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Introduction générale


Les ignames sont des plantes à tubercules dont plusieurs espèces revêtent des intérêts alimentaires, socioculturels et économiques considérables pour les Africains. Même si l’igname figure au premier rang des cultures vivrières dans plusieurs pays, leur production ne suffit pas encore à assurer la sécurité alimentaire, qui constitue l’une des préoccupations majeures des autorités politiques. La production mondiale d’ignames alimentaires est d’environ 40 millions de tonnes par an sur 4 millions d’hectares répartis dans 56 pays (FAOSTAT, 2006), dont 95% en Afrique de l’Ouest, avec le Nigeria en tête (26 millions de tonnes), suivi du Ghana (4 millions), de la Côte d’Ivoire (3 millions) et du Bénin (2 millions). Cette production est, pour une large part, directement utilisée par les agriculteurs, mais elle est aussi commercialisée pour approvisionner les marchés urbains. Les tubercules sont le plus souvent consommés sous la forme de purée compacte. Dans les années 80, leur transformation artisanale en cossettes séchées a été développée au Nigéria et en Côte d’Ivoire,  par les opérateurs du secteur agroalimentaire international. Dans leurs zones d’origine, les ignames ont souvent une forte valeur culturelle et sont l’objet de rites agraires.

Malheureusement, cette production ne reste disponible que 6 à 7 mois l’année à cause des difficultés liées à la conservation des tubercules. 

Les Dioscorea cultivées, dont la reproduction sexuée est aléatoire, sont multipliées essentiellement par voie végétative, ce qui entraîne la dissémination d’agents pathogènes dans les plantations, provoquant une baisse de rendement et de qualité des récoltes (Degras, 1986). Contre les champignons parasites du tubercule, la combinaison de tri à la récolte, de conditions de conservation adaptées et de trempage dans les fongicides est efficace. Contre les nématodes, si la charge n’est pas excessive, la thermothérapie humide ou des nématicides peuvent agir utilement. Mais la thermothérapie du tubercule s’est montrée inopérante contre les viroses (Mantell et al., 1977). Dès lors, la culture in vitro paraissait la seule voie possible pour obtenir les plants sains nécessaires à la production, et à l’échange des ressources génétiques, chez l’igname.

La culture in vitro d’ignames, amorcée chez D. opposita Thumb (Sawada et al.,1958), D. composita Hemsl (Nickell in Gautheret, 1959), D. bulbifera L. (Uduebo, 1971), a ensuite permis la propagation des ignames à diosgénine (Chaturvedi, 1975 ; Grewal et al., 1977), puis des ignames alimentaires (Mantell et al., 1978 ; Arnolin, 1980). En 1979, Mantell et Haque ont présenté une technique consistant en la thermothérapie de la plante mère suivie de la culture d’apex in vitro, afin d’éliminer le complexe viral tenu pour responsable de désordres tissulaires dans les tubercules de certaines D. alata L. A l’IITA (Nigeria), en 1988(a), Ng signale la disponibilité de 300 clones d’ignames débarrassés de virus par une technique analogue.

La conservation des ignames sous forme de tubercules au magasin après récolte ou au champ, d’une année à l’autre, pose de sérieux problèmes. En effet, cette conservation est coûteuse et occasionne des pertes de plus de 30% des individus par an (Foua-Bi, 1993 ; Zoundjihékpon, 1993 ; Gerardin, 1996). Ces pertes sont dues d’une part aux bactéries et aux champignons qui provoquent des pourritures, d’autre part aux insectes, aux rongeurs ainsi qu’à la déshydratation de certains tubercules. Pour remédier à ce problème, la conservation à partir de graines serait la mieux indiquée. Cette voie est limitée par le fait que la majeure partie des variétés d’ignames cultivées ne produisent pas de graines à cause des conditions de floraison et de fructification difficiles (Zoundjihekpon, 1993). La conservation des principaux tubercules et racines (igname, manioc et taro) est d’ailleurs un thème important des programmes de recherches des pays africains. Les ressources génétiques d’ignames étant le plus souvent conservées avec des viroses, il est important de prendre rapidement des dispositions pour se débarrasser de ce fléau, si l’on veut échanger ou transporter du matériel végétal.

En conditions naturelles, les tubercules d’ignames sont en repos végétatif pendant environ 4 mois, de décembre à avril (hémisphère Nord). Le traitement des tubercules à l’éthylène chlorhydrine a permis à Campbell et al. (1962) de hâter la germination et d’effectuer des plantations dès le mois de janvier : ni la durée de la phase végétative, ni les rendements, n’en furent affectés. En revanche, on relève dans la bibliographie plusieurs publications concernant des essais de culture retardée par l’allongement de la période de repos. Les moyens utilisés pour prolonger la conservation des tubercules hors-plantation sont très divers, comme l’ébourgeonnage (Clairon & Zinsou, 1980) ou le stockage en chambre fraîche (Arnolin, 1981). Cependant, les résultats de ces différentes expérimentations sont semblables: plus tardive est la plantation entre juillet et novembre, plus courte est la phase végétative et plus réduits sont les rendements en tubercules.

Il semble donc que le comportement des ignames du genre Dioscorea  soit directement dépendant de la date de plantation. Les variations des facteurs du milieu peuvent être à l’origine de cet effet. Cependant, les expérimentations dont on tirerait cette conclusion sont basées sur l’utilisation de tubercules conservés hors-plantation plus ou moins longtemps après la date normale de germination. Or, chez d’autres espèces comme la pomme de terre (Perennec & Madec, 1980), le vieillissement du tubercule entraîne une accélération de la tubérisation des germes aux dépens de la phase végétative. Le comportement observé chez l’igname peut donc avoir deux origines distinctes : l’une interne (le vieillissement du tubercule-mère), l’autre externe (les variations des conditions du milieu).

Les biotechnologies constituent, depuis quelques années, une composante de toutes stratégies de recherche relatives à la multiplication et/ou à l’amélioration génétique des espèces végétales. En effet, devant une demande quantitative toujours croissante et qualitative de plus en plus restrictive, les techniques classiques encore employées aussi bien pour la multiplication que pour l’amélioration de la production des végétaux sont relativement lentes et toujours limitées. En revanche, les opportunités offertes par les cultures de tissus peuvent remédier efficacement aux insuffisances et offrir des améliorations irréalisables par les autres méthodes. La multiplication végétative in vitro par prolifération des bourgeons axillaires est d’application beaucoup plus générale que les autres modes de propagation. De plus, les plantes obtenues à partir de la multiplication par bourgeonnement axillaire offrent une plus grande garantie de conformité et de maintien des caractères au cours des repiquages successifs. Dans ce contexte, la multiplication végétative in vitro peut présenter à priori de nombreux avantages : taux de multiplication inégalé permettant une production de matériel à très grande échelle occupant peu de place et coût réduit par plante produite. Mais plusieurs facteurs peuvent avoir un impact sur l’efficacité de cette approche: la présence ou l’absence de régulateurs de croissance, la teneur en saccharose ou en éléments minéraux du milieu de culture, la photopériode et la température (Malaurie & Trouslot, 1995 ; Omologo et al., 2003 ; Tsafack et al., 2009). L’effet de quelques régulateurs de croissance sur le développement de D. alata L. et de D. abyssinica Hoch in vitro a été étudié par Jean et Cappadocia (1992). Les plantes issues de micropropagation peuvent aussi être utilisées pour la conservation des ressources génétiques d’ignames. Ainsi plusieurs milliers d’échantillons sont conservés in vitro, à la fois en Afrique, en Europe et en Guadeloupe. Mais il existe des contraintes liées à l’utilisation de cette voie, comme l’obtention d’une bonne asepsie, la présence de composés phénoliques dans le milieu, la période de mise en culture (Malaurie et al., 1993 ; Zoundjihékpon et al., 1995). Pour lever certaines des contraintes liées à la culture de l’igname, diverses méthodes biotechnologiques telles que la culture du méristème et celle  de protoplastes sont aussi utilisées, permettant ainsi de résoudre les problèmes de viroses  (Balagne, 1985 ; Malaurie & Trouslot, 1995 ; Zoundjihékpon et al., 1995). La culture in vitro de l’igname permet aussi la tubérisation et l’obtention de   microtubercules ou de microbulbilles (Ng, 1988b). 
A ce jour, le nombre d’études publiées sur la multiplication végétative de l’igname in vitro reste limité, et peu d’entre elles portent sur le comportement ultérieur des plantules et des microtubercules au champ. Cet aspect est pourtant fondamental si l’on envisage une application agronomique de cette technique. 
Ce travail qui s’intitule : Micropropagation et effets des polyamines sur la microtubérisation de l’igname du complexe Dioscorea cayenensis - D. rotundata, a été entrepris dans le but ultime de pouvoir mettre à la disposition des paysans au Gabon et de la sous–région, des vitroplants et des microtubercules d’ignames locaux indemnes de virose. Il constitue une première approche de la question. Deux clones différents, CTRT 233 et CTRT 234 provenant de 2 tubercules différents du cultivar Singo ont été utilisés. Les expériences réalisées portent sur la multiplication par bourgeonnement axillaire, sur la tubérisation et le développement du microtubercule in vitro et enfin sur la conservation et la germination ultérieure des microtubercules obtenus. Au cours de ces différentes étapes, différents paramètres ont été testés en fonction notamment de la littérature sur le sujet : effets de régulateurs de croissance, rôle des polyamines, effet de la teneur en sucre, conditions de conservation, …

Chacun des sujets traités fait l’objet de publications (parue, acceptée ou soumise, selon le cas). Il y a donc d’inévitables répétitions, plus particulièrement en ce qui concerne les volets « Matériel et Méthodes » et nous prions le lecteur de bien vouloir nous en excuser. Par ailleurs, afin de mettre en évidence la progression logique du travail, nous avons  brièvement introduit et conclu chaque chapitre afin de souligner notamment l’évolution de notre démarche expérimentale.

La dernière partie du travail est constituée d’une conlusion générale de tous les résultats obtenus  suivie par une conclusion générale, ainsi que par une perspective d’avenir.
Ce travail constitue une première approche de la question. S’il ne permet pas une extrapolation à grande échelle, il permet cependant une description assez fine de l’utilisation possible de la micropropagation pour la production de « semences » utilisables pour la culture  de l’igname en champs. 
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Revue bibliographique

1 Importance de l’igname

L’igname est une plante alimentaire de première importance dans de nombreux pays tropicaux, qu’ils soient situés en Asie, en Amérique du Sud, en Afrique ou plus particulièrement en Afrique de l’Ouest (Coursey, 1967). Cette importance des ignames est également liée à leur large répartition géographique (FAO, 2002). On les rencontre surtout dans les zones tropicales et équatoriales des divers continents (Degras, 1980a). Les ignames selon Chevalier (1936) cité par Treche (1989), constituaient au début du siècle dernier, la base de l’alimentation pour plus de 10 millions d’habitants dans la zone qui s’étend de la Sierra  Leone à la Centrafrique. Selon cet auteur, l’igname est un aliment presqu’exclusif des Baoulés, des Ashantis, des Sénoufos et des Mandés. Dans la majeure partie du monde, l’igname est consommée fraîche. Pour utiliser la forme fraîche, les tubercules sont stockés entre les récoltes. L’utilisation de tubercules d’igname a été implantée dans les foyers grâce à la participation des opérateurs du secteur agroalimentaire. Deux types de fabrication ont franchi, et pendant un temps pour certaines seulement, le seuil de la commercialisation; les farines et les flocons d’igname. Les fabrications villageoises du pays Yoruba au Nigeria utilisent seulement des broyeurs mécaniques ou électriques mobiles et tractés ainsi que des emballages plastiques. Habituellement l’igname fraîche est pelée, bouillie et pilée jusqu’à produire une pâte collante et élastique, laquelle est appelée igname pilée ou igname foufou, la forme culinaire la plus appréciée en Afrique Occidentale (Idusogie & Olayide, 1973). Le tubercule d’igname est riche en amidon, et assure par là un approvisionnement de base en énergie (Dalouman, 1994 ; Trèche & Agbor-Egbe, 1996). Le principal constituant de l’amidon d’igname est l’amylopectine (Scott et al., 2000; Amusa et al., 2003). Sa composition chimique se rapproche de celle de la pomme de terre, avec toutefois une teneur élevée en matières azotées (Muzac-Tucker et al., 1993; Bhandari et al., 2003; Medoua et al., 2005a , 2005b; Huang et al., 2007; Medoua et al., 2007). La teneur en protéines des ignames est comprise dans une fourchette de 1 à 3% par rapport au poids frais (Baquar & Oke, 1976; Bradbury, 1988). Les protéines sont pauvres en acides aminés soufrés (tryptophane, méthionine et cystéine). Les cendres (0,7 à 2%) contiennent une grande diversité d’éléments minéraux en quantité très variables. Parmi les oligo-éléments, le sodium est de loin le plus important, mais on trouve aussi le zinc, le cuivre, le manganèse et le fer (Afoakwa & Sefa-Dedeh, 2001, 2002a; 2002b; Sefa-Dedeh & Afaokwa, 2002). L’igname contient en outre 4 à 12 mg d’acide ascorbique (vitamine C) par 100 g de poids frais et de la vitamine B. Des teneurs en β-carotène (provitamine A) allant de 0,4 à 1,4 mg/100 g de poids frais ont également été mentionées (Coursey, 1967 ; Martin & Ruberte, 1975; Scott et al., 2000).

Pour une même quantité de matières brutes consommées, la valeur énergétique des ignames est généralement plus faible que celle des autres plantes à racines, tubercules ou fruits féculents, mais leur couverture des besoins en protéines, minéraux et vitamines est plus complète (Treche, 1998). 

L’igname mature, comestible et cultivée ne contient pas en principe de toxines. Cependant, des principes amers tendent à s’accumuler dans les tubercules immatures des D. rotundata Poir et D. cayenensis Lamk. Ce sont des polyphénols ou des tanins. Les formes sauvages de D. dumetorum Pax contiennent des principes amers d’où leur nom d’ignames amères (Degras, 1986). Leur principe amer a été identifié comme de la dihydro-dioscorine alcaloïdes, tandis que ceux des espèces de Malayan, D. hispida Dennsdest, sont des dioscorines (Coursey, 1967; Treche, 1998). Ceux-ci sont des alcaloïdes solubles dans l’eau, lesquels lors de la digestion donnent des symptômes sévères et pénibles. Des cas sévères d’intoxication aux alcaloïdes peuvent être fatals. Il n’y a pas ou très peu d’alcaloïdes dans les variétés cultivées de D. dumetorum Pax (Coursey, 1967). La dihydro-dioscorine s’élimine cependant graduellement et disparaît à maturité complète chez la plupart des variétés cultivées. Cette substance peut également être éliminée par la cuisson ou le rouissage des tubercules. Les principes amers de D. bulbifera L. comprennent un 3-furanoide norditerpène, nommé diosbuline. Ces substances sont toxiques, causant des paralysies. Les espèces amères ne sont normalement pas mangées exceptées en période de famine. 

Les sapogénines, présentes sous forme d’aglycone dans des glycosides désignés sous le terme de saponines, ont un effet moins toxique (Treche, 1989; Lasztity et al., 1998). Elles sont même utilisées pour usage pharmaceutique. Ainsi la diosgénine est utilisée industriellement pour la préparation de cortisone et d’hormones entrant dans la composition de pilules contraceptives (Degras, 1986; Treche, 1989).

Des raphides d’oxalate de calcium et des quantités notables d’acide oxalique sont également présentes dans la plupart des ignames (Waitt, 1963) mais seraient environ 3 fois moins abondantes que dans les racines de manioc ou les cormelles de taros (Oke, 1965; cité par Treche, 1989). 

Enfin des extraits bruts de feuilles et de tubercules possèdent un effet insecticide et leur efficacité raticide a été démontrée (Dumont & Marti, 1997). Ces extraits sont souvent utilisés pour immobiliser le poisson et donc faciliter sa capture. Certains peuples africains utilisent cette igname comme appât pour les singes et les chasseurs Malais l’utilisent pour empoisonner les tigres. En Indonésie, un extrait de D. bulbifera L. est utilisé dans la préparation de flèches empoisonnées (Degras, 1994). 

Le cycle végétatif de l’igname ne permet en principe qu’une seule mise en culture par année et les variétés précoces peuvent être consommées environ quatre mois avant les tardives. Par conséquent, la durée minimale de conservation, afin d’assurer une bonne couverture annuelle des besoins, est de huit mois. D’autre part il est connu que l’igname, de même que d’autres racines et tubercules comme le manioc et le taro, subit des pertes post-récoltes élevées qui fluctuent entre 25 et 60% (Coursey & Booth, 1977; Lancaster & Coursey, 1984; Asiedu, 1986; Gerardin, 1996; FAO, 2004). Ces pertes sont dues d’une part aux bactéries et aux champignons qui provoquent des pourritures, d’autre part aux insectes, aux rongeurs ainsi qu’à la déshydratation de certains tubercules (Wareig et al., 2001 ; Babajide et al., 2006). De plus, la teneur élevée en eau des tubercules, associée aux blessures qu’ils subissent à la récolte ou après, les exposent encore plus aux ravages des micro-organismes. La germination accélère les pertes et limite la durée de conservation (Amusa et al., 2003). La longueur de la phase de repos qui précède la germination fluctue entre 4 et 8 semaines en fonction de l’espèce ou la variété (Passam, 1982 ; Wickam et al., 1984; Wickam, 1988; Craufurd et al., 2001 ; Ile et al., 2006). 

Pour conserver la biodiversité des ignames, plusieurs stratégies peuvent être adoptées: la conservation en champs, le stockage des graines ou la conservation in vitro. La conservation en champs est pénalisée par de fortes contraintes liées au coût d’entretien élevé et aux risques importants d’érosion génétique dus aux aléas climatiques, aux pathogènes ou aux ravageurs. La conservation sous forme de banque de graines est une voie en cours d’exploration, les graines d’ignames étant considérées comme non récalcitrantes. Les techniques de culture in vitro permettent d’éviter les contraintes de la conservation en champs et peuvent s’appliquer à toutes les espèces. 

2 La plante et son environnement 

Les ignames sont des Angiospermes monocotylédones. Elles appartiennent à la sous-classe des Corolliflorea, à l’ordre des Dioscoreales, à la famille des Dioscoreaceae et au genre Dioscorea (Burkill, 1960 ; Emberger, 1960). Le genre Dioscorea comprend plus de 600 espèces dans le monde (Knuth, 1924; Miège, 1952; Coursey, 1967; Ayensu, 1972; Trouslot, 1985; Dumont, 1998; Ile et al., 2006) dont seules dix sont cultivées comme plantes alimentaires (Degras, 1986). Les tubercules de certaines espèces sont utilisés dans la pharmacopée traditionnelle et par l’industrie pharmaceutique, comme source de cortisone et de progestérone. Parmi celles-ci, nous pouvons plus particulièrement citer: D. composita Hemsl, D. floribunda Mart. et Gal., D. deltoidea Wall, D. prazeri Prain et Burkill et D. japonica Thumb. (Degras, 1986; Zhao et al., 2005; Chen et al., 2007). 

Parmi les espèces couramment cultivées dans le monde, nous trouvons: D. alata L., D. cayenensis Lamk., D. rotundata Poir. , D. dumetorum Pax., D. trifida L., D. bulbifera L., D. esculenta Burkill, D. batatas Decne (Alexander & Coursey, 1969 ; Degras, 1986). En Afrique, on dénombre une vingtaine d’espèces autochtones ou introduites, réparties dans sept sections botaniques (Miège & Lyonga, 1982; N’kounkou et al., 1993). La section Enantiophyllum rassemble plus de la moitié des espèces d’ignames sauvages d’origine africaine. La domestication de plusieurs d’entre-elles a fourni des ignames cultivées, qui sont aujourd’hui regroupées dans le complexe D. cayenensis - D. rotundata (Hamon et al., 1997).

Deux espèces représentent plus de 95% de la production mondiale: D. alata L. et le complexe D. cayenensis-D. rotundata. La première est originaire d’Asie du Sud-Est, aujourd’hui largement diffusée dans toute la zone intertropicale. Le complexe D. cayenensis - D. rotundata qui regroupe, faute de barrière génétique, D. cayenensis Lamk (igname jaune) et D. rotundata Poir (igname blanche), (Trouslot, 1985; Hamon, 1987; Malaurie et al., 1995a; 1995b; Zoundjihékpon et al., 1995). La plupart des auteurs (Degras et al., 1980; Dumont, 1982) s’accordent pour reconnaître l’origine africaine de D. cayenensis Lamk et de D. rotundata Poir alors que D. alata L. et D. opposita Thunb ont une origine asiatique. L’étude portera sur ce complexe: D. cayenenesis - D. rotundata.

3 Organisation générale de la plante
Les ignames sont caractérisées par des tiges grimpantes et peuvent atteindre plusieurs dizaines de mètres et présentent un sens d’enroulement spécifique de la section (Figure 1). Ces tiges sont souvent ailées, ondulées et anthocyanées chez D. alata L. Chez les Enantiophyllum (D. alata L, D. cayenensis Lamk, D. opposita Thunb. et D. rotundata Poir), l’enroulement se fait à droite si l’on observe la croissance des tiges, tandis que chez les Combilium (D. esculenta Burkill), cet enroulement se fait à gauche (Trouslot, 1985). Des espèces (D. cayenensis Lamk, D. dumetorum Pax) par exemple ont des tiges épineuses (Fig.1D). 
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          Figure 1: Caractéristiques des tiges d’igname 

A- D. alata

B- D. cayenensis-D.rotundata

C- D. esculenta

D- D. cayenensis

Noter de bas en haut en A et B, les épines, les ailes présentes ou non et le sens d’enroulement.
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             Photo 1 : Plantes d’ignames en croissance végétative

La phyllotaxie des ignames varie suivant les espèces: alterne chez le complexe Dioscorea cayenensis - D. rotundata, opposée ou mixte (D. alata L). Les feuilles (Photo 1), en général, sont entières non lobées (D. alata L.) ou parfois lobées (D. trifida L.) ou encore composées (D. dumetorum Pax). Elles sont rattachées à la tige par un long pétiole (Hladik et al., 1984; Degras, 1986). Certaines espèces de Dioscorea renferment à l’aisselle d’une feuille plusieurs bourgeons. Ces divers bourgeons n’ont pas la même destinée. Ainsi, pour Espiand (1983), celui qui va fournir le rameau secondaire est le bourgeon axillaire tandis que les autres, latents, appelés bourgeons accessoires peuvent se développer en bulbille à la fin du cycle de la plante (Photo 2). 
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     Photo 2 : Dioscorea bulbifera avec bulbilles à l’aisselle des feuilles.

Les bulbilles constituent l’organe de réserve aérien des Dioscoreaceae d’où leur appellation de tubercules aériens. Ces derniers sont en général plus petits que le tubercule souterrain sauf chez D. bulbifera L. où ils prédominent (Photo 2). 
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    Photo 3 : Inflorescences à la partie supérieure des plantes d’igname.  

Les inflorescences axillaires sont des grappes ou épis ; les fleurs femelles, trimères, à ovaire infère triloculaire donnent des samares à trois ailes. La floraison est abondante chez les formes sauvages, réduite chez les formes cultivées (Photo 3).                  

Les racines sont de deux types (Waitt, 1963; Onweme, 1978a; Degras, 1986) : les racines adventives et les racines latérales. Les premières sont des racines épaisses de 3 à 6 mm, longues de 1 à 3 m, relativement peu nombreuses, une à quelques dizaines. En plus de ces racines adventives, on rencontre sur les tubercules des racines qui dépassent rarement quelques centimètres de longueur et un ou deux millimètres d’épaisseur. Ce sont les racines latérales.

Les racines adventives se développent, en premier lieu, à la partie supérieure du tubercule et s’enfouissent pour la plupart profondément dans le sol. Elles assurent la plus grosse part de la nutrition de la plante. Chez les espèces africaines appartenant à la section Enantiophyllum et chez les espèces de la section Combilium, les racines latérales superficielles sont protégées par des épines. Ces racines auraient une courte durée de vie et leur efficacité nutritionnelle pour la plante serait limitée. A côté, des racines adventives se répartissent sur tout le tubercule. Chez les formes rhizomateuses, les racines se développent entre les cicatrices foliaires. Lors du bouturage de rameaux, elles apparaissent au niveau nodal (Espiand, 1983). 

La variabilité chromosomique des ignames a été étudiée à plusieurs reprises. Une synthèse des résultats a été réalisée par Essad (1984). On a deux nombres de base : 2n = 4x = 36 et 2n = 4x = 40. Le second cas correspond à la totalité des espèces asiatiques, à 40% des espèces africaines et à 11% des espèces américaines. Les niveaux de ploїdie les plus fréquents sont 4x, 6x et 8x. L’étude de Hamon et al. (1992) a établi l’exclusivité du nombre de base x = 10 chez les ignames africaines de la section Enantiophyllum, tout en montrant que chez le complexe D. cayenensis - D. rotundata, les types cayenensis Lamk et rotundata Poir sont séparés par des niveaux différents de ploїdie. Toutes les ignames cultivées sont caractérisées par un degré élevé de polyploïdie (Janssens, 2001).

4 Le tubercule de l’igname

On constate que la partie souterraine est particulièrement développée chez les espèces pérennes. Les organes de réserve sont de deux types : rhizome et tubercule. Le rhizome qui est l’organe de réserve ancien des Dioscoreaceae persiste encore chez certains Dioscorea. Cependant, chez la plupart des Dioscorea, l’organe de réserve dénommé tubercule est un organe spécifique, dont la morphologie n’est pas toujours clairement définie. C’est le cas en particulier chez toutes les espèces alimentaires. Ce tubercule peut atteindre plusieurs mètres et peser plusieurs dizaines de kilos. Mais en général le poids du tubercule est compris entre 500 g et 10 kg (Degras, 1986). Il existe également une très grande hétérogénéité pour la couleur de la chair, la forme et le nombre de tubercules produits au sein d’une même espèce. Ainsi, chez D. alata L., le tubercule souterrain peut être ovoïde, fusiforme ou cylindroïde. Au sein de cette même espèce, le nombre de tubercules par pied est aussi variable (Photo 4). 
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      Photo 4 : Les tubercules dormants d’ignames

On dénombre deux à trois tubercules pour certaines variétés (Degras, 1986). Coursey (1967) distingue deux types de tubercules; ceux qui sont pérennes et ceux qui sont renouvelés chaque année. Les premiers caractérisent plutôt les espèces pharmaceutiques et les seconds plutôt les espèces alimentaires (Degras, 1986). Pour ce qui est des formes cultivées de l’igname, les tubercules sont en général de forme cylindrique, mais peuvent varier énormément en poids et en taille.

La formation des bulbilles ne s’observe que chez certaines espèces (D. bulbifera L. et D. opposita Thunb). Les bulbilles apparaissent à l’aisselle des feuilles lorsque le stade de maturation est atteint. Toutes les formations tubéreuses souterraines ou aériennes de l’igname sont traditionnellement appelées tubercules.

De l’extérieur vers l’intérieur du tubercule, les structures anatomiques rencontrées chez le complexe Dioscorea cayenensis - D. rotundata et la plupart des espèces ont été décrites par Trouslot et al. (1976), Mathurin et Degras (1978) et Degras (1986). La partie extérieure du tubercule forme une couche subéreuse de plusieurs épaisseurs. Cette couche offre une protection efficace contre les blessures, les pertes d’humidité et la pénétration des pathogènes après la récolte.

L’intérieur du tubercule forme un tissu, parcouru de fins canaux vasculaires. C’est dans ce tissu que la plante emmagasine des glucides, principalement sous forme d’amidon. La fonction essentielle du tubercule d’igname est d’assurer la multiplication végétative. Si l’on utilise des tubercules intacts pour la multiplication, les germes vont se former uniquement dans la partie supérieure du tubercule lorsque celui-ci est entier. Par contre, lorsque le tubercule est coupé, il est possible d’obtenir des germes sur tous les fragments. A noter toutefois que certains segments du tubercule sont également capables de germer pour autant qu’ils contiennenent une partie de la peau. La méthode de multiplication « Miniset » exploite la propriété qu’ont les tubercules de former des germes sur toute leur surface (INPT, 1988). Cette méthode de multiplication permet de réduire les besoins en plants à l’hectare de quelques deux tonnes à environ 400 kg.

5 Biologie et cycle de développement
Les ignames du complexe D. cayenensis – D. rotundata sont des plantes hémicryptophytes, qui fonctionnent selon un rythme annuel. Leur cycle biologique voit alterner une période de végétation et une phase de repos. Celle-ci commence par la disparition des organes aériens en fin de saison pluvieuse et se poursuit par une phase de dormance du tubercule, qui dure de quelques semaines à quatre mois. Les Dioscorea sont habituellement dioïques rarement monoïques, ou hermaphrodites (Zoundjihékpon et al., 1995). Les pieds mâles sont généralement plus nombreux que les pieds femelles (Coursey, 1967). La floraison est abondante chez les formes sauvages, réduite chez les cultivées. Certains cultivars fleurissent, assez fréquemment chez le complexe D. cayenensis - D. rotundata, plus rarement chez D. alata L. L’ovaire est infère avec deux ovules dans chacune des fentes de déhiscence. La pollinisation est assurée par les insectes. Les Dioscorea sont caractérisés par un seul type de fruit, lorsqu’il existe, il s’agit d’une capsule.

Plante grimpante originaire de forêt tropicale, l’igname du complexe D. cayenensis - D. rotundata est principalement cultivée en zone de savane et demande des sols légers et bien drainés. Elle est exigeante en eau et en chaleur. Les ignames demandent des températures moyennes comprises entre 23 et 30°C et une précipitation annuelle minimale de 1500 mm, la période critique étant celle pendant laquelle la plante est en pleine croissance, alors que les réserves du tubercule mère sont épuisées et que les nouveaux tubercules ne sont pas encore formés (Janssens, 2001). Les ignames sont sensibles à la photopériode, les jours longs favorisent le développement aérien, et les jours courts celui des tubercules. Elles sont exigeantes au point de vue fertilisation (richesse en potasse et en matières organiques), de sorte qu’elles sont placées en tête de rotation après défrichement et brûlis partiel ou après une jachère ou une prairie en zone de culture plus intensive. Les zones de production significative de Dioscorea ne sont localisées qu’à proximité des aires d’origine de la plante: essentiellement l’Afrique, l’Asie, et l’Océanie, le nord du continent sud-américain et les Caraïbes (Degras, 1986). 

6 Modes de propagation


6.1 Propagation en plein champ et culture
L’igname peut être propagée de deux façons, par voie sexuée ou par multiplication végétative. La première voie n’est pratiquement jamais utilisée à cause de la biologie florale de cette plante. En effet, la floraison, la fructification et la germination sont des phénomènes plus ou moins rares et aléatoires. Ainsi, la plupart des variétés agronomiques ne présentent qu’un sexe ou produisent des graines stériles. Cependant, des auteurs (Degras, 1969; Lawton & Lawton, 1969; Sadik & Okereke, 1975, cités par Espiand, 1983) ont décrit la germination de graines chez diverses espèces.   

En culture traditionnelle, la multiplication s’effectue par voie végétative. La plante naît d’un fragment de tubercule appelé bouture ou semenceau mis en terre à la plantation (Wheatley et al., 2002; Kim et al., 2003; Ile et al., 2006). La période de végétation compte deux étapes distinctes. Dans un premier temps, la plante est entièrement dépendante des réserves stockées dans la bouture. La tige s’allonge en produisant des cataphylles, ou feuilles réduites, tandis que le système racinaire se met en place. Ensuite, les racines devenant fonctionnelles, l’appareil végétatif aérien se développe et la plante devient autonome. Le début de la tubérisation coïncide avec le ralentissement de la croissance végétative (Troulot, 1982). La dynamique du développement végétatif et de la tubérisation se trouve influencée par la durée d’éclairement (Okezié et al., 1993). Une longue durée d’éclairement favorise le développement de la masse foliaire et retarde la tubérisation. Une courte durée d’éclairement a un effet inverse. Cela explique pourquoi une plantation précoce, c'est-à-dire bien avant le solstice d’été, est essentielle pour assurer un fort rendement. Elle accroît la capacité de photosynthèse, qui conditionne le poids des tubercules (Degras, 1986). 
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      Photo 5 : D. alata cultivée à plat (non tuteurée).

La culture de l’igname reste largement traditionnelle, manuelle, et sans apports organiques ou chimiques, le plus souvent sur butte (Photo 5). La pratique la plus courante en Afrique et aux Antilles est de constituer des buttes de 50 à 80 cm de hauteur sur 1 à 1, 20 m de large, à raison de 7 à 12 pour 10 m2, en ramassant la terre superficielle. Les plants (tubercules entiers ou morceaux de tubercules) d’ignames sont placés très superficiellement au sommet des buttes. La préparation du sol a généralement lieu en fin de saison des pluies précédant la culture. C’est une opération qui, en culture traditionnelle, consomme une forte main-d’œuvre d’autant plus que la confection des buttes est généralement précédée d’un défrichement sur brûlis. Il faut compter 20 à 30 j/ha pour le défrichage et près du double pour le buttage manuel avec 5 à 6000 buttes à l’hectare (Vernier, 1998). La plantation s’effectue en saison sèche avant la levée de la dormance (décembre à février) pour les Dioscorea-cayenensis - D. rotundata précoces, jusqu’en juin pour les variétés tardives (Janssens, 2001). Elle permet un démarrage de la croissance dès les premières pluies. Les travaux de Mathurin et Degras (1974) ont montré que le taux d’obtention de plants à partir des fragments de tubercules dépend de la position qu’occupe le fragment sur le tubercule. Ainsi, ces auteurs ont noté l’existence d’une hétérogénéité de germination au niveau du tubercule, avec un gradient longitudinal de précocité, de la partie proximale à la partie distale du tubercule. Une mise en place après la levée de dormance est également possible. Elle suppose un égermage préalable qui retarde la levée mais permet une préparation tardive du sol.

La propagation des ignames peut se faire aussi au moyen de bulbilles pour certaines espèces (Lacointe & Zinsou, 1987). Ces bulbilles sont aussi appelées tubercules aériens. D’autres méthodes de propagation ont été expérimentées, c’est notamment le cas du bouturage (Ahoussou & Touré, 1980). La technique des mini fragments, mise au point au Nigéria (Ayankanmi et al., 2005; Ile et al., 2006) permet une multiplication rapide des semences. Des fragments de tubercules (25 à 50 g) sont mis à germer en pépinière puis repiqués sur une planche (six à huit au m2). On obtient des tubercules de 100 à 300 g qui serviront de semenceaux l’année suivante. Cette technique, délicate, nécessite de disposer d’arrosage. Elle est réservée aux multiplicateurs de semences disposant des moyens adéquats. 

L’igname est produite soit en monoculture soit dans le cadre d’associations polyculturales. La monoculture de l’igname est traditionnellement multivariétale et polyspécifique. L’éventail du matériel utilisé reste diversifié aussi longtemps que la production se trouve dirigée vers l’autoconsommation (Dumont, 1998). Dans le système de polyculture, les ignames partagent la surface du champ avec d’autres cultures vivrières associées. C’est le cas par exemple du gombo [Abelmoschus esculentus L. Moench (Malvaceae)], du maїs [Zea mays L. (Poaceae)] ou du melon [Citrillus lanatus Thumb. (Cucurbitaceae)] dans le Sud-Est du Nigeria (Dumont, 1998). 

L’igname est une plante exigeante en matière organique. En agriculture intensive sans jachère, un apport organique est en général nécessaire. Le cycle de la plante étant relativement long, la matière organique contribue à diminuer les pertes par lixiviation et, en conséquence, à diminuer les apports d’engrais chimiques.

La sensibilité de l’igname aux adventices est maximale entre un et trois mois après la levée. En culture continue, trois à quatre sarclages peuvent être nécessaires. Le désherbage chimique permet une maîtrise satisfaisante des mauvaises herbes pendant les quatre à cinq  premiers mois en zone de pluviosité moyenne (savane) et pendant trois mois en zone forestière. Le tuteurage des plantes est considéré comme une contrainte inhérente à la production de l’igname. L’avantage économique du tuteurage, opération exigeante en travail, est variable. Sans tuteur, le rendement peut chuter de 0 à 50% selon les variétés; les moins sensibles sont celles qui produisent plusieurs tiges par pied. Son intérêt décroît avec l’augmentation de la radiation solaire. 

Les ignames du complexe D. cayenensis - D. rotundata sont surtout sensibles aux nématodes qui provoquent des déformations (galles) ou des pourritures (Scutellonema) et viroses (mosaïque). Les maladies cryptogamiques peuvent faire des ravages chez D. alata L. (anthracnose) de même que les viroses chez D. trifida L. (Degras, 1986).
Les insectes peuvent s’attaquer aux feuilles (Crioceris) et aux tubercules (Hetéroligus). Les tubercules stockés sont attaqués par les pyrales et les cochenilles farineuses ainsi que par différentes pourritures sèches (bactéries) ou humides (Fusarium, Botryodiplodia) (Sauphanor & Ratnadass, 1985; Morse et al., 2000). 

6.1.1 La récolte des tubercules
La production de tubercules d’igname est saisonnière (Ravi & Aked, 1996). La récolte des tubercules intervient environ 9 mois après la plantation, lorsque les feuilles commencent à se faner. Le nombre de tubercules par pied varie selon les espèces, et au sein d’une même espèce, ce nombre est aussi variable selon les individus. Chez D. alata L. et le complexe D. cayenensis - D. rotundata, on note généralement deux à trois tubercules par pied (Degras et al., 1997). D’une manière générale, on distingue deux modes de gestion de la culture :

La conduite en double récolte: elle ne concerne que les ignames précoces, un premier tubercule est récolté avec précaution après cinq ou six mois de végétation, sans détruire la plante qui donne ensuite une seconde repousse quatre ou cinq mois plus tard. Les tubercules de la première récolte, immatures, se conservent mal, mais sont très appréciés en cuisine pour la préparation de l’igname pilée. La seconde récolte est surtout destinée à la replantation. 

La récolte unique: Elle se pratique à maturité physiologique après sénescence de l’appareil aérien après neuf à quinze mois de culture en fonction des variétés. Elle concerne toutes les autres ignames et notamment les D. alata L. et les D. rotundata Poir tardives. Chez certaines variétés, les tubercules peuvent se conserver jusqu’à six mois. Une partie de la récolte, jusqu’à un tiers chez certaines variétés du complexe D. cayenensis - D. rotundata à tubercule unique, sert à la plantation. L’igname est essentiellement commercialisée en tubercules frais, qui sont consommés, selon les variétés, bouillis, braisés ou pilés (foutou). 

La production mondiale d’ignames est estimée à 36 millions de tonnes par an, dont 89 % en Afrique de l’Ouest. Le Nigéria représente à lui seul 70% du total. Le rendement moyen en tubercules est de 10 t/ha en Afrique, mais semble pouvoir aller jusqu’à 60 t/ha (Photo 6) avec du matériel sélectionné et de bonnes pratiques agricoles (FAO, 2004). 
Les tubercules récoltés sont stockés et entrent en dormance, dont la durée varie selon les espèces (Passam, 1982).
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         Photo 6. Récolte mécanisée d’ignames D. alata en Goudeloupe
6.1.2 La dormance et la germination des tubercules

La définition de la dormance est très ambiguë, car elle touche des organes divers et a des origines physiologiques très variées. Ainsi, la dormance s’applique aussi bien à des graines qu’à des bourgeons, des bulbes ou des tubercules, et sa mise en place est influencée par des facteurs internes et externes à l’organe touché. De plus, elle ne se manifeste pas de la même manière chez différentes espèces (Suttle, 1996; Bewley, 1997), et les manifestations qu’elle implique peuvent être constatées dans plusieurs autres circonstances pendant le développement du végétal.

Selon Reust (1986), chez la pomme de terre, la dormance des tubercules se définit comme étant un état pendant lequel le tubercule est incapable de germer, même lorsqu’il est placé dans de bonnes conditions de germination. L’équipe de Lang (1987) a proposé une définition générale de la dormance. Selon cette équipe, la dormance est une suspension temporaire et visible de la croissance de n’importe quelle structure de la plante contenant un méristème. Partant de cette définition, et tenant compte des facteurs causant l’arrêt temporaire de la croissance, Lang et al. (1987) ont classé la dormance en trois catégories :

· l’endodormance lorsque l’origine est interne à l’organe dormant ;

· la paradormance lorsque l’origine est interne à la plante mais pas à l’organe dormant lui-même ; 

· l’écodormance lorsque l’origine est environnementale.

Ces définitions sont celles que nous adopterons dans le cadre de ce travail. Mais ces différentes définitions ne font toujours pas l’unanimité au sein du monde scientifique. Ainsi, certains préfèrent parler de quiescence (lorsque les conditions du milieu entraînent un arrêt de croissance végétative), d’inhibition (lorsque l’arrêt de croissance d’une structure est provoqué par l’activité d’une autre structure) et de dormance (lorsque la cause de l’arrêt de croissance est interne à la structure elle-même). 

A coté de ces définitions, on définira également deux notions importantes :

· l’intensité de la dormance, qui fait référence à la difficulté de lever la dormance de l’organe dormant ;

· la longueur de la dormance, qui représente le temps mis par l’organe dormant pour reprendre son activité méristèmatique s’il est placé dans des conditions de croissance optimale.

L’importance de ces deux notions a pour origine l’existence au sein d’une même espèce de cultivars présentant des intensités et des longueurs de dormance non corrélées. Ainsi, il n’est pas rare de trouver des cultivars à dormance courte mais forte et d’autres à dormance longue mais faible pour une même espèce. Notons qu’en plus de cette variabilité, il existe également des différences entre les organes produits par une même plante, mais celles-ci sont moins marquées (Noël, 2005).

D’après Suttle (2000), selon les cas, les tubercules de pomme de terre peuvent être classés dans les trois catégories de dormance décrites par Lang et al. (1987). Nous pouvons dire également que les tubercules d’igname peuvent être classés dans ces trois catégories de dormance, car dans des conditions naturelles, ces tubercules sont endodormants à la récolte, et ce, jusqu’à une certaine période. Ensuite, plusieurs bourgeons peuvent être initiés au niveau de la partie proximale du tubercule (partie du tubercule la plus proche du collet), mais généralement un seul bourgeon, celui qui est dominant, continue à se développer pour former une plante, et les autres bourgeons restent inhibés (Degras et al., 1977; Trouslot, 1985); ils sont dans ce cas paradormants. Lorsque les tubercules d’igname sont conservés à de basses températures, la germination des bourgeons est empêchée par écodormance. Notons que la dormance est un processus qui peut être divisé en trois phases distinctes: l’induction, la maintenance, et la levée. 
L’aptitude au stockage des tubercules d’igname frais dépend pour une bonne part de la dormance. La dormance intervient peu après la maturité physiologique du tubercule. Pendant la période de dormance, les fonctions métaboliques du tubercule sont réduites à un minimum. La dormance a de toute évidence pour fonction de faciliter au tubercule, en tant qu’organe de la multiplication végétative, la transition vers des conditions climatiques plus favorables. C’est ainsi que la dormance est plus longue chez les espèces d’igname originaires de régions aux périodes de sècheresse prolongée que chez les espèces provenant de régions dont les saisons sèches sont plus courtes. La durée de la dormance naturelle varie entre 4 et 18 semaines suivant les espèces (tableau 1).

Tableau 1 : Comparaison de la durée de la dormance naturelle de diverses espèces d’igname sur différents sites (Source Passam, 1982).

	Espèces
	Site
	Dormance (en semaines)

	D. alata
	Antilles
	14 - 16

	D. alata
	Afrique occidentale
	14 - 18

	D. rotundata
	Afrique occidentale
	12 - 14

	D. cayenensis
	Afrique occidentale
	4 - 8

	D. esculenta 
	Afrique occidentale
	12 - 18

	D. esculenta
	Antilles
	4 - 8


La période de la dormance s’achève quand le processus de la germination commence. Dans le cas des graines, Caboche et al. (1998) définissent la germination comme étant la phase de mise en place des mécanismes qui permettent la reprise du développement d’un embryon ayant achevé sa maturation. 

Dans le cas des tubercules, la germination peut être considérée comme étant la phase de mise en place des mécanismes permettant le développement d’un ou de plusieurs bourgeons sur le tubercule après la phase de la dormance. Cette reprise de croissance se traduit par l’apparition des germes, même si cet évènement visible est assez éloigné de la fin de la dormance à proprement parlée. Dans la pratique, on considère un tubercule germé lorsque celui-ci présente des germes de deux millimètres de long. Ce critère a été choisi pour son indépendance vis-à-vis de la variété de pomme de terre testée (Van Ittersum et al., 1992; cité par Noël, 2005). Dans les tubercules d’igname, durant cette phase transitoire de germination, plusieurs changements physiologiques sont notés (Ravi & Aked, 1996; Suttle, 1996), tels qu’une perte importante d’eau et des réserves en hydrates de carbone, ainsi qu’une intense activité respiratoire. Chez D. dometorum Pax, le taux d’humidité et le niveau d’amidon diminuent après la récolte, alors que les contenus en sucres et en fibres augmentent. Les propriétés texturales varient également durant le stockage. Le taux de dureté varie avec le cultivar et la température de stockage (Afoakwa & Sefa-Dedeh, 2001). Chez cette même espèce, les constituants des parois cellulaires (comprenant les fibres, lignine, cellulose et hémicellulose) augmentent durant le stockage, ce qui a pour conséquence de durcir les tubercules et conduit à une perte de qualité dès 48 h après la récolte (Afoakwa & Sefa-Dedeh, 2001).

Facteurs affectant la dormance et la germination des tubercules 

L’âge physiologique du tubercule

La dormance des tubercules peut être influencée par l’âge physiologique du tubercule. Ce terme est utilisé pour définir le stade de développement du tubercule à la plantation (Wiltshire & Cobb, 1996). Il est influencé principalement par le cultivar, les conditions de culture et le moment de la récolte (Wiltshire & Cobb, 1996). Les études menées chez l’igname ont montré que les tubercules récoltés avant leur complète maturité, ont une période de dormance plus longue que ceux récoltés à l’état mature (Ravi & Aked, 1996). 

Facteurs physiques 

La dormance peut être influencée par divers facteurs physiques, parmi lesquels, la température est l’un des plus déterminants. Elle affecte la dormance, aussi bien chez l’igname que chez la pomme de terre. La dormance des tubercules d’igname est prolongée lorsque la température de conservation est comprise entre 10 et 20°C (Ravi & Aked, 1996 ; Suttle, 1996). La température minimale devrait cependant être de 15 °C et au mieux de 16 -17 °C. En dessous de 12 - 13 °C des lésions irréversibles apparaissent. Par ailleurs, la dormance des tubercules d’igname est en général levée par des températures comprises entre 25 et 35 °C. Les travaux d’Okagami et Tanno (1993) ont cependant montré que la dormance des tubercules d’igname induite par l’acide gibbérellique est levée par une incubation des tubercules à une température de 5 °C. 

Chez la pomme de terre, les basses températures prolongent la durée de la dormance, les températures les plus basses prolongeant cette dormance étant de 2 à 3 °C (Suttle, 1996). Selon Wiltshire et Cobb (1996), en considérant une gamme de température de 3 à 20 °C, les tubercules de pomme de terre conservés à des faibles températures auront une période de dormance plus longue que ceux conservés à des températures plus élevées. Notons qu’une humidité relative de 60 à 80% et des températures de 16 à 20°C constituent les conditions environnementales favorables pour la germination des tubercules de pomme de terre (Beukema & Van der Zaag, 1990; Rousselle et al., 1996).

Le contrôle de la température de conservation a fait l’objet de plusieurs recherches. Le froid cause des lésions irréversibles déjà à partir de 10 à 12 °C (Coursey, 1968). Cependant à 16°C, il a été possible de prolonger de 4 mois la dormance et par conséquent la durée de conservation de tubercules de Dioscorea alata (Gonzalez & Rivera, 1972). L’inhibition de la germination n’est complète qu’au dessous de 17 à 18°C, la gamme de températures permettant une bonne conservation est donc étroite (Demeaux & Vivier, 1984).

Une ionisation aux rayons gamma permet une suppression efficace de la germination (Rivera et al., 1974; Adesiyan, 1977; Adesuyi, 1982; Demeaux & Vivier, 1984). Bien qu’ayant démontré son efficacité, cette technique tout comme l’abaissement de la température semblent être inapplicables sur le terrain en Afrique.

L’environnement, notamment l’hygrométrie et la température, influence la germination. C’est ainsi que Passam (1977) a constaté que les tubercules de D. rotundata, exposés à une humidité atmosphérique de 100% pour une température de 25°C germaient déjà au bout de 20 jours. A une température identique et une humidité atmosphérique relative de 60 à 70%, la germination a commencé au bout de 40 jours, tandis qu’à 17°C et une humidité atmosphérique relative de 100%, il s’est écoulé de 30 à 40 jours avant la germination.

On ignore encore à l’heure actuelle si d’autres facteurs que l’hygrométrie et la température, par exemple l’exposition directe aux rayonnements solaires, exercent également une certaine influence sur le déclenchement de la germination. On ne sait pas d’avantage si la plante possède des hormones de croissance propres qui stimuleraient la germination. La formation du germe requiert de l’énergie. Cette énergie, le tubercule la puise dans ses réserves glucidiques. Au fur et à mesure de la germination, le tubercule perd rapidement ses substances nutritives. Il se dessèche tandis que les pathogènes y pénètrent, rendant impossible toute prolongation du stockage (Passam & Noon, 1977).

Facteurs hormonaux  

Comme pour la tubérisation, de nombreuses études ont été menées sur le rôle des phytohormones dans la dormance et la germination du tubercule de pomme de terre (Suttle, 1996; Claassens & Vreugdenhil, 2000; Noël, 2005). Korableva et al. (1989) ont montré que le début de la dormance du tubercule de pomme de terre est associée à une augmentation du contenu en acide abscissique et que la levée de la dormance est associée, quant à elle, à une diminution de sa concentration. Chez l’igname, les mécanismes de régulation hormonale de ces processus ne sont pas élucidés. Les travaux de Hasegawa et Hashimoto (1973) ont montré que le niveau endogène d’acide abscissique est élevé dans les tubercules ou les bulbilles dormantes, et diminue lors de la levée de la dormance. Mais, l’application exogène d’acide abscissique n’entraîne pas de prolongation de la dormance (Wickam et al., 1984).

Une application d’acide 2,4- dichlorophénoxyacétique (2,4-D) sur des tubercules de D. alata L. prolonge la durée de la dormance (Degras, 1986). D’un autre côté, l’éthylène et ses précurseurs (ethrel, 2- chloroéthanol, éthylène chlorohydrine) diminuent la durée de la dormance par induction de la germination. Par contre, chez la pomme de terre, l’éthylène n’aurait, quant à lui, aucune influence sur le maintien de la dormance mais est néanmoins nécessaire à une pleine expansion de celle-ci. Ainsi l’application de cette molécule sur les tubercules dormants reste sans effet alors que l’application de nitrate d’argent, molécule inhibitrice de son action, à des tubercules en développement conduit à une germination précoce de ceux–ci (Suttle, 1998).

S’il est connu que l’application de gibberrellines sur des tubercules dormants de pomme de terre conduit à la germination de ceux-ci et que la concentration endogène de cette phytohormone augmente au cours du stockage des tubercules, il n’est toujours pas clair si cette augmentation est une cause ou une conséquence de la germination (Claassens & Vreugdenhil, 2000). Par contre, l’application de gibbérellines sur des bulbilles ou sur des tubercules dormants d’igname prolonge la période de dormance (Martin et al., 1977; Passam, 1977, 1978; Wickam, 1988). En effet, le GA3 diminue les pertes post-récolte à trois niveaux (Tschannen, 2003, 2005): 

- en provoquant la prolongation de la dormance, les éléments nutritifs et l’eau sont transférés plus tard des tubercules au germe; 

- la respiration pendant la phase de germination est diminuée de moitié; 

- l’évaporation de l’eau est diminuée d’environ 27%. 

Plusieurs travaux font mention de cet effet positif de l’acide gibbérellique sur le prolongement de la dormance de l’igname. Ainsi, la période de dormance a été prolongée de plus de 500 jours chez plusieurs espèces de Dioscorea en traitant les tubercules avec une concentration d’acide gibbérellique de 100 µM (Okagami & Tanno, 1993). De même, la germination a pu être contrôlée durant 45 jours avec une solution GA3 à 150 ppm, appliquée pendant 6 heures (Nnodu et al., 1992).

Notons également que, en plus de retarder la germination chez l’igname, une application de GA3  à la partie apicale du tubercule d’igname provoque systématiquement un changement du lieu d’apparition des germes sur le tubercule entier. Spécifiquement, le GA3 provoque la formation de plusieurs germes sur le tubercule contrairement aux tubercules non- traités qui germent préférentiellement au niveau de la tête. Les données quant au dosage et à la durée du traitement sont toutefois encore souvent contradictoires et incomplètes.

Les travaux de Smith et Rappaport (1961), ont montré que la teneur endogène en GA3 augmente avec l’initiation de la germination chez la pomme de terre. Outre le GA3 d’autres gibbérellines ont été détectées au niveau des tubercules au début de la germination, c’est le cas du GA1 et du GA20 (Jones et al., 1988).

Différentes substances anti-germinatives, ayant démontré leur efficacité sur la pomme de terre, ont été testées sans succès sur l’igname. Ces produits agissent généralement sur la mitose des cellules du méristème aux points de germination. Dans le cas de la pomme de terre, les bourgeons préformés sont localisés superficiellement, alors que pour l’igname les bourgeons sont formés à la levée de la dormance et ils proviennent de la zone sous épidermique (Onwueme, 1973).

Outre les gibbérelines, d’autres hormones naturelles et de synthèse ont aussi fait l’objet de nombreux essais quant à leur effet anti-germinatif. Comme pour les gibbérellines, les cytokinines agissent au niveau de l’entrée en dormance et au niveau de sa levée (Turnbull & Hanke, 1985). Le niveau endogène de cytokinines dans les tubercules de pomme de terre reste constant pendant la conservation. Ce niveau augmente durant le processus de germination, et cette augmentation coïncide avec le développement des germes (Sukhova et al., 1993).
Les données scientifiques quant au rôle des auxines dans le maintien de la dormance du tubercule sont contradictoires et ne permettent pas de conclure. Néanmoins, il existe une corrélation entre la levée de la dormance du tubercule de pomme de terre et le contenu en auxines (AIA) des yeux de celui-ci, la concentration de ce dernier ne cessant d’augmenter depuis la récolte jusqu’à la fin de la dormance (Sorce et al., 2000). Cette augmentation de l’AIA dans les yeux provient du déplacement de l’AIA libre de la moelle vers les yeux. Une fois arrivé, il sera soit gardé libre, soit conjugué (Sorce et al., 2000).

6.1.3 La conservation des tubercules

6.1.3.1. Méthodes traditionnelles
Les méthodes traditionnelles de conservation utilisées en Afrique ont été décrites et répertoriées par différents auteurs (Koné, 1983; Knoth, 1993; Girardin et al., 1996; Tschannen, 2003). Ces techniques dépendent de la variété et de la durée de conservation espérée, des quantités et du temps disponible pour la mise en stock, ainsi que des habitudes régionales. Les méthodes les plus fréquentes sont: la conservation en buttes, en fosses, en tas, sur plates-formes, sur claies et en paillottes.

La conservation en buttes est une technique très rudimentaire, en principe réservée aux variétés à deux récoltes : le complexe D. cayenensis - D. rotundata. Le tubercule de la première récolte est parfois simplement détaché du pied mère et ensuite conservé dans la butte, jusqu’à ce qu’il soit consommé. La conservation en terre est aussi fréquemment utilisée pour D. alata L. qui supporte une récolte différée jusqu’à trois mois après la sénescence des tiges. Les ignames du complexe D. cayenensis - D. rotundata sont parfois conservées dans les fosses creusées aux champs. Les ignames sont rangées verticalement avec leur partie proximale vers le haut et, soit directement recouvertes de terre, ou couvertes de pailles, de tiges sèches d’igname et protégées par des branches épineuses. Cette méthode de stockage concerne les ignames à une récolte et le premier tubercule de celles récoltées deux fois; la fosse permet à ces dernières d’atteindre leur maturité physiologique. La conservation en tas est généralement pratiquée avant le stockage définitif, dans des structures assurant une meilleure protection. Les tubercules sont disposés à des endroits protégés du soleil et des inondations. La taille des tas est réduite afin de permettre une bonne ventilation. Ce procédé ne met pas les tubercules à l’abri des ravageurs en particulier des cochenilles. La plate-forme soutenue par des pilotis, sur laquelle les ignames entassées sont couvertes de branchages ou de palmes, protège les tubercules de l’humidité, de l’attaque des rongeurs et du soleil. C’est un mode de conservation intermédiaire entre le tas et la claie. La claie verticale est la méthode de conservation la plus répandue en Afrique. Il s’agit d’une haie d’environ deux mètres de haut qui est constituée de branches plantées verticalement dans le sol et reliées entre elles par trois traverses, une en haut, une au milieu et une au bas du bâti; le tout est fixé à plusieurs poteaux verticaux. Les ignames sont attachées aux bois verticaux et ensuite légèrement ombragées au moyen de feuilles de palme; qui avec l’orientation est-ouest évitent une trop forte insolation. Cette méthode est à la fois utilisée pour D. alata L. et le complexe D. cayenensis - D. rotundata.
La paillote est une méthode spécifique, elle est de forme prismatique ou conique et elle est construite au moyen de quelques branches, qui sont ensuite couvertes de tiges de mil, de sorgho ou à défaut de paille. Les tubercules sont entassés à même le sol, sous cet abri sommaire. Le but des structures de conservation est d’assurer une protection contre les facteurs climatiques (pluie, soleil, température et humidité relative), contre les parasites (insectes, champignons, bactéries et nématodes), les prédateurs (rongeurs) et les vols. Les avantages et désavantages des méthodes traditionnelles quant à la qualité de la protection qu’elles assurent et au travail qu’elles exigent sont présentés ci-après. 

