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ABSTRACT Goose astrovirus (GAstV) is a newly
discovered astrovirus. GAstV causes gout and death in
4- to -16-day-old goslings. For the past few years, fatal
gout, the cardinal clinical symptom of gosling infected
with GAstV, has been spreading rapidly in some goose
Chinese farms, which caused continuous economic losses
to the goose breeding industry in China. Currently, sev-
eral underlying mechanisms involved in viral replication,
inflammatory reaction, virions release, and viral patho-
genesis of GAstV remain to be elucidated. In this study,
we explored the mechanisms of GAstV-host interac-
tions, the transcriptome and proteome profiles of
GAstV-infected LMH cells were sequenced by RNA-seq
and data-independent acquisition (DIA) techniques,
respectively, and followed using an integrative analysis.
Compared with uninfected LMH cells, a total of 322
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differentially expressed genes (DEG) (195 up-regulated,
127 down-regulated) and 36 differentially expressed pro-
teins (DEP) (31 up-regulated, 5 down-regulated) were
detected. Nine DEGs were randomly selected for further
validation by quantitative real-time polymerase chain
reaction (qPCR). Through GO and KEGG enrichment
analysis, DEG and DEP were significantly enriched in
several important cellular signaling pathways, including
MAPK, PI3K-Akt, cAMP, chemokine, calcium, phos-
pholipase D, Ras, TNF, IL-17, Rap1, NF-kappa B sig-
naling pathways, indicating that GAstV affects cell
growth and immune signaling. This study provided an
overview of changes in transcriptome and proteome pro-
files of GAstV-infected LMH cells, therefore, providing a
crucial basis to further explore the mechanisms of
GAstV-host interactions.
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INTRODUCTION

Astroviruses cause enteritis in humans and a vari-
ety of animals. Astroviruses first were identified in
the fecal samples of children with gastroenteritis in
1975 (Madeley and Cosgrove, 1975). Astroviruses are
small, nonenveloped, positive-sense, single-stranded
RNA viruses belonging to the family Astroviridae
(Wang et al., 2021a). The astrovirus genome (approx-
imately 6.0−7.7 kb in length) contains a 50-untrans-
lated region (UTR), a 30-UTR, 30 open reading
frames (ORF), and a poly (A) tail. The genome is
organized into 3 to 4 open ORFs (ORF1a, ORF1b,
and ORF2). ORF1a and ORF1b encode the viral
nonstructural proteins, and ORF2 encodes a viral
structural protein (capsid) (Diakoudi et al., 2023).
Astroviruses have the potential to cross species bar-
riers and adapt to new host species (Roach and Lan-
glois 2021). The host range of astroviruses is wide,
with diarrhea or intestinal disease as the main symp-
toms (Liu et al., 2023). Astroviruses often cause coin-
fections with many other enteric viruses, for instance,
adenoviruses and noroviruses (Neves et al., 2021).
Astrovirus infections pose a major problem for the
poultry industry, causing many adverse effects, such
as decreased egg production, breeding disorders, poor
weight gain, and even significantly increased mortal-
ity (Sajewicz-Krukowska et al., 2021). Goose astrovi-
rus (GAstV) is a newly identified viral pathogen
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threatening waterfowl. Epidemiological studies have
found that there are 2 (type 1 and type 2) circulating
genotypes of GAstV in China (Cen et al., 2023; Li
et al., 2021; Zhang et al., 2022). Goslings are more
susceptible to GAstV, and severe visceral gout, joint
gout, hemorrhage, and swelling of the kidneys are
the main symptoms, exhibiting a high prevalence
throughout China (Xu et al., 2024). After the first
GAstV infection was identified in 2016 (Zhang et al.,
2017), growing evidence is revealing a rapid spread of
GAstV across various regions in China causing seri-
ous losses to the goose-breeding industry (Li et al.,
2023). However, the mechanisms by which GAstV
makes use of host cells to complete viral replication,
virion release, viral pathogenesis, and immuno-inflam-
matory responses are still unclear. As an emerging
virus, research on GAstV is still in the primary stage
and many questions remain unknown.

Both transcriptomics and proteomics can reflect the
gene expression of organisms in a certain growth and
development stage or under certain physiological condi-
tions, and they are powerful tools for studying physio-
logical and biochemical states. Transcriptomics is a
useful and widely applied molecular sequencing tech-
nique. Proteomics is an essential technique to determine
the existence, protein type, and morphology of proteins
in organisms, including protein expression level, transla-
tion and modification, and protein interaction (Wu et
al., 2021). Because of the higher accuracy of multi-omics
data compared to single-omics analysis, it is widely used
to disclose the full picture of biological systems (Ritchie
et al., 2015; Xing et al., 2023). The combined analysis of
transcriptomics and proteomics is a practical method to
study the internal regulatory mechanisms of organisms.
In recent years, differential transcriptome and proteome
combined data before and after viral infection have
enabled a comprehensive explanation of the host of viral
infection to identify potential biomarkers that play vital
roles in virus-host interactions (Greco and Cristea 2017;
Yang et al., 2018).

