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ABSTRACT

Dicistroviridae are a family of RNA viruses that possesses a single-stranded positive-sense RNA genome containing two distinct
open reading frames (ORFs), each preceded by an internal ribosome entry site that drives translation of the viral structural and
nonstructural proteins, respectively. The type species, Cricket paralysis virus (CrPV), has served as a model for studying host-
virus interactions; however, investigations into the molecular mechanisms of CrPV and other dicistroviruses have been limited
as an established infectious clone was elusive. Here, we report the construction of an infectious molecular clone of CrPV. Trans-
fection of in vitro-transcribed RNA from the CrPV clone into Drosophila Schneider line 2 (S2) cells resulted in cytopathic effects,
viral RNA accumulation, detection of negative-sense viral RNA, and expression of viral proteins. Transmission electron micros-
copy, viral titers, and immunofluorescence-coupled transwell assays demonstrated that infectious viral particles are released
from transfected cells. In contrast, mutant clones containing stop codons in either ORF decreased virus infectivity. Injection of
adult Drosophila flies with virus derived from CrPV clones but not UV-inactivated clones resulted in mortality. Molecular analy-
sis of the CrPV clone revealed a 196-nucleotide duplication within its 5= untranslated region (UTR) that stimulated translation
of reporter constructs. In cells infected with the CrPV clone, the duplication inhibited viral infectivity yet did not affect viral
translation or RNA accumulation, suggesting an effect on viral packaging or entry. The generation of the CrPV infectious clone
provides a powerful tool for investigating the viral life cycle and pathogenesis of dicistroviruses and may further understanding
of fundamental host-virus interactions in insect cells.

IMPORTANCE

Dicistroviridae, which are RNA viruses that infect arthropods, have served as a model to gain insights into fundamental host-
virus interactions in insect cells. Further insights into the viral molecular mechanisms are hampered due to a lack of an estab-
lished infectious clone. We report the construction of the first infectious clone of the dicistrovirus, cricket paralysis virus
(CrPV). We show that transfection of the CrPV clone RNA into Drosophila cells led to production of infectious particles that
resemble natural CrPV virions and result in cytopathic effects and expression of CrPV proteins and RNA in infected cells. The
CrPV clone should provide insights into the dicistrovirus life cycle and host-virus interactions in insect cells. Using this clone,
we find that a 196-nucleotide duplication within the 5= untranslated region of the CrPV clone increased viral translation in re-
porter constructs but decreased virus infectivity, thus revealing a balance that interplays between viral translation and replica-
tion.

The Dicistroviridae are a family of nonenveloped, single-
stranded RNA (ssRNA) viruses that infect arthropods (1). Di-

cistrovirus genomes range from 8 to 10 kb in size, contain a 5= viral
protein cap (VPg) and a 3= poly(A) tail, and are characterized by a
unique dicistronic genome arrangement. Distinct internal ribo-
some entry sites (IRES) drive translation of each open reading
frame (ORF). The 5= untranslated region (UTR) IRES directs
translation of ORF1, which encodes viral nonstructural proteins
such as the suppressor of RNA interference (RNAi), RNA helicase,
3C protease, and the RNA-dependent RNA polymerase (RdRp).
The intergenic region (IGR) IRES facilitates expression of the viral
structural proteins (ORF2) (1).

Dicistroviruses are of economic and medical importance.
Studies have linked a subset of bee dicistroviruses to the decline in
North American honeybee populations (2, 3). This is especially
vital for crops reliant on honeybee pollination, which have an
estimated worth of $215 billion worldwide (4). In addition, the
causative agent of Taura syndrome in panaeid shrimp, Taura
syndrome virus, has devastated the shrimp farming industry
throughout the Americas (5, 6). Moreover, the protozoan parasite

Trypanosoma cruzi is transmitted through an arthropod vector
that can result in Chagas disease, which afflicts 7 to 8 million
people in Latin America. The T. cruzi vector is a host of the dicis-
trovirus, triatoma virus, thus highlighting its possible use as a
biopesticide (7).

The type species, cricket paralysis virus (CrPV), was first iso-
lated in 1970 from Australian field crickets and has a wide host
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range, including Drosophila melanogaster (1, 8). Consequently,
many studies have used CrPV and other dicistroviruses as models
to delineate translational control mechanisms and antiviral im-
mune mechanisms in insects, such as the RNAi and Imd (immu-
nodeficiency) pathways (9). Furthermore, the unique dicistronic
organization of its genome has led to insights into an unprece-
dented mechanism of translation initiation. The IGR IRES con-
tains domains that functionally mimic a tRNA to recruit ribo-
somes and initiate translation in a factor-independent manner
(10–14). In contrast, the mechanism of the 5= UTR IRES is, in
general, not well understood. It has been reported that translation
mediated by the 5= UTR IRES of the related dicistrovirus, Rhopa-
losiphum padi virus (RhPV), requires a subset of canonical trans-
lation factors (15). Since the dicistrovirus 5= UTRs do not appear
to be well conserved (16, 17), each 5=UTR IRES may have distinct
mechanisms for translation.

Despite the importance of dicistroviruses, the molecular
mechanism and replication life cycle during infection are not
completely understood. This is primarily due to a lack of an estab-
lished infectious clone for any member of the Dicistroviridae fam-
ily. In vitro transcripts of the black queen cell virus (BQCV) were
reported to be infectious; however, no infectious clone was ob-
tained (18). The genomic sequence of RhPV was cloned, but it
harbored a mutation in its first open reading frame that prohib-
ited infection (19, 20). Here, we report the generation of an infec-
tious full-length clone of the CrPV genome which, compared to
the published sequence (21), contains unique nucleotide changes,
including a 196-nucleotide (nt) duplication in the 5= UTR. In
vitro-transcribed RNA of the CrPV clone transfected into Dro-
sophila Schneider line 2 (S2) cells recapitulates CrPV infection and
produces virions that infect and replicate in Drosophila S2 cells.
Furthermore, we demonstrate that the duplication in the 5= UTR
is not an artifact of cloning but occurs within viral stocks and can
stimulate translational activity of the 5= UTR IRES. Using reverse
genetics, an infectious clone containing the duplicated element in
the 5= UTR is less fit than one containing a single copy of the
element in S2 cells. Finally, we show evidence that infection of
virus generated by the CrPV infectious clone causes mortality in
adult flies. To our knowledge, this is the first established infectious
clone of the Dicistroviridae family.

MATERIALS AND METHODS
Cell culture and virus. Drosophila Schneider line 2 (S2) cells were main-
tained and passaged in Shield’s and Sang medium (Sigma) supplemented
with 10% fetal bovine serum. Kc167 cells were maintained and passaged in
Sf-900 III medium (Invitrogen) and supplemented with 10% fetal bovine
serum.

Propagation of CrPV in Drosophila S2 cells has been previous de-
scribed (22). CrPV was isolated from Drosophila S2 cells using an adapted
protocol (23) with cesium chloride (CsCl) gradients. Briefly, S2 cells were
infected with CrPV and incubated for 24 h. Cells were dislodged into the
medium, treated with 0.5% IGEPAL CA-630 (Nonidet P-40) and 0.1%
2-mercaptoethanol, and incubated on ice for 10 min. Cell debris was
cleared by centrifugation at 13,800 relative centrifugal force (RCF) for 15
min at 4°C. The supernatant was then treated with RNase A (100 �g/ml)
for 30 min at 27°C. Viral particles were then pelleted through a 30%
(wt/wt) sucrose cushion in VP buffer (50 mM HEPES, 0.1% 2-mercapto-
ethanol, and 5 mM CaCl2) by ultracentrifugation at 141,000 RCF for 2.5 h
at 11°C. The pellet was resuspended in VP buffer and added to a 50% CsCl
gradient in VP buffer. The gradient was ultracentrifuged at 274,000 RCF
for 18 h at 4°C. The viral band was extracted and dialyzed with phosphate-

buffered saline (PBS) overnight. Viral titers and yield were determined as
previously described (22).