La conservation en terre, ou sous terre assure une protection contre les températures extrêmes et l’exposition au soleil, de plus elle maintient une humidité relative stable et élevée. La protection semble être particulièrement adaptée à la saison sèche des premiers mois de stockage. Les faiblesses de ce type d’entreposage sont l’absence d’aération et les risques d’inondation en saison des pluies de même que la susceptibilité aux rongeurs. 

L’avantage principal d’un stockage en tas est qu’il est très peu exigeant en travail; ses faiblesses sont la lenteur de l’assèchement après la pluie, l’exposition aux vols qui sont difficiles à détecter et les dégâts dus aux passages de troupeaux de bœufs. 

Les principaux avantages de la claie sont l’aération abondante qui assure un assèchement rapide des tubercules après la pluie, ce qui limite la progression des pourritures, une bonne protection contre une exposition directe aux rayons du soleil et un bon contrôle des vols. Les désavantages semblent être la mauvaise protection contre la pluie et le travail exigé pour fixer les ignames.

La paillote protège les ignames contre le soleil et les précipitations, par contre l’aération et l’assèchement après les pluies sont plus faibles que sur les claies.

6.1.3.2. Méthodes améliorées

Une conservation à 15°C, combinée à un traitement fongicide, ont permis de maintenir les pertes après 6 mois de conservation en dessous de 10% et la germination a pu être diminuée par cet abaissement de température (Demeaux & Vivier, 1984). Le problème de cette technique est le coût, qui est souvent supérieur au prix que reçoit le producteur pour l’igname.

Une ventilation forcée pourrait réduire considérablement les pertes de matières fraîches, même lorsqu’elle est appliquée au stockage traditionnel. Après une conservation de 44 semaines, les pertes sur claie ou en enclos ombragé étaient de 90% alors qu’avec une ventilation forcée continue ou intermittente elles n’étaient que de 18.5% et 15.7% (Mozie, 1982). Cette dernière méthode pourrait s’avérer intéressante pour les planteurs et les grossistes qui ont accès à l’électricité.

La conservation dans une fosse bien ventilée a permis de limiter les pertes de matière fraîche, entre 15 et 25% après 5 mois de conservation ; comparativement les tubercules stockés sur claies ont enregistrés des pertes s’élevant à 60%, durant la même période de conservation (Ezeike, 1985).

Les recommandations suivantes sont valables pour tous les systèmes de conservation (Hahn et al., 1987). Une bonne ventilation devrait être garantie, ce qui nécessite un lieu ouvert et exposé aux courants d’air, ensuite un ombrage satisfaisant (habituellement des arbres) qui assure que seule une lumière diffuse atteigne les tubercules. Finalement les ignames devraient être protégées contre la pluie, afin d’éviter la dispersion des spores de champignons et des bactéries. Une bonne protection contre les parasites, insectes et ravageurs devrait être assurée. Avant la mise en conservation, un assainissement de l’entrepôt et une sélection des tubercules sains devraient être effectuées. Enfin durant toute la période de conservation, il est conseillé de procéder à des contrôles réguliers, de trier les tubercules qui pourrissent et de poursuivre l’assainissement du dépôt.

6.1.3.3. Les pertes lors de la conservation des ignames
Les pertes lors de la conservation peuvent être attribuées à des facteurs physiques, pathologiques et physiologiques (Ajayi & Madueke, 1990). Les causes physiques regroupent les dommages mécaniques, telles que les blessures occasionnées lors de la récolte et les dommages dus à des excès de température.

Les facteurs physiologiques et leur contrôle
La respiration, la déshydratation et la germination sont les causes des pertes d’origine physiologique (Onwueme, 1978). La respiration des ignames en conservation semble être influencée par la température et par le stade physiologique des tubercules: fraîchement récoltés, dormants ou en germination. La déshydratation des tubercules au cours du stockage est responsable de pertes qui peuvent s’élever à 20% de la masse initiale du tubercule. Les pertes d’eau constituent la principale diminution de masse fraîche du tubercule durant la phase dormante (Passam et al., 1978).

Lors de la germination, l’activité métabolique s’intensifie ce qui correspond à un accroissement des taux de respiration. Des tubercules sains se conservent d’une manière satisfaisante aussi longtemps qu’ils sont dormants (Passam, 1982). Lorsque la dormance est levée et que la germination a commencé, les tubercules se dégradent rapidement et les agents pathogènes se propagent, à ce stade une prolongation du stockage n’est plus possible (Passam & Noon, 1977). La dormance semble essentielle à la conservation et les nombreux essais entrepris pour prolonger cet état le confirment.

Le tubercule d’igname étant un organisme vivant, le métabolisme continue également de fonctionner pendant la dormance afin de maintenir la viabilité. C’est dans ses réserves glucidiques que le tubercule puise l’énergie nécessaire. Cette énergie est produite par dégradation des glucides. Ce processus donne naissance à du CO2 et de l’H2O, qui se dégagent dans l’atmosphère sous forme gazeuse. Les pertes de poids dues à la transpiration n’ont aucune incidence sur la teneur en substances nutritives des tubercules, laquelle peut même augmenter relativement du fait de la transpiration. Il n’en demeure pas moins qu’une baisse de poids accentuée liée à la transpiration est un phénomène indésirable, qui amoindrit la viabilité des tubercules (germination), provoque leur flétrissure, leur confère un aspect inesthétique et, dans bien des cas, une altération indésirable de la saveur (Onwueme, 1978). Etant donné que l’igname est en général vendue sur la base de son poids frais et en fonction de son aspect, il est de l’intérêt des paysans de préserver au maximum la teneur en eau du tubercule frais.

Les facteurs biotiques et leur contrôle 

Les éléments biotiques influençant la qualité des tubercules d’igname incluent les attaques des insectes et des nématodes ainsi que les maladies fongiques, bactériennes et virales. 

L’espèce D. cayenensis - D. rotundata est plus sensible aux pourritures provoquées par des champignons que D. alata L. Les Penicillium sont pour Noon (1978), Ricci et al. (1979) et Foua-Bi et al. (1979) les agents pathogènes qui causent globalement les plus graves dégâts. Selon Degras (1986), P. oxalicum peut se manifester au–dessus de l’écorce, apparemment indemne, par des conidies vertes recouvrant des lésions brunes à brun noirâtre avec des teintes violacées chez certaines D. cayenensis - D. rotundata et des traînées blanc verdâtre chez D. alata L. (Foua-Bi et al., 1979). Les champignons pathogènes des tubercules d’igname ont un développement optimal lorsque l’humidité relative est élevée et que la température oscille entre 25 et 30°C à l’exception de Aspergillus niger van Tieg et Mucor circinelloides van Tieg qui ont un bon développement à des températures supérieures à 35°C (Ikotun, 1983). 

Les conditions de conservation influencent le développement des champignons. L’application de thiabendazole ou de benomyl ont permis de réduire les pertes de masse lors d’une conservation au frais, mais ont été sans effet lors d’une conservation à température ambiante (Thompson et al., 1977).

Les micro-organismes responsables des pourritures lors de la conservation pénètrent par des blessures (Ogundana et al., 1970), ce qui indique que la détérioration des tubercules peut-être réduite en minimisant les lésions lors de la récolte et du transport (Noon, 1978). Coursey (1967) remarquait déjà que les attaques d’agents pathogènes étaient énormément facilitées par des dommages physiques causés par des coupures, des contusions ou par des nématodes avant et lors de la récolte. Des substances antifongiques ont été trouvées dans la peau, mais pas dans la chair de l’igname. Leur efficacité in vitro a été prouvée sur plusieurs champignons pathogènes, démontrant ainsi le rôle protecteur de l’épiderme (Ogundana et al., 1984).

La cicatrisation des blessures occasionnées aux tubercules lors de la récolte et des manipulations qui suivent est favorisée par une exposition de quelques jours à température et humidité relative élevées. Ce traitement ne semble être efficace que lors de blessures relativement profondes telles que celles provoquées par des coupures au couteau, par contre les blessures dues à des abrasions ou à un pelage sèchent mais ne se cicatrisent pas (Passam et al., 1976).

Les pertes sont dues, pour l’essentiel, aux larves de deux lépidoptères : Euzopherodes vapidella Mann (Pyralidae, Phyticinae) et une Tineidae (Sauphonor & Ratnadass, 1985; Sauphonor et al., 1987). La seconde espèce se développe sur un aliment moins hydraté que la première; elle lui succède sur les tubercules de D. alata L. après trois ou quatre mois de conservation (Sauphonor & Ratnadass, 1985). 

Parmi les principaux nématodes parasites de l’igname, on peut nommer Scutellonema bradys, Pratylenchus coffeae et Meloidogyne spp. La part des pertes occasionnées par les nématodes endogènes S. bradys et P. coffeae est particulièrement importante durant le stockage. 

Une bonne rotation des cultures peut permettre une forte diminution des populations de nématodes, le maïs, le tabac, le poivron et le coton n’étant pas des hôtes pour S. bradys (Adesiyan, 1976).
6.1.4 Les contraintes liées à la culture

La conservation des ignames en collection et le développement de leur culture montrent que l’opération présente quatre types de difficultés :

· la multiplication et la production de matériel semencier. La multiplication occasionne ainsi le prélèvement d’un pourcentage non négligeable de la récolte et la levée est en outre souvent hétérogène, liée à une dormance variable. 

· La protection et la restauration des sols pour la reconduction de la culture sur la même parcelle. La préparation du sol et les diverses opérations qui accompagnent la mise sur pied d’un champ d’ignames nécessitent un effort, un savoir–faire et une maîtrise de la part de l’agriculteur. En effet, la production de l’igname exige une forte main-d’œuvre, 300-400 personne.jour/ha (Lyonga, 1982) pour la préparation du sol, le défrichage, le sarclage, le tuteurage et la fertilisation. 

· L’assainissement des plantes cultivées. L’état sanitaire de la semence a également des répercussions sur le rendement. L’igname est, en effet, sensible à de nombreux parasites. Deux maladies ont un effet éliminatoire important pendant la période végétative. Ce sont l’anthracnose due à Collestotrichum gloeosporides pour D. alata L. (Ahoussou, 1989) et la mosaїque du complexe D. cayenensis - D. rotundata. et D. trifida L. (Degras, 1986; Thouvenel & Dumont, 1990). 

· Les difficultés de récolte et de post-récolte. Pendant la conservation, les tubercules sont soumis aux nombreux risques de destruction par les insectes (Sauphanor & Ratnadass, 1985), les nématodes en particulier Scutellonema brasdys (Bridge, 1982), les pourritures (Baudin, 1956) et les rongeurs. Cependant, les pertes dues à la conservation résultent fréquemment de blessures lors du prélèvement du tubercule.

Les biotechnologies (culture in vitro) peuvent être utilisées pour résoudre à court, à moyen et à long terme, certains de ces problèmes qui entravent la production de l’igname.
6.2 Biotechnologie et amélioration de la production de l’igname

Selon l’UNESCO, les biotechnologies végétales se définissent comme l’ensemble des techniques de cultures in vitro, de génie génétique, de diagnostic moléculaire et immunologique et de techniques d’inoculation des plantes par des bactéries et les mycorhizes dans le but d’améliorer la productivité et/ou la tolérance aux stress biotiques et abiotiques. L’igname est une plante séculaire et une culture d’avenir pour les Africains, et les biotechnologies ont déjà fait leur entrée dans plusieurs instituts de recherche et Universités d’Afrique. Il faut toutefois reconnaître que certains travaux utilisant les biotechnologies ne se font que dans les pays du Nord. En Afrique de l’Ouest, seul l’IITA (l’Institut International de Recherche en Agriculture Tropicale) va au-delà du microbouturage, en faisant la culture de méristème pour l’éradication des viroses, en utilisant des techniques de biologie moléculaire (RFLP, RAPD-PCR….) ou de cytométrie en flux pour la caractérisation des ressources génétiques d’ignames. Elles permettent de résoudre des problèmes en diversifiant l’exploitation des plantes à tubercules comme l’igname pour une amélioration de la production brute et une transformation du matériel biologique qui est employé comme aliment et comme médicament au bénéfice des populations rurales, de la société et de l’environnement. Elles interviennent à plusieurs niveaux, et notamment ceux de la production de matériel de plantation et de l’assainissement des plantes cultivées. 
6.2.5 La micropropagation in vitro de l’igname

Pratiquement, n’importe quel organe (bourgeon, racine, feuille, anthère, etc.) ou fragment d’organe (explant), prélevé sur une plante, peut être cultivé isolément sur milieu nutritif. Si l’explant n’est pas un organe ou une partie d’organe, mais un tissu ou une des cellules spécialisées de tel ou tel tissu, il s’agit d’une culture de tissu ou de cellules au sens strict. Le terme culture in vitro sous-entend généralement des conditions d’asepsie telles que le développement de l’explant ne soit pas gêné par la présence de bactéries ou de champignons. Organes, tissus ou cellules peuvent soit proliférer de façon anarchique et y constituer des amas cellulaires différenciés qu’on appelle cals, soit développer des bourgeons et/ou des racines, donnant ainsi naissance par voie directe à des plantules viables. 

La culture des végétaux in vitro n’a été pendant longtemps qu’un moyen d’étudier les exigences nutritionnelles de la plante en rapport avec diverses phases de croissance et de développement, élargissant les possibilités d’analyse de la machinerie végétale et de son fonctionnement. Son utilisation rationnelle, facilitée par un contrôle de plus en plus précis de l’organogénèse, en a fait un outil moderne de la multiplication végétative, sur relativement peu d’espace et à un coût réduit.  

Diverses modalités de multiplication végétative existent en culture in vitro. Selon le cas, on distinguera la micropropagation par prolifération des bourgeons axillaires, la micropropagation par bourgeonnement adventif et l’embryogénèse somatique qui permet l’obtention d’embryons et la régénération de la plante à partir de cellules somatiques. 

La multiplication végétative par prolifération des bourgeons axillaires est d’application beaucoup plus générale que les deux autres modes de propagation. Un bourgeon ou portion terminale de tige mis en culture ne développe en principe qu’un seul axe par la croissance du méristème caulinaire principal mais peut aussi se ramifier ultérieurement. Mais la composition du milieu peut être contrôlée de telle manière que tous les bourgeons axillaires potentiellement présents puissent se développer en autant de petites tiges feuillées et celles-ci, à leur tour, peuvent développer des rameaux latéraux. Ce développement végétatif peut être provoqué à partir de fragments de tiges ou d’inflorescence pourvu qu’ils comportent des nœuds et par conséquent des bourgeons axillaires. De plus, les plantes obtenues à partir de la multiplication de bourgeons axillaires offrent une plus grande garantie de conformité et de maintien des caractères au cours des repiquages successifs que les autres techniques. Il permet d’élever le taux de multiplication, de propager végétativement des plantes réfractaires aux méthodes traditionnelles (bouturage, greffage), une multiplication pendant toute l’année avec possibilité de stockage à court et moyen terme.

La multiplication végétative par culture in vitro a fait l’objet de nombreux articles de synthèse et d’ouvrages (Murashige, 1974; Margara, 1984; Auge et al., 1982 ; Georges, 1993 ; Georges et al., 2007 ). Les conditions de culture (milieu de culture, température, lumière) peuvent varier d’une espèce à une autre. D.alata L. a fait l’objet de micropropagation dès les années 1970 (Ammirato, 1976; Mantell & Haque, 1977). Plusieurs autres espèces ont par la suite été multipliées par cette voie. Il s’agit de D. rotundata  (Mantell et al., 1978), D. esculenta  (Belarmino & Del Rosario, 1991), D. trifida  (Balagne, 1985) et Dioscorea spp. (Peters, 1986). 
6.2.6 Assainissement des plantes cultivées

L’amélioration des conditions sanitaires par la culture in vitro est très souvent associée à l’éradication des viroses. La baisse du rendement due à la présence du virus de la mosaїque de l’igname a été estimée à 20% en Côte d’Ivoire (Thouvenel & Dumont, 1990). Chez de nombreuses espèces, la culture de méristèmes permet de se débarrasser de cette contrainte majeure pour la culture des ignames (Malaurie & Trouslot, 1995). Chez D. trifida L., la thermothérapie sur des microtubercules a été utilisée pour éliminer le virus (Balagne, 1985). Après culture de méristèmes et contrôle des plantes régénérées par immunoenzymologie, inoculation mécanique sur plante-hôtes et observations en microscopie électronique, le matériel cultivé in vitro peut circuler entre laboratoires ou entre différents pays (Ng & Hahn, 1985; Malaurie & Trouslot, 1995). 

6.2.2.1. Culture de méristèmes
L’application des techniques de culture in vitro pour la production de plants sains a fait l’objet de différentes études (Mantell, 1993). Des travaux ont été effectués sur D. alata L. (Mantell et al., 1980), D. rotundata Poir. (Ng, 1992), Dioscorea spp. (Malaurie & Thouvenel, 1988 ; Malaurie et al., 1992) et D. trifida L. (Saleil et al., 1990). Malaurie et al. (1995a) ont étudié les effets de la concentration de régulateurs de croissance sur le développement morphologique de méristèmes excisés d’un génotype de D. praehensilis Benth  et d’un clone du complexe D. cayenensis - D. rotundata. Les travaux faisant état d’une élimination de virus par culture de méristèmes, après utilisation de techniques de diagnostic, sont ceux de Saleil et al. (1990) sur D.trifida L. et Mantell et al. (1980) sur D.alata L. Saleil et al. (1990) confirment l’obtention de plantes indemnes de Yam Mosaic Virus (YMV), après contrôle Elisa, avec un taux de succès de 27%, déterminé à partir du total des plantes indexées. Mantell et al. (1980) confirment l’obtention de plantes indemnes de Fleous Rod Virus (FRV), après contrôle par microscopie électronique, mais ne précisent pas le taux de plantes assainies. La culture de méristème peut être aussi envisagée pour la création des banques de germoplasmes d’igname in vitro pour la conservation (Ng, 1994; Malaurie et al., 1995). 

La culture de méristème est aussi utilisée pour la micropropagation chez D. opposita (Niwata et al., 1983) et la régénération de pousses feuillées à partir de bourgeons axillaires de 2 à 3 primordiums chez D. alata et D. esculenta. Cette dernière technique n’est pas adaptée à D. rotundata (Belarmino & Del Rosario, 1991).
6.2.2.2. Thermothérapie, chimiothérapie
Des essais d’éradication des viroses ont été effectués par thermothérapie sur les micro-boutures (Balagne, 1985) ou des cultures d’apex (Salazar & Fernandez, 1988) de D. trifida L. L’influence de la température (37°C) et d’un agent antiviral (Virazole) sur l’obtention des plantes indemnes de virus de la mosaïque de l’igname a été étudiée sur des microboutures nodales virosées de D. praehensilis Benth et du complexe D. cayenenesis - D rotundata cv Kouba (Malaurie, 1998). Lors des travaux de Mantell et al. (1980), la thermothérapie (14 jours de flux d’air chaud à 36°C) a été appliquée sur des plantes mères in vivo, avant l’excision du méristème. L’action de la seule chimiothérapie (vidarabine, ribavirine) appliquée sur des microboutures nodales de D. alata L. cv Kinabayo, infectées par un potyvirus, a été décrite par Mantell (1993).

6.2.2.3. Les autres voies d’amélioration de la production de l’igname
La culture de protoplastes, utilisée pour l’amélioration génétique des plantes cultivées depuis une trentaine d’années, a été exploitée chez les ignames. Les travaux de Tardieu (1987) et Okito et al. (1993) chez plusieurs espèces d’ignames ont conduit à un rendement moyen de 2.106 à 15.106 protoplastes par gramme de feuilles et à un taux de 85% de protoplastes viables mais incapables de se diviser. Des microcals de forme globulaire et à structure homogène ont été obtenus à partir de protoplastes chez deux cultivars de D. alata L.: oriental Lisbon et yellow Lisbon et certains d’entre eux ont pu évoluer jusqu’à la régénération de plantes avec le cv oriental Lisbon (Funes & Boccon-Gibod, 1988; Kandasamy, 1996; Mantell & Boccon-Gibod, 1997). Chez quatre génotypes de D. cayenensis - D. rotundata, des colonies de 20 à 50 cellules issues de protoplastes ont été observées et seules quelques divisions ont été obtenues chez les protoplastes de D. bulbifera (Mantell & Boccon-Gibod, 1997). 
La culture d’embryons zygotiques matures ou immatures est également exploitée chez l’igname dans le but de développer un programme d’amélioration de la plante chez D. opposita Thumb (Yakuwa et al., 1981), D. composita Hemsl., D. cayenensis Lamk (Viana & Mantell, 1989), D.alata L. et D. cayenenesis - D. rotundata (Arnolin et al.,1991). Chez D. opposita Thumb., l’embryogenèse somatique a permis de régénérer des plantules à partir de suspensions cellulaires (Nagasawa & Finer, 1989). Chez D.alata L., grâce aux cultures d’explants et de protoplastes, on a observé les premiers stades d’embryogenèse somatique (Twyford & Mantell, 1990) et même la régénération de plantules de D. alata L. La cryoconservation a été initiée il y a plus d’une vingtaine d’années chez l’espèce médicinale D. deltoidea (Butenko et al., 1984) et a été appliquée avec succès aux espèces comestibles D. alata L. et D. bulbifera L. (Malaurie & Trouslot, 1996). 

Il ressort de cette investigation que des travaux de recherche dans le domaine de la biologie de l’igname, de son importance, des contraintes agronomiques et phytosanitaires et de l’amélioration de la production par des voies  biotechnologiques ont été réalisés. Toutefois, le problème de pénurie de matériel de plantation se pose avec acuité et il importe que des études soient menées dans ce domaine. 

7 Microtubérisation

La production d’organes de réserve peut aussi être considérée comme technique de micropropagation. La culture in vitro peut induire la formation d’organes de réserves caractéristiques, bien que petits : des bulbilles chez des plantes à bulbes, des microtubercules chez la pomme de terre et l’igname, des protocormes chez les taros et les orchidées. Certains d’entre eux peuvent être plantés directement dans le sol. Chez la pomme de terre, des microtubercules sont produits sur des plantules indemnes de virus. Ils peuvent être stockés sans précautions aseptiques avant d’être utilisés tels quels par les planteurs. Leur degré de dormance, comme celui des bulbilles, dépend apparemment beaucoup des conditions de culture in vitro. 
7.1 Aspects anatomiques et morphologiques de la tubérisation

Au sens strict, la tubérisation désigne les modifications qui accompagnent la transformation d’une tige, d’une racine ou d’une hypocotyle en organe de réserve hypertrophié (tubercule, cormus, rhizome, bulbe, racine tubérisée,…). Dans un tel organe, un ensemble de tissus prend une importance particulière : il s’agit des parenchymes hypertrophiés et chargés de glucides, tandis que la plupart des autres structures sont moins développées que dans les organes homologues non tubérisés. 

C’est au niveau des parenchymes que les fonctionnements cellulaires liés à la tubérisation ont été surtout étudiés. D’une façon générale, le phénomène de la tubérisation est considéré comme étant une hypertrophie de l’organe concerné (bourgeon axillaire chez l’igname et stolon chez la pomme de terre).

Chez D.alata L., l’initiation de la tubérisation au niveau du bourgeon axillaire est marquée d’abord par un gonflement de la base de ce bourgeon axillaire constituant ainsi une protubérance axillaire. Par la suite, on note, au niveau de cette protubérance axillaire, l’apparition d’un tissu méristématique, dont le fonctionnement se traduira par une augmentation du nombre de cellules du parenchyme cortical du côté externe et de celles du parenchyme médullaire du coté interne. Le fonctionnement de ce tissu méristématique assurera aussi la croissance radiale de la protubérance axillaire. Au niveau du parenchyme médullaire, des faisceaux conducteurs collatéraux se mettent en place. A ce stade, on note le début de la formation de la zone subéreuse qui remplacera l’épiderme. Par la suite, il apparaît sur la face externe du tissu méristématique, un méristème distal qui assure la croissance axiale du tubercule (Espiand, 1983).

Contrairement à l’igname, dont le tubercule se développe à la base du bourgeon axillaire, chez la pomme de terre, le tubercule trouve son origine au niveau de l’extrémité du stolon. Chez cette plante, le tubercule est une tige épaissie résultant de la transformation de l’extrémité d’un stolon souterrain (Ewing & Wareing, 1978). La tubérisation chez la pomme de terre débute par le gonflement de la région subapicale du stolon, laissant histologiquement inchangé l’apex renfermant le méristème responsable de l’allongement de ce stolon.

Il convient également de souligner que chez l’igname, comme chez la pomme de terre, la tubérisation in vitro est un processus qui peut être divisé en plusieurs phases, dont les principales sont les suivantes :
· élongation du bourgeon d’un explant de nœud avec élargissement à la base (protubérance axillaire provenant de l’activité d’un cambium) ;

· développement de la protubérance axillaire et initiation de deux premières racines;

· développement de l’axe et de nouvelles racines ;

· émergence latérale du tubercule et allongement dans le milieu gélosé. Ce dernier est caractérisé par le brunissement des tissus externes et l’apparition de nombreuses racines ;

· élongation du microtubercule : diamètre de 3 mm pour une longueur de 5 mm ; 

· par la suite, apparition sur la face externe du tissu méristématique distal qui assurera la croissance axiale du tubercule.
7.2 Induction de la tubérisation

De nombreuses études ont été menées afin d’identifier la nature du signal d’induction de la tubérisation mais aucune de celles-ci n’a permis de conclure de manière formelle. Néanmoins, il est connu que les feuilles sont les sites de synthèse des composés permettant ou inhibant la tubérisation (Jackson & Prat, 1996 ; Martinez–Garcia et al., 2002). La littérature montre que plusieurs facteurs peuvent affecter ce phénomène physiologique: la présence ou l’absence de régulateurs de croissance, la composition en saccharose ou en éléments minéraux du milieu de culture, la photopériode (Malaurie & Trouslot, 1995).
7.2.7 Facteurs physiques

La photopériode est l’un des facteurs physiques les plus importants influençant la tubérisation chez l’igname et chez la pomme de terre. Différents travaux (Mantell & Hugo, 1989; Vaillant et al., 2005) réalisés chez D. alata L. et chez D. bulbifera L. montrent que les taux de tubérisation obtenus chez ces deux espèces après douze semaines en culture in vitro sont plus élevés en conditions de photopériode de 8 h de lumière et 16 h d’obscurité (50% chez D.alata L. et 95% chez D. bulbifera L.), qu’en conditions de 16 h de lumière et 8 h d’obscurité (7,5% D. alata L. et 12,3% chez D. bulbifera L.).

Comme chez l’igname, les photopériodes comportant des jours courts favorisent aussi la tubérisation chez la pomme de terre (Garner & Blake, 1989 ; Rousselle et al., 1996). Si la plupart des espèces de pomme de terre peuvent aussi tubériser en conditions de jours longs, certaines espèces ne tubérisent qu’en conditions de jours courts; c’est le cas de Solanum demissum et S. andigena qui ne tubérisent que lorsque la durée de la période obscure est supérieure ou égale à 12 h (Jackson, 1999). 

La température influence également la tubérisation chez l’igname et chez la pomme de terre (Ewing, 1981; Ng, 1988; Grison 1991). Il est nécessaire d’avoir une variation de température entre la période lumineuse (25°C) et la période obscure (18 à 21°C) pour le déclenchement de la tubérisation chez l’igname (Forsyth & Van Staden, 1984; Jean & Cappadocia, 1992) et chez la pomme de terre (Koda & Okazawa, 1983; Ewing, 1995).

Les intensités lumineuses faibles (12 µmol.m-2.s-1) inhibent la production de microtubercules, des racines et des tiges, contrairement aux fortes intensités lumineuses (42, 72 et 102 µmol.m-2.s-1) (John et al., 1993).
7.2.8 Facteurs chimiques

Avec le microbouturage de l’igname, on observe la tubérisation sous forme de microtubercules ou de microbulbilles (Ng, 1988). La présence ou l’absence de régulateurs de croissance peut affecter ce phénomène physiologique ainsi que différents éléments du milieu de culture. 

Les auxines

Chez la pomme de terre, les travaux de Koda et Okazawa (1983) nous enseignent que la concentration endogène en auxine au début de la tubérisation n’augmente que légèrement. Il n’y a pas de corrélation entre le taux endogène d’auxine et le processus de tubérisation (Bazabakana, 2003). Chez D.alata L. cv Brazo Fuerte, une faible quantité de NAA (2,7 µM) favorise la formation d’un nombre important de microtubercules par plant. Et de grandes quantités (de 27 et 54 µM) de cette auxine favorisent chez cette même espèce une augmentation de la taille des microtubercules et de la biomasse totale (Jean & Cappadocia, 1992). L’effet inducteur des auxines a aussi été démontré chez D. opposita Thunb (Asahira & Yazawa, 1979). Par contre, le taux de plants ayant tubérisé chez Dalata L. et chez D. abyssinica Hoch n’est pas significativement influencé par l’apport de NAA dans le milieu de culture (Jean & Cappadocia, 1992).

Les cytokinines

Les cytokinines sont connues pour promouvoir la tubérisation même si ce rôle est en apparente contradiction avec le fait qu’elle puisse transformer un stolon en tige à croissance orthotrope (Xu et al., 1998b; Struik et al., 1999). Les travaux de Mantell & Hugo (1989) ont confirmé l’effet initiateur de la kinétine (2,5 µM) sur la tubérisation chez D. rotundata Poir, D. cayenensis - D. rotundata (cv Kratsi) (Odah, 2002) et chez D. alata L. (cv Crop Lisbon) (Mantel & Hugo, 1989), ainsi que chez D. bulbifera L. Toutefois, elle inhibe le développement des microtubercules (poids frais moyen inférieur) chez D. alata L. cv Oriental (John et al., 1993) et D. bulbifera L. (Forsyth & Van Staden, 1984). Notons toutefois qu’en combinaison avec l’acide abscissique (1 µM), la kinétine (1, 2,5 et 5 µM), bien qu’entraînant une diminution du nombre de microtubercules, favorise une augmentation du poids de chaque tubercule chez le même cultivar de D. alata L. (Alhassan & Mantell, 1994). Les travaux de Kefi et al. (1995) chez la pomme de terre ont aussi confirmé l’effet initiateur de la kinétine sur la tubérisation. Ammirato (1982) a montré qu’une autre cytokinine, la zéatine, initie le phénomène de la tubérisation chez D. bulbifera L. à la concentration de 0,1 µM, et à de fortes concentrations (de 1 à 10 µM), elle permet la formation de nombreuses tiges et inhibe les effets positifs d’autres régulateurs de croissance comme le NAA et l’ABA (Ammirato, 1982).

Les gibbérellines

Chez la pomme de terre, lorsque le signal d’initiation de la tubérisation est perçu par les nœuds de la portion souterraine de la tige, ces derniers initient des stolons. La production des stolons subit l’influence de nombreux facteurs tant environnementaux qu’hormonaux (Jackson, 1999). Parmi ces derniers, les gibbérellines jouent un rôle primordial dans ce processus (Struik et al., 1999). Ainsi, pour qu’un nœud dormant de la tige souterraine forme un stolon, il faut que celui-ci soit soumis à une forte concentration en gibbérellines et que la concentration en cytokinines soit faible (Vreugdenhil & Struik, 1989). Chez l’igname GA3 inhibe la tubérisation (Kefi et al., 1995). A une forte concentration (2,9 µM), elle change également la texture des microtubercules (forme ovoide et peau molle) de D. composita (Alizadeh et al., 1998). 

L’acide abscissique

Chez la pomme de terre, l’acide abscissique a été proposé pour jouer un rôle dans la tubérisation. En effet, son application dans le milieu de culture in vitro favorise la tubérisation de plantes induites (Xu et al., 1998b). De plus, cette phytohormone est également connue pour son effet antagoniste à l’égard des inhibiteurs de la tubérisation et des promoteurs de la germination que sont les gibbérellines (Claassens & Vreugdenhil, 2000). Chez D. composita Hemsl, l’acide abscissique n’a pas d’effet inhibiteur, quelque soit sa concentration, sur la microtubérisation (Alizadeh et al., 1998). Par ailleurs, en conditions d’éclairement continu, l’ABA (1µM) induit la tubérisation chez D. bulbifera L. et D. alata L. (Ammirato, 1976). Chez D. alata L. Cv Oriental cultivée dans un milieu MS avec 3% de saccharose, 0,8% d’agar et éclairée pendant 8 h, 1µM d’ABA stimule le développement des microtubercules (John et al., 1993). Mais des concentrations de 0,038 ; 0,38 et 3,8 µM d’ABA n’influencent pas significativement l’augmentation du poids des tubercules chez D. alata L. cv Brazo fuerte (Jean & Cappadocia, 1992).

L’ethylène

Chez la pomme de terre, l’éthylène agit sur la croissance du stolon. Ainsi son application in vitro conduit à l’arrêt de la croissance du stolon (Vreugdenhil & Stuik, 1989). Par contre l’éthylène a également un effet négatif sur la tubérisation elle-même et la production d’éthylène par le stolon cesse dès que celui-ci s’élargit (Suttle, 1998a). Par contre chez d’autres espèces comme Dahlia sp, la tubérisation est corrélée avec le niveau endogène d’éthylène (Biran et al., 1972). L’effet de l’éthylène sur la tubérisation chez l’igname n’est pas connu.

Le milieu de culture

Bien que le milieu de culture de Murashige & Skoog (1962) soit le plus utilisé pour la microtubérisation de l’igname, plusieurs auteurs ont rapporté un effet inhibiteur du milieu MS sur le processus de tubérisation chez D. alata L. et D. bulbifera L. (Mantell & Hugo, 1989), ainsi que chez D. opposita Thunb (Asahira & Yazawa, 1979) et D. nipponica Makino (Huang et al., 2007). D’autres milieux ont fait l’objet d’évaluation par rapport à leur influence sur le taux de microtubérisation de l’igname. Ainsi, les milieux Anderson (Rhododendron) et Gamborg B5 induisent le même taux de tubérisation que le milieu MS chez D. composita Hemsl (Alizadeh et al., 1998).

Le saccharose

La tubérisation est fortement influencée par la teneur en saccharose du milieu de culture. Des concentrations élevées de saccharose (5 à 12 %) dans les milieux de culture induisent la tubérisation chez l’igname et chez  la pomme de terre (Forsyth & Van Staden, 1984). Chez D. composita Hemsl, l’induction de la microtubérisation ne se réalise pas à une concentration de 2% de saccharose. Une concentration de 8 ou 10%, par contre, favorise cette tubérisation: augmentation du poids du microtubercule, des pousses et des nœuds chez cette espèce (Alizadeh et al., 1998). Des taux de 8 à 10% semblent également favorables à la microtubérisation chez D. bulbifera L. (Mantell & Hugo, 1989). Chez D. rotundata Poir, le taux de tubérisation et le nombre de tubercules par plante sont maxima lorsque le taux de saccharose est de 5% sous une photopériode de 12 heures de lumière et de 3% sous une photopériode de 24 heures de lumière (Ng, 1988; Chen et al., 2007). 

Le rôle joué par chaque phytohormone dans le processus de tubérisation n’est donc pas encore clairement établi. Par ailleurs, il semblerait que les concentrations relatives entre ces différentes hormones soient plus importantes que leurs concentrations absolues. De plus, si elles ont une action évidente sur la tubérisation, elles ne peuvent néanmoins pas induire ce phénomène. Par contre, la simple augmentation de la concentration en saccharose du milieu de culture conduit au développement de la tubérisation sans ajout d’une quelconque hormone végétale. 

En conclusion, on peut donc dire que si les hormones végétales influencent clairement le phénomène de tubérisation, le rôle respectif de chacune d’entre elles, les voies de transduction impliquées et les interactions entre ces différentes hormones dans ces phénomènes restent encore à déterminer avec exactitude.
7.2.9 Les jasmonates

7.2.3.1 Rôle et effet des jasmonates chez les végétaux
L’acide jasmonique (JA) est une phytohormone qui appartient à la famille des jasmonates. Les jasmonates sont présents dans tous les organes de la plante (Mithöfer et al., 2005), les concentrations les plus élevées se situant dans les jeunes tissus en croissance active (Vick & Zimmerman, 1984 ; Sembdner & Parthier, 1993 ; cité par Bazabakana, 2001). Le méthyle jasmonate est le principal constituant de l’huile essentielle de Jasminum et de fortes concentrations d’acide jasmonique ont été obtenues à partir de filtrats de culture de champignons (Schaller et al., 2005).

Les jasmonates sont connus comme étant impliqués dans plusieurs phénomènes morphogénétiques et physiologiques chez les végétaux. Ils seraient capables de promouvoir la sénescence de fragments foliaires d’orge, mais un rôle dans la résistance aux maladies leur a été attribué après la mise en évidence d’une relation entre la biosynthèse de phytoalexines et la teneur en acide jasmonique de cellules en culture. La littérature décrit que le niveau de JA endogène augmente chez les végétaux, en réponse à un stimulus externe tel que la blessure ou les attaques par les agents pathogènes (Hui et al., 2006). 
D’après des expériences récentes, il apparaît que les jasmonates et en particulier l’acide jasmonique et son ester méthylé (le méthyle jasmonate) induisent aussi une résistance contre les maladies et les insectes (Creelman & Mullet, 1997; Wasternack & Parthier, 1997). Les jasmonates seraient transportés dans la plante probablement via le phloème. L’acide jasmonique active également de nombreux gènes qui codent pour des protéines possédant des propriétés antifongiques. L’acide salicylique et les jasmonates présentent certaines similitudes d’action dans la résistance contre les insectes et les maladies, mais ils se distinguent aussi par certains aspects importants. Les jasmonates n’ont été largement étudiés que durant la dernière décennie, et la façon dont ils régulent l’expression génique est mal connue. Cependant comme la synthèse de JA s’effectue à partir d’un acide gras insaturé, l’acide linolénique, le JA pourrait être une sorte de messager secondaire (Creelman & Mullet, 1997). Dans ce mécanisme, l’acide linolénique présent dans la membrane plasmique est libéré dans le cytoplasme suite à une activation d’un récepteur transmembranaire par un signal externe. L’acide linolénique est convertit en acide jasmonique et active la transcription de certains gènes par des mécanismes inconnus. Les membranes végétales constituent une source importante d’acide linolénique, présent sous forme de phospholipide. On pense que les éliciteurs se lieraient à un récepteur de la membrane plasmique. Puis, le complexe éliciteur-récepteur activerait une phospholipase liée à la membrane, qui libèrerait de l’acide linolénique. Ce dernier oxydé en JA, modulerait à son tour l’expression génique.

Un autre aspect très intéressant mais quelque peu compliqué concernant les jasmonates, est le fait que leur action n’est pas limitée à la résistance contre les insectes et les maladies. A travers l’effet qu’ils exercent sur l’expression génique, les jasmonates modulent de nombreux autres processus physiologiques, comme la germination des graines et du pollen, la mise en réserve de protéines, le développement des racines et l’enroulement des vrilles. Dans ces différents effets, les jasmonates semblent agir de concert avec l’éthylène. Ce large éventail d’effets exercés par les jasmonates, a incité certains chercheurs à leur conférer un statut d’hormone végétale.

7.2.3.2 Les jasmonates et l’organogenèse in vitro
Les jasmonates étant impliqués dans différents phénomènes morphologiques, et physiologiques des végétaux (Koda & Kikuta, 1991; Koda, 1997; Yoshihara et al., 1989 ; Sarkar et al., 2006), ces composés ont été testés en culture in vitro. Les travaux de Bazabakana et al. (1998) menés chez l’igname D. alata ont montré que l’effet des JA ajoutés au milieu de culture in vitro est fonction de sa concentration. Ainsi, après un mois de culture de fragments de nœuds de tiges de D. alata, sur le milieu de Murashige & Skoog (1962) avec ou sans JA, on constate qu’à forte concentration, le JA inhibe l’apparition des feuilles, et la croissance en longueur des plants. De faibles concentrations de JA, au contraire, stimulent l’allongement des plants comme chez la pomme de terre (Ravnikar et al. 1992). Les concentrations intermédiaires de JA (0,01 à 10 µM) stimulent la formation de bourgeons axillaires, la tubérisation et la formation des racines. Appliqués de manière exogène, les jasmonates sont capables d’induire la fermeture des stomates; ils peuvent également induire la sénescence et l’abscission des feuilles en favorisant principalement la dégradation de la chrorophylle, en plus de participer à la détérioration des compartiments servant à la synthèse des enzymes rubisco (RuBPCase), à l’augmentation de la respiration cellulaire et des activités peroxydase et protéase. En clair, les jasmonates provoquent un arrêt de la photosynthèse (cycle de Calvin) (Weidhase et al., 1987; Popova et al., 1988; Maslenkova et al., 1990; Parthier, 1990; Koda, 1992; Sembdner & Parthier, 1993; tous cités dans Grondin, 2004). 

7.2.3.3. Les jasmonates et la tubérisation
La littérature montre que les jasmonates sont impliqués dans le processus de la tubérisation chez la pomme de terre (Yoshihara et al., 1989; Koda et al., 1991; 2001; Pruski et al., 2001, 2002), chez l’igname (Koda & Kikuta, 1991; Jasik & Mantell, 2000; Bazabakana et al., 2003), et chez d’autres plantes (Ravnikar et al., 1993; Santos et al., 2000; Debeljak et al., 2002). Koda et Kikuta (1991) ont observé une accumulation de JA endogène au niveau des feuilles chez D. batatas Decne, au cours d’un essai mené in vitro. Le niveau endogène de JA dans les feuilles augmente continuellement avec la croissance de la plante et le développement des tubercules. Au cours d’un essai d’induction de la tubérisation mené in vitro à 25°C sous une photopériode de 12 h de lumière et 12 h d’obscurité, ces mêmes auteurs ont montré que la tubérisation des explants de nœuds de D. batatas Decne est induite par l’apport de JA dans les milieux de culture aux concentrations de 10 et 100 µM. Après un mois de culture sur les milieux contenant ces concentrations de JA, on obtient respectivement 60% et 70% de plants tubérisés, contre 5% pour les plants cultivés sur le milieu sans JA. Les meilleurs taux de tubérisation sont obtenus avec les concentrations de JA comprises entre 1 et 10 µM. Les travaux de Koda et al. (1991) menés chez la pomme de terre ont également montré que les jasmonates favorisent le processus de la tubérisation. Un apport exogène de JA ou de son ester méthylique (MeJA) à la concentration de 10 µM induit la tubérisation chez la pomme de terre. Après trois semaines de culture en présence de ces jasmonates, les taux de tubérisation suivants ont été observés : 90% pour les plants cultivés sur le milieu contenant du JA, 85% pour les plants cultivés sur le milieu contenant du MeJA. Aucun plant n’a tubérisé en absence de jasmonates (Koda et al., 1991). Ces résultats montrent donc que l’apport exogène des jasmonates peut induire la tubérisation chez l’igname et chez la pomme de terre.

Jasik & Mantel (2000) ont cultivé in vitro des nœuds de D. alata L., D. cayenensis Lamk. et D. rotundata Poir en présence de JA (10 µM) sous une photopériode de 8 h de lumière / 16 h d’obscurité ou 16 h de lumière/ 8 h d’obscurité. Les résultats obtenus ont montré que le JA favorise significativement la formation des microtubercules sous une photopériode de 8 h de lumière / 16 h d’obscurité, ce qui n’est pas le cas sous une photopériode de 16 h de lumière / 8 h d’obscurité.

Chez d’autres espèces, comme une orchidée australienne, Debeljak et al., (2002) ont montré que l’apport de JA associé au saccharose induit également la formation des microtubercules après 26 semaines de culture.
7.2.10 Les polyamines

7.2.4.1. Généralités sur les polyamines
Les polyamines sont des polycations azotés, aliphatiques et de faible poids moléculaire requises pour la croissance et le développement normal des bactéries, des animaux et des plantes, leur carence conduisant à la mort cellulaire. Dans le monde végétal, la spermidine (une triamine), la spermine (une tétramine) et leur précurseur, la putrescine (une diamine), constituent la grande majorité de ce que nous appelons les polyamines. A coté de ces trois molécules, il existe une grande variété de polyamines dites peu communes (cadavérine, homospermidine, aminopropylcadavérine, thermospermine, norspermidine, norspermine, par exemple). Ces polyamines peu communes ont une distribution limitée. Elles auraient un rôle protecteur pour les êtres vivants en conditions extrêmes (Kuehn et al., 1990). 

Les polyamines se présentent naturellement sous forme libre ou liées à des acides phénoliques, à d’autres composés de faible poids moléculaire comme des protéines ou des acides nucléiques (Bouchereau et al., 1999). A pH physiologique, les polyamines sont chargées positivement, elles se lient alors facilement avec des molécules chargées négativement, notamment avec certaines enzymes dont l’activité est directement modulée par liaison avec une polyamine. Chez les plantes, les polyamines sont présentes dans tous les tissus et exercent fréquemment des effets ressemblant à ceux d’hormones (Kakkar & Sawhney, 2002). 

Les polyamines sont, à ce titre, impliquées dans de nombreux processus physiologiques, tels que, par exemple, la germination, la floraison, la dormance, l’enracinement, la croissance, la sénescence, la division cellulaire, la différenciation, l’embryogenèse, et la tubérisation chez la pomme de terre (Galston & Kaur-Sawhney, 1990; Martin–Tanguy & Carré, 1993; Feray et al., 1993; Hausman et al., 1994; Mader, 1995, 1997; Kevers et al., 2000; Takeda et al., 2002). Ces études se sont basées soit sur l’observation des effets d’un apport de polyamines exogènes, de leurs précurseurs ou de leurs inhibiteurs, soit sur les variations des teneurs endogènes en polyamines en relation avec l’enracinement notamment.

Les premiers travaux sur les polyamines comme régulateurs de croissance chez les végétaux les présentaient comme messagers hormonaux secondaires (Davies, 1987; Galston & Kaur-Sawhney, 1987). D’abord parce que leurs niveaux augmentent généralement à la suite de traitements hormonaux stimulateurs de croissance classiques. Ensuite, parce que les polyamines se trouvent dans les végétaux à des concentrations plus élevées que les concentrations des hormones végétales traditionnelles. Les concentrations nécessaires à des effets biologiques sont 1000 fois plus élevées que celles requises pour les hormones traditionnelles (Hausman, 1996). Cependant, au regard des effets des polyamines sur la physiologie et la croissance chez les végétaux, plusieurs auteurs proposent que les polyamines soient rattachées à une catégorie de substances plus largement définie. Cette catégorie serait celle des « régulateurs de croissance »  végétaux (Hausman, 1996). 
7.2.4.1 Voies de biosynthèse et catabolisme des polyamines  

Les principales voies de synthèse et de dégradation des polyamines sont relativement bien décrites chez les végétaux. La biosynthèse des polyamines peut être divisée en deux étapes: la synthèse de la diamine putrescine d’une part et la formation des polyamines proprement dites que sont la spermidine et la spermine d’autre part (figure 2).
La première étape de biosynthèse des polyamines dans les plantes supérieures et bactéries réside dans la décarboxylation de l’ornithine ou de l’arginine au cours des réactions catalysées respectivement par les enzymes ornithine décarboxylase (ODC ; EC4.1.1.17) et arginine décarboxylase (ADC ; EC 4.1.1.19) (par l’intermédiaire de l’agmatine). Chez les animaux, seule la voie de l’ornithine a été identifiée, la voie ADC semblant être l’apanage des seuls végétaux (Smith, 1985). La spermidine et la spermine sont formées ensuite par addition d’un groupement aminopropyl sur la putrescine et la spermidine, respectivement dans les réactions catalysées par les enzymes spermidine –synthase (EC 2.5.1.16) et spermine –synthase (EC 2.51.22).
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Figure 2 : Schéma des voies de biosynthèse et de catabolisme des polyamines.

Ce groupement aminopropyl résulte lui-même de la décarboxylation de S-adénosylméthionine (SAM) par l’enzyme SAM décarboxylase (SAMDC 4.1.1.50). La SAM est également le précurseur de l’éthylène chez les plantes : elle est transformée en acide 1-aminocyclopropane-1- carboxylique (ACC) sous l’action de l’ACC synthase, lequel est ensuite converti en éthylène sous l’action d’une ACC oxydase. La synthèse des polyamines et celle de l’éthylène sont donc liées à travers un précurseur commun (SAM). 

Comme dans le cas de n’importe quel régulateur de croissance, le « pool » de polyamines libres intracellulaires ne dépend pas seulement de leur biosynthèse, mais aussi de plusieurs autres processus incluant la dégradation des polyamines (désamination oxydative), la conjugaison des polyamines (polyamines conjuguées) et leur transport (Bouchereau et al., 1999; He et al., 2005).

Chez les plantes, les polyamines peuvent être dégradées par oxydation par l’action des amines oxydases incluant les diamines oxydases dépendantes du cuivre (DAO; EC 1.4.3.6) et des polyamines oxydases (PAO; EC1.5.3.3) dépendantes de la flavine adénine dinucléotide (FAD). 

La putrescine, oxydée par la DAO se transforme en Δ1-pyrroline avec production d’H2O2. La Δ1-pyrroline est rapidement métabolisée en acide γ-aminobutyrique (GABA) par la pyrroline déshydrogénase (Flores & Filner, 1985 ; Davies et al., 1990). Le GABA est lui-même converti en semialdéhyde succinique par l’intermédiaire d’une transaminase. Le semialdéhyde succique est transformé en succinate (disponible pour le cycle de krebs). L’enzyme responsable de cette conversion est la semialdéhyde succinique déshydrogénase (Davies et al., 1990). 

La spermidine est oxydée par la PAO. La réaction produit de la Δ1-pyrroline et du diaminopropane qui est métabolisé en alanine (Smith, 1985). La spermine peut aussi être oxydée par la PAO. Les produits formés sont du diaminopropane et de l’aminopropylpyrroline (Smith, 1985). Ces composés sont transformés en β-alanine (Suzuki et al., 1990).

La disponibilité d’inhibiteurs spécifiques de biosynthèse des polyamines a permis de préciser les mécanismes impliqués dans la régulation des voies de synthèse et d’apporter des éléments d’information sur les fonctions possibles de ces composés (Galston et al., 1997 ; Scaramagli et al., 1999; Bouchereau et al., 1999). Il est possible d’inhiber l’activité de l’ODC grâce à l’(-difluorométhylornitine (DFMO) ainsi que l’activité de l’ADC grâce à l’(-difluorométhylarginine (DFMA) (Altman et al., 1982; Bagni et al., 1982; Galston et al., 1983).  La SAM décarboxylase peut être inhibée de manière non spécifique par la méthyle-bis guanylhydrazone ou MGBG (Friedman et al., 1982). La spermidine synthase peut être inhibée par la cyclohexylamine ou CHA (Biondi et al., 1986). Il est également possible d’empêcher la conversion de la putrescine en (1- pyrroline grâce à l’aminoguanidine ou AG (Flores & Filner, 1985). 
7.2.4.3. Rôle des Polyamines chez les plantes
Croissance et développement

Une forte teneur en putrescine est souvent associée à des cellules en phase d’élongation alors que de fortes teneurs en spermidine sont associées à des cellules en cours de division. De fortes teneurs en putrescine ont néanmoins été identifiées au sein des régions méristématiques de la région cambiale chez le pin (Kőnigshofer, 1991). Les polyamines sont notamment associées à la chromatine : une carence en polyamines peut provoquer des aberrations chromosomiques et il existerait une corrélation inverse entre l’accumulation de polyamines et la différenciation cellulaire (Evans & Malmberg, 1989). Il est généralement admis que les polyamines impliquées dans le contrôle des taux de divisions cellulaires sont produites par la voie de l’ODC (Galston & Kaur-Sawhney, 1990): l’application de DFMO bloque en effet les cellules en phase G1 du cycle cellulaire. Les cellules en phase de division active se caractérisent par la présence de teneurs élevées en spermidine (Galston & Flores, 1991). Une augmentation de la synthèse de polyamines se produit durant la transition de la phase G1 à la phase S. Les tissus méristématiques se caractérisent également par des teneurs élevées en tyramine (Cvikrova et al., 1999; cités par Ndayiragije, 2006). Compte tenu de leurs capacités à inhiber les divisions cellulaires, certains inhibiteurs de synthèse des polyamines comme le MGBG ou le DFMO sont utilisés dans les approches thérapeutiques en médecine humaine dans le traitement de certains cancers (Ndayiragije, 2006). 
Les polyamines contrôlant la différentiation cellulaire, par contre, sont produites par la voie de l’ADC (Tiburcio et al., 1988). Kumar et al. (2004) ont examiné l’influence des polyamines (putrescine, spermidine) sur la production d’embryons à partir d’anthères de Cucumis sativus L. Ils montrent que l’application exogène de la putrescine et de la spermidine à 200 µM a un rôle positif sur la production d’embryons et la régénération des plantes. A l’inverse, les polyamines inhibent le processus d’apoptose : en effet, Lei et al. (2004 ; cités par Ndayiragije, 2006) rapportent que l’effet de la mélatonine de diminuer l’apoptose induite par le froid dans les suspensions cellulaires de carotte, n’est pas basée directement sur les fonctions antioxydants conférées à la mélatonine, mais plutôt sur la régulation des teneurs en polyamines (putrescine et spermidine).

Des inhibiteurs de la biosynthèse de polyamines (DFMA et DFMO ou MGBG) inhibent la rhizogenèse alors que le CHA n’a pas d’effet (Altamura et al., 1991, 1993). Une inhibition de la biosynthèse de polyamines induit une expansion cellulaire, inhibe les divisions cellulaires et provoque des anomalies dans la formation du fuseau mitotique (Altamura et al., 1993; 1994). Les teneurs en spermidine peuvent conditionner la différenciation des organes (Tiburcio et al., 1988 ; Galston & Flores, 1991). La formation d’embryons adventifs dans des cultures de carotte est directement dépendante des teneurs endogènes en spermidine provenant de la putrescine formée par la voie de l’ADC (Mengoli et al., 1989). Chez le blé, le CHA inhibe la croissance des axes embryonnaires de 45% après 24 heures de germination (Palawan-Unsal et al., 1990). Chez le ginseng, les polyamines exercent une influence sur l’embryogenèse de tissus en culture (Kevers et al., 2000 ). Les travaux sur l’enracinement (Hausman, 1996 ;  Heloir et al., 1996 ; Kevers et al. 1997 ; Naija et al. 2009) ont montré que les polyamines participent aux corrélations intervenant dans de nombreux aspects du développement.
L’implication des polyamines à différents stades du processus de développement allant de la germination des graines jusqu’à la maturation des fruits est très largement étudié chez plusieurs espèces de plantes, principalement des espèces d’intérêt agronomique (Ndayiragije, 2006).

Durant la germination des graines chez le riz, on assiste à une brutale accumulation d’agmatine qui se manifeste dès l’émergence de la radicule; l’activité ADC augmente durant les premières heures de la germination alors qu’il n’y a aucune activation de l’ODC (Bonneau et al., 1994). Chez le soja, durant la germinatioin, Nam et al. (1997) observent une augmentation importante de l’activité ADC dans les 2 h qui suivent l’initiation de la germination. Cette stimulation est précédée par une augmentation des teneurs en ARNm correspondant et est régulée de façon spécifique au tissu. Chez Arabidopsis thaliana, il existe deux gènes codant pour l’ADC ; ces deux gènes sont régulés de façon différentielle au cours du développement et seul le gène ADC2 serait impliqué dans le contrôle du métabolisme des polyamines en cours de germination.

Selon Bonneau et al. (1994), les polyamines sont directement impliquées dans la croissance et dans le développement chez le riz. L’ADC est active chez cette espèce durant tout le développement de la plantule. La croissance et le développement (nombre de racines, élongation racinaire et élongation foliaire) sont directement reliés aux teneurs en polyamines. Si l’ADC est bloquée par addition de DFMA, les teneurs en polyamines et la croissance sont simultanément réduites ; si de l’agmatine ou de la putrescine sont ajoutées à ce moment là, les deux inhibitions sont supprimées. L’importance des polyamines dans les processus de floraison a été également établie (Huang et al., 2004). Les polyamines sont également impliquées dans le processus de germination du pollen  (Franco-Mora et al., 2005). 

Les effets bénéfiques de l’application exogène des polyamines sur le développement des fruits sont nombreux. La plupart des travaux réalisés montrent des pics de polyamines pendant les premières phases de la croissance des fruits, principalement caractérisées par une intense division cellulaire, qui diminue ensuite durant la croissance et le mûrissement (Valero et al., 2002). L’évolution des teneurs en polyamines au cours de la maturation des fruits varie en fonction des espèces : les teneurs en polyamines libres augmentent chez l’avocat (Winer & Apelbaum, 1986 ; Kushad et al., 1988), chez la pomme (Biassi et al., 1988), la poire (Toumadje & Richardson, 1988) ou la tomate (Bakanashvili et al., 1987; Casas et al., 1990)  mais ces teneurs diminuent chez la mandarine (Nathan et al., 1984), les oranges (Hasdai et al., 1986) et certaines tomates (Dibble et al., 1988; Saftner & Baldi, 1990). L’un des principaux effets des polyamines après la récolte des fruits consiste en une nette augmentation de la fermeté qui a été attribuée à la liaison des polyamines au groupe – COO- des substances pectiques dans les parois cellulaires, provoquant une rigidité détectable immédiatement après traitement (Valero et al., 2002). Ces auteurs ont montré que les polyamines endogènes ou en application exogène sous leur forme libre pouvaient agir comme des agents anti-sénescence dans les fruits; les principaux effets étant de retarder le changement de la couleur, d’augmenter la fermeté du fruit, de retarder les augmentations transitoires de la respiration et de la production d’éthylène, d’induire une résistance mécanique et de réduire les symptômes dus au froid (Valero et al., 1999).

En fait, il semblerait que ce soit particulièrement la spermine qui jouerait un rôle anti-sénescence en agissant sur les membranes : les polyamines s’associeraient aux constituants anioniques des membranes comme les phospholipides (Roberts et al., 1986 ; Ballas et al., 1993) et cette interaction stabiliserait la structure membranaire.

