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ABSTRACT Goose astrovirus (GAstV) is a newly
identified viral pathogen threatening waterfowl, exhibit-
ing a high prevalence across various regions in China.
Notably, the Guanghan District of Deyang City, situ-
ated in Sichuan Province, has faced a outbreak of
GAstV, resulting in significant mortality among goslings
due to the induction of gout-like symptoms. In our
research, we successfully isolated a GAstV strain known
as GAstV SCG3. This strain exhibits efficient replica-
tion capabilities, proving virulent in goslings and goose
embryos. Our study delved into the characteristics of
GAstV SCG3 both in vitro and in vivo. Additionally, we
examined tissue phagocytosis and the distribution of
GAstV SCG3 in deceased goslings using H&E staining
and THC techniques. According to the classification

established by the ICTV, GAstV SCG3 falls under the
category of GAstV genotype-2. Notably, it demonstrates
the highest homology with the published AHAUS5
sequences, reaching an impressive 98%. Furthermore,
our findings revealed that GAstV SCG3 exhibits effi-
cient proliferation exclusively in goose embryos and in
LMH cells, while not manifesting in seven other types of
avian and mammalian cells. Significantly, the mortality
of GAstV on goslings and goose embryos are 93.1 and
80%, respectively. Moreover, the viral load in the livers
of infected goslings surpasses that in the kidneys when
compared with the attenuated strain GAstV SCG2. The
mortality of GAstV is usually between 20% and 50%,
our study marks the first report of a virulent GAstV
strain with such a high mortality.
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INTRODUCTION

GAstV is a novel waterfowl virus that has emerged,
causing gout in goslings in China since 2016 (Yang, et
al., 2018), the incidence rate of GAstV among waterfowl
viruses had reached 50.81% between 2018 and 2021 (He
et al., 2022). GAstV had been demonstrated to be able
to spread horizontally and vertically (Wei et al., 2020a).
The primary hosts for transmission are goslings younger
than 3 wk of age (An et al., 2020). The predominant
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symptom of GAstV is the substantial urate accumula-
tion in infected goslings, which leads to gout (Zhang et
al., 2018a, 2022a). The mortality of GAstV is typically
ranging from 20 to 50% (Zhu et al., 2022). There have
been some reports of duck-origin GAstV (Wei et al.,
2020b). Besides, there have also been reports of mixed
infections of other viruses with the GAstV (Bidin et al.,
2012; Liu, et al., 2019). However, there is no report indi-
cating that GAstV can cause such a high mortality,
leading to a significant number of deaths in goslings and
embryos. We isolated 12 strains of GAstV from 97 posi-
tive samples of GAstV prevalent in Sichuan from 2019
to 2022, and determined the GAstV genome copies and
virulence of each strain through absolute quantitative
methods and subsequent gosling infection experiments,
respectively. The results indicated that GAstV SCG3
has the highest virus copies that reaches 1x10%(Xu et
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al., 2023a). The exceptionally high mortality of GAstV
SCG3 in infection experiments compelled us to isolate,
culture, and study the characteristics of this virulent
strain of GAstV.

GAstV is a small, round, nonenveloped, single-
stranded, positive-sense RNA avian astrovirus (Zhang
et al., 2017; Chen et al., 2020b). Under a transmission
electron microscope, the size of GAstV virions ranges
from 28 to 30 nm, and there are typically 5 or 6 star-like
protrusions on its surface (Wang et al., 2020; Zhang, et
al., 2022c). The genome size of a typical GAstV is
approximately 7200 base pairs (bp) (Shen, et al., 2022).
and the genome consists of 2 noncoding regions (5
UTR and 3’ UTR), along with 3 open reading frames
(ORF1la, ORF1b, ORF2) (Yuan, et al., 2019).
Among them, ORF1la and ORF1b encode nonstructural
proteins, respectively. While ORF2 encodes structural
proteins, known as the Cap protein, which is crucial for
the formation of infectious particles (Xu et al., 2019; Yin
et al., 2021; Wang et al., 2022b). The International
Committee on Taxonomy of Viruses classifies GAstV
into 2 genotypes: GAstV genotype-1 and GAstV geno-
type-2 (Zhu and Sun, 2022). There are already multiple
methods for quickly detecting and distinguishing differ-
ent genotypes of goose astroviruses (Yuan et al., 2018;
Wan et al., 2019; He et al., 2020; Ji et al., 2020). There
are substantial differences in genome sequences between
the 2 genotypes, which may be a key factor in the differ-
ent pathological characteristics of different strains. It
has been reported that the GAstV is capable of cross-
ing host barriers and spreading to Beijing ducks,
Cherry Valley ducklings and Moscow ducks (Liao et
al., 2015; Chen et al., 2020a; Chen et al., 2021), and
there are precedents indicating that duck-origin
GAstV belongs to the GAstV genotype-2 (Wei et al.,
2020b). However, due to the unsuccessful attempts
from a large number of infection experiments, it is
currently challenging to determine whether different
strains of GAstV can lead to varying mortality in
goslings and goose embryos.

