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Abstract Planthoppers are the most notorious rice pests, because they transmit vari-
ous rice viruses in a persistent-propagative manner. Protein–protein interactions (PPIs)
between virus and vector are crucial for virus transmission by vector insects. However,
the number of known PPIs for pairs of rice viruses and planthoppers is restricted by low
throughput research methods. In this study, we applied DeNovo, a virus-host sequence-
based PPI predictor, to predict potential PPIs at a genome-wide scale between three plan-
thoppers and five rice viruses. PPIs were identified at two different confidence thresholds,
referred to as low and high modes. The number of PPIs for the five planthopper-virus pairs
ranged from 506 to 1985 in the low mode and from 1254 to 4286 in the high mode. After
eliminating the “one-too-many” redundant interacting information, the PPIs with unique
planthopper proteins were reduced to 343–724 in the low mode and 758–1671 in the high
mode. Homologous analysis showed that 11 sets and 31 sets of homologous planthopper
proteins were shared by all planthopper-virus interactions in the two modes, indicating
that they are potential conserved vector factors essential for transmission of rice viruses.
Ten PPIs between small brown planthopper and rice stripe virus (RSV) were verified using
glutathione-S-transferase (GST)/His-pull down or co-immunoprecipitation assay. Five of
the ten PPIs were proven positive, and three of the five SBPH proteins were confirmed to
interact with RSV. The predicted PPIs provide new clues for further studies of the compli-
cated relationship between rice viruses and their vector insects.

Key words computational prediction; planthopper; plant virus; protein-protein interac-
tion; rice virus; vector insect

Introduction

Approximately 80% of plant viruses rely on in-
sect vectors for transmission (Hohn, 2007). Persistent-
propagative plant viruses infect a wide range of food
crops and economical crops, representing a serious threat
to agriculturally sustainable development (Soosaar et al.,
2005). During transmission, persistent-propagative plant
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viruses replicate in the gut epithelial cells of their vector
insects and then are released to the hemolymph, spread-
ing to other tissues and finally to the salivary glands,
where viruses are secreted into the host plants with the
saliva. Viral infection and transmission are involved in
a large number of protein-protein interactions (PPIs) be-
tween virus and vector (Hogenhout et al., 2008; Whitfield
et al., 2015). Therefore, identifying PPIs between plant
viruses and insect vectors will broaden our understand-
ing of the transmission mechanisms and is essential for
effective control of plant viral diseases.

Planthoppers are important rice pests, among
which small brown planthopper (SBPH, Laodelphax
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striatellus), brown planthopper (BPH, Nilaparvata lu-
gens), and white-backed planthopper (WBPH, Sogatella
furcifera) are the most notorious pests, because they
transmit various rice viruses in a persistent-propagative
manner (Uehara-Ichiki et al., 2013). SBPH transmits
rice stripe virus (RSV) and rice black-streaked dwarf
virus (RBSDV). BPH transmits rice grassy stunt virus
(RGSV) and rice ragged stunt virus (RRSV). WBPH
only transmits southern rice black-streaked dwarf virus
(SRBSDV) (Uehara-Ichiki et al., 2013). RSV and RGSV
belong to the genus Tenuivirus, the genomes of which
contain segmented, ambisense single-stranded RNAs.
RSV has a genome of ∼17 kb, consisting of four single-
stranded RNA segments, and encodes seven proteins:
RNA-dependent RNA polymerase (RdRp), capsid pro-
tein (CP), and non-structural proteins NS2, NSvc2,
NS3, SP, and NSvc4 (Cui et al., 2016). RGSV has a
genome of ∼25 kb, consisting of six single-stranded
RNA segments, and encodes 12 proteins (Toriyama
et al., 1998). RBSDV, SRBSDV, and RRSV belong
to Reoviridae, containing segmented double-stranded
RNAs in a double-shelled, icosahedral particle struc-
ture. The genomes of RBSDV, SRBSDV, and RRSV
consist of ten double-stranded RNAs, encoding 13, 13,
and 11 proteins, respectively (Hagiwara et al., 1986;
Zhou et al., 2013; Zhou et al., 2017). The PPIs between
each planthopper and the transmitted rice virus are still
under-characterized.