Les Polyamines et la tubérisation

Feray et al. (1993) ont montré que les polyamines exogènes (putrescine, spermidine, spermine) introduites dans le milieu de micropropagation à la concentration de 0,5mM, contrôlent de manière spécifique les processus morphogénétiques chez la pomme de terre. En effet, si la spermidine favorise la croissance racinaire, la spermine l’inhibe mais stimule le développement des tubercules, alors que la putrescine s’avère sans effet. Lorsque le DFMO (1mM), inhibiteur de la biosynthèse de la putrescine, est ajouté au milieu de culture, il produit une diminution de la matière fraîche des tiges et tubercules respectivement de 60% et 55% et stimule la croissance des feuilles. L’addition du DFMA (1mM) n’a aucun effet appréciable sur la morphogenèse des plants, à l’exception d’une légère diminution de la croissance racinaire. Ces résultats confirment la participation majeure de l’ornithine décarboxylase dans la synthèse de putrescine chez la pomme de terre. 

Ces effets des polyamines sont confirmés par les effets spécifiques obtenus avec les inhibiteurs de leur biosynthèse. En particulier, le MGBG inhibiteur de la synthèse de spermidine, s’oppose au développement des tiges, des feuilles et des racines et accélère la formation des tubercules (Feray et al., 1993, 1994). Ces effets sont associés à une diminution des teneurs en  polyamines libres dans les parties aériennes et une augmentation des taux de polyamines conjuguées dans les tubercules. Ces résultats ont été reproduits avec des plants cultivés in vitro qui montrent toutefois un certain développement racinaire (Feray et al., 1993).

L’augmentation de la croissance des feuilles et l’inhibition du développement des tubercules par le DFMO et la spermidine, confirment l’antagonisme fondamental existant entre la croissance de la partie aérienne et la formation du tubercule. Par ailleurs, la diminution de la croissance racinaire par le MGBG et la spermine est associée à une stimulation du développement du tubercule qui pourrait résulter d’une diminution de la compétition vis à vis des nutriments. 

Tous ces résultats, qui montent l’importance des polyamines dans la morphogenèse de la pomme de terre, pourraient être discutés à travers une modulation de la synthèse d’éthylène ou résultés de l’interaction des polyamines avec d’autres hormones dont on sait l’importance dans le processus de tubérisation.
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Résultats et discussion
Chapitre 1 : Multiplication 

Introduction
Les ignames sont des plantes à tubercules utilisés parmi les aliments de base en Afrique. Cependant leur production reste limitée par des contraintes agronomiques, phytosanitaires et la rareté du matériel de plantation de bonne qualité. Les besoins en semences sont rarement comblés et les possibilités d’extension de la culture restent limitées. La culture a, par conséquent, besoin d’une importante amélioration des techniques de multiplication du matériel végétal permettant une production massive et à faible coût. L’utilisation de la multiplication végétative in vitro pourrait aider à lever certaines des contraintes liées à la culture de l’igname. 
Parmi les modes de propagation in vitro, la multiplication végétative par bourgeonnement axillaire, d’application beaucoup plus générale offre une plus grande garantie de conformité et de maintien des caractères au cours des repiquages successifs. Elle a été choisie pour ce travail. Elle permet une multiplication pendant toute l’année avec possibilité de stockage à court et moyen terme. Parmi les Dioscoréacées, D. alata est l’espèce alimentaire ayant fait l’objet de quelques travaux portant sur la micropropagation. 

A partir du matériel fourni par le CIRAD de Montpellier (Clone CTRT 233 et 234):

A : Les conditions de multiplication optimale de boutures de nœud ont été recherchées et ont fait l’objet d’un article intitulé " Axillary proliferation and tuberisation of Dioscorea cayenenesis-D. rotundata complex" publié dans la revue Plant Cell Tissue and Organ Culture (2007) 91:107-114. 
B : Nous avons également testé la multiplication à partir de microtubercules obtenus in vitro et nous avons comparé les résultats obtenus à partir des deux types d’explants (cf page 88). 
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          Micropropagation de l’igname du complexe Dioscorea cayenensis-D.rotundata à partir de microtubercules.

1. Introduction

La propagation in vitro de l’igname du complexe Dioscorea cayenensi-D.rotundata est réalisée avec succès à partir de boutures de nœuds (Ondo Ovono et al., 2007), mais demande beaucoup de temps. Ainsi, 28 semaines sont nécessaires pour obtenir un taux de multiplication de 15,7. Afin d’améliorer ce taux de multiplication, la multiplication à partir de micro tubercules a été testée.

2. Matériel et méthodes
2.1 Matériel végétal

Le matériel végétal utilisé est la souche 233 ; Il s’agit d’une souche du complexe  Dioscorea cayenenesis-D.rotundata fournie par le Centre de Transfert des plantes à Racines et Tubercules du CIRAD (France).

2.2 Multiplication du matériel végétal et microtubérisation

Pour la prolifération par bourgeonnement axillaire, des boutures de nœuds (2 cm de long avec une feuille) sont subcultivées dans des bocaux en verre d’une contenance de 800 ml contenant 125 ml de milieu gélosé. Le milieu de culture (micro et macroéléments) de Murashige et Skoog  (1962) est additionné de vitamines de Morel, de 30 g/L de sucre,  de 2 g/L de charbon actif et 8,2 g/L d’agar Caldic (Hemiksem, Belgium). Le pH est ajusté à 5± 0.1 avant autoclavage à 121°C pendant 20 min.Les cultures sont maintenues sous photopériode de 16 h (Sylvania Grlux fluorescent lamps, 50 µmol.m-2s-1) et une température jour/nuit de 22°C.

Chez l’igname du complexe Dioscorea- cayenensis-D. rotundata, comme indiqué précédemment (Ondo Ovono et al., 2007), une tige, des racines et un (voire deux) tubercules se développent à partir du nœud en culture in vitro. A près 28 semaines de culture, les tubercules sont prélevés. Des tubercules entiers sont déposés sur un milieu frais identique en bocaux en verre (5 par bocal)  et disposés en chambre de culture (comme décrit ci- dessus). D’autres tubercules sont coupés en trois parties (fig. 1) : tête pour la partie proximale, milieu pour la partie médiane et queue pour la partie distale du microtubercule.
                                    Niveau de coupure des semenceaux                                   Cicatrice de la tige

                  Partie distale               Partie médiane            Partie proximale
                            (Queue)                       (Milieu)                      (Tête)
            Figure 3 : Illustration des découpes effectuées sur les microtubercules

2.3. Observation

Après 28 semaines de culture, le nombre de nœuds formés à partir de chacun des nœuds mis en culture est déterminé. Pour ce qui est des tubercules entiers ou des parties de tubercules, le nombre de nœuds obtenus a été déterminé après 16 semaines de culture. Ce nombre de nœuds obtenu à partir des jeunes pousses feuillées constitue le taux de multiplication observé à partir de nœuds ou de tubercules respectivement après 28 et 16 semaines de culture.
3. Résultats
Après 28 semaines de culture, le taux de multiplication déterminé  à  partir des nœuds mis en culture est de 15,6. 

Rapidement, après la mise en culture sur milieu frais, les tubercules ou les fragments de tubercules germent, il y a apparition de tiges à la surface du tubercule (Tableau 1). 100% des tubercules entiers et la partie proximale germent. Par contre, pour les deux autres parties des tubercules, seuls 86% des explants germent.

Le taux de multiplication mesuré après 16 semaines évolue dans le même sens. Pour les tubercules entiers et les têtes, il est proche de 110 après 16 semaines de Culture. Par contre, pour la partie médiane et la queue il est beaucoup plus faible. 
	
	
	
	

	
	
	
	
	
	

	
	
	                    Après 16 semaines de culture
	 

	
	
	 
	 
	 
	 

	Paramètres
	 
	Taux de
	 
	Taux de
	 

	mesurés
	 
	Germination (%)
	multiplication

	Tubercules entiers
	100
	 
	110,7
	 

	 
	 
	 
	 
	 
	 

	Tubercules coupés (Tête)
	100
	 
	115,3
	 

	 
	 
	 
	 
	 
	 

	Tubercules coupés (Milieu)
	86,11
	 
	44,44
	 

	 
	 
	 
	 
	 
	 

	Tubercules coupés (Queue)
	87,50
	 
	52,2
	 

	 
	 
	 
	 
	 
	 


Tableau 1: Multiplication de l’igname du complexe Dioscorea cayenenesis-D.rotundata à partir de microtubercules
4. Discussion

La micropropagation de l’igname du complexe D. cayenensis-D.rotundata est donc possible à la fois à partir de nœuds (Ondo Ovono et al., 2007) et à partir des micro tubercules entiers ou découpés.

Le taux de multiplication beaucoup plus élevé observé au niveau de la partie proximale (tête) par rapport aux autres parties du tubercule correspond aux observations réalisées sur les tubercules cultivés en champs. Le semenceau (morceau de tubercule) issu de la tête est toujours plus précoce ; quelle que soit la variété considérée. Un gradient de levée allant de la tête vers la base de la semence mère existe chez cette espèce. Un tel gradient dans la levée des semenceaux d’igname a également été observé chez la variété Krengle par Dumont et Topka (1990).

Nos résultats montrent qu’à partir d’un microtubercule, le taux de multiplication est beaucoup plus élevé qu’à partir d’un nœud. Cette technique pourra permettre une multiplication à grande échelle de cette espèce sur un laps de temps plus court. En effet, à partir d’un nœud, subcultivé toutes les 28 semaines on peut obtenir 3800 nœuds après 21 mois. Si au contraire, après les 28 premières semaines on fait germer les tubercules, on récupère les nœuds après 16 semaines qu’on subcultive pendant 28 semaines. La germination des tubercules formés permettra d’obtenir 12000 nœuds endéans également 21 mois. Le taux de multiplication est donc 4 fois supérieur dans ces conditions d’alternance (bouture de nœuds, germination de tubercule).

Le découpage des tubercules permet encore d’améliorer le taux de multiplication. En effet, si 110 nœuds sont obtenus à partir d’un tubercule entier, à partir des 3 parties du tubercule découpé, on peut obtenir 212 nœuds après 16 semaines, c'est-à-dire pratiquement le double.

5. Conclusion

Le taux de multiplication obtenu à partir d’un microtubercule est beaucoup plus élevé que celui obtenu à partir du bouturage de nœuds. L’alternance bouturage de nœuds et germination des microtubercules permet ainsi d’obtenir un taux de multiplication 12000 en 21 mois. Le découpage du tubercule en 3 parties permet encore de quasi doubler ce taux de multiplication.
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Conclusion

La micropropagation in vitro de l’igname du complexe D .cayenensis- D. rotundata est réalisée avec succès à partir de boutures de nœuds (Ondo ovono et al., 2007). La composition minérale et la teneur en saccharose du milieu de culture jouent un rôle non négligeable sur le développement et la multiplication des pousses. Ainsi 28 semaines sont nécessaires pour obtenir un taux de multiplication de 15. Afin d’améliorer ce taux de multiplication, la multiplication à partir de microtubercules a été testée comparativement. A partir d’un microtubercule, le taux de multiplication est beaucoup plus élevé qu’à partir d’un nœud. Le découpage des tubercules en trois parties permet encore d’améliorer le taux de multiplication, c'est-à-dire le nombre de nœuds disponibles pour une multiplication ultérieure. 

L’alternance bouturage de nœuds et germination des microtubercules permet d’obtenir un taux de multiplication de 12000 en 21 mois de culture, le découpage des tubercules en 3 permettant, quant à lui, d’encore quasi doubler le taux de multiplication. Celui est dès lors 8 fois plus élevé que celui obtenu par bouturage de nœuds sur le même temps de culture.

Les plantules issues de la micropropagation pourraient être utilisées comme matériel de plantation. Cette technique permettrait ainsi l’obtention d’un grand nombre de plantules de cette espèce sur un laps de temps relativement court. Mais, nous avons aussi remarqué que le microbouturage de l’igname du complexe D. cayenensis –D. rotundata, s’accompagne de la formation de microtubercules. Dans le chapitre suivant, nous avons étudié la formation et le développement du tubercule sous l’effet des polyamines, de l’acide jasmonique ou du sucre présent dans le milieu de culture.
Chapitre 2 : Formation et développement du tubercule
Introduction

Le chapitre précédent a montré que le microbouturage de l’igname du complexe D. cayenensis–D. rotundata, s’accompagne de la formation de microtubercules. Mais plusieurs facteurs peuvent affecter ce phénomène organogénétique : la présence ou l’absence de régulateurs de croissance, la teneur en saccharose ou en éléments minéraux du milieu de culture, et la photopériode. Les éléments nutritifs tels que les sucres jouent un rôle  limitant sur la croissance d’une plante ou d’un organe. Les phytohormones régissent  aussi la croissance, la différenciation et le développement, mais à des doses beaucoup plus faibles. Chez l’igname, l’initiation de la tubérisation au niveau du bourgeon axillaire est marquée  d’abord par un gonflement de la base de ce bourgeon  constituant ainsi une protubérance axillaire. Puis la division cellulaire devient prépondérante avec une émergence de racines. Le développemlent du tubercule est achevé par une augmentation du volume des cellules et un allongement dans le milieu gélosé. 

Dans ce chapitre, nous nous proposons d’étudier la tubérisation et le développement du tubercule sous l’effet : 
· A : des polyamines exogènes, de leurs précurseurs ou de différents inhibiteurs de leur métabolisme. Les teneurs endogènes en polyamines endogènes seront également mesurées et discutées en relation avec le processus organogénétique dans l’article intitulé ( Tuber formation and development of Dioscorea cayenensis-D. rotundata complex in vitro. Effects of polyamines( accepté pour publication dans In vitro Cellular & Developmental Biology - Plant. 
· B : du JA exogène. L’interaction possible entre le JA endogène et exogène et la putrescine sera recherchée dans l’article ( Tuber formation and growth of Dioscorea cayenenesis-D. rotundata complex. Interaction of exogenous and endogenous jasmonic acid and polyamines( soumis à Plant Growth Regulation. 
· C : d’une réduction de la teneur en sucre du milieu dans l’article  publié intitulé ( Effect of reducing sugar concentration on in vitro tuber formation and sprouting in yam (Dioscorea cayenensis-D. rotundata complex).(paru dans Plant Cell Tissue and Organ Culture. DOI 10.1007/s11240-009-9575-1
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Abstract   

Tuberisation was obtained in vitro on yam (Dioscorea cayenensis-D.rotundata complex). The effect of exogenous polyamines on tuber formation and development (length and weight of microtubers) were investigated and discussed in relation with changes in endogenous polyamines. Application of exogenous polyamines, inhibitors of their metabolism and polyamines precursors in various concentrations positively affected microtuber formation by yam nodal cuttings and their further development. In control conditions, three weeks are needed to obtain 100% of tuberisation. With low concentrations of putrescine (10‑5 or 10‑6 M), tuber formation occurred earlier. Polyamine endogenous level and metabolism can be significantly affected by exogenous polyamines but modifications of endogenous free polyamines could not be directly correlated to the tuber formation process. Increases in endogenous putrescine and auxins were observed in tubers showing a better development in the presence of putrescine.

These results can be used for optimising in vitro conditions for mass production of larger microtubers of the Dioscorea cayenensis-D. rotundata complex.

Abbreviations: ARG: arginine; IAA: indole 3-acetic acid; IAAsp: indole 3-acetylaspartic acid; IBA: indolebutyric acid; ORN: ornithine.

1. Introduction 

Yams (Dioscorea spp.) are an important source of carbohydrate for many people in  the  sub-Saharian region, especially in the yam zone of West Africa (Akissoe et al. 2003). Yams belong to the genus Dioscorea of the family Dioscoreaceae; among 600 species, D. alata L., D. cayenensis Lam., D. rotundata Poir., D. trifida L., D. esculenta Burkill and D. bulbifera L. (Alexander and Coursey 1969) have the greatest economic importance. The crop is vegetatively propagated using tuber pieces or setts (Ng 1988). A sett refers to a piece of yam tuber which may be used for planting; therefore it must be covered by skin. Conventional methods of yam propagation by seed and planting setts are slow and not adequate for rapid multiplication of disease-free planting stocks. Viral diseases and nematode infections drastically reduce yields, especially when transmitted through the seed tubers or setts to the new generation of plants. To overcome such problems, in vitro methods like nodal cutting culture, indirect organogenesis, and somatic embryogenesis, have been investiged (Ng 1992). In many Dioscorea species, in vitro cultured shoots are able to produce microtubers under certain conditions and these have great potential for rapid multiplication and distribution of pathogen-free clonal material in international yam germplasm exchange programmes. Induction and growth of microtubers in Dioscorea have been found to be under the control of many factors. Among the environmental factors, thermoperiod (Grison 1991), and photoperiod (Ng 1988; Mantell and Hugo 1989; Vaillant et al. 2005) are documented as determinant. It is probable that warm temperature may retard tuber growth (Onwuene 1978). Exogenous growth regulators in the medium also constitute key factors in this process (Omokolo et al. 2003). Other important factors include sucrose concentration (Ng 1988) and nitrogen supply (Mantell and Hugo 1989). However, the role of the individual factors controlling tuber initiation and development has not been well established.

Polyamines have been regarded as an interesting class of plant growth regulators and hormonal second-messengers of cell proliferation and differentiation in many processes (Kakkar et al. 2000; Bais and Ravishankar 2002; Jimenez 2005). The polyamines spermidine (SPD), spermine (SPM) and their diamine obligate precursor putrescine (PUT), are small aliphatic amines that are ubiquitous in all plant cells (Bouchereau et al. 1999). Polyamines are synthesized from amino acids through decarboxylation. The basic amino acids arginine and ornithine provide the main part of carbon skeleton to form PUT, by the action of ornithine decarboxylase and arginine decarboxylase, whereas methionine units contribute with their propylamine groups to the formation of SPD from PUT and of SPM from SPD (Kakkar et al. 2000). Polyamines have been implicated in a range of developmental processes (Gaspar et al. 1996; Couée et al. 2004). For instance, exogenously supplied polyamines (PUT, SPD or SPM) affect the morphogenesis of in vitro potato plants. Added individually to the culture medium, these three polyamines stimulated the growth of stems and leaves but had various effects on tuberisation of potatoes (Mader 1997).

In the present work, we investigated the effect of exogenous polyamines on tuber formation and development on yam plants (Dioscorea cayenensis-D.rotundata complex) in vitro. Tuber formation and development were discussed in relation with changes in endogenous polyamine levels.

2. Materials and methods 

Plant material and culture conditions

One virus-free in vitro clone of D. cayenensis-D. rotundata complex, was provided by Roots and Tubers Transit Centre of CIRAD (France). The identification number was clone CTRT 233 coming from one tuber of cv. ‘Singo’. 

Axillary shoot proliferation was maintained by subculturing single nodes every 2 months on MS salt medium (Murashige and Skoog 1962) supplemented with Morel vitamins (Ondo Ovono et al. 2007) and containing 30 g.l‑1 sucrose, 2 g.l‑1 activated charcoal and 8.2 g.l‑1 Caldic agar (Hemiksem, Belgium). The pH of the media was adjusted to 5.7 ± 0.1 before autoclaving at 121 ° C for 20 min. 

Ten nodal cuttings (2 cm long) with one leaf were cultured in glass containers (800 mL) topped with a plastic lid and containing 125 ml of medium. The cultures were maintained in a 16-h photoperiod (Sylvania Grolux fluorescent lamps, 50 µmol.m‑2.s‑1) at a day/night temperature of 25/22 °C. 

Chemical treatments

Shoots were grown on medium containing exogenous polyamines (PUT, SPD, SPM), polyamine precursors (ORN, ARG) or inhibitors of polyamine metabolism. Four inhibitors of polyamine metabolism were used: cyclohexylamine (CHA), which inhibits SPD synthase, aminoguanidine (AG) that inhibits diamine oxidase and α-difluoromethylornithine (DFMO) and α-difluoromethylarginine (DFMA), which block PUT formation by inhibiting the activity of ORN-decarboxylase and ARG-decarboxylase, respectively. These compounds were sterilized by filtration (0.22 µm pore size) and added to the medium after autoclaving. PUT, SPD, SPM, ARG, ORN, CHA, AG, DFMO and DFMA were supplied at various concentrations (Hausman et al. 1994) as indicated in the result section. 

Growth parameters 

The bud developed into a shoot and rapidly a small enlargement at the basis of the axillary bud was observed, resulting in the formation of an axillary protuberance. Numerous roots and one microtuber emerged later from this protuberance. In each experiment on tuber formation, two parameters were recorded every week during the first 4 weeks: rooting (percentage of rooted explants) and tuber formation (percentage of explants presented a microtuber). Thirty explants were used for each experiment. Tuber length and weight were measured after 60 and 120 d. Three containers with 10 explants in each were used in each experiment.

Extraction and determination of polyamines

Extraction, separation, identification by HPLC and measurement of free polyamines were performed as described by Walter and Geuns (1987).

Nodes (with leaf and without roots) or tubers were stored at -80 °C. Samples (150 mg fresh weight) were homogenized in 1 ml of 4% HClO4 containing 1,7-diaminoheptane-2HCl as internal standard. After 1 h in darkness at 4 °C, the samples were centrifuged during 10 min at 11.000 g. To 100 µL of supernatant, 200 µL of carbonate buffer (1 M, pH 9) and 200 µL of dansyl chloride solution (7 mg mL‑1 acetone) were added. After heating for 1 h at 60 °C, the dansylated polyamines were extracted with 600 µL toluene. The extracts were purified by passage through 0.05-g silica gel column. After washing with 250 µL toluol and 250 µl toluol-triethylamine (10:0.3), polyamines were eluted with 2×200 µl ethyl acetate and the volume reduced under vacuum. The HPLC analysis was performed with a programmed acetonitrile: water solvent gradient, changing from 58 to 91% over 8 min. Solvent flow was 1 mL min‑1. Before injection, the sample was dissolved in methanol (1 mL). Elution was monitored with a fluorescence detector at 340 nm for excitation and 510 nm for emission. The results are means of data from at least three independent experiments (3 replicates each time). 

Extraction and determination of auxins

Frozen tubers (150 mg) were homogenized in liquid nitrogen and extracted with 4 ml of phosphate buffer (pH 6.5). To the homogenate were added 50 µl BHT (butylated hydroxytoluene) as antioxidant and 30 µl IAA3H as internal standard. After 1 h in darkness, the samples were centrifuged (10 min at 14.000 g at 4 °C), the supernatants were filtered on Whatman GF/C filter. The filter was washed with 4 ml of phosphate buffer (pH 6.5). The filtrates were loaded on Bond-Elut C18 columns conditioned to pH 6.5. The eluates were acidified to pH 2.5 with 2.8 M phosphoric acid and then applied to C18 columns conditioned to pH 2.5. The columns were washed with 2 ml distilled water and 2 ml of acetic ethanol (ethanol: acetic acid: water, 20:2:78). The auxins were eluted from the second column with 100 µl of methanol (100%) and 500 µl of methanol (80%). Fifty µl were injected in a fully automated Merck-Hitachi HPLC system. The HPLC column was a Merck Lichrocart 100RP18, 12.5 cm long, 5 µm particle size; solvent and column temperatures were 30 °C, and the mobile phase was acetonitrile/ acetic acid/ water (10/2/88). Elution was monitored with a fluorescence detector (excitation at 292 nm; emission at 358 nm); the elution patterns were similar to those shown by Nordström et al. (1991).

The Student t-test was used for evaluating the level of significant differences between the different experimental conditions. In figures, error bars correspond to 2x standard error (SE) and the different letters are marking statistic significant differences. 

3. Results

Tuber formation in control conditions

The nodal bud developed into a shoot and a small enlargement at the base of the axillary bud was observed. This enlargement developed into a microtuber after 3 weeks (Fig. 1A) on all the explants in culture. During the following weeks, the size of the tubers increased. Roots also began to develop concomitantly with tuber appearance. After 3 weeks in culture, more than 50% of the shoots rooted and after 4 weeks, all the shoots were bearing roots. 

Concerning the endogenous content in polyamines (Fig. 2A), PUT level rapidly increased during the first 4 weeks. This increase was progressive, without important daily variations (data not shown) and was followed by a decrease during the two following weeks. SPD level also increased during the first 4 weeks but was stable later while SPM decreased during the first 14 d and then increased up to day 35.

Effect of polyamines and their metabolism on tuber formation

a. Exogenous polyamines

Addition of polyamines to the culture medium had a significant effect on tuber formation (Table 1). In the presence of SPD and SPM at 10‑3 or 10‑4 M, tuber formation occurred earlier, 10 to 20% of the explants showing tubers at day 7, and 20 to 50% after 14 d. In the presence of PUT at the same concentrations, tuber formation was only visible at day 14 but on 60% of explants. In all these cases, three weeks are needed to obtain 100% of tuber forming explants. With lower concentrations of PUT (10‑5 or 10‑6M), tuber formation occurred earlier. With 10‑6 M PUT, all the explants showed tubers after one week (Fig. 1B) while roots appeared after more than 2 weeks as in control conditions.
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Figure 1: Rooting and tuber formation percentages of yam explants during the first weeks of culture in control conditions (A) and in the presence of PUT 10‑6 M (B). 
General changes in endogenous PUT content during the culture were similar in all the cases to these observed in control conditions, with a maximum after 4 weeks. Endogenous PUT level increased in the presence of concentrations of polyamines higher than 10‑6 M as illustrated on day 14 (Table 1).  A higher concentration of exogenous polyamine led  to a larger increase of endogenous PUT level. In the presence of SPD and SPM, the increase in endogenous PUT was not so high. Endogenous SPD and SPM levels increased on media supplemented with PUT, SPD or SPM (10‑3 or 10‑4 M). These increases of SPD or SPM were higher respectively in the presence of these polyamines in the medium at the concentration of 10‑3M, especially on day 14 (Table 1). In the presence of 10‑6M PUT, the changes of endogenous PUT and SPM levels were more important than those observed in control conditions (Fig. 2B), especially on day 28. 
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Figure 2: Endogenous polyamine level in yam explants during the first weeks of culture in control conditions (A) and in the presence PUT 10‑6 M (B). 

Table 1: Tuber formation in the presence of various concentrations of polyamines after different times and polyamine endogenous levels measured on day 14 (Student t-test, a, b, c, d, e, p=0.05, in each column).

	
	Tuber formation (%)
	Polyamine levels (nmol/g FW)

	Conditions
	Day 7
	Day 14
	Day 21
	PUT
	SPD
	SPM

	Control
	0
	0
	100
	16.0 ± 1.8a
	5.1 ± 1.1a
	1.1 ± 0.1a

	PUT 10-6 M
	100
	100
	100
	20.8 ± 0.7a
	4.2 ± 0.6a
	2.6 ± 0.3b

	PUT 10-5 M
	82.3
	100
	100
	30.0 ± 3.4b
	2.8 ± 0.8a
	2.1 ± 0.4b

	PUT 10-4 M
	0
	61.2
	100
	35.3 ± 1.6b
	14.0 ± 0.4b
	8.9 ± 0.4c

	PUT 10-3 M
	0
	58.6
	100
	72.1 ± 15.6c
	9.0 ± 2.9b
	5.5 ± 2.2c

	SPD 10-4 M
	12.1
	23.1
	100
	33.9 ± 1.2b
	4.5 ± 0.3a
	2.8 ± 0.2b

	SPD 10-3 M
	19.8
	49.2
	100
	25.4 ± 2.4b
	66.0 ± 3.2c
	7.8 ± 3.7c

	SPM 10-4 M
	11.5
	41.3
	100
	30.1 ± 2.7b
	19.1 ± 7.8b
	15.1 ± 1.1d

	SPM 10-3 M
	10.2
	53.4
	100
	32.2 ± 2.6b
	12.1 ± 1.0b
	91.5 ± 13.1e



	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	


b. Polyamine metabolism inhibitors

All the inhibitors were used at 10‑4 M. DFMA and especially DFMO, two inhibitors of PUT synthesis, induced an earlier tuber formation (Table 2). After 14 d of culture in the presence of DFMO, 60% of the explants showed a microtuber. Addition of cyclohexylamine (CHA), which inhibits SPD synthase or aminoguanidine (AG), which inhibits diamine oxidase induced also an earlier tuber formation. In these cases, respectively 66 and 52% of the explants showed a microtuber after 14 d while in control conditions no microtuber had already formed.
Table 2: Tuber formation in the presence of various inhibitors (10‑4 M) of polyamine metabolism after different times and polyamine endogenous levels measured on day 14 (Student t-test, a, b, p=0.05, in each column).

	
	Tuber formation (%)
	Polyamine levels (nmol/g FW)

	Conditions
	Day 7
	Day 14
	Day 21
	PUT
	SPD
	SPM

	Control
	0
	0
	100
	16.9 ± 0.9a
	5.2 ± 0.2a
	0.4 ± 0.1a

	DFMA
	0
	12.5
	100
	6.5 ± 0.7b
	7.8 ± 1.5b
	1.9 ± 0.4b

	DFMO
	9.7
	59.6
	100
	15.3 ± 2.7a
	6.9 ± 0.9a,b
	1.4 ± 0.3b

	AG
	0
	52.3
	100
	14.5 ± 2.6a
	4.7 ± 1.5a
	1.3 ± 0.2b

	CHA
	0
	65.8
	100
	19.5 ± 2.3a
	4.3 ± 1.1a
	1.0 ± 0.2b


As far as endogenous polyamine levels were concerned, only DFMA inhibited the increase of the endogenous level in PUT during the 4 first weeks of culture, as shown on day 14 (Table 2). There were no significant modifications of variation of the endogenous levels of PUT with the other inhibitors. The presence of all the inhibitors tested at 10‑4M did not modify SPD levels while the SPM levels increased in the presence of all the inhibitors (Table 2). 

c. Polyamine precursors

ARG and ORN, the two precursors of PUT biosynthesis, were added to culture media at various concentrations (10‑3 to 10‑6 M). The presence of one of either precursors induced a very earlier tuber formation (Table 3). Already, after 7 d of culture, tuber formation was observed in all the cases, but not in control conditions. The best results were obtained with 10‑4 M ARG and 10‑3 M and 10‑4 M ORN, but 100% of tuberisation were observed after 14 d in the presence of lower concentrations of ARG and ORN, respectively 10‑5 - 10‑6 M and 10‑4 - 10‑6 M.

Endogenous PUT levels increased in all conditions after 14 d (Table 3). With ARG, this increase was higher with increasing concentrations. Higher PUT level was measured in the presence of low concentrations of ORN. Similar variations in endogenous SPD and SPM were measured in the presence of ORN.

Table 3: Tuber formation in the presence of various concentrations of ORN or ARG (PUT precursors) after different times and endogenous polyamine levels measured on day 14 (Student t-test, a, b, c, d, e, p=0.05 in each column).

	
	Tuber formation (%)
	Polyamine levels (nmol/g FW)

	Conditions
	Day 7
	Day 14
	Day 21
	PUT
	SPD
	SPM

	Control
	0
	9.2
	100
	18.6 ( 0.9a
	2.1±1.0a,c
	1.3± 0.3a

	ARG 10-6 M
	4.1
	100
	100
	37.8 ( 7.6b
	3.1 ( 1.7a,b
	2.3 ( 0.5b

	ARG 10-5 M
	8.3
	100
	100
	47.6 ( 8.3b
	2.2 ( 0.5a
	1.7 ( 0.3a,b

	ARG 10-4 M
	70.8
	95.3
	100
	69.5 ( 9.4b,c
	5.1 ( 1.5b
	0.5 ( 0.4c

	ARG 10-3 M
	33.3
	87.5
	100
	98.0 ( 10.8d
	1.2 ( 0.3c
	1.7 ( 0.9a,b

	ORN 10-6 M
	37.5
	100
	100
	128.2 ( 10.6e
	9.8 ( 0.7d
	3.7 ( 0.7d

	ORN 10-5 M
	37.5
	100
	100
	128.0 ( 7.6e
	7.2 ( 2.5b,d
	1.7 ( 0.8a,b

	ORN 10-4 M
	50.0
	100
	100
	51.5 ( 7.5b
	4.8 ( 2.1b
	2.0 ( 0.7a,b

	ORN 10-3 M
	58.3
	83.3
	100
	69.6 ( 8.8b,c
	5.6 ( 1.5b
	1.1 ( 0.4a,c


Effect of exogenous PUT and of precursors of PUT synthesis on tuber development

In control conditions, length and weight of the tubers were measured after 60 and 120 d of culture (Table 4). After 60 d, the average tuber measured 4.9 mm and weighted 103 mg. 60 d later, the length was increased by 60% but the weight was increased 3.3 times.

The presence of PUT in the medium induced an increase of the length (+80%, with PUT 3 10‑6 M) and of the weight (+ 117% with PUT 10‑6 M) of the tubers after 60 d (Table 4). After 120 d, the best increase of length and weight was observed in the presence of PUT 3 10‑7 M, respectively + 88 and +106%. With higher concentrations (PUT 10‑4 and M 10‑3 M), an increase of the length and the weight was observed on day 60, while on day 120, the length was similar to control conditions and the weight was lower.
Table 4: Length and weight of tubers after 60 and 120 d of culture in various conditions (Student t-test, a, b, c, d, p=0.05, in each column).

	
	Tuber length (mm)
	Tuber weight (mg)

	Conditions 
	Day 60
	Day 120
	Day 60
	Day 120

	Control
	4.9 ( 0.4a
	8.0 ( 0.9a
	103 ( 7a
	341 ( 35a

	PUT 3 10-7 M
	6.1 ( 0.4a,b
	15.0 ( 2.0c
	134 ( 19a
	703 ( 83b,c

	PUT 10-6 M
	7.3 ( 0.5b
	11.5 ( 1.8b
	223 ( 20b,c
	594 ( 62b,c

	PUT 3 10-6 M
	8.8 ( 0.9b
	10.5 ( 1.1b
	186 ( 31c
	402 ( 45b

	PUT 10-5 M
	6.1 ( 0.3a,b
	9.5 ( 1.7a,b
	161 ( 16c,d
	357 ( 19a

	PUT 10-4 M
	6.8 ( 0.6b
	8.5 ( 0.4a
	143 ( 12d
	291 ( 33a

	PUT 10-3 M
	6.0 ( 0.5a,b
	7.5 ( 0.8a
	106 ( 7a
	270 ( 25a

	ARG 10-5 M
	9.3 ( 0.5b
	13.5 ( 1.6b,c
	228 ( 15b,c
	784 ( 58c

	ARG 10-4 M
	9.0 ( 0.5b
	11.3 ( 1.2b
	235 ( 19b
	631 ( 69b

	ARG 10-3 M
	8.1 ( 0.7b
	7.9 ( 1.0a
	208 ( 20c
	359 ( 60a

	ORN 10-5 M
	9.4 ( 0.5b
	13.9 ( 1.4b,c
	206 ( 23c
	827 ( 97c

	ORN 10-4 M
	8.3 ( 0.4b
	11.1 ( 1.1b
	170 ( 13b
	572 ( 59b

	ORN 10-3 M
	6.5 ( 0.5a,b
	10.0 ( 0.7b,c
	121 ( 13a
	507 ( 53b


After 60 d, the contents in polyamines and auxins were measured in nodes and tubers (Table 5). Auxin (IAA and IAAsp) contents of nodes and tubers were higher (around 10 times) in the presence of PUT (10‑5 M) in the medium and higher in nodes than in tubers. As far as polyamines are concerned, PUT level was higher in tubers than in nodes and especially in the presence of PUT (10‑5 M) in the medium.

The 3 different concentrations of ARG induced a similar increase of length and weight of the tubers after 60 d while after 120 d, the increases was higher with low concentration of ARG (Table 4). The best results were obtained with ARG 10‑5 M (length +69%, weight + 129%).

After 60 d, it was possible to see the effect of ORN and this effect increased when the exogenous concentration decreased. At 10‑3 M, ORN had no significant effect while at 10‑5 M, the length was increased by 74% and the weight by 143% after 120 d.
Table 5: Auxin (nmol/g FW) and polyamine (nmol/g FW) contents in nodes and tubers after 60 d of culture in control conditions (MS0) and in the presence of PUT (10‑5 M).

	
	Nodes
	Tubers

	
	MS0
	PUT 10-5 M
	MS0
	PUT 10-5 M

	IAA
	0.78 ( 0.31
	7.47 ( 1.01
	0.25 ( 0.04
	3.66 ( 0.04

	IAAsp
	2.38 ( 0.21
	15.66 ( 1.51
	0.58 ( 0.13
	6.37 ( 1.36

	PUT
	43.8 ( 12.6
	58.9 ( 11.8
	136.5 ( 18.8
	484.6 ( 12.5

	SPD
	35.4 ( 19.4
	12.0 ( 10.9
	14.7 ( 4.0
	10.7 ( 8.7

	SPM
	13.9 ( 8.2
	15.2 ( 1.5
	3.3 ( 0.4
	8.7 ( 0.7








4. Discussion 

Developmental steps of the tuberisation process include organogenesis, tuber development, dormancy and sprouting and require extensive morphological and biochemical changes. The coordinated control of a complex set of interlocked morphological, physiological and biochemical processes are well documented for potato (Viola et al. 2001). In contrast, little is known about yam tuber formation and development. After 3 weeks in control conditions, the bud developed into a shoot and a small enlargement at the basis of axillary bud was observed (as previously described by Ondo Ovono et al. 2007). This structure developed into a microtuber on all the explants in culture (Fig. 1A). A few days later, roots appeared and during the following weeks, the size of the tuber and the roots increased.

As for rooting and flowering, there are several reasons to believe that tuberisation is under hormonal control. There are reports describing the importance of gibberellins, cytokinin, jasmonic acid (JA) and abscisic acid (ABA) in potato tuber induction (Prat 2004). 

The role of polyamines has been reported in a wide range of biological and physiological processes. Their high endogenous concentrations, their phenolic partners and their possible conjugation suggested that they were likely to be second messenger (Biondi et al. 2003). Mader (1999) also reported that polyamines were needed for tuberisation of potato node explants grown in vitro. These growth regulators were postulated to be required in cell division during early events of tuber formation (Pedros et al. 1999). In cuttings of potato, tuber initiation is accompanied by an increase of phenolic amides in the stolons (Payot et al. 1983) and increases in free polyamines in potato tubers have been shown after the initiation of sprouting (Mikitzel et al. 1989). In D.cayenensis-D.rotundata complex (Fig. 2), polyamine levels (particularly PUT) increased rapidly during the first 4 weeks of in vitro culture. The possibility that these changes could be related to the tuber formation process was examined. 

Exogenous polyamines induced an earlier tuber formation in Dioscorea (Table 1). The best results were obtained with PUT and at low concentrations (10‑5 or 10‑6 M). With 10‑6 M PUT, all the explants showed tuber formation after one week (Fig. 1B). In comparison with  control conditions 10‑6 M PUT had no significant effect on evolution of endogenous PUT level in the nodes (Fig. 2). The highest concentration was always observed at day 28. At this time, the tuber was already formed and had already grown. Addition of polyamines at a higher concentration (10‑3 M) in plant medium promoted the endogenous increase of the polyamines as already observed in other tissues (Steiner et al. 2007; Silveira et al. 2006) while it delayed the tuber formation compared to lower concentrations. 

Addition of the PUT precursors, ARG or ORN induced also an earlier tuber formation. After 14 d of culture, 100%  of tuberisation were observed with the lowest concentrations (10-5 or 10-6 M ) as for PUT. An increase of the endogenous PUT levels was also observed during the 4 first weeks as illustrated at day 14 (Table 3). The two pathways (ORN via ORN decarboxylase, ARG via ARG decarboxylase) of the synthesis of PUT can be used to promote an earlier tuber formation.

The importance of polyamine biosynthesis for tuber formation can be confirmed by the use of specific inhibitors of the synthesis of PUT, DFMA and especially DFMO. However in this study, DFMO induced an earlier tuber formation without change in PUT content while DFMA did not change the timing of the tuber formation but reduced endogenous PUT level. Ornithine decarboxylase is generally associated with cells undergoing cell division (Acosta et al. 2005) and arginine decarboxylase with cells undergoing cell expansion correlating with increased PUT synthesis (Perez-Amador and Carbonell 1995). But in some cells, these pathways also work independently (Bhatnagar et al. 2001) as it was probably the case in our material. Addition of CHA or AG, which inhibits respectively SPD synthase or diamine oxidase, induced also an earlier tuber formation without significant change in endogenous polyamines (Table 2). 

These results suggest that polyamines or polyamine precursors supplementation to cultures could advance tuber formation. But the decrease of the time necessary to observe tuber formation cannot be related with endogenous modifications of polyamine content (timing of maximum level, absolute content) unlike rooting (Hausman et al. 1995; Naija et al. 2008) or embryogenesis (Baron and Stasolla 2008).

In conclusion, if polyamine or PUT precursor supplementation to culture medium could advance tuber formation, no relations with modifications of endogenous PUT level were found. Exogenous PUT or their precursors can modify the content or more likely the metabolism of another growth regulator directly implicated in the tuber formation.

As indicated by Kloosterman et al. (2007) in potato, the growth of the tuber is a complex process regulated by different environmental signals and plant hormones. These authors proposed a role for GA levels in the subapical stolon region at the onset of tuberization, thereby facilitating normal tuber development and growth, while a favourable effect of JA on tuber growth after induction was reported on various plants (Sarkar et al. 2006) including Chinese yam (Koda and Kikuta 1991).

In potatoes, Pedros et al. (1999) showed a significant shift in tuber size distribution in association with the metabolism of polyamines. In  D. cayenensis-D. rotundata complex, the addition of small concentration of PUT (3 10‑7 M) in the medium increased tuber length (+ 88%) and tuber weight (+ 106%). Such an increase was observed in the presence of precursors of PUT, ARG or ORN, respectively + 68% or 73% for the length and +130% or 143% for the weight (Table 4). 

The tuber enlargement in presence of PUT might be triggered by enhancement of endogenous plant growth polyamines. An important increase in endogenous PUT level (+ 255%) was determined (Table 5) while the SPD and SPM levels were not significantly modified. This increase was specific to tuber, no modification was observed in nodes (Table 5). Mader (1997) showed that polyamines derived from ornithine and not from arginine were critical for tuberisation, in accordance with the general perception that the ornithine decarboxylase pathway is related to growth and development, in particular via cell division. In D. cayenensis-D. rotundata complex tuberisation, the two pathways of PUT biosynthesis could be used indifferently. If cytokinins, GA, ABA are known to be involved in the tuberisation process (Prat 2004) and the further tuber development, nothing is known about the role of auxins in this process. Our preliminary results (table 5) suggested an increase in auxins (IAA and IAAsp) in tuber after 60 d of culture in the presence of PUT, conditions where an increase in length and weight of tuber were observed. Unlike PUT increasing only in tuber, auxin levels also increased in nodes. 
5. Conclusion

The present study has shown the promotive effects of exogenous polyamines, on yam tuber formation and development in vitro. Application of exogenous polyamines, polyamine metabolism inhibitors and polyamine precursors in various concentrations positively affected microtuber formation and development in yam nodal cuttings. Polyamine endogenous level and metabolism can be significantly affected by exogenous polyamines but the modifications of endogenous free polyamine levels could not be directly correlated to the timing of tuber formation. Moreover, increases in endogenous PUT and auxins were observed in tuber showing a better development in the presence of PUT.

These results can be used for optimising in vitro conditions for mass production of larger microtubers in Dioscorea cayenensis-D. rotundata complex.
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Abstract   

Tubers can be initiated and can develop in vitro from nodal cuttings of yam (Dioscorea cayenensis - D. rotundata complex). The effect of exogenous jasmonic acid (JA), alone or in combination with putrescine (PUT), on these processes was investigated in relationship with endogenous JA and polyamine levels. Application of exogenous JA at various concentrations positively affected microtuber formation and growth from yam nodal cuttings. In control conditions, three weeks were needed to obtain 100% of tuberisation. With low concentrations of JA (0.1µM), tuber formation occurred earlier (46% after one week). JA endogenous level was not significantly affected by its exogenous presence in the medium. By contrast, exogenous JA significantly affected polyamine endogenous level. However the time course of these changes did not correlate with the timing of tuber formation as already observed with the addition of exogenous polyamines. Exogenous application of higher concentration of JA (0.3 µM) and PUT (1 mM) in combination had an additional effect on tuber formation (precocity) and growth (weight and length). On the contrary, at lower concentrations, an antagonism between these two regulators was observed. In that case, JA could inhibit the polyamine-induced effect. In the future, these results could help the optimising in vitro conditions for mass production of larger yam microtubers.

Abbreviations: ARG: arginine, JA: jasmonic acid, PUT: putrescine, ORN: ornithine, SPD: spermidine, SPM: spermine 

1. Introduction 

The food yams are monocotyledonous plants belonging to the genus Dioscorea of the family Dioscoreaceae. Yam tubers are a major source of carbohydrates especially in West Africa, South East Asia, the Caribbean islands and parts of Central and South America (Coursey  1967). Out of the six hundred species of the genus Dioscorea, ten species serve as a primary staple food in the above mentioned areas (Alexander and Coursey 1969; Coursey and Hayes 1970; Hahn et al. 1995). Of the ten cultivated species, the six most importants are Dioscorea rotundata (white yam), D. cayenensis (yellow yam), D. alata (water yam), D. dumetrorum (bitter yam), D. esculenta (chinense yam) and D. bulbifera (aerial yam) (Adeniji 1970). They are vegetatively propagated by means of tuber setts (Ng 1988) and agronomic clones are selected for such attributes as regular tuber shape, flesh colour, taste and cooking qualities in addition to higher yields (Mantell and Hugo 1989). However, these methods are inefficient for large-scale distribution of superior clones and increase the risks of transfer of diseases. In vitro production of microtubers has been proposed as an additional tool for plant propagation in both potato (Estrada et al. 1986) and yam (Ng 1988).

Although many factors have been identified that affect either the rate of tuber formation or their size in Dioscorea species (Ammirato 1984, Forsyth and Van Staden 1984; Ng 1988; Mantell and Hugo 1989; Jean and Cappadocia 1992), still the information is far from being abundant and contrasting results have been observed by different authors working with different species. As in other organogenous processes (Gaspar et al. 1996), a key of success factor was the presence of exogenous growth regulators in the medium, namely polyamines or jasmonates (Omokolo et al. 2003; Ondo Ovono et al. 2009).

Jasmonates (JA and its related compounds) are newly recognised growth regulators widely distributed in plants. They affect many physiological processes including tuber formation and development in potato (Koda et al. 1998; Abdala et al. 1996), in Jerusalem artichoke (Koda et al. 1994), in Dioscorea (Koda and Kikuta 1991; Jasik and Mantell 2000; Bazabakana et al. 2003) and orchid (Debeljak et al. 2002), as well as bulb formation in garlic (Ravnikar et al. 1993), narcissus (Santos and Salema 2000) and lily (Jasik and de Klerk 2006). The putative role of jasmonates in storage organ formation was corroborated by reports on increased endogenous levels of jasmonates in bulb and tuber forming plants. These findings are of particular importance for agriculture (Jasik and de Klerk 2006).  It was suggested that jasmonates control bulb and tuber formation by stimulation of cell division and promotion of cell expansion (Koda 1997; Sarkar et al. 2006). 

Polyamines constitute another class of plant growth regulators, characterized by their polycationic nature and ability to form weak or covalent bindings with biological macromolecules (Cohen 1998). They are known to play positive role in plant growth and differentiation (Takeda et al. 2002; Debiasi et al. 2007; Francisco et al. 2008). The diamine precursor of the polyamines spermidine (SPD) and spermine (SPM) is putrescine (PUT); it is synthesized indirectly via arginine decarboxylase (ADC) and/or directly via ornithine decarboxylase (ODC). 

Little is known about jasmonic acid –polyamines relationships on tuber formation and growth on yam in vitro, although there are some indications that JA effects may be, in part, mediated by increased polyamines levels (Yoshikawa et al. 2007). 

In the present work, we investigated the effect of exogenous JA, alone or in combination with polyamines or their precursors, arginine (ARG) or ornithine (ORN) on tuber formation and growth on yam plants in vitro. Tuber formation and growth were further discussed in relationship with changes in endogenous jasmonic acid and polyamine levels. 

2. Materials and methods 

Plant material and culture conditions

One virus-free in vitro clone of D. cayenensis-D. rotundata complex, was provided by Roots and Tubers Transit Centre of CIRAD (France). The identification number was clone CTRT 233 coming from one tuber of cv. ‘Singo’. 

Axillary shoot proliferation was maintained by subculturing single nodes every 2 months on MS salt medium (Murashige and Skoog 1962) supplemented with Morel vitamins, 30 g.l-1 sucrose, 2 g.l-1 activated charcoal and 8.2 g.l-1  Caldic agar (Hemiksem, Belgium). The pH of the media was adjusted to 5.7 ± 0.1 before autoclaving at 121 ° C for 20 min. 

Ten nodal cuttings (2 cm long) with one leaf were cultured in glass containers (800 ml) topped with plastic lid and containing 125 ml of medium. The cultures were maintained in a 16-h photoperiod (Sylvania Grolux fluorescent lamps, 50 µmol.m‑2.s‑1) at a day/night temperature of 25/22 °C. 

Chemical treatments

Nodal cuttings were grown on medium containing exogenous JA, PUT, or its precursors ornithine (ORN) or arginine (ARG). All these compounds (except JA) were dissolved in water, sterilized by filtration (0.22 µm pore size) and added to the autoclaved medium at various concentrations as indicated in the result section. JA dissolved in ethanol was also added to autoclaved media.

Growth parameters 

In each experiment, the percentage of explants presenting a microtuber was recorded every week during the first 4 weeks. Tuber length and weight were measured after 60 and 120 days. Three containers with 10 explants in each were used in each experiment.

Extraction and determination of polyamines

Extraction, separation, identification by HPLC and measurement of free polyamines were performed as described by Walter and Geuns (1987). Nodes (with leaf and without roots) or tubers were stored at -80 °C. Samples (150 mg fresh weight) were homogenized in 1 ml of 4% HClO4 containing 1,7 diaminoheptane-2HCl as internal standard. After 1 h in darkness at 4 °C, the samples were centrifuged during 10 min at 11.000 g. To 100 µl  of supernatant, 200 µl  of carbonate buffer (1 M, pH 9) and 200 µl  of dansyl chloride solution (7 mg ml-1 acetone) were added. After heating for 1 h at 60 °C, the dansylated polyamines were extracted with 600 µl toluene. The extracts were purified by passage through a 0.05-g silica gel column. After washing with 250 µl of toluol and 250 µl  of toluol-triethylamine (10:0.3), polyamines were eluted with 2×200 µl  of ethyl acetate and the volume was reduced under vacuum. The HPLC analysis was performed with a programmed acetonitrile: water solvent gradient, changing from 58 to 91% over 8 min. Solvent flow was 1 ml min-1. Before injection, the sample was dissolved in methanol (1 ml). Elution was monitored with a fluorescence detector at 340 nm for excitation and 510 nm for emission. The results are means of data from at least three independent experiments (3 replicates each time). 

Extraction and determination of jasmonic acid

Frozen nodes (with leaf and without roots) (500 mg) were homogenized in liquid nitrogen and extracted with methanol. To the homogenate 50µl JA3H was added as internal standard. After 16 h in darkness at 4 °C, the samples were centrifuged (10 min, 10000 g, 4 °C). After a second extraction in 80% methanol, the supernatants were pooled and methanol was evaporated and samples were dissolved in 3 µl of 33% methanol. 

Liquid-liquid extractions were done three times with 7 ml hexane followed by three times with ethyl acetate. The supernatants were pooled and evaporated at 40°C. Samples were dissolved in 500 µl methanol. Fifty µl were injected in a fully automated Merck-Hitachi HPLC system. The HPLC column was a Merck Lichrocart 100RP18, 25 cm long, 5 µm particle size, solvent and column temperatures were 30 °C. The mobile phase was a linear gradient of water-acetonitrile (20:80) with 0.1% trifluoroacetic acid in water with 0.1% trifluoroacetic acid, at a flow-rate of 1 ml/min, from 0 to 100% in 85 min. The eluate was monitored with a DAD detector at 290 nm. 

The Student t-test was used for evaluating the level of significant differences between the different experimental conditions. In figures, error bars correspond to 2x standard error (SE) and the different letters are indicating significant differences. 

3. Results

Tuber formation in control conditions

The axillary bud developed into a shoot and a small enlargement at its base was observed. This enlargement developed into one microtuber by explant after 3 weeks on all the explants in culture (fig 1A). During the following weeks, the size of the tuber increased. 

Endogenous JA content increased after transfer on the new medium. After 14 days, the content had almost doubled and it continued to increase thereafter (fig. 2). Concerning the endogenous content in polyamines, PUT (fig.3) and SPD levels increased rapidly during the first 3 weeks while SPM level decreased during the first 14 days and increased later on (Ondo Ovono et al. 2009).

Effect of JA on tuber formation

Effect of JA on tuber formation was tested at three different concentrations (table 1). Tuber formation was faster on medium supplemented with 0.1 µM JA, with 45% after 7 days (vs 0% for the control) and after 2 weeks all the shoots formed a tuber (fig 1B). Higher concentrations of JA also induced an earlier tuber formation but to a lesser extent than with 0.1 µM JA. The presence of JA in the culture media had no significant effect on the endogenous levels of JA (fig. 2), and PUT (fig. 3) during the first 3 weeks.  On the contrary, an increase in SPD and SPM is observed, especially with high levels in JA. See for example the data obtained after 14 days of culture on various exogenous concentration of JA in table 1.






Figure 1: Weak enlargement at the base of the axillary bud after 14, 21 and 28 days (D) in culture in control conditions (A) and in the presence of 0.1 µM JA (B). T= tuber formation.

Table 1: Tuber formation in the presence of various concentrations of JA after different times. JA and polyamine endogenous levels measured on day 14 (Student t-test, a, b, c, d, p=0.05, in each column); nd = non determined.

	
	Tuber formation (%)
	Polyamine levels (nmol/g FW)
	JA level (µmol/g FW)

	Conditions
	Day 7
	Day 14
	Day 21
	PUT
	SPD
	SPM
	

	Control
	0
	0
	100
	16.9 ( 0.9a
	5.2 ( 0.2a
	0.4 ( 0.1a
	23.0 ( 2.4a

	0.1 µM JA
	45.8
	100
	100
	22.5 ( 6.0a
	1.9 ( 0.4b
	1.7 ( 0.5b
	nd

	0.3 µM JA
	0
	31.5
	82.1
	14.9 ( 0.8a
	16.0 ( 1.9c
	1.9 ( 0.2b
	19.8 ( 2.1a

	1 µM JA
	0
	52.8
	100
	16.0 ( 1.1a
	8.7 ( 1.0d
	1.2 ( 0.3b
	nd


Effect of JA on tuber formation

Effect of JA on tuber formation was tested at three different concentrations (table 1). Tuber formation was faster on medium supplemented with 0.1 µM JA, with 45% after 7 days (vs 0% for the control) and after 2 weeks all the shoots formed a tuber (fig. 1B). Higher concentrations of JA also induced an earlier tuber formation but to a lesser extent than with 0.1 µM JA. The presence of JA in the culture media had no significant effect on the endogenous levels of JA (fig. 2), and PUT (fig. 3) during the first 3 weeks. On the contrary, an increase in SPD and SPM is observed, especially with high levels in JA. See for example the data obtained after 14 days of culture on various exogenous concentration of JA in table 1.
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Figure 2: Endogenous level of JA in yam explants during the first weeks of culture in control conditions (MS0) and in the presence of JA (0.3 µM), PUT (10 µM) or JA (0.1µM) + PUT (10 µM).  * = significantly different from level at day 0 ( p(0.05)
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Figure 3: Endogenous level of PUT in yam explants during the first weeks of culture in control conditions (MS0) and in the presence of JA (0.3 µM or 0.1µM), PUT (10 µM) or JA (0.1 µM) + PUT (10 µM). * = significantly different from level at day 0, ** moreover significantly different from level in control conditions (MS0) at the same day ( p (0.05).
Effect of combined JA and polyamines on tuber formation

Previously, we have shown that the presence of PUT induced an earlier tuber formation (Ondo Ovono et al. 2009). Two different concentrations of PUT and JA were combined to check for additive effects. At low concentrations (10 µM PUT and 0.1 µM JA) the acceleration of tuberisation brought about by the two compounds alone (respectively, 82% and 46% on day 7) was lower in this case (table 2). No tuber formation was observed on day 7 while after 14 days, almost all the explants showed tuber formation. At this moment no tuber could be observed in control conditions. On the contrary, with higher concentrations of both regulators (1 mM PUT and 0.3 µM JA), a cumulative effect was observed on day 14 with 72% of tuber formation while for the two regulators alone the percentage were respectively 31 and 59%. 
Table 2 : Tuber formation in the presence of various combinations of JA and PUT. JA and polyamine endogenous levels measured on day 14 (Student t-test, a, b, c, d, p=0.05, in each column); nd = non determined.

	
	Tuber formation (%)
	Polyamine levels (nmol/g FW)
	JA level (µmol/g FW)

	Conditions
	Day 7
	Day 14
	Day 21
	PUT
	SPD
	SPM
	

	Control
	0
	0
	100
	16.0 ± 1.8a
	5.1 ± 1.1a
	1.1 ± 0.1a
	23.0 ( 2.4a

	10 µM PUT
	82.3
	100
	100
	30.0 ± 3.4b
	2.8 ± 0.8a,c
	2.1 ± 0.4b
	24.0 ( 1.8a

	1 mM PUT
	0
	58.6
	100
	72.1 ± 15.6c
	9.0 ± 2.9b
	5.5 ± 2.2c
	nd

	10 µM PUT + 0.1 µM JA
	0
	95.8
	100
	23.4 ( 3.9b
	4.7 ( 1.1a
	1.5 ( 0.3a
	24.4 ( 1.3a

	1 mM PUT + 0.3 µM JA
	0
	71.8
	100
	268.6 ( 4.4d
	1.8 ( 0.2c
	1.2 ( 0.3a
	nd


The presence of 10 µM PUT in the culture medium led to an increased endogenous PUT concentration after 14 days. The combination of 10 µM PUT and 0.1 µM JA had no additional effect except after 21 days where these two growth regulators showed additive effects (fig. 3). In the presence of 1 mM PUT, the endogenous content of PUT increased (around 4 times) and with the addition of JA, this high content was still almost quadrupled. There were no important variations of the other polyamines (table 2). Variation in JA endogenous content in the presence of the two growth regulators was not different from control conditions during the first 3 weeks of culture (fig. 2). 

