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Non-homologous RNA recombination is a process enabling the exchange of genetic material
between various (related or unrelated) RNA-based viruses. Despite extensive investigations its
molecular mechanism remains unclear. Studies on genetic recombination in brome mosaic virus
(BMV) have shown that local hybridization between genomic RNAs induces frequent non-ho-
mologous crossovers. A detailed analysis of recombinant structures suggested that local com-
plementary regions might be involved in two types of non-homologous recombination in BMV:
site-specific and heteroduplex-mediated. To verify the above hypothesis and better recognize the
mechanism of the phenomenon studied we have tested how the putative types of recombination
are affected by a specific mutation in the BMV polymerase gene or by changes in RNA structure.
The experiments undertaken revealed substantial differences between site-specific and heterodu-
plex-mediated recombination, indicating that they occur according to different mechanisms. The
former can be classified as homology-assisted, and the latter as homology-independent. In ad-
dition to local RNA/RNA hybridization, short regions of homology are required for site-specific
crossovers to occur. They are most efficiently mediated if one homologous sequence is located at
the beginning of and the second just before a double-stranded region. At present it is difficult to
state what is the mechanism of heteroduplex-mediated recombination. Earlier it was postulated
that strong RNA/RNA interaction enforces template switching by the viral replicase. There are,
however, several observations questioning this model and indicating that some other factors,
which are still unknown, may influence heteroduplex-mediated crossovers.
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Non-homologous RNA recombination is one
of the major factors enabling the rapid evolution of
RNA viruses (Eigen, 1996; Figlerowicz et al., 2003)
and retroviruses (Pathak & Hu, 1997). According to
the definition, such recombination involves two dif-
ferent RNAs and generates products which differ
markedly from the parental molecules (Lai, 1992).
Because of the changes introduced into the viral
genome, non-homologous recombinants rarely ac-
cumulate in vivo. However, they can sporadically
acquire some new, advantageous features that al-
low them to spread and compete with their paren-
tal virus (Nagy & Bujarski, 1992) or other already
existing viruses (Khatchikian et al., 1989; Meyers et
al., 1991). Despite extensive studies, the molecular
mechanism of non-homologous recombination is
still unclear. Most data suggest that recombinants
are generated in compliance with the copy-choice

model, i.e. as a result of template switching by the
viral polymerase during the replication process. The
polymerase begins RNA synthesis on one template,
called the donor, and then switches to another tem-
plate, called the acceptor (Nagy & Simon, 1997; Fi-
glerowicz & Bujarski, 1998; Alejska et al., 2001).

In our studies on genetic RNA recombination
we use a well-established in vivo system developed
with BMV (Fig. 1) (Nagy & Bujarski, 1993). BMV is
a model positive-sense RNA virus of plants (Ahl-
quist, 1992). Its genome is composed of three RNA
molecules called RNA1, RNA2 and RNA3. All three
BMV RNAs possess an almost identical 3’-noncod-
ing region (3'UTR) with a tRNA-like structure at the
very end (Ahlquist, 1992). RNA1 and RNA2 encode
BMYV replicase proteins 1a and 2a, respectively. The
la protein contains two putative domains: the N-ter-
minal helicase domain and the C-terminal domain,

Abbreviations: BMV, brome mosaic virus; RAS, recombinationally active sequence; UTR, untranslated region.
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involved in the capping of viral RNAs (Kroner et al.,
1990). The 2a protein functions as an RNA-depend-
ent RNA polymerase (Traynor et al., 1991). RNA3
is dispensable for BMV replication and encodes the
movement and coat proteins (Ahlquist, 1992).

BMV was the first plant RNA virus for which
genetic RNA recombination was demonstrated (Bu-
jarski & Kaesberg, 1986). Frequent recombination
events were induced by inserting 40-140 nt comple-
mentary sequences into BMV genomic RNAs. Cross-
overs occurred within the local double-stranded re-
gion (RNA/RNA heteroduplex which recombining
molecules were capable of forming) and therefore
were classified as non-homologous (Nagy & Bujar-
ski, 1993; Figlerowicz, 2000). Based on a recently un-
dertaken detailed analysis of recombinant structures
we hypothesized that there are, in fact, two different
types of non-homologous recombination in BMV:
site-specific and heteroduplex-mediated (Figlerow-
icz, 2000) (Fig. 1D).

To verify the above hypothesis, improve our
understanding of the mechanisms of the processes
studied and optimize structural motifs supporting
site-specific crossovers we have tested how both pu-
tative types of non-homologous recombination are
affected by RNA structure or by a specific mutation
in the BMV polymerase. Here we describe significant
differences between site-specific and heteroduplex-
mediated recombination indicating distinct mecha-
nisms for the two. We found that short homologous
regions play a key role in site-specific recombination
whereas heteroduplex-mediated recombination is
homology-independent. Frequent site-specific cross-
overs are observed if one homologous sequence is
located at the beginning and the second just before
the local double-stranded structure on the donor
RNA1 and acceptor RNA3, respectively. The data
collected indicate that site-specific template switch-
ing by the BMV polymerase occurs preferentially
during (-)RNA strand synthesis. Unfortunately, our
studies did not provide any conclusive data con-
cerning the mechanism of heteroduplex-mediated
recombination.

