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Viral vectors were constructed from infectious cDNA clones of each of the three tobraviruses, tobacco rattle virus (TRV),
pea early-browning virus (PEBV), and pepper ringspot virus (PepRSV). RNA2 of each of the three viruses was modified to
carry an additional coat protein subgenomic promoter and was used to express green fluorescent protein (GFP) when
inoculated to plants. The tobravirus expression vectors have a wide host range and were able to express GFP in, for example,
Nicotiana species, tomato, pea, arabidopsis, and sugar beet. The TRV vector was able to invade and express GFP very

efficiently in roots, whereas the widely used PVX vector was not. © 2000 Academic Press
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INTRODUCTION

Several recent studies have demonstrated the use of
plant viruses as vehicles to introduce and express non-
viral genes in plants (Donson et al., 1991; Chapman et al.,
1992; Dolja et al., 1998). Many plant viruses multiply to
high levels in plants, leading to concomitantly high levels
of nonviral gene expression. Virus delivery does not lead
to permanent incorporation of the transgene into plants,
nevertheless, depending on which virus is used, virus
multiplication (and gene expression) can continue for
long periods (weeks or months). Plant virus expression
vectors have several other potential advantages over the
more commonly used transgenic plant technology.
Firstly, plant RNA viruses often are small in size (between
3000 and 10,000 nucleotides) making them easy to ma-
nipulate in vitro. Secondly, infection of plants with engi-
neered virus leads to the immediate expression of the
heterologous gene with no requirement for the lengthy
and complex tissue culture procedures that are neces-
sary when producing stably transformed plants. Different
viruses have been described that can infect plants from
most of the taxonomic groups. Some viruses in particular
have very wide host ranges themselves. Thus it is likely
that plant virus gene vectors can be developed that
would allow foreign gene expression in whichever plant
species was required. Several strategies have been em-
ployed in the development of plant virus expression
vectors (Lacomme et al., 1998). Often the foreign gene
either is carried as a replacement for a nonessential
virus gene or is inserted as an additional gene linked to
a duplicated viral promoter. Other plant viruses have
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been adapted to express foreign sequences fused to one
end of, or within, the virus coat protein gene, or as part of
a polyprotein that is cleaved during maturation. These
approaches have been used to express a variety of
different nonviral proteins, e.g., marker proteins—GUS
(Dolja et al., 1992) and GFP (Baulcombe et al., 1995),
a-trichosanthin (ribosome inactivating protein; Kumagai
et al., 1993), phytoene synthase (metabolic pathway en-
zyme; Kumagai et al., 1995), myb-like transcription factor
(Sablowski et al., 1995), avr9 (fungal elicitor of disease
resistance; Hammond-Kosak et al., 1995) and several
antigenic peptides for use in vaccine development (Porta
et al., 1994; Joelson et al., 1997; Brennan et al., 1999).

Plant virus expression vector technology can be im-
proved along several lines. New vectors are needed to
expand the range of plants in which these systems can
be used. Different viruses might be more tolerant of
sequence manipulations and may be less prone to insert
instability. New vectors might be developed with in-
creased carrying capacity or with the ability to express
more than one nonviral protein. In addition, vectors
based on alternative viruses might have different tissue
tropisms allowing selective foreign gene expression in
specific parts of the plant.

The tobraviruses tobacco rattle virus (TRV), pea early-
browning virus (PEBV), and pepper ringspot virus
(PepRSV) have a number of properties that suggested
that they might be developed as gene expression vec-
tors. These viruses have two positive-sense, single-
stranded genomic RNAs that are separately encapsi-
dated in rod-shaped particles (Harrison and Robinson,
1986). RNA1 encodes the viral proteins that are respon-
sible for replication and movement of the virus in plants.

Indeed, RNA1 can cause infection (a so-called NM-infec-
tion) in plants in the complete absence of the second
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30 MACFARLANE AND POPOVICH
RNA (RNA2). RNA2 varies in size, according to virus
isolate, and encodes the virus coat protein and some-
times one or more other, nonstructural proteins.

