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It has been observed that AU-rich sequences form homologous recombination hot spots in brome mosaic
virus (BMYV), a tripartite positive-stranded RNA virus of plants (P. D. Nagy and J. J. Bujarski, J. Virol.
71:3799-3810, 1997). To study the effect of GC-rich sequences on the recombination hot spots, we inserted
30-nucleotide-long GC-rich sequences downstream of AU-rich homologous recombination hot spot regions in
parental BMV RNAs (RNA2 and RNA3). Although these insertions doubled the length of sequence identity in
RNA2 and RNA3, the incidence of homologous RNA2 and RNA3 recombination was reduced markedly. Four
different, both highly structured and nonstructured downstream GC-rich sequences had a similar “homologous
recombination silencing” effect on the nearby hot spots. The GC-rich sequence-mediated recombination
silencing mapped to RNA2, as it was observed when the GC-rich sequence was inserted at downstream
locations in both RNA2 and RNA3 or only in the RNA2 component. On the contrary, when the downstream
GC-rich sequence was present only in the RNA3 component, it increased the incidence of homologous
recombination. In addition, upstream insertions of similar GC-rich sequences increased the incidence of
homologous recombination within downstream hot spot regions. Overall, this study reveals the complex nature
of homologous recombination in BMV, where sequences flanking the common hot spot regions affect recom-
bination frequency. A replicase-driven template-switching model is presented to explain recombination silenc-

ing by GC-rich sequences.

RNA recombination has been demonstrated for an increas-
ing number of viruses (3, 6, 6a, 7, 15, 26, 27). It was found to
occur not only between replication-competent viral RNAs but
also between defective viral RNAs and between viral and host
RNAs (15, 26, 27). RNA recombination may have several
functions during the viral life cycle, including repairing defec-
tive RNA molecules, increasing sequence variability, and facil-
itating viral evolution and adaptation.

It has been proposed that RNA recombination occurs when
viral replicase switches from one template to another, thus
copying noncontiguous RNA sequences (6a, 9, 12, 13, 15, 19,
26). Both virus-encoded replicase protein(s) and sequences or
secondary structures of RNA templates have been demon-
strated to affect the selection of crossover sites. For instance,
mutations within helicase-like protein la of brome mosaic vi-
rus (BMV) changed the distribution of nonhomologous recom-
bination junctions relative to that seen with the wild-type (wt)
enzyme (19). In addition, mutations that destabilized portions
of the intermolecular duplex formed between the BMV RNAs
resulted in a shift of crossovers toward the more stable por-
tions of the heteroduplex (17). The role of sequence motifs and
hairpin-loop structures in the selection of crossover sites is well
described for turnip crinkle carmovirus (8-10). Stable hairpin-
loop structures are not favored in a recombination system in
tombusviruses, resulting in a shift of junction sites to nonstruc-
tured portions of the RNA (28, 29).

One of the best-characterized RNA recombination systems
is that of BMV (6a, 7). BMV is a model positive-stranded RNA
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virus that belongs to the alphavirus supergroup. Its genome
consists of three separate RNA components. While RNA1 and
RNAZ2 code for RNA replication proteins 1a and 2a, respec-
tively, RNA3 is dispensable for infection in barley protoplasts
(1). Thus, most recombination studies have been done with the
RNA3 component. In particular, it has been observed that
mutations, deletions, or insertions (sequence duplications) in-
troduced into the conserved 3’ noncoding region of BMV
RNA3 are frequently repaired by recombination with the cor-
responding 3’ noncoding region of either RNA1 or RNA2 (16,
24).

Two major types of recombinants have been described for
BMYV, homologous and nonhomologous, with homologous re-
combination being the more frequent type (16, 24). The dif-
ferences between the two recombination types are not only
that nonhomologous recombination occurs between heterolo-
gous sequences while homologous recombination occurs between
similar sequences but also that they have different sequence
requirements. In particular, nonhomologous recombination
requires short (30 nucleotides [nt] or longer) sequence comple-
mentarity between same-sense RNA substrates (17). It has
been proposed by us that the formation of a local heteroduplex
within the complementary region of the RNAs brings the do-
nor and the acceptor RNAs into proximity and occasionally
forces the replicase to switch templates (7, 17).

Homologous crossover events were found to occur within
rather short (15- to 60-nt) similar sequences present in (com-
mon to) the recombining RNAs, giving rise to either precise or
imprecise recombinants (18). According to a model proposed
by us (18, 20), the nascent strand precisely anneals (or misan-
neals, in the case of imprecise events) to complementary se-
quences on the acceptor RNA strand before chain elongation
is resumed by the replicase. In addition, we proposed that the
formation of imprecise recombinants with nucleotide substitu-
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FIG. 1. Schematic representation of the 3’ noncoding regions of wt BMV RNA1, DIC RNA2, and PN RNA3 constructs used for testing the effect of GC-rich
flanking sequences on homologous recombination. The white box represents the 3’ noncoding region of wt RNA1, whose last 236 nt are also present in the DIC series
of RNA2 constructs. The PN series of RNA3 constructs contains a ~1,250-nt long chimeric 3’ noncoding region with four segments (regions A to D; see reference 21
for details). Regions A and B are the 3’ tRNA-like sequences with marker deletions (shown by small boxes), region C is a 3’ sequence from cowpea chlorotic mottle
virus, and region D is the upstream, nonmodified portion of the 3’ noncoding region of wt RNA3. The extended 3’ noncoding region in parental RNA3 serves to
facilitate recombinant RNA3 isolation. PN-R’+GC1 RNA3 contains a 23-nt-long sequence (marked as R’; positions 196 to 219 in wt RNA2; all positions are counted
from the 3’ end in this work [2]) and a 30-nt artificial GC-rich region (designated GC-1). The locations of the restriction sites are indicated, while oligonucleotide
primers used for PCR are shown by short horizontal numbered arrows. Arrow M depicts the position of mutagenesis oligodeoxynucleotides 93, 13, 148, and 28 (see
Materials and Methods). In DIC-R’+GC1 RNA2, the 3’ noncoding sequence upstream of R’+GCl is derived from wt RNA2 (positions 220 to 293 from the 3’ end),
while the 3'-terminal region is derived from wt RNAT1 (positions 1 to 236 from the 3’ end). Nucleotide sequences representing R’, R'S, GC-1, and AU-1 are shown

