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ABSTRACT Chicken astrovirus (CAstV) is associ-
ated with kidney disease and visceral gout, runting
and stunting syndrome, and white chick hatchery dis-
ease, causing economic losses to the poultry industry
worldwide. In this study, 55.6% of 36 clinical samples
from Guangdong province in China were positive for
CAstV, but negative for other common enteric
viruses, including avian nephritis virus, infectious
bronchitis virus, fowl adenovirus Group I, Newcastle
disease virus, chicken parvovirus, reovirus, and rotavi-
rus by PCRs and RT-PCRs. A CAstV strain, named
GD202013, was isolated from Guangdong province in
south China, and was identified by CAstV RT-PCR.
A whole genome sequence analysis demonstrated that
GD202013 shares 76.0 to 88.1% identity with 24
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reference strains in GenBank. Phylogenetic analysis,
based on whole genome and capsid protein, showed
that GD202013 is more closely related to 2 US strains
(GA2011/US/2011 and 4175/US/2011) belonging to
subgroup Bii. Recombination analysis indicated that
GD202013 is a recombinant strain formed by 3 strains:
a major parent strain CkP5/US/2016, and 2 minor
parent strains (GA2011/US/2011 and G059/PL/
2014). In addition, the chicken embryo infection
experiment demonstrated that GD202013 causes
hatchability reduction, growth depression, and death
of embryos. Macroscopic and microscopic lesions in
the liver, kidney and small intestine were observed in
the dead-in-shell embryos. This is the first report of
the novel CAstV infection in China.
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INTRODUCTION

Chicken astrovirus (CAstV), belonging to the Avas-
trovirus II species in the genus Avastrovirus within the
Astroviridae family, has recently emerged as an impor-
tant pathogen in chicken flocks (Walker et al., 2019).
CAstV infections have been reported in many regions
around the world, such as Asia, Europe, America, and
India (Pantin-Jackwood et al., 2008; Smyth et al., 2012;
Smyth, 2017; Xue et al., 2017; Palomino-Tapia et al.,
2020; Xue et al., 2020). Chicken astrovirus is a non-
enveloped, small (28−30 nm in diameter), single-
stranded and positive-sense RNA virus with a genome of
appropriately 7.5 kb in length, coding for three open
reading frames (ORFs) (Smyth, 2017). The genome
organization of CAstV is similar to other astroviruses,
with an order of 5’-untranslated region (5’-UTR), open
reading frame 1a (ORF1a, protease), open reading
frame 1b (ORF1b, RNA-dependent RNA polymer-
ase), open reading frame 2 (ORF2, capsid protein)
and 3’-untranslated region (3’-UTR) (Sajewicz-
Krukowska and Domanska-Blicharz, 2016). The
ORF2 gene of viral capsid protein, the most hyper-
variable regions of the whole genome, is responsible
for the variation in antigenicity and pathogenicity,
and used for CAstV genotyping (Smyth et al., 2012).
Based on the hypervariability of capsid protein,
CAstV has been divided into 2 groups: Group A (3
subgroups: Ai, Aii, and Aiii) and Group B (4 sub-
groups: Bi, Bii, Biii, and Biv) (Smyth, 2017).
CAstV has been related to many diseases including

enteric diseases, kidney diseases, visceral gout, and
hatching problems in different countries of the world
(Smyth, 2017). For example, CAstV has been associated
with runting stunting syndrome (RSS), characterized
by enteric diseases and growth problems. The disease
was first described by Olsen, 1977 and
Kouwenhoven et al. (1978), in chicken flocks with
uneven growth. In addition, CAstV is also well-known
for its association with kidney disease and visceral gout,
characterized by high mortality in young broilers (up to
40%) in India in 2012 (Bulbule et al., 2013). Further-
more, CAstV has become associated with chick hatchery
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disease or “white chick” syndrome (WCS), characterized
by reduction in hatchability (up to 68%) in several coun-
tries, including Canada, Ireland, Finland, Norway, Bra-
zil, Poland, America, and the United Kingdom
(Smyth et al., 2013; Nunez et al., 2016; Sajewicz-
Krukowska et al., 2016; Palomino-Tapia et al., 2020).

