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Brome mosaic virus (BMV) is a positive-sense RNA plant virus, the tripartite genomic RNAs of which are
separately packaged into virions. RNA3 is copackaged with subgenomic RNA4. In barley protoplasts coinocu-
lated with RNA1 and RNA2, an RNA3 mutant with a 69-nucleotide (nt) deletion in the 3�-proximal region of
the 3a open reading frame (ORF) was very poorly packaged compared with other RNA3 mutants and wild-type
RNA3, despite their comparable accumulation in the absence of coat protein. Computer analysis of RNA
secondary structure predicted two stem-loop (SL) structures (i.e., SL-I and SL-II) in the 69-nt region.
Disruption of SL-II, but not of SL-I, significantly reduced RNA3 packaging. A chimeric BMV RNA3 (B3Cmp),
with the BMV 3a ORF replacing that of cucumber mosaic virus (CMV), was packaged negligibly, whereas
RNA4 was packaged efficiently. Replacement of the 3�-proximal region of the CMV 3a ORF in B3Cmp with the
3�-proximal region of the BMV 3a ORF significantly improved packaging efficiency, and the disruption of SL-II
in the substituted BMV 3a ORF region greatly reduced packaging efficiency. These results suggest that the
3�-proximal region of the BMV 3a ORF, especially SL-II predicted between nt 904 and 933, plays an important
role in the packaging of BMV RNA3 in vivo. Furthermore, the efficient packaging of RNA4 without RNA3 in
B3Cmp-infected cells implies the presence of an element in the 3a ORF of BMV RNA3 that regulates the
copackaging of RNA3 and RNA4.

Viral RNAs are specifically selected for packaging during
viral infection. Specific packaging occurs through an interac-
tion between viral RNAs and structural coat proteins (CPs).
The specific recognition of viral RNAs by CPs plays a crucial
role in diverse facets of the viral life cycle and in the packaging
event. The binding of CP to specific RNA elements is required
for viral protein translation during infection initiation in alfalfa
mosaic virus (28) and for the regulation of translation and the
initiation of RNA packaging in the RNA phages (38). In ret-
roviruses, nucleocapsid protein is thought to stimulate
genomic RNA dimerization, which is required for efficient
RNA packaging, reverse transcription, and recombination (14,
31). Many plant viruses require RNA packaging for systemic
spread and for cell-to-cell movement (3, 10). Therefore, the
CP-RNA interaction is a critical event in the viral life cycle.
Compared with the characterization of trans-acting factors
such as CP in RNA packaging, however, the RNA elements
involved in specific packaging have not been well characterized
for many viruses. One of the best-characterized RNA elements
is “origin of assembly” of tobacco mosaic virus (36, 40). cis-acting
sequences for RNA packaging have also been demonstrated in
several icosahedral viruses, including flock house virus (39),
Sindbis virus (37), hepatitis B virus (17), the human immuno-
deficiency viruses (2, 14, 22), and turnip crinkle virus (32).

Brome mosaic virus (BMV) is an icosahedral plant RNA
virus and is the type member of the genus Bromovirus in the
family Bromoviridae in the alphavirus-like superfamily (18).
The genome of BMV consists of three species of messenger
sense single-stranded RNA (1). RNA1 (3.2 kb) and RNA2 (2.9
kb), which encode the 1a and 2a replicase proteins, respec-
tively (1, 13, 19), are packaged separately into individual par-
ticles (21). RNA3 (2.1 kb), which encodes the 3a cell-to-cell
movement protein (35), is packaged into a single particle to-
gether with subgenomic RNA4 (0.9 kb) (21). RNA4 is synthe-
sized from the minus strand of RNA3 (25) and encodes CP. CP
is required for packaging, cell-to-cell movement, and the sys-
temic spread of the virus (29, 33, 34).

