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INTRODUCTION 

The rapid evolution of RNA virus genomes, which is driven by high mutation rates 
in replication (Steinhauer and Holland, 1987) and recombinational reassortment 
(Gibbs, 1987; Zimmem, 1988; Morozov et al., 1989), must conciliate two opposite 
factors: the necessity of acquiring new genes for adaptation, and the limitations on 
the genome size imposed by packaging and replication constraints (Dolja et al., 
1994; Agranovsky, 1996). As a result, (+)RNA genomes of plant viruses rarely 
exceed the 10-kb size limit, some of them containing only the three genes that 
suffice for the basic functions of replication, cell-to-cell movement, and 
encapsidation. It is not uncommon that the plant virus genomes are 'compressed', 
i.e., contain extensively overlapping open reading frames (ORFs). To efficiently 
express their genomes, RNA viruses have developed mosaic strategies, of which 
some conform to the rules of eukaryotic mRNA translation, and some break these 
rules. 

The most evolutionarily stable element in (+)RNA viruses is the replicase gene 
coding for the conserved domain of RNA-dependent RNA polymerase (POL) 
(Kamer and Argos, 1984; Morozov and Rupasov, 1985; Koonin, 1991 a). 
Paradoxically, no uniformity is seen in the POL expression patterns even in closely 
related viruses. While in some viral groups the conventional translation of a single 
uninterrupted gene results in mature replicase, in others this requires non-orthodox 
translational and posttranslational strategies. The only rule without exception is that 
the replicase gene is translated directly from the viral genomic RNA (which in most 
cases dictates the 5'-proximal position of the replicase gene in the genome). The 
internal genes in plant virus RNAs, coding for the proteins involved in 
encapsidation, cell-to-cell movement, and other accessory functions, may also be 
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expressed by a variety of strategies. The most common are the use of subgenomic 
RNAs (sgRNAs), and proteolytic processing of a polyprotein precursor. In addition, 
non-orthodox translational mechanisms (leaky scanning and readthrough of leaky 
stop codons) may be employed. 

This chapter reviews the molecular mechanisms in plant virus gene expression. A 
number of comprehensive reviews dealing with this subject has been published in 
the recent years, including those focusing on specific viral groups and/or expression 
mechanisms (Ahlquist, 1992; Dougherty and Semler, 1993; Farabaugh, 1993; Rohde 
et aI., 1994; Zaccomer et aI., 1995; Agranovsky, 1996; Buck, 1996; Fiitterer and 
Hohn, 1996; Gallie, 1996; Snijder and Meulenberg, 1998). Here we consider the 
problem in the evolutionary aspect. 

VIRAL GENOMIC RNA AS A SINGLE TRANSLATION UNIT 

The paradigm of eukaryotic mRNA translation is that ribosomes initiate protein 
synthesis at the 5'-proximal AUG codon in the RNA template, and decode a fixed 
reading frame until termination at a stop codon. Conceivably, the majority of 
eukaryotic cell mRNAs are monocistronic. Viral genomic (+)RNAs, despite their 
polycistronic nature, conform to this basic rule in being functionaIly monocistronic; 
as a rule, only the 5'-proximal gene in a viral RNA is available for the ribosomes, 
whereas the other genes are translationaIly silent. Moreover, some viral RNAs 
contain the structural elements of ceIl mRNAs that influence their translational 
efficiency, i.e., the 5'-terminal cap and the 3'-terminal poly(A) tail. In cases when 
virus RNAs lack either the cap, or the poly(A), or both, these are substituted by 
other elements still capable of recruiting the cell translational machinery. Upon 
translation ofmonocistronic messengers, the rate-limiting step is the initiation. 

Initiation Codon Choice and Translation in Plants 

Conventional Scanning and Initiation 

According to the widely accepted model of eukaryotic translation initiation, the 40S 
ribosomal subunit, assisted by the initiation factors, binds at the 5' -capped end of a 
mRNA and scans the 5' -untranslated region (UTR) (Kozak, 1986, 1991). When the 
initiating codon is reached, the 60S subunit binds to the 40S subunit to form the 
translation-competent 80S ribosome. The nucleotide sequence context of an AUG 
codon greatly influences the efficiency of initiation. The strongest initiating codons 
in plants are found in the context ACAAUGGC, where the most important positions 
are a purine and guanine at -3 and +4, respectively (Kozak, 1991; Liitcke et al., 
1987). When the scanning ribosome encounters an AUG in a non-optimal context, 
there is a strong chance of bypassing this codon, which would lead to 
underexpression of the gene. 

Plant viruses may use the initiation codon choice as a means to quantitatively 
regulate the expression of their genes. Circumstantially, the fact that individual 
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genes in a plant virus genome have variable contexts (Gustafson and Armour, 1986; 
Gustafson et aI., 1989; Lehto and Dawson, 1990; Agranovsky et al., 1991; 1994a) 
supports their role in translation. However, the expression level of a given gene 
results from a fine interplay of different mechanisms, and thus a non-optimal context 
of the initiating codon does not necessarily mean that the gene will be poorly 
expressed (Lehto and Dawson, 1990). 

