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Introduction 

Plus-stranded (+) RNA viruses replicate without generating DNA intermedi
ates. Nevertheless, like DNA-based organisms, they undergo evolution and 
adaptation to a new environment. The mechanisms involved in generating 
the diversity among (+) RNA viruses include such processes as high-frequency 
point mutagenesis, homologous and nonhomologous recombination between 
related RNA viruses, reassortment among multipartite RNA genomes, or cross
ings with cellular RNAs (King 1988; Strauss & Strauss 1988; Goldbach 1990; 
Lai 1992; Dolja & Carrington 1992). The nucleotide sequences of more than 
100 viral (+) RNA genomes are available. This, surprisingly, revealed the 
modular nature of the assembly of their genome, among such sequence moduls 
as core RNA replicase genes, accessory genes, movement and capsid genes 
as well as cis-acting elements (Gibbs 1987; Zimmem 1988; Goldbach et al. 
1991; Dolja & Carrington 1992). This supported the role of genetic recom
bination in virus evolution and maintenance. Both nonhomologous and 
homologous recombination events have been described for a limited number 
of animal and plant RNA viruses. In this chapter we review recombination 
studies in (+) RNA viruses with the emphasis put on plant RNA viruses. 

1. Paszkowski (ed.), Homologous Recombination and Gene Silencing in Plants, 1-24. 
© 1994 Kluwer Academic Publishers. 
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RNA·RNA Recombination in Animal RNA Viruses 

The phenomenon of recombination among (+) RNA viruses was demon
strated for the first time in the picomaviruses: poliovirus (Emini et a1. 1984; 
Hirst 1962; Ledinko 1963; Tolskaya et a1. 1987; Tolskaya et a1. 1983) and foot
and-mouth-disease virus (FMDV) (King et a1. 1982; McCahon et a1. 1985; 
Pringle 1965; Saunders et a1. 1985), and more recently in a coronavirus, mouse 
hepatitis virus (MHV) (Keck et a1. 1987; Keck et a1. 1988; Lai et a1. 1985). 
By using independent inhibition of the replication of parental poliovirus strains, 
Kirkegaard and Baltimore (1986) observed an opposite effect on the frequency 
of intratypic crosses. This supported a copy-choice mechanism of recombi
nation. Romanova et a1. (1986) and Tolskaya et a1. (1987) observed that 
recombination occurred within the poliovirus genome segments having a 
potential to form inter- or intramolecular double-stranded regions. However, 
not only RNA structure but selection abilities could determine the accumu
lating kinds of progeny RNA recombinants. For instance, Banner and Lai 
(1991) have found that within a hypovariant 1 kb region of MHV genome 
the nearly random crosses formed hot spots by subsequent serial passages, 
demonstrating the importance of selection in coronavirus recombination. Weiss 
and Schlesinger (1991) studied recombination in a region of Sindbis virus RNA 
spanning the junction between the non structural and structural genes. All 
recombinants were found to be illegitimate. The authors concluded that recom
bination between Sindbis virus RNAs may be analogous to that observed in 
bromoviruses (see below). 

Recombination between genomic RNAs of other animal RNA viruses has 
not yet been demonstrated. However, there are several examples in which 
heterologous viral and host-derived sequences have been identified in viral 
RNAs: a ubiquitin-coding sequence of bovine diarrhea virus (Meyers et a1. 
1991), a sequence from 28S rRNA inserted in the hemagglutinin gene of an 
influenza virus (Khatchikian et a1. 1989), a tRNA sequence in Sindbis virus 
RNA (Monroe & Schlesinger 1983) and a hemagglutinin-esterase gene from 
influenza virus C (a minus-strand virus) in coronaviruses (plus-strand viruses) 
(Luytjes et a1. 1988). Also, many viral systems form defective interfering 
(D!) RNAs (Holland 1985). These molecules result from natural rearrange
ments which could be defined as intraviral recombinant crosses, most likely 
due to a copy-choice mechanism (Meyers et a1. 1991; Perrault 1981). 

It has been demonstrated that recombination in retroviruses occurs during 
reverse transcription (Hu & Temin 1990; Stuhlmann & Berg 1992) when the 
multifunctional reverse transcriptase complex changes templates during pro
cessing of diploid RNA to double-stranded proviral DNA (Peliska & Benkovic 
1992). 
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Recombination in Plant RNA Viruses 

Natural Rearrangements in Plant Viral Genome 

Natural sequence rearrangements in plant viral genomes, as well as experi
mentally induced recombination events, both demonstrate that plant RNA 
viruses have effective means of rearranging their genomic RNAs. Natural 
rearrangements have been observed for several plant viruses. For example, 
the majority of sunnhemp mosaic virus's (SHMV) genome is very similar to 
tobacco mosaic virus (TMV) while the organization of its 3' part bears clear 
similarity to, otherwise unrelated, turnip yellow mosaic virus (TYMV) (Meshi 
et al. 1981). Two bromoviruses, cowpea chlorotic mottle virus (CCMV) and 
broad bean mottle virus (BBMV) were found to have sub genomic promoter
like sequences at the 5' end of their RNA3 components (Allison et al. 1989; 
Romero et al. 1992). This sequence is inactive in bromoviruses so that 3a 
protein is expressed directly from RNA3 molecule (Figure 1). It has been 
suggested that the 5' subgenomic promoter-like element was active in a 
bromovirus ancestor that was probably similar to the present-day tobamoviruses 
(Allison et al. 1989; Romero et al. 1992) and later evolved by recombina
tion. RNA genome of beet yellow virus (BYV), a closterovirus, has been found 
to code for two proteins that are similar to heat shock proteins Hsp 70 and 
Hsp 90, respectively (Agranovsky et al. 1991). Moreover, its polymerase 
gene is similar to that of tricornaviruses. The duplicated coat protein of BYV 
is related to the respective proteins of filamentous potexviruses. Boyko et 
al. (1992) concluded that multiple recombination events between RNA viruses 
and between viral and cellular RNAs were involved in closterovirus evolution. 

