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Entry of Rice Dwarf Virus into Cultured Cells of Its Insect Vector
Involves Clathrin-Mediated Endocytosis�
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Electron microscopy revealed that the entry of Rice dwarf virus (RDV) into insect vector cells involved
endocytosis via coated pits. The treatment of cells with drugs that block receptor-mediated or clathrin-
mediated endocytosis significantly reduced RDV infectivity. However, the drug that blocks caveola-mediated
endocytosis had a negligible effect on such infection. Infection was also inhibited when cells had been
pretreated with bafilomycin A1, which interferes with acidification of endosomes. Moreover, immunofluores-
cence staining indicated that the virus is internalized into early endosomes. Together, our data indicate that
RDV enters insect vector cells through receptor-mediated, clathrin-dependent endocytosis and is sequestered
in early endosomes.

The initiation of a successful virus infection cycle requires
the attachment of virions to specific molecules on the surfaces
of host cells, with subsequent penetration of and entry into the
host cells for the release of viral genomes for replication. Many
viruses, including enveloped and nonenveloped viruses, re-
quire endocytosis for entry into cells, and they gain access to
the cytoplasm via endocytotic vesicles. The endocytotic path-
ways exploited by viruses include clathrin-mediated endo-
cytosis, caveola-mediated endocytosis, macropinocytosis, and
phagocytosis (8, 13, 20, 21). Plant viruses are believed to enter
plant cells through a wound. Since it is difficult to culture host
cells, the mechanisms of entry of plant viruses into the cells of
their respective insect vector hosts remain poorly understood.
Some electron microscopic observations have suggested that
plant viruses enter their insect vector cells via receptor-medi-
ated endocytosis; for example, luteoviruses were believed to
move across the hemocoel or salivary glands of aphid vectors
by endocytosis (9, 10), but no direct evidence has been re-
ported, to our knowledge, to confirm this hypothesis.

Rice dwarf virus (RDV) is a nonenveloped virus that is a
member of the genus Phytoreovirus in the family Reoviridae
(17). RDV has an icosahedral capsid composed of seven pro-
teins organized in two concentric layers that surround a ge-
nome of 12 segmented double-stranded RNAs (16). The outer
layer consists of three proteins, namely, P2, P8, and P9 (14, 15,
16, 26, 27). The minor outer capsid protein P2 is essential for
the infection of insect vectors by RDV (18, 22, 25). It has been
proposed that P2 interacts with receptors on insect vector cells
and that this interaction is required for the recognition of viral
particles by the insect cells (18). The major outer capsid pro-
tein P8 also appears to play an important role during the initial
stage of infection of insect vector cells (16). To our knowledge,
little else is known about the mechanism of entry of plant virus
into insect vector cells. The development of a technique for

culturing insect vector cells in monolayers (VCMs) allows the
efficient propagation of plant viruses in their respective vectors
(11, 24). RDV is unusual in that this virus is able to multiply
both in a plant and in an insect vector (2). Therefore, the entry
of RDV into cells can now be investigated in the context of a
cycle of infection using VCMs. In this study, NC-24 cells,
originally established from embryonic fragments dissected
from eggs of Nephotettix cincticeps, were maintained in mono-
layer culture at 25°C in growth medium that had been pre-
pared as described previously (11).

In order to study and dissect the process of entry of RDV
into insect cells, VCMs on coverslips were inoculated with
RDV at a multiplicity of infection (MOI) of 1, fixed at different
times postinoculation (p.i.), and examined by electron micros-
copy, as described previously (18). At 30 min p.i., we observed
the attachment of RDV particles of approximately 70 nm in
diameter to the surfaces of VCMs (Fig. 1a). At 1 h p.i., RDV
particles were seen within invaginations of the plasma mem-
brane (Fig. 1b and c). These invaginations showed that viral
entry into insect vector cells resembled that of clathrin-coated
pits. Figure 1c and d show the uptake of RDV via a pit that has
detached from the cell surface. After 2 h p.i., most of the viral
particles were found within endocytotic vesicles (Fig. 1e
through g). A single viral particle was evident within each
vesicle (Fig. 1e) at 2 h p.i. Vesicles that contained a viral
particle(s) appeared to fuse with one another to form large
vesicles (Fig. 1f and g) at 4 h p.i. We never observed similar
phenomena in uninfected cells (data not shown).

