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A system that uses engineered heteroduplexes to efficiently direct in vivo crossovers between brome mosaic
virus (BMV) RNA1 and RNA3 (P. Nagy and J. Bujarski, Proc. Natl. Acad. Sci. USA 90:6390-6394, 1993) has
been used to explore the possible involvement of BMV 1a protein, an essential RNA replication factor, in RNA
recombination. Relative to wild-type la, several viable amino acid insertion mutations in the helicase-like
domain of BMYV 1a protein affected the nature and distribution of crossover sites in RNA3-RNA1 recombinants.
At 24°C, mutants PK19 and PK21 each increased the percentage of asymmetric crossovers, in which the RNA1
and RNAS3 sites joined by recombination were not directly opposite each other on the engineered RNA3-RNA1
heteroduplex used to target recombination but rather were separated by 4 to 85 nucleotides. PK21 and another
1a mutant, PK14, also showed increases in the fraction of recombinants containing nontemplated U residues
at the recombination junction. At 33°C, the highest temperature that permitted infections with PK19, which is
temperature sensitive for RNA replication, the mean location of RNA1-RNA3 crossovers in recombinants
recovered from PK19 infections was shifted by nearly 25 bp into the energetically less stable side of the
RNA1-RNA3 heteroduplex. Thus, mutations in the putative helicase domain of the 1a protein can influence
BMYV RNA recombination. The results are discussed in relation to models for recombination by template

switching during pausing of RNA replication at a heteroduplexed region in the template.

The apparently modular evolution of positive-strand RNA
viruses, natural sequence rearrangements in such viruses, and
the presence of cellular sequence elements in some viral ge-
nomes (for reviews, see references 12, 14, 15, 20, 24, 31, and
34) all indicate an important role for recombination in RNA
virus variation. Several lines of evidence suggest that recom-
bination in RNA viruses can occur via a copy choice mecha-
nism due to strand switching by viral RNA-dependent RNA
polymerase (replicase) (20, 24). Possible pathways for recom-
bination by template switching have been proposed for several
positive-strand RNA viruses. For turnip crinkle virus, a pro-
moter-like RNA element was suggested to facilitate reinitia-
tion by replicase-nascent strand complexes that had dissociated
from their original template RNA (8, 9). For brome mosaic
virus (BMV), local heteroduplexes between viral RNAs were
demonstrated to promote and direct recombination (6, 28, 29).
Similar heteroduplex-mediated mechanisms have been sug-
gested to be responsible for inserting bovine polyubiquitin
mRNA sequences into bovine diarrhea virus RNA (26) and to
facilitate intertypic recombination in poliovirus (30). Kirke-
gaard and Baltimore also provided genetic evidence for tem-
plate switching in poliovirus recombination (21).

BMYV is a tripartite RNA virus whose RNA3 encodes the 3a
movement protein and the coat protein, which are involved in
infection spread (27), while RNA1 and RNA2 encode proteins
la and 2a, which are required for RNA replication (1). Re-
combination has been targeted between BMV RNAI and
RNA3 by inserting short, antisense RNA1 segments into
RNA3 (29). Crossover sites in the resulting recombinants were
clustered within or immediately to one side of the heterodu-
plex engineered between the parental RNA3 and RNALI (29).
This pattern of crossing over suggested that the recombinants
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might result from occasional template switching by the viral
RNA replicase at the heteroduplex between RNA1 and
RNA3, possibly because of difficulties in unwinding stable por-
tions of the heteroduplex.

BMYV RNA replication proteins la and 2a each share se-
quence conservation with nonstructural proteins of the animal
alphaviruses and numerous plant RNA viruses. 2a contains a
central conserved domain that likely represents the RNA poly-
merase catalytic unit (1, 22). 1a contains an N-terminal m’G
methyltransferase-like domain and a C-terminal helicase-like
domain (1). This latter domain contains six conserved motifs
related to known helicases (16), and mutations in or near these
motifs abolish or perturb BMV RNA synthesis (23). 1a and 2a
interact in vitro (19) to form a complex required for RNA
replication in vivo (11), and the regions responsible for this
la-2a interaction have been mapped (18). Consistent with the
possible association of helicase and polymerase functions in a
la-2a complex, BMV RNA-dependent RNA polymerase ex-
tracts show a significant, though not unlimited, ability to copy
through double-stranded regions made by annealing portions
of an RNA template to complementary cDNAs (2).

Together, the results cited above suggest that some BMV
RNA recombination events might occur when the putative la
helicase domain fails to carry out or pauses in its proposed role
of unwinding duplex regions of the template to facilitate con-
tinued polymerase elongation (1). When progress on the orig-
inal template is so impeded, the polymerase might sometimes
have the opportunity to switch to copying the adjacent single-
stranded region of a heteroduplexed RNA strand. Accordingly,
in the experiments reported here, we examined the possible
effects of mutations within the 1a helicase-like domain on the
frequency or sites of heteroduplex-mediated recombination
between BMV RNAI1 and RNA3. The results revealed several
effects of 1a mutations on recombination, including, for a tem-
perature-sensitive (¢s) la mutant, a temperature-dependent
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shift of crossovers toward the energetically less stable portions
of the RNA1-RNA3 heteroduplex. Other non-ts 1a mutants
showed different alterations in the distribution of recombina-
tion sites and/or increased incidence of nontemplated U resi-
dues at recombination junctions. Thus, consistent with recom-
bination as a by-product of RNA replication, mutations in the
BMV 1la RNA replication protein can influence the distribu-
tion of recombination sites between BMV RNAs.

MATERIALS AND METHODS

Materials. Plasmids pB1TP3, pB2TP5, and pB3TP7 (17) were used to synthe-
size infectious in vitro transcripts of wild-type (wt) BMV RNAI1, RNA2, and
RNA3. Plasmids pB1PK14, pB1PK19, and pB1PK21 (23) were used to synthe-
size¢ BMV RNAI transcripts bearing the PK14, PK19, and PK21 mutations,
respectively. Plasmid pPN8(—) (29) was used to obtain transcripts of the PN8(—)
derivative of BMV RNA3. Moloney murine leukemia virus reverse transcriptase,
restriction enzymes, and T7 RNA polymerase were from GIBCO-BRL (Gaith-
ersburg, Md.), and a Sequenase kit was from United States Biochemical Corpo-
ration (Cleveland, Ohio).