In addition to the above examples, the list of plant RNA viruses for which 
natural sequence rearrangements have been suggested includes tobraviruses 
(Robinson et al. 1987; Goulden et al. 1991), nepoviruses (Rott et al. 1991), 
hordeiviruses (Edwards et al. 1992), furoviruses (Bouzoubaa et al. 1991), 

RNAI m7o~L ________________ ~ ________________ ~ 1 II protf'in t-- 3.2 kb 

RNA2 m7G~L ____________ ~~~ ____________ --J 2a prote-in ~ 2.9 kb 

RNA3 m7o-i 3a probin f--+-1 ~ 2.1 kb 

Subgenomic RNA4 m70-t Coatprot.in ~ 0.9 kb 

Figure 1. Organization of the brome mosaic virus genome. The open reading frames are boxed 
and labeled. The highly homologous 3' terminal sequences are marked by solid boxes. A 20-nt 
oligo(A) tract is shown as a small vertical rectangle within the intercistronic region of RNA-3. 
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luteoviruses (Mayo & Jolly 1991), alfalfa mosaic virus (Huisman et al. 1989), 
and pea enation mosaic virus (Demler & de Zoeten, 1991). 

Sequence rearrangements in plant viruses may also lead to the generation 
of DI or defective (D) RNAs. Relatively short DI molecules in three 
tombusviruses [tomato bushy stunt virus (Hillman et al. 1987), cucumber 
necrosis virus (Rochon 1991) and cymbidium ringspot virus (Burgyan et al. 
1989)] and in turnip crinkle virus (TCV) , a carmovirus (Li et al. 1989) con
tained the rearranged viral sequences. The DI RNAs in broad bean mottle virus 
(BBMV) were derived by single in-frame deletions in the RNA-2 segment 
(Romero et al. 1993). Certain plant RNA viruses encapsidate defective (D) 
RNAs without detectable effects on symptom formation. For instance, like 
BBMV DI RNAs, D RNAs in clover yellow mosaic potexvirus (CYMV) 
contained single deletions of more than 80% of the CYMV genome (White 
et al. 1991). In soil-borne wheat mosaic furovirus, the D RNAs were derived 
from the RNA2 segment (Shirako & Brakke 1984) while in tomato spotted 
wilt virus, the truncated RNA forms arose from the replicase-encoding large 
(L) RNA component (Resende et al. 1991). In beet necrotic yellow vein 
furovirus, large deletions occurred in the RNA3 and RNA-4 molecules, the 
RNAs essential for fungal transmission and for virus movement in roots, 
respectively (Bouzoubaa et al. 1991). 

Experimentally Induced Recombination Events 

The above examples of natural sequence rearrangements indicate that recom
bination can occur on an evolutionary time scale. For RNA viruses of plants 
Bujarski and Kaesberg (1986) demonstrated first that recombination can 
contribute to virus evolution on an everyday scale (reviewed in detail in the 
next chapter). Genetic recombination has been described for turnip crinkle virus 
(TCV) and cowpea chlorotic mottle virus (CCMV) (Cascone et al. 1990; 
Allison et al. 1990). The two best understood recombination systems, BMV 
and TCV will be reviewed separately in the following chapters 3 and 4. 

Two deletion mutants of RNA3 transcripts of CCMV were found to restore 
wt RNA3 rapidly in infected cowpea plants (Allison et al. 1990). RNA recom
bination must have occurred between the boundaries of the deletions. Similarly, 
recombination was detected between two deletion mutants of RNA3 of alfalfa 
mosaic virus (AIMV) in transgenic tobacco plants expressing AIMV RNAI 
and RNA2 (van der Kuyl et al. 1991). Recombinational deletion of sequence 
repeats was described for tobacco mosaic virus (TMV) (Beck & Dawson 1990). 
Also, an artificially created TMV RNA replicon, similar to DIs of other viruses, 
was found to undergo either sequence deletions or nonhomologous recombi
nation with the helper TMV virus (Raffo & Dawson 1991). Template switching 
of the replicase was suggested to account for these recombination events. 
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Brome Mosaic Virus - Recombination among Genomic RNA Segments 

One of the most useful experimental systems with which to study recombi
nation in plant viruses is bromoviruses. Brome mosaic virus (BMV) has been 
used for years as a model to study single-stranded plant RNA viruses. The 
genome ofBMV is divided into three genomic RNA components called RNA1, 
RNA2 and RNA3 and a subgenomic RNA4 (Figure 1). Nucleotide sequences 
of these RNAs are known (Ahlquist et al. 1984). BMV replicase proteins, 
la and 2a, are encoded by RNAI and RNA2, respectively (Kiberstis et al. 
1981). Protein la has at least two domains: one for a putative helicase and 
one for a putative capping enzyme (guanylyl- and/or methyltransferases), 
whereas 2a represents the catalytic unit (Ahlquist et al. 1992). BMV RNA3 
component encodes the non-structural movement (3a) protein and the coat 
protein (Bancroft 1970; De Jong & Ahlquist 1991; De Jong & Ahlquist 1992; 
Dzianott & Bujarski 1991; Romero et al. 1992). A template-dependent and -
specific BMV RNA polymerase preparation (Bujarski et al. 1982; Miller & 
Hall 1983; Quadt and Jaspars 1990), in addition to la and 2a proteins, contains 
certain host-encoded factors (Kao et al. 1992; Ahlquist et al. 1992). 

