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Abstract The use of genetically engineered plant viruses to express foreign proteins or 
polypeptides is well established. The advantages of this method are the ease of 
manipulation of the small viral genome, the quick and simple procedure for 
inoculation of plants, and the production of high levels of recombinant proteins 
due to multiplication ofthe viruses within infected cells. This article will discuss 
the progress which has been made in the use of virus-based vectors and will also 
consider limitations to this technology. 

1. INTRODUCTION 

There are currently two types of systems for expressing recombinant 
proteins in plants: stable genetic transformation and the use of plant virus-based 
vectors. The transgenic approach, which is currently widely used, involves 
integration of heterologous genes into the chromosomes of a host plant, 
expression of the integrated gene being under the control of a promoter 
positioned immediately upstream ofthe coding region. This method of foreign 
gene expression has the advantage that the integrated sequence is heritable and 
true-breeding lines of plants expressing the foreign gene can be created. There 
are, however, a number of disadvantages with this approach: the process of 
regenerating transformed plants can be difficult and time-consuming, the levels 
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of expression reached are often relatively low and undesirable phenomena, such 
as trans gene silencing, often occur. 

One of the main attractions of the use of virus-based approach for protein 
expression in plants is that viruses multiply within infected cells. Thus any 
foreign gene incorporated within the viral genome should be concomitantly 
amplified potentially leading to very high levels of protein expression. There 
are, however, potential additional advantages to this approach: viral genomes 
are small and therefore relatively easy to genetically manipulate and the 
infection process is simpler than transformation/regeneration. Inevitably, there 
are also potential downsides to this technology: The foreign gene is not heritable 
in the normal sense, there are likely to be limitations on the size and complexity 
of the sequences which can be expressed while maintaining virus viability and 
there are concerns about the ability of modified viruses to spread in the 
environment. It is the intention of this article to review the progress which has 
been made in the use of virus-based vectors for the expression of heterologous 
proteins in plants and to discuss those problems which remain to be solved. 

2. CHOICE OF VIRUS FOR VECTOR DEVELOPMENT 

The first viruses to be proposed as potential gene vectors were those whose 
genomes consist of DNA (members ofthe Caulimo- and Geminiviridae; Szeto 
et aI., 1977; Hull, 1978). Though these make up only a minority of plant viruses, 
at the time they were the only viruses for which genetic manipulation was 
possible. However, because of their modes of genome replication, the DNA 
viruses have proved difficult to develop into practical vectors for the expression 
of foreign proteins. These DNA virus-based vectors have, nonetheless, proved 
very useful in providing information about cellular processes such as 
transcription, transactivation of expression and RNA splicing. However, these 
uses are outside the scope of the current review, and the reader is referred to 
Porta and Lomonossoff (1996; 2001) for a discussion of the development and 
use of DNA virus-based vectors. 

The vast majority of plant viruses have genomes that consist of one or more 
strands of positive-sense RNA. These viruses can grow in a wide range of hosts 
and, in a number of instances, reach extremely high titres. They also have a 
variety of strategies for gene expression (e.g. the use of sub genomic promoters, 
polyprotein processing) which can be exploited to develop vectors for different 
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purposes. The development of RNA virus-based vectors was initially hampered 
by the difficulties in manipulating a RNA, as opposed to a DNA, genome. The 
advent of efficient in vitro transcription systems dramatically changed the 
situation and the construction offull-Iength cDNA clones ofbrome mosaic virus 
(BMV) from which infectious transcripts could be obtained was reported in 
1984 (Ahlquist and Janda, 1984; Ahlquist et aI., 1984). Subsequently, full
length cDNA clones of many other RNA plant viruses have been produced and 
shown to be infectious either after transcription with the appropriate RNA 
polymerase, when directly applied as DNA or when introduced by 
"agroinoculation". In addition to the technical difficulties in developing RNA 
virus-based vectors, there was some concern expressed initially as to whether 
such vectors would be very useful due to the high rate of mutation of RNA 
viruses (van Vloten-Doting et aI., 1985). This view was disputed at the time 
(Siegel, 1985) and the genetic stability of RNA viruses has actually proved to 
be quite adequate (see, for example, Kearney et aI., 1993). 

