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Abstract

The interaction betweenVitis vinifera andPseudomonas syringaepv. pisi was examined at the pathological and
molecular levels. Leaves infiltrated with the bacterial suspension developed necrotic regions which remained
restricted to the infiltrated areas. In the infiltrated zone the number of bacteria decreased around 24 h after inoculation
whilst no bacteria could be isolated from the non-infiltrated zone. At the molecular level, two genes, stilbene synthase
(SS) and a PR10 gene, encoding putative defense proteins, were analyzed. Expression of the SS gene, measured by
the analysis of transcript accumulation, was shown to be highly induced and was followed by the accumulation of
resveratrol (peaking at approximately 48 h post-inoculation), considered as one of the major phytolaexins in theVitis
species. We report for the first time the isolation of a genomic clone (VvPR10-1) coding for a PR10 protein from
this plant. The accumulation of the corresponding mRNA (0.8 kb) was observed from 3 to 96 h post-inoculation,
peaking at 24–48 h, and was followed by the accumulation (between 24 and, at least, 96 h after inoculation) of the
encoded polypeptide as detected by immuno-blotting. These results indicate that our experimental system based on
an interaction of the non-host plantV. viniferaleaves withP.s. pv.pisi, has to be considered as an HR-like response
and is well suited for the analysis of the defense reaction of this economically important species.

Abbreviations:HR – hypersensitive response; nt – nucleotide; PR – pathogenesis-related;P.s. – Pseudomonas
syringae; SS – stilbene synthase

Introduction

The cultivatedVitis viniferais a plant of great econom-
ical importance and large quantities of phytochemicals
are used to prevent or reduce the impact of pathogen
infection in the vineyard. Grapevine is vulnerable to
a large number of diseases caused by viruses, bac-
teria or fungi. While no efficient long lasting treat-
ment has been found for several important diseases

(eutypa dieback (Eutypa lata), grey mould (Botry-
tis cinerea), fanleaf virus (grapevine fanleaf virus),
berry rot (Rhizopus stolonifer), etc.), treatments of
other diseases like downy (Plasmopora viticola) or
powdery mildew (Uncinula necator) require the appli-
cation of large quantities of chemicals resulting in neg-
ative effects on the environment and potential problems
for wine quality. In spite of the important economical
aspects of the pathogen attack, the defense mechanisms
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in grapevine are not well characterized. Consequently,
diversifying the means of controlling pathogen attacks
may be considered as an important objective which
requires a better knowledge of the defense reactions of
this plant.

Analysis of the defense mechanisms inV. viniferais
complicated by the absence of gene to gene functional
relationships corresponding to well defined incom-
patible (resistant plant/avirulent pathogen couples) or
compatible (susceptible plant/virulent pathogen) inter-
actions, preventing the characterization of avirulence
and resistance genes. Moreover, defense reactions
induced by pathogenic fungi appear at different times
after pathogen recognition and at various distances
from the infected area (Mansfield, 1990). To take into
account these difficulties three strategies have been
developed: (i) use of a simplified system consisting
of the treatment of cell suspension cultures with elic-
itors (see, for e.g., Calderon et al., 1993), (ii) infec-
tion with fungal spore suspensions of leaves/ berries
from cultivars considered as ‘susceptible’ (e.g.Vitis
vinifera) or ‘resistant’ (e.g.V. labruscaor V. riparia)
(Bavaresco et al., 1997; Jeandet et al., 1991; Langcake,
1981; Sarig et al., 1997) or (iii) fungal isolates differ-
ing in their virulence towards a given cultivar (Derkel
et al., 1999).

Production of phytoalexins such as stilbene, is the
best characterized defense reaction in grapevine and
is controlled by a key enzyme, stilbene synthase (SS)
(Schr̈oder and Schr̈oder, 1990). Condensation of 3 Mal-
onyl CoA and 1 Coumaryl CoA molecules catalyzed by
SS gives rise to resveratrol, a diphenol molecule, as well
as to various metabolites such asε-viniferin (dimer-
ization product), pterostilbene (methylated resveratrol)
and piceid (a glucosidic conjugated form), which rep-
resent the major forms of phytoalexins in grapevine
(Bavaresco et al., 1999; Langcake, 1981). In response
to pathogen ingress, elicitors, UV treatment or wound-
ing, resveratrol and its metabolites are accumulated
(Bavaresco et al., 1997; Calderon et al., 1993; Jeandet
et al., 1991; Langcake and Pryce, 1976; 1977; Sarig
et al., 1997). From veraison to the last stages of matura-
tion of berries a negative correlation has been reported
between the capability of the fruit to synthesize resver-
atrol and the marked changes in the susceptibility of
berries to pathogenic fungi, such asB. cinerea(Jeandet
et al., 1991). SS is encoded by a small multigene family,
several members of which have been cloned (Goodwin
et al., 2000; Melchior and Kindl, 1990; 1991; Schröder
et al., 1988; Wiese et al., 1994). Their expression analy-

