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Exosomes play a key role in virus exocytosis and transmission. The exportin family is
usually responsible for cargo nucleocytoplasmic trafficking, and they are frequently
found in exosomes. However, the function of exportins sorted in exosomes remains
unknown. Here, we successfully isolated “cup holder”-like exosomes from the saliva of
∼30,000 small brown planthoppers, which are vectors of rice stripe virus (RSV). RSV
virions were packed in comparatively large exosomes. Four viral genomic RNAs at a cer-
tain ratio were identified in the saliva exosomes. The virions contained in the saliva exo-
somes were capable of replicating and causing disease in rice plants. Interference with
each phase of the insect exosome system affected the transmission of RSV from the
insect vectors to rice plants. Fragmented exportin 6 was coimmunoprecipitated with
viral nucleocapsid protein in saliva and sorted to exosomes via interactions with the
cargo sorting protein VPS37a. When the expression of exportin 6 was knocked down,
the amounts of RSV secreted in saliva and rice plants were reduced by 60% and 74%,
respectively. These results showed that exportin 6 acted as a vehicle for transporting
RSV into exosomes to overcome the barrier of insect salivary glands for horizontal
transmission. Exportin 6 would represent an ideal target that could be manipulated to
control the outbreak of insect-borne viruses in the future.
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Both arboviruses transmitted by blood-feeding insects and persistent plant viruses vec-
tored by piercing–sucking agricultural insects are characterized by the systemic invasion
of diverse organs inside the insects. These viruses initially invade the gut epithelial cells
and are then released into the hemolymph, and they subsequently spread to salivary
glands and other organs and are finally secreted from the salivary glands into host cells
(1). Salivary glands are the last barrier for viruses to overcome, and this barrier includes
two steps: entering and exiting salivary gland cells. Key factors that facilitate viral entry
into salivary gland cells have been identified, such as an importin α protein that medi-
ates the entry of rice stripe virus (RSV) into the salivary glands of the insect vector
small brown planthopper (2); however, the key vector factors for virus release from sali-
vary gland cells remain elusive. Exosomes may contain viruses to aid in their spread.
For example, mosquito-borne dengue virus (3), tick-borne Langat virus (4), and
leafhopper-borne rice dwarf virus (5) have been found in exosomes that were secreted
in the culture medium of insect cell lines and infectious to the host cells. However,
direct and solid evidence showing that exosomes exist in insect saliva is lacking.
Exosomes are a type of membranous extracellular vesicle with a diameter of 30 to

200 nm (6). They originate from intraluminal vesicles (ILVs) in multivesicular bodies
(MVBs) (6). The formation of ILVs is involved in both endosomal sorting complexes
required for transport (ESCRT)-dependent and ESCRT-independent machineries (7).
MVBs are transported to and fuse with the plasma membrane to release ILVs as exo-
somes into the extracellular milieu. Proteins have been found in exosomes, and they
include chaperone proteins (Hsc70 and Hsp90), ESCRT proteins (Tsg101 and Alix),
tetraspanin proteins (CD9, CD63, CD81, and CD82), Rab proteins, and flotillins (6).
Flotillins are frequently used as molecular markers to indicate exosomes because they
bind cytosolic leaflets of endosome membranes in addition to cellular plasma mem-
branes to facilitate the assembly of multiprotein complexes at the membrane–cytosol
interface (7, 8). Exportins (exportin 1, exportin 2, exportin T, exportin 5, exportin 6,
and exportin 7) have been identified in exosomes isolated from various mammal cell
lines by mass spectrometry (9–12). However, the function of exportins sorted in exo-
somes is unknown.
RSV is a typical Tenuivirus that causes one of the most destructive rice stripe diseases

in temperate and subtropical regions (13). The genome of RSV contains four single-
stranded RNA segments and encodes a nucleocapsid protein (NP), an RNA-dependent
RNA polymerase (RdRp), and five nonstructural proteins (NS2, NSvc2, NS3, SP, and
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NSvc4) (14–16). RSV is capable of proliferating in midgut epi-
thelial cells and is efficiently transmitted by the small brown
planthopper Laodelphax striatellus (17). In this study, we suc-
cessfully isolated exosomes from the saliva of ∼30,000 small
brown planthoppers and demonstrated that RSV was loaded in
exosomes by binding with the exosome protein exportin 6 to
overcome the barrier of salivary glands and facilitate viral hori-
zontal transmission.

Results

Characteristics of Exosomes from Saliva and Hemolymph of
Small Brown Planthoppers. To characterize exosomes of small
brown planthoppers, saliva from ∼30,000 nonviruliferous plan-
thoppers was collected using saliva-collection glass bottles (SI
Appendix, Fig. 1A) as described previously (18). Hemolymph
from ∼3,000 nonviruliferous planthoppers was collected using

a centrifugation method (19). After isolation from saliva and
hemolymph samples, the exosomes resembled “cup holders” or
“round cakes” with different sizes of ∼30, 45, 55, 60, 65, 100,
and 140 nm under a transmission electron microscope (TEM)
(Fig. 1A). Using a polyclonal antibody against planthopper flo-
tillin 2 (20), which is regarded as a molecular marker associated
with exosomes (7), we detected the existence of flotillin 2 in
the cup holder-like exosomes under immunoelectron micros-
copy (Fig. 1B).

