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Brome mosaic virus (BMV), a tripartite positive-stranded RNA virus of plants engineered to support
intersegment RNA recombination, was used for the determination of sequence and structural requirements of
homologous crossovers. A 60-nucleotide (nt) sequence, common between wild-type RNA2 and mutant RNA3,
supported efficient repair (90%) of a modified 3’ noncoding region in the RNA3 segment by homologous
recombination with wild-type RNA2 3’ noncoding sequences. Deletions within this sequence in RNA3
demonstrated that a nucleotide identity as short as 15 nt can support efficient homologous recombination
events, while shorter (5-nt) sequence identity resulted in reduced recombination frequency (5%) within this
region. Three or more mismatches within a downstream portion of the common 60-nt RNA3 sequence affected
both the incidence of recombination and the distribution of crossover sites, suggesting that besides the length,
the extent of sequence identity between two recombining BMV RNAs is an important factor in homologous
recombination. Site-directed mutagenesis of the common sequence in RNA3 did not reveal a clear correlation
between the stability of predicted secondary structures and recombination activity. This indicates that
homologous recombination does not require similar secondary structures between two recombining RNAs at
the sites of crossovers. Nearly 20% of homologous recombinants were imprecise (aberrant), containing either
nucleotide mismatches, small deletions, or small insertions within the region of crossovers. This implies that
homologous RNA recombination is not as accurate as proposed previously. Our results provide experimental
evidence that the requirements and thus the mechanism of homologous recombination in BMV differ from
those of previously described heteroduplex-mediated nonhomologous recombination (P. D. Nagy and J. J.

Bujarski, Proc. Natl. Acad. Sci. USA 90:6390-6394, 1993).

Natural sequence rearrangements in several animal and
plant RNA virus groups have been observed (15, 33). Sequence
comparisons have also revealed the modular nature of the
assembly of RNA viral genomes (15, 17, 19, 59). All these data
emphasize the importance of RNA recombination for increas-
ing variability and facilitating evolution in RNA viruses (15, 18,
28, 33, 52).

To date, RNA recombination has been demonstrated exper-
imentally in animal viruses, including picornaviruses (28),
coronaviruses (33), alphaviruses (57), orthomyxoviruses (7),
and nodaviruses (34); in plant viruses, including bromoviruses
(4, 10, 47), carmoviruses (13), tombusviruses (58), tobamovi-
ruses (6, 44), and alfalfa mosaic virus (54); and in bacterio-
phages (39, 40). These studies reveal that RNA recombination
can be either precise (homologous) or imprecise (nonhomolo-
gous), involving homologous or heterologous sequences, re-
spectively, at junction sites.

Homologous recombination is the most common type of
RNA recombination. It is thought to utilize a replicase-
mediated copy-choice mechanism (11, 24, 33). In picornavi-
ruses, crossovers occurred between mutants of the same virus
strain or between different virus strains within regions contain-
ing several hundred homologous nucleotides (28). In corona-
viruses, homologous recombination took place between
genomic RNAs of different strains or mutants, between sub-
genomic and genomic RNAs, and between defective interfer-
ing and genomic RNAs (30, 35, 55). Homologous recombina-
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tion has also occurred within a large region of a 3’ mutated
replicase gene of bacteriophage Qf and wild-type (wt) QB
replicase mRNA expressed from a plasmid (40). Because
homologous crossovers occurred between identical or highly
homologous sequences, the exact recombination sites were not
determined unambiguously in the studies mentioned above.
Thus, the structure and/or sequence requirements for homol-
ogous RNA recombination have been difficult to characterize.
Romanova et al. (48) and Tolskaya et al. (53) suggested that
two parental picornavirus positive-sense RNA templates could
form a local heteroduplex at regions of self-complementarity,
facilitating the generation of homologous recombinants. Alter-
natively, a supporting negative-sense RNA might help to bring
the two parental positive-sense RNA templates together (31).
For coronaviruses, similar secondary structures between pa-
rental molecules have been proposed to facilitate homologous
recombination (35). In some cases, however, short sequence
homologies between parental templates were proposed to
facilitate nonhomologous recombination events (8, 58). These
models have not been experimentally confirmed.

Brome mosaic virus (BMV) is a tripartite, single-stranded
RNA virus of plants. The genomic RNA components of BMV
contain approximately 200 nucleotides (nt) of homologous 3’
noncoding sequence (2). The 3’ portion of this region can form
a tRNA-like conformation which is involved in the initiation of
minus-strand synthesis (for a review, see reference 36). Most of
the recombination experiments with BMV have utilized RNA3
mutants since this is the only RNA segment which does not
provide indispensable frans-acting RNA replication factors (1).
Intersegment genetic recombination in BMV was first ob-
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served when a viable BMV RNA3 mutant (designated m4)
containing a deletion within the 3’ noncoding sequence was
repaired because of crossovers with wt RNAs 1 or 2 (10).
Other homologous and nonhomologous BMV recombinants
have since been isolated from Chenopodium hybridum, a local
lesion host (37, 47), and from barley, a systemic host (9).
Mutants incapable of replication recombined with replication-
competent wt RNAs (22, 38, 45). A replicase-driven template
switching mechanism has been proposed to explain all these
observations (11, 38, 47).

The studies mentioned above have demonstrated that ho-
mologous crossovers occur more frequently than nonhomolo-
gous events in BMV (37). Characterization of more than 100
homologous recombinants revealed that all had crossover sites
limited to long homologous regions among templates and that
crossovers occurred precisely at corresponding nucleotide po-
sitions (12, 38a). In contrast, the statistical nature of the
distribution of nonhomologous crossovers was observed by us
at local heteroduplex regions formed between recombining
BMYV RNA components (38). This and the observed precision
of homologous recombination suggested that a different mech-
anism may be operating during homologous recombination.

