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Reoviruses are thought to replicate and assemble in special cytoplasmic structures called ‘viroplasms’. However,
little is known about the viroplasms of the insect reoviruses, the cypoviruses. To investigate the viroplasm of
Dendrolimus punctatus cypovirus (DpCPV), all proteins encoded by the 10 genomic segments of DpCPV were
expressed in Sf9 cells using the Bac-to-Bac system. The viral nonstructural protein NSP2 formed viroplasm-like

dots which showed close apposition with the endoplasmic reticulum and were surrounded by intracellular
membranes during transfection. Colocalization and coimmunoprecipitation assays showed that NSP2 interacts
with 4 of 6 structural proteins and another 2 nonstructural proteins, while NSP1 only colocalized with VP4, and
NSP3 did not colocalize with any structural protein. Immunoelectron microscopy revealed that NSP2 were
nearby the endoplasmic reticulum and mitochondria, and viral particles were present in the electron-dense
inclusions formed by NSP2. We proposed that NSP2 is responsible for forming the viroplasms structures of

DpCPV.

1. Introduction

The specific intracellular structures that occur during the replication
and assembly of many viruses are called viroplasms (Fabbretti et al.,
1999; Mohan et al., 2003), virus factories (Broering et al., 2002, 2005;
Novoa et al., 2005; Wileman, 2007), or viral inclusion bodies (Brookes
et al., 1993; Thomas et al., 1990). In the process of viral infection of
host cells, viroplasms concentrate the viral proteins, viral genomes, and
host-associated cytokines required for viral replication and assembly.
Viroplasms are also involved in the release of progeny viral particles
(Eaton et al., 1987; Jia et al., 2012; Mao et al., 2013; McNulty et al.,
1976; Sharpe et al., 1982; Shimizu et al., 2009; Wei, 2006; Yan et al.,
2015). Therefore, understanding the composition and structure of vir-
oplasms should extend our understanding of the replication process of
viruses.

The members of the family Reoviridae are RNA viruses whose gen-
omes consist of multiple double-stranded RNA (dsRNA) segments (Roy,
2006). Viroplasms have been detected in the orthoreoviruses (Becker
et al., 2003; Broering et al., 2002, 2005), Fijivirus (Jia et al., 2012; Mao
et al., 2013), and Aquareovirus (Ke et al., 2013; Yan et al., 2015). The
key viral proteins associated with the formation of viroplasms are
nonstructural proteins, e.g., UNS of the reoviruses, nonstructural pro-
tein P9-1 of Southern rice black-streaked dwarf virus, and NS80 of
Grass carp reovirus (Jia et al., 2012; Ke et al., 2013). Viroplasms are the
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sites of viral assembly, the nonstructural proteins which take charge to
form viroplasms also recruit structural proteins, and other non-
structural proteins into the inclusion bodies, so they interact or colo-
calize with most of the viral proteins (Broering et al., 2002; Jia et al.,
2012; Ke et al., 2013).

The insect reovirus, Cypovirus (CPV), is the only known reovirus that
forms polyhedra, which only appear in the cytoplasm of insect midgut
epithelial cells (Mori and Metcalf, 2010). The polyhedral structure of
CPV plays an important role in protecting virion activity (Belloncik,
1989). When the polyhedra are ingested in the midgut of the host, the
virions are released and mediate virion-specific infection of intestinal
epithelial cells in the host (Chiu et al., 2012). The virions of CPV have a
single-layer capsid structure, and they appear as regular icosahedrons
with A-spikes, which are not found in other reoviruses (Cheng et al.,
2011; Nibert and Baker, 2003; Yu et al., 2011). DpCPV is an important
pathogen of Dendrolimus punctatus (Kunimi, 2007), which is considered
the most destructive pest of pine forests worldwide. Its genome consists
of 10 segments of dsRNA, in which the S5, S8, S9, and S10 genes encode
the nonstructural proteins NSP1, NSP2, NSP3, and Polyhedrin (Polh),
respectively. The remaining genomic segments encode six structural
proteins (VP1, RdRp, VP2, VP3, VP4, and VP5) (Chakrabarti et al.,
2010; Echeverry et al., 1997; Hagiwara and Matsumoto, 2000;
Hagiwara et al., 2002; Rao et al., 2003; Yang et al., 2013).

