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Abstract
Since 2017, goose astrovirus (GoAstV) has been widely prevalent in various provinces of China, causing economic 
losses in the goose industry, with outbreak mortality rates ranging from 10 to 60%. Notably, a goose farm 
in Sichuan Province has faced an outbreak of infectious disease in 1–3 weeks old goslings, with a mortality 
rate of approximately 30%. Viral metagenomic analysis of fecal samples identified Goose astrovirus genotype 
1 (GoAstV-1), and PCR analysis confirmed the presence of GoAstV-1. Furthermore, we successfully isolated a 
GoAstV-C1 strain using goose embryos named AAstV/Goose/CHN/2023/C1 (GenBank No. PP108251), and its viral 
titer was calculated as 10^4.834 ELD50/0.5 mL using the Reed-Muench method. The genome size of GoAstV-C1 
was about 7,261 nucleotides through amplifying with Sanger sequencing and assembling with SeqMan software. 
Phylogenetic analysis revealed that GoAstV-1 strains are classified into three major subtypes: A, B, and C, with the 
GoAstV-C1 strain identified as a unique variant within subtype B, characterized by distinct genetic divergence 
features. Experimental inoculation of one-day-old goslings with the virus resulted in a mortality rate of 5 out 
of 15 (p-value = 0.0421) and a significant reduction in weight gain compared to controls (p-value = 0.005). 
Pathological examination revealed that GoAstV-C1 infection caused severe damage to the liver, spleen, and kidneys. 
Interestingly, unlike most GoAstV, which leads to characteristic gout symptoms, our isolates GoAstV-C1 caused 
obvious intestinal damage characterized by necrosis, inflammatory infiltration, and crypt architectural disruption. 
We indicated that GoAstV-C1 displays a unique intestinal tropism rather than characteristic gout symptoms and 
elucidated genomic features and evolutionary relationships of GoAstV strains. These findings help advance our 
knowledge of the epidemiology and pathogenicity of GoAstV-1, and the predicted structure of capsid protein 
could serve as a potential target for designing novel antiviral drugs or vaccines against GoAstV-1.
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Introduction
Astrovirus (AstV) is a non-enveloped, single-stranded, 
positive-sense RNA virus with an icosahedral structure 
and approximately 30  nm in the diameter (Yin et al., 
2021). The AstV’s genome, ranging from 6.4 to 7.9  kb, 
consists of three open reading frames (ORFs): ORF1a, 
ORF1b, and ORF2, as well as a 5′-UTR, a 3′-UTR, and a 
poly(A) tail [15]. ORF1a and ORF1b encode non-struc-
tural proteins involved in viral replication and packaging 
[8], while ORF2 encodes the capsid protein, including 
a conserved N-terminal domain (VP34) and a variable 
C-terminal domain (VP27) which serves as the viral neu-
tralizing antigenic determinant [9].

Astroviruses are classified in the Astroviridae family, 
which is divided into genera Mamastrovirus (MAstV) 
and Avastrovirus (AAstV). AAstV genus is further 
divided into AAstV-1, AAstV-2, and AAstV-3 [10]. Like 
MAstV infections, AAstV infections can cause enteri-
tis in poultry. For example, chicken astrovirus (CAstV) 
infection can cause runting-stunting syndrome (RSS) in 
broilers, and turkey astrovirus (TAstV) infection leads 
to poultry enteritis and mortality syndrome (PEMS) [16, 
22]. Previous reports demonstrated that AAstV infec-
tion caused diarrhea, growth retardation, and depression, 
with histopathological changes showing damage to intes-
tinal villi, crypts, and goblet cells [21].

GoAstV was first identified in 2017, and current 
research has classified it into two genotypes: GoAstV-1 
and GoAstV-2 [39]. GoAstV-1 primarily affects goslings 
between 1 and 3 weeks of age. To date, GoAstV-1 infec-
tions have been reported in several provinces, includ-
ing Hunan, Anhui, Hebei, Shandong, Jiangsu, Jiangxi, 
Zhejiang, and Guangdong (Fig.  1). Earlier studies have 
revealed that GoAstV infection of goose can cause mor-
tality rates ranging from 10 to 60% [37], depending on 
factors such as infection route, viral dose, and host age. 
For instance, younger goslings (1–15 days old) often 
exhibit higher mortality rates than older goslings (25–35 
days old) due to underdeveloped immune systems [2]. 
Additionally, variations in the infection route may influ-
ence the severity of the disease [28].