A highly conserved N-terminal arginine-rich motif in BMV
CP plays an important role in BMV RNA packaging through
RNA-CP interactions (4, 5, 33, 34). The crystallographic struc-
ture of BMV virions has been determined (23). RNA regions
or elements involved in the packaging of BMV RNAs have
been assigned to the coding region of BMV RNA1 by UV
cross-linking and band-shift assays (11) as well as to the 3�-
proximal region of the 3a open reading frame (ORF) in RNA3
(9). The tRNA-like structures (TLS) in the 3�-untranslated
regions of BMV RNAs also play a crucial role in BMV RNA
packaging in vitro (6). In the present study, we delimit a nu-
cleotide sequence required for the efficient packaging of BMV
RNA3 and show that 69 nucleotides (nt) in the 3�-proximal
region of the BMV 3a ORF, especially a predicted stem-loop
structure (30 nt), is essential for the efficient packaging of
BMV RNA3. We also propose the presence of elements in the
BMV 3a ORF that are involved in the regulation of the co-
packaging of RNA3 and RNA4.
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MATERIALS AND METHODS

Plasmid clones. The plasmids pBTF1, pBTF2, and pBTF3WSS5R25 used in
this study contain the full-length cDNAs of BMV RNA1, RNA2, and RNA3,
respectively (8, 9, 26).

Construction of BMV RNA3 mutant clones and in vitro transcription. cDNA
clones for BMV RNA3 mutants with deletions (BR3Ds) or with altered nucle-
otide sequences (stem-loop mutants [SLMs] and control mutant [CM]) (see Fig.
1 and 4) were derived from the plasmid pBTF3WSS5R25 (8). PCR-based in vitro
mutagenesis (15) with appropriate combinations of oligodeoxynucleotide prim-
ers was used to construct the desired cDNAs with appropriate deletions or base
substitutions. The amplified cDNA products of the BR3Ds were digested with
PstI and EcoRI and were cloned into pUC119 (Takara, Otsu, Japan) at the
corresponding enzyme sites. To facilitate subcloning by avoiding the possible
undesired mutations derived from PCR, the cDNA clones were digested with the
appropriate restriction enzymes (ClaI and EcoRI for BR3D-200 and BR3D-374;
Aor51HI and EcoRI for BR3D-584; and ClaI and Aor51HI for BR3D-797,
BR3D-866, and BR3D-935), and the resulting cDNA fragments were used in
combination with pBTF3WSS5R25 to create BR3D clones.

SL1 M, SL2 M, SL3 M, and CM cDNA clones (see Fig. 4) were also con-
structed by PCR-based in vitro mutagenesis in which each SL was replaced with
a synthetic oligonucleotide of identical length. The amplified cDNA fragments
were digested with ClaI and Aor51HI, and these fragments were used to replace
the corresponding regions in pBTF3WSS5R25 to create pBTF3WSS5R25SL1 M,
pBTF3WSS5R25SL2 M, pBTF3WSS5R25SL3 M, and pBTF3WSS5R25 CM.

The plasmid pT7B3Cmp is a chimeric BMV RNA3 with the 3a movement
protein gene replacing that of cucumber mosaic virus (CMV) (27). This plasmid
was used to create B3Cmp derivatives containing the 3�-proximal region of the
BMV 3a gene (nt 866 to 1003). A PstI site was created by introducing four bases
between nt 835 and 836 in the CMV 3a gene in pT7B3Cmp and by introducing
six bases between nt 865 and 866 in the BMV 3a gene of pBTF3WSS5R25 using
the appropriate primers with recombinant PCR, both of which were carried out
to produce pT7B3CmpPST and pBTF3WSS5R25PST, respectively. The PstI-to-
BglII fragment of pT7B3Cmp was substituted for that of pBTF3WSS5R25 to
create pT7B3CmpBR3SL, in which the 3�-proximal region of the CMV 3a gene
(nt 835 to 931 in B3Cmp) was substituted for that of the BMV 3a gene (nt 866
to 1003 in BMV RNA3). To disrupt stem-loop structure II in B3CmpBR3SL, a
PstI site was created in pBTF3WSS5R25SL2 M in the same manner as described
for the construction of pBTF3WSS5R25PST. The PstI-to-BglII fragment was
substituted for the corresponding fragment in pB3CmpBR3SL to create
pB3CmpBR3SL2 M. A plasmid was constructed to express another derivative of
B3Cmp, with the 3�-proximal region of the BMV 3a gene (nt 866 to 1003)
between the end of the CMV 3a gene and the intercistronic region of BMV
RNA3, by using a method similar to that described for the construction of
pT7B3CmpBR3SL, i.e., by introducing a PstI site (6 nt) immediately after the
stop codon of the CMV 3a gene in pT7B3Cmp.

CP frameshift mutants, B3RD(CP-fs)s, SLM(CP-fs)s, CM(CP-fs), B3Cmp
(CP-fs), and B3CmpBR3SL(CP-fs), were constructed as described previously
(9).

