
JOURNAL OF VIROLOGY,
0022-538X/00/$04.0010

Sept. 2000, p. 8335–8342 Vol. 74, No. 18

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Inherent Instability of Poliovirus Genomes Containing Two Internal
Ribosome Entry Site (IRES) Elements Supports a Role

for the IRES in Encapsidation
LISA K. JOHANSEN AND CASEY D. MORROW*

Department of Microbiology, University of Alabama at Birmingham, Birmingham, Alabama 35294

Received 24 February 2000/Accepted 20 June 2000

Previous studies have described poliovirus genomes in which the internal ribosome entry (IRES) for enceph-
alomyocarditis virus (EMCV) is positioned between the P1 and P2-P3 open reading frames of the poliovirus ge-
nome. Although these dicistronic poliovirus genomes were replication competent, most exhibited evidence of
genetic instability, and the EMCV IRES was deleted upon serial passage. One possible reason for instability
of the genome is that the dicistronic genome was at least 108% larger than the wild-type poliovirus genome,
which could reduce the efficiency of encapsidation. To address this possibility, we have constructed dicistronic
poliovirus replicons by substituting the EMCV IRES and the gene encoding luciferase in place of the poliovirus
P1 region; the resulting dicistronic replicons are smaller than the wild-type poliovirus genome. One dicistronic
genome was constructed in which the poliovirus 5* nontranslated region was fused to the gene encoding luci-
ferase, followed by the complete EMCV IRES fused to the P2-P3 region of the poliovirus genome (PV-Luc-
EMCV). A second dicistronic genome, EMCV-Luc-PV, was constructed with the first 108 nucleotides of the
poliovirus genome fused to the EMCV IRES, followed by the gene encoding luciferase and the poliovirus IRES
fused to the remaining P2-P3 region of the poliovirus genome. Both dicistronic replicons expressed abundant
luciferase following transfection of in vitro-transcribed RNA into HeLa cells at 30, 33, or 37°C. The luciferase
activity detected from PV-Luc-EMCV increased rapidly during the first 4 h following transfection and then
plateaued, peaking after approximately 24 h. In contrast, the luciferase activity detected from EMCV-Luc-PV
increased for approximately 12 h following transfection; by 24 h posttransfection, the overall levels of luciferase
activity were similar to that of PV-Luc-EMCV. To analyze encapsidation of the dicistronic replicons, we used
a system in which the capsid protein (P1) is provided in trans from a recombinant vaccinia virus (VV-P1). The
PV-Luc-EMCV replicon was unstable upon serial passage in the presence of VV-P1, with deletions of the EMCV
IRES region detected even during the initial transfection at 37°C. Following serial passage in the presence of
VV-P1 at 33 or 30°C, we detected deleted genomes in which the luciferase gene was fused with the P2-P3 genes
of the poliovirus genome so as to maintain the translational reading frame. In contrast, the EMCV-Luc-PV
replicon was genetically stable during passage with VV-P1 at 33 or 30°C. The encapsidation of EMCV-Luc-PV
was compared to that of monocistronic replicons encoding luciferase with either a poliovirus or EMCV IRES.
Analysis of the encapsidated replicons after four serial passages with VV-P1 revealed that the dicistronic
replicon was encapsidated more efficiently than the monocistronic replicon with the EMCV IRES but less
efficiently than the monicistronic replicon with the poliovirus IRES. The results of this study suggest a
genetic predisposition for picornavirus genomes to contain a single IRES region and are discussed with respect
to a role of the IRES in encapsidation.

Poliovirus (PV) is a small, nonenveloped RNA virus of the
Picornaviridae family. The poliovirus genome is a single-
stranded RNA approximately 7,440 nucleotides in length. The
plus-strand, genomic RNA functions as mRNA for viral pro-
tein expression and serves as a template for negative-strand
RNA synthesis. The genomic RNA is initially translated as a
long single polyprotein, which has been subdivided into three
regions: the P1 region encodes the structural capsid proteins,
while the P2 and P3 regions encode nonstructural proteins (18,
30, 31). The individual proteins are released from the polypro-
tein by virus-encoded protease 2Apro, which cleaves the P1
from the P2-P3 region in an autocatalytic reaction (32). The
protease 3Cpro processes the remaining P2-P3 region proteins
(16, 34). P1 is processed in trans by a 3Cpro fusion with the viral

RNA-dependent RNA polymerase (3Dpol), which is referred
to as 3CDpro (8).

