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All three single-stranded RNAs of the brome mosaic virus (BMV) genome contain a highly conserved,
193-base 3' noncoding region. To study the recombination between individual BMV RNA components, barley
plants were infected with a mixture of in vitro-transcribed wild-type BMV RNAs 1 and 2 and an RNA3 mutant
that carried a deletion near the 3' end. This generated a population of both homologous and nonhomologous
3' recombinant BMV RNA3 variants. Sequencing revealed that these recombinants were derived by either
single or double crossovers with BMV RNA1 or RNA2. The primary sequences at recombinant junctions did
not show any similarity. However, they could be aligned to form double-stranded heteroduplexes. This
suggested that local hybridizations among BMV RNAs may support intermolecular exchanges.

As in DNA-based organisms, genetic recombination in
RNA viruses provides a means for their well-known rapid
evolution and adaptation (20, 34). Natural RNA rearrange-
ments have been identified in the genomes of several plant
RNA virus groups, including beet necrotic yellow vein virus
(7), tombusviruses (15), tobamoviruses (33), and tobravi-
ruses (30). In addition, the recombination has been induced
experimentally. For example, a temperature-sensitive muta-
tion in the RNA3 component of alfalfa mosaic virus acquired
a 5'-terminal fragment from the RNA1 component during
infection (16). An insertion mutant of tobacco mosaic virus
easily lost one of its duplicate coat protein cistrons (12).
Cascone et al. have detected a recombination between the
satellite and defective interfering RNAs of turnip crinkle
virus (TCV) (11).
One of the most useful experimental systems with which

to study recombination in plant viruses is bromoviruses.
Brome mosaic virus (BMV) is a tripartite positive-stranded
RNA virus whose RNA components share a highly struc-
tured 3' noncoding region of nearly 200 nucleotides (2).
Previously, Bujarski and Kaesberg (10) found that a biolog-
ically active deletion mutant ofBMV RNA3 (designated M4;
Fig. 1) was efficiently repaired by recombination between
M4 and the noncoding sequences of wild-type (wt) RNA1 or

RNA2, in either homologous or nonhomologous fashions.
Rao et al. (28) confirmed these results by studying the
recombinational repair of 3' deletion mutations in BMV
RNA2. In cowpea chlorotic mottle virus, another bromovi-
rus, Allison et al. (3) have demonstrated the regeneration of
a functional RNA3 molecule by recombination between two
overlapping internal deletion mutants. Because the majority
of all these identified bromovirus recombinants were homol-
ogous, the sequences at crossover sites were unrecogniz-
able. This seriously limited our understanding of the recom-
bination mechanism in these viruses.
Many more data about RNA-RNA recombination are

available for animal RNA viruses, especially picornaviruses
and coronaviruses (19, 21, 25). Kirkegaard and Baltimore
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have demonstrated that intertypic homologous recombina-
tion between two poliovirus types occurred via a copy
choice mechanism during negative-strand synthesis (22).
Other studies implied that certain RNA structures may
facilitate recombination crossings. For instance, both
Kirkegaard and Baltimore (22) and Tolskaya et al. (35) found
that crossovers among poliovirus types were restricted to
certain virus RNA segments. The latter group found that
these RNA segments had the potential to form secondary
structures (31). Based on this observation, the authors
suggested that the formation of intermolecular duplexes
induced the intermolecular replicase switches. In a modifi-
cation of this model, Kuge et al. (23) proposed that poliovi-
rus defective interfering RNAs were generated by a looping-
out process at the two RNA sites that have been juxtaposed
by another complementary RNA molecule. In coronavi-
ruses, recombinational exchanges were also limited to se-

lected RNA locations (5).
In an attempt to advance our insight into the mechanism of

RNA recombination in plant viruses, we characterized a

number of nonhomologous BMV RNA3 recombinants that
were obtained after infection with the M4 RNA3 mutant. A
comparison of sequences at the nonhomologous junctions
has shown that the crossovers took place within the potential
double-stranded regions. This inferred that, as in poliovirus,
local hybridizations can provide an environment for the
RNA exchanges.