In vitro transcription, whole-plant infections, and RNA purification. Full-
length, capped RNA transcripts were made from EcoRI-linearized plasmids
according to previously published procedures (17). Chenopodium quinoa leaves
were inoculated with a mixture of the transcribed BMV RNA components as
described in reference 28. Briefly, a mixture of 1 pg of each transcript in 15 .l
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. In each experiment, six
separate leaves were inoculated for each RNAI mutant-temperature combina-
tion. Each such inoculation experiment was repeated two or three times. The
inoculated C. quinoa plants were maintained in a growth chamber at either 24 or
33°C (the temperature was lowered by 2°C during the dark period for 10 h) for
2 weeks. Plants that were inoculated with PK19 did not produce any local lesions
at 35 and 37°C. Local lesions were counted 14 days postinoculation, and for each
RNA1 mutant-temperature combination, lesions selected at random were ex-
cised for RNA extraction. Total RNA was extracted from each local lesion, using
phenol-chloroform extraction in a 1% sodium dodecyl sulfate-50 mM glycine-50
mM NaCl-10 mM EDTA (pH 9.0) buffer.

Amplification of recombinant RNA3s by RT-PCR, cloning, and sequencing.
The 3'-proximal sequences in recombinant BMV RNA3 molecules were ampli-
fied with a reverse transcription-PCR (RT-PCR) procedure exactly as described
in reference 28. Briefly, first-strand cDNA was synthesized in a 10-pl reaction
mixture that contained 4 pl of the extract RNA, 1 mM each deoxynucleoside
triphosphate (ANTP), 1 U of RNasin per wl, 25 pM first-strand synthesis primer
(primer 1 [CAGTGAATTCTGGTCTCTTTTAGAGATTTACAG], which is
complementary to the 3’-terminal 23 nucleotides [nt] of all of the BMV virion
RNAs [3]), 50 mM KCI, 20 mM Tris-HCI (pH 8.4), 3 mM MgCl,, and 200 U of
Moloney murine leukemia virus reverse transcriptase. After incubation at 55°C
for 40 min, the reverse transcriptase was heat inactivated at 95°C for 5 min, the
volume was adjusted to 50 wl, and the mixture was subjected to PCR amplifica-
tion. The PCR mixture contained 50 mM KCI, 20 mM Tris-HCI (pH 8.4), 1.5 mM
MgCl,, 1 mM each dNTP, 25 pM primer 1 (see above), 25 pM second-strand
primer (primer 2 [CTGAAGCAGTGCCTGCTAAGGCGGTC], which corre-
sponds to nt 367 to 392 from the 3’ end of wt BMV RNA3), and 1 U of Tag DNA
polymerase (Perkin-Elmer). After 40 thermocycles (94°C for 1 min, 60°C for 1
min, and 72°C for 2 min), the resulting cDNA was analyzed in 1% agarose gels.
The use of primer 1 created an EcoRI site (underlined) at the 3’ end of the
c¢DNA products. The resulting cDNA products were digested with restriction
enzymes EcoRI and Xbal and ligated between the corresponding sites in the
polylinker of the pPGEM3zf(—) cloning vector (Promega). The sites of crossovers
between RNA3 and RNALI in the recombinants were determined by sequencing
with the Sequenase kit (U.S. Biochemical) according to the manufacturer’s
specifications.

Stability of 1a mutants in C. quinoa. The 3'-half sequences of wt, PK14, PK19,
and PK21 RNATs obtained from eight separate local lesions of C. quinoa 14 days
after inoculation were amplified by RT-PCR using primers 1 (see above) and 3
(5'-GACCAAGCTTCGAAGAAGAAGGCG-3', corresponding to positions
1583 to 1607 of wt RNA1). Conditions of RT-PCR were the same as described
above except that reverse transcription was performed at 37°C and the param-
eters for PCRs were as follows: 94°C for 1 min, 55°C for 1 min, and 72°C for 3
min. After 40 thermocycles, the PCR products were purified by phenol-chloro-
form extraction and ethanol precipitation. Restriction enzyme digestion of the
resulted PCR products with either BarmHI (for PK19 and PK21) or Apal (for
PK14) was used to demonstrate the presence of the corresponding linker se-
quences in the progenies of the particular RNA1 mutants.

Analysis of growth characteristics of selected RNA3 recombinants by North-
ern (RNA) blotting. Full-length cDNA clones of two unusual recombinants
derived from PK19 infections (marked by triangles in Fig. 3) were generated by
replacing the 3’-terminal Xbal-EcoRI fragment of wt RNA3 cDNA clone
pB3TP7 with the corresponding Xbal-EcoRI fragments derived from the cloned
partial cDNAs of the particular recombinant (see above). In vitro-transcribed
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RNAS3 transcripts representing sequences of the selected recombinants were
used together with one of the RNA1s (wt, PK14, PK19, and PK21) and wt RNA2
to inoculate leaves of C. quinoa. After inoculation, plants were incubated at 24
or 33°C. Total RNA extracts were prepared as described above from four sep-
arate local lesions for each mutant RNA1-recombinant RNA3 combination 14
days after inoculation. One-tenth of each total RNA extract was used for 1%
agarose gel electrophoresis; this procedure was followed by a transfer to a nylon
membrane (Hybond N+; Amersham) and hybridization to a *?P-radiolabeled
BMYV RNA positive-strand-specific probe under the conditions described by
Kroner et al. (22).