The purpose of the present study was to combine
transcriptomic and proteomic methods to measure the
difference of host cell leghorn male hepatocellular
(LMH) data before and after GAstV infection, and to
analyze the expression changes of host genes and pro-
teins before and after GAstV infection. To ascertain
potential biomarkers that play crucial roles in virus-host
interactions.
MATERIALS AND METHODS

Viruses and Cells

GAstV (GAstV XX strain, belonging to goose astrovi-
rus type 1, GenBank number: MN337323) and leghorn
male hepatocellular (LMH) cell were friendly provided
by Henan Provincial Key Laboratory of Animal Immu-
nology, Henan Academy of Agricultural Sciences
(Zhengzhou, China).
Sample Collection and Testing

GAstV (GAstV XX strain) was propagated on LMH
cells. After the virus was inoculated, LMH cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
(Solarbio, Beijing, China), supplemented with penicil-
lin-streptomycin and 10% fetal bovine serum (FBS,
Gibco, Waltham) for 48 h post infection (p.i.), at 37°C
in the presence of 5% CO2. At the same time, uninfected
LMH cells were set as control. There were 3 replicates in
the infection group (TA1, TA2, TA3) and the control
group (TB1, TB2, TB3).
Medium from 6 cell culture bottles were discarded,

washed with sterile phosphate-buffered saline (PBS,
pH 7.4) buffer, digested with trypsin, centrifuged at
1,000 rpm for 10 min, and cells were collected. The cells
were washed 3 times with PBS buffer and centrifuged
at 1000 rpm for 10 min. The cells were stored in freeze-
storage tubes, frozen in liquid nitrogen.
The 6 samples were detected respectively to determine

whether LMH cells in the infected group were infected
by GAstV, and whether LMH cells in the control group
were not infected by GAstV. Two methods of PCR and
droplet digital PCR (ddPCR) were used for detection.
The specific primers used in the common PCR identifica-
tion method were designed according to the ORF1b
sequence of the AstV/SDPY/Goose/1116/17 strain
(GenBank number: MH052598.1).
We designed a primer pair specific for GAstV (F: 50-

ACCCCTGGTTATCCAAAATTTAAGT-30 and R: 50-
CCGCCAGAAGAGAGGCTTGGGCAAC-30) based
on the ORF1b sequence of RNA polymerase gene of
AstV/SDPY/Goose/1116 /17 strain (GenBank number:
MH052598.1). The expected fragment size is 420 bp.
Total viral RNA was extracted from 6 cell samples, and
the virus cDNA was reverse-transcribed to be used as
PCR template. The final volume of each PCR assay
was 50 mL, comprising 22 mL double-distilled H2O
(ddH2O), 1 mL of the primer pair (10 mM each), 1 mL
template DNA, and 25 mL 2£EasyTaq PCR SuperMix
(TransGen Biotech Co., Ltd., Beijing, China). The
cycling conditions were as follows: initial denaturation
at 94°C for 5 min; 30 cycles of 94°C for 30 s, 58°C for
30 s, and 72°C for 1 min; and final extension at 72°C for
10 min. ddH2O was used as a negative control. The PCR
products were identified by 1.5% agarose gel electropho-
resis. The detection method was the ddPCR method
established in our laboratory (Shi et al., 2024). The spe-
cific primers and probes were designed and synthesized
based on the ORF2 gene of AstV/SDPY/Goose/1116/
17 strain (GenBank number: MH052598.1). The
sequence of PCR upstream primer was 50-GCCCAGA-
TAGACAGCAGGAT-30. The sequence of PCR down-
stream primer was 50-GCGAGGGAGTAGCCTG-
TATT-30. The sequence of probe was 50-FAM-
ACCTGCCTCTGCCAGTGGCACC-BHQ1-30. The
LMH cells of 6 samples were extracted, RNA concentra-
tion quantification and viral nucleic acid reverse tran-
scription were performed. The 6 samples were tested
using the established ddPCR assay. The viral copy
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number of GAstV and clinical samples were quantified
by the TD-1 Droplet Digital PCR System (Targetin-
gOne, Beijing, China) according to the product’s
instruction manual. In brief, the 30 mL ddPCR system
mixture and 180 mL oil were then loaded into the desig-
nated location of the droplet generation chip, and small
droplets were generated on the droplet manufacturing
machine. PCR amplification was performed on a T100
thermal cycling apparatus. After PCR amplification, a
droplet chip reader was used to read the data of each
small droplet unit that has been PCR individually,
which was analyzed with droplet reader software. The
ddPCR assay was repeated 3 times.
Transcriptome Examination and Analysis

Transcriptome sequencing was performed using
eukaryotic reference transcriptome assay techniques.
The experimental procedure of strand-specific library
construction was as follows. Total RNA was extracted
from LMH cells by Trizol reagent kit (Invitrogen, Carls-
bad, CA) as stated by the manufacturer’s operation
instructions. RNA quality was evaluated and checked.
After total RNA was extracted, rRNAs were removed to
keep mRNAs and ncRNAs, that is, mRNA was purified.
The mRNAs and ncRNAs were fragmented into small
fragments by means of fragmentation buffer and reverse
transcribed into cDNA using random primers. Second-
strand cDNA were produced using DNA polymerase I,
RNase H, dNTP (dUTP in place of dTTP) and buffer.
Next, the cDNA was purified, end repaired, poly (A)
added, and ligated to Illumina sequencing adapters.
Then, Uracil-N-Glycosylase was applied to digest the
second-strand cDNA. Finally, the digested produces
were size selected using agarose gel electrophoresis, PCR
amplified, and sequenced with Illumina HiSeqTM 2500
by Guangzhou Gene Denovo Biotechnology Company
(China). In a word, the experimental flow included total
RNA extraction, RNA quality detection, rRNA
removal, RNA fragmentation (200−500 nt), first strand
cDNA synthesis, UNG treatment, PCR amplification,
and sequencing. The differences in gene expression levels
were examined. The conditions for screening differen-
tially expressed genes (DEG) were the expression differ-
ence multiple |log2fold change|>1, and false discovery
rate (FDR) <0.05.

