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Abstract
We determined the in vitro and in vivo translational efficiency mediated by the internal ribosomal entry site (IRES) from eight
BVDV2 field isolates varying in virulence using a bicistronic reporter vector in rabbit reticulocyte lysates (RRL), and in primate
and bovine cell lines. Using a T7-promoter system, the high virulence isolates had greater translational efficiencies in bovine lymphocytes (BL-3 cells), than did the low virulence isolates. The low virulence isolates translated with greater efficiencies than the
high virulence isolates in RRL, African green monkey kidney (CV-1) and bovine turbinate (BT) cells. Our results demonstrate that
despite a high degree of sequence identity in the 5′ untranslated region (UTR), subtle differences in the primary and secondary
structures, as well as differences in cell lines, influence translational efficiencies.
Keywords: Bovine viral diarrhea virus, 5′ untranslated region, Translational efficiency

form to the secondary structure. The most significant
domain was domain D, a highly conserved, stable, multiple stem-loop structure (D1, D2, D3, and D4) spanning
two-thirds of the 5′ UTR sequence from nucleotides 139
to 361. BVDV 5′ UTR features are similar to the 5′ noncoding region of picornaviruses and hepatitis C virus
(HCV) in which translational initiation occurs through
direct cap-independent internal binding of ribosomes
to a distinct structural element, referred to as the internal ribosomal entry site (IRES) (Jackson et al., 1990 and
Tsukiyama-Kohara et al., 1992). Translational initiation
of BVDV involves internal ribosomal accession utilizing the IRES element located within domain D of the 5′
UTR of the BVDV genome (Deng and Brock, 1993 and
Pestova and Hellen, 1999). The 5′ UTR of BVDV is capable of driving translational initiation from an internal
RNA element in the context of a bicistronic reporter transcript (Chon et al., 1998). Pellerin et al. (1994) concluded

Introduction
Bovine viral diarrhea virus (BVDV) is a member of the
family Flaviviridae within the genus Pestivirus. The viral
genome is a single-stranded, positive-polarity, 12.5 kb
RNA that can be divided into three distinct regions: a
non-capped 5′ untranslated region (UTR), a single large
open reading frame encoding a single polyprotein and
a 3′ UTR lacking a polyadenylated tail (Murphy et al.,
1995). The 5′ UTR is highly conserved and comprised of
approximately 385 bases (Qi et al., 1992 and Ridpath et
al., 1994) with multiple AUG codons upstream of the authentic initiation codon (Collett et al., 1988). Deng and
Brock (1993) reported a secondary structure model for
the pestivirus 5′ UTR consisting of a series of stem-loop
structures divided into four domains designated A, B,
C and D. The domains encompassed about 70% of the
5′ UTR nucleotides participating in base pairing to con349
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that a 5′ UTR-dependent translation efficiency, due to either the stability of the secondary structure or particular sequences, could directly reflect on the virulence of
the strains. This conclusion was based on the observation that the 5′ UTR of genotype 2 isolates had a significantly more stable secondary folding (domain D) than
genotype 1 viruses. Domain D represents the majority of
the 5′ UTR, therefore, its stability may represent the stability of the entire 5′ UTR. Our hypothesis was that the
differences in virulence of BVDV2 viruses is influenced
by the primary and secondary structure of the 5′ UTR
affecting the translational efficiency of the IRES element.
In the present study, we characterized the in vitro and in
vivo efficiency of translational initiation mediated by the
IRES element from eight BVDV2 field isolates varying in
virulence using a bicistronic reporter vector in rabbit reticulocyte lysates (RRL), and in primate and bovine cell
lines. Our results using individual cDNA plasmid constructs of the 5′ UTR of these eight BVDV2 isolates indicate that these isolates do not translate with equal
efficiency within cell lines. The genetic diversity of pestiviruses within genotypes contributes to the differences
in translational efficiency. The results in BL-3 cells suggest the interaction of cellular factors with the 5′ UTR,
influencing cellular tropism and viral pathogenicity.
Results
BVDV2 IRES translational efficiencies
The in vitro and in vivo translational efficiency mediated
by the 5′ UTR IRES from eight BVDV2 isolates varying
in virulence was investigated using transfection assays
with a bicistronic reporter vector in RRL, and in primate
and bovine cell lines. These BVDV2 isolates have a wide
range of virulence. Based on experimental infection of
calves, the isolates can be separated into two groups,
high and low virulence (Bolin and Ridpath, 1992, Kelling et al., 1990, Kelling et al., 2002, Odeón et al., 1999 and
Topliff and Kelling, 1998).
The 5′ UTRs were inserted into the intercistronic
space between two reporter genes, chloramphenicol
acetyltransferase (CAT) and luciferase (LUC) of the plasmid, pBiSpe (Chon et al., 1998) and then subcloned into
the mammalian expression vector, pcDNA3.1 (Promega,
Madison, WI) (Figure 1). In this orientation, the CAT
gene is expressed in a cap-dependent mechanism, while
the LUC gene is translated in a cap-independent fashion based on internal ribosomal entry into the BVDV2
IRES. Bicistronic messages were transcribed from the T7
promoter in vitro using T7 polymerase or in vivo using
a recombinant vaccinia virus expressing T7 RNA polymerase (a kind gift provided by Dr. Bernard Moss, National Institutes of Health, Bethesda, MD). The CAT and
LUC activities were measured from the cell lysates. CAT
activity may be used as an indicator of the steady-state
level of bicistronic transcript in cells since the rate of 5′
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Figure 1. Schematic representation of the bicistronic reporter
plasmid used to examine the in vitro and in vivo efficiency of
BVDV2 IRES-driven translation. The 5′ UTR of each BVDV2
isolate was inserted into the intercistronic region between the
upstream CAT (chloramphenicol acetyltransferase) and the
downstream LUC (luciferase) reporter genes.

