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RNA 2 of soil-borne wheat mosaic virus (SBWMV), the type species of the genus Furovirus, encodes a protein
previously hypothesized to be initiated at an in-frame non-AUG codon upstream of the AUG initiation codon
(nucleotide positions 334 to 336) for the 19-kDa capsid protein. Site-directed mutagenesis and in vitro
transcription and translation analysis indicated that CUG (nucleotides 214 to 216) is the initiation codon for
a protein with a calculated molecular mass of 25 kDa composed of a 40-amino-acid extension to the N terminus
of the 19-kDa capsid protein. A stable deletion mutant, which was isolated after extensive passages of a
wild-type SBWMV, contained a mixture of two deleted RNA 2’s, only one of which coded for the 25-kDa protein.
The amino acid sequence of the N-terminal extension was moderately conserved and the CUG initiation codon
was preserved among three SBWMV isolates from Japan and the United States. This amino acid sequence
conservation, as well as the retention of expression of the 25-kDa protein in the stable deletion mutant,
suggests that the 25-kDa protein is functional in the life cycle of SBWMV. This is the first report of a non-AUG
translation initiation in a plant RNA virus genome.

Soil-borne wheat mosaic virus (SBWMV) is the type species
of the genus Furovirus (8). The group is characterized by trans-
mission through plasmodiophoraceous fungus in soil and a
divided plus-sense RNA genome, with each RNA individually
encapsidated into rigid rod-shaped particles (7, 35). The SB-
WMV genome consists of two RNA species, RNA 1 (7,099
nucleotides) and RNA 2 (3,593 nucleotides), both of which
have been sequenced from a U.S. (Nebraska) isolate (34).
From the 59 terminus, RNA 1 codes for N-terminal overlap-
ping 150-kDa and 209-kDa proteins thought to be the viral
RNA polymerase and a 37-kDa putative cell-to-cell-movement
protein. Similarly, RNA 2 codes for the 19-kDa capsid protein,
the UGA termination codon of which is periodically read
through, at 10 to 20% efficiency, to produce an 84-kDa protein
thought to be required for virus transmission by the plasmo-
diophoraceous fungus Polymyxa graminis (32). In the case of
beet necrotic yellow vein virus, it has been experimentally
shown that the capsid readthrough region is required for trans-
mission by fungus (36, 37). A 19-kDa cysteine-rich protein that
may function in regulation of RNA replication based on the
putative function of similar proteins from related viruses (14,
16, 27) is encoded by the 39-proximal open reading frame (see
Fig. 1A).

In addition to the proteins defined from the nucleotide se-
quences, a protein of 28 kDa (28K protein) (as estimated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
[SDS-PAGE]) was produced by the SBWMV RNA 2 in vitro
as well as in virus-infected wheat tissues (17, 33). The protein
reacted with antisera against SBWMV virions, suggesting that
the protein is a component of the virion or shares epitopes with
the capsid protein. In vitro transcription and translation anal-

ysis showed that transcripts starting at RNA 2 nucleotide po-
sition 159 expressed the 28K protein in addition to the 19-kDa
capsid and 84-kDa readthrough proteins, whereas those start-
ing at nucleotide 256 did not produce the 28K protein but did
express the capsid and readthrough proteins (34). This result
implied that the 28K protein arose not from posttranslational
modification of the 19-kDa capsid protein but from translation
initiation at an in-frame non-AUG upstream from the capsid
protein initiation codon at nucleotides 334 to 336. Since there
is an upstream in-frame UAG termination codon at nucleo-
tides 184 to 186, it was hypothesized that a non-AUG initiation
codon for the 28K protein was located between nucleotides
187 and 256 (34).

Non-AUG translation initiation has been reported for both
procaryotic and eucaryotic cellular gene expression (21, 22,
26), as well as from adeno-associated parvovirus (2), murine
leukemia retrovirus (28), and Sendai paramyxovirus (13)
genes. GUG, ACG, and CUG codons are generally used as
non-AUG initiation codons in animal cells (3). It was reported
that efficiency of translation initiation at non-AUG codons
depends on the context just as for the AUG codon, i.e., a
purine at 23 and a G at 14 (22, 23). Within this context, a
GUG codon was reported to be the most efficient initiator in
mammalian cells. The importance of positions 15 (A) and 16
(U) has also been reported (3). On the other hand, in plant
cells transient-expression analysis showed that CUG was the
next most efficient initiator after AUG (15). Furthermore, it
has been shown that AUU also functions as a translation ini-
tiator in plant and insect cells (1, 30).

