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Abstract Numerous piercing-sucking insects can horizontally transmit viral pathogens together
with saliva to plant phloem, but the mechanism remains elusive. Here, we report that an important
rice reovirus has hijacked small vesicles, referred to as exosomes, to traverse the apical
plasmalemma into saliva-stored cavities in the salivary glands of leafthopper vectors. Thus, virions
were horizontally transmitted with exosomes into rice phloem to establish the initial plant infection
during vector feeding. The purified exosomes secreted from cultured leafhopper cells were
enriched with virions. Silencing the exosomal secretion-related small GTPase Rab27a or treatment
with the exosomal biogenesis inhibitor GW4869 strongly prevented viral exosomal release in vivo
and in vitro. Furthermore, the specific interaction of the 15-nm-long domain of the viral outer
capsid protein with Rab5 induced the packaging of virions in exosomes, ultimately activating the
Rab27a-dependent exosomal release pathway. We thus anticipate that exosome-mediated viral
horizontal transmission is the conserved strategy hijacked by vector-borne viruses.

Introduction
Many devastating plant, animal, and human viral pathogens are horizontally transmitted by arthro-
pod insects (Eigenbrode et al., 2018; Mayer et al., 2017). For example, rice stripe virus transmitted
by planthoppers is a serious agricultural threat in rice-growing countries throughout Asia (He et al.,
2017), and Zika virus (ZIKV) transmitted by mosquitoes has been a recent public health threat in the
Americas (Liu et al., 2017). In general, arthropod-borne viruses (arboviruses) establish their initial
infection in the insect midgut, which is disseminated to the hemolymph and ultimately spread into
the salivary glands, from which virions are introduced into susceptible hosts together with saliva
(Hogenhout et al., 2008; Wei and Li, 2016). Insect salivary gland cells are filled with abundant api-
cal plasmalemma-lined cavities, where saliva is stored (Mao et al., 2017, Wei and Li, 2016). Arbovi-
ruses have to pass through the apical plasmalemma into insect salivary cavities, thereby moving with
salivary flow to establish the initial infection in hosts (Mayer et al., 2017, Wei and Li, 2016). The
secretory cells in the central region of salivary glands of the whitefly have been demonstrated to
determine the transmissibility of begomoviruses (Wei et al., 2014). However, how arboviruses over-
come cavity plasmalemma barriers for successful viral transmission is still poorly understood.
Frequently, arboviruses are sequestered into multivesicular bodies (MVBs) in the salivary glands
of insect vectors (Ammar and Nault, 1985; Gray et al., 2014; Gray and Gildow, 2003,
Janzen et al., 1970; Mao et al., 2017; Shikata and Maramorosch, 1965). MVBs are spherical endo-
somal organelles containing small vesicles formed by the inward budding of the limiting membrane
into the endosomal lumen (Chahar et al., 2015). MVBs fuse with the plasma membrane to release
the internal vesicles into the extracellular space in an exocytic manner (Chahar et al., 2015). These
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released vesicles are known as exosomes, which can transport various cellular regulatory RNAs from
cell to cell, thereby receiving extensive research attentions (Chahar et al., 2015; Geisler and Coller,
2013; Janas et al., 2015; Kim et al., 2017). Thus, exosome biogenesis starts with the maturation
from the early endosomes into late endosomes (Chahar et al., 2015). Several proteins are impli-
cated in exosome biogenesis, including Rab GTPases and the tetraspanin CD63 (Kalluri and LeBleu,
2020). Endosomal Rab GTPases, such as Rab27a, Rab5, and Rab11, can regulate exosome biogene-
sis, trafficking, and/or release from cultured animal cells (Akers et al., 2013; Alenquer and Amorim,
2015; Zeigerer et al., 2015). Notably, early endosomal Rab5 is also detected within the MVBs and
exosomes (Logozzi et al., 2009; Pisitkun et al., 2004, Vidal and Stahl, 1993). For example, the
purified exosomes from hepatitis C virus-infected and uninfected hepatoma cells contain Rab5
(Ramakrishnaiah et al., 2013). In Arabidopsis, a model plant system, purified exosomes from leaf
apoplasts also contain the Rab5 GTPase homologue ARA7 (Rutter and Innes, 2018). Indeed, the
depletion of Rab5 strongly inhibits exosomal formation and secretion (Ostrowski et al., 2010). Fur-
thermore, Rab27a functions in the docking of MVBs in the plasma membrane, thereby regulating
exosome secretion (Ostrowski et al., 2010). For example, Herpes simplex virus-1 glycoprotein can
interact with Rab27a to mediate the exosomal release pathway (Temme et al., 2010). Several arbo-
viruses, such as dengue virus (DENV) and ZIKV, hijack exosomes to release virions, as observed in
cultured mosquito cells (Martinez-Rojas et al., 2020; Reyes-Ruiz et al., 2019; Vora et al., 2018).
Moreover, the secreted exosomes from arbovirus-infected mosquito cells can transmit viruses to cul-
tured mammalian cells (Martinez-Rojas et al., 2020; Reyes-Ruiz et al., 2019; Vora et al., 2018).
However, whether exosome-mediated viral spread occurs in infected host tissues or organs in vivo
remains unknown. The final bottleneck in viral infection via insect vectors, that is, the cavity plasma-
lemma of salivary glands, is a principal determinant of the ability of an insect species to transmit a
virus (Hogenhout et al., 2008; Wei and Li, 2016). Accordingly, we can reasonably regard the cavity
plasmalemma of insect salivary glands as the plasma membrane of cultured infected cells. Thus, how
arboviruses exploit exosomes to overcome the cavity plasmalemma barriers of vector salivary glands
is a unique system for us to more easily address the role of viral release via the exosomal pathway in
vivo.

Numerous plant viral pathogens of agricultural importance are persistently transmitted by pierc-
ing-sucking insect vectors, such as leafhoppers, planthoppers, and whiteflies, to plant phloem
(Hogenhout et al., 2008; Wei and Li, 2016). Rice dwarf virus (RDV), the first recorded plant arbovi-
rus transmitted by leafhopper vectors in 1895, causes a severe rice disease in Asia (Wei and Li,
2016). We have previously demonstrated that the plant reovirus RDV can be secreted by cultured
leathopper cells via infectious exosomes (Wei et al., 2008; Wei et al., 2009). Here, we report that
RDV hijacks the exosomal release pathway to traverse the apical plasmalemma into saliva-stored sali-
vary cavities, ultimately moving with exosomes into the phloem of rice plants to establish initial viral
infection via leathopper vectors.

Results

RDV traverses the apical plasmalemma into leathopper salivary cavities
via the exosomal release pathway

The salivary glands of the leafhopper Nephotettix cincticeps consist of a pair of principal and acces-
sory salivary glands (Figure 1—figure supplement 1A). The principal salivary gland (PSG) contains
six types of cells (I-VI) (Figure 1—figure supplement 1A), which are filled with apical plasmalemma-
lined cavities (Figure 1A and Figure 1—figure supplement 1A). Immunofluorescence microscopy
showed that RDV disseminated into the salivary cavities by traversing the apical plasmalemma in all
types of PSG cells (Figure 1—figure supplement 1). We further used electron microscopy to visual-
ize how RDV disseminated into the salivary cavities. In the cytoplasm of virus-infected type IlI cells,
double-layered RDV particles (approximately 65 nm in diameter) were often engulfed into small
vesicles within the MVBs at the periphery of salivary cavities (Figure 1B and C). The attachment of
MVBs to the cavity plasmalemma drove the enation of the apical plasmalemma to form a membrane
extrusion toward the cavity (Figure 1D and E). This extrusion was followed by the fusion of the api-
cal plasmalemma of cavities with the plasma membrane of MVBs (Figure 1F-H). Finally, virus-con-
taining small vesicles (exosomes) were released into the salivary cavities (Figure 11 and J). RDV-
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Figure 1. Transmission electron micrographs showing that RDV traverses the apical plasmalemma into the salivary cavities via the exosomal release
pathway. At 14 days padp, virus-infected salivary glands of N. cincticeps were examined by transmission electron microscopy. (A) Salivary cavities in
type lIl cells. (B-C) Virus-containing MVBs at the periphery of salivary cavities attached to the apical plasmalemma. Panel C showing an enlarged image
of the boxed area in panel B. (D-E) The propulsion of MVBs led to the enation of the apical plasmalemma toward the cavity. (F-H) Virus-containing
Figure 1 continued on next page
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MVBs fused with the apical plasmalemma of cavities. (I-J) Virus-containing exosomes were released into the cavities. SC, salivary cytoplasm; APL, apical
plasmalemma; Cv, cavity; Ex, exosome; VEx, virus-containing exosome; MVB, multivesicular body; Mv, microvilli. Bars, 2 um (A), 500 nm (B, F), 200 nm
(C, D, G, I and J), and 100 nm (E and H). (K) The mean diameters of exosomes within the salivary cavities, as measured from more than 30 virus-free or
virus-containing exosomes. The diameters of exosomes are shown in a dot plot, with the middle line representing the mean value and the top and
bottom lines representing the SD. ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. RDV dissemination into the salivary cavities in the PSG.
Figure supplement 2. Immunogold labeling of RDV antigens on viral particles within the MVBs or exosomes in the leathopper salivary glands or

cultured cells.

specific antibody specifically recognized viral particles within the MVBs or exosomes (Figure 1—fig-
ure supplement 2A-C). Virus-free exosomes measured 53-135 nm in diameter, but the packaging
of viral particles enlarged exosomes to 110-302 nm in diameter in the salivary cavities (Figure 1K).
Together, our observations suggest that RDV exploits an exosomal release pathway to mediate viral
entry into the salivary cavities via passage through the apical plasmalemma.

Viral infection activates the formation of exosomes for the delivery of
viral particles to the salivary cavities

Rab27a is an important regulator of exosome release, and the tetraspanin protein CDé3 has been
described as a key factor in exosomes production (Kalluri and LeBleu, 2020; Ostrowski et al.,
2010). Immunoelectron microscopy indicated that the antibodies against Drosophila Rab27a and N.
cincticeps CD63 can be used to label virus-containing MVBs and exosomes in virus-infected salivary
glands (Figure 2A and B). Furthermore, these two antibodies also labeled some vesicle-like struc-
tures in uninfected salivary glands (Figure 2A and B). Immunofluorescence microscopy confirmed
that Rab27a or CD63 was colocalized with RDV antigens to form puncta along the cavity plasma-
lemma or within cavities in virus-infected salivary glands (Figure 2C and D). Viral infection induced a
significant increase in the average number of Rab27a- or CD63-specific punctate structures in type
Il cells (Figure 2E). RT-qPCR and western blot assays indicated that RDV infection significantly
increased the relative expression of Rab27a and CDé3 in the salivary glands (Figure 2F and G).
Thus, RDV infection activated the formation of exosomes for carrying of viral particles. Taken
together, these results suggest that viral release from salivary glands into the cavities potentially
involves secretory exosomes derived from MVBs.