In July 2023, an outbreak of infectious disease charac-
terized by enteritis occurred among goslings at a goose 
farm in Sichuan. To determine the causative agent 
responsible for the disease, we conducted an in-depth 
analysis using viral metagenomic sequencing, a widely 
used method for detecting novel or unexpected patho-
gens and assessing viral diversity in clinical samples [13, 
24]. Our results reveal that unlike previously reported 
GoAstV causing the characteristic gout symptom, our 
GoAstV-C1 strain exhibited a distinct intestinal tropism 
with severe intestinal necrosis, inflammatory infiltra-
tion, and crypt architectural disruption, highlighting the 

Fig. 1 Spatial and temporal distribution of GoAstV-1 isolates. The figure illustrates the geographical and temporal distribution of GoAstV-1 strains based 
on location annotations in the metadata of sequence submissions retrieved from the NCBI database. The map highlights the regions and years of re-
ported outbreaks of GoAstV-1 in China
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pathogenic diversity among GoAstV strains. This study 
provides valuable insights into the pathogenesis and epi-
demiology of GoAstV, with potential implications for 
future research.

Materials and methods
Viral metagenomic analysis of fecal samples
Disease samples were collected from a goose farm in 
Sichuan Province, China. Specifically, 30 fecal and tis-
sue samples, including liver, kidney, and intestine, were 
obtained from the diseased goslings. The fecal samples 
were diluted in sterile PBS at a ratio of 1:4, vortex-mixed, 
and then centrifuged at 12,000  rpm at 4  °C for 15  min 
to collect the supernatant. The supernatant was sub-
sequently filtered through a 0.22-µm filter to remove 
bacteria. Fifty microliters from each of the 30 treated 
samples were combined to form a pooled sample of 1.5 
mL to increase sample processing efficiency [20]. DNA 
and RNA were extracted using the FastPure Viral DNA/
RNA Mini Kit (Vazyme, Nanjing, China) and were then 
subjected to library construction and sequencing using 
the Illumina NovaSeq 6000 platform by Sangon Biotech 
(Shanghai, China). The sequencing data were analyzed 
using the viral data analysis platform available at  h t t p : / / 
w w w . v i r o m e - s w u n . c n /     . Raw reads were first assessed for 
quality using FastQC and filtered with fastp to remove 
low-quality reads and adapter sequences. Residual adapt-
ers and low-quality bases were trimmed, and the high-
quality reads were assembled using SPAdes to reconstruct 
contigs. The assembled contigs were annotated through 

BLAST searches against the NCBI nucleotide and pro-
tein databases to identify viral sequences.

Pathogen identification in liver tissue samples
Under aseptic conditions, the livers of the diseased gos-
lings were dissected into small pieces and added to sterile 
PBS at a ratio of 1:4 (W/V). The tissues were thoroughly 
ground, vortex-mixed, and subjected to three cycles 
of freeze-thawing to achieve cell lysis and RNA release. 
The homogenate was then centrifuged at 12,000 rpm for 
15 min at 4 °C to collect the supernatant, which was sub-
sequently filtered through a 0.22 μm filter to remove bac-
teria. The filtrate was stored at -80 °C for future use.

DNA and RNA were extracted from a portion of the 
filtrate using the FastPure Viral DNA/RNA Mini Kit 
(Vazyme, Nanjing, China). RNA was reverse transcribed 
into cDNA using the PrimeScript FAST RT reagent Kit 
(Takara, Dalian, China). Specific primers reported in 
the literature were employed to detect common goose 
viruses in the filtrate, including GoAstV-2, goose parvo-
virus (GPV), goose hemorrhagic polyomavirus (GHPV), 
duck Tembusu virus (DTMUV), and goose reovirus 
(GRV).

Based on the viruses identified in the viral metage-
nomic analysis of the fecal samples, specific primers were 
designed using Primer-BLAST ( h t t p  s : /  / w w w  . n  c b i  . n l  m . n 
i  h .  g o v  / t o  o l s /  p r  i m e  r - b  l a s t  / i  n d e x . c g i) to detect and  v a l i d 
a t e the viruses presented in the viral metagenomic data 
(Table 1). The PCR reaction system consisted of 10 µL of 
Takara Premix Taq (2 ×), 1 µL of template, 1 µL each of 
10 µM forward and reverse primers, and the final volume 

Table 1 Sequences of detection primers
Primer Primer sequence (5ʹ-3ʹ) Target Annealing temperature (℃) Reference
GoAstV-2 F: AAGCCTCTTTTCTGGCGGATAC 329 bp 62  [34]

R: GACACAAGCCTATCATCGCCATAG
GHPV F: GAGGTTGTTGGAGTGACCACAATG 144 bp 59  [14]

R: ACAACCCTGCAATTCCAAGGGTTC
GRV F: AGGATACAGTGTTCCATCCTG 333 bp 54  [38]

R: ACTGGATCCAGAGTGCAGAAT
GPV F: CTTATTGGAGGGTTCGTTCGT 176 bp 48  [3]

R: GCATGCGCGTGGTCAACCTAACA
DTMUV F: CTGAAGCTTGGAAACTATAATGGCAG 501 bp 58  [40]

R: GCTGTACGCTGGGGCAATT
GoAstV-1 F: TGCTGCACAAGTTGGATGGA 828 bp 60 Designed in this study