Virus was inactivated by UV light for 30 min on ice with a Stratagene
1800 UV cross-linker. Lack of cytopathic effects upon infection verified
inactivation of the virus.

CrPV cDNA construction. RNA was extracted from CsCl-purified
CrPV using TRIzol (Invitrogen). The construction of the full-length in-
fectious clones was generated as follows. First-strand CrPV cDNA was
synthesized through reverse transcription-PCR (RT-PCR) using Super-
script III reverse transcriptase (Invitrogen) and an oligo(dT) primer at
50°C for 2 h (see Fig. 3A). The CrPV cDNA was amplified using primers
P1 (5=-GAGGGTACCATGTCTTTTCAACAAACAAACAAC-3=; KpnI
site is underlined) and P3 (5=- GGAGCTCAGAAAACAACTATTAATCA
AAAACCAAATTG-3=; SacI site is underlined), which introduce KpnI
and SacI sites. The resulting PCR product, which contains the CrPV ge-
nome from the beginning of ORF1 to the end of the 3= UTR, was cloned
into pAC5.1/V5 His B (Invitrogen) using KpnI and SacI sites to create
pCrPV-�5=UTR (see Fig. 3A). Amplification of the CrPV genomic cDNA
in its entirety was performed using primers P3 and P2 (5=-GAGGGTAC
CTTTAATAAGTGTTGTGCAGATTAATCTG-3=; KpnI site is under-
lined). To create the full-length clone of CrPV, a KpnI/HindIII fragment
from the P2/P3 PCR product was cloned into the pCrPV-�5= UTR using
the same restriction sites. The resulting plasmid was denoted pCrPV-1
(see Fig. 3A). A T7 RNA polymerase promoter flanking the 5= end of the
CrPV genome was incorporated into pCrPV-1 using primer incomplete
polymerase extension (PIPE) (24) with primers P4 (5=-GAAGATTAATA
CGACTCACTATAGGGAGATTTAATAAGTGTTGTGCAGATTAATC
TG-3=; T7 promoter is underlined) and P5 (5=-TCTCCCTATAGTGAGT
CGTATTAATCTTCTCTCCCTATAGTGAGTCGTATTAATCTTC-
3=; T7 promoter is underlined) to create pCrPV-2 (see Fig. 3A). Prim-
ers P2 and P6 (5=-TGTAAGCTTTGTTCTTAAGTTCTCTG-3=; Hin-
dIII site is underlined) were used to amplify the 5= UTR without the
duplication (5= UTR�Dup) and part of ORF1 from 2006 CrPV stocks
(CrPV-2006) (Fig. 1). This was inserted in between the KpnI and Hin-
dII sites of pCrPV-2 to generate pCrPV-3 (see Fig. 3A). Finally, a T7
promoter was added to pCrPV-3 using primers P4 and P5.

Stop codon mutations in either ORF1 or ORF2 of pCrPV-2 (pCrPV-
2-ORF1-STOP and pCrPV-2-ORF2-STOP, respectively) were introduced
via PCR-based site-directed mutagenesis. UAA stop codons were intro-
duced by mutating nucleotides C775T (C971T) and G778T (G974T) of
ORF1 and nucleotide A6232T (A6428T) of ORF2. The numbering of the
nucleotides is based on CrPV-3, with CrPV-2 numbering in parentheses.

Bicistronic and minigenome reporter construction. For the bicis-
tronic reporter construct, a PCR-derived fragment containing the CrPV
or CrPV-2 5=UTR plus 54 nt of ORF1 was ligated into the EcoRI and NcoI
sites of pMC53 upstream of the firefly luciferase (FLuc) open reading
frame. Subsequently, the 5= UTR-firefly luciferase fragment was inserted
into EcoRI and XbaI sites of pEJ551 (25). For the minigenome construct,
a PCR-derived fragment containing the IGR IRES and a short region of
VP2 (nucleotides 6413 to 6571) was inserted between EcoRI and NcoI
restriction sites in pEJ551. Subsequently, overlapping PCR was used to
insert the CrPV 5= UTR (without the duplication) in front of the Renilla
luciferase (RFluc) open reading frame. Lastly, a synthesized CrPV 3=UTR
(Integrated DNA Technologies) was inserted between XbaI and BamHI
sites downstream of the firefly luciferase open reading frame. The result-
ing plasmid is called pMG-�Dup. The minigenome containing the 5=
UTR duplicated element (5=UTR�Dup) was constructed using the Gibson
assembly approach (New England Biolabs). The CrPV 5=UTR containing
the duplication was amplified using pCrPV-2 as a template with primers
P10 (5=-ACGACTCACTATAGGGTTTAATAAGTGTTGTGCAGATTA
ATC-3=) and P11 (5=-TAAACTTTCGAAGTGATCACATTGTAAGAAT
CGG-3=). The minigenome containing the Renilla Luc-IGR IRES-firefly
Luc-3=UTR was amplified with primers P12 (5=-CATGACTTCGAAAGT
TTATGATC-3=) and P13 (5=-CCCTATAGTGAGTCGTATTAAAG-3=).
The CrPV 5= UTR amplicon was mixed with the minigenome amplicon
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and incubated for 15 min at 50°C in the Gibson assembly mix (NEB). The
reaction product was transformed into competent Escherichia coli DH5�
cells and sequenced to confirm that the 5= UTR duplication was present.

In vitro transcription and RNA transfection. Purified plasmid was
linearized with either Ecl136II (pCrPV-2 and derivatives) or BamHI
(minigenome constructs). RNA was transcribed in a T7 RNA polymerase
reaction and subsequently purified with an RNeasy kit (Qiagen). The
integrity and purity of the RNA were confirmed on a 1.2% denaturing
formaldehyde agarose gel.

Transfection of in vitro-synthesized RNA into S2 cells was performed
using Lipofectamine 2000 (Invitrogen) as per the manufacturer’s instruc-
tions. Three micrograms of RNA derived from either the full-length CrPV
clone or its cognate mutants and 1 �g of reporter RNA were used for
transfection using 2.5 � 106 cells.

RT-PCR and Northern blotting. Total RNA was isolated from cells
using TRIzol reagent. RT-PCR was performed on 5 �g of RNA using
Superscript Reverse Transcriptase III (Invitrogen) at 55°C, followed by
DNase I treatment for 30 min at 37°C. For reverse transcription of the
negative-sense CrPV viral RNA, tagged primer P7 (5=-CTATGGATCCA
TGGGAGAAGATCAGCAAAT-3=; tag is underlined) was used. Primers
P8 (5=-CTATGGATCCATGGGAGAAG-3=) and P9 (5=-GTGGCTGAAA
TACTATCTCTGG-3=) were used for PCR amplification of the negative-
sense strand of the CrPV genome. The 5= UTR of CrPV was RT-PCR
amplified using primers P2 and P14 (5=-GAGCCATGGCTCAAGGGAG
TTGATGTTGTT-3=; NcoI site is underlined). Diagnostic RT-PCRs of
Drosophila C virus (DCV), Drosophila X virus (DXV), or flock house virus
(FHV) cDNA were performed using the following primers: DCV genome,
P15 (5=-TCTGCAGGAGTTCCCGATG-3=) and P16 (5=-CAATGCGCTT
CCGGAGAC-3=); segment B of DXV, P17 (5=-TGGACATCGAAACAGG
GTACAC-3=) and P18 (5=-CCGCGGATAGAGTTTGGTAACC-3=); FHV
RNA1, P19 (5=-CGCCAATGATAAGAAACCAAGCG-3=) and P20 (5=-
GGTCCACAAATACACGAGACAGG-3=). Actin was amplified using
primers P21 (5=-CGACAACGGCTCTGGCATGTGCA-3=) and P22 (5=-
ACGCAGCTCATTGTAGAAGGTG-3=).

