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formation of viral inclusion bodies for replication

Chu Zhang,1 Hui Wu,2 Hao Feng,2 Yong-An Zhang,1,* and Jiagang Tu1,3,*

SUMMARY

Viral inclusion bodies (VIBs) are subcellular structures required for efficient viral replication. How type II
grass carp reovirus (GCRV-II), the mainly prevalent strain, forms VIBs is unknown. In this study, we found
that GCRV-II infection induced punctate VIBs in grass carp ovary (GCO) cells and that non-structural pro-
tein 38 (NS38) functioned as a participant in VIB formation. Furthermore, VP56 and VP35 induced VIBs
and recruited other viral proteins via theN-terminal of VP56 and themiddle domain of VP35. Additionally,
we found that the newly synthesized viral RNAs co-localized with VP56 and VP35 in VIBs during infection.
Taken together, VP56 and VP35 induce VIB formation and recruit other viral proteins and viral RNAs to
theVIBs for viral replication,which helps identify new targets for developing anti-GCRV-II drugs to disrupt
viral replication.

INTRODUCTION

Grass carp reovirus (GCRV), a member of the genus Aquareovirus, family Reoviridae, is a nonenveloped, icosahedral virus that contains a

genome of 11 double-stranded RNA segments. The disease caused by GCRV, especially type II GCRV (GCRV-II), has resulted in huge eco-

nomic losses in grass carp culture in China.1 However, no efficient vaccines or drugs are available for GCRV-II infection. Therefore, it’s urgent

to understand the life cycle of GCRV-II for developing anti-viral drugs against GCRV-II infection.

A variety of viruses transcribe and replicate their genomes within specialized intracellular compartments named viral inclusion bodies

(VIBs, also named viral factories, replication organelles, viral replication compartments, virosomes, or viroplasms).2,3 This includes DNA vi-

ruses such as vaccinia virus4 and African swine fever virus,2 and RNA viruses such as members of the family Togaviridae (e.g., Sindbis virus),5

Nodaviridae (e.g., flock house virus),6 Flaviviridae (e.g., hepatitis C virus, HCV),7,8 Bunyaviridae (e.g., rift valley fever virus),2 Filoviridae (e.g.,

Ebola virus, EBOV),9 Paramyxoviridae (e.g., measles virus, MeV),10–12 Reoviridae (e.g., rotavirus),13 Rhabdoviridae (e.g., vesicular stomatitis

virus, VSV).14 Recent study revealed that the nucleoprotein and phosphoprotein of MeV formed liquid-like phase-separated membraneless

VIBs to promote nucleocapsid assembly.10Wolff et al.15 determined the structure of coronavirus-induced VIBs and identified amolecular pore

complex that spanned themembranes of the double-membrane VIBs, which allowed the export of viral RNAs to the cytosol for translation and

assembly. Besides, VIBs can also prevent the activation of the host’s innate immune system. Respiratory syncytial virus (RSV) sequesters NF-kB

subunit P65, melanoma differentiation-associated gene 5 (MDA5), and mitochondria antiviral signaling protein (MAVS) to the VIBs to inhibit

innate immune signaling.16,17

The formation of VSV VIBs is induced by the viral N, P, and L proteins.14,18 Mumps virus (MuV),19 Parainfluenza virus,20 Nipah virus,21

rabies virus (RABV),22 and MeV11 can also form VIBs that are induced mainly by the N and P proteins. The mNS protein is required to induce

VIBs formation of mammalian orthoreovirus (MRV) and avian orthoreovirus (ARV).23,24 The formation of bluetongue virus (BTV) VIBs is

induced by the NS2 protein.25 Rotavirus requires two viral proteins (NSP2 and NSP5) to induce VIBs formation.13 VIBs serve as a platform

to concentrate viral proteins and RNAs for efficient transcription and replication of viral genomes. Within VIBs formed by rotavirus,

the NSP2 and NSP5 recruit several other viral proteins (VP1, VP3, VP2, VP6, and NSP2) and pre-genomic (+) ssRNAs, resulting in the pro-

portional co-packaging into early viral particles.26,27 MRV mNS protein recruits the sNS, m2, and other viral proteins to the VIBs for

dsRNA synthesis.28 The inner-capsid proteins lA, lB, and mA are recruited by the ARV mNS protein to the VIBs.29 Thus, investigation of

the components of VIBs will aid in understanding the formation process of VIBs and the life cycle of viruses, which provides anti-viral

drug targets.

