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Abstract 

Nepoviruses are a group of isometric plant viruses with a genome divided between two-single-stranded, 
positive-sense, RNA molecules. They are usually transmitted by nematodes and a number of them have 
significant economic impact, especially in perennial crops such as grapevine and fruit trees. Like all other 
picorna-like viruses, nepoviruses express their coat protein (CP) as part of a larger polyprotein which 
is further processed by a virus-encoded protease, a feature which poses specific problems when trying 
to express the viral coat protein in transgenic plants. A hybrid gene, driving the high-level expression 
of the CP of grapevine chrome mosaic nepovirus (GCMV) has been constructed and transferred to the 
genome of tobacco plants. Progeny of CP-expressing transformants show resistance against GCMV. 
When compared to control plants, fewer inoculated plants become infected and those that become in- 
fected accumulate reduced levels of viral RNAs. This protection was also shown to be efficient when 
plants are inoculated with purified viral RNA. 

Introduction 

Nepoviruses are an important group of phytovi- 
ruses characterized by isometric particles and by 
their transmission by soil-inhabiting longidorid 
nematodes (Xiphinema and Longidorus) [14, 21]. 
Their genome is divided between two separately 
encapsidated single-stranded genomic RNAs of 
positive polarity. The genomic organization and 
expression mechanisms of these RNAs indicate 
that nepoviruses should be regarded as members 
of the picorna-like supergroup of RNA viruses 

[ 13 ]. In addition to being nematode-transmitted, 
nepoviruses are also frequently seed-transmitted. 
A number of nepoviruses have a very important 
economic impact, mostly on perennial crops. 
These include nepoviruses infecting grapevine 
(arabis mosaic virus, grapevine fanleaf virus) and 
nepoviruses infecting fruit trees and small fruits 
(tomato ringspot virus, cherry leaf roll virus, 
strawberry latent ringspot virus, raspberry ring- 
spot virus). Due to its rather limited geographic 
distribution, Hungarian grapevine chrome mosaic 
virus (GCMV), the virus used in this study, does 
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not have a major economic significance [20]. In 
regions where it is prevalent, such as several east- 
ern European countries, it can however be locally 
very damaging as it induces, in infected grape- 
vines, symptoms that are as severe as those 
caused by grapevine fanleaf virus. GCMV has a 
rather restricted host range but, in addition to 
grapevine, it is able to replicate efficiently in in- 
oculated leaves of tobacco (Nicotiana tabacum) 
although it does not spread systemically in this 
host. 

Since the original report describing the resis- 
tance to tobacco mosaic virus (TMV) of trans- 
genic tobacco plants expressing TMV coat pro- 
tein (CP) [24], similar results have been obtained 
with a number of other plant viruses [ 3 ]. So far, 
potyviruses such as soybean mosaic virus (SMV) 
[28] and potato virus Y (PVY) [18] are the only 
phytoviruses of the picorna-like supergroup of 
RNA viruses for which CP-mediated protection 
has been described. Building genes driving the 
expression, in transgenic plants, of the coat pro- 
tein of such picorna-like viruses poses specific 
problems: the CP-coding sequence is deprived of 
upstream translation regulatory signals because 
the coat protein is normally expressed as the 
C-terminal part of a polyprotein. 

The obtention of transgenic tobacco (Nicotiana 
tabacum) plants expressing the coat protein of 
grapevine chrome mosaic nepovirus (GCMV) is 
reported here. High-level expression of GCM- 
V CP has been demonstrated in the transformed 
plants. CP-producing R1 and R2 plants have been 
obtained and shown to express resistance to 
GCMV infection, extending the usefulness of ge- 
neticaily engineered protection to nepoviruses. 

Materials and methods 

Virus and plants 

Grapevine chrome mosaic virus [20], a gift from 
Dr G.P. Martelli (University of Bari, Italy) was 
propagated under greenhouse conditions in 
Chenopodium quinoa. The virus was purified [9] 
and stored at -80 °C until used for plant inoc- 

ulation. Viral RNAs were purified according to 
[7] and kept frozen at -80 °C until needed. 

