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Combinaison des approches
biotechnologiques et conventionnelles

dans la sélection de porte-greffes
présentant une résistance durable 

à la transmission de la maladie 
du court-noué*

A. BOUQUET, L. TORREGROSA, P. CHATELET
UMR 1098 «∞∞Biologie du Développement des Espèces Pérennes Cultivées∞∞»

INRA-ENSAM 2, place Pierre Viala, 34060 Montpellier cedex 1, France.
bouquet@ensam.inra.fr.

MOTS CLÉS∞∞: Vigne, maladie, court-noué, porte-greffe, sélection, biotechnologie.

RÉSUMÉ

La maladie du court-noué est causée par deux virus, le grape fanleaf
virus (GFLV) et l’arabis mosaic virus (ArMV), transmis respectivement par les
nématodes Xiphinema index et X. diversicaudatum. Dans la perspective d’une
interdiction de l’emploi des nématicides en vignobles, la recherche d’une
solution génétique alternative est en cours depuis plusieurs années. Initia-
lement fondée sur les méthodes de l’hybridation, elle a abouti récemment à
la sélection d’une nouvelle obtention de porte-greffe, dérivée de l’espèce
Muscadinia rotundifolia et présentant une résistance élevée à la multiplica-
tion de X. index. Mise en expérimentation en sol fortement infecté, cette
obtention montre une résistance à la transmission du virus très supérieure
à celle du porte-greffe SO4. Cependant, sa résistance n’est pas totale et ses
qualités culturales doivent être améliorées. La stratégie actuellement déve-
loppée consiste donc∞∞:

– dans un premier temps, à induire chez cette obtention, ainsi que chez des
variétés porte-greffes des résistances au virus dérivées du pathogène, soit
dirigées contre un même virus mais induites par des transgènes différents
(coque protéique, replicase, protéine de mouvement, ...), soit induites par
le même type de transgène mais dirigées contre chacun des deux virus res-
ponsables de la maladie du court-noué.

– dans un deuxième temps, à recombiner par croisement les différentes
résistances au sein d’un même génotype présentant les aptitudes cultu-
rales requises. Le recours à l’hybridation présente l’avantage de permettre
l’élimination des gènes marqueurs de sélection indésirables, dans la
mesure où la transformation aura été réalisée avec un vecteur de transfert

* Texte présenté à l’occasion de la 83ème Assemblée Générale de l’OIV à Paris en
juin 2003.
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(Agrobacterium tumefaciens) chez lequel gènes d’intérêt et gènes mar-
queurs sont portés par des plasmides binaires différents.

Dans le cadre de cette stratégie, le travail actuellement en cours a déjà
permis de mettre au point une technique efficace de transformation génétique
de l’obtention résistante à X. index et de vérifier que des transgènes (nptII,
uidA, et gène de la coque protéique du GFLV) introduits dans le génome de
porte-greffe de vigne peuvent se transmettre par hybridation et s’exprimer
de manière normale en montrant une ségrégation de type mendélien. (Bul-
letin O.I.V., 2004, vol. 77, n° 879-880, pp. 361-376).

ZUSAMMENFASSUNG

Kombination biotechnologischer und konventioneller Verfahren bei
der Auswahl von Wurzelstöcken, die eine nachhaltige Resistenz

gegenüber der Übertragung der Reisig-Krankheit aufweisen

Die Reisigkrankheit wird von zwei Viren, dem grape fanleaf virus (GFLV)
und dem arabis mosaic virus (ArMV) hervorgerufen, die jeweils von den
Nematoden Xiphinema index und X. diversicaudatum übertragen werden. Im
Hinblick auf ein Verbot des Einsatzes von Nematiziden im Weinbau wird seit
mehreren Jahren nach einer anderen genetischen Lösung geforscht. Diese
hat, nachdem sie anfangs auf der Methode der Hybridisierung basierte, kürz-
lich zur Auswahl eines neuen Wurzelstocks geführt, der von der Muscadinia
rotundifolia abstammt und gegenüber der Vermehrung des X. index eine
erhöhte Resistenz aufweist. Versuche auf stark infizierten Böden haben
gezeigt, dass dieser Wurzelstock im Vergleich zum SO4-Wurzelstock eine
deutlich höhere Resistenz gegenüber der Übertragung des Virus aufweist. Es
handelt sich hierbei jedoch nicht um eine vollständige Resistenz, so dass
seine Anbaueigenschaften noch verbessert werden müssen. Die derzeitige
Strategie besteht also darin:

– in einer ersten Phase in diesen Wurzelstock sowie in die einzelnen Wur-
zelstockvarianten aus dem Erreger abgeleitete Virusresistenzen einzu-
bauen, die sich also entweder gegen dasselbe Virus richten, jedoch von
unterschiedlichen Transgenen hervorgerufen werden (Eiweißhülle, Repli-
kase, Transportprotein...), oder die von demselben Transgentypus hervor-
gerufen werden, sich jedoch gegen jedes der beiden für die Reisigkrank-
heit verantwortlichen Viren richten.

– anschließend die verschiedenen Resistenzen durch Kreuzung innerhalb
desselben Genotypus, welcher die gewünschten Anbaueigenschaften
besitzt, zu rekombinieren. Das Zurückgreifen auf das Verfahren der Hybri-
disierung bietet den Vorteil, dass dadurch nicht erwünschte Markergene in
dem Maße eliminiert werden können, in welchem die Transformation mit-
tels eines Transfervektors (Agrobacterium tumefaciens) durchgeführt wird,
bei dem die betreffenden Interest-Gene und Markergene von unterschied-
lichen binären Plasmiden getragen werden.

Im Rahmen dieser Strategie konnte durch die gegenwärtig laufenden
Arbeiten bereits eine wirksame Technik zur genetischen Veränderung des
gegenüber X. index resistenten Wurzelstocks entwickelt sowie der Nachweis
geführt werden, dass die Transgene (nptII, uidA und das Gen der Eiweißhülle
des GFLV), die in das Genom des Wurzelstocks eingebracht werden, durch
Hybridisierung übertragen werden und unter Aufweisung einer Mendelschen
Aufspaltung auf normale Weise Ausdruck finden können. (Bulletin O.I.V., 2004,
vol. 77, n° 879-880, pp. 361-376).
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ABSTRACT

Combination of biotechnological and conventional approaches to
rootstock selection presenting a sustainable resistance grape fanleaf

disease transmission

Infectious degeneration, also called “court-noué” is caused by two virus∞∞:
the grapevine fanleaf virus (GFLV) and the arabis mosaic virus (ArMV) trans-
mitted respectively by the nematodes Xiphinema index and X. index. In antici-
pation of the usage of nematicides in vineyards being prohibited, the search for
another alternative genetic solution has been underway over the past several
years. Initially based on hybridization methods, research has recently lead to
the selection of a new rootstock, derived from the species Muscadinia rotundi-
folia, expressing a high resistance to X. index. In highly infected field testings,
the variety shows a resistance to the virus spread significantly higher than the
cultivar SO4. However, the resistance is not complete and the cultural aptitudes
need to be improved. The strategy being developed is based on two steps:

– firstly, to introduce in the resistant variety and commercial rootstock cul-
tivars, pathogen-derived virus resistances, whether directed against one
virus, but induced by different transgenes (coat protein, replicase, move-
ment protein...), or induced by the same transgenesis movement but
directed against each virus causing the infectious degeneration.

– secondly, to recombine by hybridization the different resistances in a same
genotype with the required cultural aptitudes. Hybridization offers the
opportunity to discard the undesirable selective marker genes, if the trans-
formation is carried on with a Agrobacterium vector in which genes of
interest and marker genes are borne on separate binary plasmids.

In the framework of this strategy, the work that is being currently car-
ried out has succeeded in perfecting of setting up an efficient technique for
transforming our new rootstock resistant to X. index and to checked that
transgenes (nptII, uidA and CP-GFLV) introduced in the genome of grapevine
rootstocks are transmitted by hybridization and express normally with a
mendelian segregation. (Bulletin O.I.V., 2004, vol. 77, n° 879-880, pp. 361-376).

RESUMEN

Combinación de los estudios biotecnológicos y convencionales en
la selección de porta-injertos que presentan una resistencia durable

a la transmisión de la enfermedad de entre-nudo corto

La enfermedad viral del entre-nudo corto resulta de dos tipos de virus
distintos, el grape fanleaf virus (GFLV) y el arabis mosaic virus (ArMV), trans-
mitidos por los nematodos Xiphinema index y X. diversicaudatum. Con la
perspectiva de la prohibición del uso de los nematocidas en los viñedos, se
desarrollan desde hace años investigaciones para encontrar una solución
genética alternativa. Inicialmente basada en los métodos de hibridación, esta
estrategia ha producido un genotipo seleccionado, derivado de la especie
Muscadinia rotundifolia, que presenta una resistencia elevada a la multipli-
cación del X. index. Experimentado en suelos fuertemente contaminados,
este genotipo muestra una resistencia mucho más alta que aquella del porta-
injerto SO4. Sin embargo, su resistencia no es total y sus cualidades de cul-
tivo deben ser mejoradas. La estrategia desarrollada consiste en:

– primero, introducir dentro de esta obtención así como en otras variedades
porta-injertos, resistencias al virus derivadas del patógeno, o dirigidas
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contra un mismo virus pero inducidas por transgenos diferentes (proteína
capsidial, replicase, proteína de movimiento…), o inducidas con un mismo
transgeno dirigidas contra cada uno de los dos virus del entre-nudo corto.

– segundo, en recombinar por cruzamiento las diferentes resistencias den-
tro de un genotipo presentando las aptitudes de cultivo requeridas. El
recurso a la hibridación presenta la ventaja de permitir la eliminación de
los genes marcadores de selección indeseables, en la medida en que la
transformación se realiza con un vector de transferencia (Agrobacterium
tumefaciens) en el que los genes válidos y los genes marcadores apare-
cen en plásmidos binarios diferentes.

En el marco de esta estrategia, el trabajo realizado actualmente ha per-
mitido ya la puesta a punto de una técnica eficaz de transformación gené-
tica de la obtención resistente a X. index y (ii) la verificación de que los
transgenos (nptII, uidA, geno de la proteína capsidial del GFLV) introduci-
dos dentro del genoma de los porta-injertos de vid pueden transmitirse por
hibridación y expresarse de manera normal presentando una segregación de
tipo mendeliana. (Bulletin O.I.V., 2004, vol. 77, n° 879-880, pp. 361-376).

RIASSUNTO

Approcci biotecnologici e convenzionali combinati, nella selezione
di portinnesti con resistenza durevole alla trasmissione del

complesso dell’arricciamento

Il complesso dell’arricciamento è provocato da due virus, il grape fanleaf
virus (GFLV) e l’arabis mosaic virus (ArMV) rispettivamente trasmessi dai
Nematodi Xiphinema index e X. diversicaudatum. In vista della proibizione
dell’uso di nematocidi in vigna, è in corso da alcuni anni la ricerca per una
soluzione genetica alternativa. Inizialmente fondata su metodi di ibridazione,
si è giunti di recente alla selezione di un nuovo portinnesto, derivato dalla
specie Muscadinia rotundifolia che ha dimostrato una notevole resistenza alla
moltiplicazione dell’ X. index. Posto in sperimentazione, in un suolo forte-
mente infetto, questo portinnesto, evidenzia una resistenza alla trasmissione
del virus molto superiore a quella dell’SO4. Tuttavia la sua resistenza non
è totale, e devono essere migliorate le sue qualità colturali. La strategia
sviluppata attualmente quindi, prevede:

In un primo tempo, di indurre in questo portinnesto, così come in altre
varietà, resistenze al virus derivate dal patogeno, sia dirette contro uno stesso
virus, ma indotte da transgeni diversi (cocco protidico, replicasi, proteina di
movimento,…) sia indotte dallo stesso tipo di transgene ma dirette contro
ciascuno dei due virus responsabili della malattia.

In un secondo tempo, di ricombinare per mezzo di incrocio, le diverse
resistenze all’interno di uno stesso genotipo, che presenti le caratteristiche
colturali richieste. Il ricorso all’ibridazione presenta il vantaggio di permet-
tere l’eliminazione dei geni marcatori di selezioni indesiderabili, purché la
trasformazione sia stata realizzata con un vettore di trasferimento (Agro-
bacterium tumefaciens) nel quale geni di interesse e geni marcatori, siano
portati da plasmidi binari diversi.

Nel quadro di questa strategia, il lavoro attualmente in corso ha già per-
messo di approntare una tecnica efficace di trasformazione genetica del por-
tinnesto, resistente all’ X. index e di verificare che i transgeni (nptII, uidA,
e gene del cocco protidico del GFLV) introdotti nel genoma del portinnesto,
possano trasmettersi per ibridazione ed esprimersi in modo normale dimo-
strando una segregazione di tipo mendeliano. (Bulletin O.I.V., 2004, vol. 77,
n° 879-880, pp. 361-376).
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INTRODUCTION

Le court-noué, également appelé dégénérescence infectieuse ou pana-
chure infectieuse, est l’une des maladies les plus graves de la vigne. Répan-
due dans le monde entier, elle affecte les vignobles non seulement dans leur
potentiel quantitatif et qualitatif, mais compromet également leur longévité.
La maladie est causée par deux virus à particules polyédriques, le grape
fanleaf virus (GFLV) et l’arabis mosaic virus (ArMV), transmis respective-
ment par les nématodes du sol Xiphinema index et X. diversicaudatum,
appartenant tous deux à la famille des Longidoridae qui comprend également
plusieurs autres nématodes vecteurs de virus pathogènes pour la vigne.
La méthode la plus efficace pour lutter actuellement contre cette maladie
consiste à planter du matériel sain, exempt de virus, dans un sol sain,
exempt de nématodes vecteurs. L’obtention d’un matériel végétal sain par
sélection clonale, sa multiplication et sa diffusion, strictement controlées en
France par l’ONIVINS, ne posent a priori pas de problèmes et apportent des
garanties suffisantes. En revanche, il n’en est pas de même au niveau de
l’infectiosité des sols. Le seul moyen de se garantir totalement contre une
contamination est de planter dans un sol n’ayant jamais porté de vignes ou
dont les vieilles vignes malades ont été arrachées depuis au moins 8 ans,
ce qui est difficilement envisageable notamment en vignobles d’Appellation
d’Origine Contrôlée. Ce délai pourrait être réduit par une dévitalisation des
racines des vieilles vignes malades avant leur arrachage (Descotes et al.,
1995). Mais l’innocuité pour l’environnement de l’herbicide systémique pré-
conisé pour cet usage (glyphosate) a été récemment remise en question.

La désinfection chimique du sol avant plantation, effectuée au moyen
de nématicides tels que le dichloropropène ou l’aldicarbe, est autorisée depuis
plusieurs décennies. Mais ce n’est qu’un palliatif onéreux dont l’efficacité
est souvent aléatoire et qui n’apporte dans le meilleur des cas qu’un retard
de quelques années dans la réinfestation des parcelles. L’inconvénient majeur
de cette technique est son caractère extrêmement dommageable pour
l’environnement, tant au niveau de la vie biologique des sols qu’au niveau
de la qualité des eaux des nappes phréatiques. Les applications d’aldicarbe,
produit hautement toxique, sont d’ailleurs conditionnées par une étude
préalable de l’environnement hydrographique des parcelles devant être trai-
tées. A terme, l’utilisation des nématicides dans les vignobles français sera
interdite comme elle l’est déjà dans de nombreux vignobles étrangers. La
nécessité d’une méthode génétique alternative se fait donc de plus en plus
urgente.