3. TYPES OF EXPRESSION SYSTEMS 

With the advent of infectious cDNA clones, RNA viruses from numerous 
families have been developed as vectors. Many ofthe initial vectors were based 
on gene replacement in which a sequence encoding a non-essential viral 
function was replaced by the sequence of interest (e.g. French et aI., 1986; Mori 
et aI., 1993; Takamatsu et aI., 1987). Many of these early constructs could 
multiply in protoplasts but were debilitated for the infection of whole plants. 
Thus, with a few exceptions noted below, gene replacement vectors have not 
proved suitable for the high-level expression offoreign proteins in whole plants. 
The more successful approach has been based on gene addition in which a 
foreign sequence is added to the viral genome, no viral function being deleted. 

The gene addition approach to vector development has led to the 
development of two basic types of expression system. In the first type, often 
termed "epitope-presentation" systems, a foreign sequence, most usually 
encoding a short antigenic peptide, is fused to the viral coat protein gene. This 
results in expression of the inserted peptide on the surface of assembled virus 
particles. Such modified particles are particularly attractive as potential novel 
vaccines since they present mUltiple copies of the inserted peptide. Such 
multiple presentation can significantly increase the immunogenicity of the 
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expressed peptide (Lomonossoff and Johnson, 1996). In the second type of 
expression system, a sequence encoding a whole gene is inserted into the viral 
genome and expressed in infected cells as an individual polypeptide. These 
systems are often referred to as "polypeptide expression" systems. 

4. EXAMPLES OF THE EXPRESSION OF PEPTIDES 
AND PROTEINS USING VIRAL VECTORS 

In the following section, specific examples ofthe use of virus vector systems 
to express both proteins and peptides in plants will be described. Though the 
examples given cover the main viral systems which are currently in use, it 
should be noted that there are additional instances where marker genes, the 
green fluorescent protein (GFP) or b-glucuronidase (GUS) have been introduced 
into a viral genome as an aid to following the infection process. Except where 
such studies with marker genes were carried out with the specific aim of 
developing generic vector systems, these types of studies will not be discussed 
further in this review. 

4.1 Tobacco Mosaic Virus 

Tobacco mosaic virus (TMV) has a number of properties which make it 
ideal for development as a gene vector. It is one of the best-studied plant 
viruses, it grows to extremely high titres in susceptible plants and, since it has 
rod-shaped particles, there are, in theory, no constraints on the size of RNA 
which can be packaged. The genome ofTMV consists ofa single molecule of 
RNA of 6.4 KB, which contains separate open reading frames (ORFs) for the 
polymerase functions, the viral movement protein (MP) and coat protein (CP). 
The latter two proteins are synthesized from subgenomic (sg) RNAs (see top 
section of Figure 5). Particles ofTMV consist of a single molecule of genomic 
RNA encapsidated by 2130 copies of the 17.6 kDa coat protein arranged with 
helical symmetry (lower section of Figure 5). Because of the large amount of 
information which is available about both structure of the virions and its 
replication cycle, TMV has been investigated both as an epitope-presentation 
and polypeptide expression system. 
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Figure 5. Epitope presentation using tobacco mosaic virus (TMV). The top section of the 
figure shows the genome organization of the virus and indicates the sites in the viral CP gene (A, 
Band C) into which oligonucleotides encoding peptides have been inserted. The resulting 
recombinant CP molecules are shown as ribbon diagrams with the sites of insertion indicated. The 
modified CP molecules are assembled into virus particles, the number of coat protein subunits 
carrying the modification depending on the site of insertion. In the case of insertion at site A, only 
5% of the subunits are modified whereas when sites Band C are used, 100% of subunits in 
particles carry the heterologous peptide. The inserted epitopes are shown as black or shaded dots 
on the assembled virus particles. Reproduced from Porta and Lomonossoff (1998). 