To understand the mechanism of homologous recombina-
tion, in this work we have investigated sequence and structural
requirements of homologous recombination in BMV. A re-
combination system in which a 60-nt BMV RNA3 3’ noncod-
ing sequence supports efficient homologous crossovers with
corresponding wt RNA2 sequences has been developed. A set
of nested deletions within this 60-nt region reveals a direct
correlation between the length of sequence identity and re-
combination frequency. Besides length, the extent of sequence
homology influenced both recombination incidence and the
distribution of crossover sites. Nearly 20% of homologous
recombinants were imprecise since they contained either nu-
cleotide mismatches, small deletions, or small insertions within
the region of crossovers. We discuss our results in relation to
possible mechanisms of homologous recombination.

MATERIALS AND METHODS

Materials. Plasmids pB1TP3, pB2TP5, and pB3TP7 (23) were used to
synthesize in vitro-transcribed wt BMV RNA components 1, 2, and 3, respec-
tively. Moloney murine leukemia virus reverse transcriptase, restriction enzymes,
and T7 RNA polymerase were from Gibco BRL (Gaithersburg, Md.), and the
Sequenase kit was from U.S. Biochemicals (Cleveland, Ohio). The following
oligonucleotide primers were used in this study (unique EcoRI and BamHI sites
are underlined, and alternative bases are shown in parentheses): 1, 5'-CAGT
GAATTCTGGTCTCTTTTAGAGATTTACAG-3'; 2, 5'-CTGAAGCAGTGC
CTGCTAAGGCGGTC-3"; 27, 5'-CAGTGGATCCAAGTGTCCTACCTGGA
CAGG-3'; 28, 5'-CAGTGGATCCGCCAAAGTGTCCTACCTGGAC-3'; 48,
5'-CAGTGGATCCTACCTGGACAGGGTCTC-3'; 49, 5'-CAGTGGATCCA
GTGTCCTACCTGGACAGG-3'; 52, 5'-CAGTGGATCCATTGTAC(TC)GA
(TC)TCAA(CG)AAGCTTTTAACCTTAGCC(AT)AAGTGTCCTACCT-3";
114, 5'-CAGTGGATCCAACTCGAGCACAACGAAGGCTG-3'; 115, 5'-CA
GTGGATCCGTCAACCACGAC(TG)A(TG)CAG(TG)TA(TG)TG(TG)AC
(TG)GAT(TC)CAACAAGCTTTTAACCT-3'; 116, 5'-CAGTGGATCCGTCA
ACCACGAC(TC)A(TC)CAG(TC)TA(TC)TG(TC)AC(TC)GAT(TC)
CAACAAGCTTTTAACCT-3'; 166, 5'-CAGTGGATCCTTAG(GC)CAAAGT
GTCCTAC-3'; 178, 5'-CAGTGAATTCTTTCGACTAGGCGCTGCCCACCA-
3.

Plasmid construction. PN100 and PN-H series plasmids (described below) are
derivatives of pB3TP7, from which infectious wt BMV RNA3 can be synthesized
in vitro (23). To construct plasmid PN100 (Fig. 1A), the following multistep
approach was used. First, plasmid PN100A-C was generated as follows. A 765-bp
3" ¢cDNA fragment derived from pCC3TP4, a plasmid containing full-length
c¢DNA of RNA3 of cowpea chlorotic mottle virus (3), was amplified by PCR with
primers 114 and 178 (Fig. 1A). The amplified cDNA fragment was digested with
Spel restriction enzyme, and the resulting 555-bp cDNA fragment (representing
the 5’ portion of region C [Fig. 1A]) was ligated to Spel-linearized PNO,
containing regions A and B as well as the 3’ part of region C (38). After ligation,
a new round of PCR was used to amplify the whole sequence of regions A to C
with primers 1 and 114. The resulting 1.1-kb PCR fragment was purified by
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low-melting-point agarose gel electrophoresis (49) followed by digestion of the
ends with BamHI and EcoRI. The digested PCR fragment was then used to
replace the 3’ 240-bp BamHI-EcoRI fragment of pB3TP7B (a plasmid contain-
ing the full-length cDNA of BMV RNA3 with a BamHI linker mutation at a
Tth1111 site, position 234 as counted from the 3’ end according to Ahlquist et al.
[2]). The resulting plasmid, PN100A-C, contained regions A to C (shown as part
of PN100 in Fig. 1A) and a unique BamHI site immediately upstream of region
C. To obtain PN100, a 158-bp cDNA fragment representing the upstream
portion of the 3’ end of BMV RNA3 (including region D [Fig. 1A]) was
amplified from the pB3TP7 template by PCR with primers 2 and 48. The
resulting cDNA fragment was digested with BamHI and Xbal and then ligated to
the corresponding sites in PN100A-C. The 3’ noncoding region of PN100 RNA3
was 1,233 nt in length (Fig. 1A). Region A contained RNA3 sequences between
positions 1 and 162 (nucleotide numbering is from the 3’ end of wt RNA
throughout this work) and an upstream RNAI-derived region (positions 163 to
236 on wt RNA1). Region B contained RNA3 sequences between positions 7 and
200. Both region A and region B contained an m4 deletion (positions 81 to 100
on wt RNA3). Region C consisted of 765 nt derived from cowpea chlorotic
mottle virus RNA3 (positions 24 to 788). Region D contained RNA3 sequences
between positions 220 and 297 on wt RNA3.

