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Abstract

Many devastating plant viruses are transmitted by insect vectors among plant hosts in a persistent-propagative
manner. Pelota (Pelo) is an evolutionarily conserved protein involved in the mRNA surveillance system. In this study,
it was found that the accumulation of Pelo proteins are slightly decreased during the propagation of the fijivirus
southern rice black-streaked dwarf virus (SRBSDV) in rice and transmission vector planthopper (Sogatella furcifera).
The tubular protein P7-1 encoded by SRBSDV interacted with Pelo of rice or planthopper vector. Overexpression

or knockdown of Pelo expression inhibits the formation of P7-1 tubules in insect cells, further exerting antiviral activ-
ity. Furthermore, overexpression or knockout of Pelo expression in transgenic rice plants also inhibits the effective
propagation of SRBSDV as well as two other rice viruses of different families. The slight reduction of Pelo accumulation
during SRBSDV propagation in rice and insect vectors would avoid Pelo-mediated excessive inhibition of P7-1 tubule
formation, ensuring effective virus propagation. Our findings provide insights into how the up- or down-regulated
expression of Pelo in rice hosts and insect vectors elevate their resistance to rice viruses.
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Background

Translation is an important process in which messenger
RNA (mRNA) is transformed into protein (Bicknell and
Ricci 2017). Eukaryotes have developed at least three
mRNA surveillance mechanisms which recognize and
degrade defective mRNA (Passos et al. 2009; van Hoof
and Wagner 2011; Simms et al. 2017). These mechanisms
include no-go mRNA decay (NGD), nonsense-mediated
decay (NMD), and no-stop decay (NSD). NGD degrades
mRNA that is abnormally stalled, while NMD removes
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aberrant mRNA that contains a premature termination
codon due to a base mutation, and NSD degrades mRNA
that lacks a stop codon (Jamar et al. 2018; Kong et al.
2021). Meanwhile, RNA quality control (RQC) is also one
of the major RNA-mediated plant immunity degradation
pathways that target and degrade viral RNAs in plants
(Li and Wang 2019). The well-studied RQC mechanism
NMD has emerged as a contributor to viral restriction in
both animals and plants (Li and Wang 2019; Zhao et al.
2020). The evolutionarily conserved protein Pelota (Pelo)
can form a heterodimeric complex with Hbs1, a GTPase
Hsp70 subfamily B suppressor 1, which proceeds the pro-
cess of NGD (Lee et al. 2007; Tsuboi et al. 2012). Dom34,
a Pelo homolog in yeast, was reported to recognize and
eliminate the exogenous RNA in antiviral defense via
a mechanism that in the degradation of aberrant tran-
scripts in RNA quality control and Hbs1 could degrade
HBV X-mRNA at the RNA exosome (Aly et al. 2016;
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Nogimori et al. 2019). In recent years, there have been
reports that the Pelo genes confer virus resistance in
plants and insects. For example, tomato TY172 line car-
rying ty-5 which encodes Pelo with an amino acid muta-
tion has broad-spectrum resistance to geminiviruses
(Lapidot et al. 2015; Wang et al. 2018; Ren et al. 2022). A
recessive gene pepy-1 contains a single nucleotide poly-
morphism (A to G) located at the splice site of the 9th
intron of CaPelota, resulting in the addition of 28 amino
acids to CaPelo that confers resistance to begomoviruses
(Koeda et al. 2021). SUMOylation-modified Pelo-Hbsl
RNA surveillance complex restricts the infection of poty-
viruses in Nicotiana benthamiana (Ge et al. 2023). The
Pelo deletion of Drosophila mutant can inhibit the repli-
cation of Drosophila C virus by limiting its capsid protein
synthesis, and Pelo-deficient Drosophila also resists the
replication of cricket paralysis virus, Drosophila X virus,
and invertebrate iridescent virus 6 (Wu et al. 2014). In
addition, mutant variants of Pelo in rice exhibits disease
resistance against bacterial leaf blight by activating the
salicylic acid metabolic pathway (Ding et al. 2018; Zhang
et al. 2018). However, little is known about the function
of Pelo in restricting rice viruses in rice plants or insect
vectors.

