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1. Introduction 

J’ai été recrutée par le CIRAD en 2001, en tant que responsable du programme de sélection et 
d'amélioration variétale de l'igname (Dioscorea alata) mené en Guadeloupe, fonction que j'ai 
occupée jusqu'en 2020. Mes activités étaient initialement centrées sur la région Caraïbe. 
Cependant, au fil des années, j'ai eu l'opportunité d'élargir mes partenariats à une échelle 
internationale, en collaborant notamment avec le Central Tuber Crops Research Institute 
(CTCRI) en Inde et plusieurs pays d'Afrique de l'Ouest. Cette ouverture internationale a 
considérablement enrichi la portée de mes travaux, renforçant ainsi les collaborations autour 
de problématiques communes liées à la production et à l'amélioration des ignames. 

Mes recherches se sont essentiellement articulées autour de trois thématiques principales, 
toutes visant à accroître l'efficacité des programmes d’amélioration génétique. Ces axes 
incluent : (1) l'acquisition de connaissances sur la structure et le fonctionnement du génome 
de Dioscorea alata, (2) l'exploration et la valorisation de la diversité génétique disponible, et 
(3) l'étude du déterminisme génétique des caractères d'intérêt. Les résultats les plus 
marquants obtenus dans chacun de ces domaines constituent le cœur des travaux que je 
présente dans ce mémoire. 

Mon parcours m'a également permis de collaborer avec de nombreux collègues — chercheurs, 
ingénieurs, techniciens et étudiants. Je tiens à exprimer ma profonde gratitude à tous ces 
collaborateurs, qu'ils soient issus du CIRAD ou de diverses institutions partenaires, telles que 
l'INRAE, le CTCRI en Inde, le MANDR en Haïti, l'IITA au Nigeria, le CNRA en Côte d'Ivoire et 
l’Université de Sherbrooke au Canada, entre autres. 
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2.Curriculum vitae 

Gemma ARNAU 

Chercheuse au CIRAD (depuis 2001) 
Née le 09-02-1965 à Barcelone 
1 enfant 
Nationalité : Française 

Adresse : 
CIRAD, UMR AGAP 
Campus Agropolis - Bâtiment ARCAD, Bureau 107 
Rue Arthur Young, 34000 Montpellier Cedex 1 
Téléphone : 04 32 72 29 89 
Email : gemma.arnau@cirad.fr 
ORCID : 0000-0003-0714-6830 

DIPLOMES 

1996 : Thèse de doctorat, École Nationale Agronomique de Montpellier, mention très 
honorable, appellation Doctorat Européen, Directeur de thèse : Prof. A. Charrier (France)  

1991 : DEA de Bases de la Production Végétale : Option Biotechnologie et Amélioration des 
Plantes, Université Montpellier II/ENSA Montpellier (France) 

1989 : Maîtrise en Sciences Biologiques, spécialisation Physiologie Végétale, Université de 
Barcelone (Espagne) 

COMPETENCES LINGUISTIQUES 

Français, Anglais, Catalan, Espagnol : courant 

EXPÉRIENCE PROFESSIONNELLE 

CIRAD Montpellier : 2021-présent 

 Équipe DEFI (Déterminisme, Expression et Fonctionnement des traits d’intérêt chez 
l’Igname), dirigée par Hana Chair 

 Projet de recherche : Compréhension de l’architecture génétique des traits d’intérêt 
et de la biologie de la reproduction chez l’igname 

CIRAD Guadeloupe : 2002-2020 

 Responsable du programme d'Amélioration Génétique de l'Igname  
 Activités principales : 

o Direction des activités de création et de sélection variétale en collaboration 
étroite avec les utilisateurs finaux 
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o  Recherche centrée sur la biologie de la reproduction des ignames et le 
déterminisme génétique des traits d'intérêt pour améliorer l'efficacité des 
programmes d’amélioration 

Université de Barcelone, Espagne : 2000 

 Chercheur post-doctoral, Faculté de Biologie, Université de Barcelone 
 Équipe dirigée par Jose Louis Araus 
 Projet de recherche : Mise en place d’un laboratoire de marquage moléculaire pour la 

caractérisation des ressources génétiques de Blé dur 

GEVES (Groupe d’Étude et de Contrôle des Variétés et des Semences), Surgères : 1997-
1999 

 Chercheur post-doctoral 
 Projet de recherche : Développement de techniques de marquage moléculaire (STS, 

AFLP, ISSR) pour l’étude de la diversité génétique et l’identification variétale de 
différentes espèces ornementales et potagères 

STAGES 

 VARTC, Vanuatu (Pacifique Sud, 6 mois, 2001) et IITA, Bénin (3 mois, 2002) :  
Initiation à la culture des ignames et collecte d’échantillons. 

COORDINATION DE PROJETS 

 Coordination du projet franco-indien CEFIPRA 3000-B1, CIRAD-CTCRI : " Utilisation 
de marqueurs d’ADN pour l’amélioration génétique de la productivité, la capacité de 
stockage et la teneur en matière sèche des tubercules d’igname" (2005-2010, 70,9 
k€). 

 Coordination des recherches sur l’igname dans le cadre des projets FEDER (Union 
Européenne - Région Guadeloupe) : 

o VALEXBIOTROP (2008-2014, 600 k€)   
o CARAMBA (2015-2017, 150 k€)   
o CAVALBIO : "Caractérisation et valorisation de la biodiversité végétale tropicale 

d'intérêt agronomique" (phase 2015-2017, 750 k€ ; phase 2018-2019, 325 k€) 
 Coordination des activités d'innovation variétale dans le cadre des projets FEADER 

(Fonds européen agricole pour le développement rural) sur l'igname : 
o Projet DOCUP 1 (2006-2007, 330 k€) 
o Projet DOCUP 2 (2008-2011, 274 k€) 
o RITA (2012-2015, 400 k€) 
o PRODIMAD 1 (2016-2018, 265 k€) 
o PRODIMAD 2 (2019-2020, 105 k€) 

 Coordination des travaux sur l'igname dans le cadre du projet INTERREG-DEVAG : 
"Un réseau régional pour le développement de systèmes de culture agroécologiques 
pour les cultures horticoles dans les Caraïbes" (2010-2013, 65 k€). 

 Coordination des recherches conduites en Guadeloupe dans le cadre du projet 
international AFRICAYAM (8 pays, 12 partenaires) : "Amélioration de l'igname pour 
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une productivité accrue et une qualité améliorée en Afrique de l'Ouest" (2015-2019, 
267 k€). 

COLLABORATIONS FRUCTUEUSES 

  Projet franco-indien CEFIPRA (resp. K. Abraham & G. Arnau), 2005-2010 : L'objectif 
principal était de développer des marqueurs moléculaires pour optimiser l'amélioration 
génétique des ignames, en particulier en termes de productivité, qualité, capacité de 
stockage et teneur en matière sèche des tubercules. J'ai eu l'opportunité de collaborer 
étroitement avec le Dr. K. Abraham, une figure pionnière dans l'amélioration des ignames 
Dioscorea alata.  Au sein de ce projet, j'ai co-encadré une doctorante, A. Nemorin, en 
collaboration scientifique avec J. David. Plusieurs articles ont été publiés (Nemorin et al., 2012 
; Abraham et al., 2013 ; Nemorin et al., 2013 ; Sheela et al., 2016). 

  Projet international AFRICAYAM, 2015-2019 : Ce projet avait pour but de renforcer les 
compétences en phénotypage, gestion des essais, gestion de programmes, et d’introduire des 
méthodes innovantes de sélection dans les principaux pays producteurs d’ignames en Afrique 
de l’Ouest. J’ai encadré un doctorant de Côte d’Ivoire, E. Ehounou, en co-encadrement 
scientifique avec A.M. Kouakou. Plusieurs articles ont été publiés (Ehounou et al., 2021 ; 
Ehounou et al., 2022 ; Arnau et al., 2023). 

FORMATIONS 

J’ai dispensé plusieurs formations destinées à des chercheurs, doctorants ou ingénieurs. 

• 2006 (21 jours) : Formation sur la caractérisation des ressources génétiques indiennes à 
l’aide de marqueurs mirosatellites, par multiplexage et analyse sur séquenceur capillaire. 
Cette formation, destinée à la chercheuse indienne Dr. Sheela, partenaire du projet CEFIPRA, 
s'est tenue en Guadeloupe. 

• 2006 (11 jours) :  Initiation à l'extraction d'ADN de haute qualité par purification des noyaux 
cellulaires, destinée aux partenaires du projet CEFIPRA en Inde. 

• 2008 (20 jours) : Formation sur la caractérisation de la diversité génétique des ignames D. 
alata cubaines et sa comparaison avec la diversité mondiale à l'aide de marqueurs SSRs. 
Formation dispensée au doctorant cubain M. Borges, en Guadeloupe. 

• 2010 (20 jours) : Initiation à l’amélioration génétique des ignames, destinée à l’ingénieur 
agronome haïtien C.D Joseph partenaire du projet INTERREG, en Guadeloupe.  

• 2018 (6 mois) : Initiation à la Spectroscopie Proche Infrarouge (SPIR) comme méthode de 
sélection pour la qualité du tubercule, destinée au doctorant ivoirien E. Ehounou, en 
Guadeloupe.  

• 2019 (6 mois) : Formation à la détection de QTLs (Quantitative Trait Loci) à partir de 
populations en ségrégation, destinée au doctorant ivoirien E. Ehounou, en Guadeloupe. 



9 

ENCADREMENT 

Licence 

1. E. Boulerne (7 janvier—19 avril 2019, Université de Sherbrooke, Québec) : 
"Phénotypage des tubercules de populations biparentales de Dioscorea alata L. pour 
l’identification de QTLs liés à la qualité." 

2. A.M. Lafontaine (7 janvier—19 avril 2019, Université de Sherbrooke) : "Phénotypage 
des tubercules de populations biparentales de Dioscorea alata L. pour l’identification 
de QTLs liés à la qualité." 

3. J.F. Nadeau (septembre—décembre 2016, Université de Sherbrooke) : "Contribution 
à la cartographie du génome de l’igname Dioscorea alata à l’aide de marqueurs SNPs 
et microsatellites." 

4. M.F. Bossanyi (septembre—décembre 2016, Université de Sherbrooke) : 
"Contribution à la cartographie du génome de l’igname Dioscorea alata à l’aide de 
marqueurs SNPs et microsatellites." 

5. D. Blouin (janvier—avril 2012, Université de Sherbrooke) : "Processus de 
cartographie génétique : lecture des résultats du logiciel Genemapper et analyses de 
liaisons et de cartographie génétique à l'aide du logiciel JoinMap." 

6. G. Satre (janvier—avril 2012, Université de Sherbrooke) : "Processus de cartographie 
génétique : lecture des résultats du logiciel Genemapper et analyses de liaisons et de 
cartographie génétique à l'aide du logiciel JoinMap." 