In this study, we investigated the components and formation process of GCRV-II VIBs. The inducer of GCRV-II VIBs formationwas identified

as the VP56 and VP35 proteins, which formed VIBs when expressed alone and recruited several other viral proteins and viral RNAs to the VIBs.
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Moreover, the residues 58 to 114 at the N-terminal domain of VP56 and the residues 100 to 154 at the middle domain of VP35 were

determined as the regions responsible for VIB formation. Our findings provide insights into the VIBs formation of GCRV-II for the first

time, which helps to understand the life cycle of GCRV-II.

Figure 1. GCRV-II infection induces VIBs formation

(A) GCO cells were infected with GCRV-II, fixed at 6, 18, 24, and 48 hpi, and subjected to immunofluorescence using confocal microscopy with an anti-NS38

polyclonal antibody.

(B) GCO cells were transfected with pEGFP-N1 (control) or pEGFP-NS38. At 24 h post transfection, GCO cells transfected with pEGFP-NS38 were infected with or

without GCRV-II. The cells were fixed and stained with DAPI. The samples were detected using confocal microscope. White squares in the upper right corner

indicate the magnified area shown in the corresponding areas. Scale bar: 10 mm.

Figure 2. GCRV-II NS38 interacts with VP1, VP56, and VP35

(A) 293T cells were transfected with pEGFP-NS38, together with pFlag-VP1, pFlag-VP2, pFlag-VP3, pFlag-NS79, pFlag-VP5, pFlag-VP4, pFlag-VP56, pFlag-VP41,

pFlag-VP6, pFlag-VP35, or p3XFlag-CMV-14 (control). The cells were collected at 24 h post transfection, followed by Co-IP assay with anti-Flag antibody. Then the

immunoprecipitates and cell lysates were analyzed with anti-Flag and anti-EGFP antibodies.

(B) 293T cells were transfected with pEGFP-NS38, together with pDsRed-VP1, pDsRed-VP56, or pDsRed-VP35. At 24 h post transfection, the cells were fixed and

stained with DAPI. The samples were detected using the confocal microscope. Scale bar: 10 mm.
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RESULTS

GCRV-II infection induces VIBs formation

To determine whether GCRV-II infection induces VIBs formation, GCO cells were infected with GCRV-II (strain GCRV-AH528), followed by the

detection of VIBs using anti-NS38 polyclonal antibody. As shown in Figure 1A, punctate structures were observed in the cytoplasm of GCO

cells. Along with the GCRV-II infection, the number of the punctate structures increased, and the diameter of the punctate structures became

Figure 3. VP56 and VP35 induce VIBs formation

(A) GCO cells were transfected with pEGFP-NS38, together with pDsRed-VP1, pDsRed-VP56, or pDsRed-VP35. At 24 h post transfection, the cells were fixed and

stained with DAPI. The samples were detected using confocal microscope.

(B) GCO cells were transfected with pDsRed-VP1, pDsRed-VP56, or pDsRed-VP35. At 24 h post transfection, the cells were fixed and stained with DAPI. The

samples were detected using confocal microscope. Scale bar: 10 mm.

Figure 4. GCRV VP56 interacts with VP1, NS79, VP5, NS38, and VP35

(A) 293T cells were transfected with pEGFP-VP56, together with pFlag-VP1, pFlag-VP2, pFlag-VP3, pFlag-NS79, pFlag-VP5, pFlag-VP4, pFlag-VP41, pFlag-VP6,

pFlag-NS38, pFlag-VP35, or p3XFlag-CMV-14(control). The cells were collected at 24 h post transfection, followed by Co-IP assay with anti-Flag antibody. Then

the immunoprecipitates and cell lysates were analyzed with anti-Flag and anti-EGFP antibodies.

(B) 293T cells were transfected with pEGFP-VP56, together with pDsRed-VP1, pDsRed-NS79, pDsRed-VP5, pDsRed-NS38, or pDsRed-VP35. At 24 h post

transfection, the cells were fixed and stained with DAPI. The samples were detected using confocal microscope. Scale bar: 10 mm.
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bigger (Figure 1A). These punctate structures were similar to the VIBs observed in cells infected with MRV or aquareovirus,13,30,31 suggesting

that GCRV-II infection induced VIBs formation. To determine whether NS38 functioned as an inducer or a participant in the formation of

GCRV-II VIBs, GCO cells were transfected with enhanced green fluorescent protein (EGFP) or EGFP-NS38, followed with or without

GCRV-II infection. We found that NS38 was diffusely distributed in the cytoplasm of GCO cells when expressed alone but located in punctate

structures under GCRV-II infection (Figure 1B), suggesting that NS38 functioned as a participant in GCRV-II VIBs formation.