4.1.1 Epitope Presentation 

TMV was the first plant virus whose coat protein was exploited as a means 
of presenting heterologous peptides (Haynes et aI., 1986). However, in this 
initial case a modified version of the viral coat protein bearing an eight amino 
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acid poliovirus epitope at its C-terminus was expressed in E. coli rather than in 
plants. The first attempt to produce modified TMV particles in plants was 
reported by Takamatsu et ai. (1990). In these experiments, a sequence encoding 
Leu-enkephalin was fused to the C-terminus of the viral coat protein. Though 
the construct multiplied well in protoplasts, it gave only local lesions on tobacco 
plants and it was concluded that the modified coat protein was not competent 
for virion assembly. To address this problem, Hamamoto et ai. (1993) 
developed a new vector which permitted the synthesis of both native and C
terminally modified versions of the coat protein from the same viral RNA. This 
was achieved by engineering a leaky termination codon at the C-terminus of the 
coat protein gene. This system produced particles in plants in which up to 5% 
of the coat protein subunits were modified at their C-termini (Figure 5A) to 
express either an enzyme inhibitor (Hamamoto et ai., 1993), epitopes from 
animal viruses (Sugiyama et ai., 1995) or an epitope from the malarial parasite, 
Plasmodium yoelii (Turpen et ai., 1995). In each case, the inserted peptide 
could be detected on the surface of assembled virions. Subsequently, by 
modifying the site of peptide insertion, TMV-based systems were developed in 
which all the coat protein subunits could be modified to express foreign peptides 
without abolishing virus viability (Turpen et ai., 1995; Fitchen et ai., 1995; 
Figure 5B,C). Using the vector developed by Fitchen et ai. (1995), Koo et ai. 
(1999) were able to produce chimaeric TMV particles presenting epitopes from 
the Coronavirus, mouse hepatitis virus (MHV) and demonstrated that purified 
particles could protect mice against challenge by a normally lethal dose of 
MHV. One of the principal limitations on the use of TMV as an epitope
presentation system currently appears to lie in the size and charge of inserts that 
can be tolerated (Bendahmane et ai., 1999). 

4.1.2 Polypeptide Expression 

The first attempt to use TMV as a vector for the expression of whole 
proteins involved substitution of the CP ORF by a sequence encoding 
chloramphenicol acetyl transferase (CAT; Takamatsu et ai., 1987). The 
resulting construct was capable of causing 10cal1esions when inoculated on to 
tobacco but the infection was unable to spread systemically. CAT expression 
could be detected in extracts from the inoculated leaves. In view of the 
problems of spread in the absence ofCP, subsequent work on the development 
ofTMV -based vectors concentrated on the gene addition approach. Dawson et 
ai. (1989) inserted a copy of the CAT gene complete with its own TMV CP sg 
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promoter between the MP and CP genes. The construct replicated well, CAT 
activity could be detected and virions of an appropriately increased length were 
produced. However during systemic infection, the insert was precisely deleted 
and wild-type RNA accumulated as a consequence of homologous 
recombination between the two copies of CP sg promoter. To address this 
problem, a vector was developed in which a cartridge consisting of the CP sg 
promoter and CP from the related Tobamovirus, Odontoglossum ringspot virus 
(ORSV; Donson et aI., 1991) was inserted into the TMV genome in place ofthe 
TMV CP coding region (Figure 6A). The relatively low sequence identity 
between the CP sg promoters of TMV and ORSV effectively abolished 
homologous recombination and allowed the stable systemic expression of two 
bacterial genes (DHFR and NPT-II) in N benthamiana. The success in 
developing genetically stable TMV vectors based on the strategy of using 
duplicated non-homologous sg promoters has led to such vectors being used to 
express several valuable proteins in plants. The first example of this was the 
high level expression (2% of soluble proteins) of a eukaryotic ribosome
inactivating protein (RIP), a-trichosanthin, in N benthamiana (Kumagai et aI., 
1993). Subsequently it has proved possible to use TMV-based vectors to 
produce functional antibodies in plants. These can be either single-chain 
variable fragments (ScFvs; McCormick et aI., 1999) or full-length monoclonal 
antibodies (Verch et aI., 1998). In the latter case the heavy and light chains of 
the antibody were separately inserted into a TMV vector and the two constructs 
used to co-inoculate N benthamiana. Assembly of the separately expressed 
chains in plants could be detected. Expression of a rice a-amylase gene in N 
benthamiana using a TMV vector has demonstrated that it is possible to 
synthesize glycosylated proteins using viral vectors (Kumagai et aI., 2000). 
Analysis of the purified protein revealed that the TMV-expressed a-amylase is 
less heavily glycosylated than when the protein is expressed in yeast. The TMV 
vector system has also been used to produce allergens for diagnostic purposes 
and possible therapy. Krebitz et ai. (2000) expressed a major birch pollen 
antigen (Betvl) in N benthamiana and demonstrated that the B-cell epitopes 
from natural Betvl were preserved in the plant-expressed protein. Mice 
immunized with crude leaf extracts from N benthamiana expressing Bet v 1 
generated immunological responses comparable to those induced by the protein 
expressed in E. coli or extracted from birch pollen. 
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Figure 6. Genome organization of viruses in which the CP sg promoter (stippled arrow) is 
used to drive expression ofthe heterologous protein (hatched). In the case ofTMV, CP expression 
is controlled by the sg promoter from a related virus (black arrow). Pol -polymerase; MP -
movement protein; CP - coat protein; TGB - triple gene block; Reg - regulatory protein; ST
seed transmission; 2b12c - proteins involved in nematode transmissions. Those genes deleted 
during vector construction are shown in brackets 

