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ABSTRACT

During dengue virus infection of host cells, intracellular membranes are rearranged into distinct subcellular structures such as
double-membrane vesicles, convoluted membranes, and tubular structures. Recent electron tomographic studies have provided
a detailed three-dimensional architecture of the double-membrane vesicles, representing the sites of dengue virus replication,
but temporal and spatial evidence linking membrane morphogenesis with viral RNA synthesis is lacking. Integrating techniques
in electron tomography and molecular virology, we defined an early period in virus-infected mosquito cells during which the
formation of a virus-modified membrane structure, the double-membrane vesicle, is proportional to the rate of viral RNA syn-
thesis. Convoluted membranes were absent in dengue virus-infected C6/36 cells. Electron tomographic reconstructions eluci-
dated a high-resolution view of the replication complexes inside vesicles and allowed us to identify distinct pathways of particle
formation. Hence, our findings extend the structural details of dengue virus replication within mosquito cells and highlight their
differences from mammalian cells.

IMPORTANCE

Dengue virus induces several distinct intracellular membrane structures within the endoplasmic reticulum of mammalian cells.
These structures, including double-membrane vesicles and convoluted membranes, are linked, respectively, with viral replica-
tion and viral protein processing. However, dengue virus cycles between two disparate animal groups with differing physiolo-
gies: mammals and mosquitoes. Using techniques in electron microscopy, we examined the differences between intracellular
structures induced by dengue virus in mosquito cells. Additionally, we utilized techniques in molecular virology to temporally
link events in virus replication to the formation of these dengue virus-induced membrane structures.

Dengue virus (DENV) is a flavivirus, within the Flaviviridae
family. There are four distinct serotypes, referred to as

DENV-1, -2, -3, and -4. DENV is an enveloped virus with an 11-kb
positive-sense RNA genome encoding a polyprotein which is co-
and posttranslationally processed. Three structural proteins (C,
prM, and E) constitute the virus particle, and the seven nonstruc-
tural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5)
function in viral RNA replication (1). DENV causes one of the
most aggressive arthropod-borne viral diseases, with approxi-
mately 100 to 350 million cases annually. Of these, approximately
500,000 patients are admitted to hospitals with a more severe form
of the disease, referred to as dengue hemorrhagic fever and/or
dengue shock syndrome (2).

During infection, the DENV RNA is translated into a single
polyprotein associated with the endoplasmic reticulum (ER)
membrane, and cellular and viral proteases cleave the polyprotein,
generating the individual proteins required for subsequent viral
RNA synthesis and virion assembly. Following cleavage, the viral
proteins remain associated with the ER membrane either on the
cytoplasmic side or in the ER lumen. The three structural proteins
and the replicase proteins, NS1, NS2A, NS2B, NS4A, and NS4B,
are all integrated into the ER membrane. The C protein will en-
gage with newly synthesized RNA on the cytoplasmic side of the
ER and form the capsid-RNA complex. Together with the lipid
bilayer of the ER, the transmembrane prM and E proteins residing
within the ER lumen form an envelope that will enclose the cap-
sid-RNA complex, generating immature virus particles that bud
into the ER. NS1 is involved in virus replication, as it has been

shown to reside within the viral replicase complex (3). However, a
major portion of the NS1 protein is localized within the ER lumen,
and thus it is unclear how it interacts with other components of
the replication complex. While the function of NS2A is not
known, NS2B is a cofactor for the viral protease NS3 and is in-
volved in viral polyprotein processing. Additionally, NS3 has a
helicase activity that presumably unwinds the RNA template dur-
ing viral RNA synthesis, which is carried out by the RNA-depen-
dent RNA polymerase (RdRp), NS5. NS4A and NS4B are integral
membrane proteins. NS4A, in concert with other viral and cellular
proteins, is believed to provide a scaffold for the formation of the
replication complex (4–6). NS4B is considered a negative modu-
lator for helicase activity (7, 8). Both NS4A and NS4B have also
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been implicated in driving the reorganization of cellular mem-
branes observed in virus-infected cells (5, 6).

Numerous positive-strand RNA viruses have been shown to
induce subcellular membrane alterations to promote their repli-
cation. These include rubiviruses (9–11), nodaviruses (12),
picornaviruses (13, 14), arteriviruses (15), coronaviruses (16, 17),
alphaviruses (18–20), and flaviviruses (3, 21–31). Combined im-
munoelectron microscopy (IEM) and electron tomography (ET)
studies have provided significant insight into the architecture of
flavivirus-induced membrane structures associated with func-
tional replication complexes within mammalian cells (22, 28, 31).
A complex set of DENV-modified structures, including double-
membrane vesicles (Ve) enclosed within membrane packets (Vp),
convoluted membranes (CM), and tubular structures (T), is ob-
served, covered by a single continuous ER membrane (28). Ve are
comprised of viral RNA, replication proteins, and probably cellu-
lar proteins and form the replication complex where RNA synthe-
sis occurs (28, 32–34). CM are likely to be the sites for viral protein
translation and processing, as shown with Kunjin virus-infected
Vero cells (3). IEM analyses on Huh-7 cells have also suggested
that the CM consists of a pool of nonstructural proteins and lipids
involved in DENV replication (28).

The morphological characteristics of virus-induced structures
have been well addressed for mammalian cell systems. However,
little is known about these structures within cells of the insect
vector. Although the morphological structures induced by DENV
within mosquito cells had been examined by transmission elec-
tron microscopy (TEM) (23, 24), the limitation of conventional
chemical fixation for sample visualization presents obstacles in
obtaining sufficient morphological detail. Here we exploited the
advantage of high-pressure freezing (HPF) and freeze-substitu-
tion (FS) techniques to improve the preservation of virally modi-
fied structures within DENV-infected C6/36 cells. We applied a
combination of molecular virology and electron microscopy tech-
niques (immunoelectron microscopy [IEM] and electron tomog-
raphy [ET]) to obtain a three-dimensional (3D) perspective of
DENV replication, assembly, and budding within cells derived
from the insect vector.