All plasmids were linearized with EcoRI, and RNA transcripts were synthe-
sized in vitro with T7 RNA polymerase as described previously (26).

Protoplast inoculation, RNA extraction, and analysis of viral RNA. Isolation
and inoculation of barley protoplasts (Hordeum vulgare cv. Gose-shikoku) and
extraction of total and virion fraction RNAs were performed as described pre-
viously (8). RNAs were subjected to Northern blot analysis essentially as de-
scribed previously (8, 9). RNA accumulation was quantified as described previ-
ously (9). The quantified values for RNA3, its derivatives, and RNA4 relative to
the value for the internal standards, RNAs 1 and 2, in each sample were used to
calculate the mean values (with standard deviations) from at least three inde-
pendent experiments.

Prediction of RNA structures. RNA structure was predicted by using a com-
puter-assisted RNA folding analysis (24).

RESULTS

A 69-nt sequence in the 3�-proximal region of the 3a ORF is
required for efficient packaging of RNA3. Our previous study
suggested that the 3�-proximal region of the 3a ORF, encom-
passing nt 866 to the end of the ORF (nt 1003), contained
nucleotide sequences required for the efficient packaging of
BMV RNA3 (9). To delimit and to reevaluate nucleotide se-

quences in the 3a ORF required for BMV RNA3 packaging,
we constructed six BMV RNA3 mutants (BR3Ds) with a small
deletion of 66 or 69 nucleotides—two with a deletion in the
3�-proximal region of the 3a ORF and four with a deletion in
other regions of the 3a ORF (Fig. 1). These BR3D mutants
were tested for their packaging ability in barley protoplasts that
had been coinoculated with RNAs 1 and 2. Virion fraction
RNAs were extracted at 24 h after inoculation and were ana-
lyzed by the Northern blot method using a probe complemen-
tary to the 3�-terminal conserved sequence of BMV RNAs.
The packaging efficiency of BR3Ds and RNA3 was assessed by
calculating their accumulation levels relative to those of RNAs
1 and 2. BR3D-200 and BR3D-374 accumulated to a level
similar to that of wild-type (wt) RNA3, whereas the accumu-
lations of BR3D-584, BR3D-797, BR3D-866, and BR3D-935
were low compared with that of wt RNA3. In particular, the
level of accumulation of BR3D-866 was less than 10% of that
of wt RNA3 (Fig. 2). These results suggest that the deletion of
69 nucleotides introduced into the 3�-proximal half of the
BMV 3a ORF, especially the deletion from nt 866 to 934,
decreased the packaging efficiency of BMV RNA3. However,
these deletions might affect the replication or stability of BMV
RNA3. Northern blot results using the total RNA fraction
showed an RNA accumulation pattern basically similar to that
of the virion RNA fraction; the RNA accumulation level of
BR3D-866 relative to that of RNAs 1 and 2 was approximately
40% of that of wt RNA3 (data not shown). Northern blot

FIG. 1. Schematic representation of the deleted regions in BMV
RNA3. Nucleotide deletions (69 and 66 nt) from 3a ORF (open box)
are indicated by a horizontal line with nucleotide numbers at their 5�
and 3� ends. Wild-type RNA3 is also shown at the top of this figure. All
BR3D-RNAs (BR3D-200, BR3D-374, BR3D-584, BR3D-797, BR3D-
866, and BR3D-935) were constructed by in vitro mutagenesis to
create in-frame deletions.
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results from the total RNA fraction may reflect RNA packag-
ing efficiency as well as replication competence or stability.
Therefore, to test RNA replication or stability independently
of packaging factors, a series of BR3D derivatives with a
frameshift mutation in the CP gene (9) were constructed and
viral RNA accumulation was compared among these mutants.
All BR3D(CP-fs) mutants accumulated to a level similar to
that of wt RNA3(CP-fs) (Fig. 3). This indicated that small
deletions introduced into the BMV 3a ORF did not affect the
replication and stability of the BR3D mutants. Together, these
results indicate that the region from nt 866 to 934 in the 3a
ORF plays an important role in the packaging of RNA3. We
designated this region a “packaging element” of BMV RNA3
(BR3PE).