The DEGs were categorized by functional enrichment,
and the significantly enriched functional classifications
and signal pathways were found. Gene ontology (GO) is
a worldwide standardized gene functional classification
system which has 3 ontologies: molecular function
(MF), cell component (CC), and biological process
(BP). GO offers a dynamically updated orderly vocabu-
lary and strictly defined concepts to define the properties
of genes and their products in organisms. The GO
enrichment analysis provides all the GO terms that is
significantly enriched in DEGs compared to the genome
context and filtered out the DEGs corresponding to the
biological functions. First, all DEGs are mapped to GO
terms in the GO database, the number of genes for each
term is calculated, and the GO terms that are signifi-
cantly enriched in DEGs compared to the genomic con-
text are defined with hypergeometric tests. The
calculated P-value is corrected by FDR, with FDR
<0.05 as the threshold. A GO term that meets this con-
dition is defined as one that is significantly enriched in
DEGs. The analysis can identify the leading biological
functions performed by DEGs. Genes often interact and
play a role in certain biological functions.
Pathway-based study contributes to further compre-

hend the biological function of genes. Kyoto Encyclope-
dia of Genes and Genomes (KEGG) is the main
common pathway database. Pathway enrichment study
shows that metabolic or signal transduction pathways
are significantly enriched in DEGs compared to the
genome-wide context. Pathway Enrichment Analysis
Genes generally play a certain biological function
through interaction. The calculated p-value is carried
out FDR correction, with FDR <0.05 as the threshold.
The pathways that satisfy the conditions are defined as
those that are significantly enriched in DEGs. That is,
the DEGs were correlated with pathways according to
the KEGG database to identify the differences between
the GAstV-infection group (TA) and the control group
(TB) at the level of pathway.
Proteome Examination and Analysis

Proteome sequencing was implemented using data-
independent acquisition (DIA) quantitative proteomics
technique. The main steps included protein extraction,
denaturation, reductive alkylation, enzymatic hydroly-
sis, and peptide desalting, and the establishment of a
database, data collection, protein qualitative and quan-
titative analysis. DIA combined the advantages and
characteristics of traditional proteomics “shotgun” and
mass spectrometry absolute quantitative “gold stan-
dard” selective reaction monitoring/multiple reaction
monitoring (SRM/MRM) techniques. The whole scan-
ning range of the mass spectrum was divided into several
Windows, and all ions in each window were selected,
broken and detected at high speed and cycle, to obtain
all the fragment information of all ions in the sample.
Compared with the traditional data-dependent acquisi-
tion mode (DDA), it has the advantages of panoramic
scanning, high data utilization, high repeatability, high
quantitative accuracy, and data backtracking. There-
fore, DIA technology could obtain more accurate and
rich results, which was suitable for protein detection of
large sample sizes and complex systems. The difference
analysis of proteins was based on the quantitative results
of proteins to screen out the proteins with significant
changes in abundance between groups. First, the Stu-
dent’s T-test with R was used to obtain the P-value. In
order to reduce the false positive rate, the multiple
hypothesis test was performed to correct the P-value,
and the method Benjamini and Hochberg (BH) was
applied to obtain the FDR value. According to the



Table 1. Sequence of primers.

Primer Sequence (50−30)
Length
(bp)

Tm
(°C)

GAPDH-F2 GAACATCATCCCAGCGTCC 190 58
GAPDH-R2 ATCAGCAGCAGCCTTCACTAC 57.2
HELZ2-F2 TGGTGACCTTCAGTTCGCA 192 57.6
HELZ2-R2 CGTTGGAGTGAGCCTTGGT 58
IFI6-F1 GACCAGAACGTCCACAAAGC 130 57.7
IFI6-R1 GAGTAGCAGTAGTCCCTCCAGAA 57.4
ORF1-F1 CAAGGGAAGGGTTGAGAAGC 216 58.8
ORF1-R1 AGGATTACAAAGGGCAGCGT 59.0
AOC1-F4 ATGGAAGGAGGAAAAGGGC 104 58.1
AOC1-R4 GGTTGTTCTGGTTGTAGAGGCT 57.8
OASL-F1 CCACATCCTCGCCATCATC 190 58.8
OASL-R1 CCCCAGTGCGTCGTAAGC 59.5
ZNFX1-F1 CCCAAACATCTATGAAACCCG 177 59.6
ZNFX1-R1 GGACTGCCTCCGTGACCA 59.2
FETUB-F2 CTCAGCAAACAGTTGTGGAAGA 203 58.0
FETUB-R2 GGCTCAGTTGGACAGTCATCA 58.0
RBP4A-F1 ATCCTGAGGGGCTGTTTCTAC 119 57.6
RBP4A-R1 ACAGACATCCCAGTTATTGAAGAGT 58.4
ELOVL2-F2 AGAAATACCTCACTCAGGCACAG 226 58.0
ELOVL2-R2 TTCTTGACTTCTGTTGTGACGG 57.8
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screening threshold of differently expressed proteins, the
absolute value of Fold change (FC) was greater than
1.5 times (|log21.5|�0.58), and the Q value obtained by
correcting the P value was <0.05. Proteins with signifi-
cant differences between groups were screened. Differen-
ces in protein to GO each term mapping database
(http://www.geneontology.org/), and calculation of the
difference of each term protein, and had a GO function
protein list differences of protein number statistics.
Hypergeometric tests were then applied to identify GO
entries that were significantly enriched in differential
proteins compared to the background. In vivo, different
differential proteins coordinated their biological func-
tions. Pathway-based analysis was helpful to further
understand the biological functions of differential pro-
teins. KEGG was the main public database on the Path-
way.