MATERIALS AND METHODS

Materials. Plasmids pB1TP3, pB2TP5, and pB3TP7 (a
generous gift from Paul Ahlquist, University of Wisconsin,
Madison), containing full-length cDNA copies of wt BMV
RNA components 1, 2, and 3, were used to synthesize
infectious BMV transcripts. A previously constructed deriv-
ative of pB3TP7 (8) was used to synthesize the M4 RNA3
transcript (Fig. 1).
Avian myeloblastosis virus (AMV) reverse transcriptase

was obtained from Life Sciences, Inc., St. Petersburg, Fla.;
the Sequenase kit was from United States Biochemicals,
Cleveland, Ohio; restriction enzymes were from Bethesda
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FIG. 1. Schematic representation of the tRNA-like conformation
formed at the 3'-terminal noncoding region in BMV RNA3 accord-
ing to Rietveld et al. (29). The location of the 20-nucleotide deletion
(deletion M4) is indicated by an open box. The construction of the
M4 BMV RNA3 deletion mutant was described previously (8).

incubation at 100°C for 3 min and then a graduate decrease to
room temperature over 40 min. Subsequently, 0.5 mM each
of four deoxynucleoside triphosphates and 3 mM dithiothre-
itol (final concentrations) were added, and the resulting
mixture was incubated with 10 U of Klenow DNA polymer-
ase at room temperature for 2 h in a final volume of 30 RIl.
The resulting double-stranded cDNA product was digested
at the XbaI restriction site (present within the 20-mer primer)
and ligated between the SmaI and XbaI restriction sites of
the pGEM3-zf(+) cloning vector (Promega Corp.).

Selection and sequencing of cDNA clones. Approximately 1
pg of minilysate DNA preparations (32) of each cDNA
library was digested with EcoRI and XbaI restriction en-
zymes, and the size of inserted cDNA fragments was esti-
mated electrophoretically in 1% agarose gels. Thirty insert-
containing clones from each library were sequenced with the
Sequenase kit according to the manufacturer's specifica-
tions, initially with a single-nucleotide reaction ("A" track),
and thereafter, those with different patterns were sequenced
completely.

Computer-assisted analysis of RNA sequences. Sequences
were aligned and folded by using the programs BESTFIT,
FOLD, and GAP of the University of Wisconsin Genetics
Computer Group sequence analysis package.

Research Laboratories, Gaithersburg, Md.; T7 RNA poly-
merase was from Promega Corp., Madison, Wis. All radio-
active chemicals were from Amersham Corp., Arlington
Heights, Ill. Deoxyoligonucleotides were synthesized in an

Applied Biochemicals DNA synthesizer at Northern Illinois
University.

Generation ofBMV variants containing RNA3 recombinant
molecules. The wt BMV RNAs 1 and 2 as well as the M4
RNA3 were synthesized separately by transcription from 4
,ug of the corresponding EcoRI-linearized plasmids by using
T7 RNA polymerase, as described elsewhere (18). A mixture
of the above transcripts was inoculated on eight 5-day barley
seedlings, exactly as described by Allison et al. (3). Ten days
following inoculation, the progeny viral RNAs were ex-
tracted from 0.2 g of infected leaves (24) and analyzed
electrophoretically in 1% agarose gels with Tris-borate
buffer (32). The progeny virus, isolated from one BMV-
infected barley plant that contained the heterogeneous
RNA3 component, was mechanically reinoculated on eight
new barley seedlings, and the virus was extracted separately
from 0.2 g of each plant 10 days after inoculation. After
isolation from virions, each RNA preparation was analyzed
electrophoretically in 1% agarose gels and subsequently
used as the template to obtain cDNA libraries.

Generation of cDNA libraries. cDNA libraries for recom-
binant RNA3 molecules were obtained by a modification of
the procedure described by Bujarski and Kaesberg (10).
BMV RNA (20 ,ug) was hybridized to 1 ,ug of the deoxyoli-
gonucleotide d(TGGTCTCTTTTAGAGA), which was com-

plementary to the last 16 nucleotides of three BMV RNAs.
Subsequently, this primer was extended with AMV reverse

transcriptase as described elsewhere (14). The RNA strand
was removed by RNase A digestion, and the resulting
single-stranded (ss) cDNA was purified on a Sephadex G50
(Pharmacia) column (0.3 by 2 cm) in TE buffer (32). Then,
100 ng of the RNA3-specific second-strand synthesis primer
[a 20-mer, d(GTTGTACATCTAGAAGTTGA), complemen-
tary between nucleotides 1752 and 1771 of the wt RNA3] was

hybridized to the ss cDNA in a 20-,ul mixture containing 10
mM Tris (pH 7.5), 10 mM MgCl2, and 50 mM NaCl by