Non-AUG Initiation Codons in Plant Virus RNAs 

Translation of plant virus genes may start at a codon distinct from the conventional 
AUG. In some instances, the non-AUG codon(s) may compete with the downstream 
in-frame AUG codon, thus giving rise to proteins that differ in their N-terminal 
sequences. In the genome of soil-borne wheat mosaic furovirus (SBWMV), the 
AUG codon of the 19-kDa coat protein (CP) gene is preceded by an in-frame CUG. 
Using site-directed mutagenesis and in vitro transcription and translation, Shirako 
(1998) demonstrated that translation of the CP ORF may be initiated at the CUG 
(although less efficiently than at the AUG), thus yielding a 25-kDa CP with the N
terminal extension of 40 amino acids. Likewise, while scanning the tobamovirus 5'
UTR, the ribosomes may initiate translation at several AUU codons upstream of and 
in frame with the AUG of the replicase gene (Schmitz et al., 1996). The efficiency 
of the non-canonical initiation, at least for the AUU codon at positions 63-65, was 
quite high both in vitro and in vivo (Schmitz et al., 1996). These translation patterns 
indicate that leaky scanning (see later) is used to discriminate between non-AUG 
and AUG codons in the tobamovirus and furovirus RNAs. 

In the genome of strawberry mild yellow edge-associated potexvirus 
(SMYEA V), the ORF2 lacks AUG codons (Jelkmann et al., 1992). In the potexvirus 
genomes, ORF 2 is the 5 '-proximal gene in the conserved 'Triple Gene Block' 
(TGB; Morozov et al., 1989) coding for the movement proteins (MPs). It has been 
suggested that translation of this gene in SMYEA V might be initiated at either a 
CUG or an AUU codon to yield a protein of the size and sequence consistent with 
those of the other potexvirus MPs (25-26 kDa) (Jelkmann et al., 1992). Likewise, 
the 3' -proximal TGB ORFs in the related genomes of lily virus X (Memelink et al., 
1990) and shallot virus X (Kanyuka et al., 1992) do not contain AUG codons. 
Although the expression mode of these aberrant ORFs awaits experimental testing, 
these appear to be peculiar examples of plant virus genes whose expression depends 
on non-AUG initiation. 

Role of 5'- and 3'-Noncoding Regions in Initiation of Translation 

All mRNAs of higher plants contain the capped 5' -UTR and the polyadenylated 
3 '-UTR, which are the elements that influence the messenger activity and stability. 
In translation, the cap and poly(A) act synergistically and are likely to physically 
interact with each other via the bound initiation factors eIF-4F, eIF-4B, and 
poly(A)-binding proteins (Gall ie, 1991; Sachs et aI., 1997). According to the co-
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dependent model of translation (Gallie, 1996), the closed status of mRNA 
molecule, maintained by RNA-protein and protein-protein interaction in the 
translation complex, allows recycling the 40S subunits to increase the efficiency 
of translation. 

To be competent in translation, viral RNAs must mimic the properties of cell 
mRNAs. However, the plant virus RNAs that have both the cap and the poly(A) 
tail (e.g., those of potex-, caria-, beny-, and trichoviruses) are a minority; in most 
cases, viral templates lack the cap, or poly(A), or both. Nevertheless, the available 
data suggest that the 5' - and 3' -terminal structures in such viral RNAs may also 
function synergistically in translation. In the RNA genomes of tobacco mosaic 
tobamovirus (TMV) and brome mosaic bromovirus (BMV), the 5' end is capped 
and the 3'-UTR contains a tRNA-like structure (Buck, 1996). The terminal 
sequences in these viral RNAs stimulate translation cooperatively, similarly to the 
cap and poly(A) in a cell mRNA (Gallie, 1996). The specific elements in TMV 
RNA, the CAA repeats in the 5' -leader and the 3' -distal pseudoknot in the 3'
UTR, were recognized by a cell heat shock-inducible protein, p 102, which thus 
serves to bring the 5' and 3' ends into proximity (Gall ie, 1996). In addition, the 
synergistic effects of the 5' - and 3' -terminal sequences in translation were 
demonstrated for the potyvirus RNA having the 3'-poly(A) but no 5'-cap (Gallie 
et al., 1995), and the RNAs ofa luteovirus (Wang and Miller, 1995) and satellite 
tobacco necrosis virus (Timmer et al., 1993) having neither cap nor poly(A). 
Apparently, whatever is the evolutionarily gained combination of the terminal 
structures in a plant virus RNA, its elements may still be capable of the 
interactions having impact on the initiation. 

The 5'-UTRs in plant mRNAs may influence translation both directly, depending 
on their length and degree of secondary structure, and indirectly, owing to the 
presence of specific elements that constitute the binding sites for protein factors 
(Gallie, 1996). Translational enhancers are found in a number of plant viral RNAs, 
including those whose translation is cap-dependent (tobamoviruses, potexviruses, 
and alfalfa mosaic virus) and cap-independent (potyviruses, comoviruses, and 
luteoviruses) (Gallie et al., 1987; Jobling and Gehrke, 1987; Carrington and Freed, 
1990; Zelenina et al., 1992; Tomashevskaya et al., 1993; Gallie, 1996). In TMV, 
the enhancer (0 leader) consists of 68 nt, with its key part comprising eight direct 
CAA repeats (Gallie et al., 1987). In this case, the translation enhancement may be 
explained by the action of the cell p102 protein that locks the 5' and 3' termini of 
the genomic RNA. The 5'-leader of alfalfa mosaic virus RNA 4 possibly enhances 
translation by a different mechanism based on its reduced requirement for the 
translation initiation factors (Browning et al., 1988). 