One of the first steps in a PV infection is translation of the
genomic RNA. The initiation of translation occurs in a cap-
independent manner in the 59 nontranslated region (59NTR),
at a region referred to as the internal ribosome entry site
(IRES) (12, 13, 25–27). The IRES region contains a high
degree of RNA secondary structure encompassing nucleotides
134 to 556 of the PV 59NTR (10, 19, 22). All members of the
family Picornaviridae contain IRES elements in the 59NTR.
Encephalomyocarditis virus (EMCV) contains an IRES ele-
ment encompassing approximately 500 nucleotides (nucleo-
tides 335 to 836) (14). Although the EMCV IRES performs the
same function as the PV IRES, there is little sequence or
secondary structure homology (33). This fact has been ex-
ploited in previous studies to construct PV genomes that con-
tain both the PV and EMCV IRES elements (dicistronic ge-
nomes). Dicistronic genomes were constructed to encode the
EMCV IRES between the P1 and P2-P3 regions of PV (1, 7,
20, 21). Previous studies by Molla et al. (20, 21) and Paul et al.
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(24) have described the construction and characterization of
dicistronic PVs in which the EMCV IRES was inserted into the
PV infectious clone. Constructs which contained the EMCV
IRES between the P1 and P2-P3 junction or the 2A-2B junc-
tion generated viable viruses which retained the EMCV IRES,
although it was not clear for how many serial passages. Alex-
ander et al. (1) characterized a dicistronic PV which contained
the EMCV IRES positioned between the PV IRES and P1.
Although this virus retained the EMCV IRES for a single
passage, analysis after five serial passages revealed that the
genome had lost the EMCV IRES (1). One possibility for
genetic instability with the dicistronic genomes could be that
all were larger than the wild-type PV genome, which might
result in constraints in encapsidation and facilitate deletion
upon serial passage.

To explore the reasons for the instability of the dicistronic
genomes, we have used a system in which the P1 coding region
of PV can be removed and replaced with a foreign gene (rep-
licon) (6). Removal of the P1 gene allows for the insertion of
approximately 2.5 kb into the PV genome without increasing
the overall genome size. Using this system, we have con-
structed dicistronic genomes containing the IRES elements
from both PV and EMCV and the gene encoding luciferase.
One replicon contains the PV IRES followed by the luciferase
gene, EMCV IRES, and the remaining P2-P3 region genes
(PV-Luc-EMCV); this genome was similar to the previously
described dicistronic PV genome (20, 21). The second replicon
(EMCV-Luc-PV), which contains the IRES elements in the
reciprocal order, has not been previously described. Encapsi-
dation and serial passage of the dicistronic replicons in the
presence of recombinant vaccinia virus VV-P1 revealed a dif-
ference in genetic stability between the two genomes. The
results of this study are discussed with respect to an as yet
unappreciated role for the IRES in enhancing encapsidation.

MATERIALS AND METHODS

Unless otherwise noted, all chemicals and reagents were purchased from
Sigma Chemical Company. The tissue culture media and supplements, as well as
synthetic DNA primers, restriction enzymes, Taq polymerase, Superscript pre-
amplification system, and reagents for PCR, were purchased from Gibco BRL.
The luciferase assay kits and pGEM-T Easy vector cloning kits were purchased
from Promega (Madison, Wis.). Tri-reagent was purchased from Molecular
Research Center, Inc. QIAquick gel extraction kits were purchased from Qiagen.
MAXIscript T7 kits and RPA III kits were purchased from Ambion.

Construction of dicistronic genomes. Plasmids pT7-IC-Gag1 (6, 28), pT7-IC-
CEAsig2 (3), pGEM-Luc (Promega), and pCITE-4a(1) (Novagen) were used
for construction of the dicistronic genome pPV-Luc-EMCV. An EcoRI-to-SnaBI
fragment of pT7-IC-CEAsig2 was cloned into pT7-IC-Gag1, creating the pT7-
XhoI-SnaBI cloning vector. The luciferase gene from pGEM-Luc was amplified
by PCR, creating an XhoI site 59 to the start codon and an HpaI site 39 of the stop
codon (primers, 59-CTCGAGGAAGACGCCAAAAACATAAG-39 and 59-GT
TAACCAATTTGGACTTTCCGCC-39). The EMCV IRES was amplified from
pCITE-4a(1) and encoded both XhoI and SnaBI sites at the 59 end of the
fragment and an HpaI site at the 39 end, following the AUG start codon (primers,
59-CTCGAGAAGCTTTACGTAGGTTATTTTCCACCATATTGC-39 and 59-
GTTAACGGCCATATTATCATCGTG-39). The EMCV IRES fragment (XhoI
to HpaI) was cloned into the XhoI-SnaBI region of pT7-XhoI-SnaBI. After
confirmation, the resulting plasmid was digested with XhoI and SnaBI and the
luciferase fragment (XhoI to HpaI) was subcloned, resulting in plasmid pPV-
Luc-EMCV. The plasmid sequence was confirmed by DNA sequencing.