Effect of exogenous JA and/or PA on tuber growth

In control conditions, length and weight of the tubers formed were measured after 60 and 120 days of culture (table 3). After 60 days, the tubers showed a length of 4.9 mm and a weight of 103 mg. 60 days later, the length was increased by 60% and the weight was increased by 3.3 times.

The presence of JA in the medium induced a 51 to 73% increase depending on JA concentration of the tuber length after 60 days. Lower differences were observed after 120 days (table 3). JA addition to the medium also stimulated tuber weight increase after 60 days (+ 160%) and 120 days (+ 41%).

The addition of JA and PUT (1 or 10 µM) in the medium induced an increase of the length of the tubers after 120 days compared to PUT or JA alone at the same concentration (table 3). The weight was also increased in the presence of JA and 10 µM PUT compared to JA or PUT alone.The combination of JA with ARG (precursor of PUT biosynthesis) induced a reduction of the length and weight compared to the effect of the two compounds used separately. On the contrary, the addition of ORN (precursor of PUT biosynthesis) to the medium with JA induced an increase of the length after 120 days without significant modification of the weight. Meanwhile, the weight obtained in the presence of the two compounds was lower than this obtained with ORN alone.


	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	



	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	


Table 3 : Length and weight of tubers after 60 and 120 days of culture in various conditions (Student t-test, a, b, c, p=0.05, in each column).
	
	Tuber length (mm)
	Tuber weight (mg)

	Conditions 
	Day 60
	Day 120
	Day 60
	Day 120

	Control
	4.9 ( 0.4a
	8.0 ( 0.9a
	103 ( 7a
	341 ( 35a

	1 µM JA
	7.4 ( 0.3b
	10.4 ( 1.2b
	294 ( 45b
	482 ( 47b

	0.3 µM JA

0.1 µM JA
	8.5 ( 0.6b,c
9.0 ( 0.6c
	10.6 ( 1.8b
10.5 ( 1.3b
	271 ( 27b
288 ( 32b
	589 ( 50b
563 ( 48b

	1 µM PUT
	7.3 ( 0.5b
	11.5 ( 1.8b,c
	223 ( 20b,c
	594 ( 62b

	10 µM PUT
	6.1 ( 0.3a,b
	9.5 ( 1.7a,b
	161 ( 16c
	357 ( 19a

	10 µM ARG
	9.3 ( 0.5c
	13.5 ( 1.0c
	228 ( 15b,c
	784 ( 58c

	10 µM ORN
	9.4 ( 0.5c
	13.9 ( 1.1c
	206 ( 23c
	827 ( 97c

	0.1 µM JA + 1 µM PUT
	9.4 ( 0.9c
	12.5 ( 0.5c
	204 ( 28c
	585 ( 83b

	0.1 µM JA + 10 µM PUT
	9.1 ( 0.7c
	11.7 ( 0.7c
	198 ( 22c
	783 ( 32c

	0.1 µM JA + 10 µM ARG
	7.1 ( 0.5b
	7.5 ( 1.1a
	173 ( 27c
	420 ( 27a

	0.1 µM JA + 10-µM ORN
	9.3 ( 0.7c
	13.3 ( 1.0c
	202 ( 19c
	625 ( 78b


4. Discussion 

As previously described by Ondo Ovono et al. (2007), after 3 weeks in control conditions, the yam bud developed into a shoot and a weak enlargement at the base of axillary bud was observed (fig. 1A), resulting in the formation of one microtuber on all the explants in culture. During the following weeks, the size of the tuber increased. Developmental steps of the tuberisation process include organogenesis, tuber development, dormancy and sprouting and require extensive morphological and biochemical changes that are well documented for potato (Viola et al. 2001). In contrast, little is known about yam tuber formation and growth.

As for rooting and flowering (Gaspar et al. 1996), there are several reasons to believe that tuberisation is under hormonal control. There are reports in the literature describing the importance of gibberellins, cytokinin, jasmonic acid or abscisic acid in potato tuber induction (Prat 2004). JA levels in plants vary as function of tissue and cell type, of the developmental stage, and also in response to environmental stimuli (Creelman and Mullet 1997). The putative role of jasmonates in storage organ formation has been corroborated by reports on increased endogenous levels of jasmonates in bulb- and tuber-forming plants (Nojiri et al. 1992). So, in D. cayenensis - D. rotundata complex, endogenous jasmonic acid content rapidly increased after transfer on fresh medium (fig.2). 

Some previous studies reported the positive effect of exogenously applied jasmonate on tuberisation. In the D. cayenensis - D. rotundata complex, an earlier tuber formation was observed on medium supplemented with 0.1 µM JA. After 7 days, 46% of the nodes showed a microtuber (table 1). The presence of JA in the culture media had no significant effect on the endogenous variations of JA (table 1).  In potato, it was suggested that variations in JA level were not involved in the control of tuberisation, although it was not excluded that other JA-related compounds caused tuberisation under inductive conditions (Harms et al. 1995).

The role of polyamines has been reported in a wide range of biological and physiological processes. With low concentrations of putrescine (1 or 10 µM) in the medium, yam tuber formation occurred earlier (Ondo Ovono et al. 2009). Endogenous polyamine level and metabolism can be significantly affected by these exogenous polyamines but modification in endogenous free polyamines could not be directly correlated to the tuber formation process (Ondo Ovono et al. 2009). The acceleration of tuber formation in the presence of PUT cannot be correlated with endogenous modifications of polyamine (especially PUT) content (timing of maximum level, absolute content).

In the presence of JA, no important modification in endogenous PUT level was observed (Fig. 3) except a more rapid increase (see day 7) in the presence of 0.1 µM JA, but endogenous SPD and SPM levels were increased (with 0.3 and 1 µM JA). An effect of jasmonates on levels of free polyamines was already reported (Biondi et al. 2001). 

In the presence of 10 µM PUT or 0.1 µM JA, an earlier tuber formation was observed (respectively 82 and 46% on day 7) while with a combination of these two regulators, no tuber formation was observed on day 7 (table 2). On the contrary, 1 mM PUT or 0.3 µM JA alone induced respectively 59 and 31 % of tuber formation on day 14. The presence of these two regulators, together, increased this percentage to 72%. These data supported the hypothesis that JA at low concentration was antagonist to PUT. There is sufficient evidence suggesting that these compounds interact with most of the traditional plant growth regulators (Biondi et al. 2001), as it was the case for cytokinins involved in the regulation of potato tuber formation in vitro (Sarkar et al. 2006). 
The increase in endogenous PUT level in the presence of 1 mM PUT and 0.3 µM JA, more important than with 1 mM PUT alone, can be due to the enhancement by JA of the production of secondary metabolites including polyamines (Hui et al, 2006). Jasmonates are also known to interfere with the distribution of free and conjugated polyamines (Mader 1999; Biondi et al. 2001; Walter et al. 2002).
5. Conclusion

 JA at low level can accelerate tuber formation as PUT does. JA could interact with other growth regulators, but the decrease of the time necessary to observe tuber formation cannot be correlated with endogenous modifications of polyamine content as already observed after addition of exogenous polyamines (Ondo Ovono et al. 2009). JA endogenous level was not significantly affected by its exogenous presence in the medium.
Tuber formation and growth are complex processes regulated by different environmental signals and plant hormones (Kloosterman et al. 2007). Gibberellic acid level in the subapical stolon region at the onset of tuberisation was proposed by Kloosterman et al. (2007) as a factor facilitating normal tuber development and growth. A favourable effect of JA on tuber growth after induction was also reported in various plants (Sarkar et al. 2006) such as Chinese yam (Koda and Kikuta 1991). The tuber growth (length and weight) of Dioscorea cayenensis - D. rotundata complex was also improved in the presence of JA (table 3). The differences with control conditions decreased with the culture time. On another hand, as previously observed, in D. cayenensis-D. rotundata complex, the addition of small concentration of PUT (1 µM) in the medium increased tuber length and tuber weight. The combination of JA (0.1 µM) with PUT (1 mM) didn’t improve the tuber length and weight in relation to JA or PUT alone at the same level while in the presence of more PUT (10 mM + JA 0.1 µM), tuber weight was enhanced. The addition of the 2 PUT precursors to media with JA had different effects, an inhibitory effect for ARG and no effect for ORN. Biosynthesis of the three commonly polyamines are in plants initiated either by direct decarboxylation of ORN by the enzyme ORN decarboxylase or by decarboxylation of ARG by ARG decarboxylase via agmatine and N-carbomoylputrescine intermediates. Mader (1997) showed that polyamines derived from ORN and not from ARG were critical for tuberisation, in accordance with the general perception that the ORN decarboxylase pathway is related to growth and development, in particular via cell division. In D. cayenensis-D. rotundata complex tuberisation, the two pathways of PUT biosynthesis could be used indifferently (Ondo Ovono et al. 2009) but JA could have an inhibitory effect on ARG pathway.   

The combination of high concentration of JA and PUT had an additive effect on tuber formation (precocity) and growth (length and weight). On the contrary, an antagonism between these 2 regulators combined at lower concentrations was observed. In that case, JA could inhibit the polyamine-induced effect.
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Conclusion
L’effet des régulateurs de croissance testés et de la concentration en sucre a permis de montrer:

Une plus grande rapidité dans fa formation du tubercule en présence de polyamines et d’acide jasmonique: 

En conditions contrôles, 3 semaines sont nécessaires pour obtenir 100% de tubérisation à partir des boutures de nœuds. Lorsqu’une polyamine est ajoutée au milieu de culture, la tubérisation est plus précoce. Ainsi, 100% de tubérisation sont observés après 7 jours de culture en présence de putrescine 10-6 M. Il en est de même en présence d’un précurseur des polyamines l’arginine ou l’ornithine, ou encore d’un inhibiteur de leur catabolisme. 

La présence d’acide jasmonique 0.1 µM, permet aussi une tubérisation plus précoce. Dans ce cas, la tubérisation est observée sur 46% des nœuds après 7 jours de culture. 

L’addition d’acide jasmonique (0.3 µM) à la putrescine (1 mM) a un effet additionnel sur la précocité de la tubérisation. Par contre, lorsque la teneur en polyamines exogène est plus faible, l’ajout d’acide jasmonique inhibe partiellement l’effet de la putrescine.

Il n’y a pas de relation directe entre le processus de tubérisation et les teneurs endogènes en polyamines et acide jasmonique: 
Les teneurs en polyamines endogènes et leur métabolisme sont significativement affectés par les polyamines exogènes mais les modifications des teneurs en polyamines endogènes ne peuvent être directement corrélées avec la formation du tubercule.

Il en est de même pour la teneur endogène en acide jasmonique, qui n’est pas significativement affectée par la présence de ce régulateur dans le milieu de culture. Par contre, la présence d’acide jasmonique dans le milieu induit des modifications des teneurs endogènes en polyamines. Cependant, comme observé dans le cas de l’ajout de polyamines, ces modifications ne peuvent être corrélées au processus de formation du tubercule. 

Un retard dans la formation des tubercules lors d’une réduction de la teneur en sucre du milieu de culture.
En présence d’1% de saccharose, seulement 29% des explants présentent un tubercule après 3 semaines de culture contre 100% en présence de 3% de saccharose. Ce retard dans la formation du tubercule n’est pas lié à une réduction de l’osmolarité du milieu de culture, comme nous avons pu le montrer lorsque le sacchorose a été partiellement remplacé par du sorbitol.

Une meilleure croissance du tubercule en présence de régulateurs de croissance
La putrescine et ses précurseurs l’arginine et l’ornithine favorisent le développement des tubercules, ceux-ci sont plus longs et plus lourds lorsque ces composés sont ajoutés au milieu de culture à faible concentration. Les plus gros tubercules sont obtenus en présence d’arginine et d’ornithine 10-5 M ou de putrescine 10-6 M.

L’addition d’acide jasmonique a aussi un effet similaire. La combinaison d’acide jasmonique et de putrescine ou de ses précurseurs ne permet pas d’obtenir de plus gros tubercules exceptés lorsque la putrescine est joutée en concentration plus importante (10-5 M).

Une augmentation des teneurs endogènes en régulateurs de croissance 
Une augmentation de la teneur endogène en putrescine et en auxine a été observée dans les tubercules montrant un meilleur développement en présence de putrescine. 

Une réduction du développement des tubercules en présence d’une teneur en saccharose réduite.
Après 120 jours de culture, la longueur et le poids des tubercules en présence d’1% de saccharose sont plus faibles qu’en présence de 3%. La germination de ces derniers est aussi meilleure, cela est probablement lié à une teneur plus importante en carbohydrates.

Dans le chapitre suivant, nous avons testé la conservation des microtubercules obtenus dans différentes conditions et leur germination ultérieure.         

Chapitre 3 : Conservation-germination
Introduction
Afin d’optimiser l’utilisation des microtubercules produits (chapitre 2), pour une culture en serre ou au champ, il est important de maîtriser la durée de la conservation avant germination.
Il est nécessaire d’orienter les recherches vers des méthodes transposables en milieu rural. Différents paramètres de conservation ont été étudiés : 
· la durée de conservation. 
· la température de conservation (18 et 25°C),
· le taux d’humidité (45-50% ; 95-100%), 
· la lumière,

· la taille du tubercule, 
· l’origine du tubercule, 
Les microtubercules conservés dans les différentes conditions décrites ont ensuite été mis en germination in vitro mais aussi transférés en serre pour germination sur du terreau stérile ou non. Ces travaux font l’objet d’un article intitulé" Effect of storage conditions on sprouting of microtubers of yam (Dioscorea cayenenesis-D. rotundata complex)" soumis pour publication à la revue  Australian Journal of Botany.

Effects of storage conditions on sprouting of microtubers of (Dioscorea cayenensis-D. rotundata complex).   
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Abstract   

The control of field tuber dormancy in yam (Dioscorea cayenensis- D.rotundata complex) is poorly understood. Although studies have examined single environmental factors (principally temperature) and chemical treatments that might prolong tuber dormancy and storage, only a few were focused on further tuber sprouting. The present study concerns microtubers obtained by in vitro culture. When microtubers were harvested (after 9 months of culture) and directly transferred on a new medium without hormone, the tubers rapidly sprouted in in vitro conditions. No dormancy was observed in this case. Harvested microtubers were also stored dry in jars in sterile conditions during 2 to 18 weeks before in vitro sprouting. In this case, microtubers stored during 18 weeks sprouted more rapidly than those stored 8 weeks. A constant “dormancy-like period” (storage duration + sprouting delay) was observed, between 20 and 28 weeks respectively for the more rapid and the slower microtubers. The size of the tubers used for the storage had great influence on further sprouting. The larger they were, the better they sprouted. Light during storage had no effect on the sprouting delay while a temperature of 25 °C permit a quicker sprouting than 18 °C. The medium used to obtain microtubers could also have an effect on sprouting rate but the addition of jasmonic acid in this medium had not the same effect that the use of this compound during storage. 

Ex vitro sprouting was not a problem. There was a delay in sprouting in contrast to in vitro conditions but the rate of 100% was kept. This fact was very important for an agronomical application of this technique to the production of “seeds”(microtubers).

1. Introduction 

Edible yam (Dioscorea cayenensis- D.rotundata complex) has been classified as one of the important perishable staple diets. Among the tropical root crops, yams provide food for about 400 million people (Coursey 1983). Moreover, yams are good sources of medicinally important metabolites like diosgenin (De et al. 2005), dioscorin (Hou et al. 1999) and antioxydants (Isamah et al. 2000). Some yams are also used as medicines in oriental countries to prevent diabetes (Grindley et al. 2002). Thus yams are considered to be useful to human health and they also have nutritional superiority when compared with other tropical root crops. The food species of yams do not produce viable seeds, with some exceptions (Degras et al. 1977). Yam is thus propagated vegetatively, generally using fragments of tubers or bulbils (Lacointe et al. 1987). The production of yams is seasonal, so storage is necessary before planting and for use as food. Harvesting is done 180 days after planting (Ile et al. 2006). After harvest, tubers enter into dormancy, which is of major importance in yam storage. Once sprouting occurs, storage is no longer possible. Even though the yam is cheaper and of superior quality than other products, the production is hindered by storage problems (Treche et al. 1996; Jaleel et al 2007). 

The high water content of the tubers combined with damage occurring during or after harvesting, makes them vulnerable to micro-organisms. In the yam tuber, sprout initials are formed beneath the periderm just prior to breakage of dormancy (Onwueme 1973). The sprouting process accelerates the losses and limits storage life.

Dormancy in underground tuber of the Dioscoreaceae is an important adaptive mechanism that ensures that tubers germinate at the start of the growing season. It is also useful to maintain organoleptic quality during storage. Plant breeders are especially keen to manipulate the duration of the dormant period in order to synchronize growth periods and, therefore, to produce more than one generation per year. The control of tuber dormancy, however, is poorly studied and understood.

Tuber dormancy is an important mechanism for adaptation of yams (Dioscorea spp) to their natural environments (Craufurd et al. 2001). Because yams are purchased predominantly as fresh tubers for preparation, long dormancy is very important for shelf life. Hence, long dormancy of tubers is a desirable attribute in yam breeding and selection programmes (Shiwachi et al. 2003). It permits a better storage but it complicates the use of the tuber for propagation, however. Irrespective of when a yam seed tuber is planted, the critical starting point of the growing season is when dormancy ends sprouts are produced. There is a period of about four months after harvest during which tuber losses are incurred in storage but propagation of the planting material would not be successful. In some environments, early planting could largely obviate losses incurred during seed-yam storage if they were more flexibility in the control of sprouting date through effective means of artificially terminating dormancy. Many workers used plant growth regulators to break or to prolong dormancy but results are inconsistent (Barker et al. 1999 ;  Jaleel et al. 2007).

The aim of the present study was to determine the best conditions for yam microtubers storage and further sprouting. These conditions can be helpful for their use as “seeds” by the growers.

To optimize the use of microtubers for the culture in greenhouse or in the field by the farmers, it is important to master the parameters such as the duration of storage and the delay for the further sprouting. The present work describes the incidence of the storage duration, the conditions of humidity, temperature, and luminosity during the storage and the size of the microtubers on sprouting delay and sprouting rate. This study should help the development of a method for a rapid mass production, storage and sprouting of microtubers of the  Dioscorea cayenensis-D. rotundata complex.  

2. Materials and methods 
Plant material and tuberisation

In vitro cultures of D. cayenensis-D. rotundata complex (Family: Dioscoreaceae) was provided by the Roots and Tubers Transit Centre of CIRAD (France). The identification number were clones CTRT 233 and CTRT 234 both coming from two different tubers of cv. ‘Singo’. Axillary shoot proliferation was maintained by subculturing single nodes, every 2 months on MS salt medium (Murashige and Skoog 1962) supplemented with vitamins of Morel (1951) and containing 30 g.l‑1 sucrose, 2 g.l‑1 activated charcoal and 8.2 g.l‑1 Caldic agar (Hemiksem, Belgium). The pH of the media was adjusted to 5.7 ± 0.1 before autoclaving at 121° C for 20 min. Cultures were maintained in a 16-h photoperiod (Sylvania Grolux fluorescent lamps, 50 µmol.m‑2.s‑1) at a day/night temperature of 25/22 °C. 

For tuberisation, cuttings (2 cm long) with one leaf were cultured in glass containers (800 ml) with plastic lid containing 125 ml of the same medium (Ondo Ovono et al, 2007). The tubers were harvested for this study after 9 months. Microtubers obtained were then used for storage and sprouting experiments.

 Storage and sprouting of micro tubers

For storage, harvested microtubers were kept in 800 ml closed glass jars without medium, five per jar. All treatments consisted of two replicates (separated by one month) with 20 tubers in each. Different storage conditions were tested on the further sprouting of yam Dioscorea cayenenesis –D.rotundata  complex microtubers

· Day temperature: generally 25 °C but compared with 18 °C in one experiment (fig. 1)

· Generally in darkness and compared with light (16h) conditions (fig. 4)

· Relative humidity. In normal conditions, when tubers were put directly in glass jars, the humidity was around 47%. In some experiments, two layers of filter paper (9 cm diameter) moistened with 3 ml distilled water were laid down in the jars before the tubers. In this case, the relative humidity in the jars was close to 100%.

· Tuber size. Generally, only tubers with a length superior of 2.5 cm were used. In some experiments (indicated on figures), microtubers were distributed according to the size in three categories: Small, Medium and Large based on the length. The tubers failing in between 1.5-2 cm were considered as small, 2.5-3 cm as medium-sized and above 3.5 cm as large. The tubers below 1.5 cm were rejected.

· Sterility. Generally, the glass jars used for storage were previously sterilized and the manipulations were done under sterile airflow. In one case (fig. 2), the jars were not sterilized and the manipulations were done directly in the lab.

· Duration: from 2 to 18 weeks

Directly (control) or after several weeks of storage, tubers were transferred on MS medium without hormones for sprouting in the conditions used for proliferation. In some cases, sprouting was compared in sterile and non-sterile composts in greenhouse under relative humidity close to 100% during the two first weeks. The temperature of the greenhouse was 26°C the day and 22°C at night. 

Sprouts occurred at the head portion of Dioscorea tubers around the point of detachment from the mother plant. Sprouting rates were observed every 7 days. When one bud reached a length of 2 mm, tuber was considered as sprouted.

Data represents means of 20 microtubers/treatment, repeated two times.

3. Results and discussion

To use in vitro yam microtubers as seeds, it is important to be sure that all the tubers are able of sprouting. In vitro production can be done all over the year but the seeding has to take into account seasonal changes. Meanwhile, microtubers must be stored. But, as for traditional tuber cultures, microtubers could present a dormant period. The mechanism of dormancy in yam tuber, and for that matter in other tuberous species too is poorly understood and so the physiological dormancy period cannot be easily predicted or manipulated (Orkwor and Ekanayake 1998). Long dormancy of tubers is a desirable attribute in yam breeding and selection programmes (Shiwachi et al. 2003). It permits a better storage but it complicates the use of the tuber for propagation. Many factors can influence and modify this dormancy.

Are harvested yam microtubers dormant?

When microtubers were harvested and directly transferred on a new medium without hormones, the tubers rapidly sprouted. After one week, around 50% of the tubers have sprouted and after 8 weeks, all the tubers have sprouted (fig. 1, 25°C). Dormancy in traditional culture is widely assumed to start at or shortly after tuber maturity and most studies begin measuring dormancy time from harvest. However various studies showed that in fact field tubers are dormant well before harvest (Wickham et al. 1984b, Craufurd et al. 2001). In the case of the present microtubers harvested after 9 months of in vitro culture, no dormancy was observed. In these conditions, is it possible to store the microtubers? 

Various factors were studied concerning their storage and their further sprouting:

- Storage duration. The first question was the influence of the storage duration on the further sprouting. The microtubers used in our experiments did not present dormancy if they are transferred in vitro on a new medium directly after harvest. On the contrary, if the microtubers were stored at 25 °C, the sprouting was delayed. The longer was the storage time, up to 8 weeks, the longer was the delay (fig. 1). In the case of 8 weeks storage, a delay of 9 weeks was needed before observing the first sprouting and 22 weeks were needed to observe 100% of sprouting. The delay of sprouting was quite similar after 12 weeks of storage (fig. 2a). In this case, no sprouting was observed before 10 weeks and 18 weeks were needed to obtain the sprouting of all the tubers. When the storage was longer, the delay of sprouting decreased and after 18 weeks of storage, the sprouting was very rapid. Around 35% sprouting was observed after 2 weeks and after 8 weeks, all the microtubers have sprouted (Fig. 2a). It seems thus that storage induced a “dormancy-like period” and this dormancy was maximum between 8 and 12 weeks of storage, i.e. the start of sprouting and the time needed to observe 100% sprouting were maximum. After 18 weeks of storage, the results were reversed, almost similar to the control without storage, only one week of delay. A “dormancy-like” state was induced progressively between 2 and 8 weeks of storage (fig. 1). Its duration (storage time + sprouting delay) was between 20 weeks for the first tubers to sprout and 28 weeks for the slower. A so “fixed” dormant period (culture time + delay of sprouting) was already observed by Okoli (1980) in traditional yam culture. Further, it will be interesting to check if a longer storage is possible.
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Figure 1: Effect of storage duration in darkness (0 to 8 weeks) at two temperatures (25 or 18°C) on sprouting of yam microtubers (clone CTRT 233). Control = without storage
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Figure 2 : Effect of storage duration (0 to 18 weeks), in sterile and non  sterile conditions on sprouting of yam microtubers (clone CTRT 233) at 25°C in darkness:

a: in sterile jars, in vitro sprouting 

b: in non-sterile jars, in vitro sprouting

c: in sterile jars, sprouting in sterile compost 

d: in sterile jars, sprouting in non-sterile compost

- The storage temperature has a significant effect on dormancy and the delay of sprouting in traditional culture (Mozie 1988). The reduction of the storage temperature for microtubers from 25°C to 18°C induced an increase of the delay needed to observe the sprouting of all the tubers (Fig. 1). More than 24 weeks were needed when the tubers were stored 2 or 4 weeks at 18°C while all the tubers stored at 25°C  showed sprouting after 20 weeks. After 8 weeks of storage at 18°C, the difference was still more important, only 50% of tubers sprouted after 28 weeks. Thus, the delay for sprouting of the microtubers would be longer with the decrease of the storage temperature. These results showing an increase of the “dormancy like period” with a decrease of temperature, were in agreement with those obtained by Mozie (1987a) in traditional culture. Tubers stored at 16°C remained dormant for between 120 and 150 days longer than those stored at 21 to 32°C. For in vitro potato tubers, similar effect of lowering results with storage temperature were observed and a role for endogenous growth regulators as cis-zeatin and cis-zeatin riboside (Suttle and Banowetz 2000), starch and amylose contents (Leeman et al. 2005; Kaur et al. 2007) was shown in the regulation of dormancy. Decreasing storage temperature could be a means to increase yam microtuber dormancy and so to increase storage time. However these tubers showed a more heterogenous sprouting, which is not a desirable characteristic for field cultivation. The temperature used in the following experiments was 25°C.

- The sterility during the storage conditions had also an influence on the sprouting rate (fig. 2). Compared to sterile conditions, storage in non sterile conditions for 14 or 18 weeks further delayed sprouting. It is possible that the development of pathogens can interfere with the “dormancy-like” breaking process. The sterility of the storage conditions could ensure a better reproducibility of the results and was used in all following experiments.
- The relative humidity. Njie (1999) has shown the importance in controlling the water content of yam during storage of tubers used from traditional culture. Two different relative humidities in the closed jars used for tuber storage were tested on their further sprouting. In the previous experiments, the humidity in the jars varied between 45% and 50% during the storage.  We tested a relative humidity higher than 95% during the storage. No significant difference was found on the sprouting rate after storage in the two conditions (fig. 3). This result is in agreement with the observations of Akoroda (1995) on tubers from traditional culture. The process of drying and hardening the surface skin of tuber prior to storage did not have any effect on duration to sprouting. On the contrary, in D. spicufolia, storing tuber segments (from traditional culture) at 32 °C and with a low relative humidity delayed sprouting relative to tubers stored at the same temperature with high relative humidity (Preston and Haun 1963). This difference can be related to the cutting of the tubers of D. spicufolia and hence a difference in the loss of moisture for the tuber. 
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Figure 3 : Effect of storage (25°C, darkness, 8 weeks) in two relative humidity conditions (45-50% and 95-100%) on sprouting of yam microtubers (clone CTRT 233). Control = without storage
- The microtuber size. Already in 1988, Alsadon et al have shown that larger microtubers of potato were able to produce a larger crop than small ones when they were transplanted or directly sown into the field. In yam, the effect of microtuber size before storage was also very important for the further sprouting (fig. 4). The sprouting of large microtubers (length above 3.5 cm) occurred earlier than that of the smaller tubers (length between 1.5 to 2 cm) sprouted (fig. 4a). In addition, final sprouting rate was only 40% for the smaller tubers. Quality of seed potato depends on the starch content, which is related to sprouting vigor (Park et al. 2009). Bigger microtubers had more reserves and thus could more easily sprout although the dormant period was generally associated with a minimum of endogenous metabolic activity, resulting in very little loss of storage reserve. These results also confirmed those of Vakis (1986) who showed that more field tubers were physiologically old (= large) more the seeding was fast. When microtubers were physiologically young (= small), sprouting was slower. Then, by aging, their germinal vigor increased and, consequently, the seeding was accelerated.
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Figure 4: Sprouting after storage (25°C, 14 weeks) in darkness or light conditions, of different size classes of microtubers obtained on different tuberisation media (Yam clone CTRT 234).

a) tuberisation on free hormone medium, storage in darkness

b) tuberisation on free hormone medium, storage in light (photoperiod 16h)

c) tuberisation on medium supplemented with 10µM JA, storage in darkness

d) tuberisation on medium supplemented with 10µM JA, storage in light (photoperiod 16h)
- The light.  When stored in the light (fig. 4b), the sprouting rate of the biggest and medium-sized microtubers occurred earlier that of dark stored tubers. 100% sprouting was observed after 15 weeks if the microtubers were stored in darkness and after 10 weeks if stored in the light (except for the smallest tubers showing only 40% sprouting in both conditions. Our results are in agreement with indications given by Vecchio et al. (2000) and Estrada et al (1986) who noted a lengthened dormancy period when potato microtubers were produced in the dark and a reduced time of sprouting with long photoperiodic conditions during the storage phase. Mozie (1975) reported similar results on yam tubers (from traditional culture). Nevertheless storage in darkness was a better solution because it resulted in a more homogenous 100% sprouting, for the medium-sized and the large tubers. These storage conditions are more practical for farmers. The smallest tubers should not be used. 

- Microtuberization conditions. Previously, we have shown that sucrose level incorporated into the tuberisation medium affected the sprouting of the yam microtuber (Ondo Ovono et al. 2009). Tubers obtained on reduced sucrose level sprouted later (without storage). In another hand, jasmonic acid was often used to promote tuberisation in yam (Koda and Kikuta 1991; Koda et al. 1994; Bazabakana et al. 1999). In D. cayenensis -D. rotundata, exogenous application of jasmonic acid positively affected the precocity and the growth of the microtubers (Ondo Ovono et al. 2009b). The sprouting of microtubers obtained in the presence of 10 µM jasmonic acid was compared to these obtained on hormone free medium (Fig. 4). In this case, the sprouting was also earlier when the tubers were stored in the light 
(Fig.4d) than in the dark (fig.4 c). But we obtained 100% sprouting only for the largest tubers. The medium-sized sprouted at around 80% in the light or in the dark while the sprouting of the smallest was better than when the microtubers were obtained without jasmonic acid. The production of tubers on medium supplemented with jasmonic acid had not the same effect that exogenous treatment of the tuber. Such a treatment during the storage can prolongate dormancy of D. alata tubers (Bazabakana et al. 1999). In our case, the observations were reversed; the delay of sprouting seemed reduced when the microtubers were obtained on medium supplemented with JA.
- Ex vitro sprouting. To have practical implications, it was necessary to transfer this technique to normal soil. After storage, the microtubers were transferred in the greenhouse for sprouting (fig. 2c, d).  Freshly harvested microtubers began to sprout after 4 weeks when they were transferred in sterile or non sterile compost while in vitro the first sprouting was observed after one week (fig. 2 a). Moreover in compost, only 75% of these microtubers sprouted. After 12 weeks of storage, the sprouting was earlier in sterile or non sterile compost than in in vitro conditions. The “dormancy-like” state observed after 12 weeks storage in in vitro conditions was broken more rapidly in compost. After 18 weeks storage, the sprouting in sterile compost was similar to that observed in in vitro conditions: around 40% sprouting after one week and 100% after 8 weeks. In non sterile compost, the delay was more important but 100% sprouting was also observed. Thus, ex vitro sprouting was possible without special difficulties.
4. Conclusion.

In these studies, interesting results were obtained when microtubers were harvested after 9 months of culture and were kept dry in jars in sterile conditions during 2 to 18 weeks before sprouting in in vitro conditions. The size of the tubers used for the storage had great importance for further sprouting. Light during storage had no important effect on the sprouting while a storage temperature of 25°C permit a quicker sprouting than 18°C. The medium used to obtain microtubers can have an importance on sprouting rate. The addition of jasmonic acid in this medium does not have the same effect that the use of this compound during storage. 

Ex vitro sprouting was not a problem. The delay for sprouting was more important in contrast to in vitro conditions but a rate of 100% was reached. This fact was very important for an agronomical application of this technique for the production of “seeds” (microtubers).
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Conclusions

Parmi les cultures vivrières, l’igname occupe quantitativement la première place dans l’alimentation des gabonais. Malheureusement, elle ne reste disponible que 6 à 7 mois dans l’année à cause des difficultés liées à sa conservation. Ce problème est peu étudié dans le cas du complexe D. cayenensis- D. rotundata.
Dans le cadre de cette étude, nous avons utilisé des tubercules produits par culture in vitro et récoltés après 9 mois de culture. S’ils sont directement transférés sur un nouveau milieu sans régulateur de croissance, ils germent très rapidement. Aucune dormance n’est observée dans ce cas. 

Parallèlement, les microtubercules récoltés ont été stockés dans des récipients stériles durant 2 à 18 semaines avant d’être mis en germination. Les observations suivantes ont été faites :

· Les tubercules conservés durant 18 semaines germent plus rapidement que ceux conservés pendant 8 semaines. Une période « similaire à une période de dormance » de durée constante (durée du stockage + délais avant germination) a été observée. Sa durée est comprise entre 20 et 28 semaines respectivement pour les microtubercules les plus rapides et les plus lents.

· La taille du microtubercule joue également un rôle important dans la conservation et la germination. Plus gros sont les tubercules, mieux ils germent.
· Les deux conditions d’humidité relative testées pendant le stockage n’ont pas permis de mettre en évidence une différence lors de la germination.

· Une température de 25°C permet une germination plus rapide que 18°C.

· Par contre, la présence de lumière durant le stockage n’a pas d’effet sur la germination ultérieure. 

· Le milieu de culture utilisé pour la production des microtubercules peut aussi avoir une importance sur leur germination ultérieure. Les tubercules issus de milieu contenant de l’acide jasmonique germent un peu plus rapidement que ceux produits sur MSO.
Pour que cette technique soit utilisable par les agriculteurs Gabonais sans problème, la germination de microtubercules doit être possible en champs. En fait, nous avons montré que la germination ex vitro était possible sans problème. Le délai nécessaire à la germination est plus important qu’in vitro mais 100 % des microtubercules germent. Ces techniques, qui constituent une nouvelle approche permettront une amélioration de la production du matériel végétal.
Conclusions générales et perspectives

Traditionnellement, les ignames alimentaires sont multipliées en plantant des tubercules entiers ou des morceaux de plus de 200g (Acha et al., 2004). Le taux de multiplication est donc très limité et des tubercules produits doivent être conservés en vue de la plantation suivante. Le temps important nécessaire à la production des tubercules, l’absence de graines viable et la mauvaise connaissance du cycle de vie limitent l’exploitation économiquement rentable des espèces locales de Dioscorea (Chu & Figueiredo-Ribeiro, 2002). Des essais de propagation par bouturage ont aussi été réalisés (Correll et al., 1995) mais cette technique présente un coût élevé, nécessite des équipements spéciaux et ne limite pas le risque de pertes par maladie (Tschannen et al., 2005). Le développement d’une technique de multiplication des ignames par culture in vitro s’est avéré nécessaire pour ces différentes raisons: taux de multiplication et de tubérisation élevés, conservation des microtubercules possible et germination directe en champs (Ng, 1988; Balogun, 2009). 

Au cours de ce travail, nous avons optimisé différentes étapes de la micropropagation de l’igname du complexe D. cayenensis - D. rotundata, variété consommée prioritairement au Gabon, étapes conduisant à la production de microtubercules et à leur germination après conservation. 
1. Multiplication in vitro de l’igname
Deux clones enrégistrés sous les numéros 233 et 234 de la variété Singo d’igname du complexe D. cayenensis - D. rotundata ont été multipliés par bourgeonnement axillaire sur un milieu MS (Murashige & Skoog, 1962), avec ou sans hormone végétale. En culture in vitro, différents facteurs externes contrôlent la morphogenèse et la croissance des vitroplants de diverses espèces de Dioscoreacées et donc leur multiplication par bourgeonnement axillaire comme la présence de cytokinines (Mantell & Hugo, 1989) ou d’acide jasmonique (Koda 1997; Jasik & Mantell, 2000), une teneur élevée en sucre (Balogun et al. 2006) ou l’âge des explants (Passam, 1995). Dans le cas du complexe étudié, seul l’acide jasmonique peut avoir un effet bénéfique. Un taux de multiplication de 15,7 peut ainsi être obtenu par multiplication par bourgeonnement axillaire après 28 semaines de culture sur milieu sans régulateur de croissance. 

Hormis cette technique classique de microbouturage in vitro généralement utilisée pour multiplier les ignames, et afin d’améliorer ce taux de multiplication, la multiplication à partir de microtubercules a été testée et comparée. Ceux-ci sont obtenus également à partir des nœuds cultivés pendant 28 semaines. Nos résultats montrent qu’à partir d’un microtubercule cultivé sur un milieu MS sans hormone, le taux de multiplication est beaucoup plus élevé qu’à partir d’un nœud et cela sur un temps plus court, 16 semaines. En effet, à partir d’un nœud, subcultivé toutes les 28 semaines on peut obtenir 3800 nœuds après 21 mois. Si au contraire, on alterne boutures de nœuds et germination de tubercules, le taux de multiplication est 4 fois supérieur. Le découpage des tubercules, permet encore d’améliorer le taux de multiplication. Cela correspond aux observations réalisées précédemment sur les tubercules cultivés en champs (Zoundjihekpon et al., 1995). Dans notre cas, le taux de germination cumulé des trois parties permet de quasi doubler le nombre de nœuds formés. Au final, cette technique de multiplication en utilisant les microtubercules permet l’obtention d’un taux de multiplication 8 fois supérieur au microbouturage classique. L’apport bénéfique de l’utilisation des microtubercules pour la multiplication in vitro des ignames n’a jamais été rapporté. Il permettra une multiplication à grande échelle du complexe D. cayenensis - D. rotundata sur un laps de temps beaucoup plus court. 
Conclusion : multiplication en alternance par bourgeonnement axillaire à partir de nœud pendant 28 semaines et mise en germination des microtubercules découpés pendant 16 semaines.
2.  Formation et développement du tubercule
Comme cela existe chez la pomme de terre (Estrada et al., 1986), une technique alternative de culture des ignames peut être une production de microtubercules par culture in vitro et leur « semis » en champs. 
Chez l’igname du complexe D. cayenensis - D. rotundata, l’initiation de la tubérisation in vitro au niveau du bourgeon axillaire est marquée d’abord par un gonflement de la base de ce bourgeon constituant ainsi une protubérance axillaire. Puis la division cellulaire devient prépondérante avec une émergence de racines. Le développement du tubercule est achevé par une augmentation du volume des cellules et un allongement dans le milieu gélosé. Mais plusieurs facteurs peuvent affecter ce phénomène organogénétique comme: la présence ou l’absence de régulateurs de croissance (Malaurie & Trouslot, 1995; Ondo et al., 2007), la teneur en saccharose (Mantell & Hugo, 1989; Omologo et al., 2003) ou en éléments minéraux du milieu de culture (Jean & Cappadocia, 1991; Yazawa & Asahira, 1979), la photopériode (John et al., 1993; Vaillant, 2005; Tsafack et al., 2009). 
Effet des régulateurs de croissance exogène sur la formation du tubercule 

Les polyamines exogènes (putrescine, spermidine et spermine), introduites dans le milieu de micropropagation à la concentration de 0,5mM, contrôlent de manière spécifique les processus morphogénétiques chez la pomme de terre (Féray et al., 1994), y compris la tubérisation (Hourmant et al., 1995). Sur notre matériel, ajoutées à des concentrations relativement faibles au milieu de culture, les polyamines induisent de manière précoce la tubérisation. Ainsi, 100% de tubérisation sont observées après 7 jours de culture en présence de putrescine 1 mM au lieu de 3 semaines en conditions contrôle. Il en est de même en présence d’un des précurseurs des polyamines: l’arginine ou l’ornithine, ou encore d’un inhibiteur de leur métabolisme. 

L’effet du JA sur l’induction de la tubérisation a déjà été signalé chez l’igname (Jasik & Mantell, 2000) et chez la pomme de terre (Koda & Kikuta, 2001). Les travaux de Bazabakana (2003) ont montré que le JA exogène peut stimuler ou inhiber la tubérisation chez D. alata selon la concentration utilisée. La présence d’acide jasmonique 0.1 µM, permet aussi une tubérisation plus précoce du complexe que nous avons étudié. L’addition d’acide jasmonique (0.3 µM) à la putrescine (1 mM) a un effet additionnel sur la précocité de la tubérisation. Par contre, lorsque la teneur en polyamines exogène est plus faible, l’ajout d’acide jasmonique inhibe partiellement l’effet de la putrescine. 
Teneurs endogènes en polyamines et en acide jasmonique et processus de tubérisation

Des variations de polyamines endogènes ont été mises en relation directe avec l’initiation de divers processus morphogénétiques, tels que l’enracinement (Hausman et al., 1996; Naija et al., 2009) ou l’embryogenèse somatique (Kevers et al., 2000). Dans le cas de la tubérisation de l’igname du complexe D. cayenensis – D. rotundata, si les teneurs en polyamines endogènes et leur métabolisme sont significativement affectés par la présence de polyamines exogènes, les modifications de ces teneurs endogènes ne peuvent être directement corrélées avec la formation du tubercule. Il en est de même pour la teneur endogène en acide jasmonique, qui, de plus, n’est pas significativement affectée par la présence de ce régulateur dans le milieu de culture. Par contre, la présence d’acide jasmonique dans le milieu induit des modifications des teneurs endogènes en polyamines, modifications également non corrélées au processus de formation du tubercule. 
Réduction de la teneur en sucre entrainant un retard dans la formation des tubercules.

Des concentrations élevées en saccharose favorisent généralement la tubérisation chez l’igname. Des taux de 8 à 10% sont très favorables à la tubérisation chez D. bulbifera (Forsyth & Van Staden, 1984) et chez D. composita, l’induction de la microtubérisation ne se réalisant pas en présence d’une concentration de 2% de saccharose. En règle générale, la tubérisation de l’igname est observée en présence d’un taux de saccharose d’au moins 3% (Ng, 1988). 

Dans le cas du complexe étudié, la réduction de la teneur en saccharose induit un allongement du temps de formation des tubercules. Ainsi, en présence d’1% de saccharose, seulement 29% des explants présentent un tubercule après 3 semaines de culture contre 100% en présence de 3% de saccharose. Le remplacement partiel du saccharose par du sorbitol a permis de montrer que ce retard dans la formation du tubercule n’est pas lié à une réduction de l’osmolarité du milieu de culture mais à la concentration en saccharose. 

Une meilleure croissance du tubercule en présence de régulateurs de croissance

Les conditions nécessaires à un meilleur développement des microtubercules ont peu été étudiées. Seuls les travaux de Pelacho & Mingo-Castel (1991), Koda & Kikuta (2001) et Sarkar et al., (2006) sur la pomme de terre montrent l’effet de régulateurs de croissance (cytokinines ou acide jasmonique) sur le développement des microtubercules. 
Les travaux réalisés sur le complexe D. cayenesis - D .rotundata, montrent que parmi les polyamines testées (putrescine, spermidine, spermine), la putrescine ajoutée au milieu de culture à faible concentration favorise un meilleur développement des microtubercules, ceux-ci sont plus longs et plus lourds. Les précurseurs de la putrescine que sont l’arginine et l’ornithine ajoutés au milieu de culture ont un effet similaire. Les plus gros tubercules sont obtenus en présence d’arginine et d’ornithine 10-5M ou de putrescine 10-6M. L’acide jasmonique a aussi un effet stimulateur sur la croissance du microtubercule. Plus on augmente la concentration plus la longueur et le poids augmentent. Par contre, la combinaison d’acide jasmonique et de putrescine ou de ses précurseurs ne permet pas d’obtenir de plus gros microtubercules exceptés lorsque la putrescine est ajoutée en concentration plus importante (10-5 M). Ces résultats montrent l’importance des polyamines et de l’acide jasmonique dans le processus de développement du microtubercule ainsi qu’une interaction entre les polyamines et d’autres hormones dont on sait l’importance dans le processus de tubérisation.
Variation des teneurs endogènes en régulateurs de croissance lors du développement 

Koda & Kikuta (1991) ont décrit une accumulation d’acide jasmonique endogène au niveau des feuilles chez D. batatas, avec la croissance de la plante et le développement des tubercules. Dans le cas du complexe D. cayenensis - D. rotundata, une augmentation de la teneur endogène en polyamines et en auxine a été observée dans les tubercules montrant un meilleur développement en présence de putrescine. Parmi les polyamines, la putrescine est comme chez la majorité des plantes, la polyamine dont la concentration est la plus élevée. 
Réduction du développement des microtubercules en présence d’une teneur en saccharose réduite.

Les cellules végétales in vitro ont besoin d’une source de carbone pour leur développement et le saccharose est la source de carbone la plus employée (Margara ,1984; Gibson, 2005). 

Après 120 jours de culture, la longueur et le poids des microtubercules de notre complexe obtenus en présence d’1% de saccharose sont plus faibles qu’en présence de 3%. La germination de ces derniers est aussi meilleure. La réduction de la teneur en sucre dans le milieu de tubérisation a donc un effet négatif sur la germination future des microtubercules. Ce phénomène est vraisemblablement lié à une teneur endogène plus importante en carbohydrates chez les tubercules formés et développés en présence de 3% de saccharose. 
Conclusion : formation et développement des microtubercules sur un milieu MS (saccharose 3%) contenant soit de la putrescine (1 mM), soit de l’arginine (10 mM) soit de l’ornithine (10 mM) pendant 9 mois.

3. Conservation et germination  
Pour pouvoir utiliser les microtubercules comme semences, il faut être sûr que le taux de germination est important. D’autre part, la production in vitro peut être faite toute l’année mais la germination doit tenir compte des variations climatiques saisonnières. Cela nécessite donc de pouvoir conserver les microtubercules. Mais comme en multiplication traditionnelle, les microtubercules pourraient présenter une période de dormance. Celle-ci, que ce soit chez l’igname ou chez d’autres espèces, est mal connue et ne peut donc être facilement prédite et manipulée (Orkwor & Ekanayake, 1998). Une longue période de dormance est un atout désirable dans les programmes de sélection des ignames (Shiwachi et al., 2003) car elle permet un meilleur stockage mais cela complique aussi l’utilisation des tubercules pour la propagation.

La première condition nécessaire à l’utilisation des microtubercules produits in vitro est donc leur pouvoir germinatif. Les études réalisées sur le complexe Dioscorea cayenensis - D. rotundata ont montré que des microtubercules récoltés après 9 mois de culture et transférés sur un nouveau milieu sans régulateur de croissance germent très rapidement. Aucune dormance n’est observée dans ce cas. De plus, cette germination peut également être réalisée ex vitro.
La deuxième condition pour pouvoir transposer cette technique en milieu rural est de maitriser la conservation des microtubercules. A cette fin, différents paramètres de conservation ont été étudiés: la durée de conservation, la température, le taux d’humidité, la  lumière, la taille et l’origine du tubercule. Les meilleures conditions de conservation sont l’obscurité, un taux d’humidité d’environ 50% et une température de 25°. La taille du microtubercule joue également un rôle important dans la conservation et la germination ultérieure. Plus gros sont les tubercules, mieux ils germent. Dans les conditions décrites ci-dessus, les tubercules peuvent être stockés pendant au moins 18 semaines. Notons que le milieu utilisé pour l’obtention de ces microtubercules peut aussi influencer leur conservation et leur germination.
Conclusion : conservation possible des microtubercules, à l’obscurité, sous ± 50% d’humidité, à 25° pendant au moins 18 semaines. Seuls les tubercules de taille supérieure à 350 mm seront utilisés. Germination in vitro ou ex vitro possible.

Perspectives
· L’application pratique de ce travail au Gabon :

Les résultats actuels ne sont qu’une étape mais une avancée importante que la vulgarisation pourrait transférer au monde paysan pour l’aider à améliorer sa technologie traditionnelle de production. L’initiation à partir des fragments de tiges et des microtubercules est décrite dans la littérature et pose généralement peu de problèmes (Ng, 1988). Elle est réalisée couramment  par le Centre de Transfert des plantes à Racines et Tubercules du CIRAD (France). Le matériel végétal utilisé dans le cadre de cette étude provient du CIRAD. Il nous a été fourni sous forme de plantules in vitro via le laboratoire de biologie végétale de la faculté universitaire des sciences agronomiques de Gembloux.

L’application de la présente étude permettra de cultiver et de multiplier in vitro les variétés locales de l’igname du complexe D. cayenensis - D. rotundata à partir des fragments de tiges et des microtubercules. Les microtubercules produits serviront de semences pour les producteurs qui pourront, de ce fait, consacrer toute leur récolte à la consommation. Il n’y aura plus de nécessité de conserver une partie de la production (≈35%) à la constitution d’un stock de semences. 
Afin d’optimiser l’utilisation des microtubercules pour une culture au champ, il est important de maîtriser la période de conservation avant germination. Les systèmes de stockage traditionnels développés pour les produits frais ont été conçus en majeure partie pour l’igname, dont le tubercule possède une aptitude naturelle au stockage. Il s’agit de systèmes très simples de par leur conception qui pourront sans problème être utilisés pour le stockage des microtubercules. 
Le calibrage des microtubercules est nécessaire. Plus gros sont les tubercules, mieux ils germent. Le milieu de production du microtubercule joue un rôle important dans la taille de ce microtubercule et dans sa germination ultérieure. 
Quelques essais devront encore être réalisés afin de parfaire cette technique comme : 

· La germination et la conservation des tubercules formés et développés en présence de PUT ou d’un de ses précurseurs.

· La conservation au-delà de 18 semaines.

· Le « semis » au champ.
· Amélioration de la qualité agronomique et phytosanitaire des semences

En plus d’être un excellent moyen de multiplication rapide pour l’obtention de microplants et de microtubercules, la micropropagation au sens large ouvre également de nouvelles perspectives pour l’amélioration de la production de cette espèce. Elle permet la production de semences à partir d’individus élites sélectionnés pour des caractères particuliers comme la taille et le nombre des tubercules produits en champs, leur conservation, leur qualité organoleptique, leur caractère hatif/tardif, …

D’autre part, la culture in vitro permet aussi d’accroître les qualités phytosanitaires des plants ou des microtubercules produits. Les techniques d’initiation permettent de débarrasser les souches des contaminants endogènes et d’ainsi multiplier uniquement des individus indemnes de virus et de bactéries. La vigueur des plantes obtenues à partir de ces microtubercules sera accrue. 
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Abstract Yams (Dioscorea spp) are tuber crops


used as staple food in Africa because of their


nutritional value. However agronomic constraints,


phytosanitary problems and the lack of good healthy


planting material restrict their production. In contrast


to the inefficiency of traditional method of planting,


tissue culture techniques allow to increase the


multiplication and the rapid production of pathogen-


free plant material. This work was undertaken to


provide farmers in African countries with healthy


microplants and microtubers as seeds. In vitro nodal


segments of two varieties of local yams D. cayenen-


sis–D. rotundata complex (cv. ‘Singo’, cv. ‘Singou’


and cv. ‘Gnidou’) were micropropagated on the


modified medium of Murashige and Skoog. The


morphogenesis, the growth of microplants and


microtuber formation have been found to be con-


trolled by external factors that act individually and


synergistically. Addition of kinetin (2 mg l�1) to the


culture media could reduce multiplication rate (node


number) of some clones. An increase of the sucrose


concentration from 3% to 5% induced no change


in the multiplication and tuberisation parameters.


An important reduction of the multiplication


(shoot number, height and node number) and the


tuberisation (tuber number and length) was observed


with 8% sucrose. Multiplication (shoot and node


number) was increased in the presence of jasmonic


acid (10 mM). JA also induced an increase of tuber


number in the absence of Kin. Multiplication of yam


by in vitro growth of nodal segments is a way for


rapid clonal multiplication and could allow solving


the problem of lack of seed material faced by


farmers. This method could also be used for multi-


plication of elite cultivars, independently of the


growing season.


Keywords Cytokinin � Dioscorea cayenensis–


D. rotundata � Jasmonic acid � Micropropagation �
Sucrose � Yam


Abbreviations


JA Jasmonic acid


Kin Kinetin


MS Murashige and Skoog


Introduction


Yams belong to the monocotyledonous family


Dioscoreaceae, genus Dioscorea that contains over


600 species. Yams are grown in West Africa, South


America and Asia (Coursey 1967; Ayensu and


Coursey 1972). The six most cultivated species in


Africa are D. alata, D. cayenensis, D. rotundata,
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D. trifida, D. esculenta and D. bulbifera. The tubers


have a dual agricultural function: first, as source of


food, yams are a major source of nourishment to


millions of people and secondly, as planting material


(Hahn 1995; Craufurd et al. 2006).


The cultivated forms of this vegetative propagated


crop have a large genetic diversity. The wild D. abyss-


inica and D. praehensilis are putative ancestors of the


most widely cultivated D. cayenensis–D. rotundata


complex among the African Dioscorea species


(Coursey 1967; Scarcelli et al. 2006). The basic


propagation system of Dioscorea species is by tuber-


seeds, a tuber fragment that sprouts each year, devel-


oping a new tuber, which is traded in the local market.


The long period required for obtaining usable tubers, the


absence of viable seeds, the post-harvest losses and


the unknown life cycle are some of the factors that limit


the economic exploitation of native species of Diosco-


rea (Chu and Ribeiro 2002; Tschannen et al. 2005).


There are reports on the micropropagation of some


food yams in vitro such as D. alata and D. rotundata


(Mantell and Hugo 1989; Jean and Cappadocia 1991;


Alizadeh et al. 1998) and D. trifida using meristems


(Saleil et al. 1990). However, few information were


available on the micropropagation of D. cayenensis–


D. rotundata complex (Malaurie et al. 1995b). The aim


of this study is thus to multiply this species complex


in vitro and also to induce and to produce sizeable


microtubers which can be further transferred to the field.


Many factors are known to influence the prolifer-


ation and tuberisation response in vitro. These may


include day length and temperature, the presence or


absence of growth regulators either singly or in


combination, the absence of nitrogen source and the


presence of high sucrose concentrations.


From the literature is known that jasmonate and


sucrose are further important factors for micropropaga-


tion and tuberisation. Therefore, it was decided to


investigate the effect of JA and sucrose alone or together


with Kin, on axillary proliferation and microtuber


formation in yam D. cayenensis–D. rotundata complex.


Materials and methods


Plant material and culture conditions


Different virus-free in vitro clones of D. cayenensis–


D. rotundata complex, were provided by Roots and


Tubers Transit Centre of CIRAD (France). The


identification numbers were clone CTRT 233 and


CTRT 234 for both coming from two different tubers


of cv. ‘Singo’. Some comparative experiments were


made on two other clones of this yam species, CTRT


237 and CTRT 243, respectively from cv. ‘Singou’


and cv. ‘Gnidou’.


Axillary shoot proliferation was maintained by


subculturing single nodes; every 2 months on MS salt


medium (Murashige and Skoog 1962) supplemented


with vitamins of Morel and containing 30 g l�1 sucrose,


2 mg l�1 Kin, and 2 g l�1 activated charcoal and


8.2 g l�1 Caldic agar (Hemiksem, Belgium). The pH of


the media was adjusted to 5.7 ± 0.1 before autoclaving


at 1218C for 20 min. JA (10 mM) dissolved in ethanol


was added to media after autoclaving.


Nodal cuttings (2 cm long) with one leaf were


cultured in 150 · 25 mm glass culture tubes


containing 15 ml medium and the cultures were


maintained in a 16-h photoperiod (Sylvania Grolux


fluorescent lamps, 50 mmol m�2 s�1) at a day/night


temperature of 25/228C.


In an experiment to test the effects of different


sucrose levels the media mentioned above were


supplemented with 3%, 5% or 8% (w/v) sucrose with


or without Kin (2 mg l�1).


Growth and development


Cuttings corresponding to the first (N1) and the


second (N2) nodes from the base of the young stems


were tested in parallel (cv. ‘Singo’, clones CTRT 233


and 234) or together (cv. ‘Singou’, clone CTRT 237


and cv. ‘Gnidou’, clone CTRT 243) in the different


conditions. On medium supplemented with 3%


sucrose and 2 mg l�1 Kin, small roots appeared at


the base of the stem during the first week. Further, the


bud developed into a shoot and 4 weeks later a weak


enlargement at the base of the axillary bud was


observed, resulting in the formation of an axillary


protuberance. Numerous roots and one or two


microtubers emerged from this protuberance 6 weeks


later. During all the remainder of the culture, tubers


elongated and shoot grew and ramified.


Parameters and analysis


Various parameters were recorded 7 months later


(without intermediate subculture):
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– For rooting: root number and length of longest


root,


– For multiplication: shoot number, height of


highest shoot and node number,


– For microtuberisation: number of microtubers and


length of the microtuber, the biggest, in the few


cases where two microtubers are formed. The


in vitro culture conditions did never change


microtubers shape, the diameter evolved propor-


tionally with the length.


Thirty-five to forty explants were used for each


variant of each experiment for cv. ‘Singo’ (clone


CTRT 233 and 234) and around 20 explants for other


clones.