RESULTS

Derivation of nonhomologous RNA3 recombinants. In order
to generate nonhomologous RNA3 recombinants, eight bar-
ley seedlings were inoculated with the mixture of wt RNAs
1 and 2 and the M4 RNA3. This caused infection in three
plants. The low infectivity (compared with the infectivity of
the wt BMV RNA transcripts [18]) was probably caused by
increased instability of the M4 RNA3 mutant or by alteration

A Al A2 A3 A4 A5 A6 A7 A8 WT
A BMV RNA

-1~~~~~~~~~~-

WT A6/1 A2/1lA8/1 Al/i M N

FIG. 2. Electrophoretic analysis (in 1% agarose gel) of progeny
virion RNA isolated from BMV-infected barley leaves. (A) BMV
RNAs extracted from initially inoculated plant A (lane A) and after
first passage (lanes Al to A8). (B) BMV RNAs isolated after second
passage from plants Al/i, A2/1, A6/1, and A8/1. The missing RNA1
band in the wt lane is probably due to degradation during electro-
phoresis.
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TABLE 1. Distribution of RNA3 recombinants in BMV-
infected barley plants'

Recom- Recombinant content (%) in plant:
binant A Al A2 A3 A4 A5 A6 A7

1 19.8 6.6
1' 3.3
2 3.3 83.4 6.6
3 73.6
4 10.0 83.5 56.1
5 6.6
6 6.6
7 10.0 43.9 19.8 90.1
8 33.8 96.7 86.8 10.0
9 19.8 3.3 16.5 6.6 3.3

a The table shows the percentage of various RNA3 recombinants found in
cDNA libraries obtained for the progeny BMV RNA extracted from primarily
inoculated plant A and from seven plants (Al to A7) infected with the virus
inoculum from plant A. Plant A8 has not been analyzed. See Fig. 2 for the
plant names. The percentage was calculated after the sequencing of 30 clones
from each cDNA library (see Materials and Methods), i.e., one clone
corresponds to 3.3%. The structures of recombinants 1 to 8 are shown in Fig.
4. Variant 9 represents the unrepaired M4 RNA3.

plant A6/1, was surprising, especially since the wt-like
(legitimate) recombinants were available for selection in the
originally infected plant A (Table 1). All the prevalent
illegitimate recombinants carried an unmodified 3' tRNA-
like structure (Fig. 3), the region known to serve as the
replication promoter (1, 26). Therefore, one may speculate
that they replicated with a rate similar to that of the wt-like
recombinants and thus both types had comparable chances
for selection.

Collectively, these results demonstrated that both legiti-
mate and illegitimate BMV RNA variants readily emerged
after infection. Most of the recombinants appeared in the
originally inoculated plant A (Table 1), and subsequent
passages caused further selection rather than generating new
recombinants. This indicated that the M4 RNA3 was less
genetically stable than the progeny illegitimate recombi-
nants. One feature that may function against the endurance
of the M4 mutant in infection is its higher-than-wt replication
rate (8). This may disturb the appropriate balance between
BMV RNA components in infection.

Cloning and sequencing of recombinants. To characterize
the recombinant RNA3 molecules, 30 cDNA clones were

of the interactions with some virus and/or host factor. While
progeny BMV RNA3 from two plants comigrated electro-
phoretically with the wt BMV RNA3 (data not shown), the
one from a third plant (designated plant A) revealed two
major bands at the region of RNA3 (lane A in Fig. 2A). This
suggested that an extensively altered RNA component was
present in the progeny virus.
To induce higher diversity among the RNA3 molecules,