MATERIALS AND METHODS
Cells, viruses, and antibodies. C6/36 cells, a mosquito cell line (ATCC),
were maintained in minimum essential medium (MEM) supplemented
with 2 mM L-glutamine, 0.1 mM nonessential amino acids (Gibco, Grand
Island, NY), and heat-inactivated 10% fetal bovine serum (FBS) (Sigma-
Aldrich, St. Louis, MO) at 30°C in the presence of 5% CO2. Huh-7 cells
were seeded in Dulbecco’s modified eagle medium (DMEM) (Gibco,
Grand Island, NY) supplemented with heat-inactivated 10% FBS at 37°C
with 5% CO2. MEM and DMEM containing 2% FBS were used to main-
tain DENV-infected C6/36 cells and Huh-7 cells, respectively. DENV se-
rotype 2, strain 16681 (kindly provided by Richard Kinney, CDC, Fort
Collins, CO), was amplified in C6/36 cells.

Antibodies against DENV proteins (C, prM, E, NS1, NS3, and NS5)
were kindly provided by James Strauss (Division of Biology, California
Institute of Technology, Pasadena, CA). An anti-double-stranded RNA
(anti-dsRNA) monoclonal antibody was obtained from English & Scien-
tific Consulting (Szirak, Hungary). An antibromodeoxyuridine (anti-
BrdU) monoclonal antibody and a tetramethyl rhodamine isocyanate
(TRITC)-conjugated goat anti-mouse secondary antibody were pur-
chased from Sigma-Aldrich (St. Louis, MO) and Abcam (Cambridge,
MA), respectively.

Time course experiments. C6/36 cells, seeded in 35-mm culture
dishes, were washed twice and infected with virus at a multiplicity of

infection (MOI) of 5 for 2 h at room temperature. Infected cells were
washed extensively with MEM and incubated further in MEM supple-
mented with 2% FBS at 30°C in the presence of 5% CO2. At the indicated
time points (0, 4, 8, 12, 14, 16, 20, 24, 36, and 48 h) after washing/or adding
of the maintenance medium, infected cells and culture media were har-
vested for the measurement of total cell number, intracellular viral RNA,
and infectious cell-associated and extracellular viruses. A subset of in-
fected cells was also processed for transmission electron microscopy anal-
ysis.

qRT-PCR. Measurement of intracellular viral RNA was performed
using quantitative real-time reverse transcription-PCR (qRT-PCR) (35).
Infected cells were lysed with TRIzol reagent according to the manufac-
turer’s protocol (Invitrogen, Carlsbad, CA), and total RNA was recovered
by chloroform precipitation. qRT-PCR was performed using a TaqMan
probe amplification system (Invitrogen, Carlsbad, CA). As a standard
reference for measuring viral RNA quantity, 10-fold serial dilutions of a
known concentration of full-length in vitro-transcribed DENV-2 RNA
covering the range of 8.67 � 103 to 8.67 � 108 copies/ml was used along
with the samples. A standard curve was then used to calculate the viral
RNA concentration in the samples, and the data were expressed as RNA
copies/total cells and RNA copies/cell.

Focus immunoassay titration. Focus immunoassay titration was used
to determine the titer of infectious DENV-2 as described previously (36)
with the following modifications. Briefly, C6/36 cells seeded in 96-well
plates were infected with equal volumes of serial 10-fold dilutions of virus
samples. Virus adsorption was carried out at 30°C for 2 h, following which
the cells were overlaid with 1.5% (vol/vol) carboxymethyl cellulose
(Sigma, St. Louis, MO) in MEM medium containing 4% (vol/vol) FBS.
Foci of infected cells were visualized by successively employing 4G2, an
anti-E primary antibody, followed by alkaline phosphatase-conjugated
goat anti-mouse IgG(H�L) secondary antibody (Sigma, St. Louis, MO)
and a chromogenic substrate mixture (Sigma, St. Louis, MO). The virus
titer was expressed as focus-forming units (FFU)/ml.

Immunofluorescence microscopy and BrUTP labeling of viral RNA.
DENV-infected C6/36 cells were fixed with 3.7% formaldehyde in phos-
phate-buffered saline (PBS) at room temperature for 10 min and then
permeabilized with 2% Triton X-100 in PBS. Cell monolayers were re-
acted with each of the primary antibodies specific for C, prM, E, NS1, NS3,
NS5, and dsRNA at 37°C for 1 h. Cells were washed 3 times with PBS and
reacted with a goat anti-mouse TRITC-conjugated secondary antibody.
Following extensive washing with PBS, nuclei were stained with DAPI
(4=,6=-diamidino-2-phenylindole), and the cells were mounted on glass
slides and examined at a magnification of �60 using an IX81 inverted
fluorescence microscope (Olympus, Tokyo, Japan).

For the detection of the replicative form of the viral RNA, C6/36 cells
were infected with DENV-2 for 12 h, washed 3 times with PBS, and starved
in FBS-free MEM for 1 h. Cellular protein synthesis was then inhibited
with a final concentration of 5 �g/ml actinomycin D prior to treatment
with 10 mM BrUTP (Sigma, St. Louis, MO) for an additional 12 h at 30°C.
The cells were fixed, and the presence of replicative-form RNA was de-
tected by fluorescence microscopy employing an anti-BrdU primary an-
tibody (Sigma, St. Louis, MO).