In the present study, we isolated a novel chicken
astrovirus strain from Guangdong province in China,
and sequenced the complete genome of the new isolate.
Sequence alignment, phylogenetic analysis, and recom-
bination analysis were performed to compare GD202013
with other reference strains. The pathogenicity of this
isolate to specific pathogen free (SPF) chicken embryos
was investigated by hatchability and histology. This
may provide valuable information about the evolution
and pathogenicity of chicken astrovirus in the field.
MATERIALS AND METHODS

Clinical Samples, Macroscopic Lesions, and
CAstV Detection by RT-PCR

In 2020, 36 clinical samples, such as small intestines
and kidneys were collected from 6 different 1-day-old
chicken flocks in Guangdong province. All of the selected
flocks had growth problems and uneven size, and showed
enteritis and kidney lesions (Supplementary Table S1).
All tissue samples were homogenized in phosphate-buff-
ered saline (PBS) and centrifuged at 6,000 £ g for
5 min after three freeze-thaw cycles, and the supernatant
was used for virus isolation and viral DNA/RNA extrac-
tion by using a HiPure Viral RNA/DNA Kit (Magen,
Guangzhou, China), according to manufacturer’s
instructions. The presence of CAstV in tissue samples
was confirmed with reverse transcription-polymerase
chain reaction (RT-PCR) and sequencing analysis by
GENEWIZ (Guangzhou, China). RT-PCR was per-
formed using the primer pairs CAstV-F: 5’-KCA TGG
CTY CAC CGY AAD CA-3’ and CAstV-R: 5’-CGG
TCC ATC CCT CTA CCA GAT TT-3’ to amplify an
approximately 510 bp product from the ORF1b gene, as
previously described by Smyth et al. (2009). To detect
potential viruses, including avian nephritis virus
(ANV), chicken parvovirus (ChPV), avian reovirus,
avian rotavirus, fowl adenovirus Group I (FAdV-I),
Newcastle disease virus (NDV), and infectious bronchi-
tis virus (IBV), each of these samples was examined for
all 7 viruses by polymerase chain reaction (PCR) or
RT-PCR using primers and methods as previously
described (Nunez et al., 2015; Zhao et al., 2020).
Virus Isolation and Purification

Virus isolation and plaque purification were per-
formed using leghorn male hepatoma (LMH) cells
(ATCC #CRL-2117) as previously described with some
modifications (Baxendale and Mebatsion, 2004;
Zhao et al., 2020). For virus isolation, LMH cells were
cultured in 6-well plates, and maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) medium (Hyclone,
Logan, UT) supplemented with streptomycin (100 U/
mL), penicillin (100 U/mL), and 10% fetal bovine serum
(FBS) (BOVOGEN, Australia). The CAstV positive
supernatant of tissue samples was filtered through a
0.22-mm syringe filter (Millipore, Cork, Ireland) and
inoculated onto LMH cells. After 1 h absorption, the
supernatant was replaced with DMEM medium supple-
mented with 2% FBS (henceforth referred to as mainte-
nance medium). After 3 days of incubation at 37°C in
5% CO2, the supernatant and cells were harvested by 3
freeze-thaw cycles for the next round of virus propaga-
tion, plaque purification, and quantification real-time
PCR (qPCR) detection (Smyth et al., 2010).
For virus plaque purification, LMH cells at 90% con-

fluence in 6-well plates were infected with the viral inoc-
ula prepared at different serial dilutions of virus
suspension. After 1 h incubation, the supernatant was
discarded, and replaced with 2 mL maintenance medium
containing 1% Agarose LM GQT (TaKaRa, Dalian).
After 3 to 5 days of incubation, the plates were stained
with 2 mL maintenance medium containing 0.01% Neu-
tral red solution (Sigma, St. Louis, MO). The plaques
were picked and propagated in 12-well plates until CPE
was evident. The selected plaques of CAstV were used
for viral propagation. The CAstV isolate, designated as
GD202013, was obtained by the fifth passage in LMH
cells and used for subsequent experiments. The tissue
culture infective doses (TCID50) assay was performed
as previously described by Kang et al. (2018).
Immunofluorescence Assay

Immunofluorescence assay (IFA) was performed to
observe CAstV-infected LMH cells as described previ-
ously with minor modifications (Kang et al., 2018).
Briefly, LMH cells in 12-well plates were infected with
CAstV at a multiplicity of infection (MOI) of 0.5. After
72 h, the cells were fixed with 4% paraformaldehyde for
30 min, and then permeabilized with 0.5% Triton X-100
for 30 min at room temperature. The cells were blocked
with 2% bovine serum albumin (BSA) for 1 h at 37°C,
and then incubated for 16 h at 4°C with CAstV specific
mouse antisera (Wen’s Foodstuffs Group Co., Ltd,
China) (1:200), followed by fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse IgG secondary anti-
body (Beyotime, Shanghai, China) (1:500) for 1 h at 37°
C. Cell nuclei were stained with 4’-6’-diamidino-2-phe-
nylindole (DAPI) (Beyotime, Shanghai, China) for
10 min. Then, the stained cells were observed with a
fluorescence microscope (IX73, Olympus, Japan).
Next-Generation Sequencing