To generate the constructs depicted in Fig. 2B, the upstream part of the 3’
sequence of pB3TP7 (positions 160 to 392, which included regions R and D as
well as the 3’ end of the coat protein open reading frame) was amplified with
primer 2 and either primer 115 or 116 (Fig. 1A). The resulting PCR fragments
were digested with BamHI and Xbal and ligated into PN100 at corresponding
sites. Since primers 115 and 116 were expected to introduce A-to-C and A-to-G
mismatch mutations, respectively, at several positions within region R, the entire
amplified region was sequenced to confirm the presence of mutations. The actual
region R sequences of selected constructs are shown in Fig. 2B. The plasmid that
did not contain any mutations in region R (it had sequences representing wt
RNA3) was designated PN-H26 (Fig. 1A).

Constructs PN-H52, PN-H166, PN-H28, PN-H27, and PN-H49 (Fig. 2A) were
obtained by using similar PCR-based technology. The 5’ portions of region R
and the entire region D in PN-H26 (Fig. 1A) were amplified by PCR with pairs
consisting of 5" primer 2 and one of the following 3" primers: 52, 166, 28, 27, and
49, respectively. PCR products were digested with BamHI and Xbal and used to
replace the corresponding fragment in PN100. Constructs PN-H65 and PN-H66
(Fig. 2A) were obtained by digestion of constructs PN-H26 and PN-H54 (a point
mutation derivative of PN-H52) (not shown) with HindIII and Hincll (both sites
were located within region R), T4 DNA polymerase treatment, and recircular-
ization. The entire PCR-amplified region was sequenced to confirm the muta-
tions introduced in all of the constructs described above.

Plant inoculations. Leaves of Chenopodium quinoa, a local lesion host for
BMYV (33a), were inoculated with a mixture of transcribed BMV RNA compo-
nents, as described by Nagy and Bujarski (38). Briefly, a mixture of 1 ug of each
transcript in 15 pl of inoculation buffer (10 mM Tris [pH 8.0], 1 mM EDTA,
0.1% celite, 0.1% bentonite) was used to inoculate one fully expanded leaf. Six
leaves were inoculated for each RNA3 mutant. Each experiment was repeated
twice.

RT-PCR amplifications, cloning, and sequencing. Total RNA was isolated
from separate local lesions and used for reverse transcription PCR (RT-PCR)
amplification, exactly as described previously (37). The 3’ end of progeny RNA3
was amplified by using primers 1 and 2 (Fig. 1A). Standard 1.5% agarose gel
electrophoresis was used to estimate the sizes of cDNA products (49). cDNA
fragments were digested with EcoRI and Xbal restriction enzymes and ligated
between these sites into the pGEM3 zf(—) cloning vector (Promega). Sites of
crossovers were determined by sequencing according to the manufacturer’s
specifications (U.S. Biochemicals).

RESULTS

A 60-nt region of identity supports homologous crossovers
between RNAs 2 and 3. In vivo accumulation of homologous
BMYV RNA3 recombinants containing crossovers either within
or upstream of the promoter for minus-strand RNA synthesis
has been described previously (9, 37, 46, 47). A 60-nt upstream
portion of 3’ noncoding sequences was of special interest
because previous studies revealed that this segment can be
altered without debilitating RNA3 replication (32). Therefore,
this region, which is homologous between RNAs 2 and 3, was
selected for further studies.

An RNA3-based recombination vector that replicated inef-
ficiently in C. quinoa was engineered. This vector, PN100, was
similar to a published construct (PNO) used as a vector for
nonhomologous recombination (38). As illustrated in Fig. 1A,
the 3’ noncoding region of PN100 is much longer than that of
wt RNA3. Its excessive length (1,233 nt) as well as the presence
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FIG. 1. (A) Schematic representation of the 3’ noncoding region of wt BMV RNAs 1 and 2 and PN-H26 and PN100 RNA3 constructs. The PN100 RNA3 mutant
contains a defective 3’ noncoding region that consists of four 3" noncoding sequence elements shown by horizontal double-headed arrows (regions A to D; described
in Materials and Methods). The locations of two viable m4 deletions are shown by small rectangular boxes. PN-H26 RNA3, a derivative of PN100, contains a 60-nt
RNA3-derived sequence (region R, positions 160 to 219 of wt RNA3 as counted from the 3’ end) inserted in sense orientation between regions C and D of PN100.
The sequence of region R in PN-H26 is identical to the corresponding RNA2 sequence (enclosed by solid lines), except at position 206. This sequence is less similar
to that in RNAL1 (enclosed by broken lines). The locations of restriction enzyme sites are depicted by vertical arrows, while oligonucleotide primers used for PCR are
shown by short horizontal arrows above the constructs. Primer M depicts the positions of the following mutagenesis oligodeoxynucleotides: 27, 28, 49, 52, 115, 116, and
166 (see Materials and Methods). Asterisks depict the positions of those nucleotides that were different in RNAs 1, 2, and 3 and thus served as natural marker
mutations. (B) Computer-predicted secondary structure of the 60-nt region R in PN-H26. Nucleotide numbers correspond to wt RNA3 sequences (positions 160 to 219
as counted from the 3’ end). The boxed nucleotides within the two hairpins, connected by dotted lines, indicate two putative pseudoknot structures that correspond
to hairpins H and G in wt RNA3, as proposed by Lahser et al. (32). Asterisks depict marker mutations that are different in PN-H26 and wt RNA2.

of two m4 deletions caused PN100 RNA3 to accumulate poorly
in C. quinoa (15% of that of wt BMV RNA3). This was
expected to give a selective advantage for the accumulation of
recombinant progeny (37, 38). When tested with C. quinoa,
PN100 was relatively stable: only 11% of the local lesions
examined accumulated nonhomologous recombinants with
RNAs 1 or 2, with junction sites in region D of PN100 RNA3
(data not shown). RNA3 recombinants with crossovers located
close to the 3’ end of RNA3 were not detected probably
because of the low-level competitiveness of resulting recombi-
nants with an extended 3’ noncoding region.