Sample preparation for conventional transmission electron micros-
copy. C6/36 or Huh-7 cells seeded on Thermanox coverslips were infected
with DENV-2 at a multiplicity of infection of 5. At 48 h after virus adsorp-
tion, cells were fixed in 2% paraformaldehyde and 1.5% glutaraldehyde in
0.1 M cacodylate buffer for a minimum of 30 min at room temperature.
Cells were washed 3 times with 0.1 M cacodylate buffer and then reacted
with 2% osmium and 1.5% potassium ferricyanide in distilled water
(dH2O) for 1 h. After washing with deionized H2O, cells were stained with
2% uranyl acetate for 90 min, dehydrated gradually in a series of ethanol
concentrations (10%, 30%, 50%, 70%, 90%, and absolute ethanol), and
then infiltrated in ethanol-Epon 812 (Electron Microscopy Sciences, Hat-
field, PA) mixtures at 3:1, 2:2, 1:3, and 1:9 prior to embedding in 100%
Epon 812 at 50°C for 48 h. Thin sections of resin-embedded cells were
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prepared using an ultramicrotome (Leica, Bannockburn, IL), placed on
Formvar-carbon coated copper grids, and stained with 2% uranyl acetate
followed by Sato’s lead. The sections were then examined using a CM-10
transmission electron microscope (Philips) at 80 kV. Approximately 50
cell profiles (18) were randomly observed for the presence of the virus-
induced structures, and the numbers of Vp and Ve per 10 cell profiles were
determined at different time points following virus adsorption.

High-pressure freezing and freeze-substitution. DENV-infected
cells on sapphire discs or cell pellets harvested at 48 h after virus adsorp-
tion were placed into the EM PACT2 membrane carrier shortly before
they were subjected to rapid freezing using the EM PACT2 high-pressure
freezer (Leica, Bannockburn, IL). The frozen cells were then subjected to
freeze-substitution using the AFS2 automatic freeze-substitution system
(Leica, Bannockburn, IL). Briefly, frozen cells were stained in 1% tannic
acid in acetone at �90°C for 8 h. The cells were washed 3 times with cold
acetone and stained with a mixture of 0.5% osmium and 2% uranyl ace-
tate in acetone for 8 h at �90°C. The temperature was then raised in
increments of 5°C/h to �20°C, where it was held for 8 h, and then warmed
up to 0°C at the same rate. At 0°C, cells were washed 3 times with cold
acetone. Samples were then moved to room temperature to start the in-
filtration process with the series of acetone-Epon 812 or acetone-Durcu-
pan (Sigma-Aldrich, St. Louis, MO) mixtures at 3:1, 1:1, 1:3, and 1:9
before final embedding in either 100% Epon 812 or Durcupan at 50°C for
48 h. The 250-nm-thick sections were prepared and placed on glow-dis-
charged Formvar-carbon coated copper slot grids. The sections were post-
stained with 2% uranyl acetate followed by Sato’s lead. Gold beads (10
nm) were applied on both sides of the grid for use as fiducial markers.

For immunoelectron microscopy, the cells were subjected to HPF and
FS in 2% uranyl acetate at �90°C for 8 h and then warmed to �30°C in
increments of 5°C/h. The temperature was held at �30°C for another 8 h
before it was raised to 0°C for further dehydration in ethanol. Cells were
then subjected to infiltration using a series of HM20 (Electron Micros-
copy Sciences, Hatfield, PA) and ethanol mixtures before the final embed-
ding with HM20 at �20°C for 48 h. Resin-embedded DENV-infected
C6/36 cell sections were incubated with 1% bovine serum albumin (BSA)
in PBS for 15 min to block nonspecific binding and reacted with mono-
clonal anti-NS1, -NS3, and -NS5 antibodies as well as the anti-dsRNA
antibody at room temperature for 18 h. For the detection of E protein by
immunoelectron microscopy, infected cells were subjected to FS in a mix-
ture of 80% (wt/wt) epoxy embedding medium in acetone using the same
parameters as described above before embedding with Durcupan. The
sections were then stained with anti-E antibody 4G2. After incubation
with various primary antibodies, sections were washed 3 times on a drop
of PBS and incubated with a goat anti-mouse IgG antibody that was con-
jugated with 10-nm gold particles (EMS, Hatfield, PA) at room tempera-
ture for 1 h. The washing step was repeated 3 times with a drop of PBS and
2 times with a drop of deionized H2O. The sections were treated with 2%
uranyl acetate, air dried, and examined under the CM-10 electron micro-
scope.

Electron tomography. Resin-embedded blocks of DENV-infected
C6/36 cells were cut to a thickness of 250 nm and placed on Formvar-
carbon coated slot grids. Sections were poststained with 2% uranyl acetate
followed by Sato’s lead. Ten-nanometer gold particles were applied on
both sides of the sections to serve as a fiducial marker. Grids were placed in
the Autoloader sample holder on a Titan Krios electron microscope (FEI,
Eindhoven, Netherlands) operated at 300 kV. Digital images were re-
corded as a single-axis tilt series across a range of �60° to 60° in 1° incre-
ments using a 4k Ultrascan 950 (Gatan, Warrendale, PA). Images were
acquired at a defocus level of �0.2 �m. Tomograms were reconstructed
using the IMOD software package (version 4.3.7) (37). The three-dimen-
sional surface models were generated by manually tracing the areas of
interest from unfiltered tomograms followed by smoothing labels and gap
filling.

RESULTS
Measurement of DENV replication parameters within mos-
quito cells. In order to establish the most suitable time point for
EM analysis of DENV-infected C6/36 mosquito cells, a single-step
kinetic study was employed to measure DENV infection parame-
ters. C6/36 cells seeded in 35-mm tissue culture dishes were in-
fected with DENV-2 strain 16681 at an MOI of 5. After 2 h of
adsorption at room temperature, the infected cells were exten-
sively washed with FBS-free culture medium and then maintained
in 2% FBS-containing minimal essential medium. At the indi-
cated time points, the infected cells were harvested and lysed for
the measurement of intracellular viral RNA by qRT-PCR. Newly
synthesized intracellular viral RNA was first detected at 8 h postin-
fection (p.i.) and increased until it reached a plateau producing
9.5 � 1010 RNA copies/ml at 24 h p.i. (Fig. 1A). Based on the focus
immunoassay titration that was performed to determine the in-
fectious, cell-associated virus, the progeny virus particles became
detectable only at 12 h, indicating that there was a 4-h delay in
virus assembly compared to RNA replication (Fig. 1B, open cir-
cles). The cell-associated virus detected during the exponential