The functions of the cypovirus nonstructural proteins are poorly
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elaborated. In this study, we used a baculovirus expression system
(Airenne et al., 2000) to express all the proteins encoded by the DpCPV
genomic segments in Sf9 cells to study their relationships with vir-
oplasms. Based on the subcellular localization of NSP2 and its inter-
actions with other viral proteins or host cell organelles, together with
an immunoelectron microscopic analysis using an anti-NSP2 antibody,
we conclude that NSP2 forms the viroplasms during DpCPV infection.

2. Materials and methods
2.1. Cell lines, viruses, and antibodies

DpCPV was originally isolated from the larvae of D. punctatus and
propagated in Spodoptera exigua larvae (Cheng et al., 2014). Escherichia
coli DH5a (Invitrogen, Carlsbad, CA, USA), the pFastBac™ Dual donor
plasmid (Invitrogen), and E. coli DH10B (Invitrogen) containing an
AcBacmid and a helper plasmid were used for the construction of the
recombinant baculoviruses expressing DpCPV proteins. The Sf9 cell line
(Invitrogen) was used for the transfection and infection of the re-
combinant baculoviruses. The cells were cultured at 27 °C in Grace
medium containing 10% (v/v) fetal bovine serum (FBS; Thermo Fisher
Scientific, Waltham, MA, USA). A laboratory colony of S. exigua larvae
were reared at 27 °C on an artificial diet. The antibodies used in the
experiments included an anti-mCherry polyclonal antibody (pAb), anti-
GFP pAb, anti-Flag pAb, and anti-PDI pAb (Proteintech, Wuhan, China).
The anti-NSP2 pAb was prepared by inoculating rabbits with NSP2
expressed in E. coli.

2.2. DpCPV infection of Sf9 cells

CPV virions embedded in the polyhedral structure which only de-
grades under alkaline conditions. In order to promote virus infection of
cells, a suspension of purified DpCPV polyhedra, with a density of
1.52 x 10%/mL, was cleaved with 0.2mol/L Na,CO3;-NaHCO; (pH
10.8) to clarification at room temperature. The pH was adjusted to 7.4
with 1 mol/L Tris-HCl (pH 6.8) buffer and centrifuged at 4000 x g for
5min. The supernatant was collected, mixed with serum-free Grace
medium, filter-sterilized, and added to Sf9 cells placed in glass vials.
After incubation for 6 h, the cells were replaced with Grace medium
containing 10% (v/v) FBS, and the cells were harvested 5 days after
infection.

2.3. Collection of recombinant baculoviruses expressing DpCPV proteins

DNA fragments encoding each gene of DpCPV were amplified with
reverse transcription PCR (Cheng et al., 2014). The marker-fused
coding sequences of each viral protein gene was then purified and
cloned into the pFastBac™ Dual vector (Invitrogen) by FastCloning (Li
et al., 2011), using the primers listed in Table 1. Briefly, the vector and
insert were amplified with PCR, wherein the insert had a vector 16 bp
homologous sequence. The DNA templates were digested with Dpnl,
and the digestion products were used to transform competent cells. The
eGFP and mCherry DNA fragments were amplified from pIB/V5ECTP-RabS
and pIz/V5mChery-Rab7 paspectively (Qin et al., 2019). The sequences
encoding structural proteins, fused with eGFP at the 3’-end, and those
encoding nonstructural proteins, fused with mCherry at the 5’-end, were
inserted under the control of the p10 and polyhedrin promoters (Ppio
and Ppy), respectively (Fig. 1A). Competent E. coli DH10Bac cells were
then transformed with the resulting pFastBac™ Dual vectors to express
the DpCPV proteins.

Sf9 cells were transfected with these bacmids using Cellfectin’
Reagent (Invitrogen), according to the manufacturer's instructions.
Briefly, Sf9 cells were plated in glass-bottomed culture dishes at a cell
density of 8 x 10 cells, the 200 pl of Grace’ insect medium containing
8 ul of Cellfectin Reagent and 3 ug of bacmid was added. The cells were
incubated at 27 °C for 5h and the medium was then replaced with
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Grace insect medium containing 10% FBS. After incubation at 27 °C for
72 h, the supernatant was collected and centrifuged at 500 X g for 5 min
to remove the cells and large debris. The supernatant was transferred to
a new sterile centrifuge tube. The P1 generation of budded recombinant
viruses was stored at 4 °C in the dark.