by double-headed arrows.

tions or extra (nontemplate) nucleotides could occur through
replicase errors during crossover events (18, 20).

Importantly, however, not all homologous regions can sup-
port recombination in BMV (7, 17, 21). Characterization of
BMV-derived and artificial recombination hot spots revealed
that most of the precise and imprecise recombination events
occurred within or close to short AU-rich sequences (20, 21).
AU-rich sequences alone, when present on both recombining
RNAs, were, however, only moderately active in homologous
recombination. High recombination frequency was observed
when, in addition to common AU-rich sequences, the recom-
bining RNAs contained similar sequences of average or higher
GC content (21). The relative positions of the common AU-
rich and the less common AU-rich (i.e., GC-rich or average
AU+GC content) sequences were also important factors, with
the AU-rich sequences being located at the downstream loca-
tion and the less AU-rich sequences being located at the up-
stream location in the most favored homologous recombina-
tion hot spots (21) (see also Fig. 1). In the proposed model, the
BMV replicase may occasionally pause (stall) within or in the
vicinity of the AU-rich sequence while copying the negative
strand of RNA3. During the pause, the replicase may march
backward on the primary template (12, 18, 21), thus allowing
the 3’ end of the positive-stranded incomplete nascent RNA to
dissociate from the primary template because of the weak A-U
base pairing. Subsequently, the free 3’ end of the nascent
strand may hybridize to the complementary target region
present in negative-stranded acceptor RNAZ2. This model pro-
poses that the role for the less AU-rich (GC-rich or average
AU+GC content) upstream common regions would be to fa-
cilitate (stabilize) the hybridization of the nascent RNA with
the complementary region in the acceptor RNA during the
template switch (21). The final step in recombination is the
resumption of strand elongation by the BMV replicase on the
acceptor template (21).

In this work, we further investigated the role of RNA se-

quences in homologous recombination in BMV. In particular,
the effect of short GC-rich flanking sequences on homologous
recombination hot spots was examined. We demonstrated that
insertions of different GC-rich sequences downstream of ho-
mologous recombination hot spots doubled the length of se-
quence identity but reduced the incidence of homologous re-
combination markedly. This “recombination silencing” effect
of GC-rich sequences mapped to RNA2. We discuss our re-
sults in relation to mechanisms responsible for this novel re-
combination silencing phenomenon.

MATERIALS AND METHODS

Materials. Plasmids pB1TP3, pB2TP5, and pB3TP7 (11) were used to synthe-
size in vitro-transcribed wt BMV RNA1, RNA2, and RNA3 components, re-
spectively, and to engineer modified RNA2 and RNA3 constructs (see below).
Plasmids PN-H65 (PN-R’) and DIC-0 (DIC-R’) were constructed as described
previously (18, 20, 21). Moloney murine leukemia virus reverse transcriptase was
from Gibco BRL (Gaithersburg, Md.), Tag DNA polymerase, restriction en-
zymes, and T7 RNA polymerase were from Promega Corp. (Madison, Wis.), and
a Sequenase kit was from United States Biochemical Corp. (Cleveland, Ohio).

The following oligonucleotide primers were used in this study (the unique
EcoRI and BamHI sites are underlined, and alternative bases are shown in
parentheses): 1, 5'-CAGTGAATTCTGGTCTCTTTTAGAGATTTACAG-3';
2, 5"-CTGAAGCAGTGC-CTGCTAAGGCGGTC-3'; 3, 5'-AGAAGGTCGAC
GATTACGCTACC-3'; 13, 5'-CAGTGGATCCGCCCGCCCTATTTGCCCGC
CCG(T/A)-AGCTTTTAA(C/A)CTTAGCC-3'; 28, 5'-CAGTGGATCCAAGC
CCCGGCCCCGG(A/C)CTTAGCCAAAGTG-3"; 93, 5'-CAGTGGATCCGG
CCGGCCTATTTGGCCGGCCGG(T/A)-AGCTTTTAA(C/A)CTTAGCC-3;
148, 5'-CAGTGGATCCAAGCGTCGTACTACGACGC(T/C)TG(T/A)-AGCT
TTTAA(C/A)CTTAGCC-3'; and 185, 5'-CAGTGGATCCGGCCGGCCAAAT
AGGCCGGCCGG(A/C)-CACTTTGGCTAAGGTTAAAAGC-3' .