We then knocked down the expression of Rab27a by RNA interference (RNAI) to confirm the role
of exosomes in RDV dissemination from salivary glands. Viruliferous leafhoppers were microinjected
with double-stranded RNAs targeting Rab27a or green fluorescence protein (dsRab27a or dsGFP)
and then transferred to rice seedlings. RT-qPCR and western blot assays showed that the accumula-
tion levels of the major outer capsid protein P8 of RDV and Rab27a in the salivary glands of
dsRab27a-treated insects were significantly decreased compared with in dsGFP controls (Figure 3A
and B). Immunofluorescence microscopy confirmed that the knockdown of Rab27a expression sub-
stantially reduced the accumulation of virus- and Rab27a-positive puncta in the salivary glands, espe-
cially within the salivary cavities (Figure 3C and D). As expected, dsRab27a treatment significantly
decreased the ability of viruliferous leafhoppers to transmit viruses to rice plants (Figure 3E). Taken
together, these results indicate that the exosomal release of viruses into salivary cavities is greatly
impaired by the knockdown of Rab27a expression in leathoppers, which significantly suppresses the
horizontal transmission of RDV from insect salivary glands to rice plants.

RDV is secreted from cultured insect vector cells via the exosomal
release pathway

Previously, we demonstrated that MVBs were involved in the exosomal release of RDV particles from
infected cultured leafthopper cells (Wei et al., 2009). At 48 hr post-inoculation (hpi) with RDV at a
multiplicity of infection (MOI) of 1, electron microscopy showed that double-layered RDV particles
were sequestered in the endosomal compartments (Figure 4A-I), which then formed MVBs in the
cytoplasm of cultured N. cincticeps cells (Figure 4A-Il). Finally, virus-containing exosomes were
released from infected cultured cells after the fusion of MVBs with the plasma membrane
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Figure 2. RDV dissemination into the salivary cavities via Rab27a-involved exosomal release pathway. (A-B) Immunogold labeling of Rab27a (A) or
CDé3 (B) on virus-containing MVBs or exosomes in the salivary glands of N. cincticeps. Virus-infected (panels | and Il) or uninfected (panels Ill) salivary
glands of N. cincticeps were immunolabeled with Rab27a-specific IgG or CDé3-specific IgG as primary antibody, followed by treatment with 15 nm
gold particle-conjugated goat antibody against rabbit IgG as secondary antibody. SC, salivary cytoplasm; MVB, multivesicular body; Cv, cavity; Ex,
exosome; VEX, virus-containing exosome. Arrows indicate gold particles. Bars, 100 nm. (C-D) Immunofluorescence assay of the distribution of Rab27a
(C) or CD63 (D) during viral infection of the salivary glands of N. cincticeps. Salivary glands of nonviruliferous or viruliferous N. cincticeps were fixed,
Figure 2 continued on next page
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Figure 2 continued

immunostained with virus-FITC (green), Rab27a- rhodamine (red) or CD63-rhodamine (red), and actin dye phalloidin-Alexa Fluor 647 carboxylic acid
(blue). Then, immunostained salivary glands were processed for immunofluorescence microscopy. Panels | and Il (merged) are the enlarged images of
the boxed areas in C and D. Arrows show the colocalization puncta in the salivary cavities. APL, apical plasmalemma; Cv, cavity. Bars, 5 um. (E) The
mean number of Rab27a- or CDé3-positive puncta in infected or uninfected salivary glands. Twenty random 70 x 70 um fields of type Il cell samples
from infected or uninfected salivary glands were examined. (F) RT-gPCR assay showing the transcript levels of Rab27a and CDé3 in the salivary glands
of viruliferous or nonviruliferous leafhoppers. RT-gPCR results were normalized against the actin expression level, and the transcript levels of Rab27a or
CDé3 in the salivary glands of nonviruliferous leathopper were normalized as 1. (G) Western blot assay showing the expression levels of Rab27a and
CDé63 in the salivary glands of viruliferous or nonviruliferous leafhoppers. The relative intensities of bands in the analyses of Rab27a and CDé3 are
shown below. Coomassie-blue-stained gels demonstrate the loading of equal amounts of proteins. Data shown here are representative of three
biological replicates. Means (x SD) from three biological replicates are shown in E and F. *p<0.05, **p<0.01. V', nonviruliferous; V*, viruliferous.

(Figure 4A-lll and V), as described previously (Wei et al., 2008; Wei et al., 2009). Inmunoelectron
microscopy confirmed that RDV-specific antibody recognized viral particles within exosomes (Fig-
ure 1—figure supplement 2D). Furthermore, Rab27a and CDé63 antibodies reacted with virus-con-
taining exosomes in virus-infected cells and some vesicle-like structures in uninfected cells
(Figure 4B). Next, we purified exosomes from the extracellular medium of infected or uninfected
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Figure 3. Knockdown of Rab27a expression reduces viral dissemination from salivary glands via the exosomal release pathway. (A) RT-gPCR assay
showing the transcript levels of RDV P8 and Rab27a expression in the salivary glands of dsRab27a- or dsGFP-treated insects. Results were normalized
against the actin expression level. Means (= SD) from three biological replicates are shown. The relative expression levels of the genes in individual
insects are shown in a dot plot, with the middle line representing the mean value and the top and bottom lines representing the SD. *p<0.05, **p<0.01.
(B) Western blot assay showing the expression levels of RDV P8 and Rab27a in the salivary glands of dsRab27a- or dsGFP-treated insects. The relative
intensities of bands in the analyses of Rab27a or RDV P8 are shown below. Coomassie-blue-stained gels demonstrated the loading of equal amounts of
protein. Data shown here are representative of three biological replicates. (C) Immunofluorescence microscopy showing the distribution of Rab27a
during viral infection in the salivary glands of dsRab27a- or dsGFP-treated insects. Salivary glands were fixed, immunolabeled with virus-FITC (green),
Rab27a-rhodamine (red) and actin dye phalloidin-Alexa Fluor 647 carboxylic acid (blue), and processed for immunofluorescence microscopy. APL, apical
plasmalemma; Cv, cavity. Bars, 5 um. (D) The mean number of Rab27a—-RDV antigen colocalization puncta in the cavities of dsGFP- and dsRab27a-
treated salivary glands. Twenty random 70 x 70 um fields in type Il cell samples from infected or uninfected salivary glands were examined, and means
(+ SD) from three biological replicates are shown. **p<0.01. (E) The transmission rates by viruliferous dsGFP- or dsRab27a-treated leafhoppers. Means
(+ SD) from three biological replicates are shown. **p<0.01.
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Figure 4. The secretion of RDV from cultured insect vector cells via the exosomal release pathway. (A) At 48 hpi, virus-infected cultured leathopper cells
were examined by transmission electron microscopy. RDV virions were sequestered in the endosomal compartments (I), which then developed into
MVBs (II). Finally, virus-containing exosomes were secreted from cultured cells (lI-IV). Bars, 100 nm (I, lll, IV) and 200 nm (I). (B) Immunogold labeling of
Rab27a or CD63 in virus-free (I, lll) or virus-containing (ll, IV) exosomes. Arrows indicate gold particles. At 48 hpi, cultured cells were immunostained
Figure 4 continued on next page
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Figure 4 continued

with Rab27a-specific IgG or CDé63-specific IgG as primary antibody, followed by treatment with 15 nm gold particle-conjugated goat antibody against
rabbit IgG as secondary antibody. Bars, 100 nm. (C) Negative staining electron microscopy showing the purified exosomes from the extracellular media
of uninfected (1) or virus-infected (Il) cultured cells. Bars, 100 nm. (D) The diameters of purified exosomes are shown in a dot plot, with the middle line
representing the mean value and the top and bottom lines representing the SD. ****p<0.0001. (E-F) Virus-infected cultured cells treated with dsRab27a
(E) or 20 uM GW4869 (F) were immunostained with virus-rhodamine (red) and Rab27a-FITC (green) and examined by immunofluorescence microscopy.
Treatments with dsGFP (E) or DMSO (F) served as the controls. Arrows indicate the colocalization puncta of virus-rhodamine and Rab27a-FITC on the
cell surface or outside of cells. Panels | show the enlarged images of the boxed areas in panels E or F. Bars, 5 um. (G) Negative staining electron
microscopy showing the purified exosomes from the extracellular media of dsGFP-, dsRab27a-, DMSO-, or 20 uM GW4849-treated virus-infected
cultured cells. Panel |, dsGFP- and dsRab27a-treated cells; Panel I, DMSO- and GW4869-treated cells. Bars, 100 nm. (H) RT-gPCR assay showing the
transcript levels of RDV P8 and Rab27a in dsRab27a- or dsGFP-treated cells. Results were normalized against the actin transcript level; the expression
levels of Rab27a or P8 in dsGFP-treated cells were normalized as 1. Means (= SD) from three biological replicates are shown. *p<0.05. (I) Western blot
assay showing the expression levels of RDV P8 and Rab27a in dsRab27a- or dsGFP-treated cells. The relative intensities of bands in the analyses of
Rab27a and P8 are shown below. Coomassie-blue-stained gels demonstrated the loading of equal amounts of protein. Data shown here are
representative of three replicates. (J) RT-gPCR assay showing the transcript levels of RDV P8 in GW4869 (10 or 20 uM)- or DMSO-treated cells. Means
(& SD) from three biological replicates are shown. *p<0.05. Ex in A-C, exosome; VEx in A-C and G, virus-containing exosome; MVB in A, multivesicular
body.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Effects of treatment with dsRab27a, dsGFP, GW4869 (20 uM), or DMSO on the accumulation of cell-associated and extracellular
viruses in cultured leafhopper cells infected with RDV (MOI of 10) at 48 hpi.

cultured leathopper cells. Negative staining electron microscopy showed that virus-containing exo-
somes (114-307 nm in diameter) can be isolated from the extracellular medium of infected cells,
which were thereby larger than virus-free exosomes (58-138 nm in diameter) secreted from unin-
fected cells (Figure 4C and D).

GW4869 is a cell-permeable but selective inhibitor for exosome production and release
(Vora et al., 2018). Immunofluorescence microscopy showed that treatment with dsRab27a or 20
UM GW4869 followed by RDV infection (MOI of 1) efficiently inhibited virus-containing exosome for-
mation and release (Figure 4E and F). Negative staining electron microscopy of purified exosomes
secreted from virus-infected cells further confirmed that treatment with dsRab27a or GW4869 effi-
ciently abolished exosome formation (Figure 4G). RT-qPCR or western blot assays showed that the
accumulation levels of RDV P8 and Rab27a in dsRab27a-treated cultured cells were substantially
decreased compared with that in dsGFP-treated controls (Figure 4H and I). Treatment of leafhopper
cells with 20 uM GW4869 also significantly reduced RDV P8 transcript accumulation, compared with
the DMSO control (Figure 4J).