Statistical analyses. For the distribution of crossover sites observed for each
mutant-temperature combination, the mean recombination site and the standard
deviation about that mean were calculated by using computer program Super-
ANOVA (Abacus Concepts, Inc.) run on a Macintosh computer. To assess
whether the distribution of crossover sites differed significantly between any two
mutants, the same program was used to apply the Duncan new multiple-range
procedure (13). This procedure utilizes an algorithm which makes all pairwise
comparisons of the means by ordering them from smallest to largest and then
uses the expected mean square values, the sample size from each group, the level
of significance, and tabulated values of the Duncan statistics to compute critical
ranges. These ranges are thereafter compared with the differences between the
ordered means to identify which means are significantly different from any others
(33).

RESULTS

To test whether mutations in a BMV-encoded protein re-
quired for RNA replication could influence RNA-RNA re-
combination, we examined three viable 1a mutants, designated
PK14, PK19, and PK21 (Fig. 1A). Each of these mutants has a
two-amino-acid insertion within the helicase-like domain of 1a.
As reported previously (23), PK14 and PK21 do not cause any
conspicuous changes in BMV RNA replication in barley pro-
toplasts. By contrast, PK19 is fs, supporting a wt level of BMV
RNA replication at 24°C but no RNA synthesis at 35°C.

To target recombination events between BMV RNAI1 and
RNA3, we used a previously described RNA3 derivative, des-
ignated PN8(—) (29). As illustrated in Fig. 1A, PN8(—) RNA3
contains a long, chimeric 3’ noncoding region that serves
two purposes. First, to promote recombination with RNAI,
PN8(—) RNA3 contains a 141-nt-long antisense RNAI se-
quence, inserted immediately 3’ to the coat protein open read-
ing frame (region bounded by dotted lines in Fig. 1A). This
antisense RNAL1 insert, which is punctuated at its 5’ end by
three regions of mismatch with RNA1, enables PN8(—) RNA3
to form an imperfect heteroduplex with RNA1 (Fig. 1B) that
resembles the imperfect double-stranded regions in proposed
recombination intermediates between wt BMV RNAs (6, 28,
29). As shown previously (29), when cells are infected with wt
RNAI, wt RNA2, and PN8§(—) RNA3, these features lead to
the high-frequency appearance of recombinant variants of
RNA3, in which crossing over within the region of the Fig. 1B
heteroduplex has replaced the 3'-proximal segment of PN8(—)
RNA3 with that from RNA1. Since the 3'-terminal 200 nt of all
BMV RNAs are almost perfectly conserved, such recombi-
nants are fully competent for replication.

Second, the extreme 3’-terminal sequences of PN8(—)
RNA3 following the antisense RNAI insert contain BMV se-
quences essential for directing negative-strand RNA synthesis.
However, this region also bears a previously described (29) set
of deletions, duplications, and insertions that cause PN§(—)
RNA3 to replicate and accumulate more poorly than either wt
RNA3 or the heteroduplex-mediated recombinants in which
these debilitated PN8(—) 3’ sequences are replaced by the wt
3’ noncoding sequences of RNA1. Thus, the heteroduplex-
mediated PN8(—)-RNAI recombinants have a selective repli-
cative advantage over the parental PN8(—) RNA3, facilitating
their detection and recovery.

Recombination assays with wt and mutant 1a genes. Leaves
of C. quinoa, a local lesion host for BMV, were inoculated with



VoL. 69, 1995

A.

MUTATIONS IN PROTEIN la ALTER BMV RECOMBINATION

| coding region (not to scale) |

2549

3' noncoding region

I T T T T T T T
400

I
600 800 nt

PN8(-) RNA3 . ]
#3—» 2[1 1|4 1Ig / /
wt RNA1 5 —] -
capping enzyme helicase ' ' ‘i -
domain omaln "
B. ................... 3‘
| \/ ...............
/\ ........ - = ; H PN8(-) RNA3 iy
Qs traneennt [LERNNNTE] II‘IIIII'Ill|||||ll|l||||||||||||||||||||lllll//|lllllllllIl
W, ~
\/ } wt RNA1 X
3 /\ /&
5|
| I // I
l l | I

1 50

141 nt

FIG. 1. (A) Schematic representation of the structure of the PN8(—) BMV RNA3 derivative and the locations of insertion mutations in BMV RNA1. As previously

described (29), the 3’ noncoding sequence of the PN8(—) RNA3 mutant consists of four segments shown as regions A to D. The extreme 3’ segment A is a functional
chimera derived from the 3’ ends of RNA1 (positions 163 to 236 from the 3’ end [3]) and RNA3 (positions 1 to 162 from the 3’ end). Segment B is derived from the
3’ noncoding region of RNA3 with a deletion of 6 nt at the very 3’ end (positions 7 to 200). In addition, both elements A and B contain the same 20-nt deletion between
nt 81 and 100 (symbolized by vertical open rectangles). Segment C (stippled sequence) contains a 197-nt sequence derived from the 3’ noncoding terminus of cowpea
chlorotic mosaic virus RNA3 without the 3’ proximal 23 nt (positions 24 to 220 [4]). Because segments B and C lack the extreme 3" ends of their parental RNAs, RNA
replication initiates exclusively from the 3'-terminal BMV sequence of segment A (29). Segment D consists of a 141-nt-long RNA1-derived sequence (marked by a
horizontal filled-boxed arrow on the right) inserted in reverse orientation (the head of the arrow shows the orientation) to facilitate the formation of local
heteroduplexes with wt RNAL1 (see panel B). Three sequence mismatches (shown by three open boxes inside segment D) were introduced into the 141-nt reverse RNA1
insert in PN8(—) RNA3 in order to cause the crossovers to occur at more inner parts of the heteroduplex (see text and reference 29). The locations of the
oligonucleotide primers used for PCR are shown by short horizontal arrows denoted 1 and 2 beneath and above the PN8(—) map and 3 above the RNAT map. Primer
1 also anneals to the 3’ terminus of RNA1 and RNAZ2. CP, coat protein. (B) Proposed schematic structure of the heteroduplex formed between the antisense region
of PN8(—) RNA3 and the complementary region of RNA1. The diagram shows the two positive-strand BMV RNA molecules (represented by thick lines), which are
arranged in opposite orientations and hybridized within the centrally located double-stranded region. Three bubbles at the left side of the heteroduplex symbolize
unhybridized mismatch regions. The region within which most of the observed crossovers occurred is marked by vertical arrows. The lengths of the heteroduplex region
and other elements can be estimated by nucleotide positions above the PN8(—) RNA3 line.

