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Virus-Derived Gene Expression and RNA Interference Vector for
Grapevine

Elizabeth G. Kurth,? Valera V. Peremyslov,® Alexey I. Prokhnevsky,?* Kristin D. Kasschau,® Marilyn Miller,® James C. Carrington,®P°*

and Valerian V. Dolja*®

Department of Botany and Plant Pathology, Oregon State University, Corvallis, Oregon, USA,? andCenter for Genome Research and Biocomputing, Oregon State
University, Corvallis, Oregon, USA®

The improvement of the agricultural and wine-making qualities of the grapevine (Vitis vinifera) is hampered by adherence to
traditional varieties, the recalcitrance of this plant to genetic modifications, and public resistance to genetically modified organ-
ism (GMO) technologies. To address these challenges, we developed an RNA virus-based vector for the introduction of desired
traits into grapevine without heritable modifications to the genome. This vector expresses recombinant proteins in the phloem
tissue that is involved in sugar transport throughout the plant, from leaves to roots to berries. Furthermore, the vector provides
a powerful RNA interference (RNAi) capability of regulating the expression of endogenous genes via virus-induced gene-silenc-
ing (VIGS) technology. Additional advantages of this vector include superb genetic capacity and stability, as well as the swiftness
of technology implementation. The most significant applications of the viral vector include functional genomics of the grapevine

and disease control via RNAi-enabled vaccination against pathogens or invertebrate pests.

Grapevine (Vitis vinifera) is a plant celebrated for its nutri-
tional, cultural, and romantic value, as well as for its multi-
billion-dollar economic output (39). Grapevine production and
wine consumption are bound to grow along with global economic
development (7). The rapid expansion of the grape industry into
the New World and China, as well as climate change, pose sub-
stantial challenges to traditional viticultural practices. These chal-
lenges are exacerbated by the growing spread of pathogens, an
early example being the so-called phylloxera plague that came
from North America in the late 19th century and devastated wine
grapes in Europe (25). More recent epidemics include bacterial
Pierce’s disease and viral leafroll disease, which menace grape
growers in California and beyond (44, 54). Even controlling fa-
miliar scourges like powdery mildew becomes more problematic
due to the development of fungicide resistance and the undesir-
ability of fungicides (18). In addition to avoiding costs associated
with the diseases, there is a desire to improve grape varieties for
their health benefits and traits, such as antioxidants (including
resveratrol) and flavors (4, 58).

There are two major approaches to improving grapevine, tra-
ditional breeding and biotechnology. These approaches are not
mutually exclusive, and both will benefit from the availability of
grapevine genomic sequences (28, 57). However, breeding takes
decades and is hardly an option for wine grapes with their cher-
ished traditional varieties. Despite substantial progress with
grapevine transformation (9), it is still cumbersome (58), whereas
wine makers and consumers alike are wary of genetically modified
organism (GMO) technology (12, 53).

Here, we advance a technology that is reminiscent of plant
vaccination in that it uses a live virus to attain desirable traits via
either expressing a protein of interest or knocking down gene
expression via RNA interference (RNAi). Specifically, we have
generated a virus-derived gene expression and regulation vector
based on Grapevine leafroll-associated virus-2 (GLRaV-2). This
relatively benign, positive-strand RNA virus of the family Clos-
teroviridae (13, 33) is spread throughout grape-growing areas
worldwide. We have applied a decade’s worth of molecular re-
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search to tailor GLRaV-2 to the needs of functional genomics and
pathogen control. Because the vector is based on RNA, and be-
cause no inheritable modifications are made to the grapevine, a
vector-based approach provides a powerful alternative to GMO
technology.

MATERIALS AND METHODS

Generation of the virus vector using vine-derived GLRaV-2. The RNA
was isolated from GLRaV-2-infected leaves of a Pinot noir plant from an
Oregonian vineyard. Virus-specific oligonucleotides were designed ac-
cording to the published GLRaV-2 isolate sequence (33) and used for the
reverse transcription-PCR (RT-PCR) amplification of the overlapping
c¢DNAs encompassing the complete genome. The PCR products were se-
quenced to obtain a consensus sequence of the natural GLRaV-2 isolate.
Unique restriction sites common for the published and natural isolates
were used to reassemble a vine-derived GLRaV-2 genome cDNA. For each
fragment, clones that conformed to the consensus sequence were used for
the full-length cDNA assembly. The gene expression cassette harboring
the reporter endoplasmic reticulum (ER)-targeted green fluorescent pro-
tein (GFP) open reading frame (ORF) was described earlier (33). The
resulting cDNA was designated vLR2-GFP, and the corresponding binary
plasmid was mobilized to Agrobacterium tumefaciens EHA105 by electro-
poration.