Northern blotting was performed by loading 5 �g of RNA on a dena-

turing agarose gel which was subsequently transferred to Zeta probe blot-
ting membrane (Bio-Rad). DNA probes were radiolabeled with a Deca-
Label DNA labeling kit (Fermentas) and hybridized overnight.
Radioactive bands were detected via phosphorimager analysis (Ty-
phoon; GE Healthcare).

Western blotting. Equal amounts of S2 protein lysates (20 �g) were
resolved on a 12% SDS-PAGE gel and then transferred to a polyvinylidene
difluoride Immobilon-FL membrane (Millipore). Membranes were
blocked for 30 min at room temperature with 5% skim milk in Tris-
buffered saline plus Tween (TBST). Blots were incubated for 1 h at room
temperature with either CrPV ORF1 (raised against CrPV RdRp) rabbit
polyclonal (1:10,000) or CrPV ORF2 (raised against CrPV VP2) rabbit
polyclonal (1:10,000) (22) antibody. Membranes were washed three times
with TBST and incubated with either IRDye 800CW goat anti-rabbit IgG
(1:20,000; Li-Cor Biosciences) or donkey anti-rabbit IgG-horseradish
peroxidase (1:20,000; GE Healthcare) for 1 h at room temperature. An
Odyssey imager (Li-Cor Biosciences) and enhanced chemiluminescence
(Thermo Scientific) were used for detection.

EM. Negative-stained specimens were prepared by adsorbing samples
to glow-discharged carbon-coated copper grids and subsequent staining
with uranyl formate. A Tecnai Spirit transmission electron microscope
(EM; FEI) operated at an accelerating voltage of 120 kV was used to ex-
amine these specimens. Images were acquired using a 4,000- by 4,000-
pixel Eagle charge-coupled-device (CCD) camera (FEI) at a nominal
magnification of �49,000.

Transwell assays. S2 cells were transfected with in vitro-transcribed
viral genomic RNA for 24 h at 25°C. Untreated cells were seeded onto a
coverslip pretreated with concanavalin A (0.5 mg/ml). Transfected cells
were washed three times with PBS and then seeded onto a transwell insert
within the six-well plate. The coverslips were washed with PBS and treated
with 3% paraformaldehyde for 15 min, followed by methanol treatment
for 10 min. The cells were washed with PBS and incubated with anti-ORF2
antibody (1:500 in 5% bovine serum albumin [BSA] in PBS) for 1 h at
room temperature. Cells were washed three times with PBS and incubated
with goat anti-rabbit Texas Red IgG (1:200 in 5% BSA in PBS; Invitrogen)
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FIG 1 RT-PCR and sequence of the CrPV 5= UTRs from different viral stocks. (A) RT-PCR analysis of the CrPV 5= UTRs from cells that were infected with
different CrPV stocks from circa 2006, 2009, or 2013 for 24 h. (B) Sequence of the first 500 nucleotides of the 5=UTR from CrPV-2013, which contains the tandem
196-nt duplication (the first sequence in italics and the repeated sequence in boldface).
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for 1 h at room temperature, followed by 0.5 �g/ml Hoechst to stain the
nuclei. Slides were imaged using a confocal microscope (Olympus FV1000
using Olympus Fluoview, version 2.0a) with a 60� oil immersion lens.
Images shown represent a single Z-section and were processed in Photo-
shop CS6.

In vitro and in vivo translation assays. S2 cell translation extracts
were obtained using an adapted protocol (26, 27). Briefly, 2.0 � 109 cells
were resuspended in PBS and either mock infected or infected with CrPV
(multiplicity of infection [MOI] of 10). Cells were then diluted to 1.0 �
107 cells/ml and incubated at 25°C for 6 h. Cells were pelleted (1,000 � g
for 8 min), washed once with PBS, and resuspended in hypotonic buffer
(10 mM HEPES-KOH [pH 7.4], 10 mM potassium acetate [KOAc], 0.5
mM magnesium acetate [MgOAc], 1 mM dithiothreitol [DTT]) and sub-
sequently incubated on ice for 5 min. Cells were lysed by extrusion 25
times through a 23-gauge needle. Resulting extracts were adjusted with 50
mM KOAc. Cell debris was cleared by centrifugation (16,000 RCF for 5
min at 4°C), and the supernatant was stored at �80°C.

Bicistronic or minigenome RNA (90 nM) was incubated in either
mock-infected or CrPV-infected S2 cell extracts for 30 min at 30°C. Lu-
ciferase activity was measured using a dual-luciferase assay (Promega). In
vitro translation of the full-length viral RNA genome (uncapped) was
performed in Spodoptera frugiperda 21 (Sf-21) cell extract (Promega) in
the presence of [35S]methionine-cysteine. Reaction mixtures were loaded
on SDS-PAGE gels. Gels were dried, and radioactive bands were moni-
tored by phosphorimager analysis.

For in vivo translation assays, mock- or CrPV-infected S2 cells were
incubated with [35S]methionine-cysteine for the last 30 min of the infec-
tion. Equal amounts of lysate (10 �g) were then loaded on SDS-PAGE
gels. Gels were dried, and radioactive bands were monitored by phosphor-
imager analysis. For luciferase assays, S2 cells (1.5 � 106 cells) were trans-
fected with in vitro-transcribed RNA for 2 h, followed by mock or CrPV
infection (MOI of 10) for 6 h. Cells were harvested and lysed, and lucifer-
ase activity was measured (Promega) using a microplate luminometer
(Centro LB 960; Berthold Technologies).

Fly stocks and viral injections. Isogenic w1118 flies were maintained
on standard cornmeal food at 25°C and 70% humidity with a 12-h light-
dark cycle. Freshly eclosed virgin males and females were separated and
collected in five groups of 10 each. Flies (10 males and 10 females) were
injected with 200 nl of PBS, CrPV-2, or CrPV-3 (5,000 FFU) using a
Neurophore BH-2 injection system (Harvard Apparatus) and transferred
to standard food and flipped to fresh food every 3 days.

Nucleotide sequence accession numbers. The sequences of pCrPV-2
and pCrPV-3 have been deposited in GenBank under accession numbers
KP974706 and KP974707, respectively.

RESULTS
Selection of a 196-nucleotide element within the CrPV 5= UTR
that augments translation. In general, the mechanism underlying
CrPV 5= UTR IRES translation is poorly understood. To address
this, we initially used RT-PCR to clone the 5= UTR from CrPV
stocks that were propagated in our S2 tissue culture cells. Using a
CrPV stock from 2006 (CrPV-2006), an RT-PCR product corre-
sponding to the published predicted size of the CrPV 5=UTR plus
54 nt of ORF1 (763 nucleotides) was detected (Fig. 1A). Interest-
ingly, using a CrPV stock from 2013 (CrPV-2013), RT-PCR anal-
ysis detected a band corresponding to the 5=UTR that increased in
size by roughly 200 bp (Fig. 1A). Moreover, a CrPV stock from
2009 (CrPV-2009) produced a product that is consistent with the
size of the 5= UTR of CrPV-2006 as well as a very weak band
consistent with that of the 5= UTR of CrPV-2013 (Fig. 1A). Se-
quencing analysis revealed that CrPV-2013 acquired a tandem
duplication of nucleotides 76 to 271 (196 nt) in the 5= UTR that
was not previously described in the original CrPV sequence (Fig.
1B) (GenBank accession number NC_003924). As RNA viruses

largely exist as quasispecies (28), we surmised that the duplication
in the 5=UTR likely arose due to selection during infection, which
presumably increased viral fitness.