As RNA2 is inessential for infection of plants, we
anticipated that it could be engineered to express non-
viral genes. Previously, experiments using infectious
cDNA clones of PEBV and TRV RNA2 showed that re-
moval of the nonstructural 2b and 2c genes (Fig. 1) did
not prevent movement to and replication of the viruses in
systemic tissue (MacFarlane et al., 1996; Hernandez et
al., 1997). Prior to the work described in this paper,
modification of PepRSV had not been undertaken. The
nonstructural genes on RNA2 have been shown to be
necessary for transmission of tobraviruses by vector
nematodes; thus constructs in which these genes are
deleted should be effectively contained in the plants
under test. In this paper we demonstrate the utility of
TRV, PepRSV, and PEBV as gene expression vectors

RESULTS AND DISCUSSION

Analysis of tobravirus vectors expressing GFP

Clones of RNA2 of TRV isolate PpK20 and PEBV iso-
late TpA56 were modified to remove the nonstructural 2b
and 2c genes (Fig. 1). RNA2 of PepRSV isolate CAM is a
naturally occurring recombinant molecule lacking these
two genes but carrying at its 39 end a partial copy of the
RNA1-derived 16K gene (Bergh et al., 1985). To avoid

omology-driven instability, a second coat protein (CP)
ene subgenomic RNA (sgRNA) promoter, derived from a
ifferent tobravirus isolate was inserted downstream of
ach virus CP gene. Previous studies showed that TRV

FIG. 1. Strategy for tobravirus vector construction. Gene organisation
f RNA2 of isolates of TRV, PEBV, and PepRSV used in this study. CP,
oat protein. The 2b and 2c genes encode nonstructural proteins

nvolved in nematode transmission and are deleted from the vector
onstructs. A duplicated tobravirus CP gene subgenomic RNA pro-
oter (sgP) is inserted upstream of the GFP gene. PepRSV RNA2

ncludes a partial copy of the RNA1-encoded 1b gene.
nd PEBV can activate expression of each others CP
gRNA promoter (Mueller et al., 1997); however, similar

c
v

tudies have not been carried out with PepRSV. The TRV
nd PepRSV expression vectors were engineered to con-

ain a second, PEBV CP sgRNA promoter, whereas the
EBV vector carried a second, TRV promoter. In each
irus vector, the duplicated promoter was used to drive
xpression of the green fluorescent protein (GFP) gene

Fig. 1).
When combined with RNA1 of the appropriate, homol-

gous virus, transcripts of the three vector constructs
aused a productive infection in inoculated plants. TRV-
FP infection produced fluorescent foci visible by eye in

noculated leaves of Nicotiana benthamiana by 3 days
ostinoculation (dpi) (Fig. 2A). GFP fluorescence often
as apparent in upper, noninoculated leaves at 4 dpi.
EBV-GFP and PepRSV-GFP produced fluorescence in

he inoculated leaves slightly more slowly (3–4 dpi) and
lso moved into noninoculated leaves slightly later (5–7
pi) (Figs. 2A and 2B). A similar pattern of infection was
een when these viruses were inoculated to N. clevelan-
ii, although systemic infection by PEBV-GFP was infre-
uent in this species. The intensity of GFP-fluorescence
lso differed between the viruses. TRV-GFP produced

he brightest fluorescence, with PEBV-GFP being less
right and PepRSV-GFP producing the least fluores-
ence. The three engineered viruses were also exam-

ned for their ability to express GFP in plants other than
icotiana species. TRV-GFP was able to infect the great-
st number of plant species, moving locally in sugar beet
nd systemically in tomato, petunia, and arabidopsis.
epRSV-GFP and PEBV-GFP had reduced host ranges,
lthough PepRSV-GFP infected tomato efficiently and
EBV-GFP expressed GFP in systemically infected pea

eaves (Figs. 2C and 2D).
CP and GFP expression in inoculated and systemic

nfected leaves of N. benthamiana plants infected with
he three viruses was examined by Western blotting (Fig.
). TRV-GFP and PepRSV-GFP produced more CP in
ystemic rather than inoculated tissue, probably reflect-

ng a more uniform infection of systemic tissue. TRV
roduced more GFP in systemic rather than inoculated

issue, whereas with PepRSV there was very little differ-
nce in the GFP content of these two tissues. For PEBV,
ystemic and inoculated tissues contained similar
mounts of CP, whereas systemic tissue contained much
ore GFP than did inoculated tissue. The sensitivities of

he virus CP-specific antibodies are not equivalent, thus
hey cannot be used to compare the amount of each
irus in the samples; however, TRV produced the most
FP, both in inoculated and in systemic tissue.