7. A. Amiot (septembre—décembre 2011, Université de Sherbrooke) : "Analyse de la 
diversité génétique des principales collections mondiales d’ignames Dioscorea alata à 
l’aide d’un set de marqueurs microsatellites commun." 

8. P.E. Lepage (mai—juillet 2011, Université de Sherbrooke) : "Construction d’une carte 
génétique chez Dioscorea alata au niveau tétraploïde à l’aide de marqueurs 
microsatellites." 

9. G. Clement (mai—juillet 2011, Université de Sherbrooke) : "Analyse de la diversité 
génétique des principales collections mondiales d’ignames Dioscorea alata à l’aide 
d’un set de marqueurs microsatellites commun." 

10. J. Messiva (février 2011, Université des Antilles et de la Guyane, Guadeloupe) : "La 
culture in vitro d’ignames en appui aux travaux d’amélioration génétique." 

11. F. Fanton (mai—juillet 2010, Université de Sherbrooke) : "Analyse de la diversité 
génétique des principales collections mondiales d’ignames Dioscorea alata à l’aide 
d’un set de marqueurs microsatellites commun." 

12. A. Paulo (mai—juillet 2009, Université de Sherbrooke) : "Caractérisation des 
ressources génétiques chez l'igname Dioscorea sp." 

13. M. Vallée (septembre—décembre 2007, Université de Sherbrooke) : "Mise au point 
d’une méthodologie de lyophilisation du pollen chez l’igname Dioscorea sp." 

14. I. Bacchand (mai—juillet 2006, Université de Sherbrooke) : "Génotypage et études 
d’hérédité sur la collection d’ignames Dioscorea alata à l’aide de marqueurs 
moléculaires." 

15. S. Côté (mai—juillet 2006, Université de Sherbrooke) : "Génotypage et études 
d’hérédité sur la collection d’ignames Dioscorea alata à l’aide de marqueurs 
moléculaires." 
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16. I. Bacchand (septembre—décembre 2005, Université de Sherbrooke) : "Génotypage 
de la collection d’ignames Dioscorea alata et recherche de marqueurs moléculaires 
liés à la résistance à l’anthracnose. 

Master 2 

1. Maroua Zair (2024, Université de Clermont-Ferrand) : " Cartographie des QTLs 
(Quantitative Trait Loci) et recherche de gènes candidats associés à la teneur en 
amylose et en amylopectine chez l'igname Dioscorea alata".  Actuellement étudiante 
en Master en Analyses statistiques.  

2. Julia Castro (2018, Université de Barcelone) : ""Contribution à la création d’une carte 
génétique de référence de Dioscorea alata". Actuellement chercheuse post-doctorale 
à l’Université de Washington à St. Louis. 

Doctorants 

1. Adou Emmanuel Ehounou (2017—2019) : "Détermination de QTL liés à la 
morphologie des tubercules et prédiction de la qualité de l’igname pilée de l’espèce 
Dioscorea alata", co-encadrement avec Amani Michel Kouakou. Actuellement 
chercheur au Centre National de Recherche Agronomique (CNRA) de Bouaké, Côte 
d’Ivoire. 

2. Alice Némorin (2009—2012) : "Acquisition de connaissances sur la génétique de 
l'espèce Dioscorea alata L. pour la production de variétés polyploïdes", co-
encadrement avec Jacques David. Actuellement enseignante de SVT à l’Académie de 
Guadeloupe. 

3. Misterbino Borgès García (2009—2011) : "Caractérisation de la diversité génétique et 
diagnostic viral de Dioscorea alata L. en vue de sa micropropagation et conservation à 
Cuba", co-encadrement avec Amadou Bâ. Actuellement professeur à l’Université de 
Granma, Cuba. 

PUBLICATIONS & COMMUNICATIONS 

28 publications à comité de lecture (8 en premier auteur, 7 en dernier auteur) 

3 chapitres de livre 

33 communications à des conférences internationales  

Publications indexées  

Journaux Nombre 
d’articles 

Facteur d'impact (2022) 

Molecular Ecolgy 
Resources 

1 8,6 

Theoretical and Applied 
Genetics 

4 5,4 

BMC Plant Biology  1 5,3 

Scientific Reports 1 4,9 

Annals of Botany 2 4,2 
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Plants, People, Planet 1 4,17 

Journal of the Science of 
Food and Agriculture 

2 4,1 

PLoS One 1 3,7 

Molecular Breeding 1 3,1 

Photosynthetica 1 2,7 

Ecology and Evolution 1 2,6 

Genetic Resources and 
Crop Evolution 

2 2 

Euphytica 1 1,9 

Journal of Near Infrared 
Spectroscopy 

1 1,8 

Journal of Genetics and 
Breeding 

1 1,4 

Indicateurs de citation: h-index : 13 (Scopus, le 22/11/24) ; Nombre de citations : 693 

Publications  

1. Houngbo, M. E., Desfontaines, L., Diman, J. L., Arnau, G., Mestres, C., Davrieux, F., 
Rouan, L., Beurier, G., Marie-Magdeleine, C., Meghar, K., & Cornet, D. (2024). 
Convolutional neural network allows amylose content prediction in yam (Dioscorea 
alata L.) flour using near infrared spectroscopy. Journal of the Science of Food and 
Agriculture, 104(8), 4915-4921. 

2. Arnau, G., Desfontaines, L., Ehounou, A. E., Marie‐Magdeleine, C., Kouakou, A. M., 
Leinster, J., Nudol, E., Maledon, E., & Chair, H. (2024). Quantitative trait loci and 
candidate genes for physico‐chemical traits related to tuber quality in greater yam 
(Dioscorea alata L.). Journal of the Science of Food and Agriculture, 104(8), 4872-4879. 

3. Arnau, G., Ehounou, A. E., Maledon, E., Nudol, E., Vignes, H., Gravillon, M. C., N'Guetta, 
A. S. P., Mournet, P., Hâna, H., & Cormier, F. (2023). Identification and validation of 
QTLs for tuber quality related traits in yam Dioscorea alata. Acta Horticulturae, 1362, 
381-388. 

4. Kouakou, A. M., Chair, H., Dibi, K. E. B., Dossa, K., Arnau, G., Ehounou, A. E., & Cornet, 
D. (2023). Advancing breeding for climate‐resilient yam production in Côte d'Ivoire. 
Plants, People, Planet, 2023. 

5. Ehounou, A. E., Cormier, F., Maledon, E., Nudol, E., Vignes, H., Gravillon, M. C., 
N'Guetta, A. S. P., Mournet, P., Chair, H., Kouakou, A. M., & Arnau, G. (2022). 
Identification and validation of QTLs for tuber quality related traits in greater yam 
(Dioscorea alata L.). Scientific Reports, 12(1), 8423. 

6. Ehounou, A. E., Cornet, D., Desfontaines, L., Marie-Magdeleine, C., Maledon, E., Nudol, 
E., Beurier, G., Rouan, L., Brat, P., Lechaudel, M., Nous, C., N'Guetta, A. S. P., Kouakou, 
A. M., & Arnau, G. (2021). Predicting quality, texture and chemical content of yam 
(Dioscorea alata L.) tubers using near infrared spectroscopy. Journal of Near Infrared 
Spectroscopy, 29(3), 128-139. 

7. Cormier, F., Martin, G., Vignes, H., Lachman, L., Cornet, D., Faure, Y., Maledon, E., 
Mournet, P., Arnau, G., & Chair, H. (2021). Genetic control of flowering in greater yam 
(Dioscorea alata L.). BMC Plant Biology, 21, 1-12. 
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8. Sharif, B. M., Burgarella, C., Cormier, F., Mournet, P., Causse, S., Nguyen Van, K., Kaoh, 
J., Rajaonah, M. T., Lakshan, S. R., Waki, J., Bhattacharjee, R., Badara, G., Pachakkil, B., 
Pavis, C., Arnau, G., & Chair, H. (2020). Origin and diversification of the polyploid and 
clonally propagated greater yam (Dioscorea alata L.). Annals of Botany, 6(2), 1029-
1038. 

9. Cormier, F., Lawac, F., Maledon, E., Gravillon, M. C., Nudol, E., Mournet, P., Vignes, H., 
Chair, H., & Arnau, G. (2019). A reference high-density genetic map of greater yam 
(Dioscorea alata L.). Theoretical and Applied Genetics, 132(6), 1733-1744. 

10. Cormier, F., Mournet, P., Causse, S., Arnau, G., Maledon, E., Gomez, R. M., Pavis, C., & 
Chair, H. (2019). Development of a cost‐effective single nucleotide polymorphism 
genotyping array for management of greater yam germplasm collections. Ecology and 
Evolution, 9(10), 5617-5636. 

11. Ehounou, A. E., Kouakou, A. M., N'Zi, J. C., Dibi, K. E. B., Bakayoko, Y., Essis, B. S., N'Zue, 
B., Arnau, G., Maledon, E., Asfaw, A., Adebola, P., & N'Guetta, A. S. P. (2019). 
Production of hybrid seeds by intraspecific crossing in yam Dioscorea alata L. 
International Journal of Science and Research (IJSR), 8(9), 1212–1221. 

12. García, M. B., Kosky, R. G., Rodríguez, S. M., Pupo, J. J. S., Abeal, E. E., Avalos, D. R., 
Jerez, Y. H., Paneque, O. G., Malaurie, C. B., Hamon, C. P., Scarcelli, C. N., Arnau, G., Ba, 
C., Noyer, J. L., & Filloux, D. (2018). Caracterización de la diversidad genética de 
Dioscorea alata L. y optimización de la producción de plantas in vitro como fuente de 
semilla en Cuba. Anales de la Academia de Ciencias de Cuba, 8(1). 

13. Arnau, G., Bhattacharjee, R., Chair, H., Malapa, R., Lebot, V., Abraham, K., Perrier, X., 
Petro, D., Penet, L., & Pavis, C. (2017). Understanding the genetic diversity and 
population structure of yam (Dioscorea alata L.) using microsatellite markers. PloS 
One, 12(3), e0174150. 

14. Sheela, M. N., Abhilash, P. V., Asha, K. I., & Arnau, G. (2016). Genetic diversity analysis 
in greater yam (Dioscorea alata L.) native to India using morphological and molecular 
markers. Acta Horticulturae, 1118, 51-58. 

15. Nemorin, A., David, J., Maledon, E., Nudol, E., Dalon, J., & Arnau, G. (2013). 
Microsatellite and flow cytometry analysis to understand the origin of Dioscorea alata 
polyploids. Annals of Botany, 112(5), 811-819. 

16. Abraham, K., Nemorin, A., Lebot, V., & Arnau, G. (2013). Meiosis and sexual fertility of 
autotetraploid clones of greater yam Dioscorea alata L. Genetic Resources and Crop 
Evolution, 60(3), 819-823. 

17. Nemorin, A., Abraham, K., David, J., & Arnau, G. (2012). Inheritance of tetraploid 
Dioscorea alata and evidence of double reduction using microsatellite marker 
segregation analysis. Molecular Breeding, 30(4), 1657-1667. 