The genomic sequence of the GD202013 strain was
sequenced by nanopore sequencing technology (Oxford
Nanopore, UK) as previously described with some modi-
fications (Li et al., 2020; Palomino-Tapia et al., 2020).
Briefly, total RNA was extracted from infected LMH
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culture supernatant using TRIzol Reagent (Invitrogen,
Carlsbad, CA), and treated with RNase-free DNase I
(Qiagen, Hilden, Germany) to remove any DNA con-
tamination following the manufacturer’s protocols. The
total RNA was used as the template for cDNA synthesis
using The Maxima H Minus Double-Stranded cDNA
Synthesis Kit (Thermo Scientific, Vilnius, Lithuania),
and the residual RNA was removed from the double-
stranded cDNA preparation, according to the manufac-
turer’s instructions. Then the double-stranded cDNA
was purified using a 1:1 ratio of AMPure XP beads
(Beckman, Brea, CA), and quantified using a Qubit
high-sensitivity double-stranded DNA (dsDNA) kit
(Thermo Fisher, Eugene, OR), both according to the
manufacturer’s protocols. Nanopore libraries were gen-
erated using 200 ng of cDNA per sample as input to the
SQK-LSK109 kit, and barcoded individually using the
EXP-NBD104 Native barcodes (Oxford Nanopore Tech-
nologies, UK). Libraries were loaded to a MinION Mk1B
device (Oxford Nanopore Technologies, UK) for real-
time single-molecule sequencing. All sample reads were
mapped to the CAstV isolate CkP5 (GenBank number:
KX397576), under the App Map function of CLC Geno-
mics Workbench v 20.0.2 (Qiagen, Germany) using
default settings as previously described (Palomino-
Tapia et al., 2020). To validate the results of next-gener-
ation sequencing, PCR amplification and Sanger
sequencing were done as described previously
(Zhao et al., 2020).
Phylogenetic Analysis and Recombination
Analysis

Comparison and analysis of the genome sequences,
ORF1a, ORF1b, and ORF2 of the strain and the refer-
ence CAstV strains were conducted using the DNAStar
software Lasergene 7.0. Sequence alignment analyses of
genomes and predicted protein were performed using
the Clustal W method, and phylogenetic trees were con-
ducted by the neighbor-joining method in the MEGA
7.0 software. The bootstrap values were determined
from 1,000 replicates (Zhao et al., 2020). To predict the
possible recombination events in CAstV strain
GD202013, the aligned sequences were analyzed using
recombination detection program (RDP) software ver-
sion 5.5 with the recombination detection methods
(RDP, GENECONV, BootScan, MaxChi, Chimaera,
SiScan and 3Seq) (Martin et al., 2015). Recombination
events were detected by at least 6 of these methods. The
potential recombination events and breakpoints were
further verified by SimPlot version 3.5.1 (Lole et al.,
1999), using the following parameters: window
size = 200 bp; step size = 20 bp; GapStrip = On; Kimura
2-parameter substitution model; T/t = 2.
Pathogenicity Analysis

The experimental infection with the CAstV strain in
chicken embryos was performed as previously described
with minor modifications (Zhao et al., 2020). Briefly,
forty 8-day-old SPF chicken embryos (Guangdong
Wens Dahuanong Biotechnology Co., Ltd., Guangdong,
China) were divided into 2 groups (n = 20 chicken
embryos/group). The infected group was inoculated
with 0.2 mL of maintenance medium containing 104

TCID50 of the CAstV GD202013 strain using the yolk-
sac route. The negative control group was inoculated
(0.2 mL/egg) with DMEM medium via the yolk-sac
route. All chicken embryos were incubated at 37°C and
55% relative humidity with rotation up to the 18th day
of embryonic development. During this period, the eggs
were monitored daily for embryonic viability. Dead
embryos from the infected group were necropsied. At
necropsy, the fresh samples (heart, liver, spleen, lung,
kidney, bursa of fabricius, pancreas, small intestine, pro-
ventriculus, gizzard, and brain) were collected. One part
of the samples was used for virus distribution analysis
by qPCR, whereas the other part of the samples was for-
malin-fixed for histopathology analysis. All animal
experiments were performed strictly in accordance with
the “Guidelines for Experimental Animals” of the Minis-
try of Science and Technology (Beijing, China).
Quantification Real-Time PCR Analysis

