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Introduction

Astroviruses belong to the family Astroviridae. The 
virions are small, about 28–30 nm in diameter, non-
enveloped, and contain a + ssRNA genome about 
6.4–7.7 kb in length (Rivera et al. 2010). The family 
Astroviridae is divided into two genera, Mamastrovirus 
(19 species) and Avastrovirus (3 species) (De Benedictis 
et al. 2011). Members of the genus Mamastrovirus infect 
mammals, including human (Vu et al. 2017), bovine 
(Bouzalas et al. 2014), feline (Yi et al. 2018), porcine 
(Arruda et al. 2017), mink (Blomstrom et al. 2010), 
but members of the genus Avastrovirus mainly infect 
birds such as chicken, turkey, and duck (Bidin et al. 
2012a; Bidin et al. 2012b; Sajewicz-Krukowska and 
Domanska-Blicharz 2016). Infection with Avastrovi-
ruses often involves intestinal or extra-intestinal man-
ifestations, while gastroenteritis is the predominant 
feature of infecting Mamastroviruses.

Porcine astroviruses (PAstVs) belong to the Mama­
strovirus genus. PAstV was first identified from the 
feces sample of diarrheal pigs in 1980 using electron 
microscopy (Bridger 1980). At present, five geno-
types of PAstVs were identified (Brnic et al. 2014). The 
genome of PAstV encodes for three open reading frames 
(ORF) including ORF1a, ORF1b, and ORF2 (Bosch 
et al. 2011). The non-structural proteins and an RNA-
dependent RNA polymerase (RdRp) were encoded by 
ORF1a and ORF1b separately, while ORF2 encodes for 
the viral capsid structural proteins (De Benedictis et al. 
2011). PAstVs have been detected in the intestines and 
faeces of pigs and are responsible for gastrointestinal 
disorders, mainly in young individuals. However, some 
porcine astroviruses infections have been described in 
sick pigs with extra-intestinal manifestations, includ-
ing respiratory and neurological signs (Padmanab-
han and Hause 2016). Additionally, porcine astrovi-
ruses still have been detected in clinically healthy pigs 
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A b s t r a c t

Porcine astroviruses (PAstVs) have wide distribution in swine herds worldwide. At present, five porcine astrovirus genotypes have been 
identified. In this study, using viral metagenomics, a novel PAstV strain (designated as Ahast) was identified in fecal samples from pigs 
in Anhui of China, and the complete genomic sequence of Ahast was obtained by assembling and PCR amplification. Genomic struc-
tural analysis indicated that Ahast had a typical ribosomal frameshifting signal, and some conserve amino acid motifs were also found in 
virally encoded proteins. Phylogenetic analysis and sequence comparison indicated that this virus belonged to porcine astrovirus geno-
type 4 (PAstV4), which formed a clade clustered with other PAstV4. Multiple recombinant events were confirmed by recombination analysis 
and indicated that Ahast was a potential recombinant. Epidemiological investigation indicated that PAstV4 has a 10.7% prevalence in this 
pig farm. The new recombinant identified in this study will be beneficial to comprehend the origin, genetic diversity, and evolution of 
porcine astroviruses in Anhui of China.
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(Lv et al. 2019). The exact relationship between PAstV 
and diseases is unclear.

In the present study, using the viral metagenom-
ics method, we obtained one novel PAstV4 from pig 
feces samples collected in Anhui province, China. 
Further, the complete genome was obtained and ana- 
lysed for genetic evolution and recombination. The 
epidemiological investigation indicated that a compa-
rable lower prevalence (10.7%) of PAstV4 in this pig 
farm of Anhui province.

Experimental

Materials and Methods

Sample collection. In 2018, 215 pig feces samples 
were collected from a pig farm in Anhui province of 
China, using disposable 1.5 ml Eppendorf (EP) tubes 
and shipped on dry ice. Each sample was resuspended 
in 1 ml of phosphate-buffered saline (PBS), then 
violently vortex for 10 min. After centrifugation at 
12,000 × g for 10 min, the supernatants were collected 
and were stored at –80°C for the following research.

