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SUMMARY

In this study, we obtained the whole genome sequence of GCRV-DY197 and investigated the localization,
post-translational modifications, and host interactions of the 11 viral proteins encoded byGCRV-DY197 in
grass carp ovary (GCO) cells. The whole genome sequence is 24,704 kb and contains 11 segments (S1–
S11). Subcellular localization showed that the VP1, VP2, VP3, VP5, VP56, and VP35 proteins were local-
ized in both cytoplasm and nucleus, whereas theNS79, VP4, VP41, VP6, andNS38 proteins were localized
in the cytoplasm. The NS79 and NS38 proteins were phosphorylated, and the ubiquitination modification
sites were identified in VP41 and NS38. An interaction network containing 9 viral proteins and 140 host
proteins was also constructed. These results offer a theoretical basis for an in-depth understanding of the
biochemical characteristics and pathogenic mechanism of GCRV-II.

INTRODUCTION

The grass carp (Ctenopharyngodon idella) is an important freshwater economic fish in China. According to the China Fishery Statistical Year-

book of 2023, the aquaculture production of grass carp was 5.9 million tons accounting for approximately 18% of total freshwater aquaculture

production.1 In the process of intensive farming, grass carp are threatened by a variety of bacterial and viral diseases, in particular, the hem-

orrhagic disease caused by the grass carp reovirus (GCRV).2 Epidemic occurrences of grass carp hemorrhagic disease are an annual phenom-

enon in numerous Chinese provinces, characterized by mortality rates reaching as high as 85% or even greater, resulting in significant

economic losses.3 GCRV is a double-stranded RNA (dsRNA) virus that belongs to the genusAquareovirus and family Reoviridae.4 GCRV virion

has an icosahedral symmetry with a diameter of 60–85 nm. Since the first discovery of GCRV in 1983, more than 40 strains have been isolated

and identified, which be divided into three genotypes (GCRV I-III) according to the genomic sequence and epidemiological features.5,6

GCRV-II is accountable for the significant outbreaks of grass carp hemorrhagic disease in China.7 However, there is limited information about

the pathogenic mechanism of GCRV-II, as GCRV-II was less toxic to the grass carp cell lines and is unable to induce a typical cytopathic effect

(CPE) compared to GCRV-I.8

The GCRV-II genome contains 11 dsRNA segments, encoding a total of 11 structural and non-structural proteins.5 The structural proteins

VP1, VP3, VP5, VP6, and VP35 make up the double-layered capsid of GCRV-II. Among them, the VP3 protein molecules form the inner core

shell of the viral particle.9 VP5 and VP35 form the outer shell of virus particles in the form of heterodimers.10 VP1 and VP6 are located between

the inner and outer nucleocapsid of the virus particle. VP2 is predicted to be an RNA-dependent RNA polymerase (RdRp), primarily respon-

sible for synthesizing the viral genome’s mRNA.11 VP4 possesses NTPase and RTPase enzyme activities, serving as an important auxiliary fac-

tor during viral genome replication.12,13 The fibrin VP56 encoded by the S7 fragment is involved in virus attachment and viral protein expres-

sion.14 VP41 encoded by the S8 fragment has no homologous protein with other aquatic viruses. Previous studies have shown that VP41 is

located in the endoplasmic reticulum of cells and can promote viral RNA synthesis by inhibiting interferon (IFN) expression.15 Segments

S4 and S10 encode non-structural proteins NS79 and NS38, primarily localized in the cytoplasm, forming viral inclusion bodies.16 VP35 en-

coded by S11 gene contains zinc-binding motif CxxC-n16-HxC,17 which is similar to VP7 of GCRV-I and is presumed to be the coat protein

of virion.18

Studying protein structure, subcellular localization, and virus-host protein-protein interactions (PPIs) can help us better understand the

process of virus multiplication and the development of disease.19,20 Mass spectrometry (MS) has been widely used in protein science,

including the identification of the protein sequence and post-translational modification (PTM).21 Combined with the separation and purifica-

tion of proteins, MS also is applied to explore PPIs in a range of species.22–24 For example, affinity purification mass spectrometry (APMS) and

co-fractionation coupled with mass spectrometry (CoFrac-MS) are considered ideal techniques for constructing PPI maps.17,25–27
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Figure 1. The GCRV-DY197 genome and sequence analysis

(A) Phylogenetic analysis of GCRV-DY197 and other grass carp reovirus strains based on the core protein VP6. The phylogenetic tree was constructed using the

neighbor-joining method using 500 bootstrap replicates. The scale bar indicates the evolutionary distance (the average number of amino acid substitutions per

site).