Our previous study showed the RDV particles were assembled at the periphery of the viroplasm,
the site of viral replication and assembly, and then engulfed by MVBs in virus-infected cultured leaf-
hopper cells (Wei et al., 2006b; Wei et al., 2008; Wei et al., 2009). We examined whether the
treatment with dsRab27a or GW4869 had any effects on the replication of RDV in cultured cells. The
cultured cells treated with dsRNAs, DMSO, or 20 uM GW4869 were inoculated with purified RDV at
a MOI of 10 which guaranteed viral infection rate was 100%. At 48 hpi, the extracellular medium and
the cells were collected. Treatment with dsRab27a or GW4869 significantly reduced RDV P8 tran-
script loads in the extracellular medium, but did not significantly reduce RDV P8 transcript loads in
cell-associated viruses (Figure 4—figure supplement 1). These results demonstrated that RDV nor-
mally proliferated in the infected cells, but viral release from the cells was impeded by the inhibition
of exosome formation. Taken together, these results indicate that RDV can be released from cul-
tured insect vector cells via the Rab27a-dependent exosomal release pathway.

RDV P2 inherently interacts with Rab5 to mediate the exosomal release
of virions

We then investigated how RDV virions were sequestered by exosomes. The outer layer of RDV virion
contains the major outer capsid protein P8 and minor outer capsid protein P2 (Miyazaki et al.,
2016). Structural analysis shows that P2 has an L-shaped flexible structure with a 10-nm-long domain
anchored on the viral surface (P2C) and a 15-nm-long domain oriented toward the exterior (P2N),
which recognizes cellular receptors to mediate viral entry into insect vector cells (Miyazaki et al.,
2016; Figure 5A). Rab5 is localized on the membrane surface of both early and mature endosomal
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Figure 5. RDV P2 interacts with endosomal Rab5 of leathopper. (A) Schematic representation of the structures of RDV particle and P2 protein. P2 is
composed of an L-shaped flexible structure with a 15 nm domain (aa 1-688, P2N) toward the exterior, and a 10 nm domain (aa 689-1149, P2C) on the
viral envelope. (B) RDV P2N, but not RDV P2C or P8, specifically interacted with Rab5 in a yeast two-hybrid assay. Transformants on SD/-Trp-Leu-Ade-
His plates are labeled as follows: +, positive control, i.e., pGBKT7-53/pGADT7-T; -, negative control, i.e., pGBKT7-Lam/pGADT7-T; Rab5 +P8,

Figure 5 continued on next page
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Figure 5 continued

pGADT7-Rab5/pGBKT7-P8; Rab5 +P2C, pGADT7-Rab5/pGBKT7-P2C; Rab5 +P2N, pGADT7-Rab5/pGBKT7-P2N. Yeast cultures appeared blue in the B-
galactosidase assay. (C) GST pull-down assay demonstrating the interaction of P2N with Rab5. Rab5 or RDV P8 fused with GST served as the bait, and
GST alone served as the control. P2N or Rab5 fused with His served as the prey. The bait protein or the GST control were incubated with cell lysate
expressing the His-fused protein. Input and pull-down samples were probed with antibodies against GST or His for western blot assays. (D)
Immunogold labeling of Rab5 on exosomes in the salivary cavities. The salivary glands from nonviruliferous (panel I) or viruliferous (panel Il) leathoppers
were immunostained with Rab5-specific IgG as primary antibody, followed by treatment with 15 nm gold particle-conjugated goat antibody against
rabbit IgG as secondary antibody. Arrows indicate gold particles. Ex, exosome; VEX, virus-containing exosome. Bars, 100 nm. (E) Immunofluorescence
assay showing the distribution of Rab5 during virus infection in the salivary glands of N. cincticeps. Virus-infected or uninfected salivary glands of N.
cincticeps were fixed, immunostained with virus-FITC (green), Rab5-rhodamine (red), and actin dye phalloidin-Alexa Fluor 647 carboxylic acid (blue).
Immunostained salivary glands were then processed for immunofluorescence microscopy. Arrows show the colocalization puncta in the salivary cavities.
APL, apical plasmalemma; Cv, cavity. Bars, 10 um. (F) The mean number of Rab5-positive puncta in infected or uninfected salivary glands. Twenty
random 70 x 70 um fields of type Ill cell samples from infected or uninfected salivary glands were examined. (G) RT-qPCR assay showing the transcript
levels of Rab5 in the salivary glands of viruliferous or nonviruliferous leathoppers. RT-gPCR results were normalized against the actin expression level,
and the transcript levels of Rab5 in the salivary glands of nonviruliferous leathopper were normalized as 1. Means (= SD) from three biological replicates
are shown in F and G. *p<0.05; **p<0.01. (H) Western blot assay showing the expression levels of Rab5 in the salivary glands of viruliferous or
nonviruliferous leathoppers. The relative intensities of bands in the analyses of Rab5 and RDV P8 are shown below. Coomassie-blue-stained gels
demonstrated the loading of equal amounts of proteins. Data shown here are representative of three biological replicates. (I) RT-gPCR assay showing
the transcript levels of RDV P8 and Rab5 in the salivary glands of dsRab5- or dsGFP-treated insects. Results are normalized against the actin expression
level. The relative expression levels of the genes in individual insects are shown in a dot plot, with the middle line representing the mean value and the
top and bottom lines representing the SD. *p<0.05. (J) Western blot assay showing the expression levels of RDV P8 and Rab5 in the salivary glands of
dsRab5- or dsGFP-treated insects. The relative intensities of bands are shown below. Coomassie-blue-stained gels demonstrated the loading of equal
amounts of protein. Data shown here are representative of three replicates. V', nonviruliferous insects; V", viruliferous insects.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Bioinformatic analyses of Rab5 of N. cincticeps.

Figure supplement 2. Bioinformatic analyses of Rab27a of N. cincticeps.

Figure supplement 3. Basic Local Alignment Search Tool of Protein Databases (BLASTP) showing the similarity of Rab27a (A) or Rab5 (B) from
N. cincticeps with homologues from Drosophila.

MVBs (Gorvel et al., 1991, Mercer et al., 2010). The open-reading frames (ORFs) of N. cincticeps
Rab5 and Rab27a were 645 and 672 bp long, respectively, and encoded approximately 23 kDa and
25 kDa predicted proteins, respectively, with the typical Rab family motifs (Figure 5—figure supple-
ment 1A and Figure 5—figure supplement 2A). Each gene sequence was deposited in GenBank
(accession numbers MW266984 and MW266985, respectively). Phylogenic analysis showed that the
amino acid sequences of N. cincticeps Rab5 and Rab27a clustered with homologs in the order Hemi-
ptera (Figure 5—figure supplement 1B and Figure 5—figure supplement 2B). Yeast two-hybrid
assays showed that RDV P2N, but not RDV P2C or RDV P8, specifically interacted with Rab5
(Figure 5B). However, P2N did not interact with Rab27a from N. cincticeps (Figure 5—figure sup-
plement 2C). Glutathione S-transferase (GST) pull-down assays confirmed these interactions
(Figure 5C). Immunoelectron microscopy indicated that the antibody against Drosophila Rab5 can
be used to label virus-containing exosomes in virus-infected salivary glands (Figure 5D). Notably,
Rab5 antibody could react with viral particles within exosomes (Figure 5D). Furthermore, this anti-
body can also label some vesicle-like structures in uninfected salivary glands (Figure 5D). Immunoflu-
orescence microscopy confirmed that Rab5 was colocalized with RDV antigens to form puncta within
the salivary cavities (Figure 5E). RDV infection induced the accumulation of virus- and Rab5-positive
puncta in the salivary glands, especially within the salivary cavities (Figure 5F). RT-qPCR and western
blot assays indicated that RDV infection significantly increased the expression of Rab5 in the salivary
glands (Figure G and H). Furthermore, RT-qPCR and western blot assays showed that the accumula-
tion levels of RDV P8 and Rab5 in the salivary glands of dsRab5-treated insects were significantly
decreased compared with that in dsGFP controls (Figure 51 and J). RT-qPCR assay also showed that
the knockdown of Rab5 expression did not significantly affect Rab27a expression and that the
knockdown of Rab27a expression also did not significantly affect Rab5 expression (Figure 5—figure
supplement 2D). However, immunofluorescence microscopy showed that some Rab5-labeled punc-
tate structures were colocalized with Rab27a-labeled punctate structures in the salivary glands (Fig-
ure 5—figure supplement 2E). Taken together, we deduce that the packaging of RDV into
exosomes is caused by the direct interaction of RDV P2N with Rab5.
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To further determine how RDV P2N recognizes endosomal MVBs, we infected cultured Spodop-
tera frugiperda (Sf9) cells with recombinant baculoviruses overexpressing His-fused P2N or Myc-
fused Rab5. When expressed alone, P2N formed punctate structures, while the overexpressed Rab5
was diffusely distributed in the cytoplasm of Sf9 cells (Figure 6A). The coinfection led to the redistri-
bution of Rab5 into the punctate structures of P2N (Figure 6A). Notably, antibodies against Dro-
sophila Rab5 or Rab27a could also be used to label the endosome-like compartments in the
cytoplasm of Sf9 cells (Figure 6B), as previously reported for cells of other species (Nielsen et al.,
1999, Simonsen et al., 1998, Wucherpfennig et al., 2003). We found that the expressed P2N was
colocalized with Rab5- or Rab27a-labeled endosome-like compartments (Figure 6B). In particular,
P2N-specific endosome-like compartments can release into the extracellular medium of Sf9 cells
(Figure 6B). Treatment with GW4869 (20 uM) or chloroquine (280 uM) significantly prevented the
formation of P2N-specific endosome-like compartments (Figure 6C and Figure 6—figure supple-
ment 1). Furthermore, the GFP-fused P2N (P2N-GFP) in Sf9 cells also appeared as punctuate inclu-
sions (Figure 6—figure supplement 2A-B). Treatment with chloroquine (280 uM) or GW4869 (20
uM) also significantly reduced the mean of fluorescence intensity and accumulation of P2N-GFP (Fig-
ure 6—figure supplement 2C to E). Thus, RDV P2N had the inherent ability to recognize endo-
somes, even in the absence of viral infection. Taking together, these results indicate that the specific
and inherent interaction of RDV P2 with Rab5 mediates the packaging of RDV particles into
exosomes.

RDV is released from the salivary glands into rice phloem with the
exosomes

Generally, viruses in the salivary cavities move with salivary flow to the canal in the stylets and ulti-
mately are injected into the sieve cells of plant phloem as piercing-sucking insect vectors feed on
susceptible hosts (Hogenhout et al., 2008; Wei and Li, 2016). We then tested whether RDV-con-
taining exosomes in the salivary cavities could be ejected with saliva into rice plants. Immunofluores-
cence assays showed that the antibodies against Rab5, Rab27a, or CD63 did not react with any
specific structures in rice phloem (Figure 7A). However, Rab5, Rab27a, or CDé63 appeared in the
sieve tube cells of rice phloem after being fed on by nonviruliferous leafhoppers for 2 days
(Figure 7B), confirming that the exosomes were released with salivary flow into plant phloem via
leathopper feeding. Notably, RDV was accompanied by Rab5-, Rab27a-, or CD63-involved exosomes
into the sieve tube cells of rice phloem after viruliferous leafhoppers feeding and then spread
through rice phloem to establish initial infection (Figure 7C). Western blot assay further showed that
more Rab5, Rab27a, and CDé3 proteins were detected in rice seedlings that had been fed on by vir-
uliferous leathoppers for 2 days compared to those observed after feeding by nonviruliferous leaf-
hoppers (Figure 7D). More importantly, western blot assay confirmed that the antibodies against
Rab5, Rab27a, or CDé63 did not react with the components in rice phloem (Figure 7D). Together,
these results suggest that RDV is disseminated together with secretory exosomes from insect vector
salivary glands into rice phloem, ultimately accomplishing viral transmission to the plant host.

