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Molecular analysis of the factorless 
internal ribosome entry site in 
Cricket Paralysis virus infection
Craig H. Kerr1, Zi Wang Ma1, Christopher J. Jang1, Sunnie R. Thompson2 & Eric Jan1

The dicistrovirus Cricket Paralysis virus contains a unique dicistronic RNA genome arrangement, 
encoding two main open reading frames that are driven by distinct internal ribosome entry sites 
(IRES). The intergenic region (IGR) IRES adopts an unusual structure that directly recruits the ribosome 
and drives translation of viral structural proteins in a factor-independent manner. While structural, 
biochemical, and biophysical approaches have provided mechanistic details into IGR IRES translation, 
these studies have been limited to in vitro systems and little is known about the behavior of these IRESs 
during infection. Here, we examined the role of previously characterized IGR IRES mutations on viral 
yield and translation in CrPV-infected Drosophila S2 cells. Using a recently generated infectious CrPV 
clone, introduction of a subset of mutations that are known to disrupt IRES activity failed to produce 
virus, demonstrating the physiological relevance of specific structural elements within the IRES for 
virus infection. However, a subset of mutations still led to virus production, thus revealing the key 
IRES-ribosome interactions for IGR IRES translation in infected cells, which highlights the importance 
of examining IRES activity in its physiological context. This is the first study to examine IGR IRES 
translation in its native context during virus infection.

Canonical eukaryotic translation initiation is a highly orchestrated series of steps involving 40S recruitment to the 
5′  cap, scanning, 80S assembly and initiation at an AUG codon1. Twelve core translation factors are required to 
mediate cap-dependent translation1. All viruses utilize the host translation machinery for viral protein synthesis 
and some have evolved ingenious strategies to commandeer host ribosomes for their own benefit. Internal ribo-
some entry sites (IRESs) are one of the most well studied translation initiation mechanisms employed by some 
viruses to facilitate expression of their genomes. In general, IRESs are structured RNAs that directly recruit the 
ribosome using a subset of translation factors, thus providing an advantage during infection when cap-dependent 
translation is compromised2,3. IRESs are classified based on nucleotide and structural conservation as well as 
mechanism of translation initiation. The picornavirus IRESs require most of the canonical translation initiation 
factors and IRES-trans-acting factors whereas the hepatitis C virus-like IRESs are streamlined requiring only eIF2 
and eIF3 to recruit the ribosome and initiate translation4,5. Extensive biochemical studies and the identification 
of factors required for IRES translation have yielded detailed insights into IRES mechanisms. The challenge is to 
identify the key steps and factors in IRES translation that impact virus infection.

One of the most well-studied and perhaps simplest IRES to date is within the intergenic region of the 
Dicistroviridae. Dicistroviruses are single-stranded positive sense RNA viruses with genomes sizes ranging 
from 8–10 kb that infect arthropods6.The namesake of these viruses stems from their unique dicistronic genome 
arrangement where each open reading frame (ORF) is driven by a distinct IRES which allows differential and 
temporal regulation of each ORF during infection7,8. The 5′  untranslated region (5′ UTR) IRES directs translation 
of ORF1, which encodes the viral non-structural proteins, such as the RNA-dependent RNA polymerase and 3C 
protease (Fig. 1). Whereas the aforementioned intergenic region IRES (IGR IRES) facilitates translation of the 
viral structural proteins encoded in the second ORF (ORF2)6.