sis in grapevine was limited to cell suspension cultures
elicited with fungal cell preparations where a marked
induction of some of these genes has been observed
(Goodwin et al., 2000; Melchior and Kindl, 1991).
Curiously,in plantaanalyses dealt only with heterolo-
gous species transformed with constructs based on SS
promoter regions or full SS genes. Expression of SS
has been reported in transgenic barley, oilseed rape,
potato, rice, tobacco, tomato and wheat, resulting in a
significant increase of resistance to a number of phy-
topathogenic fungi (Hain et al., 1993; Leckband and
Lorz, 1998; Schubert et al., 1997; Stark-Lorenzen et al.,
1997; Thomzik et al., 1997).

Recently, two classes of PR proteins from leaves
or berries have been detected, analyzed and/or cloned
(cDNA) namely chitinases, by far the most studied
proteins of this class (Busam et al., 1997; Derkel
et al., 1996; 1998; 1999; Robinson et al., 1997),β-
1,3-glucanases (Derkel et al., 1998; 1999; Kraeva
et al., 1998; Renault et al., 1996; Robinson et al.,
1997; Salzman et al., 1998) and thaumatin-like proteins
(Salzman et al., 1998; Tattersall et al., 1997). Two fun-
damental conclusions can be drawn from these studies:
many of these proteins exist as isoforms (up to 13 were
detected for chitinases (Derkel et al., 1996)) and they
exhibit a differential expression (measured at the pro-
tein or transcript levels). Moreover, the fact that certain
of these proteins showed antifungal properties, raises
the question whether their accumulation might be suf-
ficient to bring full protection against pathogens. It
should be noted, however, that field observations have
suggested that grape berries are increasingly more sus-
ceptible toB. cinereaattacks as they mature.

The development of efficient tools for the regener-
ation of Vitis plants via somatic embryogenesis and
genetic transformation of embryogenic cells (Coutos-
Thévenot et al., 1992; Mauro et al., 1995) allowed us
to embark on a programme aimed at increasing the
resistance of grapevine to pathogens through genetic
transformation. The first step of our strategy relies
on the availability of a controlled system to induce
defense reactions, leading to a hypersensitive response
(HR) and which does not depend on environmen-
tal factors, such as humidity which is important for
fungal spore germination. ForV. vinifera, we have
chosen an approach analogous to that used success-
fully for analysing the defense reactions ofCucumis
sativus(Rasmussen et al., 1991) andMedicago sativa
(Esnault et al., 1993). This is based on a non-host
plant/bacterium interaction following infiltration of
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leaves with a suspension ofPseudomonas syringaepv.
syringaeandpisi, respectively.

In this paper, characterization of theVitis/P.s. pv.
pisi interaction at the pathological and molecular levels
is presented. We show that a characteristic hypersensi-
tivity response as well as expression of marker genes
involved in defense reactions are induced. We have
analyzed the expression of the SS gene as a reference
marker as well as a gene encoding a class 10 PR protein,
isolated for the first time from grapevine. Although the
accumulation of transcripts from defense-related genes
has been well characterized, it has also been shown
that the increase of transcription does not always corre-
late with a significant increase in extractable enzymatic
activities involved in the synthesis of phytolaxins, such
as isoflavonoids (Sallaud et al., 1997), or lignin and
wall-esterified phenolic compounds (Ni et al., 1996).
Consequently, we analyzed the expression of theSS
and PR10genes both at transcript as well as ‘prod-
uct’ levels, i.e. resveratrol accumulation in the case of
SS and immunodetection of the polypeptide for the
PR10. In our experimental conditions we demonstrated
a strong accumulationin planta of the correspond-
ing transcripts, followed by the production of resver-
atrol and the PR10 protein. Taken together, our data
allowed us to conclude that this experimental system
is well suited for the analysis of theV. viniferadefense
reactions.

Materials and methods

Plant materials

In vitro plantlets ofVitis vinifera L. cv. Ugni Blanc
(gift from ‘Moët et Chandon’ Research Center) were
obtained by multiplication throughin vitro micro-
cuttings on modified Murashige and Skoog medium
pH 5.8 (half concentration of macroelements and
glycine at 2 ngµl−1 as a nitrogen source), supplemented
with 20 g l−1 sucrose, 7 g l−1 agar and active 0.5 g l−1

charcoal. Cultures were maintained at 27◦C, 80% rel-
ative humidity and 16/8 h day (at 230µE m−2 s−1) and
night cycles. Three weeks old plantlets were acclima-
tized in a growth chamber (22◦C, relative humidity of
70% , photoperiod 16 h day at 90µE m−2 s−1), grown
on a soil-vermiculite mixture (2 : 1, v/v) to a height of
25cm prior to use for experiments on leaves.