With the high cost and/or low throughput of traditional
PPI identification methods, computational PPI prediction
frameworks are gaining ground in characterizing poten-
tial PPIs, especially with the accumulation of experimen-
tally validated PPIs needed for training these frameworks
(Nicod et al., 2017). Many computational methods have
been developed and widely used to predict PPIs between
viruses and hosts based on amino acid sequences, do-
main architectures, physiochemical properties, or protein
structures (Calderwood et al., 2007; Nourani et al., 2015;
Halder et al., 2018; Subramani et al., 2018). However, all
methods were developed to predict PPIs for viruses with
100s of characterized PPIs to utilize for training their ma-
chine learning models. DeNovo, a sequence-based virus-
human PPI prediction framework, has been the first to en-
able prediction for any virus with no characterized PPIs.
DeNovo achieved an accuracy >80% even when predict-
ing PPIs of viral proteins that have no sequence similarity
to the ones used for training (Eid et al., 2016). However,
no PPI predictor has been used to characterize PPIs in the
plant virus-vector system.

In this study, we applied DeNovo to predict potential
PPIs between the three planthoppers and five rice viruses
with the availability of the genome resources for the

three planthoppers (Xue et al., 2014; Wang et al., 2017a;
Zhu et al., 2017) and five rice viruses. The interaction
proteins shared by all planthopper-virus pairs are sum-
marized. Experimental validations for several PPIs were
carried out.

Materials and methods

Sequence information of rice viruses and planthoppers

Genome sequences of the three planthoppers were
downloaded from the GigaScience repository, Gi-
gaDB (SBPH: http://doi.org/10.5524/100361, BPH:
http://doi.org/10.5524/100139, WBPH: http://doi.org/
10.5524/100255). Genome sequences of the five rice
viruses were downloaded from the National Center for
Biotechnology Information under the accession numbers
GCF_000851385.1 for RSV, GCF_000852945.1 for RB-
SDV, GCF_000852965.1 for RRSV, GCF_000847645.1
for RGSV, and GCF_000889455.1 for SRBSDV. Protein
sequences of planthoppers and viruses were extracted
and used for prediction of PPIs.

Prediction of PPIs

PPIs between planthoppers and the rice viruses were
predicted using the DeNovo method as described pre-
viously (Eid et al., 2016). Briefly, DeNovo utilizes ex-
perimentally characterized virus-human PPIs and their
protein amino acid sequences to train a machine learn-
ing model to predict novel PPIs for uncharacterized viral
proteins. We used DeNovo to predict potentially occur-
ring PPIs between rice viruses and planthoppers by feed-
ing the DeNovo predictor with the amino acid sequences
of their proteins. The predictor scores how confident it
is that each pair of virus-planthopper proteins may in-
teract. We considered pairs of proteins to be potentially
interacting when their prediction score exceeds a confi-
dence threshold. We examined the predicted interactions
at two thresholds: high and low. In the high-threshold
mode (high mode for short), a smaller number of false
positive PPIs are labeled as interacting compared to the
low-threshold mode (low mode for short), but this comes
at the cost of identifying fewer true positive PPIs in the
high mode.

Functional analysis of planthopper interaction proteins

Gene Ontology (GO) annotations of planthopper inter-
action proteins were performed using Blast2GO software
with default parameters (Götz et al., 2008). Enrichment
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analyses of GO terms were performed using TBtools soft-
ware. The GO terms with P-values < 0.05 were consid-
ered as significantly enriched (Chen et al., 2018). GO
classifications were performed and plotted using WEGO
2.0 (Ye et al., 2018).

Homologous analysis of planthopper proteins

To identify the common PPIs shared by all
planthopper-virus pairs, SBPH proteins interacting with
both RSV and RBSDV, BPH proteins interacting with
both RRSV and RGSV, and WBPH proteins interacting
with SRBSDV were separately extracted. Then, the ex-
tracted proteins of BPH and WBPH were blasted against
the extracted SBPH proteins. Proteins with E values
< 1E-6 were considered homologous to SBPH proteins.
Similarly, homologous sequences to those of BPH and
WBPH were identified. Finally, homologous proteins of
the three planthoppers were manually curated and the
combined set of homologous proteins were considered as
the common PPIs for rice virus transmission.

Small brown planthopper samples

The viruliferous small brown planthopper strain was
derived from a field population collected in Hai’an,
Jiangsu Province, China. The planthoppers were reared
on 2 cm to 5 cm seedlings of rice (Wuyujing) in glass in-
cubators at 25 °C and a light period of 16 : 8 (L : D) (Zhao
et al., 2016).