Micropropagation and agroinfiltration. The grapevine plantlets were
cultivated using sterile three-quarter-strength MS medium containing 0.4
mg/liter thiamine, 25 mg/liter inositol, 1 mg/liter indole-3-acetic acid
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FIG 1 Infectivity of the GLRaV-2-derived vector engineered to express GFP (designated vLR2-GFP). (A) Gene map of vLR2-GFP. L1 and L2, papain-like leader
proteases; CAP, capping enzyme; HEL, RNA helicase; RARp, RNA-dependent RNA polymerase; p6, 6-kDa movement protein; Hsp70h, heat shock protein
(70-kDa), homolog; p63, 63-kDa virion protein; CPm, minor capsid protein; CP, major capsid protein; p19, 19-kDa protein; p24, 24-kDa RNAIi suppressor.
Asterisks show the locations of the 75 point mutations present in the N. benthamiana-adapted GLRaV-2. (B) Imaging of the ER-targeted GFP in the inner bark
of V. vinifera (Syrah) plants. The right-most panel shows a single, virus-infected, phloem cell. (C) RT-PCR analysis of the leaf RNA. M, DNA size markers with
lengths in base pairs; —RT, no-reverse-transcriptase control; sets A and B, primer sets designed to amplify the 3’-terminal region of GLRaV-2 RNA (851 nt) and
vLR2-GFP gene expression cassette (1,230 nt), respectively. (D) Immunoblot analysis of the petiole samples from 4 infected and 1 noninfected plant using

GLRaV-2-specific antiserum.

(IAA), 1.25% sucrose, and it was solidified with 0.175% agar and 0.12%
gelzan at pH 5.3. The growth conditions were a 16/8-h light/dark cycle at
23°C. Two- to 4-month-old rooted plants were trimmed and wounded
with a 31-guage needle and used for infiltration with Agrobacterium. The
bacterial cells were harvested and resuspended in 400 ml (optical density
at 600 nm [ODy,] of 2.0 for the vector-containing bacterium and 0.4 for
the supplemental bacterium containing GLRaV-2 RNAi suppressor p24)
in induction buffer (10 mM morpholineethanesulfonic acid, pH 5.85, 10
mM MgCl,, 150 mM acetosyringone). Plantlets were submerged in bac-
terial suspension and vacuum infiltrated in a nucerite desiccator (Nalgen/
Sybron Corp.) for 10 min, followed by a quick pressure release. Mock-
inoculated plants were infiltrated with Agrobacterium containing the p24
expression plasmid only. Infiltrated plants were potted, covered, and al-
lowed to recover in a growth chamber for 3 weeks before being moved to
a greenhouse. The greenhouse conditions were a 12/12-h light/dark cycle
(24/21°C day/night) with a light intensity of ~400 pmol m~>s™ ' photo-
synthetic photon flux.

Infectivity assays. Plants were screened starting at 1 month postinoc-
ulation (mpi) for GFP expression using epifluorescent (33) or confocal
laser-scanning microscopy (42). Imaging was done using detached leaves
or bark samples. The RT-PCR analyses were done using primer sets A, B,
and C (set A, 5'-GGAAGATTACGAAGAAAAATCC and 5'-CTCTTCAC
CGCTTCTCTCACTCCC; set B, 5'-GCTTAATTAACAATGAAGACT
AATC and 5'-AGGAGCCCCTTTCTGCACCAA; set C, 5'-AAGGAATA
CTTAGGCGCCGAC and 5'-AGGAGCCCCTTTCTGCACCAA). Set A
was designed to amplify a 3’ -terminal region of virus genome downstream
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from the expression cassette, set B was designed to amplify a region en-
compassing most of the GFP and minor capsid protein (CPm) ORFs (Fig.
1A), and set C corresponded to virus genome sequences flanking the en-
tire cassette. The expected sizes of the PCR products for vLR2-GFP were
851, 1,230, and 1,458 nucleotides (nt), respectively. For GLRaV-2, these
sizes were 851 and 357 nt for sets A and C, respectively, whereas no prod-
uct was expected for set B because one primer corresponded to a cassette
sequence. The immunoblotting was done using GLRaV-2-specific poly-
clonal rabbit antiserum at a 1:5,000 dilution (33).