The Student t-test was used for evaluating the level


of significant differences between the different


experimental conditions. In figures, error bars corre-


spond to 2· standard error (SE) and the different


letters are marking statistic significant differences.


Results


Effect of Kin on axillary proliferation


and microtuber formation


Axillary proliferation was done every 2 months


on multiplication media supplemented with


2 mg l�1 Kin and 3% sucrose. The suppression of


Kin increased shoot length (Fig. 1), root length


(Fig. 2) and node numbers (Fig. 1). The multiplica-


tion rate (shoot number · node number) was thus


increased on medium without cytokinins for the clone


CTRT 233. No significant difference could be


observed for clone CTRT 234 (Fig. 3 and 4).


The presence of Kin (2 mg l�1) in the culture


media (with 3% sucrose) led to a higher tuber number


(clone CTRT 233, N1 nodes, Fig. 5A) and higher


tuber length (clone CTRT 233, N1 and N2 nodes,


Fig. 5A, B).


Similar results concerning multiplication and


rooting were obtained with N2 nodes (data not


shown).


Effect of sucrose concentration on shoot and root


development


An increase of the sucrose concentration from 3% to


5% of the multiplication media of N1 nodes (clone


CTRT 233) induced no change in the length and node


number of the new shoots (Fig. 1). An important
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Fig. 1 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on multiplication from N1 nodes of D.
cayenensis–D. rotundata complex (clone CTRT 233, cv.


‘Singo’) after 7 months of culture: shoot (h) and node (j)


number, shoot length ( , cm). (Student t-test, a, b and c or d, e


and f, P = 0.01; g, P = 0.05)
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Fig. 2 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on rooting from N1 nodes of D. cayenensis–D.
rotundata complex (clone CTRT 233, cv. ‘Singo’) after


7 months of culture: root number (h) and root length (j,


cm). (Student t-test, a and b or c and d, P = 0.01)
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Fig. 3 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


multiplication from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: shoot number (h),node number (j)and shoot length


( , cm). (Student t-test, a and b or c and d or e, f and g,


P = 0.05)
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reduction of the multiplication rate (height and node


number) was observed with 8% sucrose.


An increase in root number was observed when


sucrose concentration was raised from 3% to 8%.


Root length also increased when sucrose concentra-


tion rose from 3% to 5% (Fig. 2).


Similar results (concerning multiplication and


rooting parameters) were obtained on media without


Kin or/and with N2 nodes (data not shown).


In similar experiments only done in the presence


of Kin (2 mg l�1) on clone CTRT 243, no change in


the length but an increase of node number were


observed with an increase of sucrose concentration


from 3% to 5%. An increase in root number and no


statistically significant changes in root length were


also observed (data not shown).


Effect of sucrose concentration on microtuber


formation


No change in the tuberisation parameters was induced


by an increase of the sucrose concentration from 3%


to 5%, from N1 and N2 nodes of clone CTRT 233


(Fig. 5). An important reduction of tuber length was


observed with 8% sucrose for N1 nodes (Fig. 5A).


When N2 nodes were considered, no microtuber was


observed in the presence of 8% sucrose (Fig. 5B). In


this case, there was an important development of


callus around the nodes.


The same trend was observed on media without


Kin, except the development of callus with 8%


sucrose on N2 nodes and in experiments done with


cv. ‘Gnidou’ (CTRT 243). In this last case, a


maximum of tubers was obtained with sucrose 5%


(data not shown).


Effect of JA on shoot and root development


N1 nodes of clone CTRT 234 were grown on medium


containing Kin. In the presence of Kin, addition of JA


(10 mM) led to an increase in shoot and node numbers


(Fig. 3) while JA increased the node number and


shoot length in the absence of Kin (Fig. 3). No


change in the rooting parameters was observed in the


presence of JA (with or without Kin in the medium)


(Fig. 4) except the increase in root number in the


presence of Kin.


No significant differences were noted for N2 nodes


of clone CTRT 234, cv. ‘Singo’. Moreover, such an


increase in node number and shoot length (by a factor


of 1.5) with JA alone were observed in similar


experiments done on cv. ‘Singou’ (clone CTRT 237)


and similar observations in rooting parameters


bonded to JA were done on clone CTRT 237, in the


presence of Kin (data not shown).


Effect of JA on microtuber formation


In the absence of Kin, JA induced an increase of tuber


number (Fig. 6). The length of the microtubers was
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Fig. 4 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


rooting from N1 nodes of D. cayenensis–D. rotundata complex


(clone CTRT 234, cv. ‘Singo’) after 7 months of culture: root


number (h) and root length (j, cm). (Student t-test, a and b or


c, P = 0.05)
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Fig. 5 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on tuberisation of D. cayenensis–D. rotundata
complex (clone CTRT 233, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm) from N1
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and e or f, g and h, P = 0.01)
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never improved by the presence of 10 mM JA. The


same experiments were done with N2 nodes of cv.


‘Singo’ and nodes of cv. ‘Singou’ with similar results


(data not shown).


Discussion


To overcome problems caused by traditionally veg-


etative propagation of yams, in vitro methods like


nodal segment culture, indirect organogenesis, and


somatic embryogenesis, have been considered


(Jasik and Mantell 2000). The advantage of the


micropropagation by nodal segment culture over the


vine cutting techniques is that the rates of micro-


propagation and microtuberisation are higher. Yam


microtubers offer several advantages over in vitro


plants, since they can be stored for a long period and


transplanted directly into field conditions without an


acclimatization stage (Ng 1988).


The effect of nodal explant positions on yam


micropropagation has not been reported previously.


In our studies, we have observed that in vitro growth


of nodal explants from the apical portions of the


explants was low (data not shown). The roots and


stems were shorter and less microtubers were formed


than with basal explant (N1 or N2). No important


differences were noted between nodes N1 and N2,


except on medium with 8% sucrose (Fig. 5). In


traditional multiplication, only cuttings from young


and vigorous plant can be used (Onwueme 1978),


while cuttings from old plants of D. bulbifera,


D. trifida and D. esculenta failed to produce shoots


(Passam 1995).


In the various Dioscorea species, different in vitro


growth conditions have been reported as being


optimum, mainly differing at the level of the


carbon sources and growth regulator concentrations


(Malaurie et al. 1995a), and incubation conditions


(Balogun et al. 2006). We have shown that an


increase of the sucrose concentration from 3% to 8%


induced a significant increase of root (Fig. 2) and


shoot (Fig. 1) number in D. cayenensis–D. rotundata


complex. In fact, sucrose level above 20 g l�1 in


culture media appeared to be a prerequisite for


optimal in vitro growth of yam microplants. At higher


levels of sucrose (80 and 100 g l�1), node cultures of


D. composita produced 200% to 300% more shoots


and nodes than microplants cultured on comparable


MS medium containing 20 g l�1 sucrose (Alizadeh


et al. 1998).


In vitro production of microtubers has also been


reported in a number of Dioscorea species. Factors


known to influence the tuberisation process in various


plants include sucrose and Kin concentrations


(Forsyth and Van Staden 1984; Ng 1988; Borthakur


and Singh 2002; Chu and Ribeiro 2002; Chen et al.


2003; Borges et al. 2004; Kadota and Niimi 2004;


Gibson 2005). In our study on D. cayenensis–


D. rotundata complex, we found that an increase of


sucrose from 3% to 5% had no effect on tuberisation.


In other species such change in sucrose level can


however have an important effect. So, in D. cayen-


ensis, higher microtuber numbers and greater micro-


tuber size were reached when 40 g l�1 rather than


20 g l�1 sucrose was used (Jasik and Mantell 2000).


On MS medium containing 20 g l�1 sucrose,


D. composita microtubers were not induced, whereas


they were on media containing 80 or 100 g l�1


sucrose (Alizadeh et al. 1998; Nyochembeng and


Stephen 1998). In our experiments, the use of MS


medium supplemented with 8% sucrose, induced a


reduction of the tuberisation in D. cayenensis–


D. rotundata complex independently of the presence


of Kin (Fig. 5). It was also the case in other species as


D. bulbifera (Mantell and Hugo 1989). In the case of


D. alata shoot culture, raising sucrose to 4% or 8%


inhibited microtuber induction and also reduced


the mean fresh weight of microtubers. By con-


trast, raising sucrose in culture media from 2% to


8% (w/v), in the presence of higher levels of Kin


(23.2–46.4 mM), led to higher microtuber induction


frequencies in D. bulbifera (Forsyth and Van Staden


0


1


2


3


+kin +kin +JA -kin -kin +JA


b


a
 a,b


a,b


c,d


c


d
 c,d 


Fig. 6 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


tuberisation from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm). (Student


t-test, a and b or c and d, P = 0.05)
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1984). On the other hand, the increase of sucrose


content in the medium led to abnormal structures


such as tubers on the shoots. Malformation and


abundant callus around nodes were also observed in


our culture, in the presence of high level of sucrose


(8%) and Kin (2 mg l�1) when N2 nodes were used.


Relationship between development and availabil-


ity of nutrients, such as soluble sugar, may help


ensure an adequate supply of building materials and


energy with which to carry out specific development


programs. In addition to mediating early develop-


mental events, it is known that soluble sugars affect


the formation of more adult structures, such as leaves,


shoots, tubers and roots (Gibson 2005). Mechanisms


involved in this improved performance were not


known with precision. Sucrose, that has been exten-


sively used to induce potato microtubers (Banfalvi


et al. 1997), has been shown to be the major sugar


absorbed and translocated into plantlets when com-


pared with glucose, fructose or maltose (Jackson


1999). The major transport form of fixed carbon into


organs was sucrose, which was hydrolyzed by


apoplastic or vacuolar acid invertases or by the


sucrose synthase reversible reaction. In the leaves of


several Dioscorea species, this hydrolysis of sucrose


was accompanied by increased quantities of fructose,


glucose, while in the stems, roots and tubers maltose


occurred in higher proportions (Kouassi et al. 1990).


It is possible that these factors act through changing


the metabolism and distribution of endogenous and /


or exogenously applied hormones.


Jasmonates (JA and its related compounds) have


been established recently as growth regulators exhib-


iting stimulatory and inhibitory effects on different


biological processes (Sembdner and Parthier 1993;


Gaspar et al. 1996; Jasik and Mantell 2000) espe-


cially in in vitro conditions. For example, JA, at


concentrations ranging from 1 to 10 mM, enhanced


in vitro shoot development and increased the number


of shoots per explant in potato (Ravnikar et al. 1992)


and garlic (Zel et al. 1997). We have shown that


10 mM JA also increased shoot number in


D. cayenensis–D. rotundata complex (Fig. 4) in


the presence of Kin. At higher concentrations


(10–50 mM), jasmonates, often had a negative effect


on growth as was observed in D. rotundata and


D. cayenensis (Koda 1997; Jasik and Mantell 2000).


Some previously reported studies have suggested


that exogenously applied jasmonates affected


positively the formation of storage organs like bulbs


of garlic (Ravnikar et al. 1993) or Narcissus (Santos


and Salema 2000) and tubers of potato (Koda et al.


1991; Abdala et al. 1996), Jerusalem artichoke (Koda


et al. 1994) or the Australian terrestrial orchid,


Pterostylis sanguinea (Debeljak et al. 2002). The


effect of exogenously applied jasmonic acid (JA) on


in vitro tuberisation was also examined in cultures of


single-node segment of yam stems. JA appeared to


improve the tuberisation in D. alata (Bazabakana


et al. 2003), D. batatas (Koda and Kikuta 1991),


D. rotundata and D. cayenensis (Jasik and Mantell


2000). Microtuberisation was obtained in all these


species by adding either 10 or 50 mM JA or Me JA to


the medium. In D. cayenensis–D. rotundata complex,


JA (10 mM) also induced an increase of tuber number


in the absence of Kin (Fig. 6) while the size of the


microtubers was not improved by the presence of JA.


This is consistent with the observations of Debeljak


et al. (2002) in Pterostylis sanguinea contrary to the


positive effect on tuber diameter or tuber fresh weight


reported previously for potato, garlic and Narcissus


(Ravnikar et al. 1993). Koda (1997) suggested that


jasmonates control bulb and tuber formation by


stimulation of cell division and promotion of cell


expansion.


Synergistic effect of JA and sucrose on tuber


induction was observed by Zel et al. (1997) and


Debeljak et al. (2002) respectively on garlic bulb and


Pterostylis sanguinea tuber formation. That can be


related to the observation of Takahashi et al. (1995)


that JA induced accumulation of sucrose and cellu-


lose in the disc cells of potato, causing a modification


in cell osmotic pressure.


In conclusion, multiplication of yam by in vitro


growth of nodal segments is a way for rapid clonal


multiplication. The microtuber production could


allow solving the problem of lack of seed material


faced by farmers. This technique could also be used


for multiplication of elite cultivars, independently of


the growing season and would be invaluable for


conservation programs. In D. cayenensis–D. rotun-


data complex, combination of sucrose 3% with or


without Kin 2 mg l�1 leads to good multiplication


rates while MS medium supplemented with JA


(10 mM) alone could enhance in vitro tuber formation


as observed in cv. ‘Singo’, clone CTRT 234 and cv.


‘Singou’, clone CTRT 237. Further studies are


needed to research possible interactions between JA
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and Kin or sucrose for tuberisation in D. cayenensis–


D. rotundata complex.
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Abstract Yams (Dioscorea spp) are tuber crops


used as staple food in Africa because of their


nutritional value. However agronomic constraints,


phytosanitary problems and the lack of good healthy


planting material restrict their production. In contrast


to the inefficiency of traditional method of planting,


tissue culture techniques allow to increase the


multiplication and the rapid production of pathogen-


free plant material. This work was undertaken to


provide farmers in African countries with healthy


microplants and microtubers as seeds. In vitro nodal


segments of two varieties of local yams D. cayenen-


sis–D. rotundata complex (cv. ‘Singo’, cv. ‘Singou’


and cv. ‘Gnidou’) were micropropagated on the


modified medium of Murashige and Skoog. The


morphogenesis, the growth of microplants and


microtuber formation have been found to be con-


trolled by external factors that act individually and


synergistically. Addition of kinetin (2 mg l�1) to the


culture media could reduce multiplication rate (node


number) of some clones. An increase of the sucrose


concentration from 3% to 5% induced no change


in the multiplication and tuberisation parameters.


An important reduction of the multiplication


(shoot number, height and node number) and the


tuberisation (tuber number and length) was observed


with 8% sucrose. Multiplication (shoot and node


number) was increased in the presence of jasmonic


acid (10 mM). JA also induced an increase of tuber


number in the absence of Kin. Multiplication of yam


by in vitro growth of nodal segments is a way for


rapid clonal multiplication and could allow solving


the problem of lack of seed material faced by


farmers. This method could also be used for multi-


plication of elite cultivars, independently of the


growing season.


Keywords Cytokinin � Dioscorea cayenensis–


D. rotundata � Jasmonic acid � Micropropagation �
Sucrose � Yam


Abbreviations


JA Jasmonic acid


Kin Kinetin


MS Murashige and Skoog


Introduction


Yams belong to the monocotyledonous family


Dioscoreaceae, genus Dioscorea that contains over


600 species. Yams are grown in West Africa, South


America and Asia (Coursey 1967; Ayensu and


Coursey 1972). The six most cultivated species in


Africa are D. alata, D. cayenensis, D. rotundata,


P. Ondo Ovono � C. Kevers (&) �
JacquesDommes


Plant Molecular Biology and Biotechnology Unit,


University of Liege, Sart Tilman, B-22, Liege 4000,


Belgium


e-mail: c.kevers@ulg.ac.be


123


Plant Cell Tiss Organ Cult (2007) 91:107–114


DOI 10.1007/s11240-007-9238-z







D. trifida, D. esculenta and D. bulbifera. The tubers


have a dual agricultural function: first, as source of


food, yams are a major source of nourishment to


millions of people and secondly, as planting material


(Hahn 1995; Craufurd et al. 2006).


The cultivated forms of this vegetative propagated


crop have a large genetic diversity. The wild D. abyss-


inica and D. praehensilis are putative ancestors of the


most widely cultivated D. cayenensis–D. rotundata


complex among the African Dioscorea species


(Coursey 1967; Scarcelli et al. 2006). The basic


propagation system of Dioscorea species is by tuber-


seeds, a tuber fragment that sprouts each year, devel-


oping a new tuber, which is traded in the local market.


The long period required for obtaining usable tubers, the


absence of viable seeds, the post-harvest losses and


the unknown life cycle are some of the factors that limit


the economic exploitation of native species of Diosco-


rea (Chu and Ribeiro 2002; Tschannen et al. 2005).


There are reports on the micropropagation of some


food yams in vitro such as D. alata and D. rotundata


(Mantell and Hugo 1989; Jean and Cappadocia 1991;


Alizadeh et al. 1998) and D. trifida using meristems


(Saleil et al. 1990). However, few information were


available on the micropropagation of D. cayenensis–


D. rotundata complex (Malaurie et al. 1995b). The aim


of this study is thus to multiply this species complex


in vitro and also to induce and to produce sizeable


microtubers which can be further transferred to the field.


Many factors are known to influence the prolifer-


ation and tuberisation response in vitro. These may


include day length and temperature, the presence or


absence of growth regulators either singly or in


combination, the absence of nitrogen source and the


presence of high sucrose concentrations.


From the literature is known that jasmonate and


sucrose are further important factors for micropropaga-


tion and tuberisation. Therefore, it was decided to


investigate the effect of JA and sucrose alone or together


with Kin, on axillary proliferation and microtuber


formation in yam D. cayenensis–D. rotundata complex.


Materials and methods


Plant material and culture conditions


Different virus-free in vitro clones of D. cayenensis–


D. rotundata complex, were provided by Roots and


Tubers Transit Centre of CIRAD (France). The


identification numbers were clone CTRT 233 and


CTRT 234 for both coming from two different tubers


of cv. ‘Singo’. Some comparative experiments were


made on two other clones of this yam species, CTRT


237 and CTRT 243, respectively from cv. ‘Singou’


and cv. ‘Gnidou’.


Axillary shoot proliferation was maintained by


subculturing single nodes; every 2 months on MS salt


medium (Murashige and Skoog 1962) supplemented


with vitamins of Morel and containing 30 g l�1 sucrose,


2 mg l�1 Kin, and 2 g l�1 activated charcoal and


8.2 g l�1 Caldic agar (Hemiksem, Belgium). The pH of


the media was adjusted to 5.7 ± 0.1 before autoclaving


at 1218C for 20 min. JA (10 mM) dissolved in ethanol


was added to media after autoclaving.


Nodal cuttings (2 cm long) with one leaf were


cultured in 150 · 25 mm glass culture tubes


containing 15 ml medium and the cultures were


maintained in a 16-h photoperiod (Sylvania Grolux


fluorescent lamps, 50 mmol m�2 s�1) at a day/night


temperature of 25/228C.


In an experiment to test the effects of different


sucrose levels the media mentioned above were


supplemented with 3%, 5% or 8% (w/v) sucrose with


or without Kin (2 mg l�1).


Growth and development


Cuttings corresponding to the first (N1) and the


second (N2) nodes from the base of the young stems


were tested in parallel (cv. ‘Singo’, clones CTRT 233


and 234) or together (cv. ‘Singou’, clone CTRT 237


and cv. ‘Gnidou’, clone CTRT 243) in the different


conditions. On medium supplemented with 3%


sucrose and 2 mg l�1 Kin, small roots appeared at


the base of the stem during the first week. Further, the


bud developed into a shoot and 4 weeks later a weak


enlargement at the base of the axillary bud was


observed, resulting in the formation of an axillary


protuberance. Numerous roots and one or two


microtubers emerged from this protuberance 6 weeks


later. During all the remainder of the culture, tubers


elongated and shoot grew and ramified.


Parameters and analysis


Various parameters were recorded 7 months later


(without intermediate subculture):
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– For rooting: root number and length of longest


root,


– For multiplication: shoot number, height of


highest shoot and node number,


– For microtuberisation: number of microtubers and


length of the microtuber, the biggest, in the few


cases where two microtubers are formed. The


in vitro culture conditions did never change


microtubers shape, the diameter evolved propor-


tionally with the length.


Thirty-five to forty explants were used for each


variant of each experiment for cv. ‘Singo’ (clone


CTRT 233 and 234) and around 20 explants for other


clones.


The Student t-test was used for evaluating the level


of significant differences between the different


experimental conditions. In figures, error bars corre-


spond to 2· standard error (SE) and the different


letters are marking statistic significant differences.


Results


Effect of Kin on axillary proliferation


and microtuber formation


Axillary proliferation was done every 2 months


on multiplication media supplemented with


2 mg l�1 Kin and 3% sucrose. The suppression of


Kin increased shoot length (Fig. 1), root length


(Fig. 2) and node numbers (Fig. 1). The multiplica-


tion rate (shoot number · node number) was thus


increased on medium without cytokinins for the clone


CTRT 233. No significant difference could be


observed for clone CTRT 234 (Fig. 3 and 4).


The presence of Kin (2 mg l�1) in the culture


media (with 3% sucrose) led to a higher tuber number


(clone CTRT 233, N1 nodes, Fig. 5A) and higher


tuber length (clone CTRT 233, N1 and N2 nodes,


Fig. 5A, B).


Similar results concerning multiplication and


rooting were obtained with N2 nodes (data not


shown).


Effect of sucrose concentration on shoot and root


development


An increase of the sucrose concentration from 3% to


5% of the multiplication media of N1 nodes (clone


CTRT 233) induced no change in the length and node


number of the new shoots (Fig. 1). An important
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Fig. 1 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on multiplication from N1 nodes of D.
cayenensis–D. rotundata complex (clone CTRT 233, cv.


‘Singo’) after 7 months of culture: shoot (h) and node (j)


number, shoot length ( , cm). (Student t-test, a, b and c or d, e


and f, P = 0.01; g, P = 0.05)
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Fig. 2 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on rooting from N1 nodes of D. cayenensis–D.
rotundata complex (clone CTRT 233, cv. ‘Singo’) after


7 months of culture: root number (h) and root length (j,


cm). (Student t-test, a and b or c and d, P = 0.01)
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Fig. 3 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


multiplication from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: shoot number (h),node number (j)and shoot length


( , cm). (Student t-test, a and b or c and d or e, f and g,


P = 0.05)
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reduction of the multiplication rate (height and node


number) was observed with 8% sucrose.


An increase in root number was observed when


sucrose concentration was raised from 3% to 8%.


Root length also increased when sucrose concentra-


tion rose from 3% to 5% (Fig. 2).


Similar results (concerning multiplication and


rooting parameters) were obtained on media without


Kin or/and with N2 nodes (data not shown).


In similar experiments only done in the presence


of Kin (2 mg l�1) on clone CTRT 243, no change in


the length but an increase of node number were


observed with an increase of sucrose concentration


from 3% to 5%. An increase in root number and no


statistically significant changes in root length were


also observed (data not shown).


Effect of sucrose concentration on microtuber


formation


No change in the tuberisation parameters was induced


by an increase of the sucrose concentration from 3%


to 5%, from N1 and N2 nodes of clone CTRT 233


(Fig. 5). An important reduction of tuber length was


observed with 8% sucrose for N1 nodes (Fig. 5A).


When N2 nodes were considered, no microtuber was


observed in the presence of 8% sucrose (Fig. 5B). In


this case, there was an important development of


callus around the nodes.


The same trend was observed on media without


Kin, except the development of callus with 8%


sucrose on N2 nodes and in experiments done with


cv. ‘Gnidou’ (CTRT 243). In this last case, a


maximum of tubers was obtained with sucrose 5%


(data not shown).


Effect of JA on shoot and root development


N1 nodes of clone CTRT 234 were grown on medium


containing Kin. In the presence of Kin, addition of JA


(10 mM) led to an increase in shoot and node numbers


(Fig. 3) while JA increased the node number and


shoot length in the absence of Kin (Fig. 3). No


change in the rooting parameters was observed in the


presence of JA (with or without Kin in the medium)


(Fig. 4) except the increase in root number in the


presence of Kin.


No significant differences were noted for N2 nodes


of clone CTRT 234, cv. ‘Singo’. Moreover, such an


increase in node number and shoot length (by a factor


of 1.5) with JA alone were observed in similar


experiments done on cv. ‘Singou’ (clone CTRT 237)


and similar observations in rooting parameters


bonded to JA were done on clone CTRT 237, in the


presence of Kin (data not shown).


Effect of JA on microtuber formation


In the absence of Kin, JA induced an increase of tuber


number (Fig. 6). The length of the microtubers was
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Fig. 4 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


rooting from N1 nodes of D. cayenensis–D. rotundata complex


(clone CTRT 234, cv. ‘Singo’) after 7 months of culture: root


number (h) and root length (j, cm). (Student t-test, a and b or


c, P = 0.05)


0


1


2


3


0


1


2


3


- kin + kin + kin + kin


Sucrose  3% 3% 5% 8%


A


B


d


e


f
c


c


g


e


d


  g 


h


c


a


b


a a


Fig. 5 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on tuberisation of D. cayenensis–D. rotundata
complex (clone CTRT 233, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm) from N1


(A) and N2 (B) nodes. (Student t-test, a and b or c, P = 0.05; d


and e or f, g and h, P = 0.01)
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never improved by the presence of 10 mM JA. The


same experiments were done with N2 nodes of cv.


‘Singo’ and nodes of cv. ‘Singou’ with similar results


(data not shown).


Discussion


To overcome problems caused by traditionally veg-


etative propagation of yams, in vitro methods like


nodal segment culture, indirect organogenesis, and


somatic embryogenesis, have been considered


(Jasik and Mantell 2000). The advantage of the


micropropagation by nodal segment culture over the


vine cutting techniques is that the rates of micro-


propagation and microtuberisation are higher. Yam


microtubers offer several advantages over in vitro


plants, since they can be stored for a long period and


transplanted directly into field conditions without an


acclimatization stage (Ng 1988).


The effect of nodal explant positions on yam


micropropagation has not been reported previously.


In our studies, we have observed that in vitro growth


of nodal explants from the apical portions of the


explants was low (data not shown). The roots and


stems were shorter and less microtubers were formed


than with basal explant (N1 or N2). No important


differences were noted between nodes N1 and N2,


except on medium with 8% sucrose (Fig. 5). In


traditional multiplication, only cuttings from young


and vigorous plant can be used (Onwueme 1978),


while cuttings from old plants of D. bulbifera,


D. trifida and D. esculenta failed to produce shoots


(Passam 1995).


In the various Dioscorea species, different in vitro


growth conditions have been reported as being


optimum, mainly differing at the level of the


carbon sources and growth regulator concentrations


(Malaurie et al. 1995a), and incubation conditions


(Balogun et al. 2006). We have shown that an


increase of the sucrose concentration from 3% to 8%


induced a significant increase of root (Fig. 2) and


shoot (Fig. 1) number in D. cayenensis–D. rotundata


complex. In fact, sucrose level above 20 g l�1 in


culture media appeared to be a prerequisite for


optimal in vitro growth of yam microplants. At higher


levels of sucrose (80 and 100 g l�1), node cultures of


D. composita produced 200% to 300% more shoots


and nodes than microplants cultured on comparable


MS medium containing 20 g l�1 sucrose (Alizadeh


et al. 1998).


In vitro production of microtubers has also been


reported in a number of Dioscorea species. Factors


known to influence the tuberisation process in various


plants include sucrose and Kin concentrations


(Forsyth and Van Staden 1984; Ng 1988; Borthakur


and Singh 2002; Chu and Ribeiro 2002; Chen et al.


2003; Borges et al. 2004; Kadota and Niimi 2004;


Gibson 2005). In our study on D. cayenensis–


D. rotundata complex, we found that an increase of


sucrose from 3% to 5% had no effect on tuberisation.


In other species such change in sucrose level can


however have an important effect. So, in D. cayen-


ensis, higher microtuber numbers and greater micro-


tuber size were reached when 40 g l�1 rather than


20 g l�1 sucrose was used (Jasik and Mantell 2000).


On MS medium containing 20 g l�1 sucrose,


D. composita microtubers were not induced, whereas


they were on media containing 80 or 100 g l�1


sucrose (Alizadeh et al. 1998; Nyochembeng and


Stephen 1998). In our experiments, the use of MS


medium supplemented with 8% sucrose, induced a


reduction of the tuberisation in D. cayenensis–


D. rotundata complex independently of the presence


of Kin (Fig. 5). It was also the case in other species as


D. bulbifera (Mantell and Hugo 1989). In the case of


D. alata shoot culture, raising sucrose to 4% or 8%


inhibited microtuber induction and also reduced


the mean fresh weight of microtubers. By con-


trast, raising sucrose in culture media from 2% to


8% (w/v), in the presence of higher levels of Kin


(23.2–46.4 mM), led to higher microtuber induction


frequencies in D. bulbifera (Forsyth and Van Staden
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Fig. 6 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


tuberisation from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm). (Student


t-test, a and b or c and d, P = 0.05)
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1984). On the other hand, the increase of sucrose


content in the medium led to abnormal structures


such as tubers on the shoots. Malformation and


abundant callus around nodes were also observed in


our culture, in the presence of high level of sucrose


(8%) and Kin (2 mg l�1) when N2 nodes were used.


Relationship between development and availabil-


ity of nutrients, such as soluble sugar, may help


ensure an adequate supply of building materials and


energy with which to carry out specific development


programs. In addition to mediating early develop-


mental events, it is known that soluble sugars affect


the formation of more adult structures, such as leaves,


shoots, tubers and roots (Gibson 2005). Mechanisms


involved in this improved performance were not


known with precision. Sucrose, that has been exten-


sively used to induce potato microtubers (Banfalvi


et al. 1997), has been shown to be the major sugar


absorbed and translocated into plantlets when com-


pared with glucose, fructose or maltose (Jackson


1999). The major transport form of fixed carbon into


organs was sucrose, which was hydrolyzed by


apoplastic or vacuolar acid invertases or by the


sucrose synthase reversible reaction. In the leaves of


several Dioscorea species, this hydrolysis of sucrose


was accompanied by increased quantities of fructose,


glucose, while in the stems, roots and tubers maltose


occurred in higher proportions (Kouassi et al. 1990).


It is possible that these factors act through changing


the metabolism and distribution of endogenous and /


or exogenously applied hormones.


Jasmonates (JA and its related compounds) have


been established recently as growth regulators exhib-


iting stimulatory and inhibitory effects on different


biological processes (Sembdner and Parthier 1993;


Gaspar et al. 1996; Jasik and Mantell 2000) espe-


cially in in vitro conditions. For example, JA, at


concentrations ranging from 1 to 10 mM, enhanced


in vitro shoot development and increased the number


of shoots per explant in potato (Ravnikar et al. 1992)


and garlic (Zel et al. 1997). We have shown that


10 mM JA also increased shoot number in


D. cayenensis–D. rotundata complex (Fig. 4) in


the presence of Kin. At higher concentrations


(10–50 mM), jasmonates, often had a negative effect


on growth as was observed in D. rotundata and


D. cayenensis (Koda 1997; Jasik and Mantell 2000).


Some previously reported studies have suggested


that exogenously applied jasmonates affected


positively the formation of storage organs like bulbs


of garlic (Ravnikar et al. 1993) or Narcissus (Santos


and Salema 2000) and tubers of potato (Koda et al.


1991; Abdala et al. 1996), Jerusalem artichoke (Koda


et al. 1994) or the Australian terrestrial orchid,


Pterostylis sanguinea (Debeljak et al. 2002). The


effect of exogenously applied jasmonic acid (JA) on


in vitro tuberisation was also examined in cultures of


single-node segment of yam stems. JA appeared to


improve the tuberisation in D. alata (Bazabakana


et al. 2003), D. batatas (Koda and Kikuta 1991),


D. rotundata and D. cayenensis (Jasik and Mantell


2000). Microtuberisation was obtained in all these


species by adding either 10 or 50 mM JA or Me JA to


the medium. In D. cayenensis–D. rotundata complex,


JA (10 mM) also induced an increase of tuber number


in the absence of Kin (Fig. 6) while the size of the


microtubers was not improved by the presence of JA.


This is consistent with the observations of Debeljak


et al. (2002) in Pterostylis sanguinea contrary to the


positive effect on tuber diameter or tuber fresh weight


reported previously for potato, garlic and Narcissus


(Ravnikar et al. 1993). Koda (1997) suggested that


jasmonates control bulb and tuber formation by


stimulation of cell division and promotion of cell


expansion.


Synergistic effect of JA and sucrose on tuber


induction was observed by Zel et al. (1997) and


Debeljak et al. (2002) respectively on garlic bulb and


Pterostylis sanguinea tuber formation. That can be


related to the observation of Takahashi et al. (1995)


that JA induced accumulation of sucrose and cellu-


lose in the disc cells of potato, causing a modification


in cell osmotic pressure.


In conclusion, multiplication of yam by in vitro


growth of nodal segments is a way for rapid clonal


multiplication. The microtuber production could


allow solving the problem of lack of seed material


faced by farmers. This technique could also be used


for multiplication of elite cultivars, independently of


the growing season and would be invaluable for


conservation programs. In D. cayenensis–D. rotun-


data complex, combination of sucrose 3% with or


without Kin 2 mg l�1 leads to good multiplication


rates while MS medium supplemented with JA


(10 mM) alone could enhance in vitro tuber formation


as observed in cv. ‘Singo’, clone CTRT 234 and cv.


‘Singou’, clone CTRT 237. Further studies are


needed to research possible interactions between JA
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and Kin or sucrose for tuberisation in D. cayenensis–


D. rotundata complex.
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Abstract The effects of reducing sucrose level on tuber


formation (% of cultures with microtubers), development


(length and fresh weight of microtubers) and sprouting in


yam Dioscorea cayenensis–D. rotundata complex in vitro


were investigated. Only 29% of the explants showed tuber


formation after 3 weeks in the presence of 1% sucrose in


contrast to 100% with 3%. After 120 days of culture, the


length and the weight of the tubers obtained in the presence


of 1% sucrose were less than with 3% sucrose. Addition of


sorbitol to keep osmolarity at the same level did not restore


normal rate of tuber formation. Similar results were


obtained with the use of reduced fructose or glucose level.


Microtuber sprouting was also affected by sucrose level


incorporated into the tuberisation medium. Tubers obtained


on reduced sucrose level sprouted later and the increase of


osmolarity with sorbitol did not restore normal sprouting.


The bigger tubers obtained on high sucrose media could


contain more carbohydrate reserves that could partially


explain a higher sprouting rate. These results can be used


for optimising in vitro conditions for mass production of


microtubers in yam and especially in Dioscorea cayenensis–


D. rotundata complex, a very important species in West


Africa. They specially showed the importance of tuberisa-


tion conditions on precocity of tuberisation, on tuber length


and weight and on their further sprouting.


Keywords Yam � Sprouting � Sucrose � Dioscorea


cayenensis–D. rotundata � Microtubers


Introduction


Yams belong to the monocotyledonous family Dioscoreae


and genus Dioscorea. They are grown for their tubers or


storage organs, which may be subterranean (D. rotundata,


D. alata) or aerial (D. bulbifera) and serve a dual agricul-


tural function as source of food and planting material. Yams


are grown in regions on three continents: West Africa, South


America and Asia. In West Africa, yams are a major source


of food for millions of people, as well as being a crop of


prestige and cultural importance. The most important spe-


cies in West Africa are Dioscorea cayenensis–D. rotundata


complex and D. alata, which contributes about 24% of the


human energy supply. This nutritional function can only be


fulfilled if availability is guaranteed by suitable storage


systems of planting material.


Yam is vegetatively propagated, generally using frag-


ments of tubers or bulbils. Its production is seasonal, so its


storage is necessary before planting and use as food. After


harvest, tubers enter into dormancy. Once the dormancy is


broken, sprouting occurs and prolonged storage is no longer


possible. Moreover, yam, like other root and tuber crops


such as cassava and taro, suffers post-harvest losses ranging


from 25 to 60% (Coursey and Booth 1977) caused partly by


external agents, such as insects, rodents and moulds. FAO


(1988) surveys have shown that modern food preservation


techniques such as the use of radiation or storage at tem-


peratures reduced to 15�C can be effective, but due to the


high cost and decentralized storage, mainly by growers,


these techniques cannot be applied widely. In addition,


radiation cannot be applied on planting material.


To overcome such problems, in vitro methods have


been developed. In many Dioscorea species, in vitro cul-


tured shoots are able to produce microtubers under cer-


tain conditions and these have great potential for rapid
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multiplication of pathogen-free clonal material. Many fac-


tors are known to influence the tuberisation response in vitro.


These may include day length (Vaillant et al. 2005) and


temperature (Grison 1991), the presence or absence of


growth regulators either singly or in combination (Ondo


Ovono et al. 2007, 2009), or the presence of high sucrose


(8%) concentration (Forsyth and Van Staden 1984).


Sucrose is probably the most widely used carbohydrate


source in plant tissue culture media and numerous studies


have stated that sucrose is the optimum carbon source


(Lawrence and Barker 1963; Smeekens 2000). Despite the


widespread and successful use of sucrose in plant tissue


culture, other sugars have also been reported as being suit-


able as carbon sources for in vitro culture of many plants


(Alkhateeb 2008) including D. bulbifera (Forsyth and Van


Staden 1984) and D. nipponica (Chen et al. 2007). Mean-


while, as an osmotic pressure agent, sucrose could maintain


a stable osmotic pressure environment for culture and sup-


port vigorous growth of in vitro tissue culture of most plants.


In the present work, we investigated the effect of reduced


carbon source level (sucrose, glucose or fructose) on yam in


vitro tuberisation (precocity, tuber development) and tuber


sprouting. This study should help the development of a


method for a rapid mass production of microtubers adapted


to Dioscorea cayenensis–D. rotundata complex.


Materials and methods


One virus-free in vitro clone of D. cayenensis–D. rotundata


complex was provided by the Roots and Tubers Transit


Centre of CIRAD (France). The clone identification number


was CTRT 233 coming from one tuber of cv. ‘Singo’.


Axillary shoot proliferation was maintained by subcul-


turing single nodes, every 2 months on MS salt medium


(Murashige and Skoog 1962) supplemented with vitamins of


Morel and Wetmore (1951) and containing 30 g l-1


sucrose, 2 g l-1 activated charcoal and 8.2 g l-1 Caldic


agar (Hemiksem, Belgium). The pH of the media was


adjusted to 5.7 ± 0.1 before autoclaving at 121�C for


20 min. To test the effects of various sucrose concentrations


and of osmolarity, the medium mentioned above was sup-


plemented with either 0.2, 0.5, 1 or 3% (w/v) sucrose and


sorbitol at various levels (to maintain the osmolarity) as


indicated in Table 1. Reduced glucose or fructose levels


were also tested instead of sucrose with or without sorbitol.


For tuberisation, ten nodal cuttings (2 cm long) with one


leaf were cultured in glass containers (800 mL) with plastic


lid containing 125 ml of medium. The cultures were main-


tained in a 16-h photoperiod (Sylvania Grolux fluorescent


lamps, 50 lmol m-2 s-1) at a day/night temperature of 25/


22�C. For control medium supplemented with exogenous


putrescine (10-6 M), this compound was sterilized by


filtration (0.22 lm pore size) and added to the medium after


autoclaving. In each experiment on tuberisation, percentage


of plantlets showing tuber formation was recorded regularly


during the first 4 weeks and tuber weight and length were


measured after 60 and 120 days. Three containers with 10


explants in each were used for each experiment and the


experiment was repeated twice.


For sprouting, 60 days old microtubers of more or less


homogeneous size (2.5 cm length 9 0.5 cm diameter) were


exposed for 2 h in a laminar flow clean bench for surface


desiccation and were incubated without storage on basal MS


medium supplemented with 3% sucrose (w/v), in the same


conditions as used for tuberisation. Sprouting percentage


was recorded every week during 5 months. Six containers


with 5 microtubers were used in each case. The experiment


was repeated twice.


The Student’s t-test was used for evaluating the level of


significant differences between the different experimental


conditions.


Results and discussion


We previously reported that microtubers could be obtained


on yam nodal cutting explants, from an unique axillary bud,


cultured in MS basal medium with or without plant growth


regulators (Ondo Ovono et al. 2007). The bud developed


into a shoot and a weak enlargement at the base of the


axillary bud was observed, resulting in the formation of a


microtuber after 3 weeks on all the explants in control


Table 1 Yam tuber formation in the presence of various concentra-


tions of sucrose (sucr), fructose (fruc) or glucose (gluc), supplemented


or not with sorbitol (sorb), and/or 10-6 M putrescine (PUT)


Conditions Tuber formation (%)


Day 14 Day 21 Day 30


Sucr 3% (control) 0 92.8 ± 7.3a 100a


Sucr 1% 0 44.4 ± 5.5b 47.4 ± 5.7b


Sucr 0.5% 0 38.8 ± 3.0b 41.1 ± 5.8b,c


Sucr 0.2% 0 26.7 ± 2.8c 39.5 ± 5.7b,c


Gluc 1% 0 33.5 ± 5.8b 34.4 ± 5.8c


Fruc 1% 0 16.7 ± 2.8d 17.7 ± 5.3d


Sucr 1% ? sorb 2% 0 0e 100a


Sucr 0.5% ? sorb 2.5% 0 5.6 ± 0.1f 22.6 ± 4.4d


Sucr 0.2% ? sorb 2.8% 0 18.3 ± 2.9d 41.5 ± 4.3b,c


Gluc 1% ? sorb 2% 0 18.4 ± 2.8d 37.3 ± 5.6b,c


Fruc 1% ? sorb 2% 0 4.9 ± 0.1f 17.0 ± 4.3d


Sucr 3% ? PUT (10-6M) 100 100a 100a


Sucr 1% ? sorb 2% ? PUT 0 0e 100a


Fruc 1% ? sorb 2% ? PUT 0 0e 88.5 ± 12.5a


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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conditions. During the following weeks, the size of the tuber


increased (Ondo Ovono et al. 2009). Indeed, formation of


tubers was delayed on media containing lower sucrose


concentration in contrast to media with 3% sucrose as


already observed by Lawrence and Barker (1963) on potato


tuberisation. Only 44 or 47% of the explants showed tuber


formation after 21 or 30 days, respectively in the presence


of 1% sucrose (Table 1). Tuberisation was also low in the


presence of 1% glucose as carbon source, and even lower in


the presence of 1% fructose. It is known that soluble sugars


could affect the formation of adult structures, such as leaves,


tubers and adventitious roots (Gibson 2005). It is also pos-


sible that some morphological process required more energy


than other (Alkhateeb 2008). Indeed higher sucrose con-


centration (8–12%) in growth media was shown to promote


bulb induction (Zel et al. 1997) or potato tuberisation (Prat


2004). In our material, higher sucrose concentration (3%)


promoted the precocity of the tuber formation.


Sugar concentration was responsible of a large part of the


osmotic strength of the medium. When osmolarity was re-


established by the addition of sorbitol, the delay in the tuber


formation was increased. No or only a few tubers were


observed at day 21 while 30 days were needed to obtain


100% tuber formation in the presence of 1% sucrose and 2%


sorbitol. The use of 1% glucose or 1% fructose as carbon


source in the presence of 2% sorbitol also led to a low rate of


tuberisation. As suggested by Jo et al. (2009), sucrose may


be essential as an osmoticum, as an energy source and at


higher concentration it may have a role as a signal for mi-


crotuber formation.


Previously, Ondo Ovono et al. (2009) have shown that in


the presence of polyamines in culture medium accelerated


tuber formation: 100% of the plantlets showed tuber for-


mation after 14 days. In this work, we have observed that the


addition of putrescine (PUT) to media with 1% sucrose or


fructose and 2% sorbitol had no effect on tuber formation.


Thus, the effect of PUT on tuber formation was not observed


in the presence of low carbon source concentration sug-


gesting that a lot of energy was needed for this morphoge-


netic process.


Thus, more than 1% sucrose is certainly needed to obtain


an earlier tuber formation, as observed with 3%. In Dios-


corea cayenensis–D. rotundata complex, as in D. nipponica


sucrose provided a carbon source and energy for shoot


induction and microtuberisation (Chen et al. 2007). Plants


need to coordinate development with the availability of


crucial nutriments, such as soluble sugar. Levels of sugar,


such as sucrose, have been postulated to affect organ num-


ber and shape (Gibson 2005). Tuberisation and subsequent


tuber growth are characterized by massive accumulation of


starch with a change in the pathway of sucrose metabolism


during the early stages of tuberisation (Tsafack et al. 2009).


During these phases of the tuber life cycles, the tuber is


clearly a sink for carbohydrates (Vreugdenhil 2004). A


series of studies have been done on carbohydrate metabo-


lism during tuber formation, and they all show that key


enzymes (sucrose synthase, AGPase, and starch synthases)


involved in starch biosynthesis indeed increase in activity


(Appeldoorn et al. 1999). Moreover, Geigenberger (2003)


suggests that sucrose synthase and AGPase enzymes are


subjected to activation in response to sucrose and oxygen


availability.


Accordingly, in the presence of 1% sucrose level in


culture medium, a decrease of the tuber length (20% after


60 days and 23% after 120 days) and the tuber weight (16%


after 60 days and 61% after 120 days) was observed in


comparison to tuberisation on a 3% sucrose medium


(Table 2). Reduced development of organs of the plant


when carbohydrate availability is low was already reported


(Schussler et al. 1984).


Sprouting was monitored for 20 weeks for tubers pro-


duced on tuberisation medium containing different sucrose


concentrations (Fig. 1a). Tubers obtained on 3% sucrose


sprouted rapidly: more than 20% of the tubers sprouted after


one week, and after 4 weeks all the tubers had sprouted. The


reduction of the sucrose level in tuberisation media delayed


the sprouting and reduced the rate of sprouting. So with


tubers obtained on 0.2% sucrose, the first sprouting was


observed after 3 weeks and the sprouting percentage after


14 or 20 weeks (data not shown) was limited to 88%. It was


already reported that the culture conditions during tuberi-


sation could affect sprouting (Kim et al. 2003). Coleman and


Coleman (2000) have also shown that duration of potato


microtuber dormancy can be manipulated during growth in


vitro, especially by the sucrose concentration. During


sprouting the tubers are a source of carbohydrates, mobi-


lizing their reserves and supplying energy, and substrates for


the growing sprout (Vreugdenhil 2004). In this case, the


bigger tubers that were obtained on high sucrose media


contained more carbohydrate reserves. This higher avail-


ability of carbon source could partially explain a higher


sprouting rate.


Tubers obtained on medium supplemented with 1%


fructose sprouted with the same time course as those


Table 2 Length and weight of yam tubers after 60 and 120 days of


culture in the control conditions and in the presence of reduced


concentration of sucrose


Conditions Tuber length (mm) Tuber weight (mg)


Day 60 Day 120 Day 60 Day 120


Sucrose 3%


(control)


4.9 ± 0.4a 8.0 ± 0.9a 103 ± 7a 341 ± 35a


Sucrose 1% 3.9 ± 0.5b 6.2 ± 0.1b 87 ± 15a 132 ± 18b


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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obtained on 1% sucrose (Fig. 1b). On the contrary, with


tubers obtained in the presence of 1% glucose, sprouting


was delayed and the maximum sprouting rate after 14 or


20 weeks (data not shown) was 60%. Sprouting of tubers


obtained from media with reduced sucrose level and sup-


plemented with sorbitol was also delayed as observed with


reduced sucrose alone but the final sprouting rate was 100%


after 11 weeks (Fig. 1c). The types of carbohydrates accu-


mulating in the presence of sucrose, glucose or fructose


were probably different (type and/or quantity) and their


further mobilization for sprouting was also probably


different.


These results can be used for optimising in vitro condi-


tions for mass production of microtubers in yam and espe-


cially in Dioscorea cayenensis–D. rotundata complex. They


especially showed the importance of tuberisation conditions


on the precocity of tuber formation, on tuber length and


weight and on their further sprouting.
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Abstract The effects of reducing sucrose level on tuber


formation (% of cultures with microtubers), development


(length and fresh weight of microtubers) and sprouting in


yam Dioscorea cayenensis–D. rotundata complex in vitro


were investigated. Only 29% of the explants showed tuber


formation after 3 weeks in the presence of 1% sucrose in


contrast to 100% with 3%. After 120 days of culture, the


length and the weight of the tubers obtained in the presence


of 1% sucrose were less than with 3% sucrose. Addition of


sorbitol to keep osmolarity at the same level did not restore


normal rate of tuber formation. Similar results were


obtained with the use of reduced fructose or glucose level.


Microtuber sprouting was also affected by sucrose level


incorporated into the tuberisation medium. Tubers obtained


on reduced sucrose level sprouted later and the increase of


osmolarity with sorbitol did not restore normal sprouting.


The bigger tubers obtained on high sucrose media could


contain more carbohydrate reserves that could partially


explain a higher sprouting rate. These results can be used


for optimising in vitro conditions for mass production of


microtubers in yam and especially in Dioscorea cayenensis–


D. rotundata complex, a very important species in West


Africa. They specially showed the importance of tuberisa-


tion conditions on precocity of tuberisation, on tuber length


and weight and on their further sprouting.


Keywords Yam � Sprouting � Sucrose � Dioscorea


cayenensis–D. rotundata � Microtubers


Introduction


Yams belong to the monocotyledonous family Dioscoreae


and genus Dioscorea. They are grown for their tubers or


storage organs, which may be subterranean (D. rotundata,


D. alata) or aerial (D. bulbifera) and serve a dual agricul-


tural function as source of food and planting material. Yams


are grown in regions on three continents: West Africa, South


America and Asia. In West Africa, yams are a major source


of food for millions of people, as well as being a crop of


prestige and cultural importance. The most important spe-


cies in West Africa are Dioscorea cayenensis–D. rotundata


complex and D. alata, which contributes about 24% of the


human energy supply. This nutritional function can only be


fulfilled if availability is guaranteed by suitable storage


systems of planting material.


Yam is vegetatively propagated, generally using frag-


ments of tubers or bulbils. Its production is seasonal, so its


storage is necessary before planting and use as food. After


harvest, tubers enter into dormancy. Once the dormancy is


broken, sprouting occurs and prolonged storage is no longer


possible. Moreover, yam, like other root and tuber crops


such as cassava and taro, suffers post-harvest losses ranging


from 25 to 60% (Coursey and Booth 1977) caused partly by


external agents, such as insects, rodents and moulds. FAO


(1988) surveys have shown that modern food preservation


techniques such as the use of radiation or storage at tem-


peratures reduced to 15�C can be effective, but due to the


high cost and decentralized storage, mainly by growers,


these techniques cannot be applied widely. In addition,


radiation cannot be applied on planting material.


To overcome such problems, in vitro methods have


been developed. In many Dioscorea species, in vitro cul-


tured shoots are able to produce microtubers under cer-


tain conditions and these have great potential for rapid
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multiplication of pathogen-free clonal material. Many fac-


tors are known to influence the tuberisation response in vitro.


These may include day length (Vaillant et al. 2005) and


temperature (Grison 1991), the presence or absence of


growth regulators either singly or in combination (Ondo


Ovono et al. 2007, 2009), or the presence of high sucrose


(8%) concentration (Forsyth and Van Staden 1984).


Sucrose is probably the most widely used carbohydrate


source in plant tissue culture media and numerous studies


have stated that sucrose is the optimum carbon source


(Lawrence and Barker 1963; Smeekens 2000). Despite the


widespread and successful use of sucrose in plant tissue


culture, other sugars have also been reported as being suit-


able as carbon sources for in vitro culture of many plants


(Alkhateeb 2008) including D. bulbifera (Forsyth and Van


Staden 1984) and D. nipponica (Chen et al. 2007). Mean-


while, as an osmotic pressure agent, sucrose could maintain


a stable osmotic pressure environment for culture and sup-


port vigorous growth of in vitro tissue culture of most plants.


In the present work, we investigated the effect of reduced


carbon source level (sucrose, glucose or fructose) on yam in


vitro tuberisation (precocity, tuber development) and tuber


sprouting. This study should help the development of a


method for a rapid mass production of microtubers adapted


to Dioscorea cayenensis–D. rotundata complex.


Materials and methods


One virus-free in vitro clone of D. cayenensis–D. rotundata


complex was provided by the Roots and Tubers Transit


Centre of CIRAD (France). The clone identification number


was CTRT 233 coming from one tuber of cv. ‘Singo’.


Axillary shoot proliferation was maintained by subcul-


turing single nodes, every 2 months on MS salt medium


(Murashige and Skoog 1962) supplemented with vitamins of


Morel and Wetmore (1951) and containing 30 g l-1


sucrose, 2 g l-1 activated charcoal and 8.2 g l-1 Caldic


agar (Hemiksem, Belgium). The pH of the media was


adjusted to 5.7 ± 0.1 before autoclaving at 121�C for


20 min. To test the effects of various sucrose concentrations


and of osmolarity, the medium mentioned above was sup-


plemented with either 0.2, 0.5, 1 or 3% (w/v) sucrose and


sorbitol at various levels (to maintain the osmolarity) as


indicated in Table 1. Reduced glucose or fructose levels


were also tested instead of sucrose with or without sorbitol.


For tuberisation, ten nodal cuttings (2 cm long) with one


leaf were cultured in glass containers (800 mL) with plastic


lid containing 125 ml of medium. The cultures were main-


tained in a 16-h photoperiod (Sylvania Grolux fluorescent


lamps, 50 lmol m-2 s-1) at a day/night temperature of 25/


22�C. For control medium supplemented with exogenous


putrescine (10-6 M), this compound was sterilized by


filtration (0.22 lm pore size) and added to the medium after


autoclaving. In each experiment on tuberisation, percentage


of plantlets showing tuber formation was recorded regularly


during the first 4 weeks and tuber weight and length were


measured after 60 and 120 days. Three containers with 10


explants in each were used for each experiment and the


experiment was repeated twice.


For sprouting, 60 days old microtubers of more or less


homogeneous size (2.5 cm length 9 0.5 cm diameter) were


exposed for 2 h in a laminar flow clean bench for surface


desiccation and were incubated without storage on basal MS


medium supplemented with 3% sucrose (w/v), in the same


conditions as used for tuberisation. Sprouting percentage


was recorded every week during 5 months. Six containers


with 5 microtubers were used in each case. The experiment


was repeated twice.


The Student’s t-test was used for evaluating the level of


significant differences between the different experimental


conditions.


Results and discussion


We previously reported that microtubers could be obtained


on yam nodal cutting explants, from an unique axillary bud,


cultured in MS basal medium with or without plant growth


regulators (Ondo Ovono et al. 2007). The bud developed


into a shoot and a weak enlargement at the base of the


axillary bud was observed, resulting in the formation of a


microtuber after 3 weeks on all the explants in control


Table 1 Yam tuber formation in the presence of various concentra-


tions of sucrose (sucr), fructose (fruc) or glucose (gluc), supplemented


or not with sorbitol (sorb), and/or 10-6 M putrescine (PUT)


Conditions Tuber formation (%)


Day 14 Day 21 Day 30


Sucr 3% (control) 0 92.8 ± 7.3a 100a


Sucr 1% 0 44.4 ± 5.5b 47.4 ± 5.7b


Sucr 0.5% 0 38.8 ± 3.0b 41.1 ± 5.8b,c


Sucr 0.2% 0 26.7 ± 2.8c 39.5 ± 5.7b,c


Gluc 1% 0 33.5 ± 5.8b 34.4 ± 5.8c


Fruc 1% 0 16.7 ± 2.8d 17.7 ± 5.3d


Sucr 1% ? sorb 2% 0 0e 100a


Sucr 0.5% ? sorb 2.5% 0 5.6 ± 0.1f 22.6 ± 4.4d


Sucr 0.2% ? sorb 2.8% 0 18.3 ± 2.9d 41.5 ± 4.3b,c


Gluc 1% ? sorb 2% 0 18.4 ± 2.8d 37.3 ± 5.6b,c


Fruc 1% ? sorb 2% 0 4.9 ± 0.1f 17.0 ± 4.3d


Sucr 3% ? PUT (10-6M) 100 100a 100a


Sucr 1% ? sorb 2% ? PUT 0 0e 100a


Fruc 1% ? sorb 2% ? PUT 0 0e 88.5 ± 12.5a


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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conditions. During the following weeks, the size of the tuber


increased (Ondo Ovono et al. 2009). Indeed, formation of


tubers was delayed on media containing lower sucrose


concentration in contrast to media with 3% sucrose as


already observed by Lawrence and Barker (1963) on potato


tuberisation. Only 44 or 47% of the explants showed tuber


formation after 21 or 30 days, respectively in the presence


of 1% sucrose (Table 1). Tuberisation was also low in the


presence of 1% glucose as carbon source, and even lower in


the presence of 1% fructose. It is known that soluble sugars


could affect the formation of adult structures, such as leaves,


tubers and adventitious roots (Gibson 2005). It is also pos-


sible that some morphological process required more energy


than other (Alkhateeb 2008). Indeed higher sucrose con-


centration (8–12%) in growth media was shown to promote


bulb induction (Zel et al. 1997) or potato tuberisation (Prat


2004). In our material, higher sucrose concentration (3%)


promoted the precocity of the tuber formation.


Sugar concentration was responsible of a large part of the


osmotic strength of the medium. When osmolarity was re-


established by the addition of sorbitol, the delay in the tuber


formation was increased. No or only a few tubers were


observed at day 21 while 30 days were needed to obtain


100% tuber formation in the presence of 1% sucrose and 2%


sorbitol. The use of 1% glucose or 1% fructose as carbon


source in the presence of 2% sorbitol also led to a low rate of


tuberisation. As suggested by Jo et al. (2009), sucrose may


be essential as an osmoticum, as an energy source and at


higher concentration it may have a role as a signal for mi-


crotuber formation.


Previously, Ondo Ovono et al. (2009) have shown that in


the presence of polyamines in culture medium accelerated


tuber formation: 100% of the plantlets showed tuber for-


mation after 14 days. In this work, we have observed that the


addition of putrescine (PUT) to media with 1% sucrose or


fructose and 2% sorbitol had no effect on tuber formation.


Thus, the effect of PUT on tuber formation was not observed


in the presence of low carbon source concentration sug-


gesting that a lot of energy was needed for this morphoge-


netic process.