The particle sizes of exosomes isolated from the hemolymph
of nonviruliferous and viruliferous planthoppers were compared
using nanoparticle tracking analysis (NTA). The mean sizes of
the exosomes from nonviruliferous and viruliferous planthoppers
were 92.8 ± 1.8 nm and 92.4 ± 2.1 nm, respectively. However,
the peak diameter was 79.1 nm for viruliferous planthoppers,
larger than the 64.1-nm peak diameter for nonviruliferous plan-
thoppers (Fig. 1C), indicating that the particle diameter with the
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Fig. 1. Characteristics of exosomes from saliva and hemolymph of small brown planthoppers. (A) Morphology of exosomes under a transmission electron
microscope. (Scale bar, 50 nm.) (B) Immunoelectron microscopy showing exosomes and flotillin 2, which was labeled by gold-conjugated antibodies. Arrows
indicate flotillin 2 molecules. (Scale bar, 50 nm.) (C) The size distributions of exosomes from the hemolymph of nonviruliferous (NV) and viruliferous (V) plan-
thoppers analyzed by NTA. (D) Western blot assays for RSV NP and flotillin 2 in hemolymph exosomes distributed in twelve fractions (F1 to F12) after
density-gradient ultracentrifugation. Anti-NP monoclonal and anti-flotillin 2 polyclonal antibodies were used. (E) NTA analysis of exosomes potentially
containing RSV from fractions 7 and 8. The morphology of exosomes was shown using TEM.
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highest concentration of exosomes was larger in viruliferous
insects. To further determine the sizes of the exosomes poten-
tially containing RSV virions, density-gradient ultracentrifuga-
tion with a series of iodixanol concentrations was used to purify
the exosomes. Twelve fractions were collected, among which flo-
tillin 2 mainly accumulated in fractions 5 through 8, and RSV
NPs were present in fractions 7 through 12 (Fig. 1D). Fractions
7 and 8, in which the exosomes potentially contained RSV viri-
ons, were isolated for NTA measurement. The results showed
that the mean sizes of the exosomes in fractions 7 and 8 were
136.1 nm and 149.3 nm and that the major peaks were 98.8
nm and 119.3 nm (Fig. 1E). These results suggested that RSV
was mostly loaded in comparatively large exosomes.

RSV Virions Were Packaged in Exosomes. To verify whether
RSV virions were contained in exosomes, we used a colloidal
gold-conjugated anti-NP antibody to label virions, and the four
genomic segments (RNA1 to RNA4) of RSV were quantified
using absolute real-time quantification PCR (qPCR) based on
standard curves (SI Appendix, Fig. 2). Virions were observed

inside of the exosomes isolated from saliva under immunoelec-
tron microscopy (Fig. 2A). The copy numbers of RNA3 and
RNA4 in the saliva exosomes were much higher than those of
the other two segments, and RNA2 was nearly undetectable
due to the low quantity of collected exosomes (Fig. 2B). The
ratios of RNA3 and RNA4 were also the highest in the whole
saliva (Fig. 2B). Considering that exosomes are derived from
ILVs in MVBs before being released out of the cells, we exam-
ined MVBs in the primary salivary gland cells of viruliferous
planthoppers. Multiple ILVs were contained in one MVB. Flo-
tillin 2 labeled by 5 nm gold-conjugated anti-flotillin 2 anti-
bodies was found on the plasma membrane of ILVs (Fig. 2C).
RSV virions labeled by 10 nm gold-conjugated anti-NP anti-
bodies existed inside of ILVs and on the plasma membrane of
ILVs (Fig. 2C). Interestingly, RSV virions were frequently
found to accumulate near MVBs (Fig. 2C).

Saliva Exosomes Containing RSV Were Infectious to Rice Plants.
To clarify whether RSV virions contained in the saliva exo-
somes were infectious to rice plants, we isolated exosomes from
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Fig. 2. RSV virions were packaged in exosomes. (A) Immunoelectron microscopy showing RSV virions in saliva exosomes labeled with gold-conjugated anti-
NP monoclonal antibodies. The negative control (NC) was not treated with the monoclonal antibody. Arrowheads indicate RSV NP molecules. (Scale bar,
50 nm.) (B) Copy numbers of four genomic RNAs of RSV in saliva exosomes and whole saliva measured by absolute real-time qPCR. Two batches of samples
are shown. (C) Double immunogold labeling of RSV NPs and flotillin 2 in MVBs of primary salivary gland cells of planthoppers. MVB is outlined by blue-
dotted line. Red arrowheads indicate the NPs labeled by 10 nm gold-conjugated anti-NP monoclonal antibodies. Yellow arrowheads indicate flotillin 2 labeled
by 5 nm gold-conjugated anti-flotillin 2 polyclonal antibodies. Black arrows indicate ILVs in MVBs. The NC was not treated with antibodies.
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the saliva of viruliferous planthoppers with a high purity with-
out free virions (Fig. 3A). Filamentous viral particles were
clearly observed in virion crude extracts from viruliferous plan-
thoppers under a TEM (Fig. 3B). When the saliva exosomes
were injected into the midrib of rice leaves, the viral load in the
local leaves increased significantly over time from 3 to 9 d post-
inoculation (dpi) in terms of the RNA level of RSV NP (Fig.
3C). A typical stripe symptom appeared in the leaves after
4 wk, similar to the positive control, which was inoculated with
virion crude extracts from viruliferous planthoppers (Fig. 3D).
Thus, RSV virions contained in the saliva exosomes were capa-
ble of replicating and causing diseases in rice plants.