VP56 and VP35 induce VIBs formation

To determine the inducer responsible for the formation of GCRV-II VIBs, 293T cells were transfected with plasmid pEGFP-NS38, together with

pFlag-VP1, pFlag-VP2, pFlag-VP3, pFlag-NS79, pFlag-VP5, pFlag-VP4, pFlag-VP56, pFlag-VP41, pFlag-VP6, or pFlag-VP35. Co-immunopre-

cipitation assay (Co-IP) assay showed that VP1, VP56, and VP35, but not other viral proteins, interacted with NS38 (Figure 2A). Further sub-

cellular co-localization revealed that VP1, VP56, and VP35, but not other viral proteins, co-localized with NS38 in the cytoplasm of 293T cells

(Figures 2B and S1). The co-localization of NS38 with VP1, VP56, and VP35 was further investigated in GCO cells (Figure 3A). We found that

NS38was diffusely co-localizedwith VP1, but co-localizedwith VP56 and VP35 in punctate structures (Figure 3A). Furthermore, GCOcells were

transfected with pDsRed-VP1, pDsRed-VP56, or pDsRed-VP35 individually. The subcellular localization of these proteins showed that VP56

and VP35, but not VP1, formed punctate structures in the cytoplasm (Figure 3B), suggesting that VP56 and VP35, but not VP1, functioned

as the inducers in the formation of GCRV-II VIBs. To explore whether microtubules are involved in the formation of GCRV-II VIBs, we inves-

tigated the effects of nocodazole (Noc), a drug known to inhibit microtubule polymerization, on the morphogenesis and intracellular local-

ization of VIBs in GCRV-II infected cells. When infected cells were treated with 10 mM nocodazole for 18 h, microtubules were completely de-

polymerized, but the VP56- and VP35-induced VIBs were not disrupted (Figure S2). These results indicate that the formation of GCRV-II VIBs is

not dependent on a microtubule network.

VP56 and VP35 recruit viral proteins to the VIBs

To determine whether and which proteins of GCRV-II were recruited by VP56 to the VIBs, 293T cells were transfected with pEGFP-VP56,

together with plasmids expressing other viral proteins. Co-IP assay showed that VP56 interacted with VP1, NS79, VP5, NS38, and VP35,

Figure 5. GCRV VP35 interacts with VP1, VP2, VP3, VP4, VP56, and NS38

(A) 293T cells were transfected with pEGFP-VP35, together with pFlag-VP1, pFlag-VP2, pFlag-VP3, pFlag-NS79, pFlag-VP5, pFlag-VP4, pFlag-VP56, pFlag-VP41,

pFlag-VP6, pFlag-NS38, or p3XFlag-CMV-14(control). The cells were collected at 24 h post transfection, followed by Co-IP assay with anti-Flag antibody. Then the

immunoprecipitates and cell lysates were analyzed with anti-Flag and anti-EGFP antibodies.

(B) 293T cells were transfected with pEGFP-VP35, together with pDsRed-VP1, pDsRed-VP2, pDsRed-VP3, pDsRed-VP4, pDsRed-VP56, or pDsRed-NS38. At 24 h

post transfection, the cells were fixed and stained with DAPI. The samples were detected using confocal microscope. Scale bar: 10 mm.
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but not other viral proteins (Figure 4A). Subcellular co-localization assay demonstrated that VP1, NS79, VP5, NS38, and VP35, but not other

viral proteins, co-localized with VP56 in the cytoplasm (Figures 4B and S3).

To determine whether and which proteins of GCRV-II were recruited by VP35 to the VIBs, 293T cells were transfected with pEGFP-VP35,

together with plasmids expressing other viral proteins. Co-IP assay showed that VP35 interacted with VP1, VP2, VP3, VP4, VP56, andNS38, but

not other viral proteins (Figure 5A). Subcellular co-localization assay demonstrated that VP1, VP2, VP3, VP4, VP56, andNS38, but not other viral

proteins, were co-localized with VP35 in the cytoplasm (Figures 5B and S4).

To further confirm whether VP56 and VP35 recruited the above indicated viral proteins to the VIBs, GCO cells were transfected

with plasmid pEGFP-VP56 or pEGFP-VP35, together with plasmids expressing their interacted viral proteins. We found that VP56 and

VP35 co-localized with the above indicated viral proteins in punctate structures in GCO cells (Figure 6). These data suggest that VP56 and

VP35 recruit several viral proteins to the VIBs.