Various tissue samples were tested by a CAstV
ORF1b gene-based real-time PCR as previously
described with minor modifications (Smyth et al., 2010).
And the chicken house-keeping gene, glyceraldehyde-3-
phosphate dehydrogenase (GADPH), was applied as
an internal control to normalize the calculation of viral
genome loads as previously described (Li et al., 2007,
2013). Specific primers for the conserved regions of the
CAstV ORF1b gene (forward primer: 5’-GCT GCT
GCT GAA GAT ATA CAG-3’; reverse primer: 5’- CAT
CCC TCT ACC AGA TTT TCT GAA A-3’), and spe-
cific primers for the chicken GADPH gene (forward
primer: 5’-TGC CAT CAC AGC CAC ACA GAA G-3’;
reverse primer: 5’- ACT TTC CCC ACA GCC TTA
GCA G-3’) were synthesized by GENEWIZ (Guangz-
hou, China). The analysis of real-time PCR was carried
out with the Applied Biosystem 7500 Fast Real Time
PCR System (Thermo Fisher, Marsiling, Singapore).
The quantification real-time PCR was conducted using
TB Green Premix Ex Taq II (Tli RNaseH Plus, Takara,
China), following the manufacturer’s instructions. The
amplification conditions were as follows: 95°C for 30 s,
and 40 cycles of 95°C for 3 s, 60°C for 30 s, and 1 cycle of
95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The final
step was to obtain a melt curve for the PCR products to
verify the specificity of the amplification. The RNAs of
CAstV and GADPH were simultaneously amplified in
triplicate on the same plate, and the GADPH gene was
utilized as the reference gene. Therefore, we obtained 3
threshold cycle (CT) values for both CAstV and
GADPH for each sample. Average of these CT values
(CT CAstV) and (CT GADPH) were used to determine the
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relative viral load of CAstV using the 2 �DDCT method
described previously (Li et al., 2007).
Histopathology

For histopathological analysis, fresh tissue samples
(heart, liver, spleen, lung, kidney, bursa of fabricius,
pancreas, small intestine, proventriculus, gizzard, and
brain) from the infected and control groups were col-
lected separately, and fixed in 10% formalin solution for
3 d at room temperature. Those fixed samples were
embedded in paraffin, cut into 4-mm-thick sections, and
mounted onto glass slides. Then, the sections were
deparaffinized, rehydrated, and stained with hematoxy-
lin and eosin (HE), the slides were examined and ana-
lyzed under conventional light microscopy.
Figure 1. Isolation and identification of CAstV GD202013 in LMH
cells. (A) Mock-infected LMH cell culture showing normal cells. (B)
CAstV-infected LMH cells at 72 h postinfection showing detached small
and round cells (indicated by arrow). (C, D) LMH cells were fixed and
stained with CAstV specific mouse antisera and FITC-labeled goat
anti-mouse secondary antibody at 72 h postinfection (green) (indicated
by arrow), nuclei were stained with DAPI (blue). Magnification = 20
£. Abbreviations: CAstV, chicken astrovirus; DAPI, 4’-6’-diamidino-2-
phenylindole; FITC, fluorescein isothiocyanate; LMH, leghorn male
hepatoma.
Statistical Analyses

The experiments were performed at least 3 times inde-
pendently with similar results. Data are shown as the
mean § standard deviations (SD). The significance of
the variability between the trials was analyzed using
GraphPad Prism 6 software. Differences between sam-
ples were assessed by the Student’s t test, and P values
less than 0.05 (P < 0.05) were considered statistically
significant.
RESULTS

Clinical History, Samples and Macroscopic
Lesions, and Histopathology

In 2020, 36 clinical tissue samples of 1-day-old broiler
chickens, including small intestines and kidneys, were
collected from 6 different chicken flocks in Guangdong
province. All of the selected flocks had growth problems
and uneven size. By gross observation, those chickens
exhibited enteritis (Supplementary Figure S1A) and
swollen kidney (Supplementary Figure S1B). Histopath-
ological analysis showed that necrosis and abscission are
observed in epithelial cells of the small intestine
(Supplementary Figure S1C), and dilated tubules filled
with red blood cells, inflammatory cell infiltration, and
necrosis of renal tubular epithelial cells are observed in
the kidney (Supplementary Figure S1D).
Detection of CAstV Through RT-PCR
Examination-Clinical Samples

In this study, 36 clinical samples were detected for
CAstV, ANV, IBV, ChPV, FAdV-I, avian rotavirus,
avian reovirus, and NDV by PCR or RT-PCR as previ-
ously described. Among them, 20 of the 36 (55.6%) clini-
cal samples were positive for CAstV only using RT-PCR
(Supplementary Figure S2) and confirmed by Sang
sequencing.
Virus Isolation in LMH Cell Line