RÉSISTANCES NATURELLES ET TRANSGÉNIQUES AU GFLV
ET AUTRES NÉPOVIRUS

La recherche de sources de résistance naturelles au GFLV dans le ger-
moplasme des Vitis a été un échec en France (Lahogue et Boulard, 1996).
Un mode d’inoculation trop sévère (greffage en vert) peut sans doute être
incriminé dans les causes de cet échec. En Californie, des résistances au GFLV
ont été signalées dans deux Vitis vinifera sauvages originaires d’Iran et
d’Afghanistan (Walker et al., 1985) mais leur utilisation en sélection (Wal-
ker et Meredith, 1990) n’a finalement pas eu de suites. Introduites et testées
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en France, ces accessions se sont révélées sensibles à la souche F13 de
GFLV utilisée dans les tests d’inoculation effectués par greffage en vert
(F. Lahogue, comm. personnelle) ou par microgreffage (A. Bouquet, résul-
tats non publiés). La variabilité du pathogène peut donc être mise en cause.

En France, la transformation génétique d’embryons somatiques de vigne
a permis d’introduire le gène de la coque protéique du GFLV (souche F13) dans
plusieurs porte-greffes (Krastanova et al., 1995∞∞; Mauro et al., 1995). Les
variétés utilisées ont été Vitis rupestris du Lot, 110 Richter (Vitis Berlandieri x
V. rupestris), SO4 (V. riparia x V. Berlandieri) et 41 B (V. vinifera x V. Ber-
landieri). Des résultats positifs ont été également obtenus aux Etats-Unis
(Krastanova et al., 2000) sur les variétés Riparia Gloire, 3309 Couderc et
101-14 (V. riparia x V. rupestris). Mais l’efficacité d’une stratégie de résistance
dérivée du pathogène n’a toujours pas été démontrée chez la vigne, tant pour
le GFLV que pour l’ArMV (Mauro et al., 2000∞∞; Spielman et al., 2000).

La parcelle expérimentale de lignées transgéniques de 41B, mise en
place en 1997 en Champagne après accord de la Commission de Génie Bio-
logique, a dû être arrachée en 1999 sous une pression médiatique men-
songère organisée par les partisans d’une interdiction généralisée des OGM
en agriculture et plus généralement dans la filière agro-alimentaire. Bien
que certaines lignées aient montré un retard à l’infection très significatif, la
durée de l’expérimentation était naturellement trop courte pour pouvoir
conclure à une résistance durable. Le feu vert à une reprise des essais au
vignoble a été récemment donné par la Direction Générale de l’INRA, après
consultation d’une commission composée de chercheurs, de professionnels
de la filière viti-vinicole et de représentants de la société civile (INRA, 2003).
Quant aux lignées transgéniques de 110 Richter exprimant le gène de la
coque protéique du GFLV, et expérimentées en serre de confinement à l’INRA
de Colmar, elles se sont révélées sensibles au virus après deux ans de cul-
ture dans un sol infectieux (M. Fuchs, comm. personnelle).

La faible efficacité chez la vigne d’une stratégie de résistance, fondée sur
la coque protéique du GFLV ou d’autres népovirus, pourrait être due au mode
d’inoculation par nématodes. Ploeg et al. (1993) ont démontré que la résis-
tance au TRV (tobacco rattle virus) ne s’exprimait pas chez des tabacs trans-
géniques exprimant le gène de la CP-TRV lorsqu’ils étaient inoculés par le
nématode Trichodorus alors qu’elle s’exprimait en cas d’inoculation
mécanique. Le même phénomène a été observé chez des tabacs transgé-
niques exprimant le gène de la coque protéique de l’ArMV et du SLRV (straw-
berry latent ringspot virus) et inoculés par le nématode X. diversicaudatum
(D.J.F. Brown, comm. personnelle). Chez des plants de tabac transgéniques
exprimant le gène de la protéine capsidiale du GCMV (grape chrome mosaic
virus) inoculés mécaniquement, le niveau de résistance au virus dépend
considérablement de la quantité de virus utilisé (Brault et al., 1991). Des
porte-greffes transgéniques (Vitis Berlandieri x V. rupestris cv 110 Richter),
exprimant le gène de la coque protéique du GCMV, ont été obtenus (Le Gall
et al., 1994∞∞; Torregrosa et al., 1994). Inoculés par microgreffage, ils n’ont
pas montré de résistance significative à la multiplication du virus (A. Bou-
quet, résultats non publiés). Plusieurs nématodes (Xiphinema vuittenezi,
Longidorus attenuatus) appartenant à la famille des Longidoridae sont soup-
çonnés d’être vecteurs du GCMV. Des recherches sont actuellement en cours
à l’INRA d’Antibes afin de lever le doute et de pouvoir tester la résistance
de ces plantes transgéniques en conditions naturelles de contamination.
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RÉSISTANCES NATURELLES AUX NÉMATODES VECTEURS DE VIRUS

Depuis 35 ans, de nombreuses études ont porté sur la résistance ou la
tolérance des porte-greffes et des Vitis au nématode Xiphinema index (Kunde
et al., 1968∞∞; Harris, 1983∞∞; Coiro et al., 1985∞∞; Malan et Meyer, 1993). Les
modèles explicatifs du déterminisme génétique de cette résistance ou tolé-
rance font appel, soit à un gène dominant, soit à deux gènes, l’un dominant
et l’autre récessif (Meredith et al., 1982). Cependant, chez la plupart des
porte-greffes et des espèces de Vitacées, la résistance au nématode X. index
n’est pas associée à une résistance à la transmission de la maladie du court-
noué, à l’exception de l’espèce Vitis (Muscadinia) rotundifolia (Boubals et
Pistre, 1978). Bien que cette espèce soit sensible à la multiplication du GFLV
inoculé par greffage en vert, sa résistance très élevée au nématode lui
confère une résistance totale à la transmission de la maladie (Bouquet,
1981∞∞; Bouquet et Danglot, 1983∞∞; Staudt and Weischer, 1992∞∞; Sopp et al.,
1998). En dépit de sa résistance totale au Phylloxéra (Davidis et Olmo,
1964∞∞; Boubals, 1966∞∞; Pouget, 1975∞∞; Bouquet, 1983) et aux Meloidogyne
(Lider, 1954∞∞; Bloodworth et al., 1980), cette espèce n’est pas utilisable
directement comme porte-greffe, en raison du très mauvais enracinement
de ses boutures ligneuses (Goode et al., 1982), de sa sensibilité exacerbée
à la chlorose calcaire et surtout de son incompatibilité au greffage avec Vitis
vinifera (Bouquet et Hevin, 1978∞∞; Bouquet, 1980a).

En Californie, 3 hybrides F1 Vitis vinifera x V. rotundifolia créés en 1948
(Patel et Olmo, 1955) ont été sélectionnés et expérimentés en sol contaminé.
Deux d’entre eux (O39-16 et O43-43) ont présenté une résistance intéres-
sante (Walker et Wolpert, 1994). Bien que ces deux variétés laissent pas-
ser le virus dans le greffon, les effets sur le taux de nouaison et le rende-
ment sont limités (Walker et al., 1994). Cependant, la résistance du O43-43
au Phylloxéra a été jugée insuffisante (Granett et al., 1987). Quant au O39-
16, proposé comme variété commerciale (Walker et al., 1991), il présente
de nombreux défauts culturaux, notamment au niveau de l’enracinement, et
la durabilité de sa résistance au court-noué a été mise en doute. Les tra-
vaux de sélection ont donc repris sur la base d’hybridations entre Vitis
rupestris et Vitis (Muscadinia) rotundifolia. La résistance semble être déter-
minée par un gène majeur qui a été localisé sur l’un des 19 groupes de liai-
son d’une carte génétique établie à l’aide de 500 marqueurs AFLP (Walker
et Yin, 2000). Mais des gènes mineurs pourraient également intervenir.

En France, après un travail de sélection de plus de 25 ans, et en dépit
de la stérilité élevée des hybrides V. vinifera x V. rotundifolia (Bouquet,
1980b), la résistance à X. index a pu être introduite dans des génotypes de
Vitis potentiellement utilisables comme porte-greffes résistants à la dissé-
mination du GFLV (Bouquet et al., 2000). Un de ces génotypes (VMH 3146-
1-87) a été obtenu en recroisant par le porte-greffe 140 Ruggeri (V. Ber-
landieri x V. rupestris) un hybride F1 V. vinifera x V. rotundifolia résistant à
X. index et partiellement fertile. Avec un taux de multiplication du néma-
tode sur racines de 0.41, sa résistance à X. index est intermédiaire entre
les deux parents (Tableau I). Sa résistance à X. diversicaudatum, vecteur
de l’ArMV, est actuellement en cours d’étude au laboratoire de nématologie
de l’INRA d’Antibes.

Greffé avec la variété Cabernet Sauvignon et planté en 1999 dans une
parcelle fortement infectée par le court-noué, il entraîne un retard très
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significatif dans la contamination des ceps, comparativement au porte-greffe
SO4 utilisé comme témoin (Tableau II).

Tableau I
Résistance à X. index de l’obtention VMH 3146-1-87,

comparée à celle de ses deux parents et au porte-greffe Fercal
(V. vinifera x V. Berlandieri) utilisé en témoin dans les différents tests

Variété Année du test Nombre de T.M. = Taux de T.M. Fercal
plants testés multiplication (PG témoin)

VMH 3146-1-87 1991-92 11 0.41 3.8

140 Ruggeri 1992-93 10 4.20 3.7

VMH 11-6-76 1992-93 12 0.08 3.7
(hybride F1) 1989-90 12 0.06 9.4

1987-88 12 0.05 8.2
1986 16 0.03 7.7

(T.M. = taux de multiplication en six mois de la population initiale du nématode)

Toutefois, les qualités culturales de cette obtention ne sont pas totale-
ment satisfaisantes, notamment au niveau de l’enracinement des boutures
ligneuses, bien que la technique de la greffe-bouture herbacée permette de
pallier efficacement cette difficulté. Il est donc nécessaire de poursuivre la
sélection, en recroisant l’hybride VMH 3146-1-87 par d’autres variétés porte-
greffes, ce qui pourrait entraîner un affaiblissement de la résistance à
X. index. Or, celle-ci n’est pas totale et le retard à la contamination, observé
pour l’instant sur une période de 4 ans, pourrait ne pas être suffisant pour
garantir la protection de vignobles établis pour une période généralement
supérieure à 30 ans. Dès lors, la recherche d’une résistance totale et durable

Tableau II
Résistance à la transmission du GFLV de l’obtention VMH 3146-1-87,

greffée avec V. vinifera cv Cabernet Sauvignon, plantée en 1999
dans un sol fortement infectieux et comparée au porte-greffe témoin SO4

Variété Nombre de Nombre de plants positifs en ELISA
plants testés

2000 2001 2002

VMH 3146-1-87 66 0 4 6
SO4 clone 762 67 2 19 37
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à la transmission du virus se justifie et peut s’envisager selon plusieurs stra-
tégies∞∞:

La première consiste à renforcer la résistance à X. index issue de
V. rotundifolia en lui associant une ou plusieurs résistances issues d’autres
espèces de Vitis. Parmi ces dernières, les plus intéressantes semblent être
les espèces originaires du Sud-Est des Etats-Unis, notamment V. rufoto-
mentosa (Kunde et al., 1968). Cependant, les espoirs mis sur les hybrides
entre cette espèce et d’autres Vitis, notamment Vitis vinifera, ont été déçus
(Walker et al., 1994). En revanche, V. cinerea variété Arnold semble plus inté-
ressante. Croisée avec V. riparia, elle a donné naissance en Allemagne au
porte-greffe Börner (Becker, 1989). Toutefois, si la résistance de cette variété
au Phylloxéra est incontestable, sa résistance réelle au court-noué est contro-
versée (Sopp et al., 1998∞∞; Ipach et al., 2000). Afin d’identifier dans le genre
Vitis, des gènes de résistance à X. index susceptibles d’être associés à ceux
issus de V. rotundifolia et utilisés dans le programme INRA de création de
nouvelles variétés de porte-greffe, des tests sont actuellement menés à
Antibes et Bordeaux par les laboratoires INRA de nématologie et de viticul-
ture, sur 9 accessions appartenant aux espèces américaines V. aestivalis,
V. bicolor, V. candicans, V. cinerea et V. rubra.

La deuxième stratégie envisageable serait de renforcer la (ou les) résis-
tance(s) naturelle(s) à X. index, par l’introduction par transformation géné-
tique de gènes codant des protéines capables de perturber l’alimentation et
la reproduction du nématode. Lectines et inhibiteurs de protéases sont de
bons candidats potentiels. La transformation des porte-greffes Freedom,
101-14 et Teleki 5C avec le gène GNA de Galanthus nivalis a été rapportée
(Viss et Driver, 1996). Les plantes transgéniques ont été testées en serre et
en conditions naturelles vis-à-vis de X. index et du Phylloxéra, mais les
résultats n’ont jusqu'à présent pas été publiés. Pour l’instant, cette utilisa-
tion de la transgenèse pour améliorer la résistance des porte-greffes aux
nématodes et au Phylloxéra, ou a fortiori pour conférer aux variétés de
V. vinifera une résistance ou une tolérance suffisamment élevée et durable
au Phylloxéra n’est pas envisagée en France.

La troisième stratégie, actuellement développée à l’INRA de Montpellier,
consiste à associer aux gènes de résistance à X. index, issus de V. rotundi-
folia, un ou plusieurs transgènes susceptibles d’induire une résistance au
virus dérivée du pathogène vis-à-vis du GFLV, mais également vis-à-vis de
l’ArMV, s’il s’avère que l’hybride VMH 3146-1-87 est également résistant à
X. diversicaudatum.

COMBINAISON RÉSISTANCE VECTEUR – RÉSISTANCE VIRUS

1ère étape∞∞: Transformation génétique de l’hybride résistant et de
porte-greffes classiques

Le travail consiste à induire par transformation génétique chez l’hybride
résistant au nématode et chez plusieurs porte-greffes, les uns à fleurs mâles
(110 Richter, SO4), les autres à fleurs femelles (41B, Fercal), des résis-
tances, soit dirigées contre un même virus (GFLV ou ArMV) mais induites
par des transgènes différents (gènes de la coque protéique, de la replicase,
de la protéine de mouvement,…), soit induites par le même type de transgène
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mais dirigées contre chacun des deux virus responsables de la maladie du
court-noué. Les constructions génétiques introduites dans ces différentes
variétés devront faire appel à des promoteurs spécifiques des racines et des
terminateurs d’origine végétale, et non plus d’origine virale (ex∞∞: promoteur
constitutif CaMV 35S) ou bactérienne (ex∞∞: terminateur NOS). Dans la mesure
du possible, ces promoteurs et terminateurs seront extraits de gènes de
vigne. Des terminateurs correspondant à cette dernière exigence ont été
extraits des gènes de l’alcool deshydrogénase étudiés à l’INRA de Montpellier
(Sarni-Manchado et al., 1997) et sont déjà disponibles.