cap-dependent scanning translation initiation for the 5′
cistron is expected to be identical for each BVDV2 isolate. This steady-state level of CAT expression may be
used to normalize LUC activity and allow a comparison
of each BVDV2 isolate with the reference BVDV1 5′ UTR
region. For comparison of each BVDV2 isolate, a relative
IRES activity was calculated by determining the ratio of
LUC to CAT activity using the formula: R = (LUC activity from BVDV2 IRES / LUC activity from BVDV1 IRES)
/ (CAT activity from BVDV2 IRES / CAT activity from
BVDV1 IRES). The ratios calculated for the IRES elements of the BVDV2 isolates were normalized using the
ratio of BVDV1/NADL IRES as 1 (or 100%). Normalizing the ratios in this manner allowed for comparison of
translational efficiencies between isolates in the different cell types.
In vitro transfection assays
The translational efficiency of the 5′ UTR IRES from each
of the eight BVDV2 isolates was measured in vitro using
the TNT T7 Coupled Reticulocyte Lysate System (Promega) (Figure 2A). The lowest relative translational efficiency was that of BVDV 890 with a ratio of 1.8, while
BVDV 17011 translated with the greatest efficiency having a ratio of 6.1. The translational efficiencies of the low
virulence isolates (7937, 17011, 5521, 713) ranged from
4.3 to 6.1, while the ratios of the high virulence isolates
(890, NY93, 17583, 23025) ranged from 1.8 to 4.6. As a
group, there was a significant difference (P < 0.0001) in
translational efficiencies between the low and high virulence isolates. Western blot analyses were performed on
the in vitro RRLs to detect the CAT (Figure 2B) and LUC
(Figure 2C) proteins. Both proteins were detected by the
appropriate secondary antibodies and migrated with
similar molecular weights as purified protein.
In vivo transfection assays in African green monkey kidney
(CV-1), bovine turbinate (BT), bovine testicular (RD420)
cells and bovine lymphocytes (BL-3)
Using the T7-promoter system, the relative translational efficiencies in CV-1 cells were similar to those observed in vitro (Figure 3A). As a group, the BVDV2 isolates with the highest virulence had significantly (P <
0.0001) lower translational efficiencies than the isolates
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Figure 2. In vitro T7 coupled reticulocyte lysate translation. (A) Relative translational efficiency of the 5′ UTR IRES from each of
the BVDV2 isolates measured in vitro using T7 RNA polymerase. The ratios calculated for the IRES elements of the BVDV2 isolates were normalized using the BVDV1-NADL IRES as 1 (or 100%). (B) Expression of the CAT protein from the bicistronic reporter plasmid in rabbit reticulocyte lysate. Lane 1: 3.1/CAT. Lane 2: 3.1/CAT7937LUC. Lane 3: 3.1/CAT17011LUC. Lane 4: 3.1/
CAT5521LUC. Lane 5: 3.1/CAT713LUC. Lane 6: 3.1/CAT890LUC. Lane 7: 3.1/CATNY93LUC. Lane 8: 3.1/CAT17583LUC. Lane
9: 3.1/CAT23025LUC. (C) Expression of the LUC protein from the bicistronic reporter plasmid in rabbit reticulocyte lysate. Lane
1: LUC T7 Control DNA. Lane 2: 3.1/CAT7937LUC. Lane 3: 3.1/CAT17011LUC. Lane 4: 3.1/CAT5521LUC. Lane 5: 3.1/CAT713LUC. Lane 6: 3.1/CAT890LUC. Lane 7: 3.1/CATNY93LUC. Lane 8: 3.1/CAT17583LUC. Lane 9: 3.1/CAT23025LUC.