Discussion

The horizontal transmission of arboviruses from the salivary glands of insect vectors to susceptible
hosts is an essential process for viral survival in nature. Through horizontal transmission, infectious
virions are ejected into hosts by insect stylets and then robustly establish the initial infection in hosts.
Exosome-mediated spread of virions and various cellular or viral regulatory RNAs from cell to cell
has gained considerable interest among researchers (Chahar et al., 2015; Geisler and Coller, 2013;
Janas et al., 2015; Kim et al., 2017; Mori et al., 2008; Tanggis et al., 2017, Nguyen et al., 2003);
however, these studies have been limited to in vitro systems of cultured animal cells. Here, we show
that the specific interaction of the 15-nm-long domain of RDV P2 on viral surface with Rab5 on the
cytoplasmic face of endosomes induces the packaging of intact virions into endosomal MVBs in sali-
vary glands. Such MVBs attach to the apical plasmalemma and induce an exocytosis process promot-
ing the release of virus-containing exosomes into salivary cavities. The average diameters of the
salivary canal of leafhoppers in Cicadellidae range from 3 um to 500 nm (Brozek and Herczek,
2000; Leopold et al., 2003; Zhao et al., 2010), greatly exceeding the maximum diameter of virus-
containing exosomes. Therefore, such virus-containing exosomes can move easily through the
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Figure 6. RDV P2N is associated with the endosomal compartments in Sf9 cells. (A) Immunofluorescence assay showing the colocalization of RDV P2N
with Rab5 of N. cincticeps in Sf9 cells. RDV P2N-His and Rab5-Myc were expressed alone or co-expressed. Sf9 cells were fixed at 48 hpi and
immunolabeled with His-Alexa Fluor 488 (green) and Myc-Alexa Fluor 555 (red). (B) The association of RDV P2N with the endosomal compartments
labeled by Rab5- or Rab27a-specific IgG in Sf9 cells. The control or P2N-expressing cells were immunostained with Rab5- or Rab27a-rhodamine and
His-Alexa Fluor 488. Arrows indicate the release of P2N-specific endosomal compartments into the extracellular medium. (C) Endosomal inhibitors
inhibited the association of P2N with the endosomal compartments. Sf9 cells were infected with recombinant baculovirus encoding P2N-His. At 48 hpi,
cells were treated with GW4869 (20 uM) or chloroquine (280 uM). Cells were immunostained with His-Alexa Fluor 488 prior to examination by
immunofluorescence microscopy. Bars, 5 um.

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. The effects of chloroquine or GW4869 on the expression of P2N-His in Sf9 cells.
Figure supplement 2. The effects of chloroguine or GW4869 on the expression of P2N-GFP in Sf9 cells.
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Figure 7. Exosome-mediated RDV delivery to the phloem of rice plants via leathopper feeding. (A-C) Immunofluorescence microscopy showing the
distribution of RDV antigens, Rab27a, CD63 or Rab5 in the phloem of rice plants after 2 day feeding of viruliferous or nonviruliferous leafhoppers. Rice
plants without leafhopper feeding (A) and fed on by nonviruliferous (B) or viruliferous (C) leafhoppers were immunolabeled with virus-FITC (green) and
Rab27a, CDé3, or Rab5-rhodamine (red) and then examined by immunofluorescence microscopy. Panels i to iii are enlarged images of the boxed areas
in panels | to lll, respectively. The green and red panels show the separate green (RDV antigens) or red fluorescence (Rab27a, CD63, or Rab5 antigens)
of the merged images in panels i to iii. Areas enclosed with a dotted line indicate phloem. AS, air space; P, phloem; PV, pitted vessel; AV, annular
vessel; ST, sieve tube; VBS, vascular bundle sheath. Bars, 10 um. (D) Western blot assay of RDV P8, Rab27a, CDé3, or Rab5 in rice plants that had been
fed on by viruliferous or nonviruliferous leathoppers. Samples were separated by SDS-PAGE and detected with P8-, Rab27a-, CD63-, or Rab5-specific
antibody. V', rice plants that had been fed on by nonviruliferous leafhoppers; V*, rice plants that had been fed on by viruliferous leafhoppers; Control,
rice plants without leafhopper feeding. The relative intensities of bands in analyses of Rab5, Rab27a, and CDé3 are shown below. Coomassie-blue-

stained gels demonstrated the loading of equal amounts of protein. Data shown here are representative of three biological replicates.
Figure 7 continued on next page
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Figure 7 continued

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Schematic illustration of the feeding cage used for collecting components released from leafthopper salivary glands.

salivary canal. Finally, the virus can be horizontally transmitted with exosomes into rice phloem to
establish the initial infection. Inhibition of exosome secretion by silencing Rab5 or Rab27a can pre-
vent such viral exosomal release into salivary cavities, ultimately suppressing viral transmission by
insect vectors. More importantly, viral infection upregulates the expression of Rab5 or Rab27a,
thereby activating the formation of exosomes for delivery of viral particles to the salivary cavities.
Accordingly, the packaging of virions enlarges the normal sizes of exosomes secreted by infected
salivary glands cells. Thus, the virus has evolved strategies to activate and exploit the exosomal
release pathway into the salivary cavity, facilitating viral transmission by leafhopper vectors to rice
phloem together with saliva (Figure 8).
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Figure 8. Proposed model of RDV hijacking the exosomal release pathway to be released from salivary glands of leathopper vectors into rice phloem.
In the proposed model, the specific interaction of RDV P2N and Rab5 causes the internalization and delivery of viruses to endosomes. Then, these
virus-containing endosomes are engulfed in the MVBs in the cytoplasm. The attachment of MVBs with the apical plasmalemma drives the enation of the
apical plasmalemma toward the cavity. The fusion of MVBs with apical plasmalemma leads to the release of virus-containing exosomes to the cavities.
This exosomal release pathway is mediated by Rab27a. Exosomes are secreted with the salivary flow from the salivary cavities into the stylets and are
then injected into the plant phloem as leafhoppers feed on rice plants. The virus released into the phloem establishes the initial replication within plant
cells. APL, apical plasmalemma; MVB, multivesicular body; Cv, cavity; SD, salivary duct; En, endosome; Ex, exosome; P, phloem; AS, air space; PV,
pitted vessel.
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We have shown that the 15-nm-long domain of RDV P2 can interact with cellular receptors on the
plasma membrane of cultured leafhopper cells to facilitate viral entry, or with the outer membrane
protein of the obligate bacterial symbiont Sulcia of leathoppers to facilitate viral transovarial trans-
mission (Jia et al., 2017, Miyazaki et al., 2016; Wei et al., 2007; Zhou et al., 2007). Thus, RDV P2
has evolved to interact with distinct receptors in insect bodies to enable the virus to overcome vari-
ous tissue or organ barriers. RDV enters insect vector cells through receptor-mediated, clathrin-
dependent endocytosis and is sequestered in endosomal compartments (Wei et al., 2007). Further-
more, RDV P2 can induce membrane fusion in insect vector cells (Zhou et al., 2007). We also show
that the 15-nm-long domain of RDV P2 has the inherent ability to recognize endosomal compart-
ments even in the absence of viral infection. Thus, RDV P2-Rab5 interaction leads to the recruitment
of Rab5 on the surface of virions within the exosomes. These observations are fully consistent with
the role of RDV P2 in the viral package within MVBs via interaction with Rab5 and subsequent fusion
of MVBs with the cell membrane for exosome secretion. Indeed, exosomes isolated from mammalian
or plant cells have also been reported to contain the early endosome marker Rab5 (Logozzi et al.,
2009; Ramakrishnaiah et al., 2013; Song et al., 2019). Purified exosomes secreted from infected
leafthopper cells were larger and contained virions. The inhibition of exosomal secretion by silencing
Rab27a or treatment with GWA4869 suppresses such virus-mediated exosomal release, confirming
the functional relevance of infectious exosomes with RDV dissemination (Wei et al., 2008;
Wei et al., 2009). Thus, the use of the continuous insect cell culture system provides more conclu-
sive proof that RDV can be released from insect vector cells via a Rab27a-dependent exosomal
release pathway. Similarly, numerous arboviruses, such as DENV and ZIKV, are packaged in MVBs
and secreted from cultured mosquito vector cells via the exosomal release pathway (Martinez-
Rojas et al., 2020; Reyes-Ruiz et al., 2019; Vora et al., 2018). Thus, the exosomes play a con-
served role in arbovirus dissemination.

Generally, in the secretory cells of insect salivary glands, arboviruses are frequently packaged in
MVBs (Ammar and Nault, 2002; Gray et al., 2014; Gray and Gildow, 2003; Janzen et al., 1970;
Mao et al., 2017; Shikata and Maramorosch, 1965). We thus anticipate that arboviruses may have
evolved a conserved strategy to exploit the exosomal release pathway to ensure viral horizontal
transmission from insect vectors into plant or mammalian hosts. In particular, exosome-mediated
viral release from the apical plasmalemma into cavities does not cause substantial damage to salivary
glands, conferring an evolved advantage for RDV to be persistently transmitted into plant phloem.
Furthermore, exosomes potentially operate as an immune evasion strategy to ensure the initial infec-
tion of viruses in plant phloem (Chahar et al., 2015). Identification of the molecular modes or deter-
minants of the transmission of arboviruses from vectors to hosts is a basic but very fundamental
research objective. For the first time, we show the role of virus-induced exosomes in viral horizontal
transmission from the salivary glands of an insect vector to a plant host in vivo.

Information concerning plant-cell-derived extracellular vesicles is rather limited. Most of the avail-
able information about plant exosomes highlights the implication of the SNARE SYP121 protein and
comes from studies of plant-fungi interactions and plant-bacteria interactions (Nielsen et al., 2012,
Cai et al., 2018). Rab11 is involved in exosome secretion and the recycling of cell wall components
(Nielsen et al., 2008). The purified exosomes from Arabidopsis leaf apoplasts contained the Rab5
GTPase homologue ARA7 (Rutter and Innes, 2018). Turnip mosaic virus (TuMV) infection induces
the formation of extracellular vesicles containing viral RNAs in infected leaves (Movahed et al.,
2019). Rab proteins, such as RabG3E, RabD2B, and Rab7, were detected in TuMV-induced extracel-
lular vesicles (Movahed et al., 2019). It is well known that various cellular or viral regulatory RNAs or
proteins can be packaged into exosomes (Chahar et al., 2015), and thus, exosome-mediated viral
horizontal transmission may modulate phloem-insect-virus interactions, an exciting frontier of plant
science. Hence, our study shows that exosomes contribute to plant-insect interactions.