(B) The equivalent relationships of predicted proteins in three genotypes of GCRV. Double-headed arrows indicate equivalent proteins.
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In this study, we isolated a new strain of GCRV-II, GCRV-DY197, from diseased grass carp and explored the virus proliferation in grass carp

liver cell line (L8824) and the liver, spleen, and kidneys. The eleven virus-encoded proteins were amplified and ligated into the pEGFP-N1

vector, and the localization, PTM, and interaction of each protein in GCO cells were elucidated by confocal microscope and APMS. This study

offers a more comprehensive understanding of the relationship between GCRV-II and grass carp.

RESULTS

The GCRV-DY197 genome and sequence analysis

The full length of the GCRV-DY197 strain genome is 24,704 kb containing 11 segments (S1–S11), the size of which ranged from 1,027 to

3,928 bp (Table S3), and the accession numbers in GenBank are PP196473–PP196483 https://www.ncbi.nlm.nih.gov/nuccore/PP196473

GCRV-DY197 has more than 95% sequence homology with the GCRV-II-106, 108, 109, and HZ08 strains (Table S4). Based on the amino

acid sequence of the VP6, a phylogenetic tree was constructed that can be classified into three genotypes. GCRV-DY197 was closely related

to GCRV-II AN528, GD108, HN14, and 109 and apart from GCRV-I and GCRV-III (Figure 1A). Based on the principle of functional similarity of

homologous proteins in the Aquareovirus family, the correspondence between segments and encoded proteins in the genomes of the three

genotypes of GCRV was further clarified (Figure 1B).

GCRV-DY197 showed amino acid mutations in various segments compared to the GCRV-II 106, 108, 109, and HZ08 strains. For example,

the S1 segment has two amino acid differences, a mutation of leucine to phenylalanine at position 1,010 and a mutation of isoleucine to thre-

onine at position 1,281. The S3 segment has one amino acid difference, a mutation of glycine to arginine at position 1,230, and three amino

acid differences in the S4 segment, a mutation of valine to aspartic acid at position 8, a mutation of serine to glycine at position 132, and a

mutation of alanine to serine at position 414. The S6 segment has one amino acid difference, a mutation from glycine to aspartic acid, at po-

sition 21. The S8 segment has one amino acid difference, a mutation fromproline to serine at position 123 (Figure S2). The number of proteins

encoded by the 11 gene segments varies among the three genotyped GCRV strains. Specifically, GCRV-I encodes 13 proteins, GCRV-III en-

codes 12 proteins, and GCRV-II encodes 11 proteins, with each gene segment in GCRV-II encoding a single protein (Figure 1B). For example,

the S7 segment in GCRV-I encodes three non-structural proteins, NS31, NS16, andNS12, of which NS16 is unique to GCRV-I and predicted to

be a fusion-associated small transmembrane (FAST) protein involved in host cell-cell fusion.28 NS12 is a transmembrane protein different from

the fusion protein NS16, and its expression alone cannot induce syncytial formation.29 By contrast, the GCRV-II/GCRV-III S7 segment encodes

the fiber protein VP56/VP55, which is involved in viral attachment and expression.14,30 The GCRV-I S11 segment encodes NS26 that has no

homolog in GCRV-II and GCRV-III, which S11 encoded VP35 in GCRV-II predicted to be a coat protein of virion; the function of VP8 and VP15

encoded by S11 in GCRV-III was still unclear.10

Proliferative characteristics of the GCRV-DY197

To investigate the virulence and pathogenicity of GCRV-DY197, healthy rare minnows and grass carp were infected with GCRV-DY197, and

the clinical features and survival rates were observed. Starting from the third and sixth day’s post-viral injection, the rare minnows and grass

carp exhibited swimming disorders and sluggish responses. Subsequently, varying degrees of hemorrhagic symptomsmanifested on the fish

body surface, accompanied bymortality (Figures 2A and S3). Day 6 and 10 after viral injection themortality rate of rareminnows andgrass carp
2 iScience 27, 110502, August 16, 2024
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Figure 2. The virulence and proliferative characteristics of GCRV-DY197

(A) The image shows the symptoms of grass carp muscular hemorrhage after GCRV-DY197 infection for 6 days. Top: control; bottom: infection group.

