followed by thorough mixing
and incubation at 4°C overnight. Two mL of the suspen-
sion was then subjected to centrifugation at 8000 rpm for
10 min. Four hundred microliters of supernatant was used
for viral RNA and DNA extraction, using TRIpure Total
RNA Extraction Reagent (cat. no.: RPO0O1, BioTeke, Bei-
jing, China) and a FinePure DNA Extraction Kit (cat. no.:
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Table 1 Information about samples used in this study

Prefecture/city Suckling Weaned Finisher pigs Sows
piglets piglets
Baoshan 13 11 9 3
Chuxiong 6 8 10 3
Dali 9 8 5 7
Dehong 12 18 15 11
Diqing 8 5 9
Honghe 5 7 8 6
Kunming 12 9 7 7
Lijiang 5 8 6 5
Lincang 6 4 5 4
Nujiang 10 8 7 6
Pu’er 5 3 7 9
Qujing 8 10 5 4
Wenshan 9 7 3 2
Xishuang- 8 12 9 10
banna
Yuxi 11 10 6 8
Zhaotong 7 8 10 9
Sum 130 139 117 103
Sum 489

DP1902, BioTeke, Beijing, China), respectively, according
to the manufacturer's instructions. The remaining sample
was kept at —80°C until further use.

Detection of selected porcine viruses and cloning
of the PAstV ORF2 fragment

The detailed protocol is available upon request. In brief,
cDNA synthesis was performed using the 489 RNA sam-
ples and EasyScript RT/RI Enzyme Mix (cat. no. AE311-
02, Transgen, Beijing, China) and the downstream primer
PAstV-2R or PAstV-5R for detection of PAstV-2 or PAstV-
5, respectively. The oligonucleotides were purchased from
Tsingke Biotech, Kunming, China, and their sequences are
shown in Table 2). This was followed by PCR using 2x
Phanta Max Master Mix (cat. no. P505-01, Vazyme, Nan-
jing, China) and the primer pairs listed in Table 2 (PAstV-
2F/PAstV-2R and PAstV-5F/AstV-5R, respectively). PAstV-
positive samples were identified by gel electrophoresis to
visualize the specific amplification products.

The PAstV-positive samples were then tested for another
nine diarrhea-related porcine viruses, namely, porcine epi-
demic diarrhea virus (PEDV), transmissible gastroenteritis
coronavirus (TGEV), porcine rotavirus (PoRV), porcine
bocavirus (PBoV), porcine sapovirus (PoSaV), porcine
deltacoronavirus (PDCoV), classical swine fever virus
(CSFV), pseudorabies virus (PRV), and porcine circovirus
2 (PCV2). Based on the corresponding reference sequences,
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Table 2 Primers used in this study

Virus Primer name Primer sequence (5'—3") Amplified region Product Reference sequence no.
length (bp)

PAstV PAstV-2F CCTGATGCACAACAGTGAAG ORF1b-ORF2 203 LC201589
PAstV-2R ATTGCGCACCACGATGTTGGT
PAstV-5F CAACAGCTCTTGCGCATTGTG ORF1b 333 KP747574
PAstV-5F GATGTCATCAGGGTCAGGAC
PAstV20RF2-F ACTGATGAGCAGCTGGATCGT ORF2 2505 MK460230
PAstV20RF2-R CATGACGCGAGTGCCATCCTA
PAstV50RF2-F CGATGGCCAATCGGCGTAACAG ORF2 2248 JF713711
PAstV50RF2-R ATGAGCTGTACCCTCGGTCCTA

PEDV PEDV-F TTTATTCTGTCACGCCATGT spike 420 MN412572
PEDV-R CTATGGTCTTACATGCTGCAG

TGEV TGEV-F TTGACTTGCAATTGGGGTAG spike 425 MN510432
TGEV-R GAGCTATTAGTTAGAAGGAAC

PoRV PoRV-F CCTGGTCCATTCGCACAAAC VP4 475 MK283695
PoRV-R CATAGTTAGTAGTCGAATAG

PBoV PBoV-F AGCGTCTAGGTAAGAAGCC NP1 326 MG846651
PBoV-R TCATTCGGTCTCCTCCATGTC

PoSaV PoSaV-F CCCTCATTGGACCAAGTGGGA VP1 615 MK965898
PoSaV-R ACACTGTGTAAGGTTCGGTAC

PDCoV Delta-F ATCCTCCAAGGAGGCTATGC N 554 MHO025764
Delta-R GAAGTGGTTATGGTGTGAAG

CSFV CSFV-F GTGGAGGAACCGGTATATGATG Polyprotein 360 MN399384
CSFV-R CCGTCACTACCTGTCACCCTAC

PCV2 PCV2-F CGAACGCAGTGCCGAGGCCT ORF2 607 MW262924
PCV2-R ATGACGTATCCAAGGAGGCGTT

PRV PRV-F CCGCGGGCCGTGTTCTTTGT gE 501 JQ809328
PRV-R CGTGGCCGTTGTGGGTCAT

the primers used in this study were designed using the online
primer-design software Primer3web (version 4.1.0) [45] and
are listed in Table 2. The viral DNA (for PBoV and PCV?2)
or RNA (for the other seven viruses) was detected by PCR
using 2X TransTaq HiFi PCR Super Mix II (cat. no. AS131-
21, Transgen, Beijing, China) or RT-PCR (see above) and
gel electrophoresis.

To determine the full-length ORF2 gene sequences of
the PAstV-2 or PAstV-5 isolates from the positive sam-
ples, the PCR products obtained using the primer pairs
listed in Table 2 (PAstV2ORF2-F/PAstV2ORF2-R and
PAstV50RF2-F/PAstV50RF2-R, respectively) were gel-
purified, cloned into the vector pMD18-T (cat. no. 6011,
Takara, Dalian, China), purified, and used to transform E.
coli DH5a for bulk culture and subsequent Sanger sequenc-
ing at Sangon Biotech (Shanghai, China).