Pathway significant enrichment analysis was con-
ducted using KEGG Pathway as unit and hypergeomet-
ric test was applied to find out the Pathway of
significant enrichment in different proteins compared
with the whole background. Through significant enrich-
ment of Pathway, the most important biochemical met-
abolic pathways and signal transduction pathways
involved in differential proteins can be identified.
Combined Analysis of Transcriptome and
Proteome

Firstly, we obtained the quantitative analysis results
of proteome and transcriptome, extracted the corre-
sponding proteins and transcripts. Then the differential
protein and the corresponding differential transcription
relationship pairs were extracted to show the consis-
tency of the relationship pairs. Finally, proteins and
associated transcripts are localized to relevant metabolic
pathways.
Quantitative Real-Time PCR Analysis

Each viral nucleic acid RNA sample was reverse tran-
scribed using the HiScript III All-in-one RT SuperMix
reagent kit (Vazyme, Nanjing, China), following the
product’s instructions. The cDNA was immediately
amplified or stored at -80°C for later use. To confirm
alterations in mRNA expression levels, we conducted a
quantitative real-time polymerase chain reaction
(qPCR). RT-PCR was performed with a QuantStudio
1 Plus System Fluorescent quantitative PCR instrument
(Thermo Fisher). In this study, the primers for qPCR
were designed by Primer Premier 5.0 software. The 20
mL final reaction system consisted of 10 mL of 2 £ SG
Fast qPCR Master Mix, 0.4 mL (10 mM) of each of the
reverse and forward primers each, 7.2 mL of RNase-free
ddH2O, and 2 mL of template. QPCR amplification was
performed at 95°C for 3 min (initial steps), 45 cycles of
95°C for 15 s and 60°C for 30 s. After the qPCR, a stan-
dard curve was drawn, and the actual viral RNA copies
were calculated based on the curve. The 2�DDCt method
was employed for evaluating mRNA expression levels,
with normalization to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). Relative mRNA expression lev-
els were calculated by the 2�DDCt method with GAPDH
mRNA as an endogenous control. The specific primer
sequences were detailed in Table 1.
RESULTS

Testing of Samples

Using PCR and the established ddPCR detection
method of the GAstV in our laboratory (Shi et al.,
2024), 6 samples were identified, respectively. The
results showed that TA1, TA2, and TA3 in the infected
group were infected by viruses, while TB1, TB2, and
TB3 in the control group were not infected by viruses
(Figures 1 and 2).
The Number of Significantly Differentially
Expressed Genes and Proteins

As shown in Figures 3A−3C, compared with the con-
trol group TB, 322 genes with significant differences
were screened from the infected group TA, of which 195
genes were up-regulated and 127 genes were down-regu-
lated. GAstV-infected LMH cells significantly changed
the expression levels of 36 proteins in LMH cells, with 31
significantly different proteins were up-regulated and 5
significantly different proteins were down-regulated in
Figures 3D−3F. The up-regulated proteins included
HELZ2 (helicase with zinc finger 2), IFI6 (interferon
alpha inducible protein 6), KRT40 (keratin 40), ORF2
(capsid protein), RPL23A (ribosomal protein L23a),
TMSB15B (thymosin beta 15B), ORM1 (orosomucoid
1), PSPH (phosphoserine phosphatase), PFKFB3 (6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3),
MARCKS (myristoylated alanine rich protein kinase C

http://www.geneontology.org/


Figure 1. Six samples were detected by the GAstV PCR assay. M: DNA Marker. Lanes 1-7: TB1, TB2, TB3, TA1, TA2, TA3, and NC,
respectively. TB: the control group; TA: the infection group. NC: ddH2O was the negative control of the template.
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substrate), PIT54 (PIT54 protein), A2ML1 (alpha-2-
macroglobulin-like 4), MARCKSL1 (MARCKS like 1),
OASL (20−50-oligoadenylate synthetase like), NUF2
(kinetochore complex component), CCDC125 (coiled-
coil domain-containing protein 125), NEGR1 (neuronal
growth regulator 1), ALCAM (activated leukocyte cell
adhesion molecule), CSRP1 (cysteine and glycine rich
protein 1), ADGRG2 (adhesion G protein-coupled
receptor G2), IFIT5 (interferon induced protein with
tetratricopeptide repeats 5), CLIC3 (chloride intracellu-
lar channel 3), PRDM2 (PR/SET domain 2), MAP-
K1IP1L (mitogen-activated protein kinase 1 interacting
protein 1-like), MPZL1 (myelin protein zero like 1),
PLIN2 (perilipin 2), IFITM5 (dispanin subfamily A
member 2b-like), ORC4 (origin recognition complex
subunit 4), ZNFX1 (zinc finger NFX1-type containing
1), LRRFIP1 (LRR binding FLII interacting protein 1),
ACTG1 (actin, cytoplasmic 2-like). The down-regulated
Figure 2. Six samples were detected by the GAstV ddPCR assay (Shi et
cence amplitude of TB1, TB2, TB3, TA1, TA2, and TA3, respectively. Blue
The orange horizontal line indicated the partition threshold.
proteins included FETUB (fetuin B), RBP4A (retinol
binding protein 4 A, plasma), CLCC1 (chloride channel
CLIC like 1), Nat8 (N-acetyltransferase 8), TMEM14C
(transmembrane protein 14C-like).
GO Analysis for the Transcriptome and
Proteome Combined Analysis

In Figure 4A, the original 4-quadrant figure was
upgraded, and the upgraded 9-quadrant figure further
refined the changes of genes and proteins. The graph
was divided into 9 quadrants by the dotted lines of the
horizontal and vertical coordinates. The dashed line on
the horizontal axis indicated the difference factor thresh-
old of the transcriptome. The dashed line on the vertical
axis indicated the difference factor threshold of the
proteome. The genes/proteins outside the threshold line
al., 2024). Lanes 1-6 (divided by vertical black dotted lines): the fluores-
dots indicated positive droplets. Gray dots indicated negative droplets.