We next investigated the mechanism by which the 196-nucle-
otide duplication affects CrPV infection. As the duplication oc-
curred within a known IRES sequence, we hypothesized that the
duplication might influence the translational activity of the 5=
UTR IRES. To address this, we generated a minigenome reporter
construct that encodes Renilla and firefly luciferase genes in lieu of
CrPV ORF1 and ORF2, respectively (Fig. 2A). Consequently, ex-
pression of Renilla luciferase (RLuc) is driven by the 5=UTR IRES
while firefly luciferase (FLuc) expression is directed by the IGR
IRES (Fig. 2A). In vitro-transcribed minigenome RNA with (5=
UTR�Dup) or without (5= UTR�Dup) the 5= UTR duplication was
incubated in translation extracts derived from mock- or CrPV-
infected S2 cells, and luciferase activities were measured. In both
mock- and CrPV-infected cell extracts, the 5= UTR�Dup-contain-
ing reporter RNA resulted in greater than 4-fold more Renilla
luciferase activity than the 5=UTR�Dup RNA (Fig. 2B). In all cases,
IGR IRES-mediated translation levels of the firefly luciferase
ORF were similar in mock- and CrPV-infected lysates. To de-
termine whether this effect is similar in vivo, the same minige-
nome RNAs were transfected into S2 cells followed by mock or
CrPV infection. Cells were harvested at 6 h postinfection (p.i.),
and luciferase activities were measured. We previously deter-
mined that the luciferase activities increased linearly from 1 to
6 h after transfection of the reporter RNAs, suggesting that the
RNA is intact and engaged in translation during this time (25).
Similar to the in vitro results, the 5= UTR containing the dupli-
cation resulted in higher Renilla luciferase activity than that
without the duplication (Fig. 2C), indicating that the duplication
within the 5= UTR stimulates translation in the context of the
minigenome reporter RNA.

The 5= UTR of dicistroviruses has been reported to contain
IRES activity (29–31). To determine whether the duplication has
an effect on IRES translation, we inserted the 5= UTR with (5=
UTR�Dup) or without (5= UTR�Dup) the duplication into the in-
tergenic region of a bicistronic reporter construct (Fig. 2A). Here,
the 5= UTR directs translation of firefly luciferase while Renilla
luciferase translation occurs by a 5= end-dependent scanning
mechanism (25). In vitro-transcribed bicistronic RNAs were incu-
bated in S2 cell extracts, and the ratio of FLuc/RLuc activities was
measured. As shown previously, the IGR IRES directed translation
of the luciferase ORF in contrast to the activity of a no-IRES con-
trol (Fig. 2D). Translation driven by both the 5= UTR�Dup and 5=
UTR�Dup was approximately 20% and 10% of IGR IRES transla-
tion in mock- and CrPV-infected lysates, respectively (Fig. 2D),
indicating that the duplication within the 5= UTR does not affect
IRES activity. This result is in contrast to that observed in the
minigenome reporter RNA where the 5= UTR�Dup stimulated
translation compared to activity of the 5=UTR without the dupli-
cation (Fig. 2B and C). These results show an important distinc-
tion between the location of the 5= UTR within the reporter RNA
and the mechanism of translation via the 5= UTR.

Construction and characterization of a CrPV infectious
clone. To determine the role of the 5= UTR duplication during
CrPV infection, we constructed an infectious clone of CrPV with
(pCrPV-2) and without (pCrPV-3) the 5= UTR duplication (Fig.
3A). Viral RNA isolated from pure CrPV virions was used to am-
plify by RT-PCR a partial CrPV cDNA lacking the 5= UTR using
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primers P1 and P2. The resulting PCR product was cloned into the
pAC5.1/V5 His B plasmid creating pCrPV-�5= UTR with KpnI
and SacI restriction sites flanking the genomic sequence (Fig. 3A).
Attempts to clone the full-length CrPV cDNA using a primer that
hybridizes to the 5= end of the CrPV genome were unsuccessful.
Therefore, we took advantage of a unique endogenous HindIII site
in the CrPV genome in order to construct a full-length clone. An
RT-PCR product of CrPV cDNA that contains the 5= UTR was
ligated into the KpnI-HindIII sites of pCrPV-�5=UTR, thus gen-
erating pCrPV-1 (Fig. 3A). A T7 RNA polymerase promoter was

inserted between the KpnI site and the 5= end of the CrPV genome
to create the construct pCrPV-2 (Fig. 3A). To construct pCrPV-3,
a PCR fragment from CrPV-2006 was inserted into the HindIII
and KpnI sites of pCrPV-2 (Fig. 3A).

Propagation of pCrPV-2 and pCrPV-3 plasmids was performed
in E. coli DH5� cells at 30°C. The entire sequence of each CrPV
genomic clone was confirmed by sequencing. Previous reports
have shown that clones of viral genomic sequences can be highly
unstable (32–35). This is attributed to the fact that propagation of
viral cDNA clones in E. coli can result in toxic products that pre-

C)

5’U
TR

ΔDup
0

2

4

6

8

R
el

at
iv

e 
Lu

ci
fe

ra
se

 
A

ct
iv

ity
 (F

ol
d-

ch
an

ge
)

RLuc FLuc

Mock-infected CrPV-infected
In vitro (S2 Extracts)

D)

5’UTR
IRES

3’UTR

IGR 
IRES

Renilla Luciferase

Firefly Luciferase

5’UTR
IRES

3’UTR

IGR 
IRES

Renilla Luciferase

Firefly Luciferase

5’UTR
IRES

Renilla Luciferase Firefly Luciferase

5’UTR
IRES

Renilla Luciferase Firefly Luciferase

5’UTRΔDup

A)

IGR IRES Renilla Luciferase

Firefly Luciferase

5’m7G

IGR 
IRES

B)

0

2

4

6

8

10
Mock-infected CrPV-infected

RLuc FLuc
In vivo (S2 Cells)

R
el

at
iv

e 
Lu

ci
fe

ra
se

 
A

ct
iv

ity
 (F

ol
d-

ch
an

ge
)

(A)n

(A)n

(A)n

IG
R IR

ES
Empty

0.0

0.5

1.0

1.5
R

el
at

iv
e 

Lu
ci

fe
ra

se
 

Ac
tiv

ity
 (F

Lu
c/

RL
uc

)
Mock-infected
CrPV-infected

In vitro (S2 Extracts)