It is noteworthy that the accumulation of RNA4 relative to
that of RNAs 1 and 2 in the virion RNA fraction also differed
in protoplasts infected with BR3Ds and that its accumulation
paralleled those of BR3Ds (compare the shaded and white
columns in Fig. 2B). This supports the previous conclusion that
RNA3 and RNA4 are copackaged in BMV-infected cells (21).

In addition, as we reported and discussed previously (9), it
was noted that the accumulation levels of wt RNA3 or RNA3
derivatives relative to those of RNAs 1 and 2 were higher in

the absence of CP (Fig. 3, 5B, and 6E) than those in the
presence of CP (Fig. 2, 5A, and 6C). The absence of functional
CP stimulates expression of BMV 1a protein in barley proto-
plasts (34), and the BMV 1a protein stabilizes BMV RNA3 in
yeast cells (16). The stabilization of RNA3(CP-fs) and its de-
rivative RNA3(CP-fs)s by the 1a protein may lead to their
higher accumulation in the absence of CP. Lower accumula-
tion of RNA4 than that of its parental RNA3 suggests that a
four-base insertion into the CP ORF in RNA3(CP-fs)s or lack
of CP affects synthesis of subgenomic RNA4.

Role of stem-loop structures in RNA3 packaging. Comput-
er-assisted RNA folding analysis (24) predicted three SL struc-
tures in the 3�-proximal region from nt 866 to the end of the
BMV 3a ORF (Fig. 4). These SL structures are referred to as
SL-I, SL-II, and SL-III. SL-I and SL-II occur in BR3PE. SL-I
has a four-base loop and an 8-bp stem that includes a mis-
matched G-G base pair. SL-II has a four-base loop and a 12-bp
stem with two bulged U residues. The 3�-proximal SL-III has a
seven-base loop and an 11-bp stem interrupted by eight and
three bulged residues.

To examine the role of these SL structures in RNA3 pack-
aging, we constructed three SL mutants (SL1 M, SL2 M, and
SL3 M) by substituting 14 bases for synthetic oligonucleotides
of an identical size to specifically disrupt each SL structure. We
also constructed one CM with a 14-base substitution in the
region between SL-II and SL-III that did not disrupt any SL
structure in the region (Fig. 4). These RNA structures in the
mutants were predicted again by computer-based structure
analysis (24), and the results confirmed that the RNA struc-
tures were the expected ones described above. These RNA3

FIG. 2. Northern blot analysis of the virion RNA fraction extracted
from barley protoplasts at 24 h after inoculation with a mixture of in
vitro transcripts of BMV RNAs 1, 2, and 3 or BR3D-RNAs or wt
RNA3. The virion RNA fraction was prepared from 1.25 � 104 pro-
toplasts. (A) Northern blot results from an experiment. The complete
set of inocula is shown above the Northern blot photograph with
individual BR3D-RNAs and RNA3 designated lane by lane. Lane M,
inoculated with water only. Positions of RNAs 1, 2, 3, and 4 and BR3D
are indicated on the right. (B) Relative values for the accumulation of
RNA3s. RNAs 1 and 2 (RNAs 1�2) was used as an internal standard.
The mean values for RNA3 and its derivatives (shaded columns) and
for RNA4 (white columns) with standard deviations (thin vertical
lines) were calculated from three independent experiments.

FIG. 3. Northern blot analysis of total RNA extracted from barley
protoplasts at 24 h after inoculation with a mixture of in vitro tran-
scripts of BMV RNAs 1 and 2 and BR3D(CPfs) RNAs. Total RNA
was extracted from 3.0 � 104 protoplasts. (A) Northern blot results
from an experiment. (B) Relative values for the accumulation. For
others, refer to the Fig. 2 legend.
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mutants were inoculated into barley protoplasts together with
BMV RNAs 1 and 2, and the virion fraction RNA was ana-
lyzed. SL1 M, SL3 M, and CM accumulated to levels similar to
that of wt RNA3, whereas SL2 M accumulated to less than
50% of wt RNA3 levels or those of the other mutants (Fig.
5A). It is possible that base substitutions affect replication or
stability of the mutant RNAs. To test this, CP frameshift mu-
tations were introduced into all SLM and CM RNA3 mutants
to produce SLM(CP-fs)s and CM(CP-fs) and these CP-fs mu-
tants were tested for the ability to accumulate virus RNA.
Northern blot results of total RNA from barley protoplasts
coinoculated with RNAs 1 and 2 showed that these CP-fs
mutants accumulated RNA3 derivatives to similar levels, al-
though their accumulation was slightly low compared with that
of RNA3(CP-fs) (Fig. 5B), suggesting that the low accumula-
tion of SL2 M was due to a deficit in RNA packaging rather
than to low-level RNA replication or stability.

