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Resistance of plants to infection by phytopathogenic microorganisms is the result of multiple defense
reactions comprising both constitutive and inducible barriers. In grapevine, the most frequently
observed and best characterized defense mechanisms are the accumulation of phytoalexins and
the synthesis of PR-proteins. Particular attention has been given here to stilbene phytoalexins produced
by Vitaceae, specifically, their pathway of biosynthesis (including stilbene phytoalexin gene transfer
experiments to other plants) and their biological activity together with fungal metabolism.
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INTRODUCTION numerous studies during the past decade, because these com-

Plants in their natural environment are challenged by large POuUnds are thought to have implications in both phytopathology
numbers of potentially pathogenic microorganisms, mainl a_md human health. As a resu_lt, there is a huge increase in the
fungi, bacteria, and viruses. The factors determining the literature dedlcated. to this pamcular class of phytoglexms. There
resistance of plants against phytopathogens belong to a Iargehave been 238 articles publlsheo_l on resvera_trol in the last two
arsenal of constitutive and inducible (active) defense mecha- Y&@rs alone compared to 170 during the previous 10 years, with
nisms (1). The typical preformed, constitutive defenses are the most of these papers concerning the role of resveratrol in human
structural barriers (waxes, cutin, suberin, lignin, phenolics, health.
cellulose, callose, and cell-wall proteins) which are often rapidly ~ Phytoalexins are low-molecular-weight antimicrobial second-
reinforced upon the infection process. Active defense mecha- ary metabolites of wide interes (4, 5). From a fundamental
nisms mainly involve the oxidative burst, rapid and localized Point of view, studies in phytoalexins provide a large field of
cell death (hypersensitive response), accumulation of phytoal- investigation for biochemists and plant pathologists, especially
exins, and synthesis of pathogenesis-related (PR) proteins.concerning the aspects of biosynthesis of these compounds in
Defense response mechanisms are not only activated uporPlants and their metabolism by pathogenic microorganisms.
infection by pathogenic microorganisms, but can also be induced Phytoalexins have been shown to possess biological activity
by abiotic stresses such as induction with UV-light, or by against a wide range of pathogens and can be considered as
chemicals (respiratory inhibitors, surfactants, antibiotics, plant markers for plant disease resistance. Although most phytoalexins
regulators, or the salts of heavy metals, as well as elicitors are less phytotoxic than synthetic fungicides, they can accumu-
released by the pathogens or products resulting from the activitylate in large quantities within plant tissues, far exceeding con-
of fungal degrading-enzymes on host cell-walls) (2). centrations necessary to inhibit fungal growth (6).

In grapevine, the most frequently observed and best- The aspects developed here focus on the biosynthesis and
characterized defense reactions upon fungal infection arethe antifungal activity of grapevine phytoalexins together with
accumulation of phytoalexins and the synthesis of PR-proteins their metabolism. Particular attention has also been given to
(3). Because grapevine is an agriculturally and economically stilbene phytoalexin gene transfer experiments to other plants.
important crop plant, the defense mechanisms of that plant
against phytopathogenic microorganisms have attracted con-pHyTOALEXINS FROM THE VITACEAE
siderable attention. Among them is the phytoalexin production.

Phytoalexins from the Vitaceae have been the subject of Although phytoalexins display an enormous chemical diver-
sity (for reviews se&, 5, 7—9) phytoalexins from the Vitaceae
* Corresponding author. Fax: 333 26 91 33 41. E-mail: philippe.jeandet@ S€em to constitute a rather restricted group of molecules

“”L"Jeims-ff{, de Rei belonging to the stilbene familyLQ), the skeleton of which is
e Uﬂ:&g{iitg dg BgLT;(',gne_ based ortrans-resveratrol structure (3,5,4'-trihydroxystilbene)
8 INRA. (Figure 1). In addition to resveratrol, other compounds con-
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Figure 1. Chemical structures of stilbene phytoalexins. 1 and 6, trans- and cis-piceid; 2 and 7, trans- and cis-resveratroloside; 3 and 8, trans- and

cis-astringin, 4, trans-pterostilbene; 5, trans-resveratrol. Glc: glucosyl (CgH110s).

sidered as oligomers of resveratrol and termed viniferins have
also been found in grapevine as a result of infection or stress.
The major components of these appear te-biferin, a cyclic
resveratrol dehydrodimerlQ, 11), anda-viniferin, a cyclic
resveratrol dehydrotrimerl®). Simple stilbenes have been
identified as well:trans-pterostilbene, a dimethylated resveratrol
derivative (3,5-dimethoxy-4hydroxystilbene) (1314), trans-
andcis-piceid, a 30-4-p-glucoside of resveratrolb, 16), trans
andcis-astringin, a 39-3-p-glucoside of 3hydroxy-resveratrol

and trans- andcis-resveratrol-oside, a-®-3-pD-glucoside of COOH
resveratrol (17) Kigure 1). Stilbenes are responsible for the m
bright blue fluorescence observed under long wavelength UV- HO

light on grape leaf surfaces or grape berries following their
accumulation within plant tissues (189).
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STILBENE SYNTHASE
Stilbene phytoalexins, as flavonoid-type phytoalexi28-

23), are formed on the phenylalanine/polymalonate pathway

(10), the last step of this biosynthesis pathway being catalyzed

by stilbene synthasd-igure 2). Stilbene synthase (STS) (EC o

2.3.1.95) produces the simple stilbene phytoalexins in one O

enzymatic reaction from coenzyme A-esters of cinnamic acid

derivatives (p-coumaroyl-CoA in the case of resveratrol or O 1

dihydrocinnamoyl-CoA in the case of dihydropinosylvin, a £

stilbene not present in grapevine) and three malonyl-CoA units Figure 2. Biosynthetic pathway from phenylalanine to resveratrol, 1, and

(24). STS was first purified from cell suspension cultures of chalcone, 2.

Arachis hypoged25). STS is encoded by a multigene family.

Eight resveratrol-forming STS genes from grapevip8\(21,

pSV25pSV696andpSV36926), andVstl, Vst2 andVst3(27))

and five pinosylvin-forming STS genes from pirfeT-1 PST-

2, PST-3PST-4,andPST-5 (28) are characterized. Three novel

STS genes (pdstshdsts2, andpdsts3) have recently been
isolated from the roots dPinus densiflora29), together with

a new stilbene synthase gene frafitis riparia cv Gloire de
Montpellier (30). STS genes were grouped according to their
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responsiveness toward external signals including abiotic stresseshat resveratrol can be synthesized by grapevine in response to
or biotic signals originating from fungal cell8, 3). STS other stresses: (i) induction by heavy metals such as aluminum
cDNA and genomic clones have been described from Scots pineor aluminum-containing fungicided9—54), and (ii) induction
(32), groundnut (33), and grapevine (35). Native STSisan by chemicals such as 0zoné3( 55, 56). Interestingly, it has
homodimer of 90 kDa (with 43 kDa subunits}§). STS is recently been shown th¥t vinifera cells grown in vitro respond
closely related to chalcone synthase (EC 2.3.1.74) (CHS), theto methyljasmonate with enhancement of phytoalexin (piceid)
key enzyme in flavonoid-type compound biosynthe3i3.(STS accumulation, suggesting that jasmonate and its methylester may
and the consensus sequence of CHS fAsachis hypogeahare be key components of the signal transduction system involved
a 70 to 75% identity at the protein level, the sequences differing in the formation of grapevine phytoalexins (57). Stilbene
by only 35 amino acid positions38). Molecular analysis of ~ phytoalexins are produced by grape leaves, specifically at the
cDNA and genomic clones of STS and their comparison with abaxial leaf surface, and by grape berries, in the ski) 19,

CHS suggests common evolutionary origin for these two 48). Resveratrol synthesis steadily decreases in ripening grape
enzymes. STS and CHS use the same substrates and catalygerries (19) in relation to the decline in inducible STS gene
the same condensing-type of enzyme reaction, but form two expression (58), thus explaining the rise in susceptibility of
different products, respectively, chalcone, the first C15 inter- mature fruits toB. cinereainfection (59).