Du point de vue méthodologique, la transformation génétique des porte-
greffes 41B, SO4 et 110 Richter par l’intermédiaire d’Agrobacterium tume-
faciens a déjà été réalisée à plusieurs reprises et ne pose pas de problèmes.
Tel devrait être également le cas pour le porte-greffe Fercal. En revanche,
la transformation génétique de l’hybride VMH 3146-1-87 demande à être
mise au point, compte tenu notamment d’une certaine sensibilité à A. tume-
faciens des cals embryogènes de génotypes hybrides issus de V. rotundifo-
lia. Depuis un an, des expériences de transformation génétique ont donc
été entreprises sur des cals embryogènes de cet hybride, obtenus à partir
de feuilles prélevées sur des explants en micropropagation (Torregrosa et al.,
1995). Ont été utilisées les souches bactériennes A. tumefaciens EHA 105,
dotées d’une part du plasmide binaire pBin-gfp-nptII, portant les gènes de
la GFP (green fluorescent protein) et de la résistance à la kanamycine,
d’autre part du plasmide pCambia-uidA-hpt, portant les gènes de la gluco-
ronidase (GUS) et de la résistance à l’hygromycine. La coculture entre les
cals embryogènes et les souches bactériennes a eu lieu en juillet 2002.
Après sélection des cals sur milieux additionnés des antibiotiques appro-
priés, 46 plantes issues de coculture avec EHA105 pBin, et provenant d’évé-
nements de transformation indépendants, ont pu être régénérées et testées
en GFP∞∞: 36 d’entre elles ont montré sur racines une fluorescence verte
caractéristique, soit un taux de transformation de 78%. De même, 32 plantes
issues de coculture avec EHA105 pCambia ont été régénérées, dont seule-
ment 15 ont pu être testées en GUS∞∞: 12 d’entre elles ont montré sur racines
une coloration bleu caractéristique, soit un taux de transformation de 80%,
pratiquement identique à celui obtenu avec EHA105 pBin.

Pour pallier les inconvénients d’une sensibilité de l’hybride VMH 3146-
1-87 à A. tumefaciens, des essais de transformation de cals embryogènes
par biolistique (canon à particules) ont également été tentés en utilisant la
construction gfp-nptII. Un certain nombre de cals présentant une expression
stable de la GFP ont été isolés, mais n’ont pas pu être régénérés en plantes
entières jusqu’à présent.

Cependant, l’ensemble des plantes régénérées ont montré des anoma-
lies de développement, qui se traduisent par une germination anormale des
embryons somatiques (prolifération des cotylédons), une morphologie atypi-
que des feuilles (virus-like symptoms) et surtout un non-développement des
microboutures sur milieu sans substances de croissance, à l’exception des
extrémités apicales des vitroplantes. En revanche, les microboutures se
développent normalement sur un milieu de micropropagation axillaire addi-
tionné de cytokinine (benzylaminopurine). Mais ces anomalies s’observent
également de manière systématique sur des embryons somatiques et des
plantes non transformées. Il faut donc incriminer un phénomène de varia-
tion somaclonale généralisée, dû sans doute à un vieillissement ou une dérive
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génétique ou épigénétique de la souche embryogène utilisée. De nouvelles
souches sont donc en cours de constitution et la conformité des plantes
régénérées sera testée préalablement à de nouvelles expériences de trans-
formation sur ces souches embryogènes.

2ème étape∞∞: Association des résistances par hybridation et recombi-
naison génétique

Les différentes résistances seront recombinées par hybridation au sein
d’un même génotype présentant les qualités culturales requises. Cette étape
présente l’avantage de permettre l’élimination des indispensables gènes mar-
queurs de sélection et éventuellement des gènes rapporteurs gfp ou uidA
(GUS) qui pourraient leur être associés. Ces gènes, utilisés dans l’étape pré-
cédente, seront en effet jugés indésirables et frappés d’interdiction dans de
futures variétés porte-greffes commercialisables à partir de 2008.

Au cours des manipulations génétiques, il faudra donc rechercher des
événements de cotransformation en utilisant des vecteurs de transfert chez
lesquels les gènes d’intérêt d’origine virale (coque protéique, replicase,…) et
les gènes marqueurs de sélection (et éventuellement les gènes rapporteurs)
seront portés par des plasmides binaires différents. L’efficacité de la cotrans-
formation a été démontrée chez la vigne, même avec des souches bacté-
riennes différentes (Torregrosa et Bouquet, 1997).

Une étude préliminaire (Bouquet et al., 2003), initiée il y a trois ans, a
permis de vérifier que des transgènes (nptII, uidA, et gène de la coque pro-
téique du GFLV), préalablement introduits dans le génome de deux variétés
de porte-greffes (Vitis rupestris cv du Lot et 110 Richter) peuvent se trans-
mettre par hybridation et s’exprimer de manière normale en montrant une
ségrégation de type mendélien (Tableau III).

Les croisements ont fait intervenir deux parents femelles, un hybride F1
(VMH 11-6-76), doté d’une résistance élevée à X. index et d’une fertilité ovu-
laire partielle, et un hybride BC1 (VMH 22-8-78), issu lui-même du recroi-
sement d’un hybride F1 résistant par un plant de V. vinifera, et doté d’une
résistance partielle à X. index et d’une fertilité ovulaire élevée. Les parents
mâles étaient 4 lignées transgéniques de la variété Vitis rupestris du Lot et
7 lignées transgéniques de la variété 110 Richter. Toutes ces lignées ont été
obtenues à l’INRA de Colmar en 1994 (Krastanova et al., 1995) et portaient
les gènes nptII, uidA (GUS) et le gène de la coque protéique du GFLV.

Les plantes obtenues et multipliées in vitro ont été criblées en fonction
de leur expression GUS sur feuilles et racines. L’expression du gène nptII a
été étudiée en micropropagation axillaire sur milieu additionné de kanamy-
cine. La présence ou l’absence du gène nptII a été vérifiée par test PCR
(Polymerase Chain Reaction) en utilisant des amorces oligonucléotidiques
spécifiques du gène. Quant à la présence du gène de la coque protéique du
GFLV, elle a été confirmée également par tests PCR chez toutes les plantes
GUS positives.

Dans les descendances R1 et R3, aucune expression GUS n’a été obser-
vée, ce qui n’est pas surprenant puisque les lignées mâles parentales ne mon-
traient pas d’expression GUS, en dépit de la présence respective d’un et
deux inserts, observée en PCR et Southern Blot. L’explication la plus pro-
bable est à chercher dans un phénomène de silencing de ces inserts.



372 BULLETIN DE L’O.I.V. (2004, 879-880)

Un résultat inattendu a été l’observation d’une sensibilité élevée à la
kanamycine chez tous les individus GUS positifs de la descendance R6, confir-
mée par l’absence du gène nptII lors des tests PCR. Une explication plausible
pourrait être une intégration défectueuse de l’insert dans la lignée transgé-
nique L2, qui aurait pu entraîner le positionnement du gène nptII sur un
chromosome portant un gène létal récessif inhibant la germination des grains
de pollen.

CONCLUSION

Les études préliminaires montrent qu’il est tout à fait possible d’intro-
duire, par transformation génétique suivie d’hybridation, un certain nombre
de transgènes susceptibles d’induire une résistance au GFLV et à l’ArMV déri-
vée du pathogène, dans des génotypes porte-greffes dotés d’une résistance
significative au nématode vecteur X. index (et éventuellement X. diversi-
caudatum), leur conférant ainsi une résistance élevée et durable à la pro-
pagation de la maladie du court-noué. L’efficacité de cette stratégie demande
naturellement à être validée en conditions d’essais au vignoble. Sans attendre
les résultats d’une telle expérimentation, le programme de sélection de

Tableau III
Résultats des tests GUS sur les plants de semis issus de croisements entre deux

hybrides résistants à X. index et différentes lignées transgéniques des porte-greffes
V. rupestris du Lot et 110 Richter.

Famille Parent mâle Nb pépins Plantes Plantes Plantes χ2
germés multipliées GUS+ GUS– (1∞∞: 1)
(% germ.) in vitro

Parent femelle F1 VMH 11-6-76

F1 to F5 110 R TrCP 12 (13,5%) 5 2 3 0,20
F6 to F9 Rupestris TrCP 29 (20,4%) 18 7 11 0,88

Parent femelle BC1 VMH 22-8-78

R1 110 R TrCP a112 17 (22,3%) 4 0 4 4,00
R2 110 R TrCP s36 40 (43,9%) 12 7 5 0,33
R3 110 R TrCP s28 52 (43,3%) 21 0 21 21,00
R4 110 R TrCP a397 38 (31,7%) 36 15 21 1,00
R6 110 R TrCP L2 32 (26,7%) 17 9 8 0,06
R7 110 R TrCP 407 33 (38,4%) 10 6 4 0,40
R8 110 R TrCP a63 47 (39,2%) 35 16 19 0,25

Total (1) 110 R TrCP 259 135 53 82 6,23

Total (2) 110 R TrCP 191 110 53 57 0,15

(1) pour l’ensemble des descendances (familles) R1 to R8
(2) uniquement descendances (familles) R2, R4, R6, R7 and R8.
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variétés porte-greffes, développé actuellement à l’INRA, montre que les tech-
niques de transgenèse ne sont pas exclusives des techniques classiques de
l’hybridation, mais peuvent être au contraire tout à fait complémentaires.

* 
*

*
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ABSTRACT

In Italy, biotechnological and molecular tools are being used for
grapevine fingerprinting, diagnostics, phylogenetic studies and gene trans-
fer since the ‘90ies. More recently, researches are focused on testing new DNA
markers for varietal and clonal identification, for Marker Assisted Selection,
on EST development, BAC libraries production, gene discovering and analy-
sis of gene expression. These themes are often dealt by Italian research
Institutes in collaboration among them and/or with foreign Institutes, within
different research projects, funded by public or private institutions. Gene
transfer techniques have been applied to rootstocks as well as to international
and autochthonous wine grape cultivars, with the aim of conferring useful
agronomical traits (resistance to viruses, fungi, abiotic stresses, and devel-
opment of large seedless berries). Experimental field release has been autho-
rized for one trail. (Bulletin O.I.V., 2004, vol. 77, n° 879-890, pp. 377-388).

* Text presented during the 83th OIV General Assembly at Paris in June 2003.
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ZUSAMMENFASSUNG

Fortschrittsbericht über Biotechnologien von Trauben in Italien:
Methodik, Ziele, Ergebnisse

Seit den 90er Jahren werden in Italien biotechnologische und moleku-
lare Hilfsmittel für den genetischen Fingerabdruck von Weinstöcken, Dia-
gnosemöglichkeiten, phylogenetische Studien und Gentransfer verwendet.
Seit kurzem konzentrieren sich Forscher auf die Untersuchung neuer DNA-
Marker (für die Identifizierung von Wein aus einer Rebensorte und von Klo-
nen, markergestützte Züchtungsforschung (MAS=Marker Assisted Selec-
tion)), auf die EST-Entwicklung, BAC-Libraries-Produktion, Genentdeckung
und die Analyse der Genausprägung. Diese Themenkreise werden oft von
italienischen Forschungsinstituten behandelt, die mit ausländischen Insti-
tuten im Rahmen unterschiedlicher Forschungsprojekte zusammenarbei-
ten. Diese Projekte werden von öffentlichen oder privaten Einrichtungen
gesponsert. Gentransfer-Techniken wurden auf Wurzelstöcke sowie auf
internationale und autochthone Weintraubensorten angewandt mit dem
Ziel, diesen nützliche agronomische Charakteristika (Widerstand gegen
Viruse, Pilze, abiotische Belastungen und die Entwicklung großer, kernlo-
ser Trauben) zu verleihen. Die experimentelle Freigabe wurde für einen
Versuch genehmigt. (Bulletin O.I.V., 2004, vol. 77, n° 879-880, pp. 377-388).

RESUMEN

Informe de progresos sobre biotecnologías de la uva en Italia:
metodologías, objetivos, resultados

En Italia se utilizan herramientas biotecnológicas y moleculares para la
identificación, el diagnóstico, el estudio filogenético y la transferencia de
genes desde la década de 1990. Más recientemente, las investigaciones han
encarado el ensayo de nuevos marcadores de ADN para la identificación varie-
tal y clonal, la Selección Asistida de Marcadores, el desarrollo de EST, la pro-
ducción de bibliotecas BAC, el descubrimiento de genes y el análisis de las
formas de expresión de los genes. Estos temas son abordados con frecuen-
cia por los institutos de investigación italianos colaborando entre sí y/o con
institutos extranjeros, en el contexto de diferentes proyectos de investiga-
ción financiados por instituciones públicas o privadas. Las técnicas de trans-
ferencia génica han sido aplicadas tanto a rizomas como a cultivares de uva
vínica internacionales y autóctonos, con el objeto de conferirles caracterís-
ticas agronómicas útiles (resistencia a virus, hongos, tensiones abióticas y
desarrollo de grandes frutos sin semillas). En el ámbito experimental se ha
autorizado la divulgación respecto de una pista específica. (Bulletin O.I.V.,
2004, vol. 77, n° 879-880, pp. 377-388).

RÉSUMÉ

État d’avancement des biotechnologies du raisin en Italie∞∞:
méthodologies, objectifs, résultats

En Italie, divers outils biotechnologiques et moléculaires sont employés
pour l’identification des vignes, les diagnostics, les études phylogénétiques
et le transfert de gènes depuis les années 1990. Depuis peu, cependant,
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la recherche s’emploie surtout à développer de nouveaux marqueurs ADN à
des fins d’identification variétale et clonale, la sélection assistée par mar-
queurs, l’identification de marqueurs de séquences exprimées est, la pro-
duction de banques des chromosomes artificiels bactériens (BAC), la décou-
verte de gènes et l’analyse de l’expression des gènes. Ces domaines de
recherche sont souvent traités par des instituts de recherche italiens qui col-
laborent ensemble et/ou avec des instituts étrangers, dans le cadre de dif-
férents projets de recherche financés par des organismes publics ou privés.
Des techniques de transfert de gènes ont été appliquées à des porte-greffes,
ainsi qu’à des cultivars de raisin internationaux et autochtones, dans le but
de leur attribuer des traits agronomiques utiles (résistance aux virus, cham-
pignons et agressions abiotiques et développement de grosses baies sans
pépin). Des cultures expérimentales ont, à ce jour, été autorisées sur une laie.
(Bulletin O.I.V., 2004, vol. 77, n° 879-880, pp. 377-388).

RIASSUNTO

Rapporto sul progresso delle biotecnologie della vite in Italia:
metodologie, obiettivi, risultati

In Italia gli strumenti biotecnologici e molecolari vengono utilizzati a
partire dagli anni ’90 per l’identificazione dei vitigni, a fini diagnostici, per studi
filogenetici e per il trasferimento di geni. Più recentemente, l’attenzione della
ricerca è stata focalizzata su nuovi marcatori del DNA per l’identificazione
varietale e clonale, sulla selezione assistita da marcatore, lo sviluppo di EST,
la produzione di librerie BAC, la scoperta di geni e l’analisi dell’espressione
genica. Spesso questi temi sono affrontati da istituti di ricerca italiani in
collaborazione tra loro e/o con istituti stranieri, all’interno di progetti di ricerca
diversi, con finanziamenti pubblici o privati. Le tecniche di trasferimento
genico sono state applicate ai portinnesti, a varietà da vino internazionali ed
autoctone, con la finalità di conferire caratteristiche agronomicamente utili
(resistenza a virus, funghi, stress abiotici, e sviluppo di bacche apirene di
grandi dimensioni). Per una prova è stata autorizzata la sperimentazione in
campo. (Bulletin O.I.V., 2004, vol. 77, n° 879-880, pp. 377-388).

