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Prevalence of bovine astroviruses and their genotypes in
sampled Chinese calves with and without diarrhoea
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Abstract

Bovine astrovirus (BoAstV) belongs to genus Mamastravirus (MAstV). It can be detected in the faeces of both diarrhoeal and
healthy calves. However, its prevalence, genetic diversity, and association with cattle diarrhoea are poorly understood. In this
study, faecal samples of 87 diarrhoeal and 77 asymptomatic calves from 20 farms in 12 provinces were collected, and BoAstV
was detected with reverse transcription-polymerase chain reaction (RT-PCR). The overall prevalence rate of this virus in diar-
rhoeal and asymptomatic calves was 55.17% (95% Cl: 44.13, 65.85%) and 36.36% (95% Cl: 25.70, 48.12%), respectively, indi-
cating a correlation between BoAstV infection and calf diarrhoea (OR=2.15, P=0.024). BoAstV existed mainly in the form of
co-infection (85.53%) with one to five of nine viruses, and there was a strong positive correlation between BoAstV co-infection
and calf diarrhoea (OR=2.83, P=0.004). Binary logistic regression analysis confirmed this correlation between BoAstV co-
infection and calf diarrhoea (OR=2.41, P=0.038). The co-infection of BoAstV and bovine rotavirus (BRV) with or without other
viruses accounted for 70.77% of all the co-infection cases. The diarrhoea risk for the calves co-infected with BoAstV and BRV
was 8.14-fold higher than that for the calves co-infected with BoAstV and other viruses (OR=8.14, P=0.001). Further, the co-
infection of BoAstV/BRV/bovine kobuvirus (BKoV) might increase the risk of calf diarrhoea by 14.82-fold, compared with that
of BoAstV and other viruses (OR=14.82, P <0.001). Then, nearly complete genomic sequences of nine BoAstV strains were
assembled by using next-generation sequencing (NGS) method. Sequence alignment against known astrovirus (AstV) strains at
the levels of both amino acids and nucleotides showed a high genetic diversity. Four genotypes were identified, including two
known genotypes MAstV-28 (n=3) and MAstV-33 (n=2) and two novel genotypes designated tentatively as MAstV-34 (n=1) and
MAstV-35 (n=3). In addition, seven out of nine BoAstV strains showed possible inter-genotype recombination and cross-species
recombination. Therefore, our results increase the knowledge about the prevalence and the genetic evolution of BoAstV and
provide evidence for the association between BoAstV infection and calf diarrhoea.

DATA AVAILABILITY STATEMENT INTRODUCTION
Astroviruses (AstV) belong to the Astroviridae family,
The complete genomes that support the findings of this including two genera Mamastravirus (MAstV) and
Avastrovirus (AAstV). MAstV can cause diarrhoea and
study are openly available in GenBank accession numbers: neurological symptoms in mammals, while AAstV can
lead to hepatitis, nephritis, and diarrhoea in birds [1].
MW373712-MW373720. Among MAstV, human AstV was first discovered to be
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an etiological agent causing infantile diarrhoea in 1975,
while bovine astrovirus (BoAstV) was first reported in
1978 [2]. In 1984, two American bovine strains (US1 and
US2) antigenically related to a UK strain (L107) were
demonstrated to cause infection and cytopathology of M
cells in the dome epithelium [3]. The virulence of BoAstV
related to calf diarrhoea was clinically supported in Hong
Kong, China, in 2011 [4], the mainland of China in 2013
[5], and Brazil in 2015 [6]. However, some other evidence
from calf experiments [2] and natural infection [7] has
indicated that BoAstV is avirulent. Up to now, many
studies have revealed that BoAstV may cause or exac-
erbate calf diarrhoea by co-infection with other enteric
viruses such as bovine rotavirus (BRV), bovine torovirus
(BToV) [3], bovine viral diarrhoea virus (BVDV), bovine
coronavirus (BCoV), and bovine kobuvirus (BKoV) [8].
However, the prevalence of BoAstV in diarrhoeal cases
varied in different reports, such as 87.5% in China [5],
85.7% in Japan [9], 66.7% in South Korea [8], 64.1% in
Brazil in 2015 [6], and 32.0% in Egypt [10]. Since 2010,
astroviruses have been expanded to at least 25 animal
species including various terrestrial domestic animals,
wild animals, and aquatic animals. This list includes
cattle, pigs, rabbits, dogs, cats, turkeys, chicken, ducks,
deer, minks, bats, sea lions, marine fish, etc. [1, 11-13].

At the molecular level, AstVs are a group of small non-
enveloped RNA viruses. Their genomes start from a 5’
untranslated region (5'UTR), followed by three open reading
frames (ORF1a, ORF1b, and ORF2), a 3" untranslated region
(3'UTR), and a poly (A) tail [11]. According to the latest
AstV classification criteria proposed by the International
Committee on the Taxonomy of Viruses (ICTV) in 2012,
the two genera MAstV and AAstV are further classified
into different genotypes based on the mean amino acid
genetic distance (p-dist) between 0.338 and 0.783 in ORF2
[14]. Specifically, MAstV includes 19 established genotypes
(MAstV-1 to 19), 14 proposed genotypes (MAstV-20 to 33),
and other undefined genotypes [15].

Although BoAstV is one of the earliest discovered AstV, its
genomes remain uncharacterized until four bovine strains
from adult cattle without diarrhoea in Hong Kong, China,
in 2011 [4] and one strain from yak in the Qinghai-Tibetan
Plateau, China, in 2013 [16] were sequenced. So far, a total
of 45 genome sequences from seven countries have been
publicized in GenBank. Six genotypes (MAstV-13, MAstV-
24, MAstV-28, MAstV-29, MAstV-30, and MAstV-33) have
been identified from BoAstV isolates mostly based on reverse
transcription-polymerase chain reaction (RT-PCR) and
sequencing of the ORF2 [17].

However, few studies have addressed the prevalence and
genetic diversity of BoAstV and its association with calf
diarrhoea, which might be due to the difficulties in isolating
this virus from cell and tissue culture and high proportion of
co-infection in both diarrhoeal and asymptomatic animals.
Fortunately, the current next-generation sequencing (NGS)
method can effectively replace the conventional cell culture to

identify BoAstV and other co-infected viruses. Considering
this, this study is aimed to determine the correlation between
BoAstV and calf diarrhoea by investigating the prevalence
and genomic characteristics of BoAstVs in Chinese calves
with and without diarrhoea based on recent samples collected
from a wide range of regions using NGS method. As a result,
a strong correlation was observed between BoAstV infection
and calf diarrhoea, and two novel genotypes were identified
and designated as MAstV-34 and MAstV-35, in addition to
the known MAstV-28 and MAstV-33. Our findings would
be of significance for developing control measures against
BoAstV related to calf diarrhoea.