Construction of the transformation vectors 

All recombinant DNA techniques were per- 
formed according to standard protocols [1, 19]. 
A hybrid gene composed of TMV D' leader [12], 
an AUG initiating codon and GCMV coat pro- 
tein and 3' non-coding sequences was con- 
structed by replacing the GCMV 5' non-coding 
sequence present in plasmid pC19 [6] by TMV f~' 
sequence. This hybrid gene was further subcloned 
in the expression cassette of pMarce135 [27] and 
the construction, composed of CaMV 35S pro- 
moter, the hybrid gene and a nopaline synthase 
(NOS) terminator finally transferred to a pBinl9 
[5] derivative, pKHG4, containing kanamycin 
resistance, hygromycin resistance and GUS se- 
lection markers (Fig. 1; T. Candresse et al., un- 
published). 

Transformation of tobacco 

Tobacco plants (Nicotiana tabacum var. Xanthi) 
were transformed using the leaf disk procedure as 
described [ 11] and Agrobacterium strains 
LBA4404 [ 16] harboring the various binary vec- 
tors. In all cases, plantlet regeneration media con- 
tained kanamycin as the selective agent. Regen- 
erated plants were finally transferred to the 
greenhouse and selfed to obtain R1 and 
R2 progeny. 

Analysis of transgenic plants 

Transcription of the transgene was checked either 
in primary transformants or in R1 and R2 prog- 
enies by northern blotting experiments using 32p_ 
labelled, strand-specific RNA probes [22]. Cor- 
rect expression of the GCMV coat protein was 
checked using antisera raised against the purified 
viral particles. The GCMV CP was detected ei- 
ther by a DAS ELISA procedure or by western 
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Fig. 1. Schematic representation of the T-DNA part of plasmid pKHG4 and of the hybrid gene driving the synthesis of GCMV CP. 
Top part: structure of the GCMV genome and position of the CP coding region (hatched). The amino acid sequence around the 
CP cleavage site is indicated. Middle: structure of the expression cassette containing the mutated GCMV CP-coding sequence. 
~ ' ,  TMV f~' leader; AUG, initiation codon introduced by site-specific mutagenesis; AAA, GCMV 3' non-coding region and 
poly(A) tail. Bottom part: structure of the T-DNA of non-recombinant pKHG4. RB and LB, right and left borders of the T-DNA; 
Kan R, Hyg R and GUS, kanamycin resistance, hygromycin resistance and fl-glucuronidase transformation markers, respectively. 
The position of insertion of the GCMV CP expression cassette is indicated. 

blotting. For western blotting experiments, plants 
were ground 1:4 (w/v) in AGG buffer (150 mM 
Tris-HC1 pH 6.8, 10~o SDS, 25~o 2-mercaptoet- 
hanol) and 20/~1 of the extracts analyzed by de- 
naturing polyacrylamide gel electrophoresis [ 17], 
before being blotted to nitrocellulose membranes. 
The coat protein was finally detected using a rab- 
bit anti-GCMV serum and peroxydase-conju- 
gated anti-rabbit goat antibodies [8]. 

membranes were autoradiographed for 48 h at 
-80 °C with intensifying screens and then cut 
and the radioactivity retained in individual spots 
on the filters determined using a Kontron Be- 
tamatic scintillation counter. 

Protection against viral RNA inoculation was 
analyzed in the same way except that plants were 
inoculated with purified viral RNAs in TE buffer 
(10 mM Tris-HC1 pH 8, 1 mM EDTA) contain- 
ing 1 mg/ml bentonite. 