Sequence analysis

OREF?2 codes for a capsid protein whose sequence is extremely
variable due to immune pressure from the host and is therefore

commonly used for genetic classification of AstV isolates
[46]. Selected PAstV ORF2 gene sequences (Supplemen-
tary Table S1) were retrieved from the GenBank database
for sequence alignments and phylogenetic analysis with the
ORF2 gene sequences determined in this study. DNAStar 6.0
software was used with default parameters to assemble the
sequences of ORF2 fragments from Yunnan and to compare
the ORF2 gene and capsid protein amino acid sequences of
the selected reference sequences (Supplementary Table S1)
and the sequences obtained in this study (Supplementary
Table S2). A phylogenetic tree based on the aligned nucleo-
tide sequences was constructed, and a multiple amino acid
sequence alignment for indel (inserts and deletions) analysis
was made using the ClustalW alignment program included in
the MEGA 7.0 software package [47].
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Results

Molecular detection of PAstV-2 and PAstV-5
in Yunnan province, China

PAstV is an important pathogen causing diarrhea in piglets
and has been widely distributed in China for more than 10
years. In particular, PAstV-2 and PAstV-5 are predomi-
nant, as exemplified by a report of the complete genome
sequence of an isolate from Shanghai in 2012 [48] and
epidemiological investigations in Guangxi between 2013
and 2015 [35], in Sichuan in 2014 [40], in 17 provinces or
municipalities in China between 2015 and 2018 [49], and
in Hunan in 2017 [39]. However, to our best knowledge,
there has not been an epidemiological study in Yunnan,
one of the most important swine-producing provinces in
China, which adjoins several PAstV-prevalent areas (e.g.,
Sichuan and Guangxi) and shares long geographic borders
with Vietnam, Laos, and Myanmar.

Primer pairs specific for PAstV-2 and PAstV-5 (PAstV-
2F/2R and PAstV-5F/5R, Table 2) were designed for RT-
PCR to amplify the PAstV-2 ORF1b-ORF2 and PAstV-5
ORF1b fragments from 489 fecal samples collected in
Yunnan province between April and August of 2020. Gel
electrophoresis of the amplification products (data not
shown) revealed that, out of the 489 samples, there were
107 PAstV-2-positive samples (amplicon length, 203 nt)
and 92 PAstV-5-positive samples (amplicon length, 333
nt). As summarized in Table 3, the PAstV-2 positivity rate
in clinically diarrheal pigs (46/151, 59.0%) was moderately
higher than that in non-diarrheal pigs (61/338, 52.1%),
while no obvious difference in the PAstV-5 positivity rate
was observed between clinically diarrheal pigs (36/151,
46.2%) and non-diarrheal pigs (56/338, 47.9%). Consid-
ering that both PAstV-2 and PAstV-5 were detected in
the same four diarrheic fecal samples (YN-158, YN-224,
YN-328, and YN-587) collected from two suckling piglets
and two weaned piglets, the overall PAstV infection rate

for diarrheic and non-diarrheic fecal samples was 51.7%
and 34.6%, respectively (Table 3).

As shown in Fig. 1A, the PAstV-positive samples
(195/489, 39.9%) were distributed across all 16 prefectures/
cities in Yunnan, with the positive rates ranging between
14.8% (4/27, Chuxiong) and 74.1% (20/27, Qujing). One
hundred ninety-five PAstV-positive samples were detected
in all four pig populations included in this investigation
(Fig. 1B), with the positivity rate ranging from 12.3% (fin-
isher pigs) to 41.5% (suckling piglets). The data in Table 3
show that the positivity rates for PAstV-2 were higher than
those for PAstV-5 in three of the four pig groups (54.3%
vs. 48.1% in suckling piglets, 56.3% vs. 46.9% in weaned
piglets, and 57.7% vs. 42.3% in finisher pigs), while no dif-
ference was observed in sows (50% vs. 50%). Overall, pig-
lets appear to be much more vulnerable to PAstV infection
(62.3% for suckling piglets and 46.0% for weaned piglets)
than finisher pigs (22.2%) and sows (23.3%) (Table 3).

Coinfection of PAstV with multiple porcine viruses
in Yunnan

Coinfections with multiple porcine pathogens are common
in pigs, often leading to more clinical severity [50, 51].
PAstV has been identified as an important agent of diarrhea
[36] and frequently coinfects with other porcine pathogens
[31, 40]. Consequently, there was a trend that individuals
with poor body condition (e.g., due to infections with other
viruses) had a higher probability of shedding astroviruses
in their feces [3]. Therefore, we decided to monitor coinfec-
tions of PAstV with other porcine viruses in Yunnan.

In our current study, PAstV coinfections with nine por-
cine viruses were investigated using established protocols for
detection of PEDV, TGEYV, PoRYV, PBoV, PoSaV, PDCoV,
CSFV, PRV, and PCV2. Of the 195 PAstV-positive fecal
samples, 71 (36.4%) contained only PAstV, while the other
124 (63.6%) contained at least one of the nine selected por-
cine viruses, with infection rates ranging from 0.5% (1/195
for PDCoV) to 36.4% (71/195 for PBoV) (Fig. 1C). Of these

Table 3 PAstV-2 and -5 infections in the four pig populations and in samples from pigs with or without diarrhea

Pig population Total number of PAstV-2 PAstV-5 Total
samples Positive Positive rate (%) Positive Positive rate (%) Positive Positive rate (%)
samples samples samples

Suckling piglets 130 44 54.3 39 48.1 81 62.3
Weaned piglets 139 36 56.3 30 46.9 64 46.0
Sows 103 12 50.0 12 50.0 24 23.3
Finisher pigs 117 15 57.7 11 423 26 22.2
Diarrhea 151 46 59.0 36 46.2 78 51.7
Non-diarrhea 338 61 52.1 56 479 117 34.6
Total 489 107 54.9 92 47.2 195 39.9
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Fig. 1 Epidemiological investigation of porcine astrovirus (PAstV)
infections in Yunnan province, China. Testing of 489 fecal samples
by RT-PCR using genotype-specific primers against PAstV-2 or
PAstV-5 revealed that PAstV infection is endemic in Yunnan. (A)
Locations of PAstV infections in Yunnan. Prefectures/cities with a
PAstV infection rate above 60% are highlighted in brown, 40-60% in
light orange, 30-40% in beige, and below 30% in light beige. (B) Pie

co-infected 124 samples, 49.2% (61/124) contained PAstV
and one other virus, while 35.5% (44/124) contained PAstV
and two other viruses, 12.9% (16/124) contained PAstV and
three other viruses, and 2.4% (3/124) contained PAstV and
four other viruses (Fig. 1D). Coinfections with PAstV and
PoRV, PEDV, TGEYV, CSFV, or PCV2 have been reported
previously [15, 30, 31, 40, 42, 49]. In the present study,
PBoV was the most frequently found coinfecting virus in
PAstV-positive samples (36.4%, 71/195).

