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INTRODUCTION 

The variability of genome organization, so essential for RNA virus evolution, 
among more than 900 plant RNA viruses (56 genera) is enormous (Gibbs et al., 
1997). In fact, the potential for variation of the RNA genome is so large, that a 
term of quasispecies was proposed to reflect the nature of RNA virus populations 
(Domingo et aI., 1995, Eigen, 1993, 1996; Holland et aI., 1992; Moya and Garcia
Arenal, 1995). This concept predicts that a single virus isolate is not a single RNA 
sequence but rather a mixture of mutant sequences averaging around a consensus 
sequence. The biological selection acts upon the quasispecies to allow variants with 
greatly improved fitness to arise and predominate in the population. When the host 
or other characteristics of the environment change, such shifts in selection pressure 
can be easily overcome by changing the predominant sequences of the RNA 
genome. The biological implications of the quasispecies nature of plant RNA 
viruses are profoundly instrumental for rapid viral adaptation to new environments. 

GENETIC MECHANISMS OF VARIABILITY 

Mutation 

Any change in nucleotide sequence of the viral RNA genome is considered a 
mutation. Mutations include point mutations, deletions, and insertions. Mutations 
can occur in natural infections and can also be induced experimentally. Mutagen 
treatments (involving special chemicals, gamma radiation and UV light) are used to 
increase the frequency of mutants in the population that is subsequently screened 
with appropriate selection techniques. To maximize the probability of isolating the 
most desired mutants carrying single nucleotide alterations, mutants are induced 
with the lowest possible mutagen dose. The advent of molecular biology techniques, 
especially polymerase chain reaction (peR) and reverse genetics (Boyer and Haenni 
1994), allows the use of useful site-directed mutagenesis protocols where specially 
designed oligonucleotide primers serve to target the mutagenizing events. 
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One of the most desirable traits for analysis of gene function, that could arise 
during mutations, is a temperature-sensitive (ts) trait in which viral mutants grow 
abnormally at the nonpermissive temperature. Such ts mutants arise when base 
changes lead to amino acid substitution that results in defective function at the 
nonpermissive temperature. It seems that most of the genes are susceptible to ts 
mutations which can also occur in a noncoding region by modifying the function 
that this region controls (Morse, 1994). 

Point Mutations 

Point mutations arise mainly due to low fidelity of RNA genome replication, most 
likely due to the lack of proofreading activities of RNA replicating enzymes [viral 
RNA-dependent RNA polymerases (RdRp) or replicases]. The rate of mutation has 
been estimated in the order of 10-4 per nucleotide per round of replication cycle 
(Smith and Inglis, 1987; Steinhauer and Holland, 1987). However, a much lower 
rate, in the order of 10-7, was observed for particular mutations in poliovirus (Parvin 
et al., 1986) and Sindbis virus (Durbin and Stollar, 1986). Among the two types of 
point mutations possible, transitions are the most common. They comprise the 
substitution of one pyrimidine by the other, or one purine by the other. G-A 
substitutions are the most common errors made by replicase enzyme because they 
require that C is substituted by U in nascent RNA strand, which can make a pair 
(weaker though) with the G residue in the original template (Levin, 1997). In 
transversions, which are less common, a purine residue is replaced by a pyrimidine 
residue or vice versa. Essentially, in transversions an A-U pair is substituted by a 
U -A or C-G pair. 

Another possible mechanism causing point mutations in RNA genomes involves 
the so called RNA editing which is a process of posttranscriptional base 
modification. This enzymatic mechanism, described for several animal RNA 
viruses, waits for its discovery in plant viruses. Given that plant cells contain the 
enzymatic machinery required for RNA editing, it is conceivable that this strategy 
may also be employed by plant RNA viruses. 

The lack of error-checking capabilities causes that the mutation rates in RNA 
viruses are many orders of magnitude greater than those of their host cells. This 
leads to rapid evolution of RNA viruses. However, the so called mutation 
frequency, which is the actual rate of misincorporations detected (established) in 
virus population (Roossinck, 1997), varies extensively among different virus 
systems. For instance, tobamoviruses do not show high variability (Rodriguez
Cerezo et al., 1991) but cucumber mosaic cucumovirus (CMV) shows a high 
degree of variability. Between two poleroviruses, potato leafroll virus (PLRV) has 
little variation whereas beet western yellows virus has much greater variation. 
Interestingly, the degree of mutation frequency (variability) seems to correlate 
directly with variability in host range. A speculation is that the greater mutation 
frequency allows the virus to adapt to a higher number of different hosts (Roossinck 
1997). Of course, natural selection and competition between variants are the 
driving forces for the survival of the fittest mutant and these mechanisms greatly 
contribute to the observed populations of variants. 
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Differences in mutation frequency can be observed not only between different 
viruses, but also inside the genomic RNA of a given virus. For instance, hot spots 
of genetic change were found in the RNA of satellite tobacco mosaic virus (Kurath 
and Dodds 1994) and in satellite RNA of CMV (Kurath and Palukaitis, 1989). It is 
speculated that polymerase stoppage by upstream secondary structures is 
responsible for the observed hot spots. 