To test the activity of the 60-nt 3’ noncoding sequence in
homologous recombination, the corresponding fragment was
inserted into PN100 in positive-sense orientation at the unique
BamHI site (Fig. 1A). The sequence of this insert differed from
the corresponding wt RNA2 region only at position 206

(U-to-G substitution). This established a region of local se-
quence identity between 3’ sequences of wt RNA2 and the
resulting PN-H26 RNA3 (Fig. 1A). After coinoculation of
PN-H26 with wt RNAs 1 and 2 on the leaves of C. quinoa, the
accumulation of recombinants in induced local lesions was
monitored by RT-PCR with primers 1 and 2 (Fig. 1A) as
described in Materials and Methods. On the basis of the
lengths of amplified cDNA products, we estimated that 90% of
local lesions accumulated wt size RNA3 progeny (Fig. 2A). In
local lesions, wt size RNA3 recombinants completely outgrew
parental PN-H26 RNA3 molecules, demonstrating their high-
level competitiveness. This finding was in agreement with our
previous observations that wt size RNA3s or close to wt size
RNA3s have superior competitiveness over m4-containing
parental RNA3s (37, 38).

Sequencing cloned PCR products confirmed that RNA3
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FIG. 2. Distribution of RNA2-RNA3 homologous crossover sites within the homologous sequence of region R and the incidence of total recombination and
homologous recombination for nested 3’ deletion derivatives of PN-H26 (A) and mismatch derivatives of PN-H26 (B). Capital letters depict nucleotides that are
identical between region R sequences (underlined) of PN-H26 or its derivatives and the corresponding sequence in wt RNA2 (Fig. 1A); lowercase letters represent
heterologous sequences. Nucleotides are shown left to right in 5'-to-3’ orientation. Short vertical bars below sequence lines indicate marker mutations. The number
of RNA2-RNA3 homologous recombinants isolated from separate local lesions that had crossover sites between a particular pair of markers is shown below the
corresponding sequence. Each entry in this figure reflects independent RNA2-RNA3 homologous recombinants derived from separate local lesions. For analysis of the
distribution of crossover sites, we mapped the junction sites by sequencing similar numbers of recombinants (13 to 21 RNA2-RNA3 homologous recombinants for each
construct). Therefore, the total number of RNA2-RNA3 homologous crossover sites mapped by sequencing is usually less than the number of homologous recombinants
(including not only dominant RNA2-RNA3 recombinants but also infrequent RNA1-RNA3 homologous recombinants [Table 1]) isolated and characterized by
RT-PCR. The incidence of homologous recombination and total (including homologous and nonhomologous recombinants) recombination, determined by agarose gel
electrophoresis of RT-PCR-amplified RNA3-specific 3' cDNA products, was defined as the percentage of separate local lesions on C. quinoa that accumulated
recombinants. The free energy of the predicted secondary structure within region R was calculated as previously described (41, 42). im, the site and incidence of the
most frequent imprecise (aberrant) homologous recombinant (recombinant H-1 [Fig. 3B]).

components acquired 3’ sequences from RNA2 (i.e., contained
RNA2-specific marker mutations at positions 44, 77, and 81 to
100) through homologous crossover events within the inserted
60-nt homologous sequence. These results established that the
60-nt sequence common to wt RNA2 and PN-H26 RNA3 can
support a high frequency of homologous recombination (Fig.
2A). Control RT-PCR amplifications of mixtures of in vitro-
transcribed wt RNAs 1 and 2 and either PN-H26 or PN100
RNA3s generated parental-sized, but not recombinant-sized,
RNA3-specific cDNA fragments. Similar controls were pub-
lished previously (38), and they exclude the possibility that
recombinants represent RT-PCR artifacts (data not shown).
Effect of length of homologous region on recombination. To
determine the minimal length of homologous sequences to
support homologous recombination between RNA2 and
RNA3, various portions of the 3" end of the homologous insert

in PN-H26 were deleted. The resulting PN-H52, PN-H65,
PN-H166, PN-H28, PN-H27, and PN-H49 RNA3 constructs
(Fig. 2A) retained homologous sequences of 40, 23, 15, 9, 5,
and 4 nt, respectively. RT-PCR analysis of progeny RNAs
isolated from separate local lesions demonstrated that PN-H52
and PN-H65, which had 40- and 23-nt homologous sequences,
respectively, supported homologous recombination in 63 and
53% of local lesions (Fig. 2A). A further reduction of recom-
bination incidence to 50% was observed for construct PN-
H166 (containing a 15-nt homologous sequence), whereas
PN-H28 (with a 9-nt homologous insert) and PN-H27 (with a
5-nt homologous insert) recombined very infrequently (Fig.
2A). Homologous recombinants with junction sites within a
4-nt homologous region have not been found in PN-H49
infections. These data establish that constructs with longer
homologous inserts recombine with higher incidence than
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FIG. 2—Continued.

those with shorter inserts. Furthermore, very short (5- to 9-nt)
homologous sequences can participate in homologous cross-
over events, though rather infrequently.