Phylogenetic analysis of PAstV-2 and PAstV-5 ORF2
gene sequences from Yunnan

Information on the genetic characteristics of PAstV in China
is still rather limited. Therefore, it is necessary to investigate
the genetic diversity and relationships of PAstV strains cur-
rently circulating in Yunnan. In the current study, in addition
to the four samples from animals with diarrhea (YN224,
YN328, YN-510, and YN587) that were simultaneously
infected with both PAstV-2 and PAstV-5, six PAstV-2- and

= Double-infection
" Triple-infection
= Quadra-infection

Panta-infection

chart distribution of the 195 PAstV-positive fecal samples among the
four pig groups (suckling piglets, weaned piglets, sows, and finisher
pigs). (C) Coinfection with nine selected swine diarrhea-inducing
viruses in the 195-PAstV positive fecal samples. (D) Pie chart dis-
tribution of the multiple infections with PAstV in the 124 coinfected
fecal samples.

six PAstV-5-positive samples were randomly selected for
determination of the complete ORF2 gene sequence using
the primer pairs PAstV2ORF-F/PAstV2ORF-R and PAst-
V50RF-F/PAstV50RF-R (Table 2), respectively. A total of
seven PAstV-2 ORF2 genes and 10 PAstV-5 ORF2 genes,
2251-2402 nt long, were successfully amplified, cloned,
and sequenced from the 16 selected PAstV-positive sam-
ples. Interestingly, ORF2 gene sequences were detected in
all four diarrheic fecal samples that were positive for both
PAstV-2 and PAstV-5. The 17 PAstV ORF2 gene sequences
obtained in this study were submitted to the GenBank data-
base under the accession numbers MZ325424-MZ7325440
(Supplementary Table S2) and are shown in the file ‘Sup-
plementary Sequences’.

A phylogenetic tree (Fig. 2) was constructed based on
the 17 PAstV ORF2 gene sequences from this study (Sup-
plementary Table S2) and 40 selected reference PAstV
ORF?2 gene sequences (Supplementary Table S1): three for
PAstV-1, thirteen for PAstV-2, seven for PAstV-3, eight for
PAstV-4, and nine for PAstV-5. The 57 PAstV strains were

@ Springer



K.Ren et al.

360
Fig.2 Phylogenetic analysis of . g g o
PAstV-2 and PAstV-5 strains P 8 o 9 ¢
from Yunnan based on ORF2 %y & @ & 5 5 S
gene sequences. Seventeen 4 “53; % s 8 J S g &
PAstV ORF2 gene sequences ‘4,\‘) % Y 9‘ s s & Iy é" &
were determined to be 2208- 4 % % e 2] RIS S S w“’Q
2343 nt in length and compared 2 @ RN v‘?&
with 40 selected PAstV refer- 3 > @‘9 &
ence sequences (Supplementary 4 "AE /005’
Table S1) using the software QS@Q, 2 "& q}b.‘o&
MEGA 7.0 [47]. The phyloge- 5, Bse N
netic tree revealed that seven o) 4 I \W\ﬁﬁg‘ N
PAstV ORF2 sequences from IQOJS N 4 “_6%1 55
this study (YN-51, YN-107, A .
YN-158, YN224-2, YN328- #X556690, W92
2, YN-510-2, and YN587-2) ¢ 5.5ed
belong to the PAstV-2 genotype, NC023674 ¢, ») F\ g2
while the O(t;l(?\r] 15(4);1)?;“;2 K1495986.seq |94 ,| A YN-54.5ed
sequences -54, YN-92, 1 X
YI(\lI-IZO, YN-224-5, YN-328-5, RS il PASV-5 1| | mN-32855eq
YN-336, YN387, YN-510-5, o i | YN‘SIO—S_seq
YN-550, and YN-587-5) belong k4121275 o &
to the PAstV-5 genotype. Both 023052% B YN-3g, seq
PAstV-2 and PAstV-5 genotypes MK o h 4‘91‘[4 7 T6q5
were simultaneously identified LCLO\,S%S o % - 95,56
in four diarrheic stool samples |5 N ,% A 717
(indicated by a green square), e Q?‘-” % /'/002 Seg
suggesting coinfection with o $ w % G 53)%
PAstV-2 and PAstV-5 in the @ 5 ° & N " ° %>, %9
same individual pigs. @2@ «6;\”’" ~. ¢ & - (Q’o "?s%
\Q«v ’fp © 3 2% - % ,c\%) J\S:%
b;o‘é”) S & A -/5:%\ 002)7 8,
v & Fg B O
£ & 5 9 s £ 8 B % %
S F s f ¥Ry R 7
A PAstV-2 S £ & 858 5 % % %
¢ ¥ g 3 g & oy °
A PAstV-5 T § § 8 & °
B Co-infection of PAstV-2 and PAstV-5

divided into five groups in the phylogenetic tree, represent-
ing the five distinct genotypes from PAstV-1 to PAstV-5.
Seven PAstV isolates from this study and 13 reference
strains from five countries were placed into the PAstV-2
group and divided into two clades (Fig. 2). Five of the six
PAstV-2 isolates from this study and seven PAstV-2 refer-
ence strains formed one clade in the PAstV-2 group, which
shared 60.4-73.5% nucleotide sequence identity (Fig. 3A).
PAstV-2 strain YN-51 and six PAstV-2 reference strains
shared 59.6-73.1% nucleotide sequence identity and formed
the other clade in the PAstV-2 group (Fig. 3A). Ten PAstV-5
ORF2 gene sequences from this study clustered with the
PAstV-5 group (Fig. 2) and had 70.4-100% nucleotide
sequence identity (Fig. 3B).

