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The genus Alphavirus consists of a group of enveloped, single-stranded RNA viruses, many of which are transmitted by arthro-
pods to a wide range of vertebrate host species. Here we report that Sindbis virus (SINV) produced from a representative mam-
malian cell line consists of at least two unique particle subpopulations, separable on the basis of virion density. In contrast, mos-
quito-derived SINV consists of a homogeneous population of particles. Our findings indicate that the denser particle
subpopulation, SINVHeavy, is more infectious on a per-particle basis than SINVLight. SINV produced in mosquito cell lines
(SINVC6/36) exhibited particle-to-PFU ratios similar to those observed for SINVHeavy. In mammalian cells, viral RNA was synthe-
sized and accumulated more rapidly following infection with SINVHeavy or SINVC6/36 than following infection with SINVLight,
due partly to enhanced translation of viral genomic RNA early in infection. Analysis of the individual particle subpopulations
indicated that SINVHeavy and SINVC6/36 contain host-derived factors whose presence correlates with the enhanced translation,
RNA synthesis, and infectivity observed for these particles.

Members of the genus Alphavirus, of the family Togaviridae,
are a group of enveloped positive-sense RNA viruses with a

wide host range. For the mosquito-borne species, the virus is
maintained in the enzootic cycle through transmission between a
sylvatic reservoir and the mosquito host (1). The maintenance of
this cycle directly affects the genetic fitness of the mosquito-borne
alphaviruses. Prolonged disruption of this cycle leads to deleteri-
ous effects on viral transmission as the virus becomes adapted to a
single host (2–5). Spillover from the enzootic cycle often results in
the tangential infection of both humans and equines, which can
result in significant outbreaks of disease. The outcome of alphavi-
ral infection is dependent on the host system (6–12). Infection of
mosquito cells does not result in the shutoff of host macromolec-
ular synthesis and often culminates in persistent infection for the
majority of mosquito cell lines (12–15). Nevertheless, cell death as
a result of infection has been reported for several members of the
genus in whole mosquitoes (16–21). In contrast, infection of
mammalian cells induces the shutoff of host macromolecular syn-
thesis, resulting in a predominantly cytolytic infection. In verte-
brates, the immune response to infection generally results in virus
clearance. This is initiated by the recognition of viral double-
stranded RNA and a rapid type I interferon (IFN-�/�) response
(22–25).

Previously, we reported that the infectivity of Sindbis virus
(SINV), as measured by the ratio of particles to infectious units,
depends on the host cell line from which it is derived (26). SINV
derived from mammalian cell lines exhibited a higher particle-to-
PFU ratio, on average, than SINV generated from mosquito cell
lines. This was due largely to differences in the quantity of total
virus particles produced, since the overall numbers of infectious
units in infected mosquito and mammalian cell lines were equiv-
alent. These findings indicated that many mammalian cell lines
produce a population of virions that are noninfectious, while
mosquito cells generally do not.

Several studies have examined the structure and composition
of Alphavirus particles derived from both mammalian and mos-
quito hosts. To date, characterizations of alphaviral particles have
not identified any overt differences in morphology between par-

ticles derived from the two hosts (27–29). Differences in particle
composition between alphaviral particles generated in mamma-
lian and mosquito hosts have been described. Specifically, the gly-
cans linked to the E1 and E2 glycoproteins and the lipid species in
the viral envelopes differ due to differences in glycosylation and
membrane composition between mammalian and mosquito cells.
Nevertheless, the effects of these differences, if any, on viral infec-
tivity are unclear (30–33).

In the present study, we isolated SINV particles from a repre-
sentative mammalian cell line (BHK-21) that produces SINV with
a high particle-to-PFU ratio and from a mosquito cell line (C6/36)
that produces SINV with a low particle-to-PFU ratio in order to
determine the underlying qualities that modulate particle infec-
tivity. Our findings indicate that the virus derived from BHK-21
cells consists of at least two unique subpopulations, SINVHeavy and
SINVLight, whereas the virus produced in C6/36 cells exists as a
homogeneous population. The individual subpopulations of
BHK-21 cell-derived SINV displayed different particle-to-PFU ra-
tios; the SINVHeavy subpopulation exhibited greater infectivity.
SINVC6/36 particles exhibited particle-to-PFU ratios similar to
those of the mammalian-cell-derived SINVHeavy particles.
The mammalian-cell-derived SINVHeavy and mosquito-derived
SINVC6/36 populations were both found to undergo enhanced
translation and viral RNA synthesis relative to those of SINVLight

immediately following entry. Enhanced translation associated
with these particles correlates with the encapsidation of host-de-
rived ribosomal components. Furthermore, infections with
SINVHeavy or SINVC6/36 produced significantly less type I IFN than
SINVLight infections in a tissue culture model, suggesting an effect
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on viral pathogenesis. These data potentially explain the differ-
ences in alphaviral infectivity between mammalian and mosquito
cell lines reported previously (26).

MATERIALS AND METHODS
Cells. BHK-21, C6/36, 293HEK, and L929 cells were maintained in min-
imal essential medium (MEM) (Cellgro) supplemented with 10% fetal
bovine serum (FBS) (Atlanta Biologicals), 1� antibiotic/antimycotic so-
lution (Cellgro), 1� nonessential amino acid (NEAA) solution (Cellgro),
and L-glutamine (Cellgro). Unless otherwise indicated, the mammalian
cell lines used in this study were cultured at 37°C in the presence of 5%
CO2. Aedes albopictus C6/36 tissue culture cells were cultured at 28°C in
the presence of 5% CO2.

Preparation and purification of SINV. Stocks of SINV TE12, SINV/
Fluc (a Toto1101 derivative containing the minimal firefly luciferase cod-
ing sequence), and SINVAR86 were prepared by electroporation of infec-
tious RNA as described previously (26). Briefly, a total of 10 �g of full-
length RNA was electroporated into BHK-21 cells using a single pulse
from a Gene Pulser Xcell system (Bio-Rad) under the following condi-
tions: 1.5 kV, 25 mA, 200 �. After a 24-h incubation, the supernatants
were clarified via centrifugation at 1,000 � g for 5 min. Zero passage (P0)
viral stocks were aliquoted and were stored at �80°C.

Large-scale preparations of SINV were made as follows. A minimum
of 2 � 108 tissue culture cells were infected with SINV at a multiplicity of
infection (MOI) of 3 PFU/cell. Whole medium was added after aspiration
of the initial inoculum, and the monolayers were allowed to incubate
under normal conditions for 18 h. After harvesting, the virus-containing
supernatant was clarified via centrifugation at 9,000 � g for 10 min. The
virus was then concentrated by pelleting through a 27% (mass/vol) su-
crose cushion in HNE buffer (10 mM HEPES [pH 7.4]–150 mM NaCl–
0.5 mM EDTA) via centrifugation for 1.5 h at 185,000 � g in a 60 Ti rotor.
The pelleted virions were resuspended in 500 �l of HNE buffer supple-
mented with additional EDTA to a final concentration of 40 mM and were
incubated for 15 min at 25°C prior to ultracentrifugation over a linear
sucrose gradient.