Analysis of protection against GCMV infection 

Greenhouse-grown, four-week-old tobacco plants 
were dusted with carborundum (400 mesh) and 
inoculated with a purified GCMV suspension 
prepared in 50 mM Na-K phosphate buffer pH 7. 
A 20/~1 portion of the viral suspension was ap- 
plied and rubbed onto two leaves of each plant 
(10/A/leaf). Two concentrations were usually 
used, 1 and 10 #g of virus per ml of buffer. After 
two weeks, the inoculated leaves were collected, 
weighted, and ground in two volumes of 50 mM 
Na-K phosphate buffer pH 7. The extracts were 
treated and spotted onto nitrocellulose mem- 
branes as described [7]. The viral RNAs were 
finally quantitated by hybridization with 32p_ 

labelled RNA probes corresponding to each of 
the genomic RNAs. After hybridization, the 

R e s u l t s  

Transformation of tobacco with the GCMV CP gene 

We have previously reported the construction of 
a hybrid gene driving the production of GCM- 
V CP [6]. This gene was obtained through a mu- 
tagenesis introducing an AUG codon upstream 
of the CP-coding sequence and linking it to the 
GCMV RNA2 5' non-coding sequence. Analysis 
of the in vitro translation product of this construc- 
tion showed that it comigrates with authentic 
GCMV CP obtained from purified virions, dem- 
onstrating the correct identification of the CP 
cleavage site [6]. In order to try to boost the 
expression of CP in transgenic plants, the GCMV 
5' non-coding region was replaced with the 
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5' non-coding region of TMV (f~ leader), a regu- 
latory element which has been reported to in- 
crease the translation efficiency of downstream 
sequences, both in vitro and in vivo [ 12]. Indeed, 
in in vitro translation experiments, the construct 
with the TMV f~' leader proved about twice as 
efficient as the construct with the GCMV leader 
(results not shown). The construct containing the 
TMV leader was cloned between a CaMV 35S 
promoter and a nopaline synthase (NOS) poly- 
adenylation signal and further moved with this 
expression cassette to a binary plant transforma- 
tion vector, pKHG4 (Fig. 1, T. Candresse et al., 
unpublished). R1 and R2 progenies of tobacco 
plants (N. tabacum) transformed by the disarmed 
Agrobacterium tumefaciens strain LBA4404 [16] 
harboring either the non-recombinant vector or 
the vector containing the GCMV CP-coding re- 
gion were obtained. 

Expression of GCMV CP in transgenic tobacco 
plants 

Genetic analysis showed most transformed plants 
to include a single copy of the transferred T-DNA 
and correct Mendelian segregation of the Kan R 
and GUS transformation markers. Correct tran- 
scription of the CP transgene was confirmed by 
northern blotting experiments in which a single 
mRNA of the expected size was detected (Fig. 2). 
Accumulation of the GCMV coat protein could 
readily be detected in the transgenic plants by a 
sandwich-type ELISA assay (result not shown). 
Of the 22 transformants regenerated, 19 were 
shown by ELISA to express GCMV CP. The 
3 plants in which no CP expression was detect- 
able were also found to be negative for GUS 
activity and therefore discarded. Depending on 
the transgenic line used, the level of CP accumu- 
lation can be shown to be about 3-5 times lower 
than the levels observed during systemic infection 
of Chenopodium quinoa, the host plant routinely 
used for the multiplication of GCMV in our lab- 
oratory. Precise quantitations performed on a few 
transgenic lines show accumulation levels of up to 
2-6 #g of GCMV CP per gram of fresh leaves 

Fig. 2. Northern blotting detection of the transcription of the 
GCMV CP gene in transgenic N. tabacum plants. Ten micro- 
grams of total RNAs extracted from two non-expressor lines 
(CP °, 4.21 and 3.19) and three expressor lines (CP +, 2.19, 
2.13 and 2.3) were analyzed by denaturing agarose gel elec- 
trophoresis and blotted on a nitrocellulose membrane. The 
blot was then probed with a strand-specific, in vitro transcribed 
RNA probe covering the coat protein-coding region. Autora- 
diography was for 48 h at -80 ° C, using intensifying screens. 