Figure 3. The significantly differentially expressed genes and proteins in the GAstV -infection group (TA) and the control group (TB).
In Figure C and F, the 2 vertical dashed lines are the thresholds for the expression of multiple of difference, the horizontal dashed line represents
the threshold of significance level. (A) The number of significantly differentially expressed genes. (B) Cluster heat map of differentially expressed
genes. (C) Volcano map of differentially expressed genes. (D) The number of significantly differentially expressed proteins. (E) Cluster heat map of
differentially expressed proteins. (F) Volcano map of differentially expressed proteins.
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indicated significant differences, and the genes/proteins
inside the threshold line indicated nonsignificant differ-
ences. The horizontal coordinate was the protein differ-
ence multiple (log2). The vertical coordinate was the
transcriptome difference multiple (log2). The top of the
figure was the correlation coefficient and P-value of the
transcriptome and proteome association. Each dot rep-
resented a gene/protein. Black dots indicated nondiffer-
entiated proteins and genes. Red dots indicated the
same or opposite trend of gene and protein change.
Green dots indicated differential expression of genes but
nondifferential expression of proteins. Blue dots indi-
cated that genes were not differentially expressed, but
proteins were differentially expressed. If the difference
multiple was reached and the P-value was not reached,
it was shown as a gray dot. In quadrants 3 and 7,
mRNA and corresponding protein differential expression
patterns were consistent.

In Figure 4B, Venn figure compared all mRNAs and
proteins in the group, and also compared the number of
different mRNAs and proteins. Transcriptome repre-
sented the genes detected, and proteomics represented
the proteins detected. All genes indicated the genes
detected. All proteins indicated the detected proteins.
Differential genes meant the different genes. Differential
proteins meant the different proteins. In Figures 4C, 4D,
and 4E, GO term histogram of gene number showed the
number of differentially expressed mRNAs (red), pro-
teins (green), and co-associated genes (blue) annotated
on the GO term. In Figure 4F, the histogram of gene
number of Pathway showed the number of differentially
expressed mRNAs (red), proteins (green) and co-associ-
ated genes (blue) annotated on Pathway.
As shown in Figure 4A, in the third quadrant, there

are 17 significant DEGs (red). They are HELZ2 (helicase
with zinc finger 2), IFI6 (interferon alpha inducible pro-
tein 6), KRT40 (keratin 40), CLIC3 (chloride intracellu-
lar channel 3), PFKFB3 (6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3), MARCKS (myristoy-
lated alanine rich protein kinase C substrate), MT4
(metallothionein 4), PIT54 (PIT54 protein), OASL
(20−50-oligoadenylate synthetase like), CSRP1 (cysteine
and glycine rich protein 1), IFIT5 (interferon induced
protein with tetratricopeptide repeats 5), PSPH (phos-
phoserine phosphatase), ZNFX1 (zinc finger NFX1-type
containing 1), MARCKSL1 (MARCKS like 1), NAB2
(NGFI-A binding protein 2), ORF1 (nonstructural poly-
protein), ORF2 (capsid protein). In the 7th quadrant,
there are 4 significant DEGs (red). They are FETUB
(fetuin B), RBP4A (retinol binding protein 4 A,
plasma), ELOVL2 (ELOVL fatty acid elongase 2),
AOC1 (amine oxidase, copper containing 1).



Figure 4. GO and KEGG analysis results for the transcriptome and proteome combined analysis. Red: Transcriptome. Green: Proteomics. Blue:
Correlations. (A) Nine-quadrant (considering P-values) of TB-vs-TA. (B) Venn of TB-vs-TA. (C) Histogram of biological process (BP) Enrichment
Correlation of TB-vs-TA in GO database. Red: Transcriptome. Green: Proteomics. Blue: Correlations. (D) Histogram of molecular function (MF)
Enrichment Correlation of TB-vs-TA in GO database. Red: Transcriptome. Green: Proteomics. Blue: Correlations. (E) Histogram of cellular compo-
nent (CC) Enrichment Correlation of TB-vs-TA in GO database. Red: Transcriptome. Green: Proteomics. Blue: Correlations. (F) Histogram of
number of genes in Pathway enrichment results for the transcriptome and proteome combined analysis. Red: Transcriptome. Green: Proteomics.
Blue: Correlations.
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In the GO analysis of the correlation between tran-
scriptome and proteome, biological process (BP) enrich-
ment correlation of TB-vs-TA (Figure 4C), the
following terms were included, cellular process, biologi-
cal regulation, regulation of biological process, regula-
tion of cellular process, metabolic process, organic
substance metabolic process, primary metabolic process,
cellular metabolic process, response to stimulus nitrogen
compound metabolic process, cellular response to stimu-
lus, multicellular organismal process, macromolecule
metabolic process, cell communication, localization, pos-
itive regulation of biological process, signaling, develop-
mental process, anatomical structure development,
cellular macromolecule metabolic process regulation of
metabolic process, positive regulation of cellular process,
signal transduction, regulation of macromolecule meta-
bolic process, multicellular organism development, sys-
tem development, organonitrogen compound metabolic
process, biosynthetic process, regulation of primary met-
abolic process.

Molecular function (MF) enrichment correlation of
TB-vs-TA (Figure 4D), the following terms were
included, binding, protein binding, catalytic activity,
ion binding, organic cyclic compound binding, heterocy-
clic compound binding, anion binding, hydrolase activ-
ity, cation binding, small molecule binding, metal ion
binding, nucleic acid binding, carbohydrate derivative
binding, nucleoside phosphate binding, nucleotide bind-
ing, ribonucleotide binding, purine nucleotide binding,
purine ribonucleotide binding, purine ribonucleotide tri-
phosphate binding, DNA binding, identical protein
binding, transferase activity, molecular function regula-
tor, transcription regulator activity, transporter activ-
ity, catalytic activity, acting on a protein, drug binding,
transmembrane transporter activity, adenyl nucleotide
binding.