Linear sucrose gradients were prepared over a range of 15 to 45%
(mass/vol, in HNE buffer) using a Gradient Master apparatus (BioComp
Instruments, Fredericton, NB, Canada). The viral particles were banded
over these gradients via centrifugation at 250,000 � g in a SW41 rotor for
2.5 h. The individual populations were removed either via needle aspira-
tion or via gradient fractionation. Particle density was calculated as a
function of solution density. Viral titers were determined via standard
plaque assay using BHK-21 cells. All purified virions were stored either at
4°C for short-term experimentation or at �80°C for long-term storage in
small-volume aliquots.

Particle-to-PFU ratios. Viral particles were quantitatively examined
as described previously by Sokoloski et al. (26). Prior to analysis, the
purified viral samples were treated with 100 �g of RNase A and 0.5 U of
RNase V1 for 1 h at 25°C and were then extracted with TRIzol reagent.
Treatment of the samples with RNase prior to analysis ensures that the
RNA species detected via quantitative reverse transcription-PCR (qRT-
PCR) are intravirion RNA species and are protected from RNase-medi-
ated degradation. cDNAs specific to the positive-sense viral RNAs were
synthesized as described previously from the TRIzol-extracted RNAs by
using target-specific primer cocktails (SINV nsP1, 5=-AACATGAACTGG
GTGGTG-3=; SINV E1, 5=-ATTGACCTTCGCGGTCGGATTCAT-3=;
BHK18S, 5=-AGTCGGCATCGTTTATGGTC-3=; Aedes18S, 5=-ACGAC
GGTCTACGAATTTCACCTC-3=) (13). The resulting cDNAs were then
analyzed by qRT-PCR as described previously using the appropriate
primer sets (SINV nsP1F, 5=-AAGGATCTCCGGACCGTA-3=; SINV
nsP1R, 5=-AACATGAACTGGGTGGTGTCGAAG-3=; SINV E1F, 5=-TC
AGATGCACCACTGGTCTCAACA-3=; SINV E1R, 5=-ATTGACCTTCG
CGGTCGGATTCAT-3=; BHK18SF, 5=-CGCGGTTCTATTTTGTTGGT-
3=; BHK18SR, 5=-AGTCGGCATCGTTTATGGTC-3=; Aedes18SF, 5=-AG
CCCAGCTGCTATTACCTTGAAC-3=; Aedes18SR, 5=-ACGACGGTCT

ACGAATTTCACCTC-3=) and were compared to standard curves for
accurate quantification of nucleic acid content.

cDNAs specific to the SINV minus-strand RNA were synthesized and
quantified by using the SINV nsP1 primer sets (26) described above. For
these reactions, the primer cocktails used to generate the cDNAs consisted
solely of SINV nsP1F and BHK18S to enable detection of the negative-
sense viral transcripts.

Electron microscopy (EM). Purified SINVLight and SINVHeavy were
applied to a Formvar- and carbon-coated 400-mesh copper grid and were
stained with 1% uranyl acetate. The stained grids were imaged using a
JEOL 1010 transmission electron microscope operating at 80 kV. Images
were recorded on a Gatan Ultrascan 4000 charge-coupled-device camera.

One-step growth curves. BHK-21 cells were infected with the purified
SINV subpopulations (diluted in 1� PBS–1% FBS) at an MOI of 10 PFU/
cell at 4°C for 1 h. Viral adsorption was conducted at 4°C to allow for
attachment, but not entry, of the viral particles (34). Prior to the addition
of prewarmed medium and incubation, the cell monolayers were washed
twice with excess cold 1� PBS to remove any unbound viral particles.
Aliquots were removed as indicated within the figures, and titers were
determined using BHK-21 cells.

Viral RNA accumulation. As described above, confluent monolayers
of BHK-21 cells were infected with the individual SINV subpopulations at
an MOI of 10 PFU/cell at 4°C. Prior to the addition of prewarmed me-
dium and incubation, the cell monolayers were washed twice with excess
cold 1� PBS to remove any contaminating viral particles. At the indicated
time points, total cellular RNA was harvested using TRIzol and was used
to synthesize cDNA as described previously (26).

The absolute quantities of the viral RNAs were determined via qRT-
PCR by comparison to a linear standard as described previously (35).
Total cellular RNA (0.5 �g) was used to generate cDNA with the primer
sets described above. All quantities were normalized to the presence of
cellular 18S rRNA, with threshold values and baseline subtraction as de-
termined by the StepOne analysis software (Agilent). The total sum of the
positive-sense viral RNAs, consisting of the genomic and subgenomic
(SG) RNAs, was determined via amplification with the E1 primer set. The
viral genomic RNA was quantified via qRT-PCR using the nsP1 primer
set. The two resulting quantities of viral RNA, as determined via compar-
ison to standard curves of known concentrations, were used to calculate
the quantity of SG RNA (total � genomic). The minus-strand RNA was
examined using the nsP1 primer set from cDNA generated with the ap-
propriate nsP1 primer.

Attachment and entry assay. Monolayers of BHK-21 cells were in-
fected with equal numbers of viral particles of the individual SINV sub-
populations at 4°C for 1 h. Prior to the addition of prewarmed medium,
the monolayers were washed twice with excess cold 1� PBS to remove any
unattached/extracellular viral particles. Prewarmed medium was added to
the cells, and they were allowed to incubate for 15 min at room tempera-
ture under gentle agitation. Following incubation, the medium was re-
moved, and the monolayers were washed twice more with excess 1� PBS.
The total cellular RNA was harvested and the number of viral genomes
determined as described above.

Viral translational rates. Subconfluent monolayers of BHK-21 or
C6/36 cells were infected with SINV/LucLight, SINV/LucHeavy, or SINV/
LucC6/36 at an MOI of 5 PFU/cell. Following the addition of SINV, the cells
were incubated at 4°C to allow for adsorption, but not entry, of the viral
particles. The cells were washed twice with cold 1� PBS to remove un-
bound virus prior to the addition of prewarmed whole medium to release
the block to viral entry. At the indicated times postrelease, the cells were
lysed via the addition of 1� Passive Cell Lysis Buffer (Promega) and were
frozen until the completion of the sampling period.