FIG 1 Time course of virus replication. C6/36 mosquito cells were infected
with DENV at an MOI of 5. At the indicated time points infected cells were
harvested. (A) Viral RNA was extracted from the cells and quantified by qRT-
PCR using a DENV-specific TaqMan probe. (B) The cell-associated virus titers
(open circles) in infected cell lysates or the culture supernatant of infected cells
harvested at each time point were used to determine the extracellular virus titer
(closed circles) using a focus immunoassay titration method.
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period, however, increased simultaneously with the RNA levels
and peaked at the same time point. A similar result was observed
for the infectious extracellular virus during the exponential period
(Fig. 1B, closed circles), with a slight increase in virus release de-
tected after 36 h p.i. Immunofluorescence analysis was also em-
ployed using a DENV anti-NS3 antibody to measure infection.
While the peak of RNA synthesis would be the most appropriate
time point for investigating the functional correlation of DENV-
induced structures with RNA replication, the cells at this stage
were not all infected, which would have complicated the IEM and
ET analyses. Therefore, the 48-h time point (when all cells were
infected) was chosen to observe different stages of the infection.

DENV-induced membrane structure alterations occur
within C6/36 cells. Chemically fixed mock-infected and DENV-
infected C6/36 cells at 48 h p.i. were examined under the trans-
mission electron microscope to delineate structures that were in-
duced by DENV infection. Compared with mock-infected C6/36
cells, DENV-infected cells exhibited a complex set of virus-in-
duced subcellular structures, including large membrane-bound
Vp, which enclosed multiple round Ve and, in some instances, a
number of virus particles (Vi) (Fig. 2A). A proportion of Ve con-
tained irregular thread-like electron-dense material previously
identified in other flaviviruses and single-stranded, positive-sense
RNA viruses as the replication complex (RC) based on the pres-
ence of double-stranded RNA (15, 22). In addition, tubular struc-
tures (T) were observed in the vicinity of Vp (Fig. 2A). To improve
the visualization of these structures, DENV-infected C6/36 cells
were prepared by HPF for TEM. Strikingly, compact areas of elec-
tron-dense material were observed in the internal part of some Ve
(Fig. 2B), suggesting that the thread-like material detected with
chemically fixed sections might represent larger structures that
were distorted during the chemical fixation process. With both
chemically fixed and HPF-derived sections, only Vp, Ve, and T
were identified in DENV-infected C6/36 cells, and CM was not
observed. In contrast, four morphologically distinct structures,
Vp, Ve, T, and CM, were observed in our parallel study on DENV-
infected Huh-7 cells (Fig. 2C and D), in agreement with previous
studies (22, 28).

Temporal changes in membrane rearrangements induced by
DENV infection. A time course study was then performed to vi-
sualize how DENV-induced membrane rearrangements progress
during infection. At various time points after DENV-2 infection at
an MOI of 5, C6/36 cells were chemically fixed, and 50 cell profiles
were observed at random for each time point. At 0 and 4 h p.i.,
there was no distinct difference in the intracellular membrane
architecture between mock-infected and DENV-infected cells.
Isolated Vp containing one or two Ve were first observed at 8 h p.i.
(Fig. 3). At 12 and 16 h p.i. single Vp were found to enclose a few
more Ve. The number of Ve inside the Vp increased after 20 h of
infection (Fig. 3). Virus particles were detected inside and around
Vp starting at 20 h p.i., whereas tubular structures became detect-
able at 36 h p.i., when Vp occupied a large fraction of the cyto-
plasm of infected cells (Fig. 3). A quantitative analysis, which was
performed by manually counting Vp and Ve found in 10 cells
from a single slice at each time point, revealed a time-dependent
accumulation of Vp and Ve between 20 and 48 h p.i. (Fig. 4A).
When the average number of Ve (per cell) was plotted against the
intracellular viral RNA content (per cell), a linear relationship
between the Ve content and intracellular viral RNA content was
observed between 8 and 24 h p.i. (Fig. 4C). This relationship did

FIG 2 DENV-induced structural rearrangements within C6/36 cells. Thin-
section TEM images of dengue virus-infected resin-embedded C6/36 cells are
shown. (A) DENV-infected C6/36 cells at 48 h of infection were chemically
fixed with 2% paraformaldehyde and 1.5% glutaraldehyde for a minimum of
30 min at room temperature. Fixed cells were stained with 2% osmium fol-
lowed by 2% aqueous uranyl acetate for 90 min. The cells were then dehy-
drated gradually with a series of ethanol-resin mixtures and processed for
embedding with Epon 812. DENV-infected C6/36 cells showed three types of
virus-induced structures: the large Vp containing Ve within and the T. The
dark, small, electron-dense spheres corresponded to the morphology and size
of virions (Vi). (B) DENV-infected cells were processed for high-pressure
freezing and freeze-substitution in 0.5% osmium in acetone. The resin-em-
bedded sections were stained with uranyl acetate followed by Sato’s lead citrate
and examined under a CM-10 transmission electron microscope (Philips). In
addition to the structures observed by chemical fixation in panel A, more-
detailed structures were obtained by using high-pressure freezing of cell prep-
arations. The thread-like electron material inside the vesicles was clearly ob-
served by this fixation method. These structures represent the RC. (C and D)
Comparison of the different structures that were induced during DENV rep-
lication within C6/36 cells and Huh-7 cells. TEM micrographs of DENV-in-
fected Huh-7 cells are shown. Infected cells were chemically fixed before pro-
cessing for dehydration, infiltration, and embedding as described in Materials
and Methods. The 90-nm thin sections were stained with uranyl acetate and
Sato’s lead citrate before examination under a CM-10 electron microscope at
80 kV. High magnification of TEM micrographs revealed CM and Ve (C) and
Vp, Ve, and T (D) induced by DENV within Huh-7 cells. The CM represent
morphological differences between structures induced in Huh-7 cells and
C6/36 cells during DENV infection.
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not extend into the 36- and 48-h time points due to a reduction of
the intracellular viral RNA content (per cell) after 24 h p.i. (Fig.
4B). This result suggested that during the early period of dengue
virus infection, formation of new Ve structures is coupled with an
increase in viral RNA replication. After this period, limitation of
essential substances required for RNA replication or, more likely,
the formation and subsequent release of viral particles may con-
tribute to a depletion of the intracellular viral RNA pool, resulting
in the loss of linearity between these two parameters.

