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ABSTRACT

At present, there is no doubt that RNA recombination
is one of the major factors responsible for the genera-
tion of new RNA viruses and retroviruses. Numerous
experimental systems have been created to investig-
ate this complex phenomenon. Consequently, spe-
cific RNA structural motifs mediating recombination
have been identified in several viruses. Unfortunately,
up till now a unified model of genetic RNA recombina-
tion has not been formulated, mainly due to difficult-
ies with the direct comparison of data obtained for
different RNA-based viruses. To solve this problem,
we have attempted to construct a universal system
in which the recombination activity of various RNA
sequences could be tested. To this end, we have
used brome mosaic virus, a model (+)RNA virus of
plants, for which the structural requirements of RNA
recombination are well defined. The effectiveness of
the new homomolecular system has been proven in
an experiment involving two RNA sequences derived
from the hepatitis C virus genome. In addition, com-
parison of the data obtained with the homomolecular
system with those generated earlier using the hetero-
molecular one has provided new evidence that the
mechanisms of homologous and non-homologous
recombination are different and depend on the virus’
mode of replication.

INTRODUCTION

RNA recombination is a very common phenomenon. It has
been observed in all types of viruses using RNA as a carrier of

genetic information: in positive-sense, single-stranded RNA
viruses (1-4), in negative-sense, single-stranded RNA viruses
(5,6), in double-stranded RNA viruses (7,8) and in retroviruses
(9-11). Moreover, it has been shown that RNA recombination
enables the exchange of genetic material not only between the
same or similar viruses but also between distinctly different
viruses (12). Sometimes it also permits crossovers between
viral and host RNA (13-17). Taking into account the structure
of viral genomic molecules and the location of crossover sites,
three basic types of RNA recombination were distinguished:
homologous, aberrant homologous and non-homologous
(3,4,18). The former two occur between two identical or sim-
ilar RNAs (or between molecules displaying local homology),
while the latter involves two different molecules. Most of the
collected data suggest that RNA recombinants are formed
according to a copy choice model (4,18). A viral replication
complex starts nascent RNA strand synthesis on one template,
called RNA donor and then switches to another template,
called RNA acceptor. Accordingly, two main factors are
thought to affect RNA recombination: the structure of recom-
bining molecules and the ability of the viral replicase to switch
templates.

To gain more knowledge of the mechanism of RNA
recombination, several model experimental systems have
been created. They provided us with some specific data
describing homologous and/or non-homologous recombina-
tion in particular viruses, e.g. in poliovirus, (19) mouse hep-
atitis virus (20,21), brome mosaic virus (BMV) (4,22), turnip
crinkle virus (23,24) or tomato bushy stunt virus (25). As a
result, the involvement of viral replicase proteins in recomb-
ination has been demonstrated (26,27) and a wide spectrum of
RNA motifs supporting recombination have been identified
(4,23,28-30). In general, the collected data suggest that
there exist two major types of RNA structural elements that
induce recombination events: (i) universal ones mediating
template switching by different viral replicases, e.g. regions
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Figure 1. The BMV-based recombination system. White, black and gray boxes represent coding, noncoding and recombinationally active sequences, respectively.
The location of the primers (A and B) used for specific RT-PCR amplification of the 3'-portion of BMV RNA3 (parental or recombinant) is indicated by arrows.
(A) BMV genome. The BMV genome consists of three RNA segments: RNA1, RNA2 and RNA3. All three BMV RNAs share an almost identical 3’-noncoding
region with a tRNA-like structure at the very end. (B) Recombination vector. The PNO-RNA3 vector is a wtRNA3 derivative with a modified 3’-noncoding end
[(for details see ref. (33)]. The latter includes (i) the RAS cloning site, (ii) a 197 nt sequence derived from the 3'-noncoding region of cowpea chlorotic mottle virus
RNA3 (marked as CCMV), (iii) the sequence of wtRNA3 between nt 7 and 200 (counting from the 3’ end—marked as the region B) and (iv) the last 236 nt from the
3’ end of BMV wtRNA1 (marked as A). (C) Non-homologous recombination. Non-homologous recombination was observed if an ~140 nt sequence, called RAS1as
(shownin A), complementary to wtRNA1 between positions 2856 and 2992 was inserted into the PNO-RNA3 vector. The presence of the RAS1as sequence in RNA3
derivative (called Magl-RNA3) allows local RNA1-RNA3 hybridization that mediates frequent non-homologous crossovers. It is thought that polymerase
starts nascent strand synthesis on the 3’ end of RNA1 and then switches to RNA3 within a local double-stranded region. (D) Non-homologous recombinant.
Non-homologous recombination repairs Magl-RNA3 by replacing its modified 3’ end with the 3’-noncoding fragment coming from RNA1.

of local homology (28,31) or complementarity (32-35) and
(ii) virus-specific ones, e.g. promoter-like structures (36,37).
Unfortunately, up till now there has been no in vivo recomb-
ination system that could be used to test the recombination
activity of any given RNA sequence and consequently to ver-
ify the above hypothesis and find some general laws governing
the studied process.

In our studies on genetic RNA recombination we have used
the well-characterized in vivo system developed in BMV
(30,33). BMV is a model (+)RNA virus of plants (38). Its
genome is composed of three segments called RNAI,
RNA?2 and RNA3. RNA1 and RNA2 encode BMV replicase
proteins la and 2a, respectively. RNA3 encodes movement
(3a) and coat proteins (CP) (38). All three BMV RNAs possess
an almost identical 3'-untranslated region (3’-UTR). The first
BMV-based recombination system was created by Nagy and

Bujarski (33). They constructed a recombinationally active
BMV mutant whose genome is composed of wtRNAI,
wtRNA2 and modified RNA3 (PNO-RNA3 called the recomb-
ination vector, for details see Figure 1). Only 3'-UTR was
modified in PNO-RNA3, while its 5'-UTR, intergenic and cod-
ing regions were unchanged. Despite the introduced changes,
the recombination vector is stable and replicates when used
together with wtRNA1 and wtRNA?2 to infect plants. It starts
to recombine if a recombinationally active sequence (RAS) is
introduced just between the CP coding sequence and the modi-
fied 3’ region (into the RAS-cloning site). Non-homologous
recombination was observed when a 140-60 nt sequence
complementary to RNA1 between positions 2856 and 2992
was inserted into PNO-RNA3 (a sequence from the 3'-portion
of RNA1 was introduced in antisense orientation) (30,33).
Interestingly, the same RNA1 fragment inserted in sense
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orientation did not support homologous crossovers (33).
Non-homologous recombination repaired the RNA3 vector
by replacing its highly modified 3’ end with 3’-UTR derived
from RNAI. The resultant recombinants replicated and
accumulated better than the parental RNA3 molecule, and
so the latter was out competed from the infected cells.
The above system is extremely efficient, since it employs
selection pressure to support the accumulation of RNA3
recombinants. Because RAS is placed in two different seg-
ments of the BMV genome, we have proposed to name this
system heteromolecular.