To examine the rate of translation of the genome itself, TRIzol-ex-
tracted RNAs from equal numbers of viral particles were transfected into
BHK-21 cells by using Lipofectamine LTX as per the manufacturer’s in-
structions, with two notable exceptions. First, the cells were exposed to the
transfection reagent for only 30 min. Second, after the 30-min incubation,
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the cells were washed twice with 1� PBS to remove contaminating RNA
complexes. At the indicated times posttransfection, the cells were pro-
cessed as described above.

SINV nucleocapsid cores were purified as described previously (36).
Briefly, purified SINV was treated with 2% Triton X-100 in HNE buffer
for 30 min at room temperature. Following detergent treatment, the nu-
cleocapsid cores were concentrated through a 30% sucrose cushion. The
resulting nucleocapsid cores were resuspended in HNE buffer. Cells were
transfected with the purified nucleocapsids and were processed as de-
scribed above.

All samples were clarified via centrifugation at 16,000 � g for 2 min
after thawing on ice. The samples were then mixed with luciferase reagent
(Promega), and luminescence was recorded using a Bioanalyzer micro-
plate reader. In all cases, the luciferase readings were normalized to the
levels of SINV genomic RNA present in the assayed sample by using the
qRT-PCR methods mentioned above coupled with ��CT calculation of
transcript levels.

Measurement of type I IFN. The synthesis of type I IFN was examined
quantitatively as described previously (37, 38). Mouse L929 cells were
infected with SINVAR86 at an MOI of 5 PFU/cell for 1 h prior to washing
with 1� PBS and the addition of whole medium. Twenty-four hours
postinfection, the cell supernatants were harvested and were clarified via
centrifugation. To inactivate any SINV present, the samples were acidified
to pH 2.0, neutralized to pH 7.4, and UV inactivated for 10 min prior to
1:10 dilution with whole medium. The inactivation of the samples was
confirmed via standard plaque assay. The samples were then serially di-
luted 2-fold in 96-well plates seeded with L929 cells. Twenty-four hours
later, each well was challenged with IFN-sensitive Ross River virus with a
green fluorescent protein expression cassette (RRV-GFP) at an MOI of 10
PFU/cell. The expression of GFP was detected via a Typhoon 9200 phos-
phorimager and was analyzed via densitometry using ImageJ 24 h postin-
fection. Seventy-two hours postinfection, the cells were fixed with 10%
formaldehyde and were examined for cytopathic effect (CPE); cell death
was found to be highly consistent with the levels of GFP expression ob-
served. For accurate quantification, each 96-well plate contained an IFN
standard (catalog no. IF011; Chemicon) to determine the amount (ex-
pressed in international units) of type I IFN per sample.

RNA levels of IFN-� were determined by qRT-PCR as described above
using the following primer sets as described above for the quantification of
the viral RNA species: Murine IFN� F, 5=-AAGAGTTACACTGCCTTTG
CCATC-3=; Murine IFN� R, 5=-CACTGTCTGCTGGTGGAGTTCATC-
3=; Murine 18S F, 5=-CCATTCGAACGTCTGCCCTAT-3=; Murine 18S R,
5=-GTCACCCGTGGTCACCATG-3=). Relative fold changes were deter-
mined using standard ��CT analysis.

Mass spectrometry. The proteins from equal numbers of particles of
SINV derived from either BHK-21 or C6/36 cells were precipitated using
TRIzol according to the manufacturer’s instructions. The samples were
resuspended in 100 mM ammonium bicarbonate and were reduced via
the addition of dithiothreitol (DTT) to a final concentration of 10 mM.
After 1 h of incubation under reducing conditions, the samples were al-
kylated via the addition of iodoacetamide to a final concentration of 20
mM and incubation for 1 h at room temperature. The samples were di-
gested with trypsin (diluted in HCl) at a trypsin/sample mass ratio of 1:30.
The samples were concentrated via Zip-Tip and were diluted in liquid
chromatography (LC) solvent A (2% acetonitrile– 0.1% formic acid).
Each sample was analyzed by nanoscale LC-tandem mass spectrometry
(nanoLC–MS-MS) via an Eksigent NanoLC-2D system coupled to a
Thermo Scientific LTQ-Orbitrap XL mass spectrometer. Peptide frag-
ments were separated using a 60-min gradient from 95% LC solvent A to
60% LC solvent B (99.9% acetonitrile– 0.1% formic acid).

Photoactive residue cross-linking immunoprecipitation (PAR-
CLIP). Monolayers of either BHK-21 or C6/36 cells were infected with
SINV at an MOI of 5 PFU/cell. After 16 h of incubation, the virus-con-
taining supernatant was removed, and the infected monolayers were
washed twice with 1� PBS to remove residual medium and virus. Fresh

medium supplemented with 4 �g/ml actinomycin D and 1 mM 4-thio-
uridine (4SU) was added to the infected cell monolayers. Two hours later,
the supernatant was harvested, and the internally 4-SU labeled SINV par-
ticles were collected via sucrose cushion as described above and were
resuspended in HNE buffer.

Viral genomes were cross-linked via exposure to 365-nm light prior to
the addition of 3 volumes of radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris [pH 7.6]–150 mM NaCl–1% [vol/vol] NP-40 – 0.5%
[wt/vol] sodium deoxycholate– 0.1% [wt/vol] sodium dodecyl sulfate)
and heating to 80°C for 30 s. The disrupted SINV particles were then
incubated in the presence of Pansorbin cells supplemented with either
nonspecific IgG or an anti-capsid or anti-RPS14 antibody for 30 min at
4°C with gentle agitation. Unbound RNAs and protein were washed 5
times from the immunoprecipitated materials using RIPA buffer (50 mM
Tris [pH 7.6]–150 mM NaCl–1.0% NP-40 – 0.1% SDS– 0.5% sodium de-
oxycholate). Specificity was ensured by further washing the immunopre-
cipitated materials with RIPA buffer supplemented with 1 M urea.

Retention of the SINV genome was analyzed by RT-PCR using the
nsP1 primer set and protocol described above. DNA products were ana-
lyzed on a 2% agarose gel and were visualized with ethidium bromide.

Statistical analysis. Where indicated, the values presented are the
mean values of a minimum of three independent biological replicates,
with error bars indicating the standard deviations of the means. Where
appropriate, statistical analysis of ratios was performed using variable
bootstrapping as described previously (26). P values were determined
using Student t tests as appropriate.