Distribution of dengue viral proteins and newly synthesized
viral RNA in the cell. To analyze the localization of viral proteins
within the DENV-induced structures, immunofluorescence mi-
croscopy was performed on DENV-infected C6/36 cells. At 48 h
p.i., infected cells were fixed and reacted with antibodies specific
for the following viral proteins: C, prM, E, NS1, NS3, and NS5.
These antibodies displayed distinct staining patterns in DENV-
infected cells compared to mock-infected cells. C, prM, NS1, and
NS3 were distributed in the perinuclear region, whereas NS5 was
observed predominantly in the nucleus (Fig. 5A). The C protein
displayed small speckled patterns of staining (Fig. 5A, C), whereas
the prM protein showed a more diffuse pattern (Fig. 5A, prM).
This is different from observations in mammalian cells, where the
C protein localized predominantly to the nucleus (38). The local-
ization of the E protein was similar to the pattern observed for
prM (data not shown). Interestingly, NS1 showed the same pat-
tern of staining as C (Fig. 5A, NS1). NS3 was observed as a large
diffuse signal in the perinuclear region and the cytoplasm of in-
fected cells (Fig. 5A, NS3). Under the same conditions, an anti-
dsRNA antibody, which recognized the replicative intermediate
form of the RNA, revealed a coarse speckled pattern at the peri-
nuclear region and throughout the cytoplasm of infected cells
(Fig. 5A, dsRNA). To further delineate the distribution of viral
RNA, newly synthesized RNA was metabolically labeled with

FIG 3 Progression of DENV-induced ultrastructure alterations. Electron mi-
crographs representing chemically fixed DENV-infected cells at 8 h (A), 12 h
(B), 16 h (C), 24 h (D), 36 h (E), and 48 h (F) after infection are shown. A
minimum of 50 cells was examined for morphological changes that occur
during DENV infection of C6/36 cells. An image of each representative area is
shown. The Vp and Ve structures were first observed at 8 h p.i. (A). Minimal
expansion in the numbers of these structures was observed at 12 p.i. (B) and 16
h p.i. (C). A significant expansion of Vp and Ve formation was observed at 24
h p.i. (D). The T were visualized only at 36 h p.i. (E), with the presence of Vp
and Ve structures occupying a significant volume of infected cells. Scale bars,
200 nm.

FIG 4 Quantitative analysis of vesicle formation during the course of DENV
infection. C6/36 cells infected with DENV at 8, 12, 14, 16, 20, 24, 36, and 48 h
after infection were chemically fixed and processed for TEM. Ten different cell
profiles were taken randomly using a CM-10 electron microscope for mea-
surement of Vp and Ve numbers per cell. (A) The average number of Ve per
cell at each time point was plotted. The 48-h time point showed the maximum
number of Ve. (B) Intracellular viral RNA content per cell. Peak RNA levels
were detected at 24 h p.i. (C) The graph shows a linear correlation of log vesicle
number versus total intracellular viral RNA levels. The Ve number per cell was
converted to a log and subjected to linear regression analysis with total intra-
cellular RNA copies per cell. The r2 and P values were 0.98 and 0.0002, respec-
tively, and indicated the correlative multiplication of Ve formation to the viral
RNA that was being produced per cell during the period of 8 to 24 h postin-
fection.
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BrUTP in the presence of actinomycin D, and the BrUTP-labeled
RNA was stained with an anti-BrUTP antibody. In these samples,
the speckled pattern of staining was also observed at the perinu-
clear region and cytoplasm of infected cells (Fig. 5B). Therefore,
the pattern of staining observed for the dsRNA antibody repre-
sented the area where newly synthesized viral RNA was localized.

Immunoelectron microscopy reveals DENV replication
sites. Immunoelectron microscopy was performed with the same
set of antibodies to localize viral proteins on the DENV-induced
membrane structures. NS1 proteins displayed a tendency to accu-
mulate on the Ve membrane (Fig. 6A), whereas NS3 proteins were
more distributed in all areas of Ve (Fig. 6B). NS5 was also associ-
ated with the vesicle structures but localized predominantly in the
nuclei of infected cells (Fig. 6C and E), as expected from the im-
munofluorescence staining. Specific labeling of the vesicle struc-
tures by the dsRNA antibody was also observed (Fig. 6D). In con-
trast, the E protein was not associated with the DENV-induced

structures but appeared to be colocalized with virus particles (Fig.
6F). Combining the observation that NS1, NS3, NS5, and dsRNA
were localized on the Ve, the results indicated that these vesicle
structures function as the site for viral RNA replication.

Virus replication complex structures. Electron tomographic
analysis of 250-nm sections of DENV-infected C6/36 cells re-
vealed large sac-like Vp with double-layer membranes in the cy-
toplasm of infected cells (Fig. 7). These structures were not ob-
served from 2D micrographs of chemically fixed DENV-infected
C6/36 cells, which showed a single-layer membrane surrounding
the Vp. Decoration of ribosomes implied that Vp were rough-ER-
derived virally modified structures (Fig. 7 and 8; see Movies S1 and
S2 in the supplemental material). We observed evidence of mem-
brane connections between Vp and membrane sacs enclosing a
number of virus particles (Fig. 8A and B; see Movies S1 and S2 in
the supplemental material), suggesting functional association of
these two structures, possibly linking RNA replication to virus