METHODS
Sample collection

The 12 provinces were randomly selected from 32 provincial
regions in the mainland of China in 2019. Three intensive
farms with a scale of over 100 cattle were randomly chosen
from each province. First, the occurrence of calf diarrhoea
was inquired by phone. In cases of calf diarrhoea occurrence,
the farms were visited with the consent of the owners, and
faecal samples were randomly collected from both the diar-
rhoeal and asymptomatic calves based on the principle of
case-control study. A total of 164 faecal samples were collected
from calves (under 6 weeks old) from 20 farms located in 12
provinces, including 87 from diarrhoeal calves and 77 from
asymptomatic calves. The information about the samples was
shown in Table 1. All faecal samples were freshly collected
from diarrhoeal calves and their asymptomatic controls in
the same farms and stored at about 4 °C, and then they were
immediately transported to the laboratory where they were
stored at —80 °C until use.

BoAstV genome sequencing

One hundred and sixty-four faecal samples from diarrhoea
and asymptomatic calves were tested for BoAstV through
RT-PCR by previously reported method [7]. BoAstV-positive
samples were divided into five regions based on the geographic
locations of China (Table 1). Each region contained two
sample pools: the asymptomatic faecal sample pool and
the diarrhoea faecal sample pool. Each pool contained
tensamples with two exceptions (fivesamples in one pool
and 15samples in the other pool). One gram of faeces was
taken from each sample and completely mixed by vortexing.
Then, 0.5g of each sample pool was taken, mixed with 5ml
of sterile phosphate buffer saline (PBS), and fully vortexed.
Subsequently, the resultant samples were subjected to two
freeze-thaw cycles at —80°C/25°C to release virus particles
and centrifuged at 8000 g at 4°C for 10 min. The supernatant
was collected and filtered through 0.22 um column filters to
remove bacteria and other contaminants. According to the
manufacturer’s instructions, viral RNA was extracted with
a QIAamp Viral RNA/DNA Mini Kit (QIAGEN, Germany),
and the rRNA was removed with a QIAseq Fast Select-rRNA
HMR Kit (QIAGEN, Germany). Afterwards, the cDNA
library was prepared using a QIAseq FX DNA Library Kit
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Table 1. The sampling information on calf faecal collection from farms in China in this study

Regions Provinces Farms Breeds No. of animal sampled
Diarrhoeal calves Asymptomatic calves
Northeast China Heilongjiang A Dairy 2 5
Jilin B Dairy 3 5
North China Shandong C Dairy 4 3
D Dairy 4 5
Hebei E Beef 4 1
F Dairy 10 5
G Dairy 6 2
Inner Mongolia H Dairy 4 3
I Beef 6 5
Central China Henan ] Dairy 9 3
K Beef 4 2
Hubei L Dairy 3 4
M Dairy 3 4
Hunan N Beef 4 2
O Beef 4 2
Jiangxi P Beef 4 6
Southwest China Yunnan Q Beef 4 6
Northwest China Xinjiang R Beef 3 4
Gansu S Beef 4 5
T Beef 2 5
Total 20 87 77

(Qiagen, Germany) and commercially sequenced using a
MiSeq bench-top sequencer (Illumina) with 151 paired-end
reads in Wuhan We Find Biology Co., Ltd (Wuhan, China).
The generated raw reads were subjected to quality control
by trimming the reads with Phred quality score <10and by
filtering the reads containing adapters. The remaining raw
reads were assembled with IDBA [18] and aligned against
the Nr (NCBI non-redundant protein sequences) database
using an E-value <0.001. The virome output was visualized
and analysed with MEGAN 6 [19].

To validate the genome sequences of nine BoAstV strains
obtained from NGS, we performed the extra RT-PCR to
amplify the whole genomes containing 5-9 fragments and
sequencing the RT-PCR products. Briefly, 5-9 specific
primer pairs were designed with the overlapping of
100-400bp between adjacent fragments based on genome
sequences of each virus obtained from NGS (Table S1,
available in the online version of this article). Nine calf
taecal samples were preliminarily processed, as described
above, and then viral RNA was extracted with a QIAamp
Viral RNA/DNA Mini Kit (QIAGEN, Germany). Reverse

transcription (RT) was performed using the reagents of the
PrimeScript II Reverse Transcriptase (Takara, Otsu, Shiga,
Japan), following the manufacturer’s protocol. Subsequently,
RT-PCR was performed to amplify the genome of each
BoAstV strain with specific primers (Table S1). The RT-PCR
mixture contained 25ul of 2xPrimeSTAR Max Premix
(Takara, Otsu, Shiga, Japan), 2 ul of cDNA, 19 ul of ddHZO,
and 2l each of the primers (10 mM). The RT-PCR prod-
ucts were directly sequenced in Tsingke Biotechnology Co.,
Ltd. (Beijing, China). The fragments with weak bands were
cloned into the pMD19-T vector and sequenced in Tsingke
Biotech. The nearly complete genome sequences of nine
BoAstV strains were obtained by assembling the fragment
sequences acquired above. Finally, the sequences obtained
by NGS were aligned against those obtained by Sanger
sequencing to determine the complete genome sequences of
nine BoAstV strains. These nine BoAstV genome sequences
were submitted to GenBank with accession numbers of
MW373712-MW373720.
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Table 2. The association between viruses (BoAstV and BRV) infection and calf diarrhoea

Diarrhoeal calves Asymptomatic calves Total OR (95% CI: lower, upper) P-value
BoAstV infection 48 28 76 2.15(1.15-4.04) 0.024
BoAstV negative 39 49 88
Total 87 77 164
BoAstV co-infection 45 20 65 2.83 (1.47-5.56) 0.004
BoAstV negative 39 49 88
Total 84 69 153
BRYV infection 46 28 74 1.96 (1.05-3.67) 0.041
BRV negative 41 49 90
Total 87 77 164
BoAstV +BRV 38 8 46 8.14 (2.44-27.15) 0.001
BoAstV +other virus 7 12 19
Total 45 20 65
BoAstV +BRV+BKoV 28 2 30 14.82 (3.05-71.99) <0.001
BoAstV +other virus 17 18 35
Total 45 20 65

Genomic analysis of BoAstV isolates

OREF finder (https://www.ncbi.nlm.nih.gov/orffinder/) was
used to search for ORFs of the BoAstV sequences obtained in
this study. RNA-dependent RNA-polymerase (RdRp) and the
conserved regions of the capsid were localized through NCBI
conserved domain search (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi). The online tool FoldIndex (https://
fold.weizmann.ac.il/fldbin/findex) was used to predict the
locations of viral proteins associated with the genome (VPg)
[20]. The tertiary structure of the RARp was predicted using
I-TASSER (https://swissmodel.expasy.org/interactive) based
on previously published sequences. The tertiary structure
obtained from I-TASSER was visualized with the PyMOL
(http://www.pymol.org/).