RNA extraction and cDNA synthesis

Total RNAs were extracted from five SBPHs using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol. After removal of ge-
nomic DNA contamination with a TURBO DNA-free kit
(Ambion, Austin, TX, USA), 1 μg of RNA was reverse-
transcribed to complementary DNA (cDNA) using
random primers and an Moloney murine leukemia virus
(M-MLV) Reverse Transcription System (Promega,
Madison, WI, USA), following the manufacturer’s
instructions.

Gene cloning and protein expression

Full-length open reading frames (ORFs) of SBPH
genes flotillin2, importin α, translin, vacuolar protein
sorting-associated protein 52 (VPS52), and Ran GT-
Pase, RSV CP, SP, NS3, and NSvc4 were cloned from

the cDNA library of viruliferous planthoppers and se-
quenced. RSV RdRp was divided into five fragments to
clone according to the domain architectures due to the
long sequence (8760 bp). Then importin α and translin
were constructed in the pGEX-3X vector between the
restriction sites EcoRI and BamHI to generate the re-
combinant plasmids with an N-terminal glutathione-S-
transferase (GST)-tag. Flotillin2, VPS52, and Ran GT-
Pase were constructed in the pET28a vector between
NcoI and EcoRI to generate the recombinant plasmids
with a C-terminal Flag-tag. RSV CP, SP, NS3, NSvc4,
and five fragments of RdRp were cloned into the pET28a
vector between EcoRI and XhoI to generate the recom-
binant plasmids with a N-terminal His-tag. The corre-
sponding primers are listed in Supporting file 1.

The recombinant plasmids were transfected to Es-
cherichia coli strain BL21 (DE3) for protein expres-
sion. After overnight induction with 0.5 mmol/L iso-
propyl β-D-thiogalactoside at 16 °C, cells were collected
by centrifugation and sonicated for 30 min in ice wa-
ter. The supernatant was kept for pull down and co-
immunoprecipitation assays.

Pull down and co-immunoprecipitation assay

For GST-tag pull down, the GST-tagged recombinant
proteins were bound to glutathione (GSH)-coupled parti-
cles at 4 °C for 2 h. After washing with PBST buffer (1
× phosphate buffer saline containing 0.1% triton ×100,
pH 8.0), the His-tagged recombinant proteins were added
and incubated for 2 h at 4 °C. After washing with PBST
buffer, proteins were released with the elution buffer
(50 mmol/L Tris-HCl containing 10 mmol/L reduced glu-
tathione, pH 8.0). The expression products of pGEX-3X
and pET28a vector served as negative controls.

For His-tag pull down, the His-tagged recombinant
proteins were bound to Ni Sepharose (GE Healthcare,
Buckinghamshire, UK) for 2 h at 4 °C. Then the Flag-
tagged recombinant proteins were added and incubated
for 2 h at 4 °C. After washing with lysis buffer (20
mmol/L sodium phosphate containing 50 mmol/L imida-
zole, pH 7.4), proteins were released with elution buffer
(20 mmol/L sodium phosphate containing 250 mmol/L
imidazole, pH 7.4). The expression product of pET28a
vector served as negative control.

For co-immunoprecipitation (Co-IP), 30 μL of Dyn-
abeads Protein G (Thermo Fisher Scientific, Waltham,
MA, USA) was incubated with 5 μg of Flag monoclonal
antibody (CWBiotech, Beijing, China) at room temper-
ature for 15 min and then incubated with 200 μL of
Flag-tagged protein for 30 min; 200 μL of bait proteins
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Fig. 1 Statistics of protein–protein interactions (PPIs) between planthoppers and rice viruses predicted with the low or high mode. (A)
Number of PPIs. (B) Number of PPIs with unique planthopper proteins. (C) Number of PPIs with unique planthopper proteins shared
by SBPH-RSV and SBPH-RBSDV pairs, and BPH-RRSV and BPH-RGSV pairs. SBPH, Laodelphax striatellus, BPH, Nilaparvata
lugens, WBPH, Sogatella furcifera.

were added and incubated with the bead-antibody-protein
complex for 30 min. The mixture was finally dissociated
from the beads with elution buffer (Thermo Fisher Scien-
tific). The mouse immunoglobulin G (Merck Millipore,
Billerica, MA, USA) was used as negative control.

The input proteins and pulled-down and co-
immunoprecipitated proteins were analyzed with sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) followed by western blot using the anti-His
monoclonal antibody, anti-GST polyclonal antibody, or
anti-Flag monoclonal antibody (CWBiotech).