In this study, we sequenced the genome of the virulent
GAstV strain responsible for atypical mortality and
established evolutionary trees based on its three main
open reading frames to analyze its homology and classify
the strain. At the same time, we developed a RT-qPCR
method to identify susceptible cells infected with
GAstV, and we analyzed the in vitro and in vivo growth
kinetics and host specificity of the GAstV strain by mea-
suring the viral load changes during the infection. We
also assessed the changes in the genes encoding antiviral
cytokines and proteins in LMH cells during GAstV infec-
tion to analyze their innate antiviral immune response.
In addition, H&E and IHC were performed to determine
the GAstV SCG3 viral antigen distribution in the
organs and tissues of dead goslings. The characteristics
in vitro and in vivo of the atypical virulent GAstV can
assist us in further elucidating the pathogenesis of the
virulent GAstV strain and the underlying causes for
such a high mortality.

MATERIALS AND METHODS
Cells, Viruses, and Antibodies

Cells include LMH, DEF, HEK-293T, Vero, BHK-21,
HD-11, DF-1, GEF. Select specific culture medium
based on the cultured conditions of various cells. LMH
cells were maintained in Dulbecco’s modified Eagle’s
medium Nutrient Mixture F-12 (DMEM-F12) (Gibco
Shanghai, China) supplemented with 10% fetal bovine
serum (FBS) (Gibco New York). DEF, BHK-21, HD-
11, DF-1, GEF cells were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Gibco) supplemented
with 10% FBS (Gibco). HEK-293T, Vero cells were
maintained in Roswell Park Memorial Institute medium
1640 (RPMI-1640) (Gibco) supplemented with 10%
FBS (Gibco). All cells were incubated at 37°C with 5%
CO,. GAstV strain SCG2 (GenBank: No. OR234611
and No. OR234619) was isolated from a dead gosling in
another farm of the Guanghan district, Deyang City,
Sichuan Province on May 8, 2022. GAstV strain SCG3
(GenBank: 0Q909424) was isolated from a dead gosling
in a farm of the Guanghan district, Deyang City, Sich-
uan Province on May 9, 2022. The virus stock was grown
in goose embryos, and passage 3 was used for the current
study. Virus titers in the allantoic fluids, with detection
limit of 10*T'CIDso/mL. The monoclonal antibody
against the Cap protein of GAstV was gifted by Profes-
sor Zongyan Chen of the Shanghai Veterinary Research
Institute.

Embryos and Goslings

A 10-day-old goose embryos were obtained from an
independent isolated farm in Hebei province. Ten-day-
old duck embryos were obtained from the Ya’an Animal
Breeding Base of Sichuan Agricultural University.
Three-day-old Tianfu meat goslings were purchased
from the Ya’an Animal Breeding Base of Sichuan Agri-
cultural University.

Construction of Standard Curve for Goose
Astrovirus

Viral cDNA fragments were synthesized by extracting
of GAstV RNA according to the Trizol (Takara, Dalian,
China) extraction method. After gel electrophoresis, the
kit was used to recover DNA fragments (primers were
designed based on ORF1b conserved sequences). These
target fragments were then ligated to the PCAGGS vec-
tor, transformed, and screened for positive clones. The
constructed plasmid was extracted and stored at —20°C.
The constructed plasmid was named as pGAstV-
ORF1b. The concentration of the pGAstV-ORF1b was
measured, and the genome copies were calculated using
the provided formula. The absolute quantification of the
GAstV ORF1b genome copies were interpolated using a
standard curve with 10%-10" copies /uL 10-fold serial
dilutions of the pGAstV-ORF'1b.
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RNA Extraction and RT-qPCR

Total RNA was isolated from cell lysates, allantoic
fluids and tissue homogenates by Trizol (Takara,
Dalian, China) extraction method. RT-qPCR was car-
ried out in Bio-Rad (Hurcules, CA). For detection of
viral RNA from infections, cDNA was first generated
using HiScript QRT SuperMix (Vazyme) for RT-PCR
according to manufacture’ s instructions, and subse-
quently, qPCR was conducted using 2xTaq SYBR-
Green qPCR mix (Innovagene, Changsha, China). The
GAstV ORF1b copies were normalized to the total RNA
input and report as RNA genome copies per microgram
total RNA. For quantification of viral load in infected
tissues and allantoic fluids, the viral load was reported
as absolute genome copies per uL of viral fluids (L.O.D
1x10" GAstV copies/uL) computed based on the stan-
dard curve generated from the product of GAstV
ORF1b gene. Set up the qPCR reaction system as fol-
lows: 2xTaq SYBR Green qPCR Mix 5 mM, Forward
Primer 200 uM, Reverse Primer 200 uM, Template
DNA 400 uM, and Nuclease-free HyO 4.2 mM. Initial
activation and pre-denaturation at 94°C for 3 min, fol-
lowed by 40 cycles of 94°C 10 s, 55°C 30 s, and 72°C 20 s.
The antiviral cytokines and proteins were quantitated
using the Livak and Schmittgen 272*°T method and
normalized to chicken B-actin, and reported as relative
viral RNA expression per microgram total RNA (L.O.D
1x10"? genome copies/mg). The RT-qPCR primers of
measuring GAstV genome copies used in the study were
in Table 1 and RT-qPCR primers of measuring chicken
cytokines are all in Table 3.