INTRODUCTION

The application of biotechnologies on grape in Italy is spread over dif-
ferent research topics, such as the genome analysis for linkage and physi-
cal mapping; the detection and isolation of genes involved in the resistance
to several important diseases and in metabolic pathways linked to grape
ripening; the detection of markers useful for assisted selection in table
grapes; the characterization and identification of clones, cultivars and species
of Vitis by means of molecular markers; the production of transgenic
grapevine plants through the definition of efficient transformation and regen-
eration protocols, for the achievement of carefully targeted goals.

These themes are often dealt by Italian research Institutes in collabo-
ration among them and/or with foreign Institutes in Europe and in the world,
within different research projects funded by Italian Ministries, Regions and
also privates. Many of these projects are connected each other with impor-
tant implications.
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THE EUROPEAN PROJECT “GENRES 081”

Italy participated with four research Institutes1 to the five years long
European project Genres 081, from 1997 to 2002.

The utilisation of six STMS markers for variety recognition was one of
the objectives of the project. Descriptors for these markers were developed
and the layout was conceived according to the OIV descriptor list for
grapevine varieties and Vitis species (OIV, 1983).

The important results of this work were the following:

1. the general comparability of microsatellite profiles, produced with differ-
ent technical methods and equipment in different labs, was demonstrated;

2. a uniform fragment size labelling was produced, by using variety specific
PCR fragments as internal standards;

3. the informativeness of this set of markers was tested and their discrimi-
nant power showed to be very high, even if not sufficient for the identi-
fication of closely related varieties;

4. a minimum list, as complete as possible, of reference alleles was
obtained with the analysis of a large set of very different varieties by all
partners.

The complete molecular work is in press (This et al., in press).

THE “VITIS MICROSATELLITE CONSORTIUM” (VMC)

This international consortium was instituted in 1997 to develop
microsatellites for use on grape and related species. The idea was to split
the intense work of clone sequencing among many partners. Twenty mem-
bers from 11 countries participated, five being from Italy2. The consortium
provided the discovery and characterization of more than 370 new markers
from Vitis vinifera L. genome. Many of these markers are currently in use
for different purposes: clonal differentiation, varietal identification, pedigree
analysis, linkage mapping. The advantage of this enterprise is that each
member may use not only the primers of loci sequenced by himself, but
also those from all other partners.

“THE ITALIAN AMPELOGRAPHIC PLATFORM”

From 1996 to 2001 a project was funded, entitled “Progetto finalizzato
vitivinicolo”. Part of this project was devoted to the enrichment of knowledge
on Vitis local germplasm. Molecular studies with SSR markers were per-
formed by Istituto Sperimentale per la Viticoltura on numerous biotypes and

1 Istituto Sperimentale per la Viticoltura, Istituto Agrario of S. Michele all’Adige, Uni-
versity of Udine, Centro Miglioramento Genetico della Vite of Torino.
2 Istituto Agrario di S. Michele all’Adige, University of Milano, University of Siena,
University of Udine and Istituto Sperimentale per la Viticoltura.
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clones of Sangiovese, Negroamaro, Prosecco, and on grape populations, such
as Corvine, Fiano, Falanghine, Greci, Aglianici, Refoschi, Primitivi, Muscats,
giving a contribution to the clarification of synonym and homonym cases, and
to the discovery of pedigree relationships (Crespan and Milani, 2001; Cres-
pan et al., 2002).

“GENOMIC APPROACH FOR THE DEFINITION OF BIOLOGICAL PARAMETERS
RELATED TO THE QUALITATIVE CHARACTERISTICS OF BERRIES AND

YEAST USED IN THE VINIFICATION PROCESS”

This important Italian genomics project started in 2002, is three years
long and joins 12 Italian groups among universities and research institutes3,
with 7 work packages. The main objectives are the definition of genetic-
molecular parameters useful to evaluate qualitative characteristic of berries
and the determination of fermentative ability of yeast.

a. WP1: Vitis vinifera L. EST generation

The objective of this WP is the production of sequences related to thou-
sands genes expressed during berry ripening with two different approaches:
the building of two full length libraries from berries at two different stages
and the analysis of sequences obtained in the WP2.

b. WP2: Correlation of transcription profile with specific metabolites pro-
duced during berry ripening

The transcription profile is analysed with the cDNA AFLP transcription
profiling technique, applied on samples collected at different ripening stages.
mRNAs specific for a stage will be isolated and sequenced. The complete
sequence will be obtained from WP1 EST libraries or from WP4 genomic
libraries. The evolution of primary and secondary metabolites is followed
on the same samples used for molecular analysis. The goal is to establish
correlation among gene expression and compounds accumulating in the
berry.

c. WP3 Development of new markers for varietal characterization

This work package is devoted to the development of molecular DNA
markers able to identify rapidly and surely the cultivars, by means of
microsatellite and functional markers (SNPs).

3 Istituto Sperimentale per la Viticoltura of Conegliano (TV), Dipartimento di Gene-
tica of Università del Sacro Cuore of Piacenza, Istituto Sperimentale per l’Enologia of
Asti, ENEA in Rome, Dipartimento di Biologia animale e Genetica of Università degli
Studi di Firenze, Dipartimento di Genetica e di Biologia dei Microrganismi of Univer-
sità degli Studi di Milano, Dipartimento Scientifico e Tecnologico of Università degli Studi
di Verona, Dipartimento di Biologia Ambientale of Università degli Studi di Siena,
Dipartimento di Produzioni Vegetali of Università degli Studi di Udine, Istituto Agra-
rio San Michele all’Adige (TN), Metapontum Agrobios of Metaponto (MT).
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d. WP4: Building of a functional map of grape

Two BAC libraries are in preparation, one with Pinot noir (see below, pro-
ject 1, letter d at IASMA) and another with Sangiovese to produce a first set
of reference clones (milestones) useful for the production of a physical map.

e. WP5: Transcription typification of Vitis vinifera L. varieties

The objective of this WP is the description of transcription characteris-
tics of thousands of genes simultaneously, by the selection of genes identi-
fied in the other WP and the production of the corresponding high density
microarrays. These arrays will be tested with mRNAs extracted from ripen-
ing berries of different cultivars, to study specific transcription profiles.

f. WP6: Development of new markers for characterization of yeasts involved
in the winemaking process.

g. WP7: Setting up of a public database. All useful information will be avail-
able on a web site.

FIVE ADDITIONAL GRAPE GENOME PROJECTS LED BY
THE ISTITUTO AGRARIO OF SAN MICHELE ALL’ADIGE (IASMA)

Since the early '90ies the large IASMA grape collection has been every
year enriched with new crosses, mainly of 30-50 individuals, to support
grape breeding. More recently grape genomics has been largely funded by
public and private supporters and a new impulse has been given to assisted
breeding (more than 10 new crosses of 200 up to 2000 individuals), devel-
opment of genomics tools (large molecular biology laboratory equipment) and
genetic studies.

At IASMA, 5 genomics projects on wine and table grapes are currently
running for a total budget of 7 millions of Euros.

1. “Advanced Biology in Grapevine and Apple”

This large project has been funded in the 2001 by a private fundation
(Fondazione delle Casse di Risparmio di Trento e Rovereto) and is focused
on the following objectives:

a. Large ESTs sequencing, bioinformatics and microarrays

A large database of grape genes (15.000 ESTs) will be developed for the
identification of SNPs markers, suitable for mapping and marker assisted
selection (MAS).

b. Markers and mapping development for resistance and quality traits

Other than SNPs markers cited above, AFLP and SSRs markers are cur-
rently produced and mapped in order to identify genomic regions coding for
resistance and quality traits (Grando et al., 2000; Grando et al., 2003).

c. Development of tools for Marker Assisted Selection

Several techniques (SSCP, dCAPs, DGGE, microsequencing) are under
testing in order to develop and apply rapid and low expensive methods for
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MAS in grape breeding. In particular, we are trying to develop high through-
put SNPs approaches suitable for this purpose.

d. Construction of two BAC libraries for the two main research lines (biotic
stress resistances and quality traits of specific metabolisms)

Two BAC libraries, one from Vitis riparia and the other from Pinot noir,
are in preparation in order to construct BAC contigs covering the genomic
regions, where identified traits are located. The first BAC of Pinot noir has
been set up in collaboration with the group of Dr. C. Boulos at Evry, France.

e. Comparative genomics and grape phylogenesis

Microsatellite and SNPs markers may also be suitable for phylogenetic
studies and comparative genomics among grape species and among grape
and other plant species. In particular, it would be interesting the research
of sinteny between grape and model plants as Arabidopsis based on map
comparison of highly conserved coding regions.

2. “Vine stilbenes and flavonoids: understanding and exploiting
the metabolic pathways (Resveratrol)”

This is another large project funded in the 2001 by the Provincia
Autonoma di Trento and the Frunhofer Institute in Aachen, Germany.

It is a functional genomic project aiming to uncover the flavonoids
metabolism in grape based on the differential display and using a microar-
ray approach. The identified candidate genes, coding for specific enzymatic
components of the pathways, as well as their regulators, can be used to
obtain new plant varieties either by means of classical genetic approaches
(marker-based plant breeding) or by genetic engineering. For classical breed-
ing the development of single nucleotide polymorphisms (SNPs) for the can-
didate genes would allow the generation of an efficient set of molecular
markers which subsequently can be used for assisted selection of a large
progeny in traditional breeding programs (Velasco et al., 2001). In addition,
identified regulatory and structural genes will be used to manipulate the
metabolic pathways of phenols, especially the resveratrol.

3. “MASTER: Marker Assisted Selection for TablE gRape”

This project has been funded in the 2001 by the European Community
as INCO project.

The aim is the development of a common set of molecular markers
that allow the breeder the rapid screening and characterisation of table
grape genotypes for the development of new varieties. The traits of interest
are focused on seedlessness, fruit size and shape, harvest time, Muscat
flavour.

Each partner works with its own segregating populations, while the pro-
ject contains the following work packages:

a) Generation of genetic maps of different parents used to generate F1 pro-
genies, mainly based on SSRs.
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b) Evaluation of the phenotypic features of the F1 plants obtained in each
progeny.

c) Mapping the QTL determinants for the traits of interest.
d) Identification of highly linked molecular markers and conversion of them

in SCAR markers with application in different progenies in a genotype
independent manner.

e) Validation of the performance of these markers in different genotypes and
progenies of table grapes.

4. “Analysis of the grape genomic structure towards isolation of
relevant genes to improve grape quality (BAC-co)”

The project has been funded in the 2002 by the Provincia Autonoma di
Trento and is based on the collaboration among IASMA, University of Udine
and Metapontum Agrobios (Metaponto, Matera).

The aim is to analyse the structure of grape genome by studying DNA
repeats, DNA methylation, GC content, and so on, building the basis for a
whole genome sequencing initiative (an International Grape Genomics Pro-
gram long term goal: www.vitaceae.org).

As a detailed structural analysis of the grape genome remains to be
performed, frequency and distribution of repetitive sequences still have to
be determined and it is not known how these sequences are organised with
respect to genes.

The main objective will be to verify if regions with high gene density are
present in the genome and to concentrate the physical mapping work on them.

5. “Grapevine physical mapping”

The project has been funded in the 2003 by the Provincia Autonoma di
Trento and is carried out in collaboration with the University of Udine.

Based on the previous experience made on maize in private companies,
the construction of large genome contigs of grape BAC clones will be per-
formed by BAC-fingerprinting, simultaneously with the characterization of
the BAC clones by BAC-end sequencing. The contemporary construction of
a Pinot noir dense molecular map based on SSR, SNPs and AFLP will allow
the production of an integrated map, leading to a new precious tool sup-
porting the International Grape Genome Initiative on the way of grape whole
genome sequencing.

“CHARACTERIZATION, VALORISATION AND PROTECTION OF NATURAL
AND TYPICAL PRODUCTIONS OF ITALIAN VITICULTURE AND ENOLOGY”

This three years long project started at the beginning of 2003. Some
Italian research Institutes are involved4.

4 University of Basilicata (Potenza), University of Naples, University of Palermo,
Università Cattolica del S. Cuore di Piacenza) and the Istituto Sperimentale per 
la Viticoltura
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One of the themes dealt with the project is the traceability of the cul-
tivars from which a wine derives. Decreasing amount of grape DNA may be
found, from fermentation through various enological processes until wine is
produced. Protocols for DNA extraction from must and wine will be defined
and different markers for cultivars identification will be tested.

ADDITIONAL INFORMATION FROM UNIVERSITY OF UDINE

Besides the projects presented above, the team working on Vitis at the
University of Udine is engaged also in other important research topics,
mainly financed by the Regional Administration of Friuli Venezia Giulia.
They are:

a) the production of segregating populations derived from controlled crosses
for studying the genetic control of different interesting agronomic traits,
such as disease resistance (especially downy and powdery mildew), antho-
cyanin metabolism, for mapping and gene isolation;

b) the construction of a linkage map based on microsatellite markers;
c) the mapping and isolation of genes involved in the pathway of antho-

cyanin and flavour synthesis. Also in this case, the polymorphism and
expression pattern of these genes in grape will be studied.

For more details, refer to the relation presented at Kecskemet in Hungary
the last June 2002 (Peterlunger et al., 2002).

PARTICULAR ENTERPRISES BY ISTITUTO AGRARIO OF
S. MICHELE ALL’ADIGE

From 2002, this Institute released a searchable on line database for the
“Grape Microsatellite Collection” which includes the genotyping at microsatel-
lite loci of Vitis sp accessions analysed in its lab and from literature
(http://www.ismaa.it/areabioav.gmc.html).

Besides, the Institute offers a qualified service for cultivars genotyping
to Institutes or Privates which need to check the identity of grapevines in
the vineyards or in the nurseries or which wish to describe the genetic rela-
tionships among varieties.

Grapevine genetic engineering in Italy

In the past, researches on grapevine transformation and/or regenera-
tion were partly funded by national projects, such as the “Piano Nazionale
Sviluppo di Tecnologie Avanzate Applicate alle Piante” and the “Progetto
finalizzato Biotecnologie vegetali” of the Italian Ministry of Agriculture, the
project “Advanced Research for Innovations in the Agricultural System
(RAISA), SP2 Agricultural Biotechnologies in Plant Production” of the National
Research Council-CNR. At the moment no specific national project is fund-
ing researches aimed to produce genetically engineered grapes. The main
results so far obtained in Italy on gene transfer to grapevine are here briefly
reviewed.
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Transformed roots of grapevine were produced at the end of the ‘80ies,
inoculating internodes of three Italian grape cultivars with Agrobacterium
rhizogenes (Gribaudo and Schubert, 1990). The first stable transgenic
grapevine plants (Vitis rupestris containing a selectable marker gene and the
GUS reporter gene) in Italy were obtained about a decade ago (Martinelli
and Mandolino, 1994).