Phylogenetic analysis

Multiple sequences were aligned using the Clustal W method
with MEGA 7 [21]. Neighbour-joining analysis of the nucleo-
tide and amino acid sequences in different genomic regions
of AstVs strains was performed. The unrooted phylogenetic
trees were constructed by MEGA 7 with bootstrap values
calculated for 1000 replicates [22]. The identities between
nine BoAstV strains and other AstV strains at levels of
both nucleotide and amino acid sequences were examined
using the Clustal W algorithm in DNAstar MegAlign soft-
ware. The information on reference strains, including the
strains, species, GenBank accession numbers, isolation
time and locations, was shown in Table S2. Mean amino
acid genetic distances of ORF2 among known MAstV 1-33,
novel MAstV-34, and novel MAstV-35 were calculated using
MEGA 7 with the pairwise deletion option and 1000 bootstrap

replicates. Information on the representative strains of each
genotype was displayed in Table S3.

Similarity plots were drawn using the SimPlot software
package (version 3.5.1) [23]. Bootscan analysis was
performed using the neighbour-joining tree model by
Kimura two-parameter distance algorithm with a window of
200 bp and a step of 20 bp. To determine possible recombina-
tion events, the recombination signals in the whole genome
of the BoAstV isolates were measured by the Recombinant
Detection Program (RDP4, v4.46) with seven methods (RDP,
GENECONYV, MaxChi, Bootscan, Chimaera, SiScan, and
3Seq) [24]. Briefly, the complete genome sequences of all
BoAstV strains (including the isolates in the current study
and representative strains from cattle and other species
previously published) were inputted to RDP4 to search for
recombination signals. The genomes with significant recom-
bination event (P <0.05) derived from at least six methods
were presented.

Co-infected viral detection with RT-PCR

Based on NGS data, the sequences of other viral fragments
from vertebrate viruses, plant viruses, and insect viruses were
predicted. The possible viruses associated with calf diarrhoea
was evaluated by reviewing previous reports [25-28], and
RT-PCR was used to verify the existence of nine potential
enteric viral pathogens including BVDV [29], BRV [30], BCoV
[31], bovine enterovirus (BEV) [32], BToV [33], BKoV [34],
bovine norovirus (BNoV) [35], bovine nebovirus (BNeV) [36],
and mammalian orthoreovirus (MRV) [37] according to the
methods described in the above-mentioned literatures.
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Table 3. Percentage of 22 BoAstV co-infection combination

Diarrhoeal calves Asymptomatic calves

Patterns of co-infection Sample  Percentages % (95% CI: Patterns of co-infection Sample Percentages %
No up, down) No (95% CI: up, down)

BoAstV +BRV+BKoV 14 31.11 (18.17, 46.65) BoAstV +BRV 6 30.00 (11.89, 54.28)
BoAstV +BRV 6 13.33 (5.05, 26.79) BoAstV +BEV 5 25.00 (8.66, 49.10)
BoAstV +BRV+BEV 3 6.67 (1.40, 18.27) BoAstV +BKoV+BEV 3 15.00 (3.21, 37.89)
BoAstV +BRV+BKoV +MRV 2 4.44 (0.54, 15.15) BoAstV +BKoV 2 10.00 (1.23, 31.70)
BoAstV +BRV+BKoV+BEV 2 4.44 (0.54, 15.15) BoAstV +BRV+BKoV 1 5.00 (0.13, 24.87)
BoAstV +BRV+BEV 2 4.44 (0.54, 15.15) BoAstV +BRV+BKoV +BEV 1 5.00 (0.13, 24.87)
BoAstV +BRV+BKoV +BEV+MRV 2 4.44 (0.54, 15.15) BoAstV +BVDV+BKoV 1 5.00 (0.13, 24.87)
BoAstV +BRV+BToV +BNeV+BKoV+MRV 1 2.22(0.06, 11.77) BoAstV +BNoV+BKoV 1 5.00 (0.13, 24.87)
BoAstV +BKoV 1 2.22(0.06, 11.77)
BoAstV +MRV 1 2.22(0.06, 11.77)
BoAstV +BEV 1 2.22(0.06, 11.77)
BoAstV +BVDV+BKoV 1 2.22(0.06, 11.77)
BoAstV +BNoV+BKoV 1 2.22(0.06, 11.77)
BoAstV +BRV+BNeV+BKoV 1 2.22(0.06, 11.77)
BoAstV +BRV+BCoV+BKoV 1 2.22(0.06,11.77)
BoAstV +BRV+BVDV+BKoV 1 2.22(0.06, 11.77)
BoAstV +BRV+BCoV+BToV 1 2.22(0.06, 11.77)
BoAstV +BRV+BVDV+BCoV+BToV+BKoV 1 2.22(0.06, 11.77)
BoAstV +BRV+BNoV+BNeV+BKoV+MRV 1 2.22(0.06, 11.77)
BoAstV +BRV+BCoV+BToV+BKoV +BEV 1 2.22(0.06,11.77)
BoAstV +BRV+BVDV+BCoV+BKoV +BEV 1 2.22(0.06, 11.77)
Total 45 20

Statistical analysis

A chi-square test was used to assess the correlation between
BoAstV infection and calf diarrhoea. The P <0.05 were consid-
ered statistically significant. Odds ratio (OR) and their 95%
confidence interval (CI) were also used to assess the degree of
correlation between BoAstV and calf diarrhoea. Using SPSS
software, the binary logistic regression method was used to
analyse the effects of BoAstV co-infection with other nine viral
pathogens (BVDV, BRV, BCoV, BToV, BNoV, BNeV, BKoV, BEV,
and MRV) on calf diarrhoea.