Cellular component (CC) enrichment correlation of
TB-vs-TA (Figure 4E), the following terms were
included, cell, cell part, intracellular, intracellular part,
organelle, intracellular organelle, cytoplasm, membrane,
intracellular membrane-bounded organelle, organelle
lumen, membrane-bounded organelle, cytoplasmic part,
organelle part, intracellular organelle part, membrane
part, cell periphery, plasma membrane, nucleus, intrin-
sic component of membrane, integral component of
membrane, nonmembrane-bounded organelle, intracel-
lular nonmembrane-bounded organelle, plasma mem-
brane part, nuclear part, intracellular organelle lumen,
membrane-enclosed lumen, nuclear lumen, cytosol, pro-
tein-containing complex.

In the pathway analysis of the correlation between
transcriptome and proteomics, metabolic pathways
enrichment correlation of TB-vs-TA (Figure 4F), the
following terms were included, pathways in cancer,
MAPK signaling pathway, PI3K-Akt signaling path-
way, cytokine-cytokine receptor interaction, transcrip-
tional misregulation in cancer, cAMP signaling
pathway, chemokine signaling pathway, neuroactive
ligand-receptor interaction, hepatitis B, Salmonella
infection, Shigellosis, pathogenic Escherichia coli
infection, focal adhesion, Epstein-Barr virus infection,
calcium signaling pathway, human cytomegalovirus
infection, phospholipase D signaling pathway, Ras sig-
naling pathway, TNF signaling pathway, endocrine
resistance, IL-17 signaling pathway, viral protein inter-
action with cytokine and cytokine receptor, proteogly-
cans in cancer, Rap1 signaling pathway, cell adhesion
molecules, Alzheimer disease, Human papillomavirus
infection, human T-cell leukemia virus 1 infection, NF-
kappa B signaling pathway.
Network Analysis Reveals Key Proteins and
Key Gene Associations

As shown in Figure 5, up-regulated key genes included
SLC7A3, ZNFX1, IL18, OASL, IFIT5, UNC13B, IFI6,
ORF1, KRT40, PIT54, HELZ2, EPHA2, ORF2,
HSD11B2, CLIC3, PFKFB3, CEBPB, and CSRP1.
Down-regulated key genes included RBP4A, FETUB,
ELOVL2, ENOX1, AOC1, and SPIA1. Up-regulated
key proteins included HELZ2, OASL, MT4, MARCKS,
SLC7A3, ORF2, IFI6, EEF1A2, MARCKSL1, and
KRT40. Down-regulated key proteins included RBP4A
and EETUB.
Quantitative Real-Time PCR Verification

The expression of some (AOC1, IFI6, HELZ2, ORF1,
ZNFX1, FETUB, RBP4A, ELOVL2, and OASL) key
DEGs were verified by qPCR. Among the DEGs, 9 genes
were randomly selected for qPCR verification, specifi-
cally AOC1, IFI6, HELZ2, ORF1, ZNFX1, FETUB,
RBP4A, ELOVL2, and OASL (Figure 6). The qPCR
validation used the bar chart, corresponding to the Y-
axis, and GAPDH was used for each sample as an endog-
enous control. The expression changes reported by
qPCR were consistent with those detected by RNA-seq,
indicating that the RNA-seq data was accurate.
DISCUSSION

Since 2017, the new GAstV was an emerging patho-
genic virus that has resulted in huge economic losses to
China’s goose breeding industry. The host range of
astroviruses is wide, and the main symptoms are diar-
rhea or intestinal disease (Jakubczak et al., 2021;
Opriessnig et al., 2020; Wang et al., 2021b). GAstV is
spread among poultry and poses a high risk to the poul-
try industry.
Transcriptomics and proteomics are both effective

tools for studying gene expression. Gene expression is
regulated by a lot of factors, and a single omics method
frequently cannot fully explain biological phenomena.
The description of biological events at the gene level is
not exactly the same as the description at the protein
level. The transcriptome is the intermediate state of
gene expression at the transcriptional level, and merely
reflects the potential protein expression, and the protein
is the expression of the actual function. Thus,



Figure 5. Network map of key proteins and key genes. Round: Protein. Square: Gene. Red: Up-regulated. Blue: Down-regulated. Solid line: Pos-
itive correlation. Dashed line: Negative correlation.
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proteomics is essential for the study of the biological
function. Combining transcriptomic data and proteomic
data can efficiently study the physiological and biochem-
ical states of organisms, in an attempt to grasp the regu-
lation of genes as a whole (Miao et al., 2023; Wang
et al., 2019a; Wu et al., 2021). Consequently, using the
advantages of transcriptomics and proteomics, we can
not only obtain a complete map of the physiological
changes of organisms, but also clarify the regulatory
mechanisms of organisms from different levels (Chen
et al., 2021; Lu et al., 2022).

In this study, transcriptional changes and protein
changes in host LMH cells infected with viruses were
comprehensively analyzed. The study aimed to analyze
data on differences between virus-infected and virus-
uninfected host cells by transcriptome and proteome to
detect potential biomarkers that play a vital role in
virus-host interactions.