Interference with Insect Exosome Systems Reduced RSV
Transmission to Plants. The effects of several key genes of
insect exosome systems on RSV transmission were explored,
including tetraspanin CD63, syntenin, and SMPD, involved in
exosome formation (21–23); VPS37a, involved in cargo sorting
(24); Rab27a, involved in MVB transport (25); and VAMP7,
involved in exosome secretion (26). The expression of the six
genes did not change in the insect whole body between virulif-
erous and nonviruliferous planthoppers (SI Appendix, Fig. 3A).
However, the transcript levels of CD63, VPS37a, Rab27a, and
VAMP7 were up-regulated in viruliferous salivary glands (Fig.
4A), while CD63 was up-regulated and SMPD and VPS37a
were down-regulated in viruliferous guts (SI Appendix, Fig. 3B).
These results indicated that RSV probably affects insect exo-
some systems with organ specificity.
When the expression of each gene was interfered with an

efficiency of over 70% after injection of double-stranded RNAs
(dsRNAs) targeting each gene in viruliferous third-instar plan-
thoppers (SI Appendix, Fig. 4), the RSV load did not change in
planthoppers at 7 dpi compared to the control groups that

were injected with GFP dsRNA, and even the simultaneous
interference of the expression of three exosome formation
genes, i.e., CD63, syntenin, and SMPD, did not affect viral load
in planthoppers (Fig. 4 B–H). However, the amounts of RSV
secreted to rice plants in terms of the RNA level of NP were
reduced by 75%, 66%, and 63% after being fed on by the
planthoppers for 3 d with a VPS37a, Rab27a, or VAMP7
knockdown, respectively, or reduced by 81% with the simulta-
neous knockdown of the three exosome formation genes (Fig. 4
E–H). These results indicated that each phase of the insect exo-
some systems affected the transmission of RSV from insect vec-
tors to rice plants.

RSV NP Bound Fragmented Exportin 6 in Saliva. The molecular
mechanism of RSV loaded in exosomes was further investigated
using RSV NP monoclonal antibody as a bait to pull down
NP-binding proteins in the saliva of viruliferous planthoppers
through coimmunoprecipitation (Co-IP) assays. A predominant
band appeared between 55 kDa and 72 kDa in three Co-IP assay
replicates (Fig. 5A). Liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) identified 10 NP-binding saliva proteins
with a peptide score higher than 21, including exportin 6, coiled-
coil domain-containing protein 40, endoplasmin, armadillo
protein, alanine-glyoxylate aminotransferase 2-like, elongator
complex protein 1, and four unknown proteins. Exportin 6 and
coiled-coil domain-containing protein 40 were detected in two
replicates and found in exosomes (11, 27). Surprisingly, exportin
6 was also identified in the predominant band between 55 kDa
and 72 kDa by mass spectrometry (Fig. 5A).

Based on the genome of the small brown planthopper (28),
the full-length open reading frame (ORF) of exportin 6 was
2,949 bp, and it putatively encoded a protein of 982 amino acid
residues (aa) with a molecular weight of 113.5 kDa (GenBank
accession no. RZF34382.1). Phylogenetic analyses showed
that exportin 6 of the small brown planthopper was clustered
with exportin 6 from mammals and other insects (SI Appendix,
Fig. 5). The exportin 6 bound to NP in saliva seemed to be frag-
mented. Considering that the peptide from amino acids 433 to
442 of exportin 6 was retrieved by mass spectrometry and that
the possible protease cleavage sites were predicted in the region
from 417 to 426 aa in the PeptideCutter website, we expressed
two fragments of exportin 6, the N fragment from 1 to 416 aa
(native molecular weight of 48.2 kDa) and the C fragment from
417 to 982 aa (native molecular weight of 65.3 kDa), with His-
tags in Escherichia coli. Co-IP assays showed that the C-fragment
of exportin 6, but not the N fragment, bound the recombinantly
expressed NP-Flag (Fig. 5 B and C).

To clarify the occurrence of fragmented exportin 6 in the small
brown planthopper, a polyclonal antibody against exportin 6 was
produced using a synthesized polypeptide from 937 to 961 aa of
exportin 6. This antibody was first proven to recognize the
recombinantly expressed C fragment of exportin 6 (Fig. 5D). In
the NP-binding proteins pulled down using the NP monoclonal
antibody from saliva or whole bodies of viruliferous planthoppers,
the exportin 6 antibody showed only one band with a size
between 55 kDa and 72 kDa (Fig. 5 E and F), in which exportin
6 was identified by mass spectrometry (Fig. 5A). These results
indicated that RSV virions bound fragmented exportin 6, a puta-
tive exosome protein, in planthopper saliva.