Growth Curve of Goose Astrovirus SCG3

The GAstV SCG3 growth curve was measured by
using the cell culture infection dose method in LMH
cells. LMH cells were seeded in six 6-well plates, and
incubate for 16 h (90% confluence). On each plate, 3
wells were inoculated with 2x10*TCIDs, GAstV SCG3,
and the other 3 wells served as the mock group. Viral

RNAs were collected with at 6 time point: 12 h, 24 h, 36
h, 48 h, 60 h, and 72 h post infection. RT-qPCR was per-
formed to determine the genome copies at each time
point to generate the virus growth curve. The curves
were obtained by inoculating 2x10*TCID5, and
2x10°TCID5, respectively.

Indirect Immunofluorescence (IFA)

Cells were washed twice with PBS, fixed them with
4% paraformaldehyde for 30 min, and then permeabi-
lized for 30 min at 4°C with 0.3% Triton in PBS. After 1
h of incubation at 37°C with 5% bull serum albumin
(BSA) in PBS, the cells were treated with mouse anti-
GAstV monoclonal antibody (1:500 diluted in PBS con-
taining 1% BSA) for 2 h and then incubated with goat
anti-mouse IgG conjugated with FITC (Thermo Fisher
Scientific, Shanghai, China; catalog #A16067; 1:1,000
dilution) for 1 h. The cells were then stained with DAPI
(Coolaber, Beijing, China) in PBS for 10 min. Each step
was followed by three 5 min washes with ice-cold PBST
(1%0 Tween-20 in PBS) in an orbital shaker. Fluores-
cence images were acquired under a fluorescence micro-
scope (Nikon, Tokyo, Japan).

Virulence of Goose Astrovirus SCG3in
Embryos

We measured GAstV genome copies by RT-qPCR in
order to determine the infection situation of embryos.
Each goose embryo and duck embryo are infected with
2x10" TCID5, GAstV SCG3. Dead embryos are checked
daily post infection with GAstV SCG3. If the embryos
died, we would collect their allantoic fluids for RT-PCR
and RT-qPCR immediately or place them in a —80°C
refrigerator. RT-PCR and RT-qPCR are used for identi-
fication and quantification. After measuring and record-
ing the viral load, continue GAstV SCG3 passage
cultivation through embryo inoculation, and the viral
load of the allantoic fluids in each generation were

Table 1. Primers used for RT-PCR or RT-qPCR amplification and sequencing of GAstV SCG3.

Primer name Sequence (5‘—~3')

Location in genome Product size (bp)

RT-PCR-GAstV-F1
RT-PCR-GAstV-R1
RT-PCR-GAstV-F2
RT-PCR-GAstV-F3
RT-PCR-GAstV-F4
RT-PCR-GAstV-R4
RT-PCR-GAstV-F5
RT-PCR-GAstV-R5
RT-PCR-GAstV-F6
RT-PCR-GAstV-R6
RT-PCR-GAstV-F7
RT-PCR-GAstV-R7
PCAGGS-GAstV-ORF1b-F

PCAGGS-GAstV-ORF1b-R

RT-qPCR-GAstV-F
RT-qPCR-GAstV-R

GCGGCCGGTGGCCCCGCCAGCA
AAAATGTTCTTCTTATTCTC
CAGATTTTATTATTCTGTGTT
GAGAATAAGAAGAACATTTT
TCTGGGGTAAATTGGTTTC
TCACGTAAATGACAAAAGTT
AGTGCATTTACTGTTTTCAA
TCGGCGTGGCCGCGGCTGCT
TGGTGGTGTTTTCTCAAAAATGA
ACATTGGGAACTCCAACAAA
ATGGCGGCCGGTGGCCCCGC
GGGCCAATTCTCCCTCAAGCCT
CATCATTTTGGCAAAGAATTCGCCACCATGG
GCAGGATGATATTATTGAGTG
TTGGCAGAGGGAAAAAGATCTCTA
GGAGCATATTCATCTTGTTG
GGCAGGATGATATTATTGAGTG
GGAGCATATTCATCTTGTTG

22—43 1464
3002—2983
1465—1485 1518
2983-3002 1815
4654—4672 844
5497—5478
5478—5497 1500
6977—-6958
3807—3829 788
4594—4575
19-38 1467
7032—-7011 1555
3337-3358 4880
3496—3466
3337—-3358 160
3496—3466
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measured to evaluate the efficiency of the in vivo isola-
tion system of GAstV SCG3.