Over the past two decades, the fijivirus southern rice
black-streaked dwarf virus (SRBSDV) transmitted by
white-backed planthopper Sogatella furcifera has led to
epidemic outbreaks and significant losses in rice yield in
Southern China and Southeast Asia (Zhou et al. 2008,
2013). Meanwhile, the phytoreovirus rice dwarf virus
(RDV) transmitted by rice leafhopper Nephotettix cinc-
ticeps, and the newly discovered cytorhabdovirus rice
stripe mosaic virus (RSMV) transmitted by rice leaf-
hopper Recilia dorsalis have caused serious yield losses
in Southern China (Chen et al. 2012; Yang et al. 2017,
2018). SRBSDV was first discovered in Guangdong prov-
ince and has spread to at least 16 provinces in China (Yin
et al. 2011; Zhou et al. 2021). The virion of SRBSDV is
a non-enveloped icosahedron of 70-75 nm in diameter,
and its genome is consisted of 10 double-stranded RNA
(dsRNA) segments which encode six putative structural
proteins (P1, P2, P3, P4, P8, and P10) and seven putative
nonstructural proteins (P5-1, P5-2, P6, P7-1, P7-2, P9-1,
and P9-2) (Li et al. 2018). The nonstructural protein P7-1
of SRBSDV can form tubular structures that facilitate
viral particles to overcome the insect midgut barrier (Liu
et al. 2011; Jia et al. 2014). During the formation of P7-1
tubular structures, endoplasmic reticulum (ER) mem-
brane proteins, such as B-cell receptor associated protein
31, DNAJB11, and DNAJB12-Hsc70 chaperone complex,
are hijacked to facilitate the assembly and ER-to-cytosol
transport (Yu et al. 2021; Liang et al. 2022). Besides, P7-1
induces BCL2 interacting protein 3 (BNIP3)-mediated
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mitophagy by promoting the formation of phospho-
rylated BNIP3 dimers on the mitochondria, while P10
interacts with lysosomal-associated membrane protein
1 (LAMP1) for inhibiting fusion of autophagosomes and
lysosomes to facilitate persistent viral infection in insect
vectors (Liang et al. 2023; Zhang et al. 2023). RDV, as the
first discovered transovarially transmitted plant virus,
also exploits virus-containing tubules composed of the
nonstructural viral protein Pnsl0 to traffic along actin-
based cellular protrusions, facilitating the intercellular
viral spread within insect vector (Chen et al. 2012). RDV
also directly exploits insect symbiotic bacterium through
virus-bacterium interaction for its transovarial transmis-
sion (Jia et al. 2017). Recently, RSMV and rice gall dwarf
virus (RGDV) frequently co-infected rice plants and
insect vectors in the field (Jia et al. 2022). In co-infected
vectors, RSMV exploits RGDV-induced autophagosomes
to assemble enveloped virions to facilitate its own propa-
gation (Jia et al. 2023). In rice, RSMV-encoded glycopro-
tein induces and harnesses host antiviral autophagy for
maintaining its compatible infection (Huang et al. 2023).
Due to the lack of germplasm resources with effective
virus resistance, it is urgent to explore resistance genes
in rice and insects for the prevention and control of rice
viruses.

In this study, we found that the accumulation levels of
Pelo proteins are slightly decreased in SRBSDV-infected
rice and S. furcifera, and SRBSDV P7-1 could interact
with Pelo proteins from rice and S. furcifera. However,
overexpression or knockdown of Pelo expression inhib-
ited the formation of P7-1 tubules in insect vectors. Fur-
thermore, overexpression or knockout of Pelo expression
in transgenic rice plants also inhibited the propagation of
SRBSDV as well as RDV and RSMV. Our findings provide
insights into how the up-regulation and down-regulation
of Pelo expression in rice and S. furcifera show the resist-
ance to effective SRBSDV propagation. The slight reduc-
tion of Pelo accumulation during vial propagation in
plant hosts and insect vectors would avoid Pelo-mediated
excessive inhibition of P7-1 expression, ensuring effective
virus propagation.

Results

Pelo expression is slightly reduced in rice plants or insect
vectors infected by SRBSDV

The full-length Pelo gene from S. furcifera (SfPelo) con-
tained a 1185-nt ORF encoding a protein of 394 aa that
includes three similar conserved domains, eRF1-1 (aa
1-130), eRF1-2 (aa 136-268), and eRF1-3 (aa 271-370)
(Fig. 1a). Sequence alignment indicated that SfPelo
shared about 50% amino acid similarity with Pelo protein
of 378 aa from Oryza sativa (OsPelo), which is encoded
by a 1137-nt OREF, and includes three similar conserved
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Fig. 1 SRBSDV infection slightly decreases Pelo expression in rice plants or insect vectors. a Amino acid sequence alignment of the Pelo
homology from O. sativa (OsPelo) and S. furcifera (SfPelo). The alignment was performed using the software DNAMAN. Black shading indicates
conserved residues. b Phylogenetic relationship of Pelo from S. furcifera, N. cincticeps, R. dorsalis, rice, and other insects and plants. Phylogenetic
tree was constructed using the Neighbor-Joining method. The branch lengths are proportional to the number of nucleotide changes, as indicated
by the scale bar (0.05 substitutions per site). ¢, d The relative transcript levels of SfPelo and protein accumulation levels of SfPelo and SRBSDV

P10 in nonviruliferous and viruliferous S. furcifera, as determined by RT-gPCR and western blot assays. V-, nonviruliferous; V*, viruliferous. Means
(£SD) from three biological replicates are shown. *, P<0.05. Insect H3 served as a reference protein. The relative intensities of bands of SfPelo
were determined using ImagelJ. e, f The relative transcript levels of OsPelo and protein accumulation levels of OsPelo and SRBSDV P10 in healthy
and SRBSDV-infected rice, as determined by RT-gPCR and western blot assays. Means (+ SD) from three biological replicates are shown. *, P < 0.05.
Coomassieblue-stained gel for rubisco demonstrated the loading amounts of the proteins. The relative intensities of bands of OsPelo were