Exportin 6 Was Sorted into Exosomes by VPS37a and Facilitated
RSV Transmission. This study further explored whether the frag-
mented exportin 6 resides in exosomes. In the ultrathin sections
of hemolymph exosomes from viruliferous planthoppers analyzed
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Fig. 3. Saliva exosomes containing RSV were infectious to rice plants.
(A) Purity of saliva exosomes isolated from viruliferous planthoppers and
checked under a TEM. (B) Filamentous viral particles in virion crude extracts
from viruliferous planthoppers under a TEM. Arrows indicate viral particles.
(C) Relative RNA levels of RSV NP in rice leaves at different times after
inoculation with saliva exosomes isolated from viruliferous planthoppers
measured by real-time qPCR. The RNA level of NP was normalized to the
transcript level of tubulin. Different letters indicate a statistically significant
difference. (D) Disease symptoms in rice leaves 4 wk after inoculation with
saliva exosomes or virion crude extracts from viruliferous planthoppers.
The negative control was inoculated with PBS.
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under immunoelectron microscopy, exportin 6 was found to be
labeled by colloidal gold-conjugated exportin 6 polyclonal anti-
body as well as RSV NP, which was also labeled by NP monoclo-
nal antibody (Fig. 6A). Exportin 6 was also observed in the ILVs
of MVBs in the primary salivary gland cells of viruliferous plan-
thoppers (Fig. 6B). How exportin 6 and RSV were loaded in

exosomes was further explored. In the six key genes of insect exo-
some systems, VPS37a, Rab27a, and VAMP7 affected the trans-
mission of RSV from insect vectors to rice plants (Fig. 4 F–H).
Considering that only VPS37a is responsible for sorting cargoes
into the ILVs while Rab27a and VAMP7 play a role in MVB
transport and docking at cell membrane (24–26), we chose

A B
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Fig. 4. Interference with the insect exosome systems reduced RSV transmission to plants. (A) Comparison of relative transcript levels of CD63, syntenin,
SMPD, VPS37a, Rab27a, or VAMP7 in the salivary glands of viruliferous and nonviruliferous adult planthoppers as measured by real-time qPCR. The transcript
level of each gene was normalized to that of EF2. (B–H) Relative RNA levels of RSV NP in the viruliferous planthoppers at 7 d after the injection of dsRNAs for
each gene (dsCD63, dssyntenin, dsSMPD, dsVPS37a, dsRab27a, and dsVAMP7) or the three genes together (dsCD63+syntenin+SMPD) and in the rice plants
fed on by the dsRNA-injected planthoppers for 3 d, as measured by qPCR. The transcript levels of planthopper EF2 and rice tubulin were quantified to nor-
malize the RNA level of NP. The control group was injected with GFP dsRNA (dsGFP). *P < 0.05. **P < 0.01. ***P < 0.001. n.s., no significant difference.
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VPS37a to test its binding with fragmented exportin 6 and the
NP of RSV through Co-IP assays. The recombinantly expressed
VPS37a pulled down the C fragment of exportin 6, whereas it
did not pull down the NP of RSV (Fig. 6C). When the expres-
sion of VPS37a was knocked down with injection of dsRNAs in
viruliferous planthoppers, we purified hemolymph exosomes in
fractions 7 and 8 of density-gradient ultracentrifugation at 7 dpi
(Fig. 1D) and found that the amounts of RSV in terms of
NP protein levels in the exosomes were reduced by one quarter
(Fig. 6D). These results indicated that the load of RSV in exo-
somes was dependent on the sorting of exportin 6 in exosomes
by VPS37a.
When the expression of exportin 6 was knocked down by the

injection of dsRNAs for exportin 6 (SI Appendix, Fig. 6A), the
survival rate and feeding behavior of viruliferous planthoppers
were not affected (SI Appendix, Fig. 6 B and C); moreover, the
RSV amounts in the whole bodies and salivary glands of plan-
thoppers did not change at 8 dpi (Fig. 6E). Instead, the
amounts of RSV were reduced by 60% in planthopper saliva
secreted in phosphate buffer saline (PBS) buffer and 74% in
rice plants fed by planthoppers compared to the control groups,
which were injected with GFP dsRNA (Fig. 6 F and G and

SI Appendix, Fig. 2). Therefore, exportin 6 did not affect RSV
accumulation in insect vectors; instead, it facilitated RSV
release from insect vectors to plants.

Discussion

As mediators of molecular transmission between cells or organs,
exosomes have been highlighted for their biological significance
based on the discovery of their various specific roles, including
their function as vehicles of transmission for a variety of micro-
organisms. Here we isolated exosomes from tiny amounts of
saliva from an insect vector with a size of less than 4 mm and
identified viral proteins and genomes of RSV in the exosomes.
The entry of RSV into exosomes relied on fragmented exportin
6, which was sorted into exosomes by interaction with VPS37a.
Interference with any phase of the exosome systems or exportin
6 greatly reduced the amount of RSV secreted to rice plants.
This study provides explicit evidence to show the function of
exportin 6 in transporting viruses to exosomes for viral horizon-
tal transmission.