The nucleotide sequence identity of the seventeen PAstV
ORF?2 genes identified in this study ranged from 59.5 to
100%, indicating a wide variation at the nucleotide level,
as was reported previously for RARp gene sequences [49].
Notably, the ORF2 sequence of YN-387 showed relatively
low sequence similarity (71.7-77.9% identity, Fig. 3B,
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indicated by a green square) to the other 19 PAstV-5
sequences, including the other nine PAstV-5 sequences from
Yunnan, demonstrating the potential variability of the ORF2

region.

Amino acid sequence comparisons of PAstV-2
and PAstV-5 isolates from Yunnan

The seven PAstV-2 capsid protein sequences from this
study shared 64.8-96.3% amino acid sequence identity
(Fig. 4A), while the 10 newly identified PAstV-5 strains
had 85.9-100% identity (Fig. 4B), demonstrating a wide
variation at the amino acid level. Further sequence align-
ment showed that YN-107 had a unique deletion of 37
amino acids (aa 1674-1710) when compared with the other
PAstV-2 strains (indicated by a blue square in Fig. 5A). On
the other hand, all of thePAstV-2 capsid protein sequences
except for YN-51 contained an insertion of six amino acids
(aa 1763-1768, indicated by a blue square in Fig. 5B).
Furthermore, four of the seven PAstV-2 capsid protein
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Percent Identity

A 3 4 5 6 T 8 9 10 | 11 12 | 13 14 |15 (16 | 17 | 18 | 19 | 20
1 856 |67.7 |73.0 |70.6 (71.2 |62.8 |70.0 | 73.6 | 70.1 | 855 |61.7 | 65.9 |66.8 |64.0 |67.4 |70.2 |666 | 1 JX556690.seq
2 672|717 |711 713 | 625|709 |71.6 |69.3 |83.5|61.5 |66.1 |66.1 |63.5 |66.8 709 [665| 2 KJ495986.seq
6 5 2 721|712 |709 623|702 (715|692 |78.1 |61.1 |69.0 |66.1 635|720 |675|735| 3 JF713712.seq
4 162|109 . 711|711 625|706 [71.6 [69.3 |835 |61.4 |66.6 |66.5|63.3 |66.8 |705|672| 4 NC023674.seq
5 |425 (436|436 61.0 |60.4 |65.3 |67.3 |62.8 [67.4 |63.2 |61.3 |60.4 |635 626 633 (621| 5 KY412124.seq
6 |336|357 (352|355 629 (702 |705 |68.0 |72.1 (648 (638 |64.2 |623 |649 |66.0 |646| 6 HQB47383.seq
7 |375|36.8 |36.8 |36.8 |439 65.9 |78.6 |85.0 |71.2|705 (729 (614 |59.2 |60.5 |606 |61.1 594 | 7 KP747573.seq
8 |366|365|372 368|553 443 80.2 (699 |69.7 | 728 |70.2 (59.6 |56.5 |58.1 |57.4 |583 |57.4 |579| 8 MK460230.seq
@ 9 |51.5|523|526|524|568 514|457 66.9 |65.6 | 724 |62.6 |61.1 |56.4 |57.1 |56.1 |57.9 |57.3 |574| 9 KY412127.seq
g 10 (387 |37.3 384 |37.7 |469 (383 (255|388 753|719 |700 669 (605 |61.1|621|609 614 60.1| 10 MG930777.seq
@ | 11 [327359|36.2 |36.1 432|379 |16.9 |39.0 464 73.0 73.1|61.1 |59.0 |60.4 |60.6 [60.8 [59.6 | 11 KP759770.seq
O | 12 [38.4(39.8 |40.0 (398|516 (418366 341 (349355338 60.9 | 55.3 |56.1 | 55.7 | 55.9 |57.4 (552 | 12 LC201592.seq
13 (164 (189 |26.2 |19.0 |43.1 (352 (379 (38.3 |52.1 |38.6 |30.9 670 |64.3 |675 711|673 13 LC201585.seq
14 (538 (544 |554 |547 |509 (479 (339 (585|553 |440 336 555 605|602 (596 |595| 14 YN-51.seq
15 | 457|453 |40.2 445 |55.0 |49.9 |546 |655 |65.9 |56.4 [55.2 |68.5 |43.1 725|706 |726 | 15 YN-107.seq
16 |440 453 |454 | 448 |57.0 490 |593 |61.7 |643 |55.1 |59.8 |66.4 |438 |58.4 694|876 | 16 YN-158.seq
17 | 494 |50.5 |50.5 |50.9 [50.5 |52.7 |56.4 |63.5 | 66.8 | 53.1 |56.5 |67.4 [48.9 |56.6 | 425 852 | 17 YN-224-2.seq
18 |430 442 (353 (442 (524 |47.7 |56.1 |614 |623 |556 |56.2 (66.9 (429 |57.1 |346 | 129 18 YN-328-2.seq
19 |38.1|37.0 (429 |(37.7 [50.9 |456 |55.0 |63.2 |63.7 |545 |55.7 |63.1 |36.7 | 58.4 | 37.6 |39.6 | 425 19 YN-510-2.seq
20 (443|445 328 (434 (534 |48.0 |58.7 1621|635 |572 |583 |685|432 586|343 (135|164 | 6.7 20 YN-587-2.seq
1 2 3 4 5 6 7 8 9 10 | 11 12 |13 (14 | 15 | 16 | 17 | 18
Percent Identity
B 1 2 3 4 5 6 7 8 9 (10 |11 (12 |13 |14 |15 | 16 | 17 | 18 | 19 | 20
1 -84‘3 84.8 |84.8 |88.9 |84.3 |85.1 (845 (723|852 |71.7 |71.9|712|71.9 (706 (719 |727)71.0 |723|719| 1 MT642595.seq
2 |18.0 -88,6 88.6 |84.7 |100.0/88.7 |96.7 | 75.7 |88.7 |81.7 |81.7 |81.5 |81.7 |80.5 |81.7 |724|80.8 |820 (818 | 2 NC023636.seq
3 (174 (127 -90.5 851 886|941 |887 |76.2 |94.1 |820 (822|823 (823|814 |824724)81.1|824 (823 | 3 LC201616.seq
4 (173|127 (104 -85.1 88.6 915885762 /915|819 |815|820 816 |80.1 |815)71.8)80.0 820 816 | 4 LC201620.seq
5 (124 (174 |17.0 |17.0 -847 857|846 |726 |857 (712 (71.1 (710|712 |704 |714 |71.7]|705 (715|713 | 5 LC201619.seq
6 [18.0| 0.0 |127|127 |174 -88,7 96.7 | 75.7 | 88.7 |817 |81.7 |815 (817 |80.5|81.7 |724 808 |820 (818 | 6 JX556693.seq
7 [169|125| 62 | 92 |16.1 |125 -89.0 76.2 |100.0/82.0 (819 (823|820 |809 |818 726808 |823 (820 | 7 LC201618.seq
8 [(17.7| 34 |125|128 (176 | 34 |122 -75.7 890 (817 (818|824 818 804 (818722810822 820 | 8 JF713711.seq
2 9 |35.0(29.8|29.029.1|345|29.8 (29.0 |29.8 -762 933|934 |964 (935|924 (937 7560923 /933|931 | 9 KP747574.seq
g 10 |168 |125| 62 | 92 (161 [125| 0.0 |122|29.0 -82.0 819 (823 (820|809 818 726808 823|820 | 10 LC201617.seg
?g 11 |36.0 (215(210 (212|368 (215|209 (215 | 7.1 |209 -99.0 920 (990 |934 |983 779934 (981 (979 | 11 YN-54.seq
o |12 [357215|207 217 (370 (215|211 [213 | 70 [211] 11 -92.0 100.0{93.6 {983 |77.8 935 |98.2 |98.0 | 12 YN-92.seq
13 |36.7 |218 |206 |21.1 ([37.1 (218|206 |205| 3.7 |206 | 86 | 86 -92.1 91.4 (924 |75.0§914 (921|919 | 13 YN-120.seq
14 |356 214|206 (216 (369 (214 |211|213| 69 [211|10 | 00 | 85 -93.6 98.4 |77.9)935 (983 |98.1 | 14 YN-224-5 seq
15 (378|231 (219 (237|383 (231|226 |233 |81 |226| 70 |68 | 93 | 68 -93,8 756985 (931|928 | 15 YN-328-5.seq
16 |355 (215|205 (217 (366 (215(213|213| 67 (21317 (17 [ 81 | 17 | 66 7781938 (981 (979 | 16 YN-336.seq
17 |34.2 (347 |347 |35.8 ([35.9 [34.7 |34.5|35.0 |29.7 | 345 | 264 | 26.4 | 30.7 264 [29.8 |26.4 759 |78.0 (778 | 17 YN-387.seq
18 |37.1 (227 (222|238 |38.0 |227 |228(225| 82 (228| 70 |69 |93 [ 69 | 16 | 66 |29.3 -93.2 929 | 18 YN-510-5.seq
19 (349|210 (204 (211|363 (210 (206|208 |71 |206| 19 |18 |85 |18 |74 |19 |261| 73 -9944 19 YN-550.seq
20 |355(21.3 (206 (215(367 (213|211 |211|73 ([211| 22 |20 [ 88 |20 |77 |22 (264 |76 | 06 - 20 YN-587-5.seq
1 2 3 4 5 6 7 8 9 10 [ 11 12 |13 |14 (15 | 16 (17 | 18 | 19 | 20