MATERIALS AND METHODS

Materials. Plasmids pB1TP3, pB2TP5 and
pB3TP7 are a generous gift of J.J. Bujarski (Northern
Mlinois University, DeKalb, USA). pB1TP3, pB2TP5
and pB3TP7 contain the full-length cDNA of BMV
RNA1, RNA2 and RNA3, respectively. The construc-
tion of the pMagl-, pMag0- and pMag2-RNA3 plas-
mids containing cDNA of Magl-, Mag0- and Mag?2-
derivatives of BMV genomic RNA3 has already been
described (Figlerowicz, 2000). Restriction enzymes
(EcoRI, Spel, Xbal), T7 RNA polymerase, RNasin,
RQ DNase RNase free, MMLV-reverse transcriptase,

Taq polymerase and the pGEM cloning vector were
from Promega. Nylon membrane HybondN and
[a®?P]CTP were from Amersham.

Deoxyoligonucleotides used for the construc-
tion of new BMV mutants (Spel restriction site is un-
derlined):

1. 5-TCGAGGCCTCCTCGAGCAG-3,

2. 5-TCGACTGCTCGAGGAGGCC-3,

3. 5-ACTAGTACGCGTGGATCCTCGAGCA

GAGGTCTCACACAG-¥

Primers used for specific RT-PCR amplifica-
tion of the RNA3 3’-fragment (region where recom-
binant junction sites are located): first strand primer
A, specific for all BMV RNAs 3’-end introducing
EcoRI restriction site (underlined):

5-CAGTGAATTCTGGTCTCTTTTAGAGATT-
TACAG-3" and second strand primer B representing
the BMV RNA3 sequence between positions 1726
and 1751:

5-CTGAAGCAGTGCCTGCTAAGGCGGTC-3'.

Plasmid construction. To prepare the pIH-
RNA1 plasmid, containing the cDNA of BMV IH-
RNA1, a short double-stranded DNA fragment (ob-
tained by hybridization of deoxyoligonucleotides 1
and 2) was ligated into the Xhol linearized pB1TP3
plasmid. To construct the pHS-RNA3 plasmid con-
taining the cDNA of HS-RNAS3, the 76 nt portion
of pMagl-RNA3 (between the Xbal and Spel restric-
tion sites) was replaced with a 13 nt longer dsDNA
fragment obtained by PCR involving primers B and
3, and pMagl-RNA3 as template. The sequences of
the newly prepared plasmids were confirmed by se-
quencing.

In vivo recombination assay. The previously
described procedure was applied to test the recom-
bination activity of the constructed BMV mutants
(Nagy & Bujarski, 1993). Briefly, infectious molecules
of BMV RNA1 (wt or IH-RNA1), wtRNA2 and Mag0-
, Magl-, Mag2- and HS-RNA3 derivatives were ob-
tained by in vitro transcription for which EcoRI lin-
earized plasmids pB1TP3, pIHRNA1, pB2TP5 and
pMag0-, pMagl-, pMag2-, pHS-RNA3 were used.
Four leaves of two Chenopodium quinoa plants (a lo-
cal lesion host for BMV) were mechanically inoculat-
ed with mixtures containing BMV RNA1 (wt or IH-
RNA1), wtRNA2 and one of the RNA3 derivatives.
After two weeks, when infection symptoms were
well developed, the number of local lesions was
counted to determine virus infectivity. Separate lo-
cal lesions were excised and total RNA was isolated.
The extracted RNA was subjected to RT-PCR involv-
ing primer A (first strand primer) and primer B (sec-
ond strand primer), specific for amplification of the
3’-portion of RNA3 progenies (region where crosso-
vers occur). The BMV-based recombination system
was designed in such a way that the recombinants
generated possessed a visibly shorter 3’-noncoding
region than the parental Mag0-, Magl-, Mag2- and
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Figure 1. BMV in vivo non-homologous recombination system.