The 3�-proximal region of the BMV 3a ORF can function in
chimeric BMV RNA3. To investigate whether the 3�-proximal
region of the BMV 3a ORF can function in a context other
than the BMV 3a gene sequence as a cis-acting element for
RNA packaging, we used a chimeric BMV RNA3 with the
BMV 3a ORF precisely replaced with the CMV 3a ORF
(B3Cmp) (27). This chimeric RNA3 was chosen because the
accumulation of B3Cmp was extremely low compared with that
of wt BMV RNA3 in the virion RNA fraction from barley
protoplasts coinoculated with BMV RNAs 1 and 2 (H. Nagano
and T. Okuno, unpublished data; Fig. 6). We created
B3CmpBR3SL, in which the 3�-proximal region of CMV 3a

ORF (nt 835 to 931) of B3Cmp was replaced with the 3�-
proximal region of the BMV 3a ORF (nt 866 to 1003) (Fig.
6A). These chimeric RNAs were inoculated into barley proto-
plasts together with BMV RNAs 1 and 2, and the total and
virion RNA fractions were analyzed by Northern blotting. In
the virion RNA fraction, B3Cmp accumulated to a negligible
level compared to B3CmpBR3SL (Fig. 6B), whereas the accu-
mulation level of B3Cmp was nearly 40% of that of
B3CmpBR3SL in the total RNA fraction (Fig. 6C). We also
created another B3Cmp derivative, which contained the 3�-
proximal region of the BMV 3a gene (nt 866 to 1003) between
the end of the CMV 3a gene and the intercistronic region of
BMV RNA3 in B3Cmp, and we tested its packaging as de-
scribed above. This B3Cmp derivative was packaged as efficiently
as B3CmpBR3SL (data not shown). To investigate the stability
and replication competence of B3Cmp and B3CmpBR3SL in-
dependent of packaging factors, the accumulation of the corre-
sponding RNA3 mutants containing CP frameshift mutations
(Fig. 6D) was tested in barley protoplasts. Northern blot re-
sults from total RNA fraction showed that B3Cmp(CP-fs) and
B3CmpBR3SL(CP-fs) accumulated to levels similar and nearly
similar to that of B3(CP-fs), respectively (Fig. 6E). These re-
sults suggest that the 3�-proximal 138 nucleotides of the BMV
3a ORF, which includes BR3PE, functions as a cis-acting ele-
ment for RNA packaging in nucleotide sequences partially
dissimilar to that of BMV RNA3. To further investigate the
role of stem-loop structure II in RNA packaging in
B3CmpBR3SL, we created B3CmpBR3SL2 M, in which the
SL-II structure was disrupted, and we compared its RNA pack-

FIG. 4. Computer-predicted stem-loop structures in the 3�-proximal region of the BMV 3a ORF. Fourteen-base sequences in SL-I, SL-II, and
SL-III and in the sequence between SL-II and SL-III (bases are shaded), were replaced with synthetic oligonucleotides of identical length (bases
bracketed in a box) to produce SL1 M, SL2 M, SL3 M, and CM cDNA clones, respectively.
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aging efficiency with that of B3CmpBR3SL. B3CmpBR3SL2 M
accumulated much less than B3CmpBR3SL in the virion RNA
fraction (Fig. 7). This suggests that disruption of the SL-II
structure in B3CmpBR3SL strongly reduced the efficiency of
RNA packaging, thus confirming that the SL-II structure plays
an important role in BMV RNA3 packaging.

Surprisingly, despite negligible accumulation of B3Cmp in
the virion RNA fraction, the accumulation of RNA4 in the
fraction was similar to or even higher than that of wt RNA3
relative to that of RNAs 1 and 2 (Fig. 6B). This not only
indicates that RNA4 can be packaged into virions without
RNA3 derivatives but also suggests that nucleotide sequences
in the 3a ORF of BMV RNA3 are involved in the regulation of
the copackaging of RNA3 and RNA4, as discussed below.