This study found that exportin transports viruses into exo-
somes. The exportin family is usually responsible for trafficking
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Fig. 5. RSV NP bound fragmented exportin 6 in saliva. (A) SDS-PAGE of the NP-binding proteins pulled down using RSV NP monoclonal antibody from the
saliva of viruliferous planthoppers in three replicates of Co-IP assays. Mouse IgG was used as a negative control. The arrowhead indicates the predominant
band between 55 kDa and 72 kDa. (B and C) Interactions between recombinantly expressed NP-Flag and His-tagged C fragment (Xpo6-C-His) or N fragment
(Xpo6-N-His) of exportin 6 in the Co-IP and Western blot assays using anti-His and anti-Flag monoclonal antibodies. The expression products from the
pET28a vector were used as a negative control. (D) Verification of the anti-exportin 6 polyclonal antibody using Xpo6-C-His in Western blot assays. (E and F)
In vivo Co-IP assays on the binding of RSV NP to exportin 6 (Xpo6) in saliva and whole bodies of planthoppers using the anti-NP monoclonal antibody and
anti-Xpo6 polyclonal antibody. Mouse IgG was used as a negative control.
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proteins with a nuclear export signal from the nucleus to the
cytoplasm in eukaryotes (29). We found that exportin 6 acted
as a VPS37a-recognized vehicle to transport RSV virions into
exosomes, while RSV could not bind VPS37a directly. This
virus-transporter function was fulfilled by fragmented exportin
6. Although we did not determine the accurate cleavage site of
the C fragment of exportin 6, fragmented exportin 6 did not
contain the two conserved domains of the IBN_N and Xpo1

superfamilies and seemed to be the predominant form in the
small brown planthopper. Homologs of exportin 6 in humans
(30), Xenopus oocytes (31), and Drosophila (32) have a full pro-
tein length of over 100 kDa. Interestingly, a 72-kDa protein
recognized by the Drosophila exportin 6 antibody was previ-
ously revealed as an untargeted protein due to the cross-
reaction (32). Thus, fragmented exportin 6 may also occur in
these species.

A D

B

C

E F G

Fig. 6. Exportin 6 was sorted into exosomes by VPS37a and facilitated RSV transmission. (A) Immunoelectron microscopy showing RSV virions and exportin
6 (Xpo6) in ultrathin cryosections of hemolymph exosomes labeled by gold-conjugated anti-NP monoclonal antibody and anti-Xpo6 polyclonal antibody. The
NC was not treated with antibodies. Arrowheads indicate RSV NP and Xpo6 molecules. (Scale bar, 50 nm.) (B) Immunogold labeling of Xpo6 in ultrathin sec-
tions of primary salivary gland cells of planthoppers. Yellow arrowheads indicate Xpo6 labeled with gold-conjugated anti-Xpo6 polyclonal antibody. Black
arrows indicate ILVs. NC was not treated with antibodies. (C) Interactions between recombinantly expressed VPS37a-Flag and the His-tagged C fragment of
exportin 6 (Xpo6-C-His) or between NP-Flag and VPS37a-His in the Co-IP and Western blot assays using anti-His and anti-Flag monoclonal antibodies. The
expression products from the pET28a vector were used as a negative control. (D) Western blot assays for RSV NP and flotillin 2 in hemolymph exosomes dis-
tributed in fractions 7 and 8 of density-gradient ultracentrifugation at 7 d after the injection of double-stranded RNAs for VPS37a (dsVPS37a) or GFP (dsGFP).
Anti-NP monoclonal and anti-flotillin 2 polyclonal antibodies were used. Three repeats are shown with hemolymph exosomes isolated from 1,000 planthop-
pers. The raw gray values are indicated below each band and the relative gray value of NP to that of flotillin 2 was compared between groups. ***P < 0.001.
(E) Relative RNA levels of RSV NP to that of planthopper EF2 in the whole bodies and salivary glands of viruliferous planthoppers at 8 d after injection of
dsRNAs for exportin 6 (dsXpo6). The control group was injected with GFP dsRNA (dsGFP). n.s., no significant difference. (F) Copy number of RSV NP in plan-
thopper saliva secreted in PBS buffer after injection of dsXpo6 or dsGFP measured by absolute real-time qPCR. (G) Relative RNA levels of RSV NP to that of
rice tubulin in rice plants fed by dsXpo6- or dsGFP-injected planthoppers for 1 d. *P < 0.05.
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The main mechanism by which RSV is released from salivary
glands could be by hijacking exosomes. We found that the
ratios of viral RNA3 and RNA4 were higher than those of the
other two genomic RNAs in saliva exosomes and in the whole
saliva but were different from those in the whole insect body,
where RNA1 was the most dominant segment (33). Coinci-
dently, the ratios of RNA3 and RNA4 were triple that of
RNA1 or RNA2 when RSV was secreted from planthoppers to
rice leaves for 1 d (33). The amounts of RSV secreted to rice
plants were reduced by at least 63% when insect exosome sys-
tems were inhibited. This evidence suggests that hijacking exo-
somes is probably the dominant pathway for RSV transmission
from salivary glands to plants. The dominance of RNA3 and
RNA4 in saliva exosomes has biological significance because the
NP (structural protein) (34), NS3 (gene silencing suppressor)
(35), SP (disease-specific protein) (36), and NSvc4 (movement
protein) (14) encoded by the two segments are indispensable
for RSV in establishing the initial infection in rice plants. Rice
dwarf virus (RDV) also predominantly relies on exosomes for
transmission, as virions were observed to be enclosed in the
exosomes and the transmission ratio by leafhoppers was
reduced by ∼75% when Rab27a was knocked down (5). Other
pathways may take part in viral release. Rice gall dwarf virus
induces the formation of virus-associated filaments within the
salivary glands of leafhoppers, and such filaments attach to the
apical plasmalemma and induce an exocytosis-like process for
viral release (37).
The sizes of the exosomes are affected by viral infection. Exo-