This study was performed to identify the non-AUG initia-
tion codon for the 28K polypeptide observed in vivo and in
vitro initiating upstream from the SBWMV capsid protein
gene.

In vitro mutagenesis of CUG and GUG codons upstream
from the capsid protein gene. A full-length SBWMV RNA 2
cDNA of the Nebraska isolate (1988) was cloned downstream
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from the bacteriophage T7 RNA polymerase promoter in
pGEM3Z (Promega) as follows. RNA 2 cDNA was synthe-
sized with avian myeloblastosis virus reverse transcriptase (Life
Sciences) from the 39 end with the primer 59-TGCTCTAGAT
GGGCCGGATAACCCTCCGG-39, in which the 6 underlined
bases identify an XbaI site for linearization of the template
DNA and the 20 bases in boldface type are complementary to
the 39-terminal sequence of SBWMV RNA 2. The 3.6-kb
cDNA was made double stranded with Escherichia coli DNA
polymerase I (Pharmacia) and RNase H (Pharmacia), flush-
ended with T4 DNA polymerase (Pharmacia), digested with
XbaI, and ligated into SmaI-XbaI-restricted pGEM3Z. For
cloning the 59-terminal region, including an upstream T7 RNA
polymerase promoter sequence, cDNA was synthesized with a
minus-sense primer annealing to nucleotides 113 to 131 and
amplified by PCR with Taq DNA polymerase (Promega) by
use of an additional plus-sense, upstream primer, 59-GGCAT
ATGTAATACGACTCACTATAGTATTTCTTCTTCACATAC
GACA-39, in which the 6 underlined bases are a unique NdeI
site, the 17 italicized bases are the T7 RNA polymerase pro-
moter sequence, and the 23 boldface bases are the 59-terminal
23 nucleotides of SBWMV RNA 2. The PCR products were
digested with NdeI and HpaI at nucleotide 26 and ligated into
an NdeI-HpaI-cut vector DNA which contains the cDNA insert
ranging from the HpaI site to the 39 terminus with an extra
XbaI site. The nucleotide sequence of the resulting full-length
cDNA clone, pSW2.4, was determined by dideoxy sequencing
and confirmed to be identical to the sequence of the 1981
Nebraska isolate (34).

Figure 1A shows the genome organization of SBWMV RNA
2. Figure 1B shows the nucleotide and amino acid sequences
between nucleotides 184 and 345, including the 59-terminal
region of the capsid protein gene. Between nucleotides 187
and 256, there are three CUG triplets at positions 214 to 216,
250 to 252, and 256 to 258, one GUG triplet at position 244 to
246, and no ACG or AUU codon (Fig. 1B). Of the three CUG
codons, only the one at positions 214 to 216 is in the preferred

context, i.e., G at both 23 and 14 positions as well as A at 15
and U at 16. Given this, the U at position 215 was replaced
with an A, changing the potential CUG start codon to CAG, by
in vitro mutagenesis (24). Similarly, U at position 245 was
replaced with A or C to replace the GUG codon at position
244 to 246 with GAG or GCG, respectively. Mutant plasmid
DNA was linearized with XbaI and transcribed in vitro with T7
RNA polymerase (Pharmacia) in the presence of a cap analog
(New England Biolabs). In vitro transcripts were translated in
vitro in rabbit reticulocyte lysates (Promega) in the presence
of [35S]methionine (1,200 Ci/mmol; Amersham). Translation
products were separated in an SDS–12.5% polyacrylamide gel
and visualized by fluorography using sodium salicylate (9).