RESULTS

Prevalence of BoAstV in diarrhoeal and
asymptomatic calves

The faecal samples from 20 farms in 12 provinces were
examined with RT-PCR. The results indicated that the

overall prevalence rate of BoAstV in all sampled calves
was 46.34% (76/164) (95% CI: 38.53, 54.28). Specifically,

the prevalence rate of BoAstV in the diarrhoeal calves
was 55.17% (48/87) (95% CI: 44.13, 65.85), while that in
asymptomatic calves was 36.36% (28/77) (95% CI: 25.70,
48.12), indicating an association between BoAstV infection
and calf diarrhoea (P=0.024) with OR=2.15 (95% CI: 1.15,
4.04) (Table 2).

Further, the BoAstV existed mainly in the form of co-infection
accounting for 85.53% of the BoAstV infection cases. The
prevalence rate of BoAstV co-infection in diarrhoeal and
asymptomatic calves was 53.57% (45/84) (95% CI: 42.35,
64.53), and 28.99% (20/69) (95% CI: 18.69, 41.16), respec-
tively, suggesting a significant difference (P=0.004) and an
association between BoAstV co-infection and calf diarrhoea
(OR=2.83,95% CI: 1.44, 5.55) (Table 2). We analysed the data
with a binary logistic regression model and found a signifi-
cant contribution of BoAstV co-infection to calf diarrhoea
(OR=2.41, P=0.038).
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Province Calf Isolates

L Heilongjiang  Diarrhea  Bovine astrovirus/CHN/HLJ-1/2019

Diarrhea  Bovine astrovirus/CHN/HLJ-2/2019

Jilin Diarrhea  Bovine astrovirus/CHN/JL-1/2019
Hebei Asymptomatic Bovine astrovirus/CHN/Hebei-1/2019
Shandong ~ Asymptomatic Bovine astrovirus/CHN/SD-1/2019
Henan Asymptomatic Bovine astrovirus/CHN/Henan-1/2019

Asymptomatic Bovine astrovirus/CHN/Henan-2/2019
Hubei Diarrhea  Bovine astrovirus/CHN/Hubei-1/2019
Hunan Diarrhea  Bovine astrovirus/CHN/Hunan-1/2019

Fig. 1. The geographical distribution of nine BoAstV strains. The provinces, calf health status (diarrhoeal /asymptomatic) and names of

the isolates were listed in the map right.

Amongthe 65BoAstV co-infection cases, BoAstV co-infection
with BRV occupying 70.77% (46/65) (95% CI: 45.56, 70.56).
Although BRV has been reported as one of the common
pathogens causing calf diarrhoea [27, 38], the diarrhoea risk
for the calves with BRV infection was only 1.96-fold higher
than that for calves without BRV infection (OR=1.96, 95% CI:
1.05, 3.67; P=0.041) (Table 2). However, the diarrhoea risk for
the calves co-infected with BoAstV and BRV was 8.14-fold
higher than that for calves co-infected with BoAstV and other
viruses (OR=8.14, 95% CI: 2.44, 27.15; P=0.001) (Table 2).
Therefore, both BoAstV and BRV single infection indepen-
dently contributed to calf diarrhoea and their co-infection
greatly raised the risk of calf diarrhoea.

In diarrhoeal calves, there were 22 co-infection combinations
of BoAstV and one to five of nine other viruses with the top
three prevalence rates as follows: BoAstV/BRV/BKoV 31.11%
(14/45) (95% CI: 18.17, 46.65), BoAstV/BRV 13.33% (6/45)
(95% CI: 5.05, 26.79), and BoAstV/BRV/BEV 6.67% (3/45)
(95% CI: 1.40, 18.27) (Table 3). In asymptomatic calves, there
were only eight co-infection combinations of BoAstV and
one to three of five other viruses with top three prevalence
rates as follows: BoAstV/BRV 30.00% (6/20) (95% CI:11.89,
54.28), BoAstV/BEV 25.00% (5/20) (95% CI: 8.66, 49.10),
and BoAstV/BRV/BKoV 15.00% (3/21) (95% CI: 3.21, 37.89)
(Table 3). Further analysis demonstrated that the diarrhoea
risk for calves co-infected with BoAstV and BRV/BKoV
was 14.82-fold higher than that for calves co-infected with
BoAstV and other viruses (OR=14.82, 95% CI: 3.05-71.99;
P <0.001) (Table 2).

In addition, the overall prevalence rate of BoAstV varied
greatly with the individual provinces (each including 1-3
farms), ranging from 14.29% to 75.00% in all the sampled
calves; while ranging from 25.00-100.00% in the diarrhoeal
calves, and from 0.00-75.00% in asymptomatic calves
(Table S4).

Genomic characterization and evolution analysis of
BoAstV isolates

General information

Nearly complete genome sequences of nine BoAstV strains
(including five strains from diarrhoeal calves and four
strains from asymptomatic calves) from NGS data were
assembled, and these nine BoAstV strains were distributed
in seven provinces in China (Fig. 1). The genome length of
these nine strains ranged from 6048 to 6316 nucleotides
(nt) excluding the poly(A) tail, and the guanine cytosine
(GC) contents ranged from 48-53% (Table 4). The typical
structures of genomes of all the nine BoAstV strains
contained one 5’-UTR, three coding region ORFs (ORF1a,
OREF 1b, and ORF2), and one 3’-UTR. Like other known
astroviruses, these nine BoAstV strains possessed the over-
lapped region between ORF 1a and ORF 1b with a highly
conserved frame-shift ribosomal heptameric sequence
(5'-AAAAAAC-3'). In addition, strains BoAstV Henan-1
and Henan-2 exhibited two more amino acids in the highly
conserved ORF1b region than seven other BoAstV strains
(Table 4).

To verify the genome sequences obtained by NGS method
from the sample pools, we performed the extra RT-PCR
to amplify the whole genomes containing 5-9 fragments
(Fig. S1) and sequencing the RT-PCR products of each frag-
ment. We further assembled the fragments of each strain
to obtain a nearly full-length genome and found that the
re-assembled genome sequences were the same with those
generated by NGS (Fig. S2), indicating the reliability of
NGS results of pooled samples.