R: GGCCCAACTTCTGGTAGCTT
Goose calicivirus F: TGCATCTGGGACGAATTTGACAC 269 bp 55

R: ACACCTGGGTTCTTCTTCAT
Goose picornavirus F: TCGCAAGCCATGAAAAGTGG 395 bp 58.3

R: ATGCACATCCCTCTTCCACC
Goose megrivirus F: GAGGGTGAGACCACAGTTGG 978 bp 58.1

R: TTTTCCATCTGCCCGACTCC
Rotavirus G F: AACTCCCGCATCGTATCACC 338 bp 58.5

R: TCATCGGCCTCAAACGGAAA

http://www.virome-swun.cn/
http://www.virome-swun.cn/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
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of 20 µL with double-distilled water (ddH₂O). The reac-
tion conditions were as follows: initial denaturing at 95℃ 
for 5 min; followed by 35 cycles of denaturing at 94℃ for 
30 s, annealing for 30 s according to the temperature in 
the table, and extension at 72℃ for 1 min; a final exten-
sion at 72℃ for 8  min, and preservation at 4℃. The 
PCR products were then analyzed using 1% agarose gel 
electrophoresis.

GoAstV-1 isolation from liver samples
The chorioallantoic cavities of three 11-day-old non-
immune goose embryos were inoculated with 0.5 mL of 
filtrate, which tested positive for GoAstV-1 in liver tis-
sues. Embryos that died within 24  h post-inoculation 
were excluded, as early deaths likely resulted from han-
dling stress or contamination rather than viral infec-
tion. Surviving embryos were monitored daily, and dead 
embryos were collected for analysis. Five days post-
inoculation, embryonic bodies and allantoic fluid were 
harvested and stored at -80℃ for further use. Lesions 
were assessed based on gross pathological changes, 
including tissue discoloration, hemorrhages, and struc-
tural abnormalities. Blind passages were performed for 
four generations, each passage involving re-inoculation 
of the allantoic fluid into new embryos. Viral RNA was 
confirmed by RT-PCR using primers specific to the 
GoAstV-1 genome, with positive and negative controls 
included for validation.

For further analysis, the fourth generation of allantoic 
fluid was subjected to a ten-fold serial dilution with PBS, 
resulting in eight dilution groups. Each dilution was inoc-
ulated into five 11-day-old goose embryos at a volume of 
0.5 mL. The 50% embryo lethal dose (ELD50) was calcu-
lated using the Reed-Muench method. The ELD50 was 
calculated using the formula:

 ELD50 = Lower dose + Dose interval × 50 − Pbelow

Pabove − Pbelow

Pbelow and Pabove are presented as the cumulative posi-
tive percentages below and above the 50% threshold. The 
dose interval is the difference between consecutive doses 
[6].

To observe the size and morphology of the virus par-
ticles, GoAstV-1 positive allantoic fluid was stained with 
1% phosphotungstic acid for 2 min at room temperature. 
The stained samples were then examined using a JEM-
1400FLASH transmission electron microscope.

Genomic analysis of GoAstV-1
Based on the GoAstV-1 sequence obtained from the viral 
metagenome, primers for whole genome amplification 
were designed using Primer-BLAST (Table  2). The iso-
lated GoAstV-1 cDNA served as a template for ampli-
fication using 2 × Phanta Flash Master Mix (Vazyme, 
Nanjing, China). The PCR reaction system consisted 
of 25 µL of 2 × Phanta Flash Master Mix, 5 µL of tem-
plate, 2 µL each of 10 µM forward and reverse primers, 
and the final volume of 50 µL with ddH₂O. The reaction 
conditions were as follows: initial denaturing at 98℃ for 
30 s; followed by 30 cycles of denaturing at 98℃ for 30 s, 
annealing at 58℃ for 30 s, and extension at 72℃ for 10 s; 
a final extension at 72℃ for 1  min, and preservation at 
4℃. The PCR products were gel-purified and ligated into 
the pMD19-T vector (Takara, Dalian, China). The ligated 
product was transformed into DH5α competent cells 
(Vazyme, Nanjing, China). Positive clones were identified 
by sequencing at Sangon Biotech (Shanghai, China).

The whole genome sequence of AAstV was down-
loaded from the GenBank database. A phylogenetic tree 
was constructed using the Neighbor-Joining method in 
MEGA-X software. Genetic distances were calculated 

Table 2 Sequences of whole gene amplification primer
Primer Primer sequence(5ʹ-3ʹ) Position Target Annealing temperature (℃)
1 F: TGCTGCACAAGTTGGATGGA 1–20 1245 bp 61