considered to be low virulence. The low virulence isolates ranged between 0.63 and 0.87, while the high virulence isolates ranged between 0.44 and 0.62 with the order of translational efficiency 7937 > 17011 > 5521 > 713
> 17583 > NY93 > 23025 > 890 (Figure 3A).
Translational efficiency ratios in BT cells ranged between 0.89 and 1.37, with the low virulence isolates ranging between 1.07 and 1.37 and the high virulence isolates ranging between 0.89 and 1.35 (Figure 3B). As a
group, the ratios of the low virulence isolates were significantly greater (P < 0.05) from the high virulence isolates.
BVDV2-5521 had the greatest translational efficiency,
while BVDV2-23025 and 890 were the least efficient.
A statistically significant difference between the
BVDV2 virulence groups was not observed in the RD420
cells (Figure 3C). Six of the BVDV2 IRESs had equivalent
translational efficiencies (7937, 17011, 5521, NY93, 17583,
23025), while the remaining two isolates (713, 890) had
the lowest translational efficiencies.
The ratios observed in BL-3 cells ranged between 0.82
and 3.65 (Figure 3D). In this cell line, the isolates grouped
according to virulence were significantly (P < 0.05) different from one another, as was observed in CV-1 and BT
cells. However, unlike in the other cell lines, the high virulence isolates translated with greater efficiency than did

the low virulence isolates. Similar to the other cell lines
evaluated, BVDV2-713 was the least efficient of the low
virulence group, while BVDV2-890 translated with the
least efficiency of the high virulence isolates.
BVDV2 IRES secondary structure
The secondary structures of the eight BVDV2 field isolate 5′ UTRs was predicted using the MFOLD algorithm
(Zuker, 1989) of the Wisconsin Package version 10.1, Genetics Computer Group (GCG, Madison, WI). The predicted free energy values of the eight BVDV2 isolates
ranged between −126.5 (low virulence isolate, 17011)
and −145.6 (high virulence isolate, 890) kcal/mole. The
remaining low virulence isolates, 7937, 5521 and 713 had
free energy values of −135.7, −129.7, and −128.9 kcal/
mole, respectively, while the remaining high virulence
isolates NY93, 17583, and 23025 had free energy values
of −132.8, −133.0, and −133.9 kcal/mole, respectively.
All isolates demonstrated a well-conserved IRES element between bases 139 and 361, based on the nomenclature of Deng and Brock, 1993 (data not shown).
The Phylogenetic Inference Package (PHYLIP), version 3.6a3 (J. Felsenstein, University of Washington, Seattle, WA) and TreeView, version 1.6 (R. D. M. Page, Uni-
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Figure 3. Relative translational efficiency of the 5′ UTR IRES from each BVDV2 isolate measured in vivo from the T7-promoter in
different cell lines. The ratios calculated for the IRES elements of the BVDV2 isolates were normalized using the BVDV1-NADL
IRES as 1 (or 100%). (A) CV-1 (African green monkey kidney) cells, (B) BT (bovine turbinate) cells, (C) RD420 (bovine testicular)
cells and (D) BL-3 (bovine lymphocyte) cells.

versity of Glasgow, Glasgow, Scotland, UK) were used
to create a phenogram showing the relationships of the
5′ UTRs of the eight BVDV2 isolates. Three distinct clustering relationships were identified. One cluster consisted
of the high virulence isolates 890, NY93, 23025 and 17583,
while a second cluster encompassed three of the four low
virulence isolates (17011, 5521, 713). BVDV2 7937 is distantly related to each of the other two clusters.
Discussion
Using a bicistronic reporter expression system, we evaluated the in vitro and in vivo translational efficiency of
eight BVDV2 5′ UTRs varying in virulence in RRL, and
in primate and bovine cell lines. These BVDV2 isolates
have been previously grouped into low and high virulence based upon clinical histories and experimental infections (Bolin and Ridpath, 1992, Kelling et al., 1990,
Kelling et al., 2002 and Odeón et al., 1999). The 5′ UTR of
each of the eight BVDV2 isolates evaluated in this study
has been previously characterized by sequence analy-