Afterwards, gene transfer technologies were used to introduce useful
genes in rootstocks as well as in international and autochthonous wine grape
cultivars. The vector Agrobacterium tumefaciens has been used in most
cases, the biolistic method being less frequent and sometimes adopted for
transient expression (Saldarelli et al., 2000). Regeneration has been gener-
ally obtained by means of somatic embryogenesis, but transgenic plants
were also regenerated through organogenesis (Mezzetti et al., 2002). So far
several genes conferring interesting agronomical traits were transferred to
grapevine and a limited number of transgenic plants was obtained. Experi-
mental field release has been asked and authorized for one trail (see
http://www.sanita.it/biotec/Ogm/ricerca.asp).

RESISTANCE TO BIOTIC STRESSES (FUNGI)

A gene encoding for the synthesis of osmotin has been transferred in
Vitis rupestris through the vector A. tumefaciens (Rugini et al., 1996).
Osmotin previously proved to have a protective role against some fungal
infections.

An increased production of resveratrol could improve both the agro-
nomic features of the plant and its value as food source. The increased pro-
duction could be obtained through the overexpression of the stilbene syn-
thase gene (StSy). This gene has been used to transform tobacco and its
transfer to grape, through the vector A. tumefaciens or a gene gun, is cur-
rently in progress at the University of Milan (Ghiani et al., 2002).

RESISTANCE TO BIOTIC STRESSES (VIRUSES)

An international collaboration among the Universities of Bari, Vienna
and the Açores (P) resulted in the genetic transformation of V. vinifera (‘Rus-
salka’ selfpollinated) and of the rootstock 110 Richter (Gõlles et al., 2000).
Nine different constructs were used, containing the chimeric coat protein
(CP) genes of Grapevine FanLeaf Virus (GFLV), including nontraslatable and
truncated forms of the CP gene, Arabis Mosaic Virus (ArMV), Grapevine Virus
A (GVA), and Grapevine Virus B (GVB). Two of these constructs were trans-
ferred also to V. vinifera ‘Nebbiolo’ (Gribaudo et al., 2002) and to other cvs.
Regenerated plants proved to be transformed and all transgenic lines obtained
until now are under evaluation.

Another approach to induce pathogen-derived virus resistance was
adopted by a research group in Bari (University and CNR) and S. Michele
all’Adige (IASMA). Movement protein genes of GVA and GVB were intro-
duced in Vitis rupestris and in V. vinifera ‘Superior Seedless’ (Martinelli et
al., 2000). Transgenic plants were regenerated and the assessment of the
level of tolerance to the viruses was planned.
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RESISTANCE TO ABIOTIC STRESS

A project aimed to the improvement of salt stress tolerance is in progress
at the University of Milan (Ghiani et al., 2002). The genes which are being
used for genetic transformation of grapevine are the codA gene from
Arthrobacter globiformis and AVP1 gene from Arabidopsis thaliana. The for-
mer encodes choline oxidase, the enzyme that synthesizes glycinebetaine,
a compound with osmoprotectant properties. The latter encodes the vacuo-
lar H+-pyrophosphatase, an increased vacuolar proton gradient results in
increased solute accumulation and water retention.

IMPROVEMENT OF FRUIT CHARACTERS

The release of table grape cultivars with large seedless berries was the
goal of a group of Italian researchers from both public and private Institu-
tions including the Universities of Ancona and Verona, and Vitroplant (Cesena,
Italy). This research led to the establishment of a field trial in Italy, at pre-
sent the only one concerning transgenic grapevines (authorization Ministry
of Health n° B/IT/99/26, 1999-2004).

The applied protocol (Mezzetti et al., 2002) has a few peculiar and inno-
vative aspects compared to the most commonly adopted techniques. Regen-
eration was obtained through organogenesis. Proliferating shoots were sub-
jected to recurrent chemical and mechanical treatments to induce the
formation of meristematic bulks. Slices prepared from the meristematic bulks
were co-cultured with an A. tumefaciens strain containing the chimeric gene
DefH9-iaaM, composed of an ovule-specific regulatory regions and the iaaM
coding region which induces an increased synthesis of the auxin IAA. The
gene conferred parthenocarpic fruit development to several horticultural
species (tomato, eggplant, strawberry, raspberry) improving fruit produc-
tion. The method was used to genetically engineer the ‘Silcora’ and ‘Thomp-
son seedless’ table grape cultivars. The transgenic grapes are now at the 3rd
year of field cultivation. First observations (Mezzetti, pers. com.) are in
agreement with the results obtained from horticultural species transformed
with the same gene. The transgenic plants show normal vegetative growth
and ampelographic features of the original cultivars, with the only exception
of slightly deeper lower-lateral sinus in comparison to control plants.

Transgenic grapevines currently under evaluation have been obtained few
years ago using constructs containing genes for agronomic traits, promot-
ers and markers available at that time. Marker genes usually code for antibi-
otic resistance: to avoid their use, a research started in 2003 at the Uni-
versity of Bari, IASMA and IVV-CNR for the selection of alternative markers.

In Italy, as well as in other countries, the genetic engineering tech-
niques are used not only in breeding programs but also for functional anal-
ysis of the genome, with the transfer of genes involved in significant bio-
logical processes. Efficient transformation methods in transient test systems
and stable models are indeed important tools for studying gene functions at
the molecular and organism level, including gene regulation and interac-
tions. Attempts are being made to extend this experimental approach from
model plants to largely cultivated species such as grapevine, as wished also
in the White Paper of the International Grape Genome Program (2002).
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RESUMEN

Desarrollo de una levadura de vino superior: 
situación actual y perspectivas futuras de satisfacer el desafío de

los consumidores

Hay un predominio de las levaduras en el antiguo y complejo proceso de
producción del vino. En las fermentaciones espontáneas existe un patrón de
crecimiento progresivo de las levaduras nativas, mientras que las etapas
finales están invariablemente dominadas por las cepas de Saccharomyces
cerevisiae que muestran tolerancia al alcohol. A esta especie se la conoce uni-
versalmente como levadura de vino y es ampliamente preferida para iniciar
y desarrollar fermentaciones vínicas. La función primaria de la levadura de
vino es catalizar la conversión rápida, completa y eficaz de los azúcares de
la uva en etanol, dióxido de carbono y otros metabolitos menores aunque
importantes sin pérdida de los sabores. Sin embargo, debido a las exigencias
de la moderna práctica vitivinícola y el refinamiento de los mercados del vino,
existe una búsqueda siempre creciente de cepas especializadas de levadura
de vino que ofrezcan una amplia gama de propiedades enológicas optimiza-
das, mejoradas o novedosas. Esta presentación describe el estado actual de
las levaduras de vino mejoradas genéticamente y los objetivos posibles en
el desarrollo ulterior de las cepas. A la luz de nuestro limitado conocimiento
sobre los complejos genomas de las levaduras de vino utilizadas en la indus-
tria y de los enormes desafíos que se nos presentan para superar una mul-
titud de complejas cuestiones científicas, técnicas, económicas, de mercado,
de seguridad, legales y éticas referidas al posible uso futuro de cepas mejo-
radas genéticamente, esta presentación es asimismo una advertencia contra
toda expectativa carente de realismo en el corto plazo. Sin embargo, pese a
las actuales proclamas de oposición a los organismos y productos genética-
mente modificados (GMOs), en el largo plazo resultaría perjudicial tanto para
el productor como para el consumidor de vinos que el sector vinícola inter-
nacional ignorara la tecnología génica. En la moderna ciencia vinícola, esta
tecnología provee herramientas muy poderosas para adquirir información
sobre aspectos fundamentales de la levadura de vino, las cuales se aplican
con frecuencia para crear prototipos GM con los cuales es posible desentra-
ñar complejas incógnitas y ensayar hipótesis para luego alcanzar los objeti-
vos originales a través de una estrategia alternativa, ajena a la modificación
genética. Estas perspectivas son subrayadas por ejemplos de prototipos de
levaduras de vino genéticamente mejoradas y por el papel que podría caber
a las cepas de levadura iniciales hechas a medida en cuanto a mejorar la fer-
mentación, el procesamiento y la biopreservación de los vinos, así como por
su capacidad para realzar la entereza y calidad del vino. Hasta donde sabe-
mos, ninguna de estas levaduras de vino genéticamente mejoradas ha sido
utilizada en escala comercial, y lo probable es que la situación continúe sin
cambios a menos que tanto los productores como los consumidores se con-
venzan de que los productos genéticamente modificados son seguros, de alta
calidad y de efecto beneficioso. (Bulletin O.I.V., 2004, vol. 77, n° 879-880,
pp. 389-421).
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RÉSUMÉ

Développement d’une levure de vin supérieure:
situation actuelle et opportunités futures pour répondre 

aux exigences des consommateurs

Les levures revêtent une importance primordiale tout au long du pro-
cessus de vinification ancien et complexe. Dans les fermentations sponta-
nées, on observe un modèle de croissance progressive de levures indigènes,
les dernières phases étant invariablement dominées par les souches Sac-
charomyces cerevisiae, qui tolèrent l’alcool. Cette espèce est universellement
connue sous le nom de « levure de vin » et s’emploie très fréquemment pour
amorcer et exécuter des fermentations viniques. La fonction première de la
levure de vin consiste à catalyser la conversion rapide, complète et efficace
des sucres du raisin en éthanol, en bioxyde de carbone et autres métabolites
mineurs mais importants, sans odeurs étrangères. Toutefois, étant donné
l’exigence des pratiques modernes de vinification et la complexité des mar-
chés vinicoles, la demande de souches de levures de vin spécialisées, pré-
sentant diverses caractéristiques œnologiques optimisées, améliorées ou
inédites, ne cesse d’augmenter. Cette présentation a pour but de décrire la
situation actuelle des levures de vin génétiquement améliorées et les objec-
tifs potentiels pour un développement plus poussé des souches. À la lumière
des connaissances limitées sur les génomes complexes des levures de vin
industrielles et des impressionnants obstacles à la résolution d’une multi-
tude de problèmes complexes d’ordre scientifique, technique, économique,
commercial, sécuritaire, juridique et éthique, cette présentation précise éga-
lement les réserves que suscitent certaines expectatives irréalistes à court
terme. Toutefois, malgré l’actuel courant d’opposition contre les organismes
génétiquement modifiés (OGM) et les produits qui s’ensuivent, il serait désa-
vantageux à long terme, tant pour le producteur que pour le consommateur
de vin, d’ignorer plus avant les possibilités qu’offre la technique génétique
dans le secteur international du vin. En science moderne du vin, cette tech-
nologie apporte de puissants outils pour obtenir des informations sur les
aspects fondamentaux de la levure de vin et est souvent employée pour créer
des prototypes génétiquement modifiés permettant de résoudre des pro-
blèmes complexes et de tester des hypothèses en vue d’atteindre ensuite les
objectifs initiaux au moyen d’une stratégie alternative, qui ne recourt pas
aux OGM. Ces perspectives sont mises en lumière par des exemples de pro-
totypes de levure de vin génétiquement améliorée et par le rôle que les
souches de levain pourraient jouer dans l’amélioration de la fermentation, du
traitement et de la biopréservation des vins, ainsi que par leur capacité à amé-
liorer les effets salutaires et la qualité organoleptique du vin. À notre
connaissance, aucune de ces levures de vin génétiquement améliorées n’a
encore été utilisée à l’échelle commerciale ; ce phénomène devrait persister
tant que les consommateurs et les producteurs n’auront pas admis que les
produits génétiquement modifiés sont sûrs, de bonne qualité et bons pour la
santé. (Bulletin O.I.V., 2004, vol. 77, n° 879-880, pp. 389-421).
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RIASSUNTO

Sviluppo di lieviti del vino superiori: 
situazione attuale e opportunita’ future per vincere la sfida del

consumatore

I lieviti sono predominanti in tutto il processo, antico e complesso, di vini-
ficazione. Nelle fermentazioni spontanee si verifica un modello di crescita
progressiva di lieviti nativi, in cui le fasi finali sono invariabilmente dominate
da ceppi alcool-tolleranti di Saccharomyces cerevisiae. Questa specie è uni-
versalmente nota come lievito del vino, ed è la scelta di elezione per dare ini-
zio e gestire il processo di fermentazione del vino. Il ruolo principale del lie-
vito del vino è quello di catalizzare in modo rapido, completo ed efficiente la
conversione degli zuccheri d’uva in etanolo, anidride carbonica e altri impor-
tanti metaboliti minori, senza sviluppare sapori sgradevoli. Tuttavia, data la
natura ardua delle pratiche di vinificazione moderne, e la sofisticazione dei
mercati vinicoli, si assiste ad una crescente ricerca di ceppi di lieviti del vino
specializzati, che possiedano un’ampia gamma di proprietà enologiche otti-
mizzate, migliorate o del tutto nuove. Questa presentazione descrive la situa-
zione attuale dei lieviti del vino geneticamente migliorati ed i target poten-
ziali per l’ulteriore sviluppo dei ceppi. Alla luce delle conoscenze limitate dei
genomi complessi dei lieviti del vino industriali, e le sfide incombenti per
superare una serie di problemi complessi, di tipo scientifico, tecnico, econo-
mico, commerciali, di sicurezza, giuridici ed etici, legati al possibile utilizzo
in futuro di ceppi geneticamente migliorati, questa presentazione intende
mettere in guardia rispetto alle attese irrealistiche a breve. Tuttavia, nono-
stante la corale opposizione attuale, contro gli organismi e i prodotti gene-
ticamente modificati (OGM), possiamo affermare che, a lungo termine, se
questa tecnologia genetica fosse ignorata dal settore vinicolo internazionale,
produrrebbe svantaggi sia per i produttori sia per i consumatori di vino. Que-
sta tecnologia, nell’enologia moderna, fornisce strumenti molto potenti per
ottenere informazioni su aspetti fondamentali dei lieviti del vino, che spesso
sono utilizzate per creare prototipi GM con cui si possono analizzare pro-
blemi complessi e dimostrare teorie. Il tutto permette di raggiungere gli
obiettivi, attraverso strategie alternative non GM. Queste prospettive sono
sostanziate da esempi di prototipi di lieviti del vino geneticamente migliorati,
ed il potenziale ruolo che possono avere ceppi di avvio della lievitazione per-
sonalizzati, nel migliorare il processo di fermentazione e la bioconservazione
del vino, migliorando altresì la capacità di valorizzarne l’integrità e qualità
sensoriali. Per quanto ci è dato sapere, nessuno di questi lieviti genetica-
mente migliorati è stato utilizzato su scala commerciale e probabilmente con-
tinuerà ad essere così, a meno che i consumatori ed i produttori si convin-
cano che i prodotti geneticamente modificati sono sicuri, di elevata qualità e
vantaggiosi. (Bulletin O.I.V., 2004, vol. 77, n° 879-880, pp. 389-421).
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1. THE POTENTIAL OF GENETICALLY CUSTOMISED WINE YEAST STRAINS

1.1. Yeast species and strains

The native yeast population associated with the waxy coating on grape
skins is usually dominated by the genera Kloeckera and Hanseniaspora, and
at lesser levels, Candida, Cryptococcus, Hansenula, Kluyveromyces,
Metschnikowia, Pichia and Rhodotorula. The most important and desired
yeast species in winemaking, S. cerevisiae, occurs at extremely low levels
and has to compete with these other ubiquitous grape yeasts for dominance.
In spontaneous ferments, the initial stages are generally dominated by the
non-Saccharomyces species. As the ethanol concentration increases and
other fermentation conditions change, there is a sequential development of
various yeasts that prevail, until S. cerevisiae multiplies to be the dominant
species.