In an approach combining TMV as a gene vector and the coat protein of 
alfalfa mosaic virus (AM V) as an epitope-presentation system, Yusibov et ai. 
(1997) expressed modified versions of the AMV coat protein bearing epitopes 
from rabies virus and human immunodeficiency virus Type 1 (HIV -1) in 
tobacco. In infected leaftissue the modified AMV CP subunits assembled into 
ellipsoid particles which expressed multiple copies of the antigenic insert. 
When purified and injected into mice, these particles elicited the production of 
appropriate neutralizing antibodies. It was subsequently shown that mice 
immunized with the Rabies virus construct were protected against a normally 
lethal challenge with the virus (Modelska et aI., 1998). 
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4.2 Cowpea Mosaic Virus 

Cowpea mosaic virus (CPMV) is the type member of the Genus Comovirus 
in the family Comoviridae. It infects a number oflegume species and grows to 
particularly high titres in its natural host, cowpea (Vigna unguiculata). The 
genome ofCPMV consists of two separately encapsidated positive-strand RNA 
molecules of 5889 (RNA-I) and 3481 (RNA-2) nucleotides. The RNAs each 
contain a single open reading frame and are expressed through the synthesis and 
subsequent processing of precursor polyproteins (Figure 7, upper section). The 
processing is mediated by the RNA~I-encoded 24K proteinase, which 
recognizes a number of specific cleavage sites. CPMV capsids contain 60 copies 
each ofa large (L) and a small (S) CP arranged with icosahedral symmetry. 

4.2.1 Epitope-presentation 

The use of CPMV particle to express foreign sequences was first reported 
by Usha et a1. (1993) and Porta et a1. (1994). Since that time a large variety of 
epitopes have been expressed on the surface ofCPMV particles (for examples, 
see Lomonossoff and Hamilton, 1999). In the majority of cases the foreign 
sequence was inserted into the most exposed loop of the S protein (the ~B-~C 
loop; Figure 7, middle section). Recently, however, other sites, such as the ~E
aB loop of the L protein and the ~C'~~C" loop of the S protein, have also been 
used (Brennan et a1., 1999; Taylor et a1., 2000). 