Unfortunately, Nagy and Bujarski’s BMV-based recomb-
ination system has one serious limitation. It was designed in
such a manner that viable RNA3 recombinants can easily form
only if a sequence derived from the 3’-portion of RNA1 or
RNAZ2 is used as a RAS. Consequently, the heteromolecular
system could not be applied for testing the recombination
capacity of various RNA motifs. Olsthoorn et al. (39) attemp-
ted to solve that problem by inserting examined sequences into
the 3’-noncoding region of BMV RNA2 and RNA3. This
system was not further developed, since any changes in
RNAZ2, which encodes BMV polymerase, could strongly affect
the studied process.

Here, we describe a new BMV-based recombination sys-
tem. It has been constructed in such a way that both tested
RASes are placed in the same segment of the BMV genome
(in the modified RNA3 molecule); therefore, we have called
this system homomolecular. To prove the usefulness of the
homomolecular system, we have employed it to examine the
recombination activity of sequences derived from the hepatitis
C virus (HCV) genome. The examined sequences have been
inserted into RNA3 as direct or inverted repeats. This demon-
strated that the 101 nt hypervariable region of HCV efficiently
supports both homologous and non-homologous crossovers,
while the most conservative 98 nt portion of HCV’s 3'-UTR
induces only non-homologous recombination events. More-
over, a direct comparison of the hetero- and homomolecular
systems revealed crucial differences between the mechanisms
of homologous and non-homologous recombination. The
former involves preferentially two different segments of
the BMV genome and the latter occurs more easily between
the same genomic RNAs.

MATERIALS AND METHODS
Materials

Plasmids pB1TP3, pB2TP5 and pPNO-RNA3 containing full-
length cDNA of BMV RNAI1, RNA2 and modified RNA3
(recombination vector), respectively, were the generous gift
from J. J. Bujarski (Northern Illinois University, DeKalb, IL).

Restriction enzymes (EcoRI, Spel and Xbal) T7 RNA poly-
merase, RNasine, RQ DNase RNase free, MMLV-reverse
transcriptase, Tag polymerase and pUCI19 cloning vector
were from Promega.

The following primers were used for the construction of
pMatNH- pMatH-, pMatNH-HVR-, pMatH-HVR-, pMatNH-
X-, pMatH-X-RNA3: (i) 5~ AAGGTACCCATGAGGAGTA-
CTGTTTGGTTGCC-3'; (ii) 5'-AAGAATTCTGGTCTCTTT-
TAGAGATTACAG-3'; (iii) 5-AAGGTACCACGCG TGGA-
TCCGATATCATCTTTAATTGTGTTAAGTGATGCGC-3;
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(iv) 5'-AATCTAGAC GTTGACGGGGGAACCTATTGT-3';
(v) 5-AATCTAGAAAGCTGGATTTTCTGGGAT GACCC-
3'; (vi) - ATTCTAGATTTCCTTTTCTTTCCTTTGGTGG-
CTCCATCTTAG-3'; (vii) 5'-AATCTAGAACTTGATCTG-
CAGAGAGGCC-3'; (viii) 5-ATACGCGTTTTCCTTTTCT
TTCCTTTGGTGGCTC-3'; (ix) 5'-AAGATATCACTTGAT-
CTGCAGAGAGGCC-3'; (x) 5-AAACGCGTCGTTGACG-
GGGGAACCTATGTG-3; (xi) 5-AAGATATCAAGCTGG
ATTTTCTGGGATGACCC-3'. The following primers were
used for a specific RT-PCR amplification of the 3’-portion of
BMYV RNA3 (the region where recombinant junction sites are
located): primer A—first strand primer complementary to the
3’ end of all BMV genomic RNAs and introducing the EcoRI
restriction site, 5-CAGTGAATTCTGGTCTCTTTTAGA-
GATTTACAAG-3'; primer B—second strand primer specific
for RNA3, representing RNA3 sequence between positions
1726 and 1751.

METHODS

Plasmid construction

Plasmids pMagl- and pMagH-RNA3 contain full-length
cDNA of the RNA3 vector carrying the recombinationally
active sequence RASI inserted in antisense or sense orienta-
tion, respectively. Both plasmids were constructed in the same
way: pPNO-RNA3 was linearized with Spel endonuclease and
ligated with Spel cut RAS1 ¢cDNA. Then plasmids carrying
RASI in antisense (pMag1-RNA3) and sense (pMagH-RNA3)
orientation were identified (30).

To prepare pMatNH-RNA3 and pMatH-RNA3 plasmids
(containing full-length cDNA of MatNH-RNA3 and MatH-
RNA3), pMagl1-RNA3 and pMagH-RNA3 were digested with
Kpnl and EcoRI endonucleases. Then, the deleted fragment
was replaced with a KpnI-EcoRI cut 379 nt cDNA fragment
corresponding to the BMV RNAT1 3’ end (containing the entire
3’-UTR and RAS1). The latter were obtained by PCR invol-
ving primers 1, 2 and pB1TP3 as a template.

To construct pMat0-RNA3, i.e. a plasmid containing cDNA
of the universal recombination vector Mat0-RNA3, the fol-
lowing modifications were introduced into pMatNH-RNA3.
First, it was digested with Spel endonuclease and religated.
This way 5'RAS1as was removed and the 5’RAS cloning site
(including only one restriction site Spel) was created. Next,
the plasmid was cut with Kpnl and EcoRI to remove RNA1
3’-UTR and 3'RASIs. Instead, a 295 nt fragment of RNAI
3’ end (between positions 2940 and 3234) followed by the
3'RAS cloning site (including KpnI, Mlul, BamHI and
EcoRV restriction sites) was ligated into pMatNH-RNA3.
The inserted sequence was obtained by PCR using primers
2, 3 and pB1TP3 as a template and digested with Kpnl and
EcoRl, prior to ligation.