The green-to-green grafting was done by the manual cleft graft
method using 1- to 3-year-old, virus-free stock and ~ 1-year-old vector-
infected scions. The union was wrapped with parafilm, and the plants
were bagged for 2 weeks for high humidity. Dormant-to-green grafts were
obtained by chip-bud grafting. Dormant canes were collected from
1-year-old infected plants, and chip buds were cut and screened for GFP
expression before we joined GFP-positive chip buds with virus-free stock
plants and then wrapped them with grafting tape.

Engineering of the VIGS (virus-induced gene silencing) vectors and
RNAI assays. A 477-bp-long fragment of an ORF encoding V. vinifera
(Syrah) phytoene desaturase (PDS; locus XM_002264231) in the sense
orientation, or a 523-bp-long fragment of this ORF in the antisense ori-
entation, was PCR amplified and cloned into the vVLR2-GFP ¢cDNA-con-
taining plasmid using Pacl and Fsel sites to replace the GFP ORF. Primers
used for the RT-PCR amplification of the cDNA fragments of PDS and
ChII mRNAs isolated from grapevine variety Syrah were 5'-CAGGCCTA
CATATATTCTTTGG and 5'-CAGGATGGCCCATATCCCATTT for
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PDS and 5'-CTCTCCCTCTTTGTACATGGC and 5'-CAGCGGCAAGC
TTTTGGGCCTTT for Chll. The same fragments were also cloned using
the Fsel site downstream from the GFP ORF to obtain variants expressing
both the GFP and PDS ORF fragments (see Fig. 3A). The same strategy
was used to clone the 998-bp sense or antisense fragment of the Chll
subunit of the magnesium-protoporphyrin IX chelatase (Chll; locus
XM_002276226).

To determine the PDS and Chll mRNA levels, real-time RT-PCR was
done using leaf RNA (8), with modifications. After the first isopropanol
extraction, RNA was resuspended in 300 pl of 0.1X Tris-EDTA (TE)
buffer and extracted with 1 ml TRIzol and 250 .l chloroform, followed by
two chloroform extractions and then precipitation with isopropanol. Pel-
lets were resuspended in 300 pl 0.1 X TE, and the protocol was continued
through the phenol-chloroform extractions. The RNA was precipitated
with 3 M ammonium acetate (NH,OAc) and 2.5 volumes of ethanol.
First-strand cDNA was made using 2 pg of leaf RNA, Moloney murine
leukemia virus (M-MLV) RT, and Invitrogen random hexamer primers
(Invitrogen). The real-time PCR was done using a Power SYBR green PCR
master mix (Applied Biosystems) and ABI Prism 7500 Fast sequence de-
tection system. Primers used for the PCR of PDS and Chll are listed above; the
primers for the amplification of a control ubiquitin cDNA were 5'-CAFCA
AACAAGATGCAGGCATC and 5'-GGTGTCTCCGATGGTCCCTTG.
The 7500 FAST system software (v.1.4.0) was used for threshold cycle
(AAC;) data analysis; n = 6 for each experimental or control variant. The
chlorophyll concentration was determined as the ODy,. The statistical
analysis was done using an unpaired two-sample ¢ test (two-tailed).

Nucleotide sequence accession number. The newly determined se-
quence in the study was submitted to GenBank under accession number
JQ771955.

RESULTS

Host adaptation as a key to generating an efficient virus vector.
Unlike other leafroll viruses that can be propagated only on grape-
vine, GLRaV-2 was transmitted to the herbaceous host Nicotiana
benthamiana (23), a model plant that is susceptible to a broad
range of viruses (21). Using this host, we generated a full-length
c¢DNA clone and engineered the GLRaV-2 gene expression vector
designated LR-GFP. This vector infected N. benthamiana upon
agroinoculation and expressed GFP (33). However, LR-GFP was
not capable of systemic infection in grapevine, where GLRaV-2 is
normally localized to the phloem. As we have demonstrated, the
coexpression of the viral RNAI suppressors during agroinocula-
tion results in an ~1,000-fold increase in virus invasiveness (10).
Even though GLRaV-2 p24 was among the strongest RNAi sup-
pressors, its inclusion did not result in systemic infection.