determined using ImageJ

domains (Fig. 1a). Phylogenetic tree showed the amino
acid sequence of Pelo from S. furcifera is highly homolo-
gous to those of N. cincticeps, R. dorsalis, and other insect
species, while the amino acid sequence of Pelo from
rice is highly conserved with that of other plant species
(Fig. 1b). We then investigated whether Pelo was involved
in SRBSDV infection. RT-qPCR and western blot assays
were used to detect the relative transcript and protein
accumulation levels of Pelo in nonviruliferous or viru-
liferous S. furcifera. The results showed that the relative
transcript level of SfPelo in SRBSDV-infected insects
was 79.5% of that in nonviruliferous insects (Fig. 1c). The
protein accumulation level of SfPelo in SRBSDV-infected
insects was 71% of that in nonviruliferous insects
(Fig. 1d). In addition, both the relative transcript and pro-
tein accumulation levels of OsPelo in SRBSDV-infected
rice plants were around 80% of that in uninfected rice

plants (Fig. 1e, f). Thus, SRBSDV propagation leads to a
slight decrease of Pelo expression in both vector insects
and host plants.

SRBSDV P7-1 interacts with Pelo proteins from S. furcifera
and rice plant

To identify whether Pelo interacted directly with viral
proteins, yeast two-hybrid (Y2H) assay was used to
investigate the interactions of viral proteins with SfPelo
or OsPelo. The results showed that only nonstructural
protein P7-1 directly interacted with SfPelo and OsPelo
(Fig. 2a). GST pull-down assay further revealed that
both SfPelo and OsPelo interacted with P7-1 of SRB-
SDV (Fig. 2b, ¢). It is known that Pelo-Hbsl complex is
conserved in different species and plays essential role in
mRNA quality control (Ge et al. 2023). The interaction
of Hbsl with Pelo or P7-1 was investigated using Y2H
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Fig. 2 The interaction between SRBSDV P7-1 and Pelo from S. furcifera or rice. a Interaction between P7-1 and SfPelo or OsPelo in Y2H assays.
Transformants were plated on DDO and QDO medium. b, ¢ Interaction between P7-1 and OsPelo or SfPelo in GST pull-down assay. P7-1-GST

was incubated with glutathione-Sepharose beads. OsPelo-His or SfPelo-His was then added to the beads, followed by western blot assay to detect
Pelo bound to P7-1-GST. d Interactions between Hbs1 and Pelo of rice or S. furcifera, P7-1 and Hbs1 of rice or S. furcifera were identified by Y2H assay.
Transformants were plated onto DDO and QDO. pGADT7-T+ pGBKT7-P53 as positive control, pGADT7-T + pGBKT7-Lam as negative control. DDO,

SD/-Trp-Leu medium. QDO, SD/-Trp-Leu-His-Ade medium

assays. The results showed that SfHbs1 directly interacted
with SfPelo, and OsHbs1 interacted with OsPelo, while
the interaction between P7-1 and SfHbs1 or OsHbs1 was
absent (Fig. 2d). These results suggest that the interaction
between P7-1 and SfPelo or OsPelo may play a crucial
role during viral infection in planthopper vectors or rice
plants.

Overexpression of SfPelo inhibits the formation of P7-1
tubular structures

SRBSDV exploits virus-associated tubular structures,
which is composed of the nonstructural membrane
protein P7-1, to spread throughout the body of S. fur-
cifera (Jia et al. 2014). We then used the recombinant
baculovirus expression system to investigate the effect
of overexpression SfPelo on P7-1 formation in Sf9 cells.
Immunofluorescence microscopy showed that P7-1
was diffused in the cytoplasm at 24 h post-infection
(hpi) in Sf9 cells co-expressed GFP or SfPelo (Fig. 3a).
At 48 hpi, P7-1 formed tubular structures in the cyto-
plasm of Sf9 cells co-expressed GFP, but P7-1 was

still diffusely distributed throughout the cytoplasm of
Sf9 cells co-expressed SfPelo (Fig. 3b). At 72 hpi, P7-1
formed tubular structures in Sf9 cells co-expressed GFP
or SfPelo (Fig. 3c). To further determine the effect of
SfPelo expression on P7-1 accumulation, we examined
the accumulation levels of the P7-1 protein. Western
blot assay showed that the accumulation levels of P7-1
in Sf9 cells co-expressed SfPelo and P7-1 were lower
than in that in Sf9 cells co-expressed GFP and P7-1 at
24, 48, or 72 hpi (Fig. 3d). Potentially, SfPelo suppresses
the formation of P7-1 tubular structures, thereby inhib-
its SRBSDV propagation in insect vectors. To address
this hypothesis, the prokaryotically expressed SfPelo
protein was purified and microinjected into SRBSDV-
infected S. furcifera to determine its role in propaga-
tion of SRBSDV in vivo. Western blot assay showed that
the accumulation levels of P7-1 in SRBSDV-infected S.
furcifera microinjected with SfPelo were lower than the
GFP control (Fig. 3e). Taken together, our results reveal
that SfPelo suppresses the propagation of SRBSDV in
insect vectors.
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Fig. 3 Overexpression of SfPelo inhibits the assembly of P7-1 tubular stuctures in Sf9 cells. a—c Sf9 cells co-expressed with P7-1 and SfPelo-His

were immunolabelled with P7-1-rhodamine (red) and His-FITC (green) at 24, 48, and 72 hpi, respectively. P7-1 co-infected with GFP were served

as the control. Scale bars: 10 um. d The protein accumulation levels of P7-1 in Sf9 cells co-expressed with P7-1 and GFP or SfPelo for 24,48, and 72 h,
as determined by western blot assays. GAPDH was served as reference protein. The relative intensities of bands of P7-1 protein were determined
using ImageJ. e The protein accumulation levels of P7-1 in S. furcifera microinjected with SfPelo or GFP for 4 days, as determined by western blot
assays. H3 was served as reference protein. The relative intensities of bands of different proteins were determined using Image)J