Engineering of plasmid constructs. Plasmids of the DIC and N2 series are
derivatives of pB2TPS5, while plasmids of the PN series (described below) are
derivatives of pB3TP7. A PCR-based approach (18) was used to generate the
constructs DIC-R’+GC1, DIC-R'+GC2, DIC-R’ +GC3, and DIC-R’S+GCS5 by
use of primer 3 and one of the following respective mutagenesis primers: 93, 13,
148, and 28 (shown schematically as primer M in Fig. 1). The PCR-amplified
DNA fragments were digested with BarmHI and Stul (Fig. 1) and used to replace
the corresponding fragment in the DIC-0 RNA2 construct (20, 21). The N2-
R’+GC1 construct was obtained by digesting DIC-R’+GC1 with BamHI and
treating the digest with T4 DNA polymerase. The enzymes were heat inactivated
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at 75°C for 10 min, and the DNA was digested with EcoRI. After the restriction
enzyme digestions, the large BamHI-EcoRI fragment, which included the plas-
mid sequences as well, was isolated from an agarose gel, followed by ligation with
the ~200-bp HindIII (after treatment with T4 DNA polymerase [25])-EcoRI
fragment of pB2TP5.

To obtain plasmids PN-R’+GC1, PN-R’+GC2, PN-R'+GC3, and PN-
R'S+GC5, a ~200-bp 3" cDNA fragment derived from PN-H65, a plasmid
containing full-length cDNA of BMV RNA3 with a modified 3" end that included
R’ (18), was amplified by PCR with primer 2 and one of the following respective
mutagenesis primers: 93, 13, 148, and 28. The amplified cDNA fragments were
digested with BamHI and Xbal and then were used to replace the 3’ 166-bp
BamHI-Xbal fragment in PN-H65.

Constructs DIC-R'+AU1+GCl1 and DIC-R’'+GC1+AU1 were obtained by
digesting DIC-R’'+AUT1 and DIC-R’+GCl, respectively, with BamHI, followed
by filling in of the ends with T4 DNA polymerase and subsequent heat inacti-
vation (as described above) and digestion with EcoRI. The large fragments,
which included the vector sequences, were isolated from agarose gels and ligated
with the ~260-bp HindIIl (after treatment with T4 DNA polymerase)-EcoRI
fragments of DIC-R’'+GC1 and DIC-R’+AUL. The same approach was used to
construct PN-R’+AU1+GC1 and PN-R'+GC1+AUI, but with PN-R'+AU1
and PN-R’+GCl, respectively, and the small fragment of either PN-R’+GCl1 or
PN-R'+AUL.

To obtain the PN-GCI1+R’ RNA3 construct, the entire 3’-end fragment was
amplified from PN-H65 by PCR with primers 1 and 185. The resulting PCR
product was digested with BamHI (treated with T4 DNA polymerase) and EcoRI
and then ligated between the EcoRV-EcoRI sites in PN-H149, which contained
a unique EcoRYV site corresponding to position 238 (from the 3’ end in pB3TP7)
and the 3’-terminal EcoRI site.

Construct DIC-GC1+R' was made as follows. The entire 3’-end fragment was
amplified from DIC-0 by PCR with primers 1 and 185. The resulting PCR
product was digested with BamHI (treated with T4 DNA polymerase) and EcoRI
and then ligated between the Smal-EcoRI sites in DIC-h3, which contained a
unique Smal site at position 219 (as counted from the 3’ end in pB2TP5) and the
EcoRI site at the 3’ terminus. Construct DIC-h3 was obtained as follows. A
c¢DNA fragment was PCR amplified from DIC-R’'+AU1 with primers 3 and h3
(5'-CAGTGGATCCGACAGGGTCTCTACCTGCCTGACCAGGAG-3'), and
the DNA was digested with Stul-BamHI restriction enzymes. The DNA was then
ligated between the Stul-BamHI sites of DIC-R'+AU1 (21).

The entire PCR-amplified regions in all of the above-described constructs
were sequenced to confirm the mutations introduced.

Full-length cDNA clones representing two different types of homologous re-
combinants (rec-R’+GC1 and rec-R’+GC3; see Fig. 5) were constructed by
replacing the 3’-terminal BamHI-EcoRI inserts of PN-R'+GCl and PN-
R’+GC3, respectively, with the corresponding fragment of DIC-R’'+GC1 (Fig.
1). The construction of rec-R’ has been described elsewhere (21).

Inoculation of plants, reverse transcription (RT)-PCR amplifications, cloning,
and sequencing. Leaves of Chenopodium quinoa were inoculated with a mixture
of the transcribed BMV RNA components as described by Nagy and Bujarski
(16, 18). Briefly, a mixture of ~4 pg of each transcript was used to inoculate one
fully expanded leaf. A total of six leaves were inoculated for each RNA3 mutant.
Each experiment was repeated one or more times.

To clone a representative recombinant RNA3 from a given local lesion and to
ensure that the isolated recombinants were independent, we cut out local lesions
located far apart from each other on the inoculated leaves (only one to four
lesions were chosen from each leaf; for details, see references 18 and 21). Total
RNA was isolated from separate local lesions and used for RT-PCR amplifica-
tion exactly as described previously (18). The 3’-end sequence of the progeny
RNA3 was amplified with primers 1 and 2 (Fig. 1), and the sizes of the cDNA
products were estimated by electrophoresis in 1.5% agarose gels (25). The cDNA
fragments were digested with EcoRI-Xbal restriction enzymes and ligated be-
tween these sites in the pGEM3 zf(—) cloning vector (Promega). Sites of cross-
overs were localized by sequencing with Sequenase according to the manufac-
turer’s specifications. Only a single RT-PCR clone from a given local lesion
sample was sequenced to avoid possible sibling clones (18, 21).