Over the last decade, the application of DNA technology has accelerated
the pace of study of yeast ecology and has improved significantly the under-
standing of the progression of yeast populations during the winemaking pro-
cess. The molecular methods most frequently used to discriminate among
yeast strains with similar physiological characteristics include the following:
chromosome length polymorphisms (CLP); restriction fragment length poly-
morphisms (RFLP); randomly amplified polymorphic DNA (RAPD) using the
polymerase chain reaction (PCR); amplified fragment length polymorphisms
(AFLP) using strain specific PCR primers; temperature gradient gel elec-
trophoresis (TGGE) or denaturing gradient gel electrophoresis (DGGE) of
PCR-amplified products; and Fourier-transform infrared microspectroscopy.
By using these molecular methods, it has become evident that the yeast pop-
ulation dynamics in wine ferments are even more complex and unpredictable
than what was previously believed. For example, in some wines there is an
almost total absence of apiculate yeast in preference to Candida stellata,
Metschnikowia pulcherrima or even S. cerevisiae during the initial stages of
fermentation. On the other hand, some non-Saccharomyces species have
been shown to persist till the end of fermentation. Molecular methods have
also begun to highlight the role of other Saccharomyces sensu stricto species,
as well as interspecific hybrids of Saccharomyces yeasts. Some of these
molecular methods, in particular mitochondrial DNA RFLP, have been used
to analyse fermentation ecology at the strain level. The most unexpected find-
ing is the number of strains of the same species that coexist during fer-
mentation, with some wines having over 100 different S. cerevisiae strains
at the end of fermentation. Moreover, technologies such as PCR-DGGE have
been developed which no longer require the plating of yeast prior to iden-
tification. Using this method novel non-culturable species has been discov-
ered in wine.

The presence of indigenous non-Saccharomyces yeasts in spontaneous
wine ferments are thought to produce wines with a fuller, rounder palate
structure. Local yeasts are also believed by some to contribute to the dis-
tinguishing character of regional wines. However, spontaneous fermenta-
tions are often protracted and the outcome can be highly unpredictable. It is
therefore not surprising that in recent years there has been an increased use
of commercial wine yeast strains to initiate fermentation. It has become
common practice in many large-scale wineries to inoculate with a specific
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strain of S. cerevisiae, which provides rapid fermentation and a more con-
sistent product with a decreased chance of microbial spoilage. Therefore, it
also allows winemakers to use preferred strains to produce wines of a cho-
sen style of wine with predictable quality. With the future availability of wine
yeast strains that can improve multiple facets of the winemaking process,
the advantages offered to winemakers performing inoculated ferments, with
both Saccharomyces and non-Saccharomyces species will expand.

In addition to the primary function of commercial yeasts to catalyse the
rapid, efficient and complete conversion of grape sugars (glucose and fruc-
tose) to alcohol without the development of off-flavours, today's pioneering
winemakers demand starter culture strains with a whole range of specialised
properties that can add value to the final product. This quest for wine yeast
strains that are optimised for specific tasks set by winemakers has led to ded-
icated yeast breeding and genetic engineering as exemplified by the devel-
opment of a malolactic yeast in Northern Hemisphere research laboratories.

1.2. The genetic features and techniques for the analysis and
improvement of wine yeasts

The majority of laboratory-bred strains of S. cerevisiae are either hap-
loid or diploid, whereas industrial wine yeast strains are predominantly diploid
or aneuploid, and occasionally polyploid. The nucleotide sequence of the
entire genome of S. cerevisiae is known. It has a relatively small, compact
genome (ca. 13 000 kb), a large number of chromosomes (16 linear chro-
mosomes varying in length from 200 to 2200 kb), a small number of genes
(ca. 6000 protein-encoding genes), little repetitive DNA and few introns.

Powerful classical and molecular genetic methods exist with which wine
yeast strains can be analysed and modified. Initially, tetrad analysis with the
aid of a micromanipulator was used for the genetic identification, charac-
terisation and mapping of yeast genes. Recently, technology has been devel-
oped to provide a direct link between the genome (full set of genes), tran-
scriptome (full set of transcripts) and proteome (full set of proteins), which
will eventually lead to the unlocking of the complex metabolome (metabolic
activities and metabolites). The genomic sequence has been used to design
and synthesise high-density oligonucleotide arrays to monitor the levels of
expression of nearly all the genes of yeast cells grown under fermentation
conditions. Also, deletion libraries of laboratory strains of S. cerevisiae are
available in different mating types and ploidy that possess a set of approx-
imately 6000 yeasts strains, each with a different single gene deleted. Phe-
notypic and chemical screens of these libraries are defining the biological
function of each of the 6000 genes. The transcriptional response of each gene
to different environmental conditions is identifying genes that are important
to wine fermentation. These include the response to ethanol, osmotic stress,
high and low temperature, high and low pH, copper, limited nitrogen and
sugar, anaerobicity, and progression into stationary phase. Similar experi-
ments are being used to compare genome structure and gene expression in
different strains, including strains isolated from grapevines and commercial
wine yeasts. Proteomic approaches are being used in parallel to uncover the
post-transcriptional changes that occur in different environmental conditions
and genetic backgrounds. Of particular importance to wine is the emergence
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of metabolomics. This technique attempts to analyse all the metabolites pro-
duced by an organism in response to environmental or genetic changes.
This will be fundamental to further our understanding on how genetic and
environmental changes impact on flavour and aroma.

The information obtained from the analysis of the entire genomes, tran-
scriptomes, proteomes and metabolomes of wine yeasts undoubtedly will
increase the specificity of the current methods with which starter strains are
genetically selected and tailored for the production of particular types and
styles of wine. At the moment, the classical strain selection and modification
methods, such as variant selection, mutagenesis, hybridisation (mating, spore-
cell mating, rare mating, cytoduction and spheroplast fusion), are based
mainly on a “shotgun” approach (Table I). With this approach, large genomic
regions or entire genomes are recombined or rearranged. These methods,
therefore, are not specific enough to modify wine yeasts in a well-controlled
manner and they may bring an improvement in some of the yeast strain’s
properties, while compromising other desired traits. The advantages of these
methods are that they can be used to improve and combine traits under
polygenic control. and that they do not give rise to products that are included
in the common definition of GMOs. Therefore, already commercially available
variants, mutants, hybrids, cytoductants and fusants are not subject to the
same strict statutory regulations that pertain to GMOs and are also not treated
with the same level of public suspicion, as are wine yeasts that have been
transformed with cloned DNA. However, gene cloning and transformation
(genetic engineering) remains the only reliable method that offers the pos-
sibility to modify an existing property, to introduce a new characteristic and
to eliminate an unwanted trait without adversely affecting other desirable
properties. Several effective transformation methods and plasmid vectors, as
well as expression and secretion cassettes for the expression of heterologous
genes and the secretion of their encoded proteins, have been developed for
S. cerevisiae (Table II). This has offered wider applicability and a higher
degree of specificity in the development of improved wine yeasts.

1.3. Targets for the genetic improvement of wine yeasts

Generally, the targets of strain development all relate to improved eco-
nomics of production and wine quality. Table III summarises some of the
improvements that can be achieved using genetically engineered wine yeasts.
These targets include increasing the efficiency of the fermentation process,
the processing of wine and control of microbial spoilage, as well as enhance-
ment of the wholesomeness and sensory quality of wine.

1.3.1. Improvement of fermentation performance

Wine fermentations generally proceed at a rate greater than desired and
are usually controlled by lowering the fermentation temperature. “Runaway”
fermentations have a commercial implication, as fermentor space is reduced
because of foaming and volatile aroma compounds are lost by entrainment
with the evolving carbon dioxide. On the other hand, wine fermentation some-
times ceases prematurely or proceeds too slowly. The financial losses caused
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Table I
Genetic methods for the improvement of wine yeast strains

Method Brief description of the method Application

Selection
of variants

Mutagenesis 

Hybridisation 

Simple and direct method, based
on selection of natural genetic
variants found within populations
of all wine yeast strains due to
spontaneous mutations (Ty-
promoted chromosomal transloca-
tion, mitotic recombination, gene
conversion, replication errors)

Application of mutagens to
increase the frequency of muta-
tions in a wine yeast population.
High frequency of mutations can
lead to multiple phenotypes, with
certain traits being improved, while
others are simultaneously debili-
tated. The effect of ploidy reduces
efficiency in diploid or polyploid
strains. Haploid strains are pre-
ferred when inducing mutations.

Intra-species hybridisation entails
sporulating diploids, recovering
individual haploid ascospores and
mating of haploid cells of opposite
mating types to produce a new
heterozygous diploid. As for all
sexual reproduction, the resulting
diploid strains may show proper-
ties that are different from that
of either parental strain.
There are several forms of spe-
cialised types of hybridisation in
cases in which classical sexual
reproduction cannot be applied.
These include:

Spore-cell mating: Many wine
yeasts are homothallic and
require a direct spore-cell mating
procedure, which entails placing
four homothallic ascospores from
the same ascus into direct con-
tact with heterothallic haploid
cells by micromanipulation. Mat-
ing will occur between compati-
ble ascospores and cells.

Requires availability of appropri-
ate selection procedures (enrich-
ments, direct positive selection,
etc.), since the number of sig-
nificant mutation events is low.
Not used for dramatic improve-
ments.

The use of mutagens (e.g.,
ultraviolet light, ethylmethane
sulphonate, N-methyl, N-nitroso-
guanidine) for directed strain
development is limited, but the
procedure is applied to isolate new
variants of wine yeast strains
before further genetic manipula-
tion takes place.

Hybridisation is the most effec-
tive method for improving and
combining traits under polygenic
control. The inclusion or elimina-
tion of a specific property can be
achieved fairly quickly by hybridi-
sation, on condition that the
property has a simple genetic
basis, for example one or two
genes. However, many desirable
wine yeast characteristics are
specified by several genes or
are the result of several gene
systems interacting with one
another.

Spore-cell mating is used to
cross heterothallic haploid strains
with the ascospores of homothal-
lic wine yeast strains, thereby
combining polygenic traits into a
single diploid hybrid strain. The
diploid will be homothallic.
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Transformation

Rare mating: Forced mating of
strains that do not express a mat-
ing type. Involves mixing of
strains at high densities and the
availability of a strong, positive
selection procedure to select rare
hybrids.

Cytoduction: Introducing cyto-
plasmic genetic elements into
wine yeasts without transfer of
nuclear genes. Cytoduction re-
quires a haploid mating strain
carrying the kar1 mutation, which
impedes nuclear fusion (karyo-
gamy) after mating.

Spheroplast fusion: Direct,
asexual technique. Spheroplast
fusion can be used to produce
either hybrids or cytoductants.
The procedure overcomes the
requirement for opposite mating
types and increases the number
of crosses that can be carried
out. It involves the enzymatic
removal of the cell wall, mixing
of the spheroplasts from different
parental strains in the presence
of a fusion agent, followed by
regeneration on selective agar
medium.

The use of gene engineering to
change specific properties of a
wine yeast strain. Several spe-
cialised vector types (single, low
and multi-copy integrating and
autonomously replicating shuttle
plasmids) have been developed
to transform yeast by either the
spheroplast, chemical, electrical
or biolistic method.

Rare mating can be used to
combine polygenic traits from
two non-mating diploid or poly-
ploid strains into a hybrid strain.

Cytoduction can be used to
introduce genetic determinants
located in the cytoplasm (killer/
zymocin dsRNA, mitochondrial
DNA) and other plasmids.

Spheroplast fusion is used to
fuse cells with different levels of
ploidy. For example, a diploid
wine yeast strain can be fused
to a haploid strain to generate
triploid strains, or two diploid
wine yeasts with complementary
desirable traits can be fused to
generate a tetraploid wine yeast
strain that includes the entire
genetic backgrounds of the two
parental yeasts.

Transformation offers the possi-
bility to precisely change specific
characteristics of any existing
wine yeasts. An existing prop-
erty can be modified, a new
characteristic can be introduced
without adversely affecting other
desirable properties, or an un-
wanted trait can be eliminated.

Method Brief description of the method Application
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Table II
Main stages in heterologous gene expression in wine yeast cells

Stage Brief description and options at every stage

Gene isolation A structural gene (or, more likely, complementary DNA) encod-
ing the protein of interest is isolated from restriction fragments
of DNA from a donor organism.
– DNA fragments containing target gene

– genomic fragment
– cDNA fragment
– PCR fragment
– Chemically synthesised fragment

Cloning The in vitro-manipulated heterologous gene is recombined into 
(vectorisation) an appropriate expression vector.

– Integrating plasmids
– YIp Yeast Integrative plasmids
– Autonomously replicating plasmids
– YRp Yeast Replicating plasmids
– YEp Yeast Episomal plasmids
– YCp Yeast Centromeric plasmids
– Specialised plasmids
– YLp Yeast Linear plasmids
– YAC Yeast Artificial Chromosomes
– YXp Yeast Expression plasmids
– YDp Yeast Disintegration plasmids

Transformation The vector is introduced into yeast cells or spheroplasts by
autonomous or integrative transformation.
– Spheroplasts: cell walls are digested with lytic enzymes, PEG

added, brief heat shock and regeneration.
– Chemical: cells are permeabilised with lithium salts (e.g.,

acetate), DNA and PEG added and cells briefly
heat shocked.

– Electrical: cells and DNA are electrically pulsed in an
electroporation device

– Biolistic: DNA-coated tungsten microprojectile particles
are propelled in a ‘gene gun’ at high speed
into the cell.

Selection Selectable genetic markers, carried by plasmid vectors, are used
to identify transformants (e.g., by complementation of a reces-
sive mutation in the host strain). Empirical selection (after muta-
genesis) may be employed for supersecretor strains.
– Recessive markers: HIS3, LEU2, LYS2, TRP1, URA3, ADE2,

etc.
– Dominant markers:
– Resistance to copper (CUP1), geneticin G418, suphometuron

(SMR1), hygromycin, methotrexate, chloramfenicol, diuron,
canavanin, zeocin, etc.
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Stage Brief description and options at every stage

Expression Heterologous gene expression involves: transcription using
promoter sequences fused upstream from the structural gene;
termination of transcription using terminator sequences fused
downstream from the structural gene; mRNA transport from
nucleoplasm to cytoplasm; initiation of translation and elonga-
tion of the polypeptide chain
– Constitutive promoters: ADH1, END1, GAP491, PGK1,

PYK1, TPI1, etc.
– Regulated promoters: DH2, CUP1, GAL1, GAL7, GAL10,

HSP30, MEL1, MET25, MFα1, PHO5,
etc.

Modification Heterologous proteins are subjected to post-translational chem-
ical modification (e.g., glycosylation, acetylation, etc.)