Generally, provided the inserted sequence was less than 40 amino acids 
long, the yields of modified particles were similar to those obtained with wild
type CPMV (approximately Img of particles per gram of infected leaf tissue). 
The resulting particles present 60 copies ofthe inserted peptide (Figure 7, lower 
section). A number ofCPMV-based chimaeras have been subjected to detailed 
immunological analysis (e.g. McLain et a1., 1995) and, in the case of a chimaera 
expressing an epitope from mink enteritis virus (MEV) have been shown to be 
capable of stimulating protective immunity (Dalsgaard et a1., 1997). The 
immunological properties of various chimaeras have been summarized recently 
in Porta and Lomonossoff(1998) and Lomonossoffand Hamilton (1999) and 
the reader is referred to these reviews for further details. 
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Figure 7. Epitope presentation using cowpea mosaic virus (CPMV). The top section of the 
figure shows the genome organization of the virus and indicates the principal site in the viral S 
CP gene (PB-PC loop) into which oligonucleotides encoding peptides have been inserted. Sixty 
copies of the modified S CP assemble with 60 copies of the L CP to form icosahedral caps ids. 
The inserted epitopes are shown as black dots on the assembled virus particle. Reproduced from 
Porta and Lomonossoff (1998). 
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One curious feature of CPMV -based chimaeras is that proteolytic cleavage 
almost invariably occurs at or near the carboxy-terminus of the inserted 
sequence. This cleavage appears to be position- rather than sequence- dependent 
and occurs regardless of the site of insertion (Taylor et aI., 1999; 2000). The 
cleavage does not result in the loss of the epitope from the surface of the virion 
but leads to it being anchored only at its N-terminus rather than being presented 
as a closed loop (Lin et aI., 1996). To investigate the effects of this cleavage on 
the immunological properties of CPMV chimaeras, a series of constructs was 
produced all members of which contained the same epitope (residues 85-98 
from VPl ofHRV -14) inserted at different positions in the S protein (Taylor et 
a!., 2000). In all except one case (CPMV/HRV-Ll), the epitope underwent 
efficient cleavage near its carboxy-terminus. Crystallographic analyses (Lin et 
a!., 1996; Taylor et aI., 2000) showed that CPMV/HRV-14 chimaeras in which 
cleavage occurs present the inserted peptides in a variety of different 
conformations, none of which resemble that adopted by the same sequence on 
the surface ofHRV-14. These chimaeras raised antisera which, while reacting 
very well with denatured HRV -14 VP 1, bound only very weakly to intact HRV-
14 particles. By contrast, when the same epitope was presented as a closed loop 
in CPMV/HRV-Ll, antisera which bound efficiently to HRV-14 particles were 
produced, demonstrating the importance of mode of display on the 
immunological properties of chimaeras (Taylor et aI., 2000). 

4.2.2 Polypeptide Expression 

Verver et ai. (1998) demonstrated that it was possible to insert a foreign 
gene, GFP, between the regions ofCPMV RNA-2 encoding the MP and L CP 
(Figure· 8A). Release of GFP was achieved by flanking it by extensive 
duplicated MP-L proteinase cleavage sites. Though the modified RNA-2 was 
as infectious as wild-type RNA 2 and expressed GFP, the construct tended to 
lose the insert by homologous recombination. When the length of repeated 
sequence was minimized, constructs with increased genetic stability were 
obtained (Gopinath et aI., 2000). In an alternative approach to achieving genetic 
stability, Gopinath et aI. (2000) showed that it was possible to replace either one 
of the two duplicated proteinase sites with a sequence encoding the 2A catalytic 
peptide from foot-and-mouth disease virus (FMDV). When 2A was inserted 
between GFP and L (Figure 8A), cleavage was only partial, resulting in some 
GFP-2A-L fusion protein being produced. This fusion protein could be 
incorporated into virus particles which, as a result, displayed green fluorescence 
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under ultraviolet illumination. Gopinath et al. (2000) also fused GFP to the C
terminus ofS via a 2A sequence (Figure 8A). The resulting construct multiplied 
well in plants, was genetically stable and expressed levels of GFP up to 1 % of 
total soluble protein. 

4.3 Tomato Bushy Stunt Virus 

The genome of tomato bushy stunt virus (TBSV) consists of a single 
molecule of RNA of 4.7 kb which is encapsidated in isometric particles made 
up of 180 copies of a single coat protein of 41 kDa. The CP, which is 
synthesized from a sUbgenomic mRNA (Figure 2B), is not essential for 
infection of certain Nicotiana species, though its presence does enhance 
systemic movement. 

4.3.1 Epitope Presentation 

Sequences derived from gp 120 of HI V -1 have been fused to the C-terminus 
of the TBSV coat protein and the effect on particle formation determined 
(Joel son et aI., 1997). When a sequence encoding 162 amino acids was 
expressed at this site, a large proportion of the inserted sequenced was lost on 
serial passaging. By contrast, when a 13 amino acid sequence, corresponding 
to the V3 loop of gp41, was expressed at the same location, the construct was 
genetically stable and the inserted epitope could be detected immunologically. 
Though the modified virions stimulated only a weak response when injected 
into mice (Sjo' lander et aI., 1996), plates coated with particles could detect anti
V3 antibodies in HIV -positive individuals (Joelson et aI., 1997). 