N-terminal domain of VP56 is responsible for the VIBs formation and interaction with the recruited viral proteins

To identify which domain of VP56 is responsible for the VIBs formation, a series of VP56 truncatedmutant plasmids expressing VP56-N (N-ter-

minal domain of VP56, aa 1 to 171), VP56-M (Middle domain of VP56, aa 172 to 373), or VP56-C (C-terminal domain of VP56, aa 374 to 512) were

constructed (Figure 7A). Subcellular localization revealed that VP56-N, but not VP56-M or VP56-C, formed VIBs (Figure 7B). Moreover, Co-IP

assay revealed that VP56-N not only interacted with itself, but also interacted with VP1, NS79, VP5, NS38, and VP35, similar to the full-length

VP56 (Figure 7C). Furthermore, to identifymore precise residues of VP56-N that are necessary for the VIBs formation, theN-terminal domain of

VP56wasdivided intoVP56-N1-57, VP56-N58-114, andVP56-N115-171 (FigureS5A), basedon functional regionanalysis by SMARTsoftware.32 Sub-

cellular localization revealed that VP56-N58-114, but not VP56-N1-57 or VP56-N115-171, formedVIBs (Figure S5B). In addition, subcellular co-local-

ization assay showed that VP56-N1-57 co-localized with VP1, NS79, VP5, andNS38, but not VP35 (Figure S6A), while VP56-N58-114 only co-local-

izedwithNS38 (Figure S6B). In contrast, VP56-N115-171 co-localizedwith VP1,NS79, VP5,NS38, andVP35, similar to that of VP56-N (Figure S6C).

These data suggest that the N-terminal domain of VP56 is responsible for the VIBs formation and interaction with the recruited viral proteins.

Middle domain of VP35 is responsible for the VIBs formation and interaction with the recruited viral proteins

To determine the critical domain of VP35 responsible for the formation of VIBs, a series of VP35 truncated mutant plasmids expressing

VP35-N (N-terminal domain of VP35, aa 1 to 99), VP35-M (Middle domain of VP35, aa 100 to 208), or VP35-C (C-terminal domain of

Figure 6. VP56 and VP35 recruit viral proteins to the VIBs

(A) GCO cells were transfected with pEGFP-VP56, together with pDsRed-VP1, pDsRed-NS79, pDsRed-VP5, pDsRed-NS38, or pDsRed-VP35. At 24 h post

transfection, the cells were fixed and stained with DAPI. The samples were detected using confocal microscope.

(B) GCO cells were transfected with pEGFP-VP35, together with pDsRed-VP1, pDsRed-VP2, pDsRed-VP3, pDsRed-VP4, pDsRed-VP56, or pDsRed-NS38. At 24 h

post transfection, the cells were fixed and counterstained with DAPI. The samples were detected using confocal microscope. Scale bar: 10 mm.
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VP35, aa 209 to 310) were constructed (Figure 8A). Subcellular localization revealed that VP35-M, but not VP35-N or VP35-C, formed VIBs

(Figure 8B). Further Co-IP assay revealed that VP35-M not only interacted with itself, but also interacted with VP1, VP2, VP3, VP4, VP56, and

NS38 (Figure 8C). Furthermore, to identify more precise residues of VP35-M that are necessary for VIBs formation, the middle domain of

VP35 was divided into VP35-M100-154 and VP35-M155-208 (Figure S7A), based on functional region analysis by SMART software.32 Subcellular

localization revealed that VP35-M100-154, but not VP35-M155-208, formed VIBs (Figure S7B). In addition, subcellular co-localization assay

showed that VP35-M100-154 co-localized with VP1, VP2, VP3, VP56, and NS38, but not VP4 (Figure S8A), while VP35-M155-208 co-localized

with VP1, VP56, and NS38 (Figure S8B). These data suggest that the middle domain of VP35 is responsible for the VIBs formation and inter-

action with the recruited viral proteins.