18. Fernandez, P., et al. (2011). The INTERREG-DEVAG project: a regional network for the 
development of agroecological cropping systems for horticultural crops in the 
Caribbean. Acta Horticulturae, 894, 147-151. 

19. Bussière, F., Cabidoche, Y. M., Pétro, D., Sierra, J., Cornet, D., Guyader, S., Ozier-
Lafontaine, H., Tournebize, R., Arnau, G., & Pavis, C. (2011). Des innovations pour les 
enjeux multiples des productions vivrières et maraîchères des Antilles. Innovations 
Agronomiques, 16, 39-51. 

20. Andris, M., Aradottir, G. I., Arnau, G., et al. (2010). Permanent genetic resources added 
to molecular ecology resources database 1 June 2010 - 31 July 2010. Molecular 
Ecology Resources, 10(6), 1106-1108. 
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21. Arnau, G., Nemorin, A., Maledon, E., & Abraham, K. (2009). Revision of ploidy status of 
Dioscorea alata L. (Dioscoreaceae) by cytogenetic and microsatellite segregation 
analysis. Theoretical and Applied Genetics, 118(7), 1239-1249. 

22.  Bousalem, M., Arnau, G., Hochu, I., Arnolin, R., Viader, V., Santoni, S., & David, J. 
(2006). Microsatellite segregation analysis and cytogenetic evidence for tetrasomic 
inheritance in the American yam Dioscorea trifida and a new basic chromosome 
number in the Dioscoreae. Theoretical and Applied Genetics, 113, 439-451. 

23.  Malapa, R., Arnau, G., Noyer, J. L., & Lebot, V. (2005). Genetic diversity of the greater 
yam (Dioscorea alata L.) and relatedness to D. nummularia Lam. and D. transversa Br. 
as revealed with AFLP markers. Genetic Resources and Crop Evolution, 52, 919-929. 

24.  Baranger, A., Aubert, G., Arnau, G., Laine, A. L., Deniot, G., Potier, M., Weinachter, C., 
Lejeune-Henaut, A., & Lallemand, J. (2004). Genetic diversity within Pisum sativum 
using protein- and PCR-based markers. Theoretical and Applied Genetics, 108, 1309-
1321. 

25. Arnau, G., Lallemand, J., & Bourgoin, M. (2002). Fast and reliable strawberry cultivar 
identification using inter-simple sequence repeat (ISSR) amplification. Euphytica, 129, 
69-79. 

26. Arnau, G., Lallemand, J., & Bourgoin, M. (2001). Are AFLP markers the best alternative 
for cultivar identification? Acta Horticulturae, 546, 301-306. 

27. Arnau, G., Monneveux, P., This, D., & Alegre, L. (1997). Photosynthesis of six barley 
genotypes as affected by water stress. Photosynthetica, 34, 67-76. 

28. Arnau, G., & Monneveux, P. (1995). Physiology and genetics of terminal water stress 
tolerance in barley. Journal of Genetics and Breeding, 49, 327-332 

Chapitres d’ouvrages 

1. Chaïr H., Arnau G., Zotta Mota A. (2022). Yam genomics. In : Underutilised crop 
genomes, Chapman Mark A. (ed.). Cham : Springer, 373-389. (Compendium of Plant 
Genomes). 

2. Arnau G., Abraham K., Sheela M.N., Hâna C., Sartie A., Robert A. (2010). Yams. In : Root 
and tuber crops, Bradshaw John E. (ed.). New York : Springer [États-Unis], 127-147. 
(Handbook of Plant Breeding). 

3. Rekika D., Arnau G., El-Jaafari S., Monneveux P. (1995). Photosynthetic Gas Exchange 
Parameters as Predictive Criteria for Drought Resistance in Durum Wheat and Barley. 
In : Photosynthesis: from light to biosphere, P. Mathis (ed.), Kluver Academic 
Publishers, Netherlands, Vol. IV, 721-724. 

Communications à des conferences Internationales 

1. Arnau G., Ehounou A.E., Erick M., Nudol E., Vignes H., Gravillon M.C., N'Guetta A.S.P., 
Mournet P., Chaïr H., Cormier F. (2022). Identification and validation of QTLs for tuber 
quality related traits in yam Dioscorea alata. International Horticultural Congress (IHC 
2022): International Symposium on Breeding and Effective Use of Biotechnology and 
Molecular Tools in Horticultural Crops, Angers, France, 14-22 Août. 

2. Ehounou A.E., Cormier F., Cornet D., Maledon E., Desfontaines L., Marie-Magdeleine 
C., Nudol E., Gravillon M.C., Kouakou A.M., Chaïr H., Arnau G. (2019). Development of 
NIRS and molecular marker to improve breeding efficiency in Greater Yam (Dioscorea 
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alata L.) for key quality traits. International Conference on Applied Biochemistry and 
Biotechnology (ABB 2019), 21-24 Juillet, Macau, Chine. 

3. Cornet D., Desfontaines L., Cormier F., Marie-Magdeleine C., Arnau G., Meghar K., 
Davrieux F., Beurier G. (2019). Assembler la diversité des modèles classiques et "deep 
learning" pour développer un pipeline de calibration SPIR performant et générique. 
20èmes Rencontres HélioSPIR, 14-15 Octobre, Montpellier, France. 

4. Ehounou A.E., Erick M., Fabien C., Cornet D., Nudol E., Kouakou A.M., Hâna H., Arnau 
G. (2018). Breeding for improved tuber quality in greater yam (Dioscorea alata L.). 
Triennial Symposium of the International Society for Tropical Root Crops (ISTRC), 22-25 
Octobre, Cali, Colombie. 

5. Chaïr H., Bhattacharjee R., Pavis C., Summo M., Cormier F., Arnau G., Lebot V. (2018). 
Greater yam (Dioscorea alata L.) pre-breeding and breeding: use of genomic tools to 
decipher the genetic diversity and identify wild relatives. Plant and Animal Genome 
XXVI Conference (PAG), 13-17 Janvier, San Diego, États-Unis. 

6. Arnau G., Bhattacharjee R., Sheela M.N., Chaïr H., Malapa R., Lebot V., Penet L., Pavis 
C. (2017). First genetic diversity analysis in greater yam (Dioscorea alata L.) of a 
representative world germplasm using microsatellite markers. Symposium 
Internacional de Raices, Rizomas, Tuberculos, Platanos y Papaya, INIVIT, 24-27 
Octobre, Varadero, Cuba. 

7. Arnau G., Maledon E., Nudol E., Gravillon M.C. (2016). Progress and challenges in 
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genetic control of quality related traits in Yam (Dioscorea alata L.) [Poster]. First World 
Congress on Root and Tuber Crops (WCRTC), 18-24 Janvier, Nanning, Guangxi, Chine. 
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10. Chaïr H., Scarcelli N., Arnau G., Pavis C., Akakpo R., Dansi A., Petro D., Alix K., Lebot V., 
Vigouroux Y. (2016). CIRAD, IRD and INRA Yam genomic initiatives: unlocking genetic 
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12. Arnau G., Nemorin N., Cornet D., Maledon E., Nudol E. (2013). Recent innovations in 
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13. Arnau G., Némorin A., Maledon E., Lambert F., Nudol E. (2013). Morpho-agronomic, 
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Conference on Yam, 1-7 Octobre, Accra, Ghana. 

14. Arnau G., Maledon E., Prophète E., Scutt R., Joseph C.D. (2013). Introduction de 
nouvelles variétés d'ignames en Haïti : résultats et perspectives. Conférence finale du 



15 

projet DEVAG Réseau caribéen pour le développement de systèmes horticoles 
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15. Arnau G., Nemorin A., Maledon E., Nudol E. (2011). Advances on polyploid breeding in 
yam D. alata. First International Symposium on Roots, Rhizomes, Tubers, Plantains, 
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18. Abraham K., Némorin A., Lebot V., Sheela M.N., Sreekumari M.T., Arnau G. (2009). 
Polyploidy breeding in greater yam for tuber yield improvement [Abstract]. 
International Conference on Polyploidy, Hybridization and Biodiversity, 17-20 Mai, 
Saint-Malo, France. 

19. Arnau G., Némorin A., Maledon E., Abraham K. (2009). Revision of ploidy levels of 
Dioscorea alata polyploid species by cytogenetic and microsatellite segregation 
analysis [Abstract]. International Conference on Polyploidy, Hybridization and 
Biodiversity, 17-20 Mai, Saint-Malo, France. 

20. Némorin A., Abraham K., David J., Maledon E., Arnau G. (2009). Inheritance patterns of 
tetraploid Dioscorea alata varieties. ISTRC: Tropical Roots and Tubers in a Changing 
Climate: Convenient Opportunity for the World, Proceedings of the 15th Triennial 
Symposium, 2-6 Novembre, Lima, Pérou. 

21. Arnau G., Maledon E., Némorin A. (2007). Genetic improvement of the greater yam D. 
alata through polyploidy breeding. In: Abstracts of Tropical Root and Tuber Crops 
(ISTRC), 2-6 Novembre, Lima, Pérou. 

22. Arnau G., Nemorin A., Maledon E., Lambert F. (2007). Morpho-agronomic, cytogenetic 
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meeting of the Caribbean Food Crops Society, 16-21 Septembre 2007, San José, Costa 
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23. Sheela M.N., Arnau G., Abraham K., Sreekumari M.T. (2006). Comparative analysis of 
allelic diversity of Indian greater yams. Poster presented to the 14th Triennial 
Symposium of the International Society for Tropical Roots Crops, 20-26 Novembre 
2006, Thiruvananthapuram, Kerala, Inde. 

24. Arnau G., Maledon E., Bachand I., Abraham K. (2006). Production of interploid hybrids 
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revealed by AFLP markers. 43rd Annual Meeting of the Society for Economic Botany, 
22-27 Juin, New York. 

27. Arnau G., Lallemand, J., Bourgoin M. (2000). Are AFLP markers the best alternative for 
cultivar identification? International Symposium Molecular Markers for Characterizing 
Genotypes and Identifying Cultivars in Horticulture (ISHS), 6-8 Mars, Montpellier. 
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International Plant & Genome Conference, 12-16 Janvier, San Diego, Californie. 

32. This D., Arnau G., Teulat B., Lewicki S., Borel C., Simmoneau T., Borries C., Souyris I., 
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33. Arnau G., This D., Monneveux P. (1995). Agronomical, physiological and molecular 
responses to drought stress in different barley cultivars: trying to find tolerance 
markers. International Congress on Integrated Studies on Drought Tolerance of Higher 
Plants, 31 Août - 2 Septembre, Montpellier, France. 

DISTINCTION : 3e prix des meilleures présentations orales au First World Congress on Root and 
Tuber Crops (WCRTC) à Nanning, Guangxi, Chine, du 18 au 22 janvier 2016. 
Titre de la présentation : "Progress and challenges in genetic improvement of yam (Dioscorea alata 
L.)" 

