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Introduction

Since the development, in the 1970s, of methods for manipulating genes (recombinant
DNA technology), there has been great interest in the design of systems for expressing
proteins in contexts or in amounts in which they do not occur naturaily. The first such
expression systems were based on micro-organisms (bacteria or yeast) and these
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systems are now in routine use. Systems based on cultures of cells from higher
organisms, such as insects or mammals, were subsequently developed and have also
proved to be extremely useful. More recently, expression systems based on complete
higher organisms, either animals or plants, have been developed. Piants represent an
attractive expression medium for a number of reasons: they can produce enormous
biomass, they require only simple inputs to grow (light, carbon dioxide and a source
of nitrogen which, in certain cases, can be provided from the atmosphere) and their
propagation does not require the use of complex and expensive fermentation apparatus.
‘Fhere are currently two systems for expressing foreign sequences in plants: stable
genetic transformation and the use of plant virus-based vectors. The transgenic
approach involves integration of heterclogous genes into the chiromosomes of a host
plant. Expression of the integrated gene is under the control of a promoter positioned
immediately upstream of the coding region. This method of foreign gene expression
in plants is widely used and has the advantage that the integrated sequence is heritable.
‘There are, however, a number of disadvantages with this approach: the process of
regenerating transformed plants can be difficult and time consuming, the levels of
expression reached are often relatively low, and undesirable phenomena, such as
transgene silencing, often occur. The alternative approach to foreign gene expression
in plants is the use of virus-based vectors. One of its attractions is that plant viruses
multiply within infected cells. Thus, any foreign gene incorporated within the viral
genome should be concomitantly amplified, leading to high levels of expression.
The purpose of this article is to review the progress that has been made in the
development of virus-based vectors for the expression of foreign genes in plants.
However, to keep this review to a manageable length, we will discuss only those
systems which have been used to express sequences of substantial length, e.g. full-
length proteins. Thus, we will not discuss strategies by which the coat proteins of
plant viruses have been modified to display short peptides (epitope-presentation
systems) and the reader is referred to recent reviews to gain information about this
related technology (Porta and Lomonossoff, 1998; Lomonossoff and Hamiltos,
1999, As the reader will quickly realize, attempts have been made to develop a wide
variety of different viruses inte vectors. We have, therefore, decided to discuss the
vectors under headings dealing with different virus genera, and have also chosen to
discuss these in approximately the order in which the vectors were first developed.

DNA viruses

The first viruses to be proposed as potential gene vectors were those whose genomes
consist of DNA (Szeto er al., 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. Thus, viruses from two families, the Caulimoviridae
(circular double-stranded (ds) DNA genomes) and the Geminiviridue (circular single-
stranded {(s3) DNA genomes), were extensively investigated as potential vectors in the
198} in the hope that they could effectively be developed as plant ‘plasmids’.

CAULIMOVIRIDAE

This farnily of plant viruses contains 6 genera. The Ceudimoviridae are pararetroviruses,
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replicating their double-stranded DNA genomes through an RNA intermediate.
Members of the genus Caulimovirus are nsually transmitted by aphids and have a
rather narrow host range. The type member cauliflower mosaic virus (CaMV), which
infects mostly crucifers, was the first plant virus to be considered as a potential vector
for gene expression in plants. An important step in the development of CaMV-based
vectors was the demonstration that cloned viral DNA. propagated in E. cofi, was still
infectious to plaats providing it was released from its plasmid vector by restriction
enzyme digestion prior to inoculation (Howell et al., 1980). This established that the
discontinuities found in the DNA isolated frem virions (see Figure 11.1), and which
are scaled in the infected cell, are not essential for infectivity, and opened the way for
the manipulation of the CaMV genome in bacteria.

CaMV has a genome consisting of 8 kbp of dsDNA encapsidated in isometric
particles of 50 nm. Following entry inte the cell’s nucleus, host DNA-dependent RNA,
polymerases transcribe the coding strand into a more-than-genome-length transcript.
This 355 RNA serves as the template both for reverse transcription (Pfeiffer and
Hohn, 1983) and for expression of six out of the seven virus-encoded genes, with open
reading frame (ORF) VI translated from its own 198 transcript {Figure 11.1).

Initially, bacterial DNA sequences were used to probe the CaMV genome for
potential sites for the insertion of heterologous genes. A 65 bp fragment was inserted
into a naturally occurring Xhol site located within gene I (see Figure 11,73, aregion
covered by a deletion in a variant strain of CaMV and therefore not essential for viral
infection (Howarth et af., 1981). Inoculated turnip plants (Brassica campestris 1..)
developed a systemic infection and the insert was maintained for three to five
passages from plant o plant. Maximum insertion capacity in this position was found
to be around 250 bp and was assumed to reflect packaging limitations by CaMV
particles (Gronenborn ef al., 1981).

The first functional gene to be cloned into CaMV was the dihydrofolate reductase
gene (dhfr) from an E. coli plasmid, which encodes a methotrexate-insensitive
enzyme. Dhfr, which is 234 bp long, was used to replace gene I {470 bp) and resulted
in recombinant CaMV. which could be propagated in turnip plants for three cycles of
infection with viral DNA (Brisson er al., 1984). Expression of the difr gene was
monitored by Western blot analysis of leaf extracts with a DHFR-specific antibody
and yields were estimated te be about 8 |1g/g of fresh tissue by comparison with the
signal obtained with a known amount of DHFR purified from E. coli. DHFR activity
was assessed by insensitivity of systemically infected leaves to methotrexate, which
normally impairs RNA and DNA synthesis.

Nexl, gene II'was replaced by a 200 bp mammalian gene encoding metallothionein
T (MTIE from Chinese hamster, a protein which selectively binds heavy metals and
can confer resistance to cadmiurmn (Cd) when overexpressed. As observed following
dhfr insertion, infectivity of the recombinant virus bearing the gene for MTIH was
similar to that of the parental virus, with local lesions appearing within two weeks and
a systemic infection within four weeks of inoculation of turnip plants with plasmid-
released DNA (Lefebvre er al., 1987). The m#F gene insert was also maintained
during three consecutive passages using crude leaf extracts of infected plants to rub-
inoculate healthy plants. Production of MTII was detected by immunoblot and the
MTII centent of infected leaves estimated to represent 0.5% of soluble leaf proteins.
Function of MTIEin piants was determined by the ability of excised infected leaves to
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Figure 1L.1. Genome organization of canliflower mosaic virus (CaMV). The circular dsDNA, (8 kbp) is
represented by two concentric circles and contains three discontinruities adjacent o replication prissing
seguences. One (open circle) is on the (+) strand, while the other two {full circles) are on the (—) strand. Guter
arrows represent transcripts from the (+) strand by host DNA-dependent RNA polymerases: the 355 RNA
(a more-than-genome-length mRNA), which serves as a template for both reverse transcription and
translation of genes It V, and the 19S5 RNA from which gene V1 is expressed. [nner arrows represent ORFs
which encode the movement protein (MP), the aphid transmission factor (ATF), a protein which has a
putative role in viral DNA folding during encapsidation (Fold), the coat protein {CP}, the reverse
transcriptase {RT}, and the translational ransactivator protein (TTAP). Sequences which are dispensable for
virus infection and which can be deleted and/or replaced with foreign genes are shown in black.

survive exposure to a 10 mM CdCl, solution, linked to increased sequestration of Cd
by the expressed MTII, )

Subsequently, CaMV was used to express in planta the 501 bp human gene
encoding interferon ol (IFN-oD). This was again by replacement of ORF 11, but into
a vector from which ORF VII (see Figure 11.1), also dispensable for virus viability
(Dixen and Hohin, [984), had been deleted, therefore potentially increasing the insert
size that CaMV can carry successfully. Interferon content of leaves with primary and
systemic symptoms was quantified by an in vitro antiviral activity assay and found to
reach a maximum level of 2 ng of IFN-aD/g of fresh tissue {TDeZoeten ef al., 1989).
However, no protection against superinfection with furnip vellow mosaic virus
(TYMV), a s positive-sense RNA virus, was obtained. Interferons are produced by
animal ceils upon virus infection and induce the synthesis of dsRNA-activated
enzymes. This activation trigger can be provided by the replication intermediate of
$sRNA viruses and, in animal tissues, results in endoRNase activity and selective
inhibition of viral mRNA translation mediated by protein kinases termed PKR.
However, no down-regulation of TYMV synthesis was observed when exposed to
interferon expressed via CaMV in doubly-infected plant cells.
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From insertional analysis into the CaMV genome it has been inferred that, in
order to get packaged into particles, recombinant viral DNA could net exceed 8300
bp in size (Daubert er al., 1983). Following deletion of all non-essential sequences:
ORF II, ORF VII and a small part of the large inlergenic region (see Figure 11.1;
Penswick er al., 1988), the maximal payload wouid therefore be 1000 bp. In order
to overcome this size limitation, attempts were made at genetic complementation
between deletion mutants. Co-infection of plants with species of CaMV DNA
hearing non-overlapping deletions invariably resulted in the recovery of wild-type
virus (Walden and Howell, 1982; Choe er al., 1983} as a result of either homologous
recombination or template switching, which occurs during replication by reverse
transcription. A spontancous CaMV mutant missing ORF I and part of ORF I was
combined with a mutant from which an area covering ORF Il and ORF III had been
deleted. The deletions borne by these mutants therefore overlap over part of ORF IL
When inoculated separately, none of these mutants was infectious. When inoculated
onto plants as a pair, symptoms developed and restriction analysis of DNA isolated
from infected leaves revealed a digestion pattern compatible with the presence of a
mixture of both mutants (Hirochika and Hayashi, 1991). However, application of
these overlapping deletion mutants for the cloning of foreign genes was not reported
at a later date.

Size restrictions were not a consiraint for the delivery of a 107 bp cis hairpin
ribozyme (Rz) fragment which was inserted into the Xhol site of gene I1. Transcrip-
tion of a cis Rz within the viral mRNA should result in its cleavage and therefore
reduce the amount of template available for reverse transcription. Following inocula-
tion of plants, a one-week delay in the appearance of systemic symptoms was
observed by comparison to a construct harbouring an inactive Rz sequence. Lysate
RNase protection assays demonstrated that the Rz was active in exiracts from whole
infected plants (Borneman er al., 1993). However, failure to analyse the sequence of
PCR preducts covering the Rz insert left open the possibility that a sequence
alteration in the Rz was responstble for the increase in severity of systemic symptoms
which was observed during the later stages of the experiment.

Over the years, a number of cis-acting elements had been identified within gene
II: a (+) strand replication primer (Pietrzak and Hohn, 1985), a splice acceptor site
{Kiss-Laszlo er al., 1995), and sequences linking its translation with adjacent genes.
As an allernalive to insertions into gene IE, Noad er af. (1997) explored the insertion
of functional sequences into domains of the 358 promoter. This approach was based
on the observation that within the 355 enhancer {sequences between 207 and —-56
from the cap site), domains E3 (=207 to —150) and E2 (-95 to -36} are not
simultaneously required for viral infectivity (Turner et al., 1996). E3 was replaced
by an artificial (+} strand priming sequence, based on the polypurine tract located in
gene 1. Functionality in this ectopic site was shown by the creation of one more
discontinuity on the {+) strand of progeny virion DNA. Into a clone from which 421
bp from the middle of gene II had been deleted, a 300 bp sequence from the 5'
untranstated teader of the Arabidopsis phytoene desaturase (pds) gene was inserted
at the left border of a complete 355 enhancer. Analysis of viral DNA isolated from
infected turnip plants demonstrated that the insert had lost 198 pb, consistent with
correct splicing of the resident intron. CaMV replicons can therefore be used to
deliver 1o specific cellular compartments — the cytoplasm for recognition of the
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artificial replication primer, the nucleus for intron splicing — elements which target
either viral and host functions.