Minus strand synthesis promoters are located within the 3' noncoding tRNA
like structure region (Ahlquist et al. 1981; Rietveld et al. 1983; Miller et al. 
1985; Dreher et al. 1984; Dreher & Hall 1988). Other sequences responsible 
for BMV RNA3 replication are within the intercistronic region and at the 5' 
end (French & Ahlquist 1987). The 5' noncoding region also contains internal 
regulatory motifs (Marsh et al. 1989). The intercistronic region has the sub
genomic RNA4 promoter (Marsh et al. 1988; Miller et al. 1985) as well as 
signals involved in asymmetrical RNA synthesis (Marsh et al. 1991). Since 
the RNA3 segment of BMV does not provide trans-acting RNA replication 
factors, most of the recombination experiments have utilized the RNA3 
mutants. 

The nucleotide sequence of all the RNA segments as well as in vitro 
transcribable cDNA clones are available for three members of the bromovirus 
family: BMV, BBMV and CCMV (Ahlquist et al. 1984; Janda et al. 1987; 
Dzianott & Bujarski 1991; Romero et al. 1992; Allison et al. 1988; Allison 
et al. 1989). Significant sequence homologies exist between all three corre
sponding bromovirus RNA components. In fact, pseudorecombinants between 
BMV and CCMV RNAs are infectious (Allison et al. 1988) and some chimeric 
BMV/CCMV 2a proteins can function in viral RNA replication (Traynor & 
Ahlquist 1990). 

Recombination in the 3' Noncoding Region 
It has been suggested that bromoviruses and other tricornaviruses were derived 
from a monopartite ancestor virus by recombination (see above). Also, 
sequence similarity of the 3' noncoding region among bromovirus genomic 
RNAs can be explained by recombination. That recombination could indeed 
occur between the segments of a tricornavirus was first demonstrated by 



6 

Bujarski and Kaesberg (1986). The authors observed that a partially debilitated 
BMV RNA3 mutant (designated M4) that had a short deletion in the 3' 
replication promoter was repaired in vivo by acquiring sequences from the 
remaining wt BMV RNA 1 or RNA2 components. Rao and Hall (1993) demon
strated that RNA recombination was as important as nucleotide substitutions 
caused by polymerase errors for the repair of the 3' noncoding region of 
BMV RNAs. In addition to these intraviral recombination processes, inter
viral recombination has been observed to occur in the 3' noncoding region, 
when a mixture of all wt genomic RNAs of BMV and CCMV, except BMV 
RNA3, which has been substituted by a M4 RNA3 duplication derivative (des
ignated DM4, Nagy & Bujarski 1992), was co-inoculated on C. quinoa plants 
(Nagy & Bujarski unpublished). As a result of inefficient crosses with CCMV 
RNA3, the DM4 has been repaired by acquiring the CCMV 3' noncoding 
region. 

To understand the mechanism(s) of genetic recombination in BMV, a number 
of recombinants, obtained by using M4 or DM4 RNA3 mutants, were char
acterized (Nagy & Bujarski 1992). Infrequent recombinants were also obtained 
with nonamplifiable RNA2 and RNA3 mutants (Rao & Hall 1990; Rao & 
Hall 1993; Ishikava et al. 1991; Nagy & Bujarski 1993). Some of these 
recombinants were isolated from barley protoplasts, others from local lesions 
induced on leaves of Chenopodium hybridum or C. quinoa, and still others 
from barley, a systemic BMV host. Since the above hosts may support the 
accumulation of different recombinants due to differences in natural selec
tion pressure, comparison of recombinants obtained from different hosts has 
to be cautious. One advantage of using local lesion hosts is that a large number 
of samples, derived from independent infections, can be obtained. A reduced 
selection for better adapted recombinants in local lesion hosts as compared 
to the systemic host might help in isolating a more diverse spectrum of 
recombinants. 

To study the mechanism(s) of recombination in BMV, nucleotide sequences 
at crossover sites of a large number of recombinants obtained from local lesions 
were determined (Bujarski & Dzianott 1991; Nagy & Bujarski 1992). Basically, 
two types of recombinants, homologous and nonhomologous, were found. Their 
features differed in several ways, as follows: 
- Homologous recombinants had the donor and acceptor sites at corresponding 

positions on the recombination substrates. The donor sites of nonhomolo
gous recombinants were usually located at positions further upstream than 
the acceptor sites. 