5’m7G

5’m7G

M
in

ig
en

om
e 

C
on

st
ru

ct
s

B
ic

is
tr

on
ic

 C
on

st
ru

ct
s

5’UTR+Dup

5’UTRΔDup

5’UTR+Dup
5’U

TR
+D

up

5’U
TR

ΔDup

5’U
TR

+D
up

5’U
TR

ΔDup

5’U
TR

+D
up

5’U
TR

ΔDup

5’U
TR

+D
up

5’U
TR

ΔDup

5’U
TR

+D
up

FIG 2 Translational control mediated by the duplication in the CrPV-2 5= UTR. (A) Schematics of reporter constructs. Minigenome reporter RNAs (top)
contain Renilla and firefly luciferase genes in lieu of the CrPV ORF1 and ORF2, respectively, but maintain the untranslated regions of the CrPV genome. The
bicistronic reporter RNA (bottom) contains a 5=m7G cap structure and a 3=poly(A) tail. Renilla luciferase is translated via 5=-end scanning-dependent translation
while firefly luciferase is IRES dependent. Gray triangles represent the duplicated sequence element. (B) In vitro translation. In vitro-transcribed minigenome
RNA containing the 5=UTR with (5=UTR�Dup) or without (5=UTR�Dup) the 196-bp duplication was incubated in mock- or CrPV-infected S2 cell extracts for
30 min at 30°C. The Renilla and firefly luciferase activities monitor 5=UTR- and IGR IRES-dependent translation, respectively. Luciferase activity is normalized
to that of the minigenome reporter construct containing the 5= UTR�Dup. (C) Translational activity in S2 cells. S2 cells, transfected with the indicated
minigenome RNAs for 2 h at 25°C, were either mock or CrPV infected (MOI of 10) for 6 h. Luciferase activity is normalized to that of the minigenome reporter
construct containing the 5=UTR�Dup. (D) IRES activity. Bicistronic RNAs containing either the CrPV 5=UTR�Dup or 5=UTR�Dup or an empty intergenic region
were incubated in mock- or CrPV-infected S2 cell extracts for 30 min at 30°C. Renilla luciferase measures scanning-dependent translation while firefly luciferase
measures IRES-mediated translation. The ratios of firefly to Renilla luciferase activities were normalized to the IGR IRES activity. Shown are averages from at least
three independent experiments (� standard deviations).

CrPV Infectious Clone

June 2015 Volume 89 Number 11 jvi.asm.org 5923Journal of Virology

http://jvi.asm.org


vent cloning efforts or accumulation of mutations in the genomic
sequence, causing clones to become defective (36, 37). Accord-
ingly, the CrPV genome lacking the 5= UTR was stable (pCrPV-
�5= UTR) (Fig. 3A); however, during propagation of the full-
length clones (pCrPV-2 and pCrPV-3) (Fig. 3A) in E. coli DH5� at

37°C, it acquired large nucleotide insertions (up to 	1 kb) within
the genome (data not shown). To overcome this issue, we found
that growth of E. coli cells harboring pCrPV-2, pCrPV-3, or other
clones at 30°C permitted propagation with no apparent aberra-
tions.
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Sequence analysis of CrPV-2 and CrPV-3 revealed 34 nucleo-
tide substitutions that differ from the previously published CrPV
sequence (GenBank accession number NC_003924) (21) (Table
1). Of these, two nucleotide changes are located in the 5= and 3=
UTRs, and 32 are within ORF1 and ORF2. No changes were found
within the IGR IRES, reflecting the importance of this element for
viral IRES activity. Inspection of ORF1 and ORF2 nucleotide
changes revealed that 14 are synonymous while 19 are nonsynony-
mous (Table 1; Fig. 3B). In addition to the nucleotide substitu-
tions, insertion and deletion events occurred at four positions,
nucleotides 3671 (insertion of a G), 3678 (deletion of an A), 5245
(insertion of an A), and 5270 (deletion of a C), which resulted in
an alternative amino acid sequence but maintained the reading
frame (Table 1; Fig. 3B). The numbering refers to the nucleotides
within the published CrPV sequence (GenBank accession number
NC_003924) (21). Altogether, the changes within CrPV-2 and
CrPV-3 resulted in 31 alterations of the amino acid sequence, of
which 26 occurred in ORF1 and 5 occurred in ORF2, with no
differences occurring in the predicted conserved motifs of the
nonstructural proteins (Table 1; Fig. 3B). As mentioned previ-
ously, a tandem duplication of nucleotides A76 to A271 (196 nt) is
present in the 5= UTR of CrPV-2 that is not in CrPV-3 or the
previously published CrPV genome (Table 1; Fig. 3B).

Transfection of in vitro-transcribed CrPV-2 and CrPV-3
RNA resembles CrPV infection. To validate the infectious clones
of CrPV, we first determined whether viral proteins are expressed
using in vitro translation in Sf-21 extracts. Incubation of in vitro-
transcribed RNA from pCrPV-2 or pCrPV-3 in the presence of
[35S]methionine-cysteine resulted in the expression of proteins
ranging from 
25 kDa to �170 kDa (Fig. 4, lane 4). If unpro-
cessed, ORF1 and ORF2 polyproteins are 1,771 and 895 amino
acids in length with predicted molecular masses of 203.8 and 100.4
kDa, respectively. To determine whether the proteins are trans-
lated from ORF1 or ORF2, we mutated stop codons into the
CrPV-2 cDNA. Stop codons at nucleotides C971T and G974T
within ORF1 of CrPV-2 (CrPV-2-ORF1-STOP) should prevent
the synthesis of viral nonstructural proteins, including the viral
protease, the RNA helicase, and RNA-dependent RNA polymer-
ase (RdRp). We inserted two stop codons to prevent translational
read-through. Conversely, a stop codon at nucleotide C6428T
within ORF2 (CrPV-2-ORF2-STOP) should halt synthesis of viral
structural proteins. In vitro translation using Sf-21 extracts dem-
onstrated that the stop codons introduced into ORF1 or ORF2 of
CrPV-2 prevented synthesis of the viral nonstructural or struc-
tural proteins (Fig. 4, lanes 5 and 6). Specifically, compared to
reaction mixtures containing CrPV-2 or CrPV-3, the CrPV-2-

TABLE 1 Nucleotide and amino acid sequence differences between the CrPV-2 and CrPV sequencesa

5= UTR nucleotide
change

ORF1 ORF2
3= UTR
nucleotide
change

Nucleotide
change Amino acid change VPb

Nucleotide
change

Amino acid
change VP

A76–A271, A272–A467c C1545T 2B C6279A VP2 G9005A

G312A A1719G 2C A6316G I34V VP2
T1979C V424A 2C G6426A G70R VP2
C2127T 2C C6707G T164R VP2
T2128C F474L 2C C6860T T215I VP2
T3190A F828I 3A C6882T VP2
G3671d A988G 3C C7359A VP3
A3678e T989N, A990S 3C
A4189G N1161D 3C T7896C VP3
A4255G P1183A 3C A8019T VP3
C4745T T1346I 3D C8355T VP1
T4814C F1369S 3D A8870G E885G VP1
A5245d F1513I 3D
G5262T F1514L 3D
C5270e G1515W, Q1516A, S1517I, C1518F,

G1519W, K1520E, S1521V
3D

T5693A F1662Y 3D
C5696G P1663R 3D
C5706A 3D
C5715G H1669Q 3D
A5724G 3D
A5726G K1673R 3D
A5728G R1674G 3D
C5745G H1679Q 3D
T5784A 3D
A5971G K1755E 3D

a Nucleotide numbers correspond to those of the published CrPV sequence. The first amino acid letter corresponds to CrPV (GenBank accession number NC_003924) while the
second is the amino acid in the same position in CrPV-2.
b VP, viral protein.
c Duplicated sequence.
d Insertion.
e Deletion.
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ORF1-STOP resulted in loss of expression of all proteins except
for a protein that migrated at 	110 kDa (Fig. 4, lanes 4 and 5).
Because CrPV-2-ORF1-STOP prevents expression of all ORF1
proteins and, in particular, the 3C-like protease, the 	110-kDa
protein is presumably the unprocessed ORF2 polyprotein. Fur-
thermore, the proteins expressed in reaction mixtures containing
CrPV-2-ORF2-STOP likely represent a combination of processed
and unprocessed ORF1 proteins (Fig. 4, lane 6). Moreover, the
lack of expression of proteins at 70 and 35 kDa in the CrPV-2-
ORF2-STOP reaction products confirms that these proteins rep-
resent ORF2 structural proteins. Importantly, we annotated the
viral proteins expressed in vitro based on 35S-labeled lysates from
CrPV-infected cells and previous reports showing the migration
of CrPV structural proteins (Fig. 4, lane 2) (21, 22, 38). Thus, we
conclude that CrPV-2 and CrPV-3 can express all known CrPV
proteins in vitro.