R: GGCCCAACTTCTGGTAGCTT 1226–1245
2 F: AAGCCTCTTTTCTGGCGGATAC 914–933 1475 bp 57.3

R: GACACAAGCCTATCATCGCCATAG 2369–2388
3 F: GAGGTTGTTGGAGTGACCACAATG 1966–1988 1331 bp 58

R: ACAACCCTGCAATTCCAAGGGTTC 3278–3296
4 F: AGGATACAGTGTTCCATCCTG 3065–3085 1038 bp 58

R: ACTGGATCCAGAGTGCAGAAT 4083–4102
5 F: CTTATTGGAGGGTTCGTTCGT 3817–3836 1198 bp 57.5

R: GCATGCGCGTGGTCAACCTAACA 4992–5014
6 F: CTGAAGCTTGGAAACTATAATGGCAG 4758–4777 1127 bp 57.6

R: GCTGTACGCTGGGGCAATT 5865–5884
7 F: TGCATCTGGGACGAATTTGACAC 5564–5583 1051 bp 59.5

R: ACACCTGGGTTCTTCTTCAT 6593–6614
8 F: TCGCAAGCCATGAAAAGTGG 5217–6236 1038 bp 57.6

R: ATGCACATCCCTCTTCCACC 7234–7254
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using the p-distance method, with the bootstrap value set 
to 1000. To determine the subtype of GoAstV, we con-
ducted a phylogenetic analysis using the K-means clus-
tering method based on the genetic distance matrix of 22 
GoAstV genomes, and the elbow method was employed 
to ascertain the optimal number of clusters.

ORFs were predicted using ORFfinder ( h t t p  s : /  / w w w  
. n  c b i  . n l  m . n i  h .  g o v / o r ffi   n d e r /). The proteins encoded by 
ORF1a, ORF1b, and ORF2 were analyzed using Inter-
Pro ( h t t p  : / /  w w w .  e b  i . a  c . u  k / i n  t e  r p r  o / s  e a r c  h /  s e q u e n c e 
/). Additionally, the protein encoded by ORF2 and its 
three-dimensional structure was predicted using SWISS-
MODEL, AlphaFold2, and PyMol software.

Experimental infection of goslings
Artificial infection experiments were conducted on gos-
lings to verify the pathogenicity of the GoAstV-1 strain. 
Thirty 1-day-old goslings were randomly divided into two 
groups. The goslings in group 1 were inoculated subcu-
taneously in the neck with 1 mL of the fourth-generation 
allantoic fluid (10^4.834 ELD50/0.5 mL). The goslings in 
group 2 were inoculated with 1 mL of sterile PBS and 
served as the negative control group. The two groups 
were housed separately in isolated feeding equipment 
to prevent cross-infection and maintained under identi-
cal environmental conditions, including temperature, 
humidity, and feeding practices, to exclude the possibility 
of disruption of environmental factors.

At eight specific time points post-infection (1 d, 3 d, 
5 d, 7 d, 10 d, 13 d, 16 d, and 21 d), three goslings were 
randomly selected from each group for weighing. Tis-
sues and organs from any deceased goslings were col-
lected for histopathological examination and pathogen 
identification.

The Kaplan-Meier method was used to analyze sur-
vival data for both groups. The statistical significance of 
differences in survival probability between the infected 
and control groups was calculated by a log-rank test [12]. 
Additionally, chi-squared testing was conducted to assess 
differences in infection rates and mortality between the 
groups. These statistical analyses were performed using 
Python’s lifelines and scipy libraries, and p-values < 0.05 
were considered statistically significant.

qPCR detection method
The pET-32a(+) standard plasmid containing the ORF1b 
region of GoAstV-C1, constructed by Sangon Biotech, 
was used as the template for the subsequent qPCR stan-
dard curve. For standard curve construction, the plasmid 
was verified by sequencing and serially diluted 10-fold to 
concentrations ranging from 1.0 × 10⁸ to 1.0 × 10¹ cop-
ies/µL. The qPCR reaction system (20 µL total volume) 
included the following components: 10 µL TB Green Pre-
mix Ex Taq II (Takara, Dalian, China), 0.2 µM forward 

primer (5’- G G T C T G G A C A G G C G G A T T A G A A G-3’), 
0.2 µM reverse primer (5’- C A T C A T A G C G G G T C C A A 
T C C A T T T C-3’), 1 µL of diluted standard plasmid tem-
plate (final concentration ranging from 1.0 × 10⁸ to 
1.0 × 10¹ copies/µL), and was adjusted the final volume to 
20 µL with ddH₂O. The qPCR conditions were pre-dena-
turation at 95℃ for 30  s, followed by 40 amplification 
cycles with denaturation at 95℃ for 5 s and annealing at 
60℃ for 10 s.

Statistical analyses
All experiments were independently performed at least 
three times, and data are presented as mean ± stan-
dard deviation (SD). Inter-experimental variability was 
assessed using GraphPad Prism 10.1.2 software (Graph-
Pad Software, Inc.). Differences between samples were 
analyzed using a t-test, with statistical significance set at 
a p-value of < 0.05.

Results
Clinical signs and pathological observations
The affected goslings on the farm in Sichuan Province 
were 1 to 3 weeks old, with a mortality rate of approxi-
mately 30%. Clinical findings in the affected goslings 
included depression, while the dead goslings exhibited 
opisthotonus and loose faeces around the cloaca. All 
dead geese were observed for clinical signs, and pathol-
ogy revealed hepatic hemorrhage and renal pallor; 
intestines were swollen, and blood vessels were dilated. 
Additionally, black intestinal contents were presented in 
some goslings. (Fig.  2), highlighting the severity of the 
infection and its impact on multiple organs.