Viral metagenomic analysis. Twenty feces superna-
tants were randomly chosen to generate one pool. Aspi-
rating 25 μl supernatants per sample and the total 500 µl 
mixed supernatant was firstly filtered via a  0.45 μm 
filter (Millipore) to remove bacteria and eukaryotes. 
Then, the viral particle enrichment filtrate was treated 
with DNase and RNase to digest free non-viral nucleic 
acid at 37°C for 60 min and mix once halfway (Zhang 
et al. 2016). According to the manufacturer’s protocol, 
the total nucleic acid was extracted using QiaAmp Mini 
Viral RNA kit (Qiagen). cDNA of viral RNA was syn-
thesized by reverse transcription with six random base 
primers, then the Klenow enzyme was used to generate 
the complementary chain of cDNA. Construction of 
cDNA libraries was done using Nextera XT DNA Sam-
ple Preparation Kit (Illumina), and 250 bases paired 
ends were sequenced using the MiSeq Illumina plat- 
form (Ling et al. 2019). The sequenced reads were debar- 
coded using vendor software (Illumina). Using Phred 
quality score ten as the threshold, low sequencing qual-
ity tails were trimmed. Adaptors and primer sequences 
were trimmed using VecScreen software (Altschul et al. 
1997). The cleaned reads were then de novo assembled 
by a combination of software including SOAPdenovo2, 
ABySS, meta-Velvet, and CAP3. The assembled contigs 
and singlet sequences were compared to the viral pro-
teome database by BLASTx with an E-value cutoff of 
< 10–5 (Deng et al. 2015).

Genomic acquisition and PCR screening. Using 
Geneious 11.1.2 software, the partial complete porcine 
astrovirus genome was assembled. Further, PCR prim-

ers were designed to amplify 5' terminal and 3' terminal 
sequences. The primer sequences used for amplifica-
tion are shown in Table I. The amplification reactions 
were performed under the following conditions: 95°C 
for 5 min, 32 cycles of 95°C for 40 sec, 50°C (for the 
first round) or 55°C (for the second round) for 30 sec 
and 72°C for 1 min, a final extension at 72°C for 5 min 
(Zhao et al. 2019). Putative ORFs were analyzed using 
Geneious 11.1.2 software and ORF finder in NCBI. 
To investigate the prevalence of PAstV in pigs, a set of 
primers was designed based on the nucleotide sequences 
of Ahast ORF2 to perform PCR screening. Primers 
astWF and astWR were located at 4313–4333 nt and 
4818–4799 nt respectively for the first round of PCR, 
while astNF and astNR were located at 4421–4440 nt 
and 4725–4706 nt respectively for the second round. 
The expected length of the amplified fragment is 305 bp.

Phylogenetic analysis. The ORF1b and ORF2 
amino acid sequences of Ahast and the representa-
tive sequences obtained from GenBank were selected 
for phylogenetic analysis to classify this virus. All 
sequences were aligned using CLUSTAL X (version 2.1) 
with the default settings. The aligned result was saved as 
a Nexus form file for constructing the phylogenetic tree 
using Bayes’ theorem in the Mrbayes 3.2.7 program (Liu 
et al. 2020). The Markov chain was run for a maximum 
of 1 million generations, in which every 50  genera-
tions were sampled, and the first 25% of Markov chain 
Monte Carlo (mcmc) samples were discarded as burn-
in. Phylogenetic tree for recombination analysis were 
constructed using the Maximum Likelihood method in 
MEGA 5.0. Bootstrap values (based on 500 replicates) 
for each node were given.