a mixture of in vitro-transcribed RNA1 (either wt or one of the
PK mutants), wt RNA2, and PN8(—) RNA3. To analyze
whether the #s mutant PK19 had a #s phenotype in recombina-
tion, half of the inoculated plants were kept at 24°C and half
were kept at 33°C. As an initial assay for recombination, indi-
vidual local lesions were excised from the inoculated leaves at
14 days postinoculation, total RNA was isolated separately
from each lesion, and the 3’ noncoding regions of the RNA3
progeny were amplified by RT-PCR, electrophoresed in aga-
rose gels, and visualized by ethidium bromide staining as de-
scribed in Materials and Methods. The first-strand cDNA
primer was complementary to the extreme 3’ sequence con-
served on all BMV RNAs, while the second-strand primer
corresponded to a sequence within the BMV coat protein
gene, making the PCR reaction specific for RNA3 derivatives
(Fig. 1A). The PCR product so amplified for the parental
PN8(—) RNA3 (Fig. 1A) was 860 nt in length, while RNA3
recombinants produced by crossovers between PN8(—) RNA3
and RNA1 within the region of their complementarity (Fig.
1B) gave rise to smaller PCR products due to replacement of
the long 3’ noncoding region of PN§(—) (743 nt) with the

shorter 3’ noncoding region of RNA1 (274 nt). Consistent with
such recombination, a major PCR product smaller than 860 nt
was found in 84 to 88% of lesions from inoculations involving
wt RNA1 and 100% of lesions from inoculations with PK14,
PK19, and PK21 RNA1 mutants (Table 1). The sizes of these
products varied from approximately 350 to 525 nt among dif-
ferent lesions (Fig. 2). Despite this variation among different
lesions, 95% of recombinant-containing lesions each contained
only a single major type of recombinant RNA3, as determined
by agarose gel electrophoresis and subsequent cloning of the
RT-PCR products and sequencing of at least five clones per
lesion in preliminary experiments. Only one lesion of those in
Fig. 2 accumulated significant levels of two recombinants (Fig.
1A, lane 16). The 860-nt PCR band corresponding to the
parental PN8(—) RNA3 was also detected in approximately
30% of all recombinant-containing lesions, usually as a weaker,
more slowly migrating band accompanying a stronger recom-
binant PCR product (Fig. 2).

To test for possible RT-PCR-dependent recombination or
other PCR artifacts, a sample of each inoculum mixture [con-
taining wt or mutant RNAI, wt RNA2, and PN§(—) RNA3
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TABLE 1. Characterization of crossover sites obtained from infections with three BMV 1a protein mutants
% Incidence of:
Mutant Treatment No. of clones — -
(°C) sequenced” Recombination® Nontemplatqd Significantly asymmetric
nucleotides® crossovers?
wt 24 25 84 8§x1 16
PK14 24 23 100 22=*2 22
PK19 24 34 100 6=*1 50
PK21 24 26 100 27*2 35
wt 33 25 88 4=1 8
PK14 33 22 100 5*1 14
PK19 33 27 100 0 11
PK21 33 25 100 8§£2 24

¢ Each clone represents an independent RNA3-RNA1 recombinant isolated from a separate local lesion.
b Percentage of lesions that contained recombinant RNA3 molecules as determined by size fractionation of RT-PCR products by agarose gel electrophoresis.
¢ Percentage of recombinants that contained nontemplated nucleotides at the crossover sites. Standard deviations were calculated from the analysis of recombinants

isolated from 12 leaves (one to three lesions per leaf).

4 Percentage of recombinants that had the PN8(—) RNA3 site more than 3 bp away from the RNAT site on the heteroduplex formed between complementary regions

of PN8(—) RNA3 and RNAI (see Fig. 3).

transcripts] was subjected to RT-PCR with the same primers
and conditions used to test total nucleic acid extracts from C.
quinoa local lesions. In these control reactions, the expected
860-nt band corresponding to PN8(—) RNA3 was always the
only RT-PCR product observed (Fig. 2B, lane ®). As another
control, multiple independent PCR amplifications were some-
times performed on the cDNA products derived from a single
local lesion. Such PCR reactions always reproducibly amplified
a common recombinant species, while, as noted above, PCR
amplifications of cDNAs from different lesions produced prod-
ucts of various sizes. Together, these results ruled out the
possibility that the observed PN8§(—)-RNAI1 recombinants
were generated during RT-PCR rather than during BMV in-
fection.

To determine whether the la gene linker insertion muta-
tions were maintained during the formation of recombinant
RNA3s, we tested the stability of the RNA1 mutations during
infection. The 3’ half of RNA1, which includes all three mu-
tations (Fig. 1A), was amplified by RT-PCR with primers 1 and
3. The same total RNA extracts of C. quinoa were used for
these studies as for the recombinant RNA3 studies (see
above). The presence of the inserted BamHI or Apal linker

A

WT/33°C

1234567 89101112131415161718

kb

(AR § 1 kb ladder

2.0 ~_
1.6 —

— 1.0 —
0.5 —

sequences was demonstrated for eight separate samples in
each mutant RNA1-recombinant RNA3 combination by re-
striction enzyme digestion (BamHI for PK19 and PK21 and
Apal for PK14). Similar to control results obtained in parallel
reactions with mixtures of in vitro-transcribed RNA1 (either
wt, PK14, PK19, or PK21), RNA2, and RNA3, we found that
the RT-PCR-amplified RNA1-specific PCR products were cut
by the appropriate restriction enzyme (to 95 to 100% com-
pleteness; results not shown). This finding demonstrates that
la gene mutations were stably maintained during infection for
all three PKrn mutants and that any possible 1a revertants that
might have emerged remained at most minor species in the
infection.