mediate in the C6C3C6 route, and simple stilbenes. The crystal

structures of CHS (but not those of STS) have recently been STILBENE SYNTHASE (STS) GENE TRANSFER

obtained (23,39). The structure of CHS complexed with EXPERIMENTS

resveratrol indicates how STS can use the same substrates and

an alternate cyclization pathway to form resveratraB)(
Yamaguchi et al. (40) confirmed the close relationship between
STS and CHS by describing cross reactions of CHS and STS
overexpressed ifEscherichia coli(i.e., resveratrol formation

by CHS and, reciprocally, chalcone production by STS). STS
and CHS contain, at the same position, a single essential cystein
residue (Cys 164), which most likely represents the active site
(41). A single change of histidine residue (close to the active
site) to glutamine is responsible for the substrate specificity in has been studied intensivel
STS: inthe STS that produce pinosylvin using cinnamoyl-CoA he i ‘ v ‘ d with

as a starter CoA ester, and in the STS that produce resveratrol The first gene transfer experiments were performed with one

using p-coumaroyl-coA, these positions are occupied by Gin- complgte STS gene fro'rArachls hyppgeaogethqr with a
His and His-GIn, respectively (42). chimeric kanamycin-resistant gene, introduced into tobacco

o . . (Nicotiana tabacurvia the transformation of protoplasts. Here,
Although a constitutive expression of STS was previously

. . ; Y its expression resulted in resveratrol synthesis after induction
reported (35), expression of STS genes is often induced N \with short-wavelength UV-lightg6). Moreover, it was shown

response to biotic and abiotic stresses (see below). At aip .t the transfer of two grapevine STS genést{ and Vst2)
transcriptional level, it was shown that STS mRNAs accumulate 4 tobacco confers that plant disease resista6@}, trans-
in two waves: e.g., 6 and 20 h after treating cell SUSPensions to-meq regenerated tobacco plants indeed showing a higher
of V. vinifera cv Optima with cell walls ofPhytophthora — (agistance t@. cinereainfection than the wild type. This study
cambivora(27). Similar results were previously obtained with  ¢ogtitytes the first report of a disease resistance resulting from
grapevine cell suspensions elicited with cell wallSotinerea  ¢4reign phytoalexin expression in a novel plant. Since this
(36). These two peaks, differing in time, were thought 0 g|egant and pioneering work, STS genes have been transferred
correspond to the expression of, at least, two different groups 14 5 number of plants including ric&§), tomato 69), alfalfa
of STS genes: those expressed early but with a rapid degraday7), kiwifruits (71), and barley and whealZ—74), as well as
tion of the mRNAs produced and those expressed later and grapevine (75).
slowly activated, providing a more stahieRNA (27). Zinser In all experiments, the expression of single STS genes
etal. 43 observed_that o_zone-induceq transient STS transcript (isolated from grapevine . hypogejwas optimized by using
levels reached their maximal values in two subsequent wavesyqiarologous promoters and enhancer elements to permit strong
between day 1 and day 5 after ozone exposure. Adrian et al.yanscriptional activity. This was achieved by modifying STS
(44) also described the occurrence of two peaks in the profile genes with enhancer sequences from the Cauliflower foosai
of STS mRNAs inV. vinifera in in vitro-grown-leaves in virus 355(CaMV 35S) promoter (660—72). STS genes were
response to induction with UV-light, the first one reaching a tyansferred to plants by meansAgrobacteriumspp. in tomato
maximum 8 to 12 h after induction, while the second peak (69), kiwifruits (71), and grapevine 75), or by particle
occurred 22 to 24 h after induction. Similarly, Douillet-Breuil  pompardment in barley and wheal2(-74). Southern blot
et al. @5) noted the occurrence of two maxima in resveratrol anajyses of genomic DNA demonstrate that STS genes are stably
accumulation in grapevine leaves treated by UV-light (i.e., 20 jntegrated in the genome of transgenic plants. Expression of
and 40 h, respectively, after induction). STS genes always leads to a significant increase in STS mRNA
Phytoalexin synthesis is induced in grapevine, as for many accumulation, STS activity, and resveratrol accumulation in
other phytoalexins (46), in response to a wide range of biotic transformed plants. Thomzik et a69) observed a maximum
and abiotic stress factors. Formation of the phytoalexin res- in the accumulation of STS mRNA 24 h after induction, and
veratrol was first described as a response to UV—C-irradiation decreasing thereafter. These data significantly differ from those
in grapevine leaves and to various fungi as webtfytis cinerea of Leckband and L (72) who reported a maximum in the
Pers. Fr.Plasmoparaviticola, andOidium tuckerj respectively accumulation of STS mRNA 8 h after pathogen elicitation,
the causal agents for gray mold, downy mildew, and powdery followed by a decrease after 24 h, and a second maximum after
milew) (13,18, 19, 36, 44, 45, 4748). It is now well-known 48 h: such a pattern in STS mRNA accumulation resembles

Great progress toward the design of crop plants with enhanced
production traits, such as herbicide, insect, and disease resis-
tance, is expected from the development of genetic transforma-
tion technology for plants. Promising results have already been
obtained by introducing genes involved in microbial defense
in plants such as, for example, PR protein genes in tobacco

60,61), antibiotic genes in appléZ,63), or phytoalexin genes
(64, 65). Particularly, transformation of plants with STS genes
has led to interesting applications in genetic engineering and
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Figure 3. Mechanism of dimerization of resveratrol to e-viniferin (redrawn with permission from ref 20).

that described by Wiese et al. (27) (see above). By means oftion) causes modification of the morphology and the color of
either HPLC methods (7173, 75), or ELISA assays using the flowers and induces male sterility in tobacco. As many
antisera raised against synthetic resvera@6) 7, 69), several results have been obtained in vitro, it would also be important
studies showed a higher resveratrol accumulation in transgenicto determine whether transgenic plants can show disease
plants than in the wild type. Unexpectedly, the transfer of a resistance in the fields. For grapevine, for example, experiments
grapevine STS gene under control of a heterologous inducible are time-consuming, as it is necessary to wait three or four years
promoter (pathogen-inducible PR 10 promoter from alfalfa) back for the first flowering period after planting. Such experiments
into grapevine 41B rootstock resulted in very high accumulation with grapevine are now in progresss).
of resveratrol (5 to 100-fold the resveratrol levels found in
nontransgenic control plants) associated with an increasedB/IOSYNTHESIS OF RESVERATROL DERIVATIVES
resistance to the fungal pathogBncinerea(75). In contrast, Oxidative dimerization of resveratrol units leads to several
Thomzik et al. 69) failed to demonstrate that STS gene oligomers termed viniferins1Q, 77). Two of them are well
expression results in resveratrol accumulation in rice plants, characterized:e-viniferin, a resveratrol dehydrodimer, and
though these authors reported an increased resistance of transg-viniferin, a cyclic resveratrol dehydrotrimetZ, 77). Although
genic plants tdPyricularia orizae. the occurrence gs-viniferin (a cyclic resveratrol tetramer) and
Interestingly, besides the synthesis of a foreign phytoalexin, y-viniferin (an oligomer of high molecular weight) has already
specifically resveratrol and glucosides, enhanced disease resisbeen suggested by Langcake and Pryté),(these authors
tance against various pathogens has been obtained in transprovided no direct evidence of that. It was shown that peroxidase
formed plants. Hain et al6) were the first to observe that is associated wittrans-resveratrol oxidation to yield viniferins
STS gene expression resulted in enhanced disease resistang&igure 3). Using horseradish peroxidase—hydrogen peroxide,
of tobacco toB. cinerea. Similar results reported increased Langcake and Pryce (78) demonstrated the formation of a
resistance of transgenic plants to phytopathogenic microorgan-grapevine phytoalexin mimic consisting of a resveratrol dehy-
isms. Expression of STS gene enhanced resistance of rice tadrodimer analogous teviniferin, but with a different oxidation
Pyricularia orizae(rice blast) (68), of tomato t®hytophthora coupling involving the hydroxyphenyl group situated in the 4
infestang69), of barley and wheat tB. cinerea(72), of wheat position of the stilbene moiety. Oxidation of 4-hydroxystilbenes
to Oidium tuckeri(powdery mildew) 74), and of alfalfa to (including resveratrol) has been studied extensivé§—81).
Phoma medicagini§/0). The sole study reporting no increase The most significant results show that resveratrol oxidation in
in disease resistance in transgenic plants concerns the transforgrapevine is controlled by three peroxidase isoenzymes, i.e.,
mation of kiwifruits with a grapevine STS gen&l). Taken A1, B3 (located in the cell wall and cell wall-free-spaces), and
together these results imply a more general relevance of theBs (located at the vacuolar level). These enzymes seem to be
STS system as a tool for engineering resistance to disé&%e ( linked to both constitutive and inducible defenses of grapevine
A very important question remains: which effects could a against fungi (80). Studies into the changes of stilbene concen-
high resveratrol accumulation, resulting from STS gene expres- tration in grapevine leaves in response to t¥ elicitation
sion, have on the physiology of transgenic plants? Though Hainindicated that the kinetics of production of resveratrol and
et al. 67) reported that constitutive expression of STS gene e-viniferin were very similar, synthesis of-viniferin rising
under the control of the 3promoter does not alter the normal according to resveratrol synthesis, but with a shift in the
growth of tobacco plants, Fischer et al6] observed that  maximum peaks of synthesis of both compounds (i.e., 20 h and
constitutive expression of STS gene (and resveratrol accumula-40—50 h after induction, respectively) (45).
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Despite its high antifungal activitylé, 82), biosynthesis of ~ compounds: specifically, pisatin and glyceollin, two phytoal-
pterostilbene, the dimethylated resveratrol derivative, is not exins from theLeguminosaehave ERg values of, respectively,
known. Specifically, there is, at this time, no direct evidence 100ug/mL (3.2 x 10~* M) againstPhytophthora megasperma
that pterostilbene derives from resveratrol and that methylation (91) and 40ug/mL (1.2 x 104 M) against Aphanomyces
of the two hydroxyphenyl groups situated at the 3 and 5-position euteiche$92); scoparone, a phytoalexin fro@itrus has an Elgy
takes place on the stilbene skeleton. Our attempts to characteriz&alue for inhibition ofPhytophthora citrophthoraf 97 ug/mL
a methyl-transferase leading in one step from resveratrol to (4.7 x 1074 M) (93, 94).