Results

PPIs between each pair of planthopper and rice virus

According to the genome annotations, 17 736, 27 571,
and 21 254 proteins were retrieved from SBPH, BPH,
and WBPH genomes, respectively, and used for PPIs pre-
diction with rice virus proteins. We utilized DeNovo, the
first PPI predictor to enable virus-host PPI prediction for
any viral protein, to predict potential interactions between
the proteins of the two organisms. We thresholded the
confidence scores retrieved for all protein pairs at two
thresholds: low and high, creating two predicted PPI sets.
In the low mode, we predicted 506 PPIs between SBPH
and RSV, 1985 PPIs between SBPH and RBSDV, 1397
PPIs between BPH and RRSV, 855 PPIs between BPH
and RGSV, and 1375 PPIs between WBPH and SRBSDV
(Fig. 1A, Supporting file 2). In the high mode, more PPIs

were predicted for each pair of planthopper and virus
(Fig. 1A, Supporting file 3). These PPIs contain the “one-
to-many” situation, in which one planthopper protein in-
teracts with multiple viral proteins. After eliminating the
“one-to-many” redundant interacting information, that is,
the planthopper protein interacting with multiple proteins
of one rice virus was counted only once, the PPIs with
unique planthopper proteins in the low mode were 343 for
SBPH-RSV, 724 for SBPH-RBSDV, 633 for BPH-RRSV,
538 for BPH-RGSV, and 589 for WBPH-SRBSDV; in the
high mode, 810 for SBPH-RSV, 1399 for SBPH-RBSDV,
758 for BPH-RRSV, 1671 for BPH-RGSV, and 923 for
WBPH-SRBSDV (Fig. 1B, Supporting files 2 and 3).

GO assignments of molecular function at level 3 and
enrichment analysis were used to classify the most rep-
resented functions of these unique planthopper proteins
in PPIs. In the low mode, structural constituent of ribo-
some and lyase activity were enriched for PPIs of SBPH-
RSV; structural constituent of cytoskeleton, protein bind-
ing, DNA-binding transcription factor activity, catalytic
activity acting on DNA, and transcription coregulator ac-
tivity were enriched for PPIs of SBPH-RBSDV; carbo-
hydrate derivative binding, small molecule binding, and
drug binding were enriched for PPIs of BPH-RRSV; het-
erocyclic compound binding and organic cyclic com-
pound binding were enriched for PPIs of BPH-RGSV;
metal cluster binding and protein binding were enriched
for PPIs of WBPH-SRBSDV (Supporting file 4). The
most represented functions in PPIs are different when
planthoppers transmit different rice viruses. In the high
mode, more enriched GO terms of molecular function
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were observed and overlapped for PPIs of planthopper-
rice virus (Supporting file 5).

The conserved PPIs shared by all pairs of planthoppers
and rice viruses

The common proteins shared by one planthopper
for transmitting different rice viruses were examined
(Fig. 1C). Except WBPH that only transmits SRBSDV,
SBPH can transmit RSV and RBSDV, and BPH transmits
RRSV and RGSV. In the low mode, 297 SBPH proteins
were involved in the potential interactions with both RSV
and RBSDV, and, in the high mode, it was 511 SBPH pro-
teins; 289 BPH proteins were involved in the potential in-
teractions with both RRSV and RGSV in the low mode
and 358 BPH proteins in the high mode.

To predict the common PPIs shared by all planthopper-
virus pairs, we identified the homologous proteins from
297 SBPH proteins interactive with both RSV and RB-
SDV, 289 BPH proteins interactive with both RRSV and
RGSV, and 589 WBPH proteins interactive with SRB-
SDV in the low mode. There were 11 sets of planthopper
homologous proteins shared by all planthopper-virus
interactions. They were annotated as elongation of very
long chain fatty acids protein, N-alpha-acetyltransferase
50, RuvB, flotillin2, translin, adenosylhomocysteinase,
retinol dehydrogenase 12, ras-like protein 2/3, dioxyge-
nase, serine/threonine-protein kinase WNK1, vacuolar
protein sorting-associated protein 37, and an unchar-
acterized protein (Table 1). Similarly, for the common
PPIs from 511 SBPH proteins, 358 BPH proteins, and
923 WBPH proteins predicted with the high mode,
there were 31 sets of homologous proteins shared by all
planthopper-virus interactions. They were Ran GTPase,
RGK family of GTP-binding proteins, trehalose-6-
phosphate synthase, rab3 GTPase-activating protein non-
catalytic subunit, threonylcarbamoyladenosine tRNA
methylthiotransferase, aspartate-tRNA ligase, replica-
tion factor C subunit 4, importin alpha, heparan sulfate
2-O-sulfotransferase pipe, fumarylacetoacetase, DNA-
directed RNA polymerase I subunit RPA2, Tubulin–
tyrosine ligase-like protein 12, 28S ribosomal protein S5,
N(G),N(G)-dimethylarginine dimethylaminohydrolase
1, T-complex protein 1 subunit beta, DnaJ-like/homolog
subfamily C members, nitric oxide synthase, keratin
9, E3 ubiquitin-protein ligase, PAX-interacting pro-
tein 1, vacuolar protein sorting-associated protein
52 (VPS52), neuropeptide GPCR family, glutamine-
dependent NAD(+) synthetase, hemicentin, Sp1-like
transcription factor family, cyclin-dependent kinase 9/10,
fork head box proteins or fork head domain-containing