DISCUSSION

Our present study shows that the nucleotide sequence from
nt 866 to 934 (B3PE) in the 3�-proximal region of the BMV 3a
ORF, especially a stem-loop structure predicted between nt
904 and 933 (SL-II), plays an important role in the packaging
of BMV RNA3 in vivo. The involvement of stem-loop struc-
tures in specific RNA packaging in vivo has been demonstrated
in small icosahedral RNA viruses, including flock house virus
(39), human immunodeficiency virus (14), and turnip crinkle

virus (32), as well as in rod-shaped tobacco mosaic virus (36).
Selective disruption of the SL-II structure in B3PE of BMV
RNA3 did not completely abolish RNA packaging but did
reduce packaging efficiency to 30 to 40% of that of wt RNA3
and B3CmpB3SL (Fig. 5 and 7). This suggests that the SL-II
structure in BMV RNA3 functions as a cofactor for RNA
packaging and also functions in concert with other cis-acting
elements that may be present in BMV RNA3 regions other
than the 3a ORF or within the 3a ORF. In BMV, the 3�-
terminal TLS that is conserved in all BMV RNAs also plays a
crucial role in RNA packaging in vitro (6). TLS and SL-II in
B3PE may cooperate in RNA3 packaging in vivo through di-
rect or indirect interactions between these regions. Alterna-
tively, TLS and SL-II in B3PE may act independently to facil-
itate specific RNA3 packaging by BMV CP. In either case, the
RNA structure, especially in the 3�-proximal region of the
BMV 3a ORF, seems to be important for the efficient pack-
aging of RNA3 because deletions on either side of B3PE also
significantly reduced packaging efficiency compared to that of
wt RNA3 without affecting the stability or replication compe-
tence of RNA3 mutants (compare BR3-D797 and BR3-D935
with wt RNA3 in Fig. 2 and 3). In contrast, deletions in the
5�-proximal region of the 3a ORF had no or mild effects on the
packaging efficiency of RNA3 mutants (Fig. 2).

FIG. 5. Northern blot analysis of the virion RNA or total RNA fraction extracted from barley protoplasts at 24 h after inoculation with a
mixture of in vitro transcripts of BMV RNAs 1 and 2 and RNA3 mutants of SLMs and CM or their CP frameshift derivatives. Virion RNA fraction
was extracted from 1.25 � 104 protoplasts and total RNA was extracted from 3.0 � 104 protoplasts. (A) Northern blot results of the virion RNA
fraction from an experiment using SLMs, CM, or wt RNA3; (B) Northern blot results of the total RNA fraction from an experiment using CP
frameshift mutants. The complete set of inocula is shown at the top. Positions of RNAs 1, 2, 3, and 4 and RNA3 mutants are indicated on the right.
Relative values for the accumulation of RNA3s are presented below Northern blot photographs. Coinoculated RNA1 � RNA2 was used as an
internal standard. The mean values (shaded columns) and standard deviations (thin vertical lines) were calculated from three independent
experiments.
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FIG. 6. Accumulation of chimeric BMV RNA3s and their CP frameshift mutants in virion or total RNA fraction from infected barley
protoplasts. Schematic representations of chimeric BMV RNA3s (A) and their CP frameshift mutants (D) with the corresponding abbreviations.
Wild-type BMV RNA3 (B3) and CMV RNA3 (C3) are also shown. The ORFs encoded by B3 and C3 are shown as solid and open boxes,
respectively, and the noncoding regions of BMV and CMV are represented as thick and thin lines, respectively. Northern blot results from the
virion RNA fraction (B) and from the total RNA fraction (C) extracted from barley protoplasts inoculated with chimeric BMV RNA3s or wt BMV
RNA3 together with RNAs 1 and 2. Northern blot results from total RNA fraction (E) extracted from barley protoplasts inoculated with CP
frameshift mutants of chimeric BMV RNA3s or wt BMV RNA3 together with RNAs 1 and 2. The complete set of inocula is shown above the
photograph, with the designations of individual chimeric RNAs given lane by lane. Relative values for the accumulation of RNA3s are presented
below the Northern blot photographs. For others, refer to the legend of Fig. 5.
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BMV CP expressed from a chimeric CMV RNA3, in which
the CP gene was replaced with the BMV CP gene, is unable to
package the chimeric CMV RNA, suggesting that BMV CP is
highly specific for viral RNA packaging in vivo (30) and in vitro
(5, 7). Our present study also shows that a chimeric BMV
RNA3 (B3Cmp) was very poorly packaged (Fig. 6B), indicat-
ing that BMV TLS alone does not function as a cis-acting
element for packaging BMV RNA3 in vivo, and this study
confirms the requirement for other elements, including SL-II
in B3PE. Although the structure of RNA3 is important for
its efficient packaging, as discussed above, the significant in-
crease and decrease in packaging efficiency observed in
B3CmpBR3SL and B3CmpBR3SL2 M, respectively (Fig. 6
and 7), strongly indicate a crucial role for SL-II in B3PE in the
packaging of BMV RNA3.