pterostilbene, as is the case in the synthesis of pisatin from  stjlhenes may also alter fungal morphogenesis. Treatment of

maackiain in pea (83), were unsuccessful. conidia with sub-lethal or lethal concentrations of resveratrol
(60—140ug/mL) or pterostilbene (20—40g/mL) does indeed
ANTIFUNGAL ACTIVITY result in cytological abnormalities iB. cinerea conidia,

including the formation of curved germ tubes, cessation of
growth of some germ tubes with protoplasmic retraction in the
dead hyphal tip cell, cytoplasmic granulation of conidia,
disruption of the plasma membrane, or regrowth of a secondary
or tertiary germ tube from the surviving conidiur@8g). At an

Stilbenes are generally biologically active compounds that
have antifungal activities against various pathogé€hadospo-
rium cuccumerinum,Pyricularia oryzae (18), Plasmopara
viticola (13, 84), andSphaeropsis saping@&5). The antifungal
activity of resveratrol has led to controversial studies, and the
question of whether resveratrol is, or is not, a phytoalexin ulf[rastructural level, Pezet anq Poiy] reported that 4ptero-
according to the definition of Mller and Borge8§), has been stilbene added ata concentration of JagmL (5 x 1_(_T M)
debated. The biological activity of resveratrol was first studied '@ dormant conidia oB. cinereainduces strong modifications

by Langcake and Prycé8) using TLC assays. They established of the endocellular membrane system; specifically, it causes the
that the ER (i.e., effective dose or concentration required for rapid destruction of endoplasmic reticulum, and of nuclear and

50% mortality) of resveratrol upon dormant conidieBoftinerea mitochc_)ndria_ll membranes, all the;e phenom_ena synchronously
or spores ofC. cuccumerinunwas more than 20@g/mL and appearing with a complete cessation (_)f respiration (i.e.,5t0 10
concluded that resveratrol, due to its low antifungal activity, Min after pterostilbene addition). Within 30 min, the cytoplasm

should be considered as a precursor of compounds of higher'S coagulated into numerous vacuoles and mitochondria are clear

fungitoxicity (viniferins and pterostilbene) rather than as a With @ complete disorganization of the cristae. Destruction of
phytoalexin. the conidium ends (after 3 h) with the disruption of the plasma

It now appears that Langcake and Pryt8)(used resveratrol membrane. ] .
concentrations far exceeding its solubility in their bioassays. ~Some of these features have previously been described for
Hoos and Blaich&7) reported inhibition of the radial growth  Other phytoalexin/pathogen interactions (for reviewsggand
of the mycelia of B. cinerea and Phomopsisuiticola by 90). For example, zoospores Bhytophthora infestans?hy-
resveratrol, but once again, these studies were performed usingophthora porriet, andPhytophthora cactoruntan develop
crystalline suspensions of high concentrations of this compound cytoplasmic granulations, plasma membrane disruptions, and
(ranging from 100 to 100Qug/mL), leading to solubility the leakage of cellular content85, 96) in the presence of four
problems such that accurate determination of the actual con-terpenoid-type phytoalexins (rishitin, phytuberin, anhyfro-
centration of resveratrol in solution in the medium was im- rotunol, and solavetivone). These effects have also been
possible to obtain. Adrian et al. (88) established that resveratrol 0bserved in fungal cells treated with isoflavonoid-type phytoal-
has real inhibitory effects on conidial germinationofcinerea  €Xins (phaseollin and kievitone)71—100). In addition, phaseol-
liquid cultures when used at concentrations ranging from 60 lin and the phenanthrenes orchinol and dehydroorchinol have
ug/mL (25% inhibition) to 16Qug/mL (100% inhibition), i.e.,  been reported to cause the death of apical fungal @ilsL01).
from 2.6 to 7x 10~4 M (resveratrol solubility was ensured by ~ Protoplasmic retraction in the hyphal tip cell Bf cinerea
addition of a minute quantity of ethanol; less than 4%). At a observed after exposure to resveratrol or pterostilbene can be
concentration of 60ug/mL, resveratrol also reduced the explained by the fact that apical cells of hyphae are more

germination of sporangia #lasmoparaviticola by 75% (84). susceptible to phytoalexins because of their weak wall, which
These values correspond to the activity of other phytoalexins, facilitates the entry of these compounds into the cell. In
which are generally active at concentrations of 4@ 105 M comparison, the entry of phytoalexins into subapical and

(for a review see89 and90). The ERy was 90ug resveratrol/ interstitial hyphal cells (which have mature walls) is generally
mL (3.9 x 1074 M) upon conidia oBB. cinerea Mycelial growth more restrictedq8, 102—105). Observations of regrowth from
of B. cinerea, as determined by the hyphal mean length, surviving conidia (production of a secondary or a tertiary germ
decreased by 36% at 6@ resveratrol/mL and by 82% at 120 tube) also suggest that cells can escape from the action of
ug/mL (88). phytoalexins, with re-germination constituting a means of
Pterostilbene, the dimethylated derivative of resveratrol, is Survival for conidia {04,105). Finally, one significant reaction

5-fold more active than resveratrol: it completely inhibits t0 stress is the formation of curved germ tubes after resveratrol
conidial germination at concentrations ranging from 52 to 60 treatment. This asymmetric growth may correspond to the ability
ug/mL (EDso = 18 to 20ug/mL, i.e., 7 to 7.8x 1075 M) (13, of stilbenes, namely resveratrol, to interact with tubulin, with
14, 88). The differences in the antifungal activities of two related resultant disruption of microtubule assembly at this level, as
stilbene compounds indicate that the in vivo methylation of described by Woods et al. (106) working with various stilbenes
hydroxyphenyl groups can potentially lead to increased biocidal based on combretastatin A-4 and used in cancer therapy. This

activity in phenolics (14). mode of action is typical for many other fungicides, such as
According to Langcake (13)-viniferin has an antifungal ~ benomyl, a fungicide used for the control of gray mold in the

activity upon germination oB. cinereaconidia (EQyo = 36 vineyard (107).

ug/mL, 7.9 x 10°° M) very similar to that of pterostilbene, The mode of action of hydroxystilbenes on fungal cells has

which is the most toxic stilbene. Epvalues for resveratrol ~ been studied extensively by the group of PeZdt 82, 108).
are comparable to the actvities of other phytoalexin-type They suggested that'-fiydroxystilbenes (especially those
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presenting methoxy-groups or electron-attracting substituentswas demonstrated by Adrian et al.16) using a cytochemical
such as chlorine at the 3-, 3,4-, or 3,5-positions of the stilbene reaction with syringaldazine as a substrate for laccase. Syrin-
ring) play an important role in the formation of charge transfer galdazine produces unique electron-opaque deposits after oxida-
complexes, favoring contact and affinity with (membrane) tion that are visible by transmission electron microscopy in the
proteins and acting as uncoupling agents of electron transportcytoplasm and also in the cell wall and surrounding mucilages
and photophosphorylation. At a subcellular level, it has recently (which is expected because laccase is an extracellular enzyme),
been reported that hydroxystilbenes, such as resveratrol ancbut never at the vacuolar level. It was deduced from these
piceatannol, are capable of inhibiting some fungal ATPases andobservations that the laccase-mediated oxidation of stilbenes
inducing the dissociation of chaperones and co-chaperones, twaakes place in the cytoplasm.