We reasoned that the inability of a grapevine virus to infect its
natural host may be due to a rapid adaptive evolution in a new
host, which is typical of RNA viruses (15, 31, 46). The comparison
of the nucleotide sequence of the viral vector to that of the original
GLRaV-2 isolate present in a Pinot noir vine revealed 75 point
mutations distributed throughout the genome (Fig. 1A). It is
plausible that at least a subset of these mutations was responsible
for the vector’s loss of infectivity on grapevine following propaga-
tion in N. benthamiana. Because mapping the effects of each of
these mutations was impractical, we reassembled the entire vector
using viral cDNA derived from the infected vine. It is well estab-
lished that the populations of RNA viruses represent so-called
clouds of viral genomes with one or more mutations compared to
the most represented variant (31, 46). To ensure that the modified
vector corresponded to such a predominant “back-to-the-vine”
variant, the cDNA clones with a consensus sequence were used for
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reassembling a vector dubbed vLR2-GFP, and the new sequence
was submitted to GenBank.

Most of the grapevine viruses are transmitted by arthropods or
nematodes or by grafting; none of these pathways is conducive for
launching engineered virus vectors from cDNA clones. Agroinfec-
tion, whereby virus is launched by Agrobacterium tumefaciens
(55), has become a method of choice in plant virus biotechnology
(36). Because grapevine leaves are unsuitable for the manual
agroinoculation that is used for herbaceous plants, we developed
an alternative technique of vacuum infiltration of whole, young,
micropropagated V. vinifera Syrah plants.

At ~4 weeks postagroinoculation (wpi) with vLR2-GFP, GFP
fluorescence was readily detectable in the stem phloem, thus at-
testing to the onset of systemic infection (Fig. 1B). The accumu-
lation of viral RNA harboring a reporter ORF was validated using
RT-PCR (Fig. 1C). Immunoblot analysis showed capsid protein
expression levels similar to those in the naturally GLRaV-2-in-
fected vines (Fig. 1D). These experiments confirmed the biological
activity and utility of the GLRaV-2-based gene expression vector
for grapevine.

To determine if the agroinfected plants retained the plasmid
containing viral cDNA and if there was the integration of the viral
c¢DNA into grapevine chromosomes, we used PCR analysis. The
DNA was isolated from mock- or agroinoculated plants at 1 or 4
months postinoculation (n = 48), and three distinct primer sets
were used for PCR. The PCR product of the expected size was
obtained for all 48 samples using primers designed to amplify a
fragment of the endogenous grapevine gene SUC2, thus validating
the PCR sensitivity (see Fig. S1 in the supplemental material). In
contrast, no PCR products were detected in any of the samples
when the primer sets specific for vVLR2-GFP were used (see Fig.
S1). These results demonstrated that no plasmid DNA used to
launch viral infection was present in plants at I month postagroin-
filtration. Moreover, no integration of viral cDNA into the host
genome occurred during the 4-month-long infection period.
Therefore, we established that the virus-based gene expression
occurred exclusively at the RNA level and did not involve the
lasting presence of the viral cDNA in either extrachromosomal or
genome-integrated form.

Vector transmission to a range of grape varieties. To evaluate
the range of grapevine susceptibility to vVLR2-GFP, we agroinocu-
lated 15 distinct grape varieties (a complete list will be provided on
request). In addition to Syrah, Cabernet franc has consistently
exhibited a relatively high infection rate. In 15 independent exper-
iments involving ~200 plants of these varieties, this rate averaged
~30%. In addition, Zinfandel showed occasional infections,
whereas none of the remaining varieties was agroinfected success-
fully.

Because the only known mechanism of GLRaV-2 transmission
is grafting, we used grafting for launching vLR2-GFP into varieties
that were recalcitrant to agroinfection. Strikingly, all six of these
wine grape varieties, Cabernet sauvignon, Chardonnay, Gren-
ache, Pinot blanc, Sauvignon blanc, and Tempranillo, as well as
Freedom, a root stock variety, were successfully infected using
wedge or chip bud grafting. Furthermore, the two Vitis labrusca
table grape varieties, red Concord and white Himrod, were also
susceptible to VLR2-GFP upon graft inoculation. Thus, many
wine and table grape varieties, both white and red, support sys-
temic infection by the viral vector via agroinoculation, graft inoc-
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FIG 2 Distribution pattern and symptoms of vLR2-GFP infection in V. vinifera. (A) Epifluorescence microscopic detection of the green, vLR2-GFP-infected
phloem cells in the leaves. (B) Invasion of vVLR2-GFP to berries. (C) Spread of vLR2-GFP into root; the inner surface of the root bark was used for epifluorescence

microscopy. (D) Symptoms of the interveinal reddening in the infected leaves.

ulation, or both, facilitating the broad commercial application of
the vector technology.