Based on the observation that a CaMV ORF F mutant defective for movement can
be complemented by wild-type virus for systemic spread (Thomas ef al., 1993), a
complementation strategy was used to express B-glucaronidase (GUS) from CaMV.
A deletion reaching from the Xhol site within gene II to within the 5' end of gene V
was made in the CaMV genome in order to accommodate the 2 kb gus gene without
increase in size over that of the wild-type (Viaplana et al., 2001). Upon co-inoculation
with wild-type CaMV, expression of GUS was observed but was limited to local
lesions, whilst co-inoculation with helper virus disabled for expression of ORF I
rapidly produces wild-type virus by recombination.

Recently, an insertion strategy into the CaMV genome has been designed that
allows the stable expression of the 720 bp green fluorescent protein (gfp) gene (Simon
Covey, personal communication).

GEMINIVIRIDAE

These viruses derive their name from the geminate nature of their virions, which
consist of two joined incomplete icosahedra, with dimensions of 18 x 30 nm. Their
genome is comprised of either one or two molecules of circular ssDNA, 2.5 3.0kb in
size. The viral-sense ssDNA genome replicates in the nucleus of infected cells via a
dsDNA intermediate that is used as the template for roiling-circle replication (Stenger
et al, 1991). Transcription starts from an intergenic region and proceeds in both
directions, i.e. from both the virion-sense and complementary-sense strands. Given
the small size of their genomes, which facilitates cloning in E. coli plasmids, their
unique — amongst plant viruses ~ place and mode of replication and the fact that,
collectively, they infect a wide range of hosts, Geminiviridae have attracted interest
as gene vectors.

Classification into genera is based on the number of molecules of DNA (1 or 2), the
insect vector (leaf/treehoppers or aphids) and the host (monocots or dicots).

Begomoviruses

Viruses belonging to this genus are whitefly transmitted, infect dicotyledonous hosts
and the majority have a genome made up of two molecules of ssDNA of similar size,
termed DNA A and B. The intergenic region, which is shared by the two molecules
of DNA and therefore termed common region {CR), contains the site for initiation and
the signals for termination of DNA replication, as well as the promoters for bi-
directional transcription. Whilst the two proteins encoded by DNA B are required for
virus movement, they are dispensable for viral replication. The coat protein (CP) of
bipartite begomoviruses, encoded by DNA A, is dispensable both for viral DNA
replication and systemic spread (Stanley and Townsend, 1986: Gardiner et al., 1988).
This triggered widespread interest into its replacement by foreign genes (£ igure
11.2). Because DNA A encodes all the viral proteins involved in replication, it can
self-replicate either transiently in protoplasts (Townsend et al., 1986), or when
expressed from an integrated sequence in transgenic plants (Rogers et al., 1986;
Meyer er al., 1989).
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Figure 11.2. Generic genome organization of bipartite begomoviruses. The two moiecules of circular
sSDNA (2.5-2.8 kb in size each) are represented by individual circles and share approximately 200 b of
sequence i the area covered by an open box (termed common region: CR}, in which replication starts.
Transcripts are synthesized bi-directiorally, as shown by the outer arrows. Inner arrows correspond to the
ORFs, which are denoted by the genome component - A or B - and the DNA strand ~ virion (V} or
complementary {C) sense — which encedes them. Where known, their functions are indicated: coat protein
(CP). replication-associated protein (Rep), transcriptional activator protein (TrAP?Y, replication enhancer
(Ren), nuclear shuttle protein (NSP). and movement pretein (MP}. ORF A V2 and the corresponding virion-
sense transcripl, hoth shown in grey, are found in ACMV but not in TGMV. ORF AV {, which has been
repiaced by foreign sequences. is filled in black.

1. African cassava mosaic virus (ACMV)

ACMV DNA A encodes two proteins in the virion-sense: the CP, AV, and a smaller
upstream protein, AVZ, of unknown function (Figure 1/7.2). Fuil-length genomic
clones of DNA A and B are infectious by mechanical inoculation following excision
of unit-length dsDNA from the cloning vector (Stanley, 1983),

Ward er al. {1988) deleted the coding sequence for AV, leaving just 7 amino acids
at the N-terminuas. At the C-terminal end. 25 bp of the AV coding sequence were
preserved in order to avoid disrupting the expression of complementary-sense genes.
Deletion of the sequence for the CP resulted in loss of infectivity for Nicotiana
benthamiana plants, whilst its restoration, even in the opposite orientation, re-
established infectivity. When the CP gene was replaced by that of the bacterial
chioramphenicol acetyl transferase (CAT), which resulted in a net increase of only 58
bp aver the size of wild-type DNA A, symptoms typical of ACMYV infection appeared
both on the inoculated leaves and on newly expanding leaves. This confirmed that for
infectivity it is necessary to preserve the size of the naturally occurring DNA
component, despite abolition of the constraints imposed by packaging, through
deletion of the CP gene. CAT expression (detected by Western blot analysis and
enzyme activily assay) was maintained over a peried of four weeks, as well as after
mechanical transmission of viral DNA to healthy plants. Given the role of the CP in
aphid transmission (Briddon et gl. 1990}, CP replacement constructs would be easy to
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contain. However, the usefulness of the system was further limited by poor sap
transmissibility of CAT-encoding ACMYV, probably as a result of degradation of the
unencapsidated viral DNAs,

There are two ways to circumvent the limitations imposed by establishing a
begomovirus infection in plants: they involve the introduction of DNA A-based
vectors into either single cells, or by expression of DNA A from an integrated copy in
transgenic plants.

a. Protoplasts

Longer than unit-fength derivatives of ACMYV DNA A containing a duplication of the
CR can be used for direct electroporation of protoplasts with supercoiled plasmid.
The presence of this sequence duplication allows the release of monomers of DNA A
cither by intramolecular recombination or, more efficiently, by replicational release.
The Iatter 1s considered to be evidence that geminiviruses replicate by a rolling-circle
mechanism (Stenger ef al., 1991),

A CP replacement construct expressing CAT from DNA A and a CAT-specific
hammerhead Rz similarly inserted into a second DNA A-based construct were
delivered simultaneously into Nicotiana tabacum cells. In vivo CAT mRNA cleavage
by the Rz increased when the latter was embedded into the anticodon loop of a
IRNAD this was due to a 150-fold increase in the steady state level of Rz by
transcription from the endogenous tRNA promoter aver that from the ACMV CP
promoter (tRNAs are abundantly transcribed by RNA polymerase 111, while the
promoter for the CP of ACMYV is recognized by RNA polymerase II). ACMV
therefore only served to replicate the Rz and its target in vive (Perriman ef al., 1995).

The satellite RNA of robacco ringspor virus (sSTRSV} sequence, which has no
messenger activity, was substituted for most of the CP in DNA A of ACMV. The
inserts varied in size between 460 and 692 bp and allowed the study in vive of the
sequences involved in the formation of circular forms of sTRSV, following self-
cleavage from subdimeric sSTRSV transcripts. For the shortest of these sTRSV inserts,
addition of a pol Il promoter to their 5' side was again required in order to accimulate
detectable amounts of the corresponding transcripts and their derivatives. One
possible explanation for this requirement is that smaller inserts could not be effi-
ciently expressed from the ACMV vector (Chay ef af.. 1997).

b.  Transgenic plants
Meyer er al. (1992) made use of the fact that, in plants carrying mtegrated dimers of
DNA A, autonomous replication of this component is obtained. A 969 bp fragment
spanning the sequence for the CP was deleted from the 2.7 kb DNA A and later
substitated by a 660 bp fragment from the maize transposon En/Spn or & 751 bp
[ragment containing the anB insertion site of £. coli. Extrachromosomal copies of
both the deleted and recombinant monomers could be delected in transgenic M.
tabacwm plants. This expression strategy produces symptomless plants, precludes
virus transmission by aphids (given the absence of CP) but does not depend on viral
spread in the plant. However, activity of the foreign sequences was not assessed, nor
were attermpts made to generate recombinant molecules larger than 2.7 kb.

The transcription of virion-sense genes of ACMV DNA A has been shown to be
transactivated by complementary-sense-encoded protein AC2 (see Figure 11.2;
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Haley er al., 1992). This led to the development of a transactivatable expression
system in transgenic plants. The reporter gene guts cloned downstream of the virion-
sense promoter, AV 1Pro, in frame with the CP initiation codon, was used to transform
N, benthamiana plants. Levels of constitutive expression from AV ]Pro were signifi-
cantly above those of plants transgenic for gus but lacking the viral promoter, Upon
infection with ACMV, wild-type symptoms developed and levels of GUS expression
increased between 2- and 30-fold, although great fluctuations were observed both
between plant lines and between plants from the same line. When dianthin, a
ribosome-inactivating protein which exhibits antiviral activity against a broad range
of viruses, was substituted for GUS, the resulting transgenic plants (AV1Pro-DIA)
displayed normal growth. Following challenge with ACMV, necrotic lesions were
cbserved on the inoculated leaves and systemic symptoms were absent or mild. This
virus resistance was confined to ACMY isolates, demonsirating that transactivation
of AV1Proby AC2 homologues from other geminiviruses is notefficient (Hong er al.,
1996). Confirmation of the specific role of AC2 in the transactivation of dianthin
expression in AV 1Pro-DIA plants was sought by mutagenesis. Given the inability of
ACMYV with mutated AC2 sequences to infect plants systemically (Etessami et al.,
1991), the potato virus X (PVX) vector described in a subsequent section was used to
deliver AC2 sequences in planta. Only wild-type AC2 produced a 15-fold increase in
dianthin activity over the basic level obtained in plants inocutated with unmodified
PVX (Hong et al.. 1997).

2. Tomato golden mosaic virus (TGMV)

The genome organization of TGMYV is similar to that of ACMYV with the difference
that, in the virien-sense, DNA A encodes only AV, the CP (Figure 11.2). Although
dsDNA clones of the viral genome, excised from recombinant plasmids, are infec-
tious when mechanically inoculated (Hamilton ef al., 1983), the most efficient route
of inoculation is via Agrobacterium transformed with Ti plasmids carrying partial or
complete dimers of each of the two DNAs (Hayes er al., 1988a).

a. Leaf discs
Hanley-Bowdoin ¢t al. (1988) inoculated leaf discs from petunia with Agrobacterivm
carrying a binary vector with 1.5 copies of DNA A from TGMV. The caf or gus genes
were used in turns Lo replace the CP gene. Transcription of the grs gene was found to
be only 21 % lower than that of the CP gene, despite a concomitant increase in the size
of DNA A of 1.1 kb. This demonstrated that replication of TGMV DNA A in
individual cells is not reguiated by tight size constraints. The fact that car transcripts
accumulated 57% less than CP transcripts (from which they differ in size by only 25
bp) was attribuied to their instability in plant cells. Because the level of CP transcrip-
tion depends on DNA A copy number, a transcript for AC1 (for position see Figure
11.2) was used as an internal standard. Both bacterial gene replacement constructs
produced 60% less ACI transcript than wiid-type DNA A. This was inlerpreted as
reflecting the availability of lower amounts of recombinant DNA A template.
Agrobacterium-mediated transfection of tobacco leafl discs with DNA A was used
to study the splicing of pre-mRNAs (McCuilough er al., 1991). Full-length exon/
intron/exon cassettes were wmserted between the CP promoter and terminator sequences.
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The corresponding transcripts could be praduced in large amounts as a result of
autonomous replication of the TGMV-based vector, coupled with efficient transcrip-
tion from the CP promoter. By RT-PCR analysis and DNA sequencing, accurate
excision of introns from the ribulose biphosphate carboxylase (rbs) gene was demon-
strated. The efficiency of intron splicing from a pea and wheat rbs gene, determined
by quantitative RNAse protection assays, was respectively 85% and 73%. which is a
reflection of the different sclectivities of the RNA processing systems in monocot and
dicot plants. Expression of the proteins encoded by the spliced RNAs was not
analysed.