Insertions and Deletions 

Insertions can be of larger RNA fragments or of only few nontemplated nucleotides. 
Usually, larger RNA fragments are inserted due to RNA recombination. Insertions 
of a few nontemplated nucleotides can occur due to errors in RNA replication at 
template regions that are more difficult for copying by the replicase enzyme. In 
fact, observations from several systems suggest that the addition of nontemplated 
nucleotides is a general phenomenon of viral and non viral polymerases, including 
DNA-dependent RNA polymerases and RdRps (Bertholet et al. 1987). Polymerase 
stuttering ('slippage'), defined as reiterative copying of one or a few adjacent 
nucleotides, is one possible mechanism of nontemplated addition and has been 
described for several viral and nonviral polymerases, including DNA-dependent 
RNA polymerases and RdRps (Bertholet et aI., 1987; Cascone et al., 1990; 
Jacques et al., 1994; Nagy and Bujarski, 1995). A role of RNA duplex structure 
in promoting polymerase stuttering has been demonstrated for the polyadenylation 
of influenza virus RNA (Luo et al., 1991). Other mechanisms such as a terminal 
transferase-like activity or some form of RNA editing (Cattaneo, 1991) might be 
responsible for addition of nontemplated nucleotides. 

Deletions are quite often present in defective-interferring (D!) RNAs and 
numerous examples are discussed later. Much like insertions, the size of deleted 
fragments can vary from a few nucleotides to large portions of the RNA molecule. 
The latter truncation can remove up to several genes from the parental genome. In 
order to be competitive during infection, these deletions cannot involve signal 
regions that control RNA replication and RNA stability in a particular host. 

Frameshift Mutations 

Ribosomal frameshift mutations occur (during translation) when deletions or 
insertions change the reading of the regular genetic triplet code. In nature, 
ribosomal frameshifting is a method of regulation of protein expression. For 
instance, in alliuteoviruses the polymerase polypeptide is translated from a minus I 
frameshift inside the first open reading frame (ORF). At a specific signal sequence 
a small fraction of the ribosomes is able to march back one base and to resume 
translation in a new reading frame (Miller and Rasochova, 1997). The shifty 
heptanucleotide sequence includes the stop codon and essentially the whole 
nucleotide context allows the ribosomes to bypass the stop codon. The structure of 
the shifty site includes a consensus sequence followed by a secondary structure 
region (Miller and Rasochova, 1997). 
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Mutant Stability 

Most of the mutants (except deletion mutations) can undergo reverse mutations. 
Due to the errors during RNA replication following by selection, the RNA sequence 
can revert to the initial [wild-type (wt)] arrangement. The correction of the original 
mutation is called "back mutation". Alternatively, second site "compensatory 
mutations" can occur at physically distant location(s) from the original mutation. 
This can lead to suppression, which is the inhibition of a mutant phenotype by a 
second suppressor mutation. Such genetic suppression results in a wt phenotype 
despite its genetic mutation, resulting in formation of the so called pseudorevertants. 
Suppression mutation can occur in a different virus gene and even in a host gene. 
Since suppression may allow viruses to overcome negative effects of sequence 
alterations, it may be positively selected. (Morse, 1994). 

The stability of individual mutations differs significantly between each other. 
This depends on the nature of the molecular alteration in the RNA genome (e.g. 
deletion mutation cannot be restored by reversion processes but only by 
recombination) and selection pressure that subjects the mutations into competition 
with other variants during evolution. 

Effects of Mutations on Host- Virus Interactions 

At the molecular level, mutations can cause changes in viral replication, viral 
movement, virus accumulation, stability of the assemblied virions, vector 
transmission, etc. This quite often links to changes in the observed phenotypic 
characteristics of plant viruses and as such may have profound implications for 
adaptation and evolution of these viruses. As an example, effects of mutations in 
coat proteins and in movement proteins are discussed. There are several reports 
indicating the requirement of capsid protein (CP) sequences for elicitation of the 
hypersensitive response (RR) by plant virus infections. The CP mutations affected 
the HR of Nicotiana sytvestris to tobacco mosaic virus (TMV) (Knorr and 
Dawson, 1988; Saito et aI., 1987) and in tobacco to alfalfa mosaic virus (AlMV) 
(Neeleman et al., 1991). In contrast, CP is not required for eliciting local lesions on 
leaves of Chenopodium amaranticolor inoculatd by turnip crinkle virus (TCV) 
(Hacker et at., 1992) and on leaves of Xanthi-nc tobacco plants inoculated by TMV 
(Dawson et al., 1988). For brome mosaic bromovirus (BMV), mutational analysis 
of CP gene revealed effects on elicitation of local lesions in C. hybridum ( Flasinski 
et a/., 1995). 