somes usually range from 30 to 200 nm in diameter (6). RSV
is a nonenveloped and 3 nm- to 8 nm-wide filament of differ-
ent lengths that folds to form pleomorphic or branched config-
urations (38). We found that the mean size of the exosomes
containing RSV was between 136.1 nm and 149.3 nm, which
were larger than that of exosomes from nonviruliferous plan-
thoppers (92.8 nm). RDV is an icosahedral and nonenveloped
virus with an average diameter of ∼70 nm (39). In the salivary
cavities of leafhoppers, the packaging of RDV enlarged exo-
somes to 110 to 302 nm in diameter, while the virus-free exo-
somes were 53 to 135 nm in diameter (5). Langat virions are
small round icosahedral enveloped particles with a diameter of
50 nm, similar to tick-borne encephalitis virus (40). The ratio
of 150- to 200-nm exosomes is much higher in Langat virus-
infected tick cells (18%) than in uninfected cells (6.5%) (4).
Regardless of the size, configuration, and presence or absence of
an envelope, viruses always take advantage of exosomes with
comparatively large sizes.
In conclusion, we identified a key role of exportins in

exosome-mediated horizontal transmission of RSV from insect
vectors to host plants. Exportin 6 as well as genes in each phase
of the insect exosome systems represent potential targets for
controlling future RSV outbreaks.

Materials and Methods

Small Brown Planthoppers. The small brown planthoppers used in this study
were derived from a field population collected in Nanjing, Jiangsu Province,
China in 2019. The nonviruliferous and viruliferous populations were separately
reared on fresh rice seedlings, Oryza sativa Wuyujing, in glass beakers at 25 °C
with 16 h of light daily. The RSV-carrying frequency of the viruliferous population
was maintained above 90% through a purification selection every 3 mo via a dot
enzyme-linked immunosorbent assay (dot-ELISA) with a homemade anti-NP
monoclonal antibody (41).

Isolation and Purification of Hemolymph Exosomes. Each hemolymph
sample was collected from ∼3,000 nonviruliferous or viruliferous adult

planthoppers using a centrifugation method (18). The exosomes were isolated
by serial centrifugation as described in SI Appendix, Fig. 1B and used directly for
electron microscopy or immunoelectron microscopy assays or further purified in
a density-gradient ultracentrifugation with a series of iodixanol concentrations.
Discontinuous iodixanol gradients from 40%, 20%, and 10 to 5% were made by
diluting a stock solution of 60% iodixanol (OptiPrep, Axis-Shield) with 0.25 M
sucrose in 1 mM ethylenediaminetetraacetic acid (EDTA) and 10 mM Tris�HCl
(pH 7.4). The exosome sample was layered on top of an iodixanol gradient and
centrifuged at 100,000 × g for 18 h at 4 °C. Twelve fractions with 400 μL in
each fraction were collected for subsequent Western blot analysis using a home-
made anti-flotillin 2 polyclonal antibody and an anti-NP monoclonal antibody.
Exosomes from fractions 7 and 8 were used for NTA analysis and elec-
tron microscopy.

Isolation of Saliva Exosomes. Each saliva sample was collected from
∼30,000 viruliferous fourth-instar nymphs. Fifty nymphs were transferred to a
saliva-collection glass bottle (SI Appendix, Fig. 1A). One end of the bottle was
covered with two layers of parafilm membranes that sandwiched 400 μL of PBS
(10 mM PBS, pH 7.4). The other end was sealed with a thin layer of gauze. After
feeding for 24 h at 23 °C in an incubator, the saliva contained in PBS was col-
lected as described previously (18). Exosomes were isolated using the exosome
precipitation solution ExoQuick-TC (System Biosciences Inc.) following a proce-
dure described in detail in SI Appendix, Fig. 1B.

Nanoparticle Tracking Analysis. NTA was performed in a NanoSight NS300
particle size analyzer (Malvern Panalytical) following the manufacturer’s instruc-
tions. Exosome samples were diluted with PBS to concentrations falling into the
range between 1 × 108 and 20 × 108 particles/mL. Each sample was measured
in triplicate. The recorded movie data were analyzed with the NTA 3.4 program
to calculate the sizes and numbers of particles included.