Iluminating the pathway of virus transport in vines. Al-
though it is generally accepted that the leafroll viruses are phloem
limited, investigating the virus dynamics in the vines has been
difficult due to variability in virus accumulation during the grow-
ing season. The GFP tagging allowed us to visualize virus spread in
the vines for the first time. As shown in Fig. 1B, vLR2-GFP is
detectable initially in the stem phloem, where it replicates in
patches of cells distributed along the vascular bundles. Four weeks
later, virus enters the petioles and invades leaves via major and
then minor veins (Fig. 2A). When berries are formed, vLR2-GFP
spreads into some of them through the vascular bundles (Fig. 2B).
Surprisingly, in the berries, the virus is not strictly phloem limited;
groups of the large mesocarp cells adjacent to phloem also support
viral replication (Fig. 2B).

During the first few months postinoculation, the virus stayed
in the aerial organs and did not spread to roots. At 6 mpi, the virus
was detected in the roots (Fig. 2C) both in plants that went
through dormancy period and in those that did not. Therefore,
both stems and roots form a reservoir in which the virus can over-
winter.

The previous attempts to generate a virus vector for grapevine
did not succeed in the consistent systemic expression of a reporter
gene, likely due to the aberrant infection (38). By illuminating the
entire pathway of virus reproduction and transport, vLR2-GFP
provided an invaluable tool for the investigation of the viral colo-
nization of the vines during the seasons and in response to envi-
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ronmental cues. In turn, the knowledge of virus distribution dy-
namics will inform the use of viral vectors for pathogen control.

Virus-induced RNAi as a tool of functional genomics. Virus-
induced RNAI, or VIGS (virus-induced gene silencing), is an in-
dispensable tool for plant biology (2, 5, 59). To determine if vLR2-
GFP can be used for VIGS, we modified the vector for the
simultaneous expression of GFP and an adjacent RNA fragment
targeting the endogenous grapevine genes involved in chlorophyll
biogenesis. The fragments of the ORFs encoding V. vinifera
(Syrah) phytoene desaturase (PDS; ~500 nt) or subunit I of mag-
nesium-protoporphyrin IX chelatase (Chll; ~1,000 nt) were in-
serted downstream from the GFP ORF (Fig. 3A). Because the in-
activation of these genes results in leaf bleaching due to the loss of
chlorophyll, PDS and ChII are used as RNAI reporters in diverse
plants (20, 49). The PDS and ChlI RNAi-triggering sequences were
cloned both in sense, or forward (F), and antisense, or reverse (R),
orientations. In addition, each of these four inserts was cloned to
replace the GFP ORF (Fig. 3A).

Strikingly, each of the 8 generated VIGS vectors elicited leaf
bleaching starting at 6 wpi and peaking after 8 wpi (Fig. 3C). This
result demonstrated that both sense and antisense RNAi con-
structs induced effective VIGS. The dual-purpose vectors express-
ing both GFP and RNAI triggers were used to monitor the spread
of the virus and RNAi within leaves. Initially, chloroplast bleach-
ing was detected in the leaf cells surrounding the virus-infected,
GFP-expressing cells (Fig. 3B, left; dark areas against normal red
chloroplast autofluorescence). Subsequently, the chlorophyll-less
areas expanded along the vascular system into the areas that did
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with vLR2-ChlI-F and vLR2-PDS-F, respectively, using real-time PCR (1 = 6). (E) Quantification of the chlorophyll levels in the leaves infected with vLR2-ChlI-F

and VLR2-PDS-F, respectively (same leaves as in panel D).

not harbor virus (Fig. 3B, right). This VIGS pattern in grapevine
was fully consistent with the cell-to-cell and systemic transport of
RNAi signal described for Arabidopsis (16, 37).

To validate the downregulation of mMRNA expression, the levels
of Chll and PDS mRNAs were measured using quantitative PCR.
In both cases, a statistically significant, ~2-fold reduction in
mRNA levels was observed in grapes infected with VIGS vectors
compared to control plants (P = 0.031 and 0.015 for Chll and PDS
mRNAs, respectively) (Fig. 3D). The measurements of chloro-
phyll concentration in the leaf extracts were in full accord with
mRNA data (P = 0.00055 and 0.00095 for vLR2-ChlI-F and vLR2-
PDS-F, respectively) (Fig. 3E). We concluded that the virus vector
provided a VIGS capability for downregulating the endogenous
genes, making it a powerful tool for functional genomics in grape-
vine.