The extent of identity between homologous regions affects
both recombination efficiency and the distribution of junction
sites. The majority of crossovers (81%) were found to occur 3’
to the G-206 marker mutation in PN-H26-induced recombi-
nants (Fig. 2B). To determine the effect of nucleotide mis-
matches on recombination, one to five point mutations were
introduced 3’ to the G-206 marker into a region predicted to
form a stable hairpin structure with a pseudoknot (hairpin G in
Fig. 1B) (see reference 32 also). The formation of hairpin G
structure in RNA3 is supported by the fact that similar
pseudoknot structures have been predicted not only for the
other two genomic RNAs of BMV but also among closely
related bromo-, cucumo-, hordei-, and tobamovirus RNAs (32,
41, 42). Point mutations were introduced within either the stem
or loop regions of hairpin G. The majority of introduced
alterations were either A to C or A to G in order to disrupt or
preserve (by allowing the formation of GU pairs), respectively,
the double-stranded stem region and pseudoknot structure.
Figure 2B shows that the presence of one or two mismatches
(mutants PN-H24, PN-H36, PN-H8, PN-H39, and PN-H4)
decreased the incidence of homologous recombination no
more than 14% compared with that of the original PN-H26
construct. The introduction of three or more mismatches

(mutants PN-H40, PN-H14, PN-H2, PN-H1, PN-H9, PN-H11,
and PN-H6) decreased homologous recombination by 30 to
40%. Interestingly, the presence of three- to five-mismatch
mutations in hairpin G reduced recombination incidence to a
level comparable to that observed for constructs containing
partial or complete deletion of hairpin G sequences (compare
with constructs PN-H52, PN-H65, and PN-H66 in Fig. 2A).

These mismatch mutants were useful for more precise
localization of crossover sites. As shown in Fig. 2B, one
nucleotide mismatch in variants PN-H24 and PN-H36 and two
mismatches in variants PN-H4, PN-HS8, and PN-H39 did not
markedly change the distribution of crossovers, with the ma-
jority of crosses (80 to 100%) occurring downstream of the
G-206 marker mutation. In contrast, 65 and 63% of crossovers
occurred upstream of the G-206 marker mutation in PN-H2
and PN-H09, three-mismatch mutants, respectively. This 5’ shift
of crossovers was less obvious for the remaining three-mis-
match constructs: 38, 53, and 44% of crossovers for PN-H40,
PN-H14, and PN-H1, respectively, occurred upstream of the
G-206 marker mutation. A clear 5’ shift of crossovers was
apparent for constructs with four (PN-H11)- and five (PN-H6)-
mismatch mutations, with 52 and 86% of crossovers, respec-
tively, upstream of G-206. In total, the introduction of three or
more nucleotide mismatches markedly decreased the fre-
quency of homologous recombination in the mutated homol-
ogous region of RNA3.
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TABLE 1. Percentage of homologous RNA3 recombinants
resulting from crossovers with either RNA1 or RNA2

Extent of % Homolo-

Total no. of  homology (%) withe:; ~ &°US recombi-

Parental RNA3 homologous nants with”:

constructs recombinants — pNA7 RNA2
analyzed  (ositions  (positions RNAI RNA2
posi (p
160 to 193) 160 to 219)

PN-H26 18 88 98 0 100
PN-H24 14 85 97 0 100
PN-H36 18 91 97 6 94
PN-H8 13 82 95 0 100
PN-H39 16 82 95 0 100
PN-H4 19 82 95 5 95
PN-H40 26 91 93 35 65
PN-H14 16 79 93 6 94
PN-H2 21 79 93 5 95
PN-H1 18 79 93 0 100
PN-H9 17 79 93 6 94
PN-H11 21 76 92 5 95
PN-H6 22 73 90 5 95
Total or average® 213 81 94 3 97

“ Sequence similarity of region R in RNA3 constructs to either wt RNAT or
RNAZ2 (within the specified positions).

b Determined by sequencing as described in Materials and Methods. RNA1-
RNA3 and RNA2-RNA3 homologous recombinants make up the homologous
recombination incidence shown in Fig. 2. Note that the source of RNA1 3’
noncoding sequences could be either a wt RNA1 component or RNA1 sequences
in region A of RNA3 constructs (see Materials and Methods). In the latter case,
recombinants could arise from intramolecular rearrangements (looping out)
between regions R and A.

¢ For all constructs listed above except PN-H40.

There was no definitive correlation between the predicted
stability of hairpin G and the distribution of crossover sites
(Fig. 2B). For instance, the 6-bp stem of hairpin G was
predicted to be completely destabilized by two mismatches in
PN-H4 and PN-H6 and three mismatches in PN-H11, but the
portion of recombinants that had crossovers within this region
(downstream of the G-206 marker mutation) was 88, 14, and
48%, respectively. Also, the predicted stability of hairpin G
was reduced from —6.6 to ~—2.0 kcal/mol (1 cal = 4.184 J) in
PN-H40, PN-H14, and PN-H9. However, the incidence of
recombination within the mutated region was 56, 47, and 25%,
respectively (Fig. 2B). Taken together, these data indicate that
the sequence homology between RNAs 2 and 3 was a major
factor in influencing both the incidence of homologous recom-
bination and the sites of crossovers.

Since the accumulation of particular recombinants can be
influenced by postrecombinational selection (5, 37, 58), we
examined whether the observed 5’ shift of crossovers resulted
from selection. This was especially important because homol-
ogous recombinants with crossovers upstream of mismatch
mutations would no longer contain these mismatches, while
those with downstream crossovers would and the latter may
not accumulate (Fig. 2B). Thus, in a control experiment, we
examined whether RNA3 recombinants with five-mismatch
mutations within the hairpin G region were generated and
amplified to a detectable level in vivo. A mutated RNA2
molecule (designated H6-RNA2) that contained the same
five-mismatch mutations in hairpin G as PN-H6 RNA3 did
(Fig. 2B) was found to be infectious when coinoculated with
PN-H6 RNA3 and wt RNAI. Isolated RNA3 homologous
recombinants had precise crossovers with H6-RNA?2 within the
60-nt homologous region and thus retained all five point
mutations in hairpin G (data not shown). This confirmed that
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RNA3 recombinants containing the mutagenized homologous
region of RNA2 are allowed to accumulate in local lesions.