2.4. Construction of DpCPV NSPs stable cell line

The mCherry-nsp2, mCherry-nsp3 fusion sequences were ligated into
the multiple cloning site region of the plasmid vector pIB/V5-His. Sf9
cells were separatedly transfected with the constructed plasmid vectors
expressing the DpCPV non-structural proteins NSP2, NSP3, and a dish
of cells not transfected with the plasmid was used as a control. At 48 h
post transfection (h.p.t.), blasticidin (Thermo Fisher Scientific) with a
final concentration of 60 ug/m was added to the medium of each group
of cells to perform screening of the cell line. After all the cells in the
control group died, about 1 week, a stable expression cell line was
obtained. In the subsequent subcultures of the above stable expression
cell lines, a final concentration of 30ug/m of blasticidin was con-
tinuously added to the medium to maintain the selection pressure.

2.5. Fluorescence colocalization assays

An aliquot (50 pl) of the budded viruses of each recombinant ba-
culovirus expressing a DpCPV structural protein or a nonstructural
protein was collected, mixed well in an Eppendorf tube, added to cul-
tured Sf9 cells in glass-bottomed culture dishes, and incubated at 27 °C
for 72h. The cells were then fixed with 4% paraformaldehyde for
10 min at room temperature, and washed three times with phosphate-
buffered saline (PBS) for 3 min each. A final concentration of 1 pg/ml
Hoechst solution was added to stain the cells for 5min at room tem-
perature. The cells were washed three times with PBS for 3 min each.
The colocalization of the structural and nonstructural proteins in the
treated cells was observed with a 60 X oil-immersion objective with the
PerkinElmer UltraView VOX system. The nuclear Hoechst dye, eGFP
tag, and mCherry tag were excited at 405nm, 488 nm, and 561 nm,
respectively. An image analysis of the experimental results was per-
formed with the ImageJ software (https://imagej.nih.gov/ij/).

2.6. Immunofluorescent labeling of endoplasmic reticulum (ER) and
intracellular membrane

Sf9 cells cultured in glass-bottomed culture dishes were infected
with the recombinant viruses and incubated at 27 °C for 72 h. The cells
were fixed with 4% paraformaldehyde for 10 min at room temperature
and permeabilized with 0.2% Triton X-100 for 10 minat room tem-
perature. The cells were washed three times with PBS for 3 min each. A
blocking solution of bovine serum albumin (5%) containing 0.1%
Tween 20 (PBST-BSA) was added and the cells incubated for 30 min at
37 °C. The primary antibody diluted with PBST-BSA was added, and the
cells were incubated at 37 °C for 1 h and washed three times with PBS
for 3 min each. The DpCPV viral protein was probed with an anti-Flag
antibody (Proteintech) and the ER was probed with an anti-protein
disulfide isomerase (PDI) antibody (Proteintech) (Goo et al., 2003). A
PBST-BSA-diluted secondary antibody (Alexa-Fluor-labeled goat anti-
rabbit or goat anti-mouse IgG antibody) was added, and the cells were
incubated at 37 °C for 1 h and washed three times for 3 min each. The
cell nuclei were labeled with Hoechst solution at a final concentration
of 1pg/ml. The intracellular membrane was labeled with the fluor-
escent dye 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO) (Beyo-
time, Shanghai, China). Specifically, after the cells were infected with
the recombinant baculovirus for 6 h, DiO was added to the culture
medium at a final concentration of 7.57 umol/L. The colocalization of
the structural and nonstructural proteins in the treated cells was ob-
served with a 60 x oil-immersion objective with the PerkinElmer Ul-
traView VOX system. The nuclear Hoechst dye, ER, and Flag tag were
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Table 1
Primers used in this study.
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Primer Primer Sequence (5-3")

wpl-F ATCACTCGACGAAGACATGCACAGTACTAACAATAATTCAAATAAAC (16 bp vector homologous sequence underlined)
vp1-R CGCCGCTGCCGCCGCCGGCATTGCGTATATTGATCGCG (16 bp vector homologous sequence underlined)
rdrp-F ATCACTCGACGAAGACATGTTACCAAACACTGAACTACACA (16 bp vector homologous sequence underlined)
rdrp-R CGCCGCTGCCGCCGCCCACCGTATCTGCCTCAGGC (16 bp vector homologous sequence underlined)

vp2-F ATCACTCGACGAAGACATGGAAATAAATAGAGCGGAAATTCG (16 bp vector homologous sequence underlined)
vp2-R CGCCGCTGCCGCCGCCGAAGAAACCCTTGAAGCGTAATTG (16 bp vector homologous sequence underlined)
wp3-F ATCACTCGACGAAGACATGTGGCATTATACGAGTATCAAC (16 bp vector homologous sequence underlined)
vp3-R CGCCGCTGCCGCCGCCCGAGCGTACAAGTTTGATCAC (16 bp vector homologous sequence underlined)
vp4-F ATCACTCGACGAAGACATGTTCGCAATCGATCCACTC (16 bp vector homologous sequence underlined)
wp4-R CGCCGCTGCCGCCGCCGTGAACCCACTTCCAACGC (16 bp vector homologous sequence underlined)

