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Abstract 
Brome mosaie bromovirus, a tripartite, positive-stranded RNA virus of plants, can 
generate both homologous and nonhomologous intersegment RNA recombinants in 
vivo. The use of specially designed BMV RNA recombination veetors has 
demonstrated that recombination signals in the RNAs were different for these two 
recombination types. Specifieally, nonhomologous recombination requires the 
formation of loeal double-stranded regions between the recombining RNAs while 
homologous recombination is faeilitated by AU-rieh sequences in conjunetion with 
upstream GC-rieh regions, common in the RNA substrates. These features most 
likely refleet different meehanisms involved in homologous and nonhomologous 
erossovers for this RNA virus. 

To study if BMV replicase is involved in RNA recombination, viable mutants in 
both 1a and 2a replicase polypeptides were tested. Specifically, mutations within 
the helicase domain of 1a affeeted the loeation of erossover sites in nonhomologous 
reeombination. This demonstrates that 1a protein is involved in nonhomologous 
recombination, most likely in unwinding double-stranded regions between the 
recombining RNAs. Mutations in the core domain of 2a, the RNA polymerase 
component, have reduced nonhomologous recombination below the level of 
deteetion, without affeeting noticeably homologous recombination. All these 
observations confirm the existence of differences in the moleeular meehanisms of 
both recombination types. 

Discovery of RNA recombination in brome mosaic virus 

RNA-RNA recombination was first observed for picornaviruses (Hirst, 1962; 
Ledinko, 1963; Cooper, 1977) and later in coronaviruses and in bromoviruses (Lai 
et al., 1985; Ahlquist, 1992). The type member of the bromoviruses, brome mosaie 
virus (BMV), turned out to be highly suitable for recombination studies, because of 
its small size, the tricomponent nature of its positive-stranded genome, and the 
available full-Iength eDNA clones (Ahlquist, 1992). It was observed that a viable 
short deletion within the conserved 3'-terminal tRNA-like strueture in the BMV 
RNA3 component was repaired in planta due to intraviral RNA-RNA 
recombination events with either of the nonmutated genomie RNA1 or RNA2 
components (Bujarski and Kaesberg, 1986). Subsequent studies demonstrated that 
RNA recombination occurs rather frequently in bromoviruses in several different 
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host systems, such as barley protoplasts (Rao and Hall, 1990; Ishikawa et al., 1991; 
Nagy and Bujarski, 1992), Che1wpodium hybridum and C. quinoa (Nagy and 
Bujarski, 1992; Rao et al., 1990) and whole barley or tobacco plants (Allison et al., 
1990; Bujarski and Dzianott, 1991; Nagy and Bujarski, 1992). These studies 
revealed that both homologous and nonhomologous types of intraviral 
recombinants can be generated (Bujarski et al., 1994; Bujarski and Nagy, 1994; 
Simon and Bujarski, 1994). 

RNA determinants of nonhomologous recombination 

During the initial experiments we observed the lack of major recombination 
hotspots, a relatively low recombination frequency, and the existence of strong 
selection pressure favoring viable 3' recombinants (Rao et al., 1990; Bujarski and 
Dzianott, 1991; Nagy and Bujarski, 1992). These difficulties were overcome later 
by constructing a non-competitive RNA3-based recombination vector (designated 
PNO RNA3), which was stable (i.e. did not recombine) in plants when co
inoculated with wt RNA1 and RNA2 (Nagy and Bujarski, 1993). Insertion of 
recombinationally active sequences into the PNO vector, however, induced 
recombination with high frequency, thus a))owing for targeting the junction sites in 
both RNAs. This vector system was utiJized to study signal sequences of 
recombination. Comparison of crossover sites for several nonhomologous 
recombinants suggested the involvement of short base-paired regions between the 
RNA substrates in seJection of crossover sites (Bujarski and Dzianott, 1991; Nagy 
and Bujarski, 1992). An RNA1-derived 66 nt sequence was inserted into the 
cloning site of PNO RNA3 in complementary orientation (Nagy and Bujarski, 
1993). This induced RNA1/RNA3 recombinants with high frequency. On the 
contrary, insertion of the corresponding region in direct orientation did not give 
recombinants at detectable frequency. The junction sites clustered (were targeted) 
within the heteroduplexed region (Nagy and Bujarski, 1993). These studies 
supported crucial evidence for heteroduplex-based nonhomologous recombination. 