Those tissue samples that were only positive for
CAstV were used to isolate CAstV using LMH cells. A
CAstV strain was successfully isolated from one small
intestine sample collected from chicken flock C with
growth problem and diarrhea, namely GD202013. The
cytopathic effect (CPE) of CAstV GD202013 in LMH
cells was characterized by detached small and round
cells at 72 h postinfection (Figure 1B), as compared with
the control (Figure 1A), which is similar to the CPE
described by Kang et al. (2018) and Zhao et al. (2020).
After the fifth passage, the viral titer reached 106.33

TCID50/mL, showing that the GD202013 strain was
highly replicative in LMH cells.
Immunofluorescence of Virus Propagation in
LMH Cell Line

Virus propagation in LMH cells was demonstrated by
IFA. LMH cells were infected with CAstV isolate
GD202013 (passage five). At 72 h postinfection, the cells
were fixed and then incubated with CAstV-specific
mouse antisera at a 1:200 dilution, followed by FITC-
conjugated goat anti-mouse IgG antibody at a 1:500
dilution, and nuclei were counterstained with DAPI at a
1:500 dilution. Finally, images were obtained using a
fluorescence microscope. As shown in Figures 1C and
1D, blue fluorescence was observed in all LMH cells.
However, green fluorescence was only observed in the



Figure 2. Virus distribution in various samples of CAstV-infected
chicken embryos (n = 5 embryos). Abbreviation: CAstV, Chicken
astrovirus.
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CAstV-infected cells (Figure 1D), as compared to the
control (Figure 1C), indicating that the GD202013
strain propagated in LMH cells.
Real Time RT-PCR for CAstV Quantification
in the Cells and the Embryos

To confirm CAstV replication in LMH cells, viral
RNA was extracted from the inoculated cells at 72 h
postinfection and tested by specific real-time PCR. The
result showed that the viral load continues to increase in
LMH cells following 5 passages (Supplementary Figure
S3). This cell culture-passaged sample was positive for
Table 1. Comparison of the nucleotide and amino acid identities of th
CAstV strains.

Virus Genotype GenBank number

G059/PL/2014 Aiii KT886453
HBLP717/1/CN/2018 Bi MN725025
GDYHTJ718/6/CN/2018 Bi MN725026
CZ1801/CN/2018 Bi MN807051
NJ1701/CN/2017 Bi MK746105
4175/US/2011 Bii JF832365
GA2011/US/2011 Bii JF414802
ANAND/IN/2016 Biii KY038163
CC_CkAstV/US/2014 Biv KX397575
CkP5/US/2016 Biv KX397576
14/1235a/AB/2014 Biv MT789774
14/1235b/AB/2014 Biv MT789775
14/1235c/AB/2014 Biv MT789776
14/1235d/AB/2014 Biv MT789777
15/1262a/AB/2015 Biv MT789778
15/1262b/AB/2015 Biv MT789779
15/1262c/AB/2015 Biv MT789780
15/1262d/AB/2015 Biv MT789781
17/0773a/AB/2017 Biv MT789782
17/0773b/AB/2017 Biv MT789783
17/0823/AB/2017 Biv MT789784
18/0942/SK/2018 Biv MT789785
19/0935/SK/2019 Biv MT789786
19/0981/SK/2019 Biv MT789787

Abbreviation: CAstV, chicken astrovirus.
CAstV but negative for other common enteric viruses.
Moreover, the viral RNA could be detected in all the
samples of the infected dead-in-shell embryos. As shown
in Figure 2, the general trend of tissue tropism for the
samples according to the relative viral load of CAstV
(from high to low) were as follows: kidney (average
10^5.92), liver (average 10^5.75), small intestine (aver-
age 10^5.37), lung (average 10^5.07), pancreas (average
10^4.51), proventriculus (average 10^4.37), gizzard
(average 10^4.36), spleen (average 10^4.34), brain
(average 10^3.83), bursa of fabricius (average 10^2.99),
and heart (average 10^2.92).
Genome Sequence Analysis

The whole genome sequence of GD202013 strain was
determined by next-generation sequencing, and the
sequence was verified by PCR amplification and Sanger
sequencing as described previously. The complete
sequence was deposited to the GenBank with accession
number MW846319. The genome of GD202013 strain
was 7,520 nucleotide (nt) in length, including 5’-UTR
(21 nt), ORF1a (3,420 nt), ORF1b (1,560 nt), ORF2
(2,232 nt), and 3’-UTR (282 nt) sequences. As shown in
Table 1, the sequence comparison analysis revealed that
the nucleotide identity of the complete genome between
GD202013 and 24 CAstV reference strains ranges from
76.0 to 88.1%. GD202013 had the highest resemblance
to GA2011/US/2011 (subgroup Bii) with 88.1% identity
and was least similar to G059/PL/2014 (subgroup Aiii)
with 76.0% identity. The amino acid (aa) sequences of
ORF1a and ORF1b of GD202013 strain shared the iden-
tities of 85.3 to 96.6% with the other CAstVs. In
e sequences of CAstV GD202013 strain with other representative