- An analysis of homologous recombinants revealed sequence homology at 
and near the sites of crossovers. Neither sequence homology nor sequence 
motifs were found at the sites of crossovers in nonhomologous recombi
nants. However, sequence complementarity of the recombination substrates 
with (+) strand polarity near the crossover sites was observed (Bujarski 
& Dzianott 1991; Nagy & Bujarski 1992). Examination of the free energy 
released during formation of such putative heteroduplexes showed that 
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they were energetically permissible (Bujarski & Dzianott 1991; Nagy & 
Bujarski 1992). This observation suggested that hybridization between donor 
and acceptor RNA templates helps to bring the recombining RNAs together, 
thus facilitating nonhomologous crosses. 

- Homologous recombinants were isolated 5-10 times more often than non
homologous ones. This suggests that either homologous recombinants were 
generated more frequently or that better adapted homologous recombi
nants outcompeted the nonhomologous ones. It has been demonstrated in 
barley protoplasts that homologous and nonhomologous recombinants 
expressed similar competitiveness (Nagy & Bujarski 1992). Therefore, the 
former possibility is more likely to be responsible for the observed differ
ences. 

All the above differences support the idea that the formation of homologous 
and nonhomologous recombinants utilizes different mechanisms. Therefore, 
these two recombinant types will be discussed separately. 

Homologous and nonhomologous recombinants demonstrated certain sim
ilarities. First, the recombination activity of nonamplifiable acceptor molecules 
indicated that both recombinant types can utilize the (+) stranded RNAs as 
acceptor templates. This is because only input (+) strands of the nonamplifi
able mutants are available for recombination. Since (-) strands of the acceptor 
RNAs were below the detectable level, their involvement in recombination 
is less likely. Second, both recombinant types were obtained by repairing the 
same mutated 3' noncoding regions of the acceptor molecule which acquired 
nonmutated donor molecules. 

Nonhomologous Recombination 

Construction of a Recombination Vector. One advantage of studying non
homologous recombinants is the possibility of determining the exact position 
of crossovers. On the other hand, generation of nonhomologous recombi
nants by using the above described M4, DM4 or nonreplicating RNA3 mutants 
is inefficient. To overcome this problem, a unique, RNA3-based recombina
tion vector was designed. The idea was to develop an infectious RNA3 
molecule, stable in infection, with a possibility of inserting sequences of 
interest in order to study their recombinational activity. The vector, desig
nated PNO, is a DM4-RNA3 derivative that contains additional CCMV 3' 
noncoding sequences (Figure 2). Although it accumulated poorly in C. quinoa, 
PNO did not generate either homologous or nonhomologous recombinants 
(Nagy & Bujarski 1993). However, as described below, the recombination 
ability of PNO could be "activated" by inserting sequences that fulfill the 
requirements of the recombination mechanism. 

Heteroduplex-Mediated Nonhomologous Crossovers. To test the hypothesis 
that the formation of energetically stable local heteroduplexes between the 
substrates is required for nonhomologous recombination, a 66-nt long 3' non-
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coding region of BMV RNA! was inserted into the SpeJ site of PNO in 
either sense or antisense orientations (Figure 2). This region of RNA! did 
not recombine with M4 or DM4 RNA3 constructs. The heteroduplex model 
predicted that the resulting PN2( -) construct (the 66-nt insert in reverse 
orientation) would recombine with RNA! at this site. Likewise, the model 

S' nt.<ocOOmg tegbn {M} 

'" l"O( 

3' 

WI RNA 1 

?Nan RNA:) 

PKi9 nNA' 3' 

PN8(-) RNA::! 

Figure 2. Distribution of the sites of crossovers during heteroduplex-mediated nonhomolo
gous recombination in BMV, PNl(-) through PN8(-) were constructed by insertion of an 
RNAI-derived sequence (indicated by a thick horizontal arrow) in antisense orientation into 
PNO recombination vector. The PNl(-) through PN5(-) molecules can form heteroduplexes 
with RNAl without mismatches whereas PN6(-) through PN8(-) form heteroduplexes with 
mismatches at the left side of the heteroduplex. Location of crossovers obtained in infections 
at 24°C with wt RNAl, wt RNA2 and PNx RNA3 is shown schematically by black arrow
heads. Location of crossovers obtained in infections at 33°C with either wt RNAI or with a 
temperature-sensitive PKl9 RNAl mutant, wt RNA2 and PN8(-) RNA3 is shown schemati
cally by shaded and empty arrowheads, respectively, 
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predicted that the sense orientation of the RNAl-derived region (construct 
PN2(+» would not support nonhomologous recombination. Indeed, illegiti
mate recombinants between PN2( -) and wt RNA 1 components having 
crossovers within or in close vicinity to the antisense region were readily 
generated during infection on C. quinoa. No recombinants were obtained 
with PN2(+) (Nagy & Bujarski 1993). 

A series ofPN2(-) derivatives having 140-,40-,30- and 20-nt long RNA1-
derived antisense regions, was constructed to determine the length of the 
recombinationally active heteroduplex. The shortest antisense construct that 
generated recombinants contained a 30-nt antisense insert. In vitro RNase 
protection experiments demonstrated that the predicted heteroduplexes were 
easily formed between RNAI and PN2(-) derivatives (Figure 3). 