Thus, more than 1% sucrose is certainly needed to obtain


an earlier tuber formation, as observed with 3%. In Dios-


corea cayenensis–D. rotundata complex, as in D. nipponica


sucrose provided a carbon source and energy for shoot


induction and microtuberisation (Chen et al. 2007). Plants


need to coordinate development with the availability of


crucial nutriments, such as soluble sugar. Levels of sugar,


such as sucrose, have been postulated to affect organ num-


ber and shape (Gibson 2005). Tuberisation and subsequent


tuber growth are characterized by massive accumulation of


starch with a change in the pathway of sucrose metabolism


during the early stages of tuberisation (Tsafack et al. 2009).


During these phases of the tuber life cycles, the tuber is


clearly a sink for carbohydrates (Vreugdenhil 2004). A


series of studies have been done on carbohydrate metabo-


lism during tuber formation, and they all show that key


enzymes (sucrose synthase, AGPase, and starch synthases)


involved in starch biosynthesis indeed increase in activity


(Appeldoorn et al. 1999). Moreover, Geigenberger (2003)


suggests that sucrose synthase and AGPase enzymes are


subjected to activation in response to sucrose and oxygen


availability.


Accordingly, in the presence of 1% sucrose level in


culture medium, a decrease of the tuber length (20% after


60 days and 23% after 120 days) and the tuber weight (16%


after 60 days and 61% after 120 days) was observed in


comparison to tuberisation on a 3% sucrose medium


(Table 2). Reduced development of organs of the plant


when carbohydrate availability is low was already reported


(Schussler et al. 1984).


Sprouting was monitored for 20 weeks for tubers pro-


duced on tuberisation medium containing different sucrose


concentrations (Fig. 1a). Tubers obtained on 3% sucrose


sprouted rapidly: more than 20% of the tubers sprouted after


one week, and after 4 weeks all the tubers had sprouted. The


reduction of the sucrose level in tuberisation media delayed


the sprouting and reduced the rate of sprouting. So with


tubers obtained on 0.2% sucrose, the first sprouting was


observed after 3 weeks and the sprouting percentage after


14 or 20 weeks (data not shown) was limited to 88%. It was


already reported that the culture conditions during tuberi-


sation could affect sprouting (Kim et al. 2003). Coleman and


Coleman (2000) have also shown that duration of potato


microtuber dormancy can be manipulated during growth in


vitro, especially by the sucrose concentration. During


sprouting the tubers are a source of carbohydrates, mobi-


lizing their reserves and supplying energy, and substrates for


the growing sprout (Vreugdenhil 2004). In this case, the


bigger tubers that were obtained on high sucrose media


contained more carbohydrate reserves. This higher avail-


ability of carbon source could partially explain a higher


sprouting rate.


Tubers obtained on medium supplemented with 1%


fructose sprouted with the same time course as those


Table 2 Length and weight of yam tubers after 60 and 120 days of


culture in the control conditions and in the presence of reduced


concentration of sucrose


Conditions Tuber length (mm) Tuber weight (mg)


Day 60 Day 120 Day 60 Day 120


Sucrose 3%


(control)


4.9 ± 0.4a 8.0 ± 0.9a 103 ± 7a 341 ± 35a


Sucrose 1% 3.9 ± 0.5b 6.2 ± 0.1b 87 ± 15a 132 ± 18b


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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obtained on 1% sucrose (Fig. 1b). On the contrary, with


tubers obtained in the presence of 1% glucose, sprouting


was delayed and the maximum sprouting rate after 14 or


20 weeks (data not shown) was 60%. Sprouting of tubers


obtained from media with reduced sucrose level and sup-


plemented with sorbitol was also delayed as observed with


reduced sucrose alone but the final sprouting rate was 100%


after 11 weeks (Fig. 1c). The types of carbohydrates accu-


mulating in the presence of sucrose, glucose or fructose


were probably different (type and/or quantity) and their


further mobilization for sprouting was also probably


different.


These results can be used for optimising in vitro condi-


tions for mass production of microtubers in yam and espe-


cially in Dioscorea cayenensis–D. rotundata complex. They


especially showed the importance of tuberisation conditions


on the precocity of tuber formation, on tuber length and


weight and on their further sprouting.
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Abstract The effects of reducing sucrose level on tuber


formation (% of cultures with microtubers), development


(length and fresh weight of microtubers) and sprouting in


yam Dioscorea cayenensis–D. rotundata complex in vitro


were investigated. Only 29% of the explants showed tuber


formation after 3 weeks in the presence of 1% sucrose in


contrast to 100% with 3%. After 120 days of culture, the


length and the weight of the tubers obtained in the presence


of 1% sucrose were less than with 3% sucrose. Addition of


sorbitol to keep osmolarity at the same level did not restore


normal rate of tuber formation. Similar results were


obtained with the use of reduced fructose or glucose level.


Microtuber sprouting was also affected by sucrose level


incorporated into the tuberisation medium. Tubers obtained


on reduced sucrose level sprouted later and the increase of


osmolarity with sorbitol did not restore normal sprouting.


The bigger tubers obtained on high sucrose media could


contain more carbohydrate reserves that could partially


explain a higher sprouting rate. These results can be used


for optimising in vitro conditions for mass production of


microtubers in yam and especially in Dioscorea cayenensis–


D. rotundata complex, a very important species in West


Africa. They specially showed the importance of tuberisa-


tion conditions on precocity of tuberisation, on tuber length


and weight and on their further sprouting.


Keywords Yam � Sprouting � Sucrose � Dioscorea


cayenensis–D. rotundata � Microtubers


Introduction


Yams belong to the monocotyledonous family Dioscoreae


and genus Dioscorea. They are grown for their tubers or


storage organs, which may be subterranean (D. rotundata,


D. alata) or aerial (D. bulbifera) and serve a dual agricul-


tural function as source of food and planting material. Yams


are grown in regions on three continents: West Africa, South


America and Asia. In West Africa, yams are a major source


of food for millions of people, as well as being a crop of


prestige and cultural importance. The most important spe-


cies in West Africa are Dioscorea cayenensis–D. rotundata


complex and D. alata, which contributes about 24% of the


human energy supply. This nutritional function can only be


fulfilled if availability is guaranteed by suitable storage


systems of planting material.


Yam is vegetatively propagated, generally using frag-


ments of tubers or bulbils. Its production is seasonal, so its


storage is necessary before planting and use as food. After


harvest, tubers enter into dormancy. Once the dormancy is


broken, sprouting occurs and prolonged storage is no longer


possible. Moreover, yam, like other root and tuber crops


such as cassava and taro, suffers post-harvest losses ranging


from 25 to 60% (Coursey and Booth 1977) caused partly by


external agents, such as insects, rodents and moulds. FAO


(1988) surveys have shown that modern food preservation


techniques such as the use of radiation or storage at tem-


peratures reduced to 15�C can be effective, but due to the


high cost and decentralized storage, mainly by growers,


these techniques cannot be applied widely. In addition,


radiation cannot be applied on planting material.


To overcome such problems, in vitro methods have


been developed. In many Dioscorea species, in vitro cul-


tured shoots are able to produce microtubers under cer-


tain conditions and these have great potential for rapid
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multiplication of pathogen-free clonal material. Many fac-


tors are known to influence the tuberisation response in vitro.


These may include day length (Vaillant et al. 2005) and


temperature (Grison 1991), the presence or absence of


growth regulators either singly or in combination (Ondo


Ovono et al. 2007, 2009), or the presence of high sucrose


(8%) concentration (Forsyth and Van Staden 1984).


Sucrose is probably the most widely used carbohydrate


source in plant tissue culture media and numerous studies


have stated that sucrose is the optimum carbon source


(Lawrence and Barker 1963; Smeekens 2000). Despite the


widespread and successful use of sucrose in plant tissue


culture, other sugars have also been reported as being suit-


able as carbon sources for in vitro culture of many plants


(Alkhateeb 2008) including D. bulbifera (Forsyth and Van


Staden 1984) and D. nipponica (Chen et al. 2007). Mean-


while, as an osmotic pressure agent, sucrose could maintain


a stable osmotic pressure environment for culture and sup-


port vigorous growth of in vitro tissue culture of most plants.


In the present work, we investigated the effect of reduced


carbon source level (sucrose, glucose or fructose) on yam in


vitro tuberisation (precocity, tuber development) and tuber


sprouting. This study should help the development of a


method for a rapid mass production of microtubers adapted


to Dioscorea cayenensis–D. rotundata complex.


Materials and methods


One virus-free in vitro clone of D. cayenensis–D. rotundata


complex was provided by the Roots and Tubers Transit


Centre of CIRAD (France). The clone identification number


was CTRT 233 coming from one tuber of cv. ‘Singo’.


Axillary shoot proliferation was maintained by subcul-


turing single nodes, every 2 months on MS salt medium


(Murashige and Skoog 1962) supplemented with vitamins of


Morel and Wetmore (1951) and containing 30 g l-1


sucrose, 2 g l-1 activated charcoal and 8.2 g l-1 Caldic


agar (Hemiksem, Belgium). The pH of the media was


adjusted to 5.7 ± 0.1 before autoclaving at 121�C for


20 min. To test the effects of various sucrose concentrations


and of osmolarity, the medium mentioned above was sup-


plemented with either 0.2, 0.5, 1 or 3% (w/v) sucrose and


sorbitol at various levels (to maintain the osmolarity) as


indicated in Table 1. Reduced glucose or fructose levels


were also tested instead of sucrose with or without sorbitol.


For tuberisation, ten nodal cuttings (2 cm long) with one


leaf were cultured in glass containers (800 mL) with plastic


lid containing 125 ml of medium. The cultures were main-


tained in a 16-h photoperiod (Sylvania Grolux fluorescent


lamps, 50 lmol m-2 s-1) at a day/night temperature of 25/


22�C. For control medium supplemented with exogenous


putrescine (10-6 M), this compound was sterilized by


filtration (0.22 lm pore size) and added to the medium after


autoclaving. In each experiment on tuberisation, percentage


of plantlets showing tuber formation was recorded regularly


during the first 4 weeks and tuber weight and length were


measured after 60 and 120 days. Three containers with 10


explants in each were used for each experiment and the


experiment was repeated twice.


For sprouting, 60 days old microtubers of more or less


homogeneous size (2.5 cm length 9 0.5 cm diameter) were


exposed for 2 h in a laminar flow clean bench for surface


desiccation and were incubated without storage on basal MS


medium supplemented with 3% sucrose (w/v), in the same


conditions as used for tuberisation. Sprouting percentage


was recorded every week during 5 months. Six containers


with 5 microtubers were used in each case. The experiment


was repeated twice.


The Student’s t-test was used for evaluating the level of


significant differences between the different experimental


conditions.


Results and discussion


We previously reported that microtubers could be obtained


on yam nodal cutting explants, from an unique axillary bud,


cultured in MS basal medium with or without plant growth


regulators (Ondo Ovono et al. 2007). The bud developed


into a shoot and a weak enlargement at the base of the


axillary bud was observed, resulting in the formation of a


microtuber after 3 weeks on all the explants in control


Table 1 Yam tuber formation in the presence of various concentra-


tions of sucrose (sucr), fructose (fruc) or glucose (gluc), supplemented


or not with sorbitol (sorb), and/or 10-6 M putrescine (PUT)


Conditions Tuber formation (%)


Day 14 Day 21 Day 30


Sucr 3% (control) 0 92.8 ± 7.3a 100a


Sucr 1% 0 44.4 ± 5.5b 47.4 ± 5.7b


Sucr 0.5% 0 38.8 ± 3.0b 41.1 ± 5.8b,c


Sucr 0.2% 0 26.7 ± 2.8c 39.5 ± 5.7b,c


Gluc 1% 0 33.5 ± 5.8b 34.4 ± 5.8c


Fruc 1% 0 16.7 ± 2.8d 17.7 ± 5.3d


Sucr 1% ? sorb 2% 0 0e 100a


Sucr 0.5% ? sorb 2.5% 0 5.6 ± 0.1f 22.6 ± 4.4d


Sucr 0.2% ? sorb 2.8% 0 18.3 ± 2.9d 41.5 ± 4.3b,c


Gluc 1% ? sorb 2% 0 18.4 ± 2.8d 37.3 ± 5.6b,c


Fruc 1% ? sorb 2% 0 4.9 ± 0.1f 17.0 ± 4.3d


Sucr 3% ? PUT (10-6M) 100 100a 100a


Sucr 1% ? sorb 2% ? PUT 0 0e 100a


Fruc 1% ? sorb 2% ? PUT 0 0e 88.5 ± 12.5a


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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conditions. During the following weeks, the size of the tuber


increased (Ondo Ovono et al. 2009). Indeed, formation of


tubers was delayed on media containing lower sucrose


concentration in contrast to media with 3% sucrose as


already observed by Lawrence and Barker (1963) on potato


tuberisation. Only 44 or 47% of the explants showed tuber


formation after 21 or 30 days, respectively in the presence


of 1% sucrose (Table 1). Tuberisation was also low in the


presence of 1% glucose as carbon source, and even lower in


the presence of 1% fructose. It is known that soluble sugars


could affect the formation of adult structures, such as leaves,


tubers and adventitious roots (Gibson 2005). It is also pos-


sible that some morphological process required more energy


than other (Alkhateeb 2008). Indeed higher sucrose con-


centration (8–12%) in growth media was shown to promote


bulb induction (Zel et al. 1997) or potato tuberisation (Prat


2004). In our material, higher sucrose concentration (3%)


promoted the precocity of the tuber formation.


Sugar concentration was responsible of a large part of the


osmotic strength of the medium. When osmolarity was re-


established by the addition of sorbitol, the delay in the tuber


formation was increased. No or only a few tubers were


observed at day 21 while 30 days were needed to obtain


100% tuber formation in the presence of 1% sucrose and 2%


sorbitol. The use of 1% glucose or 1% fructose as carbon


source in the presence of 2% sorbitol also led to a low rate of


tuberisation. As suggested by Jo et al. (2009), sucrose may


be essential as an osmoticum, as an energy source and at


higher concentration it may have a role as a signal for mi-


crotuber formation.


Previously, Ondo Ovono et al. (2009) have shown that in


the presence of polyamines in culture medium accelerated


tuber formation: 100% of the plantlets showed tuber for-


mation after 14 days. In this work, we have observed that the


addition of putrescine (PUT) to media with 1% sucrose or


fructose and 2% sorbitol had no effect on tuber formation.


Thus, the effect of PUT on tuber formation was not observed


in the presence of low carbon source concentration sug-


gesting that a lot of energy was needed for this morphoge-


netic process.


Thus, more than 1% sucrose is certainly needed to obtain


an earlier tuber formation, as observed with 3%. In Dios-


corea cayenensis–D. rotundata complex, as in D. nipponica


sucrose provided a carbon source and energy for shoot


induction and microtuberisation (Chen et al. 2007). Plants


need to coordinate development with the availability of


crucial nutriments, such as soluble sugar. Levels of sugar,


such as sucrose, have been postulated to affect organ num-


ber and shape (Gibson 2005). Tuberisation and subsequent


tuber growth are characterized by massive accumulation of


starch with a change in the pathway of sucrose metabolism


during the early stages of tuberisation (Tsafack et al. 2009).


During these phases of the tuber life cycles, the tuber is


clearly a sink for carbohydrates (Vreugdenhil 2004). A


series of studies have been done on carbohydrate metabo-


lism during tuber formation, and they all show that key


enzymes (sucrose synthase, AGPase, and starch synthases)


involved in starch biosynthesis indeed increase in activity


(Appeldoorn et al. 1999). Moreover, Geigenberger (2003)


suggests that sucrose synthase and AGPase enzymes are


subjected to activation in response to sucrose and oxygen


availability.


Accordingly, in the presence of 1% sucrose level in


culture medium, a decrease of the tuber length (20% after


60 days and 23% after 120 days) and the tuber weight (16%


after 60 days and 61% after 120 days) was observed in


comparison to tuberisation on a 3% sucrose medium


(Table 2). Reduced development of organs of the plant


when carbohydrate availability is low was already reported


(Schussler et al. 1984).


Sprouting was monitored for 20 weeks for tubers pro-


duced on tuberisation medium containing different sucrose


concentrations (Fig. 1a). Tubers obtained on 3% sucrose


sprouted rapidly: more than 20% of the tubers sprouted after


one week, and after 4 weeks all the tubers had sprouted. The


reduction of the sucrose level in tuberisation media delayed


the sprouting and reduced the rate of sprouting. So with


tubers obtained on 0.2% sucrose, the first sprouting was


observed after 3 weeks and the sprouting percentage after


14 or 20 weeks (data not shown) was limited to 88%. It was


already reported that the culture conditions during tuberi-


sation could affect sprouting (Kim et al. 2003). Coleman and


Coleman (2000) have also shown that duration of potato


microtuber dormancy can be manipulated during growth in


vitro, especially by the sucrose concentration. During


sprouting the tubers are a source of carbohydrates, mobi-


lizing their reserves and supplying energy, and substrates for


the growing sprout (Vreugdenhil 2004). In this case, the


bigger tubers that were obtained on high sucrose media


contained more carbohydrate reserves. This higher avail-


ability of carbon source could partially explain a higher


sprouting rate.


Tubers obtained on medium supplemented with 1%


fructose sprouted with the same time course as those


Table 2 Length and weight of yam tubers after 60 and 120 days of


culture in the control conditions and in the presence of reduced


concentration of sucrose


Conditions Tuber length (mm) Tuber weight (mg)


Day 60 Day 120 Day 60 Day 120


Sucrose 3%


(control)


4.9 ± 0.4a 8.0 ± 0.9a 103 ± 7a 341 ± 35a


Sucrose 1% 3.9 ± 0.5b 6.2 ± 0.1b 87 ± 15a 132 ± 18b


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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obtained on 1% sucrose (Fig. 1b). On the contrary, with


tubers obtained in the presence of 1% glucose, sprouting


was delayed and the maximum sprouting rate after 14 or


20 weeks (data not shown) was 60%. Sprouting of tubers


obtained from media with reduced sucrose level and sup-


plemented with sorbitol was also delayed as observed with


reduced sucrose alone but the final sprouting rate was 100%


after 11 weeks (Fig. 1c). The types of carbohydrates accu-


mulating in the presence of sucrose, glucose or fructose


were probably different (type and/or quantity) and their


further mobilization for sprouting was also probably


different.


These results can be used for optimising in vitro condi-


tions for mass production of microtubers in yam and espe-


cially in Dioscorea cayenensis–D. rotundata complex. They


especially showed the importance of tuberisation conditions


on the precocity of tuber formation, on tuber length and


weight and on their further sprouting.


Acknowledgments Dr. Filloux from CIRAD for providing the


material, Prof. P. du Jardin and A. Carlier for their advices on yam in


vitro culture, GABON government for awarding scholarship to PO


and the skilful assistance of the APE personnel (provided to CEDE-


VIT by the government of Wallonia).


References


Alkhateeb AA (2008) Regulation of in vitro bud formation of date


palm (Phoenix dactylifera L.) cv. Khanezi by different carbon


sources. Bioressource Technol 99:6550–6555. doi:10.10106/


j.boiortech.2007.11.070


Appeldoorn NJG, DeBraijn SM, Koot-Gronsveltd EAM, Visser RGF,


Vreugdenhil D, VanderPlas LHW (1999) Developmental


changes of enzymes involved in the conversion of hexose


phosphate and its subsequent metabolites during early tuberiza-


tion of potato. Planta 202:220–226. doi:10.1016/s0304-4238(03)


00066-9


Chen FQ, Fu Y, Wang DL, Gao X, Wang L (2007) The effect of plant


growth regulators and sucrose on the micropropagation and


microtuberization of Dioscorea nipponica Makino. J Plant


Growth Regul 26:38–45. doi:10.1007/s00344-005-0147-2


Coleman WK, Coleman SE (2000) Modification of potato microtuber


dormancy during induction and growth in vitro and ex vitro. Am


J potato Res 77:103–110. doi:10.1007/bfo2853737


Coursey DG, Booth RH (1977) Post- harvest problems of non-grain


staples. Acta Hort 53:23–33


Food and Agriculture Organization of the United Nations (1988)


Roots and tuber crops, plantains and bananas in developing


countries: challenges and opportunities. FAO plant production


and protection paper, No. 87 FAO, Rome


Forsyth C, Van Staden J (1984) Tuberization of Dioscorea bulbifera
stems nodes in culture. J Plant Physiol 115:79–83


Geigenberger P (2003) Regulation of sucrose to starch conversion in


growing potato tubers. J Exp Bot 54:457–465. doi:10.1093/


jxb/erg074


Gibson SI (2005) Control of plant development and gene expression


by sugar signaling. Curr Opin Plant Biol 8:93–102


Grison C (1991) Influence des facteurs d’environnement sur le cycle


végétatif de la pomme de terre. La pomme de terre française


462:7–15


Jo EA, Tewari RK, Hahn EJ, Paek KY (2009) In vitro sucrose


concentration affects growth and acclimatization of Alocasia
amazonica plantlets. Plant Cell Tissue Organ Cult 96:307–315.


doi:10.1007/s11240-008-9488-4


Kim SK, Lee SC, Kim KM, Lee BH, Lee IJ (2003) Possible residual


effects of gibberelic acid and gibberellin biosynthesis inhibitors


on sprouting, early bulbil formation and tuber yield in Chinese


yam. J Agron & Crop Sci 189:428–432. doi:10.1046/j.0931-


2250.2003.00074


Lawrence CH, Barker WG (1963) A study of tuberisation in the


potato (Solanum tuberosum). Am Pot J 40:349–356


Morel G, Wetmore RH (1951) Tissue Culture of Monocotyledons.


Amer J Bot 38:138–140


Murashige T, Skoog F (1962) A revised medium for rapid growth and


bioassays with tobacco tissue cultures. Physiol Plant 15:473–


479. doi:10.1111/j.1399-3054.1962.tb08052.x


Ondo Ovono P, Kevers C, Dommes J (2007) Axillary proliferation


and tuberization of Dioscorea cayenensis–D. rotundata com-


plex. Plant Cell Tissue Org Cult 91:107–114. doi:10.1007/


s11240-007-9238-z


Fig. 1 Sprouting of yam microtubers produced on plants grown in


control conditions (3% sucrose) and in the presence of: a various


sucrose levels, b 1% glucose or fructose, c various sucrose levels


supplemented with sorbitol


Plant Cell Tiss Organ Cult


123



http://dx.doi.org/10.10106/j.boiortech.2007.11.070

http://dx.doi.org/10.10106/j.boiortech.2007.11.070

http://dx.doi.org/10.1016/s0304-4238(03)00066-9

http://dx.doi.org/10.1016/s0304-4238(03)00066-9

http://dx.doi.org/10.1007/s00344-005-0147-2

http://dx.doi.org/10.1007/bfo2853737

http://dx.doi.org/10.1093/jxb/erg074

http://dx.doi.org/10.1093/jxb/erg074

http://dx.doi.org/10.1007/s11240-008-9488-4

http://dx.doi.org/10.1046/j.0931-2250.2003.00074

http://dx.doi.org/10.1046/j.0931-2250.2003.00074

http://dx.doi.org/10.1111/j.1399-3054.1962.tb08052.x

http://dx.doi.org/10.1007/s11240-007-9238-z

http://dx.doi.org/10.1007/s11240-007-9238-z





Ondo Ovono P, Kevers C, Dommes J (2009) Tuber formation and


development of Dioscorea cayenensis–D. rotundata complex.


Effect of Polyamines. In Vitro Cell Dev Biol-Plant (in press)


Prat S (2004) Hormonal and daylength control of potato tuberisation.


In: Davies PJ (ed) Plant Hormones, Biosynthesis, Signal


Transduction, Action! Kluwer Academic Publishers, Dordrecht,


The Netherlands, pp 538–560


Schussler JR, Bremmer MI, Brun WA (1984) ABA and its relationship


to seed filling in soybeans. Plant Physiol 76:301–306


Smeekens GSM (2000) Sugar induced signal transduction in plants.


Ann Rev Plant Physiol Plant Mol Biol 51:49–81


Tsafack TJJ, Charles GP, Hourmant A, Omokolo ND, Branchard M


(2009) Effect of photoperiod and thermoperiod on microtuber-


ization and carbohydrate levels in Cocoyam (Xanthosoma


sagittifolium L. Schott). Plant Cell Tissue Organ Cult 96:151–


159. doi:10.1007/s11240-008-9471-0


Vaillant V, Bade P, Constant C (2005) Photoperiod affects the growth


and development of yam plantlets obtained by in vitro propa-


gation. Biol Plant 49:355–359


Vreugdenhil D (2004) Comparing potato tuberization and sprouting:


Opposite Phenomena? Amer J Potato Res 81:275–280


Zel J, Debeljak N, Ucman R, Ravnikar M (1997) The effect of


jasmonic acid, sucrose and darkness on garlic (Allium sativum L.


cv. Ptujski jesenski) bulb formation in vitro. In vitro Cell Dev


Biol- Plant 33:231–235. doi:10.1007/s11627-997-0028-4


Plant Cell Tiss Organ Cult


123



http://dx.doi.org/10.1007/s11240-008-9471-0

http://dx.doi.org/10.1007/s11627-997-0028-4



		Effects of reducing sugar concentration on in vitro tuber formation and sprouting in yam (Dioscorea cayenensis-	D. rotundata complex)

		Abstract

		Introduction

		Materials and methods

		Results and discussion

		Acknowledgments

		References







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice




_1313999668.pdf


ORIGINAL PAPER


Effects of reducing sugar concentration on in vitro tuber
formation and sprouting in yam (Dioscorea cayenensis–
D. rotundata complex)


Paul Ondo Ovono Æ Claire Kevers Æ
Jacques Dommes


Received: 9 April 2009 / Accepted: 22 July 2009


� Springer Science+Business Media B.V. 2009


Abstract The effects of reducing sucrose level on tuber


formation (% of cultures with microtubers), development


(length and fresh weight of microtubers) and sprouting in


yam Dioscorea cayenensis–D. rotundata complex in vitro


were investigated. Only 29% of the explants showed tuber


formation after 3 weeks in the presence of 1% sucrose in


contrast to 100% with 3%. After 120 days of culture, the


length and the weight of the tubers obtained in the presence


of 1% sucrose were less than with 3% sucrose. Addition of


sorbitol to keep osmolarity at the same level did not restore


normal rate of tuber formation. Similar results were


obtained with the use of reduced fructose or glucose level.


Microtuber sprouting was also affected by sucrose level


incorporated into the tuberisation medium. Tubers obtained


on reduced sucrose level sprouted later and the increase of


osmolarity with sorbitol did not restore normal sprouting.


The bigger tubers obtained on high sucrose media could


contain more carbohydrate reserves that could partially


explain a higher sprouting rate. These results can be used


for optimising in vitro conditions for mass production of


microtubers in yam and especially in Dioscorea cayenensis–


D. rotundata complex, a very important species in West


Africa. They specially showed the importance of tuberisa-


tion conditions on precocity of tuberisation, on tuber length


and weight and on their further sprouting.


Keywords Yam � Sprouting � Sucrose � Dioscorea


cayenensis–D. rotundata � Microtubers


Introduction


Yams belong to the monocotyledonous family Dioscoreae


and genus Dioscorea. They are grown for their tubers or


storage organs, which may be subterranean (D. rotundata,


D. alata) or aerial (D. bulbifera) and serve a dual agricul-


tural function as source of food and planting material. Yams


are grown in regions on three continents: West Africa, South


America and Asia. In West Africa, yams are a major source


of food for millions of people, as well as being a crop of


prestige and cultural importance. The most important spe-


cies in West Africa are Dioscorea cayenensis–D. rotundata


complex and D. alata, which contributes about 24% of the


human energy supply. This nutritional function can only be


fulfilled if availability is guaranteed by suitable storage


systems of planting material.


Yam is vegetatively propagated, generally using frag-


ments of tubers or bulbils. Its production is seasonal, so its


storage is necessary before planting and use as food. After


harvest, tubers enter into dormancy. Once the dormancy is


broken, sprouting occurs and prolonged storage is no longer


possible. Moreover, yam, like other root and tuber crops


such as cassava and taro, suffers post-harvest losses ranging


from 25 to 60% (Coursey and Booth 1977) caused partly by


external agents, such as insects, rodents and moulds. FAO


(1988) surveys have shown that modern food preservation


techniques such as the use of radiation or storage at tem-


peratures reduced to 15�C can be effective, but due to the


high cost and decentralized storage, mainly by growers,


these techniques cannot be applied widely. In addition,


radiation cannot be applied on planting material.


To overcome such problems, in vitro methods have


been developed. In many Dioscorea species, in vitro cul-


tured shoots are able to produce microtubers under cer-


tain conditions and these have great potential for rapid
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multiplication of pathogen-free clonal material. Many fac-


tors are known to influence the tuberisation response in vitro.


These may include day length (Vaillant et al. 2005) and


temperature (Grison 1991), the presence or absence of


growth regulators either singly or in combination (Ondo


Ovono et al. 2007, 2009), or the presence of high sucrose


(8%) concentration (Forsyth and Van Staden 1984).


Sucrose is probably the most widely used carbohydrate


source in plant tissue culture media and numerous studies


have stated that sucrose is the optimum carbon source


(Lawrence and Barker 1963; Smeekens 2000). Despite the


widespread and successful use of sucrose in plant tissue


culture, other sugars have also been reported as being suit-


able as carbon sources for in vitro culture of many plants


(Alkhateeb 2008) including D. bulbifera (Forsyth and Van


Staden 1984) and D. nipponica (Chen et al. 2007). Mean-


while, as an osmotic pressure agent, sucrose could maintain


a stable osmotic pressure environment for culture and sup-


port vigorous growth of in vitro tissue culture of most plants.


In the present work, we investigated the effect of reduced


carbon source level (sucrose, glucose or fructose) on yam in


vitro tuberisation (precocity, tuber development) and tuber


sprouting. This study should help the development of a


method for a rapid mass production of microtubers adapted


to Dioscorea cayenensis–D. rotundata complex.


Materials and methods


One virus-free in vitro clone of D. cayenensis–D. rotundata


complex was provided by the Roots and Tubers Transit


Centre of CIRAD (France). The clone identification number


was CTRT 233 coming from one tuber of cv. ‘Singo’.


Axillary shoot proliferation was maintained by subcul-


turing single nodes, every 2 months on MS salt medium


(Murashige and Skoog 1962) supplemented with vitamins of


Morel and Wetmore (1951) and containing 30 g l-1


sucrose, 2 g l-1 activated charcoal and 8.2 g l-1 Caldic


agar (Hemiksem, Belgium). The pH of the media was


adjusted to 5.7 ± 0.1 before autoclaving at 121�C for


20 min. To test the effects of various sucrose concentrations


and of osmolarity, the medium mentioned above was sup-


plemented with either 0.2, 0.5, 1 or 3% (w/v) sucrose and


sorbitol at various levels (to maintain the osmolarity) as


indicated in Table 1. Reduced glucose or fructose levels


were also tested instead of sucrose with or without sorbitol.


For tuberisation, ten nodal cuttings (2 cm long) with one


leaf were cultured in glass containers (800 mL) with plastic


lid containing 125 ml of medium. The cultures were main-


tained in a 16-h photoperiod (Sylvania Grolux fluorescent


lamps, 50 lmol m-2 s-1) at a day/night temperature of 25/


22�C. For control medium supplemented with exogenous


putrescine (10-6 M), this compound was sterilized by


filtration (0.22 lm pore size) and added to the medium after


autoclaving. In each experiment on tuberisation, percentage


of plantlets showing tuber formation was recorded regularly


during the first 4 weeks and tuber weight and length were


measured after 60 and 120 days. Three containers with 10


explants in each were used for each experiment and the


experiment was repeated twice.


For sprouting, 60 days old microtubers of more or less


homogeneous size (2.5 cm length 9 0.5 cm diameter) were


exposed for 2 h in a laminar flow clean bench for surface


desiccation and were incubated without storage on basal MS


medium supplemented with 3% sucrose (w/v), in the same


conditions as used for tuberisation. Sprouting percentage


was recorded every week during 5 months. Six containers


with 5 microtubers were used in each case. The experiment


was repeated twice.


The Student’s t-test was used for evaluating the level of


significant differences between the different experimental


conditions.


Results and discussion


We previously reported that microtubers could be obtained


on yam nodal cutting explants, from an unique axillary bud,


cultured in MS basal medium with or without plant growth


regulators (Ondo Ovono et al. 2007). The bud developed


into a shoot and a weak enlargement at the base of the


axillary bud was observed, resulting in the formation of a


microtuber after 3 weeks on all the explants in control


Table 1 Yam tuber formation in the presence of various concentra-


tions of sucrose (sucr), fructose (fruc) or glucose (gluc), supplemented


or not with sorbitol (sorb), and/or 10-6 M putrescine (PUT)


Conditions Tuber formation (%)


Day 14 Day 21 Day 30


Sucr 3% (control) 0 92.8 ± 7.3a 100a


Sucr 1% 0 44.4 ± 5.5b 47.4 ± 5.7b


Sucr 0.5% 0 38.8 ± 3.0b 41.1 ± 5.8b,c


Sucr 0.2% 0 26.7 ± 2.8c 39.5 ± 5.7b,c


Gluc 1% 0 33.5 ± 5.8b 34.4 ± 5.8c


Fruc 1% 0 16.7 ± 2.8d 17.7 ± 5.3d


Sucr 1% ? sorb 2% 0 0e 100a


Sucr 0.5% ? sorb 2.5% 0 5.6 ± 0.1f 22.6 ± 4.4d


Sucr 0.2% ? sorb 2.8% 0 18.3 ± 2.9d 41.5 ± 4.3b,c


Gluc 1% ? sorb 2% 0 18.4 ± 2.8d 37.3 ± 5.6b,c


Fruc 1% ? sorb 2% 0 4.9 ± 0.1f 17.0 ± 4.3d


Sucr 3% ? PUT (10-6M) 100 100a 100a


Sucr 1% ? sorb 2% ? PUT 0 0e 100a


Fruc 1% ? sorb 2% ? PUT 0 0e 88.5 ± 12.5a


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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conditions. During the following weeks, the size of the tuber


increased (Ondo Ovono et al. 2009). Indeed, formation of


tubers was delayed on media containing lower sucrose


concentration in contrast to media with 3% sucrose as


already observed by Lawrence and Barker (1963) on potato


tuberisation. Only 44 or 47% of the explants showed tuber


formation after 21 or 30 days, respectively in the presence


of 1% sucrose (Table 1). Tuberisation was also low in the


presence of 1% glucose as carbon source, and even lower in


the presence of 1% fructose. It is known that soluble sugars


could affect the formation of adult structures, such as leaves,


tubers and adventitious roots (Gibson 2005). It is also pos-


sible that some morphological process required more energy


than other (Alkhateeb 2008). Indeed higher sucrose con-


centration (8–12%) in growth media was shown to promote


bulb induction (Zel et al. 1997) or potato tuberisation (Prat


2004). In our material, higher sucrose concentration (3%)


promoted the precocity of the tuber formation.


Sugar concentration was responsible of a large part of the


osmotic strength of the medium. When osmolarity was re-


established by the addition of sorbitol, the delay in the tuber


formation was increased. No or only a few tubers were


observed at day 21 while 30 days were needed to obtain


100% tuber formation in the presence of 1% sucrose and 2%


sorbitol. The use of 1% glucose or 1% fructose as carbon


source in the presence of 2% sorbitol also led to a low rate of


tuberisation. As suggested by Jo et al. (2009), sucrose may


be essential as an osmoticum, as an energy source and at


higher concentration it may have a role as a signal for mi-


crotuber formation.


Previously, Ondo Ovono et al. (2009) have shown that in


the presence of polyamines in culture medium accelerated


tuber formation: 100% of the plantlets showed tuber for-


mation after 14 days. In this work, we have observed that the


addition of putrescine (PUT) to media with 1% sucrose or


fructose and 2% sorbitol had no effect on tuber formation.


Thus, the effect of PUT on tuber formation was not observed


in the presence of low carbon source concentration sug-


gesting that a lot of energy was needed for this morphoge-


netic process.


Thus, more than 1% sucrose is certainly needed to obtain


an earlier tuber formation, as observed with 3%. In Dios-


corea cayenensis–D. rotundata complex, as in D. nipponica


sucrose provided a carbon source and energy for shoot


induction and microtuberisation (Chen et al. 2007). Plants


need to coordinate development with the availability of


crucial nutriments, such as soluble sugar. Levels of sugar,


such as sucrose, have been postulated to affect organ num-


ber and shape (Gibson 2005). Tuberisation and subsequent


tuber growth are characterized by massive accumulation of


starch with a change in the pathway of sucrose metabolism


during the early stages of tuberisation (Tsafack et al. 2009).


During these phases of the tuber life cycles, the tuber is


clearly a sink for carbohydrates (Vreugdenhil 2004). A


series of studies have been done on carbohydrate metabo-


lism during tuber formation, and they all show that key


enzymes (sucrose synthase, AGPase, and starch synthases)


involved in starch biosynthesis indeed increase in activity


(Appeldoorn et al. 1999). Moreover, Geigenberger (2003)


suggests that sucrose synthase and AGPase enzymes are


subjected to activation in response to sucrose and oxygen


availability.


Accordingly, in the presence of 1% sucrose level in


culture medium, a decrease of the tuber length (20% after


60 days and 23% after 120 days) and the tuber weight (16%


after 60 days and 61% after 120 days) was observed in


comparison to tuberisation on a 3% sucrose medium


(Table 2). Reduced development of organs of the plant


when carbohydrate availability is low was already reported


(Schussler et al. 1984).


Sprouting was monitored for 20 weeks for tubers pro-


duced on tuberisation medium containing different sucrose


concentrations (Fig. 1a). Tubers obtained on 3% sucrose


sprouted rapidly: more than 20% of the tubers sprouted after


one week, and after 4 weeks all the tubers had sprouted. The


reduction of the sucrose level in tuberisation media delayed


the sprouting and reduced the rate of sprouting. So with


tubers obtained on 0.2% sucrose, the first sprouting was


observed after 3 weeks and the sprouting percentage after


14 or 20 weeks (data not shown) was limited to 88%. It was


already reported that the culture conditions during tuberi-


sation could affect sprouting (Kim et al. 2003). Coleman and


Coleman (2000) have also shown that duration of potato


microtuber dormancy can be manipulated during growth in


vitro, especially by the sucrose concentration. During


sprouting the tubers are a source of carbohydrates, mobi-


lizing their reserves and supplying energy, and substrates for


the growing sprout (Vreugdenhil 2004). In this case, the


bigger tubers that were obtained on high sucrose media


contained more carbohydrate reserves. This higher avail-


ability of carbon source could partially explain a higher


sprouting rate.


Tubers obtained on medium supplemented with 1%


fructose sprouted with the same time course as those


Table 2 Length and weight of yam tubers after 60 and 120 days of


culture in the control conditions and in the presence of reduced


concentration of sucrose


Conditions Tuber length (mm) Tuber weight (mg)


Day 60 Day 120 Day 60 Day 120


Sucrose 3%


(control)


4.9 ± 0.4a 8.0 ± 0.9a 103 ± 7a 341 ± 35a


Sucrose 1% 3.9 ± 0.5b 6.2 ± 0.1b 87 ± 15a 132 ± 18b


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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obtained on 1% sucrose (Fig. 1b). On the contrary, with


tubers obtained in the presence of 1% glucose, sprouting


was delayed and the maximum sprouting rate after 14 or


20 weeks (data not shown) was 60%. Sprouting of tubers


obtained from media with reduced sucrose level and sup-


plemented with sorbitol was also delayed as observed with


reduced sucrose alone but the final sprouting rate was 100%


after 11 weeks (Fig. 1c). The types of carbohydrates accu-


mulating in the presence of sucrose, glucose or fructose


were probably different (type and/or quantity) and their


further mobilization for sprouting was also probably


different.


These results can be used for optimising in vitro condi-


tions for mass production of microtubers in yam and espe-


cially in Dioscorea cayenensis–D. rotundata complex. They


especially showed the importance of tuberisation conditions


on the precocity of tuber formation, on tuber length and


weight and on their further sprouting.
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Abstract The effects of reducing sucrose level on tuber


formation (% of cultures with microtubers), development


(length and fresh weight of microtubers) and sprouting in


yam Dioscorea cayenensis–D. rotundata complex in vitro


were investigated. Only 29% of the explants showed tuber


formation after 3 weeks in the presence of 1% sucrose in


contrast to 100% with 3%. After 120 days of culture, the


length and the weight of the tubers obtained in the presence


of 1% sucrose were less than with 3% sucrose. Addition of


sorbitol to keep osmolarity at the same level did not restore


normal rate of tuber formation. Similar results were


obtained with the use of reduced fructose or glucose level.


Microtuber sprouting was also affected by sucrose level


incorporated into the tuberisation medium. Tubers obtained


on reduced sucrose level sprouted later and the increase of


osmolarity with sorbitol did not restore normal sprouting.


The bigger tubers obtained on high sucrose media could


contain more carbohydrate reserves that could partially


explain a higher sprouting rate. These results can be used


for optimising in vitro conditions for mass production of


microtubers in yam and especially in Dioscorea cayenensis–


D. rotundata complex, a very important species in West


Africa. They specially showed the importance of tuberisa-


tion conditions on precocity of tuberisation, on tuber length


and weight and on their further sprouting.


Keywords Yam � Sprouting � Sucrose � Dioscorea


cayenensis–D. rotundata � Microtubers


Introduction


Yams belong to the monocotyledonous family Dioscoreae


and genus Dioscorea. They are grown for their tubers or


storage organs, which may be subterranean (D. rotundata,


D. alata) or aerial (D. bulbifera) and serve a dual agricul-


tural function as source of food and planting material. Yams


are grown in regions on three continents: West Africa, South


America and Asia. In West Africa, yams are a major source


of food for millions of people, as well as being a crop of


prestige and cultural importance. The most important spe-


cies in West Africa are Dioscorea cayenensis–D. rotundata


complex and D. alata, which contributes about 24% of the


human energy supply. This nutritional function can only be


fulfilled if availability is guaranteed by suitable storage


systems of planting material.


Yam is vegetatively propagated, generally using frag-


ments of tubers or bulbils. Its production is seasonal, so its


storage is necessary before planting and use as food. After


harvest, tubers enter into dormancy. Once the dormancy is


broken, sprouting occurs and prolonged storage is no longer


possible. Moreover, yam, like other root and tuber crops


such as cassava and taro, suffers post-harvest losses ranging


from 25 to 60% (Coursey and Booth 1977) caused partly by


external agents, such as insects, rodents and moulds. FAO


(1988) surveys have shown that modern food preservation


techniques such as the use of radiation or storage at tem-


peratures reduced to 15�C can be effective, but due to the


high cost and decentralized storage, mainly by growers,


these techniques cannot be applied widely. In addition,


radiation cannot be applied on planting material.


To overcome such problems, in vitro methods have


been developed. In many Dioscorea species, in vitro cul-


tured shoots are able to produce microtubers under cer-


tain conditions and these have great potential for rapid
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multiplication of pathogen-free clonal material. Many fac-


tors are known to influence the tuberisation response in vitro.


These may include day length (Vaillant et al. 2005) and


temperature (Grison 1991), the presence or absence of


growth regulators either singly or in combination (Ondo


Ovono et al. 2007, 2009), or the presence of high sucrose


(8%) concentration (Forsyth and Van Staden 1984).


Sucrose is probably the most widely used carbohydrate


source in plant tissue culture media and numerous studies


have stated that sucrose is the optimum carbon source


(Lawrence and Barker 1963; Smeekens 2000). Despite the


widespread and successful use of sucrose in plant tissue


culture, other sugars have also been reported as being suit-


able as carbon sources for in vitro culture of many plants


(Alkhateeb 2008) including D. bulbifera (Forsyth and Van


Staden 1984) and D. nipponica (Chen et al. 2007). Mean-


while, as an osmotic pressure agent, sucrose could maintain


a stable osmotic pressure environment for culture and sup-


port vigorous growth of in vitro tissue culture of most plants.


In the present work, we investigated the effect of reduced


carbon source level (sucrose, glucose or fructose) on yam in


vitro tuberisation (precocity, tuber development) and tuber


sprouting. This study should help the development of a


method for a rapid mass production of microtubers adapted


to Dioscorea cayenensis–D. rotundata complex.


Materials and methods


One virus-free in vitro clone of D. cayenensis–D. rotundata


complex was provided by the Roots and Tubers Transit


Centre of CIRAD (France). The clone identification number


was CTRT 233 coming from one tuber of cv. ‘Singo’.


Axillary shoot proliferation was maintained by subcul-


turing single nodes, every 2 months on MS salt medium


(Murashige and Skoog 1962) supplemented with vitamins of


Morel and Wetmore (1951) and containing 30 g l-1


sucrose, 2 g l-1 activated charcoal and 8.2 g l-1 Caldic


agar (Hemiksem, Belgium). The pH of the media was


adjusted to 5.7 ± 0.1 before autoclaving at 121�C for


20 min. To test the effects of various sucrose concentrations


and of osmolarity, the medium mentioned above was sup-


plemented with either 0.2, 0.5, 1 or 3% (w/v) sucrose and


sorbitol at various levels (to maintain the osmolarity) as


indicated in Table 1. Reduced glucose or fructose levels


were also tested instead of sucrose with or without sorbitol.


For tuberisation, ten nodal cuttings (2 cm long) with one


leaf were cultured in glass containers (800 mL) with plastic


lid containing 125 ml of medium. The cultures were main-


tained in a 16-h photoperiod (Sylvania Grolux fluorescent


lamps, 50 lmol m-2 s-1) at a day/night temperature of 25/


22�C. For control medium supplemented with exogenous


putrescine (10-6 M), this compound was sterilized by


filtration (0.22 lm pore size) and added to the medium after


autoclaving. In each experiment on tuberisation, percentage


of plantlets showing tuber formation was recorded regularly


during the first 4 weeks and tuber weight and length were


measured after 60 and 120 days. Three containers with 10


explants in each were used for each experiment and the


experiment was repeated twice.


For sprouting, 60 days old microtubers of more or less


homogeneous size (2.5 cm length 9 0.5 cm diameter) were


exposed for 2 h in a laminar flow clean bench for surface


desiccation and were incubated without storage on basal MS


medium supplemented with 3% sucrose (w/v), in the same


conditions as used for tuberisation. Sprouting percentage


was recorded every week during 5 months. Six containers


with 5 microtubers were used in each case. The experiment


was repeated twice.


The Student’s t-test was used for evaluating the level of


significant differences between the different experimental


conditions.


Results and discussion


We previously reported that microtubers could be obtained


on yam nodal cutting explants, from an unique axillary bud,


cultured in MS basal medium with or without plant growth


regulators (Ondo Ovono et al. 2007). The bud developed


into a shoot and a weak enlargement at the base of the


axillary bud was observed, resulting in the formation of a


microtuber after 3 weeks on all the explants in control


Table 1 Yam tuber formation in the presence of various concentra-


tions of sucrose (sucr), fructose (fruc) or glucose (gluc), supplemented


or not with sorbitol (sorb), and/or 10-6 M putrescine (PUT)


Conditions Tuber formation (%)


Day 14 Day 21 Day 30


Sucr 3% (control) 0 92.8 ± 7.3a 100a


Sucr 1% 0 44.4 ± 5.5b 47.4 ± 5.7b


Sucr 0.5% 0 38.8 ± 3.0b 41.1 ± 5.8b,c


Sucr 0.2% 0 26.7 ± 2.8c 39.5 ± 5.7b,c


Gluc 1% 0 33.5 ± 5.8b 34.4 ± 5.8c


Fruc 1% 0 16.7 ± 2.8d 17.7 ± 5.3d


Sucr 1% ? sorb 2% 0 0e 100a


Sucr 0.5% ? sorb 2.5% 0 5.6 ± 0.1f 22.6 ± 4.4d


Sucr 0.2% ? sorb 2.8% 0 18.3 ± 2.9d 41.5 ± 4.3b,c


Gluc 1% ? sorb 2% 0 18.4 ± 2.8d 37.3 ± 5.6b,c


Fruc 1% ? sorb 2% 0 4.9 ± 0.1f 17.0 ± 4.3d


Sucr 3% ? PUT (10-6M) 100 100a 100a


Sucr 1% ? sorb 2% ? PUT 0 0e 100a


Fruc 1% ? sorb 2% ? PUT 0 0e 88.5 ± 12.5a


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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conditions. During the following weeks, the size of the tuber


increased (Ondo Ovono et al. 2009). Indeed, formation of


tubers was delayed on media containing lower sucrose


concentration in contrast to media with 3% sucrose as


already observed by Lawrence and Barker (1963) on potato


tuberisation. Only 44 or 47% of the explants showed tuber


formation after 21 or 30 days, respectively in the presence


of 1% sucrose (Table 1). Tuberisation was also low in the


presence of 1% glucose as carbon source, and even lower in


the presence of 1% fructose. It is known that soluble sugars


could affect the formation of adult structures, such as leaves,


tubers and adventitious roots (Gibson 2005). It is also pos-


sible that some morphological process required more energy


than other (Alkhateeb 2008). Indeed higher sucrose con-


centration (8–12%) in growth media was shown to promote


bulb induction (Zel et al. 1997) or potato tuberisation (Prat


2004). In our material, higher sucrose concentration (3%)


promoted the precocity of the tuber formation.


Sugar concentration was responsible of a large part of the


osmotic strength of the medium. When osmolarity was re-


established by the addition of sorbitol, the delay in the tuber


formation was increased. No or only a few tubers were


observed at day 21 while 30 days were needed to obtain


100% tuber formation in the presence of 1% sucrose and 2%


sorbitol. The use of 1% glucose or 1% fructose as carbon


source in the presence of 2% sorbitol also led to a low rate of


tuberisation. As suggested by Jo et al. (2009), sucrose may


be essential as an osmoticum, as an energy source and at


higher concentration it may have a role as a signal for mi-


crotuber formation.


Previously, Ondo Ovono et al. (2009) have shown that in


the presence of polyamines in culture medium accelerated


tuber formation: 100% of the plantlets showed tuber for-


mation after 14 days. In this work, we have observed that the


addition of putrescine (PUT) to media with 1% sucrose or


fructose and 2% sorbitol had no effect on tuber formation.


Thus, the effect of PUT on tuber formation was not observed


in the presence of low carbon source concentration sug-


gesting that a lot of energy was needed for this morphoge-


netic process.


Thus, more than 1% sucrose is certainly needed to obtain


an earlier tuber formation, as observed with 3%. In Dios-


corea cayenensis–D. rotundata complex, as in D. nipponica


sucrose provided a carbon source and energy for shoot


induction and microtuberisation (Chen et al. 2007). Plants


need to coordinate development with the availability of


crucial nutriments, such as soluble sugar. Levels of sugar,


such as sucrose, have been postulated to affect organ num-


ber and shape (Gibson 2005). Tuberisation and subsequent


tuber growth are characterized by massive accumulation of


starch with a change in the pathway of sucrose metabolism


during the early stages of tuberisation (Tsafack et al. 2009).


During these phases of the tuber life cycles, the tuber is


clearly a sink for carbohydrates (Vreugdenhil 2004). A


series of studies have been done on carbohydrate metabo-


lism during tuber formation, and they all show that key


enzymes (sucrose synthase, AGPase, and starch synthases)


involved in starch biosynthesis indeed increase in activity


(Appeldoorn et al. 1999). Moreover, Geigenberger (2003)


suggests that sucrose synthase and AGPase enzymes are


subjected to activation in response to sucrose and oxygen


availability.


Accordingly, in the presence of 1% sucrose level in


culture medium, a decrease of the tuber length (20% after


60 days and 23% after 120 days) and the tuber weight (16%


after 60 days and 61% after 120 days) was observed in


comparison to tuberisation on a 3% sucrose medium


(Table 2). Reduced development of organs of the plant


when carbohydrate availability is low was already reported


(Schussler et al. 1984).


Sprouting was monitored for 20 weeks for tubers pro-


duced on tuberisation medium containing different sucrose


concentrations (Fig. 1a). Tubers obtained on 3% sucrose


sprouted rapidly: more than 20% of the tubers sprouted after


one week, and after 4 weeks all the tubers had sprouted. The


reduction of the sucrose level in tuberisation media delayed


the sprouting and reduced the rate of sprouting. So with


tubers obtained on 0.2% sucrose, the first sprouting was


observed after 3 weeks and the sprouting percentage after


14 or 20 weeks (data not shown) was limited to 88%. It was


already reported that the culture conditions during tuberi-


sation could affect sprouting (Kim et al. 2003). Coleman and


Coleman (2000) have also shown that duration of potato


microtuber dormancy can be manipulated during growth in


vitro, especially by the sucrose concentration. During


sprouting the tubers are a source of carbohydrates, mobi-


lizing their reserves and supplying energy, and substrates for


the growing sprout (Vreugdenhil 2004). In this case, the


bigger tubers that were obtained on high sucrose media


contained more carbohydrate reserves. This higher avail-


ability of carbon source could partially explain a higher


sprouting rate.


Tubers obtained on medium supplemented with 1%


fructose sprouted with the same time course as those


Table 2 Length and weight of yam tubers after 60 and 120 days of


culture in the control conditions and in the presence of reduced


concentration of sucrose


Conditions Tuber length (mm) Tuber weight (mg)


Day 60 Day 120 Day 60 Day 120


Sucrose 3%


(control)


4.9 ± 0.4a 8.0 ± 0.9a 103 ± 7a 341 ± 35a


Sucrose 1% 3.9 ± 0.5b 6.2 ± 0.1b 87 ± 15a 132 ± 18b


Student’s t-test: values in a column followed by different letters are


significantly different at P = 0.05
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obtained on 1% sucrose (Fig. 1b). On the contrary, with


tubers obtained in the presence of 1% glucose, sprouting


was delayed and the maximum sprouting rate after 14 or


20 weeks (data not shown) was 60%. Sprouting of tubers


obtained from media with reduced sucrose level and sup-


plemented with sorbitol was also delayed as observed with


reduced sucrose alone but the final sprouting rate was 100%


after 11 weeks (Fig. 1c). The types of carbohydrates accu-


mulating in the presence of sucrose, glucose or fructose


were probably different (type and/or quantity) and their


further mobilization for sprouting was also probably


different.


These results can be used for optimising in vitro condi-


tions for mass production of microtubers in yam and espe-


cially in Dioscorea cayenensis–D. rotundata complex. They


especially showed the importance of tuberisation conditions


on the precocity of tuber formation, on tuber length and


weight and on their further sprouting.
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Abstract Yams (Dioscorea spp) are tuber crops


used as staple food in Africa because of their


nutritional value. However agronomic constraints,


phytosanitary problems and the lack of good healthy


planting material restrict their production. In contrast


to the inefficiency of traditional method of planting,


tissue culture techniques allow to increase the


multiplication and the rapid production of pathogen-


free plant material. This work was undertaken to


provide farmers in African countries with healthy


microplants and microtubers as seeds. In vitro nodal


segments of two varieties of local yams D. cayenen-


sis–D. rotundata complex (cv. ‘Singo’, cv. ‘Singou’


and cv. ‘Gnidou’) were micropropagated on the


modified medium of Murashige and Skoog. The


morphogenesis, the growth of microplants and


microtuber formation have been found to be con-


trolled by external factors that act individually and


synergistically. Addition of kinetin (2 mg l�1) to the


culture media could reduce multiplication rate (node


number) of some clones. An increase of the sucrose


concentration from 3% to 5% induced no change


in the multiplication and tuberisation parameters.


An important reduction of the multiplication


(shoot number, height and node number) and the


tuberisation (tuber number and length) was observed


with 8% sucrose. Multiplication (shoot and node


number) was increased in the presence of jasmonic


acid (10 mM). JA also induced an increase of tuber


number in the absence of Kin. Multiplication of yam


by in vitro growth of nodal segments is a way for


rapid clonal multiplication and could allow solving


the problem of lack of seed material faced by


farmers. This method could also be used for multi-


plication of elite cultivars, independently of the


growing season.


Keywords Cytokinin � Dioscorea cayenensis–


D. rotundata � Jasmonic acid � Micropropagation �
Sucrose � Yam


Abbreviations


JA Jasmonic acid


Kin Kinetin


MS Murashige and Skoog


Introduction


Yams belong to the monocotyledonous family


Dioscoreaceae, genus Dioscorea that contains over


600 species. Yams are grown in West Africa, South


America and Asia (Coursey 1967; Ayensu and


Coursey 1972). The six most cultivated species in


Africa are D. alata, D. cayenensis, D. rotundata,
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D. trifida, D. esculenta and D. bulbifera. The tubers


have a dual agricultural function: first, as source of


food, yams are a major source of nourishment to


millions of people and secondly, as planting material


(Hahn 1995; Craufurd et al. 2006).


The cultivated forms of this vegetative propagated


crop have a large genetic diversity. The wild D. abyss-


inica and D. praehensilis are putative ancestors of the


most widely cultivated D. cayenensis–D. rotundata


complex among the African Dioscorea species


(Coursey 1967; Scarcelli et al. 2006). The basic


propagation system of Dioscorea species is by tuber-


seeds, a tuber fragment that sprouts each year, devel-


oping a new tuber, which is traded in the local market.


The long period required for obtaining usable tubers, the


absence of viable seeds, the post-harvest losses and


the unknown life cycle are some of the factors that limit


the economic exploitation of native species of Diosco-


rea (Chu and Ribeiro 2002; Tschannen et al. 2005).


There are reports on the micropropagation of some


food yams in vitro such as D. alata and D. rotundata


(Mantell and Hugo 1989; Jean and Cappadocia 1991;


Alizadeh et al. 1998) and D. trifida using meristems


(Saleil et al. 1990). However, few information were


available on the micropropagation of D. cayenensis–


D. rotundata complex (Malaurie et al. 1995b). The aim


of this study is thus to multiply this species complex


in vitro and also to induce and to produce sizeable


microtubers which can be further transferred to the field.