To analyze the accumulation of reconstructed RNA3 recombinants, total
RNA was extracted 10 days postinoculation. One-fifth of the total RNA extract
was separated by electrophoresis in a 1% agarose gel, followed by transfer to a
Hybond N+ (Amersham) nylon membrane and hybridization to a 3?P-radiola-
beled BMV RNA probe as described by Kroner et al. (14).

The 3’ regions of parental RNA2 constructs were amplified as cDNA by
RT-PCR with primers 1 and 3, and total RNA preparations were extracted from
separate local lesions on C. quinoa 14 days after inoculation. Thereafter, the
amplified cDNA was digested with Sall-EcoRI, followed by ligation into the
corresponding sites of pGEM3 zf(—).

The possibility that the RNA3 recombinant represented RT-PCR artifacts was
excluded by detection of similarly sized (shorter than parent sized) de novo
homologous recombinants by Northern blotting of total RNA extracts from local
lesions as described above. Also, RT-PCR control amplification of the RNAs
present in the inoculum detected only parent-sized, not recombinant-sized,
RNAS3 recombinants (data not shown) (18, 20, 21).

J. VIROL.

RESULTS

Effect of downstream GC-rich sequences on homologous
recombination hot spots. The homologous recombination sys-
tem that we used includes derivatives of BMV RNA2 and
RNA3 constructs that have modified 3’ noncoding regions.
The RNA3 construct designated PN-R’ RNA3 contains a 23-nt
insert (R") that was similar to the corresponding region in the
RNAZ2 construct designated DIC-R" RNA2 (Fig. 1). In DIC-R’
RNAZ2, the 3'-terminal 196 nt were replaced with the 3'-ter-
minal 236 nt of wt RNA1 (21). This 3’ sequence arrangement
separated R’ from the minus-strand initiation promoter and
allowed for extensive modifications of R’ and the nearby se-
quences without debilitating the replication of RNA2. In ad-
dition, the extended 3’ noncoding region in PN-R’ RNA3
made this parental RNA less competitive (fit) than the shorter,
de novo recombinant RNA3 constructs. This property facili-
tated the accumulation and isolation of recombinant RNA3
constructs generated in plants. The host system used for these
studies was C. quinoa, on which parental BMV RNAs induce
the formation of local lesions. These local lesions (regardless
of whether they contain or lack de novo recombinant RNA3
constructs) are similar phenotypically, eliminating biased sam-
pling. The common (i.e., present on both RNA2 and RNA3)
R’ sequences were previously found to support homologous
RNA2-RNA3 recombination in 39% of local lesions in C.
quinoa plants (Fig. 2A) (21).

To test the effect of sequences flanking homologous recom-
bination hot spots, we inserted a 30-nt artificial GC-rich se-
quence (designated GC1, with 73% G+C content) into
DIC-R’ RNA2 and PN-R’" RNA3 downstream of 23-nt R’
(Fig. 1). The insertion of the GC1 sequence extended the
length of sequence identity between RNA2 and RNA3 from 23
nt to 53 nt. The resulting cDNA constructs were used to gen-
erate in vitro RNA transcripts of DIC-R’+GC1 RNA2 and
PN-R’+GC1 RNA3, followed by coinoculation with wt RNA1
onto leaves of C. quinoa (for simplicity, the use of the wt
RNA1 component for all plant inoculations discussed below
will not be mentioned). RT-PCR analysis of total RNA ex-
tracts obtained from 72 separate local lesions did not detect
any homologous RNA2-RNA3 recombinants (Fig. 2B). Thus,
the presence of downstream common GC1 sequences elimi-
nated RNA2-RNA3 homologous recombination within R’ hot
spot regions.

To examine whether other GC-rich sequences can inhibit
the recombination activity of R’, two other artificial GC-rich
sequences were tested. One of these sequences (designated
GC3, 29 nt long) was less GC rich (59%) than GC1 (73%) but,
like GCl, could predictably form a stable secondary structure
(data not shown). The other GC-rich sequence (designated
GC2, 29 nt long) contained as many GC nucleotides (72%) as
GCl1 but was likely to form a single-stranded region (data not
shown). The incidence of homologous recombination was low
for both GC2 and GC3 inserts (infections with DIC-R’'+GC2
RNAZ2 and PN-R’+GC2 RNA3 or DIC-R’+GC3 RNA2 and
PN-R’'+GC3 RNA3, respectively; Fig. 2C and D). A heterol-
ogous combination of GC1 and GC2 sequences in RNA2 and
RNA3 constructs (DIC-R’+GC1 RNA2 and PN-R'+GC2
RNA3; Fig. 2E) also reduced significantly the occurrence of
homologous RNA2-RNA3 recombinants.