Knockdown of SfPelo expression inhibits SRBSDV
propagation in S. furcifera

At 6 days post-first access of insects to diseased plants
(padp), immunofluorescence microscopy showed the
colocalization of SfPelo with P7-1-specific structures in
virus-infected midguts of S. furcifera (Fig. 4a). Immuno-
electron microscopy further confirmed that SfPelo anti-
body specifically reacted with virus-associated tubular
structures in virus-infected midguts (Fig. 4b). Thus, Pelo
is recruited to P7-1 tubules via interaction with P7-1. It
has been reported that the knockout or mutant variants
of Pelo plays a role in antiviral function (Wang et al. 2018;
Koeda et al. 2021). To further determine the role of SfPelo
in insect vectors during viral infection, at 6 days padp, the
fifth instar nymphs of viruliferous S. furcifera were micro-
injected with the synthesized dsRNAs targeting SfPelo
(dsSfPelo) or GFP (dsGFP). RT-qPCR and western blot
assays showed that the transcript and accumulation levels
of SfPelo and P7-1 in dsSfPelo-treated viruliferous insects
were significantly lower than that in dsGFP-treated con-
trols (Fig. 4c, d). In addition, at 48 hpi, P7-1 formed tubu-
lar structures in the cytoplasm of Sf9 cells treated with
dsGFP. However, no tubular structures were formed until
72 hpi in the cytoplasm of Sf9 cells treated with dsSf9Pelo

(Additional file 1: Figure S1). These results indicate that
the knockdown of SfPelo expression by RNA interference
also suppresses SRBSDV propagation in insect vectors.

Overexpression or knockout of OsPelo inhibits

the propagation of SRBSDV in rice

To determine whether OsPelo affected SRBSDV infec-
tion in rice plants, the OsPelo gene knockout or over-
expressed rice plants were generated. The OsPelo
overexpression (OE-OsPelo) in transgenic rice plants was
obtained using the Agrobacterium tumefaciens-mediated
method. Two OE-OsPelo lines displayed the same phe-
notype as that of wild-type (WT) rice cv. Zhonghua 11
(ZH11) (Fig. 5a). To examine whether OsPelo overexpres-
sion altered the susceptibility of rice to SRBSDV infec-
tion, WT and OE-OsPelo plants were inoculated with
viruliferous S. furcifera. It was found that two OE-OsPelo
lines exhibited less severe disease symptoms than WT
plants (Fig. 5a). The relative transcript and protein accu-
mulation levels of SRBSDV P7-1 in OE-OsPelo lines were
significantly lower than WT controls (Fig. 5b, c). These
results indicate that overexpression of OsPelo inhibits
SRBSDV propagation in rice plants.
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Fig. 4 Knockdown SfPelo inhibits SRBSDV propagation in S. furcifera. a Immunofluorescence assay showing the association of SRBSDV P7-1

with SfPelo in SRBSDV-infected midgut. At 6 days padp, the intestines of nonviruliferous and viruliferous S. furcifera individuals were immunostained
with P7-1-rhodamine (red) and SfPelo-FITC (green), and then examined by immunofluorescence microscopy. Panels | is the enlarged images

of the boxed areas, and white arrows indicate the co-localization of SfPelo and P7-1 tubules. mg, midgut. Scale bars: 5 pm. b Immunogold labeling
of SfPelo in SRBSDV-infected midgut. Insect intestines were immunolabeled with SfPelo-specific IgG as the primary antibody, followed by treatment
with 15-nm gold particle-conjugated IgG as the secondary antibody. Red arrows indicate gold particles. Scale bars: 200 nm. ¢, d The relative
transcript and accumulation levels of P7-1 and SfPelo in 30 dsGFP- or dsSfPelo-treated viruliferous insects, as determined by RT-qPCR and western
blot assays. Means (+ SD) from three biological replicates are shown. **, P<0.01. Insect H3 was served as reference protein. The relative intensities