Similar to symptom elicitation, the involvement of CP in cell~to-cell transport 
differs among different virus groups. For instance, tobamoviruses and 
bromoviruses can move from cell-to-cell without the CP gene (Allison et aI., 1990; 
Dawson et at., 1988; Flasinski et al., 1995) while CMV, tobacco etch virus (TEV) 
and potato virus X (PVX) require CP for cell-to-cell movement (Suzuki et a/., 1991; 
Chapman et a/., 1992; Boccard and Baulcombe, 1993; Bujarski et a/., 1994; Dolja 
et at., 1994, 1995; Taliansky and Garcia-Arenal, 1995). The requirement for CP in 
long distance movement through sieve elements of the phloem tissue has been 
shown for a variety of plant viruses (Sacher and Ahlquist, 1989; Allison et aI., 



Molecular Biology of Plant Viruses 125 

1990; Hull, 1991; Maule, 1991; Chapman et al., 1992; Hilf and Dawson, 1993; 
Flasinski et aI., 1995). 

Virus spread can be affected by mutations in movement protein (MP) ORFs of 
tomato aspermy cucumovirus strain V (V -T A V) (Moreno et al., 1997), TMV 
(Deom and He, 1997), and BMV (Rao and Grantham, 1995). Specifically, for V
TA V, introduction of a stop codon in MP gene abolished cell-to-cell movement and 
thus infectivity despite increased RNA replication levels in protoplasts. This 
mutation, found in about 70% of V -T A V RNA populations was complemented by a 
movement-competent variant, ensuring virus infectivity. This shows that 
complementation may play an important role in the determination of genetic 
features in RNA genome populations. For TMV, second-site reversion mutations 
(two additional amino acid substitutions in a central portion of the MP protein) 
restored movement functions in the virus, suggesting that distal portions of the 
protein may interact in the active MP conformation. In the case of BMV, a genetic 
determinant for uniform vein chlorosis in systemically infected N. benthamiana was 
mapped due to a single transitional mutation that changes Val-266 to Ile-266 in the 
movement protein. The mutation had no detectable effect on accumulation of the 
virus and is specific for N. benthamiana, as it did not change the symptoms in 
barley plants. Mutations in the MP gene were also found to alter the host range of 
such DNA viruses as geminiviruses (Ingham and Lazarowitz, 1993) or interfere 
with virus movement for cauliflower mosaic virus (Thomas et al., 1993). 

However, not every mutation leads to phenotypic changes. Some mutations can 
be translationally silent (those at wobble positions in the codon triplets) or the 
amino acid changes can be neutral towards a particular function. 

RNA Recombination 

Several recent review describe the mechanisms of recombination in several viral 
systems (Lai, 1992; Pilipenko et al., 1995; Simon and Bujarski, 1994; Nagy and 
Simon, 1997; MacFarlane, 1997). In general, RNA-RNA recombination events can 
occur among different viral RNAs (derived from either different viruses or from the 
same virus) and involve either homologous or nonhomologous crossover events. 
The former occurs between two nearly identical RNAs (or within nearly identical 
RNA regions) while the latter occurs between unrelated RNAs (or dissimilar 
regions). The evidence for the role of recombination in the evolution of plant 
viruses is overwhelmingly visible in the phylogenetic relationships among the 
variety of virus groups (Dolja and Carrington, 1992; Gibbs, 1995; Morozov et al., 
1989), and is based on the comparative genome organizations of RNA viruses 
(Zaccomer et al., 1995). It can be studied in several developed experimental 
systems (confer, Seminars in Virology, Vol. 7/6,1996 and 812,1997). 

The various experimental systems with which RNA recombination could be 
studied in RNA viruses include BMV, TCV, tombusviruses, and Closteroviridae 
from plant viruses and coronaviruses, picornaviruses, alphaviruses, nodaviruses, 
bacteriophage QP, vesicular stomatitis virus, and retroviruses from animal viruses 
(confer, Seminars in Virology 7/6,1996; and 8/2,1997). One of the most useful 
experimental systems in plant RNA viruses are bromoviruses. Previous studies 
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showed that a partially debilitating BMV RNA3 mutant (designated M4) carrying a 
deletion in the 3' RNA replication promoter was repaired in vivo by exchanges with 
the sequences of other BMV RNA components (Bujarski and Kaesberg, 1986). By 
using this BMV system it was found that BMV RNA constructs supporting frequent 
recombination events can be designed; local hybridization is important for 
nonhomologous recombination; there are sequences supporting efficient 
homologous crossovers; and both la and 2a proteins of BMV replicase complex 
participate in RNA recombination. 