We next asked whether CrPV-2 and CrPV-3 are infectious.
Transfection of S2 cells with in vitro-transcribed CrPV-2 and
CrPV-3 RNA resulted in cytopathic effects (CPE) that include
membrane blebbing, detachment of cells from the substratum,
cell clumping, and cell lysis at 48 h posttransfection (hpt), which
are phenotypes also observed in cells infected with CrPV (Fig. 5A).
Northern blot analysis showed CrPV-2 and CrPV-3 viral RNA
accumulated over time, strongly suggesting that the infectious
clones can replicate in S2 cells. Interestingly, transfection of
CrPV-3 RNA reproducibly accumulated at an earlier time point
than that of CrPV-2 (Fig. 5B). Furthermore, RT-PCR analysis
using tagged primers specific to the negative strand followed by
nested PCR using a primer specific to the primer tag demonstrated
that cells transfected with CrPV-2 or CrPV-3 RNA or infected
with CrPV result in synthesis of negative-sense viral RNA at 24 hpt
(Fig. 5C). The use of the tagged-primer RT-PCR approach was
necessary as the infectious CrPV-2 and CrPV-3 RNA led to false

priming in the RT reaction in the absence of a primer, thus pro-
ducing an RT-PCR product (data not shown), which is similar to
that observed for dengue virus, hepatitis C virus, and alphavirus
RNA (39–41). Finally, expression of both nonstructural (3CD)
and structural (VP2) viral proteins was detected by immunoblot
analysis at 48 hpt (Fig. 5D). In summary, these results collectively
demonstrate that CrPV-2 and CrPV-3 can replicate and produce
viral proteins in S2 cells.

To determine whether replication by the infectious clones is
dependent on the synthesis of viral proteins, we transfected the
CrPV-2 stop codon mutant RNAs and assessed the formation of
CPE, viral RNA replication, and viral protein synthesis. As ex-
pected, S2 cells transfected with CrPV-2-ORF1-STOP RNA failed
to display CPE as this mutation prevents expression of nonstruc-
tural proteins (Fig. 4, 5A). Interestingly, transfection of CrPV-2-
ORF2-STOP RNA resulted in CPE, suggesting that expression of
ORF1 proteins can still induce CPE (Fig. 5A). To confirm these
results, Northern blot analysis showed no accumulation of viral
RNA over time for CrPV-2-ORF1-STOP. However, transfection
of the CrPV-2-ORF2-STOP led to a constant level of viral RNA,
presumably due to the ongoing translation of the RdRp within
ORF1 (Fig. 5B). Accordingly, RT-PCR analysis detected negative-
sense viral RNAs in CrPV-2-ORF2-STOP-transfected cells (Fig.
5C). In contrast, CrPV-2-ORF1-STOP RNA-transfected cells pro-
duced very low levels of negative-strand viral RNA (Fig. 5C). The
faint negative-sense band observed in CrPV-2-ORF1-STOP reac-
tion products is likely attributed to the fact that negative-sense
RNA is also detected by RT-PCR using in vitro-transcribed RNA
only as a template (data not shown). Thus, these results suggest
that replication is not occurring in CrPV-2-ORF1-STOP-trans-
fected cells. Viral nonstructural (3CD antibody) and structural
proteins (VP2 antibody) were not detected by Western blotting in
either CrPV-2-ORF1-STOP- or CrPV-2-ORF2-STOP-trans-
fected cells (Fig. 5D). The observation that the nonstructural pro-
tein RdRp (3CD) is absent in CrPV-ORF-2-STOP RNA-trans-
fected cells despite displaying negative-strand synthesis and CPEs
indicates that multiple rounds of infection after transfection are
needed to detect viral proteins whereas RT-PCR analysis is sensi-
tive enough for detection. In fact, in cells transfected with CrPV-2
or CrPV-3, viral proteins are not detected until 48 hpt (Fig. 5D). In
summary, transfection of the CrPV-2 and CrPV-3 clones in S2
cells can lead to CPE, viral negative-strand synthesis, and viral
protein expression.

S2 cells transfected with CrPV-2 or CrPV-3 RNA produce
infectious virions. To determine whether virions are produced,
particles were isolated from CrPV-2- or CrPV-3-transfected S2
cells at 24 h posttransfection. Transmission electron microscopy
revealed the presence of virus-like particles in both cases with a
diameter of approximately 26 nm and an icosahedral shape, which
is similar to characteristics of particles isolated from CrPV-in-
fected S2 cells (Fig. 6A).

To address whether the CrPV-2 and CrPV-3 viral particles pro-
duced by cells are infectious, we employed a two-pronged ap-
proach. First, a transwell assay coupled with immunofluorescence
was used to determine if cells transfected with CrPV-2 or CrPV-3
RNA can infect naive cells. Transfected or infected cells were
seeded on the top of the transwell insert, which overlays naive S2
cells at the bottom of the well. Particles produced by the trans-
fected cells will traverse the transwell membrane and infect the
naive cells. We monitored infection of naive cells by expression of
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the structural VP2 protein using immunofluorescence analysis. As
expected, cells transfected with CrPV-2 RNA or CrPV-3 RNA or
infected with CrPV displayed VP2 expression, whereas mock-
transfected cells or cells transfected with CrPV-2-ORF1-STOP or
CrPV-2-ORF2-STOP RNA did not (Fig. 6B). Second, we mea-
sured viral titers over time of cells transfected with CrPV-2 or
CrPV-3 RNA (Fig. 7). As expected, clones containing stop codons
in either ORF1 or ORF2 produced no detectable titer up to 48 hpt.
In contrast, infectious virions could be detected as early as 24 hpt
for cells transfected with CrPV-2 or CrPV-3 RNA. Interestingly, a
significantly larger amount of CrPV-3 was detected than of
CrPV-2 at both 24 and 48 hpt (Fig. 7). This may reflect the earlier
accumulation of CrPV-3 viral RNA observed previously by
Northern blotting (Fig. 5B). Altogether, these results strongly
demonstrate that the CrPV-2 and CrPV-3 RNAs are infectious in
S2 cells.

Infection by CrPV-2 and CrPV-3 clones is not dependent on
helper viruses. Insect RNA viruses are notoriously difficult to
clone, as illustrated in a recent review (42). A main challenge is
that insect cell lines are commonly persistently infected with RNA
viruses, such as flock house virus (FHV) and Drosophila X virus
(DXV), which can lead to artifacts in the development of infec-