Physical and biochemical data suggest that BMV RNA3 is
packaged into virions together with RNA4 in BMV-infected
plant cells (12, 21). This is confirmed by the parallel accumu-
lation of RNA3 and RNA4 in the virion RNA fraction in the
experiments described here, using a series of RNA3 deletion
mutants (Fig. 2). These results imply the presence of a mech-
anism that regulates the copackaging of RNA3 and RNA4 in
vivo. Interestingly, in contrast to the parallel accumulation of
RNA3 and RNA4, we found that the amount of RNA4 in the
virion RNA fraction was similar to that in barley protoplasts
infected with wt RNA3 and B3Cmp, whereas B3Cmp was
packaged negligibly into virions (Fig. 6B). This suggests that
B3Cmp not only lacks the element required for its own encap-
sidation (possibly B3PE) but that it also lacks the element(s)
required to regulate the copackaging of RNA3 and RNA4.
The latter element seems to suppress the packaging of RNA4

alone and to regulate the copackaging of RNA3 and RNA4 in
BMV-infected cells (Fig. 6B). The regulatory element must
occur in the 3a ORF of BMV RNA3, which is lacking in
B3Cmp, and in regions other than those deleted from the
RNA3 mutants used in this study (Fig. 1). We have observed
that the level of RNA4 is consistently and markedly high in the
virion RNA fraction when barley protoplasts are infected by
some defective BMV RNA3s, with an approximately 500-nt
deletion, relative to infections by wt RNA3 (reference 9; T. A.
Damayanti and T. Okuno, unpublished data). All these defec-
tive RNA3s lack nucleotide sequences in the 3a ORF, from at
least nt 95 to 302 (for a review, see reference 9), suggesting that
the element occurs in the 5�-proximal region of the 3a ORF.

Another important message from the results shown in Fig. 6
is that RNA4 alone can be packaged into virions in vivo when
RNA3 does not have a putative cis-acting element(s) involved
in regulation of copackaging with RNA4. This suggests that
BMV RNA4 has its own packaging elements. The packaging
element is not necessarily TLS, because BMV CP can package
an engineered BMV CP mRNA that lacks TLS into an unusual
form of 120-CP-subunit virions in yeast cells (20). In BMV-
infected cells, however, BMV virions composed of RNA4 with-
out RNA3 are unlikely to be formed, because wt RNA3 en-
coding the 3a ORF that contains a putative element(s)
involved in regulation of copackaging with RNA4 appears to
allow only copackaging of RNA4 with RNA3 and to restrict
the formation of virions containing RNA4 alone (Fig. 2 and 6).
The mechanism underlying the copackaging of RNA3 and
RNA4 is unknown. However, RNA3 and RNA4 must directly
or indirectly interact with each other to be copackaged. In
retroviruses, genomic RNA dimerization through a typical

FIG. 7. Effect of disruption of stem-loop structure II in chimeric BMV RNA3 (B3CmpBR3SL) on RNA-packaging efficiency. Virion RNA
fractions were extracted from barley protoplasts at 24 h after inoculation with a mixture of in vitro transcripts of BMV RNAs 1 and 2 and chimeric
RNAs. B3CmpBR3SLSL2 M is a derivative of B3CmpBR3SL in which SL-II is disrupted. The names of the RNA3 mutants are shown above the
photograph. Positions of RNAs 1, 2, 4, and chimeric RNA3s (3 M) are indicated on the right. Relative values for the accumulation of RNA3s are
presented on the right of the Northern blot photograph. For others, refer to the legend of Fig. 5.
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loop-loop “kissing” interaction regulates several steps in the
viral life cycle, including encapsidation (31). It is noteworthy
that the N-terminal domain of CP is involved in the selective
packaging of BMV RNA4 (5).
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