Viral metagenomic analysis of fecal samples
To further investigate the viral etiology, fecal samples that 
met the sequencing requirements were sequenced using 
the Illumina NovaSeq 6000 platform. After data qual-
ity control and the removal of host, fungal, and bacte-
rial genes, a total of 45,378,544 reads were obtained. The 
sequencing quality was high, with Q30 bases account-
ing for 95.57% after filtering, and these metrics confirm 
the data’s reliability for genome assembly and analysis. 
Species classification annotation of the reads revealed 
that the animal-related viruses in the fecal samples pri-
marily included Goose Picornavirus, Goose Megrivirus, 
Rotavirus G, Goose Calicivirus, and GoAstV-1 (Fig.  3). 
Additionally, one nearly full-length GoAstV-1 com-
plete sequence was obtained 8,782 reads were mapped 
to the GoAstV-1 genome (7,261  bp), achieving an aver-
age sequencing depth of approximately 181 × and 100% 
genome coverage.

https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
http://www.ebi.ac.uk/interpro/search/sequence/
http://www.ebi.ac.uk/interpro/search/sequence/
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Pathogen detection and identification
To further confirm the causative agent responsible for 
the observed clinical signs and lesions, pathogen detec-
tion assays were conducted on tissue samples. A specific 
PCR test on liver samples revealed that only GoAstV-1 
was detected as positive (Supplementary Fig. S1). The 
positive liver tissue filtrate (0.5 mL) was used to inoculate 
10 goose embryos per generation. Two goose embryos 
from the first generation died, three from the second 
generation died, six from the third generation died, and 
all from the fourth generation died. RT-PCR results con-
firmed that all generations were positive for GoAstV-1. 
The fourth-generation goose embryos exhibited urate 
deposition, dead embryo bodies, and liver hemor-
rhage (Fig. 4). The ELD50 of the fourth-generation goose 
embryo virus was determined to be 10^4.834 ELD50/0.5 
mL (Supplementary Table S1). The transmission electron 
microscopy (TEM) revealed that the viral particles were 
spherical, approximately 26  nm in diameter, which was 
consistent with the typical morphology of GoAstV [26]. 
These results indicate that we successfully isolated the 
GoAstV-1 strain (Fig. 5).

To verify the concordance of GoAstV-1 in faeces and 
liver, primers were designed to amplify the complete 

gene sequence using the GoAstV-1 contig obtained 
from the viral metagenomic analysis. Eight fragments 
were successfully amplified (Supplementary Fig. S2), 
and the full-length genome of GoAstV-1 was obtained 
through sequencing and splicing. Upon comparison, 
the viral sequence isolated from the liver was identical 
to the gene sequence obtained from the viral metage-
nomic analysis. The GoAstV-1 strain was named AAstV/
Goose/CHN/2023/C1 (referred to as GoAstV-C1) and 
was uploaded to GenBank with the accession number 
PP108251.

Genome structure and features of GoAstV-C1
The whole genome of the GoAstV-C1 strain was deter-
mined to be 7,261 nucleotides (nt) in length. The base 
composition was as follows: adenine (A) accounted for 
32.02%, thymine (T) for 25.75%, cytosine (C) for 18.66%, 
and guanine (G) for 23.56%. The genome comprised a 
5’ UTR, three ORFs (ORF1a, ORF1b, and ORF2), and 
a 3’ UTR. The 5’ UTR measured 22 nt in length, while 
the 3’ UTR measured 278 nt. ORF1a spanned 3,282 nt 
(positions 23 to 3,304) and encoded a protein of 1,093 
amino acids. This protein contained five transmembrane 
domains at amino acid positions 217–239, 371–388, 

Fig. 2 Clinical and postmortem findings of the affected goslings. (A) Affected goslings exhibited signs of depression; (B) Loose faeces were observed 
around the cloaca; (C) The intestines of diseased goslings were swollen, and blood vessels were dilated; (D) Black intestinal contents were present; (E) The 
liver showed bleeding and swelling; (F) The kidneys appeared pale and swollen
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401–423, 433–455, and 468–490. It also included three 
coiled-coil structures at positions 130–161, 166–193, 
and 748–768. The trypsin-like serine protease domain 
was located at positions 564–718, and the viral genome-
linked protein (VPg) domain spanned positions 784–
877, with nuclear localization signals (NLS) at positions 
785–799. ORF1a and ORF1b overlapped by 16 nt and 
contained a seven-base sliding sequence ( A A A A A A C). 
ORF1b was 1,551 nt in length (positions 3,289 to 4,839) 
and encoded a protein of 516 amino acids. The RNA-
dependent RNA polymerase (RdRp) domain was located 
at positions 260–393. ORF2 was 2,151 nt in length (posi-
tions 4,833 to 6,983) and encoded a coat protein of 716 
amino acids. Comparative analysis of the amino acid 
sequences encoded by the ORF2 gene from 22 GoAstV-1 

strains revealed that the N-terminus of the ORF2 pro-
tein was relatively conserved, whereas the C-terminus 
was highly variable (Supplementary Fig. S3). The ter-
tiary structure model of the major proteins encoded by 
ORF2 was predicted and is presented in Fig. 6. The green 
region, spanning residues 87 to 420, was predicted to 
constitute the capsid core, forming a stable β-barrel-like 
structure. The yellow region, spanning residues 437 to 
667, was predicted to constitute the capsid spike, forming 
protruding structures extending from the core.