4.3.2 Polypeptide Expression 

The fact that the TBSV coat protein is not essential for infectivity was 
exploited by Scholtof et al. (1993) to produce constructs in which most of the 
region encoding the coat protein was replaced with that encoding either GUS 
or CAT (Figure 6B). Both constructs produced high levels of the appropriate 
protein in inoculated leaves, though the level of RNA accumulation was 
substantially reduced in the case of the GUS-containing virus. A refined 
version of the TBSV vector was subsequently produced in which the CP was 
replaced with a polylinker (Scholtof, 1999). This, coupled with improvements 
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to the infection process, permitted the facile expression of heterologous 
sequences in the inoculated leaves of plants. 
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Figure 8. Genome organization of viruses in which protein processing is used to obtain 
expression of the heterologous protein (hatched). 'V indicates processing by a virus-encoded 
proteinase while 2A indicates where processing is mediated by the FMDV 2A catalytic peptide. 
The functions of various virus genes are indicated: ProC - proteinase co-factor; Hel- helicase; 
VPg - virus protein genome-linked; Pol - polymerase; MP - movement protein; LCP -large 
coat protein; SCP - small coat protein; TGB - triple gene block; CP - coat protein; PI-Pro - PI
Proteinase; HC-Pro- helper component proteinase; P3 - protein P3; 6K - 6 kilodalton protein; 
VPg-Pro - VPg-Proteinase. 

A similar approach has also been used to express the nucleocapsid protein 
p24 from HIV -1 as a fusion with the 5' terminal portion ofthe CP gene (Zhang 
et aI., 2000). The modified TBSV RNA was shown to be capable of replicating 
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in both protoplasts and in the inoculated leaves of whole plants. Accumulation 
of the CP-p24 fusion protein could be detected in inoculated leaves. 

4.4 Plum Pox Virus 

Plum pox virus (PPV) is a member of the genus Potyvirus, a genus which 
contains several hundred species. PPV, like otherpotyviruses, has a monopartite 
genome which is encapsidated in flexuous rod-shaped particles consisting of 
more than 2000 copies of a single coat protein. The RNA contains a single ORF 
which encodes a polyprotein which is self- processed by proteinase domains 
within it to produce the mature viral proteins, including the viral coat protein 
(Figure 8B). A potential advantage of vectors based on PPV is that as well as 
infecting experimental hosts, such as Nicotiana species, the virus can also infect 
perennial hosts. 

4.4.1 Epitope Presentation 

Though a detailed structure of a potyviral coat protein is not available, 
immunological analyses suggest that both the N- and C-termini are surface 
exposed. Making use of this information, Fernandez-Fernandez et aI. (1998) 
fused a 15 amino acid epitope from VP2 of canine parvovirus (CPV) to the N
terminus of the PPV coat protein, either as a single copy or as a tandem 
duplication. Both constructs could be propagated in N. clevelandii, gave yields 
of virus particles similar to those obtained with wild-type PPV and the inserted 
epitope could be detected on the virion surface. Antisera raised against particles 
from either construct showed neutralizing activity in a monolayer-protection 
assay. 

4.4.2 Polypeptide Expression 

The first example ofthe expression of a foreign protein from any potyvirus 
was the expression of GUS from tobacco etch virus (TEV; Dolja et aI., 1992). 
Though very useful for monitoring virus movement within a plant or analyzing 
the functions of genes from other plant viruses, such TEV -based constructs have 
not been used for the high-level expression of foreign proteins in plants. 
However the experience gained with TEV was instrumental in developing gene 
vectors based on PPV. The first attempt to develop a polypeptide expression 
vector based on PPV involved the insertion of the GUS gene between the 
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regions of the genome encoding the proteins PI-Pro and HC-Pro (Guo et aI., 
1998; Figure 8B). Release of GUS was achieved by flanking it with duplicated 
proteinase cleavage sites. The resulting construct could multiply in N 
benthamiana but gave a symptomless infection. After a single passage, 
deletions in the GUS gene could be detected, a situation similar to that found 
with the TEV-GUS construct described by Dolja et aI. (1992). Subsequently, a 
PPV vector in which the foreign sequence is inserted between the polymerase 
(Pol) and CP genes (Figure 8B) was developed and used to express the VP60 
structural protein of rabbit hemorrhagic disease virus (RHDV) in N clevelandii 
(Fernandez-Fernandez et aI., 2001). Inoculation with a crude preparation from 
infected leaf tissue protected rabbits against subsequent challenge with a lethal 
dose ofRHDV. 