wp5-F ATCACTCGACGAAGACATGTTACAACAACCAGCAGGAG (16 bp vector homologous sequence underlined)
vp5-R CGCCGCTGCCGCCGCCTAGGATGTCATCTGAGTGCGTA (16 bp vector homologous sequence underlined)
nspl-F CCGGAATTCATGGTGAGCAAGGGCGAGGA (Sall Site underlined)

nspl-R AAGGAAAAAAGCGGCCGCTTAAATGCCCAGATGTGCCCTG (Notl Site underlined)

nsp2-F CCGGAATTCATGGTGAGCAAGGGCGAGGA (Sall Site underlined)

nsp2-R AAGGAAAAAAGCGGCCGCCTACTCTGCCTCTAGAACGC (Notl Site underlined)

nsp3-F CCGGAATTCATGGTGAGCAAGGGCGAGGA (Sall Site underlined)

nsp3-R AAGGAAAAAAGCGGCCGCTTACTCTGATACGTCACCATCATC (Notl Site underlined)

polh-F CCGGAATTCATGGTGAGCAAGGGCGAGGA (Sall Site underlined)

polh-R AAGGAAAAAAGCGGCCGCTCACTGATGGTTACTCAGAGCTA (NotI Site underlined)

Cc

'
~ ]
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mCherry-NSP1

AcMNPV Bacmid

mCherry-NSP3

excited at 405nm, 488 nm, and 561 nm, respectively. The image ana-
lysis of the experimental results was performed with the ImageJ soft-
ware (https://imagej.nih.gov/ij/).

2.7. Co-immunoprecipitation (co-IP) assays and western blotting (WB)
analysis

Dynabeads™ Protein G (50 ul; Thermo Fisher Scientific) were in-
cubated with 10 pg of antibody at 4 °C overnight. Sf9 cells were coin-
fected with recombinant baculoviruses for 72 h, and collected on ice.
After the cells were washed with PBS, 200 pl of cell lysis buffer (Yeasen,
Shanghai, China) was added and incubated at 4 °C for 1 h. The cell ly-
sates were added to the antibody-bound Dynabeads and incubated for
2h at room temperature. The beads were washed three times with PBS
containing 1% Tween 20 (PBST), resuspended in 20 pl of 2 X PBS and
5 X sample buffer, and boiled for 10 min. The samples were then
loaded onto a 10% SDS-PAGE gel for western blotting analysis. After
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Fig. 1. Construction of recombinant bacmids
and localization of DpCPV NSPs in Sf9 cells.
(A) Schematic diagram of recombinant baculo-
viruses expressing DpCPV viral proteins. The
nonstructural protein genes of DpCPV were lo-
cated downstream from the polyhedron (PH)
promoter (Ppy) and fused to the red fluorescent
protein gene (mCherry) at their 5 end; the
structural protein genes of DpCPV were located
downstream from the p10 promoter (Pp;o), and
the enhanced green fluorescent protein gene
(eGFP) was fused to their 3’ ends. (B)
Localization of DpCPV nonstructural proteins
fused to mCherry in Sf9 cells. Sf9 cells were
transfected with  AcBac-mCherry, AcBac-
mCherry-NSP1,  AcBac-mCherry-NSP2,  or
AcBac-mCherry-NSP3. At 3 dpt, the cells were
fixed and the nuclei counterstained with
Hoechst. Images were recorded. Scale bars,
10 um. (C) Localization of Flag-tagged DpCPV
nonstructural proteins in Sf9 cells. Sf9 cells were
transfected with recombinant baculovirus ex-
pression vectors encoding Flag-tagged non-
structural proteins, and then fixed 72h after
transfection. Cell nuclei were counterstained
with Hoechst. Cells were observed and photo-
graphed with a laser confocal microscope. Scale
bars, 10 um.

electrophoresis for 120 min, the proteins were electrotransferred to
polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA) for
120 min at 100 V. The membrane was blocked overnight at 4 °C with
Tris-buffered saline (TBS) containing 5% nonfat dry milk, and then
washed three times with TBS containing 0.1% Tween 20 (TBST) for
15 min each. The membrane was incubated with the indicated primary
antibodies (against eGFP or mCherry) at 37 °C for 2 h, and then washed
three times with TBST for 15 min each. The membrane was then in-
cubated with the corresponding horseradish-peroxidase-conjugated
secondary antibody (Beyotime) for 1.5 h, and washed three times with
TBST for 15 min each. The signal was detected with NBT/BCIP reagents
(Beyotime).