Our observations also revealed that RDV particles within
endocytotic vesicles were always in the double-layered form.
This observation was supported by immunoelectron micro-
scopic observations of VCMs that had been infected with RDV
at an early stage of viral infection. Cells on coverslips were
fixed 4 h p.i. and immunostained, as described previously, with
the P2-specific immunoglobulin G (IgG) and 15-nm gold par-
ticle-conjugated goat antibodies against rabbit IgG (GAR15;
British Bifocals International, Cardiff, United Kingdom) (24).
The particles in large vesicles reacted specifically with the IgG
and were confirmed to be double-layered RDV particles (Fig.
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1h). Therefore, it seems that the uncoating of RDV by losing
the outer capsid proteins did not occur after endocytosis.

In order to determine whether RDV enters cells via recep-
tor-mediated, clathrin-mediated, or caveola-mediated endocy-
tosis, we examined the effects of dansylcadaverine (Sigma),
chlorpromazine (Sigma), and genistein (Sigma) on infection.
Dansylcadaverine is a pharmacological inhibitor of receptor-
mediated endocytosis that has been extensively used by others
to demonstrate receptor-mediated endocytosis of several vi-
ruses (4, 5, 6). Chlorpromazine prevents the assembly and
disassembly of clathrin lattices at cell surfaces and on endo-
somes, thereby inhibiting clathrin-mediated endocytosis (23).
Genistein interferes with caveola-mediated endocytosis by in-
hibiting the internalization of viruses through caveolae; the
drug acts by blocking the phosphorylation of tyrosine kinase,
which is involved in the formation of caveosomes (7, 19). After
treating VCMs for 30 min with each drug separately, VCMs

were inoculated at an MOI of 0.4 with RDV for 2 h, washed
three times, and cultured in medium for 12 h. Cells were fixed
for 30 min in 2% paraformaldehyde, stained with virus-specific
IgG (raised against intact viruses), conjugated to fluorescein
isothiocyanate (FITC), and visualized by confocal fluorescence
microscopy, as described previously (24). Infection was quan-
titated as the ratio of infected cells to total cells. The viral
inoculum was diluted to a concentration that resulted in the
infection of 40 to 50% of cells. The values in Fig. 2 represent
the averages of the results of at least three independent exper-
iments. In preliminary experiments, we tested a range of con-
centrations for each drug to determine its effective concentra-
tions, thereby avoiding the effects due to their toxicity (data not
shown). As shown in Fig. 2, pretreatment of VCMs with
dansylcadaverine for 30 min before RDV inoculation signifi-
cantly reduced the number of infected cells in a dose-depen-
dent manner. Chlorpromazine also inhibited RDV infection in

FIG. 1. Electron micrographs showing the entry of RDV into insect vector cells. (a) Attachment of RDV particles to the plasma membranes
of VCMs 30 min p.i. (b and c) Uptake of RDV particles in coated pits (arrows) 1 h p.i. (c and d) RDV particles internalized within coated pits
(arrowheads) 1 h p.i. (e) Single RDV particle enclosed in vesicles (arrows) 2 h p.i. (f) Vesicles with an RDV particle(s) are in close proximity to
other vesicles (arrows), possibly prior to fusion, 4 h p.i. (g) RDV particles in electron-lucent compartment (arrow) 4 h p.i. (h) Immunodetection
of RDV particles in multivirus-containing compartments using gold particles conjugated to P2-specific IgG 4 h p.i. Bars, 200 nm.

7812 NOTES J. VIROL.



a dose-dependent manner. Cells infected after treatment with
dansylcadaverine and chlorpromazine fluoresced, as did the
controls, suggesting that the virus infected once multiplied in
the same level as that of nontreated controls. Inhibition was
almost complete at a drug concentration of 10 mM. By con-
trast, RDV infection was not inhibited by genistein, even at
very high concentrations of this drug (Fig. 2). Taken together,
these data indicate that the infection of insect vector cells in
monolayers by RDV is sensitive to dansylcadaverine and that
RDV enters such cells by receptor-mediated endocytosis. Fur-

thermore, the results obtained in this set of experiments sup-
ported the hypothesis that RDV entry mechanisms occur pri-
marily by clathrin-mediated endocytosis.