For construction of the second dicistronic genome, we used plasmids pEMCV-
Luc and pPV-Luc (15; see Fig. 4). A PCR fragment containing the T7 promoter,
first 108 nucleotides of PV, EMCV IRES, and luciferase gene from pEMCV-Luc
was amplified, creating a SacI site 39 of the luciferase stop codon (primers,
59-CCAGTGAATTCCTAATACGACTCACTATAGGTTAAAACAGC-39 and
59-GAGCTCTTACAATTTGGACTTTCCGCCC-39). The PV IRES from pPV-
Luc was amplified with a SacI site at the 59 of the region and a SnaBI site at the
39 end (primers, 59-GAGCTCGACGCACAAAACCAAGTTCAATAG-39 and
59-TACGTACATTATGATACAATTGTCTG-39). These two fragments, along
with a SnaBI-to-EcoRI fragment from pPV-Luc, which contains the remaining
PV genome and plasmid, were subcloned together in a three-way ligation. The
resulting plasmid, pEMCV-Luc-PV, was characterized by restriction enzyme
analysis, and the sequence was confirmed by DNA sequencing.

In vitro transcription and transfections. Plasmids pPV-Luc-EMCV and
pEMCV-Luc-PV were linearized with the restriction enzyme SalI. RNA was
generated by in vitro transcription reactions using T7 RNA polymerase as pre-
viously described (6). Relative levels of in vitro-transcribed RNA were deter-
mined by spot densitometry using the Alphaimager 3.2 program. For transfec-
tion, HeLa H1 cells were first infected with recombinant vaccinia virus VV-P1 (4,
28) at 10 PFU/cell for 3 h. Equal amounts of RNA were transfected by the
DEAE-dextran method as previously described (6). Transfection and subsequent
incubations were all carried out at 37, 33, or 30°C.

Encapsidation of replicons. The encapsidation and serial passage of poliovirus
replicons using VV-P1 have been described previously (4, 28). Briefly, in vitro-
transcribed RNA was transfected into HeLa H1 cells previously infected for 3 h
with VV-P1 as described above. The cultures were harvested 48 h after trans-
fection by three freeze-thaw cycles, overlaid on a 30% sucrose cushion (30%
sucrose, 30 mM Tris [pH 8.0], 0.1 mM NaCl), and centrifuged in an SW41 rotor
(Beckman) at 40,000 rpm (4°C) overnight. Supernatants were discarded; the
pellets were resuspended in serum-free Dulbecco modified Eagle medium and
used for serial passage.

For serial passage of the encapsidated replicons, HeLa H1 cells were infected
with 10 PFU of VV-P1 per cell (at the designated temperature). After 3 h, the
cells were infected with the supernatant containing the encapsidated replicons.
Cultures were harvested 48 h postinfection by three successive freeze-thaw cycles
and clarified by centrifugation at 14,000 rpm for 20 min. These supernatants were
stored at 270°C or used for additional passages.

Luciferase assay. For analysis of luciferase protein expression, HeLa H1 cells
were transfected or infected and harvested at the designated times by being
washed once with phosphate-buffered saline (PBS) and then resuspended in 1 ml
of PBS. The cells were pelleted for 6 min at 14,000 rpm, and the PBS was
removed; 100 ml of 13 lysis buffer (Promega) was used to resuspend the cell
pellet. The samples were assayed for light detection using a luminometer (Moon-
light 2010; Analytical Luminescence Laboratories) (29). The raw relative light
unit (RLU) data were used to calculate the total RLU in a sample. All infections
for the determination of luciferase activity were carried out overnight (15 h) at
37°C unless otherwise specified. The luciferase activities presented were repre-
sentative of three different experiments.

RNA isolation and RT-PCR analysis. Tri-reagent-LS was used to isolate total
RNA from HeLa H1 cells infected overnight with passages of encapsidated
replicon according to the manufacturer’s instructions as modified for the Super-
script kit (Gibco BRL). The total RNA was resuspended in 100 ml of RNase-free
water, and 5 ml was used in the reverse transcription (RT) reaction. Two minus-
sense primers, spanning PV nucleotides 3068 to 3086 (primer c; 59-TCGAATA
CCAACATACGG-39) or nucleotides 3481 to 3495 (primer d; 59-CTACTCCA
CATGACG-39), were used. The two positive-sense primers used for PCR
spanned nucleotides 1541 to 1560 of luciferase (primer b; 59-CGACGCGGGC
GTGGCAGGTC-39) or nucleotides 1 to 30 of PV (primer a; 59-TTAAAACA
GCTCTGGGGTTGTACCCACCCC-39). The minus-sense and positive-sense
primers were used in all possible combinations in the PCRs. The RT-PCR
products were gel isolated, purified using a QIAquick gel extraction kit, and
cloned into the pGEM-T Easy vector system. Individual colonies from the liga-
tions were grown; plasmid DNA was extracted and used for DNA sequencing.