Newly synthesized viral RNAs are localized to the VIBs in infected GCO cells

Previous findings have shown that newly synthesized viral RNAs byMRV and aquareoviruses were localized in VIBs.33–35 To determine whether

newly synthesized viral RNAs are localized in VIBs in GCRV-II infected cells, GCO cells were infected with GCRV-II. At 15 hpi, the cells were

treated with actinomycin D (ActD) for 30 min to prevent cellular transcription, followed by the addition of bromouridine (BrU) for 1 h to label

the newly synthesized viral RNAs. Under these conditions, the newly synthesized viral RNAs containing BrU can be visualized by BrU anti-

body.36 We found that no BrU-labeled RNAs were visualized in mock-infected cells in presence of ActD, while BrU-labeled RNAs were local-

ized in the nucleus in mock-infected cells in the absence of ActD (Figure 9A). The newly synthesized viral RNAs were co-localized in VIBs with

VP56 and VP35 in GCRV-II infected cells (Figure 9B). These data suggest newly synthesized viral RNAs are localized to the VIBs in GCRV-II

infected GCO cells.

DISCUSSION

Grass carp hemorrhagic disease caused by GCRV-II infection led to highmorbidity andmortality in grass carp aquaculture in China. However,

the life cycle of GCRV-II, especially the formation of VIBs, has rarely been investigated. In this study, we determined that GCRV-II infection

induced punctate VIBs in the cytoplasm with similar morphology to those of MRV,23 ARV,24 and GCRV-I.30 Moreover, we identified that

VP56 and VP35, as inducers of GCRV-II VIBs, recruited other viral proteins and viral RNAs to the VIBs for viral replication. In addition, the amino

acid residues 58 to 114 at the N-terminal domain of VP56 and the residues 100 to 154 at the middle domain of VP35 were identified as the

regions responsible for VIBs formation. Our findings provide insights into GCRV-II VIBs formation and contribute targets for designing anti-

viral drugs against GCRV-II infection.

Figure 7. N-terminal domain of VP56 is responsible for the VIBs formation and interaction with the recruited viral proteins

(A) The schematic shows the plasmids expressing different VP56 truncated mutants.

(B) GCO cells were transfected with pEGFP-VP56-N, pEGFP-VP56-M, or pEGFP-VP56-C. At 24 h post transfection, the cells were fixed and stained with DAPI. The

samples were detected using confocal microscope. Scale bar: 10 mm.

(C) 293T cells were transfected with pEGFP-VP56-N, together with pMyc-VP56-N, pFlag-VP1, pFlag-NS79, pFlag-VP5, pFlag-NS38, or pFlag-VP35. The cells were

collected at 24 h post transfection, followed by Co-IP assay with anti-Myc or anti-Flag antibody. Then the immunoprecipitates and cell lysates were analyzed with

anti-EGFP, anti-Myc, and anti-Flag antibodies.
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Many single-stranded negative-sense RNA viruses, including RABV,37 EBOV,9,38 RSV,39,40 and MeV,11 have been reported to initiate VIBs

formation by viral N and P proteins. Double-stranded RNA viruses from the family Reoviridae can also initiate VIBs formation by viral proteins.

The non-structural protein mNS of MRV and ARV induced punctate VIBs formation.24,28,41 The NS80 of GCRV-I (analogue of MRV mNS), when

expressed alone in cells, induced VIBs formation similar to those in GCRV-I-infected cells.30 In our study, VP56 and VP35, when expressed

alone in cells, induced VIBs formation, consistent with the findings of MRV mNS and GCRV-I NS80, indicating that these viral proteins were

the inducers in the formation of VIBs.24,30,31 However, NS79 of GCRV-II, analogue of the MRV mNS and GCRV-I NS80,42 was localized in

VIBs when co-expressed with VP56, but not when expressed alone (data not shown), indicating that GCRV-II NS79 was a participant, but

not an inducer, in the formation of VIBs. Moreover, different fromMRV mNS, BTV NS2, and phytoreovirus Pns12, a single viral protein induced

VIBs formation,25,31,43 GCRV-II used two viral proteins VP56 and VP35 to induce the VIBs formation, which was similar to rotavirus that required

both NSP2 and NSP5 to induce VIBs formation.13 However, whether VP56 and VP35 induced VIBs formation individually or together during

GCRV-II infection needs to be further investigated.

Reoviruses utilized the inducers to recruit other viral proteins to the VIBs. Accumulating evidence suggests that the mNS protein of MRV

recruits the m2 protein to the VIBs to control the morphology and location of the VIBs, the sNS protein to the VIBs for RNA-binding, and viral

core surface proteins (l1, l2, and s2) to the VIBs for assembling progeny virions.31,44 The mNS protein of ARV recruits the sNS protein to the

VIBs for viral replication and assembly.24 The twomajor core proteins VP7 (surface core protein) and VP3 (inner core protein) were recruited by

NS2 protein of BTV to the VIBs.25 The GCRV-I NS80 protein could recruit NS38 and VP4 to the VIBs.45 Similar to these reports, we found that

several viral proteins were recruited by VP56 and VP35 to the VIBs. Because of the differences in the localization of participants in the presence

and absence of inducers, we speculate that protein interactions between inducers and participants may be a critical early step in establishing

the occurrence of viral genome replication and assembly. To our knowledge, this is the first time to report VIBs formation of GCRV-II and

identify the inducers and participants of the VIBs.