To test whether the GC-rich sequence-mediated recombina-
tion silencing was effective on sequences other than the above-
described R’ recombinogenic sequence, we used R'S (14 nt;
Fig. 1) and R’+AUI1 (50 nt; Fig. 1) sequences. Common R’S
and R'+AU1 sequences alone could support homologous re-
combination in 21% (infections with DIC-R’S RNA2 and PN-
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[ele XAV N VALY XNV Y YXIRE U CCGGCCGGCCAAAUAGGCCGGCCGGAUCC
1
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F. DIC-R'S+GC5 RNAZ + PN-R'S+GCS RNA3

acCACUUUGGCUAAGU g ddaddeaeaqiide.lae-u
g9CACUUGGCUM ;RN SARRVGEI;
* * *

G. DIC-R'S RNAZ + PN-R'S RNA3
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@/ 50 24
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FIG. 2. Diagram summarizing the recombination frequencies and distributions of crossover sites in the homologous RNA2-RNA3 recombinants isolated from
infections with wt RNA1, the DIC series of RNA2 constructs, and the PN series of RNA3 constructs. Homologous RNA2 and RNA3 positive-sense sequences are
shown on the top and bottom lines, respectively. Uppercase letters depict the homologous R’ segment (white box) and the GC-rich segment (black box). Marker
mutations are indicated by asterisks under the RNA3 sequences. Each recombinant contains 3’-terminal sequences derived from RNA2 on the right side and 5’-terminal
sequences derived from RNA3 on the left side (as shown schematically in Fig. 1). The incidence of each RNA3 recombinant is shown by numbers to the right of the
arrows. Each entry represents an RNA2-RNA3 recombinant isolated from a separate local lesion. Each leftward-pointing arrow denotes the last nucleotide derived
from RNA2, and each rightward-pointing arrow denotes the first nucleotide derived from RNA3. Dotted lines show ambiguous regions that could be derived from either
RNA2 or RNA3 in the precise homologous recombinants. Gaps between opposing arrows show deleted nucleotides. Nontemplate nucleotides and nucleotide
substitutions generated during the crossover events are shown by lowercase letters between the arrows. The nucleotide sequences in the imprecise recombinants with
ambiguous crossovers were arbitrarily placed with the upstream junction. The percentages of homologous and total (the latter includes both homologous and
background recombinants; see Results) recombination incidences were calculated by sequencing a representative number of cloned recombinant RNA3 molecules. The
numbers of total RNA samples obtained from separate local lesions are shown on the right. The incidence of recombination shown in parentheses was obtained with
N2-R’+GC1 RNA2. This construct contains R’, GC1, an upstream 3’ noncoding sequence (positions 220 to 293 from the 3’ end in wt RNA2), and a downstream 3’
noncoding sequence (positions 1 to 195 from the 3" end in wt RNA2).

R'S RNA3; Fig. 2G) and 75% (infections with DIC-R’'+AU1
RNA2 and PN-R’'+AU1 RNA3; Fig. 2I) (see also reference
21) of local lesions. Insertions of GC5 (20 nt long, with 80%
G+C content) downstream of R’S eliminated the appearance

of homologous recombinants in DIC-R'S+GCS5 RNA2 and
PN-R’S+GC5 RNA3 infections (Fig. 2F). Insertions of GC1 at
downstream locations decreased the incidence of homologous
recombination within R’+AU1 to 17% (infections with DIC-
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R XAVl X UTVYYYXall UCCGGCCGGCCAAAUAGGCCGGCCGGAUCCH
2
—_— l
—_— -— 1
gGCACUVAGGCUAGGUUARAAGCUgayceagcucdageacadcgeageqeugeggs
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acCACUUUGGCUAAGUUUAAAAGC LIS qdqdde.R.V. 1V S dddddqdeedd .l ascu
—3 ratnans 2
ggCACUUéGGCUAAGQUUAAAAGCUgauccaacucgagcacaacgaaggggggggg
C. DIC-R' RNAZ + PN-R'+GC1 RNA3 63 / 79 38

acCACUUUGGCUAAGUUUAAAAGCUuguugaaucaguacaauaacugauagucgugg
7

15

Ue 2
ACCGGCCGGCCAAAUAGGCCGGCCGGAUCC
* * TR T KKK R KK F KR KK Ak
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FIG. 3. Distribution of crossover sites in homologous recombinant RNA3 molecules and the incidence of recombination obtained with pairs of RNA2-RNA3
constructs that contained R’ while one of them lacked the GC-rich sequence. The total numbers of samples analyzed and other features are as described in the legend

to Fig. 2.

R’+AU1+GC1 RNA2 and PN-R’+AU1+GC1 RNA3; Fig.
2H). These experiments confirmed the silencing effect of the
downstream GC-rich sequences (see Discussion). Thus, four
GC-rich sequences with different primary sequences and sec-
ondary structures greatly reduced the recombination incidence
within different hot spot regions when present in both RNAs at
downstream locations.

The possibility that GC-rich regions may switch the location
of homologous crossovers to locations downstream of GC re-
gions is not supported by the data in Fig. 2. Putative RNA2-
RNA3 recombinants with downstream crossovers were expected
to be fully replication competent and would be detectable due
to the presence of appropriate marker mutations within the
3’-end sequences of both parental RNAs.

GC-rich sequence-mediated recombination silencing maps
to RNA2. To test if the presence of a GC-rich sequence at a
downstream location in RNAZ2 alone is sufficient to silence
homologous recombination, we used two different RNA2 con-
structs that, in addition to the common R’, carried either GC1
or GC2. The corresponding RNA3 constructs contained R’
alone. A markedly reduced incidence of homologous recom-
bination was observed in these infections (infections with DIC-
R’+GC1 RNA2 and PN-R’ RNA3 or DIC-R'+GC2 RNA2
and PN-R" RNA3; Fig. 3A and B). These results confirmed
that GC-rich sequences downstream of a homologous recom-
bination hot spot reduced the incidence of homologous recom-
bination when present in RNA2 alone.