Effect of mutations in the 1a helicase-like domain on the
distribution of crossover sites. To compare the distributions of
crossover sites in the presence of wt and mutant 1a genes, the
PCR-amplified, RNA3-specific cDNA products were cloned
into a suitable plasmid and sequenced as described in Materi-
als and Methods. To provide a representative distribution of
crossover sites for comparison, 22 to 34 clones were sequenced
for each RNA1 mutant-temperature combination. To ensure
that each sequence represented an independent recombination

o)

PK19/33°C

123456789101 12131415161718f 0]

b ladder

Bl 1§ 1 kbladder

FIG. 2. Characterization of BMV RNA3 recombinants by agarose gel electrophoresis of RNA3-specific PCR products obtained by RT-PCR using primers 1 and
2 (as specified in Fig. 1A) from total RNA preparations extracted from individual local lesions as described in Materials and Methods. The RT-PCR products of progeny
RNA3 derived from 18 separate local lesions that were obtained from either wt (A) or PK19 (B) RNAL infection at 33°C are shown. Lane ® shows a control RT-PCR
amplification that was performed by using a mixture of in vitro-transcribed wt RNA1 and RNA2 and PN8(—) RNA3. Positions of PCR products corresponding to the
length of the inoculated PN8(—) RNA3 (I) and of the newly emerged recombinants (R) are shown. The sizes of PCR products can be estimated by comparison with
a standard 1-kb DNA ladder (GIBCO-BRL) shown in lanes marked 1 kb ladder. Note the homogeneity of RT-PCR products within the samples and their size variation

among the samples.
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event, each clone was derived from an independent local le-
sion. This approach was judged to be the most productive
since, as noted above, 95% of the recombinant-containing le-
sions had a single major recombinant species.

The sequencing confirmed that the PCR products smaller
than 860 nt represented recombinants between PN8(—) and
RNAI. Recombination invariably occurred within or immedi-
ately adjacent to the region of engineered complementarity
between the two starting RNAs (Fig. 1B). Figure 3A shows the
distributions of crossover sites observed for infections at 24°C
involving the wt la gene or mutants PK14, PK19, and PK21.
For PK14 and wt 1a, the crossover distributions observed at
24°C were quite similar (Fig. 3A). For both, the majority of
crossovers clustered between 50 and 70 nt from the left side of
the heteroduplex portrayed in Fig. 3A. Also, a similar recom-
bination hot spot was observed with both wt 1la and PK14,
represented by seven and nine crossovers, respectively, that
occurred 62 to 63 nt from the left side of the heteroduplex. For
these and most other wt and PK14 recombinants, the crossover
sites on PN8(—) RNA3 and RNAI1 were aligned within 0 to 3
nt of each other on the illustrated heteroduplex; hereafter,
such crossovers will be referred to as symmetric. The remain-
ing recombinants (16% for wt and 22% for PK14) resulted
from asymmetric crossovers linking PN8(—) and RNAI se-
quences that were widely separated on the heteroduplex.
Among nine asymmetric recombinants recovered from infec-
tions with wt 1a or PK14 at 24°C, seven had the crossover site
on PN8(—) RNA3 (upper strand in Fig. 3A) displaced in the 3’
direction along PN8(—) from the crossover site on RNAI,
while two had crossover sites in the opposite orientation.

Unlike the case for PK14, the crossover distributions result-
ing from PK19 and PK21 infections showed significant differ-
ences from wt la infections. At 24°C, the incidence of asym-
metric crossovers was significantly increased, to 35% of total
recombinants for PK21 and to 50% for PK19, versus 16% for
wt la (Fig. 3A and Table 1). Moreover, the average separation
between PN8(—) and RNAI crossover endpoints in asymmet-
ric crossovers was much greater for PK19 and PK21 than for wt
la or PK14 (Fig. 3A). The most asymmetric PK19 crossovers,
e.g., joined PN8(—) and RNA1 sites separated by up to 85 nt
in the heteroduplex.

The differences in crossover distributions between wt 1a and
the 1a mutants might reflect differences in either the genera-
tion or subsequent viability of different types of recombinants.
To investigate if the most unusual recombinant RNA3s ob-
served in mutant la backgrounds were viable in the wt la
background, we constructed full-length cDNA clones of two of
the most unusual RNA3 recombinants that were found only in
PK19 infections and tested their growth characteristics in in-
fections involving wt and mutant la genes. One of the two
recombinant RNA3s was recombinant 1 (marked by a triangle
in the ts PK19B sequence in Fig. 3A), which contained an
unusually long 3’ noncoding region (~420 nt) resulting from
an asymmetric crossover. The other selected recombinant
RNA3 was recombinant 5 (marked by a triangle in the s PK19
sequence in Fig. 3B). This recombinant had a very short 3’
noncoding region (~250 nt) resulting from a crossover on the
left side of the putative heteroduplex. In vitro-transcribed
RNALI (wt, PK14, PK19, or PK21), wt RNA2, and one of the
selected recombinant RNA3s were used to inoculate leaves of
C. quinoa. The inoculated plants were incubated either at 24 or
33°C for 2 weeks. Northern blot analysis with a BMV-specific
RNA probe of total RNA extracts made from separate local
lesions was used to determine the accumulation of progeny
RNAs. Figure 4A shows that both recombinant RNA3s were
viable and accumulated to very similar levels in wt, PK14,
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PK19, and PK21 infections at room temperature (lanes 1 to 8).
Recombinant 1 accumulation at 33°C was lower than that at
24°C but comparable in wt, PK14, and PK21 infections (Fig.
4B, lanes 9, 10, and 12) and actually greater than recombinant
1 accumulation in PK19 infections (lane 11). At 33°C, recom-
binant 5 accumulation was not easily visible on the Northern
blots in any of the infections (Fig. 4B, lanes 13 to 16). However,
RT-PCR analysis with primers 1 and 2 demonstrated that
recombinant 5 was present in local lesion infections with either
wt or one of the PKn RNAI derivatives (Fig. 4C, lanes 21 to
27). These data demonstrated that two of the most unusual
recombinant RNA3s derived from PK19 1la infections were
equally viable in infections with a wt, PK14, or PK21 1a gene.
Thus, these results argue that the unusual recombinant RNA3s
would have been observed if they had been generated in in-
fections with any of these RNA1 derivatives. Taken together,
the observed differences in the nature of recombinants are
unlikely to result from differences in postrecombination selec-
tion.