Animal Infection Experiments

We determined the infection status of goslings in
order to determine the mortality of goslings infected
with GAstV SCG3, viral load and body weight
changes. Three-day- old goslings were inoculated via
intramuscular injection of 5%107 TCIDs, GAstV
SCG3 and same volume of PBS were injected with
the control group. Dead goslings were collected daily
for organ tissue samples, including heart, liver,
spleen, kidney, intestine, and brain postinfection.
Part of the samples were used to measure GAstV
genome copies, while the other samples were
immersed in 10% neutral formalin fixed solution for
H&E as well as immunohistochemistry experiments.
The goslings would be euthanized if they did not eat
or drink any more postinfection with GAstV SCG3.
Similarly, tissue samples were taken for GAstV
genome copies measurement. Mortality and weight
changes of each gosling postinfection with GAstV
SCG3 were recorded for 7 d.

Histology and Immunohistochemical
Staining

A portion of the spleen, liver, heart, brain, kidney
and intestine samples was fixed in buffered 10% for-
malin for 24 h, dehydrated in graded alcohol, embed-
ded in paraffin wax and cut into 5-pum-thick sections.
Some sections were stained with haematoxylin and
eosin (H&E) using a conventional protocol. Concur-
rently, slightly modified immunohistochemical (THC)
staining was performed. Briefly, a mouse monoclonal
antibody against GAstV Cap protein was diluted at
1:500. After an overnight incubation with the pri-
mary antibody at 4°C and 3 washes with PBST, the
sections were incubated with the goat antimouse sec-
ondary antibody (Biotin-Streptavidin HRP Detection
Systems, ZSGB-BIO, Beijing, China) for 30 min at
37°C. Finally, the sections were observed under an
optical microscope (Nikon, Tokyo, Japan).

Viral Titers Detection

Viral titers were determined by the median tissue
culture infectious dose 50 (TCIDs5q) method in LMH
cells. Viral samples were serially diluted 10-fold in
DMEM, and then 100 uL dilutions of the viral sam-
ple were distributed to each of 8 wells of a 96-well
plate seeded with a monolayer of LMH cells. After
120 h incubation at 37°C with 5% CO,, the presence
of viruses was detected by assaying CPE using
microscopy, and the viral titers were calculated
according to the Reed-Muench method.

Quantification and Statistical Analysis

Data of the RT-qPCR is presented as means + Stan-
dard Error (SEM). Student’s ¢ test was used to assess
statistical significance, with significance defined by P
value <0.05 (*) in GraphPad Prism 9.0 software. Statis-
tical significance of survival was analyzed using survival
curve, Log-rank (Mantel-Cox) test in GraphPad Prism
9.0 software.

RESULTS

GAstV SCG3 Belongs to Goose Astrovirus
Genotype-2 Showing High Homology with
AHAUS5S

Seven pairs of primers were designed for sequencing
GAstV SCG3 (Table 1), obtaining the partial genome
sequence of GAstV SCG3 including ORFla, ORF1b
and ORF2. Sequence alignments were performed on
GAstV SCGS3, along with 4 representative strains of
GAstV genotype-1 and 4 representative strains of
GAstV genotype-2, 5 species of astrovirus, and other 5
waterfowl viruses by using DNAMAN software. Table 2
sequence alignments of ORF1a revealed that it has the
closest homologous relationship with AHAUS5, JXO01,
G548 (Figure 1A). Sequence alignments of ORF1b indi-
cated that it has the closest homology with AHAUS5,
G548, JX01 (Figure 1B). Sequence alignments of ORF2
revealed that it has the closest homology with G548,
AHAUS5, JX01 (Figure 1C). Overall, it was found that
GAstV AHAUS exhibits the closest homology with
GAstV SCG3.

GAstV SCG3 Can Cross Host to Infect LMH
Cells In Vitro Due to Its Liver Targeting

The allantoic virus can be subcultured in both goose
embryos and duck embryos for 5 generations postinfec-
tion with GAstV SCG3, while only subculturing by
goose embryos is the efficient way to cultivate GAstV
SCG3. GAstV SCG3 does not induce cytopathic effects
in cell lines including DEF, GEF, HEK-293T, Vero,
BHK-21, HD-11, DF-1, which is known as the self-limit-
ing of GAstV replication, while GAstV SCG3 can lead
to severe cytopathic effects in LMH cells (Figure 2A).
Based on the results of the IFA experiments, where
LMH cells were infected with GAstV SCG3, it can be
observed that the green fluorescence generated by
GAstV SCG3 is surrounded by the blue fluorescence
from the nucleus. This indicates that GAstV SCG3 can
infect LMH cells. However, GAstV SCG3 cannot enter
the nucleus and primarily relies on LMH cells to repli-
cate in the cytoplasm outside the nucleus (Figure 2B).
We performed absolute quantification of the viral load
by establishing an RT-qPCR standard curve for GAstV.
In vitro GAstV culture experiments were conducted,
and the results demonstrated that only LMH cells were
capable of stably cultivating GAstV SCG3 for up to 10
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Table 2. Alignments with the nucleotide identities of GAstV SCG3.