Electron Microscopy of the Exosomes. Hemolymph or saliva exosomes were
loaded onto 200 mesh copper grids, which were coated with a formvar/carbon
film and glow charged for 45 s. Exosomes were stained with 1% uranyl acetate for
1 min in the dark and then examined by a JEM-1400 transmission electron micro-
scope (JEOL) at an accelerating voltage of 80 kV.

Immunoelectron Microscopy of the Exosomes. Saliva or hemolymph exo-
somes were fixed with 2% paraformaldehyde in phosphate buffer (PB) (0.1 M
phosphate, pH 7.4) and loaded onto 200 mesh copper grids, which were coated
with a formvar/carbon film and glow charged for 45 s. After permeation with
0.1% Triton X-100 for 20 min, the exosomes were immunolabeled with a home-
made anti-NP monoclonal antibody or an anti-flotillin 2 polyclonal antibody,
followed by a gold-conjugated goat anti-mouse or goat anti-rabbit secondary
antibody (Merck). The negative control was not treated with primary antibodies.
The samples were negatively stained with 1% uranyl acetate in the dark and
observed using a JEM-1400 transmission electron microscope (JEOL) at an accel-
erating voltage of 80 kV.

Hemolymph exosomes were also prepared for ultrathin cryosections. After fix-
ation with a mixture of 4% paraformaldehyde and 0.5% glutaraldehyde in PB
(pH 7.4), the exosomes were embedded in 2% gelatin and infused in 2.3 M
sucrose. The mounted gelatin blocks were frozen in liquid nitrogen, and 80-nm
ultrathin sections were prepared with a Leica EM FC7 μLtramicrotome (Leica
Microsystems). The sections were adhered to 50 mesh copper grids using 2%
methylcellulose in 2.3 M sucrose, blocked with 1% bovine serum albumin (BSA),
and immunolabeled with an anti-NP monoclonal antibody or anti-exportin 6
polyclonal antibody, followed by a gold-conjugated goat anti-mouse or goat anti-
rabbit secondary antibody. The samples were embedded in a mixture of 4%
methylcellulose and 2% uranyl acetate (9:1) on ice and viewed with a Tecnai
Spirit transmission electron microscope (FEI) at 120 kV.

Immunoelectron Microscopy of the Salivary Glands. The salivary glands
were dissected and fixed with 4% paraformaldehyde and 0.5% glutaraldehyde
in PB (pH 7.4) at 4 °C overnight. After dehydration in 30%, 50%, 70%, 85%,
95%, and 100% alcohol, the salivary glands were embedded in LR White
Resin (Merck) and cut into 70-nm ultrathin sections using a Leica EM UC6
μLtramicrotome (Leica Microsystems). The sections were placed onto 50 mesh
copper grids before being blocked for 1 h with 1% BSA. After immunolabeling
with the anti-NP monoclonal antibody and anti-flotillin 2 polyclonal antibody, or
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the anti-exportin 6 polyclonal antibody, 10 nm gold-conjugated goat anti-mouse
and 5 nm gold-conjugated goat anti-rabbit secondary antibodies were added.
The negative control was not treated with primary antibodies. The samples were
stained with 2% neutral uranyl acetate for 5 min in the dark and viewed under a
Tecnai Spirit transmission electron microscope (FEI) at 120 kV.

RNA Extraction and cDNA Synthesis. Total RNA from five planthoppers,
50 salivary glands, one rice leaf, 400 μL of exosome fractions, or saliva from
50 planthoppers was extracted using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. One microgram of total RNA was reverse transcribed
to cDNA with Moloney murine leukemia virus (M-MLV) reverse transcriptase and
random primers (Promega).

Protein Expression and Antibody Preparation. The N fragment (1 to
416 aa) and C fragment (417 to 982 aa) of exportin 6, RSV NP, and VPS37a were
cloned and constructed into the vector pET28a to generate His-tagged or Flag-
tagged recombinant proteins. The primers are listed in SI Appendix, Table 1. The
recombinant plasmids were transformed into E. coli BL21(DE3) for expression.
After 10 h of induction with 0.5 mmol/L isopropyl-β-D-thiogalactoside (IPTG) at
16 °C, the cells were pelleted by centrifugation and then sonicated for 30 min on
ice. Then, the supernatant from the sonicated cells was used for Co-IP assays. The
polypeptide from 937 to 961 aa of exportin 6 was synthesized and served as an
antigen for the production of a rabbit polyclonal antibody by the Beijing Protein
Innovation Company. The specificity of the antibody was tested for the recognition
of the recombinantly expressed His-tagged C fragment of exportin 6 through
Western blot analysis.

Co-IP and Mass Spectrometry. Protein G beads (50 μL) were mixed with
5 μg of monoclonal anti-NP or IgG antibodies (Merck) and then incubated with
7 mL of saliva from viruliferous planthoppers overnight. The antibody–protein
complex was dissociated from the beads with elution buffer (Thermo Fisher Sci-
entific) and subjected to sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). After the heavy chain and light chain of immunoglobulin were
removed, the remaining gels were used for LC-MS/MS analysis on a Q-Exactive
instrument (Thermo Fisher Scientific) at the Beijing Protein Innovation Company.
Three biological replicates were prepared. The band between 55 kDa and
72 kDa was isolated for LC-MS/MS analysis.