(B) The survival curves of grass carp and rare minnows after GCRV-DY197 infection; n = 20.

(C) The viral loads for different days of infection in organs of grass carp.

(D) The changes of the viral loads in L8824 cell line after GCRV-DY197 infection.

ll
OPEN ACCESS

iScience
Article
were up to 100% and 95%, respectively (Figure 2B). The viral loads were quantified in the liver, spleen, and kidney of grass carp that began

growing rapidly 5–6 days post-viral injection, which is consistent with the occurrence time of clinical symptoms (Figure 2C). The GCRV-DY197

proliferation in the L8824 cell line was also investigated growing rapidly four days post-viral infection and up to 7 3 106 copies/mL at 6 days

(Figure 2D). Usually, the host’s immune systems play an essential role in inhibiting the viral proliferative. We observed that the genes of innate

and adaptive immune systems, such as ifn,mx,mhc-I, and igm, were upregulated after GCRV-DY197 infection in the spleen of grass carp. The

innate immune genes respond faster to viral infection compared to the adaptive immune genes and begin to attenuate at about five days

post-infection (Figure 3). These results indicated that the GCRV-DY197 strain can proliferate both in vivo and in vitro of grass carp and effec-

tively trigger the host’s innate and adaptive immune systems.

Characteristics of the GCRV virus-host interaction network

Themap of theGCRV virus-host interaction network was built based on the APMS results that comprise 9 virus proteins and 140 host proteins.

However, we failed to enrich the VP2-GFP and VP35-GFP proteins as it may be caused by their particular structure or fast turnover rate (Fig-

ure 4A). Most host proteins only interacted with one viral protein, whereas parts of host proteins were associated with several viral proteins.

For example, the serine/threonine-protein kinase Vrk1 interacts with structural proteins VP5 and VP6 and non-structural proteins VP41 and

NS79. Hsp70 was found in the prey of VP1, VP3, and NS38 which may affect the correct folding of viral proteins. Gene ontology (GO) enrich-

ment analysis showed that the 140 host proteins were mainly located at the cellular actin cytoskeleton, nucleolus, and mitochondrial protein-

containing complex, which influenced the processes of cellular component morphogenesis, positive regulation of macromolecule biosyn-

thetic process, cell division, and ubiquitin-dependent protein catabolic process (Figure 4B).

Subcellular localization of GCRV-II-encoded proteins in GCO cells

We observed by confocal microscopy the localization of 11 virus-GFP fusion proteins in GCO cells. The VP1, VP2, VP3, VP5, VP56, and VP35

proteins were distributed in both cytoplasm and nucleus, and the content of VP1 and VP2 protein in the cytoplasm seemed to be higher than

that in the nucleus—only the VP5 protein was primarily distributed in the nucleus (Figure 5). VP2, VP3, and VP35 were also found in the

damaged nucleus, which implied that these proteins may induce apoptosis in GCO cells (Figure 6). The NS79, VP4, VP41, VP6, and NS38 pro-

teins are all localized in the cytoplasm, but the aggregation states of each protein are different (Figure 5). The NS79 was self-aggregated and

scattered in the cytoplasm, which displayed characteristics of liquid-liquid phase separation (LLPS), and NS79-GFP fluorescence was rapidly

recovered�40 s after photobleaching (Figure 7A). VP4, VP41, VP6, andNS38 also presented a certain degree of aggregation but tended to be

around the nucleus (Figure 5). It has been reported that NS38 can interact with NS79 and be involved in the formation of viral inclusion bodies

(VIBs),31,32 but the fluorescence of NS38-GFP was not recovered after bleaching, so did not display characteristics of LLPS (Figure 7B). These

results revealed the distribution of 11 GCRV-DY197 encoded proteins in GCO cells.
iScience 27, 110502, August 16, 2024 3