Fig.3 Nucleotide acid sequence comparison of the 17 Yunnan
PAstV ORF2 sequences with 23 selected reference sequences.
DNAStar 6.0 software was used with default parameters to com-
pare the ORF2 gene sequences between the 23 selected reference
sequences (Supplementary Table S1) and the 17 sequences obtained
in this study (Supplementary Table S2). The seven PAstV-2 (A) and

sequences (YN-158, YN-224, YN-328, and YN-587) had
an insertion of nine amino acids (aa 2054-2062, NLDLD-
PGD, indicated by a blue square in Fig. 5C), while YN-51
had an insertion of three amino acids (LED, Fig. 5C),
and no insertion was present at the same site for YN-510.
When compared with the 10 selected reference sequences
from China and other countries (the representative region

ten PAstV-5 (B) ORF2 gene sequences from this study (both indi-
cated by a red square) shared 59.5%-93.6% and 75%-100% nucleo-
tide sequence identity, respectively. However, YN-387 (PAstV-5
genotype, B) diverged from the other PAstV-5 ORF2 gene sequences,
with sequence identity between 70% and 80% (indicated by a green
square).

between amino site 1700 and 1787 is shown in Fig. 6),
many point mutations were observed in the 10 PAstV-5
capsid sequences identified in this study that were also
present in the reference sequence KP747574 from Beijing
(indicated by a blue square) [52], but not in the reference
sequence MT642595 from a CSFV-infected specimen from
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A Percent Identity
3 2 3 4 5 6 7 8 9 10 (11 12 | 13 | 14 | 15 | 16 17 | 18 | 19 | 20
1 -76.9 75.4 |75.0 |70.8 |71.1|74.3 |69.8 | 756 | 695|694 |70.2 |742 |685 |78.3|725|73.0|768 761|761 | 1 HQ647383.seq
| 2 |278 -772 77.1 |696 [695 (734|683 |77.4 |68.1|68.3 (689|768 |67.3|744|77.0|750 (838|739 |828| 2 JF713712.seq
3 (301|273 -98.7 68.6 |69.0 | 72.8 |66.3 |94.8 |66.7 |69.3 |67.9 |97.0 |65.7 |71.1|722|715|77.1|802|758| 3 JX556690.seq
4 |306|276| 1.3 -69.2 68.7 | 72.5 |66.7 |94.5 | 67.1 |69.0 |68.5 |96.6 |64.9 | 70.8 |72.3 |71.2|77.1 |806 |759 | 4 KJ495986.seq
5 (373391411 |417 -98.6 689 (718 (685|720 (768 (728 |67.3 822 (69.1 |64.7 |66.1 |[685 |67.7 |[674| 5 KP747573.seq
6 [(370(393 (403 (409 | 14 -69,2 722|684 (723|769 (726|679 |827 |69.2 |651 |66.5|69.0 673|679 | 6 KP759770.seq
7 [316(33.0[341|346|403 (398 -65.2 726|674 |716 |66.5|725 |69.7 |70.3 |694 |69.0|723 717|716 | 7 KY412124.seq
8 (389 (416 (449 (443 (357 (350 (469 -66.0 749|750 (887 |66.9 |69.9 |696 |650 |656 |67.2 650|671 8 KY412127 seq
@ 9 (299 (271 |54 | 58 [411 (414|343 (456 -66.4 70.1 |66.4 |941 ([66.2 (724|736 715|776 (812|768 | 9 LC201585.seq
E’, 10 |397 418 441435352 348 431307 449 -73.2 742 | 659 |72.0 |68.7 |66.9 |68.3 |68.8 |64.8 |68.6 | 10 LC201592.seq
;z:; 11 (396 (414 (398 (403|279 (278 (359|305 (384 (335 -75.0 68.7 |78.7 |69.8 |68.3 |69.6 |[69.7 |685 |68.4 | 11 MG930777.seq
S | 12 [382[406 (422411342345 446|123 450 (317|307 -67.7 71.1 |69.9 |645 | 655 |67.3 |66.1 658 | 12 MK460230.seq
13 (320 (280 | 31 | 35 (434 (421 (344 |438 | 6.2 (456 (408 [426 -65.6 721|720 (710 (764 (802 (756 | 13 NC023674.seq
14 | 412|430 |46.1 |47.6 |20.4 |19.8 |39.0 (387 |452 |352 252 |36.8 |46.3 -71.0 64.8 | 654 |66.8 |656 |659 | 14 YN-51.seq