Genetic diversity of BoAstV isolates

ORFs” amino acid and nucleotide sequences and genome-
wide sequences of nine BoAstV strains were compared with
those of 15 BoAstV reference strains retrieved from GenBank
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Table 6. Pairwise nucleotide (upper right) and amino acid (lower left in grey shades) sequence identities (%) among nine BoAstV strains in this study

Strains Hebei-1 Henan-1 Henan-2 HLJ-1 HLJ-2 Hubei-1 Hunan-1 JL-1 SD-1
Nonstructural polyprotein 1a/ORF 1a
Hebei-1 100.0 52.3 52.8 79.7 76.6 67.3 77.3 67.5 66.6
Henan-1 42.2 100.0 89.7 52.7 52.7 53.0 52.2 53.0 52.7
Henan-2 42.3 97.7 100.0 53.3 53.7 53.9 53.2 53.2 53.1
HLJ-1 88.5 42.3 42.8 100.0 75.6 68.4 78.8 68.0 68.0
HLJ-2 84.7 422 42.8 84.2 100.0 69.3 77.9 68.2 69.0
Hubei-1 73.3 43.1 43.9 74.0 76.5 100.0 68.7 79.7 86.1
Hunan-1 85.7 423 43.1 90.2 85.2 74.9 100.0 67.2 68.0
JL-1 73.2 43.5 44.2 73.4 75.3 90.8 73.9 100.0 78.9
SD-1 73.4 43.1 44.2 73.6 75.8 93.1 74.8 90.9 100.0
Nonstructural polyprotein 1b/ORF1b
Hebei-1 100.0 67.4 67.7 87.2 89.1 77.4 93.7 78.0 77.5
Henan-1 68.1 100.0 88.9 67.5 67.4 66.4 66.7 67.0 66.8
Henan-2 68.5 97.0 100.0 66.4 67.8 67.2 67.6 67.6 66.8
HLJ-1 96.6 68.3 68.3 100.0 85.4 78.8 87.1 78.2 78.7
HLJ-2 97.6 68.3 68.7 96.2 100.0 78.1 88.9 78.2 77.7
Hubei-1 88.3 68.9 69.3 87.9 88.5 100.0 77.8 90.1 93.9
Hunan-1 97.2 68.3 68.7 95.6 96.6 87.9 100.0 78.8 78.1
JL-1 88.1 69.7 70.1 86.9 88.5 98.4 88.5 100.0 88.5
SD-1 88.1 69.3 69.7 87.3 88.5 98.0 88.8 98.4 100.0
Capsid polyprotein /ORF2
Hebei-1 100.0 50.0 58.6 73.7 56.0 50.5 58.0 50.6 50.1
Henan-1 43.9 100.0 57.1 49.9 50.2 44.5 48.3 43.0 44.8
Henan-2 59.8 47.7 100.0 60.9 48.2 46.9 49.1 46.7 47.4
HLJ-1 78.0 43.7 63.9 100.0 57.5 51.1 60.2 51.2 51.1
HLJ-2 46.7 39.1 38.4 48.7 100.0 51.3 76.2 50.5 52.5
Hubei-1 40.2 35.0 36.5 41.5 44.9 100.0 52.3 73.5 82.0
Hunan-1 50.1 394 38.5 51.0 755 44.9 100.0 51.1 52.2
JL-1 38.1 334 354 39.0 45.1 79.1 44.4 100.0 74.3
SD-1 39.1 35.3 36.2 40.7 45.0 Ol 1l 45.6 81.0 100.0
Complete genomes
Hebei-1 100 55.5 58.7 79.0 71.7 63.3 74.3 63.5 62.9
Henan-1 77.6 55.6 55.1 53.5 54.6 53.2 53.6
Henan-2 59.4 55.3 54.5 55.5 54.4 54.1
HLJ-1 71.1 64.0 73.9 63.9 64.0
HLJ-2 64.8 79.7 64.5 64.7
Hubei-1 64.3 79.6 86.3
Hunan-1 100.0 63.9 64.2
Continued
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Table 6. Continued

Strains Hebei-1 Henan-1 Henan-2
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Fig. 2. Neighbour-joining phylogenetic tree of AstVs based on ORF 2 amino acid sequences. Unrooted trees were generated using the
neighbour-joining method with 1000 bootstrap replicates and sequence alignments were performed by using ClustalW in MEGA 7.0
software. The strains isolated in this study and the proposed two novel genotypes, MAstV-34 and MAstV-35 were marked in red. Strains
were coloured by hosts and indicated by the host and strain names. Information on the reference strains was shown in Table S2.

(Table 5). The results indicated that these nine strains were
highly divergent from 15 BoAstV reference strains in terms
of the genome-wide sequences (39.9-91.1%) and nucleotide
sequences of the three ORFs (ORF1a, 41.1-96.1%; ORF1b,
55.3-96.6%; and ORF2, 39.7-87.6%), respectively. Moreover,
the sequence identity at amino acid level was lower than that
at nucleotide level for ORFla, ORF1b, and ORF2 (Table 5).
Among the three ORFs, the ORF1b exhibited a higher
sequence identity than the other two, indicating that ORF1b
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was conserved in astroviruses. The genetic distances in the
amino acids of ORF2 between nine strains and 43 reference
MAstV strains ranged from 0.023 to 0.751 (Table 5).

Likewise, the nine strains also showed significant difference
in the sequence identity at the levels of both amino acids
and nucleotides, and the genetic distance in the amino acids

of ORF2 among these nine strains ranged from 0.049 to
0.557 (Table 6).
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Table 7. Within genetic distances (p-dist) of the ORF2 amino acid
sequence for the phylogenetic groups between MAstV 1-33 and novel
MAstV 34-35

Genotypes p-dist

MAstV 1-33* MAstV-34 MAstV-35
MAstV 1-33* 0.399-0.762 0.399-0.716
MAstV-34 0.399-0.762 0.404-0.507
MAstV-35 0.399-0.716 0.404-0.507

*The reference strain information for each genotype was shown in
Table S3.