Signalling/ Specific secretion signal peptides are removed for secretory pro-
Secretion teins, or proteins may be allowed to accumulate in cells or spe-

cific organelles. Certain proteins, if desired, are exported from the
cell into the surrounding medium.
– Homologous secretion signals: MEL1, MFα1, PHO5, STA2,

SUC2, etc.
– Heterologous secretion signals: AMY1, BLA, IFN, GLU1,

etc.
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Table III
Desirable characteristics of wine yeasts and targets for genetic improvement

(adapted from Pretorius and Bauer, 2002)

Desirable properties Focus areas Examples of potential target genes

Improved fermentation
performance

Improved general resilience and Stress response, sterol, Modification of glycogen or trehalose metabolism [for 
stress tolerance glycogen and trehalose example acting on GSY1 and GSY2 (glycogen synthase),

accumulation TPS1 (trehalose-6-phosphate synthase), TPS2 (trehalose-
6-phosphate phosphatase)] 

Improved efficiency of sugar Hexose transporters, Overexpression and modification of HXT1-HXT18, SNF3, 
utilisation hexose kinases FSY1 and use of heterologous transporters and kinases

Improved efficiency of nitrogen Improved utilisation of Proline catabolism [PUT1 (proline oxidase) and PUT2
assimilation less efficient N-sources (pyrroline-5-carboxylate dehydrogenase)] and use of

heterologous catabolic genes

Improved ethanol tolerance Sterol formation, Modification of the expression of PMA1 and PMA2 (ATPase),
membrane ATPase sterol anabolic genes
activity

Increased tolerance to Resistance to killer  Inclusion of KIL2 (zymocin and immunity factor), 
antimicrobial compounds toxins, sulphur dioxide, overexpression of CUP1 (copper chelatin)

agrochemicals

Reduced foam formation Cell surface proteins Deletion of FRO1 and FRO2 (froth proteins)

Improved processing efficiency
Improved protein clarification Proteases Overexpression of PEP4 (protease A) and secretion of

other proteases

Improved polysaccharide Glucanases, pectinases, Overexpression of END1 (endoglucanase), EXG1
clarification xylanases, (exoglucanase), CEL1 (cellodextrinase), BGL1

arabinofuranosidases (β-glucosidase, cellobiase), PEL5 (pectate lyase) and 
PEH1 (polygalacturonase), XYN1-5 (xylanases), ABF2
(arabinofuranosidase)
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Desirable properties Focus areas Examples of potential target genes

Controlled cell sedimentation Flocculins Late expression of flocculation genes (FLO1, FLO5, 
and flocculation MUC1/FLO11) under control of promoters (HSP30)

imparting desired expression 

Controlled cell flotation and Cell wall hydrophobic Late expression of MUC1/FLO11 under control of 
flor formation proteins promoters (HSP30) imparting desired expression pattern 

Improved wine wholesomeness
Increased production of Stilbene synthesis Expression of 4CL9/216 (co-enzyme A ligase), VST1
resveratrol (stilbene synthase)

Reduced formation of Amino acid metabolism, Deletion of CAR1 (arginase) or expression of URE1
ethyl carbamate urea formation (urease)

Reduced formation of Bacteriolytic enzymes, Expression of HEL1 (hen egg white lysozyme), PED1
biogenic amines bacteriocins (pediocin), LCA1 (leucocin) and other bacteriocins

Improved biopreservative Antimicrobial enzymes Expression of HEL1 (hen egg white lysozyme), CTS1
capabilities and peptides; formation (chitinase), EXG1 (exoglucanase) and other antimicrobial 

of sulphites enzymes; expression of PED1 (pediocin), LCA1 (leucocin)
and other heterologous bacteriocin and zymocin genes;
overexpression of MET14 (adenosylphosphosulphate
kinase) and MET16 (phospho adenosylphosphosulphate
reductase), and deletion of MET10 (sulphite reductase)

Decreased levels of alcohol Carbon flux, glycerol Overexpression of GPD1 and GPD2 (glycerol-3-phosphate 
metabolism and dehydrogenase), modification of FPS1 (glycerol transport 
glucose oxidation facilitator), expression of GOX1 (glucose oxidase)

Improved wine flavour and 
other sensory qualities

Enhanced liberation of Glycosidases, glucanases, Overexpression of END1 (endoglucanase), EXG1
grape terpenoids arabinofuranosidases (exoglucanase), CEL1 (cellodextrinase), BGL1

(β-glucosidase, cellobiase), PEL5 (pectate lyase) 
and PEH1 (polygalacturonase), ABF2 (arabinofuranosidase)
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Desirable properties Focus areas Examples of potential target genes

Enhanced production of Esterases Modified expression of ATF1 (alcohol acetyl transferase) 
desirable volatile esters and other alcohol transferases, IAH1 (esterase) and other

esterases

Optimised fusel oil production Amino acid metabolism Deletion of the ILE, LEU and VAL genes

Enhanced glycerol production Glycerol metabolism Overexpression of GPD1 and GPD2 (glycerol-3-phosphate
dehydrogenase), FPS1 (glycerol transport facilitator), and
deletion of ALD6

Bio-adjustment of wine acidity Maloethanolic and Expression of MAE1 (malate permease), together with 
malolactic fermentation, MAE2 (malic enzyme) or mleS (malolactic enzyme), 
lactic acid production or LDH1 (lacticodehydrogenase)

Optimisation of phenolics Phenolic acid metabolism Modified expression of PAD1 (phenyl acrylic acid
decarboxylase), pdc (p-coumaric acid decarboxylase), 
padc (phenolic acid decarboxylase)

Reduced sulphite and Sulphur metabolism, Deletion of MET14 (adenosylphosphosulphate kinase) and 
sulphide production hydrogen sulphide MRX1 (methionine sulphoxide reductase)

formation
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by “stuck”, “sluggish” or “incomplete” wine fermentations are usually attributed
to inefficient utilisation of fermentor space and wine spoilage as a result of
the low rate of protective carbon dioxide evolution and high residual sugar
content. Therefore, the predictability of fermentation and the quality of the
wine are directly dependent on wine yeast attributes that assist in the rapid
establishment of numerical and metabolic dominance in the early phase of
wine fermentation and that determine the ability to conduct an even and effi-
cient fermentation with a desirable residual sugar level. Many factors affect
the fermentation performance of wine yeasts. Among the general targets for
the improvement of fermentation performance are increased resilience and
stress resistance of active dried yeast cells; improved grape sugar and nitro-
gen uptake and assimilation; enhanced resistance to ethanol and other micro-
bial metabolites and toxins; resistance to sulphite, heavy metals and agro-
chemical residues; and reduced foam formation.

Desiccation

The desiccation process, which takes place during the production of
active dried yeast, challenges the yeast to a mixed stress that, although not
well defined, appears to share some properties with freezing and osmostress.
As sterols, trehalose, glycogen and aquaporins fulfil multiple roles in increas-
ing the survival of S. cerevisiae cells exposed to several physical and chem-
ical stresses, they have important implications for the general stress toler-
ance, resilience, fitness and vigour of active dried wine yeast starter cultures
upon reactivation. As a result, there is a strong incentive to develop wine
yeast strains with a superior ability to accumulate these compounds.

Disabling the trehalose hydrolysis pathway, and hence increasing cellu-
lar trehalose concentrations, by deleting the NTH1 or ATH1 (neutral and
acidic trahalase) genes has been shown to increase freezing and/or dehy-
dration tolerance in a laboratory and commercial baker’s yeast. The build up
of a second carbohydrate storage molecule, glycogen, is thought to provide
the yeast with a ready made energy source upon reactivation of dried yeast.
It has been shown that a wine strain overexpressing the glycogen synthase
gene GSY2 accumulates glycogen and has enhanced viability under glucose
limitated conditions but it remains to be determined whether the modifica-
tion provides an advantage to active dried yeast. It has also been reported
that proline and charged amino acids provide desiccation and freeze toler-
ance. Deletion mutations in the PUT1 gene, encoding proline oxidase, and
a dominant mutation in the proline biosynthetic PRO1 gene (γ-glutamyl
kinase), have increased intracellular proline and show higher desiccation,
freeze and/or osmo-tolerance. Also, a deletion mutation in the CAR1-encoded
arginine-degrading enzyme, arginase, increases arginine and glutamic acid
levels and this seems to provide freeze tolerance. Overexpression of the
aquaporin genes AQY1 and AQY2 also confer freeze tolerance to both labo-
ratory and commercial baking strains. Whether desiccation tolerance is also
conferred has not been studied.

However, due to the complex stress response mechanisms in yeast, it
is not yet clear whether the deletion of the NTH1 or ATH1 trehalase gene
and the modification of the expression levels of the genes involved in the
metabolism of trehalose (TPS1, TPS2, ATH1), glycogen (GSY1, GSY2) and
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sterols (SUT1 and/or SUT2), and in the synthesis of aquaporins (AQY1,
AQY2) will result in an improvement in yeast viability and vitality.

Fermentation stress

The high levels of sugar in juice impose an osmotic stress on yeast.
As indicated above, proline and trehalose accumulation both provide osmo-
tolerance to yeast. The main osmolyte in yeast, however, is glycerol. In
response to an osmotic stress a MAPK cascade is activated and the two key
genes in glycerol biosynthesis GPD1 (glycerol-3-phosphate dehydrogenase)
and GPP2 (glycerol-3-phosphatase) are rapidly and transiently induced
greater than 50-fold. Mutations in these genes are osmosensitive whereas
mutations that increase their expression enhance osmotolerance. Commer-
cial wine strains overexpressing either GPD1 or GPD2 have been reported
to have a slight growth advantage at the beginning of fermentation.

The primary cause of most sluggish and stuck fermentations is the high
concentrations of ethanol, which can be augmented by a number of intrin-
sic and environmental factors. The physiological basis of ethanol toxicity is
complex and not fully understood. A major target appears to be cell mem-
branes, with ethanol increasing membrane fluidity and permeability, and
impairing the transport of sugars and amino acids. Changes in trehalose and
HSP genes, cell wall integrity genes, oxidative stress genes and plasma
membrane factors such as H(+)-ATPase activity (Pma1p and Pma2p), sterols
and lipids, all appear to be necessary to counteract ethanol stress. For exam-
ple, modification of the expression of the SUT1, SUT2, PMA1 and PMA2
genes results in increased sterol accumulation and cell membrane ATPase
activity, thereby increasing the resistance to ethanol.

Fermentation stress can also be caused by the presence of other toxic
microbial metabolites (e.g. acetic acid, medium chain fatty acids, etc.),
zymocins (yeast-derived killer toxins), chemical preservatives (e.g. sulphite)
and agrochemicals containing heavy metals (e.g. copper). There are several
strategies to minimise the impact of these factors. For example, the genetic,
mycoviral determinants and other genes encoding killer toxins (zymocidal
peptides) and immunity factors can be incorporated into wine yeasts to make
them insensitive to the zymocins of contaminating wild yeasts. With respect
to resistance to agrochemicals, an increase in the copy number of the CUP1
copper chelatin gene enables wine yeasts to tolerate higher levels of cop-
per residues in the grape must.

Improved utilisation of nutrients

Sugar uptake appears to be the limiting step to complete sugar utilisa-
tion during vinification, and this is strongly influenced by conditions such as
ethanol concentrations and nitrogen availability. The low affinity transporter
Hxt3p and high affinity Hxt6p and Hxt7p play particularly important roles in
wine fermentation. It remains to be determined whether increased expres-
sion of either of these transporters will lessen stuck fermentation. Two hexose
transporter homologues, Snf3p and Rgt2p, are required for glucose sensing.
Snf3 is required for inducing a number of HXT genes under low glucose
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conditions. Dominant SNF3 mutants constitutively express hexose trans-
porters and are resistant to translational inhibition upon glucose withdrawal,
providing a potential mechanism for wine yeast improvement.

The occurrence of stuck fermentations appears to be linked to the
increased amounts of fructose relative to glucose in the media. Whereas
S. cerevisiae is a glucophilic yeast, strains of S. bayanus and S. pastorianus
transport fructose actively by a proton symport protein, Fsy1p. Expression
of FSY1 in commercial wine yeasts may lower the incidence of stuck fer-
mentation.

Nitrogen is the nutrient most often limiting in wine fermentations and
its deficiency can lead to cessation of fermentation as well as the produc-
tion of off flavours such as hydrogen sulphide. A wine strain carrying a muta-
tion in the URE2 gene, which represses expression of proline transport and
metabolic genes, increases the availability of proline and arginine as nitro-
gen sources. However, ure2 deletion strains possess pleotropic phenotypes.
A more specific method may be to specifically target the proline permease
and utilisation proteins (encoded by the PUT genes). Global gene expression
studies of wine yeast growing under differing nitrogen conditions will be
important in identifying other genes that can improve fermentation under lim-
iting nitrogen conditions.

An alternative source of nitrogen in vinification is from autolysis of the
yeast cells themselves. It is possible that a subset of yeast could be targeted
to lyse towards the end of fermentation by adjusting the regulation of the
cell integrity pathway.

1.3.2. Improvement of processing efficiency

The main objectives of fining (addition of adsorptive compounds followed
by settling or precipitation) and clarification (e.g. sedimentation, racking,
centrifugation, filtration, etc.) during wine processing include the removal of
excess amounts of certain components and microbial cells to achieve clarity
and to ensure the physicochemical stability of the end product. The fining and
clarification of wine often include expensive and laborious practices that gen-
erate large volumes of lees for disposal, thereby causing a loss of wine. Some
procedures can also remove important aroma and flavour compounds from
the remaining wine. In order to minimise the disadvantages of these harsh
fining and clarification practices, an increasing spectrum of relatively expen-
sive commercial enzyme preparations (e.g. proteases, pectinases, glucanases,
xylanases, arabinofuranosidases, etc.) are frequently added to the grape must
and wine. As an alternative strategy to the addition of costly enzyme prepa-
rations that often contain unwanted contaminating or side activities, wine
yeasts are being developed to secrete clarification enzymes (for the removal
of haze-forming proteins and filter-clogging polysaccharides) during fermen-
tation and to flocculate at the end of fermentation.

Protein clarification

Heat induced protein haze is caused by grape-derived pathogenesis-
related (PR) proteins (thaumatin-like proteins and chitinases) which slowly
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denature and aggregate, resulting in light dispersing particles forming in
wine. In a first attempt to make unnecessary the use of bentonite and com-
mercial enzyme preparations for the removal of these haze-forming pro-
teins, the expression levels of the PEP4 gene (coding for the only S. cere-
visiae protease active at the low pH of wine) were increased. The
overexpression of the PEP4 gene seems to saturate the vacuolar targeting
machinery, thereby directing the excess amount of protease A to the exter-
nal environment. However, the fermentation of white wine with this prote-
olytic yeast was unable to effectively remove the haze-forming proteins and
to ensure protein stability in the final product. This is most likely because
the specific conformation of the grape’s haze-forming PR proteins makes
them inherently resistant to proteolysis. However, a number of glycopro-
teins have been found to visibly reduce haze formation in wine including
yeast invertase and two mannoproteins from S. cerevisiae known as haze
protection factors (HPF). The HPFs have been overexpressed in yeast and
shown to reduce visible haze.

Polysaccharide clarification

Contrary to the difficulties encountered in the development of an effec-
tive protease-secreting wine yeast, significant progress has been made in
developing polysaccharide-degrading yeasts for the removal of filter-clogging
polymers such as pectins, glucans and xylans. To this end, a wide variety
of heterologous pectinase, glucanase, xylanase and arabinofuranosidase
genes have been expressed in S. cerevisiae.