xpression of GFP in roots

Tobraviruses are transmitted in the field by root-feed-
ng nematodes from the genera Trichodorus and Paratri-

hodorus (Taylor and Brown, 1997). Consequently these
iruses possess the ability to move efficiently within the
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roots of infected plants, particularly to the region at the
growing tip. We reasoned that significant benefits could
be gained if tobraviruses could be used to express bio-
logically active, nonviral proteins in plant roots. Such a

FIG. 2. Visualisation of GFP expression by UV illumination of tobr
clevelandii; bottom row, N. benthamiana. Left: TRV-GFP; right: PepRSV-G
sativum cv. Rondo) inoculated leaf infected with PEBV-GFP. (D) System

FIG. 4. Comparison by UV illumination of TRV-GFP and PVX-GFP inf
(B) PVX-GFP at 9 dpi (left), mock-inoculated (right).
system could have numerous applications including, for
example, the testing of proteins involved in resistance to
soil pests and pathogens, the bioremediation of contam-
inated soil and perhaps also the testing of candidate
genes to manipulate the protein content/quality in root
and tuber crops.

vector-infected plants. (A) Systemically infected leaves. Top row, N.
) N. benthamiana systemically infected with PEBV-GFP. (C) Pea (Pisum
V-GFP infection of pea.
f N. benthamiana. (A) TRV-GFP at 6 dpi (left), mock-inoculated (right).
avirus
FP. (B

ic PEB
Examination of the roots of plants infected with each of
the GFP-expressing tobraviruses revealed intense fluo-
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rescence particularly at root tips showing that the alter-
ations made to RNA2 did not affect the pattern of virus
movement (data not shown). The tobravirus vectors are
not unique in their ability to express nonviral proteins in
roots. For example tobacco etch potyvirus expressed
high levels of GUS in tobacco lateral roots (Dolja et al.,
1992). Also, a TMV vector (30B-GFP; Shivprasad et al.,
1999) was found to produce large amounts of GFP in
roots, although unlike TRV, the distribution of TMV in the
roots was patchy (Popovich and MacFarlane, unpub-
lished observations) and the virus did not invade the
meristematic region (Oparka et al., 1998).

Further experiments were carried out to compare the
performance of the TRV expression vector with that of
potato virus X (PVX), an alternative expression vector that
is in the most widespread use (Chapman et al., 1992;
Baulcombe et al., 1995).

Transcripts of TRV-GFP or PVX-GFP were inoculated to
N. benthamiana plants, and extracts of systemically in-
fected leaves exhibiting GFP-fluorescence were col-
lected. These extracts were use to inoculate other N.
benthamiana plants. Examination of whole plants by UV
illumination showed that both viruses exhibited exten-
sive GFP-fluorescence in infected leaves. In contrast,
TRV produced significant GFP-fluorescence throughout
the root system (Fig. 4A) whereas with PVX, root fluores-
cence was only apparent in the hypocotyl region, corre-
sponding to an area of autofluorescence also found in
the mock-inoculated plants (Figs. 4A and 4B). Root and
leaf samples were taken from these plants for Western
blotting when systemic GFP-fluorescence was at its
strongest (TRV, 6 dpi; PVX, 9 dpi). In these experiments,
TRV and PVX expressed GFP to similar levels in system-
ically infected leaves (Fig. 5). By contrast, however, TRV
expressed 10- to 25-fold more GFP (as calculated from

FIG. 3. Western blot of N. benthamiana infected with tobravirus
vectors. Lanes were loaded with equal amounts of tissue extract. H,
uninfected plant sample; I, inoculated leaf (sampled at 5 days postin-
oculation). S, systemically infected leaf, sampled at 7 dpi (TRV and
PepRSV) and 8 dpi (PEBV). Top panel probed with GFP-specific anti-
bodies. Bottom panel probed with a mixture of antibodies raised
against TRV isolate PLB, PepRSV CAM, and PEBV SP5.
scanning densitometry of the blot) in the roots than did
PVX.
Stability of a nonviral insert cloned into TRV