The VIBs of RNA viruses are usually the site for RNA synthesis.46 Several studies have demonstrated that newly synthesized RNAs were

detected in VIBs, including positive-stranded RNA viruses (flock house virus)47 and negative-stranded RNA viruses (RSV, RABV, and

EBOV).9,39,48 In this study, we found that GCRV-II RNAs were localized to the VIBs during GCRV-II infection. The location of newly synthesized

viral RNAs within VIBs has also been reported previously in reoviruses including MRV,34 GCRV-I,33 rotavirus,49 and phytoreovirus.43 Our data

and previous studies suggest that initiators of the viruses in the family Reoviridae induce VIBs formation to provide a platform to recruit viral

RNAs for RNA synthesis.

Figure 8. Middle domain of VP35 is responsible for the VIBs formation and interaction with the recruited viral proteins

(A) The schematic shows the plasmids expressing different VP35 truncated mutants.

(B) GCO cells were transfected with pEGFP-VP35-N, pEGFP-VP35-M, or pEGFP-VP35-C. At 24 h post transfection, the cells were fixed and stained with DAPI. The

samples were detected using confocal microscope. Scale bar: 10 mm.

(C) 293T cells were transfected with pEGFP-VP35-M, together with pMyc-VP35-M, pFlag-VP1, pFlag-VP2, pFlag-VP3, pFlag-VP4, pFlag-VP56, or pFlag-NS38. The

cells were collected at 24 h post transfection, followed by Co-IP assay with anti-Myc or anti-Flag antibody. Then the immunoprecipitates and cell lysates were

analyzed with anti-EGFP, anti-Myc, and anti-Flag antibodies.
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In conclusion, this study identified that VP56 and VP35 were the inducers of GCRV-II VIBs formation and recruited other viral proteins and

viral RNAs to VIBs. Besides, the N-terminal domain of VP56 and the middle domain of VP35 were determined as the regions responsible for

interacting with the recruited viral proteins and VIBs formation. Our results provide novel insights into the function of VP56 and VP35 of GCRV-

II and help understand the VIBs formation of reoviruses.

Limitations of the study

A limitation of this study is that we only resolved the viral components of VIBs formation and did not investigate the host proteins involved in

the formation process.
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Figure 9. Newly synthesized viral RNAs are localized to the VIBs in GCRV-II infected GCO cells

(A) GCO cells were transfected with BrUTP after treatment with or without ActD for 30 min. At 1 h post transfection, the cells were fixed and stained with an anti-

BrU antibody.

(B) At 15 h post of GCRV-II infection, the cells were treated with ActD for 30 min and then transfected with or without BrUTP in presence of ActD for 1 h,

followed by staining with anti-BrU antibody and polyclonal antibodies against VP56 and VP35. DAPI staining was applied to detect the cell nucleus. Scale

bar: 10 mm.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Flag Proteintech Cat#20543-1-AP; RRID:AB_11232216

Rabbit polyclonal anti-Myc Proteintech Cat#16286-1-AP; RRID: AB_11182162

Rabbit polyclonal anti-EGFP Proteintech Cat# 50430-2-AP; RRID: AB_11042881

Mouse monoclonal anti- bromodeoxyuridine

(BrdU)

ABclonal Cat#A1482; RRID: AB_2756438

Mouse monoclonal anti-b-tubulin Proteintech Cat#66240-1-Ig; RRID: AB_2881629

Rabbit polyclonal anti-NS38 Prepared by AtaGenix N/A

Rabbit polyclonal anti-VP56 Gift from Jianguo Su N/A

Rabbit polyclonal anti-VP35 Prepared by AtaGenix N/A

HRP-conjugated Affinipure Goat Anti-Rabbit Proteintech Cat#SA00001-2; RRID:AB_2722564