2.8. Immunoelectron microscopy

Sf9 cells plated in glass-bottomed culture dishes were transfected
with the pIB/V5-His plasmid expressing NSP2 or infected with DpCPV.
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The cells were collected at 3 days post transfection (d.p.t.) or 5 days
post infection (d.p.i.) for immunoelectron microscopic analysis, with a
previously described method (Li et al., 2015). Briefly, the cells were
fixed with 1% (v/v) paraformaldehyde and 0.5% (v/v) glutaraldehyde
in PBS (pH 7.4) for 10 min at 4 °C, and fixed again for 1 hat 4 °C in 2%
(v/v) paraformaldehyde and 2.5% (v/v) glutaraldehyde in PBS (pH
7.4). The cells were collected and washed three times with PBS at 4 °C
for 10 min each. The cells were fixed and stained with 0.01% citric acid
for 30 min and washed three times with PBS at 4 °C for 10 min each.
The samples were dehydrated and embedded. Ultrathin sections were
cut and immunostained with anti-NSP2 pAb (1:50) as the primary an-
tibody. Goat anti-rabbit IgG coated with gold particles (10 nm, Sigma,
Darmstadt, Germany) was used as the secondary antibody (1:50). The
samples were observed with an FEI Tecnai G2 20 TWIN transmission
electron microscope. Totally 100 viroplasm-like structures were ob-
served and number of those nearby the ER and mitochondria (MI) was
quantified.

mCherry-NSP2

mCherry-NSP3

3. Results
3.1. DpCPV NSP2 forms viroplasm-like aggregations in Sf9 cells

The DpCPV nonstructural proteins NSP1, NSP2, NSP3, and Polh
were fused with the fluorescent protein mCherry and expressed in Sf9
cells from bacmids derived from Autographa californica multiple nu-
cleopolyhedrovirus (AcBacmids) (Fig. 1A). At 72h posttransfection
(h.p.t.), a confocal microscopic analysis showed that mCherry-NSP2
formed distinct punctate aggregates, in contrast to the other proteins
(Fig. 1B), and that the morphology of these aggregates was similar to
those of other reovirus viroplasms (Becker et al., 2003; Broering et al.,
2002; Jia et al., 2012; Ke et al., 2013). The mCherry-NSP1 also ag-
gregated in cells, however the size of these aggregates was much
smaller that of the reported viroplasm of other reoviruses. There were
no nonspecific protein aggregates in cells expressing mCherry-NSP3 or
the fluorescent protein (mCherry) alone (Fig. 1B). When the non-
structural proteins of the virus were labeled with the Flag tag, the re-
sults of an immunofluorescence assay of the nonstructural proteins of
DpCPV alone were similar to those of the fluorescent protein fusion
experiments (Fig. 1C), indicating the fluorescent marker proteins did
not affect the localization of the viral proteins. These results indicate
that the expression of NSP2 alone is sufficient to induce the formation
of viroplasm-like structures in Sf9 cells.

3.2. DpCPV NSP2 associates with ER elements in Sf9 cells

Viral viroplasms interact with intracellular membranes in the cy-
toplasm, including the ER, during the viral infection of host cells
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Fig. 2. NSP2 codistributed with the endoplasmic
reticulum (ER) and intracellular membrane
components. (A) Immunofluorescent colocalization
analysis of NSP2 and ER in Sf9 cells. Sf9 cells were
infected with recombinant baculoviruses expressing
NSPs and polyhedrin (Polh) for 72h, and immuno-
fluorescence experiments were performed. ER was
labeled with anti-PDI antibody. Cell nuclei were
counterstained with Hoechst. The cells were ob-
served and photographed with laser confocal mi-
croscopy. Scale bars, 10 um. (B) Colocalization of
NSP2 and intracellular membrane in Sf9 cells. After
cells were infected with a recombinant baculovirus
expressing NSPs for 6 h, the intracellular membrane
was labeled with DiO, and the cells were fixed at 3
dpi. The cell nuclei were counterstained with
Hoechst, and the cells were observed and photo-
graphed with a laser confocal microscope. Scale
bars, 10 um.