Comparison of average crossover sites on RNA3 and RNA1.
While Fig. 3A reveals some notable differences between the
crossover distributions associated with wt 1a and the PK19 and
PK21 mutants, the raw data in the Fig. 3 crossover distribu-
tions are complex. Therefore, it was also useful to apply some
simpler measures for objectively comparing the distributions.
To this end, the mean positions and standard deviations of
crossover endpoints on both PN8(—) RNA3 and RNAI were
plotted for infections with wt 1a and each la mutant. This
display (Fig. 5) makes the major conclusions from Fig. 3A even
more apparent. For wt 1a infections at 24°C, the average cross-
over endpoints on PN8(—) RNA3 (upper strand) and RNA1
(lower strand) were immediately adjacent to each other in the
heteroduplex, at residues 62 and 61, respectively. The positions
of the average crossover endpoints in PK14 infections were
similar to those for the wt; i.e., they were separated from the wt
values by less than half of the standard deviation of either
distribution. In contrast, for PK19 infections at 24°C, the av-
erage crossover endpoints on RNA3 and RNA1 were markedly
shifted away from each other toward the extremes of the het-
eroduplex, leaving a 19-nt gap reflecting the crossover asym-
metry apparent for PK19 in Fig. 3A. PK21 infections at 24°C
produced a pattern intermediate between those of wt 1a and
PK19, with a 10-nt gap between the average crossover sites on
RNA3 and RNAL1 (Fig. 5). Relative to infections with wt 1a,
the PK21 pattern reflected primarily a leftward shift in the
crossover endpoint on RNAL.

Effect of 1a mutation PK19 at 33°C. The effect of the ts PK19
mutant on recombination was also compared with effects of wt
la and the other 1a mutants in infections at 33°C, the highest
temperature at which PK19 RNAI1, wt RNA2, and PN§(—)
RNA3 produced local lesions on C. quinoa. For wt 1a and each
of the three mutants, the incidence of asymmetric crossovers
declined significantly at 33°C versus 24°C (Fig. 3 and Table 1).
At 33°C, most of the crossovers seen in infections with wt 1a,
PK14, and PK21 clustered between positions 60 and 70 on the
heteroduplex map of Fig. 3B. PK19, however, differed from wt
la and the other 1a mutants in having a much higher incidence
of crossovers in the left half of the heteroduplex, including
several recombination hot spots leftward of position 60. One of
these recombination hot spots was located several nucleotides
immediately to the left of the heteroduplex (Fig. 3B). Under
the template switching model, these recombinants would result
from crossovers that occurred before the polymerase active site
entered the heteroduplex region (see Fig. 1B and Discussion).

The magnitude of the leftward shift in recombination sites in
PK19 infections at 33°C is particularly clear in Fig. 5, where the
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FIG. 3. Distribution of crossover sites observed for infections at 24°C (A) and 33°C (B) on the heteroduplexes formed between positive strands of RNA1 and
PN8(—) RNA3 molecules. Upper lines represent the segment D region (antisense RNA1 sequences) of the positive strand of PN8(—) RNA3; lower lines represent
the corresponding sense sequences on the positive strand of RNAI (see also Fig. 1B). For each recombinant, the last nucleotide of PN8(—) RNA3 sequence preceding
the recombination junction and the first nucleotide of RNA1 sequence following the recombination junction are connected by lines between the two RNA sequences.
The thickness of each line is proportional to the number of independent lesions on C. quinoa that contained that particular recombinant; broken lines indicate
crossovers that were identified only once, thin solid lines depict crossovers occurring twice, and the thickest lines represent those identified in three or more local lesions
(as indicated by arrows with numbers above). Those crossovers containing nontemplated nucleotides are depicted by diamonds (the number of recombinants that
contained nontemplated nucleotides at a particular crossover site and the inserted nucleotides are listed in Table 2). Horizontal brackets depict unpaired regions. The
two dots at the left side of RNAL1 represents the sequence 3'-UCCCGAGAGGAGC-5' (not shown). Because a high number of asymmetric recombinants were obtained
for the PK19 mutant at 24°C, the distribution of the corresponding crossovers is shown, for clarity, in two separate drawings (tsPK19A and tsPK19B). In panel A, the
complete junction sites for four highly asymmetric recombinants (marked by asterisks) could not be displayed because of space limitations. They were located 103 nt
upstream on RNA1 (PK14) or 6 (PK19A), 6 (PK19B), and 2 (PK21) nt downstream of the displayed nucleotides of PN8(—) RNA3 and RNA1, respectively. The two

unusual recombinant RNA3s selected for examining their growth characteristics with wt or mutated 1la proteins (see Fig. 4) are marked with triangles.

mean positions of crossover sites are plotted for wt 1a and each
mutant. At 33°C, the mean positions of crossover sites on
PN8(—) RNA3 and RNAI1 were quite similar between wt 1a,
PK14, and PK21 and also similar to the mean positions found
for wt 1a and PK14 at 24°C. However, in 33°C infections with
PK19, the average positions of crossover sites on both PN8§(—)
RNA3 and RNA1 were shifted dramatically to the left relative
to wt 1a or the other 1a mutants. As can be seen from Fig. 5,
the 16-nt shift of the PK19 mean crossover positions relative to
wt la represents a difference of almost 3 standard deviations in
the crossover distribution. Use of the Duncan new multiple-
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FIG. 4. Growth characteristics of two of the most unusual recombinant
RNA3s in mutant and wt 1a backgrounds. Leaves of C. quinoa were inoculated
with a mixture of in vitro-transcribed wt or PKn RNA1 (as shown above the
lanes), wt RNAZ2, and recombinant 1 (rec. 1; marked by a triangle in the ts PK19B
sequence in Fig. 3A) or recombinant 5 (rec. 5; marked by a triangle in the #s PK19
sequence in Fig. 3B) RNA3. Plants were incubated either at 24°C (A) or 33°C
(B). Total RNA extracts were isolated and separated by electrophoresis on 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
RNAI to RNA4. Some of the Northern blots were overexposed to visualize the
less abundant RNA1 or RNA3. The total RNA extracts were also analyzed by
RT-PCR with primers 1 and 2 in the 33°C experiments in order to show the
presence of RNA3s in the local lesions (C).