FIG 5 Localization of DENV proteins and newly synthesized RNA in infected cells. (A) Mock- and DENV-infected C6/36 cells at 48 h p.i. were fixed with 3.7%
formaldehyde in PBS for 10 min at room temperature. The fixed cells were then permeabilized with 2% Triton X-100 in PBS for 10 min. Cells were washed 5 times
with PBS before being probed with antibodies specific to DENV C protein, prM, NS1, NS3, NS5, and dsRNA. The signal was developed using a TRITC-
conjugated anti-mouse secondary antibody (red, left panels). The cell nucleus was stained with DAPI (blue, middle panels). The merged images are shown in the
right panels. (B) Mock- and DENV-infected cells at 12 h p.i. were treated with 10 �g/ml of actinomycin D and starved with low-glucose DMEM at 30°C for 1 h.
The cells were then labeled with 10 mM BrUTP using Lipofectamine 2000. After 6 h of labeling, the cells were fixed and permeabilized as described above. Fixed
cells were incubated with a anti-BrdU antibody followed by a goat anti-mouse TRITC-conjugated secondary antibody to detect newly synthesized viral RNA (red,
left panels). Cell nuclei were stained with DAPI (blue, middle panels). Merged images are shown in the right panels.
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particle budding. In addition, spherical coreless particles com-
prised of double-layer membranes were observed within the Vp
and ER membranes adjacent to virus particles (Fig. 7; see Movie S1
in the supplemental material). These structures were similar in
size to virus particles and are presumably the large form of subviral
particles devoid of a viral genome. These observations imply that
formation of infectious dengue virions and formation of subviral
particles take place in the same location.

The Ve are approximately 80 to 120 nm in diameter, are com-
posed of single- or double-layer membranes, and are enclosed
within the Vp (Fig. 7; see Movie S1 in the supplemental material).
In our study, the most remarkable result was the observation of
the RC structures within the Ve (Fig. 7; see Movie S1 in the sup-
plemental material). These structures were positioned close to one
side of the inner Ve membrane, while the other side was left as an
empty space (see Movie S1 in the supplemental material). The
unoccupied space may be reserved for structural transitions of the
replication complex during the RNA replication process. Differ-
ent features of the RC observed in each Ve throughout the recon-
structed volume may reflect the state of RNA synthesis (see Movie
S1 in the supplemental material). Close inspection revealed neck-
liked structures of Ve located at the edge of the Vp forming the Vp
pore (Fig. 8D and 9A; see Movie S2 in the supplemental material).
This demonstrates that the ER membrane curves inward, forming
the Ve within the lumen of Vp. This membrane architecture al-
lows exposure of the environment within the Ve to the cytoplas-
mic space. Neck-like structures were also found opening into
smaller budding vesicles through the connection of the two vesicle
membranes (Fig. 9B and C), suggesting a cooperative function of

these two structures. It possibly represents the junction where
viral RNA replication and virus assembly occur. The 3D model of
a single Ve revealed the orientation of the replication complex
pointing straight forward toward the pore, which is juxtaposed
close to the site of virus budding from another Vp (Fig. 9D and E;
see Movie S3 in the supplemental material).

Tubular structures were also observed in our reconstructed
tomograms (data not shown). These structures have two mem-
brane layers and were located around the area of Vp and Ve. It is
unclear whether these structures are surrounded with one ER
membrane and connected to other virally modified structures. As
previously mentioned, the CM structures were not observed in
our tomography studies of DENV-infected C6/36 cells.

DENV budding at the Vp membrane. Our electron tomogra-
phy studies detected virus budding events within (or into) the Vp
and also revealed virus particles and subviral particles located
close to the Vp structures. While immunoelectron microscopy
was attempted with anti-prM, -C, and -E antibodies, the binding
of the antibodies were too weak to detect a signal in our studies.
The data suggest that once the viral RNA-capsid protein complex
is formed within the cytoplasm, it is encapsidated by the Vp mem-
brane containing E and prM proteins. Initially, the membrane
curves to form the neck of the budding vesicle (Fig. 10B and C,
right particle, and D, left particle) and then forms the neck (Fig.
10D right particle, and C and B, left particle) to help drive the
fission of the membrane of the virus particle into the Vp lumen
(Fig. 10E, right particle, and A, left particle). The connection be-

FIG 6 Immunoelectron microscopy of viral replication proteins and dsRNA
in vesicle structures. C6/36 cells infected with DENV were high-pressure fro-
zen at 48 h postinfection. The cells were processed for freeze-substitution,
dehydration, and embedding as described in Materials and Methods. The
90-nm thick sections were placed on gold-coated grids for antibody labeling.
The resin-embedded cell sections were reacted with antibodies specific to
DENV proteins NS1, NS3, and NS5 and dsRNA. The specific labeling signal of
the deposited small gold particles is observed in black. (A and B) Anti-NS1 (A)
and anti-NS3 (B) antibodies showed labeling in the cytoplasm of infected cells,
where gold particles deposited specifically to the Ve. (C and E) In contrast,
anti-NS5 labeling was observed mostly in the nuclei of infected cells, while only
a few gold particles was associated with the Ve. (D) Specific labeling of dsRNA
was observed on the Ve. (F) The sections were stained with anti-E antibody. No
labeling signal of this viral protein was detected on Ve structures. Association
of viral nonstructural proteins with the Ve indicated that these structures are
involved in viral RNA synthesis. N, nucleus. Black arrows depict the gold
labeling signal.

FIG 7 Electron tomography of DENV-infected C6/36 cells. An overview of
reconstructed tomograms of DENV-infected C6/36 cells at 48 h p.i. is shown.
Infected cells were processed for high-pressure freezing and freeze-substitu-
tion in 0.5% osmium and 2% uranyl acetate. The set of tilt tomograms ob-
tained from �60°C to 60°C with 1°C increments were collected at 300 kV. The
tomograms were processed for reconstruction using the IMOD software pack-
age. Tomogram slices showed a number of Vp as double-layered membranes
that enclosed Ve. The RC was clearly observed inside the Ve structures with
different structural features. Electron-dense spheres smaller than virus parti-
cles decorated the Vp membrane and represented ribosomes. See Movie S1 in
the supplemental material for the reconstruction tomogram and 3D render-
ing.
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tween viral membrane and Vp membrane implies that the virus
particle is budding into the Vp (Fig. 10F). Hence, these data sup-
port the hypothesis that Vp is the site for virus replication and
budding.