Materials and methods

Insects, viruses, and antibodies

Nonviruliferous individuals of leathopper N. cincticeps were collected from Yunnan Province in
southwestern China and propagated for several generations in the laboratory. Rice plants infected
with RDV were also initially collected from Yunnan Province and propagated via transmission by N.
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cincticeps under greenhouse conditions. Rabbit polyclonal antisera against RDV antigens and P8
were provided by Dr. Toshihiro Omura (National Agricultural Research Center, Japan). Polyclonal
antibodies against Rab27a and Rab5 from Drosophila endosomes were obtained from Beyotime Bio-
technology, Nantong, China. There were 57% and 79% amino acid sequence similarities between
Drosophila and N. cincticeps Rab27a and between Drosophila and N. cincticeps Rab5, respectively
(Figure 5—figure supplement 3). Preliminary tests also showed the specificity of these two antibod-
ies in reacting with Rab27a or Rab5 of N. cincticeps. Polyclonal antibody against N. cincticeps CD63
(GenBank accession MW978787) was prepared by Genscript Biotech Corporation, Nanjing, China, as
approved by the Science Technology Department of Jiangsu Province of China. IgGs were isolated
from polyclonal antisera by using a protein A-Sepharose affinity column (Pierce Biotechnology, Wal-
tham, MA, USA). IgGs against RDV antigens, Rab27a, CDé63, or Rab5 were directly conjugated to
FITC or rhodamine, respectively, according to the manufacturer’s instructions (Thermo Fisher Scien-
tific, Waltham, MA, USA). The actin dyes phalloidin-rhodamine and phalloidin-Alexa Fluor 647 car-
boxylic acid, His tag antibody conjugated to Alexa Fluor 488 (His-Alexa Fluor 488), and Myc tag
antibody conjugated to Alexa Fluor 555 (Myc-Alexa Fluor 555) were obtained from Thermo Fisher
Scientific. Actin was detected with actin-specific IgG (Sigma).

Immunofluorescence microscopy for examination of viral infection and
release in salivary glands

Nonviruliferous second-instar nymphs of N. cincticeps were fed on RDV-infected rice plants for 2
days and then maintained on healthy rice seedlings. At different days padp, the salivary glands of
leathoppers were dissected, fixed in 4% (v/v) paraformaldehyde in PBS for 2 hr, and then permeabi-
lized in 0.2% Triton-X for 1 hr. The salivary glands were then immunolabeled with virus-specific IgG
conjugated to FITC (virus-FITC), Rab27a-, CD63-, or Rab5-specific IgGs conjugated to rhodamine
(Rab27a-rhodamine, CD63-rhodamine, or Rab5-rhodamine), and the actin dyes (phalloidin-rhoda-
mine or phalloidin-Alexa Fluor 647 carboxylic acid). Immunostained salivary glands were then proc-
essed for immunofluorescence microscopy.

Electron microscopy for examination of viral release into salivary
cavities

At 14 days padp, salivary glands dissected from leathoppers were fixed, dehydrated and embedded
as previously described (Mao et al., 2017). The ultrathin sections were examined under a transmis-
sion electron microscope (H-7650; Hitachi, Tokyo, Japan). For immunoelectron microscopy, ultrathin
sections were immunolabeled with virus-, Rab27a-, CD63-, or Rab5-specific IgG as the primary anti-
body and were then treated with goat anti-rabbit I9G conjugated with 15-nm-diameter gold par-
ticles as the secondary antibody (Abcam, Cambridge, UK).

RT-qPCR and western blot assays to detect the effects of viral infection
on exosomal production and release

At 14 days padp, total RNAs or proteins were extracted from the salivary glands of 30 viruliferous or
nonviruliferous leafhoppers for to detect the relative transcript or protein levels of Rab27a and Rab5
during viral infection. RT-qPCR was performed using the SYBR Green PCR Master Mix kit (Promega,
Madison, WI, USA). The actin transcript of N. cincticeps served as the internal reference, and the rel-
ative gene expression levels were calculated using the 22T method. For western blot assay, RDV
P8-, Rab27a-, CD63-, or Rab5-specific IgG served as the primary antibody and goat anti-rabbit IgG-
peroxidase served as the secondary antibody. The band intensities of western blot assay were quan-
tified with ImageJ software.

To examine the release of exosomes from salivary glands, more than 80 viruliferous or nonvirulif-
erous leafthoppers prepared as described above were fed on two healthy rice seedlings (approxi-
mately 10 cm in height) for 2 days. The tested plants were then collected separately and subjected
to protein extraction in equal quantities. Equal amounts of proteins from each group were loaded
for western blot assay.
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Effect of synthesized dsRNAs on viral release from salivary glands

The dsRNAs targeting 500 bp regions of Rab27a or Rab5 were synthesized in vitro using the T7
RiboMAX Express RNAi System (Promega). Nonviruliferous second-instar nymphs were fed on dis-
eased rice plants. At 8 days padp, the insects were microinjected with dsRab27a, dsRab5, or dsGFP
(about 0.05 pg/insect) at the intersegment region of the thorax using a Nanoject Il Auto-Nanoliter
Injector (Spring). Thereafter, they were transferred to healthy rice seedling for recovery. At 14 days
padp, the salivary glands of approximately 100 of these leathoppers were first collected, and the
corresponding bodies were individually tested using RT-PCR assay to confirm they were viruliferous.
Then the salivary glands of dsRNAs-treated leathoppers, of which bodies were viruliferous, were
tested using RT-gPCR, western blot, or immunofluorescence assays to examine the effects of synthe-
sized dsRNAs on the expression of RDV P8, Rab5, or Rab27a, as described above.

To investigate the transmission rates of RDV by N. cincticeps treated with dsRab27a, more than
300 s instar individuals were fed on RDV-infected rice plants for 2 days. At 8 days padp, groups of
100 insects were each microinjected with dsRab27a or dsGFP. At 14 days padp, the individual
insects were transferred into glass tubes that each contained a single rice seedling for 2 days. Then
the insects were individually tested using RT-PCR to determine whether they were viruliferous. Thirty
days later, the plants inoculated with viruliferous N. cincticeps were subjected to RT-PCR detection
of RDV P8 gene. The transmission rates of RDV by N. cincticeps were calculated as the percentage
of RT-PCR-positive plants out of the total number of plants.

Examination of RDV release from cultured leafhopper cells

Synchronous infection of continuous cultured cells of N. cincticeps with RDV was initiated as
described by Wei et al., 2006a. At 48 hpi, infected cultured cells were fixed, dehydrated, and
embedded. Then, ultrathin sections were cut and processed for electron microscopy, as previously
described (Wei et al., 2006a). For immunoelectron microscopy, thin sections were immunolabeled
with Rab27a- or CDé3-specific IgG as the primary antibody and then treated with goat anti-rabbit
IgG conjugated with 15-nm-diameter gold particles as the secondary antibody (Abcam).

To inhibit exosomal secretion from cultured cells via RNAI, 16 pug of dsRNAs and 12 ulL of Cellfec-
tin Il reagent (Thermo Fisher Scientific) were diluted individually in 100 puL of LBM medium without
antibiotics and fetal bovine serum, mixed gently together at room temperature for 20 min, and incu-
bated with cultured cells for 8 hr. To chemically inhibit exosomal secretion, cultured cells were incu-
bated with GW4869 (10 or 20 uM) or DMSO for 6 hr. Thereafter, cultured cells treated with dsRNAs,
DMSO, or GW4869 were inoculated with purified RDV at a MOI of 1 in a solution of 0.1 M histidine
that contained 0.01 M MgCl, (pH 6.2; His-Mg) at 25°C for 2 hr, and then recovered with LBM
medium. At 48 hpi, cultured cells were fixed, permeabilized, and immunolabeled with virus-specific
IgG conjugated to rhodamine (virus-rhodamine), virus-FITC, or Rab27a-specific IgG conjugated to
FITC (Rab27a-FITC) for immunofluorescence microscopy. Additionally, the treated cells were also
harvested for RT-qgPCR and western blot assays, as described above.

To investigate whether the inhibition of exosome formation affected viral replication, the cultured
cells treated with dsRNAs, DMSO, or 20 uM GW4869 were inoculated with purified RDV at a MOI of
10. At 48 hpi, the extracellular medium and the cells were collected. The viral accumulation of each
sample was determined by RT-qPCR assay, as described above.

Exosome isolation

To isolate exosomes from the cellular supernatant, a Total Exosome Isolation kit (from cell culture
media) (Thermo Fisher Scientific) was used. In brief, the media from infected or uninfected cultured
leathopper cells as well as dsRNAs-treated cells with 80% confluence were harvested and centri-
fuged at 2000 x g for 30 min to remove cells and debris. The samples were incubated with Exosome
Isolation reagent at one half volume of the medium at 4°C overnight. After centrifugation at
10,000 x g for 1 hr at 4°C, the pellets were resuspended. The exosomes were negatively stained
with aqueous 2% uranyl acetate and then examined with an electron microscope.

Yeast two-hybrid and GST pull-down assays
We used a Matchmaker Gold Yeast Two-hybrid system (Clontech, Mountain View, CA, USA) to
examine the interaction of Rab27a or Rab5 with the outer capsid proteins of RDV. The Rab27a and
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Rab5 genes were separately inserted into the pGADT7 vector to construct the prey plasmids. The
full-length ORFs of P8, P2N (aa 1-688), and P2C (aa 689-1149) from RDV were separately cloned
into the pGBKT7 vector as the bait plasmids and then used to transform yeast strain AH109 to con-
firm the absence of self-activation and toxicity. The prey and bait plasmids were then co-transformed
into AH109, and B-galactosidase activity was detected on SD/-Ade-His-Leu-Trp/X-a-Gal culture
medium. The interaction of pGBKT7-53 with pGADT7-T served as a positive control and that of
pGBKT7-Lam with pGADT7-T served as a negative control.

A GST pull-down assay was conducted as described previously (Chen et al., 2019). The full-
length ORFs of Rab5 and P8 were separately cloned into the pGEX-3x vector to construct plasmids
expressing the GST fusion protein as baits (GST-Rab5 and GST-P8, respectively). Rab5 and P2N
were separately cloned into the pEASY-Blunt E1 Expression Vector (Transgen Biotech, Beijing,
China) to construct plasmids expressing the His fusion protein as preys (His-Rab5 and His-P2N). The
recombinant proteins GST-Rab5 and GST-P8, as well as GST, were separately expressed in Escheri-
chia coli stain BL21. Lysates were then incubated with glutathione-Sepharose beads (Amersham,
Stafford, UK) and subsequently with the recombinant proteins His-P2N and His-Rab5, respectively.
Finally, the eluates were analyzed by western blot assay using GST-tag and His-tag antibodies
(Sigma-Aldrich), respectively.