A comparison of the incidence with which RNA3 mutants
recombined with either RNA2 or RNA1 components and the
extent of sequence identity between recombining BMV RNAs
in the region of crossover further supported the role of
sequence homology in homologous recombination. For in-
stance, PN-H40 RNA3, whose sequence homology with RNA1
within the 3’ portion of its region R (91% between positions
160 and 193 [Table 1]) was almost as high as that with
corresponding RNA2 sequences (93%), generated RNA1-
RNA3 homologous recombinants much more frequently
(35%) than the other mutants depicted in Fig. 2B. The latter
were more similar to RNA2 than to RNA1. These data suggest
that increasing the extent of sequence similarity increases the
incidence with which homologous recombinants are isolated.
Because homologous RNA2-RNA3 recombinants with cross-
overs within region R have been shown to be viable, this
increased incidence of recombinant isolation almost certainly
reflects an increased frequency of recombinogenic events.

Occurrence of point mutations, deletions, and insertions
within the crossover region. Sequence analysis of 239 indepen-
dently generated homologous recombinants (Fig. 2B) revealed
that 33 of them (~14%) contained mismatches (nucleotide
substitutions) in region R that were not present in either
parental molecule (Fig. 3A). To guard against the possibility
that some of these alterations represented PCR artifacts, the
60 adjacent downstream nt (positions 100 to 159, derived from
wt RNA2 in RNA2-RNA3 homologous recombinants) in all
the homologous recombinants generated by the constructs
illustrated in Fig. 2B were sequenced. If RT-PCR was respon-
sible for the observed mismatches, they should occur with
similar frequency within the homologous and control down-
stream regions (27). We found that the 60-nt homologous
region R contained, on average, four times more mismatches
(14% of all homologous recombinants from Fig. 2B) than the
60-nt control sequence (3%). Moreover, the majority of mis-
matches (81%) were concentrated within actual crossover
regions (flanked by a 3’ marker mutation from wt RNA2 and
a 5" marker mutation from mutated RNA3). Most mutant
recombinants had single mismatches (85%); a much smaller
fraction (15%) had two adjacent mismatches or two mis-
matches separated by one unchanged nucleotide (Fig. 3A).
Another interesting feature was the nonrandom nature of
mismatch mutations within the homologous region. The ma-
jority of these mutations on positive-sense RNA involved a U
residue (90% of cases compared with the expected 25% if
misincorporation was random) which replaced an A residue in
56%, a Cresidue in 20%, and a G residue in 12% of cases (Fig.
3A). Mismatch mutations in the control downstream region
showed a nearly random distribution (two U-to-C substitu-
tions, two A-to-G substitutions, two C-to-U substitutions, one
U-to-A substitution, and one G-to-A substitution).

Nearly 5% of homologous recombinants contained nucle-
otide insertions, while 1% had deletions within the crossover
region. No nucleotide insertions or deletions were observed in
the control region of RNA2-RNA3 homologous recombinants.
The majority of inserted nucleotides represented the repetition
of one of the two flanking template nucleotides (Fig. 3B).
However, some recombinants had nontemplated nucleotides
(e.g., H4-3 and H9-2 [Fig. 3B]). Interestingly, two recombi-
nants (H36-1 and H26-1) had 5 and 12 heterologous nt,
respectively, of unknown origin that replaced 8 homologous nt
in the crossover region. Another type of recombinant had
crossover sites between heterologous nucleotides that were
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B.
1. sequence homology at both sides of junctions 2. sequence homology at the right side of junctions
H1: 206 H40-6: 208
RNA2 - GGCTAAGLTTAAAAGCTTGTTGAATCAGTA RNA2 - tcaggcagacCACTTTGGCTAAGtTTAAAA
RNA3 - GGCTAAGGTTAAAAGCTTGTTGAATCAGTA RNA3 - CcaggtaggaCACTTTGGCTAAGGTTAAAA
H4-3: 206

|
RNA2 - GGCTAAGLTTAAAAGCTTGTTGAATCAGTA
t

RNA3 - GGCTAAGYTTAAAAGCTTGTTGAATgAGTA
Ho-2: 206

RNA2- CACTTTGGCTAAGLTTAAAAGCTTGTTGAAT

3. sequence homology at the left side of junctions

H26-4: 1|60
RNA3 - CACTTTGGCTAAGYTTAAAAGCTTGTTGGAT RNA2 - AATAACTGATAGTCGTGGTTGACacqgagace
H26-1: 2|06 RNA3 - AATAACTGATAGTCGTGGTTGACggatccaac
RNA2 - gtcaggcagacCACTTTGGCTAAGETTAMAAGCTTGTT  isp 4. 1|82
GGtLE RNA2 - TTGTTGAATCAGTACAATaactgatagtc
RNA3 - tccaggtaggaCACTTTGGCTAAGYTTAAAAGCTTGTT RNA3 - TTGTTGAATCAGTACAATggatccaactc

H36-1; 306
RNA2 - acCACTTTGGCTAAGLTTAAAAGCTTGTTGAATCaGT

tcgaaagaat

RNA3 - gaCACTTTGGCTAAGGTTAAAAGCTTGTTGAATCYGT

FIG. 3. Diagram summarizing the locations of single- and double-nucleotide substitutions within region R in imprecise (aberrant) homologous RNA2-RNA3
recombinants isolated from infections with constructs from Fig. 2B. Each letter represents a single-nucleotide substitution in a separate independent recombinant, even
if there are multiple letters in the same line. Double-nucleotide substitutions in a recombinant are boxed by dotted lines. For simplicity, the positive-strand sequence
of region R is shown only for PN-H26; sequences of region R in other constructs are shown in Fig. 2B. The names of parental RNA3 constructs are shown on the left.
(B) Nucleotide sequences flanking the sites of crossovers in imprecise (aberrant) homologous RNA2-RNA3 recombinants with deletions or insertions at crossover sites.
Homologous RNA2 and RNA3 sequences are shown in upper and lower lines, respectively. Capital letters depict nucleotides that are identical between mutated RNA3s
and wt RNA2 (Fig. 2); lowercase letters represent mismatches. The sequences of recombinants and the sites of crossovers are depicted by solid lines inside each pair
of sequences. Nontemplated nucleotides are displayed between sequences. The names of recombinants reflect their origin, except in the case of H-1. The latter
recombinant was found in 12 separate local lesions induced by different RNA3 mutants (Fig. 2).
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flanked, at least from one side, by long homologous sequences
(e.g., recombinants H40-6 and H52-1 [Fig. 3B]).