DISCUSSION

TEM and ET were used to visualize membrane rearrangements
induced by DENV within insect cells. In the ET studies we were
able to resolve the morphological appearance of virus-induced
structures by taking advantage of HPF and FS techniques to im-
prove the quality of sample preservation. This approach provided
us with the ability to achieve a higher resolution during imaging
than with conventional chemical fixation methods (21, 23, 24, 39).
Consistent with previous findings (21, 23, 24, 27), three types of
virally modified structures were observed: Vp, Ve, and T, which
are also known as the “vesiculotubular structures” or “smooth
membrane structures” (SMS). However, we were not able to iden-
tify paracrystalline arrays and crystalloid aggregates that were pre-

viously observed in DENV-infected cells (24). An important
observation in this study is the absence of CM within mosquito
cells. These structures have been detected exclusively within flavi-
virus-infected mammalian cells (22, 25, 28, 29) and coronavirus
infected-mammalian cells (16, 17). This suggests some level of
similarity among positive-strand RNA viruses that modify the
structure of organelles during their replication. The purpose of
CM structures during viral replication has yet to be identified.
Localization of nonstructural proteins to the CM, as shown by
IEM analysis, suggests a role in viral protein translation and pro-
cessing (3). Alternatively, it may serve as the pool of viral proteins
and lipids involved in RNA replication (28). As for insect cells,
formation of Vp, Ve, and T without CM suggests that DENV
accomplishes RNA replication using species-specific modification
of host membranes. This is likely controlled by fundamental dif-
ferences in lipid and protein homeostasis required for establishing
the membrane rearrangements of mammalian and insect cells.
Considering that insects are cholesterol auxotrophs, as they lack
several enzymes in the cholesterol biosynthesis pathway (40), it is
possible that cholesterol may be a key component of CM struc-
tures and thus they do not form in insect cells. It has been shown
that West Nile virus redistributes cholesterol and cholesterol-gen-
erating proteins to virally modified structures within mammalian
cells (41). In C6/36 cells, the cellular homeostasis of phospholipid
species is perturbed during DENV replication (42). These results
suggest that specific host lipid metabolites may contribute differ-
ently to virus-induced membrane reorganization. It is necessary
to elucidate how the virus usurps host lipid metabolites to gener-

FIG 8 ET reveals a connection between Vp and virus particles on ER mem-
branes. (A) Close inspection of an ET slice shows connection between Vp
membrane- and ER membrane-containing virus particles. (B) A 3D surface-
rendered model shows the cluster of Vp (yellow), Ve (orange), RC (blue),
ribosome (light blue), and virus particles and subviral particles (red). The
model depicts the connection between the Vp membrane and the membrane
enclosing the virus particles. (C) A side view of the 3D model demonstrates the
decoration of ribosomes on the Vp membrane. (D) An alternative side view of
the 3D model shows the pores in the Vp membrane. See Movie S2 in the
supplemental material for the reconstruction tomogram and 3D rendering.

FIG 9 Virus-induced vesicles contain pores open to the cytoplasm. Electron
tomography of DENV-infected C6/36 cells shows Vp pores. (A) The images
suggest that the neck of the Ve gives rise to the Vp pores. (B) Membrane
connection of Ve pores and budding vesicles. (C and E) The 3D surface-
rendered model of DENV-infected C6/36 cells. (C) Structures of Ve mem-
brane (top orange) and budding vesicles (bottom orange) demonstrate the
position of a pore and the connection between the two membranes vesicles
(derived from panel B). (D) Close association of two different Vp membranes
containing the Ve and virus particles. (E) The 3D model shows close associa-
tion between two independent Vp membranes (yellow) that contain Ve (or-
ange) and a virus particle (red) (derived from panel D). The RC structure
(blue) is oriented in the direction of the Ve pore. See Movie S3 in the supple-
mental material for the reconstruction tomogram and 3D rendering.
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ate the distinct virus-induced structures found in mammalian and
insect cells.

The tubular structure is another feature induced by DENV
within mosquito cells. Consistent with previous reports, our TEM
analysis showed a low number of T during 48 h of infection (23,
24). The generation of these structures has no apparent correla-
tion with viral replication, and they were detectable only after the
multiple rounds of DENV replication (36 h postinfection). This
phenomenon was also observed in other positive-strand RNA vi-
rus infections (17). A large number of T were observed following
chronic infection (7 to 14 days) of DENV in C6/36 cells (24).
Electron tomography revealed that these structures are part of one
continuous ER membrane covering Vp and Ve (28). However, the
functional contribution of this virally modified structure has not

yet been addressed. In the case of enterovirus infection of host
cells, structural transformations have been observed from single-
membrane tubules into double-membrane vesicles, concomitant
with the time of infection (14). This transformation may reflect
the progression to later stages of the replication cycle, possibly
encapsidation (13).

Previous time course TEM studies of DENV-infected cells re-
vealed a correlation between virus production and intracellular
membrane rearrangements (24). Our studies provide a direct cor-
relative comparison between functional membrane remodeling
and RNA synthesis during DENV replication. We monitored
membrane reorganization every 4 h from 0 to 24 h (one cycle of
virus replication) and every 12 h from 24 to 48 h after infection
along with quantification of virus replication. The appearances of
Vp, Ve, T, and virus particles were observed at different time
points during the infection and correlated well with the kinetics of
RNA synthesis, viral particle assembly, and virus egress. Vp and Ve
were first formed at 8 h after infection, when the rate of newly
synthesized viral RNA started to increase. This observation im-
plies that there is an association between membrane remodeling
and RNA synthesis and that there is a linear correlation between
Ve number and RNA copies during 8 to 24 h postinfection. How-
ever, this correlation did not apply after 24 h, where saturation of
Ve formation was observed and RNA synthesis leveled off. We
suspect that the observed reduction in the rate of viral RNA syn-
thesis is primarily due to the increased rate of genome packaging
and virus release at the later time points, thus preventing a mea-
surable accumulation of the RNA in the cytoplasm. It could also
result from the depletion of the RNA building blocks supplied by
the host, a supply that is almost usurped by the virus during the log
phase of replication.