protein crocodile, receptor-type tyrosine-protein phos-
phatase N2, and elongation of very long chain fatty acids
protein (Table 2). Elongation of very long chain fatty
acids protein and vacuolar protein sorting-associated
protein family were predicted by both of the two
modes.

GO assignments at level 3 were used to classify the
functions of these homologous planthopper proteins
(Fig. 2). For the 11 sets of homologous proteins from
the low mode, 16 GO terms were assigned in total.
The main terms included intrinsic component of mem-
brane and membrane part for the cellular component;
transferase activity, hydrolase activity, and catalytic
activity acting on DNA for the molecular function; and
cellular metabolic process, organic substance metabolic
process, primary metabolic process, nitrogen compound
metabolic process, and small molecule metabolic process
for the biological process. For the 31 sets of homologous
proteins from the high mode, 30 GO terms were assigned
in total. More molecular function terms were assigned
and only the transferase activity was shared by the two
modes. The main cellular component terms and biolog-
ical process terms were similar to those from the low
mode.

Validation of PPIs between planthopper proteins and
virus proteins

To verify the predicted PPIs, we tested ten PPIs be-
tween SBPH and RSV using GST/His-pull down or Co-
IP assay. The ten PPIs were flotillin2-CP/RdRp, translin-
RdRp, VPS52-NSvc4, importin α-CP/NS3/SP/NSvc4/
RdRp, and Ran GTPase-SP (Supporting files 2 and 3).
Flotillin2 (evm.model.Contig20.196) and translin (evm.
model.Contig223.14) belonged to the conserved homol-
ogous proteins shared by all planthopper-virus interac-
tions predicted with the low mode (Table 1). VPS52
(evm.model.Contig64.113), importin α (evm.model.
Contig1616.7), and Ran GTPase (evm.model.Contig1.
118) were the conserved homologous proteins predicted
with the high mode (Table 2). The SBPH proteins
were recombinantly expressed with a GST- or Flag-
tag. RSV proteins were recombinantly expressed with a
His-tag.

The in vitro pull down or Co-IP assay showed that
importin α-GST could bind His-CP, His-NS3, and His-
NSvc4 (Fig. 3A), but failed to bind the five fragments of
RdRp or His-SP (Supporting File 6A, 6B). GST-translin
only bound the fragment 2 of RdRp (RdRp2) (Fig. 3B
and Supporting file 6C). GST-flotillin2 was observed
to bind His-CP (Fig. 3C), not binding with either of
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Table 1 The homologous planthopper proteins shared by all planthopper-virus interactions predicted with the low mode.

Set Planthopper ID
†

Annotation

1 NLU005905.1 Elongation of very long chain fatty acids protein AAEL008004
[Acyrthosiphon pisum]

Sfur-4.85 Elongation of very long chain fatty acids protein AAEL008004 isoform X3
[Megachile rotundata]

evm.model.Contig143.52 Elongation of very long chain fatty acids protein [Zootermopsis nevadensis]
2 NLU002938.1 N-alpha-acetyltransferase 50 isoform X3 [Halyomorpha halys]

Sfur-255.21 N-alpha-acetyltransferase 50 isoform X3 [Halyomorpha halys]
evm.model.Contig152.41 N-alpha-acetyltransferase 50 isoform X4 [Cimex lectularius]

3 NLU022088.1 RuvB-like helicase 1 [Bombyx mori]
Sfur-490.23 RuvB-like 2 [Eufriesea mexicana]
evm.model.Contig193.8 RuvB-like 1 [Zootermopsis nevadensis]

4 NLU012648.1 Flotillin2 isoform X2 [Aedes albopictus]
Sfur-229.21 Flotillin2 [Bemisia tabaci]
evm.model.Contig20.196 Flotillin2 [Bemisia tabaci]