(result not shown, see also western blotting ex- 
periment data). The first western blotting exper- 
iments performed to try to detect GCMV CP in 
ELISA-positive lines proved unsuccessful. Only 
the use of highly denaturing buffers (see Materi- 
als and methods) allowed efficient solubilization 
and detection of the GCMV CP. Figure 3 pre- 
sents the result of an experiment in which several 
R2 lines were tested for GCMV CP expression. 
As can be seen, GCMV CP is readily detected in 
CP transgenic lines (noted hereafter CP + ). As 
expected, no expression is detected in the non- 
recombinant vector control line (CP °) or in un- 
transformed N. tabacum plants. Contrary to the 
high variability in transgene expression which is 
usually observed between independent transfor- 
mants (e.g. [24]), all GCMV CP expressors seem 
to accumulate this protein to essentially similar 
levels. At the moment, there is no explanation for 
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Fig. 3. Immunodetection by western blotting of GCMV CP in transgenic N. tabacum plants. Non-expressor lines (CP °, 4.21 and 
4.15) transformed with the non-recombinant vector were included as control, as well as 100, 10 and 1 ng of purified GCMV CP 
diluted in non  transgenic tobacco extract (GCMV). Samples equivalent to 5 mg of fresh plant were loaded on 12% SDS- 
polyacrylamide gels, blotted on nitrocellulose membranes and detected using a rabbit polyclonal antiserum directed against puri- 
fied GCMV particles. 

this. The structure of the T-DNA transferred, with 
its multiplicity of genes and hence the presence of 
3 CaMV 35S promoters and of their respective 
enhancer elements (see Fig. 1), could explain this 
effect. 

strong reduction in the accumulation of the viral 
RNAs as compared to the CP ° controls. Using 

Virus resistance of GCMV CP-expressing plants 

Although Nicotiana tabacum is not a systemic host 
for GCMV, the virus will replicate in the inocu- 
lated leaves without inducing symptoms. This 
property was used to try to detect resistance 
against GCMV in the R1 and R2 progeny ofCP ÷ 
plants. Following inoculation of one-month-old 
plants with varying concentrations of purified 
GCMV, infection was scored and accumulation 
of the two viral RNAs was quantitated using a 
dot blot molecular hybridization assay [7]. The 
choice of this detection system was dictated by 
the fact that endogenous CP interferes with the 
ELISA assay and also because the hybridization 
assay allows independent quantification of the ac- 
cumulation of each of the GCMV genomic RNAs. 
The type of results obtained is illustrated in Fig. 4 
which presents an autoradiogram of a hybridiza- 
tion membrane on which extracts from individual 
CP ÷ and CP ° plants were analyzed. Fewer ex- 
pressor plants became infected at the low inocu- 
lum concentration (1 #g/ml) and even at the high 
inoculum concentration (10 #g/ml), where most 
CP ÷ plants became infected, they showed a 

Fig. 4. Detection, by dot blot molecular hybridization, of 
GCMV RNA2 accumulation in the inoculated leaves of a 
transgenic GCMV CP expressor R2 line (CP +, 2.T1) and of 
a non-expressor R2 control line transformed with the non 
recombinant vector (CP °, 4.15). One-month-old plants were 
inoculated with 20 pl of either 1 pg/ml or 10/~g/ml purified 
GCMV particles. After two weeks, the inoculated leaves of 
each plant were harvested, weighted, ground and individually 
spotted on a nitrocellulose membrane. The membranes were 
hybridized with an in vitro transcribed RNA probe specific for 
GCMV RNA2. Positive (GCMV: GCMV-infected Chenopo- 
dium quinoa) and negative (uninoculated CP + line) hybridiza- 
tion controls were included on each membrane. Autoradiog- 
raphy was for 48 h at room temperature without intensifying 
screens. 
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Fig. 5. Percentage ofGCMV CP expressor (CP +, lines 2.13, 2.5, 2.T1 and 2.19) or non-expressor plants (CP °, lines 4.15 and 4.21, 
transformed with the non recombinant vector) infected by GCMV. One-month-old plants were inoculated with either 1 or 10 #g/ml 
of purified GCMV, processed as described in the legend of Fig. 4 and the number of infected plants determined by inspection of 
the autoradiographs. The values given are the average of several experiments involving a total number of 34 (4.15), 40 (2.13, 2.5), 
54 (2.T1), 60 (4.21) and 94 (2.19) R1 or homozygous R2 progeny plants. 