sis and found to have greater than 92.5% sequence identity (Topliff and Kelling, 1998). Despite this high degree
of identity, significant differences in translational efficiencies between isolates were observed in the different
cell lines examined indicating the importance of subtle
changes in the primary and secondary structures.
The high virulence isolates had a significantly (P <
0.05) increased translational efficiency compared to the
low virulence isolates in the BL-3 cells, a bovine lymphocyte cell line. In BL-3 cells, three out of four high virulence isolates translated with greater efficiency than
did the low virulence isolates. The BVDV2 isolates in
our study, grouped as high virulence, were all recovered from clinical cases of fatal, peracute infections and
have been shown experimentally to induce severe disease (Bolin and Ridpath, 1992, Kelling et al., 2002 and
Odeón et al., 1999). BVDV is a lymphotropic virus having an affinity for leukocytes (Truitt and Schechmeister,
1973). The virus targets lymphoid organs throughout
the body resulting in variable degrees of lymphocytolysis and lymphoid depletion. Kelling et al. (2002) com-
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pared the virulence of 17011, 713, 5521, 23025, and 17583
in 6- to 9-month-old calves. The calves inoculated with
23025 and 17583 (high virulence isolates) developed
more severe clinical disease characterized by fever, diarrhea, more severe lymphopenia and more severe lymphoid depletion and atrophy of the thymus, than calves
inoculated with the low virulence isolates (17011, 713,
5521). The lesions reported by Kelling et al. (2002) are
consistent with the results of other studies involving
the high virulence isolates 890 (Bolin and Ridpath, 1992)
and NY93 (Odeón et al., 1999). Consistent with the behavior of the low virulence isolates, isolate 7937 caused
only mild disease in experimentally infected gnotobiotic
calves (Marshall et al., 1996). Thus, the lymphotropism
of BVDV and the observed higher translational efficiencies in bovine lymphocytes in the present study are consistent with the more severe disease induced by the high
virulence BVDV2 isolates.
There was a significant difference (P > 0.05) in translational efficiencies between the low and high virulence
isolates in all assays, with the exception of RD420 cells.
In RRL, CV-1, and BT cells, where statistically significant differences between low and high virulence groups
exist, the BVDV2 isolate with the greatest translational
efficiency varied, but consistently belonged to the low
virulence group. The least efficient isolate in RRL, CV1, BT, and RD420 cells, was either 890 or 23025, members of the high virulence group. In the BL-3 cells, the
high virulence isolate 23025 translated with the greatest
efficiency, while the low virulence isolate 713 translated
with the least efficiency.
BVDV infection and replication occurs in the cytoplasm of the target cell. In the T7-promoter system, transcription and translation occur totally within the cytoplasm, similar to that which occurs within the host cell
during infection with BVDV. Thus, the results obtained
using the T7-promoter system mimic translation in cells
infected with BVDV.
The secondary structural analysis of our BVDV2 isolates demonstrated a well-conserved IRES element between the isolates, but minor differences in the secondary structure upstream from the IRES element. Our
results and the reports in other viral systems (HCV and
picornaviruses) support our hypothesis that relatively
subtle differences in primary and secondary structures
may have profound effects on translational efficiency
(Buratti et al., 1997, Collier et al., 1998, Laporte et al., 2003
and Martínez-Salas et al., 1993).
Similar to what has been reported in HCV and picornaviruses, the difference in translation efficiencies
of our BVDV2 isolates in different cells lines and in vitro strongly suggests that IRES activity is influenced by
the interaction of the IRES element with eukaryotic initiation factors (eIFs) and IRES-specific cellular transacting factors (ITAFs) which may be distributed differently in different cell types (Ali et al., 2000, Buratti et al.,
1998 and Pilipenko et al., 2000). The observation that
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the translational efficiencies of the high virulence isolates were greater than the low virulence isolates in BL3 cells, a bovine lymphocyte cell line, compared to that
observed in the other cell lines, suggests that there may
be eIFs and ITAFs unique to BL-3 cells that influence tissue tropism, thus affecting disease pathogenesis.
The effect of viral-specific proteins and/or the 3′ UTR
on IRES-dependent translation efficiency was not evaluated in this study, but has been evaluated in other viral systems. Imbert et al. (2003) showed that HCV IRESmediated translation was not altered by the genomic 3′