RESULTS
SINV infection of mammalian cell lines produces at least two
infectious-particle subpopulations. We and others have re-
ported previously that SINV particles derived from mammalian
or mosquito tissue culture cells exhibit different infectivities as
measured by their particle-to-PFU ratios (1, 26, 39, 40). Quanti-
tative examination of SINV infectivity revealed that SINV parti-
cles derived from BHK-21 cells exhibit particle-to-PFU ratios of
�100:1, whereas the infectivity of SINV derived from C6/36 cells
is �1:1. To determine if infectious and noninfectious SINV par-
ticles could be separated from one another on the basis of particle
density, we utilized linear sucrose gradients to examine SINV par-
ticles produced in the mammalian BHK-21 and Aedes albopictus
C6/36 tissue culture cell lines. Purification of SINV over linear
15-to-60% (wt/vol) sucrose gradients produced a prominent
band, with a minor band present at a slightly heavier density.
Refinement of the linear sucrose gradients to 15 to 45% (wt/vol)
enhanced the resolution of the individual particle species into two
distinguishable subpopulations. As indicated in Fig. 1A, BHK-21-
cell-derived SINV existed as two particle subpopulations,
SINVLight and SINVHeavy, with average particle densities of �1.167
g/cm3 and �1.184 g/cm3, respectively. Similar results were ob-
tained when SINV was cultured in 293HEK cells, as shown in Fig.
1B, indicating that this phenomenon is not restricted to BHK-21
cells. Moreover, the appearance of two particle subpopulations
was not limited to sucrose gradients; similar results were observed
using OptiPrep gradients (data not shown). In contrast, SINV
derived from the invertebrate C6/36 cell line produced a single
particle species (SINVC6/36) with a mean particle density of
�1.177 g/cm3 (Fig. 1C).

The differences in particle density described above were not
due to a heritable genetic trait, as evidenced by the fact that sub-
sequent infection of BHK-21 cells by either mammalian SINV
subpopulation or by SINVC6/36 resulted in the production of both
SINVLight and SINVHeavy particles as progeny virions. Likewise,
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infection of C6/36 cells by any of the SINV subpopulations re-
sulted in a single homogeneous population of progeny virions
(data not shown).

Further characterization of SINVLight and SINVHeavy indicated
that each population contained infectious particles but that their
infectivities differed, as determined by the ratio of total particles to
infectious units. As shown in Fig. 1D, SINVLight and SINVHeavy

exhibited particle-to-PFU ratios of �60:1 and �20:1, respectively.
When only the outside margins of the individual subpopulations
were taken from the sucrose gradients and analyzed (thus mini-
mizing cross-contamination of the two subpopulations),
SINVLight and SINVHeavy had particle-to-PFU ratios of �80:1 and
�5:1, respectively (Fig. 1E). The observed differences in infectiv-
ity between SINVLight and SINVHeavy were not due to thermal
inactivation of viral particles, since the particle-to-PFU ratios of
SINVLight and SINVHeavy cultured at 37°C were comparable to
those for culture at 30°C. SINVC6/36 exhibited a particle-to-PFU
ratio of 3:1, approximating that of SINVHeavy.

SINVLight and SINVHeavy are morphologically indistinguish-
able. Because density is a function of mass per unit volume, dif-
ferential migration of a SINV particle could be due to differences
in either particle mass or morphology. To determine if SINVLight

and SINVHeavy were morphologically different, we examined the
purified particle subpopulations by negative staining and trans-
mission electron microscopy. As shown in Fig. 2, both SINVLight

and SINVHeavy populations consisted of homogeneous spherical
particles �70 nm in diameter. The lack of morphological differ-
ence between SINVLight and SINVHeavy suggests that the difference
in particle density is due to a change in mass.

SINVHeavy and SINVC6/36 produce infectious virus earlier in
infection than SINVLight. To determine if SINVHeavy and
SINVC6/36 particles had a biological or functional advantage over
SINVLight particles, one-step growth curves were performed for
the individual SINV subpopulations to examine viral growth ki-
netics. Subconfluent monolayers of BHK-21 cells were infected
with SINVLight, SINVHeavy, or SINVC6/36 at an MOI of 10 PFU/cell

FIG 1 Mammalian-cell-derived SINV consists of two subpopulations. (A) SINV
derived from BHK-21 cells was purified over a 15-to-45% linear sucrose gradient.
The gradient was fractionated (left to right corresponds to top to bottom) and was
assayed for the presence of infectious units via a plaque assay in BHK-21 cells.
Filled circles represent percentages of total infectious viral particles per fraction
(values along the left-hand y axis); the dashed line corresponds to densities, in
g/cm3 (values along the right-hand y axis). The data are representative of multiple
independent biological replicates and purifications. (B) SINV derived from
293HEK cells shows a heavy and a light population. Purification and analysis were
performed as for panel A. (C) SINV produced in the Aedes albopictus C6/36 cell
line, showing a single peak of infectivity. Purification and analysis were performed
as for panels A and B. (D) The entire SINVLight, SINVHeavy (cultured at both 37°C
and 30°C, as indicated), and SINVC6/36 subpopulations were analyzed for titers by
a standard plaque assay and for particle numbers by qRT-PCR quantification of
genome numbers. The values reported are the mean particle-to-PFU ratios for
three independent replicates. P values were calculated as described in Materials
and Methods. (E) Samples were taken from the margins of each peak to minimize
any contamination between the SINVLight and SINVHeavy subpopulations and
were analyzed as described above for panel D. The values reported are the particle-
to-PFU ratios for a representative purification.

FIG 2 SINVLight and SINVHeavy are morphologically similar. Samples of pu-
rified SINVLight (A) and SINVHeavy (B) were negatively stained and were ex-
amined using transmission electron microscopy. (Left) Representative field of
view showing particles from one preparation (magnification, �25,000).
(Right) Particles from three independent preparations (magnification,
�40,000).
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at 4°C. Infections conducted at this temperature have been shown
to allow for receptor binding but not for entry, effectively syn-
chronizing viral infection (34). Following extensive washing with
PBS, entry was initiated by the addition of warm medium. At
regular times postinfection, aliquots were removed and were as-
sayed for viral titers.

As shown in Fig. 3A, SINVHeavy and SINVC6/36 infections dem-
onstrated modest increases in titer at early times postinfection. On
average, SINVHeavy and SINVC6/36 exhibited a log increase in viral
titer 1 to 1.5 h earlier than did SINVLight (Fig. 3B). Increases in
observed titers due to particle desorption would be expected early
in infection but were not observed at the 0.5-h time point, indi-
cating that desorption of bound SINV particles from the cell sur-
face likely contributes little to the increases in titer. All SINV par-
ticle subpopulations attained similar titers at 24 h postinfection
(data not shown), indicating that the observed enhancement in
viral titers was confined to early times postinfection and did not
persist throughout the infection.