this strategy, 9 CP-express ing lines for which 
progenies had  been obtained were screened and 
two lines (2.19 and 2.T1) showing the highest 
protect ion level were selected. The results derived 
f rom a series of  experiments  spanning a per iod of  
several months  are synthesized as average values 
on Figs. 5 and 6. For  the sake of  clarity, only the 
results on two CP ° and 4 CP + lines (two express-  
ing an intermediate level o f  resistance (represent-  

ative of  the behavior  of  7 of  the 9 CP ÷ lines 
tested) and the two lines expressing high resis- 
tance) are presented.  Figure 5 summar izes  the re- 
suits expressed in te rms of  number  of  infected 
plants.  As can be seen, at low inoculum concen-  
trat ion (1 #g/ml)  fewer CP  ÷ plants  become  in- 
fected, specially for the two lines expressing the 
high resistance. At a higher inoculum concentra-  
tion (10 #g/ml),  this difference tends to vanish 
although a slight effect is still observed with the 
two mos t  protected lines. Figure 6 presents  the 

results in te rms of  accumulat ion of  both  viral 
R N A s  in the infected plants,  expressed as a per- 
centage of  their accumulat ion in the non-  
expressor  controls.  As can be seen, at both  inoc- 
ulum concentra t ions  used, a s trong reduction in 
the accumulat ion of  both  viral R N A s  is observed 
in the CP  expressors.  The  accumulat ion of  the 

% A c c u m u l a t i o n  
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Fig. 6. Accumulation of GCMV RNA1 (empty bars) and 
RNA2 (hatched bars) genomic RNAs in GCMV CP expres- 
sors (CP ÷, lines 2.13, 2.5, 2.T1 and 2.19), expressed as a 
percentage of their accumulation in non-expressor plants 
transformed with the non-recombinant vector (CP °, lines 4.15 
and 4.21). One-month-old plants were inoculated with either 
1 or 10 #g/ml of purified GCMV, processed as described in the 
legend of Fig. 4 and the radioactivity retained on individual 
spots determined by scintillation counting of the cut mem- 
branes. The values given are the average of several experi- 
ments involving, for each line, a total number of between 20 
and 94 R1 or homozygous R2 progeny plants, depending on 
the conditions of inoculation and of the RNA quantitated. 



two GCMV genomic RNAs was affected in a 
similar fashion. In the two lines showing the best 
protection, this reduction is still close to 80-90~o 
at the 10 #g/ml inoculum concentration, even 
though up to 85 ~ of the plants become infected 
under these conditions (see Fig. 5). In the highly 
protected lines this effect persists even at inocu- 
lum concentrations of up to 50/~g/ml (result not 
shown). On the other hand, for the two lines 
showing intermediate level protection, it is clear 
that there is a resistance breakdown at the 10/lg/ 
ml inoculum concentration. This is reflected by 
numbers of infected plants identical to those of 
the controls (see Fig. 5) and by an accumulation 
of the viral RNAs reaching about 60~  of the 
controls. 

Protection of GCMV CP-expressing plants against 
viral RNA inoculation 

In order to further characterize the protection 
observed, the CP-expressing plants were chal- 
lenged using viral RNA inoculation. In our case 
(non-systemic infection), rather high RNA con- 
centrations have to be used in order to obtain 
reproducible infection of control plants. The re- 
suits of a representative experiment are presented 
on Table 1. As can be seen, results essentially 

Table i .  Analysis of the protection of two CP expressor lines 
(CP ÷ ) against inoculation with purified GCMV RNAs. One- 
month-old plants were inoculated with either 25 or 50 ~tg/ml 
of purified GCMV RNAs, processed as described in the leg- 
end of Fig. 4 and the number of infected plants determined by 
inspection of the autoradiographs. The radioactivity retained 
was determined by scintillation counting of the cut mem- 
branes. Accumulation of GCMV RNA2 is expressed as a 
percentage of its accumulation in non-expressor plants trans- 
formed with the non-recombinant vector (CP °, line 4.15). 