Small upstream ORFs (uORFs) constitute yet another type of the regulatory 
elements in the 5'-UTR of plant and viral mRNAs. As the scanning ribosome 
predominantly initiates translation at the 5'-most AUG in the template and has low 
re-initiation capacity, the presence of uORFs must repress the initiation at the 
'proper' AUG in the downstream gene. The available examples show that 
downregulation of the gene translation by uORFs is not straightforward, implying 
that these may be instruments of fine translational control (Geballe and Morris, 
1994; Lovett and Rogers, 1996). Indeed, of the three uORFs in the 5' -UTR of an 
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animal retrovirus, uORFI serves as a unique translation enhancer, uORF3 inhibits 
translation of the downstream gag gene, and uORF2 has no effect on translation 
(Donze and Spahr, 1992). A single uORF artificially created in the 5'-UTR of 
bromovirus RNA 3 reduces translation of the MP gene in vivo up to 18 times (De 
Jong et at., 1997), whereas a naturally occurring uORF in the RNAy of the barley 
stripe mosaic hordeivirus (BSMV) strain CVI7 caused a considerable reduction of 
the ya protein (POL) synthesis and the host-specific inhibition of the virus long
distance movement(Jackson et al., 1991). The uORFs have also been found in the 
BSMV RNAa, as well as in the genomic RNAs of some members of the 
Bromoviridae family (Gustafson et al., 1989 and references therein). In lettuce 
infectious yellows crinivirus (family Closteroviridae), RNA I (in which the 5'-gene 
codes for the replicase) contains a 97-nt 5'-UTR which is devoid of the uORFs, 
whereas RNA 2 (which may serve as an mRNA for the 5K and 62K nonstructural 
proteins) has a 326-nt 5'-UTR containing five uORFs (Klaassen et al., 1995). The 
regulatory potential of the uORFs in translation of these plant virus RNAs awaits 
experimental evaluation. 

ACCESS TO INTERNAL GENES 

The common strategies used by many RNA plant viruses to make their genes 
available for the ribosomes are the genome partitioning and the use of sub genomic 
mRNAs. An apparent evolutionary advantage of the genome partitioning is that this 
renders more genes accessible for the translating ribosomes, and allows separate 
control of the gene expression by the cis-elements influencing the replication and 
translation of individual RNA components. In view of its impact on translation, 
subgenomization is similar to genome partitioning, and a possible evolutionary 
scenario may be envisaged where the genome splitting occurs through 
recombinational acquisition of the replicative cis-elements by a sgRNA, thus 
conferring on it the ability to replicate autonomously. In the steps to follow, the 
sequence portions that are no longer necessary (the autonomized part in the parental 
RNA and the subgenomic promoter in the newly formed RNA component) may be 
deleted. Examples of viral RNA recombination mechanisms which might be 
instrumental in this scenario are available. Replication of citrus tristeza closterovirus 
in vivo is accompanied by formation of autonomously replicating defective RNAs 
(D-RNAs), some of which contain long 5'- and 3'-terminal genomic sequences 
including the integral ORFs (Mawassi et al., 1995). In the genomes of to bra viruses, 
RNA 1 contains genes for the replicase, the MP, and a small cysteine-rich protein, 
whereas RNA 2 contains the CP gene and, depending on the virus isolate, may also 
carry a complete or partial copy of the cysteine-rich protein (Angenent et al., 1989). 
Notably, despite the 5'-proximal position of the CP gene in tobravirus RNA 2, its 
expression requires formation of a sgRNA (Figure lA; Goulden et al., 1990). The 
genetically unstable tobravirus system could thus illustrate a recent evolutionary 
transition from a monopartite ('tobamovirus-like') to a divided genome driven by 
RNA recombination. 

To express the internal genes, some plant viruses also utilize non-orthodox 
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mechanisms that violate the rules of eukaryotic translation at its three basic steps: 
initiation, elongation, and termination. Ribosomes may get direct access to an 
internal gene in viral RNA (internal initiation), or bypass the first AUG in the virus 
RNA to initiate the protein synthesis at a downstream AUG (leaky scanning). 
Likewise, in certain cases the ribosome may bypass a stop codon to continue 
translation of a downstream ORF, either by switching the reading frame 
(translational frameshifting), or by suppressing the stop codon and proceeding with 
translation in the same frame (readthrough of leaky stop codons). 

Divided vs. Monopartite Genomes 

The genomes of bromo-, cucumo-, ilar-, idaeo-, tobra-, diantho-, hordei-, furo-, 
crini-, bymo-, como-, and nepoviruses, are split among two or three RNA 
components. Notably, the members of a group of closely related viruses may have 
either monopartite or divided genomes. The respective examples are genera 
Potyvirus and Bymovirus in the family Potyviridae, and Closterovirus and 
Crinivirus in the family Closteroviridae. 

The genome splitting may concern even the most conserved replicative gene 
module. Thus in the tripartite genomes of hordeiviruses, the conserved domains of 
methyltransferase (MT) and helicase (HEL), on the one hand, and POL, on the 
other, are expressed as distinct translation products of the genomic RNAs a and y, 
respectively (Figure lB; Gustafson et al., 1989; Savenkov et al., 1998). In the 
closely related tobamo-, tobra-, and furoviruses, these domains are found in a single 
gene product (Figure lA, C; Chapter 3). A similar division of the replicative 
domains among the products of RNA 1 and 2 is also seen in the tripartite bromo-, 
cucumo-, and ilarviruses (Ahlquist, 1992). However, in the bipartite genome of a 
closely related idaeovirus the MT, HEL and POL domains are encoded in the 
monocistronic RNA 1 (Figure lB; Ziegler et al., 1992). 