tious viral clones (42). To determine if CrPV-2 and CrPV-3 can
recapitulate infection in the absence of other viruses, we first
tested for the presence of three viruses commonly found in S2 cells
lines, DXV, FHV, and Drosophila C virus (DCV; another dicistro-
virus) (43–46). RT-PCR analysis of S2 cells within our lab (Uni-
versity of British Columbia [UBC] S2 cells) against the DCV ge-
nome, DXV genome segment B, or the FHV genome segment
RNA1 tested positive for the presence of DXV and FHV (Fig. 8A).
In contrast, another Drosophila cell line, Kc167, tested positive for
only DXV while S2 cells from Invitrogen were negative for all three
viruses, as previously reported (Fig. 8A) (45). We next tested the
capacity for CrPV-2 and CrPV-3 to replicate in Kc167 and Invit-
rogen S2 cells. In both cases, cells transfected with either CrPV-2
or CrPV-3 RNA accumulated viral RNA over time as analyzed by
Northern blotting, albeit the accumulation was delayed compared
to that in our stock of S2 cells (UBC S2 cells) (compare Fig. 5B to
8B). Conversely, cells transfected with CrPV-ORF1-STOP RNA
did not accumulate viral RNA over time for either Kc167 or Invit-
rogen S2 cells (Fig. 8B). Viral titers of Kc167 and Invitrogen S2
cells transfected with CrPV-2 or CrPV-3 RNA produced infec-
tious virions (Table 2). In agreement with UBC S2 cells, CrPV-3
had a reproducibly higher titer than CrPV-2. Taken together, the
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FIG 6 Transfected CrPV RNA clones produce infectious viral particles. (A) Negatively stained electron micrographs of viral particles purified from CrPV-
infected S2 cells or from S2 cells transfected with CrPV-2 or CrPV-3 RNA at 48 h posttransfection. Scale bar, 100 nm. (B) Transwell assay. S2 cells transfected with
the indicated in vitro-transcribed CrPV genomic RNA or infected with CrPV at an MOI of 0.4 for 24 h were seeded on a 0.4-�m transwell insert, which overlays
naive S2 cells at the bottom of the well. Cells were then incubated for 24 or 48 h. Cells were analyzed by indirect immunofluorescence using anti-CrPV VP2, and
the nuclei were stained with 4=,6=-diamidino-2-phenylindole (DAPI). Shown are representative images from at least three independent experiments.
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replication of CrPV-2 and CrPV-3 in S2 cells is not dependent on
these viruses.

CrPV-2 virions are infectious in Drosophila melanogaster.
CrPV can infect Drosophila, which has served as a model system to
study virus-host interactions (45, 47–50). To determine whether
CrPV-2 and CrPV-3 are infectious in adult Drosophila other than
in tissue culture cells, we first propagated CrPV-2 and CrPV-3
virus after transfection in S2 cells. We also used CrPV that has
been propagated in S2 cells. A total of 5,000 fluorescent focus-
forming units (FFU) of CrPV, CrPV-2, CrPV-3, or UV-inacti-
vated viruses or PBS was injected intrathoracically into D. mela-
nogaster (iso-w1118). Mortality was observed in adult flies injected
with CrPV, CrPV-2, and CrPV-3 at 2 days postinjection (Fig. 9).
By day 4, all flies injected with either CrPV, CrPV-2, or CrPV-3
succumbed to death; however, those flies injected with PBS or
UV-inactivated virus survived and remained healthy (Fig. 9).
These results strongly suggest that, like CrPV, CrPV-2 and CrPV-3
virions are infectious to adult D. melanogaster.

The duplication in the 5= UTR of CrPV-2 is stable and re-
duces viral fitness. The observation that the 5= UTR containing
the duplication stimulated translation prompted us to test the
hypothesis that CrPV may have acquired this duplication to influ-
ence viral fitness. Strikingly, cells transfected with CrPV-3 RNA
accumulated viral RNA much earlier and had significantly higher
viral titers than cells transfected with CrPV-2 RNA (Table 2; Fig.
5B and 7). Altogether, the duplication within the 5= UTR of
CrPV-2 retarded viral RNA synthesis and overall production of
infectious virions compared to CrPV-3 virus production despite
having a stimulatory effect on translation.

It is possible that the fitness loss seen in CrPV-2 is due to either

a defect in viral RNA replication, translation, egress, or entry. To
determine if the fitness loss is due to a disruption in the first rep-
lication cycle of CrPV, we infected S2 cells with CrPV-2 or CrPV-3
at an MOI of 10 and monitored viral protein and RNA synthesis
(Fig. 10A). Viral protein synthesis levels were similar for both
CrPV-2 and CrPV-3 as detected by [35S]Met-Cys pulse labeling
(Fig. 10A). Despite the enhanced translation from the 5=UTR�Dup

observed with reporter constructs, there was no visible enhance-
ment in the production of ORF1 proteins during CrPV-2 infec-
tion by immunoblot analysis (Fig. 10A). Furthermore, there was
no detectable difference in levels of RNA accumulation between
CrPV-2 and CrPV-3 as visualized by Northern blotting (Fig. 10A).
Altogether, this suggests that there is no defect in viral RNA rep-
lication or translation between CrPV-2 and CrPV-3 infections in
S2 cells. To determine if the phenotype exhibited by CrPV-2 oc-
curs during the subsequent rounds of infection, we infected cells at
an MOI of 1 and measured viral titers over time (Fig. 10B). At 6
and 9 h p.i., titers for CrPV-2 and CrPV-3 were not significantly
different; however, by 12 h p.i., the titer was reproducibly higher
for CrPV-3 than for CrPV-2 and continued to generate 1-log-fold
more virus than CrPV-2 by 24 h p.i., consistent with previous
observations of cells transfected with CrPV infectious clones
(compare Fig. 7 and 10B). To ensure that the 5=UTR duplication
in CrPV-2 is stable and is not simply lost during the course of
infection, we passaged CrPV-2 and CrPV-3 in S2 cells for 5 pas-
sages and performed RT-PCR analysis of the 5= UTR. Our results
showed that the 5= UTR duplication is stable in CrPV-2 and that
CrPV-3 does not gain the duplication during these passages (Fig.
10C). Overall, we conclude that the duplication in the 5= UTR of
CrPV-2, despite having increased translational activity in the con-
text of reporter constructs, reduces viral fitness compared to that
of a virus lacking this extra element. Furthermore, this fitness loss
likely does not occur at the replication step of the CrPV life cycle
but may occur at another step, such as viral packaging or entry
into uninfected cells.

DISCUSSION

Despite the identification of several members of the Dicistroviri-
dae family (21, 51–56), the establishment of an infectious clone
has been elusive (42). In this study, we generated infectious mo-
lecular clones of CrPV, termed CrPV-2 and CrPV-3 (Fig. 3A).
Several lines of evidence support this conclusion. Transfection of
the CrPV-2 or CrPV-3 RNA in Drosophila S2 cells results in (i)
cytopathic effects, (ii) expression of viral nonstructural and struc-
tural proteins as detected by Western blotting, (iii) synthesis of
negative-strand viral RNA as detected by tagged RT-PCR analysis,
and (iv) accumulation of viral RNA and infectivity over time as
detected by Northern blotting and viral titers. Furthermore, (v)
particles produced from CrPV-2- and CrPV-3-transfected S2 cells
are infectious in naive cells, as determined using a transwell assay,
and (vi) the CrPV-2 and CrPV-3 infectious particles resemble the
shape and size of natural CrPV virions as determined by EM. (vii)
Importantly, insertion of stop codons within the viral coding re-
gions of CrPV-2 attenuated virus infectivity. (viii) Finally, both
CrPV-2 and CrPV-3 virions produced from S2 cells are infectious,
resulting in mortality when injected into adult Drosophila. In
summary, we have conclusively demonstrated the generation of a
robust dicistrovirus molecular clone that can be propagated in
Drosophila S2 cells. Given that many studies use dicistroviruses as
a model system, the CrPV-2 and CrPV-3 clones should provide
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useful tools to study the life cycle of dicistroviruses and host-virus
interactions in insects.

During infection, RNA viruses largely exist as quasispecies
(28); thus, the accumulation of nucleotide changes that deviate
from the published sequence is not unexpected. CrPV-2 and
CrPV-3 contain several nucleotide changes that likely evolved
during viral propagation in S2 cells (Table 1; Fig. 3B). None of the
changes observed in either CrPV-2 or CrPV-3 are found in known
active sites although the majority occur within the viral RdRp
(3D), which may reflect changes in the RdRp for optimal RNA
replication in S2 cells.