The virus-modified structures formed within the cytoplasm of
infected cells clearly show the rearrangement of the ER membrane
into Vp containing Ve. Arrays of ribosomes decorated on Vp
membranes support our conclusion that Vp are derived from the
rough ER and further support the hypothesis that Vp may func-
tion in viral protein translation. RNA replication occurs on Ve
membranes as demonstrated with IEM, where viral proteins NS1,
NS3, and NS5 and dsRNA localized to these structures. Our con-
clusions are consistent with previous studies in a number of mam-
malian cell lines infected with DENV or Kunjin virus (22, 23, 25,
28, 29). Unlike the case for other flaviviruses that show distribu-
tion of NS5 within the cytoplasm (43–45), the NS5 protein from
DENV is located primarily within the nucleus despite the fact that
RNA replication occurs within the cytoplasm. We have observed
this in both mammalian and insect cells. This suggests that during
the replication process, DENV does not need the majority of NS5
in the cytoplasm to efficiently replicate within both insect and
mammalian host cells. Our IEM result also showed less NS5 local-
ized to the Ve.

Resolution of prominent RC structures within the Ve provides
evidence for the hypothesis that Ve are sites for viral RNA repli-
cation. It has been shown for flaviviruses and other positive-
stranded RNA viruses that dsRNA accumulates within these struc-
tures (15, 23). The RC structures observed in our study appear to
be more compact and larger, as they fill most of the space within
the Ve, than previous structures described for Kunjin virus-in-
fected cells (22). Gillespie et al. observed cellular structures using
the chemical fixation method and suggested that this could have
affected the preservation of these structures. Since we are able to

FIG 10 Electron tomography captures virus budding. Different Z slices of a
reconstructed tomogram of DENV-infected C6/36 cells show two nascent vi-
rus particles at different stages of budding. (A to E) Different Z slices of the
tomogram provide a three-dimensional perspective of these two nascent par-
ticles. Black arrows indicate the necks of the nascent particles. Scale bars rep-
resent 50 nm. (F) Three-dimensional model of budding particles shown in
panels A to E. The particle on the lower left has completed budding from the
ER membrane, whereas the particle on the right has a narrow neck connecting
the viral and ER membranes.
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preserve a more native state of the subcellular structures using
HPF and FS, the structures visualized should represent more ac-
curate models of RCs among flaviviruses. The heterogeneity of RC
structures detected in our tomograms may represent the different
dynamic states of RNA replication events. The next step is to in-
vestigate the structural details of the RC and the viral and host
components within these structures.

For RNA synthesis to occur within the lumen of the Ve, a pore
is required to transport the building blocks from the cytoplasm.
This pore allows the release of newly synthesized viral RNA into
the cytoplasm for further encapsidation (22, 28, 46). From the ET
results, we suggest that Ve pores are created by negative mem-
brane curvature to allow invagination of double membranes
forming Ve within the Vp. In studies of other positive-stranded
RNA viruses, open pores were not observed in the Ve (13–15). In
those studies, there is still some controversy about how the trans-
portation of building blocks and newly synthesized RNA would
occur to support efficient RNA replication. In the case of flavivi-
ruses, the characteristic membrane topology of viral proteins
could contribute to the observed membrane curvature. All flavi-
viral proteins are associated with membranes. NS1 and parts of
NS4A/4B are localized to the luminal side of the ER, whereas
NS2A, NS3, and NS5 are located on the cytoplasmic side of the ER.
The membrane-anchored C protein is also on the cytoplasmic side
of the ER. The transmembrane proteins E and prM are located in
the ER lumen. Additionally, the altered lipid composition in
DENV-infected cells may assist in driving the required membrane
curvature. Presumably with the assistance of these membrane-
associated viral proteins, host proteins, and host lipids, the Ve
structures are formed through the invagination of the Vp mem-
brane into the Vp lumen. This invagination event encloses the
cytoplasm containing NS1, NS3, and NS5 (our observations) and
other nonstructural proteins required for RNA synthesis, such as
NS4A (5, 6) and possibly some cellular proteins. The C, prM, and
E proteins are excluded (28). While RNA replication occurs
within the Ve lumen, the Ve pore functions to supply (from the
cytoplasm) the building blocks necessary for continued RNA rep-
lication within the Ve lumen. Following synthesis, the RNA must
form a complex with the transmembrane C protein integrated on
the ER membrane outside the Ve. Again, the Ve pore functions to
secrete this genome RNA for capture by the C protein. The capsid
protein-RNA complex is enveloped by the ER membrane contain-
ing E and prM proteins and buds into the ER lumen. From our
tomograms, we directly visualized virally modified structures that
are linked to budding. We observed the connection of the Ve pore
to the neck of a budding vesicle and the arrangement of RC struc-
tures that correlates with the direction of the opened pore, with
virus particles opposite to the Ve pore and inside the Vp. The most
striking finding in our study is evidence of virus budding, which
has not been observed in other studies on DENV.

Interestingly, we also observed coreless subviral particles
within the Vp, with a membrane about the same size as that found
in virus particles. Since they became apparent only by electron
tomography, we were unable to demonstrate the presence of the E
protein on these particles by IEM. However, the clear double-
membrane features present within the Vp or ER lumen most likely
represent subviral particles. This would suggest that assembly of
both infectious virions and subviral particles occurs within the Vp
of insect cells.

In conclusion, we directly visualized the subcellular membrane

reorganization induced by DENV within mosquito cells by using
advanced high-pressure freezing and freeze-substitution and elec-
tron tomography techniques. In combination with IEM and other
molecular virology methods, these data provide insight into the
link between DENV RNA replication, assembly, and budding and
the process of virus-induced membrane remodeling. Future re-
search needs to focus on characterization of the components of
these virally modified structures in terms of metabolites, lipids,
and host and viral proteins that are recruited for membrane for-
mation and to interrogate the biological functions of such com-
ponents in DENV replication.
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