Alexa Fluor 488 AffiniPure Goat Anti-Mouse Yeasen Cat# 33206ES60

Cy3-AffiniPure Goat Anti-Rabbit ABclonal Cat#AS007; RRID: AB_2769089

Bacterial and virus strains

Grass Carp Reovirus(GCRV), type II, strain

GCRV-AH528

Gift from Junhua Li N/A

trans5a Chemically Competent Cell TransGen Biotech Cat#CD201-01

Chemicals, peptides, and recombinant proteins

Bromouridine 50-triphosphate(BrUTP) Sigma Cat#161848-60-8

Actinomycin D MedChemExpress Cat#HY-17559

Nocodazole MedChemExpress Cat#HY-13520

Fetal Bovine Serum (FBS) Yeasen Cat#40130ES76

Penicillin/Streptomycin Gibco Cat#15070063

Trypsin-EDTA Gibco Cat#R001100

TransIntro� EL Transfection Reagent TransGen Biotech Cat#FT201-01

Cell lysis buffer Beyotime Cat#P0013

4% paraformaldehyde Biosharp Cat#BL539A

Triton X-100 Thermoscientific Cat#A16046.AE

Bovine serum albumin Sigma Cat#A9418

DAPI Biosharp Cat#BL105A

Nitrocellulose membranes Biosharp Cat#BS-NC-45

Protein A/G Magnetic Beads MedChemExpress Cat#HY-K0202

Anti-Flag Magnetic Beads MedChemExpress Cat#HY-K0207

Experimental models: Cell lines

GCO cell(Grass carp ovary cell line) Gift from Longfeng Lu N/A

HEK293T cell ATCC CRL-3216

Oligonucleotides

See Table S1 Tsingke Biotech N/A

Recombinant DNA

Plasmid pVP1-Flag This paper KR180368.1

Plasmid pVP2-Flag This paper KR180369.1

(Continued on next page)
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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, Jiagang Tu

(tujiagang@mail.hzau.edu.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.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid pVP3-Flag This paper KR180370.1

Plasmid pNS79-Flag This paper KR180371.1

Plasmid pVP5-Flag This paper KR180372.1

Plasmid pVP4-Flag This paper KR180373.1

Plasmid pVP56-Flag This paper KR180374.1

Plasmid pVP41-Flag This paper KR180375.1

Plasmid pVP6-Flag This paper KR180376.1

Plasmid pNS38-Flag This paper KR180377.1

Plasmid pVP35-Flag This paper KR180378.1

Plasmid pVP1-DsRed This paper KR180368.1

Plasmid pVP2-DsRed This paper KR180369.1

Plasmid pVP3-DsRed This paper KR180370.1

Plasmid pNS79-DsRed This paper KR180371.1

Plasmid pVP5-DsRed This paper KR180372.1

Plasmid pVP4-DsRed This paper KR180373.1

Plasmid pVP56-DsRed This paper KR180374.1

Plasmid pVP41-DsRed This paper KR180375.1

Plasmid pVP6-DsRed This paper KR180376.1

Plasmid pNS38-DsRed This paper KR180377.1

Plasmid pVP35-DsRed This paper KR180378.1

Plasmid pVP56-EGFP This paper KR180374.1

Plasmid pVP35-EGFP This paper KR180378.1

Plasmid pNS38-EGFP This paper KR180377.1

Plasmid pVP56-N-EGFP This paper N/A

Plasmid pVP56-M-EGFP This paper N/A

Plasmid pVP56-C-EGFP This paper N/A

Plasmid pVP35-N-EGFP This paper N/A

Plasmid pVP35-M-EGFP This paper N/A

Plasmid pVP35-C-EGFP This paper N/A

Plasmid pVP56-N-Myc This paper N/A

Plasmid pVP35-M-Myc This paper N/A

Software and algorithms

NIS-Elements Viewer Nikon N/A

Amersham Imager 600 GE Healthcare N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells

Grass carp ovary (GCO) cells50 were grown inminimum essential medium (MEM) (Gibco) containing 10% fetal bovine serum (FBS) (Gibco) and

1% penicillin/streptomycin (100 g/ml) at 28�C. 293T cells51 were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) containing

10% FBS (Gibco) and 1% penicillin/streptomycin (100 g/ml) at 37�C with 5% CO2.