Much work has been conducted in experimentally inducing recombinations in 
various plant viruses. Nonhomologous recombination was induced in AlMV where 
a ts mutation in RNA3 acquired a 5'terminal fragment from RNAI during infection 
(Huissman et al., 1989). In TCV, nonhomologous recombination occured between 
satellite RNAs (Cascone et al., 1993), between satellite and genomic RNAs (Zhang 
et aI., 1991), and between DI and satellite RNAs (Cascone et aI., 1993). 
Recombination here was suggested to take place during plus strand synthesis. 
Recombination occured between two types of defective RNAs of tomato bushy 
stunt tombusvirus (TBSV) (White and Morris, 1994). 

Natural Sequence Rearrangement 

Two complete nucleotide sequences of the genomic RNAs of a large number of 
plant RNA viruses belonging to different virus groups have been obtained. This 
made possible comparisons of viral families at the molecular level which revealed 
the relatedness of various RNA viruses. In turn, comparative sequence data have 
led to a greater understanding of various aspects of the RNA virus evolution. Those 
aspects include genome organization of RNA viruses (Strauss and Strauss, 1988; 
Zaccomer et al., 1995; Chapter 3), amino acid sequence similarities in viral proteins 
(Goldbach, 1986; Hodgman and Zimmern, 1987; Zaccomer et al., 1995), and the 
differentiation of RNA genomes (Holland et aI., 1982; Smith and Inglis, 1987; 
Steinhauer and Holland, 1987; Zaccomer et aI., 1995). All these studies document 
RNA recombination as one of the major driving forces of RNA virus evolution. 
Natural sequence rearrangements were found in the following plant RNA viruses: 
AlMV (Huisman et al., 1989), beet necrotic yellow vein furovirus (BNYVV) 
(Bouzoubaa et al., 1991), bromoviruses (see below), hordeiviruses (Edwards et aI., 
1992), luteoviruses (Mayo and Jolly, 1991), nepoviruses (Rott et ai., 1991), 
tobamoviruses (Shirako and Brakke, 1984; Dawson et aI., 1989), tobraviruses 
(Robinson et al., 1987), tombusviruses (Hillman et al., 1987), and TCV (Cascone 
et al., 1990). This by itself confirms that RNA recombination events are common 
among various groups of plant viruses. 

Recombination Between Viral and Host RNAs 

Recombination between viral and plant host RNAs occurs. Several potato leafroll 
virus (PLRV) isolates contain sequences homologous to an exon of tobacco 
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chloroplast (Mayo and Jolly, 1991). Acquisition of chloroplast sequences during 
RNA recombination has also been observed in BMV by us. 

That plant RNA viruses are able to recombine with host mRNAs was confirmed 
by using and widely reported in transgenic plants expressing viral RNA sequences 
(Chapter 12). Majority of such recombinations occur at high selection pressure. 
Inefficient crossovers were observed between the transgenic CP mRNA and the 
mutated genomic RNA of potato virus Y potyvirus (PVY) that lacked the 3' 
noncoding region (3' UTR) (Jakab et al., 1997). This supports the earlier 
observations that the 3' UTR plays a significant role in RNA recombination. 
Homologous recombination events between the transcripts of CP-defective plum 
pox potyvirus (PPV) and the functional PPV CP mRNA expressed in transgenic N. 
benthamiana plants were observed (Maiss et al., 1997). The crossover events were 
not efficient, most likely due to complementation by functional CP. This 
demonstrates that complementation might reduce selection pressure on the 
accumulation of recombinants. 

Role of RNA Structure 

Mechanisms of recombination, based on results obtained with BMV and TCV 
systems, are discussed below. 

During the initial recombination experiments with BMV, the lack of major 
recombination hotspots, the relatively low recombination frequency, and the 
existence of strong selection pressure favoring viable 3' recombinants have been 
observed (Nagy and Bujarski, 1992; Rao et al., 1990; Bujarski and Dzianott, 1991). 
This was overcome by constructing an RNA3-based recombination vector 
(designated PNO RNA3) (Nagy and Bujarski, 1993). Insertion of recombination ally 
active sequences into PNO induced recombination with high frequency and the 
system was utilized in studying the role of RNA sequences in recombination. To 
assess the involvement of short base-paired regions between the RNA 
recombination substrates in selection of crossover sites (Nagy and Bujarski, 1992; 
Bujarski and Dzianott, 1991), an RNA1-derived 141-40 nucleotide sequence was 
inserted into the cloning site of PNO in complementary orientation (Nagy and 
Bujarski, 1993). This induced RNAlIRNA3 recombinants with high frequency 
with junction sites clustered (targeted) within the heteroduplexed region. These 
studies supported evidence for heteroduplex-based nonhomologous recombination. 