Phylogenetic analysis
The nucleotide sequence of GoAstV-C1 was phylogeneti-
cally analyzed alongside reference sequences of 36 AAstV 
strains from the GenBank database (Supplementary Fig. 

Fig. 3 Krona plot of viral types identified in the library. The Krona plot illustrates the classification and relative abundance of viruses detected in the 
metagenomic library from fecal samples
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S4 and Fig. S5). Based on the complete genome nucleo-
tide sequence and ORF2 amino acid sequence, the phy-
logenetic trees showed that GoAstV-C1 clustered with 
the other 21 GoAstV-1 strains. The genetic distance 
was closest to the A1082, C1330, and C1357 strains iso-
lated in Shandong in 2023 (0.009–0.011), followed by the 
AH-16 strain isolated in Anhui (0.012). The genetic dis-
tance between GoAstV-C1 and other AAstV strains was 
significantly larger, with the furthest distance observed 
between GoAstV-C1 and ANV (0.536–0.542). GoAstV-1 
could be divided into three main gene subtypes by the 

Fig. 6 Predicted tertiary structure of the GoAstV-C1 ORF2 protein. The 
tertiary structure of the GoAstV-C1 ORF2 protein was predicted using 
SWISS-MODEL

 

Fig. 5 TEM image of GoAstV-C1 virus particles. Scale bar = 100 nm

 

Fig. 4 Lesions observed in goose embryos after inoculation with GoAstV-C1. Uric acid salts were detected in the amniotic fluid (A, B); Embryonic hemor-
rhage was observed (C, D); Hemorrhagic lesions were identified in the liver during postmortem examination (E, F)
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K-means clustering method: GoAstV-1  A, B, and C. 
GoAstV-1  A included strains such as FLX, TZ03, and 
C102. GoAstV-1 C contained the G2332 strain. GoAstV-
C1 and the remaining GoAstV-1 strains constituted the 
GoAstV-1 B subtype. Further identity analysis of the 
GoAstV-C1 strain with other AAstV strains (Supple-
mentary Table S2) revealed that GoAstV-C1 had the 
highest identity with the C1357 strain. Compared with 
the remaining AAstV strains, the genome-wide identity 
ranged from 44.6% (ANV) to 58.2% (CAstV). The ORF1a 
amino acid identity ranged from 26.8% (ANV) to 54.8% 
(DAstV-1). The ORF1b amino acid homology ranged 
from 52.5% (ANV) to 66.7% (CAstV), and the ORF2 
amino acid identity ranged from 28.5% (ANV) to 53.7% 
(DAstV-2).

Experimental validation of pathogenicity
To validate the pathogenicity of the identified strain and 
its association with the observed clinical signs, we per-
formed the experimental infections in goslings. Following 
subcutaneous inoculation with the GoAstV-C1 strain, 
signs of depression were observed on the third-day post-
infection, and five goslings died between days 6 and 13, 
resulting in a mortality rate of 33.3% (5/15). Kaplan-
Meier survival analysis indicated a significant decline in 
the survival probability of the infected group compared 
to the control group (log-rank test, p-value = 0.0159). 
Similarly, the chi-squared test revealed a significant dif-
ference in mortality rates between the infected and con-
trol groups (p-value = 0.0421) (Fig. 7). The control group 
exhibited a mean growth rate of 227.37 g (SD = 99.21 g), 
whereas the infection group had a significantly lower 
mean growth rate of 160.32 g (SD = 51.13 g), with a statis-
tically significant difference (p-value = 0.005). At 21-day 
post-infection, the average body weight of the infected 
group was approximately 25% lower than that of the con-
trol group, suggesting that GoAstV-C1 infection signifi-
cantly impaired gosling growth (Fig. 8). Gross pathology 
of the five deceased goslings revealed consistent lesions, 
including black discoloration of the duodenal wall with a 
foul odor, vascular dilation, and dark intestinal contents. 
Additional findings included hepatic hemorrhage, pale 
and enlarged kidneys, and swollen spleens. In contrast, 
goslings in the control group displayed no clinical signs 
or deaths (Fig.  9). Histopathological examination of the 
infected goslings revealed extensive necrosis of the intes-
tinal mucosal layer, with substantial inflammatory and 
necrotic exudates on the surface of the intestinal lumen. 
The crypt structures were disrupted, reduced in number, 
and irregular in shape. In the liver, hepatocytes showed 
punctate or focal necrosis, accompanied by inflammatory 
cell infiltration, fibrous tissue proliferation, and conges-
tion and dilation of hepatic sinusoids. The spleen exhib-
ited unclear boundaries between white and red pulp, 