Through a unique mechanism, the IGR IRES binds directly to 40S and 80S ribosomes without the assistance 
of initiation factors or initiator Met-tRNAi and initiates translation from a non-AUG codon9,10. Several structural 
and in vitro biochemical studies have revealed that the CrPV IGR IRES adopts a structure comprising of three 
pseudoknots (termed PKI, II, and III) and two stem-loops (SLIV and SLV)11–19. Together PKII and PKIII form the 
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ribosome-binding domain, which mediates 40S and 80S recruitment, and the PKI domain functionally mimics 
the anticodon stem of a tRNA, which permits the IGR IRES to first occupy the ribosomal A site12,13,15,16,18–20. Upon 
initial occupancy of the A site by PKI, eukaryotic elongation factor 2 (eEF2) facilitates a pseudo-translocation 
step that involves movement of the PKI domain to the P site, leaving the A site clear for delivery of the first 
aminoacyl-tRNA by eEF1A13,21,22. The IRES undergoes a second eEF2-mediated translocation event without pep-
tide bond formation; elongation then proceeds after21–25. The tRNA-like anticodon domain of the PKI domain 
sets the reading frame for IRES translation as it translocates through the decoding center of the ribosome15,26,27. 
The IGR IRES makes specific contacts with both ribosomal subunits. Stem-loops SLIV and SLV interact with 
uS7 and eS25 of the 40S subunit. Biochemical and structural data suggest that that uS7 and eS25 interact with 
and bridge both SLV and SLIV, thus these ribosomal proteins may have redundant yet crucial roles in binding to 
and positioning of the IGR IRES relative to the 40S subunit13,14,28,29. In support of these interactions, IGR IRES 
translation is abrogated in yeast lacking eS2529. The conserved L1.1 loop of the IGR IRES interacts with the L1 
stalk of the 60S ribosomal subunit, which is reminiscent of interactions of the L1 stalk with an E-site deacylated 
tRNA12,30. The variable loop region (VLR) in the PKI domain, which is reported to facilitate ribosome positioning 
and eEF2-mediated pseudotranslocation, interacts with the β -hairpin loop of uS7 and helix 23 of 18S rRNA in 
the E site, suggesting that the VLR has a stabilizing role as the IRES translocates through the ribosome25,31,32. In 
addition to the ribosome, the IGR IRES may interact with eEF2 to facilitate its movement through the ribosome31. 
IGR IRES recruitment of the ribosome is inhibited by depleting pseudouridylation of rRNA, suggesting that 
specific rRNA modifications can affect IRES function33. Altogether, the contacts with the 80S ribosome allow the 
IGR IRES to operate as a highly tuned RNA element that can initiate translation in an unprecedented manner.

To date, studies on the Dicistroviridae IGR IRES have been limited to in vitro translation assays, reporter assays 
in tissue culture cells and orthologous systems (e.g. S. cerevisiae, cell extracts etc.). In this study, we use a recently 
developed infectious clone of CrPV, termed CrPV-3, which now allows the use of reverse genetics, to probe the 
IGR IRES mechanism in its native context34. Specifically, the physiological significance of well-established muta-
tions in the IGR IRES is examined in the context of the entire CrPV genome and in CrPV-infected Drosophila cells.

Results and Discussion
To assess the relevance of IGR IRES translation in CrPV infection, we systematically introduced a panel of known 
mutations that affect specific properties of IGR IRES translation within the CrPV-3 infectious clone (Figs 1 and 2).  
We generated a series of mutations as follows: (i) nucleotides CC6214-15 to GG (CC6214-15GG), which disrupts 
PKI base-pairing and effectively inhibits proper 80S positioning on the IRES18. (ii) Nucleotides within the loop 
of SLIV. The SLIV loop (nucleotides AUUU6111-14) makes contacts with ribosomal protein uS7 with the head of 
the 40S subunit. Mutating AUUU6111-14UAAA (mSLIV) markedly reduces translational activity and is reported 

Figure 1. Secondary structure schematic of the CrPV Intergenic region IRES. Pseudoknots (PK) I, II, 
and III as well as stem-loops (SL) IV and V are indicated. The CCU triplet initially occupies the A site of the 
80S ribosome and moves to the P site; translation then initiates at the GCU codon. Numbering refers to the 
nucleotide position within the CrPV RNA genome. Black dashes represent helical regions within the IRES and 
underlined residues represent the first two amino acids of the viral capsid protein. Dashed grey lines indicate 
regions that interact with the ribosome. Mutations generated in this study are depicted.



www.nature.com/scientificreports/

3SCiEntifiC REPORTS | 6:37319 | DOI: 10.1038/srep37319

to reduce 40S binding13,18,25. (iii) Nucleotides within the loop or helical stem of SLV were altered. Mutating the 
loop of SLV (mSLV-L1; CA6142-43GU) or disrupting the helical stem of SLV (mSLV-S; CAC6148-50GUG]) reduce 
translational activity of the IGR IRES, presumably due to loss of interactions with ribosomal protein eS25 (and 
potentially uS7), however these mutations on their own largely do not affect 40S binding13,14,18,28,29. We also made 
another mutation (mSLV-L2; GC6144-45CU) within the SLV loop to determine effects on nucleotide identity in 
this region. (iv) A single point mutation in the L1.1a loop of the IGR IRES (G6038C; mL1.1a). The G6038C muta-
tion disrupts 60S but not 40S binding30. The L1.1a domain interacts with the L1 stalk, resembling contacts of an 
E-site tRNA12,30. (v) Two sets of mutations within the Variable Loop Region (VLR), A6205 to U (mVLR) and 
A6205G & AA6208-9GG (VLR(G-rich)), both of which reduce IRES translation31,35. The mVLR inhibits ribo-
some positioning whereas the VLR(G-rich) mutation has been shown to inhibit IRES-mediated translocation31,35. 
(vi) Mutations that are predicted to strengthen specific helical regions of the IGR IRES (UA6190-91GC/UA6212-13GC 
within PKI (ePKI)) and enhance IRES activity by ~2 fold using a bicistronic reporter assay in rabbit reticulocyte 
lysate (RRL) (unpublished, Chris Jang).