The Involvement of Viral Replicase in Nonhomologous Recombination. To 
investigate whether replication is required for nonhomologous recombina
tion, Ishikawa et al. (1991) and Nagy and Bujarski (1993) have used 
non-amplifiable 3' mutants of BMV RNA3. Both groups demonstrated that the 
replication activity of the accepting RNA molecule was unnecessary for non
homologous recombination. Since the minus-strand synthesis was debilitated 
by removing the functional promoter, nonhomologous recombination can 
only use the plus strands to restore active minus strand promoter of the mutant 
RNA in the above systems. If template switching were the mechanism, the 
above data would mean that recombination occurred during minus strand 
synthesis of the donor RNA. 

Template switching of the replicase mechanism is supported by the location 
of crossover sites obtained with PN1(-) through PN8(-) constructs (Figure 2 
and Nagy & Bujarski 1993). This is because the crossovers were usually found 
adjacent to or on the left side of the energetically strong heteroduplex. The 
replicase complex might penetrate the heteroduplex inefficiently during non
homologous recombination. Indeed, the destabilization of the left side of the 
heteroduplex by introducing noncomplementary nucleotides shifted the sites 
of crossovers toward the energetically more stable central part (for example 
PN8(-) in Figure 2). 

Another support for the involvement of the replicase complex in recom
bination was obtained by using viable la replicase protein mutants. PK19 
(Kroner et al. 1990), a temperature-sensitive mutant in the helicase-like domain, 
was used together with wt RNA2 and PN8(-) RNA3 to co-infect C. quinoa 
plants. A shift in sites of crossovers toward an energetically less stable part 
of the heteroduplex was observed at the elevated temperature (33°C) (Figure 
2). The most likely interpretation of this observation is that the replicase 
complex containing PK 19 1 a protein penetrated the heteroduplex much less 
efficiently than the wt replicase enzyme did. Nonhomologous recombinants 
isolated from infections with either PK14 or PK21, two other la protein 
mutants within the helicase-like domain, contained nontemplated nucleotides 
at the crossover sites 3 times more often than the ones obtained with wt 
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RNAl molecule (PD Nagy, AM Dzianott, P Ahlquist & JJ Bujarski unpub
lished). 

Figure 3. Characterization of the heteroduplexes formed between wt RNAI and PN. RNA3 
constructs by in vitro RNase protection assay. The 32P-labeled wt RNAl transcnpts were 
hybridized with individual non-labeled PN transcripts (indicated on the top) and digested with 
either Tl or A+ Tl ribonucleases. The products of digestion were separated by electrophoresis 
in 6% polyacrylamide-7M urea denaturing gels. RNA standards and a DNA ladder are indi
cated on the left. 
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Strand-Switching Model of Heteroduplex-Driven Nonhomologous Recom
bination. We speculate that the replicase can operate in two modes: regular 
RNA synthesis (A) and aberrant (recombinant) RNA synthesis (B) modes 
(Figure 4). During regular RNA synthesis, the helicase portion of 1a protein 
unwinds double-stranded regions during the synthesis of the complementary 
strand. A variety of factors might contribute to the maintenance of the proper 
conformation of the replicase complex. Conformational fluctuations, such as 
those between noncovalently bound 1a-2a proteins, may occasionally release 
the RNA template from the helicase portion, thus promoting aberrant RNA 
replication. Here, double-stranded RNA structures "slide" directly through 
the active site of the RNA polymerase component (in 2a protein portion). 
"Looping out" of double-stranded structures would result in a generation of 
recombinants with the crossovers clustered on the left side of the heterodu
plex, as demonstrated above for PN1(-) through PN8(-) constructs. 

Models of Homologous Recombination in BMV 
Although homologous crossovers were observed more frequently in the 3' non
coding region of BMV than nonhomologous ones (Nagy & Bujarski 1992), 
studies on homologous recombination were delayed due to the impossibility 
of localizing the exact sites of crossovers. However, some important data, 
which helped to propose a model of homologous recombination, have already 
been obtained with M4 and DM4 BMV RNA3 mutants (Nagy & Bujarski 
1992). First, all homologous recombinants had the crossover sites down
stream of position 224 of RNA2 and 194 of RNAl. This demonstrated that 
homologous recombination was limited to long homologous regions among 
the templates. Second, among more than a hundred homologous recombi-

A Replication mode B Recombination mode 

lei 

RNA B 

"-- Templet. RNA 
Heliease unwinds RNA template RNA "slides" thro~<Jh pol~merase portion 

Figure 4. The model of strand switching by BMV replicase. Proteins la and 2a (represented 
by ellipses), which contain functional domains (represented by smaller dotted ellipses) of 
nucleotidyl transferase, helicase and core RNA polymerase, interact with each other and with 
host factors. During regular RNA synthesis mode (A), the helicase unwinds ds regions and the 
original RNA template (represented by a smaller solid circle) is copied through. During recom
binational (aberrant replication) mode (B), the RNA interacts only with the 2a core domain. 
The RNA polymerase "slides" under the ds regions and changes the templates from RNA A to 
RNA B. The arrows indicate the direction of replicase migration. 
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nants sequenced, none contained nucleotide misincorporation, insertion or 
deletion within the region of crossovers. This suggests the existence of a precise 
mechanism that recognizes sequence similarity between the recombining tem
plates. The natural selection for viable recombinants can only partially explain 
such precision, especially since we have demonstrated the occurrence of 
deletions or insertions to be present within the 3' noncoding region in non
homologous recombinants (Nagy & Bujarski 1992). 