In order to develop a system for translational suppression in plaats, non-replicating
plasmids encoding a reporter gene were co-transformed into N. benthamiana cell
cullures with plasmids expressing tRNAs. Nonsense (amber) and missense mutations
of the codon for a Lys essential for luciferase (luc) activity could be suppressed by
tRNAs™* with cognately mutated anticodons (Chen et a/., 1998). Suppression increased
with the guantity of (RNA-encoding DNA and was therefore found to be higher when
tRNA genes replaced the CP gene of TGMV DNA A than when they were delivered
by a phagemid, which cannot replicate in plants.

Kanevski ef al. (1992) cloned DNA A as a partial tandem repeat in a pUC vector.
The gene for the CP was replaced by that for neomycin phosphotransferase type 1I
(NPT-1I), termed kan as it confers resistance to kanamycin. Expression of NPT-I] was
controlled either by the CP signals or by the 5' region of the nopaline synthase (nos)
gene and the 3'region of the octopine synthase (ocs) gene. Replication of these vectors
was compared to that of wild-type DNA A following transfection of protoplasts; it
was found to be two-fold higher for the kan only bearing construct, and two-fold
lower for the nostan/ocs cassette insertion construct. Biolistic transformation of
tobacco suspension culture cells followed by selection for kanamyein resistance
yielded 10% of clones in which replicating viral genomes could be detected after four
months of culture. The maximum number of unit-length vectors/cell was in the range
300~-1000 and corresponded to an approximate 20-fold increase in the amount of
NPT-1E enzyme over that of a cell line transformed with a non-replicating kan-bearing
plasmid (less than 10 integrated kan gene copies). This study demonstrated that DNA
A-based vectors delivered biolistically into single cells can be used to establish clonal
cell fines in which replicating viral DNA can mediate the enhanced expression of
foreign genes.

b.  Whole plants
The bacterial nee gene {identical 1o the kan gene described above) was substituted for
the CP in a plasmid bearing a partial dimer of DNA A (pAl.6neo). Plant infections
were obtained by agroinoculation either of transgenic N. tabacum carrying a head-to-
tail dimer of DNA B (B2 plants) with pAl.6neo or of non-transformed plants with a
derivative of pAl.6reo simultaneously bearing a dimer of DNA B (pA1.6neoB2).
The first method was more effective than the second one and pA | 6reo-infected B2
plants were shawn to present an average of 490 copies of the neo gene/genome, versus
166 copies in pA1.6neoB2-infected non-transgenic plants. NPT expression paralleled
gene copy number and was found to be three times higher in the first than in the second
set of plants (Hayes ez al., 1988b).

Infection of intact planis can also be achieved by particle gun bombardment with a
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combination of plasmids carrying tandem copies of DNA A and DNA B. This method
was used by Kjemtrap er al. (1998) who set out to use TGMYV as a source of high copy
DNA episomes for the delivery of sequences homologous to chromosemal genes in
order 10 study gene silencing. The CP gene was replaced by the 5' sense fragment of
the su gene, which encodes the nucleotide binding subunit of magnesium chelatase,
an enzyme required in chlorophyll biosynthgsis. Symptoms distinct from those of a
wild-type infection were induced on V. benthamiana plants: yellow spots appeared on
the inoculated icaves and yellow-white or light green variegation developed on new
leaves and stems. This phenotype was maintained with constructs encoding 5
antisense and 3' sense sequences of the sir gene. Absence from these fragments of a
functional sequence for the transit peptide that is required for import into the
chloroplast efiminated interference of mutant proteins with the formation of the
multisubunit enzymatic complex as the explanation for the lack of chlorophyll
synthesis. Variegation could be maintained through tissue cubture but was lost after
meiosis, indicating that recombinant TGMV sequences had not significantly inte-
grated into chromosomal DNA. Accumulation of the endogencus su gene transcript
was prevented by both the 5 sense si construct and a frameshift derivative. Similarly,
levels of transcription from a transgene were found to be greatly reduced when M.
benthamiana plants stably transformed for the lue gene were infected with TGMV in
which the CP gene had been replaced by fue §' sense and antisense fragments. Down-
regulation ol botl an endogenous gene (su) and a transgene (Juc) therefore occurred
at the RNA or DNA level and had been mediated by a nuclear localized DNA virus
(the use of cytoplasmic RNA viruses in gene silencing is described below).

¢.  Transgenic piants

pAl.6neo was also used by Hayes er al. (1988b) to transform M. tabacum, leading to
extrachromosomal amplification of the neo gene and an increase in the fevel of NPT
{levels were half those observed in non-transformed piants infected with pA1.6neoB2).
In this case, DNA B was not required for spread from cell to cell as DNA A was
integrated in the genome of each cell. Part of the CP promoler encompassing the
TATA box could be delfeted from pAl.6neo and its replacement with the CaMV 358
promoter more than doubled NPT expression without affecting vector replication
(Hayes ef al., 1989). The CP promoter of TGMYV is thercfore amenable to modifica-
tion allowing higher expression levels. As in the case of ACMV, expression of the CP
of TGMV is transactivated by AC2 (Sunter and Bisaro, 1991}, but the regalatory
elements invelved in promoter activity have to this date nol been mapped.

The size of the neo gene (0.79 kbp) was close to that of the CP gene (0.74 kbp).
Hayes et el (1989) next replaced it by the gus gene in pAl.6gus, and transgenic .
fabacum plants were produced. As previously observed by agroinoculation of feaf
discs {Hanley-Bowdoin ef al., [988). the increase in the size of DNA A due to the gus
gene was well tolerated (no deletions were observed), gus gene copy numbers varied
between 85 and 140, and were paralieled by the levei of GUS activity. However,
agroinoculation of the pAl.6gus construct onto transgenic B2 plants (see ahove) led
to arange of deletions in the DNA A vector, down to the size of the native molecule.
This selection for deletion multants no smailer than DNA A could be governed by a
mechanism of competitive replication with molecules of DNA B (Lazarowitz, 1987)
of which pA1.6gus transgenic plants are devoid.
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Mastreviruses

Viruses belonging to this genus are transmitted via leathoppers, and most of them
infect only monocotyledonous plants. Their genomes are monopartite and comprise
both a large intergenic region (LIR), which is the equivalent of the CR of
begomoviruses, and a small intergenic region (SIR; sec Figure 7].3). A short
complementary primer for second-strand synthesis binds within the SIR, which also
comprises polyadenylation signals for transcript termination. The gene arrangement
of mastreviruses is similar to that of DNA A of begomoviruses. The complementary-
sense strand encodes proteins CI and C1:C2, which is generated by processing of an
intron between ORFs C1 and C2. C1:C2 has been shown to be the only viral protein
necessary for replication (Dekker er al., 1991; Morris er al., 1992: Wright et al.,
1997). The virion sense strand encodes not only the CP, V2, which protects the viral
genome and is required for insect transmission, but also the cell-to—ell movement
protein (MP), V1 (Figure 1.3}, Both V1 and V2 are needed for systemic spread
(Lazarowitz et al., 1989; Woolston er al., 1989). Their replacement by foreign
sequences will therefore limit the use of the resufting vectors to the infection of cells
in culture. Unlike begomoviruses, mastreviruses are not mechanically transmissible
and DNA clones need to be inoculated via Agrobacteriim (agroinoculated) onto
plants in order o produce an infection (Grimsley er al., 1987; Woolston et al., 1988).

1. Wheat dwarf virus (WDV)

a. Protoplasts

For the transfection of protoplasts, Matzeit er al. (1991) demonstrated that a tandem
dimer of the WDV genome can be used in closed circular DNA, while a monomeric
coastruct needs to be released from the bacterial plasmid as a linear fragment which
witl undergo circularization by cellular ligases.

ORF 2 on the virion-sense strand (V2), which encodes the CP (see Figure [1.3),
was allernatively replaced by three reporter genes encoding NPT-I1 (845 bp), CAT
(798 bp) and B-galactosidase (Bgal: 3007 bp). In wheat protoplasts, all three replace-
ment constructs were able to replicate and to express the encoded bacterial enzymes
demonstrating that, as for DNA A of begomoviruses, no narrow limit is imposed on
the size of the viral DNA for replication in suspension culture cells (Matzeit ef af.,
1991). Expression levels of NPT-IT were 20 times higher from a replication-com-
petent vector than from a non-linearized monomeric construct, or from a frameshift
mutant in C1 (both unable to replicate). NPT-II expression from replicating WDV
was also obtained in non-host suspension cultire cells of maize and rice (at a levet half
that observed in wheat protoplasts), demonstrating that replication is not the limiting
factor in host specificity.

WDV expressing the neo gene as areplacement for the CP gene was used by Topfer
et al. (1989} to verify whether imbibition of dry embryos of cereals with plasmid
DNA constitutes a valid method for gene transfer. NPT-I1 expression was 15 to 20
times higher when the neo gene was delivered by WDV than when expressed from the
CaMV 358 promoter. This increase in NPT-11 activity was dependent on the capacity
of the WDV vector to replicate, and occurred only when it was cloned as a dimer but
not as a monomer, therefore confirming true cellular uptake of the DNA.
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Figure 11.3.  Generic genome organization of Mastreviruses. The single molecule of circular ssDNA
{2.6-2.8 kb in size} is represented by a circle with open boxes for the large (LIR) and small intergenic region
(SIR). Bi-directiona] transcripts (outer arrows) iitiale within the LIR, terminate within the SIR and. in
some cases, contain introns {shown as closed rectangles). ORFs (inner arrows) are named according to the
DINA strand — viral (V) or complementary {C) sense— by which they are ecncoded and their function is given:
movement protemn (MP), coat protein (CP): RepA is a regulatory protein whilst the RepA:RepB fusion
pretein, translated from the spliced complementary-sense transeript, is the replication-associated protein.
The transeript and introns shown in grey have been identified for MSV but not flor WDV and TYDV. ORFs
filled in black have been substituted by foreign sequences.

The gus gene was substituted for the CP gene in a series of constructs containing a
partial tandem duplication of WDV sequences encompassing the LIR and the
replication-associated gene. Following bombardment of plasmid-coated particles
into cultured wheat cells. the level of GUS expression was found to be correlated to
the refative amount of newly replicated viral DNA. Replicon size was, however,
identified as the major determinant of the efficiency of accumulation: plasmids
smaller than the genome of WDV were engineered by removing the GUS sequence
and found to replicate to the highest levels (Suarez-Lopez and Gutierrez, 1997).