of bands of different proteins were determined using ImageJ

We then utilized CRISPR/Cas9 to disrupt the function
of OsPelo by modifying its corresponding coding region
in the genome of rice cv. ZH11. After mutation detec-
tion in T1 generation using RT-PCR and sequencing,
two homozygous mutation lines (KO-OsPelo) including
an insertion mutation or a deletion mutation were suc-
cessfully obtained (Additional file 1: Figure S2b, c). Two
KO-OsPelo lines displayed the similar phenotype as
WT rice cv. ZH11 (Fig. 5d). Furthermore, the accumu-
lation levels of ribosomal protein RPS6 in KO-OsPelo
rice plants were significantly lower than that in WT rice
cv. ZH11 (Fig. 5e), consistent with the function of Pelo
as the ribosome rescue factor (Bhattacharya et al. 2010).
The relative transcript levels of OsPelo in two KO-OsPelo
rice plants were significantly lower than that in WT rice
cv. ZH11 (Additional file 1: Figure S2e), while the relative
transcript levels of PR1 and PR3, two SA pathway related
genes, were upregulated in KO-OsPelo transgenic rice
plants (Additional file 1: Figure S3). To examine whether
the knockout of OsPelo altered the susceptibility of rice
to SRBSDV, WT and KO-OsPelo plants were inoculated
with viruliferous S. furcifera. It was found that two KO-
OsPelo lines also exhibited less severe disease symp-
toms than that of the WT plant (Fig. 5d). The relative
transcript and protein accumulation levels of SRBSDV
P7-1 in KO-OsPelo lines were significantly lower than

WT control (Fig. 5f, g). It was indicated that knockout of
OsPelo inhibits the infection of SRBSDV in rice plants.

OsPelo mediated antiviral activity is a conserved strategy
in rice to control infection by different plant viruses

We explored whether this action of OsPelo in rice plants
was conserved among different rice viruses. The phy-
toreovirus RDV, a dsRNA virus, and cytorhabdovirus
RSMYV, a negative-strand RNA virus, are transmitted
by leafhoppers in a persistent-propagative manner. We
inoculated WT, OE-OsPelo, and KO-OsPelo rice plants
with RDV-infected N. cincticeps or RSMV-infected R.
dorsalis. Western blot assays confirmed that the protein
accumulation levels of RDV protein Pns10 in OE-OsPelo
and KO-OsPelo lines were significantly lower than that
in WT ZH11 (Fig. 6a, b). Similarly, the protein accumu-
lation levels of RSMV protein N in OE-OsPelo and KO-
OsPelo lines were also significantly lower than WT ZH11
(Fig. 6¢, d). Thus, overexpression or knockout of OsPelo
inhibits the propagation of different plant viruses in rice.

Discussion

Plants and insects have evolved mRNA quality control
systems to ensure the proper synthesis of their own pro-
teins (D’ Orazio and Green 2021). Recently, a few exam-
ples have described the interplay between NGD and
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Fig. 5 Overexpression or knockout OsPelo inhibits SRBSDV propagation in rice. a Phenotype and disease symptoms induced by SRBSDV

infection in OE-OsPelo lines (OE-OsPelo-1 and OE-OsPelo-2) and wild type rice. b The relative transcript levels of P7-1 in SRBSDV-infected OsPelo
overexpression transgenic lines and wild type ZH11, as determined by RT-gPCR assays. ¢ The accumulation levels of P7-1, P10, and Pelo-Flag

in SRBSDV-infected OsPelo overexpression transgenic lines and wild type ZH11, as determined by western blot assays. d Phenotype and disease
symptoms induced by SRBSDV infection in KO-OsPelo lines (KO-OsPelo-1 and KO-OsPelo-2) and wild type rice. e The accumulation levels

of RPS6 in OsPelo mutant transgenic lines and wild type ZH11, as determined by western blot assays. f The relative transcript levels of P7-1

in SRBSDV-infected OsPelo mutant transgenic lines and wild type ZH11, as determined by RT-gPCR. g The accumulation levels of P7-1, P10,

and OsPelo in SRBSDV-infected OsPelo mutant transgenic lines and wild type ZH11, as determined by western blot assays. Means (£ SD) from three
biological replicates are shown. **, P<0.01; ***, P<0.001. Coomassie-blue stained gel for rubisco demonstrated the loading amounts of the proteins.
The relative intensities of bands of different proteins were determined using ImageJ

plant viruses (Ren et al. 2022; Ge et al. 2023). It has been
well established that Hbs1-Pelo complex in NGD system
functions as a regulator to dissociate stalled ribosomes
of aberrant mRNAs (Saito et al. 2013; Kong et al. 2021).
When confronted with viral infection, the cell might rec-
ognize virus, and potentially initiates Pelo-Hbs1 complex
to deal with abnormal ribosomes and viral mRNAs to
inhibit viral infection. Our results show that overexpres-
sion of OsPelo in transgenic rice increases the resistance
to infection of the fijivirus SRBSDV. Furthermore, micro-
injection of purified SfPelo in S. furcifera also inhibits
effective SRBSDV propagation. SRBSDV employs virus-
induced P7-1 tubular structure as a vehicle for viral
spread throughout the body of S. furcifera (Jia et al. 2014).
The co-expression of SfPelo with P7-1 could inhibit the

assembly of P7-1 tubular structures in Sf9 cells. More
importantly, the overexpression of OsPelo in transgenic
rice displays broad-spectrum resistance to infection of
the phytoreovirus RDV and cytorhabdovirus RSMV.
Because both OsPelo and SfPelo could directly inter-
act with P7-1 and their GTPase partner Hbsl, we thus
deduce that Pelo-Hbsl complex serves as the defender
against rice viruses in rice plants and insect vectors.