Figure 3. The transcriptional levels of grass carp immune genes

qPCR results show the relative transcript levels of ifn,mx,mhc-I, and igm in grass carp after GCRV-DY197 infection. The relative transcription levels for each gene

are normalized to that of b-actin. ** p < 0.01.
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PTMs of GCRV-II encoded proteins

PTMs of proteins, including phosphorylation, ubiquitination, and acetylation, influence protein structure and functions. Previous studies have

indicated that both viral and host proteins undergo variousmodifications during viral infection.33We identifiedphosphorylationmodifications

at Ser655 and Ser72 residues on the NS79 and NS38 proteins, respectively (Figure 8A). Ubiquitination modifications at the Lys189 residue on

both the VP41 and NS38 proteins were observed (Figure 8B). These findings underscore the pivotal role of PTMs in maintaining viral protein

normal functions and metabolic rates during viral infection.
DISCUSSION

The GCRV-II is one of the primary pathogens threatening grass carp aquaculture.34 Multiple strains of GCRV-II have been isolated and

sequenced across various regions in China.35,36 Typically, these strains are categorized into high and low pathogenicity. In this study, we iso-

lated a strain of GCRV-II from Sichuan province that exhibits strong lethality toward both grass carp and rare minnows. The complete

sequencing of its genomewas achieved. Additionally, by investigating the in situ expression of viral-encoded proteins, we observed the local-

ization, modifications, and interactions of these proteins within the cell. This research provides data support for a comprehensive understand-

ing of the functional roles of GCRV-encoded proteins and their pathogenic mechanisms.

Phosphorylation regulation may play a crucial role in the formation of VIBs. VIB formation is a pivotal process during the intracellular pro-

liferation of reovirus within cells, where the non-structural protein NS79 plays a significant role in recruiting viral proteins and nucleic acids,

facilitating VIB formation.37 The NS79 protein exhibits self-aggregation, dispersing across various regions of the cytoplasm and displaying

characteristics of LLPS. Previous research indicates that the aggregation of the NS79 protein relies on interactions among its C-terminal re-

gions (335–724 AA).38 Loss of this region diminishes the self-aggregation ability of NS79, possibly due to the presence of coiled-coil structural

domains mediating interactions betweenNS79 proteins. In this study, we identified phosphorylation on serine 655 of the NS79 protein. Given

its proximity to the coiled-coil domain, this phosphorylation might induce structural alterations, thereby modulating VIB formation. Simulta-

neously, the TBK1 protein mediates the NS79 protein phosphorylation, but the exact phosphorylation site is unknown.32,39 Additionally,

APMS results show that the VrK1 protein interacts with NS79, but this still needs to be further explored. Another participant in VIB formation,

theNS38 protein, also exhibits phosphorylationmodifications. NS38 is primarily recruited by theNS79 protein, forming the framework of cyto-

plasmic VIBs.40 Deletion of NS38 impactsNS79 protein expression and the proliferation of the virus.16 However, further validation is needed to

determine whether phosphorylation of NS38 can affect the expression and function of the NS79 protein.

The ubiquitin-mediated protein degradation pathway might serve as a significant regulatory mechanism in the host response to viral in-

fections.41,42 Previous quantitative proteomics studies have revealed a significant upregulation of proteins associated with the ubiquitin-pro-

teasome pathway within the host following GCRV infection.43 This pathway serves the dual purpose of clearing damaged organelles or
4 iScience 27, 110502, August 16, 2024



Figure 4. Characteristics of GCRV virus-host interaction network

(A) The map of the virus-host interaction network. The interaction partners of viral proteins were determined by the APMS experiment and SAINT software with a

score R0.9 and FoldChange R20. Host proteins with different degrees are marked with different colors. The network was constructed by Cytoscape software.

(B) GO analysis of 140 interaction partners of 9 viral proteins in GCO cells.
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proteins due to viral infection and degrading the viral proteins themselves.44 In this study, the observation of ubiquitination modifications on

VP41 and NS38 proteins reaffirms that viral proteins can indeed undergo host-mediated degradation through the ubiquitination pathway.