A series ofPNO 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 (Fig. 1) which explains such 
characteristics proposes that RdRp has difficulties passing through the heteroduplex 
region. (Nagy and Bujarski, 1993). According to the model, the formation of 
heteroduplexes can facilitate crossovers due to bringing the RNA substrates into a 
close proximity within the cells and/or structure or stability of heteroduplex regions 
which slows down or stalls the approaching replicase. The replicase may by-pass 
(loop out) the heteroduplex in a processive manner by sliding under this region and 
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A. Replication mode 

I. Internal hairpin 

1a 

Helicase unwinds RNA Template 

B. Recombination mode 

I. Internal hairpin 

1a 

::}» 2a 

--v-~ .. 
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Figure 1. A model of the mechanism of heteroduplex-mediated recombination in BMV. Proteins 
1a 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 (represented by a smaller solid circle). The figure shows the 
two modes the replicase enzyme may operate near double-stranded (ds) (either intramolecular 
hairpins or intermolecular heteroduplex) structures: replication mode and recombination mode. 
During replication mode, the RNA (represented by a solid line) interacts with both helicase 
and core domains. Helicase unwinds ds regions and the original RNA template is copied 
through. During recombination mode, the conformation of the complex is different so that the 
RNA interacts only with the 2a core domain. In this case, undissociated ds regions "slide" 
through the RNA polymerase active site. The arrows indicate the direction "of replicase 
migration. 
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switching to the new acceptor RNA (Bujarski and Nagy, 1994; Nagy and Bujarski, 
1993). 

The analyses revealed several important differences between homologous and 
nonhomologous recombinants, including the selection of crossover sites (regions), 
the precision of the crossover events, and the frequency of their generation 
(Bujarski and Nagy, 1992, 1994). To study the requirements of homologous 
recombination, an RNA3-based recombination vector (designated PNlOO) was 
constructed (Nagy and Bujarski, 1993) and 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). Mismatch mutations were introduced into region R in RNA3 to 
provide markers for localization of junction sites. Surprisingly, there was no 
correlation between predicted secondary structures in region R and the distribution 
of junction sites, arguing that in contrast to nonhomologous recombination the 
secondary structures at the hotspot regions play a limited role in homologous 
recombination. 

Imprecise homologous recombinants having mismatched, deleted, inserted or 
nontemplated nucleotides within the crossover region were also isolated (Nagy and 
Bujarski, 1995). Since they were concentrated within the AU-rich stretches, it 
suggested that the AU-rich stretches can cause either misalignment between the 
RNA templates, replicase stuttering (nontemplated addition of several nucleotides), 
nucleotide misincorporation or their different combinations (Nagy and Bujarski, 
1995b, 1996). This model was tested by increasing the length of the AU-rich 
stretches and by using artificial sequences of different A/u content. This revealed 
that an efficient homologous recombination hot spot should contain a stretch of GC
rich nucleotides followed by an AU-rich stretch (Nagy and Bujarski, 1996, 1997). 
It has been postulated that these sequences act as recombination activators: the 
downstream AU-rich region is the "core" region, and the upstream GC-rich region is 
the "enhancer" region. The AU-rich sequences in the donor RNA may cause 
replicase pausing and/or the release of the enzyme while the GC-rich upstream 
portion may facilitate the interactions with the complementary region of the 
acceptor RNA. The AU-rich sequence in the acceptor RNA may facilitate the 
opening of the partially double-stranded (ds) replication intermediate (RJ) via local 
bubble structure formation (Nagy and Bujarski, 1997, 1998a,b). 

Turnip crinkle virus is a small single component RNA virus that is associated 
with a number of subviral RNAs, such as satellite RNA D and chimeric RNA C. 
The latter is composed of sequences similar to RNA D at its 5' end and from TCV 
genomic RNA at its 3' side, and as such is a natural RNA recombinant (Simon and 
Nagy, 1996). High frequency recombination was observed in vivo between RNAs C 
and D where the recombination junctions were clustered near the 3' end of RNA D. 
A secondary structure element involving a longer hairpin in the central portion of 
RNA C was demonstrated to be responsible for recombination events (Cascone et 
al., 1993). Based on these observations a template switching model was proposed 
where viral replicase uses the nascent plus strand of RNA D to prime RNA 
elongation on the acceptor minus-strand RNA C template and that the hairpin is 
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responsible for re-attachment of the replicase complex during re-initiation of RNA 
synthesis (Simon and Nagy, 1996). 