Phylogenetic analysis of BoAstV isolates

To reveal the evolutionary relationship between nine BoAstV
strains and 96 other representative AstVs strains retrieved
from the GenBank, a phylogenetic tree was constructed
based on the nucleotide sequences of complete genomes,
and amino acid sequences of RARp, ORF1la, and ORF2. The
results indicated that the nine BoAstV strains fell into four
different clusters within the Mamastrovirus genus with ORF2
amino acid genetic distance (ranging from 0.338 to 0.783)
as the criterion to define different genotypes (Fig. 2) [14].
Strains BoAstV Henan-2, HL]-1, and Hebei-1 were clustered
with Japanese and Italian BoAstV strains, and this cluster
was reported as MAstV-28 [1]. Strains BoAstV HLJ-2 and
Hunan-1 were clustered with Chinese and Japanese BoAstV
strains, and this cluster was previously defined as MAstV-33
[1]. One BoAstV Henan-1 strain and two Japanese BoAstV
strains exhibited the closest genetic distance, falling into one
cluster, but the genetic distances between these three strains
and 33 other known genotype strains ranged from 0.399 to
0.762 (Table 7), thus we identified this cluster as a tentative
novel genotype and referred to it as MastV-34. In addition, our
data showed that three other strains (BoAstV JL-1, Hubei-1,
and SD-1) were clustered together with two BoAstV strains
isolated from Uruguay and eight BoAstV strains isolated
from Japan. The genetic distance between these strains in
this cluster and 33 other known strains ranged from 0.399
to 0.716 (Table 7). Therefore, we identified this cluster as
another tentative novel genotype and named it MAstV-35.
The ORF2 amino acid genetic distances within these two
novel genotypes MAstV-34 and MAstV-35 were 0.128-0.227
and 0.001-0.219, respectively. Furthermore, the genetic
distances between the members of MAstV-34 and those of
MAstV-35 ranged from 0.404 to 0.507 (Table 7), indicating
that our classification of two tentative novel genotypes was
highly compliant with ICTV criteria for the determination
of novel genotypes. Overall, the nine BoAstV strains in this
study were clustered into five groups based on the complete
genome nucleotide sequences (Fig. 3a), ORFla amino acid
sequences (Fig. 3b), and RdRp amino acid sequences (Fig. 3¢).

Recombination analyses
The complete genomes of the nine BoAstV strains were aligned
against other published AstVs genomes by the ClustalW
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program in MEGA 7 for similarity plotting (Fig. 4) and recom-
bination analyses (Table 8). All the nine BoAstV strains were
used to identify potential genetic recombination sites with
representative strains of other species retrieved from GenBank
(until June 2020) as the reference sequences (Table S2). All the
other seven BoAstV strains except BoAstV JL-1 and Henan-2
strains were identified to have obvious recombination events by
at least six methods in RDP 4 program.

The similarity plot and RDP 4 program analysis indicated
that both BoAstV Hubei-1 (MAstV-35) and SD-1 (MAstV-
35) were identified as recombinants, and that all their parental
strains belonged to MAstV-35 (Fig. 4a, b, Table 8), which
was a common recombination within the same genotype to
produce progeny viruses. In contrast, although both BoAstV
Hebei-1 and HLJ-1 strains were identified as MAstV-28
and detected to have significant recombination events, their
parental strains belonged to MAstV-33 (Fig. 4c, d, Table 8),
suggesting that AstVs parental strains with the same geno-
type produced the progeny viruses with different genotypes
through recombination. In addition, a recombination event
was identified in BoAstV Henan-1 strain (MAstV-34), and its
parental strains were identified as MAstV-34 and MAstV-28,
respectively (Fig. 4e, Table 8). BoAstV Henan-1 strain recom-
bination event supported inter-genotype recombination of
AstV. To the best of our knowledge, this is the first report on
inter-genotype recombination of BoAstV. In addition, BoAstV
Hunan-1 and HLJ-2 strains were identified as MAstV-33, and
they were observed to have significant recombination events
(Fig. 4f, g, Table 8). The parental strains of BoAstV Hunan-1
belonged to BoAstV (MAstV-28) and roe deer AstV (MAstV-
33), and that of BoAstV HLJ-2 belonged to roe deer AstV
(unclassified genotype) and Sichuan takin AstV (MAstV-33).
The recombination of BoAstV Hunan-1 and HL]J-2 strains
illustrated that recombination events in AstV can occur across
species and genotypes. The phylogenetic analyses confirmed
the recombination events of BoAstV and their parental strains
(Fig. S3).

Putative protein analyses

We further investigated the differences in VPg and RdRp
protein sequences (Fig. 5). Although the VPg sequences at the
end of ORF 1a were conserved (**TEEEY®”) in MAstV, a few
mutations were still observed. Compared with the other seven
viruses, BoAstV Henan-1 and Henan-2 had unique mutation
sites in VPg, which was similar to mink and dromedary AstV
strains. Additionally, the strains were obtained from both diar-
rhoeal and asymptomatic calves. No correlation was observed
between strain mutations and calf health conditions (diarrhoeal
vs asymptomatic) (Fig. 5a). The RdRp of BoAstV strains exhib-
ited three types of tertiary structures with two similar to each
other and one completely different across the nine strains. No
correlation was observed between BoAstV strains RdRp tertiary
structures and calf health conditions (diarrhoeal vs asympto-
matic) (Fig. 5b). In other words, the nine investigated BoAstV
strains exhibited genetic diversity in the amino acid sequences
of VPg and protein structures of RdRp.
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Fig. 3. BoAstV strains were separated into five groups based on phylogenetic analysis. Neighbour-joining phylogenetic trees of AstV
complete genome nucleotide (a), ORF 1a amino acid (b) and RdRp amino acid sequences (c) were shown respectively. Unrooted trees
were generated using the neighbour-joining method with 1000 bootstrap replicates and sequence alignments were performed by using
ClustalW in MEGA 7.0 software. The strains in this study were marked red. BoAstVs were coloured by groups and indicated by the hosts
and strain names. Information on the reference strains was shown in Table S2.

DISCUSSION

Co-Infection BoAstV/BRV/BKoV increases the risk
of calf diarrhoea

Diarrhoea in animals and humans has been reported to
be associated with intestinal AstV infection [11, 39], but
whether BoAstV is the causative agent of bovine diarrhoea
is controversial [2, 40]. Compared with previous studies of
BoAstV, this research focused on the prevalence rate of faecal
BoAstV from diarrhoeal and asymptomatic calves with the
samples derived from 20 farms in 12 provinces of China based
on a case-control study. We reported that BoAstV infection
including single infection and co-infection was positively
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correlated with calf diarrhoea, which was in agreement with
previous investigations [6, 16]. Although BoAstV co-infection
was previously reported in different countries, such as Korea
[8], China [5, 16], and Italy [41], this study first quantified the
correlation between different BoAstV co-infection patterns
and calf diarrhoea. Our results revealed that the BoAstV/
BRYV co-infection represented the most frequent co-infection
pattern and increased the diarrhoea risk by 8.14-fold; the
BoAstV/BRV/BKoV co-infection further increased the diar-
rhoea risk by 14.82-fold. In addition, BRV has been known
as one of the common and important causative agent of calf
diarrhoea [27, 38], and its co-infection with BoAstV or even
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Fig. 4. Recombination analysis of the seven BoAstVs genomes. Similarity plots and boot scanning analyses were performed using
SimPlot software package (version 3.5.1). Recombination breakpoints were shown with red lines. The recombination events were shown
in (a) (BoAstV Hubei-1), (b) (BoAstV SD-1), (c) (BoAstV Hebei-1), (d) (BoAstV HLJ-1), (e) (BoAstV Henan-1), (f) (BoAstV Hunan-1) and (g)

(BoAstV HLJ-2), respectively.