To test if the presence of the GC1 sequence in RNA3 alone
can inhibit recombination within the upstream R’ hot spot
sequence, PN-R’'+GC1 RNA3 was used for inoculation in
combination with DIC-R’ RNA2. Surprisingly, we observed an
increased incidence of homologous recombination (63% with
DIC-R’ RNA2 and PN-R’+GC1 RNA3; Fig. 3C) compared
with that in infections where both RNA2 and RNA3 constructs
had R’ but lacked GC1 (39% with DIC-R’ RNA2 and PN-R’
RNA3; Fig. 2A) or had GC1 only in RNA2 (17% with DIC-
R’+GC1 RNA2 and PN-R" RNA3; Fig. 3A). Interestingly, a
shift of junction sites toward the 3’ portion of R’ (i.e., toward
GCl1) was apparent with DIC-R’ RNA2 and PN-R’+GCl1
RNA3 (Fig. 3C) compared with DIC-R" RNA2 and PN-R’
RNA3 (Fig. 2A). These data suggested that a GC-rich se-

quence can increase the frequency of homologous recombina-
tion and can modify the profile of recombinant junctions when
present in RNA3 alone at a downstream position. In addition,
GC-rich sequences are detrimental to homologous recombina-
tion when present in both RNAs or in RNA2 alone (see Dis-
cussion).

Effect of upstream GC-rich sequences on homologous re-
combination. To test the effect of GC-rich sequences at up-
stream positions on homologous recombination, RNA2 and
RNA3 constructs with GC1 and R’ sequences were used for
inoculations. The incidence of homologous recombination was
69% for DIC-GC1+R’ RNA2 and PN-GC1+R’" RNA3 (Fig.
4A). Here, recombination occurred at a level much higher than
that found with constructs having common R’ sequences alone
(39%; Fig. 2A). Clustering of crossover sites within R" (Fig.
4A) demonstrated that GC1 located upstream can stimulate
homologous recombination at downstream positions (see Dis-
cussion).

To further characterize the positional effect of GC-rich se-
quences on the selection of junction sites and on the incidence
of homologous recombination, we used RNA2 and RNA3
constructs that carried GC1 (or GC3) between R’ and AUl
(RNA2 constructs DIC-R'+GC1+AU1 and DIC-R'+GC3
+AUl and RNA3 constructs PN-R'+GC1+AUl and
PN-R’'+GC3+AUl; Fig. 4B and C). Infections with either
DIC-R'+GC1+AU1 RNA2 and PN-R'+GC1+AU1 RNA3
or DIC-R'+GC3+AU1 RNA2 and PN-R'+GC3+AUl
RNA3 (Fig. 4B and C) showed a >50% incidence of RNA2-
RNA3 recombination. All the homologous recombination
junctions were located within the GC1+AUI1 region. Thus,
GC1 and GC3 inhibited homologous recombination within the
upstream homologous hot spot (R’) (Fig. 2) but did not sup-
press it within the downstream sequence (AU1).

GC-rich sequences are maintained in parental RNA2 and
RNA3 during infections. To demonstrate that the artificial
GC1 sequences were available for recombination in the above-
described experiments, the RNA2 and RNA3 progeny were
analyzed by sequencing of cDNA clones amplified by RT-PCR
of total RNA extracts obtained from five separate local lesions
induced by DIC-R’+GC1 RNA2 and PN-R’'+GC1 RNA3 in-
fections (Fig. 2B). Pairs of primers 1 and 3 or primers 1 and 2
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FIG. 4. Effect of upstream GC-rich sequences on the distribution of crossover sites in homologous recombinant RNA3 molecules and on the incidence of
recombination (RI). The total numbers of samples analyzed and other features are as described in the legend to Fig. 2. The artificial AU1 sequences are shaded. H,

homologous; T, total.

(Fig. 1) were used to amplify, respectively, RNA2 and RNA3
3’ sequences. These experiments demonstrated that the paren-
tal sequences were stably maintained in RNA2 molecules and
in nonrecombined RNA3 molecules (data not shown).
Growth characteristics of parental and recombinant RNAs.
It is possible that the reduced frequency or lack of isolation of
recombinant RNA3 molecules in some of the above-described
experiments was due to the reduced viability (fitness) of re-
combinant RNA3 molecules carrying GC-rich sequences at
downstream positions. To test this possibility, we reconstructed
full-length cDNA clones of the following recombinant progeny
RNA3 molecules that were or were not isolated in the above-
described experiments: (a) rec-R’+GCl, which represents a
potential recombinant molecule that might have been gener-
ated by precise homologous recombination in DIC-R’'+GCl1
RNAZ2 and PN-R’+GC1 RNA3 infections (Fig. 2B); (b) rec-
R’+GC3, which represents an infrequently isolated (it was
detected in three local lesions) precise homologous recombi-
nant RNA3 molecule in DIC-R’'+GC3 RNA2 and PN-
R’+GC3 RNA3 infections (Fig. 2D); and (c) rec-R’, which
represents one of the most frequently isolated precise homol-
ogous recombinant molecules (the second recombinant from
the top in Fig. 2A). All three types of recombinant RNA3
molecules were viable and accumulated to comparable levels in
local lesions on C. quinoa when each was coinoculated with wt
RNA1 and an RNA2 construct (DIC-R’'+GCl1, DIC-
R’+GC3, or DIC-R’ RNA2; Fig. 5). This result argues that if
these recombinants were generated at similar frequencies, they
should have been detected at comparable frequencies in local
lesions. The above-described experiments also demonstrated
that the levels of accumulation of RNA2 mutants with three
different combinations of RNA2 and RNA3 constructs were
comparable (Fig. 5). This result suggests that the 3’ mutations
in RNA2 did not alter the growth advantages (fitness) of
RNA2? or, indirectly, that of recombinant RNA3 molecules.
In addition to the above-described targeted homologous re-
combinants, we have frequently isolated nontargeted (desig-
nated as background; see reference 21 for details) RNA3 re-
combinants. These background recombinants, together with
the homologous RNA2-RNA3 recombinants, make up the to-