Percent identify (%) to Goose astrovirus SCG3(0Q909424)

Astrovirus (GenBank accession no.) Genome(bp) ORF1la(aa) ORF1b(aa) ORF2(aa)
Goose astrovirus GD (MG934571.1) 7183 97.34 98.08 96.84
Goose astrovirus JX01(MZ576222.1) 7173 97.98 98.28 97.83
Goose astrovirus AHAUS5(MN428645.1) 7182 99.26 99.30 97.79
Goose astrovirus G548(OM273309.1) 7183 97.46 98.65 98.87
Goose astrovirus SCCD(MW786757.1) 7255 52.52 60.84 48.46
Goose astrovirus AHDY (MH410610.1) 7288 52.80 60.78 48.12
Goose astrovirus ZJC14 (MZ819185.1) 7288 52.61 60.46 48.19
Goose astrovirus FLX (NC_ 034567.1) 7299 52.43 60.56 47.59
Turkey astrovirus (NC_002470.1) 7003 23.26 5.96 15.02
Feline astrovirus (NC_024701.1) 6598 20.16 12.14 14.28
Human astrovirus (NC_001943) 6813 19.64 11.80 13.31
Pig astrovirus (MT470220.1) 6721 20.12 11.86 12.85
Chicken astrovirus (MZ367372) 7480 24.2 13.31 13.40
Duck astrovirus (OM095382.1) 7517 24.27 13.30 14.44
Adenovirus (J01917.1) 35937 3.79 1.76 2.40
Tembusu virus (KF192951.1) 10989 12.19 5.96 8.49
Goose paramyxovirus (NC_005036.1) 15192 9.09 4.41 5.77
Goose parvovirus (KC996730.1) 5046 4.96 10.96 6.90
Influenza A virus (JN852792.1) 2191 27.38 29.43 39.19

generations. Furthermore, GAstV SCG3 maintained a
consistently high wviral load in each generation
(Figure 3A—3K). The stable passage culture can aid in
establishing the growth curve of GAstV SCG3 and pro-
viding insights into the characteristics of GAstV SCG3
in vitro.

GAstV SCG3 Can Activate Antiviral
Response in LMH Cells During the Infection

We evaluated the host’s antiviral response to viral
infection in the presence of GAstV SCG3. We confirmed
that GAstV SCG3 can trigger antiviral response of the
host cells. Compared to the control infected cells, IL-18,
NF-«kB, IFN-«, IFN-8, OASL and Mx exhibited the
most significant increase 24 h postinfection with GAstV
SCGS3. This observation may be closely associated with
the high virulence of GAstV SCG3. However, there was
a substantial decrease in 1L-18, NF-«B, IFN-«, IFN-8,

A

ORF1a phylogenetic analysis

GAstY AHAUS

ORF1b phylogenetic analysis

OASL and Mx 48 h postinfection with GAstV SCG3
(Figure 4A—4F). By 72 h, these antiviral cytokines had
already reached a relatively low level, which can be
attributed to the high viral load observed at this time.
These changes align with the alterations in viral load,
and the reason that GAstV failed to proliferate in LMH
cells unlimitedly may also be associated with the pres-
ence of a certain level of antiviral response 72 h postin-
fection with GAstV SCG3. The decrease in the level of
antiviral response may be linked to the extensive cell
death induced by GAstV proliferation during the infec-
tion process. RT-qPCR primers employed for measuring
chicken cytokines can be found in Table 3.

GAstV SCG3 Has High Pathogenicity and
Host Specificity In Vivo Infection

We observed the infection status of goslings, goose
embryos and duck embryos 7 d postinfection with

ORF2 phylogenetic analysis

Figure 1. Phylogenetic analysis of GAstV SCG3 open reading frames. (A) Phylogenetic tree of GAstV SCG3 ORF1b. (B) Phylogenetic tree of
GAstV SCG3 ORF1b. (C) Phylogenetic tree of GAstV SCG3 ORF2. The trees were generated using MEGA 7.0 software and the Neighbor-joining

method with 1000 bootstrap replicates.
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Figure 2. Cell culture characteristics of GAstV SCG3. (A) Cell pathological changes of different cells (LMH, GEF, DEF, DF-1, HD-11, BHK-
21, Vero, HEK-293T) 3 d postinfection (dpi). The infective dose of all cells is 2x 10" TCID5, GAstV SCG3. Equal volume of PBS was used as the con-
trol group. (B) GAstV SCG3-infected LMH cells stained for GAstV antigen (green) and nuclei (blue) on 2 d postinfection (dpi). Mock infected cells
were used as controls. The images were recorded using an OLYMPUS upright fluorescence microscope. The nuclei were stained with DAPT (blue)

and the antigens were stained with FITC (green). Scale bar, 20 pm.