Comparison of the encapsidation of dicistronic and monocistronic replicons.
The monocistronic replicons PV-Luc and EMCV-Luc are described elsewhere
(15; see Fig. 4). EMCV-Luc contains the nucleotides corresponding to the
EMCV IRES substituted for the PV IRES (13). EMCV-Luc, PV-Luc, and
EMCV-Luc-PV were encapsidated at 33°C in the presence of VV-P1. After four
serial passages under identical conditions at 33°C, the amount of encapsidated
replicons was estimated by luciferase expression. The amount of luciferase de-
tected following the four serial passages was divided by the amount obtained
using the starting inoculum to determine the fold increase of replicon obtained
following serial passage.

RESULTS

Construction of dicistronic replicon genomes. In this study,
we have constructed two dicistronic replicons that encode the
luciferase gene in place of the PV P1 gene (Fig. 1). The first
replicon, PV-Luc-EMCV, contains the complete 59NTR of PV
followed by the gene encoding luciferase. The stop codon of
the carboxy terminus of luciferase is immediately followed by
the EMCV IRES (nucleotides 335 to 836 of the EMCV ge-
nome). The EMCV IRES is fused to nucleotide 2956 of the PV
genome so that the AUG codon contributed by the EMCV
IRES is followed, in frame, by the codons from the remaining
VP1 gene. Note that the EMCV IRES does not contain the
upstream poly(C) tract as found in the previously described
dicistronic genomes (20, 21). Translation promoted by the
EMCV IRES in this construct would be predicted to include
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the region encoding the final 143 amino acids of the VP1
protein, followed by the intact P2-P3 proteins of PV.

In the second dicistronic genome constructed, the IRES of
EMCV was positioned 59 to the luciferase gene and the IRES
from the PV genome was 39 to the luciferase gene. This dicis-
tronic genome contained the first 108 nucleotides of PV at the
extreme 59 end of the genome, as this region has been shown
to be important for viral replication (2). For the PV IRES
region, nucleotides 109 to 745 of the PV 59NTR were fused in
frame with the PV VP1 gene at nucleotide 2956. As with the
previous dicistronic genome, the PV IRES would promote
synthesis of a truncated VP1 protein followed by the complete
P2-P3 region proteins. To our knowledge, this arrangement of
IRES elements has not been previously described in a com-
plete PV genome. Note that the two dicistronic genomes are
identical in size and approximately 60 nucleotides smaller than
the complete PV genome.

Analysis of luciferase expression from dicistronic replicons.
Luciferase protein expression was first analyzed from the two
dicistronic replicons following RNA transfection. In prelimi-

nary experiments, we established that the increase in luciferase
expression directly correlates with the capacity of the genome
to undergo self-amplification following transfection into cells.
Genomes in which the open reading frame was disrupted so
that a truncated 3Dpol was expressed did not produce in-
creased levels of luciferase after the first 2 h following trans-
fection (data not shown). Thus, following transfection, both
translation and replication of the dicistronic genomes can be
ascertained by measurement of luciferase. Three different tem-
peratures, 37, 33, and 30°C, were used for the transfections.
HeLa cells were first infected with VV-P1, and 3 h later in
vitro-transcribed replicon RNA was transfected into the cells.
At 2, 4, 6, 11, and 24 h after transfection, luciferase activity was
determined (Fig. 2). We chose to analyze translation and rep-
lication in the presence of VV-P1 since subsequent experi-
ments would use these experimental conditions for encap-
sidation. Similar expression profiles were generated for each
replicon at the different temperatures in the absence of VV-P1
(data not shown).

Expression of luciferase from the PV-Luc-EMCV replicon

FIG. 1. Construction of dicistronic replicons PV-Luc-EMCV and EMCV-Luc-PV. (A) PV-Luc-EMCV. The gene encoding luciferase was cloned following the
complete PV 59NTR. Following the termination codon for luciferase, the IRES from EMCV was fused to nucleotide (nuc.) 2956 of the PV genome, maintaining the
translational reading frame of the VP1-P2-P3 region of the genome. The plasmid containing the dicistronic genome (pPV-Luc-EMCV) was linearized with SalI,
followed by in vitro transcription to generate the replicon RNA used for transfection. The predicted genome size is 7,381 nucleotides. (B) EMCV-Luc-PV. The EMCV
IRES (502 nucleotides) was cloned 39 to the first 108 nucleotides of the PV genome. The gene encoding luciferase was cloned after the EMCV IRES. Following the
termination codon for luciferase, the 637-nucleotide region of the PV 59NTR was cloned in frame with the VP1-P2-P3 region. The plasmid containing the replicon,
pEMCV-Luc-PV, was linearized with SalI prior to in vitro transcription to generate the replicon RNA.