the virus isolated from plant A was reinoculated on eight
new barley seedlings. An electrophoretic analysis (Fig. 2A,
lanes Al to A8) revealed that for three plants (lanes Al, A3,
and A8), only one band was present at the RNA3 region,
whereas in plants A2 and A4, two bands were visible in this
area. The concentration of upper bands was higher than with
the wt. In two other plants (AS and A6), RNA3 was also
composed of two bands, but the higher bands contained
slightly larger RNA than those of plants A2 and A4. The
RNA from plant A7 looked similar to that from plant A, but
the upper RNA3 band was less intense. All this suggested a
rapid generation of the illegitimate RNA3 molecules.
To examine whether the RNA3 profiles would undergo

further changes, the viruses obtained after the first reinocu-
lation were passaged on the new barley plants. As shown in
Fig. 2B, double bands present in the region of RNA3
migration in plants A2 and A6 were replaced by single bands
in plants A2/1 and A6/1. While in plant A2/1, the RNA3
entity comigrated with the wt RNA3, in plant A6/1, the more
slowly migrating RNA3 band became predominant. The wt
RNA3 profiles of plants Al and A8 were retained in plants
Al/l and A8/1.
The heterogeneity of RNA4 populations in plants A2, A4,

and A6 corresponded to that of RNA3 (Fig. 2A). In plants A,
A5, and A7, however, only one band of RNA4 could be
found, while two bands were observed in the region of
RNA3. This might be because plants A, A5, and A7 contain
larger RNA3 versions than plants A2, A4, and A6, rendering
the corresponding RNA4 versions too big to be copackaged
with the RNA3 components in the icosahedral virions.
Alternatively, certain recombinant RNA3 molecules may
have failed to serve as templates to generate subgenomic
RNA4.
The predominance of the illegitimate variants, like that in
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FIG. 3. Schematic representation of the BMV RNA3 recombi-
nants (numbered 1 to 8) found in the infected barley plants (see
Table 1). The figure shows the 3' noncoding region of BMV RNA3
downstream of the coat protein cistron (solid box on the left), with
the original RNA3 sequences shown as open boxes and acquired
RNAl or RNA2 sequences shown as cross-hatched boxes. The
position of the unrepaired M4 deletion is shown by a small vertical
rectangular open box. The location of each recombinant junction is
identified by the sequence coordinates, numbered from the 3' end.
The regions where homologous recombination events occurred are
enclosed in dotted open boxes. RNA X in the recombinant 6 line
indicates that, due to sequence identity, the 3'-terminal region can
be derived by crossings between any of the BMV RNAs.
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FIG. 4. Complementary sequences between pairs of positive strands of BMV RNA components (indicated on the right), as hybridized in
opposite orientations near recombination sites (shown by arrows) and leading to the formation of the recombinants shown in Fig. 3. Each
recombinant contains the top-strand sequences up to the arrow and then continues with the bottom-strand sequences 5' of the bottom-strand
arrow. The base-pairings are represented by dots. The numbers 5(1) and 5(2) name two different nonhomologous crossovers found in
recombinant 5. Hairpin stems that can fold in putative recombination intermediates (after partial unwinding by the replicase of the hybridized
duplexes) are indicated by open boxes, whereas those that may further destabilize hybridized parts of the intermediates are within dotted-line
boxes. Statistical values of these alignments (in SD) and the free energies of the heteroduplexes and of the sum of intramolecular foldings for
both strands (in parentheses) were as follows: recombinants 1 and 1', 1.4 SD, -22.4 (-25.9) kcal/mol; recombinants 2 and 3, 1.9 SD, -34.1
(-20.2) kcal/mol; recombinant 4, 2.2 SD, -30.7 (-16.3) kcal/mol; recombinant 5(1), 1.5 SD, -23.8 (-33.4) kcal/mol; recombinant 5(2), 3.1
SD, -20.2 (-28.1) kcal/mol; recombinant 6, 1.7 SD, -27.0 (-40.5) kcal/mol; recombinant A, 1.7 SD, -48.3 (-28.5) kcal/mol. Free energies
of the alignments were calculated according to Jacobson et al. (17), whereas those of intermolecular foldings were estimated by using the
program FOLD (36).