To test the recombination activity of HCV-derived
sequences (hypervariable region 1, abbreviated HVR and
sequence X, abbreviated X) cDNA of the corresponding frag-
ments of the virus’ genome was obtained by RT-PCR method
(40,41) and cloned into the pUC19 vector. Then, both tested
sequences were amplified by PCR with primers introducing an
Spel restriction site. Primers 4, 5 and primers 6, 7 were used to
obtain HVR and X cDNA, respectively. PCR products and
pMat0-RNA3 were digested with Spel and ligated. Then
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pMat0-RNA3 derivatives bearing HVR and X in sense and
antisense orientation were identified. HVR and X were amp-
lified again by PCR involving primers introducing Mlul and
EcoRYV restriction sites (primers 8, 9 and 10, 11 to amplify
HVR and X, respectively). PCR products were cut with Mlul
and EcoRV and ligated into the 5’RAS cloning site of previ-
ously identified pMatO-RNA3 derivatives (carrying HVR and
X in sense and antisense orientation). As a result four plasmids
were obtained: (i) pMatH-HVR-RNA3—containing cDNA of
MatH-HVR-RNA3 in which two HVRs were inserted in sense
orientation; (ii) pMatNH-HVR-RNA3—containing cDNA of
MatNH-HVR-RNA3 possessing two HVRs, 5’HVR in anti-
sense and 3'HVR in sense orientation; (iii) pMatH-X-RNA3—
containing cDNA of MatH-X-RNA3 in which two Xes are in
sense orientation; (iv) pMatNH-X-RNA3—containing cDNA
of MatNH-X-RNA3 carrying two Xes, 5'X in sense and 3'X
in antisense orientation. Their structure was confirmed by
sequencing.

In vivo recombination assay

To test the recombination activity of the BMV mutants, the
previously described procedure was applied (30,33). Infec-
tious BMV genomic RNAs were obtained by in vitro tran-
scription for which EcoRI linearized plasmids pB1TP3,
pB2TP5, pMagl-RNA3, pMagH-RNA3, pMatNH-RNA3,
pMatH-RNA3, pMat0-RNA3, pMatH-HVR-RNA3, pMatH-
HVR-RNA3, pMatHN-X-RNA3 and pMatH-X-RNA3 were
used. Five-leaf C.quinoa plants (local lesion host for BMV)
were mechanically inoculated with mixtures containing BMV
RNA1, RNA2 and one of the RNA3 derivatives. Two weeks
post-inoculation, the number of lesions developed on each
inoculated leaf was counted to establish the infectivity of
the tested BMV mutant. Then, individual local lesions were
excised and total RNA was extracted separately from every
lesion. The isolated RNA was subjected to RT-PCR involving
primer A (the first strand primer) and primer B (the second
strand primer) specific for RNA3 3’ fragment amplification
(the region where recombination crossovers occur). As a con-
trol identical reactions involving either parental RNA3 tran-
script (positive control) or water (negative control) were
carried out. RT-PCR products were analyzed by electrophor-
esis in a 1.5% agarose gel. The formation of 800 nt or shorter
~500 nt products indicated that parental or recombinant RNA3
accumulated in the analyzed lesion, respectively. Next, RT—
PCR products were cloned into the pUC19 vector and seq-
uenced to determine the location of recombinant junction sites.
Finally, the presence of recombinants in the selected local
lesions was additionally confirmed by northern blot analysis.

RESULTS

Construction of a mixed hetero- and homomolecular
recombination system

The main question that we had to answer during our studies
was how to design a vector that could be used for examining
the recombination activity of any RNA sequences in vivo. As
a result, the idea arose to construct a BMV-based homo-
molecular recombination system. In such a system, both tested
sequences are supposed to be present within the same segment
of the BMV genome (either in RNA1, RNA2 or RNA3). Thus,
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a new vector should possess two separately located RAS
cloning sites, be replicable and stable during infection. It
has to be capable of generating viable recombinants, which
have selective advantage over parental RNA molecules.
Consequently, recombinants ought to be able to out compete
the vector with inserted RASes. Assuming that RNA recomb-
ination occurs according to a copy choice mechanism, we
decided that RNA3, being dispensable for BMV replication,
is the best candidate for a new vector. Any changes in RNA1
and RNA2, which encode BMV replicase proteins, would
strongly affect the studied process. The next important ques-
tion was whether the location of RASes within the same
(homomolecular system) or within two different segments
of the BMV genome (heteromolecular system) influences
the recombination activity of the examined RNA sequence.

To address both issues, we decided to construct a so-called
mixed system, homo- and heteromolecular at the same time.
To this end two RNA3 molecules, prototypes of a new vector
carrying two RASes, were prepared. To obtain them we used
PNO-RNA3, described earlier, and a well-characterized
recombinationally active sequence from BMV RNA1 (RASI,
see Figure 1). The 137 nt RAS1 corresponding to RNAI
between positions 2856 and 2992 was inserted into the
PNO-RNA3 RAS cloning site, in antisense (RASlas) and
sense (RAS1s) orientations (Figure 2). As a result, we obtained
Magl- and MagH-RNA3 derivatives (30). Then the 356 nt
portion of Mag1- and MagH-RNA3 3’ end was replaced with a
379 nt sequence representing the wtRNA1 3’ end (fragment
encompassing the entire 3’-UTR and RASIs sequence)
(Figure 2). In addition, a marker mutation (called AXho)
was introduced within the RNA1-derived fragment to make
it distinguishable from an analogous region present in
wtRNAL1. To this end, the Xhol restriction site (2988-2994)
was disrupted by a 4 nt insertion (GATC) between C-2991 and
G-2992. Resultant RNA3 derivatives, called MatNH- and
MatH-RNA3, have unchanged 5'-UTR, intergenic and coding
regions and a highly modified 3’-UTR. The latter includes
3’-UTR coming from wtRNA1l and two RASI1 sequences
(3’'RAS1 and 5'RAS1) separated by a 338 nt spacer (sequence
CCMYV and B1). In MatNH-RNA3, 3’'RASI is located in sense
and 5'RAS1 in antisense orientation, while in MatH-RNA3
both RAS1 sequences are in sense orientation (Figure 2).

Having these two RNA3 derivatives, we were able to con-
struct two variants of the mixed system: one for homologous
(MatH-BMV mutant) and the other for non-homologous
(MatNH-BMV mutant) recombination studies. The MatH-
BMYV genome is composed of wtRNA1, wtRNA2 and MatH-
RNA3 and the MatNH-BMV genome of wtRNA1, wtRNA2
and MatNH-RNA3 (Table 1). In genomes of both BMV
mutants three copies of RAS1 are present: two in the
RNA3 derivative (RAS1s-RAS1s or RAS1as-RASI1s in
MatH- and MatNH-RNA3, respectively) and one in wtRNA1
(RAS1s). Thus, in the mixed systems two identical RASes or
RAS and its complementary counterpart were capable of
supporting, respectively, homologous or non-homologous
(heteroduplex-mediated) recombination between the same
or between different BMV genomic RNAs. As a result, we
could directly compare homo- and heteromolecular recomb-
ination systems in one in vivo experiment and examine
whether our presumptions concerning the new recombination
vector are correct.
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Figure 2. Construction of MatNH- and MatH-RNA3 mutants. BMV genomic molecules are schematically presented as in Figure 1, white, black and gray boxes
represent coding, noncoding and recombinationally active sequences, respectively, in sense (RAS1s) or antisense (RAS1as) orientation, dashed line squares
encompass replaced parts of wtRNA1 and modified RNA3 molecules. Magl- and MagH-RNA3 were created by inserting the RAS1 sequence from wtRNA1 into
the RAS cloning site of PNO-RNA3 in antisense (Mag1-RNA3) or sense (MagH-RNA3) orientation. To construct MatNH-RNA3 and MatH-RNA3, the 356 nt very
3’ end of Mag1-RNA3 or MagH-RNA3 (between Kpnl and EcoRI sites) was replaced with a 379 nt portion of the wtRNA1 3’ end (fragment containing the entire
3’-UTR and RAS1). Thus, both constructs contain two copies of RAS1 sequence—MatNH-RNA3 includes 5RAS1as and 3’'RAS1s, while MatH-RNA3 com-
prises 5’RAS1s and 3'RAS s. Furthermore, a marker mutation AXho (marked as a white dot), removing the Xhol restriction site, was introduced into the 3’ end of
MatNH- and MatH-RNA3, to make it distinguishable from an analogous region present in wtRNA1.