Laufs er al. (1990) studied the expression of transposons in several types of
monocot protoplasts using WDV, The maize transposon Activator unit (Ac), which is
4579 bp long, and deletion mutants thereof down to 627 bp in size, were substituted
for most of the virion-sense transeription unit, i.e. the genes for both V1 and V2 (see
Figure 11.3}. Insertion of the autenomous Ac element rapidiy led to the appearance
of empty WDV replicons: sequence analysis verified that this was not due to
recombination but to Ac-specific excision. By contrast, non-autonomous Ac deriva-
tives, Dissociation (Ds} elements, lacking sequences from within the 5" leader, and
reaching across the ORF of the transposase down to the 3' untransiated region, could
be stably replicated via WDV. Excision of these Ds elements from the genome of
WDV could be rescued by an active transposase, expressed in trans from the CaMV
355 promoter of a co-transfecting plasmid. By demonstrating that Ds elements could
only be excised from replicative-competent WDV vectors, Wirtz er al. (1997)
confirmed that transposition is linked to replication.

Another mastrevirus, miscanthus streak virus (MiSV), was similarly used as a gene
vector for the transposition of maize Ds elements into rice protopiasts (Sugimoto et
al., 1994). Vi and V2 were replaced by an artificial 1.4 kb Ds element, which was
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stably maintained in the MiSV vector during replication and which could be selec-
tvely and efficiently excised by co-electroporation with a plasmid expressing the
Ac-encoded transposase under the control of an enhanced CaMV 35S promoter.
When the gene for hygromycin phosphotransferase (HPT) was inserted into the Ds
element, integration of the resulting Ds::HPT sequence into the rice genome could be
monitored by regeneration of transfected protoplasts in the presence of hygromyein.
In 1/3 of the resistant calli, direct transposition of Ds::HPT excised from MiSV had
occurred, as demonstrated by the presence of flanking 8 bp direct repeats, which resalt
from target site duplication upon Ac/Ds integration. This low efficiency of trans-
position was interpreted in terms of limiting amounts of transposase.

b.  E. coli-plant cell shuttle vectors

Bifunctional plasmids combining E. coli and WDV sequences have been developed.
They simplified transfection experiments, as release of viral monomers from plasmid
sequences was no longer required, and could serve as shustle vectors between
bacterial and plant celis.

Genes Vi and V2 can be deleted without affecting the ability of WDV to replicate
in wheat protoplasts. Using such a deletion mutant, entire bacterial plasmids derived
from pBR322 {ColEl replicons} were inserted into the WDV genome (Kamman et
al., 1991). The resulting vectors were able to replicate in wheat protoplasts. Plant
DNA was isolated seven days after ransfection. Digestion with a restriction enzyme
which only cleaves its recognition site when itis methylated in dem+ bacteria ensured
that residual input bacterial DNA was eliminated, whilst de rovo plant-synthesized
DNA was left intact. Following transformation of E. coli with this DNA, the bacterial
colonies obtaired harboured plasmid DNA, which could be used to successfully
transfect fresh protoplasts. No differences in the restriction pattern of the original
vector appeared at any point during these passages between bacteriat and plant cells,
making it a suitable tool for the study of DNA rearrangements in monocotyledonous
plants.

In WDV, the genes for VI and V2 are translated from a unique virion-sense
transcript by frame-shifting (Dekker et al., 1991; see Figure 11.3). The gene for the
CP {V2) was replaced by that for NPT-1I fused to the CaMV 358 terminator and
followed by the sequence for the p15 origin of replication {ori) froman E. coli plasmid
(Ugaki er al., 1991). The resulting construct pWi-11 was able to replicate extra-
chromosomally in E. coli viaori, and in maize protoplasts via the replication-associated
proteins encoded by the complementary-sense strand of WDV. Presence of the npt-
{f gene allowed selection for kanamycin resistance in E. coli, but not in maize
endosperm cells because of their slow rate of growth during the culture period used for
the study (9 days). The gene for GUS under the control of a CaMV 358 promoter and
terminator was inserted into pWI-11 between the nps-I7 gene fusion and ori sequence
to produce pWI-GUS. Expression levels of GUS obtained in plant cells could be
correlated with active replication of the vector.

By in vivo labelling, vector pWI-11 was shown able to replicate in non-dividing
protoplasts of maize, whilst co-transfection of pWI-11 with replication-deficient
derivatives of pWI-GUS demonstrated that the replicase of WDV can act in rrans. Up
to 30 000 copies of the shuttle vector accumulated per cell. Insertion of the 3 kb GUS
expression cassette brought the copy number down by a factor of twelve to 2500, and
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only resulted in a ten-fold increase in GUS expression over a non-replicating control
plasmid: this suggests that high level replication of the vector titrates out factors
needed for gene expression (Timmermans et al., 1992).

Using the same cloning strategy as for insertion of the gus gene, expression
cassettes for the maize Lc gene, which transcriptionally activates anthocyanin
biosynthetic enzymes, were cloned into vector pWI-11 (Neuhaus-Utl er al., 1994).
Maize callus-derived protoplasts were PEG transformed with different Le constructs,
and transactivation of anthocyanin expression was assessed by counting the number
of protoplasts which turned red. A correlation between replication of the vector and
transactivation was found when the Lc gene was under the control of the constitutive
CaMV 35S promoter, but not when using the maize phosphoenolpyruvate carboxy-
lase (PEPC) promoter, which is mesophyli-specific and poorly transactivated in
callus cells. Applications of these transactivating, self-replicating vectors for short-
term cell lineage studies in maize were, however, not reported.

2. Maize streak virus (MSV}

It was with the purpose of delineating essential viral functions in MSV that the genes
for V2, or for both V1 and V2, were {irst deleted and then replaced by the reporter
genes cat and hpt (Lazarowitz ef al., 1989). Following agroinoculation of maize
plants, the deletion mutants were unable to replicate. By contrast, imutation of the start
codon of V1 or replacement of either the V2 (CP) gene, or of the V1 + V2 genes with
foreign sequences, produced replicating MSV DNA, which remained confined to
inoculated leaves, did not generate classical disease symptoms, and was not leafhopper
transmissible. A polar effect of the mutation at the start of the V1 coding sequenice on
expression of the V2 gene was excluded because it was thought that MSV transcribes
genes V1 and V2 from separate 3' co-terminal transcripts, with the V2 transcript
starting in the middle of the V1 sequence (Morris-Krsinich ef al., 1985). Later on, it
was discovered that some of the MSV V2 transcripts actually result from splicing of
an intron within the V1 gene (Wright et al., 1997; Figure 11.3). The following
conclusions were drawn by Lazarowitz et al. (1989): ) all the information required
for viral replication is comprised in the complementary-sense genes and intergenic
regions; ii) both the CP and V1 are required for systemic spread, symptom develop-
ment and insect transmission; and iii) there are no inherent size limitations in the
absence of CP, as MSV gene substitution mutants 200 b smaller (V1 + V2 deletion
mutant with CAT insert) and up to 500 b larger (V2 deletion mutant with HPT insert)
than wild-type MSVcould be stably replicated. Failure of the deletion mutants to
replicate was likely due to the two intergenic regions being brought into close
proximity. Only CAT activity was assayed for, and could be detected at low levels in
leaves inoculated with the V2 replacemeni mutant. V1 was later confirmed by
Boulten et al. (1993} as the viral MP.

a. Whole planis

Given that the V1 and V2 genes are required for virus spread, their replacement could
not produce systemically moving expression vectors. An alternative strategy was
used by Shen and Hohn (1994). It was based on the observation that the SIR of MSV
could tolerate insertion of the 405 b maize transposable element Dsl, which was
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replicated along with the viral genome. However, symptoms of virus infection only
appeared after Ds excision, when Ac functions were provided either endogenously by
Ac+ maize lines or by co-inoculation with Agrobacterium containing a genomic Ac
clone (Shen and Hohn, 1992). The gene for GUS (flanked by CaMV 358 promoter
and nos terminator sequences) was substituted for the Dsl sequence. Following
agroinoculation of maize plants, symptoms were only observed in the single plant in
which the gus gene had been deleted from the vector. In non-symptomatic plants, the
number of blue spots which lined up on the veins of GUS-positive shoots was four
times higher on plants agroinoculated with the MSV-GUS construct than on those
which had been inoculated with a binary vector containing the gus gene alone. GUS
expression was correlated to replication of MSV-GUS, but remained limited to leaves
whose primordia were present in the coleoptilar node at the time of inoculation, The
pattern of distribution for GUS spots remained unchanged when genes V1 and V2
were deleted, therefore confirming the absence of systemic movement.

Next Shen and Hohn (1995) replaced the gus gene with the bialophos resistance
gene bar (under the transcriptional contro] of the CaMV 35S promoter and terminator)
in both the intact MSV genome and in the V1 + V2 deletion mutant, As with the GUS
constructs, no viral sympioms developed on maize seedlings agroinfected with the
barconstructs. After repetitive spraying with the herbicide Basta, to which expression
ol the bar gene confers resistance, 25% of the plants displayed green sectored leaves
18-21 days after inoculation. However, all the plants which survived (5-10%)
became sensitive to Basta 40 days after inoculation, confirming that reporter gene
expressing-MSV had not spread systemically. Given the non-destructive nature of the
Basta assay in resistant tissues, the copy number of bar-containing MSV vectors
coutd be estimated: it ranged between 50 and 500 melecules per cell and was
correlated with genome size, being highest for the smallest vector, i.e. that based on
the V1 + V2 deletion matant.

b.  Cell cultures

Palmer er al. (1999) also expressed the bar gene from an MSV replicon, but as a
replacement for genes V1 + V2 with only transcription termination signals provided
by the MSV SIR. Transcription initiation of the bar gene was from either a 790 bp
CaMV 358 ‘long’ promoter, or from a 430 bp CaMV 358 ‘short’ promioter fused to
the TMYV L2 leader (68 bp) and maize Adhl intron (550 bp); in the latter format, the size
of the insert was further increased by fusion of the E. coli gor gene for glutathione
reductase (GR) in frame with the bar gene (= bargor). Dimers of these constructs
were delivered biolistically into suspension cultures of non-regenerable black Mexi-
can sweeicorn (BMS) cells. Several months after transformation, total DNA was
isolated from transformed callus lines growing on bialaphos; the presence of replicons
was assessed by Southern blotting and their copy number per maize haploid genome
determined as varying between 500-750 to over 1000 copies. This was linked to the
detection of high levels of bar-specific transcripts by Northern blot, and to increased
expression of bar gene-encoded phosphinothricin acetyl transferase (PAT) over
control cell lines transformed with non-replicating plasmids. There was, however, no
significant difference between the level of PAT activity obtained from replicons
harbouring the ‘long’ 358 promoter and those presenting a ‘short’ 358 promoter +
expression-enhancing TMV £2 and maize intron sequences. In addition, PAT activity
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was reduced by fusion to the GR protein. The fact that differently sized recombinant
episomes reached similar copy numbers and were structurally stable (absence of
significant levels of deletion mutants) validates the use of these constructs for long-
term gene amplification in transformed cell culiures.

3. Tobacco vellow dwarf virus (TYDV)

The need for systemic spread can be obviated by a geminivirus-based vector designed
to be stably integrated into the plant genome. Transformation of monocot species
being more challenging than that of dicot plants, this approach was used with TYDV,
a mastrevirus which infects N. tabacum (Needham et al., 1998). The complementary
sense ORFs for C1 and C2 and the SIR were flanked by LIR sequences to allow
replicational release from the T-DNA of a binary vector. The viral-sense ORFs V1
and V2, which are not essential for replication, were left out from the construct.
Following Agrobacterium-mediated transformation, none of the tobacco plants
transgenic for this construct displayed symptoms associated with TYDV infection; in
about half of these plants, episomal vector molecules could be detected by Southern
blot analysis of undigested genomic DNA. After incubation with EceRI, which
cleaves the TYDV vector once hetween the LIR and SIR sequences, a 1.5 kb linear
fragment of the size expected for a replicating episome (following release from the T-
DNA) was detected. This is in contrast to findings made with MSV, which was unable
to replicate in agroinoculated maize plants when genes V1 and V2 had been deleted
from a dimeric construct (see above: Lazarowitz et al., 1989).