The most frequent single nucleotide insertion, found in
nearly 70% of imprecise recombinants (isolated from 12
independent infections), was a U residue at the crossover site
(position 206 [or 207] of RNA2 and 207 [or 208] of RNA3;
designated recombinant H-1) (Fig. 3B). Other imprecise re-
combinants also had deletions or insertions at or near this hot
spot position (recombinants H4-3, H26-1, H9-2, and H36-1
[Fig. 3B]). Since these insertions and deletions were found
exclusively within the region of crossovers (between the spe-
cific marker mutations), they must have resulted from in vivo
recombination events. In control experiments, multiple inde-
pendent RT-PCR amplifications were performed on total
nucleic acid extracts isolated from separate local lesions of C.
quinoa. Such RT-PCRs always reproducibly led to the isolation
of a common recombinant cDNA sequence, as demonstrated
by sequence analysis of cloned cDNA fragments (data not
shown). The reproducible isolation of imprecise homologous
recombinants from a given total nucleic acid extract, but not
from other independent samples, ruled out the possibility that
nontemplated nucleotides were introduced during RT-PCR
rather than during BMV infection.

During this work, depending on the particular mutant
combination, we found that nonhomologous recombinants
were generated in 0 to 20% of local lesions (Fig. 2). Since this
type of recombinant has been previously characterized in detail
(9, 37, 38), nonhomologous recombinants were not included in
this report.

DISCUSSION

Although homologous RNA recombination has been de-
scribed for several viruses, including BMV (see the introduc-
tion), the sequence and structural requirements of homologous
crossovers are not well understood. In the experiments re-
ported here, we investigated the effects of such factors as the
length of homologous sequence, the extent of sequence iden-
tity between recombining BMV RNA segments, and secondary
structures at the sites of crossovers on homologous recombi-
nation. The data presented here establish that a 60-nt 3’
sequence in RNA3 can promote efficient homologous cross-
overs with the corresponding RNA2 region. Deletions within
this homologous region revealed that constructs with longer
homologous regions recombined with higher incidence than
constructs with shorter ones. These data provide experimental
evidence that the length of the homologous region affects RNA
recombination in BMV. The observation that an identity as
short as 15 nt supported efficient homologous crossovers in
BMYV demonstrates that homologous recombination can occur
not only between long homologous regions, as observed pre-
viously for picornaviruses (28, 29), coronaviruses (35), bacte-
riophage QB (40), and bromoviruses (37, 46, 47), but also
between short regions. This finding, in turn, suggests that
recombination between homologous sequences might be more
common than previously anticipated. Short homologous se-
quences can be easily found between related viral RNAs as
well as unrelated viral RNAs and have been postulated to
facilitate recombination between otherwise heterologous se-
quences in bacteriophages QB and ¢6 and in tombusviruses (8,
39, 58) as well as to promote deletion events in hypovirulence-
associated mycovirus, tobamoviruses, and flock house nodavi-
rus (34, 44, 50).

In contrast to our results described above, in which homol-
ogous recombinants were generated with high frequency,
PN-H27 and PN-H28 RNA3 infections accumulated RNA2-
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RNA3 homologous recombinants infrequently (3 to 4% inci-
dence of homologous recombination). This can be explained
by inefficient interactions between the 5- to 9-nt homologous
regions of these RNA3s and that of RNAZ2. Alternatively, the
fact that these short sequences participated in homologous
recombination events could be merely accidental. Whether
other short homologous sequences can support precise cross-
overs in BMV remains to be determined.

Besides the length of the homologous region, our data show
that the extent of sequence identity between recombining
RNAs is also important. Mismatch mutations in the 3’ portion
of the 60-nt homologous region in RNA3 decreased recombi-
nation in the modified region and shifted crossovers to homol-
ogous sequences further upstream (Fig. 2). The relationship
between high sequence homology and homologous recombi-
nation was further supported by the observation that a shift of
homologous crossovers from RNA2 to RNA1 occurred when
the homologous sequence in PN-H40 was altered in such a way
that it became almost as similar to the corresponding region of
RNALI as to that of RNA2 (Table 1). The importance of
homology in RNA recombination has also been observed for
poliovirus, in which homologous recombination occurred ~100
times more frequently between homologous viral mutants than
between heterologous strains that showed 85% homology (29).

In contrast to the role of sequence homology, the effect of
secondary structures in RNA3 on homologous recombination
was less pronounced. Destabilization of the predicted hairpin
G structure by mutations within the stem and pseudoknot
structures did not correlate with either recombination inci-
dence or the distribution of crossover sites. This result is
different from that observed for turnip crinkle virus, in which
an appropriate secondary structure of the acceptor RNA
strand determined the efficiency of aberrant homologous re-
combination between turnip crinkle virus satellite RNAs (13).
In addition to turnip crinkle virus, Romanova et al. (48),
Tolskaya et al. (53), and Makino et al. (35) proposed a role for
secondary structures in promoting homologous recombination
in poliovirus and coronaviruses, respectively. Our results do
not preclude the involvement of secondary structures in ho-
mologous recombination. For instance, they might be impor-
tant for putative donor RNA2 sequences either within, down-
stream, or upstream of the sites of crossovers. Further studies
are required to confirm our hypotheses.