Bacterial infection

Pseudomonas syringaepv. pisi race 2 (strain 11 from
the collection of the Phytpathology Department, INRA,
Versailles) was grown and prepared as previously
described (Esnault et al., 1993). The bacterial suspen-
sion (109 cells per milliliter in 10 mM MgCl2) was
infiltrated (3–6 infiltration spots per leaf depending
on leaf size) into the three upper leaves of grapevine
plants using a syringe. Control leaves were infiltrated
with 10 mM MgCl2. Leaves were collected 1.5–96 h
after infiltration and were immediately frozen in liquid
nitrogen.

Monitoring bacterial growth

The number of viable bacteria per square centimeter of
leaf was determined by punching out disks of leaf tis-
sue with a cork borer (0.5 cm in diameter) from within
the inoculated area (outlined with a non-toxic marker
immediately after infiltration) or from a zone adjacent
to the inoculated area. The disks were ground with a
mortar and pestle in 10 mM MgCl2, and the number
of viable bacteria was determined by plating on YDA
solid medium.

RNA isolation

RNA extraction was performed using the extraction
buffer as described by Chang et al. (1995) and was
followed by a chloroform purification. Each aqueous
phase was adjusted to 8 ml with extraction buffer con-
taining also 0.2 g ml−1 of CsCl2, laid on 3 ml of CsCl2
cushion (5.7 M CsCl2, 10 mM Na2EDTA and 10 mM
Tris–HCl pH 7.5) and spun off at 35,000 rpm, in a
SW41Ti rotor (Beckman), at 22◦C for 18 h. The RNA
pellets were dissolved in DEPC-treated water and fur-
ther purified through a phenol : chloroform : isoamyl
alcohol (25 : 24 : 1, v/v) extraction followed by chloro-
form extraction prior to ethanol precipitation.

Northern analysis

Total RNA (10µg/track, as estimated by A260) was
denatured and fractionated on agarose gel as described
by Sallaud et al. (1995) and vacuum-blotted on nylon
membrane (Nx-Hybond, Amersham). Fixation and
hybridization of the membranes were performed as
advised by the manufacturer. The quality and the
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amount of RNAs were verified by staining the mem-
brane with methylene blue. Probes were prepared by
random-priming or PCR labeling withα 32P dCTP
(3000 Ci/mmol). Final washes were in SSPE 0.5×,
0.1% SDS at 50◦C or 65◦C for SS or PR10 hybridiza-
tion, respectively. Blots were exposed on Kodak X-
OMAT AR films with an intensifying screen at−80◦C.

PR10 cDNA cloning through RT-PCR amplification

Degenerate oligonucleotides (Esnault et al., 1993) were
used in a RT-PCR amplification (Access RT-PCR Sys-
tem, Promega), containing 1µg of total RNA extracted
from leaves harvested 24 h after infection withP.s.
pv. pisi. Cycles were as recommended by the manu-
facturer with an annealing temperature of 45◦C. After
electrophoresis on an agarose gel, the band of the
expected size was excised and the amplification prod-
ucts extracted and purified by using a QIAquick Gel
extraction Kit (Qiagen). The products were blunt-
ended with the T4 DNA polymerase, phosphorylated
and ligated into Bluescript SK+, previously digested
by SmaI.E. coli DH5α cells were used for transforma-
tion.

PR10 gene cloning

We used the Universal Genome Walker Kit (Clon-
tech) implying two successive PCR amplifications
from a pool of adaptor-ligated genomic DNA frag-
ments obtained by various restriction enzymes. The
first amplification step needs an outer adaptor primer
(AP1) and an outer gene-specific primer (GSP1)
whereas the second, made from a dilution of the first,
involved ‘nested’ primers, AP2 and GSP2, respec-
tively. Primers AP1 and AP2 were provided by the
manufacturer. This procedure was applied to extend
the known cDNA sequence (see Figure 4) towards the
3′ end using the oligonucleotides O1 (GSP1: 5′-{807}-
GAACTTCACATTCAGCTACACTGTGG-{831}-3′)
and O2 (GSP2: 5′-{829}-GTGGTTGACGGAGAT-
GTTTTGACGGG-{854}-3′). For the sake of clar-
ity, the oligonucleotide positions, given in
brackets, correspond to the numbering of
the genomic sequence. Towards the 5′ end,
the oligonucleotides O3 (GSP1: 3′-{832}-
CAACTGCCTCTACAAAATGCCCGCC-{857} - 5′)
and O4 (GSP2: 3′-{810}-GAAGTGTAAGTCGAT-
GTGACACCAAC-{835}-5′) were used. The two
fragments generated were isolated and sequenced,

and from these sequences a new set of primers
O5 (5′-{1}-TTCCTGTTGTGCTCTACATATCGTT-
{25}-3′) and O6 (3′-{1211}-TCATAAACACTAC-
AAGATAACGGTA-{1235}-5′) were designed
in order to ascertain colinearity of the 5′ and 3′

fragments.