Most structure/function analysis on the IGR IRES was performed using bicistronic reporter constructs in 
orthologous systems (e.g. RRL, human and yeast ribosomes)36–38. To determine IGR IRES activity in its native 
context, we monitored viral protein synthesis of in vitro transcribed CrPV-3 RNA incubated in insect Sf-21 trans-
lation extracts. We chose to utilize Sf-21 extracts for two main reasons: 1) these extracts are from the insect order 
Lepidoptera which have be shown to be previously susceptible to CrPV infection6,39 and 2) since the IGR IRES 
interacts with the conserved core of the ribosome, mechanisms observed between Lepitdoteran or Dipteran ribo-
somes are likely similar. Incubation of CrPV-3 RNA in the presence of [35S]-cysteine/methionine resulted in the 
synthesis of viral proteins ranging from ≤ 15 kDa to ≥ 170 kDa, similar to what was observed previously34. The 
amount of translation was quantified by comparing the intensity of ORF2 protein synthesized to ORF1. Since 
ORF1 is translated independently from ORF2, the level of ORF1 translation can be used as a baseline for trans-
lation from the viral RNA. Placement of a stop codon downstream of the IGR IRES completely abolished struc-
tural protein synthesis (Fig. 3)34. In agreement with in vitro studies, no structural protein synthesis was detected 
in mutant CrPV-3 ∆ PKI, mL1.1a, mSLV-L1, mSLIV, VLR(G-rich), and a double mutant mSLIV/mSLV-L1 that 
contains mutations in both SLIV and SLV loops (Fig. 3). mSLV-L2, mSLV-S and mVLR reduced protein synthesis 
by approximately 40–80% (Fig. 3) In the case of mSLV-S, this is in agreement with previous in vitro data using 

Figure 2. List of mutations generated in the CrPV IRES. Analysis of mutations within IGR IRES of CrPV-3 
and their effects. Red indicates detrimental mutations while blue indicates enhancing or no effect mutations.
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compensatory mutations that the structure of SLV is integral to IRES function18. For VLRm, this data suggests 
that the nucleotide identity of the VLR is important for IRES function as seen previously in vitro31. Furthermore, 
specific mutations within the SLV loop (mSLV-L1 vs mSLV-L2) can affect IRES translation distinctly suggesting 
the nucleotide identity of the loop region may be important to IRES function. Mutant ePKI, which is reported 
to enhance IGR IRES activity in a bicistronic assay in RRL, resulted in an ~90% decrease in structural proteins 
synthesis compared to WT CrPV-3. This result demonstrates that the context of the IRES and/or the type of 
translation extract system can influence IRES activity. In general, mutations within the IGR IRES inhibited ORF2 
structural protein synthesis in Sf-21 extracts in the CrPV-3 infectious clone.

We next investigated whether these IGR IRES mutations had an effect on viral infectivity. We transfected 
equal amounts of in vitro transcribed wild type or mutant CrPV-3 RNA into S2 cells and monitored cyto-
pathic effects, viral protein expression and viral titres. Transfection of in vitro synthesized CrPV-3 RNA yielded 
cytopathic effects (CPE) including membrane blebbing, cell clumping, and lysis as seen previously (data not 
shown)34. Moreover, RdRP (ORF1) and VP2 (ORF2) proteins were readily detected by immunoblotting and virus 
production was observed 48 hours post transfection (Fig. 4A,B). As shown previously, introduction of a stop 
codon downstream of the IGR IRES did not lead to viral protein synthesis or virus production (ORF2-STOP)34. 
Similarly, no viral proteins or viral titre were detected in S2 cells transfected with mutant CrPV-3 ∆ PKI, 
mL1.1a, VLR(G-rich), or double mutant mSLIV/mSLV-L (Fig. 4A,B). However, transfection of mutant CrPV-3 
mSLV-S, mSLV-L, mSLIV, ePKI, eSLV and mVLR resulted in viral protein expression and yielded virus produc-
tion to varying extents. Compared to wild-type CrPV-3, viral yield was lower for cells transfected with mutant 
CrPV-3 mSLV-S, mSLV-L, ePKI and mVLR (Fig. 4A,B). In the case of ePKI, it is possible that increasing the 
rigidity of PKI by strengthening the base-pairing is not favorable in this context as the IGR IRES may require 
innate flexibility in the tRNA-mimicry region to facilitate IRES translocation. For some mutations such as  
Δ PKI, mL1.1a, and VLR(G-rich), the loss of IRES translation activity correlated with the lack of virus produc-
tion, thus demonstrating the importance of these domains in directing IRES translation during virus infection. 