15 |259|316 |36.9 (374 |40.2 |40.1 |38.0 |39.1 (348 (408 | 388 |38.8 |35.2 [37.0 -722 719 (764 |725 (743 | 15 YN-107.seq
16 | 344|276 351|350 479 |47.1 395 (475|330 |439 |414 |486 |355|47.7 |348 -903 91.1 (729 (905 | 16 YN-158.seq
17 [33.8 |30.6 |36.4 |37.0 (454 (445|401 |464 |36.4 |415 (390 |46.7 |37.1 |46.6 |353 | 104 -90.3 72.0 |88.7 | 17 YN-224-2.seq
18 |27.9 (183 |27.6 |27.6 |41.0 |40.2 [34.7 |43.4 | 269 [40.7 |39.0 [43.2 |28.5 |44.0 (285 | 94 |104 -76.0 96.3 | 18 YN-328-2.seq
19 (291 (324 (230 (225 (425 (431 (35.7 |47.7 (218 [48.0 (412|457 [23.1 |465 345|338 |35.2 |29.0 -74‘6 19 YN-510-2.seq
20 |289 196|294 |294 |429 |421|357 (436 |28.0 |40.8 |412 |46.0 |298 |456 |316|10.1|122| 3.8 |312 - 20 YN-587-2.seq
1 2 3 4 5 6 7 8 9 10 | 11 12 13 (14 (15 |16 | 17 | 18 | 19 | 20
Percent Identity
B 1 2 3 4 5 6 14 8 9 (10 (11 (12 |13 (14 |15 |16 |17 | 18 | 19 | 20
1 -97.7 977|916 |914 |914 (875|912 |87.7 |88.3 |88.8 |88.6 |88.6 |88.6 |88.4 |88.8 1824 |88.2 |885|884 | 1 JF713711.seq
2 |24 -100.0 927 (921 |92.1 [89.0 |925 |89.2 [89.0 |89.6 [89.4 |88.8 [89.4 [89.5 [89.6 (828 [89.3 |89.0 (89.0 | 2 JX556693.seq
3 24 | 0.0 -927 921|921 (890 (925 (892 (89.0 |896 |89.4 |888 |89.4|895|896|828|89.3/89.0|89.0| 3 NC023636.seq
4 |90 |77 |77 -9&4 98.4 [89.5|98.4 |89.6 (929|927 |92.9 |929 (929|921 |927 |855|91.9 |927 |927 | 4 LC201616.seq
5 92 (83 (83| 16 -1000 88.6 |98.0 |88.2 926 (922 (924|925 (924 |916 (922 (846|914 |922 922 | 5 LC201617.seq
6 (92|83 (83 |16 |00 -88.6 98.0 |88.2 (926|922 (924|925 (924 |916|922 |846|914 /922|922 | 6 LC201618.seq
7 (137119119 113|124 (124 -88‘2 95.9 (85.0 [85.2 |85.4 |85.0 [85.4 [84.6 [854 [81.9 [84.4 |85.0 (850 | 7 LC201619.seq
8 (94|79 |79 |16 |20 |20 129 -88.2 933 (929 (93.1 (933 (93.1 (923 (929 (856 (921|927 (927 | 8 LC201620.seq
@ 9 |134 (116 (116 (11.2|128 |128 | 42 [128 -84,3 847 |84.7 |843 |847 |841|847 821|839 843|843 | 9 MT642595.seq
g,' 10 (128 (119|119 |74 (78 | 78 |16.7| 7.0 (176 -99.0 99.2 |99.6 |99.2 | 984 (994 (86.7 [98.2 |98.8 |98.8 | 10 KP747574.599
§ 11 |[121 (112|112 |77 (83 | 83 |165| 74 (171 1.0 -9948 98.6 [99.8 |994 |996 |86.5(99.2 |994 |994 | 11 YN-54.5eq
6 |12 [123|115[115| 75 [ 81 |81 [162] 72 [171] 08 | 02 -98.8 100.0/99.2 (99.8 |86.7 |99.0 |99.6 (99.6 | 12 YN-92.seq
13 |124(122|122| 75 |79 |79 |168| 7.0 |17.7| 04 | 14 | 12 -98,8 98.0 [99.0 [86.6 |97.8 |98.6 [98.6 | 13 YN-120.seq
14 (123 (114 (114 (74 | 81 (81 (16272 (17108 | 02 | 00 | 1.2 -99.2 998 (86.7 (990 (996 (996 | 14 YN-224-5 seq
15 |126(113 /11383 | 90 | 90 |173| 81 |179| 16 | 06 | 08 | 20 | 0.8 -99.0 86.1(99.8 |98.8 |98.8 | 15 YN-328-5.seq
16 (121|112 (112|777 |83 (83 (16274 (171( 06 |04 |02 | 10 |02 | 10 -86.5 98.8 (994|994 | 16 YN-336.seq
17 |20.0|196 196 |16.1 |17.2|17.2|20.7 |16.0 |20.6 |14.7 | 149 | 147 | 147 | 147 | 155|150 -85.9 86.3 |86.3 | 17 YN-387.seq
18 (128 |115(115(86 |92 (92 (175(83 (182 18 (08 [ 10 (22 |10 (02 | 1.2 (157 -98.6 986 | 18 | YN-510-5.seq
19 |125|119|119| 77 |83 |83 |167| 76 |176| 12 |06 |04 | 1.4 |04 | 1.2 | 06 |152| 1.4 -100,0l YN-550.seq
20 (126|119 (119 |77 |83 (83 (167 |77 (176 |12 |06 |04 |14 |04 |12 | 06 (152 | 14 | 00 - 20 YN-587-5.seq
1 2 3 4 5 6 7 8 9 (10 |11 |12 |13 |14 (15 |16 | 17 | 18 | 19 | 20