Cette distinction récompense les travaux de recherche et d'amélioration génétique menés sur 
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3.Cinq publications significatives 

 

1. Némorin, A., David, J., Maledon, E., Nudol, E., Dalon, J., & Arnau, G. (2013). 
Microsatellite and flow cytometry analysis to understand the origin of Dioscorea alata 
polyploids. Annals of Botany, 112(5), 811-819. 
       Ces recherches nous ont permis de déterminer les mécanismes les plus probables à 
l'origine des polyploïdes naturels de Dioscorea alata grâce à la cytométrie en flux et à la 
ségrégation de marqueurs microsatellites. 

2. Arnau, G., Bhattacharjee, R., Chair, H., Malapa, R., Lebot, V., Abraham, K., Perrier, X., Petro, 
D., Penet, L., & Pavis, C. (2017). 
Understanding the genetic diversity and population structure of yam (Dioscorea alata L.) using 
microsatellite markers. PloS One, 12(3), e0174150. 
      Il s'agit de la première étude mondiale consacrée à l’analyse de la diversité génétique de 
Dioscorea alata. Elle constitue une avancée majeure dans la compréhension de la diversité 
globale de cette espèce, en fournissant des données essentielles pour sa conservation et pour 
les travaux d’amélioration génétique. 

3. Cormier, F., Lawac, F., Maledon, E., Gravillon, M. C., Nudol, E., Mournet, P., Vignes, H., Chair, 
H., & Arnau, G. (2019). 
A reference high-density genetic map of greater yam (Dioscorea alata L.). Theoretical and 
Applied Genetics, 132(6), 1733-1744. 
       Nous avons généré la première carte génétique de haute densité pour Dioscorea alata, ce 
qui nous a permis d’identifier des SNPs associés aux divers traits analysés. 

4. Ehounou, A. E., Cornet, D., Desfontaines, L., Marie-Magdeleine, C., Maledon, E., Nudol, E., 
Beurier, G., Rouan, L., Brat, P., Lechaudel, M., Nous, C., N'Guetta, A. S. P., Kouakou, A. M., & 
Arnau, G. (2021). 
Predicting quality, texture and chemical content of yam (Dioscorea alata L.) tubers using near-
infrared spectroscopy. Journal of Near Infrared Spectroscopy, 29(3), 128-139. 
       Cette étude présente le développement de la spectroscopie proche infrarouge (NIRS) 
comme méthode rapide et peu coûteuse pour prédire le contenu chimique des tubercules de 
Dioscorea alata. Cette technologie a permis de phénotyper efficacement nos populations, 
facilitant l’identification de QTLs liés à des traits physico-chimiques. 

5. Arnau, G., Desfontaines, L., Ehounou, A. E., Marie‐Magdeleine, C., Kouakou, A. M., Leinster, 
J., Nudol, E., Maledon, E., & Chair, H. (2024). 
Quantitative trait loci and candidate genes for physico‐chemical traits related to tuber quality 
in greater yam (Dioscorea alata L.). Journal of the Science of Food and Agriculture, 104(8), 
4872-4879. 
       Cette étude nous a permis d’identifier des QTLs et des gènes candidats associés à quatre 
traits physico-chimiques clés influençant la qualité des tubercules de Dioscorea alata. 
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4. Synthèse des travaux de recherche 

Axe 1 :  Structure et fonctionnement du génome de l’igname Dioscorea alata 

1. Acquisition de connaissances sur le nombre chromosomique de base et les niveaux de ploïdie  

Lorsque j'ai commencé mes recherches au CIRAD en 2001, il était généralement admis que 

l'igname Dioscorea alata avait un nombre de chromosomes de base de x = 10, une croyance 

basée sur des travaux de recherche antérieurs, notamment ceux d’Essad et Maunoury (1984) 

et d'Abraham et Nair (1991). D. alata est une espèce polyploïde comprenant des accessions 

présentant trois niveaux de ploïdie distincts (2n = 40, 60, 80). À l'époque, on présumait que ces 

accessions étaient tétraploïdes, hexaploïdes et octoploïdes respectivement, en se basant sur 

l'hypothèse d'un nombre de chromosomes de base de x = 10. 

En 2005, des études de ségrégation de marqueurs microsatellites ont révélé que l'espèce D. 

rotundata, autrefois considérée comme tétraploïde (2n = 40), était en réalité diploïde (Scarcelli 

et al., 2005). Peu après, il a été démontré que l'espèce D. trifida, précédemment considérée 

comme octoploïde (2n = 80), était en fait tétraploïde, avec un nombre de chromosomes de 

base de x = 20 (Bousalem et al., 2006). 

Dans le but de réévaluer le niveau de ploïdie de D. alata et d'obtenir une compréhension 

précise de son nombre de chromosomes de base, ces recherches ont été entreprises. Cette 

information revêt une importance cruciale pour optimiser l'efficacité des programmes 

d'amélioration génétique. Notre étude s'est concentrée sur l'analyse de la ségrégation de six 

marqueurs microsatellites au sein de quatre populations générées par croisements entre des 

génotypes ayant 40 chromosomes (Arnau et al., 2009). 

Pour atteindre cet objectif, nous avons utilisé une approche bayésienne visant à explorer divers 

modes d'hérédité (diploïdie, allotétraploïdie et autotétraploïdie) et à déterminer le scénario de 

ségrégation le plus probable. Ces calculs prennent en compte toutes les hypothèses possibles 

concernant la configuration des allèles chez les deux parents, en relation avec les allèles 

observés dans leur descendance. À titre d'illustration, le tableau 1 synthétise la répartition des 

génotypes observés et attendus pour les différentes hypothèses de ségrégation testées dans 

le cas d'un locus comportant 3 allèles. La probabilité (ou vraisemblance) d'observer une 

distribution donnée a été déterminée en utilisant la distribution multinomiale, telle que décrite 

par Olson (1997). Cette méthode est pertinente pour comparer de nombreuses hypothèses et 

peut être utilisée même si les génotypes observés sont inattendus dans le cadre d'un scénario, 

ou si la taille des échantillons est faible, par rapport aux statistiques du chi carré (x2) (Olson 

1997; Bousalem et al. 2006). 

Pour les hypothèses d'hérédité tétraploïde (autotétraploïdie et allotétraploïdie), les 

proportions théoriques attendues de chaque génotype au sein des descendances, ainsi que les 

valeurs de vraisemblance, ont été calculées à l’aide d’un programme PERL développé par le 

Prof. Jacques David (Bousalem et al., 2006). 
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Tableau 1 : Distribution des génotypes attendus et observés dans la descendance (♀ "27F " X ♂ "24M") 

au locus Da2F10 sous hérédité disomique et tétrasomique. 

Parental Likelihood

genotype (Log)

a b bc ac ab abc P=0,01

6 17 13 24

ab x bc 1 1 1 1 -6

abbb x bccc 18 18 -77

aabb x bccc 6 3 27 -24

aaab x bccc 9 27 -90

abbb x bbcc 3 15 3 15 -34

aabb x bbcc 1 5 1 5 24 -34

aaab x bbcc 3 6 27 -53

abbb x bbbc 9 9 9 9 -24

aabb x bbbc 3 3 15 15 -39

aaab x bbbc 18 18 -63

aa/bb x cc/bb* 16 -120

bb/aa x bb/cc* 16 -120

aa/bb x bb/cc 16 -120

aa/bb x bc/bc 4 12 -70

bb/aa x bc/bc 4 12 -70

bb/aa x cc/bb 16 -120

ab/ab x bb/cc 4 12 -82

ab/ab x bc/bc 1 3 1 3 8 -22

ab/ab x cc/bb 4 12 -82

ab/bb x bc/cc 8 8 -77

ab/bb x cc/bc 8 8 -77

bb/ab x bc/cc 8 8 -77

bb/ab x cc/bc 8 8 -77

ab/bb x bb/cc 8 8 -77

ab/bb x cc/bb 8 8 -77

ab/bb x bc/bc 2 6 2 6 -30

bb/ab x bb/cc 8 8 -77

bb/ab x cc/bb 8 8 -77

bb/ab x bc/bc 2 6 2 6 -30

ab/bb x bb/bc 4 4 4 4 -24

ab/bb x bc/bb 4 4 4 4 -24

bb/ab x bb/bc 4 4 4 4 -24

bb/ab x bc/bb 4 4 4 4 -24

aa/bb x bc/cc 16 -120

aa/bb x cc/bc 16 -120

bb/aa x bc/cc 16 -120

bb/aa x cc/bc 16 -120

ab/ab x bc/cc 4 2 10 -57

ab/ab x cc/bc 4 2 10 -57

aa/bb x bb/bc 8 8 -63

aa/bb x bc/bb 8 8 -63

bb/aa x bb/bc 8 8 -63

bb/aa x bc/bb 8 8 -63

ab/ab x bb/bc 2 2 6 6 -38

ab/ab x bc/bb 2 2 6 6 -38

aa/ab x bc/cc 4 12 -90

aa/ab x cc/bc 4 12 -90

ab/aa x bc/cc 4 12 -90

ab/aa x cc/bc 4 12 -90

aa/ab x bb/cc 16 -120

aa/ab x cc/bb 16 -120

aa/ab x bc/bc 2 4 10 -47

ab/aa x bb/cc 16 -120

ab/aa x cc/bb 16 -120

ab/aa x bc/bc 2 4 10 -47

aa/ab x bb/bc 8 8 -63

aa/ab x bc/bb 8 8 -63

ab/aa x bb/bc 8 8 -63
ab/aa x bc/bb 8 8 -63

Bayes factor hypothesis A : analysis integrating all the possibilities 6 e+16

5 e+18Bayes factor hypothesis B : analysis excluding the possibilities to have the same allele in two differents 

locus. The considered alleles are marqued by an *

Distribution of expected progeny  under disomic  inheritance (4x, 1/16): 

Progeny genotype

Observed genotypes

Distribution of expected progeny under tetrasomic  inheritance (4x, 1/36):

Distribution of expected progeny under disomic inheritance (2x, 1/4):
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Un facteur de Bayes en faveur de la diploïdie par rapport à la tétraploïdie a été calculé pour 

chaque marqueur microsatellite, sous la forme d'un rapport entre les valeurs de probabilité de 

l'hypothèse de diploïdie (unique dans ce cas) et la somme des différentes hypothèses de 

tétraploïdie (Tableau 2). Les résultats obtenus ont clairement démontré que la ségrégation 

diploïde est bien plus probable que la ségrégation tétraploïde, une observation qui est 

particulièrement marquée pour les loci les plus discriminants, ceux comportant trois (abc) et 

quatre (abcd) allèles en ségrégation (400 < BF < 3E+20). En outre, les valeurs de l'indice de 

Bayes sont plus élevées en l'absence de phénomène d'homoplasie potentiel, c'est-à-dire 

lorsqu'il n'y a pas de possibilité d'avoir deux allèles de taille similaire dans deux loci 

indépendants. 