A favored mechanism that describes RNA-RNA recombination in RNA 
viruses relies on the template switching (TS) ability of the viral replicase 
(Lai 1992). Below we discuss TS models of homologous recombination. 

Nonprocessive Model of Homologous Recombination. According to a non
processive model of homologous recombination proposed for coronaviruses 
(Lai 1992) and for polioviruses (Jarvis & Kirkegaard 1991), the replicase 
complex dissociates from the template, probably at strong secondary struc
tures. If a broken RNA template is being copied, the dissociation might occur 
at the end of the molecule. The aborted nascent RNA could then hybridize 
to the (+) strand of the acceptor RNA at complementary locations and serve 
as a primer to resume the elongation process (Figure 5). A clue feature of 
this mechanism is whether a promoter-dependent RNA polymerase (e.g. BMV 
replicase) can utilize the nascent RNA strand as a primer. Although this is 
unknown for BMV or other plant viruses, this property has been recently 
demonstrated for both E. coli and T7 phage RNA polymerases (Daube & 
von Hippel 1992). 

Processive Model of Homologous Recombination. A processive model was 
first proposed by Jarvis and Kirkegaard (1991) to describe homologous 
recombination in poliovirus. According to this mechanism, the replicase does 
not dissociate from the template. Instead, the enzyme is occasionally able to 
move backwards several nucleotides on the donor template. This has been 
described for Klenow DNA-dependent DNA polymerase (Freemont et al. 1988) 
and human RNA polymerase II at strong pausing sites (Wang & Hawley 
1993; Kassavetis & Geiduschek 1993). During the march backward, the 
replicase might expose a short non-basepaired region on the nascent strand and 
this may facilitate the hybridization of a new acceptor strand. The replicase, 
now moving forward, would switch on the newly hybridized RNA template. 

Generation of homologous BMV recombinants can be explained by either 
of the two processive models presented in Figure 6. Model A implies that, 
similar to RNA polymerase II results, the pausing BMV replicase marches 
backwards 10 to 20 nucleotides, the exposed part in the nascent strand traps 
the acceptor RNA, and the active site of the replicase resumes elongation on 
this acceptor molecule. The unwound region can be further extended by the 
next replicase molecule that travels on the same template and pauses at the 
same secondary structure. This would further increase the possibility of 
hybridization with the acceptor RNA molecule. 
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In model B (Figure 6B) the local concentration of acceptor molecules is 
increased by hybridization at homologous locations with the donor RNA at 
palindromic or semipalindromic sequences, These short and energetically weak 
heteroduplexes might be strengthened by additional hybridization at flanking 
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Figure 5. A nonprocessive model of homologous recombination in BMV. The viral replicase 
shown by two ellipses (la and 2a proteins) dissociates off the primary template at a putative 
pausing site (a stem-and-Ioop structure and/or a protein-binding site) and releases the nascent 
(-) strand, The free (-) strand hybridizes to the acceptor (+) RNA3 and serves as a primer for 
viral replicase to resume synthesis on the acceptor RNA template, The nucleotides displayed 
represent regions of BMV RNA2 and RNA3 between positions 208-234 (counted from the 3' 
end), 
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Figure 6. Two processive models of homologous recombination in BMV. ModeL A predicts 
that the viral replicase (shown by two ellipses) stops at a putative pausing site (a stem-and
loop structure and/or a protein-binding site). The replicase retracts several nucleotides and releases 
a single-stranded tail on the nascent strand. Thereafter, the acceptor (+) strand replaces the original 
template in the replicase and hybridizes to the free tail of the nascent strand. The viral repli
case, moving forward again, would resume synthesis of the nascent strand on the new RNA 
template. ModeL B predicts that palindromic sequences located at corresponding positions on both 
the donor and the acceptor RNA (+) strands bring the two RNAs in a close vicinity. The viral 
replicase may unwind the duplex, but occasionally stops and retracts, as postulated in Model 
A. Again, the acceptor strand replaces the original template in the replicase, hybridizes to the 
free nascent strand end, and viral replicase resumes the RNA copying on the new template. 
The nucleotides shown here represent regions of RNA2 and RNA3 between positions 208-234 
(counted from the 3' end). 

locations. The replicase would unwind and copy parts of the palindromic 
heteroduplex and, occasionally, would retract and expose short parts of the 
nascent strand. Thereafter, the complementary single-stranded regions in 
nascent and acceptor strands would hybridize, thus facilitating template 
switches at precise homologous locations. Indeed, several 5 to 10 nucIeotides
long palindromic sequences are present at homologous locations between the 
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donor RNAI (or RNA2) and the acceptor RNA3 sequences within the 
recombinationally active regions. 

Turnip Crinkle Virus - Recombination among Genomic, Satellite and 
DI RNAs 

The turnip crinkle virus (TCV) genome displays a much simpler organiza
tion than bromoviruses do. Single TCV RNA encodes for several proteins 
including RNA polymerase, coat protein and cell-to-cell movement protein 
(Morris & Carrington 1988). Movement and coat proteins are each expressed 
from a subgenomic RNA component. There is no clear conserved regions 
that would indicate the presence of helicase-like domains among TCV poly
peptides. 