An in vitro system utilizing a partially purified RdRp TCV replicase and a 
chimeric RNA template containing an in vivo recombinationally-active region from 
RNA D joined to another hot-spot region from RNA C was developed (Nagy et aI., 
1998b). This study demonstrated the important roles for a priming stem sequence in 
the RNA C portion and the TCV RdRp binding hairpin, also from the RNA3 
portion. Both competition experiments and the use of mutations destabilizing the 
hairpin structure affected the RNA copying in the in vitro extension assays (Nagy et 
al., 1998b), suggesting that the observed phenomenon might reflect the late steps of 
the in vivo RNA recombination, i. e. strand transfer and primer elongation. Later on, 
the analysis of the role of the hairpin and the priming stem and flanking sequences 
in in vitro recombination has been extended (Nagy et aI., 1998b; Nagy and Simon, 
1998 a and b). In particular, the in vitro extension reaction depended on the proper 
sequence context of the hairpin and confirmed that the TCV RdRp recognizes the 
secondary and/or tertiary structure of the hairpin. The nucleotide sequence of the 
hairpin was found less important in this process. For the priming stem, it was found 
that its sequence can influence the site of initiation while its stability can affect the 
efficiency of the in vitro extension reaction. It is likely that the observed effects 
reflect those functioning during in vivo recognition of the negative strand initiation 
promoter and the subgenomic promoter, and are analogous to the observed in vivo 
recombination events. 

Role of Replicase Proteins 

The results described above have allowed for creation of efficient recombination 
systems with which the role of replicase proteins could be tested. BMV genomic 
RNAs with mutations within the corresponding ORFs of la and 2a replicase 
proteins were utilized. Regular and ts la protein mutants within the putative 
helicase region were tested (Nagy et al., 1995). A characteristic 5' shift in crossover 
sites towards energetically less stable portions of the RNAI-RNA3 heteroduplex at 
the elevated (but still permissible) temperature was observed only for the 
temperature sensitive mutant under a suboptimal temperature. This suggests that the 
helicase domain of 1 a 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 and wt RNA2. Also, 
two viable mutations (designated MF-II and MF-V) in the N-terminal portion of the 
2a protein, the region that is known to interact with the C-terminal domain of la 
(Figlerowicz et al., 1998) were found to reduce the heteroduplex-mediated 
nonhomologous recombination. For homologous recombination, MF-II generated 
the recombinants at a high frequency but MF-V reduced markedly the homologous 
recombination frequency. Thus, the nature and characteristics of both homologous 
and nonhomologous recombinants were influenced by mutations in the polymerase 
gene of BMV. This gives a crucial support for replicase-driven template-switching 



Molecular Biology of Plant Viruses 131 

(though different) mechanisms operating in nonhomologous and in homologous 
systems. The term "recombinosome" was proposed 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 crossover 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 conclusion, these data show that BMV replicase proteins do participate in 
RNA recombination. The role of such proteins in RNA recombination for other 
viruses remains to be established. Indirectly so, alterations in these proteins may 
affect the occurrence of crossovers and consequently the evolutionary traits in RNA 
viruses. Also, this opens up the possibility to engineer recombinant RNA viruses 
which will recombine at reduced levels, thus increasing the stability as well as 
safety of viral expression vectors and vaccines. 

Pseudorecombination 

Pseudorecombination occurs when RNA components of different strains of a virus 
with a divided genome are mixed together and form the so called reassortants. 
Exchanging segments between viral species has been proposed as a mechanism 
introducing variation during mixed infections. Among animal RNA viruses the 
most classical example is provided by influenza virus where different pathogenic 
strains were proven to emerge due to reassortment combinations. 

Several plant RNA virus genera have divided RNA genomes. The occurrence of 
reassortants might have an important impact on evolving new plant viral species in 
such cases when reassortant confers a selectively advantageous broader host range. 
The occurrence of reassortment in nature has been demonstrated for tricomaviruses 
by isolation of a natural reassortant that contains an RNA3 component from CMV 
and RNAs 1 and 2 from peanut stunt cucumovirus. Also, reassortants between 
tobacco rattle tobravirus and pea early browning tobravirus have been described 
(Robinson et al., 1987). 

Pseudorecombinant exchanges have been used for genetic mapping of functional 
genes and to study viral gene function. For instance, exchanges between two BMV 
strains revealed that the information that determines their host range was located 
within the RNA3 component (De long and Ahlquist, 1991). Also, the use of 
nitrous acid mutants of two cowpea chlorotic mottle virus (CCMV) strains indicated 
that systemic symptoms on cowpea were genetically directed by RNA3 (Kuhn and 
Wyatt, 1979). However, reassortants between BMV and CCMV (strain T) 
demonstrated that host specificity determinants are encoded in all three genomic 
RNAs (Allison et at., 1988; Bancroft and Lane, 1973). To map RNA3 sequences 
that specify the reactions of bromoviruses with their hosts, hybrid BMV /CCMV 
RNAs were constructed by precise exchanges of the BMV and CCMV 3a gene 
(Mise et at., 1993). This revealed that bromo virus MPs must be specifically 
adapted for successful bromo virus infection. In AlMV, construction of 
pseudorecombinants between two virus strains revealed that symptom differences 
observed on tobacco plants mapped to RNA3. The use of chimeric RNA3 
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molecules further mapped some of the essential AIMV sequences to the coat protein 
open reading frame (Neeleman et aI., 1991). 