Tableau 2 : Facteurs de Bayes testant la probabilité d'un modèle d'hérédité 2x par rapport à un modèle 

d'hérédité 4x dans  les quatre populations en ségrégation. Les valeurs en gras indiquent que 2x est plus 

probable que 4x. L'analyse A intègre toutes les possibilités, tandis que l'analyse B exclue la possibilité 

d'avoir les mêmes allèles dans deux locus différents. BF>200 forte evidence (Arnau et al., 2009). 

Population Locus Parental 

phenotypes 

Total number of 

different allele 
Bayes factors 

 

Hypothesis 
A         B 

24M x 27F  (N=60 ) Da2F10 ab x bc 3 6 X 1016 5 X 1018 
Dab2E07 ab x b 2 1  1  
Da1F08 a x ab 2 1  1  

17M x St Vincent 

(N=23) 

Da2F10 bd x ac 4 7 X 1013 3 X 1020 

Da3G04 ab x bc 3 4 X 10 9 4 X 1016 

Dab2D11 ab x b 2 3 X 102 3 X 104 

Dab2D08 a x ab 2 1  1  

Da1F08 a x ab 2 0,1 1  

31M x 27F (N=17 ) Da2F10 bc x ab 3 4  X 102 2  X 104 

Dab2E07 ab x b 2 1  1  

Da1F08 a x ab 2 4  4  

Pyramide x 27F (N=10)  Da2F10 bc x ab 3 6  X 102 6  X 102 

Dab2D11 ab x ac 3 1  X 103 2 X 105 

Dab2E07 ab x b 2 4  20 
Da1F08 a x ab 2 1  1  

Da3G04 ab x b 2 0,4 2  

 

Par ailleurs, le nombre de chromosomes des accessions de notre collection de travail, a été 
évalué à l'aide de la cytométrie en flux ou par des comptages chromosomiques (Arnau et al., 
2009). Le dénombrement des chromosomes a été effectué sur les extrémités des racines 
mitotiques de quatre accessions (639a, 613a, 760a et 765a), connues pour présenter des 
nombres de chromosomes distincts (Malapa et al., 2005), comprenant deux diploïdes (2n=40), 
un triploïde (2n=60) et un tétraploïde (2n=80). Ces quatre accessions ont servi de référence 
pour déterminer le nombre de chromosomes des autres accessions en utilisant la cytométrie 
en flux. La Figure 1 illustre une cellule au stade métaphasique de la variété triploïde 760a 
(2n=60) utilisée comme référence interne. Pour les analyses de cytométrie en flux, des noyaux 
de l'accession à tester et de la référence interne sont extraits, mélangés et marqués avec de 
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l'iodure de propidium, une molécule qui émet de la fluorescence lorsqu'elle est stimulée par le 
laser de l'appareil. Chaque génotype génère un pic spécifique majeur de fluorescence en G0-1, 
représentant la quantité d'ADN. La ploïdie de l'échantillon à tester est déterminée en 
comparant sa position relative à celle de la référence interne. À titre d'exemple, la Figure 1 
présente les profils obtenus pour un clone avec 2n=40 chromosomes (S40) et un autre avec 
2n=80 chromosomes (S80), en utilisant le clone 760a (2n=60) comme référence interne (IT60). 
Par le biais de ces analyses, nous avons pu montrer que notre collection de travail comprend 
84 accessions diploïdes, 8 triploïdes, et 18 tétraploïdes. 

De plus, la taille du génome de D. alata a été estimée en la comparant à celle d'une variété de 

citron "Lisbon", dont la taille absolue du génome avait été précédemment mesurée à 0,786 

pg/2C (Ollitrault et Jacquemond, 1994). Cette comparaison a permis d'estimer les tailles 

relatives en pg/2C des accessions de D. alata diploïdes, triploïdes et tétraploïdes à environ 0,93 

± 0,08 pg, 1,43 pg et 1,98 ± 0,05 pg, respectivement. 

  

Figure 1: A, Comptage des chromosomes mitotiques à partir de préparations de pointes de racines de 
l'accession D. alata 760a (2n = 60). Les chromosomes ont été colorés au DAPI. B, Histogrammes de 
cytométrie en flux d'un clone avec 40 chromosomes (S40) et d'un clone avec 80 chromosomes (S80). 
S40 et S80 indiquent le pic G0-1 correspondant aux échantillons et IT60, le pic G0-1 correspondant à 
la référence interne ayant 60 chromosomes (Arnau et al ., 2009). 
 

2. Analyse de l’hérédité des variétés tétraploïdes (auto-ou-allo-tétraploïdes) 
 

Les premiers essais menés à la Station Expérimentale de Roujol en Guadeloupe avec notre 

collection de travail, ont mis en évidence le fait que les meilleures récoltes de tubercules (poids 

total par plante) étaient obtenues avec les variétés présentant les niveaux de ploïdie les plus 

élevés (Abraham et Arnau, 2007). De plus, ces essais ont révélé de la fertilité au sein des 

tétraploïdes naturelles originaires du Pacifique (2n=4x=80). Cette découverte a ouvert la voie à 

l'obtention des premières descendances polyploïdes, réalisées grâce à des croisements 

intercytotypes entre 2x X 4x ainsi que des croisements entre deux accessions tétraploïdes 4x X 

4x (Abraham et Arnau, 2009 ; Arnau et al., 2010). 

Ces découvertes ont ouvert des perspectives prometteuses pour la production de variétés 

polyploïdes. Afin d'optimiser la création de matériels polyploïdes, il est essentiel de 

comprendre la nature génétique de ces derniers. En particulier, la compréhension de la 
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ségrégation de leurs chromosomes lors de la méiose, en relation avec leur constitution 

génétique, car cette caractéristique détermine le mode de transmission des allèles qu'ils 

contiennent et donc l'hérédité des caractères agronomiques. 

Les plantes tétraploïdes peuvent avoir une origine allopolyploïde ou autopolyploïde. Dans le 

premier cas, elles résultent de la combinaison de deux génomes distincts et montrent une 

héritabilité de type disomique (association systématique des mêmes paires de chromosomes 

pendant la méïose). Dans le second cas, elles proviennent de la duplication d'un génome 

diploïde et montrent des appariements aléatoires entre les quatre chromosomes homologues 

dans chacune des classes d'homologie. La distinction entre accessions allo- et auto-tétraploïdes 

nécessite une étude de ségrégation chromosomique de leur descendance à l'aide de 

marqueurs spécifiques de locus, et/ou des études de cytogénétique. 

Pour déterminer si les formes tétraploïdes sont d'origine auto- ou allotétraploïde, nous avons 

utilisé ces deux approches complémentaires. Une première étude a consisté à génotyper 20 

marqueurs microsatellites (SSR) sur une descendance de 188 individus issue du croisement de 

deux géniteurs tétraploïdes naturels (♀ "Noulelcae" X ♂ "Tepuna"). Ces marqueurs 

microsatellites, qui ont révélé un maximum de 4 allèles chez chacun des deux parents, ont 

permis d'étudier la ségrégation chromosomique à des locus uniques dans le génome. Un test 

d'indépendance entre ces loci par une analyse deux points (logiciel TetraploidMap, Hackett et 

Luo 2003) a montré l'existence de liaisons génétiques entre 4 paires de marqueurs. Ces 20 

marqueurs SSR représentent donc un ensemble de 12 marqueurs ségrégeant 

indépendamment. 

Parmi ces 20 loci microsatellites, 3 d'entre eux ont révélé un ensemble de 5 allèles distincts 

dans la descendance, 9 loci ont révélé 4 allèles, et 8 loci ont révélé 3 allèles. L'analyse des 

ségrégations chromosomiques à chaque locus a été effectuée en utilisant la methode 

bayésienne (Olson, 1997), en comparant la vraisemblance statistique d'un modèle 

autotétraploïde à un modèle allotétraploïde. Les valeurs des facteurs bayésiens (BF) calculés 

pour chacun des 20 loci sont présentées dans le tableau 3. 

Les facteurs bayésiens pour les 3 loci ségrégeant avec 5 allèles s'avèrent particulièrement 

élevés. Ces valeurs élevées montrent clairement qu'il existe une hérédité de type 

autotétraploïde au niveau de ces 3 loci. Parmi les 9 loci ségrégeant avec 4 allèles, 7 d'entre eux 

possèdent un BF supérieur à 200, confirmant également un mode de ségrégation tétrasomique 

(l'hypothèse autotétraploïde etant 200 fois plus probable que l'hypothèse alternative). Pour les 

deux autres loci restant à 4 allèles ainsi que les 8 autres à 3 allèles, il faut considérer dans 

l'hypothèse disomique un calcul de facteur bayésien prenant en compte la présence ou non 

d'éventuels phénomènes d'homoplasie (possibilité d’avoir deux allèles de même taille dans 

deux loci indépendants). En présence d'homoplasie, il n'y a pas de différence significative entre 

les vraisemblances disomique et tétrasomique. Toutefois, si on admet une absence 

d'homoplasie, l'hypothèse de l'hérédité tétrasomique l'emporte sur l'hypothèse alternative 

pour tous les 20 loci (289 < BF < 1.33E+76). 
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Tableau 3 : Facteurs de Bayes testant la probabilité d'une hérédité disomique versus polysomique 4x 
dans une population tétraploïde de Dioscorea alata en ségrégation sur 20 loci microsatellites. Nb A. : 
nombre d'allèles ; Σauto : somme de toutes les probabilités bayésiennes en cas où le mode de 
transmission est autotétrasomique ; Σallo homoplasie : somme de toutes les probabilités bayésiennes 
en cas de transmission disomique considérant l'homoplasie ; Σallo non homoplasie : somme de toutes 
les probabilités bayésiennes en cas de transmission disomique considérant l'absence d'homoplasie ; 
BF : facteur de Bayes,* BF>200 forte evidence (Nemorin et al., 2012). 