tal recombination incidence in Fig. 2 to 4. Since the back-
ground recombinants were generated by recombination be-
tween RNA3 and the 3’ noncoding region of RNA1 (which is
present in both wt RNA1 and the DIC series of RNA2 mole-
cules; Fig. 1) (data not shown) (21), we replaced DIC-
R’+GC1 RNA2 with N2-R'+GC1 RNA2 (Fig. 2B). N2-
R’+GC1 RNA2 contained the RNA2-derived 3’ noncoding
region and lacked RNA1-derived sequences (data not shown).
As expected, infections with N2-R’+GC1 RNA2 and PN-

-RNA 1
-RNA2

# DIC-R'+GC3/rec - R + GC3

# DIC-R/rec-R
# DIC-R +GC/rec - R + GC1

-RNA 3

{

s -

1. 2. 8

FIG. 5. Analysis of levels of accumulation of various parental RNA2 mutants
and reconstructed RNA3 recombinants in whole plants as determined by North-
ern blotting. Leaves of C. quinoa were inoculated with a mixture of in vitro-
transcribed wt RNA1 and the RNA2 and RNA3 mutants (as shown above the
lanes). C. quinoa plants were incubated for 10 days. Total RNA extracts were
isolated from single local lesions, and equal amounts of RNAs were separated by
electrophoresis in a 1% agarose gel. The RNA was transferred to a nylon
membrane and probed with a 200-nt-long 3*P-labeled RNA probe specific for the
3’ noncoding region of RNA1 to RNA4 as described in Materials and Methods.
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R’+GC1 RNA3 yielded reduced frequencies of background
recombinants compared to DIC-R’+GC1 RNA2 and PN-
R’+GC1 RNA3 infections, and the frequencies of targeted
homologous RNA2-RNA3 recombinants were low in both
cases (Fig. 2B) (more than a 20% difference in homologous
recombination frequency between different combinations was
considered significant during this work, based on a statistical
analysis). We concluded that the background recombinants did
not alter appreciably the frequency of homologous recombi-
nant isolation in this system.

DISCUSSION

In this study, we demonstrated for the first time that GC-rich
sequences can reduce the incidence of homologous recombi-
nation within nearby hot spot regions in BMV. The observed
silencing effect of GC-rich sequences on recombination hot
spots depends on several factors, including (i) the positions of
the GC-rich sequences relative to the hot spot regions (i.e., the
GC-rich sequences should be located downstream of the hot
spot regions); (ii) the positions of the GC-rich sequences in the
BMV RNA components (they must be present in both RNA2
and RNA3 or in RNA2 alone); and (iii) the percent G+C
content in the GC-rich sequences (a G+C content of 59 to
80% within a 20- to 30-nt flanking sequence is required). Ho-
mologous recombination silencing, however, does not seem to
depend on either the primary sequence of the GC-rich regions
or the stability of their secondary (intramolecular) structures.
These latter observations are in contrast with those for hetero-
duplex-mediated nonhomologous recombination in BMV and
some recombination events in turnip crinkle virus and tombus-
viruses, where stable inter- or intramolecular structures in the
RNA templates influenced the selection of crossover sites (8-
10, 28, 29).

This study also revealed the complex nature of homologous
recombination in BMV. For instance, GC-rich sequences not
only can silence homologous recombination but also, on the
contrary, can increase the frequency of homologous recombi-
nation when they are present upstream of the recombinogenic
R’ sequence. Also, when present only in RNA3 at downstream
positions, GC-rich sequences can increase the frequency of
crossover events and alter the junction profile within the up-
stream hot spot sequence. The sites of crossovers were not
located within the GC-rich sequences themselves, suggesting
that GC-rich sequences may alter the pausing sites for the
BMYV replicase or disfavor the release of the aborted nascent
strands from the donor template due to stable base pairing. An
interaction between the downstream GC stretches of the pa-
rental or nascent RNAs is unlikely to occur, since heterologous
GC-rich sequences in RNA2 and RNA3 (Fig. 2E) or a GC-rich
sequence in RNA?2 alone (Fig. 3B) reduced the frequency of
recombination. Overall, these and previous data (21) showed
that sequences around the homologous crossover sites can
greatly influence both the incidence and the distribution of the
CrOSSOVers.

It is unlikely that the observed homologous recombination
silencing effect was due to the altered fitness of recombinants
because reconstructed RNA3 recombinants containing GC-
rich sequences accumulated to high levels in local lesions on C.
quinoa (Fig. 5). Also, RNA2 mutants (as shown in Fig. 2 to 4)
carrying various GC-rich sequences were viable. Further evi-
dence supporting the idea that the frequency and sites of
crossovers reflect the actual mechanism was obtained by use of
RNA2 and RNA3 constructs with common R'+GC1+AU1
sequences. It was found that the homologous crossover sites
were shifted into the artificial GC1+AU1 sequences from the
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upstream (virus-derived) R’ sequences (infections with DIC-
R’+GC1+AU1 RNA2 and PN-R’+GC1+AU1 RNA3). This
result supports our model of homologous recombination, in
which sequence signals rather than biased fitness of the recom-
binants are responsible for the observed recombinant profiles.
In addition, the fact that as homologous recombination de-
clined (Fig. 2 to 4) total recombination levels in most cases did
not change greatly is the consequence of an increased fre-
quency of background RNA1-RNA3 recombinants in the DIC
RNA2 and PN RNA3 systems. These background recombi-
nants are generated at later times (14 to 21 days postinocula-
tion), while homologous RNA2-RNA3 recombinants are gen-
erated at earlier times (7 to 14 days postinoculation) (see
reference 21). Since single lesions usually contain only one type
of recombinant RNA, it is likely that a “first come, first served”
strategy of recombinant accumulation operates in the BMV-C.
quinoa system. If a homologous recombinant is not generated
in a particular lesion, there is an increased chance for the
accumulation of a background recombinant.