The viruses bearing the TGB of MP genes also provide examples of complicated 
genome division patterns. The monopartite genomes of potex- and carlaviruses 
encompass the genes for replicase, TGB proteins, and CP (Figure 1 C; Chapter 3). In 
beet necrotic yellow vein benyvirus (BNYVV) and peanut clump furovirus (PCV), 
this gene array is split among the genomic RNA 1 (coding for the replicase) and 
RNA 2 (coding for the CP and TGB proteins) (Herzog et al., 1994, and references 
therein). Further, in the tripartite genomes of the furoviruses, potato mop top virus 
(PMTV) and beet soil-borne virus (BSBV), the genetic content of the 'RNA 2' is 
split so that the TGB and CP genes are assigned to two individual genomic RNAs 
(Figure lC; Kashiwazaki et al., 1995; Koenig et al., 1997). 

Transcriptional Control: Subgenomic RNAs 

Many plant viruses express the internal genes via sgRNAs that are transcribed from 
the full-sized minus RNA strand and represent the 5' -terminally truncated 3'
coterminal copies of the genomic RNA (Buck, 1996). As a rule, each sgRNA 
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Figure 1. Pairwise comparisons of the expression strategies in alpha-like plant viruses. The 
basic expression mechanisms are shown in the central box, arrow points to the group that uses 
given mechanism; dashed arrows mark mechanisms used by a single member but not by the 
others in the group, or mechanisms of obscure significance. MT, methyltransferase; HEL, 
helicase; POL, polymerase; MP, movement protein; TGB, Triple Gene Block proteins; Cr, 
cysteine-rich protein; 'brick wall' fill-in, coat protein. Open diamonds, the readthrough sites; 
bent arrows, sgRNA start and direction. 
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species serves for translation of just one viral gene exposed at its 5' end. However, 
some sgRNAs of luteoviruses (Tacke et al., 1990; Dinesh-Kumar et al., 1992), 
tombusviruses (Rochon and Johnson, 1991), and hordeiviruses (Zhou and Jackson, 
1996) direct the expression of two genes nested in different reading frames. The 
sgRNAs are utilized both by the viruses with monopartite and with divided genomes 
(Figure lA, B, C). Their number varies in different virus groups, from just one in 
bromoviruses and dianthoviruses to six to nine in closteroviruses (Buck, 1996; 
Agranovsky, 1996). 

An important phenomenon associated with the gene expression from sets of viral 
genomic and sgRNAs is the temporal regulation of protein synthesis. The synthesis 
of different viral mRNAs (and proteins) follows distinct time patterns. Thus, among 
the proteins encoded in the BSMV genome, the POL and the TGB proteins are 
expressed transiently at the early infection phases, the MT-HEL is expressed early 
but declines only gradually, and the CP and the regulatory cysteine-rich protein are 
expressed stably throughout the course of the infection (Donald et al., 1993). 
Likewise, the TMV proteins involved in replication and movement are expressed 
transiently at the early phases, whereas the CP is expressed at the late phases of 
infection (reviewed in Dawson, 1992). Apparently, the subgenomic promoters are 
the key elements in determining the temporal regulation of the TMV gene 
expression. Particularly, insertion of the MP gene (normally controlled by an early 
promoter) under the CP gene sg promoter results in delays in the MP gene 
expression and the virus cell-to-cell movement (Lehto et al., 1990). 

The 5' -termini of the sgRNAs of a number of plant viruses have been mapped, 
including those of bromo-, cucumo-, hordei-, tymo-, tobra-, tombus-, carmo-, luteo-, 
diantho-, and closteroviruses (reviewed in French and Ahquist, 1988; Dinesh-Kumar 
et al., 1992; Agranovsky, 1996; Buck, 1996). This allowed one to identify the cis
acting sequences directing the sgRNA synthesis (sg promoters) and to dissect these 
experimentally. The sg promoter elements have been thoroughly characterized for 
the Bromoviridae family members. In BMV RNA 3, the promoter sequence 
governing the synthesis of the CP sgRNA consists of ca. 70 nt grouped into four 
core and modulator domains (French and Ahlquist, 1988; Marsh et al., 1988). It is 
worth mentioning that the sg promoters of BMV and the related animal alphaviruses 
show stretches of homologous sequences (Marsh et al., 1988). Moreover, the BMV 
replicase can recognize the alphavirus sg promoter in vitro and initiate accurate 
transcription, albeit with low efficiency (Siegel et al., 1997). The sequences at the 5' 
termini of the CP sgRNAs of several viruses having closely related replicases, 
namely bromo-, cucumo-, tobamo-, and closteroviruses, also show some similarity, 
thus suggesting parallel evolution of the sg promoter-binding domains in virus 
replicases and the recognition signals in the genomic RNAs (Agranovsky et al., 
1994b). 