_________________________________________________________________________________ 

Locus 
Nb 
A. Σauto Σallo Σallo  

BF 
homoplasy BF no homoplasy 

    homoplasy 
no 
homoplasy   

DIJ0443 5 3.37E-33 7.98E-76 7.98E-76 4.22E+42* 4.22E+42* 

DIJ0342 5 3.06E-26 7.66E-64 7.66E-64 3.99E+37* 3.99E+37* 

Dpr3B12 5 3.79E-17 5.65E-35 2.26E-73 6.71E+17* 1.68E+56* 

Dab2D11 4 5.57E-11 2.38E-25 2.91E-33 2.34E+14* 1.91E+22* 

mDaCIR8 4 3.54E-16 8.62E-26 1.00E-48 4.11E+09* 3.54E+32* 

mDaCIR108 4 2.06E-19 4.48E-25 2.41E-45 4.60E+05* 8.55E+25* 

mDaCIR51 4 1.37E-21 3.63E-27 5.39E-80 3.77E+05* 2.54E+58* 

Dab2D07 4 3.73E-20 2.26E-24 9.30E-53 1.65E+04* 4.01E+32* 

mDaCIR179 4 7.28E-13 4.47E-16 3.71E-79 1.63E+03* 1.96E+66* 

mDaCIR66 4 1.26E-08 4.36E-11 4.36E-11 2.89E+02* 2.89E+02* 

Dpr3F04 4 1.81E-06 1.14E-08 1.36E-82 1.59E+02 1.33E+76* 

Da2F10 4 9.60E-18 5.15E-17 1.75E-111 1.86E-01 5.49E+93* 

DIJ0012 3 1.30E-06 3.69E-08 1.64E-18 3.52E+01 7.93E+11* 

Da3G04 3 2.93E-05 1.08E-06 1.38E-17 2.73E+01 2.12E+12* 

Da1C12 3 1.42E-05 1.70E-06 1.82E-09 8.35E+00 7.80E+03* 

Dab2E07 3 1.79E-06 3.75E-07 3.51E-12 4.77E+00 5.10E+05* 

Dab2D08 3 4.90E-04 5.10E-04 1.33E-12 9.61E-01 3.68E+08* 

mDrCIR81 3 9.00E-09 9.75E-09 2.21E-36 9.23E-01 4.07E+27* 

Da1F08 3 7.56E-06 1.79E-05 2.13E-15 4.22E-01 3.55E+09* 

Dpr3E10 3 2.19E-10 6.98E-09 6.04E-48 3.14E-02* 3.63E+37* 
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En conclusion, cette étude a permis de déterminer que les tétraploïdes sont d'origine 

autotétraploïde. Cette conclusion a été renforcée par l'observation de plusieurs tétravalents 

lors de la méiose du géniteur mâle (Figure 2), qui est une caractéristique typique des 

autopolyploïdes.  

 

Figure 2 : PMC (Cellules mères de pollen) au stade métaphase I, montrant des quadrivalents et des 

bivalents. A, PMC montrant 6 quadrivalents et 28 bivalents, B, PMC montrant 8 quadrivalents et 24 

bivalents (Abraham et al., 2013). 

 

3. Etude sur l’origine des polyploïdes spontanés (triploïdes et tétraploïdes)  

 
Différents croisements intracytotypes et intercytotypes ont été réalisés en Guadeloupe dans le 
but de déterminer les combinaisons de croisements viables permettant de produire des 
génotypes polyploïdes. Lors des croisements 2x X 2x, quelques individus triploïdes spontanés 

ont été obtenus (Arnau et al. 2006). De plus, les croisements intercytotypes ♀ 2x X ♂ 4x ont 
engendré des descendances triploïdes via le sauvetage d'embryons immatures (Figure 3), ainsi 
que quelques individus tétraploïdes (Arnau et al. 2006). En revanche, aucun résultat n'a été 

obtenu avec des croisements intercytotypes ♀ 4x X ♂ 2x, se traduisant par le gonflement de 
fruits sans graines. Enfin, des tentatives de croisements impliquant des femelles triploïdes et 
des mâles diploïdes ou tétraploïdes ont été faites, mais aucune descendance n'a été obtenue. 
 

Ainsi, l’obtention de triploïdes au sein des descendances issues de croisements ♀ 2x X ♂ 2x et 

de tétraploïdes au sein des descendances issues de croisements ♀ 2x X ♂ 4x suggèrent que la 
formation de gamètes non réduits pourrait être à l’origine des phénomènes de polyploïdisation 
chez D. alata. Cependant, cette origine probable n’avait jusqu’alors été démontrée, et les 
mécanismes impliqués dans la formation des polyploïdes étaient encore à élucider. 
 
L'objectif de cette étude était de comprendre l'origine des polyploïdes spontanés de D. alata 
en utilisant la cytométrie en flux et des marqueurs microsatellites. Pour parvenir à cette fin, 
différentes descendances ont été générées et analysées afin de mieux comprendre les 
phénomènes d'incompatibilité au niveau de l'albumen et de déterminer l'origine des gamètes 
en évaluant le taux d'hétérozygotie transmis à la descendance. 
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Figure 3 : Génération de plantules triploïdes par la culture in vitro d'embryons immatures (stade 

torpedo) issus de croisements intercytotypes (♀ 2x X ♂ 4x). 

 

L'albumen, spécifique aux angiospermes, se développe après la double fertilisation, où un 
gamète mâle féconde l'oosphère pour former le zygote, tandis que l'autre gamète mâle 
féconde la cellule centrale, composée de deux noyaux polaires, pour former l'albumen. 
L'albumen est triploïde, avec un rapport de 2:1 entre le génome maternel et le génome 
paternel. Le développement normal de la graine in vivo est conditionné par l'albumen. Lors de 
croisements intercytotypes, un développement anormal de l'albumen entraîne fréquemment 
la non-viabilité des graines. La plupart des angiospermes ne produisent pas de descendances 
triploïdes viables lors de croisements intercytotypes, ce phénomène étant appelé le "bloc 
triploïde" (Marks 1966). Le ratio 2:1 entre le génome maternel et le génome paternel est 
crucial, car tout écart par rapport à ce ratio conduit à un albumen défectueux et à une graine 
non viable. Par exemple, lors de croisements 4x X 2x et 2x X 4x, le développement de l'albumen 
devient anormal en raison des rapports respectifs de 4:1 et 1:1 entre les génomes femelle et 
mâle. Cependant, si des gamètes 2n sont formés chez le parent diploïde, le ratio redevient 2:1, 
et le développement de l'albumen redevient normal. Ainsi, les barrières post-zygotiques liées 
aux incompatibilités au niveau de l'albumen peuvent être contournées grâce aux gamétophytes 
2n (Carputo et al. 1997). 

Une descendance de 2000 graines, issue du croisement entre le clone femelle diploïde et le 

clone mâle tétraploïde (♀ "5F" X ♂ "Tepuna") a été utilisée : (1) pour étudier l'incompatibilité 
de l'endosperme dans les croisements 2x X 4x ; et (2) pour analyser les événements de 
réduction non gamétique chez le parent femelle. Mille graines ont été semées pour évaluer la 
viabilité des graines et vérifier la ploïdie des plantules émergentes par cytométrie de flux. Les 
1000 graines restantes ont été desséchées pour permettre une analyse séparée de la ploïdie 
de l'endosperme et des embryons. Sur les 1000 graines semées, seulement 18 plantules ont 
germé. La cytométrie en flux a montré que ces plantules étaient toutes tétraploïdes. Sur les 
1000 graines desséchées, 995 avaient un endosperme anormal fripé (Figure 4) et seulement 5 
avaient un endosperme normal. Les analyses de cytométrie en flux sur les endospermes 
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anormaux ont montré qu'ils étaient tétraploïdes, correspondant à l'endosperme 4x attendu si 
la femelle diploïde produisait un ovule haploide (n) et si l'endosperme provenait de la fusion 
des deux cellules n (2x) du sac embryonnaire avec le gamète mâle normal 2x produit par le 
mâle 4x. Ainsi, le ratio anormal observé 1:1 entre le génome maternel et le génome paternel 
explique que ce type de graines soit inviable, à moins que l'on réalise le sauvetage d'embryons 
par culture in vitro. 

 
Figure 4 : Illustration d’une graine normale charnue (A) et une graine anormale fripée (B), mettant en 
évidence les caractéristiques distinctes entre les graines viables et non viables (Nemorin et al., 2013). 
 
Une deuxième descendance de 300 graines a été obtenue par le croisement de deux diploïdes 

(♀ "5F" X ♂ "Kabusa"). Ces deux géniteurs sont soupçonnés de produire des gamètes non 
réduits. La moitié de ces graines (n = 150) a été semée, et des feuilles fraîches des plantules 
résultantes ont été soumises à une analyse par cytométrie de flux. L'autre moitié des graines a 
été soumise à une période de dessiccation de 90 jours après la pollinisation. À ce stade, les 
embryons ont été séparés de l'endosperme, puis mis en culture in vitro, comme le montre la 
figure 3. Des analyses de cytométrie de flux ont été réalisées à la fois sur les endospermes et 
sur les plantules issues de la culture in vitro des embryons. De plus, des analyses de ségrégation 
de marqueurs SSR ont été effectuées sur les feuilles des plantules identifiées comme triploïdes 
afin d'’appréhender le taux d'hétérozygotie transmise par les parents à leur descendance. 
 
Parmi les 300 descendants obtenus, quatre se sont avérés être triploïdes (1,3 %), tandis que 
296 étaient diploïdes (98,7 %). L'apparence extérieure de toutes les graines semées ayant 
donné naissance à des plantules, qu'elles soient diploïdes ou triploïdes, était normale. Aucune 
différence morphologique significative n'a permis de distinguer a priori les graines triploïdes 
des graines diploïdes. L'analyse de la ploïdie des endospermes à l'origine des plantules 
triploïdes a pu être réalisée sur seulement deux des quatre plantules. Les résultats obtenus ont 
montré que les endospermes étaient triploïdes. De plus, l'étude de la transmission de 
l'hétérozygotie a permis d'exclure la polyspermie et la polyembryonie en tant que mécanismes 
à l'origine de ces triploïdes. En effet, cette analyse a révélé que les triploïdes obtenus avaient 
hérité soit de l'hétérozygotie de la mère, soit de celle du père. On peut donc en déduire qu’ils 
proviennent d'un ovule ou d’un grain de pollen non réduits. 
 
En conclusion, nos résultats démontrent que la production de gamètes 2n est à l'origine des 
polyploïdes de D. alata, tout comme c'est le cas chez la pomme de terre (Iwanaga et Peloquin, 
1982; Carputo et al., 2000), ainsi que chez de nombreuses autres espèces (Ramsey et 
Schemske, 1998). 
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Axe 2 : Diversité génétique des principales collections mondiales d’igname D. alata 

 

Différents organismes nationaux et internationaux détiennent des collections importantes 
appartenant à l’espèce D.alata (l’INRA et le CIRAD en Guadeloupe, l’IITA au Nigeria et le CTCRI 
en Inde). La collection du CTCRI (Central Tuber Crops Research Institute, Inde) est constituée 
essentiellement de cultivars indiens. Celle de l’IITA (Institut international pour l'agriculture 
tropicale, Nigéria) de variétés provenant de différents pays d’Afrique de l’Ouest. La collection 
INRA-CRB-PT contient des variétés provenant d'origines géographiques diverses (Caraïbes, 
Pacifique Sud, Amérique du Sud), tandis que la collection de travail du CIRAD est principalement 
composée de génotypes provenant de Vanuatu (Pacifique Sud). Tous ces instituts mènent des 
travaux d’amélioration sur cette espèce. 

L’objectif de cette étude était de caractériser les différentes collections mondiales avec les 
mêmes marqueurs afin de pouvoir comprendre les relations entre les différents pools 
génétiques. Le financement de cette étude a été assuré par une subvention de l'INRA (AIP Bio-
Ressources : Div-Yam-2010) et des fonds FEDER Guadeloupe (Projets Caramba et Valexbiotrop). 

Le génotypage des variétés (384 accessions dont 82 du CTCRI, 83 du CIRAD, 90 de l’IITA et 129 
de l’INRA) a été réalisé à la Plateforme de Génotypage de Clermont Ferrand à l’aide d’un 
séquenceur capillaire. La lecture des allèles a été réalisée en Guadeloupe (Figure 5).  