Both VP41 and NS38 proteins localize within cellular regions such as the endoplasmic reticulum and play crucial regulatory roles in viral pro-

liferation and immune evasion.15 Both VP41 and NS38 have been reported to inhibit the host’s antiviral effect mediated byMAVS.15 Addition-

ally, VP41 protein interacts with proteins, such as TBK,MAVS, andMITA, suppressing interferon production in host cells, and aiding the virus in

immune evasion.45 In antiviral immune responses, the ubiquitin-proteasome pathway is considered an important way to inhibit viral prolifer-

ation.46 The degradation of viral proteins is also linked to the activation of the host’s adaptive immune system.47 Typically, the peptides from

the degraded viral protein can bind with major histocompatibility complex (MHC) molecules within the cell and transfer through the endo-

plasmic reticulum and Golgi apparatus to the cell membrane, ultimately presenting to lymphocytes, activating the host’s adaptive immune

response.48 We believed that the peptides, degraded from VP41 and NS38 proteins through the ubiquitin-proteasome pathway, can quickly
iScience 27, 110502, August 16, 2024 5



Figure 5. Subcellular localization of viral proteins in GCO cells

The GCO cells that expressed with different viral proteins or GFP were fixed and stained with DAPI. The samples were examined using confocal microscopy

equipped with a 403 objective lens.
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bind toMHCmolecules that are localized at the endoplasmic reticulum and then transfer to the cell membrane. Hence, VP41 andNS38might

exhibit strong immunogenicity, potentially serving as targets in future antiviral drug development.

All animal experiments were approvedby theAnimal Experimental Ethical Inspection of Laboratory Animal Center, Yangtze River Fisheries

Research Institute, Chinese Academy of Fishery Sciences.

Limitations of the study

A virus-host protein interaction network has been constructed in a grass carp cell line; however, further functional validation of specific protein

complexes is still required.
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Fig
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Figure 6. Subcellular localization of VP2, VP3, and VP35 in the damaged nucleus of GCO cells

The GCO cells that expressed with VP2-GFP, VP3-GFP, and VP35-GFP were fixed and stained with DAPI. The samples were examined using confocal microscopy

equipped with a 403 objective lens.
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B Real-time quantitative PCR

B Plasmid construction and transfection

B Subcellular localization

B Protein extraction

B Affinity purification mass spectrometry

d QUANTIFICATION AND STATISTICAL ANALYSIS
ure 7. Fluorescence recovery after photo bleaching (FRAP)

e-lapse images and fluorescent quantitation of NS79-GFP (A) and NS38-GFP (B).
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Figure 8. MS/MS spectrum of identified peptides

(A) MS/MS spectrum of phosphorylated peptides in the NS79 and NS38 proteins.

(B) MS/MS spectrum of ubiquitinated peptides in the VP41 and NS38 proteins.
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SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2024.110502.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal to GFP abcam Cat#ab290; RRID：AB_722150

Bacterial and virus strains

Grass Carp Reovirus (GCRV), type II,

strain GCRV-DY197

Isolated and preserved in our laboratory N/A

Chemicals, peptides, and recombinant proteins

SMARTer RACE 5’/3’ Kit Clontech Cat#634860

TRIzol reagents Invitrogen

EasyScript�One-Step gDNA Removal

and cDNA Synthesis SuperMix Kit

TransGen Biotech Cat#AE341-02

TB Green�Premix Ex Taq� II TaKaRa Cat#CN830A

Endotoxin-free kit Omega Cat#D6950-02

DL-Dithiothreitol (DTT) Sigma Cat#3483-12-3

Iodoacetamide (IAM) Sigma Cat#DI6125

Fetal Bovine Serum (FBS) Yeasen Cat#40130ES76

Medium199 HyClone Cat#SH30253.01

PBS HyClone Cat#SH30256.01

Xfect� Transfection Reagent TaKaRa Cat#631318

4% paraformaldehyde Biosharp Cat#BL539A

DAPI Biosharp Cat#BL105A

Protein A Magnetic Beads GenScript Cat# L00695

Experimental models: Cell lines

Healthy rare minnows From the Institute of Hydrobiology,

Chinese Academy of Sciences (Wuhan, China)