Recently, a unique mechanism of RNA-mediated trans-activation of sgRNA 
transcription was described for the red clover necrotic mosaic dianthovirus 
(RCNMV), whose genome is divided among RNA 1 (coding for the replicase and 
the CP) and RNA 2 (coding for the MP). The synthesis of the RCNMV CP sgRNA 
was shown to require base pairing between the sg promoter in the RNA 1 (-)strand 
and a 34-nt region in RNA 2 (Sit et al., 1998). 
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Non-orthodox Mechanisms of Initiation 

Leaky Scanning 

The leaky scanning mechanism is essentially based on discrimination between two 
or more initiation sites having unequal contexts (reviewed in FUtterer and Hohn, 
1996). As a result, the 40S ribosome subunit may bypass the first AUG in an mRNA 
and initiate translation at a downstream AUG. Several variants of this mechanism 
can be distinguished, with initiation at two sites on one ORF, on overlapping ORFs, 
and on consecutive ORFs (FUtterer and Hohn, 1996). 

Leaky scanning accounts for the synthesis of the overlapping 95- and 105-kDa 
proteins encoded in a single ORF of the cowpea mosaic comovirus M-RNA (Verver 
et al., 1991). Translation of the 5 '-proximal gene in the BSMV TGB may be 
initiated from two alternative in-frame AUG co dons to yield two functionally active 
forms of the ~b protein (Petty and Jackson, 1990). In addition, leaky scanning is 
employed to express the partially overlapping middle and 3' -proximal genes of the 
BSMV TGB (Zhou and Jackson, 1996). In the genomic RNA 2 of PCV, the stop 
codon in the 5'-proximal CP gene and the initiating codon of the downstream 39K 
gene overlap by two bases ( ... AUGA. .. , stop codon underlined, start codon in bold; 
Manohar et al., 1993). It was found that about one third of the translating ribosomes 
bypass the AUG in the CP gene (which is in a poor context) to initiate translation at 
the AUG of the 39K gene (Herzog et al., 1995). It has been reported that upon 
translation of the southern bean mosaic sobemovirus RNA, a suboptimal context of 
the AUG in the 5'-most ORF I allows a part of the scanning ribosomes to reach the 
downstream ORF 2 coding for the replicase polyprotein (Sivakumaran and Hacker, 
1998). 

In the genomes of luteoviruses, the ORF coding for the 17-kDa movement 
protein (pI7) is nested, in a different reading frame, within the CP ORF, both genes 
being expressed from one and the same sgRNA species (Dinesh-Kumar and Miller, 
1993). As found for the barley yellow dwarf luteovirus (BYDV), the 5'-proximal 
AUG, that of the CP gene, is rather inefficient since it has a suboptimal context and 
is masked by the RNA secondary structure elements. As a consequence, most of the 
scanning 40S ribosomal subunits bypass this codon to initiate translation at the 
downstream AUG for the p17 gene. A feedback element in this leaky scanning 
mechanism is that a ribosome, once it has initiated translation at the second AUG, 
provokes initiation at the first AUG, perhaps by melting the RNA secondary 
structure and by stalling the following ribosomal subunits (Dinesh-Kumar and 
Miller, 1993). Coordinated translation of the two nested ORFs coding for the 
proteins involved in the virus movement, was also revealed in a tombusvirus 
(cucumber necrosis virus) (Rochon and Johnston, 1991). 

Internal Ribosome Entry Sites (IRES Elements) 

The mechanism of cap-independent internal InItIatIOn of translation was first 
described for animal picornaviruses. The cis-signals mediating direct access of the 
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40S ribosomal subunits to the initiation codon represent an elaborate set of primary 
and secondary RNA structure elements in the picornavirus genomic leaders 
(reviewed in Belsham and Sonnenberg, 1996). The IRES elements were also found 
in the genomes of plant picorna-like viruses, namely poty- and comoviruses, 
although their 5'-leaders are not as long and complex as those of picornaviruses 
(reviewed in Flitierer and Hohn, 1996). Also, in contrast to picornaviruses, the use 
of IRES by plant viruses appears to be optional. Indeed, the comovirus M-RNA 
translation may be initiated either by internal initiation or by leaky scanning (Verver 
et at., 1991). Recently, the IRES elements have been implicated in expression of the 
CP genes of the alpha-like plant viruses, namely potato virus X (Hefferon et at., 
1997) and a crucifer-infecting tobamovirus (cr-TMV; Ivanov et at., 1997). In both 
potexviruses and tobamoviruses, the CP gene is normally expressed through 
monocistronic sgRNAs. It has been supposed that the internal initiation mechanism 
allows direct translation of the CP gene in the genomic RNA at the early stages of 
infection, thus providing limited amounts of the CP necessary for the cell-to-cell 
and/or long-distance transport of the virus infection (Hefferon et at., 1997; Ivanov et 
at., 1997). Notably, the IRES in the crTMV genome is not conserved in the related 
tobamoviruses, implying that this element is a recent evolutionary acquisition 
(Ivanov et at., 1997). 