5 NLU007670.1 Translin isoform X1 [Sorex araneus]
Sfur-1146.1 Translin [Ictalurus punctatus]
Sfur-450.9 Translin [Ictalurus punctatus]
evm.model.Contig223.14 Translin [Plutella xylostella]

6 NLU012841.3 Adenosylhomocysteinase-like [Scleropages formosus]
Sfur-621.8 Adenosylhomocysteinase-like [Bemisia tabaci]
evm.model.Contig32.109 Adenosylhomocysteinase-like [Bemisia tabaci]

7 NLU004958.1 Retinol dehydrogenase 12 isoform X2 [Diaphorina citri]
NLU005829.1 Retinol dehydrogenase 12-like [Halyomorpha halys]
Sfur-1002.6 Retinol dehydrogenase 12-like [Halyomorpha halys]
evm.model.Contig325.14 Retinol dehydrogenase 12-like [Halyomorpha halys]

8 NLU009623.1 Uncharacterized protein LOC100867628 isoform X4 [Apis florea]
Sfur-25.84 Uncharacterized protein LOC100867628 isoform X4 [Apis florea]
evm.model.Contig45.146 Uncharacterized protein LOC100867628 isoform X2 [Apis florea]

9 NLU008048.1 Ras-like protein 2 [Zootermopsis nevadensis]
Sfur-20.207 Ras-like protein 3 [Asbolus verrucosus]
evm.model.Contig489.28 Ras-like protein 3 [Cimex lectularius]

10 NLU020849.1 Putative dioxygenase Mb0100 [Halyomorpha halys]
Sfur-234.23 Putative dioxygenase Mb0100 [Halyomorpha halys]
Sfur-395.11 Putative dioxygenase Mb0100 [Halyomorpha halys]
evm.model.Contig70.33 Putative dioxygenase Mb0100 [Halyomorpha halys]

11 NLU027631.1 Vacuolar protein sorting-associated protein 37B [Polistes dominula]
Sfur-848.4 Vacuolar protein sorting-associated protein 37A [Zootermopsis nevadensis]
evm.model.Contig226.21 Vacuolar protein sorting-associated protein 37A [Zootermopsis nevadensis]

†IDs beginning with NLU, Sfur and evm stand for proteins from the genome of Nilaparvata lugens, Sogatella furcifera, and Laodelphax
striatellus, respectively.

the RdRp fragments (Supporting file 6D). Negative
interactions were observed between Flag-VPS52 and
His-NSvc4 (Supporting file 6E) and between Flag-Ran
GTPase and His-SP (Supporting file 6F). Thus, five
of the ten PPIs were proven positive for the pair of
SBPH-RSV, and three of the five SBPH proteins were
confirmed to interact with RSV.

Discussion

For the first time, we predicted PPIs between rice viruses
and their vector insects at a genome-wide scale using the
DeNovo method and further provided a list of potential
conserved vector proteins essential for transmission
of rice viruses. Although these PPIs require further

© 2020 Institute of Zoology, Chinese Academy of Sciences, 00, 1–12
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Table 2 The homologous planthopper proteins shared by all planthopper-virus interactions predicted with the high mode.

Set Planthopper ID
†

Annotation

1 NLU004191.1, Sfur-2.162, evm.model.Contig1.118 RanGTPase
2 NLU006971.1, Sfur-308.11, evm.model.Contig109.25 GTP-binding protein REM 1, RAD, GEM
3 NLU015790.1, Sfur-79.5, evm.model.Contig110.14 Trehalose 6-phosphate synthase
4 NLU003954.1, Sfur-177.21, evm.model.Contig115.107 Rab3 GTPase-activating protein non-catalytic

subunit
5 NLU012587.1, Sfur-594.2, evm.model.Contig13.334 Threonylcarbamoyladenosine tRNA

methylthiotransferase
6 NLU022130.1, Sfur-107.89, evm.model.Contig1409.2 Aspartate–tRNA ligase cytoplasmic
7 NLU026574.1, Sfur-456.7, Sfur-691.8,

evm.model.Contig15902.1
Replication factor C subunit 4-like

8 NLU006108.1, Sfur-23.119, evm.model.Contig1616.7 Importin subunit alpha
9 NLU014543.1, Sfur-119.20, evm.model.Contig1617.5 Heparan sulfate 2-O-sulfotransferase pipe, heparan