Recombination analysis. To test whether this virus 
is a recombinant, the complete genome sequence of 
all 24 PAstV4 available in the GenBank database were 
downloaded, then aligned using the MUSCLE algo-

astWF	
First round

	 ATCACAGCAACCCTAGGCAC
astWR		  AGGTGCAGGTCATTTCAGCA
astNF	

Second round
	 TGCCTATGGTCCTCTCCAGA

astNR		  ATCCTGCAGTGCACATCTGT
5AstWF	

First round
	 TGGTGGCTATGGCCCGTAGG

5AstWR		  TGCTGCCTCAAGTATGCACA
5AstNF	

Second round
	 TGGTGGCTATGGCCCGTAGG

5AstNR		  TGGGCACAAATGGTTTGCTG
3AstWF	

First round
	 GCCCCGATAATGCAGGATGA

3AstWR		  Oligo(dT)18
3AstNF	

Second round
	 TATTGAAGCCTGGGATGCGG

3AstNR		  TTTTGCTCAAATTTTTAAATGC

Table I
Primers sequences used for screening and amplification for the 

complete genome of porcine astrovirus.

Primer ID Application Primer sequences (5'-3')
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rithm in the MEGA-X program, together with this 
virus. The alignment results were manually check 
using Geneious 11.1.2 software. Using Recombination 
Detection Program 5.0 (RDP 5.0), the potential paren-
tal sequences and possible recombination sites were 
identified through eight different test methods, includ- 
ing RDP, Chimaera, MaxChi, SiSCan, GENECONV, 
BootScan, LARD, and 3Seq.

GenBank accession number. The two nearly com-
plete genomic sequences of Ahast and Ahast-2 were 
submitted to the GenBank database under accession 
number MT470220 and MW082586. The raw sequence 
reads from the metagenomic library were deposited in 
the Sequence Read Archive of GenBank database under 
accession number: SRX9247601.

Results

The libraries from pig fecal samples that were 
sequenced on the MiSeq platform generated 2,476,530 
unique sequence reads. Among them, 173,248 sequence 
reads were viral sequences. Putative mammalian viruses 
belong to the families Picornaviridae (60,763  reads), 
Astroviridae (34,279 reads), Caliciviridae (22,628 reads), 
Picobirnaviridae (17,569 reads), Parvoviridae (4,434 
reads), Coronaviridae (2,273 reads), and Circoviridae 
(1,301 reads), etc. This study mainly focus on astrovirus.

Genomic structure. By assembling the 34,279 reads 
of astrovirus, two nearly complete genomes of PAstVs 
were obtained and named Ahast and Ahast-2, respec-
tively. Further, two sets of primers were designed for 
amplifying the missing 5' and 3' termini sequences of 
the genome. The complete genome of Ahast is 6,721 bp 
in length, with the untranslated regions (UTRs) situated 
in positions 1–9 and 6651–6721. The base composi- 
tion of A, G, T, and C is 30.23%, 22.38%, 25.17%, and 
22.21%, respectively.

The viral genome of Ahast encodes three ORFs, 
including ORF1a, ORF1b, and ORF2. There is a 8 nt 
overlap between ORF1b and ORF2. The conserve 
Kozak sequences of RNNAUGG were identified near 
the start codon of both three ORFs (GCTATGG for 
ORF1a, AAAATGT for ORF1b, and CTAATGG for 
ORF2). A translational ribosomal frameshifting sig-
nal existed in the 3' end of Ahast ORF1a Fig. 1a. The 
Conserved Domains analysis (https://www.ncbi.nlm.
nih.gov/Structure/cdd/wrpsb.cgi) indicated that Ahast 
NS1a has periplasmic serine protease domain at posi-
tion 459–592 aa. A conserved RdRp amino acid motif 
(YGDD), was situated in the N termini of NS1ab. In 
addition, using online analysis of the FoldIndex soft-
ware program (http://bip.weizm ann.ac.il/fldbin/fin-
dex), a genome-linked viral protein (VPg) with con-
served KGKSK and TEEEY was identified (data not 
shown), at both ends of VPg, potent restriction sites 
of protease QKKK were found Fig. 1b.