FIG. 2. Kinetics of luciferase gene expression from dicistronic replicons PV-Luc-EMCV and EMCV-Luc-PV. Equivalent amounts of in vitro-transcribed RNA from
pPV-Luc-EMCV (A) or pEMCV-Luc-PV (B) were transfected into HeLa cells previously infected with VV-P1 for 3 h. The cells were then incubated at the designated
temperatures for the specified times. Cell lysates were prepared and analyzed for luciferase expression. Total RLU was plotted versus the same time posttransfection
for each temperature.
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increased rapidly during the first 4 h, and then leveled off,
reaching a peak at 24 h. The kinetics of luciferase expression
correlated with that observed for production of viral proteins
from previously described dicistronic PV genomes (20, 21).
The kinetics for expression of luciferase from the EMCV-
Luc-PV replicon was slightly different from the PV-Luc-
EMCV replicon. Luciferase activity increased in a linear fash-
ion during the first 12 h following transfection and then
plateaued, reaching a level similar to that for the replicon
PV-Luc-EMCV at approximately 24 h.

Encapsidation of dicistronic replicons. In previous studies,
we have demonstrated that replicons can be encapsidated by
serial passage in the presence of a recombinant vaccinia virus,
VV-P1, which provides capsids proteins in trans. To monitor
encapsidation, luciferase activity was analyzed following a sin-
gle round of encapsidation (transfection) and after two, four,
and eight serial passages in the presence of VV-P1. Analysis of
luciferase expression from the replicon PV-Luc-EMCV follow-
ing transfection at 37°C revealed luciferase activity from the
transfection and through two serial passages ranging from 100-
to 1,000-fold over background (Table 1). By serial passage 4, in
the presence of VV-P1, we did not detect any luciferase activity
over the background levels. Furthermore, no 3Dpol-related
proteins (i.e., 3CD) were detected following metabolic labeling
and immunoprecipitation. Additional analysis using RT-PCR
(see below) confirmed the absence of replicon genomes. In
contrast, luciferase activity was detected following transfection
and all subsequent serial passages at 33 or 30°C for PV-Luc-
EMCV.

RT-PCR was used to analyze the genome stability of PV-
Luc-EMCV during the transfection and serial passages. PCR
primers were chosen to amplify critical regions of the dicis-
tronic replicon spanning the 59NTR of PV, the luciferase gene,
the EMCV IRES, and the VP1 and 2A genes of PV. RT-PCR
from PV-Luc-EMCV encapsidated at 37°C revealed the pres-
ence of smaller than predicted amplified DNA even during the
first round of encapsidation (Table 1 and Fig. 3). Similarly,
RT-PCR analysis of PV-Luc-EMCV passaged at 33°C revealed
amplified DNA smaller than expected. In contrast to the sam-
ples passaged at 37°C, at passage 4, abundant levels of lucif-
erase activity were still detected from the 33°C-passaged rep-
licons; the levels at passages 4 and 8 at 33°C were 104- to
106-fold over background (Table 1). RT-PCR of PV-Luc-
EMCV following transfection and serial passage at 30°C re-

vealed that during transfection and through passage 4, DNA
was amplified at the appropriate size for the intact PV IRES-
luciferase-EMCV IRES genes. However, analysis of the pas-
sage 4 samples revealed amplified DNA that was full length or
smaller than expected; by passage 8, only the truncated DNA
was amplified by RT-PCR.

To further characterize the nature of the deletions of the
replicon genome, we cloned the RT-PCR DNA and deter-
mined the DNA sequence. The major deleted genome ob-
served consisted of an in-frame fusion between nucleotide
1798 of the luciferase gene and nucleotide 3034 of the PV VP1
gene (Fig. 3C). This deletion was found after several indepen-
dent transfections and serial passage trials at 37, 33, and 30°C.
The resulting gene fusion reestablished the translational read-
ing frame between luciferase and the VP1-P2-P3 region of the
PV genome. The entire EMCV IRES element was deleted.
The fusion genome was stable for at least 18 additional serial
passages at 33°C. Other deletion products were found which
also contained fusions between the luciferase gene and VP1
(luciferase nucleotide 1795 and nucleotide 3040 of PV or nu-
cleotide 1453 of luciferase and 2955 of PV [this fusion also
contained 13 random nucleotides between the two sites]).
These two fusion products were recovered from individual
RT-PCR clones and were each detected only once. Thus, most
(98%) of the deleted genomes cloned contained the 1798–3034
in-frame deletion. At present, it is not clear why we did not
detect similar deleted genomes from the passages at 37°C.