UTR alone or in the presence of HCV structural or nonstructural proteins. However, De Quinto et al. (2002) and
Edgil et al. (2003) showed that the 3′ UTR of foot-andmouth disease virus and dengue virus, respectively, did
influence viral translation; therefore, we cannot rule out
the potential for other genomic regions influencing the
BVDV IRES function during the course of an infection.
The IRES element of BVDV2 isolates varying in virulence has variable translational activity depending on the
cell line used. The results suggest that the difference in
translational efficiency is dependent on the primary and
secondary structure of the 5′ UTR, specifically the IRES
element, acting alone and/or interacting with factors distributed differently in cell lines. The replication cycle of
BVDV, like HCV (Kamashita et al., 1997), is complex with
translational efficiency being only one part of the complete replication cycle. As indicated by the studies mentioned above, numerous factors interact with one another
and the IRES element to influence the translational efficiency of a virus. Individual cell lines containing different assortments and quantities of factors may influence
BVDV IRES function, thus influencing tissue tropism and
disease pathogenesis. Our data are in agreement with
previous reports on HCV and picornaviruses demonstrating different translational activities in different cell
lines. Evaluating the translational efficiencies of BVDV2
isolates varying in virulence provides a basis for understanding the pathogenesis of BVDV2 infection in cattle.
Materials and methods
Reporter plasmid construction
The pBiSpe plasmid was created by the insertion of a
SpeI linker into the BamHI site of pBi, a bicistronic reporter plasmid (Chon et al., 1998). Each of the BVDV2 5′
UTRs was amplified and cloned into pCR2.1 as previously described (Topliff and Kelling, 1998). The 5′UTR
of each BVDV2 isolate consisted of nucleotides 30 to 386,
the authentic initiation codon. Nucleotides 10–29 of the
5′ UTR correspond to primer P5 based on the BVDV1NADL sequence with a KpnI restriction site incorporated five bases from the 5′ end. The 3′ end of the fragment consists of the primer P6 designed to include the
first six amino acids of the BVDV1-NADL Npro region
as well as an XbaI restriction site incorporated six bases
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from the 5′ end. Each of the BVDV2 5′ UTRs was excised
from pCR2.1 using ApaI and SpeI and inserted into the
ApaI–SpeI site of pBiSpe. The pBiSpe/BVDV2 plasmids
have the 5′ UTR IRES inserted in the intercistronic region between the CAT and LUC coding regions. The authentic 5′ UTR initiation codon and the start codon of
the LUC gene are separated by 27 amino acids, the first
six amino acids contributing to the Npro coding region
of the BVDV1-NADL genome. The CAT-5′UTR-LUC
region was then excised using HindIII, StuI, and NdeI.
The HindIII–StuI fragment was then subcloned into
pcDNA3.1 at the HindIII–EcoRV site. The resulting plasmids are referred to as pcDNA3.1/CATBVDV2LUC. A
control plasmid, pcDNA3.1/Bi5′BVD was constructed
by digesting pBi5′BVD (Chon et al., 1998) with HindIII,
SalI, and NdeI and inserting the HindIII–SalI fragment
into pcDNA3.1 digested with HindIII–XhoI. The plasmid pcDNA3.1/Bi5′BVD contains the BVDV1 NADL-5′
UTR and Npro region (Chon et al., 1998).
DNA sequencing
The 5′UTR junction with the LUC coding region of
pcDNA3.1/CATBVDV2LUC plasmids were sequenced
using the dideoxy-chain termination method (Sequenase Version 2.0 DNA Sequencing Kit, USB Corporation, Cleveland, OH) and the primer LUC REV
(5′-AGCTTCTGCCAACCGAACGGACA-3′),
complementary to the LUC coding region 1554–1579 of pGEMLUC (Promega). All plasmids were in the correct open
reading frame with the LUC gene.
Cells and viruses
BT cells (bovine turbinate) were obtained from the National Veterinary Services Laboratory, USDA, Ames,
IA. CV-1(African green monkey kidney, CCL-70), RD
420 (a bovine testicular cell line transformed with SV40)
and BL-3 (bovine lymphocytes, CRL-8037) cells were
provided by Dr. Ruben Donis, University of Nebraska,
Lincoln, Nebraska. The BT, CV-1 and RD420 cell lines
were maintained in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% equine serum. BL3 cells were maintained in RPMI 1640 medium supplemented with 2 mM L-glutamine, 10% fetal bovine serum and 50 μg/ml Gentamicin (Sigma Chemical Co., St.
Louis, MO). All cell lines were incubated at 37 °C in a
humidified incubator with 5% CO2.
The BVDV2 isolates have been previously described
(Topliff and Kelling, 1998). Recombinant vaccinia virus
expressing the T7 RNA polymerase (vTF7-3) was kindly
provided by Dr. Bernard Moss, National Institutes of
Health, Bethesda, MD.
In vitro transfection assay
In vitro transcription/translation was performed using the TNT T7 Coupled Reticulocyte Lysate System