METHOD DETAILS

Plasmid construction

The VP1, VP2, VP3, NS79, VP5, VP4, VP56, VP41, VP6, NS38, and VP35 genes (GenBank: KR180368.1� KR180378.1) were amplified from cDNAs

of GCRV-AH528 infected GCO cells and cloned into plasmids p3XFlag-CMV-14 and pDsRed-N1. The plasmids pEGFP-VP56, pEGFP-VP35,

and pEGFP-NS38 were constructed by amplifying the VP56, VP35, and NS38 genes from pFlag-VP56, pFlag-VP35, and pFlag-NS38 and clon-

ing into plasmid pEGFP-N1. The VP56 and VP35 truncated plasmids were constructed by amplifying the truncated segments using pEGFP-

VP56 and pEGFP-VP35 as templates and cloning into plasmids pEGFP-N1 and pCMV-Myc. The above required primers are shown in key re-

sources table.

Virus infection

GCOcells at a density of 80%-90%were incubated withGCRV-AH528 for 2 h. Themediumwas replacedwith freshmedium containing 5%FBS

and incubated for the indicated times.

Immunoprecipitation (IP) and Western blotting

293T cells grown in T25 culture disk (53 106 cells per disk) were transfected with indicated 5 mg of plasmids using TransIntro� EL Transfection

Reagent (TransGen Biotech) following themanufacturer’s instructions. At 24 h post transfection, plasmid-transfected cells were collected and

lysed with cell lysis buffer (Beyotime). The lysates were cleared by centrifugation at 12,000 rpm and subjected to IP using specific antibodies

according to themanufacturer’s instructions of protein A/Gmagnetic beads (MCE). The final solution was separated into 10% SDS-PAGE and

transferred to 0.2 mmnitrocellulosemembranes (Biosharp). Membranes were blocked for 2 h at room temperature in 5% skimmilk dissolved in

tris-buffered saline with 0.1% tween 20 (TBST) and incubated with the indicated primary antibodies for 2 h at room temperature. The mem-

branes were washed three times with TBST and incubated with HRP-conjugated goat anti-rabbit antibody or anti-mouse antibody for 1 h at

room temperature. The signal intensity was then determined using Amersham Imager 600 System.

Immunofluorescence and confocal microscope

For direct immunofluorescence (DIF), GCO or 293T cells were seeded on 12-mm glass coverslips (106 cells per coverslip). On the following

day, cells were transfected with indicated plasmids. At the indicated time points, the coverslips were fixed with 4% paraformaldehyde for

20 min and counterstained with nuclear stain 4’,6-diamidino-2-phenylindole (DAPI). The samples were detected using the Nikon laser

confocal microscope (100x/1.49 oil objective, Nikon, N-STORM, Japan). For indirect immunofluorescence (IIF), GCO cells were cultured

on 12-mm glass coverslips overnight and then infected with GCRV-II. Cells were harvested at the indicated times. The coverslips were fixed

with 4% paraformaldehyde for 20 min and permeated with 0.5% Triton X-100 for 15 min. After being blocked with 5% bovine serum albumin

(BSA) for 2 h, primary antibodies diluted in 5% BSA were added and incubated at 37�C for 2 h, and then secondary antibodies diluted in 5%

BSA were added and incubated at 37�C for 1 h. After each incubation step, cells were washed gently. DAPI staining was applied to detect the

cell nucleus. All samples were observed using Nikon laser confocal microscope. Image acquisition and reconstruction were performed with

Nikon NIS-Elements software.

Primary antibodies used were anti-GCRV-II-NS38 (1:200, rabbit polyclonal), anti-beta-tubulin (1:500, mouse monoclonal), anti-GCRV-II-

VP35 (1:200, rabbit polyclonal), anti-GCRV-II-VP56 (1:200, rabbit polyclonal), and anti-BrdU (1:500, mouse monoclonal).

Secondary antibodies used in this study were Alexa Fluor 488 AffiniPure Goat Anti-Mouse IgG(H+L) antibody (1:500) and Cy3-AffiniPure

Goat Anti-Rabbit IgG(H+L) antibody (1:500).

BrUTP labeling of viral RNAs

To locate the viral RNAs, a uridine analog, bromouridine 50-triphosphate (BrUTP) (Sigma-Aldrich) that could be incorporated into RNA during

its synthesis,52,53 was used to label viral RNAs. In detail, GCRV-II-infected GCO cells at 15 h post infection (hpi) were treated with 10 mg/ml

Actinomycin D (ActD, MCE) for 30 min and then transfected with BrUTP (Sigma) at a final concentration of 10 mM by using TransIntro� EL

Transfection Reagent (TransGen Biotech) and then incubated in the presence of ActD for 1 h. The cells were fixed and permeabilized as

described above and processed for indirect immunofluorescence.

QUANTIFICATION AND STATISTICAL ANALYSIS

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