Sequence comparison and phylogenetic analysis. 
To investigate the genetic relationships of Ahast, the 
phylogenetic analysis was performed based on the 
ORF1b and ORF2 amino acid sequences of the strain in 
this study, 24 PAstV4 reference strians available in the 
GenBank database, and other four genotypes reference 
strains of porcine astrovirus. The result showed that five 
PAstV genotypes were delineated in the ORF1b phylo-
genetic tree, the Ahast clustered with other 24 PAstV4 
reference strains formed a clade Fig. 2, while geno-
types in the ORF2 phylogenetic tree did not ultimately 
cluster PAstVs. PAstV4 was divided into three clades, 
respectively, Ahast clustered with KX060809, and the 
other six PAstV4 strains formed a distinct clade Fig. 3. 
Sequence analysis using Blastp in NCBI indicated that 
the ORF1b of Ahast shares the highest amino acid 
sequence identity (98.63%) with the strain PAstV4/
CHN/WG-R2/2017 (MK460231), which was identified 
in an anal swab of pig from Jiangxi province of China. 

Fig. 1.  Genomic structure and conserve amino acid motif of Ahast. (a) Genomic organization of Ahast. The three ORFs (ORF1a, 
ORF1b, and ORF2) are shown. The conserve ribosomal frameshift site is marked. (b) The conserve amino acid motif of Ahast. The viral 
encode polyproteins are marked with different colours, the conserve motif of protease (PRO), RNA-dependent RNA polymerse (RdRp), 

and genome-linked viral protein (VPg) are shown.
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In contrast, the ORF2 of Ahast shares the highest amino 
acid sequence identity (68.81%) with the strain CH/
JXZS/2014 (KX060809), which was found in the stool 
of sus scrofa from Hunan province of China. It implied 
that Ahast might be a recombinant.

Recombination analysis. To identify potential 
recombinant events in the Ahast genome, all 24 com-
plete genome sequences of PAstV4, together with that 
of Ahast, were aligned using the MUSCLE algorithm 

in the MEGA-X program. Potential parental sequences 
and possible recombination sites were identified using 
RDP  5.0. The results showed that Ahast is a  novel 
recombinant resulting from a few recombination 
events Fig. 4a. Among all those recombination events, 
two typical recombination events with a high degree 
of confidence (event 1 with p-value = 3.77 × 10–15, and 
event 2 with p-value = 2.9 × 10–31) in BootScan method 
were chosen to further manual bootscan analysis. In 

Fig. 2.  Phylogenetic analysis of Ahast. Phylogenetic tree based on amino acid sequences of ORF1b of PAstVs. The tree was constructed 
using MrBayes 3.2.7 software and the average standard deviation of split frequencies were 0.005. The Markov chain was run for a maxi-
mum of 1 million generations, in which every 50 generations were sampled and the first 25% of Markov chain Monte Carlo (mcmc) 

samples were discarded as burn-in.The Ahast strain identified in this study is marked with red dot.
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both of those two recombination events, The PAstV4/
JPN/MoI2-1-1/2015 strain (LC201609) was a major 
parent, while minor parents were the PAstV4/CHN/
WG-R2/2017 strain (MK460231) and the JXJA strain 
(KX060808), respectively Fig. 4b. Ahast showed higher 
sequence similarity to the JXJA strain or the PAstV4/
CHN/WG-R2/2017 strain in the region of 1822–2810 
nt or 3076–4540 nt separately, while in the region of 
4600–6023 nt, Ahast displayed higher sequence simi-

larity to the PAstV4/JPN/MoI2-1-1/2015 strain Fig. 4b, 
and 4c. To confirm this result, phylogenetic trees were 
constructed basing on the genome region of 1822–
2810 nt, 3076–4540 nt, and 4600–6023 nt, respectively. 
The trees based on 1822–2810 nt or 3076–4540 nt 
showed that Ahast clustered with the JXJA strain or the 
PAstV4/CHN/WG-R2/2017 strain, while the tree based 
on 3076–4540 nt showed that Ahast clustered with the 
PAstV4/JPN/MoI2-1-1/2015 strain Fig. 4d, 4e, and 4f. 