Table 1. Recombination activity of RAS1 in heteromolecular and mixed hetero- and homomolecular systems

BMYV mutant Genomic RNA Infectivity® Number of Number of Recombination
analyzed lesions recombinants frequency® (%)

MH-BMV wtRNA1 wtRNA2 MagH-RNA3 18 (£2) 40 0 0

MI-BMV wtRNA1 wtRNA2 Magl-RNA3 19 (£2) 40 40 100

MatH-BMV wtRNA1 wtRNA2 MatH-RNA3 17 (£2) 40 34 85

MatNH-BMV wtRNA1 wtRNA2 MatNH-RNA3 18 (+2) 40 38 95

“Infectivity was defined as the average number of lesions per leaf.
PRecombination frequency was defined as the ratio between the number of lesions that developed recombinants and the total number of analyzed lesions.

Homologous recombination in the mixed

heteromolecular system. We repeated this experiment usin
homo-heteromolecular system y P P g

MH-BMYV mutants. Recombinants also did not form although
Earlier, Nagy and Bujarski (33) demonstrated that the 66 nt  the entire RAS1 sequence was present in wtRNA1 and MagH-
portion of RAS1 did not support homologous recombinationin ~ RNA3 molecules (Table 1 and Figure 3). To test RAS1 activity
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Figure 3. Homologous recombination in the heteromolecular and mixed homo-heteromolecular systems. Light and thicker lines represent viral genomic RNAs and
nascent recombinant RNA, respectively. WtRNA1 is red (the recombinationally active sequence RAS1s which it contains is additionally boxed), wtRNAZ2 is black
and modified RNA3 is blue. When inserted into RNA3, the wtRNA1-derived RAS1s sequence is also shown as a red box. The portion of the RNA3 recombinant
synthesized on wtRNAI is red and the fragment synthesized on RNA3 is blue. The black dot symbolizes the AXho mutation present in MatH-RNA3. RF,
recombination frequency. (A) Heteromolecular system (MH-BMV). The presence of two RAS1s sequences in the MH-BMV mutant (one in wtRNAT1 and one
in MagH-RNA3) creates an opportunity for homologous recombination events between two different segments of the viral genome. However, during MH-BMV
infection recombinants were not identified (RF = 0%). (B) Mixed system (MatH-BMV). Three identical RAS1s sequences are located in the MatH-BMV genome,
two in MatH-RNA3 and one in wtRNA1. The recombination frequency observed during infection with MatH-BMV was 85%. Among the identified recombinants
80% did not have the AXho marker, and 20% had the AXho marker. (C) Putative scenario of RAS1-mediated homologous recombination in the heteromolecular
system. BMV replicase starts nascent strand synthesis at the 3’ end of wtRNA1 is paused within the RAS1s sequence and then switches to the identical region located
in MagH-RNA3. (D) Putative scenarios of RAS I-mediated homologous recombination in the mixed system. The presence of three identical RAS1s sequences in the
MatH-BMV genome (3'RAS1s and 5’RAS1s sequences in MatH-RNA3 and RAS1s in wtRNA1) caused several scenarios of homologous recombination to be
possible. BMV polymerase can initiate nascent strand synthesis at the 3’ end of wtRNA1 and then switch to 3’ or 5’RAS1s located in MatH-RNA3 (intermolecular
wtRNA1/MatH-RNA3 crossover). Crossovers between 3’'RAS1s and 5’'RAS1s of two MatH-RNA3 molecules (intermolecular) and between two RAS1s sequences
of the same MatH-RNA3 molecule (intramolecular) can also occur.

symptoms were well developed, the number of lesions formed
on every inoculated leaf was counted to determine the infectiv-

in the mixed homologous recombination system, a previously
used, well-established procedure was applied (30,33).

C.quinoa plants (local lesion host for BMV) were inoculated
with a mixture containing in vitro transcribed wtRNAI,
wtRNA2 and MatH-RNA3. After 2 weeks, when infection

ity of the MatH-BMV mutant. Individual local lesions were
excised and total RNA was extracted separately from each of
them. Then, the 3’-portion of RNA3 progeny accumulating in
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examined lesions was selectively amplified by RT-PCR invol-
ving RNA3 specific primers A and B (for their location see
Figure 1). Reaction products were separated in a 1.5% agarose
gel and their length was determined. The formation of an ~800
or 400-500 nt DNA fragment indicated that the lesion con-
tained parental or recombinant RNA3, respectively. In this
way, we were able to determine the number of lesions in
which a viable RNA3 recombinant was generated. The pres-
ence of recombinants in analyzed lesions was confirmed by
standard northern blot hybridization. DNA fragments obtained
during selective RT-PCR amplification of RNA3 were cloned
and sequenced. Finally, the results obtained with our new
mixed homologous recombination system were compared
with analogous data previously got using the heteromolecular
system (33) (see Table 1 and Figure 3).

The data presented in Table 1 indicate that the exchange of
MagH-RNA3 (carrying a single RAS1) into MatH-RNA3
(bearing two RAS1 sequences) did not affect the infectivity
of the BMV mutants. The average numbers of lesions appear-
ing on the leaves inoculated with MH- and MatH-BMYV were
similar: 18 and 17, respectively. Interestingly, although RAS1
did not support homologous crossovers in the heteromolecular
system represented by MH-BMYV, it was very active in the
mixed system. About 85% of the local lesions developed
during MatH-BMYV infection accumulated the RNA3 recom-
binant instead of parental MatH-RNA3. In all of them, one
RASI and a spacer were deleted. This indicates that cross-
overs occurred either within 3’ end 5’RAS1 present in MatH-
RNA3 (inter- or intramolecular crossovers) or within RAS1
and 5'RASI1 located in wtRNA1 and MatH-RNA3, respect-
ively. Recombinant junction sites were placed in identical
regions; therefore, their location could not be precisely
established.