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(Promega) according to the manufacturer’s directions.
Briefly, a reaction mixture consisting of: 1 μg of plasmid
DNA, 25 μ1 TNT Rabbit Reticulocyte Lysate, 2 μ1 TNT
Reaction Buffer, 1 μl TNT T7 RNA polymerase, 0.5 μl
Amino Acid Mixture minus Leucine, 0.5 μl Amino Acid
Mixture minus Methionine (1 mM), 1 μl RNasin Ribonuclease Inhibitor (40 U/μl) and nuclease-free water to a
final volume of 50 μl was incubated at 30 °C for 90 min.
Following incubation, the lysate was split into protein,
LUC and CAT aliquots and stored at −80 °C. The protein concentration of the reactions was determined using the BCA Protein Assay Kit (Pierce, Rockford, IL).
LUC and CAT assays were performed as described elsewhere (see Reporter Enzyme Analysis).
In vivo transfection assay
Cells were seeded onto 12-well tissue culture plates 24 h
before transfection so as to reach 90–95% confluency at
the time of transfection. Cells were infected with the recombinant vaccinia virus, vTF7-3, at an input multiplicity of 5, and incubated for 1 h. Following infection, the
cells were then washed with DMEM without serum and
transfected with 0.5 μg of each of the bicistronic plasmids using a cationic-liposome reagent (LipofectAMINE
PLUS, Invitrogen, Carlsbad, CA) according to the manufacturer’s suggestions and incubated at 37 °C and 5%
CO2 for 2 h. Following transfection, the medium containing the DNA–lipid complexes was removed and the
cells supplemented with 1 ml DMEM and 10% equine or
fetal bovine serum and incubated for an additional 18 h.
Each transfection experiment was repeated a minimum
of three times.
Reporter enzyme analysis
Cell extracts were prepared using a 1× reporter lysis
buffer (Promega) according to the manufacturer’s directions. Protein concentration of duplicate cell lysate
samples was determined using the BCA Protein Assay
Kit (Pierce) according to the manufacturer’s directions.
Samples for CAT and LUC activities were normalized
to the amount of protein measured in the cell extracts.
CAT activity was determined by the liquid scintillation
assay as directed by the manufacturer in duplicate reaction mixtures (Promega). Briefly, duplicate reaction
mixtures containing cell extract, 14C-chloramphenicol,
N-butyryl-Coenzyme A in a total volume of 125 μl was
incubated at 37 °C for 90 min. The reactions were terminated by the addition of 300 μl of mixed xylenes (Aldrich Chemical Co., Milwaukee, WI). Following centrifugation, the entire upper phase (xylene) was transferred
to a fresh tube and back extracted again using 100 μl of
0.25M Tris–HCl, pH 8.0. Following the second back extraction, 200 μl of the upper xylene phase was transferred to a scintillation vial containing 5 ml of scintillation fluid and the counts per minute were measured in
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the duplicate samples. Luciferase enzyme activity was
measured using a Luciferase Assay System (Promega)
according to manufacturer’s directions. Light emission
of duplicate samples was determined with a TOP Count
plate luminometer.
Western blot analyses
A portion of the in vitro transcription/translation samples were separated by discontinuous SDS-PAGE electrophoresis, transferred onto a nitrocellulose membrane
and proteins labeled with rabbit anti-CAT antiserum
(Invitrogen) or goat anti-LUC antibody (Promega), followed by alkaline phosphatase-labeled goat anti-rabbit IgG (H&L) or rabbit anti-goat IgG (H and L) (Vector
Laboratories, Burlingame, CA), respectively, as the secondary antibody. Antibody binding was detected using
5-bromo-4-chloro-3-indolyle-phosphate/nitroblue tetrazolium substrate (KPL, Gaithersburg, MD).
Computer and statistical analyses
A folding algorithm, MFOLD (GCG Software Package,
Version 10.2, Genetics Computer Group) (Zuker, 1989)
was used to predict the optimal secondary structure of
the eight BVDV2 5′ UTRs. The evolutionary tree was
predicted using PHYLIP (Phylogeny Inference Package,
Version 3.6a3, J. Felenstein, University of Washington)
and viewed using TREEVIEW (TreeView, Version 1.6,
R. D. M. Page, University of Glasgow).
Relative translational efficiencies of in vitro and in
vivo IRES activities of each isolate was tested for statistical significance (P ≤ 0.05) across the isolates using
analysis of variance (ANOVA) for a randomized complete block experimental design, mean comparisons and
contrasts.
Acknowledgments
This work was supported by The Center for Biotechnology, University of Nebraska; United States Department
of Agriculture Animal Health Funds, the Nebraska Agricultural Experiment Station and a University of Nebraska Graduate Fellowship.
References
Ali et al., 2000 — N. Ali, G. J. M. Pruijn, D. J. Kenan, J. D.
Keene and A. Siddiqui, Human La Antigen is required for
the hepatitis C virus internal ribosome entry site-mediated
translation, J. Biol. Chem. 275 (2000), pp. 27531–27540.