Fig. 3.  Phylogenetic analysis of Ahast. Phylogenetic tree based on amino acid sequences of ORF2 of PAstVs. The tree was constructed 
using MrBayes 3.2.7 software and the average standard deviation of split frequencies were 0.001 respectively. The Markov chain was run 
for a maximum of 1 million generations, in which every 50 generations were sampled and the first 25% of Markov chain Monte Carlo 

(mcmc) samples were discarded as burn-in. The Ahast strain identified in this study is marked with red dot.
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The PAstV4/JPN/MoI2-1-1/2015 strain was first repor
ted in Japan in 2015; the PAstV4/CHN/WG-R2/2017 
strain was first found in the Hunan province of China 
in 2019, while the JXJA strain was first detected in 
Jiangxi province of China in 2014. From the above data, 
Ahast might be a potent recombinant form one major 
parent and two minor parents.

To computationally verify the boundaries of dif-
ferent regions in the recombinant, the clean raw reads 
were remapped to the complete genome of Ahast, which 
revealed evident overlapping read coverage across the 
boundaries Fig. S1.

Epidemiological analysis. To investigate the pre
valence of PAstV4 in this pig farm, viral RNA was 
extracted from all 215  feces samples. A set of nested 
primers were designed based on the Ahast ORF2 
nucleotide sequence to perform PCR screening. Prim-
ers astWF and astWR were used for the first round of 
PCR, and astNF and astNR for the second round. The 
expected length of amplified fragment was 305 bp. 
The results indicated that 23 (10.7%, 23/215) samples 
were positive for PAstV4.

Discussion

Porcine astroviruses, as widely distributed viruses, 
have been isolated from many countries, includ-
ing China, South Korea, Germany, Czech Republic, 
Canada, Croatia, Italy, Spain, Australia, Hungary, Thai-
land, India, and USA, which is divided into five geno-
types (Indik et al. 2006; Reuter et al. 2011; Lee et al. 2013; 
Kattoor et al. 2019; Tassoni et al. 2019). The predomi-
nant genotypes in domestic pigs were PAstV2 and 
PAstV4 in China. Both PAstV2 and PAstV4 were iden-
tified in this study, which indicates that those two geno-
types of porcine astrovirus circulated in the same pig 
farm. The prevalence of PAstV4 was 16.1% (35/218) in 
Hunan of China in previous studies (Xiao et al. 2017), 
while in the present investigation, the prevalence of 
PAstV4 was 10.7% (23/215), and it was slightly lower 
than previously reported. The difference in this preva-
lence may be due to differences in the type or origin of 
samples. The samples collected in this study were fecal 
from healthy pigs, but that were fecal swabs or different 
tissues from diarrhea pigs in previous studies.

Fig. 4. Recombination analysis of Ahast. (a) Detected the potential recombination events based on complete genome of Ahast. GenBank 
No. of each putative recombinant is shown on upper right side of the recombinant. (b), (c) BOOTSCAN evidence for the two different 
recombination origins on the basis of pairwise distance, modeled with a window size 200, step size 20, and 100 Bootstrap replicates. 
(d), (e), and (f) Phylogenetic trees were constructed using the Maximun Likelihood in MEGA 5.0 based on the region of 3076–4540 nt, 
4600–6023 nt, and 1822–2810 nt respectively. Bootstrap values (based on 500 replicates) for each node were given. The Ahast strain iden-

tified in this study is marked with red dot.
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Recombination frequently occurs among astro-
viruses, and it is the major mechanisms contributing 
to the emergence of novel strains. Our recombination 
analysis indicates that Ahast is a potent recombinant 
with multiple recombinant events. The major parent 
was identified in Japan, while two minor parents were 
found in Hunan or Jiangxi province of China. The three 
parental strains were isolated from different countries 
or districts, which might hint that the pig trade pro-
moted viral recombination.

In conclusion, we identified a novel PAstV4 in 
healthy pigs and characterized its near-complete 
genome. Recombinant analysis indicated that it was 
a recombinant with multiple recombinant events. The 
epidemiologic study showed that the prevalence rate 
of Ahast was slightly lower than that of previously 
reported in China. More work is needed to investigate 
the association between virus and illness.
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