The recombination events in TCV have been observed between genomic 
and subviral RNA components. TCV is associated with several naturally 
existing subviral RNA molecules, including defective-interfering (DI) and 
satellite RNAs (Roux et al. 1991). An analysis of the nucleotide sequence of 
DI RNA in TCV isolate B (designated DI RNA G) revealed that it has the 
first 10 nucleotides at the 5' end derived from the TCV satellite RNA, whereas 
the rest of the molecule is represented by two segments of TCV genomic RNA 
(Figure 7; Li et al. 1989). Yet, in another isolate. TCV-M. a hybrid RNA 

GENOMIC AND SUBVIRAL TCV RNAs 

Genomic RNA: 

I 3707 3722 

TCVRNA 'tcl====~\~~======~\'\~=I~""""""" (4051 nt) 

Satellite RNAs: 

RNA D f;·: .. :·· .. ·· ........................ :.;.:.;.: ........ ,:-..: .. :.:-1 (194 nt) 

RNA F 

Defective Interfering RNAs: 

RNA G 

011 RNA t"·,,·,,""""""""""""""""""""""",, .... ,,· ....... 1 (346 nt) 

Hybri d RNAs: 3779 
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Figure 7. Genomic and subviral RNAs in turnip crinkle virus. Functions of individual open 
reading frames (shown by open boxes above TCV RNA line) are as follows: 86 K. polymerase; 
38 K. coat protein; 7 K, virus transport; 98 K and 27 K, not known. Sequences in common are 
depicted by similar shades. 
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molecule (called satellite RNA C) having the sat RNA D sequences at the 5' 
end and DI RNA sequences at the 3' end, has been characterized (Simon & 
Howell 1986). Another hybrid subviral TCV RNA molecule (called satellite 
RNA CX) has sat RNA D sequences at the 5' side and a single segment from 
TCV genomic RNA at the 3' side (Zhang et al. 1991). 

Sequencing of the junction sites in the above subviral RNA molecules 
revealed that in all cases downstream (right-side) junction regions had con
served motifs found at the 5' end of both genomic and satellite RNAs (Figure 
7; Cascone et al. 1990). It has been postulated that these motifs can function 
as promoters of RNA synthesis (Cascone et al. 1990; Carpenter et al. 1991). 
The modification of this region caused some debilitation of subviral RNA 
features, which, in turn, allowed for experimental induction of recombina
tion events. Below we review the results of the studies on recombination 
between satellite RNAs as well as between satellite and genomic RNAs. 

Recombination between Satellite RNAs 
When plants were inoculated with a mixture of in vitro transcribed genomic 
TCV RNA, sat RNA D and modified sat RNA C, which contained non-viable 
mutations at the 5' end region, recombinant satellite RNAs were generated 
(Cascone et al. 1990). These recombinants contained sat RNA D at the 5' 
side of the molecule and sat RNA C sequences on the 3' side (Figure 8A). 
The crossovers occurred within a region of sequence similarity between the 
two satellite RNAs. Since the recombinant crosses occurred at imprecise 
positions, these recombination events can be considered as nonhomologous. 
A significant fraction of recombinant RNAs had nontemplated nucleotides 
inserted at the sites of crossover, indicating the involvement of replicase in 
crossing events. The most interesting observation was that the right site of 
the recombination junction always began with one of three consecutive 
nucleotides of satellite RNA C. In fact, there was a great deal of similarity 
between right side junction sequences in the progeny satellite recombinants 
with those present at right-side junction of DI RNA G and the 5' end of TCV 
RNA, as well as between right-side junctions of DIl RNA-sat RNA C recom
binant and the 5' end of satellite RNAs. To explain these similarities, a copy 
choice mechanism was proposed, according to which, the replicase together 
with the nascent plus strand can dissociate at certain sequences and re-initiate 
at internal positions, either on the same template or on different templates 
(Cascone et al. 1990). Accordingly, these events would generate either satel
lite or DI recombinant RNA molecules. 

Multimeric Forms of Satellite RNAs 
To study the function of the conserved region in the formation of multimeric 
forms of satellite RNA C, the corresponding sequences were mutagenized 
(Carpenter et al. 1991). Deletions within this region significantly reduced 
the level of monomeric molecules (Figure 8B). When, however, this sequence 
was replaced with unrelated sequences of the same length or when this region 
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was point mutagenized, the wt ratios of monomeric and dimeric forms were 
observed. This revealed the lack of sequence specificity at this particular 
location. Sequences at the junction sites of multimers of all three satellite RNAs 
have been analyzed. This revealed the deletion of bases corresponding to the 
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Figure 8. Recombination events among various subviral and genomic TCV RNAs. (A). Induction 
of recombination between satellite RNAs C and D after co-inoculation of plants with wt genomic 
TCV RNA, wt sat RNA-D and mutagenized (within upstream sequences as indicated by aster
isks) sat RNA C. The recombination crossovers (indicated by arrows) occurred at the left side 
of a central conserved region (represented by an open box). (B) An increase in the ratio of dimeric 
to monomeric forms observed after inoculation with satellite RNA C that had deletions (shown 
by arrows) within the internal conserved region (represented by an open box in construct 1). 
When replaced by unrelated bases or after changing the location of the conserved region (con
structs 2 to 5). the wt ratios of dimers to monomers were observed. This suggests that dimeric 
sat C RNAs are formed by reinitiation of sat RNA C replication at the conserved region. (C) 
Recombination between satellite and TCV genomic RNAs found after multiple passaging of 
the helper virus through turnip plants. As in section on "Recombination between Satellite RNAs", 
the recombinant crosses (marked by arrows) occurred at the left side of the conserved internal 
region on TCV RNA (represented by an open box). 
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3' and 5' ends of monomeric units as well as the addition of nontemplated 
nucleotides. These data allowed the authors to present a hypothesis which 
explains the formation of multimeric forms of linear satellite RNA mole
cules. In contrast to the satellites in other viruses, no circular forms of TCV 
satellite RNAs have been observed, indicating that the rolling-circle replica
tion mechanism does not operate during synthesis of these molecules. Instead, 
the authors proposed that the replicase detaches from the minus-template 
RNA while still being complexed with the nascent plus strand, and reiniti
ates synthesis at the 3' end of the minus RNA template. This mechanism is, 
therefore, similar to that proposed for the formation of chimeric satellite RNAs 
and satellite-TCV RNA recombinants (see below). 