9 10 1112

range test (see Materials and Methods) confirmed that the
crossover patterns induced by PK19 differed from those ob-
tained with PK14, PK21, and wt viruses at a high probability
level of 0.01.

Incorporation of nontemplated nucleotides. As found in an
earlier study using the targeted recombination system (29), the
RNA3-RNALI recombination junctions of some recombinants
(illustrated in Fig. 3 by the crossovers marked with a diamond)
contained one or more additional nucleotides not present in
the parental RNA1 or RNA3 sequences at the site of the
crossover. For each RNAI1-temperature combination, the per-
centage of crossovers bearing such apparently nontemplated
nucleotides is shown in Table 1, and the actual sequences at
these sites are given in Table 2. As shown in Table 2, the
number of nontemplated nucleotides found in such recombi-
nant junctions ranged from one to five, and with the exception
of a single A residue, all of the nontemplated nucleotides were
U residues. At 24°C, the frequency of recombinants with such
junctions ranged from 6 to 8% (for wt and PK19) to 22 to 27%
(for PK14 and PK21). Thus, although the distribution of cross-
over sites for PK14 did not differ appreciably from that of wt 1a
(Fig. 3A), a higher incidence of nontempated nucleotide ad-
ditions was associated with the PK14 infections (Table 2). At
33°C, the frequency of junctions with nontemplated nucleo-
tides was reduced relative to 24°C for wt RNAL1 and all three
RNA1 mutants. At both temperatures, the junctions of recom-
binants bearing nontemplated nucleotides were not randomly
distributed across the heteroduplex region. Rather, 17 of 20
examples observed in this study were clustered at or immedi-
ately adjacent to two nearly symmetric crossover sites desig-
nated A and B in Table 2. These sites correspond to crossovers
at positions 44 and 45 (site A) or 62 and 63 (site B) in the
heteroduplex mapped in Fig. 3.

DISCUSSION

The results presented in this paper report for the first time
that a mutation in a viral protein involved in RNA replication
affects the nature of RNA recombination products, thus pro-
viding crucial support for the idea that RNA recombination
occurs during RNA replication. To examine the possible in-
volvement of the virus-encoded RNA replicase components in
genetic recombination in BMV, we used viable two-amino-
acid-insertion mutations within the helicase-like domain of the
BMV 1a protein. The recombination system used, in which
crossing over occurred at regions of strong complementarity
between the recombining RNAs, suggested the modification of
the 1a helicase domain. We reasoned that if BMV replicase is
involved in recombination, changes in the helicase-like C-ter-
minal domain of la protein might affect recombination char-
acteristics. In keeping with this expectation, statistically signif-
icant effects of 1a mutations on the location of crossover sites
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FIG. 5. Locations of the mean positions of crossover sites in recombinants obtained with the mutant and wt viruses (indicated on the left) at 24°C and 33°C. The
nucleotide sequences forming the imperfect heteroduplex between PN8(—) RNA3 (upper sequence) and RNA1 (lower sequence) are displayed in the center. The
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of connected arrowheads facing down and up, respectively. The horizontal bars at each arrowhead indicate the standard deviation from the mean for each distribution.

The scale on the top shows the number of base pairs within the heteroduplex, counting from the left side.

and on the incorporation of nontemplated nucleotides were
observed. More detailed aspects of the 1a mutant results and
their relationship to the mechanism of recombination in BMV
are discussed below.

Involvement of the 1a helicase domain in RNA recombina-
tion. The ability of la mutations to affect the positions of
recombination sites was demonstrated in several ways. First, a
leftward shift of crossovers on the heteroduplex in PK19 re-
combinants at 33°C, compared with wt recombinants, was ob-
served. Such a shift was not found for PK14 and PK21 recom-
binants at the same temperature. The observed shift originated
mainly because of the appearance of new recombination hot
spots outside the heteroduplex and within the less stable left
portion of the heteroduplex. By contrast, crossover sites that
constituted recombination hot spots for wt, PK14, and PK21 at
33°C were found infrequently among PK19 recombinants. Ad-
ditionally, an increased appearance of asymmetric crossovers
that had the RNA1 and PN8(—) RNA3 junction sites far apart
on the heteroduplex was more characteristic for PK19 and

PK21 recombinants at 24°C than for other temperature-mu-
tant combinations.

Because of the considerable distance in RNAI between the
sites of the 1a mutations and the region involved in the for-
mation of the heteroduplex with PN8(—) RNA3, the effect of
the mutations on recombination is likely to be in trans, through
the la protein, rather than in cis, through any alteration in the
heteroduplex structure. The observed differences also appear
unlikely to result from differences in postrecombination selec-
tion. A large variety of recombinants that differed from one
another by the positions of crossovers as well as the length of
the 3’ noncoding region was observed in each RNA1 mutant-
temperature combination. Thus, the accumulation of recom-
binants containing wildly variable 3’ noncoding sequences was
permitted in each mutant-temperature combination.