Expression of GUS from this TYDV vector was characterized following insertion
of a uidA-nos3' cassette under the transcriptional control of the V1 gene promoter
(Needham et al., 1998). Despite a size of 3.9 kb, i.e. an increase of 1.3 kb aver that of
the wild-type TYDV genome, plant lines transgenic for this construct displayed
heritable GUS expression (from the widA gene). This was as a speckled pattern with
the number of GUS foci proportional to the fevel of replication of the recombinant
episome. For the latter to be released from the T-DNA and subsequently replicated,
Rep (C1:C2) is required. In transgenic plants, expression of Rep is limited by the
temporal and spatial specificity of its promoter, and might therefore not be able to take
place in every celi, resulting in non-uniform GUS expression throughout a leaf.

A variant of the TYDV vector described above, with the gene for V2 deleted and
that for V1 inactivated by frameshifting, was used to transform petunia plants
(Atkinson et al., 1998). Again, no viral symptons were displayed by transformants in
which episomal vector of 1.8 kb could be detected. The gene for petunia chalcone
synthase A (ChsA), under the control of a CaMV 358 promoter and an ocs transcrip-
tional terminator, was cloned into this vector. Following transformation of Pefunia
hybrida with TYDV-ChsA, 5.7 kb episomes could be detected in transformants, of
which some produced white-spotled flowers instead of purple ones. ChsA being a key
enzyme in anthocyanin production, this loss of pigmentation was due to gene
silencing by a homology-dependent process termed co-suppression by Napoli ef al.
(1990). Again, a correlation between severity of the phenotype and episome copy
number was found. The CshA transcription level in white-spotted transgenic flower
tissue, determined by nuclear run-on analysis, was unaffected when compared to that
of the purple flowers of wild-type plants; however, RNA blot analysis revealed that
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steady-state levels of ChsA mRNAs were down-regulated. This demonstrated that
white spots resulted from post-transcriptional gene silencing of both the ChsA
endogene and transgene, and that this phenomenon could be induced by multicopy
nuclear episomes of a DNA virus.

RNA viruses

The 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. For these reasons. it is very altractive to base
gene vectors on such viruses, However, the development of such vectors was initially
hampered by the difficulties in manipulating an RNA, as opposed to a DNA, genome.
The advent of efficient in vitre transcription systems dramatically changed the
situation, and the construction of full-length ¢DNA clones of brome mosaic virus
(BMV) from which infectious transcripts could be obtained, was reporled in 1984
(Ablquist and Janda, 1984; Ahlquist ef al., 1984), Subsequently, full-length cDNA
clones of many other RNA plant viruses were produced. After transcription in vitro
with the appropriate RNA polymerase, many of these produced RNAs which were
infectious on plants, thus opening the way to the development of several RNA viruses
as vectors. More recently, it has been shown that, by cloning the virus-specific
sequence downstream of a CaMV promoter, il is possible to produce cDNA clones
which are directly infectious, either when applied as purificd DNA or when intro-
duced 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 Vioten-Doting er al.,
1985). This view was disputed at the time (Siegel, 1985), and the genetic stability of
RNA viruses has actually proved to be quite adequate. As a result, RNA viruses from
numerous families have been developed as vectors for a variety of uses. Many of the
nitially engineered viruses underwent gene replacement. In this approach, asequence
encoding a function not essential for RNA replication was replaced by the sequence
of interest. This produced vector systeras, which could multiply in protoplasts, but
were generally debilitated for the infection of whole plants. Though not very suilable
for the high-level expression of foreign proteins, such systems have been useful in the
elucidation of the functions of various viral genes. More recently, autonomously-
replicating vector systems have been based either on gene addition or on expression
of the foreign gene from a satellite or defective RNA whose replication is dependent
on a wild-type helper virus. Lastly, there have been several attempts to develop
complementation systems in which essential viral functions are provided by transgenes.
These four types of systems will be discussed in different subsections.

GENE REPLACEMENT SYSTEMS

Bromoviruses

Members of the family Bromoviridae have a tripartite genome, which is encapsidated
in isometric particles. RNA I and RNA 2 are both monocistronic and encode proteins
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Figure 11.4. Genome organization of brome mosaic virus (BMV). RNAs 1, 2 and 3 make up the viral
genome, whilst sgRNA 4 is the messenger for the coat protein. The 37 termini of the RNAs are
aminoacylatabic by Tyr. ORFs are represented by open bars. Below each bar, the common name of the gene
product andfor its function s given: helicase (Hel}, polymerase (Pol), movement protein (MP), coat protein
{CPy. The ORF for the CP which has been replaced by foreign sequences is shown as a filled bar. The open
arrow represents the sg promoter for the CP. The open triangle indicates the position of the start codon for
the truncated CP produced by strain ATCCG (sce text).

involved in the replication of the viral RNAs. RNA 3 is bicistronic and encodes the
MP at the 5' proximal end, followed by the CP, the latter being expressed from a
subgenomic (sg) mRNA termed RNA 4 (Figure 11.4). The type member of the genus
Bromovirus, BMV was the first RNA plant virus to be developed as a gene vector
{French er al., 1986). When the region of RNA 3 encoding the viral CP was replaced
with a sequence encoding CAT, the modified RNA 3 was still able to replicate in
barley protoplasts, albeit to a lower level than wild-type RNA 3. CAT activity could
be detected in extracts from infected cells, providing the first evidence that a
heterologous gene could be expressed from a modified RNA virus. No attempt was
made to infect whole plants with the construct, since deletion of the CP abolishes the
ability of the virus to move in an infected plant.

A similar approach to using BMV as a vector was subsequently adopted by Mori ef
al. (1993a) to express interferon y {IFN-y). In this case, strain ATCC6 of BMV, which
produces a long and a short form of the CP, was used. The two forms of CP derive
from the use of alternative codons for initiation of translation (Figure 11.4). By
replacing the coding region of the short form of the CP with the gene for IFN-y, a
modified RNA 3 was created, which replicated well in tobacco protoplasts in the
presence of RNA 1 and RNA 2. The amount of IFN-y produced was estimated to be
about 0.5% of total protein extracted from protoplasts. Several forms of the protein
were detected, and these probably result from a number of posti-translational
modifications, including glycosylation. The specific activity of the plant cell-expressed
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IFN-v was estimated to be approximately 1% of that extracted from animal cells.
Once again, no attempt 1o infect whole plants was reported.

To date, vectors hased on bromoviruses have been used exclusively to investigate
the functions of genes from other members of the genus, or more distansly related
plant viruses. For example, a BMV RNA 3 construct in which the native CP was
replaced with the CP and origin of assembly (OAS) of the tobamovirus, sumn hemp
mosaic virus (SHMV), was able to replicate in protoplasts in the presence of RNAs |
and 2 (Sacher et al., 1988). Furthermore, the hybrid RNA 3 was encapsidated into rod-
shaped particles by the SHMV CP. When the SHMV OAS was added to RNA 1 and
RNA 2, as well as RNA 3, all three modified BMV RNAs were encapsidated by the
SHMV CP. Another example was the replacement of the MP on RNA 3 of the
bromovirus, cowpea chiorotic mottle virus (CCMV), by the SHMV MP (De Jong and
Ahlquist, 1992). The resulting hybrid virus was competent for systemic infection of
cowpea, demonstrating that the SHMV MP can fully substitute for the native CCMV
MP, despite the fact that the proteins are derived from different virus families.

Tobamoviruses

The type member of the tobamovirtus group, fobacco mosaic virus (TMV), has a
number of properties which potentially made 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 no constraints on the
size of RNA which can be packaged. The genome of TMV consists of a single
molecule of RNA of 6.4 kb, which contains separate ORFs for the polymerase
functions, the viral MP and CP. The latter two proteins are synthesized from sgRNAs
(see top section of Figure /1.8). The first attempt to use TMV as a vector involved
substitution of the CP ORF by a sequence encoding CAT (Takamatsu ez al., 1987).
The construct was capable of causing local lesions when inoculated onto 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
of CP, much of the subsequent work on the development of TMV-based vectors
concentrated on the gene addition approach (see below). However, Spitsin et al.
(1999) made use of the fact that TMV constructs without CP are deficient in long-
distance movement to demonstrate that expression of the CP Irom alfalfa mosaic
virus (AIMV) in such constructs could not only complement long-distance move-
ment, but also extend the host-range of TMV,

Hordeiviruses

Barley stripe mosaic virus (BSMV) has a genome consisting of 3 RNAs (@, $ and v)
encapsidaied in rod-shaped virions. RNAs « and ¥ encode proteins essential for
replication, while RNA [ contains four open reading frames, termed Ba, Bb, fc and Bd,
fromthe 5'end of the RNA. ORF Baencodes the viral CP, while ORFs Bb, Bc and Pd are
overlapping and together encode the ‘triple gene block” (TGB) proteins involved in
viral movement within an infected plant (Figure 11.5). When ORF Bb was replaced
with the sequence encoding LUC and the modified RNA B transfected into either maize
or tobacco protoplasts in the presence of RNAs « and v, expression of LUC
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Figure 11.5. Genome organization of barley siripe mosaic virus {BSMVY). RNAs o, B and y are the
genomic RNAs. Proteins Bb and Yb arc expressed from individual sgRNAs. while Be is expressed from the
same sgRNA as fd via a leaky scanning mechanism; read-through of Bd resuits in fd” of unknown function.
The 3" termini of all RNAs present a short poly(A) tract. followed by a tRNA""like structure. ORFs arc
represented by open bars, The TGB proteias (Bb, fe and Bd), which have been successfully replaced by
foreign sequences, are shown as filled bars. Below cach bar, the commeon name of the gene preduct and its
function is given: helicase (Heb), coat protein (CP), movement preteins (MPs), polymerase (Pol), expres-
sion regulator for genes encoded by RNA B (Reg). The positions of promoters for the production of sgRNAs
are indicated by arrows.

could be detected (Joshi et al., 1990). The levels found were between 20- and 123-fold
higher than those detected when cells were transfected with the modified RNA
alone. These data are consistent with the fact that the RNA B-LUC was capable of
being replicated by the proteins encoded by RNAs ¢ and v.

Building on the demonstration that BSMV RNA B can be modified to express
heterologous sequences, a vector based on this RNA has been used to examine the
function of the MPs of several plant viruses. In this approach, putative MPs were
inserted in the BSMV RNA [ in place of some or all of the native TGB proteins, and
the ability of the heterotogous MP to complement movemennt in tobacco was assessed.
Complementation was found with the MPs of tobamo- and dianthoviruses (Solovyev
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etal., 1996, 1997) and, to a lesser extent, the HSP70-like protein from a closterovirus
{Agranovsky et al., 1998).

Tombusviruses

The genomes of this group consist of a single molecule of RNA of around 4 kb, which
is encapsidated in isometric particles. The CP is not essential for infection of certain
Nicotiana species, though its presence does enhance systemic movement. This fact
was utilized to produce constructs derived from the type member of the genus
Tombusvirus, tomato bushy stunt virus (TBSV), in which most of the region encoding
the coat protein was replaced with that encoding either GUS or CAT (Scholthof er af.,
1993; Figure 11.6). Both constructs produced high levels of the appropriate protein in
inoculated leaves, though the leve] 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 (Scholthof,
1999). This, coupled with improvements to the infection process, permitted the facile
expression of heterologous sequences in the inoculated leaves of plants.