Many genes presented significantly changed expres-
sion levels in the GAstV-infected LMH cells. Signifi-
cantly, the up-regulated DEGs (ZNFX1, OASL, IFIT5,
IFI6, HELZ2, ORF1, ORF2) and DEP were predomi-
nantly associated with metabolic pathways, AMPK sig-
naling pathway, HIF-1 signaling pathway, fructose and
mannose metabolism, carbon metabolism, biosynthesis
of amino acids, glycine, serine and threonine metabo-
lism, nucleocytoplasmic transport, transcriptional mis-
regulation in cancer, TNF signaling pathway, IL-17 sig-
naling pathway, synaptic vesicle cycle. PI3K-Akt signal-
ing pathway, MAPK signaling pathway, Ras signaling
pathway, Rap1 signaling pathway, NOD-like receptor
signaling pathway, cytosolic DNA-sensing pathway,
cytokine-cytokine receptor interaction, steroid hormone
biosynthesis, aldosterone-regulated sodium reabsorp-
tion, viral protein interaction with cytokine and cyto-
kine receptor, thus, indicating that GAstV could affect
cell growth and cellular immune signaling. Both ORF1
(nonstructural polyprotein) and ORF2 (capsid protein)
are viral proteins that are highly expressed in host cells.
IFI6 (interferon alpha inducible protein 6, IFN-a-induc-
ible protein 6) is a hydrophobic protein with antiviral
activity containing a signal peptide that is localized in
the ER (Dukhovny et al., 2019; Richardson et al., 2018).
IFI6 can delay cell apoptosis (Cheriyath et al., 2007;
Sajewicz-Krukowska et al., 2021). IFI6 has no effect on
entry and early viral translation, but it does delay RNA
replication and reduce late translation of viral genes.
IFI6 inhibits different flaviviruses and contributes to the
antiviral effect of IFN-I against these viruses (Berthoux
2020).



Figure 6. The expression of 9 key DEGs were verified by qPCR. Blue is the control group (TB), uninfected LMH cells. Red is the infection group
(TA), infected LMH cells, post infection (p.i., PI). Y-axis: relative expression.
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Interferon-induced proteins with tetratricopeptide
repeats (IFIT) are sequentially degraded helix-turn-
helix motifs responsible for protein-protein interactions
(Abbas et al., 2013). 4 family members have been con-
firmed. Most mammals encode all family members, and
IFIT5 is the only family member found in birds (Zhang
et al., 2019). IFIT5 is an antiviral response gene that is
active against RNA viruses, for example, avian influenza
virus, Newcastle disease virus and duck Tembusu virus
(Rong et al., 2018; Sajewicz-Krukowska et al., 2021; Wu
et al., 2020). IFIT5 has antiviral activity. IFIT5 is
involved in viral replication, translation initiation, cell
migration, cell proliferation, and signaling regulation.
IFIT5 is an important modulator of the human signaling
pathway RIG-I/IFIT5/MAVS (Zhang et al., 2013).
And, IFIT5 specifically antagonizes RNA viruses by
sequestering viral nucleic acids in chickens (Li et al.,
2020; Santhakumar et al., 2018). ISGs family of
oligoadenylate synthetases (OAS), capable of synthesiz-
ing 20 to 50 oligoadenylate, induce RNA degradation by
means of activating a latent RNase (RNase L) (Kristian-
sen et al., 2011). Oligoadenylate synthetase-like
(OASL), is associated with OAS proteins through its
N-terminal OAS-like domain, but has characteristic
changes at the active site, and therefore lacks 20 to
50oligoadenylate synthetase activity. OASL is a vital
and possibly RIG-I-dependent inhibitor of RNA virus
replication that prevents the virus from escaping from
innate immunity. GAstV-GD induces high levels of
expression of OASL. An important host factor that
restricts viral replication in LMH cells (Sajewicz-Kru-
kowska et al., 2021; Zhu et al., 2015). CAstV (chicken
astrovirus) is also effective in increasing OASL mRNA
levels in vivo. OASL has antiviral activity and is directly
and rapidly induced by way of viral infection by inter-
feron regulatory factor (IRF)-3 and IFN signaling
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(Marques et al., 2008; Schoggins et al., 2011). RIG-I
expression activates IFN, which leads to toxicity, while
OASL expression does not activate IFN induction,
unlike RIG-I expression. Even in the presence of viral
inhibition, OASL can enhance innate host defense and
thus enhance immunity (Zhu et al., 2015). Zinc finger
NFX1-type containing 1 (ZNFX1), a superfamily 1
helicase, has been recognized as a new dsRNA sensor
capable of enhancing antiviral responses (Wang et al.,
2019b). ZNFX1 is an interferon-stimulating protein
associated with the mitochondrial outer membrane that
binds to dsRNAs and interacts with MAVS proteins to
promote the type I IFN response early in viral infection
(Blasi et al., 2022). ZNFX1 has antiviral capabilities.
ZNFX1 was upregulated in early bovine endometrial
response induced by interferon tau (Forde et al., 2012),
and spleen tissues of the chicken infected with dsRNA
analogues (Kim and Zhou, 2015). Helicase with zinc fin-
ger 2 (HELZ2) is a transcription factor belonging to the
nucleoprotein family. Expression of HELZ2 is induced
by interferon treatment and plays an important role in
RNA processing, gene expression regulation, develop-
ment, and viral infection (Huntzinger et al., 2023).
HELZ2 is a key transcriptional regulator in lipid metab-
olism (Li et al., 2016). Meanwhile, down-regulated
DEGs (RBP4A, FETUB, ELOVL2, AOC1) and DEPs
were primarily involved in metabolic pathways, fatty
acid metabolism, biosynthesis of unsaturated fatty
acids, fatty acid elongation, arginine and proline metab-
olism, tryptophan metabolism, histidine metabolism,
chemical carcinogenesis-DNA adducts, cysteine and
methionine metabolism, selenocompound metabolism,
indicating that GAstV could interfere with the host
metabolism. Amine oxidase copper-containing 1
(AOC1) is a secreted glycoprotein that catalyzes the
degradation of putrescine and histamine. Polyamines
and their diamine precursor putrescine, which exist
widely in organisms, play a key role in cell growth and
cell proliferation. Although AOC1 plays an important
role in the regulation of polyamine decomposition, the
molecular mechanism of its expression is unclear. It has
been reported that the expression of AOC1 was downre-
gulated due to the inactivation of WT1 (Wilms Tumor
Protein, WT1), which was presumed to break the bal-
ance of pro-growth and pro-differentiation signals, thus
favoring a proliferative phenotype (Kirschner et al.,
2014).