proteins frequently associated with the cytoskeleton (109). Pezet (114) suggested that STOXx catalyzes the oxidation of
The fact that stilbenes have a substantial antifungal activity resveratrol toe-viniferin, based on chromatographic data.
suggests that these compounds can intervene in the resistancRevertheless, further studies carried out first by our group have
against fungal diseases affecting grapevine and be used asghown that resveratrol metabolism by STOBotinerea(strain
indicators of resistance to disease. Pool etHOj at Cornell  sp 1) includes an oxidative dimerization process (involving the
University were the first to seek to establish a relationship 4'-hydroxyphenyl group of one stilbene unit) leading to a
between phytoalexin production potential and resistance 1o resveratrol dehydrodimer (obtained in 60% yield), slightly
cryptogamic diseases in grapevine. This study has shown thatgifferent frome-viniferin (117). *H NMR and*3C NMR showed
both the speed and the intensity of resveratrol synthesis aretnat this metabolite is a dehydrodimer of resveratrol with both
positively correlated with the resistance of grapevine varieties 3 dihydrobenzofuran and pentaphenolic structure as indicated
to fungal diseases, namely to infection I8/ cinereaor in Figure 4. Similar data were obtained with the dimethylated
Plasmoparaviticola. Unfortunately, the production of resveratrol  resyeratrol derivative, pterostilben1@). These results were
by grapevine growing in the field has proved to be very sensitive ¢qnfirmed by Cichewicz et al.109), who showed that, in
to a wide range of environmental factors, thus limiting its use gqdition to the dehydrodimer, metabolism of resveratroBby
as a marker for disease resistant&1). The most optimistic  jnerea (strain ATCC 11 542) can lead to other oxidized

results were obtained by our group concerning the developmentyesyeratrol dimers, such as restrytisols (A to C), leachinol F,
of a method using resveratrol assessment as a selection criterion, pallidol.

to screen in vitro-grown grapevine for resistance to gray mold
(112). Eleven of the thirteen tested grape genotypes showed a,
good correlation (R= 0.831) between resveratrol production
(as induced by UVW-C elicitation) and gray mold resistance. In
many instances, a close relationship between phytoalexin
accumulation and resistance to diseases has also been demo
strated (59, 90, 113).

Simple stilbenes thus undergo oxidative dimerization during
eir metabolism bB. cinereagenerally involving the hydroxy-
phenyl group situated at thé gosition of the stilbene skeleton.
Dimerization of stilbene monomers may include as an inter-
r[pediate compound a quinone that leads to a radical cation with
a substitutegb-hydroxyphenyl group, thus explaining chemical
reactivity of stilbene phytoalexind 20). The 4-hydroxyphenyl
group is important for the metabolism of simple stilbenes,
FUNGAL METABOLISM confirming the findings of Pezetl{4) according to which a

If stilbene-type phytoalexins represent a contributory factor free or a hydroxylated'4osition of the stilbenic ring is required
in the resistance of grapevine to fungal attacks, the capacity of for enzymatic oxidation of stilbenes. Grapevine phytoalexin
the pathogen to metabolize antifungal compounds released bymetabolism byB. cinereaappears to be quite different from
the host could also play a significant role in the outcome of the the reaction mechanisms already described for phytoalexin
interaction between grapevine and fungal pathogens. Accordingmetabolism by fungi, which mainly include reactions of
to Mansfield (90), the net accumulation of phytoalexins within monoxygenation, demethylation, reduction, and hydration (for
plant tissues infected by various pathogens is probably controlleda review sed 21). Still at question are whether the degradation
by a balance which may result, on one hand, from the ability of stilbene monomers by laccase Bf cinereacorresponds to
of the host cells to resist colonization by creating an inhibitory a detoxification process, and which role the oxidative degrada-
barrier to the parasite and, on the other hand, from tolerance oftion of grapevine phytoalexins plays in tBecinerea-grapevine
the pathogen to antifungal compounds produced by the plantinteraction. In the case of resveratrol or pterostilbene, dimer-
and from its ability to metabolize (or detoxify?) the phytoalexins ization by a laccase-like STOx & cinerearesults in stilbenes
to which it is exposed. Thus, the resistance of plants to infection of high molecular weights (twice that of the monomeric form),
depends, in part, on the phytoalexin production/degradation which are barely soluble in water, preventing evaluation of their
balance following attack by the pathogen. A variety of factors biological activity (117, 118). Thus, metabolism of phytoalexins
can alter this balance in favor of either the plant or the host. by B. cinereamay result in insoluble products allowing the
Some studies have demonstrated the importance of stilbenefungus to escape from the action of grapevine phytoalexins. This
metabolism for the pathogenicity of fungi on grapevine. Works is not a common feature in phytoalexin metabolism, because
in this area have focused only on the interaction between fungal conversion of phytoalexins usually, though not always,
grapevine and. cinerea Data concerning stilbene metabolism yields products increasing in water solubilitd2(l, 122).
by other grape pathogens are still scar84)( Insolubilization of stilbene oligomers resulting from STOx

Hoos and Blaich &§7) were the first to report the oxidative  activity is likely, as Adrian et al. (116) have observed a brown
degradation of resveratrol by a fungal enzymatic activity coloration at the vacuolar level B. cinereaconidia, probably
(attributed to a laccase) presentBn cinereaand secreted in  corresponding to the accumulation of resveratrol oxidation
the culture medium of this fungus. This laccase-like stilbene products. This was confirmed by the characterization, at the
oxidase was purified1(14). Stilbene oxidase (STOx) presents ultrastructural level, of spherical vesicles in the vacuole or along
two major isoforms with p#.35 and 4.3 and a molecular mass the vacuolar side of the tonoplast. These intriguing vesicles,
of 32 kDa. STOx can be inhibited by some phenolics of grape whose size was not uniform (varying from 0.1 to @), were
berries (115). Localization of this enzyme in the fungal cell either well-delimited (by an electron-dense ring different from
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Figure 4. Chemical structures of the stilbene dehydrodimers formed by B. cinerea. A, trans- and B, cis-isomers of the resveratrol dehydrodimer. C, cis-
and D, trans-isomers of the pterostilbene dehydrodimer. Only the trans forms of both dehydrodimers are naturally occuring metabolites produced by
laccase-like stilbene oxidase of B. cinerea. Cis-dehydrodimers were obtained by photochemical isomerization after irradiation under long wavelength UV
light of the trans forms ((A and B reproduced with permission from ref. 117 (copyright 1998, Elsevier Science); C and D reproduced with permission from
ref. 118 (copyright 1999, American Phytopathological Society)).

a membrane), fully or partially filled with a coarsely granular the metabolism of these compounds in the plant. Research has
material, or even emptyl1(6). It was proposed that these gone forward because these compounds are thought to help
vesicles correspond to the accumulation of products linked to agriculturally and economically important crop plants withstand
the laccase-mediated oxidation of resveratrol, which occurs in colonization by pathogens. In many instances, a close correlation
the cytoplasm of the conidium; the resulting compounds then has been found between phytoalexin production and resistance
enter the vacuole where they accumulate. to diseases. And what of grapevine phytoalexins? There is no
Of prime concern for phytopathologists is the need to know doubt that resveratrol plays an important role in the resistance
whether the ability of a pathogen to metabolize phytoalexins of grapevine to colonization by fungi, and our understanding
relates to its pathogenic potential on that plant. Specifically, of the genes (and their regulation) involved in stilbene biosyn-
Shaghi et al. 123) found that there are marked differences in thesis is rapidly expanding.
the ability of isolates ofB. cinereato metabolize stilbene The past several years have also witnessed intense research
phytoalexins (i.e., resveratrol and pterostilbene): isolates with devoted to the role of stilbenes (which are also present in wines)
a high capacity to degrade phytoalexins, those with a limited and, among them, resveratrol, in human health because of their
capacity for degradation, and those totally unable to do so. It protective effects against cardiac ailments and cancer. The
was interesting to observe that all strainsBofcinereawhich potential therapeutic value of resveratrol has stimulated research
can degrade stilbene phytoalexins were highly or moderately activities on the occurrence of this molecule in grapes and wines.
pathogenic on grapevine, whereas those that were unable tdBecause of its capacity to confer disease resistance in grapevine,
metabolize phytoalexins appeared to be nonpathogenic undeas well as its outstanding biological properties, most interest
these conditions. These experiments are in good agreement witthas now centered upon STS gene transfer from grapevine to
those previously published concerning the relationship betweennumerous plants with the objectives of increasing their tolerance
pathogenicity and phytoalexin metabolism (see for example to pathogenic microorganisms and improving the nutritional
(124) in the case of phaseollin1Z5) in the case of rishitin;  quality of food products through the expression of pharmaceuti-
(126) for the phytoalexin kievitone; andZ7) for the phytoal- cally active compounds in plants incapable of synthesizing
exins maackian and medicarpin), thus showing the importanceresveratrol. Some optimistic data have been obtained in this area,
of phytoalexin detoxification for fungal pathogenicity (122).  showing that disease resistance does indeed result from foreign
phytoalexin expression in a novel plant.
CONCLUSIONS