CP °, 4.15 CP + , 2.T1 CP + , 2.19 

Plants infected/inoculated 
25 #g/ml 14/14 
50/~g/ml 14/14 

Accumulation (% of 4.15) 
25/~g/ml 100 
50 #g/ml 100 

11/14 13/14 
14/14 13/14 

5.6 14.3 
16.7 41.8 

95 

similar to those obtained upon inoculation with 
high concentrations of viral particles are ob- 
served. Most CP + plants become infected but 
they still show a high reduction in the accumula- 
tion of the GCMV RNAs as compared to the 
control plants. Thus, the expression of the CP- 
transgene seems to protect the plants even when 

they are inoculated using purified RNAs. So far 
these experiments have only been performed with 
the two best protected lines and no information 
is available on the behavior of lines showing only 
an intermediate level of resistance. 

Discussion 

The results presented here extend the usefulness 
of genetically engineered protection to nepovi- 
ruses. Therefore, this strategy can be successfully 
applied to protect plants against viruses belong- 
ing to the two major groups of picorna-like plant 
RNA viruses, potyviruses and now nepoviruses. 
While this work was in progress, results describ- 
ing the protection of transgenic Nicotiana plants 
against arabis mosaic nepovirus were published 
[4]. Although, due to its limited geographical dis- 
tribution, GCMV is not a virus of major eco- 
nomic importance, it induces symptoms as severe 
as those caused by the two nepoviruses highly 
damaging to grapevine, arabis mosaic virus and 
grapevine fanleaf virus. Similarly, several other 
nepoviruses such as tomato ringspot virus have 
significant economic impact, specially in woody 
plants, and using pathogen-derived protection to 
obtain plants resistant to nepoviruses now seems 
a valuable prospect. Such a possibility is of spe- 
cial interest in the case of grapevine which is 
probably the world's most widely grown fruit crop 
and for which the transformation and regenera- 
tion technology is at hand [2, 23]. Given the soil- 
linked nature of nepovirus transmission, obten- 
tion of a few varieties of transgenic, resistant 
rootstock varieties could potentially suffice to 
protect grape varieties worldwide against nepovi- 
rus infection. 

The characteristics of resistance observed in 
the CP-expressing lines described here are simi- 
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lar to those reported previously for other models 
[3]: resistance is characterized by the inability to 
infect the plants at low inoculum concentrations 
and by inhibition of the accumulation of virus in 
the infected plants. In several cases, CP protec- 
tion has been reported to also include a reduced 
rate of systemic disease development [3]. The 
characteristics of our model clearly preclude any 
analysis of such a component of CP-induced pro- 
tection. Absence of resistance to infection by 
TMV RNA or by partially decapsidated virions 
has been regarded as a sign that the primary ef- 
fect of protection in TMV CP-expressing plants 
is at a very early event in the infection process, 
presumably decapsidation [26]. However, in 
other cases, resistance is expressed even if naked 
RNA is used as the inoculum [15], indicating 
that, at least for such viruses, resistance may be 
mediated by other mechanisms. In our case as 
well as in the case of arabis mosaic nepovirus [4] 
resistance is observed even if naked viral RNA is 
used as the inoculum. This property might thus be 
a general characteristic of genetically engineered 
protection against nepoviruses. 

It is interesting to notice that, although the dif- 
ference in CP expression level is low, the two lines 
showing the best protection are also the two lines 
expressing GCMV CP at the highest concentra- 
tion. A similar relation between the concentration 
of CP accumulated in a given transgenic line and 
its level of resistance has been reported for es- 
sentially all viruses tested with possibly the ex- 
ception of potyviruses [3, 25]. 

Since the demonstration that resistance against 
TMV is directly mediated by the coat protein and 
not by its messenger RNA [25], it has usually 
been accepted that the same is true in most cases 
where genetically engineered protection has been 
achieved using a CP gene. However, it should be 
stressed that in many cases no direct evidence 
that the protection is protein-mediated rather than 
RNA-mediated has been produced. In the case of 
nepoviruses ([4] and this work), the demonstra- 
tion that the protection observed is directly me- 
diated by the coat protein itself will require further 
experiments involving transgenic plants express- 
ing mutated CP messenger RNAs.  
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