Many factors are known to influence the prolifer-


ation and tuberisation response in vitro. These may


include day length and temperature, the presence or


absence of growth regulators either singly or in


combination, the absence of nitrogen source and the


presence of high sucrose concentrations.


From the literature is known that jasmonate and


sucrose are further important factors for micropropaga-


tion and tuberisation. Therefore, it was decided to


investigate the effect of JA and sucrose alone or together


with Kin, on axillary proliferation and microtuber


formation in yam D. cayenensis–D. rotundata complex.


Materials and methods


Plant material and culture conditions


Different virus-free in vitro clones of D. cayenensis–


D. rotundata complex, were provided by Roots and


Tubers Transit Centre of CIRAD (France). The


identification numbers were clone CTRT 233 and


CTRT 234 for both coming from two different tubers


of cv. ‘Singo’. Some comparative experiments were


made on two other clones of this yam species, CTRT


237 and CTRT 243, respectively from cv. ‘Singou’


and cv. ‘Gnidou’.


Axillary shoot proliferation was maintained by


subculturing single nodes; every 2 months on MS salt


medium (Murashige and Skoog 1962) supplemented


with vitamins of Morel and containing 30 g l�1 sucrose,


2 mg l�1 Kin, and 2 g l�1 activated charcoal and


8.2 g l�1 Caldic agar (Hemiksem, Belgium). The pH of


the media was adjusted to 5.7 ± 0.1 before autoclaving


at 1218C for 20 min. JA (10 mM) dissolved in ethanol


was added to media after autoclaving.


Nodal cuttings (2 cm long) with one leaf were


cultured in 150 · 25 mm glass culture tubes


containing 15 ml medium and the cultures were


maintained in a 16-h photoperiod (Sylvania Grolux


fluorescent lamps, 50 mmol m�2 s�1) at a day/night


temperature of 25/228C.


In an experiment to test the effects of different


sucrose levels the media mentioned above were


supplemented with 3%, 5% or 8% (w/v) sucrose with


or without Kin (2 mg l�1).


Growth and development


Cuttings corresponding to the first (N1) and the


second (N2) nodes from the base of the young stems


were tested in parallel (cv. ‘Singo’, clones CTRT 233


and 234) or together (cv. ‘Singou’, clone CTRT 237


and cv. ‘Gnidou’, clone CTRT 243) in the different


conditions. On medium supplemented with 3%


sucrose and 2 mg l�1 Kin, small roots appeared at


the base of the stem during the first week. Further, the


bud developed into a shoot and 4 weeks later a weak


enlargement at the base of the axillary bud was


observed, resulting in the formation of an axillary


protuberance. Numerous roots and one or two


microtubers emerged from this protuberance 6 weeks


later. During all the remainder of the culture, tubers


elongated and shoot grew and ramified.


Parameters and analysis


Various parameters were recorded 7 months later


(without intermediate subculture):
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– For rooting: root number and length of longest


root,


– For multiplication: shoot number, height of


highest shoot and node number,


– For microtuberisation: number of microtubers and


length of the microtuber, the biggest, in the few


cases where two microtubers are formed. The


in vitro culture conditions did never change


microtubers shape, the diameter evolved propor-


tionally with the length.


Thirty-five to forty explants were used for each


variant of each experiment for cv. ‘Singo’ (clone


CTRT 233 and 234) and around 20 explants for other


clones.


The Student t-test was used for evaluating the level


of significant differences between the different


experimental conditions. In figures, error bars corre-


spond to 2· standard error (SE) and the different


letters are marking statistic significant differences.


Results


Effect of Kin on axillary proliferation


and microtuber formation


Axillary proliferation was done every 2 months


on multiplication media supplemented with


2 mg l�1 Kin and 3% sucrose. The suppression of


Kin increased shoot length (Fig. 1), root length


(Fig. 2) and node numbers (Fig. 1). The multiplica-


tion rate (shoot number · node number) was thus


increased on medium without cytokinins for the clone


CTRT 233. No significant difference could be


observed for clone CTRT 234 (Fig. 3 and 4).


The presence of Kin (2 mg l�1) in the culture


media (with 3% sucrose) led to a higher tuber number


(clone CTRT 233, N1 nodes, Fig. 5A) and higher


tuber length (clone CTRT 233, N1 and N2 nodes,


Fig. 5A, B).


Similar results concerning multiplication and


rooting were obtained with N2 nodes (data not


shown).


Effect of sucrose concentration on shoot and root


development


An increase of the sucrose concentration from 3% to


5% of the multiplication media of N1 nodes (clone


CTRT 233) induced no change in the length and node


number of the new shoots (Fig. 1). An important
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Fig. 1 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on multiplication from N1 nodes of D.
cayenensis–D. rotundata complex (clone CTRT 233, cv.


‘Singo’) after 7 months of culture: shoot (h) and node (j)


number, shoot length ( , cm). (Student t-test, a, b and c or d, e


and f, P = 0.01; g, P = 0.05)
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Fig. 2 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on rooting from N1 nodes of D. cayenensis–D.
rotundata complex (clone CTRT 233, cv. ‘Singo’) after


7 months of culture: root number (h) and root length (j,


cm). (Student t-test, a and b or c and d, P = 0.01)
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Fig. 3 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


multiplication from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: shoot number (h),node number (j)and shoot length


( , cm). (Student t-test, a and b or c and d or e, f and g,


P = 0.05)
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reduction of the multiplication rate (height and node


number) was observed with 8% sucrose.


An increase in root number was observed when


sucrose concentration was raised from 3% to 8%.


Root length also increased when sucrose concentra-


tion rose from 3% to 5% (Fig. 2).


Similar results (concerning multiplication and


rooting parameters) were obtained on media without


Kin or/and with N2 nodes (data not shown).


In similar experiments only done in the presence


of Kin (2 mg l�1) on clone CTRT 243, no change in


the length but an increase of node number were


observed with an increase of sucrose concentration


from 3% to 5%. An increase in root number and no


statistically significant changes in root length were


also observed (data not shown).


Effect of sucrose concentration on microtuber


formation


No change in the tuberisation parameters was induced


by an increase of the sucrose concentration from 3%


to 5%, from N1 and N2 nodes of clone CTRT 233


(Fig. 5). An important reduction of tuber length was


observed with 8% sucrose for N1 nodes (Fig. 5A).


When N2 nodes were considered, no microtuber was


observed in the presence of 8% sucrose (Fig. 5B). In


this case, there was an important development of


callus around the nodes.


The same trend was observed on media without


Kin, except the development of callus with 8%


sucrose on N2 nodes and in experiments done with


cv. ‘Gnidou’ (CTRT 243). In this last case, a


maximum of tubers was obtained with sucrose 5%


(data not shown).


Effect of JA on shoot and root development


N1 nodes of clone CTRT 234 were grown on medium


containing Kin. In the presence of Kin, addition of JA


(10 mM) led to an increase in shoot and node numbers


(Fig. 3) while JA increased the node number and


shoot length in the absence of Kin (Fig. 3). No


change in the rooting parameters was observed in the


presence of JA (with or without Kin in the medium)


(Fig. 4) except the increase in root number in the


presence of Kin.


No significant differences were noted for N2 nodes


of clone CTRT 234, cv. ‘Singo’. Moreover, such an


increase in node number and shoot length (by a factor


of 1.5) with JA alone were observed in similar


experiments done on cv. ‘Singou’ (clone CTRT 237)


and similar observations in rooting parameters


bonded to JA were done on clone CTRT 237, in the


presence of Kin (data not shown).


Effect of JA on microtuber formation


In the absence of Kin, JA induced an increase of tuber


number (Fig. 6). The length of the microtubers was
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Fig. 4 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


rooting from N1 nodes of D. cayenensis–D. rotundata complex


(clone CTRT 234, cv. ‘Singo’) after 7 months of culture: root


number (h) and root length (j, cm). (Student t-test, a and b or


c, P = 0.05)


0


1


2


3


0


1


2


3


- kin + kin + kin + kin


Sucrose  3% 3% 5% 8%


A


B


d


e


f
c


c


g


e


d


  g 


h


c


a


b


a a


Fig. 5 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on tuberisation of D. cayenensis–D. rotundata
complex (clone CTRT 233, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm) from N1


(A) and N2 (B) nodes. (Student t-test, a and b or c, P = 0.05; d


and e or f, g and h, P = 0.01)
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never improved by the presence of 10 mM JA. The


same experiments were done with N2 nodes of cv.


‘Singo’ and nodes of cv. ‘Singou’ with similar results


(data not shown).


Discussion


To overcome problems caused by traditionally veg-


etative propagation of yams, in vitro methods like


nodal segment culture, indirect organogenesis, and


somatic embryogenesis, have been considered


(Jasik and Mantell 2000). The advantage of the


micropropagation by nodal segment culture over the


vine cutting techniques is that the rates of micro-


propagation and microtuberisation are higher. Yam


microtubers offer several advantages over in vitro


plants, since they can be stored for a long period and


transplanted directly into field conditions without an


acclimatization stage (Ng 1988).


The effect of nodal explant positions on yam


micropropagation has not been reported previously.


In our studies, we have observed that in vitro growth


of nodal explants from the apical portions of the


explants was low (data not shown). The roots and


stems were shorter and less microtubers were formed


than with basal explant (N1 or N2). No important


differences were noted between nodes N1 and N2,


except on medium with 8% sucrose (Fig. 5). In


traditional multiplication, only cuttings from young


and vigorous plant can be used (Onwueme 1978),


while cuttings from old plants of D. bulbifera,


D. trifida and D. esculenta failed to produce shoots


(Passam 1995).


In the various Dioscorea species, different in vitro


growth conditions have been reported as being


optimum, mainly differing at the level of the


carbon sources and growth regulator concentrations


(Malaurie et al. 1995a), and incubation conditions


(Balogun et al. 2006). We have shown that an


increase of the sucrose concentration from 3% to 8%


induced a significant increase of root (Fig. 2) and


shoot (Fig. 1) number in D. cayenensis–D. rotundata


complex. In fact, sucrose level above 20 g l�1 in


culture media appeared to be a prerequisite for


optimal in vitro growth of yam microplants. At higher


levels of sucrose (80 and 100 g l�1), node cultures of


D. composita produced 200% to 300% more shoots


and nodes than microplants cultured on comparable


MS medium containing 20 g l�1 sucrose (Alizadeh


et al. 1998).


In vitro production of microtubers has also been


reported in a number of Dioscorea species. Factors


known to influence the tuberisation process in various


plants include sucrose and Kin concentrations


(Forsyth and Van Staden 1984; Ng 1988; Borthakur


and Singh 2002; Chu and Ribeiro 2002; Chen et al.


2003; Borges et al. 2004; Kadota and Niimi 2004;


Gibson 2005). In our study on D. cayenensis–


D. rotundata complex, we found that an increase of


sucrose from 3% to 5% had no effect on tuberisation.


In other species such change in sucrose level can


however have an important effect. So, in D. cayen-


ensis, higher microtuber numbers and greater micro-


tuber size were reached when 40 g l�1 rather than


20 g l�1 sucrose was used (Jasik and Mantell 2000).


On MS medium containing 20 g l�1 sucrose,


D. composita microtubers were not induced, whereas


they were on media containing 80 or 100 g l�1


sucrose (Alizadeh et al. 1998; Nyochembeng and


Stephen 1998). In our experiments, the use of MS


medium supplemented with 8% sucrose, induced a


reduction of the tuberisation in D. cayenensis–


D. rotundata complex independently of the presence


of Kin (Fig. 5). It was also the case in other species as


D. bulbifera (Mantell and Hugo 1989). In the case of


D. alata shoot culture, raising sucrose to 4% or 8%


inhibited microtuber induction and also reduced


the mean fresh weight of microtubers. By con-


trast, raising sucrose in culture media from 2% to


8% (w/v), in the presence of higher levels of Kin


(23.2–46.4 mM), led to higher microtuber induction


frequencies in D. bulbifera (Forsyth and Van Staden
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Fig. 6 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


tuberisation from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm). (Student


t-test, a and b or c and d, P = 0.05)
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1984). On the other hand, the increase of sucrose


content in the medium led to abnormal structures


such as tubers on the shoots. Malformation and


abundant callus around nodes were also observed in


our culture, in the presence of high level of sucrose


(8%) and Kin (2 mg l�1) when N2 nodes were used.


Relationship between development and availabil-


ity of nutrients, such as soluble sugar, may help


ensure an adequate supply of building materials and


energy with which to carry out specific development


programs. In addition to mediating early develop-


mental events, it is known that soluble sugars affect


the formation of more adult structures, such as leaves,


shoots, tubers and roots (Gibson 2005). Mechanisms


involved in this improved performance were not


known with precision. Sucrose, that has been exten-


sively used to induce potato microtubers (Banfalvi


et al. 1997), has been shown to be the major sugar


absorbed and translocated into plantlets when com-


pared with glucose, fructose or maltose (Jackson


1999). The major transport form of fixed carbon into


organs was sucrose, which was hydrolyzed by


apoplastic or vacuolar acid invertases or by the


sucrose synthase reversible reaction. In the leaves of


several Dioscorea species, this hydrolysis of sucrose


was accompanied by increased quantities of fructose,


glucose, while in the stems, roots and tubers maltose


occurred in higher proportions (Kouassi et al. 1990).


It is possible that these factors act through changing


the metabolism and distribution of endogenous and /


or exogenously applied hormones.


Jasmonates (JA and its related compounds) have


been established recently as growth regulators exhib-


iting stimulatory and inhibitory effects on different


biological processes (Sembdner and Parthier 1993;


Gaspar et al. 1996; Jasik and Mantell 2000) espe-


cially in in vitro conditions. For example, JA, at


concentrations ranging from 1 to 10 mM, enhanced


in vitro shoot development and increased the number


of shoots per explant in potato (Ravnikar et al. 1992)


and garlic (Zel et al. 1997). We have shown that


10 mM JA also increased shoot number in


D. cayenensis–D. rotundata complex (Fig. 4) in


the presence of Kin. At higher concentrations


(10–50 mM), jasmonates, often had a negative effect


on growth as was observed in D. rotundata and


D. cayenensis (Koda 1997; Jasik and Mantell 2000).


Some previously reported studies have suggested


that exogenously applied jasmonates affected


positively the formation of storage organs like bulbs


of garlic (Ravnikar et al. 1993) or Narcissus (Santos


and Salema 2000) and tubers of potato (Koda et al.


1991; Abdala et al. 1996), Jerusalem artichoke (Koda


et al. 1994) or the Australian terrestrial orchid,


Pterostylis sanguinea (Debeljak et al. 2002). The


effect of exogenously applied jasmonic acid (JA) on


in vitro tuberisation was also examined in cultures of


single-node segment of yam stems. JA appeared to


improve the tuberisation in D. alata (Bazabakana


et al. 2003), D. batatas (Koda and Kikuta 1991),


D. rotundata and D. cayenensis (Jasik and Mantell


2000). Microtuberisation was obtained in all these


species by adding either 10 or 50 mM JA or Me JA to


the medium. In D. cayenensis–D. rotundata complex,


JA (10 mM) also induced an increase of tuber number


in the absence of Kin (Fig. 6) while the size of the


microtubers was not improved by the presence of JA.


This is consistent with the observations of Debeljak


et al. (2002) in Pterostylis sanguinea contrary to the


positive effect on tuber diameter or tuber fresh weight


reported previously for potato, garlic and Narcissus


(Ravnikar et al. 1993). Koda (1997) suggested that


jasmonates control bulb and tuber formation by


stimulation of cell division and promotion of cell


expansion.


Synergistic effect of JA and sucrose on tuber


induction was observed by Zel et al. (1997) and


Debeljak et al. (2002) respectively on garlic bulb and


Pterostylis sanguinea tuber formation. That can be


related to the observation of Takahashi et al. (1995)


that JA induced accumulation of sucrose and cellu-


lose in the disc cells of potato, causing a modification


in cell osmotic pressure.


In conclusion, multiplication of yam by in vitro


growth of nodal segments is a way for rapid clonal


multiplication. The microtuber production could


allow solving the problem of lack of seed material


faced by farmers. This technique could also be used


for multiplication of elite cultivars, independently of


the growing season and would be invaluable for


conservation programs. In D. cayenensis–D. rotun-


data complex, combination of sucrose 3% with or


without Kin 2 mg l�1 leads to good multiplication


rates while MS medium supplemented with JA


(10 mM) alone could enhance in vitro tuber formation


as observed in cv. ‘Singo’, clone CTRT 234 and cv.


‘Singou’, clone CTRT 237. Further studies are


needed to research possible interactions between JA
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and Kin or sucrose for tuberisation in D. cayenensis–


D. rotundata complex.
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Abstract Yams (Dioscorea spp) are tuber crops


used as staple food in Africa because of their


nutritional value. However agronomic constraints,


phytosanitary problems and the lack of good healthy


planting material restrict their production. In contrast


to the inefficiency of traditional method of planting,


tissue culture techniques allow to increase the


multiplication and the rapid production of pathogen-


free plant material. This work was undertaken to


provide farmers in African countries with healthy


microplants and microtubers as seeds. In vitro nodal


segments of two varieties of local yams D. cayenen-


sis–D. rotundata complex (cv. ‘Singo’, cv. ‘Singou’


and cv. ‘Gnidou’) were micropropagated on the


modified medium of Murashige and Skoog. The


morphogenesis, the growth of microplants and


microtuber formation have been found to be con-


trolled by external factors that act individually and


synergistically. Addition of kinetin (2 mg l�1) to the


culture media could reduce multiplication rate (node


number) of some clones. An increase of the sucrose


concentration from 3% to 5% induced no change


in the multiplication and tuberisation parameters.


An important reduction of the multiplication


(shoot number, height and node number) and the


tuberisation (tuber number and length) was observed


with 8% sucrose. Multiplication (shoot and node


number) was increased in the presence of jasmonic


acid (10 mM). JA also induced an increase of tuber


number in the absence of Kin. Multiplication of yam


by in vitro growth of nodal segments is a way for


rapid clonal multiplication and could allow solving


the problem of lack of seed material faced by


farmers. This method could also be used for multi-


plication of elite cultivars, independently of the


growing season.


Keywords Cytokinin � Dioscorea cayenensis–


D. rotundata � Jasmonic acid � Micropropagation �
Sucrose � Yam


Abbreviations


JA Jasmonic acid


Kin Kinetin


MS Murashige and Skoog


Introduction


Yams belong to the monocotyledonous family


Dioscoreaceae, genus Dioscorea that contains over


600 species. Yams are grown in West Africa, South


America and Asia (Coursey 1967; Ayensu and


Coursey 1972). The six most cultivated species in


Africa are D. alata, D. cayenensis, D. rotundata,
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D. trifida, D. esculenta and D. bulbifera. The tubers


have a dual agricultural function: first, as source of


food, yams are a major source of nourishment to


millions of people and secondly, as planting material


(Hahn 1995; Craufurd et al. 2006).


The cultivated forms of this vegetative propagated


crop have a large genetic diversity. The wild D. abyss-


inica and D. praehensilis are putative ancestors of the


most widely cultivated D. cayenensis–D. rotundata


complex among the African Dioscorea species


(Coursey 1967; Scarcelli et al. 2006). The basic


propagation system of Dioscorea species is by tuber-


seeds, a tuber fragment that sprouts each year, devel-


oping a new tuber, which is traded in the local market.


The long period required for obtaining usable tubers, the


absence of viable seeds, the post-harvest losses and


the unknown life cycle are some of the factors that limit


the economic exploitation of native species of Diosco-


rea (Chu and Ribeiro 2002; Tschannen et al. 2005).


There are reports on the micropropagation of some


food yams in vitro such as D. alata and D. rotundata


(Mantell and Hugo 1989; Jean and Cappadocia 1991;


Alizadeh et al. 1998) and D. trifida using meristems


(Saleil et al. 1990). However, few information were


available on the micropropagation of D. cayenensis–


D. rotundata complex (Malaurie et al. 1995b). The aim


of this study is thus to multiply this species complex


in vitro and also to induce and to produce sizeable


microtubers which can be further transferred to the field.


Many factors are known to influence the prolifer-


ation and tuberisation response in vitro. These may


include day length and temperature, the presence or


absence of growth regulators either singly or in


combination, the absence of nitrogen source and the


presence of high sucrose concentrations.


From the literature is known that jasmonate and


sucrose are further important factors for micropropaga-


tion and tuberisation. Therefore, it was decided to


investigate the effect of JA and sucrose alone or together


with Kin, on axillary proliferation and microtuber


formation in yam D. cayenensis–D. rotundata complex.


Materials and methods


Plant material and culture conditions


Different virus-free in vitro clones of D. cayenensis–


D. rotundata complex, were provided by Roots and


Tubers Transit Centre of CIRAD (France). The


identification numbers were clone CTRT 233 and


CTRT 234 for both coming from two different tubers


of cv. ‘Singo’. Some comparative experiments were


made on two other clones of this yam species, CTRT


237 and CTRT 243, respectively from cv. ‘Singou’


and cv. ‘Gnidou’.


Axillary shoot proliferation was maintained by


subculturing single nodes; every 2 months on MS salt


medium (Murashige and Skoog 1962) supplemented


with vitamins of Morel and containing 30 g l�1 sucrose,


2 mg l�1 Kin, and 2 g l�1 activated charcoal and


8.2 g l�1 Caldic agar (Hemiksem, Belgium). The pH of


the media was adjusted to 5.7 ± 0.1 before autoclaving


at 1218C for 20 min. JA (10 mM) dissolved in ethanol


was added to media after autoclaving.


Nodal cuttings (2 cm long) with one leaf were


cultured in 150 · 25 mm glass culture tubes


containing 15 ml medium and the cultures were


maintained in a 16-h photoperiod (Sylvania Grolux


fluorescent lamps, 50 mmol m�2 s�1) at a day/night


temperature of 25/228C.


In an experiment to test the effects of different


sucrose levels the media mentioned above were


supplemented with 3%, 5% or 8% (w/v) sucrose with


or without Kin (2 mg l�1).


Growth and development


Cuttings corresponding to the first (N1) and the


second (N2) nodes from the base of the young stems


were tested in parallel (cv. ‘Singo’, clones CTRT 233


and 234) or together (cv. ‘Singou’, clone CTRT 237


and cv. ‘Gnidou’, clone CTRT 243) in the different


conditions. On medium supplemented with 3%


sucrose and 2 mg l�1 Kin, small roots appeared at


the base of the stem during the first week. Further, the


bud developed into a shoot and 4 weeks later a weak


enlargement at the base of the axillary bud was


observed, resulting in the formation of an axillary


protuberance. Numerous roots and one or two


microtubers emerged from this protuberance 6 weeks


later. During all the remainder of the culture, tubers


elongated and shoot grew and ramified.


Parameters and analysis


Various parameters were recorded 7 months later


(without intermediate subculture):
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– For rooting: root number and length of longest


root,


– For multiplication: shoot number, height of


highest shoot and node number,


– For microtuberisation: number of microtubers and


length of the microtuber, the biggest, in the few


cases where two microtubers are formed. The


in vitro culture conditions did never change


microtubers shape, the diameter evolved propor-


tionally with the length.


Thirty-five to forty explants were used for each


variant of each experiment for cv. ‘Singo’ (clone


CTRT 233 and 234) and around 20 explants for other


clones.


The Student t-test was used for evaluating the level


of significant differences between the different


experimental conditions. In figures, error bars corre-


spond to 2· standard error (SE) and the different


letters are marking statistic significant differences.


Results


Effect of Kin on axillary proliferation


and microtuber formation


Axillary proliferation was done every 2 months


on multiplication media supplemented with


2 mg l�1 Kin and 3% sucrose. The suppression of


Kin increased shoot length (Fig. 1), root length


(Fig. 2) and node numbers (Fig. 1). The multiplica-


tion rate (shoot number · node number) was thus


increased on medium without cytokinins for the clone


CTRT 233. No significant difference could be


observed for clone CTRT 234 (Fig. 3 and 4).


The presence of Kin (2 mg l�1) in the culture


media (with 3% sucrose) led to a higher tuber number


(clone CTRT 233, N1 nodes, Fig. 5A) and higher


tuber length (clone CTRT 233, N1 and N2 nodes,


Fig. 5A, B).


Similar results concerning multiplication and


rooting were obtained with N2 nodes (data not


shown).


Effect of sucrose concentration on shoot and root


development


An increase of the sucrose concentration from 3% to


5% of the multiplication media of N1 nodes (clone


CTRT 233) induced no change in the length and node


number of the new shoots (Fig. 1). An important
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Fig. 1 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on multiplication from N1 nodes of D.
cayenensis–D. rotundata complex (clone CTRT 233, cv.


‘Singo’) after 7 months of culture: shoot (h) and node (j)


number, shoot length ( , cm). (Student t-test, a, b and c or d, e


and f, P = 0.01; g, P = 0.05)
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Fig. 2 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on rooting from N1 nodes of D. cayenensis–D.
rotundata complex (clone CTRT 233, cv. ‘Singo’) after


7 months of culture: root number (h) and root length (j,


cm). (Student t-test, a and b or c and d, P = 0.01)
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Fig. 3 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


multiplication from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: shoot number (h),node number (j)and shoot length


( , cm). (Student t-test, a and b or c and d or e, f and g,


P = 0.05)
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reduction of the multiplication rate (height and node


number) was observed with 8% sucrose.


An increase in root number was observed when


sucrose concentration was raised from 3% to 8%.


Root length also increased when sucrose concentra-


tion rose from 3% to 5% (Fig. 2).


Similar results (concerning multiplication and


rooting parameters) were obtained on media without


Kin or/and with N2 nodes (data not shown).


In similar experiments only done in the presence


of Kin (2 mg l�1) on clone CTRT 243, no change in


the length but an increase of node number were


observed with an increase of sucrose concentration


from 3% to 5%. An increase in root number and no


statistically significant changes in root length were


also observed (data not shown).


Effect of sucrose concentration on microtuber


formation


No change in the tuberisation parameters was induced


by an increase of the sucrose concentration from 3%


to 5%, from N1 and N2 nodes of clone CTRT 233


(Fig. 5). An important reduction of tuber length was


observed with 8% sucrose for N1 nodes (Fig. 5A).


When N2 nodes were considered, no microtuber was


observed in the presence of 8% sucrose (Fig. 5B). In


this case, there was an important development of


callus around the nodes.


The same trend was observed on media without


Kin, except the development of callus with 8%


sucrose on N2 nodes and in experiments done with


cv. ‘Gnidou’ (CTRT 243). In this last case, a


maximum of tubers was obtained with sucrose 5%


(data not shown).


Effect of JA on shoot and root development


N1 nodes of clone CTRT 234 were grown on medium


containing Kin. In the presence of Kin, addition of JA


(10 mM) led to an increase in shoot and node numbers


(Fig. 3) while JA increased the node number and


shoot length in the absence of Kin (Fig. 3). No


change in the rooting parameters was observed in the


presence of JA (with or without Kin in the medium)


(Fig. 4) except the increase in root number in the


presence of Kin.


No significant differences were noted for N2 nodes


of clone CTRT 234, cv. ‘Singo’. Moreover, such an


increase in node number and shoot length (by a factor


of 1.5) with JA alone were observed in similar


experiments done on cv. ‘Singou’ (clone CTRT 237)


and similar observations in rooting parameters


bonded to JA were done on clone CTRT 237, in the


presence of Kin (data not shown).


Effect of JA on microtuber formation


In the absence of Kin, JA induced an increase of tuber


number (Fig. 6). The length of the microtubers was
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Fig. 4 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


rooting from N1 nodes of D. cayenensis–D. rotundata complex


(clone CTRT 234, cv. ‘Singo’) after 7 months of culture: root


number (h) and root length (j, cm). (Student t-test, a and b or


c, P = 0.05)
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Fig. 5 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on tuberisation of D. cayenensis–D. rotundata
complex (clone CTRT 233, cv. ‘Singo’) after 7 months of
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never improved by the presence of 10 mM JA. The


same experiments were done with N2 nodes of cv.


‘Singo’ and nodes of cv. ‘Singou’ with similar results


(data not shown).


Discussion


To overcome problems caused by traditionally veg-


etative propagation of yams, in vitro methods like


nodal segment culture, indirect organogenesis, and


somatic embryogenesis, have been considered


(Jasik and Mantell 2000). The advantage of the


micropropagation by nodal segment culture over the


vine cutting techniques is that the rates of micro-


propagation and microtuberisation are higher. Yam


microtubers offer several advantages over in vitro


plants, since they can be stored for a long period and


transplanted directly into field conditions without an


acclimatization stage (Ng 1988).


The effect of nodal explant positions on yam


micropropagation has not been reported previously.


In our studies, we have observed that in vitro growth


of nodal explants from the apical portions of the


explants was low (data not shown). The roots and


stems were shorter and less microtubers were formed


than with basal explant (N1 or N2). No important


differences were noted between nodes N1 and N2,


except on medium with 8% sucrose (Fig. 5). In


traditional multiplication, only cuttings from young


and vigorous plant can be used (Onwueme 1978),


while cuttings from old plants of D. bulbifera,


D. trifida and D. esculenta failed to produce shoots


(Passam 1995).


In the various Dioscorea species, different in vitro


growth conditions have been reported as being


optimum, mainly differing at the level of the


carbon sources and growth regulator concentrations


(Malaurie et al. 1995a), and incubation conditions


(Balogun et al. 2006). We have shown that an


increase of the sucrose concentration from 3% to 8%


induced a significant increase of root (Fig. 2) and


shoot (Fig. 1) number in D. cayenensis–D. rotundata


complex. In fact, sucrose level above 20 g l�1 in


culture media appeared to be a prerequisite for


optimal in vitro growth of yam microplants. At higher


levels of sucrose (80 and 100 g l�1), node cultures of


D. composita produced 200% to 300% more shoots


and nodes than microplants cultured on comparable


MS medium containing 20 g l�1 sucrose (Alizadeh


et al. 1998).


In vitro production of microtubers has also been


reported in a number of Dioscorea species. Factors


known to influence the tuberisation process in various


plants include sucrose and Kin concentrations


(Forsyth and Van Staden 1984; Ng 1988; Borthakur


and Singh 2002; Chu and Ribeiro 2002; Chen et al.


2003; Borges et al. 2004; Kadota and Niimi 2004;


Gibson 2005). In our study on D. cayenensis–


D. rotundata complex, we found that an increase of


sucrose from 3% to 5% had no effect on tuberisation.


In other species such change in sucrose level can


however have an important effect. So, in D. cayen-


ensis, higher microtuber numbers and greater micro-


tuber size were reached when 40 g l�1 rather than


20 g l�1 sucrose was used (Jasik and Mantell 2000).


On MS medium containing 20 g l�1 sucrose,


D. composita microtubers were not induced, whereas


they were on media containing 80 or 100 g l�1


sucrose (Alizadeh et al. 1998; Nyochembeng and


Stephen 1998). In our experiments, the use of MS


medium supplemented with 8% sucrose, induced a


reduction of the tuberisation in D. cayenensis–


D. rotundata complex independently of the presence


of Kin (Fig. 5). It was also the case in other species as


D. bulbifera (Mantell and Hugo 1989). In the case of


D. alata shoot culture, raising sucrose to 4% or 8%


inhibited microtuber induction and also reduced


the mean fresh weight of microtubers. By con-


trast, raising sucrose in culture media from 2% to


8% (w/v), in the presence of higher levels of Kin


(23.2–46.4 mM), led to higher microtuber induction


frequencies in D. bulbifera (Forsyth and Van Staden
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Fig. 6 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


tuberisation from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm). (Student


t-test, a and b or c and d, P = 0.05)


Plant Cell Tiss Organ Cult (2007) 91:107–114 111


123







1984). On the other hand, the increase of sucrose


content in the medium led to abnormal structures


such as tubers on the shoots. Malformation and


abundant callus around nodes were also observed in


our culture, in the presence of high level of sucrose


(8%) and Kin (2 mg l�1) when N2 nodes were used.


Relationship between development and availabil-


ity of nutrients, such as soluble sugar, may help


ensure an adequate supply of building materials and


energy with which to carry out specific development


programs. In addition to mediating early develop-


mental events, it is known that soluble sugars affect


the formation of more adult structures, such as leaves,


shoots, tubers and roots (Gibson 2005). Mechanisms


involved in this improved performance were not


known with precision. Sucrose, that has been exten-


sively used to induce potato microtubers (Banfalvi


et al. 1997), has been shown to be the major sugar


absorbed and translocated into plantlets when com-


pared with glucose, fructose or maltose (Jackson


1999). The major transport form of fixed carbon into


organs was sucrose, which was hydrolyzed by


apoplastic or vacuolar acid invertases or by the


sucrose synthase reversible reaction. In the leaves of


several Dioscorea species, this hydrolysis of sucrose


was accompanied by increased quantities of fructose,


glucose, while in the stems, roots and tubers maltose


occurred in higher proportions (Kouassi et al. 1990).


It is possible that these factors act through changing


the metabolism and distribution of endogenous and /


or exogenously applied hormones.


Jasmonates (JA and its related compounds) have


been established recently as growth regulators exhib-


iting stimulatory and inhibitory effects on different


biological processes (Sembdner and Parthier 1993;


Gaspar et al. 1996; Jasik and Mantell 2000) espe-


cially in in vitro conditions. For example, JA, at


concentrations ranging from 1 to 10 mM, enhanced


in vitro shoot development and increased the number


of shoots per explant in potato (Ravnikar et al. 1992)


and garlic (Zel et al. 1997). We have shown that


10 mM JA also increased shoot number in


D. cayenensis–D. rotundata complex (Fig. 4) in


the presence of Kin. At higher concentrations


(10–50 mM), jasmonates, often had a negative effect


on growth as was observed in D. rotundata and


D. cayenensis (Koda 1997; Jasik and Mantell 2000).


Some previously reported studies have suggested


that exogenously applied jasmonates affected


positively the formation of storage organs like bulbs


of garlic (Ravnikar et al. 1993) or Narcissus (Santos


and Salema 2000) and tubers of potato (Koda et al.


1991; Abdala et al. 1996), Jerusalem artichoke (Koda


et al. 1994) or the Australian terrestrial orchid,


Pterostylis sanguinea (Debeljak et al. 2002). The


effect of exogenously applied jasmonic acid (JA) on


in vitro tuberisation was also examined in cultures of


single-node segment of yam stems. JA appeared to


improve the tuberisation in D. alata (Bazabakana


et al. 2003), D. batatas (Koda and Kikuta 1991),


D. rotundata and D. cayenensis (Jasik and Mantell


2000). Microtuberisation was obtained in all these


species by adding either 10 or 50 mM JA or Me JA to


the medium. In D. cayenensis–D. rotundata complex,


JA (10 mM) also induced an increase of tuber number


in the absence of Kin (Fig. 6) while the size of the


microtubers was not improved by the presence of JA.


This is consistent with the observations of Debeljak


et al. (2002) in Pterostylis sanguinea contrary to the


positive effect on tuber diameter or tuber fresh weight


reported previously for potato, garlic and Narcissus


(Ravnikar et al. 1993). Koda (1997) suggested that


jasmonates control bulb and tuber formation by


stimulation of cell division and promotion of cell


expansion.


Synergistic effect of JA and sucrose on tuber


induction was observed by Zel et al. (1997) and


Debeljak et al. (2002) respectively on garlic bulb and


Pterostylis sanguinea tuber formation. That can be


related to the observation of Takahashi et al. (1995)


that JA induced accumulation of sucrose and cellu-


lose in the disc cells of potato, causing a modification


in cell osmotic pressure.


In conclusion, multiplication of yam by in vitro


growth of nodal segments is a way for rapid clonal


multiplication. The microtuber production could


allow solving the problem of lack of seed material


faced by farmers. This technique could also be used


for multiplication of elite cultivars, independently of


the growing season and would be invaluable for


conservation programs. In D. cayenensis–D. rotun-


data complex, combination of sucrose 3% with or


without Kin 2 mg l�1 leads to good multiplication


rates while MS medium supplemented with JA


(10 mM) alone could enhance in vitro tuber formation


as observed in cv. ‘Singo’, clone CTRT 234 and cv.


‘Singou’, clone CTRT 237. Further studies are


needed to research possible interactions between JA
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and Kin or sucrose for tuberisation in D. cayenensis–


D. rotundata complex.
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Abstract Yams (Dioscorea spp) are tuber crops


used as staple food in Africa because of their


nutritional value. However agronomic constraints,


phytosanitary problems and the lack of good healthy


planting material restrict their production. In contrast


to the inefficiency of traditional method of planting,


tissue culture techniques allow to increase the


multiplication and the rapid production of pathogen-


free plant material. This work was undertaken to


provide farmers in African countries with healthy


microplants and microtubers as seeds. In vitro nodal


segments of two varieties of local yams D. cayenen-


sis–D. rotundata complex (cv. ‘Singo’, cv. ‘Singou’


and cv. ‘Gnidou’) were micropropagated on the


modified medium of Murashige and Skoog. The


morphogenesis, the growth of microplants and


microtuber formation have been found to be con-


trolled by external factors that act individually and


synergistically. Addition of kinetin (2 mg l�1) to the


culture media could reduce multiplication rate (node


number) of some clones. An increase of the sucrose


concentration from 3% to 5% induced no change


in the multiplication and tuberisation parameters.


An important reduction of the multiplication


(shoot number, height and node number) and the


tuberisation (tuber number and length) was observed


with 8% sucrose. Multiplication (shoot and node


number) was increased in the presence of jasmonic


acid (10 mM). JA also induced an increase of tuber


number in the absence of Kin. Multiplication of yam


by in vitro growth of nodal segments is a way for


rapid clonal multiplication and could allow solving


the problem of lack of seed material faced by


farmers. This method could also be used for multi-


plication of elite cultivars, independently of the


growing season.


Keywords Cytokinin � Dioscorea cayenensis–


D. rotundata � Jasmonic acid � Micropropagation �
Sucrose � Yam


Abbreviations


JA Jasmonic acid


Kin Kinetin


MS Murashige and Skoog


Introduction


Yams belong to the monocotyledonous family


Dioscoreaceae, genus Dioscorea that contains over


600 species. Yams are grown in West Africa, South


America and Asia (Coursey 1967; Ayensu and


Coursey 1972). The six most cultivated species in


Africa are D. alata, D. cayenensis, D. rotundata,
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D. trifida, D. esculenta and D. bulbifera. The tubers


have a dual agricultural function: first, as source of


food, yams are a major source of nourishment to


millions of people and secondly, as planting material


(Hahn 1995; Craufurd et al. 2006).


The cultivated forms of this vegetative propagated


crop have a large genetic diversity. The wild D. abyss-


inica and D. praehensilis are putative ancestors of the


most widely cultivated D. cayenensis–D. rotundata


complex among the African Dioscorea species


(Coursey 1967; Scarcelli et al. 2006). The basic


propagation system of Dioscorea species is by tuber-


seeds, a tuber fragment that sprouts each year, devel-


oping a new tuber, which is traded in the local market.


The long period required for obtaining usable tubers, the


absence of viable seeds, the post-harvest losses and


the unknown life cycle are some of the factors that limit


the economic exploitation of native species of Diosco-


rea (Chu and Ribeiro 2002; Tschannen et al. 2005).


There are reports on the micropropagation of some


food yams in vitro such as D. alata and D. rotundata


(Mantell and Hugo 1989; Jean and Cappadocia 1991;


Alizadeh et al. 1998) and D. trifida using meristems


(Saleil et al. 1990). However, few information were


available on the micropropagation of D. cayenensis–


D. rotundata complex (Malaurie et al. 1995b). The aim


of this study is thus to multiply this species complex


in vitro and also to induce and to produce sizeable


microtubers which can be further transferred to the field.


Many factors are known to influence the prolifer-


ation and tuberisation response in vitro. These may


include day length and temperature, the presence or


absence of growth regulators either singly or in


combination, the absence of nitrogen source and the


presence of high sucrose concentrations.


From the literature is known that jasmonate and


sucrose are further important factors for micropropaga-


tion and tuberisation. Therefore, it was decided to


investigate the effect of JA and sucrose alone or together


with Kin, on axillary proliferation and microtuber


formation in yam D. cayenensis–D. rotundata complex.


Materials and methods


Plant material and culture conditions


Different virus-free in vitro clones of D. cayenensis–


D. rotundata complex, were provided by Roots and


Tubers Transit Centre of CIRAD (France). The


identification numbers were clone CTRT 233 and


CTRT 234 for both coming from two different tubers


of cv. ‘Singo’. Some comparative experiments were


made on two other clones of this yam species, CTRT


237 and CTRT 243, respectively from cv. ‘Singou’


and cv. ‘Gnidou’.


Axillary shoot proliferation was maintained by


subculturing single nodes; every 2 months on MS salt


medium (Murashige and Skoog 1962) supplemented


with vitamins of Morel and containing 30 g l�1 sucrose,


2 mg l�1 Kin, and 2 g l�1 activated charcoal and


8.2 g l�1 Caldic agar (Hemiksem, Belgium). The pH of


the media was adjusted to 5.7 ± 0.1 before autoclaving


at 1218C for 20 min. JA (10 mM) dissolved in ethanol


was added to media after autoclaving.


Nodal cuttings (2 cm long) with one leaf were


cultured in 150 · 25 mm glass culture tubes


containing 15 ml medium and the cultures were


maintained in a 16-h photoperiod (Sylvania Grolux


fluorescent lamps, 50 mmol m�2 s�1) at a day/night


temperature of 25/228C.


In an experiment to test the effects of different


sucrose levels the media mentioned above were


supplemented with 3%, 5% or 8% (w/v) sucrose with


or without Kin (2 mg l�1).


Growth and development


Cuttings corresponding to the first (N1) and the


second (N2) nodes from the base of the young stems


were tested in parallel (cv. ‘Singo’, clones CTRT 233


and 234) or together (cv. ‘Singou’, clone CTRT 237


and cv. ‘Gnidou’, clone CTRT 243) in the different


conditions. On medium supplemented with 3%


sucrose and 2 mg l�1 Kin, small roots appeared at


the base of the stem during the first week. Further, the


bud developed into a shoot and 4 weeks later a weak


enlargement at the base of the axillary bud was


observed, resulting in the formation of an axillary


protuberance. Numerous roots and one or two


microtubers emerged from this protuberance 6 weeks


later. During all the remainder of the culture, tubers


elongated and shoot grew and ramified.


Parameters and analysis


Various parameters were recorded 7 months later


(without intermediate subculture):
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– For rooting: root number and length of longest


root,


– For multiplication: shoot number, height of


highest shoot and node number,


– For microtuberisation: number of microtubers and


length of the microtuber, the biggest, in the few


cases where two microtubers are formed. The


in vitro culture conditions did never change


microtubers shape, the diameter evolved propor-


tionally with the length.


Thirty-five to forty explants were used for each


variant of each experiment for cv. ‘Singo’ (clone


CTRT 233 and 234) and around 20 explants for other


clones.


The Student t-test was used for evaluating the level


of significant differences between the different


experimental conditions. In figures, error bars corre-


spond to 2· standard error (SE) and the different


letters are marking statistic significant differences.


Results


Effect of Kin on axillary proliferation


and microtuber formation


Axillary proliferation was done every 2 months


on multiplication media supplemented with


2 mg l�1 Kin and 3% sucrose. The suppression of


Kin increased shoot length (Fig. 1), root length


(Fig. 2) and node numbers (Fig. 1). The multiplica-


tion rate (shoot number · node number) was thus


increased on medium without cytokinins for the clone


CTRT 233. No significant difference could be


observed for clone CTRT 234 (Fig. 3 and 4).


The presence of Kin (2 mg l�1) in the culture


media (with 3% sucrose) led to a higher tuber number


(clone CTRT 233, N1 nodes, Fig. 5A) and higher


tuber length (clone CTRT 233, N1 and N2 nodes,


Fig. 5A, B).


Similar results concerning multiplication and


rooting were obtained with N2 nodes (data not


shown).


Effect of sucrose concentration on shoot and root


development


An increase of the sucrose concentration from 3% to


5% of the multiplication media of N1 nodes (clone


CTRT 233) induced no change in the length and node


number of the new shoots (Fig. 1). An important
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Fig. 1 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on multiplication from N1 nodes of D.
cayenensis–D. rotundata complex (clone CTRT 233, cv.


‘Singo’) after 7 months of culture: shoot (h) and node (j)


number, shoot length ( , cm). (Student t-test, a, b and c or d, e


and f, P = 0.01; g, P = 0.05)
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Fig. 2 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on rooting from N1 nodes of D. cayenensis–D.
rotundata complex (clone CTRT 233, cv. ‘Singo’) after


7 months of culture: root number (h) and root length (j,


cm). (Student t-test, a and b or c and d, P = 0.01)


0


2


4


6


8


10


12


14


+kin +kin +JA -kin -kin +JA


a


b


c


d


a


  a,b 


  c,d 


c,d


e
f


     g 


e,f


Fig. 3 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


multiplication from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: shoot number (h),node number (j)and shoot length


( , cm). (Student t-test, a and b or c and d or e, f and g,


P = 0.05)
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reduction of the multiplication rate (height and node


number) was observed with 8% sucrose.


An increase in root number was observed when


sucrose concentration was raised from 3% to 8%.


Root length also increased when sucrose concentra-


tion rose from 3% to 5% (Fig. 2).


Similar results (concerning multiplication and


rooting parameters) were obtained on media without


Kin or/and with N2 nodes (data not shown).


In similar experiments only done in the presence


of Kin (2 mg l�1) on clone CTRT 243, no change in


the length but an increase of node number were


observed with an increase of sucrose concentration


from 3% to 5%. An increase in root number and no


statistically significant changes in root length were


also observed (data not shown).


Effect of sucrose concentration on microtuber


formation


No change in the tuberisation parameters was induced


by an increase of the sucrose concentration from 3%


to 5%, from N1 and N2 nodes of clone CTRT 233


(Fig. 5). An important reduction of tuber length was


observed with 8% sucrose for N1 nodes (Fig. 5A).


When N2 nodes were considered, no microtuber was


observed in the presence of 8% sucrose (Fig. 5B). In


this case, there was an important development of


callus around the nodes.


The same trend was observed on media without


Kin, except the development of callus with 8%


sucrose on N2 nodes and in experiments done with


cv. ‘Gnidou’ (CTRT 243). In this last case, a


maximum of tubers was obtained with sucrose 5%


(data not shown).


Effect of JA on shoot and root development


N1 nodes of clone CTRT 234 were grown on medium


containing Kin. In the presence of Kin, addition of JA


(10 mM) led to an increase in shoot and node numbers


(Fig. 3) while JA increased the node number and


shoot length in the absence of Kin (Fig. 3). No


change in the rooting parameters was observed in the


presence of JA (with or without Kin in the medium)


(Fig. 4) except the increase in root number in the


presence of Kin.


No significant differences were noted for N2 nodes


of clone CTRT 234, cv. ‘Singo’. Moreover, such an


increase in node number and shoot length (by a factor


of 1.5) with JA alone were observed in similar


experiments done on cv. ‘Singou’ (clone CTRT 237)


and similar observations in rooting parameters


bonded to JA were done on clone CTRT 237, in the


presence of Kin (data not shown).


Effect of JA on microtuber formation


In the absence of Kin, JA induced an increase of tuber


number (Fig. 6). The length of the microtubers was
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Fig. 4 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


rooting from N1 nodes of D. cayenensis–D. rotundata complex


(clone CTRT 234, cv. ‘Singo’) after 7 months of culture: root


number (h) and root length (j, cm). (Student t-test, a and b or


c, P = 0.05)
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Fig. 5 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on tuberisation of D. cayenensis–D. rotundata
complex (clone CTRT 233, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm) from N1


(A) and N2 (B) nodes. (Student t-test, a and b or c, P = 0.05; d


and e or f, g and h, P = 0.01)
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never improved by the presence of 10 mM JA. The


same experiments were done with N2 nodes of cv.


‘Singo’ and nodes of cv. ‘Singou’ with similar results


(data not shown).


Discussion


To overcome problems caused by traditionally veg-


etative propagation of yams, in vitro methods like


nodal segment culture, indirect organogenesis, and


somatic embryogenesis, have been considered


(Jasik and Mantell 2000). The advantage of the


micropropagation by nodal segment culture over the


vine cutting techniques is that the rates of micro-


propagation and microtuberisation are higher. Yam


microtubers offer several advantages over in vitro


plants, since they can be stored for a long period and


transplanted directly into field conditions without an


acclimatization stage (Ng 1988).


The effect of nodal explant positions on yam


micropropagation has not been reported previously.


In our studies, we have observed that in vitro growth


of nodal explants from the apical portions of the


explants was low (data not shown). The roots and


stems were shorter and less microtubers were formed


than with basal explant (N1 or N2). No important


differences were noted between nodes N1 and N2,


except on medium with 8% sucrose (Fig. 5). In


traditional multiplication, only cuttings from young


and vigorous plant can be used (Onwueme 1978),


while cuttings from old plants of D. bulbifera,


D. trifida and D. esculenta failed to produce shoots


(Passam 1995).


In the various Dioscorea species, different in vitro


growth conditions have been reported as being


optimum, mainly differing at the level of the


carbon sources and growth regulator concentrations


(Malaurie et al. 1995a), and incubation conditions


(Balogun et al. 2006). We have shown that an


increase of the sucrose concentration from 3% to 8%


induced a significant increase of root (Fig. 2) and


shoot (Fig. 1) number in D. cayenensis–D. rotundata


complex. In fact, sucrose level above 20 g l�1 in


culture media appeared to be a prerequisite for


optimal in vitro growth of yam microplants. At higher


levels of sucrose (80 and 100 g l�1), node cultures of


D. composita produced 200% to 300% more shoots


and nodes than microplants cultured on comparable


MS medium containing 20 g l�1 sucrose (Alizadeh


et al. 1998).


In vitro production of microtubers has also been


reported in a number of Dioscorea species. Factors


known to influence the tuberisation process in various


plants include sucrose and Kin concentrations


(Forsyth and Van Staden 1984; Ng 1988; Borthakur


and Singh 2002; Chu and Ribeiro 2002; Chen et al.


2003; Borges et al. 2004; Kadota and Niimi 2004;


Gibson 2005). In our study on D. cayenensis–


D. rotundata complex, we found that an increase of


sucrose from 3% to 5% had no effect on tuberisation.


In other species such change in sucrose level can


however have an important effect. So, in D. cayen-


ensis, higher microtuber numbers and greater micro-


tuber size were reached when 40 g l�1 rather than


20 g l�1 sucrose was used (Jasik and Mantell 2000).


On MS medium containing 20 g l�1 sucrose,


D. composita microtubers were not induced, whereas


they were on media containing 80 or 100 g l�1


sucrose (Alizadeh et al. 1998; Nyochembeng and


Stephen 1998). In our experiments, the use of MS


medium supplemented with 8% sucrose, induced a


reduction of the tuberisation in D. cayenensis–


D. rotundata complex independently of the presence


of Kin (Fig. 5). It was also the case in other species as


D. bulbifera (Mantell and Hugo 1989). In the case of


D. alata shoot culture, raising sucrose to 4% or 8%


inhibited microtuber induction and also reduced


the mean fresh weight of microtubers. By con-


trast, raising sucrose in culture media from 2% to


8% (w/v), in the presence of higher levels of Kin


(23.2–46.4 mM), led to higher microtuber induction


frequencies in D. bulbifera (Forsyth and Van Staden
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Fig. 6 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


tuberisation from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm). (Student


t-test, a and b or c and d, P = 0.05)
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1984). On the other hand, the increase of sucrose


content in the medium led to abnormal structures


such as tubers on the shoots. Malformation and


abundant callus around nodes were also observed in


our culture, in the presence of high level of sucrose


(8%) and Kin (2 mg l�1) when N2 nodes were used.


Relationship between development and availabil-


ity of nutrients, such as soluble sugar, may help


ensure an adequate supply of building materials and


energy with which to carry out specific development


programs. In addition to mediating early develop-


mental events, it is known that soluble sugars affect


the formation of more adult structures, such as leaves,


shoots, tubers and roots (Gibson 2005). Mechanisms


involved in this improved performance were not


known with precision. Sucrose, that has been exten-


sively used to induce potato microtubers (Banfalvi


et al. 1997), has been shown to be the major sugar


absorbed and translocated into plantlets when com-


pared with glucose, fructose or maltose (Jackson


1999). The major transport form of fixed carbon into


organs was sucrose, which was hydrolyzed by


apoplastic or vacuolar acid invertases or by the


sucrose synthase reversible reaction. In the leaves of


several Dioscorea species, this hydrolysis of sucrose


was accompanied by increased quantities of fructose,


glucose, while in the stems, roots and tubers maltose


occurred in higher proportions (Kouassi et al. 1990).


It is possible that these factors act through changing


the metabolism and distribution of endogenous and /


or exogenously applied hormones.


Jasmonates (JA and its related compounds) have


been established recently as growth regulators exhib-


iting stimulatory and inhibitory effects on different


biological processes (Sembdner and Parthier 1993;


Gaspar et al. 1996; Jasik and Mantell 2000) espe-


cially in in vitro conditions. For example, JA, at


concentrations ranging from 1 to 10 mM, enhanced


in vitro shoot development and increased the number


of shoots per explant in potato (Ravnikar et al. 1992)


and garlic (Zel et al. 1997). We have shown that


10 mM JA also increased shoot number in


D. cayenensis–D. rotundata complex (Fig. 4) in


the presence of Kin. At higher concentrations


(10–50 mM), jasmonates, often had a negative effect


on growth as was observed in D. rotundata and


D. cayenensis (Koda 1997; Jasik and Mantell 2000).


Some previously reported studies have suggested


that exogenously applied jasmonates affected


positively the formation of storage organs like bulbs


of garlic (Ravnikar et al. 1993) or Narcissus (Santos


and Salema 2000) and tubers of potato (Koda et al.


1991; Abdala et al. 1996), Jerusalem artichoke (Koda


et al. 1994) or the Australian terrestrial orchid,


Pterostylis sanguinea (Debeljak et al. 2002). The


effect of exogenously applied jasmonic acid (JA) on


in vitro tuberisation was also examined in cultures of


single-node segment of yam stems. JA appeared to


improve the tuberisation in D. alata (Bazabakana


et al. 2003), D. batatas (Koda and Kikuta 1991),


D. rotundata and D. cayenensis (Jasik and Mantell


2000). Microtuberisation was obtained in all these


species by adding either 10 or 50 mM JA or Me JA to


the medium. In D. cayenensis–D. rotundata complex,


JA (10 mM) also induced an increase of tuber number


in the absence of Kin (Fig. 6) while the size of the


microtubers was not improved by the presence of JA.


This is consistent with the observations of Debeljak


et al. (2002) in Pterostylis sanguinea contrary to the


positive effect on tuber diameter or tuber fresh weight


reported previously for potato, garlic and Narcissus


(Ravnikar et al. 1993). Koda (1997) suggested that


jasmonates control bulb and tuber formation by


stimulation of cell division and promotion of cell


expansion.


Synergistic effect of JA and sucrose on tuber


induction was observed by Zel et al. (1997) and


Debeljak et al. (2002) respectively on garlic bulb and


Pterostylis sanguinea tuber formation. That can be


related to the observation of Takahashi et al. (1995)


that JA induced accumulation of sucrose and cellu-


lose in the disc cells of potato, causing a modification


in cell osmotic pressure.


In conclusion, multiplication of yam by in vitro


growth of nodal segments is a way for rapid clonal


multiplication. The microtuber production could


allow solving the problem of lack of seed material


faced by farmers. This technique could also be used


for multiplication of elite cultivars, independently of


the growing season and would be invaluable for


conservation programs. In D. cayenensis–D. rotun-


data complex, combination of sucrose 3% with or


without Kin 2 mg l�1 leads to good multiplication


rates while MS medium supplemented with JA


(10 mM) alone could enhance in vitro tuber formation


as observed in cv. ‘Singo’, clone CTRT 234 and cv.


‘Singou’, clone CTRT 237. Further studies are


needed to research possible interactions between JA
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and Kin or sucrose for tuberisation in D. cayenensis–


D. rotundata complex.
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Abstract Yams (Dioscorea spp) are tuber crops


used as staple food in Africa because of their


nutritional value. However agronomic constraints,


phytosanitary problems and the lack of good healthy


planting material restrict their production. In contrast


to the inefficiency of traditional method of planting,


tissue culture techniques allow to increase the


multiplication and the rapid production of pathogen-


free plant material. This work was undertaken to


provide farmers in African countries with healthy


microplants and microtubers as seeds. In vitro nodal


segments of two varieties of local yams D. cayenen-


sis–D. rotundata complex (cv. ‘Singo’, cv. ‘Singou’


and cv. ‘Gnidou’) were micropropagated on the


modified medium of Murashige and Skoog. The


morphogenesis, the growth of microplants and


microtuber formation have been found to be con-


trolled by external factors that act individually and


synergistically. Addition of kinetin (2 mg l�1) to the


culture media could reduce multiplication rate (node


number) of some clones. An increase of the sucrose


concentration from 3% to 5% induced no change


in the multiplication and tuberisation parameters.


An important reduction of the multiplication


(shoot number, height and node number) and the


tuberisation (tuber number and length) was observed


with 8% sucrose. Multiplication (shoot and node


number) was increased in the presence of jasmonic


acid (10 mM). JA also induced an increase of tuber


number in the absence of Kin. Multiplication of yam


by in vitro growth of nodal segments is a way for


rapid clonal multiplication and could allow solving


the problem of lack of seed material faced by


farmers. This method could also be used for multi-


plication of elite cultivars, independently of the


growing season.


Keywords Cytokinin � Dioscorea cayenensis–


D. rotundata � Jasmonic acid � Micropropagation �
Sucrose � Yam


Abbreviations


JA Jasmonic acid


Kin Kinetin


MS Murashige and Skoog


Introduction


Yams belong to the monocotyledonous family


Dioscoreaceae, genus Dioscorea that contains over


600 species. Yams are grown in West Africa, South


America and Asia (Coursey 1967; Ayensu and


Coursey 1972). The six most cultivated species in


Africa are D. alata, D. cayenensis, D. rotundata,
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D. trifida, D. esculenta and D. bulbifera. The tubers


have a dual agricultural function: first, as source of


food, yams are a major source of nourishment to


millions of people and secondly, as planting material


(Hahn 1995; Craufurd et al. 2006).