sequenced from each progeny BMV RNA library. Among
the identified 3' recombinants shown in Fig. 3, two recom-
binants (variants 7 and 8) originated by homologous recom-
bination with corresponding sequences from RNA1 and
RNA2, respectively. Of seven illegitimate recombinants,
variants 1 and 1' contained 3' end sequences of the last 236
and 235 nucleotides, respectively, from RNA1 connected at
similar positions near the 3' end of the unrepaired M4 RNA3.
Recombinants 2, 3, and 4 contained almost the entire RNA2
noncoding region connected at various points in the middle
of the RNA3 noncoding region. Variants 5 and 6 were
derived by double crossover events. Specifically, variant 5
contained a mosaic of RNA1 and RNA2 3' noncoding
sequences joined just 12 bases upstream from the 3' end of
the M4 RNA3 molecule. RNA1 and RNA2 sequences were
arranged in such a way that 75 3'-terminal nucleotides from
RNA2 were ligated to the very 3'-terminal nucleotide of a
243-base-long 3'-end RNA1 sequence. In variant 6, the
RNA1 insert was connected downstream to the RNA3
sequence so that it produced a 42-base deletion within the
tRNA-like structure. Upstream, this RNA1 insert was legit-
imately ligated to RNA3 sequences. Recombinant A had the
308-base 3' sequence from RNA2 ligated to RNA3 near the
coat protein termination codon (10).

Characterization of sequences at recombinant junctions. To

learn whether specific RNA sequences control the recombi-
nant crosses, sequences flanking the illegitimate junctions
were examined. Initial comparisons revealed no obvious
similarity between primary sequences. Also, the junctions
occurred between different nucleotides. This suggested that
primary structures did not directly determine the recombi-
nation.
Analyzing other factors, we used the computer programs

BESTFIT and GAP to investigate complementarities among
the RNA substrates. Pairs ofBMV RNAs comprising nucle-
otides from -50 to +50, both of positive polarity, were lined
up in opposite orientations to form the heteroduplex struc-
tures. The best-hybridizing duplexes are shown in Fig. 4.
The statistical values for these pairings, based on a mean of
25 randomized (shuffled) comparisons, ranged between 1.4
and 3.1 standard deviations (SD). A score of 3.0 SD or more
is considered to demonstrate an authentic relationship (13).
Therefore, at least the duplex 5(2) can be considered statis-
tically significant. Although other heteroduplexes were sta-
tistically less probable, they may still be valid because the
viruses cannot randomize their RNA sequences.

Since the number of RNA arrangements that have similar
energies may be large, other configurations in the recombi-
nation regions were possible. Certainly intramolecular sec-
ondary elements may compete with the intermolecular hy-
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FIG. 5. Schematic illustration of the potential role of sequence

complementarities in copy choice (A) and breakage-and-religation

(B and C) models of recombination. (A) This continuous copy

choice model involves temporary formation of a local heteroduplex

between two RNAs of the same polarity. When the viral RNA

polymerase reaches this region, it may continue daughter strand

synthesis on the primary template A or may switch to template B.

(B) In the breakage-and-religation model, two RNA molecules form

a local heteroduplex structure (as in panel A) that can be cleaved

within a loop region, and subsequently the already-hybridized

fragments can be religated. (C) The discontinuous version of the

breakage-and-religation mechanism involves separate cleavages of

two viral RNAs within homologous hairpins (enclosed in the dotted

open box) and a religation reaction among the two partially hybrid-

ized fragments (depicted by the lowercase letters a and b).

bridizations. To assess such a possibility, the free energies of

the heteroduplexes were compared with the sum of minimal

energy foldings of the corresponding ssRNA regions. As

shown in the legend to Fig. 4, these values ranged within a

similar order of magnitude, with some of the heteroduplex

energies exceeding those for the corresponding intramolec-

ular foldings. This indicated that hybridizations of parental
BMV RNAs at the crossing sites were energetically permis-
sible.

In addition to the hybridizations at the illegitimate junc-

tions, associations among the accurately juxtaposed 3' BMV

RNA sequences were possible. We found that, owing to a

close homology between the highly structured 3' noncoding

sequences, such interactions were more perfect and ex-

tended over longer regions than those of Fig. 4 (data not

shown). The replicase switches at such duplexes may lead to

the formation of the legitimate recombinants observed in this

work.

DISCUSSION

The lack of common primary sequences on both sides of

the BMV recombinant crossing points is in contrast to the

data of Cascone et al. (11) on recombination in TCV.