(Crawford and Desselberger, 2016; Fernandez de Castro et al., 2014;
Romero-Brey and Bartenschlager, 2016). When Sf9 cells were infected
with baculoviruses expressing DpCPV NSPs for 72h and the ER was
labeled with an anti- PDI antibody, the green fluorescently labeled ER
closely surrounded the dots-like aggregates formed by NSP2. No similar
phenomenon was observed when the other viral NSPs were treated in
the same way (Fig. 2A). This result is similar to the result for mam-
malian reovirus viroplasms (Fernandez de Castro et al., 2014), and
indicates that there is an association between DpCPV NSP2 and the
cellular ER.

We used DiO a cell membrane dye, to stain Sf9 cells infected with
individual baculoviruses expressing DpCPV NSPs. The dots formed by
NSP2 was located in the intracellular membranes area in the host cells.
NSP1 was also located in the intracellular membranes area, but NSP3
does not appear to be clearly associated with intracellular membrane
(Fig. 2B). These results indicate that NSP2 is associated with the ER and
the intracellular membranes of Sf9 cells.

3.3. NSP2 interacts with most structural proteins of DpCPV

To investigate the relationship between NSP2 and the DpCPV
structural proteins, the sequence encoding each structural protein was
cloned individually into an AcBacmid for expression fused to enhanced
green fluorescent protein (eGFP). After Sf9 cells were separately
transfected with the bacmids, VP1, RdRp, and VP3 were ultimately
distributed throughout the cytoplasm, whereas VP4 and VP5 agglom-
erated in the cytoplasm (Fig. 3A). Then we performed the colocalization
experiments by using different combinations of recombinant baculo-
viruses expressing the structural and nonstructural proteins to coinfect
Sf9 cells. The results showed that the localization of some structural
proteins in cells was altered by expressing of NSP2. The mCherry-NSP2
clearly colocalized with VP1-eGFP, RdRp-eGFP, VP3-eGFP, and VP4-
eGFP, but not with VP2-eGFP or VP5-eGFP (Fig. 3B). In contrast, NSP1
only had significant colocalization with VP4, and NSP3 had no sig-
nificant colocalization with any structural protein (Fig. 4). The results
of experiments used stable cell lines expressing NSP2 or NSP3 were
consistent with the above results (Fig. 5). The fluorescent proteins did
not colocalize with any nonstructural protein (Figs. 3B and 4) and
structural protein (Fig. S1).

Co-IP experiments showed that mCherry-NSP2 interacted with VP1-
eGFP, RdRp-eGFP, VP3-eGFP, and VP4-eGFP in Sf9 cells (Fig. 3C),
consistent with the results of the colocalization analysis.

3.4. NSP2 interacts with the NSPs of DpCPV

In a similar manner, we used fluorescent proteins as markers to
study the relationships between NSP2 and the other NSPs of DpCPV.
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Fig. 3. Interactions of NSP2 with viral structural proteins in Sf9 cells. (A) Localization of DpCPV structural proteins fused to eGFP in Sf9 cells. Sf9 cells were
transfected individually with recombinant bacmids expressing viral structural proteins fused to eGFP. At 72h pt, the cells were fixed, the cell nuclei were coun-
terstained with Hoechst, and the cells were observed and photographed with a laser confocal microscope. Scale bars, 10 um. (B) Colocalization of DpCPV structural
proteins with mCherry-NSP2 in Sf9 cells. Recombinant baculoviruses expressing viral structural proteins and a recombinant baculovirus expressing mCherry-NSP2
were used to coinfect Sf9 cells. The cells were fixed at 72 h.p.i. Cell nuclei were counterstained with Hoechst, and the cells were observed and photographed with a
laser confocal microscope. Scale bars, 10 pm. (C) Co-IP assays of structural proteins-eGFP and mCherry-NSP2. Sf9 cells were coinfected with bacmids expressing
structural proteins-eGFP and mCherry-NSP2. Cells were lysed and IP assays were performed with polyclonal antibodies against eGFP (IP-VP1, IP-RdRp, IP-VP3, IP-
VP4), mCherry (IP-NSP2), or negative control serum (IP-IgG). IP samples were further analyzed with western blotting.

NSP2 was fused to eGFP and the remaining NSPs were labeled with
mCherry in a baculovirus expression system. The results showed that
NSP2-eGFP clearly colocalized with both mCherry-NSP1 and mCherry-
NSP3 (Fig. 6A). Further co-IP assays confirmed these interactions
(Fig. 6B).