DNA sequencing

Sequencing was performed by using an ‘Applied
Biosystems 373A’ apparatus (Perkin-Elmer) and the
Big Dye Terminator detection system.

Protein analysis and immunological procedures

The method developed for grapevine tissues (Tattersall
et al., 1997) was used, except that protein dissolution
(final step), was made with 100 mM KOH. Protein con-
centration was determined by using the Bradford pro-
tocol. SDS PAGE was performed by using Tris–Tricine
16.5% gels (Mini Protean II Ready Gels, Biorad).
After blotting, the proteins were visualized by dipping
the membrane into 15 ml of 50% ethanol/10% acetic
acid supplemented with 100µl of Amido black solu-
tion (1% in methanol). Immunodetection used primary
antibodies (at 1/1000) directed against a recombinant
PR10 fromMedicago sativa, obtained as described by
Sikorski (1997), followed by biotinylated anti-rabbit
Ig (RPN1004, Amersham Life Science) and a strep-
tavidine alkaline phosphatase conjugate (RPN1234,
Amersham Life Science) with a BCIP/NBT substrate
solution (NEL937, from NEN).

Isolation of phenylpropanoid derivatives

Leaves (200 mg) were frozen and ground in liquid
nitrogen. The resulting powder was mixed with 10 ml of
pre-cooled medium consisting of 8 volume of ethanol
and 2 volume of extracting buffer (0.1 M Na acetate+
20% ammonium sulfate, pH 3.4 (Fleuriet and Macheix,
1972)). After 30 min at 4◦C with gentle mixing and
subsequent centrifugation at 3000×g, the supernatant
was dried with a N2 gas stream (50◦C). The dried
compounds were dissolved in 1 ml of 80% ethanol
and passed through C18 Maxi-Clean cartridges. The
phenylpropanoid derivatives were recovered in the flow
through (1.5 ml of 80% ethanol), dried with N2 (50◦C)
and dissolved in 2 ml of extracting buffer. This solu-
tion was then extracted three times with equal volumes
of diethyl ether followed by ethyl acetate; the organic
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phases were evaporated under a gas stream and the pel-
lets dissolved in 100µl of solvent A (see below). The
remaining aqueous phase (containing the hydrophilic
compounds, i.e., the aglycone conjugated forms) was
also evaporated to dryness and the compounds dis-
solved in 500µl of solvent A.

Analytical HPLC and resveratrol quantification

Aliquots (20µl) were loaded onto a Shimadzu HPLC
system fitted with a 7.5× 250 mm Hypersil C18-5µm
column, preceded by a guard column and kept at con-
stant temperature through a column cooler (Model
7955 from Jones Chromatography). Elution was at
1 ml min−1 from 0 to 60 min with a linear gradient
from 20 : 80 : 0.1 (solvent A) to 80 : 20 : 0.1 (solvent
B) methanol : water : trifluoroacetic acid. Eluted com-
pounds were monitored with a diode array detector
(SPD-M10A, from Shimadzu).

For resveratrol quantification, resveratrol, supplied
by the Extrasynth̀ese SA (BP62, 69726 Genay, France),
was used as an external standard and analysed in the
same conditions.

Results

Phytopathological analysis

Infiltration of V.vinifera leaves with a suspension of
P.s. pv. pisi at a concentration of 109 cells ml−1 gave
rise to symptoms expected for an incompatible interac-
tion. Infiltrated leaf tissue began to collapse around 9 h
after inoculation and necrosis of the inoculated zone
was clearly evident within 24 h (Figure 1). The necrosis
remained restricted to the infiltrated area up to at least
7 days after infiltration (data not shown). The control
plant did not show any symptoms, except for a slight
wounding response.

The growth of the bacterial population was examined
for up to 9 days in both infiltrated and noninfiltrated
zones, as described in the Materials and Methods. As
shown in Figure 2, the number of bacteria did not vary
significantly during the first day. Thereafter the num-
ber of viableP.s. pv.pisicells decreased until two days
after infiltration when no bacteria could be reisolated
from the infiltrated area. Moreover, it appeared that the
bacterial population was strictly limited to the infil-
trated area, as expected for incompatible pathogenic
bacteria.

Figure 1. Reactions ofVitis viniferaleaf to injection withP.s. pv.
pisi. Leaf blades were infiltrated with either bacterial suspensions
(109 cfu ml−1 in 10 mM MgCl2) or with 10 mM MgCl2 as control.
Photographs were taken 24 h after injection.

Figure 2. Growth of P.s. pv. pisi populations inV. vinifera
leaves. Leaves were injected with this bacterium at 109 cfu ml−1

in 10 mM MgCl2; leaf disks were punched from the infiltrated and
the non-infiltrated zone and ground in 10 mM MgCl2. The num-
ber of colony-forming units per disk was determined by serial
dilution and plating and expressed per square centimeter. Due to
the logarithmic scale the error bars appear asymmetric.