Sequence identity (%)

Genome (nt) ORF1a (aa) ORF1b (aa) ORF2 (aa)

76.0 93.5 96.3 40.3
76.7 87.5 85.6 84.7
76.9 87.2 85.4 84.8
76.7 87.2 85.8 84.9
76.7 87.1 85.8 84.9
87.3 95.4 85.3 90.7
88.1 95.5 96.0 94.8
84.4 94.8 95.2 85.0
86.0 96.5 95.4 86.0
86.1 96.6 95.4 86.2
85.9 95.2 95.4 86.2
85.8 95.1 95.6 86.2
85.8 95.2 95.4 86.2
85.8 95.2 95.4 86.2
85.8 95.4 95.4 85.9
85.8 95.4 95.2 85.9
85.8 95.4 95.4 85.9
85.8 95.4 95.2 86.0
85.2 95.1 95.2 85.9
85.2 95.3 95.0 85.9
85.2 95.3 95.2 85.9
85.3 95.8 94.8 86.0
85.0 95.0 94.6 85.6
85.1 95.7 95.4 85.9



Figure 3. Phylogenetic analysis of CAstV strain GD202013. Phylogenetic trees based on the nucleotide sequences of complete genome (A),
amino acid sequences of ORF1a (B), amino acid sequences of ORF1b (C), and amino acid sequences of ORF2 (D) were constructed using the neigh-
bor-joining method in MEGA 7 (1,000 bootstrap replicate). The number in parenthesis indicates the GenBank accession number for each CAstV
sequence. The new isolate is labeled with a black circle. Abbreviation: CAstV, chicken astrovirus.
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addition, the amino acid sequence of ORF2 of GD202013
strain showed a high similarity (94.8%) with the
GA2011/US/2011 strain and a low similarity (40.3%)
with the G059/PL/2014 strain.
Phylogenetic Analysis and Determination of
Recombination Events

To assess the genetic relatedness between GD202013
and the reference CAstV strains, phylogenetic trees
were constructed for the nucleotide sequences of the
complete genome and specific proteins of GD202013 and
the 24 reference strains. As shown in Figure 3, phyloge-
netic analysis, based on whole genome and capsid
(ORF2) protein, showed that GD202013 is more closely
related to 2 US strains (GA2011/US/2011 and 4175/
US/2011) belonging to the subgroup Bii. Nevertheless,
the phylogenetic tree based on the ORF1b protein
showed that GD202013 strain is closely related to the
G059/PL/2014 (subgroup Aiii) (Figure 3C).
In order to detect possible recombination events

within the new isolate GD202013, recombination analy-
sis was carried out using RDP and SimPlot software.
The RDP analysis indicated that GD202013 is possibly
a recombinant strain formed by three strains: a major
parent (P1) strain CkP5/US/2016 and 2 minor parent
(P2) strains GA2011/US/2011 and G059/PL/2014
(Table 2). It showed that the recombination breakpoints
of GD202013 are mainly located at the 3,516 to 4,980 nt,
and 5,558 to 7,038 nt (Table 2).
To confirm the results of the RDP analysis, genomic

sequences analysis of GD202013, CkP5/US/2016,
GA2011/US/2011 and G059/PL/2014 was carried out
using the Simplot software. As shown in Figure 3, the
recombination signals and the breakpoints of GD202013
were mainly located at the 4241-4881 nt (the region
encoding ORF1b), and 5581-7161 nt (the region



Table 2. Details on recombination events detected by at least six methods on alignment of CAstV complete sequences.

Recombinant (R), major parent (P1) and
`minor parent (P2)

No. of recombination
methods

P-value
ranges

Position of breaking
points

(R)-GD202013
P1-Biv-CkP5/US/2016
P2-Bii-GA2011/US/2011

7 1.974 £ 10�17-1.081 £ 10�34 ORF2
Start: 5558 nt
End: 7038 nt

(R)-GD202013
P1-Biv-CkP5/US/2016
P2-Aiii-G059/PL/2014

6 4.361 £ 10�6-7.947 £ 10�21 * ORF1b
Start: 3516 nt
End: 4980 nt

*Recombination signal may be attributable to a process other than recombination.
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encoding ORF2) (Figure 4A), which is similar to the
RDP results (Table 2). In addition, phylogenetic trees of
each recombinant region were constructed and analyzed,
demonstrating that there is an alternation in the recom-
binant region of GD202013, which further confirms the
recombination event (Figure 4B).
Figure 4. Recombination analysis of the complete genome of CAstV st
query sequence, and CkP5/US/2016 (red), GA2011/US/2011 (blue) and G0
show the deduced breakpoints at the genome positions 4,241 nt, 4,881 nt, 5,5
the genome of CAstV. The recombination region corresponding to the geno
genome regions 4,241 to 4,881 nt, and 5,581 nt to 7,161 nt among GD2020
using the neighbor-joining method (bootstrapping for 1,000 replicates). Abb
Pathogenicity of CAstV for Embryonated
Eggs