Fig.4 Amino acid sequence comparison of the 17 Yunnan PAstV
capsid proteins with the 23 selected reference sequences. DNAStar
6.0 software with default parameters was used to compare the capsid
protein sequences between the 23 selected reference sequences (Sup-
plementary Table S1) and the 17 sequences obtained in this study

Anhui province, China [42]. This observation may imply
a separate domestic origin of Yunnan PAstV-5 strains.
Determining whether the indels (insertions and deletions)
and mutations are associated with differences in the infec-
tivity and pathogenicity of PAstV-2 and PAstV-5, and if
so, investigating the underlying mechanisms, would be
worth further functional studies.

@ Springer

(Supplementary Table S2). The seven PAstV-2 (A) and 10 PAstV-5
(B) capsid protein sequences from this study (both indicated by a red
square) shared 64.8%-90.3% and 86.1%-100% amino acid sequence
identity, respectively.

Discussion

It is becoming increasingly recognized that pigs harbor a
wide spectrum of viruses with long-term persistence, serv-
ing as reservoirs for numerous human zoonotic diseases.
Porcine astrovirus (PAstV) is distributed globally and rep-
resented by at least five distinct genotypes (PAstV-1 to
PAstV-5). PAstV can cause diarrhea, vomiting, and even
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1. HQ647383.seq
2. JF713712.seq
3. JX556690.seq
4. KJ495986.seq
5. KP747573.seq
6. KP759770.seq
7.KY412124 seq
8. KY412127 seq
9.LC201585.seq
10. LC201592.seq
11. MG930777.seq
12. MK460230.seq
13. NC023674.seq
14. YN-51.seq

15. YN-107.seq
16. YN-158.seq
17. YN-224-2.seq
18. YN-328-2.seq
19. YN-510-2.seq
120. YN-587-2.seq

1. HQ647383.seq
2. JF713712.seq
3. JX556690.seq
4. KJ495986.seq
5. KP747573.seq
6. KP759770.seq
7.KY412124 seq
8. KY412127.seq
9. LC201585.seq
10. LC201592.seq
11. MG930777.seq
12. MK460230.seq
13. NC023674.seq
4. YN-51.seq

[15. YN-107_seq
[16. YN-158.seq
[17. YN-224-2.seq
[18. YN-328-2.seq
[19. YN-510-2.seq

EO. YN-587-2.seq

Fig.5 Comparison of the deduced amino acid sequences of
seven PAstV-2 capsid proteins with those of 13 selected reference
sequences. (A) The capsid protein sequence of YN-107 displayed a
consecutive deletion of 37 aa (between aa 1674 and 1710), as indi-
cated by a blue square. (B) Except for YN-51, the PAstV-2 capsid
protein sequences contained an insertion of 6 aa at the N-terminus
(between aa 1763 and 1768), as indicated by a blue square, thus dif-

death in piglets, resulting in great economic losses in the
pig industry, especially when present in mixed infections
with other porcine pathogens. More importantly, previous
studies have suggested that PAstV-1, PAstV-2, PAstV-3,
and PAstV-5 may have been transmitted across host spe-
cies [9, 53]. For example, the PAstV-2 isolate HQ647383,
a reference sequence used in this study, very likely under-
went two recombination events between porcine and deer
AstVs [41], and possible recombination between porcine
and human AstVs was also observed in Colombia [21].
As there have been no studies on PAstV epidemiology in
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fering from the selected reference sequences. (C) Insertion of NLD-
LDPEGD at aa position 2053 in YN-158, YN-224-2, YN-328-2, and
YN-587-2, insertion of LED at the same position in YN-51, and no
insertion in YN-107 and YN-510-2 (indicated by a blue square). The
seven PAstV-2 capsid protein sequences from this study are indicated
by red squares. The asterisks (*) indicate positions where the amino
acid is identical in all 20 sequences.

Yunnan, we investigated PAstV epidemiology in Yunnan
in this study.