. . L ACKNOWLEDGMENT
Phytoalexins have long been recognized as being important

in the defense mechanisms of plants against phytopathogenidWVe thank Catherine Palmowski and Louise Fichtl, Professors
microorganisms. Their potential biological properties have of English at the Reims Management School, for reviewing the
stimulated a ferment of activity concerning the biosynthesis and manuscript.



2738 J. Agric. Food Chem., Vol. 50, No. 10, 2002
LITERATURE CITED

(1) Dixon, R. A.; Harrison, M. Activation, structure and organization
of genes involved in microbial defence in planfsgdy. Genet.
1990,28, 165—234.

(2) Harborne, J. B. The comparative biochemistry of phytoalexin
induction in plantsBiochem. Syst. Ecol999,27, 335—367.

(3) Derckel, J. P.; Baillieul, F.; Manteau, S.; Audran, J. C.; Haye,
B.; Lambert, L.; Legendre, L. Differential induction of grapevine
defences by two strains 8btrytis cinerea. Phytopathology®99
89, 197—-203.

(4) Kuc, J. Phytoalexins, stress metabolism, and disease resistance

in plants.Annu. Rev. Phytopathol995,33, 275—297.

(5) Purkayashta, R. P. Progress in phytoalexin research during the @7)

past 50 years. IfHandbook of Phytoalexin Metabolism and
Action; Daniel, M., Purkayashta, R. P., Eds.; Marcel Dekker:
New York, 1995; pp 1—39.

(6) Dercks, W.; Creasy, L. L.; Luczka-Bayles, C. J. Stilbene
phytoalexins and disease resistanceVitis. In Handbook of
Phytoalexin Metabolism and Actipaniel, M., Purkayashta,
R. P., Eds.; Marcel Dekker: New York, 1995; pp 28%15.

(7) Coxon, D. T. Phytoalexins from other families.Rihytoalexins
Bailey, J. A., Mansfield, J. W., Eds.; Blackie: Glasgow, London
1982; pp 106—132.

(8) Ingham, J. L. Phytoalexins from theeguminosae. I#Phytoal-
exins; Bailey, J. A., Mansfield, J. W., Eds.; Blackie: Glasgow,
London, 1982; pp 21—80.

(9) Kuc, J. Phytoalexins from th&olanaceae. IrPhytoalexins;
Bailey, J. A., Mansfield, J. W., Eds.; Blackie: Glasgow, London,
1982; pp 81—-105.

(10) Langcake, P.; Pryce, R. J. A new class of phytoalexins from
grapevinesExperiential977,33, 151—-152.

(11) Jeandet, P.; Breuil, A. C.; Adrian, M.; Weston, L. A.; Debord,
S.; Meunier, P.; Maume, G.; Bessis, R. HPLC analysis of
grapevine phytoalexins coupling photodiode array detection and
fluorometry.Anal. Chem1997,69, 5172—5177.

(12) Pryce, R. J.; Langcake, &Viniferin: an antifungal resveratrol
trimer from grapevinesPhytochemistry1977,16, 1452—1454.

(13) Langcake, P. Disease resistanc¥itis spp. and the production
of the stress metabolites resverateeljiniferin, a-viniferin and
pterostilbenePhysiol. Plant Pathol1981,18, 213—226.

(14) Pezet, R.; Pont, V. Ultrastructural observations of pterostilbene
fungitoxicity in dormant conidia oBotrytis cinereaPers.J.
Phytopathol.1990,129, 29-30.

(15) Waterhouse, A. L.; Lamuela-Raventos, R. M. The occurrence
of piceid, a stilbene glucoside in grape berrigytochemistry
1994,37, 571—-573.

(16) Waffo-Teguo, P.; Descendit, A.; Deffieux, G.; Vercauteren, J.;
Mérillon, J. M. Trans-resveratrol-3-O-glucoside (piceid) in cell
suspension cultures &fitis vinifera. Phytochemistryi996,42,
1591-1593.

(17) Waffo-Teguo, P.; Fauconneau, B.; Deffieux, G.; Huguet, F.;
Vercauteren, J.; Mérillon, J. M. Isolation, identification, and
antioxidant activity of three stilbene glucosides newly extracted
from Vitis vinifera cell cultures.J. Nat. Prod.1998,59, 1189—
1191.

(18) Langcake, P.; Pryce, R. J. The production of resveratrditiy
vinifera and other members of the Vitaceae as a response to
infection or injury.Physiol. Plant Pathol1976,9, 77—86.

(19) Jeandet, P.; Bessis, R.; Gautheron, B. The production of
resveratrol (3,5,4trihydroxystilbene) by grape berries in different
developmental stageAdm. J. Enol. Vitic.1991,42, 41-46.

(20) Stoessl, A. Biosynthesis of phytoalexinsPlimytoalexinsBailey,

J. A., Mansfield, J. W., Eds.; Blackie: Glasgow, London, 1982;
pp 133—180.

(21) Dixon, R. A.; Paiva, N. L. Stress-induced phenylpropanoid
metabolismPlant Cell 1995,7, 1085—1097.

(22) Adesanya, S. A.; Roberts, M. F. Inducible compounds in
Phaseolus,Vigna, and Dioscorea species. InHandbook of
Phytoalexin Metabolism and Actipaniel, M., Purkayashta,

R. P., Eds.; Marcel Dekker: New York, 1995; pp 33373.

Reviews

(23) Ferrer, J. L.; Jez, J. M.; Bowman, M. E.; Dixon, R. A.; Noel, J.
P. Structure of chalcone synthase and the molecular basis of plant
polyketide pathwayNat. Struct. Biol.1999,6, 775—784.

(24) Rupprich, N.; Hildebrand, H.; Kindl, H. Substrate specifigity
vivo andin vitro in the formation of stilbenes. Biosynthesis of
rhaponticin.Arch. Biochem. Biophy4980,200, 72-78.

(25) Schoeppner, A.; Kindl, H. Purification and properties of a stilbene
synthase from induced cell suspension of peahuBiol. Chem
1984,259, 6806—6811.

(26) Melchior, F.; Kindl, H. Coordinate -and elicitor-dependent

expression of stilbene synthase and phenylalanine ammonia lyase

genes inVitis cv Optima.Arch. Biochem. Biophy4.991,288,

552—557.

Wiese, W.; Vornam, B.; Krause, E.; Kindl, H. Structural

organization and differential expression of three stilbene synthase

genes located on a 13kb grapevine DNA fragm@&tant Mol.

Biol. 1994,26, 667—677.

(28) Preisig-Miller, R.; Schwekendiek, A.; Brehm, I.; Reif, H. J.;
Kindl, H. Characterization of a pine multigene family containing
elicitor-responsive stilbene synthase geéznt Mol. Biol 1999
39, 221-229

(29) Kodan, A.; Kuroda, H.; Sakai, F. Simultaneous expression of
stilbene synthase genes in Japanese red pimei§ densiflora).

J. Wood Sci2001,47, 58-62.

(30) Goodwin, P. H.; Hsiang, T.; Erickson, L. A comparison of
stilbene and chalcone synthases including a new stilbene synthase
gene fromVitis riparia cv. Gloire de MontpellierPlant Sci.
2000,151, 1-8.

(31) Brehm, I.; Preisig-Miiller, R.; Kindl, H. Grapevine protoplasts
as a transient expression system for comparison of stilbene
synthase genes containing cGMP-responsive promoter elements.
Z. Naturforsch. (C)1999,54, 220—229.