                 

Figure 5: Exemples d'électrophorégrammes générés par un séquenceur d'ADN capillaire avec 
multiplexage d'échantillons. (A) Variété diploïde (2n=2x=40), (B) Variété triploïde (2n=3x=60), (C) 
Variété tétraploïde (2n=4x=80). 

Les 384 variétés ont été évaluées à l’aide de 24 SSRs, ce qui a généré 311 allèles différents. Les 
paramètres suivants ont été notés pour chacune des collections: nombre total d’allèles 
observés (At), nombre moyen d’allèles par locus (Am), nombre d’allèles spécifique à un groupe 
(As). La collection du CIRAD se distingue par un nombre total d’allèles et un nombre moyen 
d’allèles par locus plus élevé que les trois autres collections. Cette collection présente 
également un nombre d’allèles spécifiques (48) supérieur à ceux des autres collections (CTCRI 
: 14, IITA : 9, INRA : 10). Cette particularité peut s'expliquer par la présence plus importante de 
variétés polyploïdes. 

Les données génétiques ont été transformées en une matrice binaire enregistrant la présence 
(1) ou l'absence (0) des allèles. Les distances génétiques entre chaque paire d’accessions ont 
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été calculées en utilisant les coefficients de dissimilarité de Dice, qui varient entre 0 et 0,86. Les 
individus présentant une distance de zéro partageaient les mêmes allèles sur l'ensemble des 
24 loci et peuvent être considérés comme des doublons. Plusieurs doublons ont été identifiés 
dans chacune des collections. Un ensemble de six cultivars provenant de trois collections 
différentes a également montré des profils génotypiques identiques sur les 24 loci (tableau 4). 

Tableau 4 : Détails sur les doublons au sein de chaque collection. Les accessions regroupées presentent 
des profils alléliques identiques sur les 24 loci SSR (Arnau et al., 2017). 

 

La structuration de la diversité a été analysée à travers deux approches complémentaires : une 
analyse en coordonnées principales (ACP) sur l'ensemble des accessions et une analyse de 
regroupement de type cluster sur les accessions diploïdes en utilisant la méthode UPGMA. 
L’analyse combinée des distances de Dice et de l’analyse en coordonnées principales a permis 
d'identifier dix-sept groupes majeurs de cultivars étroitement apparentés, dont onze groupes 
de cultivars diploïdes, quatre groupes de triploïdes et deux groupes de tétraploïdes (Figures 6A, 
et 6B). Les distances génétiques au sein de ces groupes sont inférieures à 0,25. 
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Figure 6 : A , Diagramme montrant les relations entre les 384 accessions de D.alata sur la base de 
l'analyse ACP.  Les clones originaires du Vanuatu sont colorés en vert et ceux du CTCRI (Inde) en rouge. 
Les accessions du CRB-PT et de l'IITA sont colorées en orange et en rose, respectivement. B, 
Diagramme montrant les relations entre les 83 accessions polyploïdes basé sur l'analyse ACP. Les 
accessions tétraploïdes sont colorées en vert et les triploïdes en bleu (Arnau et al., 2017). 

Cette étude a mis en évidence, l’existence d’une structuration qui est associée à l'origine 
géographique, aux niveaux de ploïdie et aux caractéristiques morpho-agronomiques. Les 
accessions originaires de l'Inde sont principalement distribuées dans la partie inférieure du 
graphique, tandis que les accessions du Vanuatu sont principalement distribuées dans la partie 
supérieure droite (Figure 6A), révélant deux pools génétiques distincts.  

Les distances de Dice au sein de la collection indienne varient de 0 à 0,77, avec une valeur 
moyenne de 0,47, tandis que celles entre les cultivars du Vanuatu varient de 0 à 0,79, avec une 
moyenne de 0,49. Les distances génétiques entre les cultivars indiens et ceux du Vanuatu 
varient de 0,31 à 0,82, avec une valeur moyenne de 0,61. Cette valeur est significativement 
plus élevée que la valeur moyenne au sein de chacune des collections. De plus, certains allèles 
sont spécifiques à chacun de ces deux pools génétiques. Vingt-neuf allèles présents dans la 
collection indienne sont absents du pool génétique du Vanuatu, dont 12 allèles rares. De 
même, cinquante-cinq allèles présents dans le pool génétique du Vanuatu sont absents de la 
collection indienne, dont 15 allèles rares. Un test de Mantel effectué pour ces deux pools a 
démontré que la corrélation entre la proximité génétique et l'origine était significative (r = 
0,408, P < 0,0001).  
 
Les accessions des collections internationales (IITA et CRB-PT) sont réparties presque partout 
sur le l’ACP, ce qui montre que la diversité observée en Inde et au Vanuatu est bien représentée 
dans la collection du CRB-PT et partiellement représentée dans celle de l'IITA (Figure 6A). L’ACP 
a également montré que les cultivars originaires de Nouvelle-Calédonie (Pacifique Sud) sont 
principalement distribués dans la même partie du graphique (côté supérieur droit) que les 
cultivars du Vanuatu (Pacifique Sud). 
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Les 83 cultivars polyploïdes des quatre collections (49 triploïdes et 34 tétraploïdes) sont répartis 
dans différentes zones du graphique ACP et à proximité de cultivars diploïdes (Figure 6B). Cette 
répartition est en accord avec l'hypothèse selon laquelle les polyploïdes ont émergé par la 
formation de gamètes non réduits, issus des formes diploïdes. 

L'analyse UPGMA a confirmé les résultats de l’ACP et a regroupé les diploïdes dans les mêmes 
onze groupes (Figure 7). Chaque groupe a été soutenu par des valeurs de bootstrap élevées (≥ 
89 %), ce qui indique une grande stabilité des relations entre les accessions. Ces groupes 
reflètent donc une forte parenté phylogénétique et peuvent être considérés comme des 
regroupements naturels sur la base des valeurs bootstrap observées. 

Les groupes I, IV et VIII sont ceux qui contiennent le plus grand nombre de cultivars (Figure 6A 
et Figure 7). A titre d’exemple, Le groupe IV rassemble 35 variétés i provenant de plusieurs 
régions géographiques (17 proviennent des Caraïbes, 11 de l'Afrique, 3 du Vanuatu, 2 de l'Inde, 
1 de la Nouvelle-Calédonie et 1 de la Guyane française). Par ailleurs, ce groupe comprend six 
accessions présentant des profils alléliques identiques sur les 24 loci, ce qui les classe comme 
des probables doublons. Ces observations mettent en évidence la tendance des agriculteurs à 
adopter volontiers des cultivars présentant des caractéristiques supérieures, ce qui favorise 
leur diffusion à grande échelle. En résumé, nos résultats mettent en évidence une forte 
différenciation au sein de cette espèce, hautement heterozygote, probablement en raison de 
sa faible fertilité. Le mode de reproduction joue un rôle prépondérant dans la variabilité 
génétique, étant donné que les cultivars de Dioscorea alata se propagent essentiellement de 
manière végétative et présentent une faible fertilité. Deux hypothèses peuvent expliquer cette 
structuration en plusieurs groupes de cultivars génétiquement proches : 

1. Les accessions appartenant à un même groupe pourraient résulter d'événements de 
reproduction sexuelle anciens impliquant les mêmes parents ou des cultivars 
génétiquement liés. 

2. Les accessions appartenant à un même groupe pourraient provenir d'un clone initial 
identique qui a évolué par le biais de mutations somatiques fixées lors de la propagation 
végétative. 

Étant donné le taux de mutation des marqueurs SSRs (compris entre 10E-3 et 10E-6), 
dépendant des espèces et de leur position dans le génome, et compte tenu des valeurs des 
distances génétiques observées au sein de ces groupes, il est probable que ces deux 
mécanismes ont contribué à la structuration de la diversité génétique de D. alata. 
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Figure 7 : Dendrogramme montrant les relations entre 284 accessions diploïdes de D. alata sur la base 
d'une analyse UPGMA avec 24 microsatellites. 
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Ce travail a également mis en lumière l'existence de deux pools génétiques distincts en Inde et 

au Vanuatu. Contrairement à l'espèce africaine D. rotundata, dont le centre d'origine est connu 

et la domestication bien documentée, le centre d'origine de D. alata demeure inconnu. Il est 

supposé que cette espèce a été domestiquée en Asie du Sud-Est il y a environ 6000 ans, avant 

de se propager en Inde et dans les îles du Pacifique Sud. Nos résultats, qui démontrent une 

nette différenciation génétique entre les cultivars de l'Inde et du Vanuatu, soutiennent 

l'hypothèse de l'existence de centres de diversification secondaire distincts en Asie et dans le 

Pacifique Sud. 

En outre, cette étude a permis d’identifier divers groupes de cultivars florifères présentant une 
bonne résistance à l'anthracnose, ainsi que des ensembles renommés pour la qualité 
exceptionnelle de leurs tubercules. Les conclusions de cette recherche seront utiles pour les 
programmes d'amélioration en fournissant une aide dans la sélection de géniteurs 
génétiquement éloignés. Cette approche devrait contribuer à optimiser la diversité allélique au 
sein des descendances générées, favorisant ainsi une exploitation maximale de l'hétérosis. 

 

Axe 3 : Exploration du déterminisme génétique de traits liés à la qualité des tubercules  

La qualité des tubercules est d'une importance primordiale pour l'acceptation des nouvelles 
variétés. Elle repose sur une combinaison de divers traits morpho-agronomiques et de 
caractéristiques physico-chimiques qui influent sur leurs propriétés et leur texture. Lorsque 
nous avons entrepris nos travaux d'amélioration génétique sur D.alata, la base génétique des 
caractéristiques déterminant la qualité des tubercules  était inconnue. 

Ainsi, au début de notre programme d’amélioration, notre approche de sélection reposait 
essentiellement sur l'évaluation phénotypique des descendants afin d'identifier les hybrides les 
plus prometteurs. Nous nous concentrions sur plusieurs caractères connus pour influencer la 
qualité des tubercules, tels que la forme du tubercule, sa régularité, la couleur de la chair et le 
phénomène de brunissement de la chair après coupe (oxydation). Cependant, la sélection de 
certains de ces traits s'est avérée extrêmement difficile et chronophage, en particulier en ce 
qui concerne la régularité de la forme, car ce caractère est fortement influencé par les 
conditions environnementales, notamment la structure du sol. 

1. Approche QTL (Quantitative Trait Loci) pour identifier des loci impliqués dans la variation de 

caractères morpho-agronomiques clés 

Nous avons initié nos premières recherches visant à appréhender le déterminisme génétique 
des traits associés à la qualité du tubercule, dans le cadre d'un projet international intitulé 
"AfricaYam : Amélioration de la culture de l'igname pour augmenter la productivité et améliorer 
la qualité en Afrique de l'Ouest" (2015-2020), financé par la Fondation Bill et Melinda Gates. Ce 
projet a rassemblé 11 instituts de recherche de 8 pays différents, notamment le Nigeria (IITA, 
NRCRI, EBSU), la Côte d'Ivoire (CNRA), le Bénin (UAG), le Ghana (SARI, CRI), la Guadeloupe 
(CIRAD), le Japon (IBRC, JIRCAS), les États-Unis (Université Cornell) et l'Angleterre (JHI). 