The in vitro Co-IP assays to identify the interactions between the recombi-
nantly expressed NP and fragments of exportin 6 or VPS37a and the in vivo
Co-IP assays to identify the binding of RSV NP to exportin 6 in saliva and whole
bodies of planthoppers were performed as previously described (2).

Absolute Real-Time qPCR. The RNA levels of four genomic RNAs of RSV
(RNA1, NC_003755; RNA2, NC_003754; RNA3, NC_003776; and RNA4,
NC_003753) and NP in saliva exosomes, hemolymph exosomes, or saliva were
determined using absolute qPCR on a LightCycler 480 II (Roche). The primers
are shown in SI Appendix, Table 1. The standard curves were obtained as
described previously (33). The linear regression equation, along with the coeffi-
cient of determination (R2), was used to evaluate the standard curves. The copy
numbers were determined from the standard curves. Two different batches for
each sample were prepared.

Real-Time qPCR. qPCR was used to measure the RNA levels of RSV NP (GenBank
accession no. DQ299151) and the transcript levels of CD63 (evm.model.Con-
tig253.61 in L. striatellus genome dataset), syntenin (evm.model.Contig104.45),
SMPD (evm.model.Contig371.22.2), VPS37a (evm.model.Contig226.21), Rab27a
(evm.model.Contig31.98), VAMP7 (evm.model.Contig389.14), and exportin 6
(RZF34382.1). The transcript levels of planthopper translation elongation factor 2
(EF2) (evm.model.Contig0.299) and rice tubulin (XP_015649724.2) were quanti-
fied to normalize the cDNA templates of planthoppers and rice. The primers for
each gene are listed in SI Appendix, Table 1. The relative RNA or transcript level of

each gene to EF2 or tubulin was reported as the mean ± SEM. Differences were
statistically evaluated using Student’s t test to compare the two means and one-
way ANOVA followed by Tukey’s test for multiple comparisons in SPSS 19.0.

Double-Stranded RNA Synthesis and Injection. The dsRNAs for CD63
(398 bp), syntenin (457 bp), SMPD (666 bp), VPS37a (515 bp), Rab27a
(271 bp), VAMP7 (340 bp), and exportin 6 (785 bp) were synthesized using the
T7 RiboMAX Express RNAi System (Promega) following the manufacturer’s
instructions. The corresponding PCR primers are shown in SI Appendix, Table 1.
A total of 23 nL of 6 μg/μL dsRNA for each gene or a mixture of dsRNAs for
CD63, syntenin, and SMPD was injected into viruliferous third-instar nymphs
using a Nanoliter 2000 microinjector (World Precision Instruments). The control
group was injected with dsRNA for GFP. Four days after injection, the insects
were fed one healthy rice seedling for 3 d or 1 d (for injection of dsRNA for
exportin 6). The whole bodies and salivary glands of the insects and plants were
collected for RNA extraction and qPCR. A total of 7 to 9 biological replicates of
the insect samples and 9 to 15 biological replicates of the rice were prepared.
The saliva of 15 insects secreted in PBS buffer was collected for 1 d at 7 dpi and
used for absolute qPCR. A total of 7 to 11 biological replicates were prepared.

Mechanical Injection of Saliva Exosomes in Rice Seedlings. Saliva exo-
somes were microinjected into the midribs of healthy 4-wk-old rice leaves
through a glass needle using a Nanoliter 2000 microinjector (World Precision
Instruments). Each leaf was microinjected five times with 23 nL each time at an
interval of 1 cm. The leaves were collected at 3, 6, and 9 dpi for RSV NP mea-
surement with qPCR. One leaf per replicate and 13 to 20 biological replicates
were prepared. Disease symptoms were observed after 4 wk of inoculation. RSV
crude extracts from viruliferous planthoppers were prepared as described previ-
ously (19) and used as positive control.

Phylogenetic Analysis. The homologous exportin proteins from other insect
species, Danio rerio, mice, and humans were downloaded from the National
Center for Biotechnology Information. A neighbor-joining phylogenetic tree was
constructed using the pairwise deletion and p-distance model in Mega X soft-
ware. Bootstrap analysis with 1,000 replicates was performed to evaluate the
internal support for the tree topology.

Survival Curves and Feeding Behavior of Planthoppers. After the injec-
tion of dsRNAs for exportin 6, the third-instar viruliferous nymphs were raised on
rice seedlings. The number of living insects was recorded daily, and the survival
rate was calculated within 12 d in one group with 14 to 20 insects. The control
group was injected with dsRNA for GFP. Sixteen biological replicates were pre-
pared. Survival curves were assessed by the Kaplan–Meier method, and differ-
ences were evaluated according to the Mantel–Cox log-rank statistic test. The
feeding behavior of exportin 6 knockdown planthoppers and the control group
was analyzed using electrical penetration graph (EPG) technology. The wave-
forms of 25 individuals were recorded continuously for 8 h using a Giga-8 EPG
amplifier (Wageningen University, Wageningen, The Netherlands) as previously
described (20). Time ratios of waveforms were reported as the means with SE.
Differences between the two groups were statistically evaluated using Student’s
t test.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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