The data presented till now also could not answer which
molecules, exclusively MatH-RNA3 or wtRNA1 and MatH-
RNA3, participated in recombination. In the heteromolecular
system, only RAS1-mediated crossovers between wtRNAI
and MagH-RNA3 were permitted. The situation seems to be
more complicated in the mixed homologous system where
three copies of RAS1 are present, all in sense orientation:
two of them in MatH-RNA3 (3’RAS1 and 5’RAS1) and one
in wtRNA1. Consequently, RASI-mediated homologous
recombination may happen according to four different scen-
arios (Figure 3). It can engage MatH-RNA3 only and occur as
intra- or intermolecular process or it can involve wtRNA1 and
MatH-RNA3. In the latter case, recombination can be medi-
ated by RAS1 present in wtRNA1 and either 5’- or 3’RASI
located in MatH-RNA3.

To learn according to which scenario homologous recomb-
ination occurred, we checked whether mutation AXho intro-
duced into MatH-RNA3 (just behind 3'RAS1) is still present
in RNA3 recombinants. In this way, we were able to determine
if their 3’-UTR was derived from MatH-RNA3 or wtRNA1
molecules. The undertaken analysis revealed that the mutation
was present in ~20% of recombinants. This result suggested
that homologous crossovers preferentially occur between
wtRNA1 and MatH-RNA3.

However, there are other explanations why AXho was
absent in a large fraction of recombinants. It is possible
that the mutation was removed either from MatH-RNA3,
due to homologous recombination between its 3’'RAS1 and
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wtRNA1, or from the RNA3 recombinant (carrying a single
copy of RASI) because it could also have recombined with
wtRNA1. To examine the first possibility, progeny RNA3
extracted from the local lesions accumulating MatH-RNA3
(lesions in which recombinant was not generated) was
analyzed. About 800 nt RT-PCR products obtained during
selective amplification of RNA3’s 3’-portion were cloned
and sequenced. In all of 20 analyzed clones AXho was present.
To test the second possibility, a full-length cDNA clone of
RNA3 recombinant containing AXho (RNA3-AXhoR) was
obtained. It was inserted into the pUC19 vector under the
T7 polymerase promoter. The resultant plasmid named
pRNA3-AXhoR was used after linearization to produce an
infectious RNA3-AXhoR molecule by in vitro transcription.
Then, RNA3-AXhoR was used together with wtRNA1 and
wtRNA?2 to inoculate C.quinoa plants. After 2 weeks, total
RNA was extracted from individual lesions and a 3’-portion of
the progeny RNA3 was amplified by RT-PCR. Obtained pro-
ducts were cloned and sequenced. As described previously,
AXho was present in all of the analyzed 20 clones. These two
experiments proved that homologous recombination between
either 3'RAS1 of MatH-RNA3 or RASI present in RNA3
recombinant and wtRNNA1 does not occur frequently enough
to explain why most recombinants lack AXho. Altogether,
these results supported our initial thesis that AXho was
removed from 80% of homologous recombinants, since
most of the crossovers occurred within 5RAS1 from MatH-
RNA3 and RAS1 from wtRNAI.

Non-homologous recombination in the mixed
homo-heteromolecular system

Earlier we showed that RAS1 can effectively support non-
homologous recombination if inserted into PNO-RNA3 in anti-
sense orientation (30,33). The heteromolecular system used in
our experiment was composed of wtRNA1, wtRNA2 and
Magl-RNA3 (M1-BMV mutant). Crossovers occurred within
the local double-stranded region (local heteroduplex), which
wtRNA1 and Magl-RNA3 were capable of forming. In order
to test RASI activity in the mixed non-homologous recomb-
ination system, C.quinoa plants were inoculated with the
MatNH-BMV mutant (its genome is composed of wtRNAI,
wtRNA2 and MatNH-RNA3). Two weeks later progeny
RNA3 were analyzed as described above. The number of
lesions developed on each leaf was counted and total RNA
was extracted from individual local lesions. After RT-PCR
amplification, the 3’-portion of BMV RNA3 accumulating in
each lesion was analyzed in an agarose gel, cloned and
sequenced. The presence of recombinants was confirmed by
a standard Northern blot. The results obtained were compared
with analogous data we had got using the heteromolecular
system (30) (Table 1 and Figure 4).

As described previously, we observed that the exchange of
Magl1-RNA3 (with a single RASlas sequence) for MatNH-
RNA3 (with two sequences: RASlas and RASI1s) did not
influence the infectivity of the BMV mutants. The average
numbers of lesions developed on each leaf during infection
with M1-BMV and MatNH-BMV were 19 and 18, respect-
ively. There was also no difference between the recombination
activity of M1-BMYV and MatNH-BMV. RAS-1 (in fact RAS1s
and RASlas) supported non-homologous recombination
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Figure 4. Non-homologous recombination in the heteromolecular and mixed homo-heteromolecular systems. As in Figure 3, light and thicker lines represent viral
genomic RNAs and nascent recombinant RNA, respectively. WtRNA is red (the recombinationally active sequence RAS1s which it contains is additionally boxed),
wtRNA2 is black and modified RNA3 is blue. When inserted into RNA3 the wtRNA1-derived RAS1s sequence is also shown as a red box, whereas the
complementary RAS1as sequence is shown as a green box. The portion of the RNA3 recombinant synthesized on wtRNAI is red, the portion synthesized
on the RASlas sequence is green and the fragment synthesized on RNA3 is blue. The black dot symbolizes the AXho mutation present in MatNH-RNA3.
RF, recombination frequency. Dashed line squares encompass the region identical in both systems [the region where crossovers occur, shown in detail in (E)].
(A) Heteromolecular system (M1-BMV). A detailed description of the M1-BMV genome is presented in Figure 1. All nascent RNA3 molecules accumulating in
M1-BMYV infected plants were recombinants (RF = 100%). (B) Mixed system (MatNH-BMV). Three copies of RAS1 are located in the MatNH-BMV genome, two
in MatNH-RNA3 (3'RAS1s and 5’'RAS1as) and one in wtRNA1 (RASIs). The recombination frequency observed during infection with MatNH-BMV was 95%.
Of the identified recombinants, 10% were without the AXho marker, and 90% with the AXho marker. (C) Putative scenario of RAS1s/RAS1as-mediated
non-homologous recombination in the heteromolecular system. Owing to the presence of RAS1s and RAS1as sequences in wtRNA1 and Mag1-RNA3, respectively,
they are capable of forming a local double-stranded structure supporting non-homologous crossovers (for details see Figure 1). (D) Putative scenarios of
RAS1s/RAS1as-mediated non-homologous recombination in the mixed system. The presence of 3’'RAS1s and 5'RAS1as sequences in MatH-RNA3 and RAS1s
in wtRNA1 creates several opportunities of heteroduplex formation: between wtRNA1 RAS1s and MatNH-RNA3 5'RAS 1as (intermolecular), between two pairs of
RAS1s/RAS1as sequences of two different MatNH-RNA3 molecules (intermolecular) and between 5’'RAS1as and 3’RAS1s of the same MatNH-RNA3 molecule
(intramolecular). Recombinants are generated if BMV replicase initiates nascent strand synthesis at the 3’ end of wtRNA1 or MatNH-RNA3 and then switches to
MatNH-RNA3 within the local double-stranded region. (E) Recombinants identified during M1- and MatNH-BMYV infection. Boxed fragments of recombining
wtRNA1/Magl-RNA3, wtRNA1/MatNH-RNA3 and MatNH-RNA3/MatNH-RNA3 molecules are practically identical in both systems (except for the AXho
mutation present in MatNH-RNA3). The locations of the junction sites are marked with arrows and letters. The numbers indicate how many recombinants of the same
type were isolated. Upper case letters refer to M1-BMYV, lower case letters refer to MatNH-BMV.
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equally in both systems. Recombination events occurred with
a similar frequency (100 and 95% for M1- and MatNH-BMV,
respectively) and recombinant junction sites were located
within the same region of the heteroduplexes, which recom-
bining molecules were capable of forming.