Molecular analysis

Accumulation of stilbene synthase transcripts and
resveratrol duringV. vinifera P.s.pv.pisi
interaction
In order to gain a first insight into the possible involve-
ment of the grapevine phytoalexin production pathway
in the incompatible interaction, we monitored this pro-
cess using a SS gene (Vst1) as a probe (kindly supplied
by Dr H. Kindl). A time-course experiment was carried
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out with leaves infiltrated with either MgCl2 or P.s.
pv. pisi, and the pattern of the SS transcript accumu-
lation was determined by northern analysis. As shown
in Figure 3A, the accumulation of the SS transcripts
(1.5 kb) were clearly detectable 6 h after bacterial injec-
tion and remained at a high level through the assay
period. In addition, a lower hybridizing band was also
observable and may correspond to the expression of
related genes, such as chalcone synthase which shares
nearly 80% similarity with the SS.

To determine whether this transcript accumulation
was followed by the production of resveratrol, we
conducted an HPLC analysis by using extracts from
leaves harvested 6–96 h after infiltration with MgCl2

or thePseudomonassuspension. Our extraction proto-
col, based on sequential extractions (see Material and
methods), allowed us to separate the aglycones, split
into apolar compounds soluble in diethyl ether (such
as free resveratrol) and compounds of intermediate
polarity (soluble in ethyl acetate) from polar molecules
remaining in the water phase and represented by agly-
cone conjugated forms. As shown in Figure 4A, anal-
ysis of leaves extracted 48 h after infiltration with
MgCl2 (Ctrl) or with P.s. pv. pisi (+ P.s.), revealed
the accumulation of high levels of a compound iden-
tified as resveratrol by virtue of its UV spectrum and
co-chromatography with resveratrol standard (having

A

B

Figure 3. Time course of the accumulation of the SS transcripts upon infection withP.s. pv.pisi determined by a northern hybridization.
Total RNA extracted from leaves 1.5 to 96 h after infection with the bacterial suspension (P.s.), infiltration with 10 mM MgCl2 or untreated
leaves (U) was used for northern hybridization (10µg of RNA per well). (A) Hybridization was carried out by means of theVst1gene.
(B) For loading comparison, the amounts of rRNA loaded onto the lanes are shown as methylene blue staining.

a retention time (Rt), in our experimental conditions of
32.3 min) in the bacterium-infiltrated leaves only. No
marked differences were detected in the ethyl acetate or
water phases. The time course of resveratrol accumu-
lation is illustrated in Figure 4B. Resveratrol began to
accumulate at around 9 h post-inoculation and reached
a maximum at around 48 h; thereafter the resveratrol
amount remained at a high level until at least 96 h post-
inoculation.

PR10 cloning and expression
Assuming that genes encoding pathogenesis-related
proteins exist inV. vinifera, we developed a PCR
approach using a cDNA population synthesized from
RNA of leaves infiltrated with the suspension ofP.s.
pv. pisi. Given that no grapevine sequence encod-
ing PR10 protein was available, we used degenerate
oligonucleotides which had been successfully used for
the isolation of the alfalfa PR10 clones (Breda et al.,
1996; Esnault et al., 1993).

RNA extracted from leaves harvested 24 h post-
inoculation was used for RT-PCR analysis. The PCR
products from 5 out of the 14 detected positive clones
were double strand sequenced. These clones were
found to correspond to fragments of 298 nucleotides,
ranging from 99% to 100% identity and encoding
aminoacid sequences which, from a Fasta search and
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Figure 4. HPLC analysis of extracts from leaves infiltrated with MgCl2 or with P.s. pv. pisi (-A-) and time course accumulation of
resveratrol (-B-). (-A-), Chromatograms of extracts from leaves harvested 48 h after infiltration with MgCl2 (Ctrl) or with a suspension of
P.s.pv.pisi (+P.s.) and split into compounds soluble in diethyl ether, ethyl acetate or water. Slope of the gradient used for chromatographic
profiles is always 20 : 80 : 0.1 to 80 : 20.1 (v/v/v) methanol : water : trifluoroacetic acid in 0–60 min. The retention time (Rt) is indicated in
minutes (-B-), Kinetics of the relative accumulation of resveratrol in bacterium-infiltrated leaves. The amount of resveratrol is calculated
from the peak size area from the HPLC chromatograms, using an external standard (authentictrans-resveratrol) and expressed inµg of
resveratrol per g of fresh weight. Error bars indicate standard deviations, from 3 independent experiments.
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a ClustalW alignment (data not shown), were homol-
ogous toPR10 gene products. Four of these amino
acid sequences were identical and the fifth differed
by one amino acid due to a variation of the sec-
ond nucleotide (in position 40 of the cDNA, see
Figure 5) of the corresponding codon, i.e., AGT/AAT
(serine/asparagine). The nucleotide and deduced amino
amino acid sequences of one of these clones is pre-
sented in Figure 5.