Viral RNA synthesis and accumulation occur earlier during
SINVHeavy and SINVC6/36 infections than during SINVLight infec-
tion. During infection, 49S genomic RNA functions initially as an
mRNA to encode the viral replicase and later acts as a template for
the synthesis of minus-strand viral RNA (41). The minus-strand
RNA serves as a template for the synthesis of nascent 49S genomic
RNA and the transcription of 26S SG RNA, which encodes the
viral structural proteins. Synthesis and subsequent translation of
the viral RNAs are required for particle formation. Since infec-
tious progeny were produced earlier during SINVHeavy and
SINVC6/36 infections than during SINVLight infections, we hypoth-
esized that viral transcription and the accumulation of all of the
viral RNAs occurred more rapidly during SINVHeavy and
SINVC6/36 infections.

To examine the synthesis and accumulation of the viral RNAs,
monolayers of BHK-21 cells were infected with SINVLight,
SINVHeavy, or SINVC6/36 at an MOI of 10 PFU/cell at 4°C. After
extensive washing, prewarmed medium was added to the cells to
release the block to viral entry. Following cell lysis and RNA ex-
traction, absolute quantities of the viral RNAs were determined by
qRT-PCR at the times postinfection indicated in Fig. 3C.

SINV RNAs accumulated earlier in infections initiated with
SINVHeavy or SINVC6/36 than in infections with SINVLight (Fig.
3C). Minus-strand RNA was synthesized and accumulated, on
average, 2 h earlier during SINVHeavy or SINVC6/36 infection than
during SINVLight infection. Similarly, the 26S SG RNA, which en-
codes the structural proteins of the SINV virion necessary for par-
ticle assembly and release, accumulated earlier during SINVHeavy

or SINVC6/36 infections than during SINVLight infections.
The infections performed to obtain the data in Fig. 3C took

into account the particle-to-PFU ratio for each virus and used
equivalent infectious units of each virus. More genomes are de-
tected early in SINVLight infection than in SINVHeavy or SINVC6/36

infection, suggesting that particles incapable of initiating produc-
tive infection are in fact entering the cell. To test this hypothesis,
monolayers of BHK-21 cells were infected as described above with
equal numbers of SINVLight, SINVHeavy, or SINVC6/36 particles as
opposed to infectious units. Prior to the addition of prewarmed
medium, the cell monolayers were washed extensively to remove
unbound SINV particles. Shortly after the addition of prewarmed
medium, and before the extraction of total cellular RNA, the cell
monolayers were washed again. Quantitative analysis of the num-

ber of SINV genomic RNAs indicated that all of the SINV particle
subpopulations were equivalently able to bind to and presumably
enter the host cell (Fig. 3D) but differed in their abilities to repli-
cate.

SINVHeavy and SINVC6/36 exhibit vertebrate-cell-specific en-
hancement of genomic RNA translation relative to that of
SINVLight. The data presented above suggest that SINVHeavy and
SINVC6/36 have a biological advantage over SINVLight with regard
to viral growth kinetics early in infection as a result of enhanced
RNA accumulation. Furthermore, these data indicate that there is
no general deficit in particle attachment and entry for any of the
SINV subpopulations. This led us to question whether the step
between entry and viral RNA synthesis, translation of the incom-
ing genomic RNA, was responsible for the enhanced kinetics of
viral RNA accumulation observed for SINVHeavy and SINVC6/36.

Previous studies have utilized a SINV construct carrying the
firefly luciferase open reading frame (ORF) sequence in frame
with the nsP3 gene (for brevity, this construct is referred to as
SINV/Luc) to examine the rate of viral genome translation during
infection (25, 42). Monolayers of BHK-21 and C6/36 cells were
infected with SINV/LucHeavy, SINV/LucLight, or SINV/LucC6/36 at
an MOI of 3 PFU/cell at 4°C to synchronize the onset of viral
infection. At regular intervals after the addition of prewarmed
medium, samples were harvested and were assayed for luciferase
activity and RNA content.

As shown in Fig. 4A, the rate of translation, as indicated by
luciferase activity per encoding RNA, was on average 9-fold
greater in SINVHeavy or SINVC6/36 infections than in SINVLight

infections of BHK-21 cells. Curiously, this effect was specific to
BHK-21 cells; the rates of translation observed for the individual
SINV subpopulations in C6/36 cells were essentially identical, al-
though SINV was less translationally active than in BHK-21 cells
over a similar period (Fig. 4B).

This result indicates that the enhanced translation of SINV
genomic RNA during SINVHeavy and SINVC6/36 infections may be
specific to the mammalian host.

The minimal viral component capable of initiating an alphavi-
ral infection is the viral genomic RNA. Hence, we next sought to
determine if the genomic RNAs isolated from SINVHeavy and
SINVLight exhibited the same translational profiles observed dur-
ing infection. Genomic RNA extracted from SINVHeavy and
SINVLight particles was transfected into BHK-21 cells. As demon-
strated in Fig. 4C, the rates of translation for SINVHeavy and
SINVLight genomic RNAs were similar. It should be noted that in
contrast to the viral infections described above, the introduction
of the viral RNA into the cell by transfection could not be synchro-
nized. For this reason, the zero-hour time point could not be
analyzed, since the abundance of the viral RNA to which the lu-
ciferase activity is normalized would be zero. Hence, a general
increase in luciferase expression per viral RNA with time, similar
to that observed with genuine viral infection (Fig. 4A), could not
be observed for technical reasons.

Since the translation of the viral genome was enhanced for
SINVHeavy over that for SINVLight during a genuine infection, but
not during transfection of the genome itself, we hypothesized that
a component of the nucleocapsid core was responsible for the
enhanced translation, replication, and growth kinetics associated
with SINVHeavy. SINV nucleocapsid cores from SINVLight and
SINVHeavy were prepared by detergent treatment and were recap-
tured using sucrose step gradients as described previously (36, 43).
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The number of nucleocapsid cores was verified by qRT-PCR as
described above for virus particles. Equal numbers of nucleocap-
sid cores were transfected into BHK-21 cells, and at regular inter-
vals, samples were harvested and were assayed for luciferase activ-

ity and RNA content. Despite the bypass of entry by receptor-
mediated endocytosis, the translational activities of the
nucleocapsids closely resembled those of their intact virion coun-
terparts during viral infection. As indicated in Fig. 4D, transfec-

FIG 3 Viral growth kinetics and RNA synthesis and accumulation are enhanced during infection with SINVHeavy or SINVC6/36. (A) Monolayers of BHK-21 cells were
infected with the indicated SINV subpopulations at an MOI of 10 PFU/cell as described in Materials and Methods. At the indicated times postinfection, cell supernatants
were collected, and titers were determined. (B) The average fold change in titer observed for each of the individual SINV subpopulations during infection of BHK-21 cells
(from panel A) is plotted against time. Data are mean values for at least two independent biological replicates. Error bars represent standard deviations. (C) Monolayers
of BHK-21 cells were infected with the indicated SINV subpopulations at an MOI of 10 PFU/cell as described in Materials and Methods. At the indicated time points
postinfection, total cellular RNA was extracted and was used to determine the amount of viral RNA by qRT-PCR. The absolute quantities of the viral RNA species were
calculated using standard curves. The absence of a value means that the signal was either below the threshold of detection or below the background of the sample. Data
shown are representative of three independent biological replicates. (D) BHK-21 cells were infected with equal numbers of SINVLight, SINVHeavy, or SINVC6/36 particles
(in contrast to equal numbers of infectious particles, as for panels A to C). After extensive washing, the viral RNA content was quantified as for panel A. Data are mean
values for two independent biological replicates. Error bars represent standard deviations.
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tion of SINVHeavy nucleocapsids resulted in �6-fold-greater
translational activity than transfection of SINVLight nucleocapsids.
Once again, zero time point values could not be analyzed for the
reasons stated above.