(32) Fliegmann, J.; Schroder, G.; Schanz, G. S.; Britsch, L.; Schroder,
J. Molecular analysis of chalcone and dihydropinosylvin synthase
from Scots pineRinus sylvestris), and differential regulation of
these and related enzyme activities in stressed plRfeat Mol.

Biol. 1992,18, 489—503.

(33) Lanz, T.; Schroder, G.; Schréder, J. Differential regulation of
genes for resveratrol synthase in cell cultureaichis hypogea
Planta1990,181, 169—175.

(34) Melchior, F.; Kindl, H. Grapevine stilbene synthase cDNA only
slightly differing from chalcone synthase cDNA is expressed in
Escherichia coliinto a catalytically active enzym&EBS Lett.
1990,268, 17-20.

(35) Sparvoli, F.; Martin, C.; Scienza, A.; Gavazzio, G.; Tonelli, C.
Cloning and molecular analysis of structural genes involved in
flavonoid and stilbene biosynthesis in grapétis vinifera L.).

Plant Mol. Biol. 1994,24, 743—755.

(36) Liswidowati, F.; Melchior, F.; Hohmann, F.; Schwer, B.; Kindl,
H. Induction of stilbene synthase Bptrytis cinerean cultured
grapevine cellsPlanta1991,183, 307—314.

(37) Schroder, J.; Schroder, G. Stilbene and chalcone synthases:
related enzymes with key functions in plant-specific pathways.
Z. Naturforsch. (C)1990,45, 1-8.

(38) Schroder, G.; Brown, J. W. S.; Schrdder, J. Molecular analysis
of resveratrol synthase cDNA: Genomic clones and relation-
ship with chalcone synthasEur. J. Biochem1988,197, 161—

169.

(39) Schroder, J. Probing plant polyketide biosynthdsat. Struct.
Biol. 1999,6, 714—716.

(40) Yamaguchi, T.; Kurosaki, F.; Suh, D. Y.; Sankawa, U.; Nishioka,
M.; Shibuya, M.; Ebizuka, Y. Cross-reaction of chalcone
synthase and stilbene synthase overexpresdesdherichia coli
FEBS Lett.1999,460, 457—461.

(41) Suh, D. Y.; Kagami, J.; Fukuma, K.; Sankawa, U. Evidence for
catalytic cysteine-histidine dyad in chalcone synth&sechem.
Biophys. Res. Comm2000,275, 725—730.

(42) Schroder, J.; Schroder, G. A single change of histidine to
glutamine alters the substrate preferences of a stilbene synthase.
J. Biol. Chem.1992,267, 20658—20660.



Reviews

(43) Zinser, C.; Jungblut, T.; Heller, W.; Seidlitz, H. K.; Schnitzler,
J. P.; Ernst, D.; Sandermann, H. The effect of ozone in Scots
pine (Pinus sybestrisL.): Gene expression, biochemical changes
and interactions with UV-B radiation.Plant Cell Erviron. 2000
23, 975—-982.

(44) Adrian, M.; Daire, X.; Jeandet, P.; Breuil, A. C.; Weston, L.
A.; Bessis, R.; Boudon, E. Comparisons of stilbene synthase
activity (resveratrol amounts and stilbene synthase mRNAs
levels) in grapevines treated with biotic and abiotic phytoalexin
inducers.Am. J. Enol. Vitic.1997,48, 394—395 (Abstr.).

(45) Douillet-Breuil, A. C.; Jeandet, P.; Adrian, M.; Bessis, R.
Changes in the phytoalexin content of variodgis spp. in
response to ultraviolet C elicitatiod. Agric. Food Cheml999
47, 4456—4461.

(46) Bailey, J. A. Mechanisms of phytoalexin accumulation. In
Phytoalexins; Bailey, J. A., Mansfield, J. W., Eds.; Blackie:
Glasgow, London, 1982; pp 289—318.

(47) Bavaresco, L.; Eibach, R. Investigations on the influence of N

fertilizer on resistance to powdery mildevDidium tuckeri),

downy mildew Plasmopara viticola) and on phytoalexin

synthesis in different grapevine varietid&tis 1987,26, 192—

200.

Adrian, M.; Jeandet, P.; Douillet-Breuil, A. C.; Tesson, L.; Bessis,

R. Stilbene content of matuiditis vinifera berries in response

to UV—C elicitation.J. Agric. Food Chem2000, 48, 6103—

6105.

Dercks, W.; Creasy, L. L. Influence of fosetyl-Al on phytoalexin

accumulation in thélasmoparaviticola-grapevine interaction.

Physiol. Mol. Plant Pathol1989,34, 203—213.

Adrian, M.; Jeandet, P.; Bessis, R.; Joubert, J. M. Induction of

phytoalexin (resveratrol) synthesis in grapevine leaves treated

with aluminum chloride (AIG). J. Agric. Food Chem1996,

44, 1979—-1981.

(51) Jeandet, P.; Bessis, R.; Adrian, M.; Joubert, J. M.; Yvin, J. C.
Use of aluminium chloride as a resveratrol formation elicitor in
plants. French patent 95 13462, PCT Int. Appl. WO 97 18,715.

(52) Jeandet, P.; Adrian, M.; Breuil, A. C.; Sbaghi, M.; Joubert, J.

M.; Weston, L. A.; Harmon, R.; Bessis R. Chemical stimulation

of phytoalexin synthesis in plants as an approach to crop

protection. InRecent Research belopments in Agricultural and

Food ChemistryVol. 2; Pandalai, S. G., Ed.; Research Sign-

post: Trivandrum, India, 1998; pp 501—511.

Jeandet, P.; Adrian, M.; Breuil, A. C.; Debord, S.; Sbaghi, M.;

Joubert, J. M.; Weston, L. A.; Harmon, R.; Bessis, R. Potential

use of phytoalexin induction in plants as a basis for crop

protection. InModern Fungicides and Antifungal Compounds,

Vol. 2; Lyr, H., Russell, P. E., Dehne, H. W., Sisler, H. D., Eds.;

Intercept: Andover, U. K., 1999; pp 349—356.

Jeandet, P.; Adrian, M.; Breuil, A. C.; Sbaghi, M.; Debord, S.;

Bessis, R.; Weston, L. A.; Harmon, R. Chemical induction of

phytoalexin synthesis in grapevines: Application to the control

of grey mould Botrytis cinereaPers.) in the vineyardActa

Hortic. 2000,528, 591—-596.

(55) Chiron, H.; Drouet, A.; Lieutier, F.; Payer, H. D.; Ernst, D.;
Sandermann, H. Gene induction of stilbene biosynthesis in Scots
pine in response to ozone treatment, wounding, and fungal
infection. Plant Physiol.2000,124, 865—872.

(56) Schubert, R.; Fischer, R.; Hain, R.; Schreier, P. H.; Bahnweg,
G.; Ernst, D.; Sandermann, H. An ozone-responsive region of
the grapevine resveratrol synthase promoter differs from the basal
pathogen-responsive sequeriekant Mol. Biol 1997, 34, 417—

426.

(57) Krisa, S.; Larronde, F.; Budzinski, H.; Descendit, A.; Deffieux,
G.; Mérillon, J. M. Stilbene production bYitis vinifera cell
suspension cultures: Methyljasmonate induction @dbiola-
beling.J. Nat. Prod.1999,62, 1688—1690.

(58) Bais, A. J.; Murphy, P. J.; Dry, I. B. The molecular regula-
tion of stilbene phytoalexin biosynthesis\fitis vinifera during
grape berry developmerfust. J. Plant PhysioR00Q 27, 425—

433.

(48)

(49)

(50)

(53)

(54)

J. Agric. Food Chem., Vol. 50, No. 10, 2002 2739

(59) Jeandet, P.; Bessis, R.; Sbaghi, M.; Meunier, P. Production of
the phytoalexin resveratrol by grapes as a respon&otaytis
attacks in the vineyardl. Phytopathol1995,143, 135—139.

(60) Zhu, Q.; Maher, E. A.; Masoud, S.; Dixon, R. D.; Lamb, C.

Enhanced protection against fungal attack by constitutive coex-

pression of Chitinase and glucanase genes in transgenic tobacco.

Bio/Technologyl994,12, 807—812.

Jach, G.; Gornhardt, B.; Mundy, J.; Logemann, J.; Pinsdorf, E.;

Leah, R.; Schell, J.; Maas, C. Enhanced quantitative resistance

against fungal disease by combinatorial expression of different

barley antifungal proteins in transgenic tobace@ant J. 1995,

8, 97-109.