For isolating a genomic sequence which might cor-
respond to the cDNA depicted in Figure 5, we used
the Universal GenomeWalkerTM Kit (Promega) with
oligonucleotides which were designed (see Table 1,
Material and Methods) from the known sequences and
allowing to extend it in both directions (towards the
5′ and the 3′ regions) leading to slightly overlapping
sequences. To ensure colinearity of the two indepen-
dent PCR products, another PCR was performed using
oligonucleotides corresponding to the known extrem-
ities. Sequencing of this product confirmed the col-
inearity as well as showing nearly full identity with
that of the cDNA. The genomic sequence and the
cDNA differed by 2 out of 298 nucleotides; a con-
servating change of T to C was found at positions
539 and 759 (numbering of the genomic sequence,
Figure 5). This genomic sequence, thereafter desig-
nated asVvPR10-1, is 1235 nt in length and includes
a promoter region of around 380 nt with a TATA box
as well as 3 putative CAP sites, an intron of 121 nt
and a coding region of 477 nt (encoding a polypep-
tide of 159 aa). An alignment of the deduced full
amino acid sequence with around 50 other PR10 pro-
teins from various species confirmed that the deduced
sequence belonged to this class. TheVitis PR10 pro-
tein is related to proteins expressed in some deciduous
trees, belonging toBetaluceae, Fagaceaeor Rosaceae
families. However, it is more closely related to the
PR10 expressed inFagus silvaticaas the two proteins
exhibit 67.5% identity and 80.6% similarity, taking into
account the equivalence of amino acids{F/Y, K/Q/R,
S/T, V/I/L/(M)} (Risler et al., 1988).

Expression analysis of the PR10 gene(s) was con-
ducted by using the cDNA clone (the sequence shown
in Figure 5) as a probe for northern hybridization.
The time course experiment was between 0 and 96 h
after infiltration with either MgCl2 or with theP.s.
pv. pisi suspension. The Northern blot (Figure 6)
shows that PR mRNA (around 0.8 kb) was expressed
in leaves infiltrated with the bacterial suspension; in
this experiment no attempt was made to distinguish

between infiltrated and non-infiltrated zones. Its level
was already high 6 h post-inoculation, and its accu-
mulation further increased up to 48 h post-inoculation.
In contrast, this transcript was practically undetectable
in untreated leaves but accumulated slightly and tran-
siently (peaking at around 6 h) in MgCl2-infiltrated
leaves.

Analysis at the transcriptional level was comple-
mented by Western immunoblotting. Protein extracts
were prepared from leaves harvested from 24 to
96 h post-inoculation and analyzed by immunoblot-
ting using polyclonal antibodies directed against the
M. sativaPR10 protein. Two controls were included:
the recombinant protein used to raise the antibod-
ies and a protein extract fromM. sativa leaves har-
vested 96 h after infection withP.s. pv.pisi. As shown
in Figure 7, no polypeptide reacting with these anti-
bodies was detectable in the MgCl2-infiltrated leaves
whereas the leaves infiltrated with the bacterium sus-
pension produced a single band corresponding to a
polypeptide of approximately 17 kDa, the accumu-
lation of which remained high up to, at least, 96 h
post-inoculation. The immunodetected PR10 protein
from V. vinifera was clearly above the PR10 protein
detected fromM. sativa, corroborated the theoretical
values calculated from the amino acid sequences; the
Mr values were 17,233 and 16,625 Da (Breda et al.,
1996), respectively. One may conclude that the accu-
mulation of transcripts coding for the PR10 pro-
tein was followed by the production of the encoded
polypeptide.

Discussion

Pathological studies inVitis vinifera have previously
been focused on interactions with fungi or on cell
suspension cultures treated with elicitors and as such
a characteristic incompatible interaction was lacking.
In this study, we have developed a system based on a
non-host interaction, i.e., infiltration of the leaf blade
with a suspension ofPseudomonas syringaepv. pisi.
To date, there is no report on the analysis of the interac-
tion of V. viniferaleaves with any bacterial suspension.
To the best of our knowledge, the only report where
bacterial effects were studied concerns the analysis of a
chitinase mRNA accumulation following the addition
of a suspension ofP.s. pv. syringaeto cultured cells
of V. vinifera(Busam et al., 1997). In our experimen-
tal conditions, theP.s. pv. pisi isolate, infiltrated at a
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Figure 5. Nucleotide sequences of cDNA and genomic clones fromV. viniferaencoding a PR10 protein. The cDNA (bold capitals) was
isolated by RT-PCR and the genomic clone (italic capitals, except for the intron in small letters) was obtained by using the GenomeWalker
Kit (Promega). Identical nucleotides, from the genomic clone, are indicated by *. The deduced amino acid sequences are in Roman
(cDNA) or italic (gene). For the genomic sequence, a TATA box is superlined whereas the putative start transcription sites (determined
with the PC-Gene software) are indicated by• . The start and stop codons are indicated by ***.