atrophic splenic nodules in the white pulp, a significant 
reduction in lymphocytes, and degeneration and necro-
sis of cells in the red pulp. In the kidneys, degeneration 
and necrosis of renal tubules were observed, with blurred 
tubular structures (Fig. 10). A qPCR standard curve was 
constructed using serially diluted plasmid standards 
(Supplementary Fig. S6). The amplification efficiency was 
calculated as 107.9%, demonstrating the reliability and 
stability of the qPCR system. qPCR results demonstrated 
the presence of GoAstV in various tissues and organs of 
goslings following subcutaneous inoculation. Among 
the tested samples, the highest viral load was detected in 
the intestine, followed by the kidney, bursa of fabricius, 
liver, spleen, lung, and lymph nodes. The heart and brain 
observed the lowest viral loads (Fig. 11).

Fig. 8 Weight changes in goslings after infection with GoAstV-C1. p-val-
ues were determined by t-test. *p < 0.05, **p < 0.01

 

Fig. 7 Kaplan-Meier survival analysis of goslings infected with GoAstV-
C1. The Kaplan-Meier survival curve showed a significant reduction in the 
survival probability of the infected group compared to the control group
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Discussion
In July 2023, an infectious disease characterized by 
enteritis broke out in goslings at a farm in Sichuan, 
with a mortality rate of approximately 30% among gos-
lings aged 1 to 3 weeks old. Pathogen-specific testing of 

diseased goslings organ samples detected only GoAstV-1, 
while other common goose viruses and bacterial infec-
tions were ruled out, suggesting a close association 
between GoAstV-1 and the outbreak. GoAstV-C1 was 
subsequently isolated from affected goslings through 

Fig. 10 Histopathological examination of tissues from GoAstV-C1-infected goslings. Necrosis of the intestinal mucosal layer disrupted crypt architecture 
and inflammatory exudates in the intestinal lumen (A, B); Hepatocytes exhibited focal or punctate necrosis, accompanied by inflammatory cell infiltration 
and congestion and dilation of hepatic sinusoids (C, D); The spleen showed necrosis with atrophic splenic nodules and a significant reduction in lympho-
cyte count (E, F); Renal tubular degeneration and necrosis in the kidneys (G, H). Scale bar = 100 μm

 

Fig. 9 Postmortem lesions in goslings that died at 8 dpi with GoAstV-C1. The liver exhibited hemorrhaging, and the duodenal wall showed black discol-
oration with vascular dilation (A, B); The spleen were enlarged and necrotic with indistinct white and red pulp boundaries (C, D) ; The kidneys appeared 
pale and swollen, with visible uric acid deposits (E, F)
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the continuous passage in goose embryos. Pathoge-
nicity experiments confirmed its association with the 
observed outbreak and revealed severe intestinal damage 
in infected goslings, further establishing the distinctive 
pathogenic characteristics of GoAstV-C1. These findings 
offer valuable insights into the pathogenic mechanisms 
of GoAstV-1 and establish a foundation for studies on its 
genetic and biological properties.

Presently, the avian embryos or cell lines are usually 
used to isolate GoAstV strains. For example, GoAstV-2 
strains can be isolated using goose embryos [35], chicken 
embryos [33], duck embryos [4], LMH cells [32], and 
DF-1 cells [17]. In this study, we selected the goose 
embryo model for inoculation due to its efficiency in viral 
propagation and its established application in astrovirus 
research, allowing for direct observation of embryonic 
lesions [18]. However, suitable cell lines specifically sup-
porting GoAstV-1 replication are currently lacking, thus 
greatly limiting the investigations about its replication 
dynamics, host specificity, and immune evasion mecha-
nisms. Future studies should prioritize the development 
of advanced cell culture systems capable of supporting 
GoAstV-1 replication. Such systems would enable more 
comprehensive research into the biological characteris-
tics and pathogenic mechanisms of GoAstV-1, providing 
a robust foundation for developing targeted therapeutic 
and preventive strategies.

GoAstV-C1 possessed the characteristic genomic fea-
tures of GoAstV, including three ORFs: ORF1a, ORF1b, 
and ORF2. ORF1a encodes protease domains critical for 
processing viral polyproteins into functional units nec-
essary for replication. Mutations within these domains 
may affect replication efficiency and host-virus inter-
actions, as demonstrated in human astroviruses [7]. 