GAstV SCG3 (Figure 5A), it was found that the mortal-
ity of goslings and goose embryos can be as high as 93
and 80%, respectively. While the mortality among duck
embryos was observed to be 0 (Figure 5B), indicating
that the GAstV strain is virulent and host specific. Gos-
lings infected with GAstV SCG3 exhibit gray discolor-
ation of the eyelids, and difficulty in standing, and their
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growth was significantly inhibited (Figure 5C). GAstV
SCG3 demonstrates strong virulence in goslings and
goose embryos with a survival rate of only 6.2% among
goslings, leading to their demise within 2 d postinfection
(Figure 5D). Surprisingly, on the third day of GAstV
SCG3 infection experiment, 12 goslings succumbed the
same day (Figure 5E). Dissecting dead goslings infected
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Figure 3. Growth kinetics of GAstV in vitro. For (A)goose embryos, (B) duck embryos, (C) GEF cells, (D) DEF cells, (E) BHK-21 cells, (F)
HEK-293T cells, (G) Vero cells, (H) LMH cells, (J) HD-11 cells and (K) DF-1 cells, the infective dose of all cells is 2x10* TCID;, GAstV SCG3. (I)
Growth curve of GAstV SCG3 in LMH cells. The infective doses used in growth curve are 2x10* TCID5, GAstV SCG3 and 2x10° TCID50 GAstV
SCG3, respectively. Equal volume of PBS was used as the control group. The limit of detection (L.0.D) of RT-gPCR is 1x 10%° GAstV copies /L.
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resents the relative expression level. The relative expression of all genes was calculated using the Livak and Schmittgen

27AACT 1hethod and normal-

ized to chicken B-actin. The limit of detection (L.0.D) of RT-qPCR is 1x10°? genome copies/uL. Data are represented as the means & SD (n = 6).
* indicates statistically significant differences. (ns indicates not significant, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001.%¥***

indicates P < 0.0001).

with GAstV SCG3 can reveal atypical mortality in their
intestines, as well as severe congestion in organs such as
the liver, kidney, and spleen in contrast to tissues
infected with attenuated strain GAstV SCG2
(Figure 5F). When goslings and duck embryos were
infected with GAstV SCGS3, it was observed that the
survival rate of goose embryos reached 20%
(Figure 5G), 1 potential reason why the same dose of
GAstV SCG3 may result in varying mortality rates in
goose embryos is the number embryos used in this exper-
iment, the last experiment n = 3, but this time n = 10.
It’s also need to aware that different goose embryos were
collected from goose breeding farm which may be very
individual (no SPF goose embryos is available). How-
ever, both of those 2 results confirmed that this strain

Table 3. RT-qPCR primers of measuring chicken cytokines.

(GAstV SCG3) is virulent and exhibits a high mortality
in goose embryos. the mortality among duck embryos
remained at 0 (Figure 5H). The embryo membrane
would become thicker and the bleeding points would
increase postinfection of goose embryos with GAstV
SCG3 (Figure 5I). After removing the embryo shell, it
became apparent that the embryo exhibited mortality,
and the liver lost its natural color and experienced tissue
degeneration in contrast to tissues infected with attenu-
ated strain GAstV SCG2 (Figure 5.J). Different from the
attenuated strain SCG2, measurement about the viral
load of dead gosling tissues postinfection with GAstV
SCG3 indicated that the liver had the highest viral load,
followed by the kidney, spleen, intestine, heart, and
brain (Figure 6A—6F)

Primer name GenBank accession no.

Location in genome Sequence (5'—3')

RT-qPCR-Chicken IFN-a-F DQ226092.1 334-353 CGCCAAAGCCTCCTCAACCG
RT-gPCR-Chicken IFN-a-R 507—488 GGCGCAGGCGCTGTAATCGT
RT-qPCR-Chicken IFN-B-F NM_001024836.2 96—115 TCACCAGGATGCCAACTTCT
RT-qPCR-Chicken IFN-g-R 321-302 TGTGCGGTCAATCCAGTGTT
RT-qPCR-Chicken OASL-F NM_001397447.1 646—665 CGCCTGGTCAAGCACTGGTA
RT-gPCR-Chicken OASL-R 885—865 GTAGGCACCGACCCACTCATC
RT-qPCR-Chicken Mx-F NM_ 204609.2 163—182 CAATCCACGGTCCAACTTCA
RT-gPCR-Chicken Mx-R 398377 CTGCCTCATCCTTGTCCTCTTC
RT-qPCR-Chicken IL-18-F NM_204524.2 267—286 GACCAAACTGCTGCGGAGGC
RT-qPCR-Chicken IL-18-R 421-401 CGAAGGACTGTGAGCGGGTGT
RT-gPCR-Chicken NF-«B-F BG625630.1 128-147 GCTCACAAAGGCAGTCTCAC
RT-gPCR-Chicken NF-«B-R 345—326 CTTGCTAAGCGTTATGGATG
RT-qPCR-Chicken g-actin-F L08165.1 1179-1198 CACCGCAAATGCTTCTAAAC
RT-gPCR-Chicken g-actin-R 1352—-1333 AAGACTGCTGCTGACACCTT
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GAstV SCG3 Has Extensive Tissue
Phagocytosis in Target Organs