A pectinolytic wine yeast was developed by co-expressing the Erwinia
chrysanthemi pectate lyase gene cassette (PEL5) and the Erwinia carotovora
polygalacturonase gene cassette (PEH1) in S. cerevisiae. Likewise, glu-
canolytic wine yeasts have been developed by expressing the following
glucanase genes in S. cerevisiae: the Butyrivibrio fibrisolvens endo-β-1,4-
glucanase gene (END1); the Bacillus subtilis endo-β-1,3-1,4-glucanase gene
(BEG1); the Ruminococcus flavefaciens cellodextrinase gene (CEL1); the
Phanerochaeta chrysosporium cellobiohydrolase gene (CBH1); and the Sac-
charomycopsis fibuligera cellobiase gene (BGL1).

Xylanolytic yeasts were developed by expressing the following gene
cassettes in S. cerevisiae: the endo-β-xylanase genes from Aspergillus
kawachii (XYN1); Aspergillus nidulans (xlnA and xlnB); Aspergillus niger
(XYN4 and XYN5) and Trichoderma reesei (XYN2); the xylosidase genes from
A. niger (xlnB) and Bacillus pumilus xylosidase (XLO1); and the A. niger α-
L-arabinofuranosidase gene (ABF2).

Though the levels of secreted pectinases, glucanases, xylanases and
arabinofuranosidases are still below the threshold levels required for the
effective removal of polysaccharides from grape must and wine, some
degree of clarification has already been achieved. Furthermore, prelimi-
nary fermentation trials have also indicated that some of these polysac-
charide-degrading yeasts lead to an increase in juice yield and the release
of colour and flavour compounds entrapped in the grape skins. Further
improvement of these yeasts could eventually lead to the replacement of
or reduction in the levels of commercial enzyme preparations needed for
wine clarification.
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Cell flocculation and flotation

Another target for the improvement of clarification and filtration aims
at efficiently removing all yeast cells from the liquid phase of the tank or
barrel. Regulated expression of the flocculation genes is important to guar-
antee a high suspended yeast count for a rapid fermentation rate during the
fermentation process, while efficient settling is needed to minimise prob-
lems with wine clarification at the end of sugar conversion. Yeast floccula-
tion is especially important for the production of bottle-fermented sparkling
wine, and the controlled onset of yeast flocculation at the appropriate time
during sparkling wine production can simplify this costly process. The expres-
sion of the FLO1 or FLO11 (also known as MUC1) flocculin genes, linked to
the late-fermentation HSP30 promoter, can be induced by a heat-shock treat-
ment, confirming that controlled flocculation is indeed possible during fer-
mentation.

Cell aggregation also plays a key role in the production of flor sherry,
during which a related cellular process results in the flotation of the yeast
cells, thereby forming a velum (biofilm) on the surface of the wine. Several
cell wall proteins have been implicated in vellum formation but the process
appears complex and is likely to be multigenic. Similarity between vellum
and biofilm formation point to Flo11p/Muc1p as a candidate gene in the pro-
cess. By placing the MUC1/FLO11 gene under the control of the HSP30 pro-
moter, the formation of the biofilm can be promoted at the end of fermen-
tation, thereby simplifying the development of the flor.

1.3.3. Improving biological control of wine spoilage microorganisms

Uncontrolled microbial growth before, during or after wine fermentation
can alter the chemical composition of the end product, thereby detracting
from its sensory properties of appearance, aroma and flavour. Healthy grapes,
cellar hygiene and sound oenological practices are the cornerstones of the
winemaker’s strategy against the uncontrolled proliferation of spoilage
microbes. Added safety is provided by the addition of chemical preservatives,
such as sulphur dioxide, dimethyl dicarbonate, benzoic acid, fumaric acid and
sorbic acid, which control the growth of unwanted microbial contaminants.
However, excessive use of these chemical preservatives is harmful to the
quality of the wine and is confronted by mounting consumer resistance. Con-
sumer preferences have shifted to products that are less heavily preserved
with chemicals, less processed, of higher quality, and healthier. Therefore,
biopreservation with yeast-derived metabolites (e.g. formation of SO2 or
hydrogen peroxide during wine fermentations), antimicrobial enzymes
(e.g. lysozyme, chitinases, endoglucanases, etc.) and peptides (zymocins
and bacteriocins) is currently being considered as an alternative strategy to
chemical preservation. However, the use of purified antimicrobial enzymes
and peptides is expensive, resulting in an increase in retail costs. This prob-
lem might be circumvented by expressing effective antimicrobial enzymes
and peptides in wine yeast starter culture strains, thereby addressing the
wine sector’s call for wines of higher quality and purity. This concept is cur-
rently being addressed in various research laboratories with some promis-
ing results already available.
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Zymocidal yeasts

Zymocidal wild yeast may inhibit the growth of the inoculated wine
strain and contribute to sluggish or stuck fermentation. Rapid progress in
understanding sensitivity to zymocins (killer toxins) is being made, per-
mitting the future development of broad-spectrum zymocidal resistance in
wine yeast. A coupled strategy is to produce wine yeast that can impede
the growth of the indigenous microbial population. This can also prevent
the release of various metabolites that negatively impact on S. cerevisiae
fitness as well as preventing the synthesis of off-flavours. Wine yeast that
produce increased SO2 could be useful to suppress the growth of indige-
nous microbes, providing a strategy to reduce SO2 input as an antimicro-
bial and antioxidation agent in wine. Decreasing sulphite reductase
(∆met10) and Met2p (serine acetyltransferase) or increasing Met14p
(adenosine 5’-phosposulphate kinase) activity leads to increased SO2 pro-
duction and can provide flavour stability. An alternative method is the use
of a wine yeast with broad spectrum zymocidal activity. Whereas S. cere-
visiae has a narrow killing range, Pichia anomala, Willopsis saturnus and
Kluyveromyces lactis were shown to be active on many species common
in grape juice, including spoilage yeasts such as Dekkera bruxellensis.
Several of the zymocins have been cloned in S. cerevisiae and the mech-
anisms of action are being established. Although these toxins are gener-
ally less active at low pH, the continuing advances in understanding the
pH dependence of protein stability should make it possible to engineer
more suitable zymocins for winemaking.

The zymocin, zygocin, produced by the salt tolerant yeast Zygosaccha-
romyces bailli, is also active against filamentous fungi. However, heterolo-
gous expression in S. cerevisiae causes the yeast to commit suicide. A large
number of antimicrobial polypeptides are produced by a diverse range of
organisms. Some success in producing yeast that kill filamentous fungi by
attacking the cell wall has been achieved by expressing the CTS1 chitinase
and the EXG1 endoglucanase.

Bactericidal yeasts

Although some zymocidal yeasts have also been shown to be active
on bacteria the focus in wine research has shifted towards the develop-
ment of wine yeasts that secrete bacteriocins or bacteriolytic enzymes to
suppress growth of unwanted bacteria. To this end, the hen egg white
lysozyme gene (HEL1), the Pediococcus acidilactici pediocin gene (PED1),
the Leuconostoc carnosum leucocin gene (LCA1) and the Lactobacillus
plantarum plantaricin gene have been used to engineer bactericidal yeasts.
Secretion of lysozyme and these bacteriocins in S. cerevisiae produced a
yeast that killed sensitive bacteria. Expression of lysozyme or the A. niger
GOX1 gene in yeast offers additional alternatives. The expression of GOX1
in a wine yeast resulted in the production of hydrogen peroxide which can
lead to oxidation toxicity of bacteria. The production of biogenic amines
by bacteria in wine could see the increase in importance of these strate-
gies.
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1.3.4. Improvement of the wholesomeness of wine

It is generally accepted that moderate wine drinking can be socially
beneficial and can be effective in the management of stress and the reduc-
tion of coronary heart disease. The principal protective compounds found in
wine include the phenolic compounds (e.g. resveratrol), salicylic acid and
alcohol. However, prudent wine drinkers are increasingly fastidious about
the presence of undesirable compounds in wine. These unwanted compounds
include ethyl carbamate, biogenic amines, and chemical preservatives, such
as sulphites. When wine yeast strains are developed, it therefore is of the
utmost importance to focus on these health aspects and to develop yeasts
that may enhance the benefits (e.g. production of resveratrol, carnitine,
etc.) and reduce the risks (e.g. eliminating ethyl carbamate and biogenic
amines) associated with moderate wine consumption.

Resveratrol

Resveratrol, a polyphenolic phytoalexin found mainly in grape skins, has
been associated with a large number of health benefits including the
decreased risk of coronary heart disease, cancer prevention and treatment,
and neuroprotection. Expression of the Candida molisciana bgiN gene, encod-
ing a β-glucosidase, showed an increase in resveratrol in white wine. Release
of glucose moieties from the glucoside form of resveratrol was the suggested
mechanism. Also, yeast with altered phenylpropanoid metabolism, express-
ing the coenzyme A lyase gene and the grape stillbene synthase gene (Vst1),
can synthesise resveratrol.

Ethyl carbamate

Ethyl carbamate is formed by the reaction of urea and ethanol. In a saké
strain disrupted for the CAR1gene (encoding arginase) no urea or ethyl car-
bamate was produced.

Biogenic amines

Biogenic amines can trigger hypotension and migraines, and can lead
to histamine toxicity in humans and the production of carcinogenic
nitrosamines. The biogenic amines originate from decarboxylation of amino
acids by bacteria, including malolactic species. Wine strains that inhibit bac-
terial growth may offer a solution. The use of engineered wine yeasts that
are capable of conducting malolactic fermentation should also circumvent the
use of bacteria.

1.3.5. Improvement of the sensory quality of wine

The single most important factor in winemaking is the organoleptic
quality (appearance, aroma and flavour) of the final product. The endless
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variety of flavours stem from a complex, completely non-linear system of
interactions among many hundreds of compounds. The bouquet of a wine
is determined by the presence of a well-balanced ratio of desirable flavour
compounds and metabolites and the absence of undesirable ones. With the
exception of terpenes in the aromatic grape varieties and alkoxypyrazines
in the herbaceous cultivars, perceived flavour is the result of absolute
amounts and specific ratios of many of these interactive compounds, rather
than being attributable to a single “impact” compound. Subtle combinations
of trace components (accumulated secondary metabolites) derived from the
grapes usually elicit the characteristic flavour and aroma notes of wine,
whereas the products of yeast fermentation (e.g. esters, alcohols, etc.) con-
tribute to the generic background flavour and aroma, as well as to the com-
plexity and intensity of the aroma and taste of the final product. Yeast can
also be responsible for the production of unwanted by-products, such as
hydrogen sulphide.

S. cerevisiae is the main winemaking yeast, thus accounting for the
major changes between grape must and wine. Although the most obvious
alteration performed by S. cerevisiae is the conversion of the grape must
sugars into ethanol and carbon dioxide (CO2), the yeast also modify the
sensory properties of the wine. Whereas the secondary metabolites
of grapes are responsible for the principal flavour compounds in grape
must and generally provide the basis of varietal character, yeast fermen-
tation modifies the chemical, colour, mouth feel and flavour complexity of
wine by assisting in the extraction of compounds from solids present in
grape must, modifying grape derived molecules, and producing yeast
metabolites.

Grape derived flavours

Pectinases and glucanases: Pectinases, glucanases and xylanases, as
well as facilitating wine clarification and increasing juice yield, may also
lead to the release of colour and flavour compounds trapped in the grape
skins. As mentioned in section 1.3.2 a number of pectinase-, glucanase
and xylanase genes from bacteria, yeast and filamentous fungi have
been expressed either on their own or together in commercial wine
strains. These yeasts were able to degrade glucans effectively. Similarly,
a number of xylanases have been expressed in S. cerevisiae. It is hoped
that these modified yeast will contribute to the clarification of commercial
wines.

Glycosidases: Yeast can increase wine flavour by releasing terpenols that
are present as non-volatile glycosides in grapes. Expression of a β-1,4-
endoglucanase gene from the filamentous fungus Trichoderma longibratum
in a wine yeast produced a wine with increased aroma intensity. The con-
sequence on flavour release of co-expressing three glucanase genes from
S. cerevisiae (EXG1), Bacillus subtilis (END1) and Butyrivibrio fibrisolvens
(BEG1) in a yeast remains to be determined. Yeast can influence the con-
centration of terpenols by two other means. Mutants in ergosterol biosyn-
thesis have been shown to produce geraniol, citronelol and linalool. More
recently it has been shown that yeast are able to convert one terpenol into
another. As the terpenols have distinct aromas and sensory thresholds,
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these biotransformations may have a significant effect on wine sensory
properties.

Volatile thiols: A number of potent thiol compounds have been shown
to provide the basis for varietal aromas of Sauvignon Blanc and Scheurebe
wines, and are present in wines made from other cultivars. The sulphur-con-
taining volatiles are present as a cysteine conjugate in grape juice and are
released during fermentation by the action of yeast. Release is strain depen-
dent, indicating that the concentrations of the thiols in wine can be regu-
lated by genetically modifying the yeast.

Yeast secondary metabolites

Esters: The characteristic fruity aromas of wine are caused mainly by
the acetate esters of higher alcohols and the C4-C10 ethyl esters. Overex-
pression of alcohol acetyl transferase genes (ATF), encoding for alcohol acetyl
transferase has a marked affect on ester formation. In wine, the concen-
trations of ethyl acetate, iso-amyl acetate, and 2-phenylethyl acetate
increased as much as 10-fold, and the acetic acid concentration decreased
by more than half in an ATF1 overproducing strain. In saké strains, isoamyl
acetate (banana-like aroma) concentrations have been modified by adjust-
ing the ATF1/IAH2 (isoamyl acetate esterase) balance.

Alcohols: Higher alcohols can contribute positively to wine complexity,
but at excessive levels are regarded to have a negative influence on wine
quality. They are also important precursors for ester formation. They are
produced either catabolically, by the breakdown of branched chain amino
acids or anabolically. The role of the anabolic pathway has been recently
studied by deleting the aminotransferase genes BAT1 and BAT2, the muta-
tions leading to a decrease formation of isobutanol, isoamyl and active amyl
alcohols.

Ethanol: High ethanol can affect the sensory properties of wine, giv-
ing them a perceived ‘hotness’ as well as suppressing the overall aroma
and flavour of the wine. Moreover, there is increasing interest and con-
sumer demand for decreasing alcohol content in wines for health rea-
sons. Diverting the flow of sugar away from ethanol synthesis and into
the glycerol pathway has been achieved by overexpressing the glycerol
phosphate dehydrogenase genes, GPD1 and GPD2, in wine strains. Acetic
acid (vinegar) concentrations in these strains are increased to unaccept-
able levels. The acetaldehyde dehydrogenase activity encoded by the
ALD6 gene appears to be the main contributor to the oxidation of acetalde-
hyde during fermentation. A laboratory yeast overexpressing GPD2 and
lacking ALD6 had the desired affect of making more glycerol and less
ethanol, but without the increase in acetic acid. A ‘metabolic snapshot’
of the glycerol overproducing ferments also demonstrated how seemingly
unrelated biochemical pathways can be modified by the change in a sin-
gle gene.

A second strategy used to decrease ethanol is the expression of the
glucose oxidase gene (GOX1) from the fungus Aspergillus niger into a yeast,
resulting in a 2% decrease in alcohol. The glucose in juice is though to be
converted to D-glucono-δ-lactone and gluconic acid, and not available for alco-
hol conversion.