Taken together, these data indicate that the translational activ-
ities of SINVHeavy and SINVC6/36 are enhanced during the infec-

tion of mammalian cells and, furthermore, are dependent on the
nucleocapsid core.

Infections with SINVHeavy or SINVC6/36 induce less type I IFN
than infections with SINVLight in cultured cells. SINVHeavy or
SINVC6/36 infections exhibit enhanced translation of genomic
RNA and increased viral RNA synthesis early in infection. The
expression of the SINV nonstructural proteins in mammalian
cells is known to inhibit host transcription (7, 44). We next hy-
pothesized that the enhanced translation of the SINVHeavy and
SINVC6/36 genomic RNAs in the mammalian host could limit the
initiation of an effective host response (22–25, 45, 46). To test this
hypothesis, we utilized a tissue culture model to examine the in-
duction of type I IFN production during SINVLight, SINVHeavy,
and SINVC6/36 infections.

IFN-competent L929 cells were infected with SINVLight,
SINVHeavy, or SINVC6/36 at an MOI of 5 PFU/cell for 1 h. At 24 h
postinfection, the cell supernatants were harvested and were clar-
ified by centrifugation; after inactivation, they were assayed for the
levels of IFN-�/�. As demonstrated in Fig. 5A, �3-fold more type
I IFN was produced during SINVLight infections than during
SINVHeavy infections. Examination of the abundances of IFN-�
mRNA indicated that SINVLight on average resulted in �6.5-fold
more IFN-� mRNA transcripts than SINVHeavy (Fig. 5B).

Previously, it was demonstrated that mosquito-derived viral

FIG 4 Rates of translation of SINVHeavy and SINVC6/36 are enhanced over
those of SINVLight in mammalian cells. (A and B) BHK-21 cells (A) and C6/36
cells (B) were infected with the indicated SINV/Luc subpopulations at an MOI
of 3 PFU/cell as described in Materials and Methods. At the indicated times
postinfection, samples were taken and were analyzed for luciferase activity,
which was standardized to the quantity of viral genomic RNA present. The
values shown along the y axis represent the relative light units detected. The P
value given in panel A was determined by Student’s t test. (C) Genomic RNAs
were extracted from equal numbers of SINVLight and SINVHeavy particles
and were transfected into BHK-21 cells. At regular times posttransfection,
samples were taken, analyzed for luciferase activity, and reported as for panels
A and B. (D) Nucleocapsid cores from SINVLight and SINVHeavy were trans-
fected into BHK-21 cells. As described for panel C, samples were taken and
were analyzed for the level of luciferase activity per genomic RNA. For all
panels, data are mean values for at least three independent biological repli-
cates, and error bars represent standard deviations.

FIG 5 SINVHeavy and SINVC6/36 induce less type I IFN than SINVLight in tissue
culture cells. (A) L929 cells were infected with SINVLight, SINVHeavy, or
SINVC6/36 at an MOI of 5 PFU/cell. Twenty-four hours later, the supernatant
was harvested, inactivated, and assayed for type I IFN as described in Materials
and Methods. Data are mean values for three independent biological repli-
cates. Error bars represent standard deviations. (B) Quantitative analysis of
IFN-� mRNA levels, normalized to the host 18S rRNA levels, of the SINVLight

and SINVHeavy samples for which results are shown in panel A. The mRNA
abundances reported are relative to that of SINVHeavy, since the extent of type
I IFN induction in mock-treated samples, both at the level of protein produc-
tion and at the level of mRNA abundance, was below the limits of detection.
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particles elicit a lower type I IFN response than mammalian-cell-
derived virions (38). Interestingly, SINVHeavy and SINVC6/36 in-
duce similar levels of type I IFN, suggesting that SINVLight (Fig.
5A) may contribute to the activation of type I IFN during infec-
tions using mammalian-cell-derived particles.

SINVHeavy and SINVC6/36 contain host-derived ribosomal
factors. Since we had observed a difference in SINV virion density
without an alteration of particle morphology, we next sought to
determine what accounted for the apparent difference in particle
mass. The proteins from equal numbers of SINVLight, SINVHeavy,
and SINVC6/36 particles were precipitated, digested with trypsin,
and analyzed by mass spectrometry. Mass spectrometric analysis
of SINVHeavy and SINVC6/36 indicated the presence of the rRNA
binding proteins RPS14 (7.3% sequence coverage), RPS18 (16.4%
sequence coverage), and RBM3 (35.3% sequence coverage). The
presence of these factors indicated that some portions of the host
ribosomal complexes may be associated with SINVHeavy and
SINVC6/36.

Using a modified photoactive cross-linking immunoprecipita-
tion (PAR-CLIP) strategy, we sought to determine if the ribo-
somal components were encapsidated and in contact with the viral
genome in purified particles. The PAR-CLIP method has tradi-
tionally been used to identify the site(s) of interaction for RNA
binding proteins (47–49). A method similar to that described here
has been used to identify the positioning of a translating ribosome
via the site of interaction between RPS14 and the cognate mRNA
(50).

Purified SINV particles with the genomic RNAs internally la-
beled with 4-thiouridine (4SU) were harvested from BHK-21 cells
18 h postinfection. After purification, the SINV particles were ex-
posed to 365-nm UV light in order to cross-link proteins to
genomic RNA. The particles were disrupted, and proteins were
immunoprecipitated using a nonspecific or anti-capsid antibody.
The presence of SINV genomic RNA with immunoprecipitated
proteins was detected by RT-PCR as indicated in Fig. 6A. The lack
of a PCR product in the absence of either UV cross-linking or 4SU
incorporation indicates that the modified PAR-CLIP method de-
scribed here is specific. As shown in Fig. 6B, immunoprecipitation
of purified SINV particles with an antibody to either SINV capsid
or RPS14 revealed an interaction between these proteins and the
viral genome in highly purified SINV particles, indicating that
host-derived ribosomal components are in direct with the viral
genome in the nucleocapsid. Despite a high degree of similarity
between the RPS14 proteins of vertebrates and invertebrates, the
anti-RPS14 antibody was not cross-reactive with mosquito RPS14
(data not shown).