3.5. Polyhedrin does not colocalize with NSP2 but colocalizes with VP5 in
Sf9 cells

Viral polyhedrin labeled with the Flag tag was expressed in Sf9 cells
(Fig. 7A) and its interactions with the other proteins of the virus were
studied. Colocalization experiments showed that polyhedrin did not
colocalize with NSP2-eGFP, whereas it did colocalize with the

structural protein VP5-eGFP (Fig. 7B). A co-IP experiment with poly-
hedrin and VP5 confirmed this interaction (Fig. 7C).

3.6. Viral particles of DpCPV accumulate in inclusions formed by NSP2 in
virus-infected Sf9 cells

To confirm that NSP2 forms viroplasms in cells, we used im-
munogold electron microscopy with an anti-NSP2 antibody. Plasmid
pIB/V5-His was used as the vector to express NSP2 in Sf9 cells. In the
cells expressing NSP2, the gold particles were specifically located in
electron-dense inclusions (0.2-0.5 um), and several inclusions clustered
in a large spheroidal structure (1-2um) (Fig. 8A). In the samples we
observed, 92% of the spheroidal structure located near the ER and
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Fig. 4. Colocalization of NSP1 or NSP3 with viral structural proteins in Sf9 cells. (A) Colocalization of DpCPV structural proteins with mCherry-NSP1 in Sf9
cells. Recombinant baculoviruses expressing viral structural proteins and a recombinant baculovirus expressing mCherry-NSP1 were used to coinfect Sf9 cells. The
cells were fixed at 72 h.p.i. Cell nuclei were counterstained with Hoechst, and the cells were observed and photographed with a laser confocal microscope. Scale bars,
10 um. (B) Colocalization of DpCPV structural proteins with mCherry-NSP3 in Sf9 cells. Recombinant baculoviruses expressing viral structural proteins and a
recombinant baculovirus expressing mCherry-NSP3 were used to coinfect Sf9 cells. The cells were fixed at 72 h.p.i. Cell nuclei were counterstained with Hoechst, and
the cells were observed and photographed with a laser confocal microscope. Scale bars, 10 um.

mitochondria (MI).

To further clarify the role of NSP2 in viral infection, we used DpCPV
virions to infect Sf9 cells and collected the cells at 5d.p.i. We analyzed
them with immunogold electron microscopy using an anti-NSP2 anti-
body. In the cells infected with DpCPV, the gold-particles aggregated on
the electron-dense inclusions, which also clustered together in spher-
oidal structures with similar size of those formed in the cells expressing
NSP2 alone, and virions were observed in the electron-dense inclusions
(Fig. 8B). These results indicate that NSP2 is an important component
of the viroplasms in DpCPV-infected cells.

4. Discussion

To present, many works have focused on the function and formation
mechanism of viroplasm for a variety of reoviruses. However, relevant

73

work on CPV can rarely be found. Viroplasm is observed in BmCPV-
infected silkworm midgut epithelial cells (Tan et al., 2003), while the
mechanism(s) involved in viroplasm formation remains unclear. Studies
on other reoviruses suggest that 1-2 non-structural proteins are essen-
tial for viroplasm formation (Becker et al., 2003; Fabbretti et al., 1999;
Haatveit et al., 2016; Jia et al., 2012; Ke et al., 2013; Wei, 2006). Little
is known about the role of viroplasm formation during DpCPV infec-
tion. In present study, we screened on non-structural proteins of NSP1,
NSP2, NSP3, and Polyhedrin of DpCPV, and found that NSP2 played an
essential role in the formation of viroplasm by its interaction with most
of structural proteins and nonstructural proteins, and close apposition
with intracellular membranes and endoplasmic reticulum.

It has been reported that the rotavirus nonstructural proteins, NSP5
and NSP2, form viroplasm-like structures, and the NSP2 protein binds
to the N-terminal region of NSP5 (Fabbretti et al., 1999). Further
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Fig. 5. Colocalization of NSPs with VP1 in cell
lines stably expressing NSPs. Sf9 cells were
transfected separately with the pIB/V5-His vector
expressing individual NSPs. At 48 h.p.t., blasticidin
(Thermo Fisher Scientific) at a final concentration of
60 ug/ml was used to select the cell lines. The se-
lection pressure was maintained for 1 month, and
cell lines stably expressing the NSPs were obtained.
These cell lines were infected with a recombinant
baculovirus expressing VP1 and fixed at 72h.p.i.
Cell nuclei were counterstained with Hoechst, and
the cells were observed and photographed with a
laser confocal microscope. Scale bars, 10 pm.