Particular fragments of the BMV genome are marked as follows: 3'UTRs, 5UTRs and the intercistronic noncoding re-
gion are black, coding regions are white, the recombinationally active sequence (RAS) introduced into modified RNA3 is
gray. Small arrows marked A and B represent the first and second strand primers used for the selective RT-PCR ampli-
fication of the RNA3 3’-portion — first strand primer A is complementary to the 3’ end of all three BMV genomic RNAs
(including the recombinationally active RNA3 derivative). Second strand primer B is specific for RNA3 amplification. A.
Genome of the recombinationally active BMV mutant. The BMV genome is composed of three RNA molecules: RNAI,
RNA2 and RNA3. RNA1 and RNA2 encode virus replicase proteins la and 2a, respectively. In RNA3, the movement
protein (3a) and the coat protein (CP) are encoded. All three BMV genomic RNAs possess an almost identical 3'UTR
adopting a tRNA-like structure. In our studies on genetic RNA recombination instead of a wild type (wt) virus we used
a BMV mutant in which only the 3'UTR of RNA3 was modified (for details see Nagy & Bujarski, 1993). The mutated
virus possesses the entire genetic information necessary for BMV development, is stable in infected cells and starts to re-
combine if a RAS is inserted into the RNA3 derivative between the coding region and the modified 3'UTR. B. Non-ho-
mologous recombination. Frequent non-homologous crossovers were observed when an about 140 nt sequence comple-
mentary to the 3’-portion of RNA1 (sequence called RAS-NH) was introduced into the modified RNA3. Consequently,
wtRNA1 and modified RNA3 were capable of forming a local double stranded structure (RNA1/RNA3 heteroduplex)
that efficiently mediated recombination events. The proposed mechanism assumes that non-homologous recombinants
are formed according to the copy-choice hypothesis. BMV polymerase cannot unwind the stable double-stranded region
and switches from the RNAI to the RNA3 template (Nagy & Bujarski, 1993). C. BMV recombinant. Non-homologous
recombination repairs the mutated virus. The highly modified 3’-end of RNA3 is replaced by the 3'UTR coming from
RNA1 and conserved in all BMV RNAs. The recombinants replicate and accumulate better than parental RNA3 mol-
ecules so that the latter are out-competed from the infected cells. D. Putative RNA structural elements supporting site-
specific and heteroduplex-mediated non-homologous recombination in BMV. Complementary fragments of RNA1 and
RNAS3 are represented by solid lines. Black boxes symbolize two short homologous sequences while the region comple-
mentary to them is shown as a white box. The gray oval and short vertical lines symbolize BMV polymerase and local
hybridization between recombining molecules, respectively. The location of recombinant junction sites is indicated by
arrows and letters: s-s — site-specific recombinants; C, D, E — heteroduplex-mediated recombinants. Site-specific non-
homologous recombination is observed when the RNA1/RNA3 heteroduplex is accompanied by short homologous se-
quences specifically positioned in donor and acceptor templates. As a result the local double-stranded region can adopt
two alternative conformations: a full-length duplex or a shorter duplex followed by a hairpin structure on the RNA3
acceptor template. The following mechanism of site-specific recombination was proposed (Figlerowicz, 2000): BMV rep-
licase initiates nascent strand synthesis at the 3" end of RNA1 (donor). Then the enzyme is paused at the 5" end of a
short homologous sequence, due to strong RNA/RNA interaction or hairpin formation on the acceptor template. Finally,
the BMV replicase-nascent strand complex leaves the donor template, hybridizes to the homologous sequence located in
acceptor RNA3 and resumes nascent strand synthesis. Heteroduplex-mediated recombination requires only local RNA1/
RNA3 hybridization and produces many different recombinants. Their junction sites are located close to each other and
cluster in the left-hand portion of the local double-stranded structure.



836

M. Alejska and others

2005

HS-RNA3 molecules (about 800-nt for parental and
about 400-nt for recombinant RNA3). To determine
whether recombinants were formed in infected cells,
the RT-PCR products were analyzed by 1.5% aga-
rose gel electrophoresis and their length was com-
pared with the length of the cDNA amplified using
primers A and B and in vitro transcribed Mag0-,
Magl-, Mag2- or HS-RNA3 as template. For selected
recombinants, their presence in local lesions was ad-
ditionally confirmed by Northern blot hybridization.
Samples (5 pl) of total RNA extracted from individ-
ual lesions were separated electrophoretically in 1%
native agarose gel, stained with ethidium bromide
(to test RNA stability), blotted onto a nylon mem-
brane and probed with a 3?P-labelled RNA probe.
As probe we used in vitro transcribed 200-nt RNA
complementary to the 3'UTR shared by all BMV ge-
nomic RNAs. Finally, RT-PCR products were cloned
into the pGEM vector and sequenced to determine
the location of recombinant junction sites. The full
experiment involving each BMV mutant was repeat-
ed four times.

RESULTS

The effect of the DR7 mutation in the BMV
polymerase gene on site-specific and heteroduplex-
mediated recombination

Earlier we found that a C to U substitution at
position 1559 of BMV RNA2 (DR7 mutation, result-
ing in Leu-486 to Phe substitution in BMV polymer-
ase) completely inhibits non-homologous recombina-
tion occurring within a local double-stranded region
formed by BMV RNA1 and RNA3, without affecting
the frequency of homology-driven recombination
(Figlerowicz et al., 1997). We also showed that the
DR7 mutation does not influence BMV infectivity
and the ability of the virus to replicate and accumu-
late in plant cells. Taking advantage of the unique
properties of the DR7 RNA2 mutant we used it to
probe the mechanisms of site-specific and heterodu-
plex-mediated recombination. The experiment also
involved three well-characterized BMV mutants:
M1-BMV supporting both heteroduplex-mediated
and site-specific recombination, M2-BMV supporting
exclusively heteroduplex-mediated crossovers, and
MO-BMV which does not support recombination
(Figlerowicz, 2000). Their genomes are composed
of wtRNA1, wtRNA2 and modified RNA3 (Magl-
RNA3 in M1-BMV, Mag0-RNA3 in M0-BMV and
Mag2-RNA3 in M2-BMV) (Table 1).

In all these mutants genomic molecules
RNA1 and RNA3 are capable of forming similar lo-
cal double-stranded structures (Fig. 2A). The 137 nt
wtRNA1/Magl-RNA3 heteroduplex is accompanied
by short homologous sequences h and h’ and con-

sequently it can adopt two different conformations:
a full-length duplex or a shorter duplex followed by
a hairpin on the acceptor template (hairpin A) (Fig.
2B). In Mag0- and Mag2-RNA3, sequence h or the
complementary region c was removed from Magl-
RNA3, respectively (Fig. 2A) (Figlerowicz, 2000).
Accordingly, heteroduplexes formed by RNA1 and
Mag0- or Mag2-RNA3 exist only in one conforma-
tion (Fig. 2B) (Figlerowicz & Bibilto, 2000).