sulfate 2-O-sulfotransferase 1
10 NLU028405.1, Sfur-20.87, evm.model.Contig175.56 Fumarylacetoacetase
11 NLU020781.1, Sfur-77.74, evm.model.Contig18.98 DNA-directed RNA polymerase I subunit RPA2
12 NLU004591.1, Sfur-114.8, evm.model.Contig21.144 Tubulin–tyrosine ligase-like protein 12
13 NLU016820.1, Sfur-9.312, evm.model.Contig21.71 28S ribosomal protein S5 mitochondrial
14 NLU011193.1, Sfur-24.345, Sfur-87.66,

evm.model.Contig252.4
Neuropeptide GPCR A21, A33, A20; tachykinin-like

peptides receptor 86C
15 NLU008920.1, Sfur-122.53, evm.model.Contig259.10 N(G),N(G)-dimethylarginine

dimethylaminohydrolase 1
16 NLU021161.1, Sfur-1.99, evm.model.Contig31860.1 T-complex protein 1 subunit beta
17 NLU005039.1, Sfur-70.73, evm.model.Contig34949.1 DnaJ-like protein subfamily C member 7
18 NLU025650.1, Sfur-9.52, evm.model.Contig385.13 Nitric oxide synthase
19 NLU010038.1, Sfur-323.24, evm.model.Contig389.19 Keratin type I cytoskeletal 9-like
20 NLU010023.1, NLU023516.1, Sfur-31.96,

evm.model.Contig41.48.3
Ubiquitin-protein ligase HECTD2, E3C, E3A

21 NLU027477.1, Sfur-49.48, evm.model.Contig480.51.1 PAX-interacting protein 1
22 NLU008758.1, NLU028397.1, Sfur-422.8,

evm.model.Contig64.113
Vacuolar protein sorting-associated protein 52

homolog
23 NLU009603.1, Sfur-86.8, evm.model.Contig64.45 Neuropeptide GPCR A27, A48
24 NLU006122.1, Sfur-693.2, evm.model.Contig79.132 Putative glutamine-dependent NAD(+) synthetase
25 NLU007693.1, NLU016547.1, Sfur-119.7,

evm.model.Contig262.47
Hemicentin-1, -2

26 NLU011964.1, NLU013169.1, Sfur-9.110,
evm.model.Contig14.29

Transcription factor Sp4, Sp9, Sp3

27 NLU023154.2, Sfur-705.2, evm.model.Contig651.2 DnaJ homolog subfamily C member 7, 16
28 NLU013975.1, Sfur-357.21, evm.model.Contig70.24.1 Cyclin-dependent kinase 9, 10
29 NLU018180.1, Sfur-637.13, evm.model.Contig427.28,

evm.model.Contig64.116, evm.model.Contig90.11
Forkhead box protein f2, E1, D3-B; fork head

domain-containing protein crocodile
30 NLU008807.1, Sfur-824.1, evm.model.Contig636.1 Receptor-type tyrosine-protein phosphatase N2
31 NLU005905.1, Sfur-10.225, Sfur-212.49, Sfur-4.85,

Sfur-45.66, evm.model.Contig143.52,
evm.model.Contig158.46,evm.model.Contig696.3

Elongation of very long chain fatty acids protein
AAEL008004

†IDs beginning with NLU, Sfur and evm stand for proteins from the genome of Nilaparvata lugens, Sogatella furcifera, and Laodelphax
striatellus, respectively.
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Fig. 2 Gene Ontology (GO) classifications at level 3 for the homologous planthopper proteins shared by all planthopper-virus interac-
tions predicted with the low or high mode. CC, cellular component. MF, molecular function. BP, biological process. In the right vertical
axis, green numbers account for the low mode and blue numbers account for the high mode.

verification with experimental data, they provide new
clues for downstream studies and reflect the complexity
of vector-virus interactions.

The true discovery rate for DeNovo predictions of the
PPI between rice viruses and planthoppers is not perfectly
100%. Using the in vitro pull down or Co-IP assay, we
found that three of the five SBPH proteins and five of the
ten PPIs were positive for the pair of SBPH-RSV. How-
ever, some SBPH proteins, which were previously proven
to interact with RSV’s CP, do not appear in the PPI list
of DeNovo prediction, such as GPS2, cuticular protein
CPR1, vitellogenin (Li et al., 2011; Huo et al., 2014; Liu
et al., 2015; Wang et al., 2017b). Machine learning pre-
dictors are limited by what they are trained on; while they

are designed to generalize, they learn generalizable rules
present in the data but cannot generalize to new rules with
no examples in the training data. DeNovo was trained on
interactions of human proteins and human viral proteins.
The missed interactions may be due to the sequence
dissimilarity between human and insect proteins, the se-
quence dissimilarity between human virus and rice virus
proteins, or the interaction rules governing those char-
acterized interactions are different. Moreover, even for
those known interactions sharing sequence similarity
with insect or rice virus proteins, DeNovo needs enough
number of known interactions for training to make proper
predictions. Among the 42 sets of conserved homologous
proteins shared by all planthopper–virus interactions,