Inadvertent copurification of the host-derived ribosomal com-
ponents is highly unlikely for numerous reasons. First, during the
initial stage of the purification strategy, when SINV particles are
purified through a 27% sucrose cushion, the force and time of
centrifugation would be insufficient to pellet intact 80S ribo-
somes, much less their individual subcomponents. While poly-
somes could copurify with SINV particles during the initial stage
of purification, further treatment of the samples prior to the sec-
ond stage of purification greatly reduces the likelihood of contam-
ination. The requirement of divalent magnesium cations for the
assembly, structure, and function of the 80S ribosome is well
known. Prior to the second stage of purification, whereby SINV
particles are resolved on linear sucrose gradients, the SINV sam-
ples are treated with excess EDTA to disrupt any intact polysomes

and ribosomes that may be present. This ensures that any ribo-
somal material in the sample is present as an individual 40S or 60S
subunit incapable of copurifying with SINV deep in the linear
gradient. Moreover, prior to any analysis of RNA content, as de-
scribed below, the samples are treated with excess RNase A and
RNase V1 to degrade any extravirion RNAs that may be present.

SINVHeavy and SINVC6/36, but not SINVLight, contain host-
derived 18S rRNAs. While the data presented above confirm that
there are indeed host-derived factors interior to SINV nucleocap-
sid cores, the presence of ribosomal proteins would not account
for the entire difference in particle density between SINVLight and
SINVHeavy. Since several RNA binding proteins that are known to
associate with 18S rRNA were detected by mass spectrometry, we
next sought to determine if host-derived rRNAs were also present
in highly purified SINV particles.

Prior to analysis, the highly purified SINV virions were treated
with RNase A and RNase V1 to effectively degrade any extrapar-
ticle RNA. Assessment of the nucleic acid contents of SINVLight,
SINVHeavy, and SINVC6/36 by qRT-PCR confirmed that host-de-
rived 18S rRNAs were present in both SINVHeavy and SINVC6/36.
Mock gradients loaded with native cellular RNAs indicated that
no contaminating RNA penetrated the gradient under the condi-
tions used in this assay (data not shown). As shown in Fig. 7, the
number of 18S rRNA molecules present per infectious unit was
�1.2 to 1 for both SINVHeavy and SINVC6/36. In contrast, SINVLight

exhibited �0.2 18S rRNA molecule per infectious unit.

DISCUSSION

The data presented above indicate that at least two biologically
unique SINV subpopulations are produced during the infection of
BHK-21 tissue culture cells, but only one population is produced

FIG 6 RPS14 is in direct contact with the viral genome within SINV nucleo-
capsids. (A) SINV-infected BHK-21 cells were incubated for 16 h postinfec-
tion. Then they were washed, and actinomycin D was added. The photoactive
nucleoside analogue 4-thiouridine (4SU) was added as indicated. Virus pro-
duction was allowed to proceed for 2 h, after which the internally 4SU labeled
virus was harvested and was cross-linked by exposure to UV irradiation as
indicated. Heat-disrupted particles were immunoprecipitated either with a
nonspecific antibody (Ab) or with an antibody against SINV capsid. The re-
tention of SINV genomic RNA only in samples that had been cross-linked and
UV irradiated indicated that the modified PAR-CLIP assay was specific. (B)
Internally 4SU labeled SINV derived from BHK-21 cells was cross-linked and
was immunoprecipitated with either a nonspecific antibody, an anti-SINV
capsid antibody, or an anti-RPS14 antibody. The results indicated that SINV
genomic RNA was in contact with both SINV capsid and RPS14 in purified
SINV particles. In both panels, the lane marked “Load” represents the analysis
of the initial materials prior to immunoprecipitation as a reference.
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from C6/36 cells. These BHK-21 cell-derived subpopulations,
SINVLight and SINVHeavy, were found to differ on the basis of in-
fectivity, as indicated by their relative particle-to-PFU ratios.
Comparative examination of the growth kinetics of the individual
SINV subpopulations revealed that progeny SINV virions are pro-
duced early during SINVHeavy and SINVC6/36 infections. The en-
hanced viral growth kinetics observed for SINVHeavy and
SINVC6/36 correlated with increased translation of the viral ge-
nome early during the infection of BHK-21 cells. Additionally,
SINVHeavy and SINVC6/36 induced less type I IFN than SINVLight,
indicating that the host cell response may be modulated during
SINVHeavy and SINVC6/36 infections. Host-derived factors were
detected in both SINVHeavy and SINVC6/36 particles, suggesting
that the encapsidation of host factors is responsible for the differ-
ence in particle density and may be responsible in part for the
enhanced translation early during infection.

Alphaviruses produced from mammalian cells consist of at
least two individual subpopulations. The data presented above
indicate that SINV infections of vertebrate cell lines result in the
formation of a heterogeneous population of viral particles,
whereas infection of insect cells results in a homogeneous popu-
lation. Prior to this report, mammalian-cell-derived alphaviruses
were described as consisting of a single particle species. Prior char-
acterization of purified SINV derived from chicken embryo fibro-
blasts indicated that two particle species could be distinguished
from one another on the basis of particle density (51). Neverthe-
less, these studies stopped short of determining if the individual
particle subpopulations exhibited different infectivities or if they
were biologically distinct. Perhaps the simplest explanation of why
mammalian-cell-derived alphaviruses are commonly reported as
a single particle species has to do with the particle-to-PFU ratios of
the two subpopulations. The difference in the particle-to-PFU
ratios between the light and heavy subpopulations indicates that
the predominant species, by optical density, would be the lighter
species, as we observed. As a consequence, when a low concentra-
tion of particles is purified, they would appear as a single band.
Additionally, technical factors, such as gradient range and length,

could also affect the visibility and resolution of the two particle
subpopulations.

In contrast to mammalian-cell-derived SINV particles, SINV
particles produced in the Aedes albopictus C6/36 cell line were
purified as a single population under similar purification condi-
tions. Interestingly, mosquito-derived SINV exhibits a particle-
to-PFU ratio similar to that of SINVHeavy, suggesting that perhaps
these populations are functionally synonymous.

Examinations of mammalian-cell-derived alphavirus particles
by cryo-EM, even those at a resolution higher than 5 Å, were likely
performed on mixed virus populations (33). The data presented
above indicate that for every SINVHeavy particle, there are at least 5
SINVLight particles within the mixed population. Therefore, dif-
ferences in electron density within the nucleocapsids of mamma-
lian-cell-derived SINVs are most likely lost during the averaging
procedure. Additionally, if the position of the host-derived com-
ponents, either on the genomic RNA or within the nucleocapsid,
was not consistent, then the density of the host-derived compo-
nents would not be detected by use of icosahedral averaging.
Structural studies of the individual SINVLight and SINVHeavy sub-
populations are ongoing.