To test how site-specific and heteroduplex-
mediated recombination is influenced by the DR7
mutation, a procedure described earlier was applied
(Figlerowicz et al., 1997). C. quinoa plants (local le-
sion host for BMV) were inoculated with M1-, M0-
and M2-BMV mutants as well as with their counter-
parts carrying the DR7 mutation: DR7M1-, DR7MO-
and DR7M2-BMV, respectively. The genomes of the
three latter variants are composed of wtRNA1, DR7-
RNA2 and either Magl-, Mag2- or Mag0-RNA3 (Ta-
ble 1). After two weeks, the number of local lesions
appearing on the inoculated leaves was counted.
This confirmed our former observation that the DR7
mutation does not affect BMV infectivity (Table 1).
Total RNA was extracted separately from each le-
sion, and the accumulation of BMV RNAs and the
presence of RNA3 recombinants were analyzed by
Northern blot hybridization (not shown). To deter-
mine the location of recombinant junction sites, the
3’-fragment of BMV RNA3 accumulating in each le-
sion (region where crossovers occur) was amplified
by RT-PCR. The reaction products were cloned and
sequenced (Fig. 3).

We observed that the exchange of wtRNA2
for the corresponding DR7 mutant did not change
the recombination activity of the wtRNA1/Mag0-
RNA3 duplex — neither the M0- nor the DR7MO-
BMV mutant generated recombinants (Table 1). Total
RNA extracted from approx. 70% of individual local
lesions contained the parental virus (WtRNA1, wt or
DR7-RNA2 and Mag0-RNA3). Interestingly, there
was also a large fraction of so-called empty lesions
(about 30%) for which viral RNAs were not detected
by RT-PCR or Northern blots. The DR7 mutation in
RNA2 abolished the recombination activity of the
wtRNA1/Mag2-RNA3 duplex (Table 1). M2-BMV
supported exclusively heteroduplex-mediated re-
combination (Fig. 3C). Recombinants were identified
in 60% of lesions. In the remaining 40% of lesions
the parental virus was present. At the same time,
recombinants did not form during infection with
DR7M2-BMV (80% of lesions contained the parental
virus and in 20% no virus was detected). DR7-RNA2
also affected recombination between WtRNA1l and
Magl-RNA3. For M1-BMV, both site-specific and
heteroduplex-mediated crossovers were observed,
while for DR7M1-BMV only site-specific recombina-
tion occurred (12 and 6 recombinants of type A and
B, respectively) (Fig. 3A). In addition, recombination
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Figure 2. Schematic representation of the genomic molecules supporting non-homologous recombination in BMV
mutants.

A. Recombinationally active RNA1 and RNA3 molecules. In all BMV mutants tested recombining RNA1 and RNA3
molecules were capable of forming a local double-stranded region (marked with a gray box and shown below). Ini-
tially, M1-BMV was constructed (Figlerowicz, 2000). Its genomic molecules wtRNA1 and Magl-RNA3 formed a local
double-stranded structure inducing both site-specific and heteroduplex-mediated crossovers (Figlerowicz, 2000). To con-
struct Mag1-RNAS3, a 137 nt sequence RAS-NH, complementary to RNA1 between positions 2856 and 2992, was insert-
ed into RNAS3 just behind the CP coding region. To obtain other mutants, specific modifications were introduced into
Mag1l-RNA3 or wtRNAT1. Sequences h and c (boxed) were deleted from Magl-RNA3 giving Mag0- and Mag2-RNA3,
respectively (Figlerowicz, 2000). To obtain a new series of BMV mutants, HS-RNA3 and IH-RNA1 derivatives were con-
structed. HS-RNA3 was prepared by inserting a 13 nt sequence into Magl-RNA3, and IH-RNA1 by introducing a 16
nt sequence into wtRNA1 within its 3’'UTR. The latter insert was complementary to RNA3 just before the local double-
stranded region. B. Heteroduplexes that may be formed by wt or IH-RNA1 and modified Magl-, Mag0-, Mag2- or
HS-RNA3. Complementary fragments of RNA1 and RNA3 are shown schematically as in Fig. 1D. Black dots show the
location of the stop codons in recombining molecules. The wtRNA1/Magl-RNA3 duplex is accompanied by specifically
located short homologous sequences h and h’ and thus it exists in two different conformations: a full-length duplex, and
a shorter duplex followed by hairpin A forming on RNA3. Because of the changes introduced into Mag0- and Mag2-
RNAS3, the heteroduplexes they can form with wtRNA1 adopt only one conformation. Due to the presence of sequences
¢ and h’, a hairpin structure (hairpin D) can form on IH-RNAI. Therefore the latter may form a heteroduplex adopting
two alternative conformations with all three: Magl-, Mag0- and Mag2-RNA3 derivatives. In HS-RNA3, sequences h and
h” were separated to prevent hairpin A formation. Consequently, the wtRNA1/HS-RNA3 heteroduplex can only exist in
one conformation.
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frequency was reduced for DR7M1-BMV, from 100
to 80%. The remaining 20% of lesions contained the
parental virus (Table 1).