The above heteroduplex-driven recombination system has allowed us to study 
RNA sequence/structure and protein (replicase) requirements of nonhomologous 
recombination. Namely, aseries of PNO derivatives with RNA1-derived 
complementary inserts revealed that longer than 30 nt heteroduplexed regions can 
support recombination at high frequency. Also, analysis of junction sites revealed 
that they were clustered at one side of the heteroduplex region. A model which 
explains such characteristics proposes that the replicase enzyme (RdRp) has 
difficulties to pass through the heteroduplex region. Indeed, destabilizing the left
side of the heteroduplex region shifted the junction sites into the energeticaJly more 
stable parts of the duplex (Nagy and Bujarski, 1993). The majority of 
recombinants had the junctions juxtaposed at or near counterpart nucleotides within 
the heteroduplex, while others had the donor and the acceptor sites farther apart 
from each other. This can be explained by temporary formation of nonstandard or 
alternative double-stranded structures just before or during the template switching 
(TS) events. 
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According to our model (Nagy and Bujarski, 1993), the formation of 
heteroduplexes between the RNA templates can facilitate TS events due to (i) 
bringing the RNA substrates into cIose proximity within the cells, and/or (ii) the 
structure or the stability of the heteroduplex regions which cause a road block, 
slowing down or staIling the approaching replicase at or within the double
stranded region. It has been proposed that the replicase switches between templates 
in a processive manner by sliding under the heteroduplex region towards the 
opposite side of the acceptor RNA (Nagy and Bujarski, 1993; Bujarski and Nagy, 
1994). In essence, the outcome is analogous to looping out events at strong 
secondary structures during RNA replication. 

RNA determinants of homologous recombination 

Our analyses revealed several important differences between homologous and 
nonhomologous recombinants, incIuding the selection of crossover sites (regions), 
the precision of the crossover events and the frequency of their generation. 
Homologous recombinants were isolated 5-10 times more frequently than 
nonhomologous ones (Nagy and Bujarski, 1992; Bujarski and Nagy, 1994). We 
concIuded that in BMV the sequence and/or structure requirements of homologous 
recombination are probably different from those of nonhomologous recombination. 

An RNA3-based recombination vector (designated PN100), similar to the 
above described PNO, was constructed (Nagy and Bujarski, 1993). Thereafter, a 
60 nt RNA2-derived region (designated region R) was inserted into PNlOO RNA3 
in direct orientation. The resulting PN-H26 RNA3 construct recombined 
efficiently with wt RNA2, with the majority of crossovers occurring precisely 
within the common regions (Nagy and Bujarski, 1995). A 15 nt sequence derived 
from region R supported efficient RNA2/RNA3 recombinants, while 5 and 9 nt 
long common regions supported much more reduced levels of recombination 
(Nagy and Bujarski, 1995). 

Mismatch mutations were introduced into region R in RNA3 to provide 
markers for localization of junction sites. Surprisingly, the predicted secondary 
structures in region R in the above mismatch-mutants, the observed homologous 
recombination frequencies and the distribution of junction sites (recombination 
profile) did not correlate, arguing that the secondary structures at the hotspot 
regions play limited, Ü any, role in homologous recombination (Nagy and Bujarski, 
1995). This represented another piece of evidence that homologous and 
nonhomologus recombination utilize different mechanisms. 

Imprecise homologous recombinants having mismatched, deleted, inserted or 
nontemplated nucIeotides within the crossover region were also isolated (Nagy and 
Bujarski, 1995). These changes were almost invariably located in the crossover 
region, suggesting strongly that they were introduced during the crossover events, 
and that they point at the actual crossover sites (Nagy and Bujarski, 1995). The 
imprecise crossovers were concentrated within two short stretches that contained 
mainly A and U nucIeotides (Nagy and Bujarski, 1995). These observations led to a 
working model whieh predieted that the AU-rieh stretch es can cause either 
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misalignment between the RNA templates, replicase stuttering (nontemplated 
addition of several nucleotides), nucleotide misinoorporation or their different 
oombinations (Nagy and Bujarski, 1995 ; Nagy and Bujarski, 1996). This model 
was tested by inereasing the length of one of the AU-rieh stretehes in both RNA2 
and RNA3, whieh resulted in a remarkable inerease in isolation of impreeise 
reoombinants (as high as 86% of all homologous reoombinants can be imprecise) 
(Nagy and Bujarski, 1996). 

To study the role of AU-rieh sequences during the homologous erossover 
events, approximately 30 nt artificial AU-rieh sequences were introduced 3' to 
region R', whieh oorresponded to the 5' 23 nt of region R, into both RNA2 and 
RNA3 veetors. This inereased the frequeney of homologous reoombination 
significantly. In contrast, inserting one of the AU-rieh sequences 5' to region R' 
neither increased the frequeney of crossovers significantly nor ehanged the 
distribution of crossovers (Nagy and Bujarski, 1997). Surprisingly, however, the 
AU-rieh sequences alone in both RNA2 and RNA3 supported only low a level of 
homologous reoombination (Nagy and Bujarski, 1997), indieating that the 5' R' and 
the 3' AU-rieh sequence must be present on both RNAs for efficient homologous 
reoombination to occur. 