A possible limitation of plant viruses as gene expres-
sion vectors is the tendency for nonviral sequences to be
deleted during virus multiplication in the plant. Tobravi-
ruses are known to be subject to recombination in vivo
(Hernández et al., 1996; MacFarlane, 1997). However,
because the tobravirus RNA2 is dispensable for sys-
temic infection of plants, it might be more amenable to
the insertion of nonviral sequences than are some of the
other, usually monopartite, plant viral vectors. In keeping
with our proposal that TRV could be used to test anti-pest
proteins, we decided to examine the stability in roots of
a 12.5-kDa lectin (GNA) derived from snowdrop (Galan-
thus nivalis L.). This particular lectin has been shown to
be inhibitory to insects (Powell et al., 1995; Rao et al.,
1998) and might also, like some other lectins, be effective
against nematodes (Marban-Mendoza et al., 1987; Gupta
and Sharma, 1993). Thus the TRV-GFP construct was
modified by replacement of the GFP gene by the GNA
gene. Plants were infected with TRV expressing GNA by
inoculation to the leaves. Subsequently, at intervals, the
roots of individual infected plants were collected and
examined by Western blotting. GNA was expressed at
uniform levels in different plants inoculated at the same
time (data not shown). In these plants, GNA accumulated
to ;10 mg per gram wet weight of root tissue. GNA was
first detected in roots usually between 4 and 6 dpi and
remained detectable for #24 dpi (the last time point to be

FIG. 6. Western blot of time course of GNA expressed from the TRV
vector in roots of N. benthamiana. M denotes protein size markers
(kDa). Equal amounts of root extract were loaded in each lane. C,
uninfected plant sample. Other lanes are infected plants sampled at

FIG. 5. Western blot of N. benthamiana infected with TRV-GFP and
PVX-GFP. Lanes were loaded with equal amounts of tissue extract.
Lanes 1–6, TRV-GFP infected plants at 6 dpi; lane 7, uninfected plant;
lanes 8–13, PVX-GFP infected plants at 9 dpi. Top panel is extracts of
leaves showing highest GFP-fluorescence, bottom panel is extracts of
the complete root system excluding the hypocotyl. Blot probed with
GFP-specific antibodies.
3–24 days postinoculation. The blot was probed with GNA-specific
antibodies.
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analyzed) (Fig. 6). The longer term stability of the TRV-
GNA virus construct was assessed by passaging ex-
tracts of infected roots to the leaves of other plants at
intervals of between 7 and 14 days, with root samples
being taken at each passage. In this experiment, root
expression of GNA was maintained for four passages, at
which time the experiment was terminated (Fig. 7). In
addition, tissue printing of plants inoculated with TRV-
GNA showed that GNA expression was widespread
throughout the root system (Fig. 8).

Key features of tobravirus vectors

The tobraviruses have a number of features that make
them attractive as gene expression vectors. The smaller
viral RNA, RNA2, is nonessential for systemic infection of
plants by the virus, which means that it can be exten-
sively modified without affecting virus viability. The CP
gene sgRNA promoters of these viruses are, to an extent,
interchangeable, which allows the construction of rela-
tively stable constructs containing additional promoters.
This raises the possibility that constructs might be built
that can express more than one nonviral protein. Tobra-
viruses, particularly TRV, have a wide host range, sug-
gesting that they could be used as gene vectors in many
plant species. Lastly, in contrast to many other plant
viruses, tobraviruses are adapted for efficient movement

FIG. 7. Western blot showing stability of GNA expression by TRV
vector. Lanes 1–4 are equal amounts of root extracts of N. benthamiana
infected with TRV-GNA. Lane 1 is first passage (7 dpi), lane 2 is second
passage (14 dpi), lane 3 is third passage (11dpi), lane 4 is fourth
passage (9 dpi). C, 50-ng purified GNA protein. H, root extract from a
plant infected with TRV containing a frameshifted GNA gene. The blot
was probed with GNA-specific antibodies.
FIG. 8. Tissue print of N. benthamiana roots. (A) Mock-inoculated plant. (B)
prints were probed with antibodies raised against GNA.
into the root system. This property makes them particu-
larly useful as delivery vectors for testing a wide variety
of proteins that may be active in plant-soil/pathogen
interactions.