To explain the silencing effect of downstream GC-rich se-
quences on homologous recombination, we propose that GC-
rich sequences do not favor the formation of proper recombi-
nation intermediates. Such intermediates, as depicted in the
introduction, likely are formed during positive-strand synthesis
(21). Assuming the existence of single-stranded (free or pro-
tein-coated) negative RNA strands in eukaryotic virus-infected
cells (5, 22), the observed GC-rich sequence-mediated homol-
ogous recombination silencing effect can be explained, for ex-
ample, by the formation within the GC-rich regions of local
intermolecular duplexes between the negative-stranded accep-
tor RNA2 molecules and the more abundant positive-stranded
RNAZ2 molecules. This process might sequester (or “mask”)
the AU-rich portions of the negative-stranded acceptor RNA;
thus, those may not be available for interaction with the
aborted, positive-stranded nascent RNA during homologous
recombination. Overall, the chance of replicase-driven tem-
plate-switching events occurring would be reduced.

Alternatively, since some of the data on eukaryotic virus
replication support the existence of negative strands as part of
replication intermediates (containing partially hybridized pos-
itive and negative strands; 4, 4a, 5, 23), we have proposed that
AU-rich sequences can facilitate the formation of local non-
base-paired (“bubble”) structures in acceptor replication inter-
mediates (21) (Fig. 6). These bubbles can be the favorite “land-
ing” sites for the nascent strands and/or the replicase.
Formation of appropriate bubble structures within AU-rich
sequences may be inhibited by GC-rich flanking sequences.
This mechanism, however, can be only partially responsible for
recombination silencing, since potentially both upstream and
downstream GC-rich sequences should inhibit the formation
of bubble structures in replication intermediates, yet only
downstream GC-rich sequences were found to reduce the in-
cidence of homologous recombination. It is possible that the
BMV replicase has to enlarge the bubble structures in repli-
cation intermediates during and/or after the docking event on
the acceptor RNA (Fig. 6). This step can be inefficient if the
downstream portions of the replication intermediates are very
stable due to their high G+C content. This stability can inhibit
successful docking or reinitiation events by the replicase, re-
sulting in a reduced incidence of recombination. Indeed, White
and Morris (29) recently demonstrated that the preferred sites
of crossovers were located behind (downstream) but not be-
fore a stable hairpin-loop in tombusviruses. This observation is
similar to those of this study, suggesting that stable base-paired
regions (formed by inter- or intramolecular interactions) can
inhibit crossovers at upstream positions on acceptor RNAs.
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FIG. 6. Diagrammatic representation of a template-switching model explaining the silencing of homologous recombination hot spots by GC-rich sequences. (A)
According to the model, template switching of the BMV replicase (represented by large shadowed double ellipses) occurs during positive-strand (represented by broken
lines) synthesis when the replicase pauses at or near the AU-rich portion (represented by a curved line) present on the primary template RNA3 (21). Although partially
double-stranded replication intermediates (RIs) are shown, the existence of single-stranded RNAs with negative polarity is also possible (not shown). (B) The released
3" end of the nascent strand hybridizes to the acceptor strand; this hybridization is facilitated by the temporary formation of bubble structures (non-base-paired regions)
within the AU-rich portion of the RI form of acceptor RNA2 (21). The resumption of chain elongation by the BMV replicase is indicated by a rightward-pointing arrow.
When GC-rich sequences are present (indicated by a lock on the right), the formation of appropriate bubble structures within the AU-rich portion may be less favored
(indicated by smaller loops), thus resulting in a reduced frequency of homologous recombination. It is also possible that the BMV replicase has to enlarge the bubble
structures of the RIs during and/or after the docking event on the acceptor RNA. This step can be inefficient if the downstream portions of the RlIs are very stable due
to their high G+C content. This stability can inhibit successful docking or reinitiation events by the replicase, resulting in a reduced incidence of recombination (see

also Discussion and reference 21).

As in our previous studies on homologous recombination in
BMV (18, 20, 21), we did not observe a definite role for
intramolecular secondary structures in homologous recombi-
nation silencing. For instance, both highly structured (GC1 and
GC3) and nonstructured (GC2 and GC5) GC-rich sequences
reduced the incidence of homologous recombination. Accord-
ing to our model (Fig. 6), the GC-rich regions in the RNAs
interact with the complementary strands rather than forming
intramolecular stem-loop structures. Of the three tested GC-
rich sequences of comparable lengths, GC1 and GC2 could
form the most stable intermolecular duplexes. Accordingly,
downstream GC1 or GC2 inserts reduced homologous recom-
bination in upstream R’ more effectively than GC3 inserts,
supporting our model. Further experiments are needed to elu-
cidate the proper structure of homologous recombination in-
termediates in BMV.
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