Pelo is the key factor recognizing ribosomes that have
stalled during elongation, and functioning in mRNA
quality control process (Ikeuchi et al. 2016; Szddeczky-
Kardoss et al. 2018). Increasing studies have found that
knockout or mutation of Pelo can improve the antiviral
properties of host. Drosophila knockout mutants of Pelo
show resistance against several viruses (Wu et al. 2014).
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Tomato knockout mutants of Pelo also have broad-spec-
trum resistance to geminiviruses (Lapidot et al. 2015).
In this study, the effective SRBSDV propagation is also
inhibited in the OsPelo knockout transgenic rice plants.
Ribosomal proteins play a significant role in mRNA qual-
ity control process. In general, ribosomal proteins play a
crucial role in the lifecycle of certain viruses, and viruses
could exploit the cellular translation system to promote
their propagation (Fukushi et al. 2001; Simms et al.
2017; Li et al. 2018). It has been reported that, the dele-
tion of yeast strains of dom34 (homology of Pelo in yeast)
leads to the increased non-functional 80S monosomes
and decreased polysomes (Bhattacharya et al. 2010; van
den Elzen et al. 2014). In this study, the accumulation
levels of ribosomal protein S6 (RPS6), a part of the small
ribosomal subunit, is significantly reduced in OsPelo-
knockout transgenic rice plants. Furthermore, the knock-
out of OsPelo in transgenic rice exhibits broad-spectrum
resistance to the fijivirus SRBSDV, phytoreovirus RDV,
and cytorhabdovirus RSMV infection. The knockdown
of SfPelo expression in S. furcifera also shows resistance
to SRBSDV infection. These phenomena suggest that the
absence or the down-regulation of Pelo expression affects
the expression of ribosomal proteins and thus adversely
affects the propagation of viruses. It is presumed that the
excessive inhibition of Pelo expression in rice plants or
insect vectors not only weakens the mRNA surveillance
system but also reduces the availability of free ribosomes

within the cell, thus limiting the synthesis of viral pro-
teins and viral replication.

To ensure viral persistent infection, virus employs
some strategies to counteract mRNA quality control
mechanisms (Ge et al. 2023). In our study, we discover
that the accumulation levels of OsPelo and SfPelo are
slightly decreased in SRBSDV infected rice and S. fur-
cifera, thus weakening the mRNA surveillance system
of the two viral hosts. Such moderate reduction of Pelo
accumulation during vial propagation in plant hosts and
insect vectors would avoid Pelo-Hbs1-mediated excessive
inhibition of P7-1 tubular structure formation, ensur-
ing effective virus propagation. It would be valuable to
investigate whether P7-1 or other virus-encoded proteins
modulate the reduced expression of Pelo during viral
infection in insect vectors or rice plants.

It has been reported that the natural mutants of the
pepy-1 gene in pepper and ty-5 gene in tomato encoding
Pelo protein confer resistance to begomovirus isolates
by restricting virus replication to a level virus tolerance
than an immune response (Koeda et al. 2021). OsPelo
mutant rice with a single base substitution from T to A at
position 556 shows a spotted-leaf phenotype and highly
upregulated the pathogenesis-related protein marker
genes to enhance the resistance to rice bacterial blight
(Ding et al. 2018; Zhang et al. 2018). In our study, the
OsPelo knockout transgenic rice shows mild symptoms
and a low level of SRBSDV accumulation in rice leaves,
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which corresponds to the phenomenon in other Pelo-
resistant lines (Koeda et al. 2021). Meanwhile, the expres-
sion levels of two SA pathway related genes, PRI and PR3,
were significantly upregulated in the OsPelo knockout
transgenic rice, which indicating the SA pathway were
activated and might play a role in enhancing pathogen
resistance (Ding et al. 2018; Zhang et al. 2018). Especially,
OsPelo-knockout transgenic plants limit the propagation
of different rice viruses, such as RDV and RSMV in rice
plants. Generally, the selection of a resistant variety is
an effective method for controlling plant virus diseases.
Therefore, screening the natural mutants of OsPelo gene
in different rice germplasm resources and identifying its
resistance to rice viruses are feasible to produce resistant
materials.

Methods

Insects, viruses, and antibodies

Nonviruliferous S. furcifera was collected from rice fields
in Zhangzhou city, Fujian Province and reared on TN-1
rice seedlings at 25+ 1 °C with 75+5% relative humid-
ity and 16 h light/8 h dark. The SRBSDV infected plants
were collected from Zhangzhou city and propagated by
viruliferous S. furcifera. The Sf9 cell line was cultured
in growth medium Sf900 III (Gbico). Rabbit polyclonal
antibodies against SfPelo of S. furcifera, OsPelo of rice,
P7-1, and P10 of SRBSDV were prepared as previously
described (Jia et al. 2014). Mouse monoclonal antibody
against GST was purchased from Transgene Biotech
(HT601). Mouse polyclonal antibody against H3 was pur-
chased from Proteintech (17168-1-AP). Mouse mono-
clonal antibody against 6xHis tag was purchased from
Sangon Biotech (D191001).