TBSYV has recently been used to express the nucleocapsid protein p24 from human
imnunodeficiency virus 1 (HIV-1) as a fusion with the 5' terminal portion of the CP
gene (Zhang er al., 2000). The modified TBSV RNA was shown 1o be capable of
replicating in both protoplasts and in the inoculated leaves of whole plants. Accumu-
lation of the CP-p24 fusion protein could be detected in inoculated leaves.

Similar experiments with trnip crinkle virus (TCV), a member of the genus
Carmovirus, showed that when the CP was replaced with GFP, the modified virus
could stil spread from cell to cell in Arabidopsis, but systemic movement was
abolished (Cohen er al., 2000).
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Figure 11.6. Genome organization of romate bushy stunt virus (TBSV). Capping of the 5 end of the
gename has been hypothesized while the 3" end has been shown to be devoid both of 4 paly(A) tract and of
atRNA-tike structure. The products of the 5 terminal ORF and its read-through are pelymerases (Pol). The
coat protein {CP) is expressed from its own sgRNA. The movement protein {(MP), and the protein which
regulates the fidetity of viral replication (Reg), are translated from the same sgRNA by ribosome scaaning.
The ORF for the CP, represented by a filled bar, has been replaced by foreign genes.
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Figure 1L.7. Generic genome organization of Tobraviruses and derived gene substitution vectors.
Genomic RNAs 1 and 2 are capped at their 5’ terminus but do not have a poly(A} tract at their 3" terminus.
Translation of the first ORF of RNA 1 occurs directly from the genomic RNA and by a process of read-
through of an opal stop coden produces two proteins invelved inreplication (Rep). Expression of the second
and third ORFs of RNA 1 is via sgRNAs, for which the promoters are represented by a black arrow for the
movement protein (MP) and an open arrow for the 12-14K protein. Only in the case of PEBV has arole in
sced transmission been identified for the latter. Transiation of the first ORF of RNA 2, which cacodes the
coat protein (CP), requires synthesis of a sgRNA, for which the promoter is indicated by a white arrow. The
number of additional downstream ORFs on RNA 2 varies between 3 for PEBV strain TpAS56, 2 for TRV
strain PpK20, and none for PepRSV; translation of these ORFs via sg promoters and involvement of their
products in nematode transmission (N'T} have only been partially demonstrated. In RNA 2-based tobravirus
vectors, existing ORFs downstream of the CP were deleted and replaced by a foreign gene (stipied bar)
placed under the control of the CP sg promoter of another tobravirus isolate (striped arrow),
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Tobraviruses

Tobraviruses are bipartite rod-shaped viruses. The targer RNA I encodes proteins
involved in replication and movement of the virus while RNA 2 encodes the CP and
a variable number of additional non-essential ORFs, some of which are involved in
nematode transmission (Figure [1.7). It has been shown in the case of each of the
three members of the genus Tobravirus, tobacco rattle virus {TRV), pea early
browning virus (PEBV) and pepper ringspot virus {(PepRSV), that it is possible to
replace these non-essential ORFs with GFP (under the control of a duplicated CP sg
promoter) without affecting the ability of the viruses to multiply and spread in plants
{MacFarlane and Popovich, 2000; bottom section of Figure 11.7). All the vectors
were able to express GFP efficiently in both leaves and roots, 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 planis against nematodes was
tested by inserting the sequence encoding a lectin (GNA) from snowdrop. Significant
Ievels of the lectin could be detected in the roots of incculated N, benthamiana plants.

GENE ADDITION

In these systems, no viral sequences are removed during vector construction and a
heterologous sequence is introduced as an addition to the viral genome. The viability
of such systems relies critically on there being a reasonable amount of flexibility in
the size of the viral RN As which can be replicated and packaged. In regard to the latter
consideration, viruses with rod-shaped particles should theoretically be more amen-
able than those with isometric capsids to development as gene addition vectors.

In theory, any viral RNA into which a heterologons sequence has been inserted
could be considered a gene addition ‘vector’. However, this definition would include
the many cases where a marker gene, commonly GFP or GUS, has been inserted,
either as a separate ORF or as a fusion to a particular viral protein, in order {o facilitate
examination of virus movement or protein localization within an infected plant. This
method of protein localization is so broadly used that to list all the instances where it
has been utilized to elucidate the properties and functions of RNA plant viruses is
inappropriate to this review. The readers are referred to reviews on a particular virus
genus if they wish to obtain information on this type of work. The only instances
where work on the addition of marker genes will be described are those where it was
carried out for the purposes of vector development.

Tobamoviruses

To overcome the problems of limited spread with TMV vectors in which the CP s
replaced by a foreign gene, Dawson ef al. (1989) inserted a copy of the CAT gene,
complete with its own TMV CP sg 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 (350 as opposed to 300 nm). However, during
systermnic infection, the ingert was precisely deleted and wild-type RNA accumulated.
This was undoubtedly 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,
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Figure 11.8. Genome organization of iobacco mosaic virus (TMV) and derived gene addition vector. The
3 untransiated region folds into a tRNA'"*like structure. Both the 130K protein and the 180K read-through
product of the 5' proximat ORF are involved in replication (Rep). The movement protein {(MP) and the coat
protein (CP) are translated from separate sgRINAs synthesized from promoters symbolized respectively by
ablack and a white arrow. [a theTM V-based gene replacement vector, a foreign gene is substituted for the
ORF of the CP, shown as a filled bar in the upper section of the diagram. In the TMV-based gene addition
vector, the foreign sequence (stipted bar} is translated from a sgRNA synthesized from the promoter (white
arrow) for the homologous CP, the coding sequence for which has been deleted. A heterologous strain of
TMV provides sequence for a CP (striped bar} and its associated sg promoter (striped arrow).

odontoglossum ringspot virus (ORSV; Donson er al., 1991), was inserted into the
TMV genome in place of the TMV CP coding region. Expression of a foreign
sequence was driven by the native TMV CP sg promoter (see lower section of Figure
11.8). Though the ORSV CP sg prometer has only 45% nucleotide sequence identity
with thatof TMV, it s still active in a TMV background. Likewise, the ORSV CP was
able to encapsidate the TMV RNA. The relatively low sequence identity between the
CP sg promoters of TMV and ORSYV effectively abolished homologous recombina-
tion and allowed the stable systemic expression of two bacterial genes (DHFR and
NPT-II) in N. benthamiana. Petailed analyses of the progeny showed that there was
a surprisingly low level of genetic drift within the inserted sequences on serial
passaging (Kearney ef al., 1993). The detailed requirements for optimal gene expres-



270 C. PORTA AND G.P. LOMONOSSOFF

sion with tobamoviral vectors have recently been investigated, allowing a variety of
constructs with differing properties to be produced (Shivprasad er al., 1999).

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 ro
express 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 al., 1993).

Subsequently, it has proved possible to use the vectors {0 produce functional
antibodies in plants. These can be either single-chain variable fragments (ScFvs;
McCormick er azl., 1999} or full-length monoclonal antibodies (Verch er al., 1998). In
the latter case, the heavy and light chains of the antibody were separately inserted into
a TMYV 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 ¢-amylase gene from a TMV vector has demonstrated that it
is possible to synthesize glycosylated proteins in plants using viral vectors (Kumagai
et al., 2000). Analysis of the purified protein revealed that the plant-expressed o-
amylase is less heavily glycosylated than when it is expressed in yeast.

In a related approach, Yusibov et al. {(1997) used a TMV vector with a duplicated
CP sg promoter to express modified versions of the CP from AIMV in tobacco.
Alterations to the AIMV CP involved the insertion of antigenic sequences from rabies
virus (RABV) and HIV-1. In infected leaf tissue, the modified AIMV CP subunits
assembled into ellipsoid particles, which expressed mutiple copies of the antigenic
insert. When purified and injected into mice, these particles elicited the production of
neutralizing antibodies. It was subsequently shown that mice immunized with the
RABY construct were protected against a normally lethal challenge with the virus
(Modelska er al., 1998).

TMYV has also been used to produce allergens for diagnostic purposes and possible
therapy. Krebitz et al. (2000) expressed a major birch potlen antigen (Bet v 1) in M.
benthamiana and demonstrated that the B cell epitopes from nataral Bet v 1 were
preserved in the plant-expressed protein. Mice immunized with crude leaf extracts
from N. benthamiana expressing Bet v 1 generated immunological responses com-
parable to those induced by the protein expressed in E. coli or extracted from birch
polien.

In addition to expressing potentially valuable foreign proteins, TMV-based vectors
have been used to express sequences which can perturb plant physiology. One of the
first examples of this application was the expression of sequences from the genes for
phytoene synthase (PSY) or phytoene desaturase (PDS) in tomato (Kumagai et al.,
1995). Both enzymes are part of the carotenotd biosynthetic pathway. A modified
TMYV vector, in which a cartridge containing the sequence for the CP and its sg
promoter from tomato mosaic virus (ToMV) replaced that from ORSV, was used to
drive expression. Leaves of plants expressing a full-length copy of PSY developed a
bright oranige colour due to the overexpression of the enzyme. By contrast, leaves of
plants infected with the PDS construct became white. This was found to be due to
photo-bleaching, caused by suppression of carotenoid synthesis. Thus, it appeared
that the presence of high levels of virus-derived PDS sequences in a cell suppresses
the synthesis of endogenous PDS. This phenomenon has now been found to be a
common one, which has been termed ‘virus-induced gene silencing’ or VIGS (Ruiz
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etal., 1998). Another example of the use of TMV-based gene addition systems to alter
plant metabolism wasg the expression in plants of Bax, a cell death-prometing member
of the Bel-2 family of animal proteins (Lacomme and Santa Cruz, 1999). The
experiments enabled the identification of those domains of Bax responsible for cell
death and provided information about its probable mode of action.

A modified version of the ‘duplicated sg promoter’ approach has been used to
develop a functional screening method to isolate genes involved in the hypersensitive
response (HR) pathway (Karrer et al., 1998). A TMV-based vector was created in
which sequences could be inserted downstream of the native CP sg promoter, CP
synthesis being under the control of the CP sg promoter from the tobamovirus,
tobacco mild green mosaic virus (TMGMY). A cDNA library from tobacco leaves
undergoing HR was cloned into this vector, infectious transcripis were generated in
virro and used 1o inoculate a variety of tobacco which does not display HR. About
0.1% of the resulting infection sites resembled lesions similar to those seen on plaats
undergoing HR. Seguence apnalysis of the inserts contained in the recombinants
preducing these lesions allowed the identification of proteins possibly involved in
HR.