In the heteromolecular system, only one type of hetero-
duplex supporting non-homologous crossovers could possibly
form: between wtRNA1 and Magl-RNA3. In the mixed
system, recombining molecules were capable of forming
three types of heteroduplexes: (i) intermolecular, between
5'RASlas from MatNH-RNA3 and RAS1s from wtRNAI,
(i1) intermolecular, between 5’RAS1as and 3’'RAS1s located
in two MatHN-RNA3 molecules and (iii) intramolecular, bet-
ween 5RASlas and 3'RASIs located in the same MatNH-
RNA3 molecule (Figure 4). To determine the molecules that
participated in non-homologous recombination, the RT-PCR
amplified 3’-portions of RNA3 were checked for AXho. It was
present in 90% of recombinants. This result clearly showed
that non-homologous crossovers almost always involve one
(intramolecular recombination) or two (intermolecular
recombination) MatNH-RNA3 molecules.

The universal BMV RNA3-based recombination
vector

The results presented above indicated that the homomolecular
system can provide new interesting data concerning the mech-
anism of RNA recombination, especially if it could be used for
testing the recombination activity of RNA sequences derived
from other RNA-based viruses. Consequently, we attempted to
construct a universal BMV RNA3-based recombination vector
called MatO-RNA3 (for details see Materials and Methods and
Figure 5A). In Mat0-RNA3, as in the former PNO-RNA3 vec-
tor, only 3’-UTR was modified. It is composed of the 295 nt
very 3’ end of RNA1 followed by the 3’ RAS cloning site, a
338 nt spacer and the 5’ RAS cloning site.

To determine the infectivity and stability of the new vector,
C.quinoa plants were inoculated with a mixture containing
wtRNA1, wtRNA2 and MatO-RNA3 (Mat0O-BMV mutant).
After 2 weeks, the number of lesions developed on inoculated
leaves was counted and then standard analysis of progeny
RNA was carried out. Twenty separate lesions were excised,
the total RNA was isolated and used for the selective RT-PCR
amplification of the 3’-portion of progeny RNA3. The length
of RT-PCR products was established by electrophoresis in
a 1.5% agarose gel. In addition, reaction products were cloned
and sequenced. This demonstrated that the Mat0-BMV mutant
is infectious (usually 20 lesions were developed on each
leaf, see Table 2) and Mat0-RNA3 is stable during the whole
period of infection and thus it can be used as a recombination
vector.

Practical application of Mat0-RNA3 vector

In order to demonstrate that MatO-RNA3 can be used as an
effective tool in recombination studies, we applied it to exam-
ine the recombination activity of two specific sequences
derived from the HCV genome. The first, 101 nt sequence
is placed within the 5'-portion of the HCV genome (within
the fragment encoding E2 protein) and is named HVR (40,42).
The second, called the sequence X (X) constitutes a 98 nt 3’ end
of HCV genomic RNA. It has been shown that X represents
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the most conservative fragment of HCV genome (43). Both
sequences were obtained by a standard RT-PCR method
involving viral RNA isolated from the blood of infected
patients as a template (40,41). Amplified fragments were
inserted into the 5’-cloning site of Mat0-RNA3 in two different
orientations (sense and antisense), then only in sense orienta-
tion into the 3’-cloning site (for details see Materials and
Methods). As a result, four different MatO-RNA3 derivatives
were generated: (i) MatH-HVR-RNA3, possessing two copies
of HVR in sense orientation (3’ and 5’HVRs); (ii) MatH-X-
RNA3, with two copies of X in sense orientation (3" and 5'Xs);
(iii) MatNH-HVR-RNA3, with two copies of HVR, the
3/_copy in sense and the 5’ in antisense orientation (3’HVRs
and 5'HVRas); (iv) MatNH-X-RNA3, with two copies of X
located in different orientation (3'Xs and 5'Xas) (Figure 5B).
The former two were applied to test HVR’s and X’s ability to
support homologous crossovers while the latter two to exam-
ine Xs/Xas’ and HVRs/HVRas’ capacity to induce non-
homologous, heteroduplex-mediated recombination. Unlike
previously tested mutants (MatNH- and MatH-BMV),
in MatH-HVR-, MatNH-HVR-, MatH-X- and MatNH-X-
BMV, the examined sequences were present only in the
recombination vector. They were absent in the two other
genomic RNAs, so that recombination crossovers could
involve only RNA3 molecules.

To determine the recombination activity of HCV-derived
sequences, C.quinoa plants were inoculated with four BMV
mutants: MatH-HVR-BMV, MatNH-HVR-BMV, MatH-X-
BMV and MatNH-X-BMYV. Their genomes were composed
of wtRNAI1, wtRNA2 and one of the newly generated MatO-
RNAD3 derivatives (either MatH-HVR-, MatNH-HVR-, MatH-
X- or MatNH-X-RNA3) (Table 2). After 2 weeks, the standard
procedure of BMV RNA3 progeny analysis was applied. The
number of lesions developed during each infection was coun-
ted. The 3'-portion of progeny RNA3 was amplified by the
RT-PCR method. The length of RT-PCR products was estab-
lished (by electrophoresis in a 1.5% agarose gel), then they
were cloned and sequenced.