Recombinant baculovirus expressing P2N

The coding region of RDV P2N was amplified with a reverse primer that contained the coding
sequences of the His-tag or GFP and a forward primer to construct P2N-His or P2N-GFP. The coding
region of Rab5 was amplified with a reverse primer that contained the coding sequence of the Myc
tag and a forward primer. These purified PCR products were cloned into the pDEST8 vector (Thermo
Fisher Scientific), using an In-Fusion HD Cloning Kit (Clontech), to construct recombinant baculovi-
ruses containing P2N or Rab5. Recombinant bacmids were generated by transforming E. coli
DH10Bac (Thermo Fisher Scientific) with the recombinant baculoviruses.

Next, Sf9 cells were transfected with purified recombinant bacmid in the presence of Cellfectin II
(Thermo Fisher Scientific), according to the manufacturer’s instructions. At 48 hpi, the cells were
processed for immunofluorescence microscopy with His-Alexa Fluor 488 or Rab5-rhodamine. Fur-
thermore, cells expressing P2N-GFP were directly observed under a fluorescence microscope.

To chemically inhibit the exosomal pathway, Sf9 cells were incubated with GW4869 at a final con-
centration of 10 uM or 20 uM or chloroquine at a final concentration of 140 uM or 280 uM. At 48
hpi, treated Sf9 cells were fixed, permeabilized and immunolabeled with His-Alexa Fluor 488 for
immunofluorescence microscopy. Then, the flow cytometry was performed to examine the effect of
the inhibitory chemicals on the GFP fluorescence intensity of P2N-GFP. Briefly, approximately
1 x 10° cells were collected and washed once with PBS, resuspended in PBS, and immediately
examined with a flow cytometer (Apogee, Hemel Hempstead, UK). Data from three independent
biological experiments were analyzed using Histogram software and displayed as a plot of fluores-
cence intensity of GFP (x-axis) against cell number (y-axis).

Frozen sections of rice plants

Then, approximately 15 viruliferous or nonviruliferous leafhoppers were reared in small cages to
inoculate the two rice seedlings for 2 days, respectively (Figure 7—figure supplement 1). The feed-
ing areas of the tested plants were embedded with O.C.T. Compound (Sakura, Torrance, CA, USA)
and then sectioned with a Shandon Cryotome FSE (Thermo Fisher Scientific). The sections were ulti-
mately immunolabeled with virus-FITC and Rab5-, CDé3-, or Rab27a-rhodamine, and processed for
immunofluorescence microscopy, as shown above. Rice without leathopper feeding was treated
exactly as the same.

Statistical analyses
All quantitative data presented in the text and figures were analyzed with two-tailed t-tests in
GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA).

Chen et al. eLife 2021;10:€64603. DOI: https://doi.org/10.7554/eLife.64603 18 of 22


https://doi.org/10.7554/eLife.64603

e Llfe Research article

Microbiology and Infectious Disease

Acknowledgements

We are grateful to Dr. Toshihiro Omura (National Agricultural Research Center, Tsukuba, Japan) for
providing the antibodies against intact viral particles and P8. This work was supported by grants
from the National Natural Science Foundation of China (Grants 31772124, 31920103014, and
31972239).

Additional information

Funding

Funder Grant reference number  Author
National Natural Science 31772124 Qian Chen
Foundation of China

National Natural Science 31920103014 Taiyun Wei
Foundation of China

National Natural Science 31972239 Qian Chen

Foundation of China

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Qian Chen, Conceptualization, Formal analysis, Funding acquisition, Investigation, Visualization,
Methodology, Writing - original draft, Project administration, Writing - review and editing; Yuyan
Liu, Investigation, Visualization; Jiping Ren, Panpan Zhong, Manni Chen, Dongsheng Jia, Hongyan
Chen, Investigation; Taiyun Wei, Conceptualization, Resources, Supervision, Visualization, Methodol-
ogy, Project administration, Writing - review and editing

Author ORCIDs
Qian Chen ) https://orcid.org/0000-0002-8442-6089
Taiyun Wei (2 https://orcid.org/0000-0002-0732-9752

Additional files

Supplementary files
e Transparent reporting form

Data availability
Sequencing data have been deposited in GenBank under accession numbers MW266984,
MW266985 and MW978787.

The following datasets were generated:

Database and

Author(s) Year Dataset title Dataset URL Identifier
ChenQ, LiuY, Ren 2021 Exosomes mediate horizontal _https://wwvv.ncbi.nlm. ~ NCBI Nucleotide,
J, Zhong P, Chen transmission of viral pathogens nih.gov/nuccore/ MW®78787

M, Jia D, Chen H, from insect vectors to plant phloem MW978787

Wei T

Chen Q, LiuY, Ren 2020 Exosomes mediate horizontal https://www.ncbi.nlm. NCBI Nucleotide,
J, Zhong P, Chen transmission of viral pathogens nih.gov/nuccore/ MW266984

M, Jia D, Chen H, from insect vectors to plant phloem MW266984

Wei T

ChenQ, LiuY, Ren 2020 Exosomes mediate horizontal https://www.ncbi.nlm. NCBI Nucleotide,
J, Zhong P, Chen transmission of viral pathogens nih.gov/nuccore/ MW266985

M, Jia D, Chen H, from insect vectors to plant phloem MW266985

Wei T

Chen et al. eLife 2021;10:€64603. DOI: https://doi.org/10.7554/eLife.64603 19 of 22


https://orcid.org/0000-0002-8442-6089
https://orcid.org/0000-0002-0732-9752
https://www.ncbi.nlm.nih.gov/nuccore/MW978787
https://www.ncbi.nlm.nih.gov/nuccore/MW978787
https://www.ncbi.nlm.nih.gov/nuccore/MW978787
https://www.ncbi.nlm.nih.gov/nuccore/MW266984
https://www.ncbi.nlm.nih.gov/nuccore/MW266984
https://www.ncbi.nlm.nih.gov/nuccore/MW266984
https://www.ncbi.nlm.nih.gov/nuccore/MW266985
https://www.ncbi.nlm.nih.gov/nuccore/MW266985
https://www.ncbi.nlm.nih.gov/nuccore/MW266985
https://doi.org/10.7554/eLife.64603

e Llfe Research article

Microbiology and Infectious Disease

References

Akers JC, Gonda D, Kim R, Carter BS, Chen CC. 2013. Biogenesis of extracellular vesicles (EV): exosomes,
microvesicles, retrovirus-like vesicles, and apoptotic bodies. Journal of Neuro-Oncology 113:1-11.

DOI: https://doi.org/10.1007/s11060-013-1084-8, PMID: 23456661

Alenquer M, Amorim MJ. 2015. Exosome Biogenesis, Regulation, and Function in Viral Infection. Viruses 7:5066—
5083. DOI: https://doi.org/10.3390/v7092862, PMID: 26393640

Ammar ED, Nault LR. 1985. Assembly and accumulation sites of maize mosaic virus in its planthopper vector.
Intervirology 24:33-41. DOI: https://doi.org/10.1159/000149616, PMID: 4044200

Ammar ED, Nault LR. 2002. Virus transmission by leafhoppers, planthoppers and treehoppers (auchenorrhyncha,
homoptera). Advances in Botanical Research 36:141-167. DOI: https://doi.org/10.1016/s0065-2296(02)36062-2

Brozek J, Herczek A. 2000. Modifications in the mouth parts structure in selected species of Cicadellidae
(Hemiptera: cicadomorpha). IEEE 19-25.

Cai Q, Qiao L, Wang M, He B, Lin FM, Palmquist J, Huang SD, Jin H. 2018. Plants send small RNAs in
extracellular vesicles to fungal pathogen to silence virulence genes. Science 360:1126-1129. DOI: https://doi.
org/10.1126/science.aar4142, PMID: 29773668

Chahar HS, Bao X, Casola A. 2015. Exosomes and Their Role in the Life Cycle and Pathogenesis of RNA Viruses.
Viruses 7:3204-3225. DOI: https://doi.org/10.3390/v7062770, PMID: 26102580

Chen Q, Zheng L, Mao Q, Liu J, Wang H, Jia D, Chen H, Wu W, Wei T. 2019. Fibrillar structures induced by a
plant reovirus target mitochondria to activate typical apoptotic response and promote viral infection in insect
vectors. PLOS Pathogens 15:€1007510. DOI: https://doi.org/10.1371/journal.ppat.1007510, PMID: 30653614

Eigenbrode SD, Bosque-Pérez NA, Davis TS. 2018. Insect-Borne plant pathogens and their vectors: ecology,
evolution, and complex interactions. Annual Review of Entomology 63:169-191. DOI: https://doi.org/10.1146/
annurev-ento-020117-043119

Geisler S, Coller J. 2013. RNA in unexpected places: long non-coding RNA functions in diverse cellular contexts.
Nature Reviews Molecular Cell Biology 14:699-712. DOI: https://doi.org/10.1038/nrm3679, PMID: 24105322

Gorvel JP, Chavrier P, Zerial M, Gruenberg J. 1991. rab5 controls early endosome fusion in vitro. Cell 64:915-
925. DOI: https://doi.org/10.1016/0092-8674(91)90316-Q, PMID: 1900457

Gray S, Cilia M, Ghanim M. 2014. Circulative, "nonpropagative" virus transmission: an orchestra of virus-, insect-,
and plant-derived instruments. Advances in virus research 89:141-199. DOI: https://doi.org/10.1016/B978-0-
12-800172-1.00004-5, PMID: 24751196

Gray S, Gildow FE. 2003. Luteovirus-aphid interactions. Annual review of phytopathology 41:539-566.