Figure 2 shows in vitro translation products directed by in
vitro transcripts from wild-type and different mutant con-
structs. From the wild-type transcripts, the 19-kDa capsid pro-
tein, 28K protein, and 84-kDa capsid readthrough protein (84-
kDa CP/RT) were expressed (lane 1). When nucleotide 215
was changed from a U to an A, resulting in replacement of the
CUG with CAG, the capsid and 84-kDa readthrough proteins
were produced but 28K protein was no longer expressed (lane
2). By contrast, when U at position 245 was substituted with A
or C, resulting in replacement of the GUG with GAG or GCG,
respectively, the 28K protein was expressed in addition to the
capsid and 84-kDa readthrough proteins (lanes 3 and 4). Two
or three extra, faint products detected between the 28K pro-
tein and the 84-kDa readthrough protein probably initiated
internally at AUG codons downstream from the opal (UGA)
termination codon for the capsid protein gene as previously
described (34). Accumulation of these additional translation
products varied among different translations and depended on
batches of reticulocyte lysates as well as in vitro transcripts.
This result indicates that the CUG codon at position 214 to 216
is the initiation codon for the 28K polypeptide, with the cal-
culated molecular mass of 25 kDa. Hereafter the 28K protein
is referred to as the 25-kDa protein.

FIG. 1. (A) Genome organization of SBWMV RNA 2. Horizontal boxes indicate open reading frames. A filled diamond above the horizontal box identifies the
location of a UGA codon at the end of the capsid protein gene, which is periodically read through to produce an 84-kDa protein. (B) Nucleotide (lowercase) and amino
acid (uppercase, below each codon) sequences from nucleotides 184 to 345 of the wild-type RNA 2 of the U.S.-Nebraska isolate. Three CTG triplets, one GTG triplet,
and the ATG capsid initiation codon are indicated by upper lines. A T at position 215 was replaced with A, and a T at position 245 (identified with black dots) was
replaced with A or C by site-directed, in vitro mutagenesis. An asterisk under positions 184 to 186 represents a termination codon. The initiation codon for the capsid
protein is at positions 334 to 336.
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Synthesis of the 25-kDa protein from the Lab 1 deletion
mutant RNA 2. SBWMV generates spontaneous deletion mu-
tants when wild-type virus is maintained or passaged in wheat
plants for prolonged periods at around 17°C (10–12, 17, 31–
33). A stable deletion mutant, the Lab 1 isolate, was isolated
from a wild-type infection originating in an infested field in
Nebraska in 1975 after successive mechanical transfers in
wheat plants (Triticum aestivum L., cultivar Michigan Amber)
for 2 years in a growth cabinet (5, 6). Previously, it was shown
that the 25-kDa protein is produced by the Lab 1 isolate in
amounts similar to those of the wild-type virus both in vivo and
in vitro (17). To verify the 25-kDa protein-encoding sequence
and to identify deletion sites in the Lab 1 mutant genome, the
complete nucleotide sequence of the Lab 1 RNA 2 was deter-
mined from two cDNA clones, p706 and p715, and from viral
RNA for the 59-terminal region as previously described (34)
(Fig. 3A). In the 59-terminal region upstream from the capsid
protein gene, there were two single nucleotide deletions, a U
from a U trimer (wild-type nucleotides 144 to 146) and another
U from a U dimer (nucleotides 332 to 333), the latter of which
was located immediately upstream of the capsid protein gene
initiation codon. When another 10 independent cDNA clones
were further examined for these two deletions, a U was deleted
from nucleotides 144 to 146 in all 10 clones. Three clones
retained the U dimer at nucleotides 332 to 333, whereas 7
clones had the U deletion, as was shown in clones p706 and
p715. On the other hand, in the capsid-readthrough region,
there were a 108-nucleotide (wild-type nucleotide positions
866 to 973), in-frame deletion, beginning one C residue after
the capsid protein UGA termination codon, and a 1,058-nu-
cleotide deletion (wild-type nucleotide positions 1469 to 2526)
in the C-terminal region, resulting in truncation of the wild-
type 84-kDa readthrough protein to 39 kDa (Fig. 3A). Thus, in
the deleted capsid-readthrough polypeptide, only the wild-type
amino acid at positions 214 to 378 (the position 1 is the capsid
N terminus) was fused to the C terminus of the capsid protein.
There were no further nucleotide deletions in the 39-terminal
region.