355

Buratti et al., 1998 — E. Buratti, S. Tisminietzky, M. Zotti and
F. E. Baralle, Functional analysis of the interaction between
HCV 5′ UTR and putative subunits of eukaryotic translation initiation factor eIF3, Nucleic Acids Res. 26 (1998), pp.
3179–3187.
Chon et al., 1998 — S. K. Chon, D. R. Perez and R. O. Donis, Genetic analysis of the internal ribosome entry segment of bovine viral diarrhea virus, Virology 251 (1998), pp.
370–382.
Collett et al., 1988 — M. S. Collett, R. Larson, S. K. Belzer and
E. Retzel, Proteins encoded by bovine viral diarrhea virus:
the genomic organization of pestivirus, Virology 165 (1988),
pp. 200–208.
Collier et al., 1998 — A. J. Collier, S. Tang and R. M. Elliott,
Translation efficiencies of the 5′ untranslated region from
representatives of the six major genotypes of hepatitis C virus using a novel bicistronic reporter assay system, J. Gen.
Virol. 79 (1998), pp. 2359–2366.
De Quinto et al., 2002 — S. L. De Quinto, M. Sáiz, D. De La
Morena, F. Sobrino and E. Martínez-Salas, IRES-driven
translation is stimulated separately by the FMDV 3′-NCR
and poly(A) sequences, Nucleic Acids Res. 30 (2002), pp.
4398–4405.
Deng and Brock, 1993 — R. Deng and K. V. Brock, 5′ and 3′
untranslated regions of pestivirus genome: primary and
secondary structure analyses, Nucleic Acids Res. 21 (1993),
pp. 1949–1957.
Edgil et al., 2003 — D. Edgil, M. S. Diamond, K. L. Holden,
S. M. Paranjape and E. Harris, Translation efficiency determines differences in cellular infection among dengue virus
type 2 strains, Virology 317 (2003), pp. 275–290.
Imbert et al., 2003 — I. Imbert, M. Dimitrova, F. Kien, M. P.
Kieny and C. Schuster, Hepatitis C virus IRES efficiency is
unaffected by the genomic RNA 3′NTR even in the presence of viral structural or non-structural proteins, J. Gen.
Virol. 84 (2003), pp. 1549–1557.
Jackson et al., 1990 — R. J. Jackson, M. T. Howell and A. Kaminske, The novel mechanism of initiation of picornavirus RNA translation, Trends Biochem. Sci. 15 (1990), pp.
477–483.
Kamashita et al., 1997 — N. Kamashita, K. Tsukiyama-Kohara, M. Kohara and A. Nomoto, Genetic analysis of internal ribosomal entry site on hepatitis C virus RNA: Implication for involvement of the highly ordered structure and
cell type-specific transacting factors, Virology 223 (1997),
pp. 9–18.
Kelling et al., 1990 — C. L. Kelling, L. C. Stine, M. S. Rump,
R. E. Parker, M. S. Kennedy, R. T. Stone and G. S. Ross, Investigation of bovine viral diarrhea virus infections in a
range beef cattle herd, J. Am. Vet. Med. Assoc. 197 (1990),
pp. 589–593.

Bolin and Ridpath, 1992 — S. R. Bolin and J. F. Ridpath, Differences in virulence between two noncytopathic bovine
viral diarrhea viruses in calves, Am. J. Vet. Res. 53 (1992),
pp. 2157–2163.