DOI: https://doi.org/10.1146/annurev.phyto.41.012203.105815, PMID: 12730400

He M, Guan SY, He CQ, Cq H. 2017. Evolution of rice stripe virus. Molecular Phylogenetics and Evolution 109:
343-350. DOI: https://doi.org/10.1016/j.ympev.2017.02.002, PMID: 28189616

Hogenhout SA, Ammar el-D, Whitfield AE, Redinbaugh MG. 2008. Insect vector interactions with persistently
transmitted viruses. Annual Review of Phytopathology 46:327-359. DOI: https://doi.org/10.1146/annurev.
phyto.022508.092135, PMID: 18680428

Janas T, Janas MM, Sapon K, Janas T. 2015. Mechanisms of RNA loading into exosomes. FEBS Letters 589:
1391-1398. DOI: https://doi.org/10.1016/j.febslet.2015.04.036, PMID: 25937124

Janzen HG, Rhodes AJ, Doane FW. 1970. Chikungunya virus in salivary glands of Aedes aegypti (L.): an electron
microscope study. Canadian Journal of Microbiology 16:581-586. DOI: https://doi.org/10.1139/m70-097,
PMID: 4097196

Jia D, Mao Q, Chen Y, Liu Y, Chen Q, Wu W, Zhang X, Chen H, Li Y, Wei T. 2017. Insect symbiotic bacteria
harbour viral pathogens for transovarial transmission. Nature Microbiology 2:17025. DOI: https://doi.org/10.
1038/nmicrobiol.2017.25, PMID: 28263320

Kalluri R, LeBleu VS. 2020. The biology, function, and biomedical applications of exosomes. Science 367:
eaaub977. DOI: https://doi.org/10.1126/science.aau6977, PMID: 32029601

Kim KM, Abdelmohsen K, Mustapic M, Kapogiannis D, Gorospe M. 2017. RNA in extracellular vesicles. Wiley
Interdisciplinary Reviews: RNA 8:€1413. DOI: https://doi.org/10.1002/wrna.1413, PMID: 28130830

Leopold RA, Freeman TP, Buckner JS, Nelson DR. 2003. Mouthpart morphology and stylet penetration of host
plants by the glassy-winged sharpshooter, Homalodisca coagulata, (Homoptera: cicadellidae). Arthropod
Structure & Development 32:189-199. DOI: https://doi.org/10.1016/51467-8039(03)00047-1, PMID: 18089004

Liu Y, Liu J, Du S, Shan C, Nie K, Zhang R, Li XF, Zhang R, Wang T, Qin CF, Wang P, Shi PY, Cheng G. 2017.
Evolutionary enhancement of Zika virus infectivity in Aedes aegypti mosquitoes. Nature 545:482-486.

DOI: https://doi.org/10.1038/nature22365, PMID: 28514450

Logozzi M, De Milito A, Lugini L, Borghi M, Calabro L, Spada M, Perdicchio M, Marino ML, Federici C, lessi E,
Brambilla D, Venturi G, Lozupone F, Santinami M, Huber V, Maio M, Rivoltini L, Fais S. 2009. High levels of
exosomes expressing CD63 and caveolin-1 in plasma of melanoma patients. PLOS ONE 4:€5219. DOI: https://
doi.org/10.1371/journal.pone.0005219, PMID: 19381331

Mao Q, Liao Z, Li J, Liu Y, Wu W, Chen H, Chen Q, Jia D, Wei T. 2017. Filamentous structures induced by a
Phytoreovirus mediate viral release from salivary glands in its insect vector. Journal of Virology 91:€00265.
DOI: https://doi.org/10.1128/JVI.00265-17, PMID: 28381575

Martinez-Rojas PP, Quiroz-Garcia E, Monroy-Martinez V, Agredano-Moreno LT, Jiménez-Garcia LF, Ruiz-Ordaz
BH. 2020. Participation of Extracellular Vesicles from Zika-Virus-Infected Mosquito Cells in the Modification of
Naive Cells’ Behavior by Mediating Cell-to-Cell Transmission of Viral Elements. Cells 9:123. DOI: https://doi.
org/10.3390/cells9010123

Chen et al. eLife 2021;10:€64603. DOI: https://doi.org/10.7554/eLife.64603 20 of 22


https://doi.org/10.1007/s11060-013-1084-8
http://www.ncbi.nlm.nih.gov/pubmed/23456661
https://doi.org/10.3390/v7092862
http://www.ncbi.nlm.nih.gov/pubmed/26393640
https://doi.org/10.1159/000149616
http://www.ncbi.nlm.nih.gov/pubmed/4044200
https://doi.org/10.1016/s0065-2296(02)36062-2
https://doi.org/10.1126/science.aar4142
https://doi.org/10.1126/science.aar4142
http://www.ncbi.nlm.nih.gov/pubmed/29773668
https://doi.org/10.3390/v7062770
http://www.ncbi.nlm.nih.gov/pubmed/26102580
https://doi.org/10.1371/journal.ppat.1007510
http://www.ncbi.nlm.nih.gov/pubmed/30653614
https://doi.org/10.1146/annurev-ento-020117-043119
https://doi.org/10.1146/annurev-ento-020117-043119
https://doi.org/10.1038/nrm3679
http://www.ncbi.nlm.nih.gov/pubmed/24105322
https://doi.org/10.1016/0092-8674(91)90316-Q
http://www.ncbi.nlm.nih.gov/pubmed/1900457
https://doi.org/10.1016/B978-0-12-800172-1.00004-5
https://doi.org/10.1016/B978-0-12-800172-1.00004-5
http://www.ncbi.nlm.nih.gov/pubmed/24751196
https://doi.org/10.1146/annurev.phyto.41.012203.105815
http://www.ncbi.nlm.nih.gov/pubmed/12730400
https://doi.org/10.1016/j.ympev.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28189616
https://doi.org/10.1146/annurev.phyto.022508.092135
https://doi.org/10.1146/annurev.phyto.022508.092135
http://www.ncbi.nlm.nih.gov/pubmed/18680428
https://doi.org/10.1016/j.febslet.2015.04.036
http://www.ncbi.nlm.nih.gov/pubmed/25937124
https://doi.org/10.1139/m70-097
http://www.ncbi.nlm.nih.gov/pubmed/4097196
https://doi.org/10.1038/nmicrobiol.2017.25
https://doi.org/10.1038/nmicrobiol.2017.25
http://www.ncbi.nlm.nih.gov/pubmed/28263320
https://doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
https://doi.org/10.1002/wrna.1413
http://www.ncbi.nlm.nih.gov/pubmed/28130830
https://doi.org/10.1016/S1467-8039(03)00047-1
http://www.ncbi.nlm.nih.gov/pubmed/18089004
https://doi.org/10.1038/nature22365
http://www.ncbi.nlm.nih.gov/pubmed/28514450
https://doi.org/10.1371/journal.pone.0005219
https://doi.org/10.1371/journal.pone.0005219
http://www.ncbi.nlm.nih.gov/pubmed/19381331
https://doi.org/10.1128/JVI.00265-17
http://www.ncbi.nlm.nih.gov/pubmed/28381575
https://doi.org/10.3390/cells9010123
https://doi.org/10.3390/cells9010123
https://doi.org/10.7554/eLife.64603

e Llfe Research article

Microbiology and Infectious Disease

Mayer SV, Tesh RB, Vasilakis N. 2017. The emergence of arthropod-borne viral diseases: A global prospective
on dengue, chikungunya and zika fevers. Acta Tropica 166:155-163. DOI: https://doi.org/10.1016/j.actatropica.
2016.11.020, PMID: 27876643

Mercer J, Schelhaas M, Helenius A. 2010. Virus entry by endocytosis. Annual Review of Biochemistry 79:803-833.
DOI: https://doi.org/10.1146/annurev-biochem-060208-104626, PMID: 20196649

Miyazaki N, Higashiura A, Higashiura T, Akita F, Hibino H, Omura T, Nakagawa A, lwasaki K. 2016. Electron
microscopic imaging revealed the flexible filamentous structure of the cell attachment protein P2 of Rice dwarf
virus located around the icosahedral 5-fold axes. Journal of Biochemistry 159:181-190. DOI: https://doi.org/10.
1093/jb/mvv092, PMID: 26374901

Mori Y, Koike M, Moriishi E, Kawabata A, Tang H, Oyaizu H, Uchiyama Y, Yamanishi K. 2008. Human herpesvirus-
6 induces MVB formation, and virus egress occurs by an exosomal release pathway. Traffic 9:1728-1742.

DOI: https://doi.org/10.1111/j.1600-0854.2008.00796.x, PMID: 18637904

Movahed N, Cabanillas DG, Wan J, Vali H, Laliberté JF, Zheng H. 2019. Turnip Mosaic Virus Components Are
Released into the Extracellular Space by Vesicles in Infected Leaves. Plant Physiology 180:1375-1388.

DOI: https://doi.org/10.1104/pp.19.00381, PMID: 31019004

Nguyen DG, Booth A, Gould SJ, Hildreth JE. 2003. Evidence that HIV budding in primary macrophages occurs
through the exosome release pathway. Journal of Biological Chemistry 278:52347-52354. DOI: https://doi.org/
10.1074/jbc.M309009200, PMID: 14561735

Nielsen E, Severin F, Backer JM, Hyman AA, Zerial M. 1999. Rab5 regulates motility of early endosomes on
microtubules. Nature Cell Biology 1:376-382. DOI: https://doi.org/10.1038/14075, PMID: 10559966

Nielsen E, Cheung AY, Ueda T. 2008. The regulatory RAB and ARF GTPases for vesicular trafficking. Plant
Physiology 147:1516-1526. DOI: https://doi.org/10.1104/pp.108.121798, PMID: 18678743

Nielsen ME, Feechan A, Béhlenius H, Ueda T, Thordal-Christensen H. 2012. Arabidopsis ARF-GTP exchange
factor, GNOM, mediates transport required for innate immunity and focal accumulation of syntaxin PEN1.
PNAS 109:11443-11448. DOI: https://doi.org/10.1073/pnas. 1117596109, PMID: 22733775

Ostrowski M, Carmo NB, Krumeich S, Fanget |, Raposo G, Savina A, Moita CF, Schauer K, Hume AN, Freitas RP,
Goud B, Benaroch P, Hacohen N, Fukuda M, Desnos C, Seabra MC, Darchen F, Amigorena S, Moita LF, Thery
C. 2010. Rab27a and Rab27b control different steps of the exosome secretion pathway. Nature Cell Biology
12:19-30. DOI: https://doi.org/10.1038/ncb2000, PMID: 19966785

Pisitkun T, Shen RF, Knepper MA. 2004. Identification and proteomic profiling of exosomes in human urine.
PNAS 101:13368-13373. DOI: https://doi.org/10.1073/pnas.0403453101, PMID: 15326289

Ramakrishnaiah V, Thumann C, Fofana |, Habersetzer F, Pan Q, de Ruiter PE, Willemsen R, Demmers JA, Stalin
Raj V, Jenster G, Kwekkeboom J, Tilanus HW, Haagmans BL, Baumert TF, van der Laan LJ. 2013. Exosome-
mediated transmission of hepatitis C virus between human hepatoma Huh7.5 cells. PNAS 110:13109-13113.
DOI: https://doi.org/10.1073/pnas.1221899110, PMID: 23878230

Reyes-Ruiz JM, Osuna-Ramos JF, De Jesus-Gonzélez LA, Hurtado-Monzén AM, Farfan-Morales CN, Cervantes-
Salazar M, Bolafios J, Cigarroa-Mayorga OE, Martin-Martinez ES, Medina F, Fragoso-Soriano RJ, Chavez-
Munguia B, Salas-Benito JS, Del Angel RM. 2019. Isolation and characterization of exosomes released from
mosquito cells infected with dengue virus. Virus Research 266:1-14. DOI: https://doi.org/10.1016/j.virusres.
2019.03.015, PMID: 30930201

Rutter BD, Innes RW. 2018. Extracellular vesicles as key mediators of plant-microbe interactions. Current Opinion
in Plant Biology 44:16-22. DOI: https://doi.org/10.1016/].pbi.2018.01.008, PMID: 29452903