DNA methylation of the elongation of very long chain
fatty acids-like 2 (ELOVL2, ELOVL fatty acid elon-
gase 2) promoter is one of the most robust molecular bio-
markers for chronological age. ELOVL2 encodes a
transmembrane protein that is involved in the synthesis
of very long polyunsaturated fatty acids (PUFA).
ELOVL2 is an enzyme that elongates long chain omega-
3 andomega-6 (LC) PUFAs, precursors of 22: 6n-3,
docosahexaenoic acid (DHA) and very long chain
(VLC) PUFAs, all playing vital roles in retina biology.
ELOVL2 plays an essential role in retinal biology and
photoreceptor renewal, a key process associated with
age-related eye diseases, for example, age-related
macular degeneration (AMD) (Chao and Skowronska-
Krawczyk 2020). Fetuin B (FETUB) is a cysteine pro-
teinase inhibitor that exhibits potentially destructive
activity of their target cysteine proteases, with many
conserved N-glycosylation sites, species-specific O-glyco-
sylation sites and 2 cystatin (CY) domains. FETUB
may play a regulatory role in a variety of biological pro-
cesses, such as acute inflammatory responses, female
infertility, fish organogenesis, and tumor suppression.
FETUB was originally recognized in rats in acute
inflammation. FETUB is involved in mucosal immunity.
As the first barrier against pathogen infection, the
innate immune system plays a vital role in all organisms.
FETUB plays an important role in innate immunity (Li
et al., 2017). Human plasma retinol-binding protein
(RBP4) is a fatty acid-binding protein (Perduca et al.,
2018). RBP4A (retinol binding protein-4 A, plasma) is
the only known carrier of vitamin A in plasma (Monte-
negro et al., 2022). RBP4 is a serum biomarker in the
diagnosis and prognosis of hepatocellular carcinoma
(Wan et al., 2024). Adipokines, including RBP4, play a
crucial role in the pathogenesis of psoriasis (Gaoet al.,
2023). In this study, DEGs were in 252 pathway enrich-
ment, and 138 candidate genes with pathway annota-
tions were included. The expression levels of key genes
in metabolism-related pathways were down-regulated,
including ELOVL2 (fatty acid metabolism); PCK1 (cit-
rate cycle); PCK1, ALDOB, FBP2 (glycolysis/gluconeo-
genesis); ALDOB, FBP2, HAO2 (carbon metabolism).
The expression of key genes related to immune processes
was up-regulated, including IL8L1, IL8, IFIH1 (RIG-I-
like receptor signaling pathway); IL8L1, IL8, TNFAIP3
(NOD-like receptor signaling pathway); and MAP3K8,
IL8L1, IL8 (Toll-like receptor signaling pathway). Two
recent studies, one of which analyzed changes in host
genes in the kidneys of goslings infected with GAstV
through a comprehensive analysis of global transcrip-
tome and metabolic network pathways (Liu et al.,
2023). Another study identified DEGs in primary goose
kidney tubular epithelial cells after GAstV-2 infection
by RNA sequencing analysis (Guo et al., 2024). The
results showed that most of the key genes in the meta-
bolic pathways of fatty acid metabolism, citrate cycle
(TCA cycle), glycolysis/gluconeogenesis, and carbon
metabolism were inhibited in the kidneys of goslings
with gout symptoms and in primary goose kidney tubu-
lar epithelial cells infected with GAstV-2, both in vivo
and in vitro. Whereas, in the immune pathways, such as
the RIG-I like receptor signaling pathway, the NOD-like
receptor signaling pathway, and the Toll-like receptor
signaling pathway, where most of the key genes in the
immune processes were up-regulated. These results are
consistent with our findings that GAstV infection causes
up-regulation of immune responses and down-regulation
of metabolism.
The cellular innate immune system plays a key role in

mounting the initial resistance to virus infection. GAstV
infection of host LMH cells mainly affected cell cycle and
immune signaling. Integrating transcriptomic and prote-
omic data, there were differences in the expression of
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multiple genes and proteins between infected and unin-
fected hosts, ORF1, ORF2, ZNFX1, OASL, IFIT5,
IFI6, HELZ2, RBP4A, FETUB, ELOVL2, and AOC1.
To identify potential biomarkers that play a key role in
GAstV interaction with its host. It is expected to be a
candidate diagnostic marker for LMH cells infected with
GAstV and may provide a new target for the diagnosis
and treatment of GAstV in the future. Nevertheless,
the potential mechanisms of GAstV-host interactions
required further experimental validation.
CONCLUSIONS

Through GO and KEGG enrichment analysis, there
were differences in the expression of multiple genes and
proteins between infected and uninfected hosts, ORF1,
ORF2, ZNFX1, OASL, IFIT5, IFI6, HELZ2, RBP4A,
FETUB, ELOVL2, and AOC1. DEGs and DEPs were
significantly enriched in several important cellular sig-
naling pathways, including MAPK, PI3K-Akt, cAMP,
chemokine, calcium, phospholipase D, Ras, TNF, IL-17,
Rap1, NF-kappa B signaling pathways, indicating that
GAstV affects cell growth and immune signaling.
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