Norelli, J. L.; Aldwinckle, H. S.; Destefanobeltran, L.; Jaynes,

J. M. Transgenic malling 26 apple expressing the attacin-E gene

has increased resistanceBmwinia amylaora. Euphytical994

77, 123—-128.

James, D. J.; Passey, A. J.; Webster, A. D.; Barbara, D. J.; Viss,

P.; Dankebar, A. M.; Uratsu, S. Transgenic apples and strawber-

ries: advances in transformation, introduction of genes for insect

resistance and field studies of tissue cultured plaktta Hortic.

1993,336, 179—184.

Fischer, R.; Hain, R. Plant disease resistance resulting from the

expression of foreign phytoalexir@Surr. Opin. Biotechnol1994

5, 125—-130.

Hain, R.; Grimmig, B. Modification of plant secondary metabo-

lism by genetic engineering. IMetabolic Engineering of Plant

Secondary Metabolism; Verpoorte, R., Alfermann, A. W., Eds.;

Kluwer Academic Publishers: Dordrecht, The Netherlands, 2000;

pp 217—231.

Hain, R.; Bieseler, B.; Kindl, G.; Schroder, G.; Stocker, R.

Expression of a stilbene synthase geneNinotiana tabacum

results in synthesis of the phytoalexin resveratRiant Mol.

Biol. 1990, 15, 325—335.

Hain, R.; Reif, H. J.; Krause, E.; Langebartels, R.; Kindl, H.;

Vornam, B.; Wiese, W.; Schmelzer, E.; Schreier, P.; Stocker,

R.; Stenzel, K. Disease resistance results from foreign phytoal-

exin expression in a novel plaritlature 1993,361, 153—156.

(68) Stark-Lorenzen, P.; Nelke, B.; Hanbler, G.; Muhlbach, H. P.;
Thomzik, J. E. Transfer of a grapevine stilbene synthase gene
to rice Oryza sativalL.). Plant Cell Rep 1997,16, 668—673.

(69) Thomzik, J. E.; Stenzel, K.; Stécker, R.; Schreier, P. H.; Hain,
R.; Stahl, D. J. Synthesis of a grapevine phytoalexin in transgenic
tomatoes (Lycopersicon esculentiviil.) conditions resistance
againstPhytophthora infestan®hysiol. Mol. Plant Pathol1997,

51, 265—278.

(70) Hipskind, J. D.; Paiva, N. L. Constitutive accumulation of a
resveratrol glucoside in transgenic alfalfa increases resistance
to Phoma medicaginisMol. Plant—Microbe Interact200013,
551—-562.

(71) Kobayashi, S.; Ding, C. K.; Nakamura, Y.; Nakajima, I.;
Matsumoto, R. Kiwifruits Actinidia deliciosa) transformed with
a Vitis stilbene synthase gene produce piceid (resveratrol-
glucoside).Plant Cell Rep200019, 904—910.

(72) Leckband, G.; Lorz, H. Transformation and expression of a
stilbene synthase gene ¥iftis vinifera L. in barley and wheat
for increased fungal resistanceheor. Appl. Genetl998, 96,
1004—1012.

(73) Fettig, S.; Hess, D. Expression of a chimeric stilbene synthase

gene in transgenic wheat linéBransgenic Resl999,8, 179—

189.

Liang, H.; Zheng, J.; Duan, X. Y.; Sheng, B. Q.; Jia, S. G.; Wang,

D. W.; Ouyang, J. W.; Li, J. Y.; Li, L. C.; Tian, W. Z.; Hain,

R.; Jia, X. A transgenic wheat with a stilbene synthase gene

resistant to powdery mildew obtained by biolistic methGtin.

Sci. Bull.2000,45, 634—638.

Coutos-Thévenot, P.; Poinssot, B.; Bonomelli, A.; Yean, H.;

Breda, C.; Buffard, D.; Esnault, R.; Hain, R.; Boulay, M.vitro

tolerance toBotrytis cinereaof grapevine 41B rootstock in

transgenic plants expressing the stilbene synthase Vst 1 gene
under the control of a pathogen-inducible PR 10 promater.

Exp. Bot.2001,52, 901-910.

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(74)

(75

~



2740 J. Agric. Food Chem., Vol. 50, No. 10, 2002

Reviews

(76) Fischer, R.; Budde, I.; Hain, R. Stilbene synthase gene expression (97) VanEtten, H. D.; Bateman, D. F. Studies on the mode of action

causes changes in flower colour and male sterility in tobacco.
Plant J.1997,11, 489—498.

(77) Langcake, P.; Pryce, R. J. The production of resveratrol and the

viniferins by grapevines in response to ultraviolet irradiations.
Phytochemistry1 977,16, 1193—1196.

(78) Langcake P.; Pryce, R. J. Oxidative dimerization of 4-hydrox-
ystilbenesn vitro: Production of a grapevine phytoalexin mimic.
J. Chem. Soc. Chem. Commu®.77, 208—210.

(79) Calderon, A. A.; Garcia-Florenciano, E.; Pedreno, M. A.; Munoz,
R.; Ros Barcelo, A. Zymographic screening of plant peroxidase
isoenzymes oxidizing 4-hydroxystilbené&dectrophoresi€ 990,

11, 507—-508.

(80) Calderon, A. A.; Zapata, J. M.; Pedreno, M. A.; Munoz, R.; Ros
Barcelo, A. Levels of 4-hydroxystilbene oxidizing isoperoxidases
related to constitutive disease resistancennvitro-cultured
grapevinesPlant Cell, Tissue Organ Cultt992,29, 63-70.

(81) Morales, M.; Alcantara, J.; Ros Barcelo, A. Oxidatiortrains-

of phaseollin.Phytopathologyl971,61, 1363—1372.

(98) Skipp, R. A.; Bailey, J. A. The effect of phaseollin on the
growth ofColletotrichum lindemuthianurm bioassays designed
to measure fungitoxicityPhysiol. Plant Pathol1976,9, 45—

55.

(99) Smith, D. A. Some effects of the phytoalexin, kievitone on the
vegetative growth oAphanomyces euteichéhizoctonia solani
andFusarium solanf. sp.phaseoliPhysiol. Plant Pathol1976,

9, 45-55.

(100) VankEtten, H. D., Pueppke, S. G. Isoflavonoid phytoalexins. In
Biochemical Aspects of Plant-Parasite Relationshipgend, J.,
Threlfall, D. R., Eds.; Academic Press: New York, 1976; pp
239-289.

(101) Ward, E.; Unwin, W. B.; Stoessl, A. Postinfectional inhibitors
from plants. XV. Antifungal activity of the phytoalexin orchinol
and related phenanthrenes and stilbe@zs. J. Bot.1975,53,
964—971.

resveratrol by a hypodermal peroxidase isoenzyme from Gamay (102) Bartnicki-Garcia, S.; Lippman, E. The bursting tendency of

Rouge grape\(itis vinifera) berries.Am. J. Enol. Vitic.1997,
48, 33-38.

(82) Pont, V.; Pezet, R. Relation between the chemical structure and

biological activity of hydroxystilbenes agairBotrytis cinerea.
J. Phytopathol1990,130, 1-8.

(83) Sweigard, J. A.; Matthews, D. E.; Van Etten, H. D. Synthesis
of the phytoalexin pisatin by a methyl-transferase from péemnt
Physiol.1986,80, 277—279.

(84) Dercks, W.; Creasy, L. L. The significance of stilbene phytoal-
exins in thePlasmoparaviticola-grapevine interactiorPhysiol.
Mol. Plant Pathol.1989,34, 189—202.

(85) Celimene, C. C.; Smith, D. R.; Young, R. A.; Stanosz, GIrR.
vitro inhibition of Sphaeropsis sapineby natural stilbenes.
Phytochemistry2001,56, 161—165.

(86) Miller, K. O.; Borger, H. Experimentelle Untersuchungen tber
die PhytophthoreResistanz der KartoffeArb. Biol. Reichsanst
Land—Forstwirtsch.1940,23, 189—231.

(87) Hoos, G.; Blaich, R. Influence of resveratrol on germination of
conidia and mycelial growth dBotrytis cinereeandPhomopsis
viticola. J. Phytopathol1990,129, 102—110.

(88) Adrian, M.; Jeandet, P.; Veneau, J.; Weston, L. A.; Bessis, R.