MATERIALS AND METHODS

Clone construction

The TRV-GFP construct was derived from a full-length
clone of RNA2 of TRV isolate PpK20 (pTR9598), which
carries an additional ApaI restriction site downstream of
the 2c gene at nucleotide 3470 (Mueller et al., 1997). The
39 part of the 2b gene and all of the 2c gene were
removed by digestion with BstEII (nucleotide 1636) and
ApaI (nucleotide 3467), and replaced with a ApaLI–SmaI
fragment containing the PEBV CP promoter [nucleotides
273–509, pFLA56 (MacFarlane and Brown, 1995)] linked
to the GFP gene derived from plasmid pBAD-GFPcycle3
(Crameri et al., 1996). The initiation codon of the GFP
gene precisely replaced that of the viral CP gene. The
cycle3 GFP gene contains a NheI site immediately after
the initiation codon (ATGGCTAGC) and EcoRI and KpnI
sites downstream of the termination codon. Thus the
GFP gene can be removed from TRV-GFP by digestion
with NheI and EcoRI or KpnI and replaced with other

enes of choice. An additional vector (TRV-GFPc) in-
ludes a NcoI site at the GFP initiation codon (ccATGG-

CTAGC), allowing a more precise replacement of the
GFP gene.

The PEBV-GFP construct was derived from pT72A56, a
full-length cDNA clone of RNA2 of PEBV isolate TpA56
(MacFarlane et al., 1996). The 2b and 2c genes were
removed by digestion with BstBI (nucleotide 1377) and
EcoRI (nucleotide 2871), and replaced with a ClaI–EcoRI
PCR fragment containing the TRV PpK20 CP promoter
(nucleotides 346–556, pT72K20; Mueller et al., 1997)
linked to the GFP gene. As above, the GFP gene can be
removed by digestion with NheI and EcoRI or KpnI.
Plant infected with TRV expressing GNA, 21 days postinoculation. The
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34 MACFARLANE AND POPOVICH
The PepRSV-GFP construct was derived from a full-
length clone (pT7Blue-PepRSV12) of RNA2 of PepRSV
isolate CAM, which was obtained by long template-PCR
(MacFarlane, 1996). A synthetic linker was used to intro-
duce Bsu36I and BsiWI sites at nucleotide 1251, down-
stream of the CP gene. A CelII–KpnI PEBV CP promoter-
GFP fragment, derived from TRV-GFP, was introduced
between the Bsu36I and BsiWI sites. RNA2 of PepRSV
solate CAM carries at its 39 end a partial copy of the
NA1-derived 16K gene. Thus in the PepRSV-GFP con-
truct, this sequence is located 100 nucleotides down-
tream of the GFP gene.

The GFP gene was removed from TRV-GFP by diges-
ion with NheI and KpnI and replaced with the snowdrop
ectin GNA gene (pGNA2; Gatehouse et al., 1997) that
ad been PCR amplified to include a AvrII site at the
econd codon of the N-terminal signal sequence and a
pnI site downstream of the termination codon.

noculation and analysis of plants

The TRV-GFP, TRV-GNA, and PEBV-GFP constructs
ere linearised at the 39 terminus of the viral se-
uence by digestion with SmaI. PepRSV-GFP was lin-
arised with SpeI, which cleaves the plasmid vector 10
ases downstream of the virus sequence. Transcript
NA was synthesised using T7 RNA polymerase as
escribed before (MacFarlane et al., 1996). Transcript
NA2 was mixed with RNA isolated from a plant in-

ected only with RNA1 of each of the three viruses, a
o-called NM-infection (Mueller et al., 1997), and in-
culated to N. benthamiana plants. Alternatively, infec-

ious RNA1 transcripts can be synthesised from full-
ength cDNA clones of PEBV isolate SP5 (MacFarlane
t al., 1991) and TRV isolate PpK20 (S.MacFarlane,
npublished). The plants were examined at regular

ntervals for GFP fluorescence by illumination with
ong-wave UV light. Plants were photographed using
odachrome 200 film with a HOYA G filter (for leaves)
r without a filter (for whole plants). Extracts of tran-
cript-inoculated plants were used to infect further
lants. Leaf and root samples from infected plants
ere homogenised in 1 ml/g 13 PBS for analysis by
estern blotting (Schmitt et al., 1998). Tissue printing

f roots was carried out as described before (Mansky
t al., 1990).
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