In order to investigate host-related genetic information in bromoviruses, viable 
CCMV pseudorecombinants were obtained by exchanging individual genomic RNA 
components among S, D and N strains. This demonstrated that the RNA3-encoded 
genetic information is involved in the induction of anti-CCMV resistance and 
symptom formation in soybean. However, RNAI and RNA2 components also 
contributed to the interactions of CCMV with its hosts (Shang and Bujarski, 1993). 

Defective Interfering (DI) RNAs 

Infections by RNA viruses are frequently accompanied by DI RNAs that are derived 
from the helper virus genome (Graves et al., 1996). As DI RNAs can interfere with 
helper virus accumulation, they play an important role in controling disease severity 
and the overall evolutionary fitness of RNA viruses. While DI RNAs have been 
reported for virtually all the animal RNA viruses (Holland, 1991), they have not 
been extensively studied in plant RNA viruses (Roux et al., 1991). In positive
strand RNA viruses of plants (Fig. 2), the DI RNA was first observed in TBSV 
(Hillman et al., 1987) and the molecular characterization of several cloned TBSV 
DI RNAs has revealed a consistent pattern of rearranged TBSV sequences flanked 
by unmodified terminal regions. Similar DI RNA molecules have been described 
for cucumber necrosis tombusvirus, cymbidium ringspot tombusvirus, and for TCV 
(Li et al., 1989). While in all tombusviruses the DI RNAs had an attenuating effect 
on infection (Burgyan et al., 1989; Hillman et al., 1987), the TCV DI RNAs tended 
to increase the severity of symptoms (Li et al., 1989). 

Sequencing of DI RNAs associated with tombusviruses has revealed a mosaic 
type of DI RNAs (Fig. 3). Besides being heavily rearranged, these DI RNA 
molecules have the following features: they are relatively small (-300-800 nt), do 
not code for a protein or code short oligopeptides, and are not efficiently 
encapsidated. Analysis of TBSV Dr RNAs suggests that in some cases the base
pairing between an incomplete replicase-associated nascent strand and the acceptor 
template can mediate the selection of the rearrangement sites (White and Morris, 
1994). The authors propose a stepwise deletion model to describe the temporal 
order of events leading to the formation of the mosaic TBSV DI RNAs. 

Besides mosaic type, single deletion type DI RNAs were isolated from 
infections with several viruses including BNYVV (Bouzoubaa et aI., 1991), soil
borne wheat mosaic furovirus (SBWMV) (Chen et al., 1994), peanut clump 
furovirus (PCV) (Manohar et aI., 1993), clover yellow mosaic potexvirus (CYMV; 
White et al., 1991), sonchus yellow net rhabdovirus (SYNRV; Ismail and Milner, 
1988), and tomato spotted wilt tospovirus (TSWV) (Res en de et al., 1991), the latter 

Figure 2. Types of defective RNAs in plant RNA viruses. Single-deletion type defective RNAs 
found in broad bean mottle virus (BBMV) and in CMV infections are shown in the top two 
pannels. A double-deletion type 01 RNA of a tombusvirus is shown at the bottom. In each 
pannel the top line shows the parental genomic RNA while the bottom line shows the actual 
defective RNA molecule. 
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found in broad bean mottle virus (BBMV) and in CMV infections are shown in the top two 
pannels. A double-deletion type 01 RNA of a tombusvirus is shown at the bottom. In each 
pannel the top line shows the parental genomic RNA while the bottom line shows the actual 
defective RNA molecule. A complicated, mosaic-type 01 RNA of Sindbis virus, an animal virus, 
is also shown. 
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two being negative and ambisense viruses, respectively. In CYMV, the defective 
RNAs originated from single in-frame deletions which involved more than 80% of 
the viral genome and affected all the ORFs. In the quadripartite BNYVV furovirus, 
spontaneous deletions were observed in the coding regions of RNA3 and RNA4 
components. In SBWMV, defective RNAs were derived from a shorter RNA2 
segment. These data reveal that single deletion type DI RNAs are generated with 
the preservation of the ORF downstream of deletion, that they are relatively large 
RNA molecules, and that they are efficiently encapsidated. 