Non-orthodox Mechanisms of Elongation and Termination 

Readthrough of Leaky Stop Codons 

The readthrough of a leaky terminating codon is used for POL expression in 
disparate (+)RNA virus groups, including plant tobamo-, tobra-, furo-, carmo- and 
tombusviruses, and some animal alphaviruses. The readthrough is also employed for 
the expression of the gag-pot fusion protein in some retroviruses. The readthrough 
mechanism was first demonstrated for TMV by Pelham (1978). In the genome of 
TMV, the VAG stop codon separates the replicase gene into portions coding for MT 
plus HEL and POL, respectively (Figure 1A). In translation, 95% and 5% of the 
translating ribosomes terminate at the stop codon or suppress it, which results in the 
synthesis of the respective major 120K and the minor 183K products. It was found 
that two suppressor tRNA Tyr species present in the cytoplasm of tobacco cells are 
able to mediate the readthrough by offset pairing with the VGA stop codon, which is 
thus decoded as a tyrosine triplet (Zerfass and Beier, 1992a). The pseudouridine 
residue in the tRNA Tyr G'P A anticodons is a host determinant of efficient VAG 
suppression (Zerfass and Beier, 1992a). The TMV-specific determinant of the 
readthrough is the sequence of two triplets immediately downstream of the VAG 
stop codon in the viral RNA; the consensus VAG CAR YY A (where Rand Yare a 
pyrimidine and a purine residue, respectively) was found to favor the suppression in 
vivo (Skuzeski et at., 1991; Zerfass and Beier, 1992a). A similar, yet differing in 
some details, readthrough mechanism accounts for the synthesis of the closely 
related MT-HEL-POL-containing replicases encoded in the RNA 1 of tobacco rattle 
tobravirus (TRV; Zerfass and Beier, 1992b) and furoviruses SBWMV and PCV 
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(Figure lA, C; Shirako and Wilson, 1993; Herzog et al., 1994). In the case ofTRV, 
two tRNATrp species with methylated CmCA anticodons (naturally occurring in 
tobacco cytoplasm and chloroplasts) were found to be necessary for the suppression 
(Zerfass and Beier, 1992b). The replicases of carmoviruses and tombusviruses lack 
the MT and HEL, and contain the POL domain only distantly related to that of the 
alpha-like virus superfamily (Koonin and Dolja, 1993). The POL expression in these 
viruses also depends on the readthrough of a leaky stop codon located far upstream 
of the POL domain (Scholthof et al., 1995). 

In furoviruses (except PCV), the suppression of the stop codons in the CP gene 
mediates the synthesis of the C-terminally extended CP forms (Schmitt et al., 1992; 
Shirako and Wilson, 1993). SBWMV thus provides the so far only example of a 
virus having two readthrough signals residing on each of the genomic RNA 
components. A similar strategy for the expression of conventional and extended CP 
is employed by luteoviruses (Figure 2A; Bahner et al., 1990; Tacke et al., 1990). 
Notably, efficient suppression of the leaky stop in the BYDV CP gene requires a 
composite signal consisting of several CCX XXX repeats found 3' to the leaky 
UAG stop, and a distal sequence element located 697 to 758 residues downstream of 
the stop codon (Brown et al., 1996). It was found that a few copies of the aberrant 
CP are incorporated into the isometric particles of luteoviruses (Filichkin et al., 
1994) and the rod-like particles of furoviruses (Haeberle et al., 1994), where the 
protruding readthrough domains ensure interactions with their respective vectors, 
aphids and fungal zoospores. Apparently, the readthrough mechanisms have evolved 
independently in the unrelated CP genes of luteo- and furoviruses, exemplifying 
functional convergence. 

Recently, it has been found that the ~d protein encoded in the middle gene of the 
BSMV TGB, is expressed in two forms (of 14 and 23 kDa), of which the larger is a 
readthrough product of the amber stop codon (Zhou and Jackson, 1996). It cannot 
be excluded that other virus non-replicative and non-CP proteins may be expressed 
in a similar fashion. 

Ribosomal Frameshifting 

In elongation, the frequency of spontaneous ribosome switching to another reading 
frame (frameshifting) is quite low, being on the order of 10-4 (Lindsey and Gallant, 
1993). However, the presence of specific signals, including the so-called 'slippery 
sequences', in the viral RNA templates increases the incidence of frameshifting 
manifold, up to 2-3xIO-l. The mechanism of leftward (or -I) frameshifting postulates 
'simultaneous slippage' of two tRNAs bound to a slippery sequence with the 
consensus X XXY YYZ, to decode it as XXX YYY (Jacks et aI., 1988). In many 
cases, the reading frame switching at the slippery site is stimulated by a nearby 
pseudoknotted secondary structure (ten Dam et aI., 1990) which possibly forces the 
out-of-frame triplet recognition by impeding the progress of ribosomes along the 
template (Tu et al., 1992). Like the readthrough signals described in the previous 
section, the -I frameshifting signals exist in the mRNAs of viruses belonging to 
different classes, including the (+ )RNA viruses of plants (luteo-, diantho-, and 
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sobemoviruses) and animals (corona-, arteri-, and astroviruses); the small double
stranded RNA viruses; and retroviruses (reviewed in Jacks et al., 1988; Farabaugh, 
1993; Agranovsky, 1996). In luteoviruses and dianthoviruses, the efficiency of-l 
frame shifting leading to the synthesis of a fusion replicase, is as low as ~ 1 % (Brault 
and Miller, 1992; Priifer et a!., 1992; Garcia et al., 1993; Kim and Lommel, 1994). 
In the genome of cocksfoot mosaic sobemovirus (CfMV), the overlap region of 
ORFs 2 and 3 (coding for the proteinase and POL domains, respectively) contains a 
-1 frameshifting signal that directs the synthesis of the replicase-containing 
polyprotein with high efficiency, up to 30% (Makkinen et ai., 1995; Ryabov et al., 
1996). This signal is conserved in the related sobemoviruses. Surprisingly, however, 
the proteinase and POL domains in the sobemoviruses other than CfMV are encoded 
in one continuous ORF (Figure 2A; Makkinen et al., 1995; Ryabov et al., 1996). 
Hence, in the evolution of sobemoviruses only one member of the group has 
engaged the frameshifting mechanism for POL expression. 