The pathogenicity of CAstV strain GD202013
from passage 5 was demonstrated in the chicken
embryos. The level of hatching rate in the control
rain GD202013. SimPlot analysis was performed with GD202013 as the
59/PL/2014 (green) as putative parental strains. (A) The dummy lines
81 nt and 7,161 nt. Bars at the top demonstrate the relative positions of
me includes the ORF1b and ORF2 gene. (B) Phylogenetic trees of the
13 and other 24 reference strains. Phylogenetic trees were constructed
reviation: CAstV, chicken astrovirus.



Figure 5. Infection experiments with CAstV GD202013 in chicken embryos. (A−D) Macroscopic picture of an 18-day-old control chicken
embryo. (E−H) Macroscopic picture of an 18-day-old CAstV-infected chicken embryo. Dead-in-shell embryo showed growth depression, enlarged
liver with numerous pinpoint hemorrhages, swollen and congested kidney, as well as gas-filled and liquid-filled intestine (indicated by arrows).
Abbreviation: CAstV, chicken astrovirus.
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group was 100%, and the chicken embryos did not
show any necrotic lesions (Figures 5A−5D). How-
ever, all chickens in the infected group showed
growth depression and stunted embryos (Figure 5E),
with 0% hatching rate. And the major post-mortem
findings of the dead-in-shell embryos were enlarged
liver with numerous pinpoint hemorrhages on the
surface (Figure 5F), swollen and congested kidney
(Figure 5G), as well as intestines filled with yellow
liquid content with the presence of bubbles of gas
Figure 6. Histological analysis of tissue samples from 18-day-old chicke
of a control chicken embryo. (D−F) Microscopic picture of a CAstV-infect
Vacuolation and degeneration of hepatocytes (black arrow), small numbers
veins (yellow arrow), and accumulation of tan pigment in lobules (green arr
arrow), dilated tubules filled with red blood cells (red arrow), unclear glome
(F) Structural disorders and necrosis of epithelial cells (black arrow) in the s
(Figure 5H). The remaining organs did not show
any apparent macroscopic lesions.
Histopathology Examination

Histopathological analysis showed that massive path-
ological damages are observed in liver, kidney, and small
intestine tissues of chicken embryos in the infected group
(Figure 6). Hepatic lesions included vacuolation and
degeneration of hepatocytes, small numbers of hepatic
n embryos infected with CAstV GD202013. (A−C) Microscopic picture
ed chicken embryo (indicated by arrows). Magnification = 200 £. (D)
of hepatic necrosis (red arrow), a few lymphocyte infiltrations around
ow). (E) Massive degeneration of the epithelium in renal tubules (black
rular capillary plexus and decreased cells (yellow arrow) in the kidney.
mall intestine. Abbreviation: CAstV, chicken astrovirus.
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necrosis, a few lymphocyte infiltrations around veins,
and accumulation of tan pigment in lobules (Figure 6D).
In the kidney, massive degeneration of the epithelium in
renal tubules, dilated tubules filled with red blood cells,
unclear glomerular capillary plexus and decreased cells
were observed (Figure 6E). Structural disorders and
necrosis of epithelial cells were discovered in the small
intestine (Figure 6F).
DISCUSSION

Astrovirus (AstV) was first described from human
infants with diarrhea in 1975 (Madeley and Cos-
grove, 1975), and subsequently identified in a wide range
of mammalian and avian species (Snodgrass and
Gray, 1977; Blomstrom et al., 2010; Donato and Vijayk-
rishna, 2017; Smyth, 2017). In recent years, outbreaks of
chicken astrovirus have been frequently reported world-
wide, and transmission of some strains can be horizontal
and vertical, resulting in great economic losses to the
poultry industry. Since 2016, CAstV infections showed
an increasing trend in China (Xue et al., 2017;
Xue et al., 2020; Zhao et al., 2020). In the current study,
a novel CAstV strain GD202013 was isolated from a 1-
day-old chicken flock with growth problem in Guang-
dong province. The novel strain affected embryonic
development, reduced hatchability, and caused liver,
kidney and small intestine lesions in the chicken
embryos. This CAstV strain can be further used for viro-
logical and serological assay development, as well as
treatment measures.