The Lab 1 cDNA clone p706, which had deletions of the two
single U’s, was transcribed in vitro with the upstream T7 pro-
moter, and the resulting transcripts were translated in vitro in
rabbit reticulocyte lysates. Compared with the wild-type trans-

lation products (Fig. 3B, lane 1), the p706 transcripts directed
synthesis of only the 19-kDa capsid protein and the capsid
readthrough protein with a calculated molecular mass of 39
kDa but not the 25-kDa polypeptide (lane 2). Deletion of the
U immediately upstream of the AUG capsid initiation codon
causes a frameshift of the translation initiated at the CUG
codon, resulting in termination of translation at the third
amino acid after the deletion. From these results, it appears
that the Lab 1 isolate is a mixture of two mutants, only one of
which codes for the 25-kDa protein.

Conservation of the amino acid sequences in the N-ter-
minal extension. To examine conservation of the amino acid
sequences in the N-terminal extension among isolates of
SBWMV from different geographic regions, nucleotide se-
quences of the 59-terminal 0.9 kb of RNA 2 were determined
from the wild-type, nondeleted forms of an Illinois isolate from
1990 (a kind gift from Adriana Hewings, University of Illinois,
Urbana) and a Japanese isolate, JT, from 1982 (33). Figure 4
shows nucleotide and amino acid sequence alignments of the
three isolates in the 59-terminal untranslated region (59 UTR,
panel A), the 120-nucleotide N-terminal extension region
(panel B), and the capsid protein gene (panel C). Table 1
shows percent identities among the three isolates in each re-
gion at the nucleotide and amino acid levels. In the three

FIG. 2. [35S]methionine-labelled in vitro translation products in rabbit re-
ticulocyte lysates analyzed by SDS–12.5% PAGE and fluorography. Translation
was directed with in vitro transcripts from the wild-type full-length cDNA con-
struct pSW2.4 (lane 1) and from mutant constructs in the pSW2.4 background
with T2153A (lane 2), T2453A (lane 3), and T2453C (lane 4) substitutions.
The 25-kDa N-terminal extension and capsid protein marker (N-ext/CP) in the
right margin indicates the position of the 28K protein. RT, readthrough protein.

FIG. 3. Comparison of the Lab 1 deletion mutant RNA 2 and the wild-type
RNA 2. (A) Genome organization of the Lab 1 deletion mutant RNA 2 com-
pared with that of the wild-type RNA 2. The nucleotide sequence was deter-
mined from two independent cDNA clones, and both had single-nucleotide
deletions at positions 144 and 332 and 108-nucleotide and 1,058-nucleotide
deletions from the wild-type sequence. The single-nucleotide deletion at position
332 (asterisk) was found in 7 of 10 independent cDNA clones, whereas that at
position 144 occurred in all 10 clones. (B) [35S]methionine-labelled in vitro
translation products of the wild-type RNA 2 transcripts from pSW2.4 (lane 1)
and the Lab 1 deletion mutant RNA transcripts from p706 (lane 2) in rabbit
reticulocyte lysates analyzed by SDS–12.5% PAGE and fluorography. N-ext/CP,
N-terminal extension and capsid protein. RT, readthrough protein.
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regions combined, the Illinois isolate was 89% identical to the
Nebraska isolate at the nucleotide level while there was 68%
identity between the Japanese isolates and either of the two
U.S. isolates. In both the Illinois and Japanese isolates, there
was a CUG codon 120 nucleotides upstream from the capsid
protein AUG initiation codon, similar to the Nebraska isolate.
Significant amino acid sequence identities were found in the
N-terminal extension region among the three isolates (Table
1). The N-terminal extension was rich in charged amino acids,
particularly in the N-terminal half, whereas the C-terminal

region preceding the capsid protein possessed clusters of hy-
drophobic amino acids in all three isolates (Fig. 4B). On the
other hand, the capsid protein was more conserved than the
N-terminal extension at both nucleotide and amino acid levels
among the three isolates. The capsid proteins of the two U.S.
isolates were identical at the amino acid level, while that of the
Japanese isolate was 82% identical to those of the two U.S.
isolates (Fig. 4C and Table 1).