4.5 Other Potyviruses 

In addition to PPV, other poty- and closely related viruses have been 
explored as potential polypeptide expression vectors. These include clover 
yellow vein virus (CIYVV) as a vector for the production of proteins in legumes 
(Masuta et aI., 2000) and wheat streak mosaic virus (WSMV) as a vector for 
monocots (Choi et aI., 2000). In each case, release ofthe inserted sequences was 
obtained through the use of duplicated proteinase cleavage sites and the inserted 
protein could be detected in infected tissue. 

4.6 Potato virus X 

The genome of the potato virus X (PVX) consists of a single molecule of 
RNA of 6.4 kb encapsidated in flexuous rod-shaped particles consisting of 
approximately 1400 coat protein subunits of 25kDa. The viral coat protein is 
encoded by the 3' terminal cistron and is expressed from a sg RNA. Virus 
movement within infected plants is mediated by the "Triple gene block" (TGB) 
proteins whose precise functions have yet to be delineated. 

4.6.1 Polypeptide Expression 

Using an approach similar to that originally developed for vectors based on 
TMV, Chapman et al. (1992) showed that it was possible to express GUS from 
PYX when the sequence gene is inserted downstream of a duplicated copy of 
the CP sg promoter (Figure 6C). Similar results were subsequently obtained 
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with PYX expressing GFP (Baulcombe et aI., 1995). Though some loss of the 
inserted sequence was found, presumably as a result of homologous 
recombination across the duplicated CP sg promoter, the vector system has 
proved stable enough for many applications, such as the induction of virus
induced gene silencing (VIGS; Baulcombe, 1999), which require only transient 
expression. 

Despite their general utility, PYX vectors with duplicated sg promoters have 
not been widely used to produce large amounts of valuable proteins in plants 
because of their tendency to delete all or part ofthe inserted sequence. However, 
there are some examples of such a use. O'Brien et aI. (2000) expressed the 
major capsid protein, VP6, from a murine rotavirus and showed that although 
the protein retained its ability to form trimers, it tended to assemble into 
paracrystalline sheets and tubes rather than virus-like particles (VLPs). More 
recently, Saitoh et ai. (2001) expressed the 51 amino acid defensin WT -1 from 
Wisabia japonica in N benthamiana using a PYX vector. Though plants 
expressing WT -1 were not protected from fungal attack, the purified defensin 
did show considerable anti-fungal activity. 

Though not extensively used for the production oflarge amounts offoreign 
proteins, PYX vectors have proved very useful in transient studies on gene 
constructs prior to their use for stable genetic transformation of plants. 
Examples of this include the expression of ScFv antibodies against proteins 
from either potato virus V (PVV; Hendy et aI., 1999), tomato spotted wilt virus 
(TSWV; Franconi et aI., 1999) or against granule-bound starch synthase I 
(Ziegler et aI., 2000). These experiments also showed that it is possible to direct 
PYX-expressed proteins to the secretory pathway. 

To overcome the problem of recombination, Santa-Cruz et ai. (1996) 
developed a novel system in which a foreign gene, initially GFP, is fused to the 
N-terminus of the CP gene via a sequence encoding the 2A catalytic peptide 
from FMDV (Figure SC). The 2A sequence promotes cleavage between the 
foreign gene insert and the CP though this is not 100% efficient, resulting in 
some CP subunits still bearing the inserted protein. These fusion proteins were 
found to retain their ability to be incorporated into virus capsids, resulting in 
particles which display the inserted polypeptide. Using this approach it is 
possible, using the same construct, to produce a protein of interest in both a free 
(unfused) state where cleavage by 2A has occurred and as a CP fusion where it 
is incorporated in PYX particles. The functionality of a foreign protein when 
incorporated into virions was demonstrated by the observation that a ScFv 
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expressed as a CP fusion could still bind to its antigen, the herbicide diuron 
(Smolenska et aI., 1998). When this system was used to express the rotavirus 
VP6 sequence, the uncleaved VP6-2A-CP assembled into PYX virions while the 
VP6-2A cleavage product formed typical VP6 VLPs (O'Brien et aI., 2000). 