© 2020 Institute of Zoology, Chinese Academy of Sciences, 00, 1–12
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Fig. 3 Glutathione-S-transferase (GST)/His-pull down or co-immunoprecipitation assay on the interactions between small brown
planthopper proteins and rice stripe virus (RSV) proteins. (A) GST-pull down showing the interaction between importin α and capsid
protein (CP), NS3, or NSvc4. (B) GST-pull down showing the interaction between translin and RdRp. (C) Co-immunoprecipitation
(Co-IP) showing the interaction between flotillin2 and CP. The products from pET28a vector and pGEX-3X vector served as negative
controls. Mouse immunoglobulin G was used as negative control in Co-IP. The anti-His monoclonal antibody, anti-GST polyclonal
antibody, and anti-Flag monoclonal antibody were used in western blot.

88% (37/42) are homologous to human proteins. This in-
dicates that DeNovo emphasizes the prediction of human
homologous proteins in PPIs. With the accumulation of
known insect–plant virus interaction data, DeNovo can
be trained to achieve a higher accuracy when predicting
PPIs between viruses and insects.

The conserved homologous planthopper proteins char-
acterized as interacting with rice viruses have exten-
sive functions essential to viral infection or transmis-
sion. For example, importin α belongs to the classical
importin (karyopherin) α/β nuclear transport pathway
(Hiscox, 2007). The interaction between importin α and
virus proteins has been widely reported in host cells and
found essential for viral infection or pathogenicity. The
polymerase subunit PB2 and nucleoprotein of influenza
A virus interact with importin α for nuclear localiza-

tion to benefit viral replication (Gabriel et al., 2008;
Gabriel et al., 2011). Nuclear targeting of potato mop-
top virus TGB1 mediated by importin α is vital for the
efficient systematic infection of the virus in the entire
plant (Lukhovitskaya et al., 2015). The interaction of rice
viruses with planthopper importin α in this work sug-
gests that importin α may play an essential role in viral
replication or transmission in vector insects. In addition,
flotillins are membrane organizing proteins and take part
in the endocytosis to support the recycling of cell surface
proteins (Babuke & Tikkanen, 2007). Recently it was re-
ported that flotillins are necessary for recycling of T cell
receptor to the immunological synapse and thus essential
for T cell activation (Compeer et al., 2018). There have
been no reports about the interaction between flotillins
and viral proteins. In our work, we predict that flotillin2

© 2020 Institute of Zoology, Chinese Academy of Sciences, 00, 1–12
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of planthoppers can bind multiple proteins of rice viruses,
and the interaction of flotillin2 and CP is verified in the
SBPH-RSV system. Probably flotillin2 plays a role in the
viral intercellular transport in vector insects, which needs
further investigation. Another positive protein, translin,
is a highly conserved DNA/RNA binding protein. It
forms C3PO complex with translin associated factor-X
(TRAX). The C3PO complex is involved in RNA si-
lencing process through suppressing synthesis of miRNA
(Asada et al., 2014) or promoting the siRNA pathway
(Liu et al., 2009). The interaction between RSV and
translin indicates that RSV would manipulate the RNA
silencing system of vector insects to attain a balanced
infection. Importantly, the three positive proteins have
homologous proteins in rice. There are five importin α

(XP_015639761.1, XP_015621365.1, XP_015619230.1,
XP_015644757.1 and XP_015621115.1 in GenBank),
three flotillin (XP_015613363.1, XP_025876759.1, and
XP_015613707.1), and one translin (XP_015613233.1)
homologous proteins in rice. Probably the viral infection
mechanisms involved in these homologous proteins are
similar in planthoppers and rice.

In conclusion, our study characterized the potential
PPIs between rice viruses and vector insects using a com-
putational virus-host PPI prediction method. These PPIs
provide new candidate targets for us to study the com-
plicated relationship between viruses and their vector in-
sects and may serve as potential targets for plant virus
prevention in future.
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