In contrast, the dicistronic replicon EMCV-Luc-PV ap-
peared stable at all three temperatures examined for serial
passage in the presence of VV-P1 (Table 2). Luciferase activity
was detected following transfection and up to two serial pas-
sages at 37°C (at least 100-fold over background). However,
by passage 4 at 37°C, we did not detect luciferase activity
above background. We confirmed that there were no repli-
con genomes in these cultures by using metabolic labeling
and immunoprecipitation for 3CD. The dicistronic replicon,
EMCV-Luc-PV, appeared stable following transfection and
serial passage at 33 or 30°C. Analysis of these encapsidated
replicons following eight serial passages revealed abundant
luciferase activity at least 100-fold over background. Further-
more, using RT-PCR, we did not amplify smaller DNA prod-
ucts for the EMCV IRES-luciferase-PV IRES genes, indica-
tions of gene deletion. DNA sequence of the RT-PCR product
confirmed the presence of the starting dicistronic genome
(data not shown).

Comparison of the encapsidation of dicistronic EMCV-Luc-
PV and monocistronic replicons. To further characterize the
dicistronic replicon EMCV-Luc-PV, we compared the encap-
sidation of EMCV-Luc-PV with that of two previously con-
structed monocistronic replicons (Fig. 4A). In one replicon,
EMCV-Luc, the EMCV IRES is substituted for the PV IRES;
this replicon contains the first 108 nucleotides of the PV ge-
nome fused with the EMCV IRES followed by the gene en-
coding luciferase (15). The second replicon, PV-Luc, contains
the intact PV 59NTR fused to luciferase. All three replicons
produce luciferase and have genomes that are smaller than the
wild-type PV genome. We compared the relative encapsidation
efficiency of each of these replicons following four serial pas-
sages. In preliminary studies, we found that the amount of
luciferase activity detected following infection from the indi-
vidual replicons reflected the amount of encapsidated replicon
(29). The luciferase activity obtained following the fourth serial
passage was compared with the luciferase activity used to ini-
tiate the serial passages (pass 1). Passage of all replicons was
carried out under identical conditions at 33°C. The results are
represented as fold increase over the starting levels of encap-

TABLE 1. Analysis of the genetic stability of PV-Luc-EMCV
following encapsidation and serial passage at three

different temperatures

Passage

37°C 33°C 30°C

Luciferase
activity?b Genomea Luciferase

activity? Genome Luciferase
activity? Genome

Transfection Yes Deleted Yes Dicis Yes Dicis
2 Yes Deleted Yes Dicis Yes Dicis
4 No — Yes Deleted Yes Mixed
8 — — Yes Deleted Yes Deleted

a Deleted, deleted genome detected by RT-PCR (see Fig. 3 for description of
genomes); dicis, starting dicistronic genome sequence detected by RT-PCR;
mixed, multiple bands from RT-PCR, including both dicistronic genomes and
deleted genomes; —, not done.

b Luciferase activity from an infection with replicons from a transfection or
designated passages. Yes, 100-fold over background luciferase activity obtained
from uninfected HeLa cells; No, background luciferase activity. Loss of the
replicon was confirmed by no 3Dpol-related proteins immunoprecipitated from
metabolically labeled cells infected with the designated passage. Note that in
passages 4 and 8 at 33°C, the levels of luciferase activity were 104- to 106-fold
over background. See text for details.
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sidated replicon (Fig. 4B). The monocistronic replicon, PV-Luc,
was most efficiently amplified after four serial passages, with an
approximately 1,500-fold increase over the starting amount of
encapsidated replicon. In contrast, the monocistronic replicon
with the EMCV IRES substituted for the PV IRES (EMCV-
Luc) was amplified only 200-fold following the four serial pas-
sages, a result consistent with our previous studies (15). Sur-
prisingly, we found that the dicistronic replicon EMCV-Luc-PV
was amplified approximately 1,000-fold over the starting amount,
clearly greater than that observed for the monocistronic EMCV-
Luc replicon but less than that found for PV-Luc.