To investigate the effects of pH, we examined whether the
infection of VCMs by RDV required a low-endosomal pH
using bafilomycin A1 (Sigma). This drug is a potent and spe-
cific inhibitor of ATPases that inhibits the acidification of en-
dosomes and lysosomes (1, 3). In preliminary experiments, we
tested a range of concentrations of the drug to determine
effective concentrations and to avoid effects due to the toxicity

FIG. 2. Effects of various drugs on infection of VCMs by RDV. (A) VCMs were incubated for 30 min with 400 �M dansylcadaverine, 4 mM
chlorpromazine, 400 �g/ml genistein, and 20 nM bafilomycin A1, as indicated, or without drugs (control) and then inoculated with RDV. Cells were
fixed and processed for immunofluorescence staining with virus-specific IgG conjugated to FITC. Bars, 35 �m. (B) VCMs were treated with various
concentrations of dansylcadaverine, chlorpromazine, genistein, and bafilomycin A1, as indicated. Viral infection was quantified as the percentage
of FITC-stained, drug-treated cells relative to the number of untreated control cells. The data shown are the means and standard deviations of
the results from three independent experiments.

VOL. 81, 2007 NOTES 7813



of the drug (data not shown). After treatment for 30 min with
bafilomycin A1, VCMs were incubated for 2 h with RDV at an
MOI of 0.4. The infection was quantitated as noted above. As
shown in Fig. 2, RDV infection was inhibited by bafilomycin
A1, indicating that infection was apparently sensitive to the low
pH of endosomes. The pH-dependent entry of RDV into
VCMs further suggests that the virus is internalized at the cell
surface by endocytosis and is sequestered in the endosomal
compartment.

To determine whether internalized RDV particles associate
with early or late endosomes, VCMs on coverslips were inoc-
ulated with RDV at an MOI of 1, fixed at different times p.i.,
and processed for immunofluorescence analysis with mouse
monoclonal antibodies against early endosomal antigen 1
marker protein (EEA1; Abcam), followed by an Alexa Fluor
594 donkey anti-mouse IgG (Invitrogen) and virus-specific IgG
conjugated to FITC. Alternatively, RDV-inoculated VCMs
were pretreated with LysoTracker (specific staining dye for
late endosomes and lysosomes; Invitrogen) for 30 min before
fixation, stained with virus-specific IgG conjugated to FITC,
and examined by confocal fluorescence microscopy, as de-
scribed previously (24). From 2 h to 6 h p.i., a punctate staining
pattern with a strong colocalization of RDV antigens and
EEA1 was found (Fig. 3 and data not shown), thus suggesting
that the viral particles were translocated to the early endo-
somes after endocytosis. By contrast, samples harvested at the
same time points and stained with LysoTracker failed to show
any localization of RDV in the late endosomes (Fig. 3 and data
not shown). These results suggest that RDV virions do not
migrate to the late endosomes. The proteolytic cleavage of the
major outer capsid protein P8 of RDV occurs specifically at the
residues Asp362 and Pro363, which are considered to be hydro-
philic (12). Our data indicated that the low pH present in the

early endosome might be sufficient to trigger the outer capsid
protein cleavage or the fusion of RDV particles with the mem-
branes of endocytotic vesicles.

In conclusion, electron microscopy, immunofluorescence
studies, and experiments with various inhibitors support the
hypothesis that RDV enters insect vector cells through recep-
tor-mediated, clathrin-dependent endocytosis and is seques-
tered in a low-pH-dependent endosomal compartment. To our
knowledge, this is the first report of the entry of a plant virus
into insect vector cells by clathrin-mediated endocytosis. This
mechanism might also be applicable to other viruses in the
genera Fijivirus and Oryzavirus (2, 17), which can multiply both
in plants and in vector insects.
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