Currently, several systems are suitable for CAstV
infection, such as embryonated eggs or cell culture. For
example, some CAstV strains have been successfully
propagated in embryonated chicken eggs, chicken
embryo liver (CEL) cells, and chicken embryo kidney
cells (CEK) (Bulbule et al., 2013; Palomino-
Tapia et al., 2020). In addition, Zhao et al. (2020) and
Kang et al. (2018) reported that the LMH is susceptible
to CAstV infection. In this study, LMH cells were used
to propagate CAstV GD202013 to a high titer (10 6.33

TCID50/mL at passage five).
CAstV infections have been detected circulating in

China, and reported by Xue et al. (2017). The full
genome of four Chinese CAstV strains (CZ1701/CN/
2017, HBLP717-1/CN/2018, NJ1701/CN/2017 and
GDYHTJ718-6/CN/2018) described by Xue et al. (2020)
and Zhao et al. (2020), were classified as subgroup Bi. In
this study, the complete genome of GD202013 strain was
7,520 nucleotides in length. The results of the phyloge-
netic analysis showed that the new isolate GD202013 has
the highest identity with 2 US CAstV strains belonging
to the subgroup Bii, based on the whole genome and cap-
sid protein. However, phylogenetic trees of the ORF1a
and ORF1b did not follow the cluster pattern observed
on the whole genome and capsid protein (ORF2) phylo-
genetic trees, which is suggestive of a recombination
event. The recombinant analysis including RDP, Sim-
Plot, and phylogenetic analysis further showed that
GD202013 is a recombinant strain formed by 3 strains: a
major parent strain CkP5/US/2016 (subgroup Biv), and
2 minor parent strain GA2011/US/2011 (subgroup Bii)
and G059/PL/2014 (subgroup Aiii). Genetic recombina-
tion plays an important role in the evolution of RNA
viruses, which may produce new viruses with potentially
different virulence and pathogenesis (Worobey and
Holmes, 1999). In addition, astrovirus recombination
events have been reported in poultry, for example, guin-
eafowl (De Battisti et al., 2012), ducks (Liu et al., 2014),
turkeys (Pantin-Jackwood et al., 2006; Strain et al.,
2008), and chickens (Palomino-Tapia et al., 2020). Multi-
ple recombination regions have been detected for some
CAstV isolates, including ORF1a, ORF1b, and ORF2
genes (Palomino-Tapia et al., 2020). These recombination
events emphasize the importance of conducting phyloge-
netic analysis from the full genome sequence, rather than
a single gene. These results also imply that the analyses
of recombination among the CAstV strains should rou-
tinely be performed for detection of the novel CAstV
recombinants.
The capsid protein is responsible for the variation

in antigenicity and pathogenicity. For example, some
studies showed that “white chicks” hatchery disease is
associated with CAstV subgroup Bii, subgroup Biv,
and subgroup Aiii (Smyth et al., 2013; Long et al.,
2018; Palomino-Tapia et al., 2020), and visceral gout
is related to CAstV subgroup Biii (Bulbule et al.,
2013), as well as hatchability reduction is associated
with CAstV subgroup Bi (Zhao et al., 2020). In this
study, the infection experiment with CAstV
GD202013 strain was studied in SPF chicken
embryos. It showed that the strain causes hatchabil-
ity reduction, growth depression and death of
embryos. Macroscopic and microscopic lesions in the
liver, kidney and small intestine were observed in the
dead-in-shell embryos, which is similar to observa-
tions in other CAstV infections (Nunez et al., 2015;
Sajewicz-Krukowska et al., 2016; Long et al., 2018).
In addition, the kidney contained higher levels of
viral load compared with the other tissues, indicating
that the GD202013 strain replicates very well in the
kidney, which is in agreement with some reports
described previously (Sajewicz-Krukowska et al.,
2016; Long et al., 2018).
In summary, we isolated a field strain of CAstV

from a chicken flock with growth problem. Phyloge-
netic analysis, based on the whole genome and capsid
protein, showed that the new isolate manifests a close
relationship with GA2011/US/2011 belonging to the
subgroup Bii. Recombination analysis indicated that
the CAstV GD202013 is a recombinant strain formed
by 3 strains: a major parent strain CkP5/US/2016
and 2 minor parent strains GA2011/US/2011 and
G059/PL/2014. In addition, hatchability reduction,
growth depression, and death of embryos were
observed in the chicken embryo infection experiment.
To our knowledge, this is the first study reporting
the isolation and molecular characterization of a
recombinant strain of CAstV, which belongs to the
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subgroup Bii in China. Our results could enrich the
body of information on the molecular epidemiology
and pathogenicity of CAstV.
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