Figure 3. IGR IRES mutants are able to synthesize viral structural proteins in the context of the CrPV-3 
genome. (A) in vitro synthesized RNA (2 μ g) derived from CrPV-3 or the indicated mutant was incubated in 
Sf-21 extracts for 2 h at 30 °C in the presence of [35S]-methionine/cysteine. Extracts were resolved via SDS-
PAGE and radioactive proteins were analyzed by phosphoimager analysis. A mutant containing a STOP codon 
in ORF2 of CrPV-2 (lane 3) was used as a control as it does not express structural proteins (see Materials and 
Methods)34. Shown is a representative gel from 3 independent experiments. 3 different batches of in vitro 
transcribed RNA were used. bottom: Agarose gel of in vitro transcribed input RNA. Note that uncropped images 
are shown in Supplementary Figure S1. A no RNA control is indicated by (− ). Arrows indicate quantified 
bands. (B) Quantification of structural (ORF2) versus non-structural (ORF1) protein synthesis in Sf-21 
extracts. Gels were quantified using ImageQuant. Bands used for quantitation are indicated with arrows in the 
gel above. Error bars represent the standard deviation.
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Surprisingly, several mutations such as mSLIV, mSLV-S, and mSLV-L1 yielded robust virus production yet were 
IRES-translation compromised. For instance, while the AUUU6111-14 loop sequence of SLIV is absolutely con-
served throughout dicistroviruses, strongly suggesting nucleotide context importance, mutating AUUU to UAAA 
still yielded similar viral titres as the wild-type CrPV-3. By contrast, mutant mVLR, which decreased translation 
in vitro by only 50% (Fig. 3), resulted in a 2-log decrease in viral yield (Fig. 4). It is possible that in vitro assays are 
not sensitive enough or only capture specific properties of these elements on IRES translation and that the full 
potential are only observed under more physiological conditions. For example, these RNA elements may sample 
more structural conformations under virus infection that allow viral protein synthesis to occur. Alternatively, 
there may be functional redundancy in these elements. Although structural studies indicate that SLIV and SLV 
interact with distinct regions of the 40S subunit, uS7 and eS25, biochemical data suggest that eS25 makes contacts 
with both loop regions of SLV and SLIV, which may explain how mutations in either stem-loop alone are not 
sufficient to abolish viral translation in infected cells, yet when combined can prevent viral protein synthesis and 
virus production (Fig. 4B; see mSLIV/mSLV-L)14,28.

Interestingly, both SLV loops mutants, SLV-L1 and SLV-L2, yielded different results. Mutating nucleotides 
CA6142-43 decreased overall viral yield and ORF2 production while mutating nucleotides GC6144-45 did not have a 
significant affect despite being within the same vicinity (Fig. 4A,B; compare mSLV-L1 and mSLV-L2). Cryo-EM 
structural data of the CrPV IGR IRES bound to the 80S ribosome of Kluyveromyces lactis, indicate that nucleotide 

Figure 4. Viruses harboring mutations in the IGR IRES produce viable virus. (A) Western blot analysis of 
viral 3CD (ORF1) and VP2 (ORF2) from lysates of cells transfected with the indicated CrPV genomic RNA 
at 48 h.p.t. Note that uncropped images are shown in Supplementary Figure S2 (B) Titres of transfected CrPV 
IGR IRES mutants. 2.5 ×  106 S2 cells were transfected with 3 μ g of the indicated in vitro transcribed genomic 
RNA. Titres were measured from the cell pellet as described in the Materials and Methods at 48 h.p.t. Shown 
are averages from at least 3 independent experiments (± S.D.). N.D. =  Not detected. (C) Zoomed in segment 
from a cryo-EM structure of the 80S ribosome from Kluveromyces lactis bound to the CrPV IGR IRES (PDB ID 
4V92) (Republished from Cell14 licensed under CC by 3.0). SLV of the IRES is coloured in blue while ribosomal 
protein eS25 and uS7 are coloured in orange and green, respectively.