Surprisingly, nearly 20% of homologous recombinants con-
tained either mismatch mutations (nucleotide substitutions),
insertions, or deletions within the crossover region. The low
incidence of such alterations outside the crossover region
(mismatch mutations in ~3% of recombinants and no dele-
tions or insertions) strongly suggests that these mutations were
created during recombination events. Thus, they may repre-
sent “fingerprints,” delineating actual crossover sites. This
result suggests that homologous recombination might be less
accurate and, in fact, might contribute to sequence variability
during virus evolution to a higher extent than previously
proposed (24, 25). The fact that these events were not observed
in poliovirus, coronaviruses, bacteriophage QB, and bromovi-
ruses (4, 25, 29, 35, 37, 40, 46, 47) may result from selection
pressure; in these studies, crossovers occurred within coding
regions or promoter sequences, thus enforcing the selection of
precise (i.e., functional) recombinants.

The nature of these observed homologous events differs from
that previously reported for heteroduplex-mediated nonho-
mologous crosses in BMV (38). In the latter, crossovers were
distributed between noncorresponding nucleotides on only
one side of the heteroduplex formed between recombining
RNA substrates. The locations of nonhomologous junctions
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were affected by the strength of complementary interactions
within the heteroduplex (38). This suggested that the strength
of hybridization between recombining RNAs, rather than the
sequence itself, was important for nonhomologous recombina-
tion in BMV. In contrast, the majority of homologous crosses
were precise, and in most cases, they occurred between corre-
sponding nucleotides within a region of identity. These fea-
tures strongly suggest that sequence requirements for these
two types of recombination are different.

Generation of the homologous recombinants described
above can be explained by the religation of broken RNA
fragments. In this case, however, one would need to assume
that regions of homology facilitate the breakage and/or liga-
tion of RNA substrates. The isolation of homologous recom-
binants with point mutations, insertions, or deletions within the
crossover region as well as the presence of nontemplated
nucleotides can be better explained by a template switching
mechanism. Template switching has been demonstrated for
poliovirus (29) and retrovirus recombination (20, 21) and is
generally favored in all the viral RNA recombination systems
described so far (33), including nonhomologous recombination
in BMV (38).

To explain how sequence homology brings two RNAs to-
gether and facilitates homologous crossovers, one might as-
sume that, as with the models proposed for poliovirus (24) and
coronavirus (33) homologous recombination, the BMV repli-
case-nascent RNA complex dissociates from the primary RNA
template. This can be stimulated by, for instance, a stable
secondary structure, a protein bound to the template strand,
nucleotide misincorporation by the replicase into the growing
nascent strand, or a single-strand break in the template. The
free aborted nascent strand could reassociate at a complemen-
tary region on another template. Another possible mechanism,
proposed by Jarvis and Kirkegaard (24), is that the replicase
does not dissociate from the template, but it occasionally
marches back on the primary template and exposes a short
non-base-paired region of the nascent strand. This region
could hybridize to a new acceptor strand, and then the
replicase could begin copying the new template. The ability to
retract on the primary template has been described for Klenow
DNA-dependent DNA polymerase (16) and for human RNA
polymerase II at strong pausing sites (26, 56).

Some of the imprecise (aberrant [33]) homologous recom-
binants observed during this work might also have been
generated by such mechanisms. The only difference in produc-
ing precise or imprecise recombinants would be that, in the
latter case, the very 3’ end of the nascent strand misanneals to
the acceptor strand. Accordingly, the most frequent imprecise
homologous crossovers occurred within a stretch of AU nucle-
otides (recombinants H-1, H4-3, H9-2, and H26-1 [Fig. 3B]),
where misannealing might occur more easily than in GC-rich
regions (in the latter case, annealing between the aborted
nascent strand and the acceptor strand is energetically more
stable). As an alternative to the misannealing mechanism,
recombinants with insertions might have resulted from non-
templated addition of nucleotides by the viral replicase during
template switching (e.g., replicase stuttering or terminal trans-
ferase activity of the replicase). This has been postulated to
explain nonhomologous recombinants containing nontem-
plated nucleotides at the sites of crossovers (13, 38). The latter
mechanism, however, cannot explain the generation of impre-
cise (aberrant) homologous recombinants with deletions. The
12-nt nonviral insert in recombinant H36-1 (Fig. 3B) might be
of host origin. A computer search of the GenBank database
revealed a perfect 11-nt match between this insert and the
chloroplast sequence (ORF 321) from rice (20a).
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Another mechanism of homologous recombination might
involve Holliday-like structures between double-stranded
BMYV RNA replicative forms, similar to those operating during
homologous recombination between double-stranded DNA
molecules (43). However, this mechanism seems unlikely to
occur in BMV since 15-nt homologous sequences probably
cannot form a Holliday-like structure; the shortest homologous
DNA sequence that supported low recombination efficiency
was ~50 bp in length (51).

In conclusion, our study reveals the importance of such
factors as the length and extent of sequence identity for
homologous recombination in BMV. Since these observations
are limited to a single region within the putative acceptor BMV
RNA3 molecule, further experiments are required to assess
the extent to which other RNA3 sequences or putative donor
RNAZ2 sequences contribute to homologous recombination in
BMV. By their contrast with the requirements for heterodu-
plex-mediated nonhomologous recombination, our results
open new experimental opportunities toward understanding
the mechanism involved and thus the clear distinction between
homologous and nonhomologous recombination in not only
BMYV but other related RNA viruses.
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