Recombination between Satellite and Genomic RNAs 
To study the recombination between satellite and genomic TCV RNAs, the 
TCV helper virus plus sat C were passaged many times through Brassica 
rapa (turnip) plants. Novel recombinant RNA molecules, formed between 
satellite and genomic RNAs (designated as satellite RNA CX), were identi
fied (Figure 8C). Sequencing of eight separate recombinants revealed that these 
molecules were composed of an almost full-length portion of satellite RNA 
D at their 5' side and of TCV genomic RNA 3' portions (Zhang et al. 1991). 
The junction points were such that variable lengths of genomic RNAs were 
joined at an almost constant site on sat RNAD molecule. Basically, two classes 
of sat CX RNAs were observed: those having the length between 420 to 435 
nucleotides and those with 501 to 506 bases. The interesting feature of 
sequences at junction points of longer CX RNAs was that they were purine
rich and had motifs similar to those present at the 5' ends of the TCV satellite 
RNAs and at the junctions of certain TCV DI RNAs. In contrast, junction 
sequences in shorter RNA CX molecules were pyrimidine-rich and were 
similar to sequences found at the right side of a sequence located immedi
ately downstream of the internal initiation site of one of the subgenomic RNAs. 
This brought the authors to the suggestion that the later motif reflects the 
mechanism of recombination processes in which viral replicase recognized 
subgenomic promoter sequences on the genomic TCV RNA during the gen
eration of recombinant RNA CX molecules. 

Localization of Sequences and Structures Required for Recombinant 
Formation 
Based on the observation that the sequences at the 5' end of TCV, DI RNAs 
and satellite RNAs were similar to those at the right site of all recombinant 
junction sequences, the authors proposed a discontinuous model of RNA-RNA 
recombination in TCV. The model suggests that as the replicase synthesizes 
plus strand on the minus strand template, it can detach from the template 
prematurely at secondary structure elements and can resume the synthesis 
on one of the replicase recognition signals, either on the same or on a 
different minus-strand template (Cascone et al. 1990; Carpenter et al. 1991). 
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Although essentially discontinuous, this model differs from the one shown 
in Figure 5 because it describes illegitimate crossover events that occur at 
the plus-strand synthesis level. 

To further characterize the sequence requirement of recombination, the 
consensus motif I in satellite RNA D has been modified by a series of dele
tions, insertions and point mutations (Cascone et al. 1993). The ability of these 
altered molecules to recombine with the second satellite RNA was studied 
by using Northern blots and PCR. Sequences either upstream or downstream 
of the junction site were modified. Disruptions of either the stem or the loop 
of putative secondary-structure elements eliminated the accumulation of 
detectable amounts of recombinant molecules. Introduction of compensatory 
mutations to restore the putative stem-loop structure re-established the recom
bination activity. These experiments allowed the authors to identify a 60-base 
long recombination ally-active region. They postulated that the secondary
structure elements are responsible for specific binding of the replicase enzyme. 
Further experiments, such as in vitro binding assays, are required to verify this 
hypothesis. 

Conclusions 

BMV and TCV represent two complementary systems that allow for effi
cient experimental studies on the mechanism of RNA-RNA recombination 
in positive-stranded RNA viruses. The results obtained so far reveal that, while 
in both viruses the replicase seems to perform a crucial role in providing the 
essential copy-choice function, the mechanistical details seem to be different. 
The postulated mechanism for both homologous and nonhomologous events 
in BMV involves a continuous synthesis of the complementary strand at the 
junction points so that the replicase does not detach from the RNA tem
plate. The ability of the helicase-like domain to unwind the heteroduplex 
structures between recombining RNA molecules may dictate the hetero
dublex-driven nonhomologous recombination activity. Yet, for homologous 
recombination the replicase may retract at secondary-structure elements and 
this may enable the nascent strand to hybridize at homologous positions with 
the acceptor strands. In contrast to BMV, the TCV genome probably does 
not encode for a helicase-like protein. In fact, all viruses with small RNA 
genomes do not code for such a gene (Dolja & Carrington 1992; Gorbalenya 
& Koonin 1989). One may speculate that either these viruses utilize host
encoded helicases or they do not employ helicases during RNA replication and 
recombination. All TCV-related recombination events identified so far occurred 
at conserved sequences which have accidental sequence similarity to active 
TCV RNA promoter sequences. Therefore, they probably act as promoter
like elements, thus providing signals for internal re-initiation of RNA synthesis. 
Further studies are required to confirm the described models of genetic 
recombination in RNA viruses. 
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