Kelling et al., 2002 — C. L. Kelling, D. J. Steffan, C. L. Topliff,
K. M. Eskridge, R. O. Donis and D. S. Higuchi, Comparative virulence of isolates of bovine viral diarrhea virus
type II in experimentally inoculated six-to nine-month-old
calves, Am. J. Vet. Res. 63 (2002), pp. 1379–1384.

Buratti et al., 1997 — E. Buratti, M. Gerotto, P. Pontisso, A.
Alberi, S. G. Tisminetzky and F. E. Baralle, In vivo translational efficiency of different hepatitis C virus 5′-UTRs,
FEBS Lett. 411 (1997), pp. 275–280.

Laporte et al., 2003 — J. Laporte, C. Bain, P. Maurel, G.
Inchauspe, H. Agut and A. Cahour, Differential distribution and internal translation efficiency of hepatitis C virus

356

Topliff, Chon, Donis, Eskridge, & Kelling
quasispecies present in dendritic and liver cells, Blood 101
(2003), pp. 52–57.

Marshall et al., 1996 — D. J. Marshall, R. A. Moxley and C. L.
Kelling, Distribution of virus and viral antigen in gnotobiotic calves 10 days postinoculation with bovine viral diarrhea virus, Vet. Pathol. 33 (1996), pp. 311–318.
Martínez-Salas et al., 1993 — E. Martínez-Salas, J-C. Sáiz, M.
Dávila, G. J. Belsham and E. Domingo, A single nucleotide
substitution in the internal ribosome entry site of foot-andmouth disease virus leads to enhanced cap-independent
translation in vivo, J. Virol. 67 (1993), pp. 3748–3755.
Murphy et al., 1995 — F. Murphy, C. Famfuet, D. Bishop,
S. Ghabrial, A. Jarvis, G. Martelli, M. Mayo and M. Summers, Virus taxonomy, sixth report on taxonomy of the international committee on taxonomy of viruses, Arch. Virol.,
Suppl. 10 (1995), pp. 415–427.

in

V i r o l o g y 331 (2005)

Pilipenko et al., 2000 — E. V. Pilipenko, T. V. Pestova, V. G.
Kolupaeva, E. V. Khitrina, A. N. Poperechnaya, V. I. Agol
and U. T. Hellen, A cell cycle-dependent protein serves as
a template-specific translation initiation factor, Genes Dev.
14 (2000), pp. 2028–2045.
Qi et al., 1992 — R. Qi, J. F. Ridpath, T. Lewis, S. R. Bolin and
E. S. Berry, Analysis of the bovine viral diarrhea virus genome for possible cellular insertions, Virology 189 (1992),
pp. 285–292.
Ridpath et al., 1994 — J. F. Ridpath, S. R. Bolin and E. J.
Dubovi, Segregation of bovine viral diarrhea virus into
genotypes, Virology 205 (1994), pp. 66–74.
Topliff and Kelling, 1998 — C. L. Topliff and C. L. Kelling,
Virulence markers in the 5′ untranslated region of genotype 2 bovine viral diarrhea virus isolates, Virology 250
(1998), pp. 164–172.

Odeón et al., 1999 — A. C. Odeón, C. L. Kelling, D. G. Marshall, E. S. Estela, E. J. Dubovi and R. O. Donis, Experimental infection of calves with bovine viral diarrhea virus genotype II NY93, J. Vet. Diagn. Invest. 11 (1999), pp. 221–229.

Truitt and Schechmeister, 1973 — R. L. Truitt and I. L.
Schechmeister, The replication of bovine viral diarrheamucosal disease occurs in bovine leukocytes in vitro, Arch.
Gesamte Virusforsch. 42 (1973), pp. 78–87.

Pellerin et al., 1994 — C. Pellerin, J. Van Den Hurk, J. Lecomte
and P. Tijssen, Identification of a new group of bovine viral diarrhea virus strains associated with severe outbreaks
and high mortalities, Virology 203 (1994), pp. 260–268.

Tsukiyama-Kohara et al., 1992 — K. Tsukiyama-Kohara, N.
Iiauka, M. Kohara and A. Nomota, Internal ribosome entry site within hepatitis C virus RNA, J. Virol. 66 (1992), pp.
1476–1483.

Pestova and Hellen, 1999 — T. V. Pestova and C. U. Hellen,
Internal initiation of translation of bovine viral diarrhea virus RNA, Virology 258 (1999), pp. 249–256.

Zuker, 1989 — M. Zuker, On finding all suboptimal foldings
of an RNA molecule, Science 244 (1989), pp. 48–52.