We found that BMV mutants carrying HVRs/HVRs and
HVRs/HVRas sequences are as infectious as Mat0-BMV; usu-
ally they developed 1418 lesions on each inoculated leaf. The
two others, MatH-X- and MatNH-X-BMV mutants, are visibly
less infectious and developed 3-5 and 4-8 lesions/leaf,
respectively. Despite differences in their infectivity, BMV
mutants carrying 3HVRs and 5’HVRas as well as 3'Xs and
5'Xas supported non-homologous, heteroduplex-mediated
crossovers very efficiently. An RNA3 recombinant was gen-
erated in 100 and 90% of lesions developed during infection
with MatNH-HVR- and MatNH-X-BMV, respectively.
Recombinant junction sites were located within the left portion
of the local double-stranded region that could potentially be
formed either by HVRs and HVRas or by Xs and Xas. As a
result, both sequences supporting non-homologous crossovers
were almost entirely deleted, together with the whole spacer
(Figure 5D and E).

Interestingly, homologous recombinants were generated
only during infection involving MatH-HVR-BMV. Fifty-
five percent of analyzed lesions contained the RNA3 recom-
binant. In all sequenced recombinants, one HVR and the
spacer were deleted (Figure 5C). Their 3’-UTR was composed
of a 295 nt RNA1-derived sequence and HVRs followed by
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Figure 5. Mat0-RNA3 recombination vector. White, black and gray boxes represent coding, noncoding and recombinationally active sequences, respectively.
(A) Schematic description of the Mat0-RNA3 vector. In Mat0-RNA3 only 3'-UTR was modified. It is composed of the 295 nt very 3’ end of wtRNA1 followed by the
3'RAS cloning site, a 338 nt spacer (containing a 139 nt sequence located in wtRNA3 between positions 1918 and 2071 and a 198 nt CCMV derived sequence) and
the 5’RAS cloning site. (B) Preparation of Mat0-RNA3 derivatives carrying HCV-derived sequences. To test the recombination activity of HCV-derived sequences X
and HVR the following Mat0-RNA3 derivatives were prepared: MatH-X-RNA3—with two copies of X in sense orientation (3’ and 5'Xs), MatNH-X-RNA3—with
two copies of X located in different orientation (3'Xs and 5'Xas), MatH-HVR-RNA3—containing two copies of HVR in sense orientation (3’ and 5’HVRs) and
MatNH-HVR-RNA3—with two copies of HVR, 3’-copy in sense and 5’ in antisense orientation (3’ HVRs and 5’HVRas). MatH-X- and MatH-HVR-RNA3 were
applied to test X’s and HVR’s ability to support homologous crossovers while MatNH-X- and MatNH-HVR-RNA3 were applied to examine X’s and HVR’s
competence to induce non-homologous, heteroduplex-mediated recombination. RF, recombination frequency observed during infection involving each RNA3
derivative. (C). Homologous recombinants generated during infection involving MatH-HVR-BMV. RNA3 recombinants were only formed during MatH-HVR-
BMV infection. In all of them, one recombinationally active sequence HVRs and a spacer were deleted and their 3’-UTR was composed of RNA1 derived sequence
and HVRs followed by the CP coding region. Because crossovers occurred within identical regions, the location of recombinant junction sites could not be precisely
established. All lesions developed on plants infected with MatH-X-BMV accumulated parental MatH-X-RNA3 molecules only. (D) Non-homologous recombinant
which appeared during infection with MatNH-X- and MatNH-HVR-BMV mutants. During infection with MatNH-HVR- and MatNH-X-BMYV, heteroduplex-
mediated crossovers occurred with 100 and 90% frequency, respectively. Recombinant junction sites were located within the left portion of the local double-stranded
region that could be formed either by Xs and Xas or by HVRs and HVRas [see (E)]. As a result, both sequences supporting non-homologous crossovers were almost
entirely deleted, together with the whole spacer. (E) The distribution of non-homologous crossovers within the local double-stranded structure formed by MatNH-X-
RNA3 and MatNH-HVR-RNA3 molecules. The locations of the junction sites are marked with arrows and letters. The numbers indicate how many times a given
recombinant was isolated.
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Table 2. Recombination activity of HCV-derived sequences tested in the homomolecular systems

BMYV mutant Genomic RNA Infectivity® Number of Number of Recombination
analyzed lesions recombinants frequency® (%)
Mat0-BMV wtRNA1 wtRNA2 Mat0-RNA3 20 (£2) 20 0 0
MatH-HVR-BMV wtRNA1 wtRNA2 MatH-HVR-RNA3 16 (£2) 25 14 55
MatNH-HVR-BMV wtRNA1 wtRNA2 MatNH-HVR-RNA3 16 (£2) 25 25 100
MatH-X-BMV wtRNA1 wtRNA2 MatH-RNA3 4 (1) 15 0 0
MatNH-X-BMV wtRNA1 wtRNA2 MatNH-RNA3 6 (£2) 25 23 90

“Infectivity was defined as the average number of lesions per leaf.

®Recombination frequency was defined as the ratio between the number of lesions that developed recombinants and the total number of analyzed lesions.
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Figure 6. Northern blot analysis of the accumulation of BMV recombinants
generated in the newly constructed homomolecular system. The total RNA was
isolated from individual lesions, separated in a 1% agarose gel, blotted onto a
nylon membrane and probed with a *?P-labeled RNA (200 nt probe comple-
mentary to the 3’-UTR shared by all BMV genomic RNAs). A mixture of the
BMYV RNA transcripts used for plant inoculation was applied as a molecular
mass marker (lane S). (A) Non-homologous recombination. Representative
data obtained for MatNH-HVR- and MatNH-X-BMV. All lesions developed
on the MatNH-HVR-BMV infected plants contained one of two almost
identical recombinants (lanes 1 and 2) (see Figure 5E). During infection with
MatNH-X-BMYV, several different recombinants were generated (lanes 3
and 4). In the 10% of lesions where a recombinant was not generated, the
parental virus accumulated to a very low level (lane 5). (B) Homologous
recombination. About 55% of lesions developed during MatH-HVR-BMV
infection contain identical recombinants (lanes 1 and 3); the parental virus
accumulated in the remaining ones (lane 2).

the CP coding region. All lesions developed on plants infected
with MatH-X-BMV accumulated parental MatH-X-RNA3
molecules only.

The presence of homologous and non-homologous recom-
binants in the examined lesions was always confirmed not only
by RT-PCR but also by northern blot analysis (Figure 6).
This revealed the same tendency as that observed earlier
using the heteromolecular system (30,33). BMV accumulated
to a very low level in lesions containing parental RNA3
(original molecules with duplicated sequences—Figure 6A,
lane 5 and Figure 6B, lane 2). However, this changed in lesions
where a recombinant was generated (Figure 6A, lanes 1-4 and
Figure 6B, lanes 1 and 3).