Preparation of new recombinationally active BMV
mutants

To increase our knowledge of the mechanism
of site-specific and heteroduplex-mediated recombi-
nation a new series of BMV mutants was prepared.
To this end, RNA1 and RNA3 derivatives named
IH-RNA1 and HS-RNA3 were constructed (Fig. 2A).
IH-RNA1 was made by inserting a 16 nt sequence
(complementary to a portion of hairpin A) into the
RNA1 3-noncoding region. As a result, the putative
IH-RNA1/Magl-RNA3 duplex was extended (by 16
nt) and sequences h and c involved in hairpin A
formation were located within the double-stranded
region. They base-paired with sequences named h’
and ¢’ that could potentially form a hairpin struc-
ture on IH-RNAT1 (hairpin D) (Fig. 2B). To construct
HS-RNA3, a 13 nt RNA fragment was inserted into
Mag1-RNA3 between sequences h and ¢, to sepa-
rate short regions of homology (h and h’") (Fig. 2A).

Using the previously prepared Mag0-, Magl- and
Mag2-RNA3 and the constructed IH-RNA1 and HS-
RNA3 derivatives, four new BMV mutants were
obtained. In one, called HS-BMV, only RNA3 was
modified, while in the three others named ITHMO0-,
IHM1- and IHM2-BMV both RNA1 and RNA3 were
changed (Table 1). In all mutants RNA1 and RNA3
were capable of forming similar local double-strand-
ed structures, although in each the left-hand portion
of the heteroduplex (the region where crossovers oc-
cur) was arranged in a different way (Fig. 2B).

Infectivity and recombination activity of BMV mu-
tants

The infectivity and recombination activity of
the mutants constructed were tested in C. quinoa
plants. This revealed that HS- (with modified RNA3
only) and IHMO0-BMV (possessing modified RNA1
and RNA3) were as infectious as the previously test-
ed variants M0-, M1- and M2-BMV (in which only
RNA3 was modified). The remaining two mutants
IHM1- and IHM2-BMV, in which both genomic
RNAs (RNA1 and RNA3) were modified, developed

Table 1. Infectivity and recombination activity of the BMV mutants

Number of
local lesions
analyzed

Genomic
molecules

BMV mutant Infectivity *

Recombination Lesions accumulating Empty lesions
frequency ** parental RNA3 (%)
(%) (%)

witRNAT
WtRNA2
Mag1-RNA3
witRNAT
wtRNA2
Mag0-RNA3
wtRNA1
wtRNA2
Mag2-RNA3
witRNA1
DR7-RNA2
Mag1-RNA3
witRNAT
DR7-RNA2
Mag0-RNA3
witRNAT
DR7-RNA2
Mag2-RNA3
IH-RNA1
wtRNA2
Mag1-RNA3
TH-RNA1
wtRNA2
Mag0-RNA3
TH-RNA1
wtRNA2
Mag2-RNA3
wtRNA1
wtRNA2
HS-RNA3

M1-BMV 18 (+4) 40

MO-BMV 20 (£3) 40
M2-BMV 18 (£3) 40
DR7M1-BMV 17 (£4) 40
DR7MO-BMV 20 (£5) 40
DR7M2-BMV 19 (+4) 40
[HM1-BMV 10 (£3) 40
THMO-BMV 18 (£3) 40
THM2-BMV 3 (x2) 40

HS-BMV 16 (x3) 40

100 0 0

60 40 0

80 20 0

80 15 5

15 55 30

60 40 0

95 5 0

*Infectivity is defined as the average number of lesions per leaf; **Recombination frequency is defined as the ratio between the number of
lesions that developed recombinants to the total number of analyzed lesions.
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a much lower number of lesions (Table 1). Individ-
ual local lesions were then excised and total RNA
was extracted separately from each lesion and sub-
jected to a three-step analysis (representative results
obtained for the newly generated IHMO- IHM1- and
IHM2-BMV mutants are shown in Fig. 4). The re-
combination frequency was counted for HS-, IHMO-,
IHM1-, and IHM2-BMV and compared with the anal-
ogous data obtained earlier for M0-, M1- and M2-

BMV (Figlerowicz, 2000) (Table 1). We found that
HS-BMV generated recombinants with the same high
frequency (95%) as M1-BMV, although in the former
the homologous sequences h and h’ were separated.
Interestingly, with the exchange of wtRNAI (present
in M1-, MO- and M2-BMV) for TH-RNA1, the re-
combination frequency was reduced for IHM1-BMV
(from 100 to 80%), increased for IHMO-BMV (from 0
to 15%) and unchanged for IHM2-BMV (60%).
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Figure 3. Distribution of non-homologous crossovers occurring in vivo in C. quinoa plants infected with the BMV

mutants.

Each recombinant was isolated from a separate local lesion. In every case recombining RNA1 and RNA3 molecules were
capable of forming 130-150 nt local double-stranded regions. However, in the picture only the left-hand portion of the
duplex is presented — the region where recombinant junction sites are located. In each duplex the upper sequence rep-
resents the (+) strand of the RNA3 derivative (the region where RAS is located), while the lower sequence represents
the corresponding (complementary) fragment of the (+) RNA1 strand. The recombinant junction sites are marked with
arrows (pointing to the last nucleotide coming from RNA1 and the first nucleotide from the RNA3 derivative), and ei-
ther with capital letters (for recombinants generated with wtRNA1 and wtRNA2), boxed capital letters (for recombinants
generated with wtRNA1 and DR7 RNA2 mutant) or lower case letters (for recombinants generated with IH-RNA1 and
wtRNA2). Numbers accompanying the letters indicate how often the given recombinant was identified. Recombinants
whose formation was most likely mediated by short homologous sequences as well as homologous regions are shad-
owed. Recombinants generated with: M1-, DR7M1- and IHM1-BMV (A); M0O- and IHM0-BMV (B); M2- and IHM2-BMV

(C); HS-BMV (D).
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Figure 4. Three-step analysis of BMV progeny RNAs accumulating in C. quinoa plants infected with IHM0-, IHM1-
and ITHM2-BMV.