The dead goslings exhibited clinical signs of severe tis-
sue damage, indicating pathological changes in the tis-
sues. Therefore, further analyses were conducted on
selected tissues such as the spleen, liver, heart, brain,
kidney, and intestine. In the spleen tissues, a substantial
amount of white pulp was observed, with a decrease in
the number and structure, and a lack of obvious white
pulp. The boundary between white pulp and red pulp
was unclear, along with extensive congestion (indicated
by black arrows), scattered lymphocyte necrosis, karyor-
rhexis (indicated by blue arrows), and some neutrophil
infiltration (indicated by green arrows) (Figure 7A). In
the liver tissue, diffuse hepatocyte steatosis was evident,
with round vacuoles of varying sizes observed in the
cytoplasm (indicated by black arrows). Severe conges-
tion and dilation of large hepatic sinuses were also pres-
ent (indicated by blue arrows), along with excessive
central venous congestion (indicated by green arrows)
(Figure 7B). Calcifications were visible in the epicar-
dium of the heart tissue (indicated by black arrows),
along with connective tissue hyperplasia and a small
number of lymphocytes (indicated by blue arrows)
(Figure 7C). The brain did not exhibit significant lesions
(Fig. 7D). In the kidney tissue, a small amount of watery
degeneration of renal tubular epithelial cells was notice-
able, characterized by loose and lightly stained cyto-
plasm (indicated by black arrows). There was also
extensive renal tubulointerstitial congestion and dilation
(indicated by blue arrows), along with excessive vascular
congestion and dilation (indicated by green arrows)
(Figure 7E). In the intestinal tissue, a significant number
of intestinal villi were observed to have shortened, with

GAstV SCG3
infected

Control

T

Heart

some intestinal villi showing necrosis, structure disap-
pearance, and the necrotic shedding of a large number of
mucosal epithelial cells (indicated by black arrows). The
lamina propria was exposed, revealing numerous intesti-
nal glands with incomplete structure and a substantial
amount of epithelial shedding (indicated by green
arrows), and there was also a minor infiltration of lym-
phocytes in the submucosa (indicated by yellow arrows)
(Figure 7F) (Ding et al., 2021; Huang et al., 2021). All of
these results indicate that GAstV SCG3 can lead to
varying degrees of damage to the heart, liver, spleen,
and intestines, with the liver being the most severely
affected organ. Severe tissue phagocytosis in the liver
results in serious disorders of metabolic enzymes.

GAstV SCG3 Enriched in Target Organs
Causes Severe Damage Inducing Fatal Gout

Through immunohistochemistry experiments, it was
observed that the liver had the strongest positive signal,
suggesting that the antigen of GAstV SCG3 is primarily
distributed in the liver, followed by kidney, spleen, intes-
tine, heart and brain. In comparison to the attenuated
strain GAstV SCG2, GAstV SCG3 demonstrates effi-
cient proliferation in its main target organs, while the
attenuated strain struggles to cause mortality in gos-
lings. Furthermore, the GAstV SCG2 genome copies in
its tissues are significantly lower than those of GAstV
SCG3. The highest GAstV SCG2 genome copies in its
tissues were found in the kidney, followed by the liver,
spleen, intestine, heart, and intestine. This observation
aligns with previously reported results, and the distribu-
tion of GAstV virons in tissues is consistent with the
outcomes of nephrotic astrovirus infections (Yuan et al.,

GAstV SCG3

Conero] infected

Figure 7. Representative hematoxylin and eosin staining of infected and control tissues. Histological changes in the tissues from dead gosling
post infection with 5x10" TCID;, GAstV SCG3. Equal volume of PBS was used as the control group. (A) spleen, (B) liver, (C) heart, (D) brain, (E)
kidney and (F) intestine. Green arrows, blue arrows, black arrows, yellow arrows indicate different pathological characteristics. Scale bar, 50 pm.
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GAstV SCG3
infected

Control

GAstV SCG3

Control infected

Figure 8. Representative immunohistochemical staining of infected and control tissues. (A) spleen, (B) liver, (C) heart, (D) brain, (E) kidney
and (F) intestine. GAstV distribution in the dead gosling tissues post infection with 5x10" TCID5, GAstV SCG3 evaluated via an IHC analysis.
Equal volume of PBS was used as the control group. Red arrows indicate positive signals. Scale bar, 50 pum.

2019). (Figure 8A—8F), while the positive signal in
intestine, heart, and brain is very attenuated (indi-
cated by red arrows). This suggests that GAstV
SCG3 can effectively replicate in the liver, kidney,
and spleen, and the most critical host organ is liver.
The liver exhibits the highest positive cell rate,
strongly positive in brown-yellow. According to the
grading of positive cell rate, the positive rate of liver
reaches 44.7%, reaching level 2 (26—50%) indicating
that the GAstV antigen is predominantly concen-
trated in the liver. The extensive invasion of the tar-
get organs by a large number of GAstV can result in
severe damage, which can be the underlying cause of
fatal gosling gout (Guo et al., 2019).