Potexviruses

The type member of the genus Porexvirus, PVX has been developed into a number of
highly successful gene addition vectors. The genome of the virus consists of a single
molecule of RNA of 6.4 kb encapsidated in {lexuous rod-shaped parlicles. The viral
RNA encedes, in order 5" to 3, the viral replicase, TGB proteins involved in viral
movement, and the CP (top section of Figure 11.9}. When a copy of the gus gene
coupled to a duplicated copy of the CP sg promoter was inseried into PYX RNA, the
resulting construct was able to infect N. benthamiana (Chapman er al., 1992; middle
section of Figure 11.9). The modified virus was able to move systemically and high
levels of GUS could be detected. Similar results were subsequently obtained with
PVX expressing GFP (Baulcombe ef al., 1995). Though some loss of the inseried
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 which require only transient expression. Examples of some of these
applications arc given below. The fact that the list is not exhaustive testifies o the
success of vectors based on PVX with an sg promoter duplication,

1. Expression of valuable proteins in planis

Because of their genetic instability, PVX vectors with a duplicated sg promoter have
not been widely used as a method for the production of farge amounts of valuable
proteins in plants. However, they have proved useful in transient studies on gene con-
structs prior to stable genetic transformation. Examples of this include the expression
of ScFv antibodies against proteins from either porato virus V (PVV; Hendy et al.,
1999}, tomato sported wilt virus (TSWV; Franconi e al., 1999) or against granule-
bound starch synthase I (Ziegler er al., 2000). These experiments also showed that it
is possible to direct PV X-expressed proteins to the secretory pathway. Expression of
an unfused version of the major capsid protein. VP6, from a murine roravirus led to
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TFigure 11.9. Genome organization of potato virus X (PVX) and derived gene addizion vectors, The RNA
polymerase (Rep) is translated directly from the genomic RNA, while the triple gene bleck movement
proteins (MPs) and the coat protein (CP) are expressed from appropriate sgRNAs, the promoters for which
are represented by a black and white arrow respectively. [ one PV X-based vector, the sg promoter lor the
CP is duplicated and directs the synthesis of an additional sgRNA from which a forcign gene (stipled bar}
can be expressed. In a second type of PVX-based vector, the foreign sequence {stipled bar) is fused to the
N-terminrus of the CP via a FMDV 2 A-derived peptide, which mediates a co-translational cleavage between
the foreign protein and the CP (thick vertical white arrow); efficiency of this cleavage is variable and leads
1o synthesis of foreign protein, some in a free state and some fused to the CP.
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the production of VP6 which retained its ability to form trimers (O’ Brien et al., 2000).
However, the VP6 protein tended to assemble into paracrystalline sheets and tubes
rather than virus-like particles (VLPs). This behaviour could, however, be alleviated
by expressing VPG as a fusion to the PVX CP (see below).

As well as being used Lo produce profeins of immunological interest, PVX with a
duplicated CP promoter has recently been used to produce an antimicrobial defensin
in N. benthamiana (Saitoh et al., 2001}. The sequence of the 51 amino acid poly-
peptide, WT-1, from Wisabia japonica had its natoral 29 amino acid leader peptide
fused to its N-terminus and 6 histidines linked to its C-terminus to aid purification.
Though plants expressing WT-1 were not protected from fungal attack, purified WT-
1, obtained at a rate of 40 jg per 100 g leaf tissue, did show considerable anti-fungal
activity.

2. Studies on the functions of genes from other plant viruses

There are a number of examples in which all or part of an ORF from another plant
virus has been expressed from a PVX vector in order to obtain information as to its
function. Scholthof et al. (1995) used PVX to express two nested ORFs (p19 and p22)
from TBSV in a variety of hosts in order to gain insight into the functions of these
proteins. The results indicated that both p19 and p22 are important symptom deter-
minants. A similar approach was used to determine the role of the CP of pepper mild
mottle virus (PMMoV) in eliciting a hypersensitive response to infection (Gilardi er
al., 1998). The function of the cucumber mosaic virus (CMV) 3a protein in virus
movement was investigated by expressing the 3a ORF fused to GFP from PVX. The
fluorescently labelled CMV 3a protein was then localized within infected cells
{Blackman et al., 1998). There are several examples in which the functions of the
helper component-proteinase {(HC-Pro} from potyviruses have been investigated
(Sasaya et al., 2000; Sonoda et al., 2000).

3. Analysis of sequences required for cross-protection

Cross-protection is a phenomenon in which infection of a plant with a mild strain of
a virus can provide protection against subsequent challenge with a severe strain. The
viral CP, or its coding sequence, had previously been implicated in the phenomenon.
To further investigate the basis of cross-protection, Culver (1996) expressed the CP
from TMV using a PVX vector and then challenged the plants with TMV. The results
showed that both the CP and its mRNA are involved but that the effect of the protein
is dominant. The same approach was subsequently used to further analyse the CP
interactions involved in cross-protection (Lu ¢t al., 1998). Insertion of portions of the
replicase gene from TMYV into PVX has aiso been used to investigate the relative
comtributions of RNA- and protein-mediated mechanisms in the phenomenon of
replicase-mediated resistance (Goregacker er al., 2000).

4. Alrerations to plant physiology

A number of genes which alter the properties of a plant have been expressed using
PVX. The first example of this was the expression of a functional fungal avirulence
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gene, avrd, froma PVX vector (Hammond-Kosack ef al., 1995). Expression of the 28
amino acid AvrS peptide during an infection of tomato plants with Cladosporium
Julvum results in a necrotic response if the plants possess the Cf-2 resistance gene.
When near-isogenic lines of tomato with and without Cf-8 were inoculated with PVX
expressing Avr9, only those containing Cf-9 gave the typical necrotic response. This
approach was subsequently used extensively to examine the interactions between
aviralence proteins and their cognate resistance genes (De Wit er al., 1997, Joosten er
al., 1997; Koomann-Gersmann ef al., 1997, 1998; Lauge er al., 2000).

PVX has been used to express a gene that confers plants susceptibility to the insect-
icide fenthion (Rommens er af., 1995). Expression of a mutant form of fenthion
identified a domain essential for conferring susceptibility. A PVX construct express-
ing the viralence factor ECP2 from Cladosporium fulvum was instrumental in
identifying lines of tomato which give a hypersensitive reaction in response to ECP2
{Lauge er al., 1998).

A PV X-based construct has also been utilized to influence host gene transcription.
In this case, a transcription activator, Myb305, was expressed in tobacco and shown
to be able to activate a promoter for the PAL2 gene which encodes phenylalanine
ammonia lyase (Sablowski er al., 1995).

5. Gene silencing

PV X-based vectors have probably achieved their most widespread use in the study of
posi-transcriptional gene silencing (PTGS) due to their ability to stimulate VIGS, The
capability of PVX constructs to induce VIGS was first demonstrated by English ef al.
(1996} and Ruiz ez al. (1998), who showed that, in order for a virus-derived sequence
to silence a nuclear gene, homology between the sequences was required. Since that
time, PVX has been the vector of cheice for probing the mechanism for VIGS and the
related phenomenon of RNA-mediated resistance to virus infection (see, for example,
Sijen er al., 1996; English and Baulcombe, 1997; Sonoda and Nishiguchi, 2000; Van
den Boogaart e al., 2001). PVX has also been instrumental in identifying those viral
sequences (suppressors) which can overcome PTGS (Brigneti ef al., 1998).

Because of its ability to induce VIGS, expression of gene sequences from PVX has
been used to probe the functions of plant genes by effectively creating gene “knock-
outs’. An example of this is cloning of a cDNA fragment of a putative cellulose
synthase gene into PVX (Burton et ol., 2000). When inoculated on to N. benthamiana,
the construct silenced the homologous nuclear gene, resulting in the plants develop-
ing a dwarf phenotype. The cellulose content of the infected leaves decreased by 25%,
leading the authors to conclude that the sequence inserted into the PVX vector was,
indeed, derived from a cellulose synthase gene. The potential of this technology is
tremendous and has recently been reviewed by Baulcombe {1999).

As described above, the one major weakness of PV X vectors containing duplicated
CP sg promoters is their propensity to lose the inserted sequence through homologous
recombination. Unfortunately, unlike the tobamovirus situation, there are no species
of potexviruses whose CP sg promoters are active in a PVX background. Therefore,
an alternative approach was developed to overcome the problem of recombination. In
this, the foreign gene, initially GFP, was fused to the N-ferminus of the CP gene via
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a sequence encoding the 2A catalytic peptide from foor-and-mouth disease virus
(FMDYV; Santa Cruz er al., 1996; bottom section of Figure /1.9). The 2A sequence
promotes cleavage between the foreign gene insert and the CP. However, the cleavage
is not 100% efficient, resulting in some CF subunits still bearing GFP. These were still
capable of being integrated into virus capsids, causing the resuliing virions to
fluoresce green under ultraviolet light. Using this approach, it is possible, with 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 fuston where it is incorporated in PVX
particles, The functionality of a foreign protein when incorporated into virions is
illustrated by the fact that GFP still fluoresced and that a ScFv expressed as a CP
fusion could still bind to its antigen, the herbicide diuren (Smolenska e al., 1998).
When the rotavirus VP8 sequence was fused to PVX CP via a 2A sequence, the
uncleaved VP6-2A-CP assembled into PVX virions, while the VP0-2A cleavage
product formed typical VP6 VLPs (O’ Brien er al., 2000).

Poryviruses

This, the largest family of RNA plant viruses, has both mono- and bipartite members.
Members of the genus Poryvirus, which consists of several hundreds of species, have
monopartite genomes, which are encapsidated in flexuous rod-shaped particles. The
genomic RNA contains a single ORF which encodes a pelyprotein. This is self-
processed by proteinase domains within it (P1, HC-Pro and Nla) to produce the
mature viral proteins (top section of Figure 11.10). The first example of a successfully
engincered potyvirus was the insertion of the GUS sequence between P1 and HC-Pro
of tobacco erch virus (TEV; Dolja et al., 1992). The action of the two flanking
proteinases cnsured that a GUS-HC-Pro fusion protein was released from the
polyprotein. The virus was able to spread systemically in plants and accumulated to
wild-type levels, Though the insert was retained during rapid serial passaging,
deletion of the GUS sequence occurred if the construct was allowed to infect plants
for a prolonged period {up to one month). Analysis of the deletions suggested that
these occurred through a mechanism involving non-homologous recombination
(Dolja et al., 1993). Despite this instability, TEV tagged with GUS has proved useful
in moniloring virus movement within a plant (e.g. Valkonen and Somersalo, 1996;
Mahajan ef al., 1998). A TEV-based vector has also been used to express proteins
from the closterovirus, beer yellows virus (BYV; Dolja er al., 1997, 1998). As
previously, the sequences were expressed between P1 and HC-Pro. The constructs
were used to infect tobacco, and histidine-tagged closterovirus proteins could be
purified from infected tissue by chromatography on Ni**-NTA agarose.

In order to develop a potyvirus vector which could potentially infect perennial plant
species, Guo ef al. (1998) inserted GUS between P1 and HC-Pro of plurm pox virus
{PPV). These authors engineered an artificial Nla cleavage site to permit GUS to be
cleaved from HC-Pro (middle section of Figure 17.10). 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 above. Subsequently, a PPV vector in which the
foreign sequence is inserted between the NIb and CP genes was developed and used
to express the VP6( structural protein of rabbit haemorrhagic disease virus (RHDV)
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in N. clevelandii (Fernandez-Femnandez ef al., 2001). Immunization with a crude
preparation from infected leaf tissue protected rabbits against subsequent challenge
with a lethal dose of RHDV.

Similar experiments have also been carried out to develop clover yellow vein virus
(CIYVV} as a vector for the production of proteins in legumes (Masuta et al., 2000).
Sequences encoding GFP and sovbean glutamine synthase (GS) were inserted
between P1 and HC-Pro of CIYVV, either separately, in tandem, or to produce a
GFP-GS fusion protein. Release of the inserted proteins was achieved by appropri-
ately flanking them with proteinase cleavage sites. The resulting constructs could
infect broad bean, kidney bean and soybean, and expression of the foreign proteins
could be detected. Plants expressing both GFP and GS were tolerant to the herbicide
glufosinate, an indication that the GS gene was functional.