Replacing R' sequences in both RNAs with different, both artificial and virally
derived sequences (Nagy and Bujarski, 1997) demonstrated that several unrelated 
Ge-rieh sequences inereased the frequeney of homologous reoombination, when 
oompared to AU-rieh sequences alone. We postulate that these sequences aet as 
reoombination aetivators: the downstream AU-rieh region is the "core" region, and 
the upstream Ge-rieh region is the "enhancer" region. According to a model 
proposed to explain these data, the 5' Ge-rieh (or average) and the 3' AU-rieh 
sequences play different roles in the donor and acceptor RNAs (Nagy and Bujarski, 
1997). The AU-rieh sequences in the donor RNA may eause replicase pausing 
and/or the release of the enzyme, while the Ge-rieh upstream portion may facilitate 
the interaction on the oomplementary region of the acceptor RNA. The AU-rieh 
sequence in the acceptor RNA may faeilitate the opening of the partially double
stranded replication intermediate (RI) via loeal bubble strueture formation. 

Further evidence supporting the above model was obtained by testing sequences 
flanking the above reoombination aetivators. This revealed that long (between 20-
30 nt) Ge-rieh sequences located only at downstream positions (but not in 
upstream positions) in both RNA2 and RNA3 or only in RNA2, reduced 
significantly the incidence of reoombination at upstream locations (Nagy and 
Bujarski, unpublished). Thus, basieally the downstream Ge-rieh sequences aeted 
as homologous reoombination silencers on the upstream hotspot regions. Based on 
our model, the downstream Ge-rieh sequence can inhibit the formation of the 
bubble strueture in the acceptor RNA. Also, re-initiating the strand synthesis on 
the acceptor RNA may be more diffieult due to the dose downstream loeation of 
the Ge-rieh region (Nagy and Bujarski, unpublished). 



30 

Effect of mutations in replicase proteins on homologous and nonhomologous 
recombination 

The above studies gave us highly efficient recombination systems with which the 
role of replicase proteins could be tested. BMV genomic RNAs with mutations 
within the corresponding open reading frames of 1a and 2a replicase proteins were 
utilized. Three viable 1a protein mutants with two amino-acid insertions within the 
putative helicase region were tested and showed different alterations in the 
distribution of recombination sites and/or variable effects on the incidence of 
nontemplated nucJeotides (mainly U residues) at recombination sites (Nagy et al., 
1995). One of the mutants, which was temperature sensitive in replication 
(designated PK19 RNA1), showed a characteristic 5' shift in crossover sites 
towards energetically less stable portions of the RNA1-RNA3 heteroduplex at the 
elevated (but still perrnissible) temperature (Nagy et al., 1995). These results 
suggested that the helicase domain of 1a participates in heteroduplex-mediated 
crossover events. 

A single amino acid mutation within the core domain of the polymerase, protein 
2a, (designated DR7) inhibited the frequency of nonhomologous recombination 
below the level of detection (Figlerowicz et al., 1997). In contrast, the frequency of 
homologous events was comparable in infections with DR7 or wt RNA2. Also, 
two viable mutations (designated MF-II and MF-V) in the N-terrninal portion of 
the 2a protein, which is known to interact with the C-terminal domain of 1a (Kao 
and Ahlquist, 1992), were tested in recombination. Like for DR7, the 
heteroduplex-mediated nonhomologous recombinants were generated at reduced 
frequency in infections with either MF-II or MF-V, as compared to wt RNA2. For 
homologous recombination, MF-II generated recombinants at a high frequency, 
but MF-V reduced markedly the homologous recombination frequency 
(Figlerowicz, Nagy, Tang, Kao and Bujarski, unpublished). Thus, the nature and 
characteristics of both homologous and nonhomologous recombinants were 
influenced by mutations in the polymerase gene of BMV. This gives crucial 
support for a replicase-driven template-switching (TS) mechanism operating in 
both systems. 

It was more difficult to find RNA2 mutants that supported reduced frequency of 
homologous recombination than those inhibiting the frequency of nonhomologous 
recombination, when compared to wt RNA2. We proposed the term 
"recombinosome" to describe a complex between the recombining RNAs, the 
replicase and other (putative) factors involved in recombination (Figlerowicz et al., 
1997). The stability of the recombinosome (the time required for TS events before 
the disassembly of the recombinosome takes place) is likely to be influenced by 
both the RNA components and the replicase in a different way for both 
recombination types. 

In concJusion, our data show that different domains of the polymerase 2a 
protein are responsible for and/or affecting differently BMV replication, 
nonhomologous recombination and homologous recombination. This opens up the 
possibility to engineer recombinant RNA viruses which will recombine at reduced 
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(or non-detectable) level, thus increasing the stability as weil as safety of viral 
expression vectors. 

Future experiments will be aimed at describing the function and structure of 
putative recombinosomes in both the homologous and nonhomologous systems in 
BMV. Also, the molecular components of the recombinosomes will be defined 
biochemically. SimiJar studies with other RNA viruses are needed to elucidate the 
general or unique nature of BMV recombination. 
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