Genetic stability of the viral vector. Due to their high recom-
bination rates, virus vectors are notoriously unstable, often losing
a gene expression cassette in a matter of days (14, 19, 43). Such a
short time frame is not conducive to using the vector in woody
plants. To test the genetic stability of vVLR2-GFP, we investigated
expression cassette retention over time in Cabernet franc and
Syrah using RT-PCR and primer set C flanking the cassette.
Primer set A, designed to amplify the genome region outside the
cassette, was used as a control. As expected, RT-PCR using set A
yielded an identical PCR product in all samples (Fig. 4A and C).

6006 jvi.asm.org

Analysis of the Cabernet franc plants showed the retention of
the intact cassette of up to 12.5 months (Fig. 4B). However, in a
plant sampled at 10.5 mpi, the intact cassette was present only in a
fraction of vector genomes. A similar pattern was observed in
vLR2-GFP-infected Syrah plants. Whereas the majority of plants
retained the cassette for the entire observation period of 15
months, some of them showed cassette degradation at this latest
time point (Fig. 4D).

Our screening of the VIGS-affected plants showed striking
bleaching throughout the observation periods of up to 17 months.
These phenotypes were observed even after dormancy and ap-
peared as periodic patches of bleached leaves, suggesting the de-
velopmental regulation of VIGS during the vegetation period (Fig.
4E). Thus, the GLRaV-2 gene expression and VIGS vector dem-
onstrated a remarkable durability, with most of the plants show-
ing reporter accumulation or VIGS symptoms for more than a
year. This durability provides an ample time frame for utilizing
the vector to modify grapevine traits or confer resistance to patho-
gens during a growing season.

DISCUSSION

The GLRaV-2-derived gene expression and VIGS vector described
here has the potential to revolutionize grapevine biotechnology
along three avenues of research and application. The first avenue
is the investigation of virus-host interactions empowered by the
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FIG 4 Genetic stability of the viral vector during propagation in the V. vinifera plants. (A and B) Reverse transcription-PCR amplification of the GLRaV-2 or
vLR2-GFP genome regions using RNA isolated from the infected Cabernet franc plants. Primer set A (same as that shown in Fig. 1C) was used to amplify the
3’-terminal region of GLRaV-2 genome (851 nt long) downstream from the expression cassette insertion site, whereas primers of set C flanked this site.
Correspondingly, the resulting amplification products for set C were 357 nt long for the LR2 lacking the cassette and 1,458 nt for vLR2-GFP containing the intact
cassette. M-i, mock-inoculated plants; LR2, GLRaV-2-infected plants; cDNA, amplification of vLR2-GFP cDNA clone as a positive control; — and +, —RT or
+RT samples; mpi, months postinoculation. White asterisks show 500-, 1,000-, and 2,000-nt-long size markers (from bottom to top). (C and D) Reverse
transcription-PCR amplification of the GLRaV-2 or vLR2-GFP genome region using RNA isolated from the infected Syrah plants. Designations are the same as
those for panels A and B. (E and F) Images of the vLR2-GFP-ChlI-F-infected or vLR2-GFP-infected Cabernet franc plants, respectively. Note an extensive leaf

bleaching phenotype at 17 mpi in panel E but not in panel F.

ability to track virus infection. Our first glance at a pathway of
virus transport already yielded surprises, including the virus inva-
sion of the roots and berries and exit from the phloem to the
mesocarp (Fig. 2). Because GLRaV-2 is strictly limited to phloem
in other plant organs, this observation suggests the distinct nature
of the plasmodesmata that interconnect berry phloem and meso-
carp cells and are involved in pumping sugars. Therefore, the virus
follows the entire pathway of sugar transport from leaves to roots
to fruit, providing a tool for investigating this pathway via recom-
binant protein expression or RNAI.

The ability to follow virus transmission will shed new light on
the regulation of virus-host interactions in a woody plant and
facilitate the identification of the virus genes involved in these
interactions. Our recent work already revealed novel roles for pro-
teases that affect GLRaV-2 invasiveness in grapevine (33) and sug-
gested such roles for the AIkB RNA repair enzyme encoded by
many viruses of woody plants, including Grapevine leafroll-associ-
ated virus-3 (56).