Representative results obtained for IHMO-, IHM1- and IHM2-BMV mutants are shown. Two weeks after inoculation, in-
dividual local lesions developed on C. quinoa leaves were excised, and total RNA was extracted separately from each le-
sion and dissolved in 50 ul of TE buffer. A. Step I — RT-PCR analysis of BMV RNA3. Samples of 3.5 ul of total RNA
were subjected to RT-PCR involving primers A and B (Fig. 1) specific for the amplification of the RNA3 3’-fragment
(region where recombination crossovers occur). In addition, two RT-PCR reactions in which the total RNA was replaced
either with a 100-times diluted mixture of BMV RNA transcripts (used for inoculation) or with water, were carried out
as a positive (lane +) and negative (lane -) control, respectively. RT-PCR products were separated in a 1.5% agarose
gel and visualized by ethidium bromide staining. Their lengths were estimated by comparison with a DNA molecular
mass marker (lanes S). The presence of longer products (about 800 nt — identical to lane +) suggested that parental
RNAS3 accumulated (lanes: 3, 4, 8 and 9) while the formation of shorter products (about 400-500 nt) was a sign of RNA3
recombinant formation (lanes: 2, 5, 6 and 7). The lack of an RT-PCR product indicated that BMV RNA3 was absent
in the lesion analyzed or accumulated below RT-PCR detection level (lane 1). Step II — stability of the total RNA
extracted. Samples (5 ul) of total RNA were subjected to electrophoresis in a native 1% agarose gel. After ethidium bro-
mide staining the most abundant RNAs were visualized. Positions of the clearly visible bands corresponding to 18S and
255 ribosomal RNA are marked. Identical results were obtained for all BMV mutants tested, suggesting that the RNA
extracted was stable in every sample analyzed. Step III — Northern blot analysis of BMV RNA accumulation. Left
panel — representative data obtained for the BMV mutants tested. Right panel — typical BMV RNA accumulation in
lesions which did not contain recombinants. Total RNA separated in a native 1% agarose gel and stained with ethidium
bromide (to test RNA stability) was blotted onto a nylon membrane and probed with a 3?P-labelled RNA (200 nt probe
complementary to the 3'UTR shared by all BMV genomic RNAs). A mixture of BMV RNA transcripts was applied as a
molecular mass marker (lane +). The results obtained were consistent with those of RT-PCR analysis. RNA3 recombi-
nants were present in four lesions (lanes: 2, 5, 6 and 7), parental RNA3 molecules were detected in four lesions (lanes: 3,
4, 8 and 9), while in one lesion neither recombinant nor parental RNA could be found (lane 1). BMV RNAs accumulated
to high levels only in those lesions in which an RNA3 recombinant was formed. Interestingly, in the lesions accumulat-
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Eighty percent of the lesions formed on leaves
inoculated with IHM1-BMV contained recombinants,
15% accumulated parental Magl-RNA3 and in 5%
the virus was not detected (empty lesions). In all le-
sions developed by M2-, HS- and IHM2-BMV, paren-
tal or recombinant RNA3 was present. At the same
time, RT-PCR analysis suggested that RNA3 was ab-
sent or accumulated below RT-PCR detection level
in a large fraction (about 30%) of the lesions excised
from MO- and IHMO-BMYV infected plants. MO-BMV
did not produce recombinants, whereas IHM0-BMV,
in addition to empty lesions and lesions accumulat-
ing the parental virus (55%), also developed lesions
containing recombinants (15%). To exclude the pos-
sibility that in some samples RNA was occasionally
degraded, 5 ul of the total RNA extracted separately
from each lesion was analyzed by agarose gel elec-
trophoresis. After ethidium bromide staining, most
abundant cellular RNAs were visualized (Fig. 4, Step
II). The results obtained demonstrate that every sam-
ple comprised a similar amount of RNA, suggesting
that the extracted molecules were not degraded dur-
ing isolation. Moreover, our data prove that the total
RNA was always isolated from a similar portion of
plant tissue.

Finally, the accumulation of viral RNA was
determined by Northern blot hybridization (Fig. 4,
Step III). This showed a prominent accumulation of
BMV RNAs only in those lesions where an RNA3 re-
combinant was formed (Fig. 4, e.g. lanes: 2, 5, 6 and
7 — about 95% of lesions contained only one recom-
binant, sometimes, however, two recombinants were
generated). In other lesions viral RNAs accumulated
either to a very low level (Fig. 4, e.g. lanes: 3, 4, 8
and 9 — lesions containing the parental virus) or
below detection level (e.g. lane 1). Interestingly, in
the lesions accumulating the parental virus (lesions
in which recombinants were not generated), RNA1
and RNA3, i.e. the molecules carrying long comple-
mentary sequences occurred in a visibly lower con-
centration than RNA2 (Fig. 4, Step III).