4.7 Tobacco Rattle Virus 

Tobacco rattle virus (TRV) is a bipartite rod-shaped virus. The larger RNA
I (6.8 kb) encodes proteins involved in replication and movement of the virus 
while the smaller RNA-2 (1.8-4.5 kb) encodes the CP and a variable number 
(depending on virus isolate) of additional ORFs. These latter ORFS encode 
proteins that are non-essential for virus replication and movement within a plant 
but which are involved in nematode transmission of the virus. The CP and the 
other RNA-2-encoded proteins are synthesised from sg RNAs. 

4.7.1 Polypeptide Expression 

It has been shown that it is possible to replace the non-essential ORFs of 
RNA-2 ofTRV, and related members of the genus Tobravirus, with GFP (under 
the control of a duplicated CP sg promoter) without affecting the ability of the 
virus to multiply and spread in plants (MacFarlane and Popovich, 2000). The 
construct was able to express GFP efficiently in both the leaves and roots of 
infected plants, the latter being a property particularly associated with 
tobraviruses. The ability of the TRV vector to express a protein which might 
be useful in protecting plants against nematodes was tested by inserting the 
sequence encoding a lectin (GNA) from snowdrop. Significant levels of the 
lectin could be detected in the roots of inoculated N benthamiana plants. 

4.8 Subviral Systems 

In addition to the use of autonomously replicating plant viruses, there have 
also been some attempts to develop a number of subviral systems into usable 
vectors for polypeptide expression. Such systems include the use of both 
satellites and defective RNAs. Satellites are small RNA molecules associated 
with many genera of plant viruses. They are completely dependent on helper 
viruses, with which they have no sequence homology, for their replication. They 
have no role in the replication of their helper virus but can influence 
symptomatology. Defective RNAs (dRNAs) are small RNAs which, like 
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satellites, are completely dependent on a helper virus. However, unlike 
satellites, they have sequence similarity with their helpers and, indeed, are 
derived from them through a process of sequence deletion. Because they encode 
no functions essential for replication, satellites and dRNAs have been 
considered potential candidates as vectors. 

4.8.1 Polypeptide Expression 

Bamboo mosaic virus (BaMV) is the only member ofthe genus Potexvirus 
(type member PYX) with a satellite (satBaMV). This is a linear molecule of 
836 nucleotides which contains an ORF capable of encoding a 20kDa protein 
whose function is obscure. Lin et aI. (1996) replaced the 20kDa ORF of 
satBaMV with the sequence encoding CAT and showed that the modified 
satellite could multiply in both barley protoplasts and C. quinoa plants in the 
presence of helper BaMV . CAT expression reached approximately 2Jlg per g 
of leaf tissue. 

Natural or artificially-constructed dRNAs from the genera Tombusvirus 
(type member TBSV) and Tobamovirus (type member TMV) have been 
investigated as a means of foreign gene expression (Burgyan et aI., 1994; 
Lewandowski et aI., 1998). Though replication ofthe dRNA by the appropriate 
helper virus has been demonstrated, there is no report as yet demonstrating the 
general utility of these systems for gene expression in plants. 

5. CONCLUSIONS 

Despite their comparatively recent development, vectors based on RNA 
plant viruses have achieved fairly widespread use within the past 5 years. 
Though originally envisaged as systems for the high level expression offoreign 
peptides and polypeptides, they have also found applications which were quite 
unforeseen at the time the vectors were developed (e.g. through their ability to 
alter host gene expression through VIGS). 

As described above, there have been numerous examples of the successful 
expression of both peptides and polypeptides using plant virus-based vectors. 
There are, however, still a number of challenges which will have to be met if 
virus-based systems are to achieve widespread use as expression systems. For 
example, it is clear that current virus-based systems have distinct limits on the 
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size of insertion which they will tolerate and this will impose limits on the 
utility of such systems unless it is addressed. There are also problems associated 
with the possible genetic instability of the inserted sequence during multiple 
rounds of replication. Though the initial fears regarding the rates of genetic drift 
in RNA viruses proved to be exaggerated, there is still the problem that changes 
to the sequence of an virus-expressed protein may gradually accumulate. 
Another possible concern is that present virus-based expression systems 
generally utilize wild-type viruses which have the capacity to spread in the 
environment. To overcome this, there will be a need develop systems (e.g. the 
use of defective viruses) which will reduce or eliminate such spread. 
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