Fig. 6. Interaction of NSP2 with NSP1 or NSP3 in
Sf9 cells. (A) Colocalization of DpCPV mCherry-

(\0( NSP1 or mCherry-NSP3 with NSP2-eGFP in Sf9 cells.
@o \QO Q& Recombinant baculovirus expressing the viral non-
\Qo \Q’ \(\ P: g

structural protein labeled with red fluorescent pro-
tein was coinfected with a recombinant baculovirus
expressing eGFP-labeled NSP2. The cells were fixed
at 72 h.p.i. and the nuclei were counterstained with
Hoechst. The cells were observed and photographed
with a laser confocal microscope. Scale bars, 10 um.
(B) Co-IP assays of NSPs-mCherry and NSP2-eGFP.
Sf9 cells were coinfected with bacmids expressing
mCherry-NSP1 or mCherry-NSP3 and NSP2-eGFP.
Cells were lysed and IP assays were performed with
polyclonal antibodies against mCherry (IP-NSP1, IP-
NSP3), eGFP (IP-NSP2), or negative control serum
(IP-IgG). IP samples were further analyzed with
western blotting.

Fig. 7. Colocalization assay of polyhedron
(Polh) and NSP2 or VP5 in Sf9 cells. (A)
Localization of DpCPV Polh in Sf9 cells. Sf9 cells
were infected with a recombinant baculovirus
expressing Flag-tagged Polh and fixed at 72 h.p.i.
Cell nuclei were counterstained with Hoechst.
Cells were observed and photographed with a
laser confocal microscope. Scale bars, 10 pm. (B)
Colocalization of DpCPV Polh with NSP2-eGFP
or VP5-eGFP in Sf9 cells. Cells were coinfected
with recombinant baculovirus expressing Flag-
tagged Polh and recombinant baculovirus ex-
pressing NSP2-eGFP or VP5-eGFP. The cells were
fixed at 72h.p.i. and the nuclei counterstained
with Hoechst The cells were observed and pho-
tographed with a laser confocal microscope.

Merged

Scale bars, 10 pm. (C) Co-IP assay of VP5-eGFP and Polh. Sf9 cells were coinfected with bacmids expressing VP5-eGFP or Polh. Cells were lysed and IP assays were
performed with polyclonal antibodies against eGFP (IP-VP5), Flag tag (IP-Polh), or negative control serum (IP-IgG). IP samples were further analyzed with western

blotting.

studies indicate NSP5 alone is capable of forming viroplasm when its N
terminus is blocked, in this case by fusion with either GFP or a he-
magglutinin tag, and its C terminus is unmodified (Mohan et al., 2003).
In our experiments, whether mCherry was fused at the N-terminus of
NSP2 (Fig. 1B), or eGFP was fused at the C-terminus (Fig. 6A), it was
able to form a viroplasm-like structure when expressed alone in Sf9

cells. These results indicated that the subcellular localization and ag-
gregation morphology of DpCPV NSP2 in cells were not significantly
affected by fusion of the fluorescent proteins.

Further investigations demonstrate that NSP2 protein interacts with
viral structural proteins VP1, RdRp, VP3, VP4 and non-structural pro-
teins, NSP1 and NSP3. Among these proteins, VP1 is a capsid
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component of the DpCPV virion, RdRp is related to the replication of
the viral genome, and VP3 is the main component of the pyramidal
surface of the virion. By immunoelectron microscopy, NSP2 forms the
electron dense inclusions both in NSP2 expressing cells and DpCPV-
infected cells, and these inclusions clustered to form a large spheroidal
structure. The size of this large structure (1-2 pm) was similar to that of
the viroplasm-like structures of other Reoviruses (Jia et al., 2012). This
structure might contain other viral proteins and host-associated cyto-
kines required for viral replication and assembly, while NSP2 was the
main component as a scaffold.

In addition, NSP1 also co-localizes with the intracellular membrane
components, but does not co-localize with the major capsid protein VP1
of DpCPV, indicating that NSP1 might not be the key in formation of
viroplasm. Considering the interaction between NSP1 and NSP2, we
refer that NSP1 might play a supporting role in the viroplasm-mediated
viral replication process.

In summary, we have demonstrated the presence of DpCPV vir-
oplasms and confirmed that NSP2 play the key role for viroplasm for-
mation. This is the first time for observation of viroplasms in insect
reoviruses. Furthermore, we found interactions between NSP2 and
other viral proteins which helps to elucidate the viroplasms formation
and the functions of CPV non-structural proteins in virus replication
and assembly mechanisms of CPV.
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