DISCUSSION

Recombination in the homo- and
heteromolecular systems

Earlier it was shown that the BMV-based heteromolecular
system can be used as an effective tool for investigating the
mechanism of homologous and non-homologous recombina-
tion, although it is only suitable for testing the recombination
activity of the sequences derived from the 3’-portion of
BMV RNA1 or RNA2 (30,33). To overcome this problem,
we attempted to create a new universal recombination in vivo
system. The collected data suggested that a BMV RNA3-based
homomolecular system would best fulfill our expectations.
To confirm the correctness of the above presumption, to
determine the efficacy of the homomolecular system and to
compare it with the heteromolecular one, two mixed homo—
heteromolecular systems were constructed—one to study
homologous (MatH-BMV) and the other non-homologous
(MatNH-BMYV) recombination.

The mixed systems were prepared in such a way that
two identical or two complementary sequences were capable
of supporting homologous or non-homologous crossovers,
respectively, either between molecules representing the same
segment of the BMV genome (modified RNA3) or between
molecules representing two different segments of the BMV
genome (WtRNA1 and modified RNA3). Experiments invol-
ving MatH- and MatNH-BMYV showed that recombination can
occur both in homo- and heteromolecular systems and proved
that the former should be at least as effective as the previously
utilized heteromolecular one. Interestingly, the RASIs
sequence did not support homologous recombination during
infection with MH-BMV (heteromolecular system) and it was
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quite active in the mixed system. This clearly demonstrates
that not only primary and secondary structure but also the
location of RAS within the viral genome affects its ability
to mediate homologous crossovers. The undertaken experi-
ments also revealed that homologous recombination occurs
more often between two different RNAs (RNA1 and RNA3),
while non-homologous recombination usually involves
molecules representing the same segment of the BMV genome
(RNA3). The obtained results constitute yet another piece of
evidence that the mechanisms of homologous and non-
homologous recombination are different. The same conclusion
was reached by us earlier while studying the influence of
specific mutations in BMV-encoded protein 2a (26,27). We
identified among other the mutation in the 2a protein, which
inhibits non-homologous crossovers without affecting the
frequency of homologous ones.

At present, it is difficult to judge at which stage of the
recombination process the observed differences occur. One
can only suppose that the structural requirements of transfer
of the replicase-nascent strand complex from the donor to the
acceptor molecule must be different in homologous and non-
homologous recombination. In the case of the former, a basic
factor facilitating this process is complementarity between
the acceptor and the nascent strand. Consequently, there is
no necessity for the replication complex to be stable during
homologous crossovers (22). Replicase can leave the donor
template alone or together with a nascent strand. Then, the
3’ end of the newly synthesized RNA molecule can function as
a guide; it can find a complementary sequence in the acceptor
RNA, hybridize and serve as a primer allowing viral replicase
to reinitiate RNA synthesis. In non-homologous heteroduplex-
mediated recombination, a factor enhancing crossover seems
to be the interaction between the donor and the acceptor
(the formation of a local double-stranded region) (30,33).
Considering that BMV genomic RNAs are copied within
spherules (44), intramolecular hybridization between RAS1s
and RASIas, located in MatNH-RNA3, is much more likely.
Thus, the results presented here indicate that the way the virus
replicates can strongly affect the recombination process.
However, further detailed studies are necessary in order to
explain this phenomenon.

Recombination in the universal
homomolecular system

Based on results obtained using the heteromolecular (30,33)
and mixed systems, we constructed a new homomolecular one.
Its most crucial element is the Mat0-RNA3 vector, into which
both tested sequences can be introduced. In order to show
the usefulness of this system, we employed it to test the
recombination activity of two distinctly different sequences
deriving from the genome of an RNA virus not related to
BMYV. Our choice was the 98 nt sequence X and an HVR
both from HCV genome. There are many reasons as to why
the two sequences can be deemed drastically different. The
most important of them are (i) sequence X is placed in a non-
coding region, while HVR in a coding one, (ii) sequence X is
the least variable and HVR the most variable fragment of the
HCV genome (42,43,45), (iii) unlike to HVR, sequence X
possesses a very stable and well-defined secondary and tertiary
structure (42,45).
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We ascertained that the introduction of HVR into the MatO-
RNA3 vector (in sense/sense and antisense/sense orientation)
does not influence BMV infectivity. The latter was, however,
reduced if HVR was replaced with sequence X. We found that
HVR supports homologous recombination and HVRs and its
complementary counterpart HVRas mediate non-homologous
crossovers. The frequency of homologous recombination
amounted to 55% and of non-homologous to 100%. Sequence
Xs did not support homologous crossovers but Xs and
complementary sequence Xas were capable of inducing
non-homologous ones (their frequency reaching 90%).

The obtained results testify that the local double-stranded
structures induce non-homologous recombination crossovers
very efficiently. This may reflect the capacity of RNA viruses
to remove inverted repeats from their genomes. Viruses lack-
ing such ability would be an easy target for double-stranded
RNA-induced RNA silencing, which is known as the plant
antiviral mechanism (46). Moreover, the data presented sug-
gest that sequence X, which adopts a very compact and stable
structure (45), is not able to mediate homologous recombina-
tion. It occurs efficiently within AU-rich HVR sequences
whose structure is more labile and dynamic (42). Earlier
research on homologous recombination in BMV led to similar
conclusions. It was shown that homologous recombination
occurs effectively in AU-rich regions (47) and is not observed
within highly structured 3’- and 5’-UTR (48). These observa-
tions concur with the proposed mechanism of homologous
RNA recombination (22). It assumes that AU-rich regions
facilitate the detachment of the polymerase-nascent strand
complex from donor RNA. On the other hand, it is thought
that the stability of RNA structure makes the hybridization of
the nascent strand and/or replicase to the acceptor difficult.

Currently, it is becoming increasingly clear that RNA
recombination plays a very complex role in a virus’ life
cycle. Not only does it permit the exchange of genetic material
between viruses (3,4,22), frequent homologous crossovers
between molecules representing the same segment of the
virus genome also stabilize genetic information (48). More-
over, here we showed that homologous and non-homologous
recombination might control the organization of the virus
genome by removing direct or inverted repeats, which affect
the virus® ability to replicate or accumulate in the infected
cells. Interestingly, we observed that complementary
sequences are more effectively deleted than homologous
ones. It seems that some of the latter can prevail in the
viral genome probably due to their compact stable structure
that prevents recombination events.

Altogether, the data presented here prove that the newly
created BMV-based homomolecular recombination system
can be used to examine in vivo recombination activity of
various RNA sequences derived from the genomes of related
or unrelated viruses. However, there are other factors which, in
addition to RNA structure, can affect the course of the studied
process. Specific properties of the viral replicase and the host
proteins that are necessary for recombination events can be of
equally great importance. Therefore, there is a need to create
similar universal recombination systems in other viruses. We
believe that these systems will be very helpful in finding some
general rules in RNA recombination and will provide us with
knowledge which is indispensable to understand how new
RNA viruses or retroviruses are generated.
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