Expression of foreign proteins in cereals is clearly desirable since such crops are
widely grown. To this end, Choi er af. (2000} developed a vector based on the
Tritimovirus, wheat streak mosaic virus (WSMV), in which repoerter genes (NPT-II
and GUS) were inserted between the sequences encoding NIb and CP. The inserts
were flanked by Nia cleavage sites to enable processing of the reporter sequence from
the polyprotein (lower section of Figure 11.10). The constructs were capable of
systentically infecting wheat, barley, oat and maize, and expression of the reporter
genes could be demonstrated. However, as in the case of the potyvirus vectors
described above, deletions rapidly accumaulated in the GUS sequence.

Comoviruses

Members of the Comoviridae have bipartite genomes, which are separately
encapsidated in isometric particles. RNA 1 encodes the proteins involved in replica-
tion, while RNA 2 encodes the MP and both the large (L) and small (8) CPs (top half
of Figure 11.11). Members of the Comoviridae, like those of the Potyviridae, use a
polyprotein processing strategy to express their genome. The type member of the
genus Comovirus, cowpea mosaic virus (CPMV), infects legumes and is very high
yielding. For these reasons, CPMV had previously been developed as an epifope-
presentation system (Lomonossoff and Hamilton, 1999) and was an attractive candidate
for development into a gene-expression vector. Verver ef al. (1998} demonstrated that
it was possible to insert a foreign gene, GFP, between the MP and L. 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 across the
sequences enceding the duplicated cleavage site. To address this problem, the length
of repeated sequence consistent with efficient cleavage was minimized, resulting in
constructs with Increased genetic stability (Gopinath et al., 2000).

In an alternative approach to achieving genetic stability, Gopinath ef al. (2000) also
demonstrated that it was possible to replace cither one of the two duplicated
proteinase sites with the FMDV 2A sequence. When 2A was inserted between GFP
and L, cleavage was only partial, resulting in some GFP-2A-L fusion protein being
produced. TFhis fusion protein could be incorporated into virus particles which, as a
result, displayed green fluorescence under ultraviolet illumination (see RNA 2-based
I. vector in Figure 11.11). In an alternative approach to using CPMV as a gene
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Figure 11.11. Genome organization of cowpea movaic virus {CPMV) and derived gene insertion vectors.
Both genomic RNAs are tinked to a VPg at their 5* end and are transtated into a polyprotein, which undergoes
a cascade of cleavages into final products, RNA | encodes all the proteins required for RNA replication —
nucleotide-binding protein (NTP), RNA polymerase {Pol) — and proteoiytic processing - processing
regulator (C-Pro), proteinase (Pro). RNA 2 encodes the movement protein (MP) and the large (L) and small
{S) coat proteins (CPs). Foreign genes have been inserted into 1wo distinet positions within RNA 2. Between
MP and L, retease from the polyprotein was achieved by duplicating proteclytic cleavage sequences cither
side of the insert or, as in the RNA 2 L-based vector shown, by using a duplicated cleavage site (thin vertical
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black arrow) and was almost complete, therefore producing essentially free protein,
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addition vector, Gopinath et al. (2000} also fused GFP to the C-terminus of S viaa 2A
sequence. This construct multiplied well in plants, was genetically stable, and
expressed levels of GFP up to 1% of total soluble protein (see RNA 2-based S vector
in Figure 11.11).

SATELLITE AND DEFECTIVE RNA SYSTEMS

Satellites are small RNA moelecules associated with many genera of plant viruses.
They are completely dependent on helper viruses, with which they have no sequence
homelogy, for their replication, encapsidation, and movement. Some larger satellites
contain ORFs, but others do not appear to act as mRNAs. Though they have no role
in the replication of their helper virus, they can influence symptomatology. Because
they provide no functions essential to virus replication and spread, satellites are
possible candidates for development into useful vectors.

Defective RNAs (dRNAs) are, like satellites, small RNAs, which are completely
dependent or 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; dRNAs are quite common in nature and their presence during an infection
often ameliorates its severity. In certain cases, the presence of a dRNA can interfere
with the replication of the helper virus and is then referred o as defective interfering
{DI) RNA.

Potexviruses

Bamboo mosaic virus (BaMV) is the only potexvirus with a satellite (satBaM V), This
is a linear molecule of 836 nucleotides which contains an ORF capable of encoding
a 20 kDa protein and, although this protein can be detected in infected plants, its
function is obscure. Lin e al. (1996) replaced the 20 kDa ORF of satBaMV with the
cat gere sequence and showed that the modified satellite could multiply in both bariey
protoplasts and C. guinoa in the presence of helper BaMV. CAT expression reached
approximately 2 ug per g of leafl tissue.

Tombusviruses

Burgyan et ai. {1994) tested a DI RNA from the tombusvirus, cymbidium ringspot
virus (CyRSV), for its ability to express foreign sequences. They inserted the CP from
the unrelated cucumovirus, romaro aspermy virus (TAV), into different positions of
DI-3 RNA of CyRSV. The modified DI RNA was able to replicate in the presence of
helper virus and, when it was inserted af some positions but not others, TAV CP could
be detected.

Tobanoviruses

As well as the use of natural dRINAs, there have been attempts to develop artificial
dRNAs as a means of expressing foreign genes. The genus Tobamaovirus was the first
to be investigated to this end. Raffo et al. (1991) deleted most of the segment of TMV
RNA which encodes the replicase proteins and showed that the resulting dRNAs
could be replicated by helper TMV and spread systemically in plants. A similar
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approach was used to prepare dRNAs of ToMV, though in this case replication in the
presence of helper ToMV was only analysed in protoplasts (Ogawa er al., 1992).
Detailed analysis subsequently defined those sequences which had to be deleted to
allow maximum accumulation of replication-competent artificial TMV dRNAs
(Lewandowski ef al., 1998). Such dRNAs could form the basis of gene expression
systems, though there is currently no report of their use in this regard.

Comoviruses

To develop an alternative CPMV-based gene vector, Verver et al. (1998) created two
mutants of CPMV RNA 2 bearing complementary deletions in either the MP or CPs.
The two deleted forms of RNA 2 could be regarded as artificial dRNAs. In the case
of the CP deletion mutant, the CP-encoding sequence was not simply deleted but was
replaced with that encoding GFP. Whole plants could be infected with a mixture of
RNA 1 and the two deletion mutants, effectively rendering the virus tri- rather than
bipartite. GFP expression could be detected in both the inoculated and systemic
leaves. Using this tripartite system, expression of foreign genes might be achievable.

TRANSGENE COMPLEMENTATION

Since the demonstration that tobacco, transformed with a full-length cDNA copy of
TMYV under the control of a CaMV 358 promoter, was persistently infected with the
virus (Yamaya er al., 1988), there have been several attempts to devise systems which
combine the advantages of stable transformation with those of autonomously repki-
cating vectors. In some systems, a complete viral genome is inserted as a transgene,
while in others only a portien is introduced. In the latter systems, additional viral
functions are expressed from exogenously applied RNAs, which van only replicate in
plants expressing the transgene. These are therefore complementation systems which
provide a measure of biological containment, .

Alfamoviruses

The first example of a complementation system was based on the alfamovirus, AIMV,
which has a similar genome organization to BMV (Figure 11.4). Taschner et al.
(1991) demonstrated that plants co-transformed with, and expressing, the two AIMVY
proteins, P1 and P2 (which are equivalent to the BMV 1a and 2a proteins), involved
in virus replication could support the replication of exogenously applied RNA 3.
These transgenic plants (termed P12 planis) have proved extremely valuable in
analysing those sequences required for replication of AIMV RNA 3 (see, for example,
Van der Vossen et al., 1996). However, as yet, there have been no reports of P12
plants being used to express foreign sequences inserted into RNA 3.

Bromoviruses

The first example of a combined virus—transgenic approach being used to produce a
foreign protein involved the bromovirus, BMV. It had been shown that protoplasts
derived from tobaceo plants transgenic for thela and 2a replicase proteins from BMV
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(Figure 11.4) could support the replication of transfected RNA 3 (Mori er al., 1992).
Mort er al. (1993b) re-transformed their tobacco planis expressing la and 2a with a
version of RNA 3 in which the CP sequence had been replaced by that encoding
IFN-y. This RNA 3 construct had previously been shown to be capable of replicating
and expressing IFN-y in tobacco protoplasts (Mori er al., 1993a; see above). The
transgene-derived modified RNA 3 was shown to be replicated by the transgene-
expressed la and 2a proteins, and [FN-y synthesis could be detecied. The level of
IFN-y mRNA was estimated to be 5-fold higher than when the construct was simply
expressed from a CaMV 358 promoter.

Patyviruses

The above examples of combined virus—transgenic systems have involved multi-
partite viruses in which ORFs from individual RNAs have been expressed from
transgenes. However, Li and Carrington (1995) demonstrated that it is possible to
express past of the single ORF from TEV from a transgene and that the transgene-
expressed sequence could complement the replication of defective viral RNAs. In this
case, the sequence for the viral replicase (NIb) was integrated into the genome of
tohacco. The resulting plants, or protoplasts derived from ther, were then tested for
their ability to support the replication of TEV derivatives with various mutations in
the replicase gene. To aid the assessment of replication, the mutant viral genomes
were tagged with GUS (Dolja er al., 1992; sec above). The results obtained showed
that while some mutants could be complemented more readily than others, the
transgene-derived replicase was active in rrans, could replicate defective TEV
genomes, and could promote expression of a heterologous gene.

Porexviruses

In experiments analogous o those undertaken by Yamaya ef af. (1988) with TMV,
Angell and Baulcombe (1997) transformed tobacco with full-length cDNA constructs
of either wild-type PVX or PVX carrying GUS. The constructs were intended to be
able to replicate in transformed cells and were termed ‘amplicons’. However, the
resulting plants, far from showing the anticipated symptoms of virus infection and
concomitantly high levels of GUS expression, showed phenotypes associated with
PTGS (absence of symptoms, extremely low levels of viral RNA, low GUS expres-
sion, and resistance to infection with PVX). This silencing phenotype was consistently
observed in all the tobacco lines examined. Thus, rather than providing a method for
high-level expression, the PVX ‘amplicons’ have provided an efficient method for
gene silencing, and have proved useful in analysing its mechanism (Dalmay e al.,
2000).

Conclusion

Since the original proposal in 1978 that plant viruses could be used as a means of
expressing foreign sequences in plants, there has been a huge amount of research in
this field. It is, perhaps, ironic that the viruses first proposed as vectors, i.c. those that
possess DNA genomes, have proved quite difficult to develop into practicai vectors.
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This is a result of their modes of replication {via a RNA intermediate or through a
rolling circle mechanism) being far more complex than originally envisaged. How-
ever, although vectors based on caulimo- and geminiviruses have not been used
extensively for the production of large amounts of foreign proteins in plants, they
have been extremely useful in providing information about such processes as tran-
scription, transactivation of expression, and RNA splicing.

Despite their later development, veciors based on RNA viruses have achieved
widespread use within the past 5 years. Some of their applications were quite
unforeseen at the time the vectors were developed. For exampie, the use of TMV- and
PVX-based systems to study gene silencing was not anticipated when these viruses
were originatly engineered for the expression of foreign sequences. However, it still
remains to be seen whether vectors based on RNA viruses will be able to deliver on
the promise of the commercially viable, large-scale production of valuable proteins in
plants.
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