Apparently, a consensus motif, similar among the terminal

sequences of the genomic, satellite, and defective interfering

TCV RNAs, could be located on the right sides of the TCV

recombinants. Based on that, the authors proposed a repli-

case-driven mechanism by which the TCV RNA polymerase
initiates minus-strand synthesis at either terminal or internal

replicase recognition sequences. In some respects, this

model is similar to the mechanism of recombination pro-

posed for coronaviruses, in which a common leader initiates

RNA synthesis at different internal sites (4).

In BMV, the heteroduplex structures at both sides of the

junctions (Fig. 4) suggest that, as in poliovirus (31), local

hybridizations, rather than primary sequences, may assist

the RNA polymerase to switch among the BMV RNA

templates (Fig. 5A). Since the detachment of the poly-
merase-nascent strand complex is not required in this con-

tinuous copy choice model, it should be kinetically favorable

over alternative discontinuous copy choice processes. The

model explains equally well the formation of both legitimate

and illegitimate 3' recombinants.

A detailed molecular mechanism for the template switch-

ings by BMV replicase is not obvious. One common feature

of the hybridizations shown in Fig. 4 is that the junctions for

the downstream (donor) RNA sequences were located more

towards the 3' side than those for the upstream (acceptor)

RNA sequences. This asymmetry may reflect the configura-

tion of the putative recombination intermediates. That is,

when the upcoming BMV polymerase partially unwinds the

intermolecular duplex, the released parts can form intra-

strand secondary elements (boxed sequences in Fig. 4).

Also, the remaining duplex structures can be further short-

ened by folding into hairpins. All these foldings may estab-

lish a special configuration that brings the crossing sites on

both RNA strands closer to each other. Moreover, it is

known that the secondary-structure elements tend to

weaken polymerase-RNA template interactions. Therefore,

as postulated by Cascone et al. (11) and Romanova et al.

(31), the upstream hairpins can detach the replicase from the

primary template, thus facilitating RNA switches. The

strand-separating activity of BMV replicase was shown

before by demonstration of its ability to copy through

partially double-stranded regions (1).

The identified illegitimate recombinants were essentially

of two kinds: those resulting from crossovers between two

internal 3' noncoding portions (recombinants 2, 3, 4, 6, and

A) and those resulting from crosses between an internal part

of one RNA and the 3' terminus of the second RNA

(recombinants 1, 1', and 5). The heteroduplexes in Fig. 4

explain the internal copy choice events, but they do not

justify the proximal-end strand switchings. This is because

the upcoming RNA polymerase would separate all of the

paired region before a copy choice event could occur.

Therefore, it is possible that additional mechanisms, such as

a third-RNA-mediated copy choice (23) or breaking and

religation (see below), may contribute to the generation of

BMV recombinants.

Theoretically, the RNA recombinants may constitute at

the level of either plus- or minus-strand synthesis. However,

since the concentration of positive strands greatly exceeds

that of negative strands, the plus strands are more likely to

interact, and thus the exchanges occur during minus-strand

A.
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synthesis. Indeed, Rao and Hall (27) have demonstrated that
a nonreplicating BMV RNA2 mutant recovered its replica-
tion abilities in protoplast infections. Also, we have found
that a3'-truncated (thus nonreplicating) BMV RNA3 mole-
cule acquired its missing sequences from the wt (replicating)
RNA1 or RNA2 in whole-plant infections (26a). If a copy
choice mechanism operates, such a repair was possible only
during minus-strand synthesis, when the RNA polymerase,
upon initiation on the wt RNA1 or RNA2, could switch to
the 3'-truncated input RNA3.

Breakage-and-religation mechanisms are also possible
(Fig. 5). In model B, two RNA molecules form a local
heteroduplex structure (as in model A), but instead of
template switching by the replicase, both RNA strands are
cleaved at unhybridized nucleotides and religated. Alterna-
tively, the RNA fragments, pregenerated by cleavages at the
homologous hairpin-loop structures, can be rehybridized
within the complementary terminal regions and religated
(model C). Since model C requires defined cleavages within
the RNase-resistant 3' noncoding regions of BMV RNAs (6),
this mechanism is less probable.
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