GoAstV-C1 contained five TM domains based on genetic 
analysis, whereas strains of GoAstV-2 exhibit only four 
TM domains, indicating structural differences between 
the two genotypes. These differences are likely to affect 
virus translation, replication, and packaging processes, 
ultimately contributing to variations in pathogenic-
ity [1]. Additionally, GoAstV-C1 harbored a VPg motif, 
which was essential for initiating the viral replication 
cycle [25]. The insertions and deletions of this region may 
promote viral adaptation to cultured cells [30]. ORF1b 
encoded the RNA-dependent RNA polymerase (RdRp), a 
vital enzyme for viral genome replication. Its conserved 
structure may provide the potential target for antiviral 
therapies, though mutations in RdRp could influence 
replication fidelity and viral adaptability [27]. The ORF2 
region contains a hypervariable segment, which is criti-
cal for viral entry into host cells and serves as a primary 
target for neutralizing antibodies [11]. Variations in this 
segment may enhance the virus’s ability to bind to and 
infect specific cell types, such as intestinal epithelial cells, 
through altered receptor interactions or immune evasion 
mechanisms [19]. These characteristics likely contribute 
to the unique intestinal tropism of GoAstV-C1. However, 
whether the specific intestinal pathogenicity of GoAstV-
C1 is related to the differences in viral genome structures 
needs to be further elucidated. In this study, we used 
SWISS-MODEL to predict the capsid core and capsid 
spike of GoAstV-C1, laying a foundation for future struc-
tural biology validation and functional studies. These 
computational predictions supplement current knowl-
edge of the GoAstV-1 capsid protein structure. However, 
SWISS-MODEL has inherent limitations, particularly for 
astrovirus capsid proteins, as structural database biases 
and algorithmic assumptions may influence its results 
[5]. In the future, we will further validate and refine these 
predictions using advanced techniques such as cryo-elec-
tron microscopy and functional assays.

Based on phylogenetic analysis, the currently isolated 
GoAstV-1 strains were classified into three major sub-
types: A, B, and C. Using the K-means clustering method 
based on the genetic distance matrix of 22 GoAstV 
genomes and the elbow method to determine the opti-
mal number of clusters [36], we identified three distinct 
groups that corresponded to the subtypes observed in the 
phylogenetic tree. Subtype B emerged as the largest clus-
ter, encompassing the majority of genomes and exhibiting 
a broader geographic distribution compared to the other 
subtypes. Genetic distance analysis revealed that dis-
tances among GoAstV-1 B subtype strains were consis-
tently below 0.1 substitutions per site, indicating gradual 
evolutionary divergence rather than recent recombina-
tion events [23]. Notably, phylogenetic and genetic dis-
tance analyses positioned the GoAstV-C1 strain within 
subtype B but with greater genetic divergence than other 

Fig. 11 Viral load of GoAstV-C1 in various tissues of goslings determined 
by qPCR. The viral load was quantified in different tissues of infected gos-
lings, including the intestine, kidney, bursa of fabricius, liver, spleen, lung, 
lymph nodes, heart, and brain
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subtype B strains, suggesting it represents a unique vari-
ant. This distinct genetic profile may contribute to its 
novel pathogenic characteristics, including its association 
with enteritis rather than gout-like symptoms commonly 
observed in most GoAstV infections. Further analysis 
revealed that GoAstV-C1 shared an average genetic dis-
tance of approximately 0.025 substitutions per site with 
strains from Shandong, indicating a close genetic rela-
tionship and potential cross-regional transmission. These 
results underscore the importance of continuous surveil-
lance to track the evolutionary dynamics of GoAstV-1 
and to identify emerging variants with distinct patho-
genic profiles.

Currently, identified pathogenic strains of GoAstV-1 
exhibit diverse clinical signs, including urate deposition 
in organs and joints, mild hemorrhage on the meninges 
[26], and hepatic and renal necrosis with hemorrhage 
[29]. In most cases, GoAstV-1 strains are detected in 
co-infections with GoAstV-2, where gout is the pre-
dominant clinical manifestation in goslings [31]. In con-
trast, our GoAstV-C1 isolate strain infection in goslings 
caused severe enteritis lesions, which was distinct from 
the characteristic gout symptoms typically observed 
in GoAstV infections. Histopathological examinations 
revealed extensive mucosal necrosis, disrupted crypt 
structures, and inflammatory necrotic exudates in the 
intestinal mucosa. In line with the observed severe intes-
tinal lesions, the results of qPCR analysis demonstrated 
the highest viral load in the intestine, proving that the 
intestinal damage is attributed to GoAstV-C1. The exten-
sive intestinal damage likely compromised digestive and 
absorptive functions, leading to the significantly slower 
growth observed in this experiment. These findings sug-
gest that GoAstV-C1 possesses distinct tissue tropism 
and distinct pathogenicity compared to other GoAstV 
strains. However, the underlying mechanisms that deter-
mine the pathogenicity differences varying from distinct 
GoAstV strains are still unclear and need to be investi-
gated in the future.

In summary, we successfully isolated and identified 
one strain of GoAstV-1, designated as AAstV/Goose/
CHN/2023/C1, and demonstrated that enteritis in gos-
lings at the farm is closely associated with GoAstV-C1 
infection. Our study underscored that, unlike other 
GoAstV strains, GoAstV-C1 exhibited an obvious intes-
tinal tropism, which will broaden our knowledge of 
GoAstV pathogenicity.
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