To determine whether BMV infection is af-
fected by a modification introduced into IH-RNAI,
C. quinoa plants were inoculated either with wt BMV
or an IH-BMV mutant. The genome of the latter was
composed of IH-RNA1, wt RNA2 and wt RNA3.
After two weeks, the number of developed lesions
was counted, total RNA was extracted from 20 indi-

vidual lesions (for each BMV variant) and the accu-
mulation of viral RNAs was analyzed by Northern
blot hybridization as described above. Additionally,
the extracted total RNA was subjected to RT-PCR
involving primers which enabled a selective ampli-
fication of the RNA1 3’-fragment (the region where
the modification was introduced). The products ob-
tained were cloned and sequenced. We found that
wt BMV and IH-BMV accumulate in plant cells to
similar levels and IH-RNA1 maintains its modifica-
tion during the entire infection period (Fig. 4B).

Location of recombinant junction sites

To establish the location of recombinant junc-
tion sites, the RT-PCR products of selective RNA3
3’-end amplification were cloned and sequenced
(Fig. 3). As earlier, we observed that recombina-
tion crossovers occur within the left-hand portion
of RNA1/RNA3 heteroduplex (or in close vicin-
ity) (Figlerowicz, 2000). A detail analysis of the re-
combinants identified (also those generated during
MO-, M1- and M2-BMV infection) showed that they
can be divided into two groups. The first group is
composed of recombinants whose junction sites are
located within short homologous sequences (homol-
ogy-dependent recombinants). One of the sequences
is always located within the local double-stranded
region, while the second sequence lies before a het-
eroduplex. The most typical examples of homol-
ogy-dependent recombinants are the products of
site-specific recombination (recombinants A and B)
generated with M1-BMV (Fig. 3A). However, such
recombinants were also formed during infection in-
volving other mutants, e.g. recombinants a and b ob-
tained for IHM1- and IHM2-BMV or recombinants a
and K produced in plants infected with IHMO- and
HS-BMV, respectively (Fig. 3).

The second group comprises recombinants
for which there is no homology within the crosso-
ver region (homology-independent recombinants).
Their junction sites are usually located close to each
other within the RNA1/RNA3 heteroduplex struc-
ture. Most frequently they are separated by 2-3 nt.
The additional regularity noted for both homology-
dependent and homology-independent recombinants
was that their junction sites were located exclusively
in the non-coding fragments of RNA1 and RNA3 —

Figure 4. Continued

ing parental RNA3, BMV genomic molecules carrying complementary sequences (i.e. RNA1 and RNA3) were always in
a much lower concentration than RNA2 (this is better shown in the right panel). The three-step analysis of BMV RNA
accumulation was carried out for all mutants tested. B. Northern blot analysis of BMV RNA accumulation in lesions
induced by IH-BMV and wt-BMYV infection. To determine whether BMV infection is affected by a modification intro-
duced into IH-RNA1, the accumulation of viral RNAs in C. quinoa plants inoculated either with wt BMV or IH-BMV
mutant was compared by Northern blot hybridization, as described above. wt BMV and IH-BMV accumulated in plant

cells to similar levels.
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in the portion of the heteroduplex which is placed
between the stop codons present in the recombining
molecules. The only exception was recombinant S
(generated with M2-BMV) (Figlerowicz, 2000). One
of its junction sites was located in the RNA3 coding
region and therefore it encoded a mutated but func-
tional coat protein. Nevertheless this recombinant S
accumulated in infected plants to a similar level as
other recombinants.

DISCUSSION

Two types of non-homologous recombination in
BMV

More than ten years ago Nagy and Bujarski
(1993) demonstrated that non-homologous crosso-
vers occur within the local complementary regions
present in BMV RNA1 and RNA3. They postulated
that RNA1/RNA3 base-pairing causes the BMV rep-
licase to pause and accidentally induces template
switching from the donor RNA1 to the acceptor
RNA3 molecule. Our recent studies revealed that
there may exist two different types of non-homolo-
gous recombination in BMV: site-specific and heter-
oduplex-mediated (Figlerowicz, 2000). Comparison
of the recombination activities of M1-, M2-BMV
and their counterparts carrying the DR7 mutation
provided strong evidence supporting the above as-
sumption. The diverse effects of the modified BMV
polymerase on site-specific and heteroduplex-medi-
ated crossovers indicate that different mechanisms
operate in both types of recombination. Based on
our earlier observations, on the influence of DR7-2a
protein on homologous and non-homologous crosso-
vers, showing that the former are unaffected and
the latter inhibited (Figlerowicz et al., 1997), one can
draw the following conclusions: (i) the lack of any
effect of the DR7 mutation on the frequency of site-
specific recombination suggests that short homolo-
gous sequences (h and h’) play a key role in this
process, and (ii) the selective inhibition of heterodu-
plex-mediated recombination indicates that it does
not depend on homology.