The most striking difference between CrPV-2 and the pub-
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TABLE 2 Titers of CrPV-2, CrPV-3, and CrPV-2-ORF1-STOP in
Invitrogen S2 cells and Kc167 cells

Cell type (time point) Transfected RNA Titer (FFU/�l)a

Invitrogen S2 (48 hpt) CrPV-2 2.34 � 104

CrPV-3 5.47 � 104

CrPV-2-ORF1-STOP ND

Kc167 (96 hpt) CrPV-2 1.05 � 105

CrPV-3 2.09 � 106

CrPV-2-ORF1-STOP ND
a Data are the average titers determined from duplicate experiments. ND, not detected.
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lished CrPV sequence is the presence of a 196-nucleotide duplica-
tion within the 5= UTR (Table 1; Fig. 3B). How did this duplica-
tion come about within the CrPV 5= UTR? RNA recombination
occurs frequently in some positive-sense ssRNA viruses during
genome replication and can drive viral evolution (57). The 5=UTR
duplication may have arisen from a template-switching event dur-

ing genome replication and may have been subsequently selected
for as a fitness gain. To our surprise, viral infectivity of CrPV-2 is
reduced, not enhanced, compared to the infectivity of a clone of
CrPV that lacks the 5=UTR duplication (CrPV-3) even though the
5= UTR�Dup stimulates translation (Fig. 2, 7, 8B, and 10B).
CrPV-2 produced 1-log-fold fewer infectious particles than
CrPV-3 upon RNA transfection and infection at a low MOI, sup-
porting the notion that infection is reduced with the duplication
in the 5= UTR (Fig. 7 and 10B). In transfected S2 cells, CrPV-3
RNA accumulated earlier than CrPV-2 RNA, suggesting that there
is a reduction in viral replication when the duplication is present
(Fig. 5B). Strikingly, in cells that are infected with CrPV-2 at a low
MOI, replication appears to halt at 12 h p.i., which is in contrast to
that observed in cells that are transfected with CrPV-2 RNA,
where replication is seen up to 48 hpt (Fig. 7 and 10B). The reason
for this difference is not clear; however, it may be due to the num-
ber of rounds of infection that have occurred in each experiment.
Interestingly, infection at a high MOI did not produce any observ-
able differences in replication or viral protein synthesis in cells
infected with CrPV-2 or CrPV-3 (Fig. 10A). Altogether, these re-
sults suggest that the rate-limiting step for CrPV-2 replication
may occur at viral packaging or entry. A recent report suggests that
the spatial organization of packaging signals within the RNA se-
quence of ssRNA viruses is important to ensure efficient capsid
assembly (58). It is possible that the duplication in the 5= UTR of

FIG 9 Injection of CrPV-2 and CrPV-3 virions into adult Drosophila melano-
gaster flies. Virgin Iso w1118 flies (10 males and 10 females) were injected in-
trathoracically with 5,000 FFU of CrPV, CrPV-2, CrPV-3, or UV-inactivated
CrPV-2 and CrPV-3 or with PBS. Subsequently, flies were flipped onto stan-
dard medium, and survival was monitored daily.
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CrPV-2 may disrupt the proper binding of capsomers to the viral
RNA, thus hindering efficient assembly. Alternatively, entry of
some RNA viruses into host cells is dependent on conformational
changes in their capsids and RNA. For example, upon exposure to
acidic pH in the endosome, rhinovirus capsids undergo a conver-
sion to the porous subviral A particle, which is then followed by a
conformational change in the RNA and exit of the genome in the
3=-to-5=direction into the host cytosol (59, 60). The duplication in
the 5= UTR of CrPV-2 may impede release by interfering with
either RNA-protein or RNA-RNA contacts in the capsid. These
hypotheses need to be examined further. Finally, the 5= UTR of
CrPV-2 may simply be the consequence of the founder effect. The
viral population is subjected to bottlenecks (i.e., inoculum size),
allowing founder viruses with suboptimal fitness levels to succeed
due to random sampling (61). This effect may explain how a low-
fitness strain of CrPV could emerge over a high-fitness strain (e.g.,
CrPV-2 versus CrPV-3).

Viral infection in S2 cells was established by transfecting in
vitro-transcribed CrPV-2 and CrPV-3 RNAs that lacked a 5=
linked VPg and a 3= poly(A) tail, both of which are naturally pres-
ent on the CrPV RNA genome (1). It is not surprising that CrPV-2
and CrPV-3 RNAs can replicate in the absence of these elements as
they are also dispensable for replication of other RNA viruses (62,
63). However, the absence of a 5= linked VPg and a poly(A) tail
may explain the delay in viral replication in CrPV-transfected cells
compared to replication in infected cells (compare Fig. 7 and 10).
It remains to be investigated if inclusion of these elements in the
CrPV infectious clones facilitates infection.

The 5=UTR of CrPV contains an IRES that facilitates the trans-
lation of viral nonstructural proteins (21). Our results showed that
the duplication element within the CrPV-2 5= UTR stimulated
translation only when it was positioned within the 5= UTR of
reporter mRNAs (Fig. 2B and C). This result may not be surpris-
ing as it reflects the natural location of this element within the viral
genome. How does the duplication element stimulate 5= UTR
translation? In general, the mechanism of translation for the ma-
jority of dicistrovirus 5= UTR IRES is poorly understood. More-
over, the dicistrovirus 5= UTRs vary in length, and the nucleotide
sequences are not well conserved (16, 17). The lack in conserva-
tion may be due to the unique translation factor requirements of
each dicistrovirus 5= UTR IRES to drive viral translation in its
specific host cells. Indeed, not all 5= UTR IRES function in all
assays: the 5= UTR IRES of the CrPV and the related dicistrovi-
ruses Plautia stali intestine virus and RhPV can each mediate
translation in a subset of species-specific translation extracts (21,
29, 31, 64). Reconstitution experiments indicated that the RhPV
5=UTR IRES absolutely requires the canonical translation factors,
eIF1, eIF2, and eIF3, for efficient 48S complex formation and
translation initiation and that this complex is stimulated by eIF1A,
eIF4A, and eIF4F (15). It is possible that the enhanced transla-
tional activity observed with the CrPV 5=UTR duplication may be
due to either an increase in initiation factor or ribosome recruit-
ment or modulation in the flexibility of its RNA structure in order
to facilitate translation, the latter of which would be in agreement
with previous reports that the RhPV 5= UTR is unstructured (15,
64). However, the enhanced translation observed from the 5=UTR
in the context of the minigenome reporter appears to be at odds
with that observed during infection of CrPV-2 and CrPV-3 (Fig.
10A). It is likely that the minigenome reporter mRNAs are not
regulated in the same manner as the viral genome; thus, further

investigations are needed to elucidate the role of the duplication in
CrPV 5= UTR translation using the infectious clones.

In conclusion, we have constructed the first infectious clones of
a dicistrovirus. The CrPV clones are infectious to both Drosophila
S2 cells and adult flies, thus providing invaluable tools in dissect-
ing the molecular mechanisms behind the Dicistroviridae life cy-
cle, pathogenesis, and interactions with the host. Furthermore, the
CrPV clones may provide a framework to develop other dicistro-
virus infectious clones that have been difficult to obtain. Our in
vitro system showed that CrPV-2 and CrPV-3 RNAs are capable of
producing CrPV nonstructural and structural proteins and that
processing of the polyproteins is dependent on ORF1 protein ex-
pression, indicating that the viral 3C protease is active in Sf-21 cell
extracts (Fig. 4) (21, 22, 38). As with poliovirus, it may be possible
to exploit this in vitro system to investigate CrPV-2 or CrPV-3
replication and assembly (65, 66). Finally, because CrPV infec-
tions have a wide host range, the infectious clones can be exploited
for biological controls, such as management of insect pests and
induction of innate immune responses or expression of antiviral
proteins in insects and arthropods.
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