Y2H assay

To investigate the interactions among P7-1, Pelo, and
Hbsl, the ORFs of SRBSDV P7-1, OsPelo, OsHbsl,
SfPelo, and SfHbsl were individually amplified and
cloned into the bait plasmid pGBKT?7 or the prey plasmid
pGADT?7. The primers for Y2H assay were listed in Addi-
tional file 2: Table S1. The bait and prey plasmids were
used to co-transform the yeast strain AH109 according
to the manufacturer’s instructions (Clontech), and the
transformants were grown on SD/-Leu-Trp (DDO) and
SD/-Leu-Trp-His-Ade (QDO) plates. Yeast cells were
photographed at 30 °C to record growth. The pGBKT7-
53/pGADT7-T served as positive control and pGBKT7-
Lam/pGADT7-T served as negative control.

RT-gPCR assay

Total RNAs of rice leaves, S. furcifera or Sf9 cells were
extracted using TRIzol reagent (Invitrogen). The RT-qPCR
assays were performed in the QuantStudio 5 Real-Time

Page 9 of 12

PCR System (Applied Biosystem) using the SYBR Green
PCR Master Mix Kit (GenStar). Relative expression lev-
els of P7-1, OsPelo, and SfPelo were analyzed using the
2788CT method (Livak and Schmittgen 2001). The house-
keeping gene actin of Oryza sativa, and EF1 of S. furcifera
were served as the internal reference for the normaliza-
tion of gene expression levels. The primers used for RT-
qPCR assays were shown in Additional file 2: Table S1. All
RT-qPCRs were conducted in triplicate for each sample,
and three biological replicates were maintained.

Western blot assay

To analyze the accumulation levels of viral proteins, OsPelo
or SfPelo in rice plants, S. furcifera or Sf9 cells, total pro-
teins were extracted and separated on 12% SDS-PAGE
gels before transfer to the pre-activated PVDF membrane.
Antibodies against SRBSDV P7-1, P10, OsPelo, and SfPelo
were used as the primary antibodies and goat anti-rabbit
IgG-peroxidase (Sigma-Aldrich) was used as the second-
ary antibody. The accumulation level of H3 served as the
reference protein of S. furcifera using H3-specific antibody
(Proteintech). The accumulation level of GAPDH served
as the reference protein of Sf9 cells using GAPDH-specific
antibody (Sangon Biotech). Coomassie-blue stained gel for
rubisco demonstrated the loading amounts of the proteins
of rice plants. The proteins were visualized using the Lumi-
nata Classico Western HRP Substrate (Millipore) and were
imaged using the Molecular Imager ChemiDoc XRS+ Sys-
tem (Bio-Rad). Image] software (https://imagej.nih.gov/ij/)
was used for measuring band intensities of proteins.

GST pull-down

The ORF of P7-1 was inserted into the pGex-4T-3 vector to
generate plasmids expressing GST fusion protein. The ORFs
of OsPelo and SfPelo were cloned into the pET-28a to con-
struct the plasmid expressing His-fusion protein. The prim-
ers used for GST pull-down assay listed in Additional file 2:
Table S1. The recombinant protein of GST-P7-1 and GST
were expressed in E. coli stain BL21. Lysates were then incu-
bated with glutathione-Sepharose beads (Amersham) and
subsequently with the recombinant proteins His-OsPelo or
His-SfPelo which was also expressed in E. coli stain BL21,
washing with 1XPBS in each step. Finally, the immunopre-
cipitated proteins were analyzed by western blot assay using
GST-tag and His-tag antibodies, respectively.

Effect of synthesized dsRNA or protein on viral
accumulation

The dsRNA targeting Pelo of S. furcifera (dsSfPelo) and
Spodoptera frugiperda 9 cells (dsSf9Pelo) was synthesized
in vitro using the T7 RiboMAX Express RNAi System
(Promega Biotech, P1700), according to the manufactur-
er’s protocol. To test the effect of dsSfPelo on SRBSDV
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accumulation, 200 third-instar nymphs of S. furcifera
were fed with SRBSDV-infected rice for 2 days. Then,
0.5 pg/pL dsRNAs were microinjected into the S. furcif-
era, followed by transferring to healthy rice seedlings.
The dsGFP treatment served as control. At 5 days padp,
the relative transcript levels of SfPelo and SRBSDV P7-1
was examined by RT-qPCR and western blot assay as
described above. The primers used for the RNAi assay are
listed in Additional file 2: Table S1. All the experiments
were repeated three times. Insect H3 was served as the
reference protein. Image] software (https://imagej.nih.
gov/ij/) was used for signal quantitation.

To confirm the role of SfPelo in the suppression of the
propagation of SRBSDV in vivo, the SfPelo and GFP pro-
teins were expressed and purified following the meth-
ods described above (Jia et al. 2023). Approximately 200
third instar nymphs of S. furcifera were allowed to feed
on infected rice plants for 2 days. Viruliferous S. furcif-
era individuals were then microinjected with purified
SfPelo or GFP at a concentration of 300 pg/mL. At 4 days
post-microinjection, the insects were tested for the accu-
mulation of P7-1 protein using western blot assays, as
described above.