N/A

Healthy grass carp From the Hubei grass carp farm N/A

GCO cell (Grass carp ovary cell line) Gift from QiYa Zhang (the Institute of

Hydrobiology, Chinese Academy of Sciences)

N/A

L8824 cell (Grass carp Grass carp hepatocytes) Center for the Preservation of Chinese

Typical Cultures, Wuhan University

N/A

Oligonucleotides

See Table S1 Huayu Gene N/A

See Table S2 Huayu Gene N/A

Recombinant DNA

Plasmid VP1-GFP This paper PP196473

Plasmid VP2-GFP This paper PP196474

Plasmid VP3-GFP This paper PP196475

Plasmid NS79-GFP This paper PP196476

Plasmid VP5-GFP This paper PP196477

Plasmid VP4-GFP This paper PP196478

Plasmid VP56-GFP This paper PP196479

Plasmid VP41-GFP This paper PP196480

Plasmid VP6-GFP This paper PP196481

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid NS38-GFP This paper PP196482

Plasmid VP35-GFP This paper PP196483

Software and algorithms

SEQMAN DNASTAR 5.0 N/A

Simple Modular Architecture Research Tool SMART N/A

Proteome Discoverer 2.4 Thermo Fisher Scientific N/A

SAINT https://sourceforge.net/projects/saint-apms/files/ N/A

Other

FV3000 Olympus N/A

Roter-Gene Q Qiagen N/A

ChemiDox XRS Bio-Rad N/A

Q-Exactive Plus Thermo Fisher Scientific N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, YuDing Fan

(fanyd@yfi.ac.cn).

Materials availability

This study did not generate unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon reasonable request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Viruses

GCRV-DY197 strain was obtained from diseased grass carp collected from a farm in Deyang, Sichuan Province.49 The liver, spleen, and kidney

of diseased grass carp were extracted and homogenized with PBS five times followed by freeze-thawing at �80�C three times. The tissue

homogenate containing GCRV was collected after being centrifuged at 3,0003 g for 30 min and filtered through 0.45 mm and 0.22 mm filters

(Millipore, USA).

Fish

Healthy rare minnows, measuring 4G 0.5 cm in length, were acquired from the Institute of Hydrobiology, Chinese Academy of Sciences (Wu-

han, China). Healthy grass carp with lengths of 10.0G 0.5 cm were purchased from the Hubei grass carp farm. All the experimental fish were

shown to be GCRV-negative according to the national standards and were kept in the laboratory for two weeks before the virus challenge. All

the experimental procedure were approved by the Yangtze River Fisheries Research Institute’s Animal Experimental Ethical Committee.

Cells

Grass carp ovary (GCO) cells and grass carp liver cells were cultured in medium (M199) (Gibco) containing 10% fetal bovine serum (FBS)

(Gibco) at 28�C.

METHOD DETAILS

Whole genome sequencing and analysis

The full GCRV-DY197 genome was sequenced using Illumina Sequencers (Illumina, USA) combined with a SMARTer RACE 5’/3’ Kit (Clontech,

USA) following the guidelines provided by the manufacturer. All the sequencing results were assembled using SEQMAN software. And phylo-

genetic tree was generated using the Clustal W algorithm and the Neighbor-Joining (N-J) method, utilizing the amino acid sequence of the VP6

protein. The other GCRV genomes were obtained from the GenBank database. The above required primers are shown in key resources table.
12 iScience 27, 110502, August 16, 2024
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Regression infection experiment

The 20 healthy grass carp and 20 rare minnows were injected with 200 mL and 20 mL volumes of GCRV-DY197 (1 3 106 copies/mL),49 respec-

tively, with the same volume in sterile PBS as a control. The water temperature was maintained at 28�C for the experiment and fish mortality

was recorded daily.
GCRV-DY197 proliferation in vitro and in vivo

A total of 50 healthy grass carp and grass carp liver cells (L8824) were infectedwith 13 106 copies/mL of GCRV-DY197. The infected L8824 cells

and the organs from infected grass carp were collected daily for seven days. The entire RNA was isolated from the tissue and cell samples

using TRIzol reagents (Invitrogen, USA), and then cDNA was synthesized following the manufacturer’s instructions with the EasyScriptOne-