In the genomes of beet yellows virus (BYV) and other closteroviruses, ORF 1 a 
(coding for MT and HEL) and ORF Ib (coding for POL) are in an unusual 0/+1 
configuration (Figure 2B). It is suggested that the BYV POL is expressed as an ORF 
1 all b fusion product resulting from + 1 ribosomal frameshifting (Agranovsky et al., 
1994a; Agranovsky, 1996). The rightward (or +1) frameshifting, which requires 
distinct signals, has been reported only for prokaryotes and yeast Ty 
retrotransposons (reviewed in Farabaugh, 1993). 

It is possible that the plant virus genes other than replicase may also be expressed 
by the ribosomal frameshifting mechanism. Gramstadt et al. (1994) reported that the 
gene array coding for CP and 12K nucleic acid-binding protein of carlavirus potato 
virus M (PVM) may be expressed by -1 frameshifting to yield the CP-12K fusion 
(Figure 2B). In addition, the 12K gene may be expressed by the internal initiation 
mechanism (see above). Site-directed mutagenesis and in vitro translation identified 
an unusual -1 frameshifting signal including the UGA codon in the CP gene and the 
upstream sequence of four A residues; the secondary structure elements were found 
to be of no importance (Gramstadt et al., 1994). 

PROTEOLYTIC PROCESSING 

In many viruses, the completion of gene translation does not exhaust the act of 
expression, as the newly synthesized protein chains may have to undergo post
translational processing by the virus-encoded proteinases into mature structural and 
nonstructural proteins. The two types of proteolytic enzymes encoded in plant and 
animal (+)RNA viruses are chymotrypsin-like serine or cysteine proteinases (S-PRO 
or C-PRO) and papain-like cysteine (thiol) proteinases (PCP), as identified by the 
(limited) similarity in their sequence and spatial fold to the archetype cell enzymes 
(Dougherty and Semler, 1993; Koonin and Dolja, 1993). 

In viruses belonging to picorna-like superfamily, including plant poty-, nepo-, 
and como viruses, the genome is expressed as a polyprotein precursor by contiguous 
translation of a single large ORF. In such systems, there is no transcriptional control, 
and the principal means of controlling the gene expression is the proteolytic 
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Figure 2. Pairwise comparisons of the expression strategies in sobemo-like (A), alpha-like (B), 
and picorna-like (C) plant viruses. In (B), the middle part of the closterovirus ORF 1a (coding 
for a non-conserved spacer) is not shown. PS and PC, chymotrypsin-like serine and cysteine 
proteinases, respectively; PP, papain-like proteinase; bent arrows, cis-cleavage sites; open 
arrowheads, trans-cleavage sites; -1 and +1, frameshifting sites. Other designations are as in 
Figure 1. 
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processing, subject to temporal regulation through a complex cascade of cleavage 
events and production of protein intermediates. 

Chymotrypsin-like Serine or Cysteine Proteinases 

The S-PRO domains contain a catalytic triad of the His, Asp, and Ser (of which the 
latter is the active residue) arranged in a conserved spatial structure. In picornavirus 
3C proteinase and the related C-PRO of plant picorna-like viruses, Ser is substituted 
by Cys. The C-PRO domains playa key role in polyprotein processing in a number 
of (+)RNA viruses of animals (picorna-, flavi-, pesti-, and coronaviruses) and plants 
(poty-, bymo-, como-, and nepoviruses) (reviewed in Dougherty and Semler, 1993). 
The sequence data analysis also suggested the existence of the chymotrypsin-like 
PRO domains in the proteins of luteoviruses, sobemoviruses (Koonin and Dolja, 
1993), sequiviruses (Turnbull-Ross et ai., 1993), and waikaviruses (Shen et ai., 
1993) (Figure 2A, C). 

The potyvirus polyproteins are cleaved in cis and in trans by the C-PRO domain 
located in the NIa protein (Figure 2C). In contrast, the S-PRO domain found at the 
N-terminus of the polyprotein is responsible for a single in cis cleavage and release 
of the potyvirus PI protein (Figure 2C; Verchot et ai., 1991). The polyproteins 
encoded in bipartite genomes of como- and nepoviruses are processed exclusively 
by the 3C-like proteinases related to the NIa (Dessens and Lomonossoff, 1991; 
Peters et ai., 1992; reviewed in Dougherty and Semler, 1993). Possibly, in this case 
the absence of additional proteinase domains is compensated by the genome 
partitioning. A unique phenomenon described for the comovirus polyprotein 
processing is the involvement of the 32-kDa protein in the proteolysis by the 24-kDa 
C-PRO (encoded in the same genomic component, B-RNA). Albeit not a proteinase 
per se, the 32-kDa protein possibly serves as a cofactor of the C-PRO that influences 
the turnover of the M-RNA- and B-RNA-encoded polyproteins (Peters et ai., 1992). 
A notable exception in the picorna-like virus superfamily is the rice tungro spherical 
waikavirus, which apparently employs a C-PRO for the processing of a polyprotein 
encompassing the conserved structural and nonstructural proteins, and a sgRNA to 
express the unique 3 '-proximal ORF(s) (Figure 2C; Shen et al., 1993). 