Shikata E, Maramorosch K. 1965. Electron microscopic evidence for the systemic invasion of an insect host by a
plant pathogenic virus. Virology 27:461-475. DOI: https://doi.org/10.1016/0042-6822(65)90171-6, PMID: 5
855567

Simonsen A, Lippé R, Christoforidis S, Gaullier JM, Brech A, Callaghan J, Toh BH, Murphy C, Zerial M, Stenmark
H. 1998. EEA1 links PI(3)K function to Rab5 regulation of endosome fusion. Nature 394:494-498. DOI: https://
doi.org/10.1038/28879, PMID: 9697774

Song L, Tang S, Han X, Jiang Z, Dong L, Liu C, Liang X, Dong J, Qiu C, Wang Y, Du Y. 2019. KIBRA controls
exosome secretion via inhibiting the proteasomal degradation of Rab27a. Nature Communications 10:1639.
DOI: https://doi.org/10.1038/s41467-019-09720-x, PMID: 30967557

Tanggis, Nagashima S, Takahashi M, Kobayashi T, Nishizawa T, Nishiyama T, Primadharsini PP, Okamoto H.
2017. Characterization of the Quasi-Enveloped hepatitis E virus particles released by the cellular exosomal
pathway. Journal of Virology 91:€00822. DOI: https://doi.org/10.1128/JVI.00822-17, PMID: 28878075

Temme S, Eis-Hubinger AM, McLellan AD, Koch N. 2010. The herpes simplex virus-1 encoded glycoprotein B
diverts HLA-DR into the exosome pathway. The Journal of Inmunology 184:236-243. DOI: https://doi.org/10.
4049/jimmunol.0902192, PMID: 19949097

Vidal MJ, Stahl PD. 1993. The small GTP-binding proteins Rab4 and ARF are associated with released exosomes
during reticulocyte maturation. European Journal of Cell Biology 60:261-267. PMID: 8330623

Vora A, Zhou W, Londono-Renteria B, Woodson M, Sherman MB, Colpitts TM, Neelakanta G, Sultana H. 2018.
Arthropod EVs mediate dengue virus transmission through interaction with a tetraspanin domain containing
glycoprotein Tsp29Fb. PNAS 115:E6604-E6613. DOI: https://doi.org/10.1073/pnas. 1720125115, PMID: 2
9946031

Wei T, Kikuchi A, Moriyasu Y, Suzuki N, Shimizu T, Hagiwara K, Chen H, Takahashi M, Ichiki-Uehara T, Omura T.
2006a. The spread of Rice dwarf virus among cells of its insect vector exploits virus-induced tubular structures.
Journal of Virology 80:8593-8602. DOI: https://doi.org/10.1128/JVI.00537-06, PMID: 16912308

Chen et al. eLife 2021;10:€64603. DOI: https://doi.org/10.7554/eLife.64603 21 of 22


https://doi.org/10.1016/j.actatropica.2016.11.020
https://doi.org/10.1016/j.actatropica.2016.11.020
http://www.ncbi.nlm.nih.gov/pubmed/27876643
https://doi.org/10.1146/annurev-biochem-060208-104626
http://www.ncbi.nlm.nih.gov/pubmed/20196649
https://doi.org/10.1093/jb/mvv092
https://doi.org/10.1093/jb/mvv092
http://www.ncbi.nlm.nih.gov/pubmed/26374901
https://doi.org/10.1111/j.1600-0854.2008.00796.x
http://www.ncbi.nlm.nih.gov/pubmed/18637904
https://doi.org/10.1104/pp.19.00381
http://www.ncbi.nlm.nih.gov/pubmed/31019004
https://doi.org/10.1074/jbc.M309009200
https://doi.org/10.1074/jbc.M309009200
http://www.ncbi.nlm.nih.gov/pubmed/14561735
https://doi.org/10.1038/14075
http://www.ncbi.nlm.nih.gov/pubmed/10559966
https://doi.org/10.1104/pp.108.121798
http://www.ncbi.nlm.nih.gov/pubmed/18678743
https://doi.org/10.1073/pnas.1117596109
http://www.ncbi.nlm.nih.gov/pubmed/22733775
https://doi.org/10.1038/ncb2000
http://www.ncbi.nlm.nih.gov/pubmed/19966785
https://doi.org/10.1073/pnas.0403453101
http://www.ncbi.nlm.nih.gov/pubmed/15326289
https://doi.org/10.1073/pnas.1221899110
http://www.ncbi.nlm.nih.gov/pubmed/23878230
https://doi.org/10.1016/j.virusres.2019.03.015
https://doi.org/10.1016/j.virusres.2019.03.015
http://www.ncbi.nlm.nih.gov/pubmed/30930201
https://doi.org/10.1016/j.pbi.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29452903
https://doi.org/10.1016/0042-6822(65)90171-6
http://www.ncbi.nlm.nih.gov/pubmed/5855567
http://www.ncbi.nlm.nih.gov/pubmed/5855567
https://doi.org/10.1038/28879
https://doi.org/10.1038/28879
http://www.ncbi.nlm.nih.gov/pubmed/9697774
https://doi.org/10.1038/s41467-019-09720-x
http://www.ncbi.nlm.nih.gov/pubmed/30967557
https://doi.org/10.1128/JVI.00822-17
http://www.ncbi.nlm.nih.gov/pubmed/28878075
https://doi.org/10.4049/jimmunol.0902192
https://doi.org/10.4049/jimmunol.0902192
http://www.ncbi.nlm.nih.gov/pubmed/19949097
http://www.ncbi.nlm.nih.gov/pubmed/8330623
https://doi.org/10.1073/pnas.1720125115
http://www.ncbi.nlm.nih.gov/pubmed/29946031
http://www.ncbi.nlm.nih.gov/pubmed/29946031
https://doi.org/10.1128/JVI.00537-06
http://www.ncbi.nlm.nih.gov/pubmed/16912308
https://doi.org/10.7554/eLife.64603

e Llfe Research article

Microbiology and Infectious Disease

Wei T, Shimizu T, Hagiwara K, Kikuchi A, Moriyasu Y, Suzuki N, Chen H, Omura T. 2006b. Pns12 protein of Rice
dwarf virus is essential for formation of viroplasms and nucleation of viral-assembly complexes. Journal of
General Virology 87:429-438. DOI: https://doi.org/10.1099/vir.0.81425-0, PMID: 16432031

Wei T, Chen H, Ichiki-Uehara T, Hibino H, Omura T. 2007. Entry of Rice dwarf virus into cultured cells of its insect
vector involves clathrin-mediated endocytosis. Journal of Virology 81:7811-7815. DOI: https://doi.org/10.1128/
JVI.00050-07, PMID: 17475659

Wei T, Hibino H, Omura T. 2008. Rice dwarf virus is engulfed into and released via vesicular compartments in
cultured insect vector cells. Journal of General Virology 89:2915-2920. DOI: https://doi.org/10.1099/vir.0.2008/
002063-0, PMID: 18931091

Wei T, Hibino H, Omura T. 2009. Release of Rice dwarf virus from insect vector cells involves secretory exosomes
derived from multivesicular bodies. Communicative & Integrative Biology 2:324-326. DOI: https://doi.org/10.
4161/cib.2.4.8335, PMID: 19721879

Wei J, Zhao JJ, Zhang T, Li FF, Ghanim M, Zhou XP, Ye GY, Liu SS, Wang XW. 2014. Specific cells in the primary
salivary glands of the whitefly Bemisia tabaci control retention and transmission of begomoviruses. Journal of
Virology 88:13460-13468. DOI: https://doi.org/10.1128/JVI.02179-14, PMID: 25210181

Wei T, Li Y. 2016. Rice Reoviruses in Insect Vectors. Annual Review of Phytopathology 54:99-120. DOI: https://
doi.org/10.1146/annurev-phyto-080615-095900, PMID: 27296147

Woucherpfennig T, Wilsch-Brauninger M, Gonzélez-Gaitan M. 2003. Role of Drosophila Rab5 during endosomal
trafficking at the synapse and evoked neurotransmitter release. Journal of Cell Biology 161:609-624.

DOI: https://doi.org/10.1083/jcb.200211087, PMID: 12743108

Zeigerer A, Bogorad RL, Sharma K, Gilleron J, Seifert S, Sales S, Berndt N, Bulik S, Marsico G, D'Souza RCJ,
Lakshmanaperumal N, Meganathan K, Natarajan K, Sachinidis A, Dahl A, Holzhitter HG, Shevchenko A, Mann
M, Koteliansky V, Zerial M. 2015. Regulation of liver metabolism by the endosomal GTPase Rab5. Cell Reports
11:884-892. DOI: https://doi.org/10.1016/].celrep.2015.04.018, PMID: 25937276

Zhao L, Dai W, Zhang C, Zhang Y, Wu D, Zhang Y. 2010. Morphological characterization of the mouthparts of
the vector leathopper Psammotettix striatus (L.) (Hemiptera: Cicadellidae). Micron 41:754-759. DOI: https://
doi.org/10.1016/j.micron.2010.06.001

Zhou F, PuY, Wei T, Wei T, Liu H, Deng W, Wei C, Ding B, Omura T, Li Y. 2007. The P2 capsid protein of the
nonenveloped rice dwarf phytoreovirus induces membrane fusion in insect host cells. PNAS 104:19547-19552.
DOI: https://doi.org/10.1073/pnas.0708946104, PMID: 18042708

Chen et al. eLife 2021;10:€64603. DOI: https://doi.org/10.7554/eLife.64603 22 of 22


https://doi.org/10.1099/vir.0.81425-0
http://www.ncbi.nlm.nih.gov/pubmed/16432031
https://doi.org/10.1128/JVI.00050-07
https://doi.org/10.1128/JVI.00050-07
http://www.ncbi.nlm.nih.gov/pubmed/17475659
https://doi.org/10.1099/vir.0.2008/002063-0
https://doi.org/10.1099/vir.0.2008/002063-0
http://www.ncbi.nlm.nih.gov/pubmed/18931091
https://doi.org/10.4161/cib.2.4.8335
https://doi.org/10.4161/cib.2.4.8335
http://www.ncbi.nlm.nih.gov/pubmed/19721879
https://doi.org/10.1128/JVI.02179-14
http://www.ncbi.nlm.nih.gov/pubmed/25210181
https://doi.org/10.1146/annurev-phyto-080615-095900
https://doi.org/10.1146/annurev-phyto-080615-095900
http://www.ncbi.nlm.nih.gov/pubmed/27296147
https://doi.org/10.1083/jcb.200211087
http://www.ncbi.nlm.nih.gov/pubmed/12743108
https://doi.org/10.1016/j.celrep.2015.04.018
http://www.ncbi.nlm.nih.gov/pubmed/25937276
https://doi.org/10.1016/j.micron.2010.06.001
https://doi.org/10.1016/j.micron.2010.06.001
https://doi.org/10.1073/pnas.0708946104
http://www.ncbi.nlm.nih.gov/pubmed/18042708
https://doi.org/10.7554/eLife.64603