Step gDNA Removal and cDNA Synthesis SuperMix Kit (TransGen Biotech). The proliferation of GCRV-DY197 in grass carp tissues and liver

cells was analyzed via three-time real-time quantitative PCR (qPCR) using TB GreenPremix Ex Taq II (Takara, Japan). The standard curve was

constructed using segment S2 that based on previous research (Figure S1).50
Real-time quantitative PCR

Spleen cDNA samples were obtained and the transcriptional levels of interferon (IFN), immunoglobulin M (IgM), interferon-induced Mx pro-

tein (Mx), and histocompatibility complex (MHC-I) in GCRV-DY197-infected grass carp were determined using qPCR. The qPCR was per-

formed with a reaction mixture consisting of 10 mL TB GreenPremix Ex Taq II, 2 mL cDNA sample, 0.8 mL of each primer (10 mM), and

ddH2O in a total volume of 20 mL. The relativemRNA expression levels of immune-related genes were determined as the fold change in com-

parison to b-actin expression using the 2�DDCt method. The above required primers are shown in key resources table.14,51
Plasmid construction and transfection

The complete sequence of each viral gene was amplified via PCR, utilizing the cDNA derived fromGCRV-DY197 as the template, and cloned

into the pEGFP-N1 vector at the BamH I site. Recombinant plasmids with successful sequence validation were extracted with the endotoxin-

free kit (Omega, USA), and a total of 14 mg plasmids were transfected into GCO cells. After transfecting for 48 h, the GCO cells were collected

for the subsequent research.
Subcellular localization

The GCO cells transfected with recombinant plasmids were cultured in confocal petri dishes. After being rinsed with PBS, the cells were

treated with 300 mL of 4% paraformaldehyde for 25 min, followed by staining with 300 mL of DAPI solution for 10 min in dark conditions. Sub-

sequently, the staining solution was removed, and the cells were immersed in PBS for observation using a confocal microscope (Olympus,

Japan).
Protein extraction

The GCO cells transfected with corresponding plasmids were collected by centrifugation (1,000 3 g, 4�C, 5 min) after being washed with

precooled PBS twice. Pellets were resuspended with cell lysis buffer and sonicated at 120 W on ice. The cell lysis buffer contained 20 mM

HEPES (pH = 7.5), 150 mM NaCl, 1% N-Dodecyl-b-D-Maltoside, and 1 3 Roche protease & phosphatase inhibitor cocktail. After incubation

for 1 h on ice, cell debris was removed by centrifugation (12,000 3 g, 4�C, 10 min).
Affinity purification mass spectrometry

The APMS experiment was based on our previous experimental procedure.43 The lysates containing corresponding viral protein were incu-

bated with an anti-GFP antibody that bound to Protein AMagnetic Beads for 1 h. After the beads were washed with PBS five times to remove

the dissociated proteins, the target protein complexes were released using 0.1Mglycine buffer (pH= 2–3) and neutralizedwith 1MTris buffer

(pH = 8.5) at the ratio of 1:10. Afterward, the eluate was subjected to denaturation at 95�C for 10 min, followed by reduction using 10 mM

freshly prepared DTT, alkylation with 15 mM iodoacetamide in the absence of light, and digestion with trypsin at 37�C overnight. All samples

were purified using Zip Tip C18 plates according to the manufacturer’s instructions and reconstituted in 0.1% formic acid for MS analysis. The

APMS experiment for each viral protein was repeated twice.

The samples were analyzed by aQ-Exactive Plusmass spectrometer equippedwith an EASY-nLC 1200 system (Thermo Fisher Scientific), in

which the peptides were separated using a C18 nanotrap column and ionized at 2.2 kV. The MS detection parameters were set as follows: a

Data Dependent Acquisition (DDA) was used to acquire the MS/MS spectra of the top 20 most-abundant precursor ions; 5 3 104 ions were

accumulated with a 50msmaximum ion injection period for MS/MS analysis; isolation width was 1.8m/z; the dynamic exclusion period was 40

s; the normalized HCD collision energy was set as 28%.
QUANTIFICATION AND STATISTICAL ANALYSIS

Three independent experimental replicates were performed for all experiments unless otherwise stated.
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