BoAstV/BKoV greatly increased the risk of calf diarrhoea.
These findings indicate that the combined vaccine against
BoAstV/BRV/BKoV infection might be a potential control
measure over calf viral diarrhoea in China.

In addition, the prevalence rate of BoAstV varied greatly with
individual provinces. The main factors affecting the preva-
lence rate in individual provinces lay in farm management
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measures after the birth of calves such as the proper pen
temperature, dry bedding materials, sufficient timely colos-
trum, and biosafety levels determining the source of the
viruses. These farm management measures differed greatly
between individual provinces. In addition, provincial differ-
ence in prevalence rate might be due to the different sample
sizes from one to three farms in each province (Table 1).



Zhu et al., Journal of General Virology 2021;102:001640

‘Pa1eIIPU JOU 918M SPOYIaU XIS UBY) JBMB3J UIIM PaUIB}GO SEM JUBAS UOIJEUIGUI0IS]
B JO 32UBPIAS |BIIISIIEIS YIIYM Ul SBUIOUSL) 'SPOYIBW UBASS *,, ‘SPOYIBW XIS *, :JUBAS UOIIBUIGUIODAI B JO 90USPIAS |BIIISIIEIS SUIWIB}8p 0} PasSN SpPoylaw Jo Jaquinu ay} 81edIpul SYsliaisyt
‘wesboud y4gy ay3 ul pajuswadull 849M UOIIBUIGUI0DS] JO) SIS} UBASS 8y |+
‘A 0} X WoJy Juswbas ap13091onu 8y} Se umoys
SI (|D) 1BAIBIUI B2UBPIUOD %46 aY] "uoiisod apiiosjonu e Jo ade)d ul umoys si uoifal 8y} 'S9oUBISUI 8WOS U "UOIIeUIqUI0Dal Ul paledljdul sjuswbas dlwouab syl Jo UOIEZIEI0] BPII081INN,

(€€-AISVIN)
SNITAOISE UDE],

“(payIssePUN)FT0Z/FT-C1A

(65-0919) S79

(EE-AISVIN)

*x 0TXET 0-0TX6'C s-0TXL'9 0e-0TXT'T 50-0TX6'S w-0TXLY s-0TXT'T JOTS/33p™201/AIVID  “(96FF-910%) 160F  ¢-[TH AISYOd
(€€-AISVIN)FI0T/F1-SA
/OTS/13p 301/ AISY2D (E€-ABSVIN)
“(8T-AIVIN)ET0T/9 (2T109-621%) 8265 T-ueungy
*x 0IXST 3-01X8T 0TXTT 0IXE€E 0-0TXSH L0TXET OTXET -FeMeNIYST/NA[/AISVOd  “(920%-T¥8¢E) ¥h6€ Avogq
(8T-AISVIN)T
-BUUSH AISYOg (FE-AISYIN)
{(FE-AISVIN)600T/SS (620T-%9LT) TH8T [-ueudsy
xx 1-01X9'6 9-0TX0'T s-0TX6°€ 5-0TX0'T 0-0IXT'S s-0TX0'T 90 OTXT'T -TTOPIE[OH/NAI/AIVod  “(1€-6£09) L119 A¥vog
(€£€-AISVIN)MH
\N|0hm— STNLITAOI]SE dUTAOg
“(€€-ASYIN)FTOT/L (€022-806T) 9861 (8T-AISYIN)
xx 60IX6'C o-0TXS'T 2-0IXTT %6-0TXG'S 3-0TXT'T 55-0TX9'S «-01X9'C -TewrysoSey/Nd(/AISVod  (€2-1279) 8 I-[TH AISVog
(€€-AISVIN)MH
/814 SITAOIISE dUIAOY (8T-AISYIN)
“(€€-ASVIN)FTOT/L (196€-1¥8¢) ST6€ 1-19Q9H
*x a-0TXF'1 20-0TX9'T s01X6'8 15-0TXFH ot1-01X6'F 1e-0TXET 501-01X9°C -TewnysoSey/Nd[/AISvod  (8-9%79) 1879 AISYog
(S€-AISVIN)STO0T/TS
-gewyso3ey/Nd[/AIsvod
(S€-AISVIN)600T/8T (TTOT-L8TT) ¥6€T (S€-AISYIN)
x a-01XL'S a-0IXLY 0 0TX8'L a-01XT'T - 01XL'T - - 0TXL'T -CTOPIE[OH/NAI/AISVod  “(8T-€T8S) 91 1-ds Avoq
(S€-AISVIN)600T/8T
-ZTOPIEOH/Nd(/AISVod (S€-AISYIN)
“(SE-ASYIN)FT0T/T (1209-88.S) 9785 T-1oqnH
*x a-0TX¥'€ #-0TXE'T 1-0TXET s-0TX¥'8 1e-0TXF'F - 0TXT'9 o-0TXS'T -TewrysoSey/Nd(/AISVOd  ‘(L50v—869€) 800% A¥svog
bagg uedgIs eIRRWIYD YDXEN ueds Joog AUODIUID) dad [ejuared
JOur\/[eyuateq Jofe ]y x ([1D%66) $3)eOST
Aoudsisuo) (4spoyjouwr udAdS) anfeA-g (s)1omred snjousn (yu)uoned0] SIITAOI)SY

Sawouab A1Sy0og Ul SJUSAS UOIIRUIGUIODAY JO SISAleUuB d(Y "8 d19el

14



Zhu et al., Journal of General Virology 2021;102:001640

(a)

5°-UTR=

[1 Rt LT A
fedei1

3 Boast
aBoAN U2 A

10 B0A_CH1300M035759)
1. BoASKY_B18HK(HQ916313) -
12, BoASIVUPNKagoshima1.-72014(LCOATTO8) -
113 BoASVUPMokKaido12.270.C047794)

14, BOASIV-GXTICHINZ014(K)620979)

15, BoASNV-GX27ICHN2014(K1520980)

16, BOASIVUUPNIKagoshima1-272014(LCO4TT0%

17. BOASIVLIPNIKagoshima2- 24720 15(LCO4TT
18, Yax_astowrus_isolate_S8KMB22593)

i
UBuS-10-12014(L.C201585)
rodrus(AY179500)
astiovinus_DIOMO1T741)