Biological activity of resveratrol, a stilbenic compound from
grapevines, again®otrytis cinerea, the causal agent for gray
mold. J. Chem. Ecol1997,23, 1689—1702.

(89) Smith, D. A. Toxicity of phytoalexins. IRhytoalexins; Bailey,
J. A., Mansfield, J. W., Eds.; Blackie: Glasgow, London, 1982;
pp 218—252.

(90) Mansfield, J. W. The role of phytoalexins in disease resistance.

In Phytoalexins; Bailey, J. A., Mansfield, J. W., Eds.; Blackie:
Glasgow, London, 1982; pp 253—288.

(91) Yoshikawa, M.; Yamauchi, K.; Masago, H. Glyceollin: Its role
in restricting fungal growth in resistant soybean hypocotyls
infected withPhytophthora megaspermar sojae. Physiol. Plant
Pathol. 1978,12, 73-82.

(92) Pueppke, S. G.; VanEtten, H. D. Pisatin accumulation and lesion

development in peas infected withphanomyces euteiches
Fusarium solantf. sp.pisi, or Rhizoctonia solanPhytopathology
1974,64, 1433—1440.

(93) Afek, U.; Sztejnberg, A.; Carmely, S. 6,7-Dimethoxycoumarin,
a Citrus phytoalexin conferring resistance #®hytophthora
gummosisPhytochemistryi 986,25, 1855—1856.

(94) Afek, U.; Sztejnberg, A. Scoparone (6,7-dimethoxycoumarin),
a Citrus phytoalexin involved in resistance to pathogens. In
Handbook of Phytoalexin Metabolism and Acti@aniel, M.,
Purkayashta, R. P., Eds.; Marcel Dekker: New York, 1995; pp
263—286.

(95) Harris, J. E.; Dennis, C. Antifungal activity of post-infectional
metabolites from potato tuberBhysiol. Plant Pathol1976,9,
155-165.

(96) Harris, J. E.; Dennis, C. The effect of post-infectional potato

tuber metabolites and surfactants on zoospores of Oomycetes.

Physiol. Plant Pathol1977,11, 163—169.

hyphal tips of fungi: Presumptive evidence for a delicate balance
between wall synthesis and wall lysis in apical gronthGen.
Microbiol. 1972,73, 487—500.

(103) Grisebach, H.; Ebel, J. Phytoalexins, chemical defense substances
of higher plantsAngew. Chem., Int. Ed. Endl978,17, 635—
647.

(104) Higgins, V. J. The effect of some pterocarpanoid phytoalexins
on germ tube elongation @temphylium botryosum. Phytopa-
thology 1978, 68, 338—345.

(105) Rossall, S.; Mansfield, J. W.; Huston, R. A. DeatlBotrytis
cinereaandB. fabaefollowing exposure to wyerone derivatives
in vitro and during infection development in broad bean leaves.
Physiol. Plant Pathol1980,16, 135—146.

(106) Woods, J. A.; Hafield, J. A.; Pettit, G. R.; Fox, B. W.; McGown,
A. T. The interaction with tubulin of a series of stilbenes based
on combretastatin A-4Br. J. Cancer1995,71, 705—711.

(107) Hoang-Van, K.; Rossier, C.; Baija, F.; Turian, G. Characterization
of tubulin isotypes and gf-tubulin mMRNA ofNeurospora crassa
and effects of benomyl on their developmental time couises.

J. Cell Biol. 1989, 49 42—47.

(108) Pezet, R.; Pont, V. Mode of toxic action of Vitaceae stilbenes
on fungal cells. InHandbook of Phytoalexin Metabolism and
Action; Daniel, M., Purkayashta, R. P., Eds.; Marcel Dekker:
New York, 1995; pp 317—331.

(109) Kindl, H. InterplayBotrytis-plant: Plant stilbene synthase gene
promoters responsive ®otrytis-made compounds aBibtrytis
chaperones sensitive to plant stilbene phytoalexins. Presented
at theXlith International Botrytis SymposiunReims, France,
July 3—7, 2000.

(110) Pool, R. M.; Creasy, L. L.; Frackelton, A. S. Resveratrol and
the viniferins, their application to screening for disease resistance
in grape breeding program¥itis 1981,20, 136—145.

(111) Barlass, M.; Miller, R. M.; Douglas, T. J. Development of
methods for screening grapevines for resistance to downy
mildew. Il. Resveratrol productiom. J. Enol. Vitic1987, 38,
65—68.

(112) Sbaghi, M.; Jeandet, P.; Faivre, B.; Bessis, R.; Fournioux, J. C.
Development of methods using phytoalexin (resveratrol) assess-
ment as a selection criterion to screen grapeinngtro cultures
for resistance to grey moul@®0trytis cinereq. Euphytical995
86, 41-47.

(113) Keen, N. T. Evaluation of the role of phytoalexins. Rfant
Disease Control; Staples, R. C., Joenniesson, G. H., Eds.;
Wiley: New York, 1981; pp 155—157.

(114) Pezet, R. Purification and characterization of a 32-kDa laccase-
like stilbene oxidase produced HBotrytis cinereaPers.: Fr.
FEMS Microbiol. Lett.1998,167, 203—208.

(115) Goetz, G.; Fkyerat, A.; Métais, N.; Kunz, M.; Tabacchi, R.; Pezet,
R.; Pont, V. Resistance factors to grey mould in grape berries:
Identification of some phenolics inhibitors &fotrytis cinerea
stilbene oxidasePhytochemistryi999,52, 759—767.



Reviews J. Agric. Food Chem., Vol. 50, No. 10, 2002 2741

(116) Adrian, M.; Rajei, H.; Jeandet, P.; Veneau, J.; Bessis, R. (123) Sbaghi, M.; Jeandet, P.; Bessis, R.; Leroux, P. Metabolism of

Resveratrol oxidation iBotrytis cinereaconidia.Phytopathology stilbene-type phytoalexins in relation to the pathogenicity of
1998,88, 472—476. Botrytis cinereato grapevinesPlant Pathol.1996, 45, 139—
(117) Breuil, A. C.; Adrian, M.; Pirio, N.; Meunier, P.; Bessis, R.; 145.
Jeandet, P. Metabolism of stilbene phytoalexins Butrytis (124) Cruickshank, I. A. M.; Perrin, D. R. Studies on phytoalexins.
cinerea: Characterization of a resveratrol dehydrodiriet- XI. The induction, antimicrobial spectrum and chemical assay
rahedron Lett.1998,39, 537—540. of phaseollin.Phytopathol. Z1971,70, 209—229.
(118) Breuil, A. C.; Jeandet, P.; Chopin, F.; Adrian, M.; Pirio, N.;  (125) Lyon, G. D. Metabolism of the phytoalexin rishitin Byptrytis
Meunier, P.; Bessis, R. Characterization of a pterostilbene spp.J. Gen. Microbiol.1976,96, 225—226.
dehydrodimer produced by laccaseRytrytis cinereaPhyto- (126) Smith, D. A.; Harrer, J. M.; Cleveland, T. E. Relation between
pathology1999,89, 298—302. production of extracellular kievitone hydratase by isolates of
(119) Cichewicz, R. H.; Kouzi, S. A.; Hamann, M. T. Dimerization Fusariumand their pathogenicity oRhaseolusulgaris. Phy-
of resveratrol by the grapevine pathodgutrytis cinereaJ. Nat. topathology1982,72, 1319—1323.
Prod. 2001,63, 29-33. (127) Lucy, M. C., Matthews, D. E.; VanEtten, H. D. Metabolic
(120) Majima, T.; Tojo, S.; Ishida, A.; Takamuku, S. Reactivities of detoxification of the phytoalexins maackian and medicarpin by
isomerization, oxidation, and dimerization of radical cations of Nectria haematococcfield isolates: Relationship to virulence
stilbene derivatives). Phys. Chem1996,100, 13615—13623. on chickpeaPhysiol. Mol. Plant Pathol1988,33, 187—199.

(121) VankEtten, H. D.; Matthews, D. E.; Smith, D. A. Metabolism of
phytoalexins. InPhytoalexins; Bailey, J. A., Mansfield, J. W.,
Eds.; Blackie: Glasgow, London, 1982; pp 181—217. . Received for review October 29, 2001. Revised manuscript received
(122) VankEtten, H. D.; Matthews, D. E.; Matthews, P. S. Phytoalexin February 19, 2002. Accepted February 19, 2002.
detoxification: Importance for pathogenicity and practical
implications.Annu. Rev. Phytopathol989,27, 143—164. JF011429S