SINVHeavy and SINVC6/36 initiate infection more rapidly than
SINVLight. On average, the burst time for the alphaviruses has
been reported to be after 3 h postinfection, consistent with the
observed lag prior to the initiation of exponential growth during
SINVLight infection. Interestingly, SINVHeavy and SINVC6/36 pro-
duce progeny viruses early during viral infection and attain expo-
nential growth more rapidly than SINVLight. Similarly, early syn-
thesis and accumulation of the viral RNAs was observed,
confirming that the RNA components necessary for the produc-
tion of SINV virions were present. The enhanced synthesis and
accumulation of viral RNAs observed during SINVHeavy and
SINVC6/36 infections correlated with the superior translation of
the viral genome during infection of BHK-21 cells. Moreover,
the data suggest that the production of progeny virions is not
necessarily restricted directly by the overall magnitudes of the viral
RNA species but depends on the time by which they were synthe-
sized. For instance, SINVHeavy and SINVC6/36 exhibit exponential
growth between �3 and 4 h postinfection, whereas SINVLight ex-
hibits delayed growth kinetics, demonstrating exponential growth
�5 h postinfection. The overall magnitudes of the SINV RNA
species for all of the individual SINV subpopulations are similar at
4 h postinfection; however, the accumulation of the RNA species
began, on average, 2 h earlier during SINVHeavy and SINVC6/36

infections than during SINVLight infection. Therefore, the onset of
exponential production of SINV virions appears to be related to
the timing of the synthesis and accumulation of the SG and mi-
nus-strand RNAs.

Curiously, these effects were absent in C6/36 cells, indicating
possible host specificity. The directionality of this phenomenon—
the fact that mosquito particles exhibit enhanced mammalian in-
fection, but not vice versa—indicates possible enhancement of
transmission of the alphaviruses to a mammalian host.

The early replication and release of progeny virions could ben-
efit the establishment of viral infection in the vertebrate host.
Frolov et al. have demonstrated that events early in infection can
significantly influence the IFN response and the outcome of al-
phavirus infection (45). As shown above, SINVHeavy infections
induce less type I IFN, both at the level of protein production and
at the level of transcription, than SINVLight, which correlates with

FIG 7 SINVHeavy and SINVC6/36 contain host-derived rRNAs. The 18S rRNA
content per infectious particle was quantitatively analyzed for nuclease-treated
purified SINVLight, SINVHeavy, and SINVC6/36 particles (see Materials and
Methods for details). Titers were determined using BHK-21 cells. rRNA con-
tents were determined by qRT-PCR following treatment of intact particles
with RNase A and RNase V1. Data are mean values for a minimum of three
independent biological replicates. Error bars represent standard deviations.
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the enhanced translation exhibited by SINVHeavy. It is not clear if
the reduced induction of type I IFN is due to either inhibition of
the host or evasion of the recognition required for the induction of
the host response. Nonetheless, a potential consequence of en-
hanced translation would be modulation of the host response.
Rapid expression of the viral nonstructural proteins would enable
SINV to shut off host transcription and translation quickly follow-
ing infection, presumably reducing the ability of the host to
mount an effective response (22, 46, 52). This, in turn, would have
far-reaching consequences for ongoing viral replication and gene
expression, well beyond the initial round of infection. Addition-
ally, the release of infectious particles earlier during infection
likely serves to increase the dissemination of the viral infection
locally, potentially limiting the efficacy of the vertebrate innate
immune response following transmission.

The mechanism by which SINVHeavy and SINVC6/36 promote
the translation of their viral genomes is currently unknown. The
data presented above indicate that the enhanced translation of
SINVHeavy and SINVC6/36 genomic RNAs was contextually depen-
dent on the nucleocapsid core. The requirement for the nucleo-
capsid core strongly suggested that a component within the viral
particles themselves is responsible for enhancing the translation of
the viral genome. SINVHeavy and SINVC6/36 particles were found
to encapsidate host-derived factors, as indicated by the encapsida-
tion of 18S rRNA, correlating with the enhanced translation de-
scribed above. Whether the 18S rRNA is the sole host-derived
factor present is unclear, since the particle-to-PFU and 18S rRNA-
to-PFU ratios indicate that there may be SINVHeavy particles lack-
ing the 18S rRNA subunit. This discrepancy could be due simply
to cross-contamination of the individual subpopulations during
purification.

We propose a model in which the inclusion of these host-de-
rived factors improves the assembly of the functional messenger
ribonucleoprotein complex necessary for efficient translation fol-
lowing release of the genomic RNA. The enhanced translation of
the genomic RNA serves both to mute the host response and to
accelerate the timing of viral RNA synthesis, leading to a more
efficient SINV infection.

Host cell shutoff may play a role in the formation of multiple
alphaviral subpopulations. Precisely why mammalian-cell-de-
rived alphaviruses exist as heterogeneous populations whereas
mosquito-derived alphaviruses exist as a homogeneous popula-
tion is not clear. Examination of SINV particles produced in
mammalian and mosquito cells indicated that host-derived fac-
tors copurified with SINVHeavy and SINVC6/36 particles. The for-
mation of a single host-factor-containing SINV particle species
upon infection of mosquito cells indicates that incorporation of
host factors is favored during particle assembly in the mosquito
host. The outcome of alphaviral infection is known to depend on
the host. SINV infection of mammalian cell lines results in the
inhibition of cellular transcription and translation, a feature
largely absent from infection of invertebrate cells (8, 44). Perhaps
the inhibition of host translation results in the formation of viral
particles lacking the host-derived ribosomal components. Alter-
natively, the affinity with which the host factors interact with the
SINV genome may differ between the vertebrate and invertebrate
hosts, resulting in the assembly of different particle species. Stud-
ies focusing on identifying and characterizing these mechanisms
are ongoing.

Prior to this report, the incorporation of host factors into al-

phaviral particles has been reported only for mutant strains that
exhibit budding defects (53). Furthermore, the inclusion of any
component of the host ribosomal machinery has, to date, been
described for only one other virus family. Members of the Arena-
viridae have been shown to incorporate 80S ribosomes into ma-
ture infectious virions (54, 55). The packaged ribosomes observed
in Pichinde virus were found to be translationally competent but
unnecessary for viral infection (54). Similarly, as reported here,
inclusion of the host factors was not absolutely necessary for SINV
infection, since SINVLight particles are clearly infectious, as is pu-
rified genomic RNA; however, inclusion of the host factors corre-
lated strongly with the enhanced translation and viral RNA syn-
thesis observed for SINVHeavy and SINVC6/36.
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