BoAstV HLJ-1 A
BoAstV HLJ-2 A
BoAstV Hebei-1 A
BoAstV Hunan-1 A

BoAstV JL-1 A
BoAstV SD-1 A
BoAstV Hubei-1 A

ORF 1a

Vi
i
-V
Vi
i
i
Vi

LRIMADATRDEH-YDDDDELSSDEE
L v

Al
Vi

3-5:RIE, 7:G, 9-10: YK,
25:Q, 38-40:MCP, 48:G,
50:R, 55:A, 64:L, 71:V,
85:1,106:A, 126-128:TAT,
130-131:1L, 140-141:1Q,
144-145:RE, 159:5,162-
163:VV, 165-166:L T, 174-
175:PD, 177:L, 179:Y,
182:Q

BoAstV Henan-1 A
BoAstV Henan-2 A

Fig. 5. Amino acid (aa) changes in the viral proteins associated with the genome (VPg) and RNA-dependent RNA-polymerase (RdRp)
within the nine BoAstV strains. (a) Alignment of the partial protein sequences in the VPg regions (end of ORF1a) of MAstV strains. The
sequence variation is given with respect to the conserved VPg TEEEY motif (black rectangle). (b) Three different cartoon schemes of
the RdRp structures. The red and black triangles indicate that the strains were isolated from diarrhoeal and asymptomatic calves

respectively.

Two novel genotypes of BoAstV are identified

Currently, BoAstVs are composed of five genotypes,
namely, MAstV-13 [42-44], MAstV 28-30, and MAstV-33
[4,5,7,9, 41, 45, 46]. In this study, two known genotypes
(MAstV-28 and MAstV-33) were determined by directly
sequencing the genomes of the faecal samples and two novel
genotypes (MAstV-34 and MAstV-35) were identified in
terms of the criterion of ORF2 amino acid genetic distance
[14]. Consistently, multiple genotypes of AstVs have been
identified in other hosts, such as humans, bats, and pigs [1, 47].
However, to date, most BoAstVs have not been assigned to
known genotypes (MAstV 1-33) [1, 47]. Therefore, more
novel genotypes of BoAstVs might appear in the future. To
facilitate the accurate classification of BoAstVs, we attempted
to propose a method for classifying BoAstVs in this study
based on the phylogenetic analyses of RdRp, ORFla, and
complete genome sequences. This method could cluster most
current BoAstV strains (96.08%, 49/51) into five independent
branches, except two strains BoAstV-VC34/338 (accession

15

number: MK987099) and BoAstV/JPN/Hokkaido12-25/2009
(accession number: LC047793). These two strains might be
derived from cross-species transmission [9] which was similar
to human AstV [48] and porcine AstV [49, 50]. By using our
proposed method, seven AstV strains from roe deer, sheep,
ovibos moschatus, and Sichuan takin were included and clus-
tered into BoAstV group 1 and group 4. The above-mentioned
ruminants were similar to cattle in species or breeding mode,
indicating that these strains were closely related to BoAstVs.
Since the Astroviridae family is an emerging family with
significant genetic diversity, long evolution history, and a wide
range of host species, the nomenclature and taxonomy of this
virus family should be more fully discussed, agreed upon,
and updated [47]. Abundant BoAstV gene sequences have
been published in GenBank, and most sequences are rela-
tively conservative amplicons with the length of 300-400 bp.
Only small fragment sequencing is not conducive to AstVs
classification. Therefore, whole genome sequencing is highly
suggested when possible. The subsequent comprehensive
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analysis of multiple regional sequences will be beneficial
to classification, like the classification of the rotavirus and
influenza virus [51, 52].

Recombination of strains is identified

Previous studies have shown that recombination events play
an important role in the evolution of AstV [53, 54]. In this
study, to identify significant recombination signals in the
AstV genomes, the recombination events were identified
by at least six methods in RDP 4 program coupled with
a similarity plotting. In this study, BoAstV Hunan-1 and
HL]J-2 strains were both observed to have very obvious
recombination signals with their parental strains identi-
fied as BoAstV and roe deer AstV (CcAstV), Sichuan takin
AstV and CcAstV, respectively. Our results were in line
with the previous report on the cross-species recombina-
tion between human and California sea lion AstV strains
[55], between porcine AstV and human AstV strains [56].
Previously, it was speculated that there was a cross-species
recombination event between BoAstV and CcAstV [4].
Our data confirmed that the recombination of BoAstVs
occurred between cattle and deer. Recombination has been
reported to require co-infection with different viruses in the
same host cells [57]. It was worth noting that the roe deer
AstV (CcAstV) strain (AstV SLO/D12-14) from Slovenia
[58] and the Sichuan takin AstV strain from China [59]
were the major and minor parents of the recombinant
BoAstV HLJ-2, respectively. Since Sichuan takin and roe
deer belonged to completely different species, and they
were geographically separately, recombination of these
two viruses hinted the occurrence of cross-species cross-
geographical regions transmission event, which could be
explained as follows. AstVs, as common water pollutants,
might spread through the faecal-oral route [60], and water
used for breeding cattle could be contaminated by infected
wild animals.

Our data showed that four out of seven recombination
events occurred in the ORF1b-ORF2 junction region
which contained conserved sequences and a stable hairpin
structure [61, 62]. In this specific junction region, the
recombination of AstVs has been reported in several
studies [57, 63-66]. The sequence conservation in this
region increased the likelihood of homologous recombi-
nation, and the recombination events in the ORF2 region
facilitated the swapping of viral capsid protein. Consid-
ering the role of capsid protein in defining the cell tropism
and host range of the virus, the recombination events in
this region might contribute to the separation of virus from
its host species [4]. After across-species spreading, the
genetic diversity of a virus is greatly increased by adapting
to new host species. The genetic diversity of the viruses
might further affect their virulence. The findings of virus
genetic diversity have great significance for developing a
novel vaccine and provide reference for molecular epide-
miological studies.

CONCLUSION

This case-control study demonstrated that there was an
association between BoAstV infection and calf diarrhoea,
and a very strong positive correlation between co-infection
of BoAstV/BRV/BKoV with calf diarrhoea. Further, the
genomes of nine BoAstV strains were sequenced and
clustered into four genotypes, including two novel geno-
types MAstV-34 and MAstV-35 and two known genotypes
MAstV-28 and MAstV-33. Finally, our data confirmed
recombination of BoAstVs, which further hinted their
cross-species transmission. These findings provide signifi-
cant epidemiological evidence for developing novel meas-
ures to prevent and control BoAstV-induced diarrhoea in
calves.
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