In the present study, 489 fecal samples were collected
from four different pig populations across Yunnan’s 16 pre-
fectures/cities between April and August of 2020 to screen
for all five genotypes of PAstV. However, only PAstV-2 and
PAstV-5 were detected. There are two possible reasons for
this: either the other three genotypes were not present in
the collected samples or the amount of virus was below the
detection limit of the assay. Further optimization is needed
to investigate this question.
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1.JF713711.seq
2. JX556693.seq
3. NC023636.seq
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6.LC201618.seq
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SvEBEV I WRAABVE I KEVAAELPPPLEWL |
SvEEv I NRAABVE I KEVAAELPPPLENL
VEEV I WRAABVE I KHVvAAELPPPLENL 1
SvEEV I NRAADVE I KEVAAELPPPLENL 1
SvEEv I BRAABVE I KEVAAELPPPLENL 1
SvEEV I NRAADVE I KEVAAELPPPLENL
SvEEV I WRAADVE I KEVAAELPPPLENL 1
PEVEEV I WRAABVEVRVVASELPPPLENL 1
PEVEEVIWRAABVEVRVVASELPPPLENL 1
PEVEEV I BRAADVEVRVVASELPPPLENL |
PEVEEV I BRAABVEVRVVASELPPPLEEL
PEVEEV I WRAABVEVRVVASELPPPLENL 1
PEVEEV I MRAADVEVRVVASELPPPLEWNL
PEVEEV I RAABVEVRVVASELPPPLEWNL |
PEVEEV I WRAABVEVREVASELPPPLENL 1
PEVEEV I WRAABVEVRVVASELPPPLENL
PEVEEV I WRAABVEVRVVASELPPPLENL 1

8.LC201620.seq
9. MT642595.5eq
47574
11.YN-54 seq
12.YN-92.seq
13. YN-120.seq
14.YN-224-5.seq
15. YN-328-5.seq
16. YN-336.seq
17. YN-387.seq
18. YN-510-5.seq
19. YN-550.seq
20. YN-587-5.seq

Fig.6 Comparison of the 10 deduced amino acid sequences of
PAstV-5 capsid proteins with 10 selected reference sequences. The
10 PAstV-5 capsid protein sequences from this study (indicated by a
red square) shared a high degree of similarity with each other (81.9%-
100% identity) but diverged from the reference sequences, with
various individual amino acid substitutions. However, most of the

In this study, fecal samples were collected during sum-
mer and autumn and approximately one-third of the 489
samples were diarrheic. We found 107 PAstV-2-positive
samples (21.9%) and 92 PAstV-5-positive samples (18.8%),
representing an overall PAstV infection rate of 39.9%, which
is much higher than the positive rate of PAstVs in feces
samples from Sichuan province during the winter of 2014
(17.5%, 21/120) [39], and in those from an epidemiologi-
cal investigation of diarrheic piglets from 17 provinces or
municipalities in China from 2015 to 2018 (16.4%, 89/543)
[46]. Diarrhea is more prevalent in piglets throughout the
winter and spring when pigs are more vulnerable to infec-
tions with diarrhea-inducing pathogens. Furthermore, pig-
lets, sows, and finisher pigs were included in the sampling
in this study in order to have a wide range of pigs of all ages
and both sexes. As a result, it is reasonable to speculate that
the PAstV infection rate would have been much higher if
the samples had been collected in winter and spring or if the
samples had been collected only from piglets with diarrhea.
The presence of PAstV-2 or PAstV-5 in all Yunnan prefec-
tures/cities and in all of the pig populations with rather high
infection rates indicates a high prevalence of PAstV infection
in Yunnan. Furthermore, a slightly higher PAstV-2 positiv-
ity rate was observed in clinically diarrheic pigs (46/151,
59.0%) than in non-diarrheic pigs (61/338, 52.1%), which
was not the case for PAstV-5 infection (46.2% in clinically
diarrheic pigs vs. 47.6% in non-diarrheic pigs). Moreover,
PAstV-2 was more prevalent than PAstV-5 (54.3% vs. 48.1%
in suckling piglets, 56.3% vs. 46.9% in weaned piglets, and
57.7% vs. 42.3% in finisher pigs), with no difference in sows
(50% vs. 50%). In addition to the high prevalence of PAstV
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mutations in the 10 PAstV-5 sequences from this study were nearly
identical to those in the reference sequence KP747574 (from Bei-
jing, China, indicated by a blue square), as shown in the representa-
tive sequence alignment presented here, showing amino acids 1700
and 1787. The asterisks (*) indicate positions where the amino acid is
identical in all 20 sequences.

infection, coinfections with PAstV and other porcine viruses
such as PBoV, PoSaV, and PCV?2 were also evident in this
study, which is consistent with a previous study [40]. Coin-
fections may contribute to a high rate of diarrhea and mortal-
ity, particularly in piglets, and thus a further deterioration of
the swine industry, which merits significant attention from
the health and anti-epidemic departments in Yunnan.

Phylogenetic analysis revealed that PAstV-2 and PAstV-5
were predominant in Yunnan between April and August of
2020, which is consistent with previous studies in Guangxi
[35], Hunan [38, 39], Sichuan [40], and Shandong and
Jiangxi [49]. While various insertions were observed in the
PAstV-2 sequences determined in this study, one PAstV-2
sequence (YN-107) was found to harbor a unique dele-
tion of 37 amino acids within the capsid protein sequence,
which, to our knowledge, is not present in any other PAstV-2
sequences in the NCBI database and thus worth further
investigation. These findings expand our current under-
standing of the genetic characteristics of PAstV in Yunnan
and provide valuable information for further PAstV studies.
Altogether, the indels and mutations in the capsid proteins
of the PAstV-2 and PAstV-5 genotypes from Yunnan may
result in changes in viral immunogenicity and infectivity,
potentially complicating vaccine development.

In conclusion, this study demonstrates for the first time
that PAstV-2 and PastV-5 were prevalent in pig herds across
all 16 prefectures/cities in Yunnan between April and August
of 2020, with infection rates of 21.9% and 18.8%, respec-
tively. Coinfections with PAstV-2 and PAstV-5 were detected
in four pigs with diarrhea (YN-158, YN-224, YN-328, and
YN-587), while single infections with PAstV-2 or PAstV-5
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were found in pigs with and without diarrhea, suggesting
that double infections with PAstV-2 and PAstV-5 might
increase the severity of disease. Coinfections with PAstV
and multiple porcine viruses are prevalent and may be more
common with PBoV and PoSaV. The high genetic vari-
ability of PAstV and its adaptation to various hosts suggest
the possibility of cross-species transmission with enhanced
pathogenicity. The findings of this study will offer a founda-
tion for future prevention and control of PAstV infection in
Yunnan province through the implementation of effective
vaccination strategies.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00705-021-05311-8.
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