The 25-kDa protein is possibly functional in the SBWMV
life cycle. Previously, it was shown that the 25-kDa protein

FIG. 4. Alignments of nucleotide (lowercase) and translated amino acid (uppercase) sequences in the 59-terminal 0.9-kb region among three SBWMV geographical
isolates from the United States and Japan. (A) The 59-terminal untranslated (UTR) region. (B) The N-terminal extension region to the capsid protein gene. (C) The
capsid protein gene. NE, the U.S. Nebraska isolate, isolated in 1988 in Havelock, Nebr.; IL, the U.S. Illinois isolate, isolated in 1990 in Urbana, Ill.; JT, the Japanese
isolate, isolated in 1982 in Tochigi, Japan. Nucleotides and amino acids in IL and JT sequences identical to those in NE are represented as dots.
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and equivalent proteins were produced not only by wild-type
SBWMV but also by extensively passaged stable deletion mu-
tants (17, 33). Although the Nebraska Lab 1 isolate used in this
study was a mixture of two mutants based on the deletion of a
U at positions 331 to 332, it appeared that there was a selection
pressure preventing the deletion of the U in the RNA 2 pop-
ulation. It is not likely that the U is required for efficient
translation initiation of the capsid protein gene because the
deletion mutant RNA 2 (clone p706) produced a similar
amount of capsid protein compared with the wild type (Fig. 3B,
lanes 1 and 2), and the context surrounding the capsid initia-
tion codon still retained the preferred consensus sequence with
a purine at the 23 position even after the deletion. Rather, the
translated 25-kDa protein itself is probably required for repli-
cation, movement, and/or spreading of the virus. The signifi-
cant amino acid sequence conservation in the N-terminal ex-
tension among the three isolates from different geographic
regions also suggests that the 25-kDa protein is functional in
the SBWMV life cycle. Similarities in the N-terminal extension
at the amino acid level among the three isolates were fewer
than those in the capsid protein, and the N-terminal half of the
extension is highly charged, suggesting that the N-terminal
extension is not as highly structured as the capsid protein.

It is noteworthy that contexts surrounding the CUG codon
as well as the capsid initiation codon in the Japanese isolate do
not have the preferred sequence (3), with a U at 23 in both
codons (Fig. 4A and B). However, it was previously shown that
both the 25-kDa and capsid proteins are translated efficiently
in wheat germ extracts (33), also supporting the argument that
production of the 25-kDa protein may be substantial in the
virus life cycle.

The N-terminal extension of the capsid protein has been
found only in cereal plant-infecting furoviruses such as
SBWMV (17, 33) and sorghum chlorotic spot virus (19). Use of
an in-frame non-AUG translation initiation upstream of the
AUG codon allows for the production of two kinds of C-
terminally identical proteins in different amounts due to dif-
ferent efficiencies in translation initiation at the two sites. On
the other hand, the capsid proteins of the fungus-transmitted
rod-shaped viruses can also be extended C-terminally by par-
tial readthrough of the termination codon (4, 18, 20, 34) or by
frameshift (25). The C-terminal extension to the capsid protein
of beet necrotic yellow vein virus was shown to be required for
virion assembly (29) and transmission by the fungus Polymyxa
betae (36, 37). In the case of the SBWMV Lab 1 isolate, which
was isolated after successive mechanical transfers without a
fungal vector, only an N-terminal portion (165 amino acids
long) in the readthrough region was retained and fused to the
C terminus of the capsid protein. The deleted 39-kDa capsid-

readthrough polypeptide is probably required during virus rep-
lication or spread.

Further investigation of function(s) of the N-terminal exten-
sion as well as the C-terminal extension in the SBWMV life
cycle should be made when infectious transcripts produced in
vitro from full-length cDNAs for both RNA 1 and RNA 2
became available.

Nucleotide sequence accession numbers. The nucleotide se-
quence data reported in this paper will appear in the DDBJ,
EMBL, and GenBank nucleotide sequence databases with the
following accession numbers: D86320 (US-NE Lab1 RNA 2
complete sequence), AB002812 (US-IL wild-type RNA 2, 59-
terminal 0.9 kb), and AB002813 (Japan-JT wild-type RNA 2,
59-terminal 0.9 kb).

I am grateful to James Strauss of the California Institute of Tech-
nology and Peter Day of Rutgers University for their support in this
study and to Myron Brakke for critical reading of the manuscript.
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