DISCUSSION

In this study, we investigated the genetic stability and en-
capsidation of dicistronic PV replicons. We constructed two
replicons which contained the luciferase reporter gene and the

IRES regions from both PV and EMCV. The replicon PV-
Luc-EMCV was genetically unstable at three different temper-
atures used for encapsidation. A replicon genome was identi-
fied from these passages which contained a fusion between the

FIG. 3. Analysis of PV-Luc-EMCV genomes following transfection and serial passage. (A) Schematic of the starting dicistronic genome. The boxed numbers refer
to nucleotides in the PV genome. The underlined numbers refer to positions in the gene encoding luciferase. Nucleotides 335 to 836 of the EMCV genome correspond
to the IRES [without poly(C) tract]. Primers used for RT-PCR (a to d) are marked by arrows and described in Materials and Methods. (B) Schematic of the major
genomes recovered by RT-PCR from transfections and serial passages. The RT-PCR products recovered from transfections (Trfxn) or serial passages in the presence
of VV-P1 (p2, p4, and p8) were cloned and sequenced. The major deleted genomes recovered at all temperatures consisted of a fusion between the luciferase (nu-
cleotide 1798) and VP1 (nucleotide 3034) genes to maintain the translational reading frame. The original dicistronic genome was also recovered from early passages
at lower temperatures. (C) Nucleotide and predicted amino acid sequences of the luciferase-VP1 gene fusion. The entire EMCV IRES was deleted from the original dicistronic
construct, along with 78 nucleotides of the PV VP1 coding region (from nucleotides 2956 to 3033). The PV nucleotides are boxed, and the luciferase nucleotides are underlined.
The first two nucleotides of the luciferase stop codon are in bold; the last two luciferase nucleotides and the first two PV nucleotides are identical. Note that although a Y-G
amino acid dipeptide is present a few amino acids from the 39 end of the luciferase gene, the P4 amino acid is F rather than the L required for optimal 2Apro cleavage
(9).

TABLE 2. Analysis of the genetic stability of EMCV-Luc-PV
following encapsidation and serial passagea

Passage

37°C 33°C 30°C

Luciferase
activity? Genome Luciferase

activity? Genome Luciferase
activity? Genome

Transfection Yes Dicis Yes Dicis Yes Dicis
2 Yes Dicis Yes Dicis Yes Dicis
4 No — Yes Dicis Yes Dicis
8 — — Yes Dicis Yes Dicis

a For details, see the footnotes to Table 1.
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luciferase gene and the remaining PV polyprotein. The repli-
con containing this deletion was stable and could be passaged
following growth at 33°C. In contrast, the replicon EMCV-
Luc-PV was stable following propagation at 33 and 30°C. Com-
parison of the encapsidation efficiency between a monocis-
tronic replicon, which contains the EMCV IRES substituted
for the poliovirus IRES, with the dicistronic replicon EMCV-
Luc-PV revealed that the dicistronic replicon was more effi-
ciently encapsidated following serial passage in the presence of
VV-P1.

Previous studies have described the characterization of di-
cistronic PV genomes containing the EMCV IRES positioned
between the P1 and P2-P3 open reading frames or the 2A and
2B proteins. Although both genomes produced infectious vi-
ruses upon transfection, it was not clear if these viruses were
genetically stable following serial passages (20, 21, 24). Ge-
nomes with the EMCV IRES positioned between the PV IRES
and P1 were unstable after five serial passages, resulting in a
deletion of the EMCV IRES (1). Similarly, a dicistronic ge-
nome with the gene encoding chloramphenicol acetyltrans-
ferase and the EMCV IRES was unstable following five serial
passages (1). The reason for the genetic instability was not
clear, since previous studies established that little sequence

homology exists between the EMCV and PV IRES elements,
making it unlikely that there would be genetic recombination
between the two (11, 13). One possibility for the instability of
these dicistronic genomes was they were all approximately 108
to 117% larger than the wild-type PV genome (1, 20, 21, 24).
It was not possible, though, to address the question of whether
the genome size had any relationship to the subsequent genetic
instability because all of the PV genes present were required
for infectivity. Replicons do not have this limitation, as the
capsids are provided in trans. The dicistronic replicons then
were constructed so that the overall size was similar to that of
the PV genome; thus, genome size would not be the major
reason for the instability of these dicistronic genomes. How-
ever, the results of our analysis of PV-Luc-EMCV demon-
strated genome instability, indicating a genetic predisposition
for PV to contain a single IRES element. Analysis of the
replicon gene deletion found during the propagation of PV-
Luc-EMCV provides some insights into the constraints that
the PV genome has overcome in order to maintain a mono-
cistronic genome. The major deleted genome recovered con-
tained a fusion between the luciferase gene and the VP1 gene,
so that the translational reading frame was maintained. The
reason for the fusion at nucleotides 3034 of the PV genome is

FIG. 4. Encapsidation of the dicistronic EMCV-Luc-PV compared with that of monocistronic replicons. (A) Schematic of the three replicons used to compare
encapsidation efficiency. Encapsidated dicistronic replicon EMCV-Luc-PV was obtained from serial passage in the presence of VV-P1 at 33°C. Two additional
monocistronic encapsidated replicons were also used; PV-Luc encodes the luciferase gene substituted for the P1 gene of PV, and EMCV-Luc contains the first 108
nucleotides (nuc.) of the PV 59NTR fused with the EMCV IRES followed by the luciferase gene. Both monocistronic replicons were encapsidated and propagated at
33°C. (B) The passages were initiated using replicons at approximately 0.5 infectious unit per cell. Luciferase activity was determined and designated pass 1. Three
additional serial passages of the replicons were performed under identical conditions. Equal amounts of each passage were used to infect cells, and luciferase activity
was determined. The fold increase in luciferase expression over starting amounts was determined for each replicon.