concentration of 109 cfu ml−1, rapidly elicited (within
24 h) localized necrotic lesions typical of a HR (Figure
1) whilst the bacteria were unable to spread into the
leaf blade (Figure 2). These effects are characteris-
tic of an incompatible interaction, as observed after

leaf infiltration with the same bacterium into another
non-host plant,M. sativa(Esnault et al., 1993). Our sys-
tem is to our knowledge the first example of a bacterial
infection leading to an incompatible interaction with
the cultivatedVitis. Based on anin planta interaction
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Figure 6. PR10 transcript accumulation in grapevine leaves infected withP.s. pv. pisi. Total RNA (10µg per lane) isolated from leaves
harvested 3–96 h after infiltration withP.s. pv. pisi or MgCl2 or from untreated leaves (U) was used for northern hybridization were
loaded. (A) Hybridization g with the cDNA clone illustrated in Figure 5. (B) For loading comparison, the amounts of rRNA loaded onto
the lanes are shown as methylene blue staining.

this system does not suffer from the drawbacks of the
cell culture suspension. Moreover,it is independent of
variations in environmental factors which often make it
difficult to control fungal diseases evoked by, for exam-
ple, Plasmopora viticolaand Uncinula necator, the
causal agents of downy and powdery mildew diseases
to which grapevine is particularly sensitive in Europe.

To further characterize this interaction, we have ana-
lyzed the expression of two defense-related genes, one
encoding SS involved in theVitisphytoalexin synthesis
and the second coding for a newly identified PR pro-
tein of class 10 which might present a ribonucleolytic
activity (Moiseyev et al., 1997).

Using theVst1 gene as a probe we have shown a
marked SS transcript accumulation uponP.s.pv. pisi
infiltration. The transcript level was already high 6 h
post-inoculation and remained at a high level up to
at least 96 h. Comparable data have been obtained
with transgenic tomato leaves harboring twoV. vinifera
SS genes and infected withPhytophthora infestans
(Thomzik et al., 1997). More rapid kinetics has been
detected in cell suspensions fromVitis sp. (Melchior
and Kindl, 1991; Wiese et al., 1994) and from trans-
genic tobacco transformed with the construct used
also for tomato (Hain et al., 1993), and treated with
elicitors. In these cases, accumulations were observed
at 6–8 h. These kinetic differences may be due to
the model systems analyzed: cell-suspension cul-
tures cannot reflect all aspects of the complexity of

plant-microbe interactions and in particular differences
in the signal transduction pathways following elici-
tor or whole pathogen recognition by the plant cells
might be involved. Furthermore, SS is encoded by a
small multigene family (Goodwin et al., 2000; Mel-
chior and Kindl, 1991; Wiese et al., 1994) and it seems
that all members of this family are elicitor responsive,
albeit with marked differences in the kinetics and inten-
sity of their expression (Wiese et al., 1994). For the
analysis of the SS transcript accumulation during the
V. vinifera/P. syringaepv.pisi interaction, probes were
generated with theVst1gene and consequently we can-
not ascertain whether related genes were expressed.
Moreover, an induction of SS late responsive gene(s)
might also account for differences in the kinetics of
expression.

SS is the key enzyme for the production of stilbenes
which are natural compounds occurring in a number
of plant families, including theVitaceae. Grapevine
stilbenes behave like phytoalexins when the plant is
attacked by fungi, such as grey mould (Bavaresco et al.,
1997; Jeandet et al., 1991; 1995; Langcake, 1981),
downy mildew (Dercks and Creasy, 1989; Langcake
et al., 1979) or berry rot (Sarig et al., 1997). In most
cases, the detectable stilbenes aretrans-resveratrol,
ε-viniferin, α-viniferin and pterostilbene produced in
leaves or berries, the viniferins sometimes accumu-
lating to higher level than resveratrol (Jeandet et al.,
1991; Langcake, 1981). Moreover, disease-resistant
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grapevine (interspecies hybrids or American species)
show a rapid and high level of accumulation of phy-
toalexins in leaves (and berries) after elicitation, while
in susceptible plants (V. vinifera) phytoalexin synthe-
sis is rather slow and limited (Bavaresco et al., 1999).
Consequently, it was important to determine whether
in our experimental system the SS transcript accumula-
tion was followed by an enhanced resveratrol produc-
tion. Our HPLC analyses indicate (Figure 4) that the
recognition ofP.s. pv.pisi by the leaf blade cells led to
resveratrol production, which was detectable 9 h post-
inoculation and reached its maximum at around 48 h, in
agreement with data obtained from transgenic tomato
harboring stilbene synthase genes fromVitis (Thomzik
et al., 1997). The highest value detected under our
experimental conditions was around 8µg per g of fresh
weight which is comparable with resveratrol accumu-
lation in V. viniferaor V. riparia leaves in response to
infection with B. cinereaor P. viticola, respectively:
7–12µg g−1 (fresh weight) (Langcake, 1981). How-
ever, these values are far lower than those determined
after UV irrradiation of leaves: values ranging from 75
(Langcake, 1981) to around 300µg g−1 (fresh weight)
(Jeandet et al., 1991) were obtained. Nevertheless, in
our experimental conditions, the major accumulated
compound was by far the resveratrol. Viniferins, hav-
ing higher retention times than resveratrol, were barely
detectable (see Figure 4). Our experimental procedure
was focused on resveratrol analysis and we cannot
exlude that extraction and/or analysis methods adapted
to the study of the viniferins would lead to the same
conclusions. Moreover, our results might also reflect
the physiological and molecular particularities of a
plant/bacterium interactionversusinteractions imply-
ing attacks by a given fungus.