www.nature.com/scientificreports/

6SCiEntifiC REPORTS | 6:37319 | DOI: 10.1038/srep37319

C6142 of SLV is in a flipped out orientation that is in close proximity to ribosomal protein uS7, while nucleotides 
GC6144-45 face inward into the loop (Fig. 4C)13,17. The position and conformation of C6142 when bound to the 
ribosome could explain the discrepancies observed between a detrimental mutation (mSLV-L1) and a mutation 
with no apparent affect (mSLV-L2). Alternatively, mutating C6142 to G may potentially lead to an additional base 
pair with C6146 in SLV, resulting in a lengthening of the helical stem and a reduction of the loop to 3 nucleotides, 
which may be insufficient for eS25 binding. At any rate, the nucleotide identity of SLV appears to be crucial for 
IRES function.

Mutations within the VLR have been shown to affect ribosome positioning and translocation on the IRES31,32. 
Recent cryo-EM studies reveal that the dynamic and flexible VLR becomes ordered upon the PKI translocation 
from the A to P site, resembling a post-translocated ribosome17,25. At this state, the VLR interacts with R148 and 
R157 in β -hairpin of uS7, which resembles an E-site tRNA anticodon stem loop interaction25. We show that muta-
tions in VLR that likely disrupt these key ribosome-IRES interactions had a significant inhibitory effect on virus 
production (Fig. 4), thus further supporting the importance of this domain in directing viral structural protein 
synthesis during infection.

Since mutant CrPV-3 mSLV-S, mSLV-L1 and mSLIV resulted in a productive infection (Fig. 4), we next inves-
tigated whether the observed reduction in viral loads was due to diminished viral translational activity or repli-
cation. To address this, we infected S2 cells with wild type CrPV-3 or mutant virus and monitored viral protein 
synthesis via [35S]-met/cys metabolic pulse-labeling and viral RNA by Northern blot analysis (Fig. 5). There was 
no observable difference in accumulation of viral RNA between wild type or any of the mutant viruses suggest-
ing that RNA replication is unaffected (Fig. 5). However, as early as 4 hours post-infection there is a noticeable 
reduction in viral structural protein synthesis when a mutation is present either in the loop (mSLV-L1) or stem 
(mSLV-S) of SLV with the latter being more detrimental, while no reduction is observed with a SLIV mutation 
(Fig. 5). These data corroborated viral titres observed after RNA transfection (Fig. 4A) and altogether indicate 
that IGR IRES-dependent translation is an essential step in promoting virus infection.

Structural and biochemical studies on the dicistrovirus IGR IRES has yielded enormous insights into the 
detailed mechanism of IRES-mediated translation, ribosome dynamics and decoding. However, all of these stud-
ies are in vitro using reconstituted systems and translation extracts and thus, the context of IGR IRES translation 
in a virus system was lacking. Here, we now complement these studies by providing a physiological context of IGR 
IRES translation in a virus infection system, thus emphasizing the importance of specific structural elements of 
the IRES in its native context. The use of the CrPV infectious clone provides a powerful biological framework for 
pinpointing the relevant IGR IRES mechanistic details in a physiological virus system.

Figure 5. Viable viruses with mutated IGR IRESs are impaired in viral growth at the translational level. 
S2 cells were mock-infected (− ) or infected with CrPV-3 or the indicated mutant (MOI 10). Cells were 
metabolically labeled with [35S]-methioine/cysteine for the last 30 minutes of infection. Lysates were subjected 
to SDS-PAGE and Northern blot analysis. Accumulation of viral RNA was monitored by probing for the CrPV 
RNA genome. Note that uncropped images are shown in Supplementary Figure S3.
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Materials and Methods
Cell culture and virus. Drosophila Schneider line 2 (S2) cells were maintained and passaged in Shield’s and 
Sang medium (Sigma) supplemented with 10% fetal bovine serum. Determination of CrPV viral titres and yield 
were performed as previously described40. Briefly, a total of 1.5 ×  106 S2 cells we incubated with serial dilutions 
of virus for 30 min, then resuspended in media, plated into a 96-well plate coated with concavilin A (0.5 mg/mL; 
Calbiochem) and incubated at 25 °C for 8 h. Cells were then washed with PBS before being fixed with 3% para-
formaldehyde for 15 min followed by methanol for 10 min. The fixed cells were then incubated with an anti-ORF2 
antibody (1:250 dilution in 5% bovine serum albumin in PBS) for 1 h at room temperature. Subsequently, cells 
were washed three times with PBS and incubated with a Texas Red IgG anti-rabbit (1:500 dilution in 5% bovine 
serum albumin in PBS; Invitrogen) for 1 h at room temperature. Finally, cells were washed with PBS stained with 
Hoechst dye (0.5 μ g/mL). The amount of infected cells was quantified after plates were analyzed with a Cellomics 
Arrayscan HCS instrument. Through serial dilutions of CrPV, the FFU/mL can be calculated. Each titre is the 
result of at least three replicate experiments.