The second biotechnology avenue opened up by viral vectors is
the functional genomics of grapevine using VIGS. The last decade
has witnessed an explosion in the use of VIGS (2, 5, 59). This facile
technology is particularly important for plants with long life cy-
cles, such as trees and vines. However, VIGS in woody plants is in
its infancy and is trying to find its path through the thicket of
technical problems, including the scarcity of known tree-infecting
viruses and the vagaries of reintroducing vectors to these well-
protected hosts. The VIGS demonstrated here for grapevine (Fig.
3) opens immense opportunities for the functional mapping of
the grapevine genome (28, 57). Some of the important research
areas include (i) the investigation of the sugar transport (30); (ii)
metabolomics aimed at improving nutritional, medicinal, and
wine-making qualities (50); and (iii) mapping disease resistance
and susceptibility genes to control pathogens (18, 26, 29).

A third avenue of vector utilization is disease protection. The
RNAi-susceptible pathogens, such as viruses, fungi, and inverte-
brate pests, are potential targets for VIGS. Previously, transgene-
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triggered RNAi was used to control plant-parasitic insects (3, 35),
nematodes (27), and viruses (24). These approaches, although
promising, involve labor-intensive GMO technology that is often
faced with vocal opposition. In contrast, we have shown here that
the RNA virus vector does not integrate into the grape genome,
which is in full accord with the absence of any RNA virus se-
quences in the grapevine chromosomes despite the prolonged ex-
posure of this plant to virus infections (6).

Perhaps the closest analogy to RNA vector technology applied
to disease resistance is provided by vaccination against human
diseases such as poliomyelitis (32). In both cases the genetically
modified, live, attenuated RNA viruses are used to protect the
host. Indeed, the insertion of an expression cassette into GLRaV-2
resulted in attenuated symptoms (Fig. 2D) of the already mild
disease present and often tolerated throughout grapevine-grow-
ing areas. On the other hand, the poliovirus vaccine can protect
only against poliomyelitis, whereas VIGS vectors can be used
against a broad range of plant pathogens and pests.

The GLRaV-2 vector has several important advantages over
other plant virus vectors. Whereas most of these vectors tolerate
relatively small inserts (19), our vector can accommodate inserts
at least ~2 kb in size (Fig. 3A). This genetic capacity enables the
simultaneous targeting of several pathogens by engineering VIGS
cassettes harboring multiple RNAI triggers. The GLRaV-2 vector
is also durable for more than a year versus days or weeks, which is
typical of other vectors. The only vector comparable to GLRaV-2
in this respect is the Citrus tristeza virus vector that is derived from
a related closterovirus (11, 17). However, this promising vector
could raise biosafety concerns due to potential escape via aphid
transmission. In contrast, GLRaV-2 is transmissible only by graft-
ing, thus minimizing the risks of inadvertent escape.

Why closterovirus-derived vectors exhibit a remarkably higher
genetic stability compared to their competition from other lin-
eages of plant RNA viruses is an intriguing evolutionary question.
GLRaV-2 replication is prone to point mutations or deletions
(this work), whereas the recombination-mediated occurrence of
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defective RNAs and chimeric isolates is well documented in di-
verse closteroviruses (47, 48). It is possible, however, that (yet
uncharacterized) mutation or recombination rates in closterovi-
ruses are lower than in other RNA viruses. This notion is sup-
ported by evidence for the proofreading ability of RNA poly-
merases in coronaviruses, a family of animal viruses whose large
RNA genome evolution shows some analogies to closteroviruses
(13,22). A second distinct possibility is that the Hsp70 chaperone-
aided assembly of the filamentous closteroviruses (1, 41, 51, 52)
alleviates selection for shorter genomes that is typical for spherical
or rod-shaped viruses. Finally, as proposed earlier (13), the acqui-
sition of strong RNAIi suppressors (34, 45) and leader proteases
(33, 40) that counteract distinct host defense mechanisms precon-
ditioned closteroviruses for evolving larger genomes and in-
creased their tolerance to accommodating larger genetic loads.

In conclusion, the GLRaV-2 vector provides a platform for
multiple applications in grapevine functional genomics, biotech-
nology, and pathogen control. It also paves the way for generating
analogous vectors for other woody plants used in agriculture, for-
estry, or the biofuel industry.
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