For broad bean mottle bromovirus (BBMV), the naturally existing DI RNAs 
were derived by single deletions in the RNA2 component (Romero et al., 1993; 
Pogany et al., 1994, 1997). The accumulation and encapsidation of BBMV DI 
RNAs are specific to host, emphasizing the importance of host in generation of 
modified RNA genomes during viral adaptation and evolution. Such features as the 
possibility of introducing the in vitro transcribed parental DI RNA constructs into 
host plants by co-inoculation with RNAs of supporting strain, the de novo 
generation of DI RNAs, a great deal of tolerance for modifications within internal 
parts of the RNA2-derived molecules, and multi-partite nature of BBMV genome, 
all make the BBMV system well suitable for testing the mechanism of DI RNA 
generation and accumulation. Two secondary structure-mediated models for BBMV 
DI RNAs have been proposed (Fig. 3). In the first one, role of homology between 
remote portions of RNA molecule is stressed out. In this case the replicase 
pauses at a signal sequence, falls off the original RNA template, and the nascent 
strand reassociates at a homologous region further upstream so RNA synthesis can 
be resumed. In another model, local complementary regions bring remote parts of 
RNA2 together, facilitating crossover events. The RNA polymerase, after 
approaching such secondary structures, skips the region and continues on other side 
of double-stranded area. Essentially, this model is analogous to the heteroduplex
mediated model of recombination in BMV (Fig. 2; Bujarski et al., 1994; Simon and 
Bujarski, 1994). 

Similar to BBMV, single deletion type DI RNAs are also found associated with 
cucumoviruses in which a single deletion in RNA3 (instead of RNA2 for BBMV) 
component formed the defective RNA molecule (Graves and Roossinck, 1995). 

Artificial defective RNA2-derived molecules have been constructed in BMV 
(Marsh et al., 1991). There were three types of RNA2 constructs: replicating 
interfering, nonreplicating interfering, and nonreplicating non-interfering, which 
further reflects variability among viral RNAs but also the usefullness of defective 
RNAs in functional analysis of the viral genome. 

Overall, it is obvious that RNA viruses are able to adapt their genomes rapidly to 
new environments, even by deleting large parts of the genomic RNA molecules that 
are not required under particular conditions. Apparently, the entire genomic RNAs 
are under continuous selection pressure during viral infection (Graves et al., 1996). 

CONCLUSIONS 

Plant viruses have a variety of mechanisms available, including point mutations, 
deletions, insertions, frameshift mutations, and RNA recombination, that contribute 
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Figure 3. Two copy-choice models of the mechanism leading to formation of deletions during 
replication of BBMV RNA. A. During homology-driven mechanism, viral replicase (represented 
by two filled ellipses) pauses at a signal sequence (represented by a filled square) during 
synthesis of minus strands and falls off the original RNA template. Then the nascent strand 
reattaches at a homologous site further upstream and the synthesis of minus strand resumes. 
B. Acoording to a complementarity-driven mechanism two remote parts of the RNA template 
are brought together through complementary sequences, the polymerase skips this region, 
e.g., due to difficulties in unwinding, and continues at the other side of this double-stranded 
region. 

to high variability of their RNA genomes. Because these sequence changes alter 
genetic properties of viral RNAs, they play important roles in virus evolution. 
Their relative importance during virus evolution becomes apparent when kinds of 
differences that distinguish different viral taxa are examined. Namely, the most 
closely related virus isolates differ mostly by point mutations (often silent); here 
point mutations and reassortment are important but recombination and de novo 
gene generation are much less important. Also, within the species virus isolates 
usually have only a small number of point mutations. However, at the more distant 
levels of relationship between viruses, one can observe the contribution of other 
mechanisms. Namely, at the genus (group) level, mutation is less important but 
recombination and de novo gene generation are contributing more; more frequent 
occurrence of non-silent mutations and insertions/deletions, quite often involving 
new genes, could be observed. This indicates that the evolution within the same 
genus of viruses has been linked and that they co-diverged. However, gene and 
genome comparisons show that this is not true between most families, suggesting 
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that recombination is the most important factor of evolution at the family level 
(Gibbs et al., 1997). 

The high adaptability and capability of rapid change has practical implications 
for plant viruses. For example, many strategies of pathogen-derived resistance 
engineered, for instance, in transgenic plants, are highly specific (Beachy, 1993; 
Lomonossoff, 1995). One can predict that due to the enormous plasticity of viral 
genomes, these strategies may not function for a long time in the crop plants. The 
Red Queen theory (Clay and Kover, 1996) predicts that in case of host-pathogen 
interactions, the pathogens and the hosts constantly struggle with each other and 
have to undergo constant dynamic changes in order to achieve a safe, dynamic 
stalemate in their relationship. Thus, the use of specific and genetically non
adaptable strategies, that just provide new selection pressure, may not be efficient to 
prevent highly adaptable RNA virus infections. As M. Roossinck points out in her 
recent review (Roossinck, 1997) "it may be more practical to consider ways to 
reduce virus-induced disease symptoms without necessarily affecting virus load". 
Also, virus evolution may lead to expansion of the host range and this leads to new 
virus emergence, as exemplified by the emergence oftospoviruses in plant kingdom 
due to evolving from animal bunyaviruses and to expansion of their thrips vectors 
(Goldbach and Peters, 1994). The increasing intervention of human activities upon 
environment changes the selection pressure that will likely lead to emergence of 
new RNA virus species. 
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