CrPV-3 and mutant viruses were generated from Drosophila S2 cells using an adapted protocol41. Briefly, 
5.0 ×  107 S2 cells were transfected with in vitro transcribed RNA derived from pCrPV-3 or mutant plasmids and 
incubated for 48 h. Cells were dislodged into the media, 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 RCF 
for 15 min at 4 °C. Viral particles were then concentrated by ultracentrifugation at 141,000 RCF for 2.5 h at 4 °C. 
The pellet was resuspended in PBS and sterilized through a 0.2 μ M filter. All viruses were sequence verified via 
RT-PCR with primers directed against the CrPV IGR IRES.

Construction of CrPV-3 mutants. Deleterious mutations were introduced into the pCrPV-3 clone at 
nucleotides denoted in Figs 1 and 2. A stop codon mutation (UAA) in ORF2 of pCrPV-2 was introduced by 
mutating nucleotide A6428T of ORF234. The numbering of the nucleotides is based on CrPV-2 in this case. Note 
that the only difference between CrPV-2 and CrPV-3 is the presence of a 196-nt duplication in the 5′ UTR that 
does not affect IGR IRES translation. All plasmids were fully verified by sequencing to ensure no other mutations 
were in place.

In vitro transcription and RNA transfection. Purified pCrPV-3 and derivative plasmids were linearized 
with Ecl136II. RNA was transcribed in a T7 RNA polymerase reaction and subsequently purified with a RNeasy 
kit (Qiagen). The integrity and purity of the RNA was 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 instructions. 3 μ g of RNA derived from either pCrPV-3 or its cognate mutants were used 
for transfection using 2.5 ×  106 cells.

Northern blot analysis. Total RNA was isolated from cells using TRIzol reagent. Northern blots were per-
formed by loading 5 μ g of RNA on a denaturing agarose gel and subsequently transferred to Zeta-probe blot-
ting membrane (Bio-Rad). DNA probes were radiolabelled with a DecaLabel DNA labeling kit (Fermentas) and 
hybridized overnight. Radioactive bands were detected via phosphoimager analysis (Storm; GE Healthcare).

Western blots. Equal amounts of S2 protein lysates (20 μ 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 TBST. Blots were incubated for 1 h at room temperature with 
the following antibodies: CrPV ORF1 (raised against CrPV RdRp) rabbit polyclonal (1:10,000) or CrPV ORF2 
(raised against CrPV VP2) rabbit polyclonal (1:10,000)40. Membranes were washed 3 times with TBST and incu-
bated with either IRDye 800CW goat anti-rabbit IgG (1:20,000; LI-COR Biosciences) for 1 h at room temperature. 
An Odyssey imager (LI-COR Biosciences) was used for detection.

In vitro and in vivo translation assays. 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.  
Reactions were loaded on a SDS-PAGE. Gels were dried and radioactive bands were monitored by phosphoimager  
analysis.

For in vivo translation assays, mock- or CrPV-infected S2 cells (MOI 5) were incubated with [35S]-methionine/
cysteine for the last 30 minutes of the infection. Equal amounts of lysate (10 μ g) were then loaded on a SDS-PAGE. 
Gels were dried and radioactive bands were monitored by phosphoimager analysis. Gels were quantified using 
ImageQuant software (GE Healthcare).
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This Article contains an error in Figure 2 in the column labelled ‘Nucleotide(s)’, row ‘mSLV-L2’. The subscript text 
‘6144–45’ is missing between GC and CU. In addition, there is an error in the mutation column where mVLR is 
incorrectly given as VLRm. The correct Figure 2 appears below as Figure 1.
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