As a second marker we have chosen a putative
defense gene encoding a class 10 PR proteins (Van
Loon et al., 1994). This class includes genes which
have been identified from a wide range of flowering
plants including both dicots and monocots and are
homologous to theBetv1gene, encoding the 17 kDa
major allergenic protein of birch pollen (Gajhede et al.,
1997). In all the analyzed species they exist as a
multigene family (Wen et al., 1997). We succeeded
in isolating a PCR amplification product, allowing us
to clone the corresponding gene, namedVvPR10-1.
The amino acid sequence deduced from this genomic
sequence consists of 159 aa, with a Mr of 17 233 kDa,
and presents the ‘Pathogenesis-BETV1’ signature
(Prosite). Its homology with the PR10 proteins found

in some deciduous trees is significantly higher (67.3%
identity and 80.5% similarity with the PR10 from
Fagus sylvatica) than, for example, with PR10 proteins
from herbaceous species (such asM. sativa):53.4%
identity and 63.5% similarity with theMsPR10-1. This
genomic sequence (VvPR10-1) contains only a rela-
tively short promoter region (around 380 bp) and an
intron of 121 bp. The promoter region ofVvPR10-1is
too short to reveal putativecis elements but a com-
parison of the organization of theVvPR10-1and the
Betv-1homologues indicated that theVvPR10-1intron
is located in a position conserved in all the PR10 genes
(Wen et al., 1997).

Using the cloned RT-PCR-amplified product as a
hybridization probe (Figure 6), RNA blot analyses
demonstrated that the level of a 0.8 kb mRNA increased
during the incompatible interaction of leaves withP.s.
pv. pisi. The kinetics of its accumulation are in accor-
dance with the results obtained during the interaction of
pea pods (Daniels et al., 1987) or alfalfa leaves (Esnault
et al., 1993) infected withP.s. pv.pisi. The expression
of the alfalfa PR gene exhibited its maximum level at
around 48 h and decreased thereafter, albeit remaining
at a fairly high level. Given that we have not used a spe-
cific probe for the Northern analyses, we cannot exlude
the possibility that several genes were expressed.

Despite the relatively low homology and the differ-
ence in the Mr between the VvPR10-1 and MsPR10-
1 polypeptides, the antibodies directed against the
MsPR10-1 cross reacted with theVitis protein (Figure
7). This recognition strongly suggest that theVvPR10-
1 gene expressed efficiently not only at transcriptional
but also translational level, as indicated by the accu-
mulation of the encoded protein in the leaf blade cells.

All the presented data indicate that our experimental
system, based on the non-host interaction of grapevine
with the bacteriumP.s. pv. pisi is perfectly suitable
for the analysis of the defense reactions of this eco-
nomically important plant. This is particularly impor-
tant for studies aimed at strenthening the endogenous
defense capabilities of the plant through genetic trans-
formation. In our opinion, this system is well suited
for identifying endogenous gene(s) expressed at the
vicinity of the pathogen ingress and the encoded pro-
teins which may have antipathogenic properties. The
information which may be obtained from these studies
will provide the means to analyse the plant reaction in
vineyard conditions, when either leaves or berries are
attacked by pathogens. Comparison of the expression
of defense genes in our experimental conditions and in
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Figure 7. Immunodetection of PR10 proteins in leaf extracts after
infiltration with MgCl2 or P.s. pv. pisi (P.s.). Approximately
45µg of protein extracted from untreated leaves (U) or leaves
harvested 24, 48 or 96 h after infiltration with the MgCl2 solu-
tion or the bacterial suspension (P.s.) were deposited in each
well. Lane R contains 1.5 ng ofMsPR10-1 recombinant protein
whereas lane C contains 10µg of a protein extract fromM. sativa
leaves harvested 96 h after infiltration with the same bacterial
suspension. The antibodies used for this immunostaining were
directed against the recombinantM. sativaprotein. Size of molec-
ular mass markers are indicated in kilodaltons.

interactions occurring in the vineyard may be useful for
searching genes which can reinforce the defense capa-
bilities of cultivatedVitis.
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