8340 JOHANSEN AND MORROW J. VIROL.



not evident. Based on what is known about PV recombination,
we would speculate that the recombination occurred during
minus-strand synthesis (17). It is possible that the 78 nucleo-
tides of VP1 not found in the deleted genome might have been
undergoing translation and thus blocked for access by the
replicase synthesizing minus strands. In other words, the pres-
ence of ribosomes near the first 78 nucleotides of the VP1 gene
might have disrupted the PV RNA-dependent RNA polymer-
ase synthesizing a minus strand from the opposite direction,
thus facilitating a translocation of the replicase to the lucif-
erase gene. The fact that the complete luciferase gene was
recovered is somewhat perplexing. One explanation might be
that the polymerase had landed many times within the EMCV
IRES, followed by continued RNA transcription to make a
complete minus strand. Plus strand from this minus-strand
RNA might not be infectious because it would lack a complete
IRES for translation initiation of the P2 and P3 genes and/or
the translational reading frame would not be conserved be-
tween the luciferase and remaining P2-P3 region. Thus, the
first site where the PV replicase might land during recombi-
nation and maintain the translational reading frame would be
the 39 end of the luciferase gene. Once this deleted genome
had been made, there was a selective advantage for this ge-
nome over the dicistronic genome. Most probably, a combina-
tion of enhanced translation/replication and encapsidation fa-
cilitated by the PV IRES contributed to the advantage of the
monocistronic over the dicistronic replicon. In support of this,
we found greater amplification in the encapsidation of mono-
cistronic PV-Luc compared with any other mono- or dicis-
tronic replicons (Fig. 4).

An extension of this rationale could be applied to under-
standing the genome stability of the dicistronic replicon EMCV-
Luc-PV following serial passage. In this case, one deletion that
might be predicted for the dicistronic EMCV-Luc-PV would
be removal of the complete luciferase gene and EMCV IRES
to form a smaller replicon consisting of a complete PV 59NTR
fused with the remaining VP1 gene. If this replicon occurred
though, the overall genome size would be approximately 70%
of the wild-type PV genome. Previous studies analyzing the
lengths of PV defective interfering genomes have reported
that a genome 27% the size of PV could be encapsidated
(5); smaller size genomes were not tested. We have found that
genomes 70% or smaller were not efficiently encapsidated us-
ing our complementation system (W. S. Choi and C. D. Mor-
row, unpublished data). A second deleted genome which might
occur would result in the recombinant 59NTR, including the
first 108 nucleotides of the PV genome, and the EMCV IRES
followed by the luciferase gene fused to the VP1-P2-P3 region
of the PV genome; this replicon would have deleted the PV
IRES. The overall gene structure of this replicon would be
similar to that observed for the major deletion product found
following passage of the dicistronic PV-Luc-EMCV. To deter-
mine why this replicon was not found, we compared the rela-
tive encapsidation efficiency of a similar replicon EMCV-Luc
with that of the dicistronic replicon, EMCV-Luc-PV. We
found that the dicistronic replicon, EMCV-Luc-PV, was more
efficiently amplified than EMCV-Luc under identical experi-
mental conditions. The dicistronic replicon then would have a
selective advantage in encapsidation compared with the mono-
cistronic EMCV-Luc replicon. Why the dicistronic replicon
was amplified more efficiently than the monocistronic contain-
ing the EMCV IRES is not clear. Translation/replication of the
monocistronic EMCV-Luc was similar, if not greater, than that
for the dicistronic EMCV-Luc-PV replicon (Johansen and
Morrow, unpublished). One possibility is the poliovirus IRES
plays a role in enhancing encapsidation. In support of this idea,

recent studies have suggested a coupling of RNA replication/
translation and encapsidation (23). Since the newly synthesized
plus-strand PV genome RNA could either be translated or
encapsidated, it is possible that the interaction of viral pro-
teins, possibly P1, with the IRES might be involved in the
switch from translation to encapsidation. Future studies using
the complementation system in combination with the mono-
cistronic and dicistronic replicons will allow the opportunity to
address this possibility.
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