The ability of mutations in a viral RNA replication protein
to affect recombination is consistent with the popular view that
some if not many RNA recombination events may occur as a
by-product of viral RNA synthesis. A previously described tem-

TABLE 2. Nucleotide sequences at crossover sites in recombinants containing nontemplated nucleotide inserts

. Mutant, tem, Sequence, No. of independent
Recombinant (°0) P RNAS/nontgmplated/RNAl“ Group® isolatio%s"
1 wt, 24 ACACGCU/U/UUGUGUU A 1
2 GCGACGC/UUUUU/AUGCGCU U 1
3 PK14, 24 AAAUCAC/U/UGAUUUG B 4
4 ACACGCU/U/UUGUGUU A 1
5 PK19, 24 AAUCACC/U/UGAUUUG B 1
6 AAGAUCA/U/AUCUUUA 18] 1
7 PK21, 24 CACGCUA/UUUUU/AUUGUGU A 1
8 ACACGCU/UU/UUGUGUU A 2
9 CCGUUAA/UU/UUUGAUC U 1
10 AAUCACC/UUUA/UGAUUUG B 1
11 AAUCACC/U/UGAUUUG B 2
12 wt, 33 AAUCACC/U/UGAUUUG B 1
13 PK14, 33 ACACGCU/U/UUGUGUU A 1
14 PK21, 33 CACGCUA/UUUUU/AUUGUGU A 1
15 AAUCACC/U/UGAUUUG B 1

“ Nontemplated nucleotide inserts at crossover sites are shown in boldface.

b Two types of crossovers were found to have similar flanking sequences, shown as groups A and B separately. Group U includes those crossovers that contain unique

sequences at the junction sites.

¢ Defined as the number of independent local lesions accumulating the particular recombinant.
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plate switching model predicts that some crossovers occur
when the replicase complex approaches or enters heterodu-
plexes between BMV RNAs (7, 29). The helicase-like domain
of 1a protein, which is required for both positive-strand and
negative-strand RNA synthesis (23), might influence RNA re-
combination in several ways. Alteration of a 1a helicase func-
tion might directly alter the frequency, location, and/or dura-
tion of pausing during RNA synthesis. A possible relationship
between pausing, helicase function, and heteroduplex-medi-
ated recombination was articulated in the introduction. This
possibility appears consistent with the shift of recombination
sites at 33°C with PK19, whose s lesion is adjacent to the
putative nucleotide binding site of the helicase-like domain
(23).

An indirect way for la to influence RNA recombination
might be alteration of the interaction between 1a and 2a. Kao
et al. (19) demonstrated that the la helicase domain binds to
the N-terminal sequences of 2a. Mutations within the helicase
region may influence 1a-2a binding which, in turn, could affect
the overall stability or conformation of the replicase complex,
its interaction(s) with the RNA template, or its ability to switch
between RNA templates. Conceivably this might influence the
incidence of asymmetric crossovers (observed for PK19 and
PK21), which may reflect some mechanistic differences from
symmetric crossovers. In particular, the observed increase in
the frequency of asymmetric junctions (e.g., for PK19 and
PK21 at 24°C) is difficult to explain with a conventional het-
eroduplex mechanism, which assumes that the replicase is be-
ing stalled on the RNA1 template by base pairing during neg-
ative-strand synthesis (7, 29). The formation of asymmetric
crossovers could be explained with a modified heteroduplex
mechanism. The latter model assumes that portions of the
heteroduplex larger than predicted from the actual crossover
sites are being unwound by the replicase complex and that this
makes the remote RNA3 sites available for the junctions. Al-
ternatively, it is possible that asymmetric junctions have been
formed via a yet unknown mechanism.

Incorporation of nontemplated nucleotides. Observations
from other systems suggest that the addition of nontemplated
nucleotides is a general phenomenon of viral and nonviral
polymerases, including DNA-dependent RNA polymerases
and RNA-dependent RNA polymerases (5, 32). Polymerase
stuttering, defined as reiterative copying of one or a few adja-
cent nucleotides, is one possible mechanism of nontemplated
addition (5, 8, 25, 32). In BMV, the variable length of an
intercistronic oligo(A) tract in RNA3 (3) suggests that BMV
replicase is capable of stuttering. Such a mechanism might
explain the addition of nontemplated U residues in some cases
where one or more templated U’s occur on either side of the
recombination junction (recombinants 1, 3,4, 5, 8, 9, 11, 12, 13,
and 15 in Table 2). The observation that the nontemplated
nucleotides occurred exclusively at the sites of crossovers (Ta-
ble 2) suggests that incorporation of these residues happened
during recombination events. Just as for crossing over itself,
altered pausing in the heteroduplex might affect the incidence
of nontemplated nucleotide addition, which could occur while
the polymerase waits for an opportunity to progress through
downstream regions of the template. A role of RNA duplex
structure in promoting polymerase stuttering has been dem-
onstrated for the polyadenylation of influenza virus RNA (25).
Recombinants 2, 6, 7, and 14 in Table 2 have the nontemplated
U’s flanked by templated A or C residues. Consequently, in
these cases, there are no appropriate template bases at the
recombination junctions that the polymerase could repetitively
copy to form an oligo(U). Other mechanisms such as a termi-
nal transferase-like activity or some form of RNA editing (10)
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might be responsible for addition of nontemplated nucleotides
in these recombinants.

Besides the effects on the position of recombination sites
and in the incorporation of nontemplated nucleotides, an in-
crease in the recombination incidence was observed for infec-
tions containing mutant RNAls (Table 1). This represents
another characteristic of recombination which is altered by la
modifications. This result suggests that the alteration in la
increases the frequency of crossovers, further supporting a
possible relationship between RNA replication and RNA re-
combination. Possibly a mutated 1a helicase is less efficient in
unwinding the heteroduplex structure, causing an increase in
template switching. Consistent with this premise is the obser-
vation that the effects of mutations PK19 and PK21 on cross-
over site selection were temperature dependent (as shown in
Fig. 3 and 5). In particular, the asymmetry effects induced by
these mutations were more pronounced at 24°C than at 33°C,
supporting the idea that the proposed structure of the hetero-
duplex, which is expected to be more stable at lower temper-
ature, influences the position of recombination sites and the
effect of 1a mutations.

In summary, our data provide experimental evidence for an
interrelationship between RNA replication and at least some
recombination events in BMV. Specifically, the observed ef-
fects demonstrate that BMV RNA replication protein la is
involved, directly or indirectly, in recombination between
BMV RNA components, possibly because la participates in
template switching by the replicase. On the basis of these
results, additional studies are in progress to further investigate
the influence of various viral protein domains, RNA-RNA
interactions, and possible duplex unwinding activities on BMV
RNA recombination.
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