The cultivated forms of this vegetative propagated


crop have a large genetic diversity. The wild D. abyss-


inica and D. praehensilis are putative ancestors of the


most widely cultivated D. cayenensis–D. rotundata


complex among the African Dioscorea species


(Coursey 1967; Scarcelli et al. 2006). The basic


propagation system of Dioscorea species is by tuber-


seeds, a tuber fragment that sprouts each year, devel-


oping a new tuber, which is traded in the local market.


The long period required for obtaining usable tubers, the


absence of viable seeds, the post-harvest losses and


the unknown life cycle are some of the factors that limit


the economic exploitation of native species of Diosco-


rea (Chu and Ribeiro 2002; Tschannen et al. 2005).


There are reports on the micropropagation of some


food yams in vitro such as D. alata and D. rotundata


(Mantell and Hugo 1989; Jean and Cappadocia 1991;


Alizadeh et al. 1998) and D. trifida using meristems


(Saleil et al. 1990). However, few information were


available on the micropropagation of D. cayenensis–


D. rotundata complex (Malaurie et al. 1995b). The aim


of this study is thus to multiply this species complex


in vitro and also to induce and to produce sizeable


microtubers which can be further transferred to the field.


Many factors are known to influence the prolifer-


ation and tuberisation response in vitro. These may


include day length and temperature, the presence or


absence of growth regulators either singly or in


combination, the absence of nitrogen source and the


presence of high sucrose concentrations.


From the literature is known that jasmonate and


sucrose are further important factors for micropropaga-


tion and tuberisation. Therefore, it was decided to


investigate the effect of JA and sucrose alone or together


with Kin, on axillary proliferation and microtuber


formation in yam D. cayenensis–D. rotundata complex.


Materials and methods


Plant material and culture conditions


Different virus-free in vitro clones of D. cayenensis–


D. rotundata complex, were provided by Roots and


Tubers Transit Centre of CIRAD (France). The


identification numbers were clone CTRT 233 and


CTRT 234 for both coming from two different tubers


of cv. ‘Singo’. Some comparative experiments were


made on two other clones of this yam species, CTRT


237 and CTRT 243, respectively from cv. ‘Singou’


and cv. ‘Gnidou’.


Axillary shoot proliferation was maintained by


subculturing single nodes; every 2 months on MS salt


medium (Murashige and Skoog 1962) supplemented


with vitamins of Morel and containing 30 g l�1 sucrose,


2 mg l�1 Kin, and 2 g l�1 activated charcoal and


8.2 g l�1 Caldic agar (Hemiksem, Belgium). The pH of


the media was adjusted to 5.7 ± 0.1 before autoclaving


at 1218C for 20 min. JA (10 mM) dissolved in ethanol


was added to media after autoclaving.


Nodal cuttings (2 cm long) with one leaf were


cultured in 150 · 25 mm glass culture tubes


containing 15 ml medium and the cultures were


maintained in a 16-h photoperiod (Sylvania Grolux


fluorescent lamps, 50 mmol m�2 s�1) at a day/night


temperature of 25/228C.


In an experiment to test the effects of different


sucrose levels the media mentioned above were


supplemented with 3%, 5% or 8% (w/v) sucrose with


or without Kin (2 mg l�1).


Growth and development


Cuttings corresponding to the first (N1) and the


second (N2) nodes from the base of the young stems


were tested in parallel (cv. ‘Singo’, clones CTRT 233


and 234) or together (cv. ‘Singou’, clone CTRT 237


and cv. ‘Gnidou’, clone CTRT 243) in the different


conditions. On medium supplemented with 3%


sucrose and 2 mg l�1 Kin, small roots appeared at


the base of the stem during the first week. Further, the


bud developed into a shoot and 4 weeks later a weak


enlargement at the base of the axillary bud was


observed, resulting in the formation of an axillary


protuberance. Numerous roots and one or two


microtubers emerged from this protuberance 6 weeks


later. During all the remainder of the culture, tubers


elongated and shoot grew and ramified.


Parameters and analysis


Various parameters were recorded 7 months later


(without intermediate subculture):
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– For rooting: root number and length of longest


root,


– For multiplication: shoot number, height of


highest shoot and node number,


– For microtuberisation: number of microtubers and


length of the microtuber, the biggest, in the few


cases where two microtubers are formed. The


in vitro culture conditions did never change


microtubers shape, the diameter evolved propor-


tionally with the length.


Thirty-five to forty explants were used for each


variant of each experiment for cv. ‘Singo’ (clone


CTRT 233 and 234) and around 20 explants for other


clones.


The Student t-test was used for evaluating the level


of significant differences between the different


experimental conditions. In figures, error bars corre-


spond to 2· standard error (SE) and the different


letters are marking statistic significant differences.


Results


Effect of Kin on axillary proliferation


and microtuber formation


Axillary proliferation was done every 2 months


on multiplication media supplemented with


2 mg l�1 Kin and 3% sucrose. The suppression of


Kin increased shoot length (Fig. 1), root length


(Fig. 2) and node numbers (Fig. 1). The multiplica-


tion rate (shoot number · node number) was thus


increased on medium without cytokinins for the clone


CTRT 233. No significant difference could be


observed for clone CTRT 234 (Fig. 3 and 4).


The presence of Kin (2 mg l�1) in the culture


media (with 3% sucrose) led to a higher tuber number


(clone CTRT 233, N1 nodes, Fig. 5A) and higher


tuber length (clone CTRT 233, N1 and N2 nodes,


Fig. 5A, B).


Similar results concerning multiplication and


rooting were obtained with N2 nodes (data not


shown).


Effect of sucrose concentration on shoot and root


development


An increase of the sucrose concentration from 3% to


5% of the multiplication media of N1 nodes (clone


CTRT 233) induced no change in the length and node


number of the new shoots (Fig. 1). An important
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Fig. 1 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on multiplication from N1 nodes of D.
cayenensis–D. rotundata complex (clone CTRT 233, cv.


‘Singo’) after 7 months of culture: shoot (h) and node (j)


number, shoot length ( , cm). (Student t-test, a, b and c or d, e


and f, P = 0.01; g, P = 0.05)
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Fig. 2 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on rooting from N1 nodes of D. cayenensis–D.
rotundata complex (clone CTRT 233, cv. ‘Singo’) after


7 months of culture: root number (h) and root length (j,


cm). (Student t-test, a and b or c and d, P = 0.01)
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Fig. 3 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


multiplication from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: shoot number (h),node number (j)and shoot length


( , cm). (Student t-test, a and b or c and d or e, f and g,


P = 0.05)
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reduction of the multiplication rate (height and node


number) was observed with 8% sucrose.


An increase in root number was observed when


sucrose concentration was raised from 3% to 8%.


Root length also increased when sucrose concentra-


tion rose from 3% to 5% (Fig. 2).


Similar results (concerning multiplication and


rooting parameters) were obtained on media without


Kin or/and with N2 nodes (data not shown).


In similar experiments only done in the presence


of Kin (2 mg l�1) on clone CTRT 243, no change in


the length but an increase of node number were


observed with an increase of sucrose concentration


from 3% to 5%. An increase in root number and no


statistically significant changes in root length were


also observed (data not shown).


Effect of sucrose concentration on microtuber


formation


No change in the tuberisation parameters was induced


by an increase of the sucrose concentration from 3%


to 5%, from N1 and N2 nodes of clone CTRT 233


(Fig. 5). An important reduction of tuber length was


observed with 8% sucrose for N1 nodes (Fig. 5A).


When N2 nodes were considered, no microtuber was


observed in the presence of 8% sucrose (Fig. 5B). In


this case, there was an important development of


callus around the nodes.


The same trend was observed on media without


Kin, except the development of callus with 8%


sucrose on N2 nodes and in experiments done with


cv. ‘Gnidou’ (CTRT 243). In this last case, a


maximum of tubers was obtained with sucrose 5%


(data not shown).


Effect of JA on shoot and root development


N1 nodes of clone CTRT 234 were grown on medium


containing Kin. In the presence of Kin, addition of JA


(10 mM) led to an increase in shoot and node numbers


(Fig. 3) while JA increased the node number and


shoot length in the absence of Kin (Fig. 3). No


change in the rooting parameters was observed in the


presence of JA (with or without Kin in the medium)


(Fig. 4) except the increase in root number in the


presence of Kin.


No significant differences were noted for N2 nodes


of clone CTRT 234, cv. ‘Singo’. Moreover, such an


increase in node number and shoot length (by a factor


of 1.5) with JA alone were observed in similar


experiments done on cv. ‘Singou’ (clone CTRT 237)


and similar observations in rooting parameters


bonded to JA were done on clone CTRT 237, in the


presence of Kin (data not shown).


Effect of JA on microtuber formation


In the absence of Kin, JA induced an increase of tuber


number (Fig. 6). The length of the microtubers was
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Fig. 4 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


rooting from N1 nodes of D. cayenensis–D. rotundata complex


(clone CTRT 234, cv. ‘Singo’) after 7 months of culture: root


number (h) and root length (j, cm). (Student t-test, a and b or


c, P = 0.05)
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Fig. 5 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on tuberisation of D. cayenensis–D. rotundata
complex (clone CTRT 233, cv. ‘Singo’) after 7 months of
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and e or f, g and h, P = 0.01)
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never improved by the presence of 10 mM JA. The


same experiments were done with N2 nodes of cv.


‘Singo’ and nodes of cv. ‘Singou’ with similar results


(data not shown).


Discussion


To overcome problems caused by traditionally veg-


etative propagation of yams, in vitro methods like


nodal segment culture, indirect organogenesis, and


somatic embryogenesis, have been considered


(Jasik and Mantell 2000). The advantage of the


micropropagation by nodal segment culture over the


vine cutting techniques is that the rates of micro-


propagation and microtuberisation are higher. Yam


microtubers offer several advantages over in vitro


plants, since they can be stored for a long period and


transplanted directly into field conditions without an


acclimatization stage (Ng 1988).


The effect of nodal explant positions on yam


micropropagation has not been reported previously.


In our studies, we have observed that in vitro growth


of nodal explants from the apical portions of the


explants was low (data not shown). The roots and


stems were shorter and less microtubers were formed


than with basal explant (N1 or N2). No important


differences were noted between nodes N1 and N2,


except on medium with 8% sucrose (Fig. 5). In


traditional multiplication, only cuttings from young


and vigorous plant can be used (Onwueme 1978),


while cuttings from old plants of D. bulbifera,


D. trifida and D. esculenta failed to produce shoots


(Passam 1995).


In the various Dioscorea species, different in vitro


growth conditions have been reported as being


optimum, mainly differing at the level of the


carbon sources and growth regulator concentrations


(Malaurie et al. 1995a), and incubation conditions


(Balogun et al. 2006). We have shown that an


increase of the sucrose concentration from 3% to 8%


induced a significant increase of root (Fig. 2) and


shoot (Fig. 1) number in D. cayenensis–D. rotundata


complex. In fact, sucrose level above 20 g l�1 in


culture media appeared to be a prerequisite for


optimal in vitro growth of yam microplants. At higher


levels of sucrose (80 and 100 g l�1), node cultures of


D. composita produced 200% to 300% more shoots


and nodes than microplants cultured on comparable


MS medium containing 20 g l�1 sucrose (Alizadeh


et al. 1998).


In vitro production of microtubers has also been


reported in a number of Dioscorea species. Factors


known to influence the tuberisation process in various


plants include sucrose and Kin concentrations


(Forsyth and Van Staden 1984; Ng 1988; Borthakur


and Singh 2002; Chu and Ribeiro 2002; Chen et al.


2003; Borges et al. 2004; Kadota and Niimi 2004;


Gibson 2005). In our study on D. cayenensis–


D. rotundata complex, we found that an increase of


sucrose from 3% to 5% had no effect on tuberisation.


In other species such change in sucrose level can


however have an important effect. So, in D. cayen-


ensis, higher microtuber numbers and greater micro-


tuber size were reached when 40 g l�1 rather than


20 g l�1 sucrose was used (Jasik and Mantell 2000).


On MS medium containing 20 g l�1 sucrose,


D. composita microtubers were not induced, whereas


they were on media containing 80 or 100 g l�1


sucrose (Alizadeh et al. 1998; Nyochembeng and


Stephen 1998). In our experiments, the use of MS


medium supplemented with 8% sucrose, induced a


reduction of the tuberisation in D. cayenensis–


D. rotundata complex independently of the presence


of Kin (Fig. 5). It was also the case in other species as


D. bulbifera (Mantell and Hugo 1989). In the case of


D. alata shoot culture, raising sucrose to 4% or 8%


inhibited microtuber induction and also reduced


the mean fresh weight of microtubers. By con-


trast, raising sucrose in culture media from 2% to


8% (w/v), in the presence of higher levels of Kin


(23.2–46.4 mM), led to higher microtuber induction


frequencies in D. bulbifera (Forsyth and Van Staden
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Fig. 6 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


tuberisation from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm). (Student


t-test, a and b or c and d, P = 0.05)
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1984). On the other hand, the increase of sucrose


content in the medium led to abnormal structures


such as tubers on the shoots. Malformation and


abundant callus around nodes were also observed in


our culture, in the presence of high level of sucrose


(8%) and Kin (2 mg l�1) when N2 nodes were used.


Relationship between development and availabil-


ity of nutrients, such as soluble sugar, may help


ensure an adequate supply of building materials and


energy with which to carry out specific development


programs. In addition to mediating early develop-


mental events, it is known that soluble sugars affect


the formation of more adult structures, such as leaves,


shoots, tubers and roots (Gibson 2005). Mechanisms


involved in this improved performance were not


known with precision. Sucrose, that has been exten-


sively used to induce potato microtubers (Banfalvi


et al. 1997), has been shown to be the major sugar


absorbed and translocated into plantlets when com-


pared with glucose, fructose or maltose (Jackson


1999). The major transport form of fixed carbon into


organs was sucrose, which was hydrolyzed by


apoplastic or vacuolar acid invertases or by the


sucrose synthase reversible reaction. In the leaves of


several Dioscorea species, this hydrolysis of sucrose


was accompanied by increased quantities of fructose,


glucose, while in the stems, roots and tubers maltose


occurred in higher proportions (Kouassi et al. 1990).


It is possible that these factors act through changing


the metabolism and distribution of endogenous and /


or exogenously applied hormones.


Jasmonates (JA and its related compounds) have


been established recently as growth regulators exhib-


iting stimulatory and inhibitory effects on different


biological processes (Sembdner and Parthier 1993;


Gaspar et al. 1996; Jasik and Mantell 2000) espe-


cially in in vitro conditions. For example, JA, at


concentrations ranging from 1 to 10 mM, enhanced


in vitro shoot development and increased the number


of shoots per explant in potato (Ravnikar et al. 1992)


and garlic (Zel et al. 1997). We have shown that


10 mM JA also increased shoot number in


D. cayenensis–D. rotundata complex (Fig. 4) in


the presence of Kin. At higher concentrations


(10–50 mM), jasmonates, often had a negative effect


on growth as was observed in D. rotundata and


D. cayenensis (Koda 1997; Jasik and Mantell 2000).


Some previously reported studies have suggested


that exogenously applied jasmonates affected


positively the formation of storage organs like bulbs


of garlic (Ravnikar et al. 1993) or Narcissus (Santos


and Salema 2000) and tubers of potato (Koda et al.


1991; Abdala et al. 1996), Jerusalem artichoke (Koda


et al. 1994) or the Australian terrestrial orchid,


Pterostylis sanguinea (Debeljak et al. 2002). The


effect of exogenously applied jasmonic acid (JA) on


in vitro tuberisation was also examined in cultures of


single-node segment of yam stems. JA appeared to


improve the tuberisation in D. alata (Bazabakana


et al. 2003), D. batatas (Koda and Kikuta 1991),


D. rotundata and D. cayenensis (Jasik and Mantell


2000). Microtuberisation was obtained in all these


species by adding either 10 or 50 mM JA or Me JA to


the medium. In D. cayenensis–D. rotundata complex,


JA (10 mM) also induced an increase of tuber number


in the absence of Kin (Fig. 6) while the size of the


microtubers was not improved by the presence of JA.


This is consistent with the observations of Debeljak


et al. (2002) in Pterostylis sanguinea contrary to the


positive effect on tuber diameter or tuber fresh weight


reported previously for potato, garlic and Narcissus


(Ravnikar et al. 1993). Koda (1997) suggested that


jasmonates control bulb and tuber formation by


stimulation of cell division and promotion of cell


expansion.


Synergistic effect of JA and sucrose on tuber


induction was observed by Zel et al. (1997) and


Debeljak et al. (2002) respectively on garlic bulb and


Pterostylis sanguinea tuber formation. That can be


related to the observation of Takahashi et al. (1995)


that JA induced accumulation of sucrose and cellu-


lose in the disc cells of potato, causing a modification


in cell osmotic pressure.


In conclusion, multiplication of yam by in vitro


growth of nodal segments is a way for rapid clonal


multiplication. The microtuber production could


allow solving the problem of lack of seed material


faced by farmers. This technique could also be used


for multiplication of elite cultivars, independently of


the growing season and would be invaluable for


conservation programs. In D. cayenensis–D. rotun-


data complex, combination of sucrose 3% with or


without Kin 2 mg l�1 leads to good multiplication


rates while MS medium supplemented with JA


(10 mM) alone could enhance in vitro tuber formation


as observed in cv. ‘Singo’, clone CTRT 234 and cv.


‘Singou’, clone CTRT 237. Further studies are


needed to research possible interactions between JA
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and Kin or sucrose for tuberisation in D. cayenensis–


D. rotundata complex.
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Abstract Yams (Dioscorea spp) are tuber crops


used as staple food in Africa because of their


nutritional value. However agronomic constraints,


phytosanitary problems and the lack of good healthy


planting material restrict their production. In contrast


to the inefficiency of traditional method of planting,


tissue culture techniques allow to increase the


multiplication and the rapid production of pathogen-


free plant material. This work was undertaken to


provide farmers in African countries with healthy


microplants and microtubers as seeds. In vitro nodal


segments of two varieties of local yams D. cayenen-


sis–D. rotundata complex (cv. ‘Singo’, cv. ‘Singou’


and cv. ‘Gnidou’) were micropropagated on the


modified medium of Murashige and Skoog. The


morphogenesis, the growth of microplants and


microtuber formation have been found to be con-


trolled by external factors that act individually and


synergistically. Addition of kinetin (2 mg l�1) to the


culture media could reduce multiplication rate (node


number) of some clones. An increase of the sucrose


concentration from 3% to 5% induced no change


in the multiplication and tuberisation parameters.


An important reduction of the multiplication


(shoot number, height and node number) and the


tuberisation (tuber number and length) was observed


with 8% sucrose. Multiplication (shoot and node


number) was increased in the presence of jasmonic


acid (10 mM). JA also induced an increase of tuber


number in the absence of Kin. Multiplication of yam


by in vitro growth of nodal segments is a way for


rapid clonal multiplication and could allow solving


the problem of lack of seed material faced by


farmers. This method could also be used for multi-


plication of elite cultivars, independently of the


growing season.


Keywords Cytokinin � Dioscorea cayenensis–


D. rotundata � Jasmonic acid � Micropropagation �
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JA Jasmonic acid


Kin Kinetin


MS Murashige and Skoog


Introduction


Yams belong to the monocotyledonous family


Dioscoreaceae, genus Dioscorea that contains over


600 species. Yams are grown in West Africa, South


America and Asia (Coursey 1967; Ayensu and


Coursey 1972). The six most cultivated species in


Africa are D. alata, D. cayenensis, D. rotundata,
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D. trifida, D. esculenta and D. bulbifera. The tubers


have a dual agricultural function: first, as source of


food, yams are a major source of nourishment to


millions of people and secondly, as planting material


(Hahn 1995; Craufurd et al. 2006).


The cultivated forms of this vegetative propagated


crop have a large genetic diversity. The wild D. abyss-


inica and D. praehensilis are putative ancestors of the


most widely cultivated D. cayenensis–D. rotundata


complex among the African Dioscorea species


(Coursey 1967; Scarcelli et al. 2006). The basic


propagation system of Dioscorea species is by tuber-


seeds, a tuber fragment that sprouts each year, devel-


oping a new tuber, which is traded in the local market.


The long period required for obtaining usable tubers, the


absence of viable seeds, the post-harvest losses and


the unknown life cycle are some of the factors that limit


the economic exploitation of native species of Diosco-


rea (Chu and Ribeiro 2002; Tschannen et al. 2005).


There are reports on the micropropagation of some


food yams in vitro such as D. alata and D. rotundata


(Mantell and Hugo 1989; Jean and Cappadocia 1991;


Alizadeh et al. 1998) and D. trifida using meristems


(Saleil et al. 1990). However, few information were


available on the micropropagation of D. cayenensis–


D. rotundata complex (Malaurie et al. 1995b). The aim


of this study is thus to multiply this species complex


in vitro and also to induce and to produce sizeable


microtubers which can be further transferred to the field.


Many factors are known to influence the prolifer-


ation and tuberisation response in vitro. These may


include day length and temperature, the presence or


absence of growth regulators either singly or in


combination, the absence of nitrogen source and the


presence of high sucrose concentrations.


From the literature is known that jasmonate and


sucrose are further important factors for micropropaga-


tion and tuberisation. Therefore, it was decided to


investigate the effect of JA and sucrose alone or together


with Kin, on axillary proliferation and microtuber


formation in yam D. cayenensis–D. rotundata complex.


Materials and methods


Plant material and culture conditions


Different virus-free in vitro clones of D. cayenensis–


D. rotundata complex, were provided by Roots and


Tubers Transit Centre of CIRAD (France). The


identification numbers were clone CTRT 233 and


CTRT 234 for both coming from two different tubers


of cv. ‘Singo’. Some comparative experiments were


made on two other clones of this yam species, CTRT


237 and CTRT 243, respectively from cv. ‘Singou’


and cv. ‘Gnidou’.


Axillary shoot proliferation was maintained by


subculturing single nodes; every 2 months on MS salt


medium (Murashige and Skoog 1962) supplemented


with vitamins of Morel and containing 30 g l�1 sucrose,


2 mg l�1 Kin, and 2 g l�1 activated charcoal and


8.2 g l�1 Caldic agar (Hemiksem, Belgium). The pH of


the media was adjusted to 5.7 ± 0.1 before autoclaving


at 1218C for 20 min. JA (10 mM) dissolved in ethanol


was added to media after autoclaving.


Nodal cuttings (2 cm long) with one leaf were


cultured in 150 · 25 mm glass culture tubes


containing 15 ml medium and the cultures were


maintained in a 16-h photoperiod (Sylvania Grolux


fluorescent lamps, 50 mmol m�2 s�1) at a day/night


temperature of 25/228C.


In an experiment to test the effects of different


sucrose levels the media mentioned above were


supplemented with 3%, 5% or 8% (w/v) sucrose with


or without Kin (2 mg l�1).


Growth and development


Cuttings corresponding to the first (N1) and the


second (N2) nodes from the base of the young stems


were tested in parallel (cv. ‘Singo’, clones CTRT 233


and 234) or together (cv. ‘Singou’, clone CTRT 237


and cv. ‘Gnidou’, clone CTRT 243) in the different


conditions. On medium supplemented with 3%


sucrose and 2 mg l�1 Kin, small roots appeared at


the base of the stem during the first week. Further, the


bud developed into a shoot and 4 weeks later a weak


enlargement at the base of the axillary bud was


observed, resulting in the formation of an axillary


protuberance. Numerous roots and one or two


microtubers emerged from this protuberance 6 weeks


later. During all the remainder of the culture, tubers


elongated and shoot grew and ramified.


Parameters and analysis


Various parameters were recorded 7 months later


(without intermediate subculture):
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– For rooting: root number and length of longest


root,


– For multiplication: shoot number, height of


highest shoot and node number,


– For microtuberisation: number of microtubers and


length of the microtuber, the biggest, in the few


cases where two microtubers are formed. The


in vitro culture conditions did never change


microtubers shape, the diameter evolved propor-


tionally with the length.


Thirty-five to forty explants were used for each


variant of each experiment for cv. ‘Singo’ (clone


CTRT 233 and 234) and around 20 explants for other


clones.


The Student t-test was used for evaluating the level


of significant differences between the different


experimental conditions. In figures, error bars corre-


spond to 2· standard error (SE) and the different


letters are marking statistic significant differences.


Results


Effect of Kin on axillary proliferation


and microtuber formation


Axillary proliferation was done every 2 months


on multiplication media supplemented with


2 mg l�1 Kin and 3% sucrose. The suppression of


Kin increased shoot length (Fig. 1), root length


(Fig. 2) and node numbers (Fig. 1). The multiplica-


tion rate (shoot number · node number) was thus


increased on medium without cytokinins for the clone


CTRT 233. No significant difference could be


observed for clone CTRT 234 (Fig. 3 and 4).


The presence of Kin (2 mg l�1) in the culture


media (with 3% sucrose) led to a higher tuber number


(clone CTRT 233, N1 nodes, Fig. 5A) and higher


tuber length (clone CTRT 233, N1 and N2 nodes,


Fig. 5A, B).


Similar results concerning multiplication and


rooting were obtained with N2 nodes (data not


shown).


Effect of sucrose concentration on shoot and root


development


An increase of the sucrose concentration from 3% to


5% of the multiplication media of N1 nodes (clone


CTRT 233) induced no change in the length and node


number of the new shoots (Fig. 1). An important
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Fig. 1 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on multiplication from N1 nodes of D.
cayenensis–D. rotundata complex (clone CTRT 233, cv.


‘Singo’) after 7 months of culture: shoot (h) and node (j)


number, shoot length ( , cm). (Student t-test, a, b and c or d, e


and f, P = 0.01; g, P = 0.05)


0


5


10


15


20


25


30


- kin + kin + kin + kin


Sucrose  3% 3% 5% 8%


c


d


c


a
  a,b 


b


 c,d 


a


Fig. 2 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on rooting from N1 nodes of D. cayenensis–D.
rotundata complex (clone CTRT 233, cv. ‘Singo’) after


7 months of culture: root number (h) and root length (j,


cm). (Student t-test, a and b or c and d, P = 0.01)
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Fig. 3 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


multiplication from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: shoot number (h),node number (j)and shoot length


( , cm). (Student t-test, a and b or c and d or e, f and g,


P = 0.05)
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reduction of the multiplication rate (height and node


number) was observed with 8% sucrose.


An increase in root number was observed when


sucrose concentration was raised from 3% to 8%.


Root length also increased when sucrose concentra-


tion rose from 3% to 5% (Fig. 2).


Similar results (concerning multiplication and


rooting parameters) were obtained on media without


Kin or/and with N2 nodes (data not shown).


In similar experiments only done in the presence


of Kin (2 mg l�1) on clone CTRT 243, no change in


the length but an increase of node number were


observed with an increase of sucrose concentration


from 3% to 5%. An increase in root number and no


statistically significant changes in root length were


also observed (data not shown).


Effect of sucrose concentration on microtuber


formation


No change in the tuberisation parameters was induced


by an increase of the sucrose concentration from 3%


to 5%, from N1 and N2 nodes of clone CTRT 233


(Fig. 5). An important reduction of tuber length was


observed with 8% sucrose for N1 nodes (Fig. 5A).


When N2 nodes were considered, no microtuber was


observed in the presence of 8% sucrose (Fig. 5B). In


this case, there was an important development of


callus around the nodes.


The same trend was observed on media without


Kin, except the development of callus with 8%


sucrose on N2 nodes and in experiments done with


cv. ‘Gnidou’ (CTRT 243). In this last case, a


maximum of tubers was obtained with sucrose 5%


(data not shown).


Effect of JA on shoot and root development


N1 nodes of clone CTRT 234 were grown on medium


containing Kin. In the presence of Kin, addition of JA


(10 mM) led to an increase in shoot and node numbers


(Fig. 3) while JA increased the node number and


shoot length in the absence of Kin (Fig. 3). No


change in the rooting parameters was observed in the


presence of JA (with or without Kin in the medium)


(Fig. 4) except the increase in root number in the


presence of Kin.


No significant differences were noted for N2 nodes


of clone CTRT 234, cv. ‘Singo’. Moreover, such an


increase in node number and shoot length (by a factor


of 1.5) with JA alone were observed in similar


experiments done on cv. ‘Singou’ (clone CTRT 237)


and similar observations in rooting parameters


bonded to JA were done on clone CTRT 237, in the


presence of Kin (data not shown).


Effect of JA on microtuber formation


In the absence of Kin, JA induced an increase of tuber


number (Fig. 6). The length of the microtubers was


0


5


10


15


20


25


30


+kin +kin +JA -kin -kin +JA


a


b b


a,b


c c c c


Fig. 4 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


rooting from N1 nodes of D. cayenensis–D. rotundata complex


(clone CTRT 234, cv. ‘Singo’) after 7 months of culture: root


number (h) and root length (j, cm). (Student t-test, a and b or


c, P = 0.05)
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Fig. 5 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on tuberisation of D. cayenensis–D. rotundata
complex (clone CTRT 233, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm) from N1
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and e or f, g and h, P = 0.01)
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never improved by the presence of 10 mM JA. The


same experiments were done with N2 nodes of cv.


‘Singo’ and nodes of cv. ‘Singou’ with similar results


(data not shown).


Discussion


To overcome problems caused by traditionally veg-


etative propagation of yams, in vitro methods like


nodal segment culture, indirect organogenesis, and


somatic embryogenesis, have been considered


(Jasik and Mantell 2000). The advantage of the


micropropagation by nodal segment culture over the


vine cutting techniques is that the rates of micro-


propagation and microtuberisation are higher. Yam


microtubers offer several advantages over in vitro


plants, since they can be stored for a long period and


transplanted directly into field conditions without an


acclimatization stage (Ng 1988).


The effect of nodal explant positions on yam


micropropagation has not been reported previously.


In our studies, we have observed that in vitro growth


of nodal explants from the apical portions of the


explants was low (data not shown). The roots and


stems were shorter and less microtubers were formed


than with basal explant (N1 or N2). No important


differences were noted between nodes N1 and N2,


except on medium with 8% sucrose (Fig. 5). In


traditional multiplication, only cuttings from young


and vigorous plant can be used (Onwueme 1978),


while cuttings from old plants of D. bulbifera,


D. trifida and D. esculenta failed to produce shoots


(Passam 1995).


In the various Dioscorea species, different in vitro


growth conditions have been reported as being


optimum, mainly differing at the level of the


carbon sources and growth regulator concentrations


(Malaurie et al. 1995a), and incubation conditions


(Balogun et al. 2006). We have shown that an


increase of the sucrose concentration from 3% to 8%


induced a significant increase of root (Fig. 2) and


shoot (Fig. 1) number in D. cayenensis–D. rotundata


complex. In fact, sucrose level above 20 g l�1 in


culture media appeared to be a prerequisite for


optimal in vitro growth of yam microplants. At higher


levels of sucrose (80 and 100 g l�1), node cultures of


D. composita produced 200% to 300% more shoots


and nodes than microplants cultured on comparable


MS medium containing 20 g l�1 sucrose (Alizadeh


et al. 1998).


In vitro production of microtubers has also been


reported in a number of Dioscorea species. Factors


known to influence the tuberisation process in various


plants include sucrose and Kin concentrations


(Forsyth and Van Staden 1984; Ng 1988; Borthakur


and Singh 2002; Chu and Ribeiro 2002; Chen et al.


2003; Borges et al. 2004; Kadota and Niimi 2004;


Gibson 2005). In our study on D. cayenensis–


D. rotundata complex, we found that an increase of


sucrose from 3% to 5% had no effect on tuberisation.


In other species such change in sucrose level can


however have an important effect. So, in D. cayen-


ensis, higher microtuber numbers and greater micro-


tuber size were reached when 40 g l�1 rather than


20 g l�1 sucrose was used (Jasik and Mantell 2000).


On MS medium containing 20 g l�1 sucrose,


D. composita microtubers were not induced, whereas


they were on media containing 80 or 100 g l�1


sucrose (Alizadeh et al. 1998; Nyochembeng and


Stephen 1998). In our experiments, the use of MS


medium supplemented with 8% sucrose, induced a


reduction of the tuberisation in D. cayenensis–


D. rotundata complex independently of the presence


of Kin (Fig. 5). It was also the case in other species as


D. bulbifera (Mantell and Hugo 1989). In the case of


D. alata shoot culture, raising sucrose to 4% or 8%


inhibited microtuber induction and also reduced


the mean fresh weight of microtubers. By con-


trast, raising sucrose in culture media from 2% to


8% (w/v), in the presence of higher levels of Kin


(23.2–46.4 mM), led to higher microtuber induction


frequencies in D. bulbifera (Forsyth and Van Staden
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Fig. 6 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


tuberisation from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm). (Student


t-test, a and b or c and d, P = 0.05)
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1984). On the other hand, the increase of sucrose


content in the medium led to abnormal structures


such as tubers on the shoots. Malformation and


abundant callus around nodes were also observed in


our culture, in the presence of high level of sucrose


(8%) and Kin (2 mg l�1) when N2 nodes were used.


Relationship between development and availabil-


ity of nutrients, such as soluble sugar, may help


ensure an adequate supply of building materials and


energy with which to carry out specific development


programs. In addition to mediating early develop-


mental events, it is known that soluble sugars affect


the formation of more adult structures, such as leaves,


shoots, tubers and roots (Gibson 2005). Mechanisms


involved in this improved performance were not


known with precision. Sucrose, that has been exten-


sively used to induce potato microtubers (Banfalvi


et al. 1997), has been shown to be the major sugar


absorbed and translocated into plantlets when com-


pared with glucose, fructose or maltose (Jackson


1999). The major transport form of fixed carbon into


organs was sucrose, which was hydrolyzed by


apoplastic or vacuolar acid invertases or by the


sucrose synthase reversible reaction. In the leaves of


several Dioscorea species, this hydrolysis of sucrose


was accompanied by increased quantities of fructose,


glucose, while in the stems, roots and tubers maltose


occurred in higher proportions (Kouassi et al. 1990).


It is possible that these factors act through changing


the metabolism and distribution of endogenous and /


or exogenously applied hormones.


Jasmonates (JA and its related compounds) have


been established recently as growth regulators exhib-


iting stimulatory and inhibitory effects on different


biological processes (Sembdner and Parthier 1993;


Gaspar et al. 1996; Jasik and Mantell 2000) espe-


cially in in vitro conditions. For example, JA, at


concentrations ranging from 1 to 10 mM, enhanced


in vitro shoot development and increased the number


of shoots per explant in potato (Ravnikar et al. 1992)


and garlic (Zel et al. 1997). We have shown that


10 mM JA also increased shoot number in


D. cayenensis–D. rotundata complex (Fig. 4) in


the presence of Kin. At higher concentrations


(10–50 mM), jasmonates, often had a negative effect


on growth as was observed in D. rotundata and


D. cayenensis (Koda 1997; Jasik and Mantell 2000).


Some previously reported studies have suggested


that exogenously applied jasmonates affected


positively the formation of storage organs like bulbs


of garlic (Ravnikar et al. 1993) or Narcissus (Santos


and Salema 2000) and tubers of potato (Koda et al.


1991; Abdala et al. 1996), Jerusalem artichoke (Koda


et al. 1994) or the Australian terrestrial orchid,


Pterostylis sanguinea (Debeljak et al. 2002). The


effect of exogenously applied jasmonic acid (JA) on


in vitro tuberisation was also examined in cultures of


single-node segment of yam stems. JA appeared to


improve the tuberisation in D. alata (Bazabakana


et al. 2003), D. batatas (Koda and Kikuta 1991),


D. rotundata and D. cayenensis (Jasik and Mantell


2000). Microtuberisation was obtained in all these


species by adding either 10 or 50 mM JA or Me JA to


the medium. In D. cayenensis–D. rotundata complex,


JA (10 mM) also induced an increase of tuber number


in the absence of Kin (Fig. 6) while the size of the


microtubers was not improved by the presence of JA.


This is consistent with the observations of Debeljak


et al. (2002) in Pterostylis sanguinea contrary to the


positive effect on tuber diameter or tuber fresh weight


reported previously for potato, garlic and Narcissus


(Ravnikar et al. 1993). Koda (1997) suggested that


jasmonates control bulb and tuber formation by


stimulation of cell division and promotion of cell


expansion.


Synergistic effect of JA and sucrose on tuber


induction was observed by Zel et al. (1997) and


Debeljak et al. (2002) respectively on garlic bulb and


Pterostylis sanguinea tuber formation. That can be


related to the observation of Takahashi et al. (1995)


that JA induced accumulation of sucrose and cellu-


lose in the disc cells of potato, causing a modification


in cell osmotic pressure.


In conclusion, multiplication of yam by in vitro


growth of nodal segments is a way for rapid clonal


multiplication. The microtuber production could


allow solving the problem of lack of seed material


faced by farmers. This technique could also be used


for multiplication of elite cultivars, independently of


the growing season and would be invaluable for


conservation programs. In D. cayenensis–D. rotun-


data complex, combination of sucrose 3% with or


without Kin 2 mg l�1 leads to good multiplication


rates while MS medium supplemented with JA


(10 mM) alone could enhance in vitro tuber formation


as observed in cv. ‘Singo’, clone CTRT 234 and cv.


‘Singou’, clone CTRT 237. Further studies are


needed to research possible interactions between JA
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and Kin or sucrose for tuberisation in D. cayenensis–


D. rotundata complex.
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Abstract Yams (Dioscorea spp) are tuber crops


used as staple food in Africa because of their


nutritional value. However agronomic constraints,


phytosanitary problems and the lack of good healthy


planting material restrict their production. In contrast


to the inefficiency of traditional method of planting,


tissue culture techniques allow to increase the


multiplication and the rapid production of pathogen-


free plant material. This work was undertaken to


provide farmers in African countries with healthy


microplants and microtubers as seeds. In vitro nodal


segments of two varieties of local yams D. cayenen-


sis–D. rotundata complex (cv. ‘Singo’, cv. ‘Singou’


and cv. ‘Gnidou’) were micropropagated on the


modified medium of Murashige and Skoog. The


morphogenesis, the growth of microplants and


microtuber formation have been found to be con-


trolled by external factors that act individually and


synergistically. Addition of kinetin (2 mg l�1) to the


culture media could reduce multiplication rate (node


number) of some clones. An increase of the sucrose


concentration from 3% to 5% induced no change


in the multiplication and tuberisation parameters.


An important reduction of the multiplication


(shoot number, height and node number) and the


tuberisation (tuber number and length) was observed


with 8% sucrose. Multiplication (shoot and node


number) was increased in the presence of jasmonic


acid (10 mM). JA also induced an increase of tuber


number in the absence of Kin. Multiplication of yam


by in vitro growth of nodal segments is a way for


rapid clonal multiplication and could allow solving


the problem of lack of seed material faced by


farmers. This method could also be used for multi-


plication of elite cultivars, independently of the


growing season.


Keywords Cytokinin � Dioscorea cayenensis–


D. rotundata � Jasmonic acid � Micropropagation �
Sucrose � Yam


Abbreviations


JA Jasmonic acid


Kin Kinetin


MS Murashige and Skoog


Introduction


Yams belong to the monocotyledonous family


Dioscoreaceae, genus Dioscorea that contains over


600 species. Yams are grown in West Africa, South


America and Asia (Coursey 1967; Ayensu and


Coursey 1972). The six most cultivated species in


Africa are D. alata, D. cayenensis, D. rotundata,
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D. trifida, D. esculenta and D. bulbifera. The tubers


have a dual agricultural function: first, as source of


food, yams are a major source of nourishment to


millions of people and secondly, as planting material


(Hahn 1995; Craufurd et al. 2006).


The cultivated forms of this vegetative propagated


crop have a large genetic diversity. The wild D. abyss-


inica and D. praehensilis are putative ancestors of the


most widely cultivated D. cayenensis–D. rotundata


complex among the African Dioscorea species


(Coursey 1967; Scarcelli et al. 2006). The basic


propagation system of Dioscorea species is by tuber-


seeds, a tuber fragment that sprouts each year, devel-


oping a new tuber, which is traded in the local market.


The long period required for obtaining usable tubers, the


absence of viable seeds, the post-harvest losses and


the unknown life cycle are some of the factors that limit


the economic exploitation of native species of Diosco-


rea (Chu and Ribeiro 2002; Tschannen et al. 2005).


There are reports on the micropropagation of some


food yams in vitro such as D. alata and D. rotundata


(Mantell and Hugo 1989; Jean and Cappadocia 1991;


Alizadeh et al. 1998) and D. trifida using meristems


(Saleil et al. 1990). However, few information were


available on the micropropagation of D. cayenensis–


D. rotundata complex (Malaurie et al. 1995b). The aim


of this study is thus to multiply this species complex


in vitro and also to induce and to produce sizeable


microtubers which can be further transferred to the field.


Many factors are known to influence the prolifer-


ation and tuberisation response in vitro. These may


include day length and temperature, the presence or


absence of growth regulators either singly or in


combination, the absence of nitrogen source and the


presence of high sucrose concentrations.


From the literature is known that jasmonate and


sucrose are further important factors for micropropaga-


tion and tuberisation. Therefore, it was decided to


investigate the effect of JA and sucrose alone or together


with Kin, on axillary proliferation and microtuber


formation in yam D. cayenensis–D. rotundata complex.


Materials and methods


Plant material and culture conditions


Different virus-free in vitro clones of D. cayenensis–


D. rotundata complex, were provided by Roots and


Tubers Transit Centre of CIRAD (France). The


identification numbers were clone CTRT 233 and


CTRT 234 for both coming from two different tubers


of cv. ‘Singo’. Some comparative experiments were


made on two other clones of this yam species, CTRT


237 and CTRT 243, respectively from cv. ‘Singou’


and cv. ‘Gnidou’.


Axillary shoot proliferation was maintained by


subculturing single nodes; every 2 months on MS salt


medium (Murashige and Skoog 1962) supplemented


with vitamins of Morel and containing 30 g l�1 sucrose,


2 mg l�1 Kin, and 2 g l�1 activated charcoal and


8.2 g l�1 Caldic agar (Hemiksem, Belgium). The pH of


the media was adjusted to 5.7 ± 0.1 before autoclaving


at 1218C for 20 min. JA (10 mM) dissolved in ethanol


was added to media after autoclaving.


Nodal cuttings (2 cm long) with one leaf were


cultured in 150 · 25 mm glass culture tubes


containing 15 ml medium and the cultures were


maintained in a 16-h photoperiod (Sylvania Grolux


fluorescent lamps, 50 mmol m�2 s�1) at a day/night


temperature of 25/228C.


In an experiment to test the effects of different


sucrose levels the media mentioned above were


supplemented with 3%, 5% or 8% (w/v) sucrose with


or without Kin (2 mg l�1).


Growth and development


Cuttings corresponding to the first (N1) and the


second (N2) nodes from the base of the young stems


were tested in parallel (cv. ‘Singo’, clones CTRT 233


and 234) or together (cv. ‘Singou’, clone CTRT 237


and cv. ‘Gnidou’, clone CTRT 243) in the different


conditions. On medium supplemented with 3%


sucrose and 2 mg l�1 Kin, small roots appeared at


the base of the stem during the first week. Further, the


bud developed into a shoot and 4 weeks later a weak


enlargement at the base of the axillary bud was


observed, resulting in the formation of an axillary


protuberance. Numerous roots and one or two


microtubers emerged from this protuberance 6 weeks


later. During all the remainder of the culture, tubers


elongated and shoot grew and ramified.


Parameters and analysis


Various parameters were recorded 7 months later


(without intermediate subculture):
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– For rooting: root number and length of longest


root,


– For multiplication: shoot number, height of


highest shoot and node number,


– For microtuberisation: number of microtubers and


length of the microtuber, the biggest, in the few


cases where two microtubers are formed. The


in vitro culture conditions did never change


microtubers shape, the diameter evolved propor-


tionally with the length.


Thirty-five to forty explants were used for each


variant of each experiment for cv. ‘Singo’ (clone


CTRT 233 and 234) and around 20 explants for other


clones.


The Student t-test was used for evaluating the level


of significant differences between the different


experimental conditions. In figures, error bars corre-


spond to 2· standard error (SE) and the different


letters are marking statistic significant differences.


Results


Effect of Kin on axillary proliferation


and microtuber formation


Axillary proliferation was done every 2 months


on multiplication media supplemented with


2 mg l�1 Kin and 3% sucrose. The suppression of


Kin increased shoot length (Fig. 1), root length


(Fig. 2) and node numbers (Fig. 1). The multiplica-


tion rate (shoot number · node number) was thus


increased on medium without cytokinins for the clone


CTRT 233. No significant difference could be


observed for clone CTRT 234 (Fig. 3 and 4).


The presence of Kin (2 mg l�1) in the culture


media (with 3% sucrose) led to a higher tuber number


(clone CTRT 233, N1 nodes, Fig. 5A) and higher


tuber length (clone CTRT 233, N1 and N2 nodes,


Fig. 5A, B).


Similar results concerning multiplication and


rooting were obtained with N2 nodes (data not


shown).


Effect of sucrose concentration on shoot and root


development


An increase of the sucrose concentration from 3% to


5% of the multiplication media of N1 nodes (clone


CTRT 233) induced no change in the length and node


number of the new shoots (Fig. 1). An important
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Fig. 1 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on multiplication from N1 nodes of D.
cayenensis–D. rotundata complex (clone CTRT 233, cv.


‘Singo’) after 7 months of culture: shoot (h) and node (j)


number, shoot length ( , cm). (Student t-test, a, b and c or d, e


and f, P = 0.01; g, P = 0.05)
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Fig. 2 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on rooting from N1 nodes of D. cayenensis–D.
rotundata complex (clone CTRT 233, cv. ‘Singo’) after


7 months of culture: root number (h) and root length (j,


cm). (Student t-test, a and b or c and d, P = 0.01)


0


2


4


6


8


10


12


14


+kin +kin +JA -kin -kin +JA


a


b


c


d


a


  a,b 


  c,d 


c,d


e
f


     g 


e,f


Fig. 3 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


multiplication from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: shoot number (h),node number (j)and shoot length


( , cm). (Student t-test, a and b or c and d or e, f and g,


P = 0.05)
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reduction of the multiplication rate (height and node


number) was observed with 8% sucrose.


An increase in root number was observed when


sucrose concentration was raised from 3% to 8%.


Root length also increased when sucrose concentra-


tion rose from 3% to 5% (Fig. 2).


Similar results (concerning multiplication and


rooting parameters) were obtained on media without


Kin or/and with N2 nodes (data not shown).


In similar experiments only done in the presence


of Kin (2 mg l�1) on clone CTRT 243, no change in


the length but an increase of node number were


observed with an increase of sucrose concentration


from 3% to 5%. An increase in root number and no


statistically significant changes in root length were


also observed (data not shown).


Effect of sucrose concentration on microtuber


formation


No change in the tuberisation parameters was induced


by an increase of the sucrose concentration from 3%


to 5%, from N1 and N2 nodes of clone CTRT 233


(Fig. 5). An important reduction of tuber length was


observed with 8% sucrose for N1 nodes (Fig. 5A).


When N2 nodes were considered, no microtuber was


observed in the presence of 8% sucrose (Fig. 5B). In


this case, there was an important development of


callus around the nodes.


The same trend was observed on media without


Kin, except the development of callus with 8%


sucrose on N2 nodes and in experiments done with


cv. ‘Gnidou’ (CTRT 243). In this last case, a


maximum of tubers was obtained with sucrose 5%


(data not shown).


Effect of JA on shoot and root development


N1 nodes of clone CTRT 234 were grown on medium


containing Kin. In the presence of Kin, addition of JA


(10 mM) led to an increase in shoot and node numbers


(Fig. 3) while JA increased the node number and


shoot length in the absence of Kin (Fig. 3). No


change in the rooting parameters was observed in the


presence of JA (with or without Kin in the medium)


(Fig. 4) except the increase in root number in the


presence of Kin.


No significant differences were noted for N2 nodes


of clone CTRT 234, cv. ‘Singo’. Moreover, such an


increase in node number and shoot length (by a factor


of 1.5) with JA alone were observed in similar


experiments done on cv. ‘Singou’ (clone CTRT 237)


and similar observations in rooting parameters


bonded to JA were done on clone CTRT 237, in the


presence of Kin (data not shown).


Effect of JA on microtuber formation


In the absence of Kin, JA induced an increase of tuber


number (Fig. 6). The length of the microtubers was
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Fig. 4 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


rooting from N1 nodes of D. cayenensis–D. rotundata complex


(clone CTRT 234, cv. ‘Singo’) after 7 months of culture: root


number (h) and root length (j, cm). (Student t-test, a and b or


c, P = 0.05)


0


1


2


3


0


1


2


3


- kin + kin + kin + kin


Sucrose  3% 3% 5% 8%


A


B


d


e


f
c


c


g


e


d


  g 


h


c


a


b


a a


Fig. 5 Effect of sucrose concentration (3%, 5% and 8 %) and


Kin (2 mg l�1) on tuberisation of D. cayenensis–D. rotundata
complex (clone CTRT 233, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm) from N1


(A) and N2 (B) nodes. (Student t-test, a and b or c, P = 0.05; d


and e or f, g and h, P = 0.01)
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never improved by the presence of 10 mM JA. The


same experiments were done with N2 nodes of cv.


‘Singo’ and nodes of cv. ‘Singou’ with similar results


(data not shown).


Discussion


To overcome problems caused by traditionally veg-


etative propagation of yams, in vitro methods like


nodal segment culture, indirect organogenesis, and


somatic embryogenesis, have been considered


(Jasik and Mantell 2000). The advantage of the


micropropagation by nodal segment culture over the


vine cutting techniques is that the rates of micro-


propagation and microtuberisation are higher. Yam


microtubers offer several advantages over in vitro


plants, since they can be stored for a long period and


transplanted directly into field conditions without an


acclimatization stage (Ng 1988).


The effect of nodal explant positions on yam


micropropagation has not been reported previously.


In our studies, we have observed that in vitro growth


of nodal explants from the apical portions of the


explants was low (data not shown). The roots and


stems were shorter and less microtubers were formed


than with basal explant (N1 or N2). No important


differences were noted between nodes N1 and N2,


except on medium with 8% sucrose (Fig. 5). In


traditional multiplication, only cuttings from young


and vigorous plant can be used (Onwueme 1978),


while cuttings from old plants of D. bulbifera,


D. trifida and D. esculenta failed to produce shoots


(Passam 1995).


In the various Dioscorea species, different in vitro


growth conditions have been reported as being


optimum, mainly differing at the level of the


carbon sources and growth regulator concentrations


(Malaurie et al. 1995a), and incubation conditions


(Balogun et al. 2006). We have shown that an


increase of the sucrose concentration from 3% to 8%


induced a significant increase of root (Fig. 2) and


shoot (Fig. 1) number in D. cayenensis–D. rotundata


complex. In fact, sucrose level above 20 g l�1 in


culture media appeared to be a prerequisite for


optimal in vitro growth of yam microplants. At higher


levels of sucrose (80 and 100 g l�1), node cultures of


D. composita produced 200% to 300% more shoots


and nodes than microplants cultured on comparable


MS medium containing 20 g l�1 sucrose (Alizadeh


et al. 1998).


In vitro production of microtubers has also been


reported in a number of Dioscorea species. Factors


known to influence the tuberisation process in various


plants include sucrose and Kin concentrations


(Forsyth and Van Staden 1984; Ng 1988; Borthakur


and Singh 2002; Chu and Ribeiro 2002; Chen et al.


2003; Borges et al. 2004; Kadota and Niimi 2004;


Gibson 2005). In our study on D. cayenensis–


D. rotundata complex, we found that an increase of


sucrose from 3% to 5% had no effect on tuberisation.


In other species such change in sucrose level can


however have an important effect. So, in D. cayen-


ensis, higher microtuber numbers and greater micro-


tuber size were reached when 40 g l�1 rather than


20 g l�1 sucrose was used (Jasik and Mantell 2000).


On MS medium containing 20 g l�1 sucrose,


D. composita microtubers were not induced, whereas


they were on media containing 80 or 100 g l�1


sucrose (Alizadeh et al. 1998; Nyochembeng and


Stephen 1998). In our experiments, the use of MS


medium supplemented with 8% sucrose, induced a


reduction of the tuberisation in D. cayenensis–


D. rotundata complex independently of the presence


of Kin (Fig. 5). It was also the case in other species as


D. bulbifera (Mantell and Hugo 1989). In the case of


D. alata shoot culture, raising sucrose to 4% or 8%


inhibited microtuber induction and also reduced


the mean fresh weight of microtubers. By con-


trast, raising sucrose in culture media from 2% to


8% (w/v), in the presence of higher levels of Kin


(23.2–46.4 mM), led to higher microtuber induction


frequencies in D. bulbifera (Forsyth and Van Staden
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Fig. 6 Effect of JA (10 mM) with or without Kin (2 mg l�1) on


tuberisation from N1 nodes of D. cayenensis–D. rotundata
complex (clone CTRT 234, cv. ‘Singo’) after 7 months of


culture: microtuber number (h) and length (j, cm). (Student


t-test, a and b or c and d, P = 0.05)
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1984). On the other hand, the increase of sucrose


content in the medium led to abnormal structures


such as tubers on the shoots. Malformation and


abundant callus around nodes were also observed in


our culture, in the presence of high level of sucrose


(8%) and Kin (2 mg l�1) when N2 nodes were used.


Relationship between development and availabil-


ity of nutrients, such as soluble sugar, may help


ensure an adequate supply of building materials and


energy with which to carry out specific development


programs. In addition to mediating early develop-


mental events, it is known that soluble sugars affect


the formation of more adult structures, such as leaves,


shoots, tubers and roots (Gibson 2005). Mechanisms


involved in this improved performance were not


known with precision. Sucrose, that has been exten-


sively used to induce potato microtubers (Banfalvi


et al. 1997), has been shown to be the major sugar


absorbed and translocated into plantlets when com-


pared with glucose, fructose or maltose (Jackson


1999). The major transport form of fixed carbon into


organs was sucrose, which was hydrolyzed by


apoplastic or vacuolar acid invertases or by the


sucrose synthase reversible reaction. In the leaves of


several Dioscorea species, this hydrolysis of sucrose


was accompanied by increased quantities of fructose,


glucose, while in the stems, roots and tubers maltose


occurred in higher proportions (Kouassi et al. 1990).


It is possible that these factors act through changing


the metabolism and distribution of endogenous and /


or exogenously applied hormones.


Jasmonates (JA and its related compounds) have


been established recently as growth regulators exhib-


iting stimulatory and inhibitory effects on different


biological processes (Sembdner and Parthier 1993;


Gaspar et al. 1996; Jasik and Mantell 2000) espe-


cially in in vitro conditions. For example, JA, at


concentrations ranging from 1 to 10 mM, enhanced


in vitro shoot development and increased the number


of shoots per explant in potato (Ravnikar et al. 1992)


and garlic (Zel et al. 1997). We have shown that


10 mM JA also increased shoot number in


D. cayenensis–D. rotundata complex (Fig. 4) in


the presence of Kin. At higher concentrations


(10–50 mM), jasmonates, often had a negative effect


on growth as was observed in D. rotundata and


D. cayenensis (Koda 1997; Jasik and Mantell 2000).


Some previously reported studies have suggested


that exogenously applied jasmonates affected


positively the formation of storage organs like bulbs


of garlic (Ravnikar et al. 1993) or Narcissus (Santos


and Salema 2000) and tubers of potato (Koda et al.


1991; Abdala et al. 1996), Jerusalem artichoke (Koda


et al. 1994) or the Australian terrestrial orchid,


Pterostylis sanguinea (Debeljak et al. 2002). The


effect of exogenously applied jasmonic acid (JA) on


in vitro tuberisation was also examined in cultures of


single-node segment of yam stems. JA appeared to


improve the tuberisation in D. alata (Bazabakana


et al. 2003), D. batatas (Koda and Kikuta 1991),


D. rotundata and D. cayenensis (Jasik and Mantell


2000). Microtuberisation was obtained in all these


species by adding either 10 or 50 mM JA or Me JA to


the medium. In D. cayenensis–D. rotundata complex,


JA (10 mM) also induced an increase of tuber number


in the absence of Kin (Fig. 6) while the size of the


microtubers was not improved by the presence of JA.


This is consistent with the observations of Debeljak


et al. (2002) in Pterostylis sanguinea contrary to the


positive effect on tuber diameter or tuber fresh weight


reported previously for potato, garlic and Narcissus


(Ravnikar et al. 1993). Koda (1997) suggested that


jasmonates control bulb and tuber formation by


stimulation of cell division and promotion of cell


expansion.


Synergistic effect of JA and sucrose on tuber


induction was observed by Zel et al. (1997) and


Debeljak et al. (2002) respectively on garlic bulb and


Pterostylis sanguinea tuber formation. That can be


related to the observation of Takahashi et al. (1995)


that JA induced accumulation of sucrose and cellu-


lose in the disc cells of potato, causing a modification


in cell osmotic pressure.


In conclusion, multiplication of yam by in vitro


growth of nodal segments is a way for rapid clonal


multiplication. The microtuber production could


allow solving the problem of lack of seed material


faced by farmers. This technique could also be used


for multiplication of elite cultivars, independently of


the growing season and would be invaluable for


conservation programs. In D. cayenensis–D. rotun-


data complex, combination of sucrose 3% with or


without Kin 2 mg l�1 leads to good multiplication


rates while MS medium supplemented with JA


(10 mM) alone could enhance in vitro tuber formation


as observed in cv. ‘Singo’, clone CTRT 234 and cv.


‘Singou’, clone CTRT 237. Further studies are


needed to research possible interactions between JA


112 Plant Cell Tiss Organ Cult (2007) 91:107–114


123







and Kin or sucrose for tuberisation in D. cayenensis–


D. rotundata complex.
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