The mechanism of site-specific recombination

Considering the effect of the DR7 mutation
on site-specific and heteroduplex-mediated recom-
bination one could speculate that the former should
be classified as homologous. This is, however, con-
tradicted by the fact that site-specific recombinants
A and B do not form for M2- and HS-BMV although
sequences h and h’ are present in recombining mol-
ecules (Fig. 3C and D). This means that relatively
short regions of homology are not sufficient to me-
diate frequent crossovers. The positioning of ho-

mologous sequences also seems to be important. In
general, our former (Figlerowicz, 2000) and current
observations suggest that there are two basic re-
quirements for site-specific recombination: local hy-
bridization between recombining molecules and the
presence of two short homologous sequences spe-
cifically placed in the donor and acceptor templates.
One sequence must be located within a local dou-
ble-stranded region (on donor RNA) and the second
before the RNA1/RNA3 heteroduplex (on acceptor
RNA). The frequency of site-specific crossovers is
also affected by the distance between homologous
sequences and by their length. That is why M1-BMV
possessing the 14 nt sequences h and h’ placed close
to each other (h just before and h’ in the very be-
ginning of the RNA1/Magl-RNA3 heteroduplex)
supports site-specific recombination very efficiently
while it is inhibited or less frequent during infec-
tions involving other BMV mutants in which the re-
combination hot-spot was modified.

The data presented show that the wtRNA1/
Mag1-RNA3 heteroduplex offers the best conditions
for site-specific template switching by BMV repli-
case. They also suggest that recombinants A and B
are formed during (-)RNA strand synthesis. BMV
replicase starts nascent strand synthesis on (+)RNA1,
it pauses within the local double-stranded region
and is then transferred to sequence h located very
near the RNA1/Magl-RNA3 heteroduplex. The al-
ternative assumption that crossovers occur during
(+) strand synthesis would mean that the polymer-
ase is stopped just before the heteroduplex and then
switches to sequence h, located within the double-
stranded region. By analogy, the formation of recom-
binant K during HS-BMV infection, recombinant b
during IHM1-BMV infection or recombinants a and
b during IHM2-BMV infection indicates that noth-
ing hinders site-specific crossovers from occurring
also during (+)RNA strand synthesis. Interestingly,
in spite of the similar spatial arrangement of recom-
bination hot-spots in RNA1/Magl-RNA3 and (-)IH-
RNA1/(-)Mag0-RNA3 heteroduplexes, the latter did
not support site-specific crossovers during IHMO-
BMV infection. This might suggest that in addition
to RNA primary and secondary structure there are
some other still unrecognized factors affecting site-
specific recombination.

Mechanism of heteroduplex-mediated recombination

Unfortunately, at present one cannot unam-
biguously define the mechanism of heteroduplex-
mediated recombination. At first glance, it seems
quite obvious that a stable double-stranded RNA
structure can accidentally enforce template switch-
ing by BMV replicase, as was proposed by Nagy
and Bujarski (1993). However, the data collected in
the recent years have raised several questions that
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cannot be answered based on this model. It does not
explain why recombinant junction sites are located
almost exclusively within the left-hand portion of
RNA1/RNA3 heteroduplexes. It was demonstrated
that the BMV replicase can easily unwind even a
200-500 nt duplex, since it is equipped with RNA
helicase (Ahlquist et al., 1984). Consequently, one
would expect roughly random template switching
by the viral polymerase along the local RNA1/RNA3
heteroduplex. Moreover, it is difficult to find any
factor that would facilitate the transfer of the BMV
replicase/nascent strand complex between comple-
mentary templates (Figlerowicz, 2000). In other types
of recombination this role is played by short ho-
mologous sequences (e.g. in site-specific recombina-
tion) or by promoter-like structures (Nagy & Simon,
1997). The next questions are why, before recom-
binant formation, wtRNA1 and RNAS3 replicate to a
visibly lower level than RNA2 (Fig. 4, Step III) if the
only modified molecule is RNA3, which is dispensa-
ble for genomic RNA synthesis (Ahlquist, 1992), or
why recombinant junction sites are placed between
the stop codons that are present in the RNA1 and
RNA3 molecules.

Nagy and Bujarski’s model also presuppos-
es that during BMV genome replication, efficient
RNA1/RNAS3 hybridization occurs. This seems to be
very unlikely if one considers the recent model of
BMV RNA replication (Schwartz et al., 2002): it as-
sumes that viral genomic molecules are synthesized
in 50-70 nm spherules budding into the endoplasmic
reticulum membranes. Spherule formation is induced
by the BMV 1a protein anchoring to the cytoplasmic
face of the membranes. Usually, only one RNA tem-
plate and one nascent strand are located inside the
spherule forming a ribonuclease-resistant shell, in
which RNA replication occurs. Initially the genomic
(+)RNA strand serves as a template. It is copied and
then released through a narrow neck connecting the
spherule with the cytoplasm. The (-)RNA strand re-
mains inside the spherule and is used as a template
for (+) strand synthesis.

All the above observations suggest that some
additional, still unknown factors affect heterodu-
plex-mediated recombination in BMV. Considering
three facts — (i) recombining RNA1 and RNA3 mol-
ecules are capable of forming a long, double-strand-
ed structure; (ii) RNA1 and RNA3 molecules carry-
ing complementary sequences accumulate to a vis-
ibly lower level than RNA2; and (iii) BMV mutants
which infrequently produce recombinants and con-
sequently cannot remove complementary sequences
from RNA1 and RNA3 are often eliminated from in-
fected cells (formation of empty lesions is observed)
— one can speculate that sequence-specific double-
stranded RNA degradation, referred to as RNA si-
lencing, is one of the factors influencing template
switching within the RNA1/RNA3 heteroduplex.

Since the latter is also indispensable during site-spe-
cific crossovers, it cannot be excluded that they are
affected by RNAI, too. However, further studies are
required to prove that there is some interplay be-
tween non-homologous recombination in BMV and
RNA silencing.
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