Baculovirus expression assay

P7-1, Sfpelo, and GFP were respectively expressed in a
baculovirus according to the manufacturer’s instructions
(Thermo Fisher Scientific). We amplified and cloned DNA
sequences encoding His-tagged SfPelo (SfPelo-His), P7-1,
and GFP into pFast-bacl vector to construct recombinant
baculoviruses. The primers used for bacmid expression
assay are listed in Additional file 2: Table S1. The proce-
dures of bacmids transfection were performed according to
the manufacturer’s instructions (Thermo Fisher Scientific).
To observe the effect of SfPelo on P7-1, recombinant bac-
mids expressing SfPelo-His was co-infected with GFP or
P7-1 into Sf9 cells. At 24, 48, and 72 hpi, the cells were fixed,
permeabilized, immunolabeled with antibody against P7-1
conjugated to rhodamine (P7-1-rodamine) or His conju-
gated to FITC (His-FITC), and then processed for immuno-
fluorescence microscopy. Furthermore, the Sf9 cells infected
with bacmids were collected for western blot and RT-qPCR
assays, as described above. To test the effect of dsSfPelo
on tubular formation of P7-1, the S9 cells treated with dsS-
f9Pelo or dsGFP for 6 h were infected with recombinant
bacmids containing P7-1. At 48, 72 hpi, then the cells were
fixed, permeabilized, immunolabeled with antibody against
P7-1 conjugated to rhodamine (P7-1-rodamine), before
being processed for immunofluorescence microscopy.

OsPelo overexpressed and knockout transgenic rice lines
The full length sequence encoding OsPelo fused with
Flag-tag was cloned, followed by the construction of the
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expression vector through homologous recombination to
generate transgenic rice plants overexpressing OsPelo at
Biorun Bio-Company (Wuhan, China). The recombinant
plasmid was electroporated into Agrobacterium tumefaciens
strain GV3101 and used to transform into rice cv. Zhong-
hua 11 (ZH11). The T1 generation overexpressed transgenic
lines that stably maintained the transgenes were determined
by western blot assays and selected for phenotype analyses.
The TO generation OsPelo knock-out CRISPR/Cas9-editted
rice cv. ZH11 targeting the sequence GGATCTGTCTTG
CGTGTACGTGG were obtained using the Agrobacterium-
mediated method at Biorun Bio-Company (Wuhan, China).
In the TO generation population, exogenous transgenic
components were detected by sequencing and PCR assays
using specific primers targeting OsPelo and the hygromycin
gene to obtain the mutation lines. In the T1 generation pop-
ulation, exogenous transgenic components were detected by
sequencing and RT-PCR assays using specific primers tar-
geting OsPelo-encoding sequence to obtain steady homozy-
gous T2 lines for further experiments. The primers used for
detection of the knockout transgenic rice plants are listed in
Additional file 2: Table S1.

Virus inoculation assays

To inoculate virus into transgenic rice, 100 third-instar
insects were allowed to feed continuously on SRBSDV-,
RDV-, or RSMV-infected rice plants for 3 days, and then
transferred on healthy rice seedlings for 10 days. Subse-
quently, the third leaf stage transgenic and wild type rice
seedlings were fed with viruliferous insects for 2 days.
Then the insects were removed and rice seedlings were
grown in the field for symptom development. At 7 dpi,
the viruliferous rice plants were detected by PCR and
the accumulation levels of SRBSDV P7-1, RDV Pnsl10,
or RSMV N were detected by western blot assays, as
described above. The disease symptoms were observed in
about three months.

Immunofluorescence and immunoelectron microscopy

To visualize the association of SfPelo with P7-1 of SRB-
SDV in the midgut, the intestines from 30 nonvirulif-
erous and viruliferous S. furcifera, were dissected. The
samples were fixed in 4% (v/v) paraformaldehyde in
phosphate belanced solution (PBS) for 2 h, and then per-
meabilized in 0.2% (v/v) Triton-X for 1 h. The samples
were then immunolabeled with antibody against P7-1
directly conjugated to rhodamine (P7-1-rhodamine),
and antibody against SfPelo directly conjugated to
FITC (SfPelo-FITC) (0.5 pg/uL). Immunostained tissues
were analyzed using a Leica TCS SPE inverted confocal
microscope. Meanwhile, the intestines from nonviru-
liferous and viruliferous S. furcifera insects were fixed,
dehydrated and embedded as described previously (Mao
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et al. 2013). Polymerization was allowed to proceed for
72 h at -20°C. The samples were then sectioned, and the
ultrathin sections were immunolabeled with SfPelo anti-
body (0.5 pg/pL) as the primary antibody, goat anti-rab-
bit IgG conjugated with 15-nm diameter gold particles
(0.5 pg/uL, Sigma-Aldrich) as the secondary antibody.
Finally, the ultrathin sections were analyzed using a
transmission electron microscope (H-7650, Hitachi).

Sequence homology analysis

The amino acid sequence encoded by SfPelo or OsPelo
was predicted by online software of Smart (http://smart.
embl-heidelberg.de/). The aino acid sequences of SfPelo
and OsPelo were aligned using the software DNAMAN
9. Phylogenetic tree of Pelo proteins from different spe-
cies was constructed by Neighbor-Joining method using
the software MEGA 6.0.
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