Papain-like Cysteine Proteinases 

The active center of PCP contains a catalytic dyad of Cys and His residues, and its 
cleavage site has a consensus UG/X (where U is a hydrophobic residue, and X is 
Gly, Ala, or Val). The PCP was first identified in the helper component proteinase 
(HC-Pro) of a potyvirus (Oh and Carrington, 1989). Later, similar proteinase 
domains have been predicted (and, in some cases, confirmed experimentally) in the 
encoded proteins of more and more (+)RNA viruses, e.g., plant tymoviruses 
(Bransom and Dreher, 1994), c1osteroviruses (Agranovsky et al., 1994a; 
Agranovsky, 1998), carlaviruses (Lawrence et al., 1995), marafiviruses (Edwards et 
al., 1997), capilloviruses (Koonin and Dolja, 1993) and BNYVV (Hehn et aI., 
1997), as well as animal alpha-, arteri-, corona-, rubi-, and aphthoviruses 
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(Gorbalenya et al., 1991; reviewed in Strauss and Strauss, 1994; Snijder and 
Meulenberg, 1998). 

The potyvirus HC-Pro exerts a single in cis cleavage to detach its own C
terminus from the rest of the polyprotein (Figure 2C). In closteroviruses, one or two 
related PCP domains located at the N-terminus of the ORF la product, effect the 
release of the leader protein(s) from the rest of the polyprotein containing the MT 
and HEL domains (Figure 2B; reviewed in Agranovsky, 1996, 1998). In the 
polyprotein of BNYVV, the PCP is located between the HEL and POL domains 
(Hehn et aI., 1997), whereas in those of tymoviruses and carlaviruses it is found 
between the MT and HEL domains (Figure 2B; Bransom and Dreher, 1994; 
Lawrence et al., 1995). Regardless of its position, the PCP of tymo-, carla-, and 
benyviruses mediates the splitting of the MT-HEL-containing and POL-containing 
fragments. 

Hence, in all the reported cases, the PCPs of plant viruses possess only the cis
activity and cleave at a single site downstream of the proteinase active center. It 
should be noted, however, that the alphavirus PCP directs multiple in cis and in 
trans cleavages, being thus responsible for the entire processing of the nsPI-4 
precursor of non structural proteins (Strauss and Strauss, 1994). The leader PCP in 
foot-and-mouth disease aphthovirus initially mediates the in cis cleavage to release 
itself from the rest of the polyprotein. However, the mature leader PCP participates 
in the shut-off of the cell cap-dependent translation by cleaving the p220 protein in 
eIF-4F complex (Devaney et at., 1988). With respect to striking similarities of 
animal and plant viruses in picorna-like and alpha-like supergroups, such multiple 
activities of plant virus proteinases cannot be ruled out. The recent immunological 
analysis of the BYV replicative proteins in vivo indicated that, in addition to the 
processing by the leader PCP, the la polyprotein is further cleaved (by a yet 
unidentified proteinase activity) into the large fragments with MT and HEL domains 
(T. Erokhina, R. Zinovkin, M. Vitushkina, W. lelkmann and A. Agranovsky, 
manuscript submitted). 

CONCLUSIONS 

Apparently, the expression mechanisms developed and 'tuned' in the process of 
evolution serve to optimally use the information in the compact genetic systems such 
as RNA viruses. The examples considered in this chapter show how the expression 
strategies of (+)RNA plant viruses meet a key challenge of the infection: the 
necessity to express the proteins at certain times and in fixed amounts. Also, 
expression of the compressed viral genomes illustrates the economical use of the 
coding sequence to get 'two yields from one plot'. This trend is most clearly seen in 
translation of overlapping genes in viral RNAs, and in the synthesis of the N- and C
terminally extended versions of a protein. 

The two basic strategies to regulate the viral replicase synthesis rely on (i) the use 
of specific signals (leaky stop codons or frame shifting signals) that separate the 
sequence encoding POL from the upstream gene (to allow downregulation of the 
replicase expression), and (ii) the controlled expression of the replicative domains as 
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distinct products resulting from polyprotein processing, or from translation of 
individual genomic RNAs. Expression of the viral replicase as a set of distinct 
components might serve for coordination of different enzymatic functions in RNA 
replication and transcription, namely unwinding of duplexes, asymmetrical synthesis 
of (+) and (-) strands, transcription of sgRNAs, and RNA capping. 

The expression modes in quite disparate groups of (+)RNA viruses may be 
strikingly similar, e.g., in animal corona-like viruses and plant closteroviruses, 
which implies convergent evolution of the genome layout and expression 
(Agranovsky et al., 1994a). However, in many cases the viral expression strategies 
are quite variable even among the related (+)RNA viruses belonging to the same 
taxa. The examples are the existence of monopartite and divided genomes; the 
expression of the POL domains by either frameshifting, readthrough, or translation 
of a contiguous ORF; and the absence or presence of the proteinase domains, along 
with different localization of proteinase(s) and their cleavage sites in the encoded 
polyproteins. These examples, the list of which may be extended, clearly indicate 
that the specific expression mechanisms may be poorly conserved traits (see also 
Koonin, 1991 b). In other words, distinct gene expression patterns in some virus 
groups arose from rather recent events in their evolution. 
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