DISCUSSION

The clinical symptoms of GAstV infection include
joint swelling and the typical uric acid precipitation in
goose visceral organs, with mortality no more than 50%
(Xu et al., 2023b). GAstV has inflicted significant dam-
age on the waterfowl industry in recent years (Liu, et
al., 2020; Wang et al., 2021; Fu et al., 2022). GAstV has
now spread to many provinces of China, including Shan-
dong, Guangdong, Anhui, and Jiangxi et al. (Yang et
al., 2018; Wu et al., 2020; Zhang et al., 2022b). The
most recent outbreaks of the GAstV account for more
than 80% of all goose-origin viruses in Sichuan. Due to
the differences in viral proteins encoded by virulence
genes of GAstV, GAstV may also induce distinct patho-
logical characteristics (Cui et al., 2022; Fei et al., 2022).
However, it is currently unknown which specific viru-
lence gene is the most critical in influencing the virulence

of GAstV and determining its host specificity. Due to
lack of animal infection experiments involving different
strains of GAstV, it is challenging to identify and com-
pare the pathological characteristics of goslings infected
with various GAstV strains. The only known fact is that
GAstV genotype-2 can lead to severe urate deposition in
the organs and joints, resulting in severe gosling gout (Li
et al., 2021).

In recent years, gosling gout has been regarded as one
of the most important threats impacting the waterfowl
industry (Wang et al., 2022a; Zhang et al., 2022b).
Apart from factors such as nutrition disorder, food
mycotoxins contamination, vitamin deficiency and other
feeding and management aspects, GAstV infection is
regarded as the primary underlying cause of large-scale
gosling gout in farms (Liu et al., 2018; Zhang et al.,
2018b). The main causes of gosling gout are excessive
uric acid accumulation in the body and impaired uric
acid excretion in goslings (Xi et al., 2019; Xi et al.,
2022). GAstV primarily inflicts serious damage on the
metabolic organs of goslings, resulting in uric acid excre-
tion disorders in goslings, which in turn lead to a signifi-
cant increase in blood uric acid levels. Large quantities
of white urate salts are deposited in organs or joints,
forming urate crystals and resulting in gout (Niu, et al.,
2018).

GAstV SCG3 in this study has several important
atypical characteristics: 1) GAstV SCG3 is virulent with
mortality of 93% and 80% in goslings and goose
embryos, respectively. 2) GAstV SCG3 has extensive
tissue phagocytosis and can cause significant lesions in
organs such as the liver, spleen, and kidney. 3) GAstV
SCG3 can seriously stun the growth of infected goslings.
GAstV SCG3 along with the reported AHAUS5, JXO01,
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(G548, belongs to the GAstV genotype-2. However,
GAstV SCG3 can cause atypical mortality, which may
be caused by multiple mutations in its viral proteins
(Ren et al., 2020; Ren et al., 2022). 4) GAstV SCG3 can
activate the antiviral innate immune response in
LMH cells, and its ability to activate a large number
of inflammatory genes at 24 h postinfection may be
due to its ability to cause severe and fatal liver injury
(Wu et al., 2021). The activation of antiviral cyto-
kines and antiviral proteins of GAstV SCG3 may be
the cause of the self-limiting of replication, which
may make it difficult for prolonged propagation of
the virus in cells. 5) The study on the growth kinetics
of GAstV SCG3 in vitro and in vivo indicated that
GAstV SCG3 can only be continuously cultured
through LMH cells and goose embryos, which means
GAstV SCG3 may have specific organ/tissue tropism.
6) GAstV SCG3 can be widely distributed in and
damaged the liver, kidney, spleen, intestine, and
heart of goslings. Significantly, the liver has signifi-
cantly higher antigen positive rate than other organs.

Isolating and cultivating GAstV has consistently posed
a significant challenge. Our research has unveiled that
achieving efficient isolation and cultivation of GAstV
SCG3 in vitro is only feasible through the utilization of
goose embryos and LMH cells. The results of differences
in virulence among different strains of GAstV isolates
shows that all GAstV isolates exhibit different adapta-
tions to different hosts and varying degrees of damage to
tissues and organs. Overall, the strains with higher viral
load have stronger pathogenicity and exhibit higher
lethality against waterfowl in vivo infection experiments.
We found GAstV SCG3 has extensive tissue phagocyto-
sis, the viral load in the liver of dead gosling is even higher
than that in the kidney, and its high pathogenicity to the
liver may be the important reason for its ability to cross
host infect cells. The virulent strain of GAstV enriched in
liver causes fatal liver damages inducing gout. Our
study’s observation of this phenomenon is a novel and sig-
nificant contribution that can help further understanding
on the pathogenicity of GAstV and the cause of such a
high mortality. A comparison between the genome and
amino acid sequences of the highly virulent strain
revealed the highest homology with AHAUS5. These find-
ings serve as crucial references for further exploration of
efficient isolation and cultivation ways for GAstV both in
vitro and in vivo. Our study provides valuable insights
for researchers in this field.
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