Les principaux objectifs de ce projet étaient les suivants : 1/ Établir une communauté 
d'améliorateurs dans les principaux pays producteurs d'Afrique de l'Ouest, en mettant l'accent 
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sur le perfectionnement des compétences en phénotypage, gestion des essais, gestion du 
programme, et méthodes de sélection. 2/ Mener des travaux de phénotypage pour des études 
d'association pangénomique et sur des populations biparentales, portant sur les traits 
agronomiques et de qualité essentiels. 

Notre contribution à ce projet s'est principalement concentrée sur l'acquisition de 
connaissances sur le déterminisme génétique de plusieurs caractères morpho-agronomiques 
clés qui déterminent la qualité des tubercules (tableau 5). Pour atteindre cet objectif, nous 
avons adopté une approche de cartographie de QTLs (Quantitative trait loci) sur deux 
populations biparentales diploïdes F1 issues de croisements entre des géniteurs contrastés. 
Notre objectif était également d'identifier les régions du génome et des marqueurs 
moléculaires SNP associés à ces traits, dans la perspective de pouvoir mettre en place une 
sélection assistée par marqueurs pour faciliter le screening pour ces caractères.  

Au début du projet, nous avons généré les deux populations ségrégeantes par pollinisations 

manuelles entre des géniteurs présentant des caractéristiques contrastées (♀ "74F" X ♂ 

"Kabusa" et  ♀ "74F" X ♂ "14M"). Ces descendances proviennent de la même génitrice femelle 
et étaient composées de 193 et 121 hybrides respectivement. La femelle "74F" se caractérise 
par la production de tubercules longs, à la peau rugueuse, à la chair jaune, et présentant des 
racines tuberculaires (Figure 8). En revanche, les mâles "Kabusa" et "14M" produisent des 
tubercules cylindriques et ovales à la peau lisse, avec une chair blanche et blanc-crème. 
"Kabusa" ne développe pas de racines sur le tubercule, contrairement à "14M". Parmi les 
géniteurs, seule la femelle "74F" présente un brunissement oxydatif de la chair (Fig 8). 

Tableau 5: Caractères morpho-agronomiques étudiés sur les populations A (♀"74F" X ♂ "Kabusa") et 

B ( ♀ "74F" X ♂ "14M") et  les géniteurs. 
 

Caractères Modalités  

Forme  du tubercule (ratio L/W) L/W (Longueur (L) and Largeur (W)) 

Regularité de la forme du tubercule Élevé= 0 ; Faible= 1 ; Absence= 2 

Racines tuberculaires Absence= 0 ; peu= 1 ; beaucoup = 2 

Texture de la peau  Lisse = 0 ; rugueuse= 1 

Couleur de la chair (centre) Blanc = 1 ; autres blancs = 2 ; autres couleurs=3 

Oxydation de la chair (centre) Non = 0 ; Oui= 1 

Ratio d'oxydation L0= longueur de l'oxydation 15 min après la coupe du 
tubercule frais 
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Figure 8 : Tubercules de la génitrice 74F (à gauche) et des mâles Kabusa (en haut à droite) et 14M (en 
bas à droite). 

Pour accélérer leur multiplication, les deux populations en ségrégation ont été introduites in 
vitro par le biais du sauvetage d'embryons, puis multipliées par culture in vitro. De cette 
manière, tant les descendances que les géniteurs ont pu être plantés sur le terrain pendant 
deux années consécutives, en 2017 et 2018, en suivant un plan en blocs complets randomisés 
généralisés. Chaque génotype a été répliqué 18 fois (2 blocs x 9 plantes). Le phénotypage des 
descendances a été effectué sur une période de deux années consécutives, en 2018 et 2019. 
Les traits analysés et les modalités de mesure utilisées sont détaillés dans le tableau 5. Les 
observations concernant les quatre premiers caractères ont été réalisées sur la totalité des 
tubercules de chaque génotype (317 génotypes x 9 répétitions x 2 blocs x 2 années), tandis que 
les autres caractères ont été mesurés sur quatre tubercules de chaque bloc après avoir coupé 
les tubercules longitudinalement. La couleur de la chair a été notée immédiatement après la 
découpe du tubercule, tandis que le brunissement de la chair (oxydation) a été mesuré 15 
minutes après coupe.  

Une remarquable diversité a été constatée dans les deux populations en ségrégation pour la 

majorité des caractères, en particulier en ce qui concerne le ratio longueur/largeur et la 

régularité de la forme (Figure 9 et Figure 10). La plage de valeurs observées dans la population 

B, en ce qui concerne la régularité de la forme et la présence de racines tuberculaires, s'est 

avérée plus étendue que celle de la descendance A (Figure 10). L'analyse de la variance a révélé 

des effets significatifs du génotype et de l'année_bloc pour la plupart des caractères (tableau 

6). Les analyses de variance et les héritabilités (tableau 6) ont mis en évidence l'importance des 

facteurs génétiques dans l'expression des caractères étudiés, présentant des valeurs 

d'héritabilité soit élevées, soit modérées. L’héritabilité de la régularité de la forme des 

tubercules a été signalée comme étant modérée (0,58) ou élevée (0,845) chez la pomme de 

terre, selon les études (Bradshaw et al., 2008 ;Hara-Skrzypiec et al., 2018). Dans notre étude, 



35 

les héritabilités étaient significativement différentes entre les deux populations. L’héritabilité 

était modérée dans la population A (0,55),  

 

 

Figure 9 : Variation phénotypique observée dans les descendances en ségrégation pour la forme des 

tubercules, la régularité de la forme, les racines tuberculaires et la couleur de la chair.  
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Figure 10 : Distribution des variations phénotypiques des caractères de qualité au sein de la population 
A (74F X Kabusa, à gauche) et de la population B (74F X 14M, à droite). 
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tandis qu'elle était élevée dans la population B (0,82). De même, une différence significative a 

été observée au niveau des racines tuberculaires, avec une héritabilité plus faible dans la 

population A (0,34) par rapport à la population B (0,51). Ces disparités peuvent s'expliquer par 

la plus grande variabilité observée au sein la population B pour ces deux caractères.  

Tableau 6 : Analyses de variance du rapport longueur/largeur, des racines tuberculaires, de la texture 

de la peau, de la régularité de la forme, de la couleur de la chair, de l'oxydation de la chair et du taux 

d'oxydation (Ehounou et al., 2022). 

 

Dans la population A, une distribution normale a été confirmée pour le rapport 
longueur/largeur, la régularité de la forme, les racines tuberculaires et le taux d'oxydation 
(p=0,05), tandis que les autres caractéristiques présentaient des distributions significativement 
déviées de la normalité. En revanche, dans la population B, les distributions étaient 
généralement asymétriques et/ou significativement éloignées de la normalité (p=0,05, Figure 
10). Une ségrégation transgressive a été observée pour plusieurs caractères. Ce phénomène 
s'est manifesté de manière plus prononcée dans la population B, avec des valeurs 
significativement plus élevées que la génitrice femelle, notamment en ce qui concerne les 
racines tuberculaires et la difformité du tubercule. 
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L'émergence de ces hybrides transgressifs pourrait être attribuée à l'hétérozygotie des parents. 

Étant donné que les deux parents de cette population (74F et 14M) présentent un taux 

d'hétérozygotie très élevé (Cormier et  al., 2019), cela pourrait conduire à la création de 

nouvelles combinaisons alléliques au locus concerné, élargissant ainsi la gamme de variation 

phénotypique au sein de la population. 

Nous avons mis en évidence des corrélations significatives entre plusieurs des caractères 
analysés dans les deux populations (Tableau 7). Dans l'ensemble, les corrélations se sont 
révélées plus prononcées dans la population B par rapport à la population A. 

Tableau 7: Coefficients de corrélation (valeurs de Spearman) calculés entre le rapport 
longueur/largeur, la régularité de la forme, la texture de la peau, les racines tuberculaires, la couleur 
de la chair, l’oxydation de la chair, et le taux d’oxydation pour les populations A et B respectivement. 
n.s. : non significatif ; * : significatif à p < 0,05 ; ** : significatif à p < 0,01 ; *** : significatif à p < 0,0001. 
 

 
         

La cartographie des QTLs a été réalisée au moyen d'une carte consensus à haute densité, 
obtenue à partir de nos trois géniteurs par GBS (génotypage par séquençage, Cormier et al., 
2019). La recherche des loci impliqués dans la variation de chaque caractère a été menée sur 
chaque population en utilisant le logiciel MapQTL version 6 (Van Ooijen, 2009) 
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Ce travail a permis d’identifier des locus impliqués dans la variation phénotypique de chacun 
des caractères étudiés (Ehounou et al., 2022). Un plus grand nombre de QTLs a été détecté 
chez la population B que dans la population A (Tableau 8).  Ce qui pourrait s'expliquer par la 
taille plus importante de la population B, ainsi que par une variabilité accrue observée au sein 
de cette population pour certains traits. La fraction de la variance phénotypique totale 
attribuable à un QTL spécifique variait entre 11,1 % et 43,5 %. Au total, 34 QTLs ont été détectés 
sur 8 des 20 chromosomes de l'igname (LG1, LG2, LG6-M, LG7, LG15, LG16, LG17 et LG19). Ils 
correspondent à cinq de chacun des caractères suivants : forme des tubercules, régularité de 
la forme, racines tuberculaires, texture de la peau, oxydation de la chair, six pour le taux 
d'oxydation et trois pour la couleur de la chair. Le nombre élevé de QTLs met en lumière la 
complexité des caractères étudiés. En revanche, un nombre moindre de QTLs a été détecté 
pour la couleur de la chair, suggérant qu'un nombre plus restreint de loci contrôlent ce 
caractère, ce qui est cohérent avec des observations antérieures sur la pomme de terre (Hara-
Skrzypiec et al., 2018). 

Plus de la moitié des QTs étaient positionnés sur le chromosome 16, ce qui indique que ce 
chromosome joue très probablement un rôle important dans le déterminisme génétique des 
caractères étudiés.  

Nous avons identifié plusieurs colocalisations de QTL sur le chromosome LG16, impliquant un 
grand nombre de caractères (tableau 8, Figure 11). En outre, une colocalisation de QTL a été 
observée pour le rapport longueur/largeur des tubercules et la texture de la peau sur le 
chromosome LG15. Ces colocalisations étaient cohérentes avec les corrélations observées.  Les 
caractères étudiés pourraient donc être sous le contrôle de plusieurs gènes distincts et 
étroitement liés, ou d'un seul gène ayant un effet pléiotropique. Les deux hypothèses semblent 
plausibles puisque les corrélations génétiques sont plus ou moins fortes selon les caractères. 
En effet, le rapport longueur/largeur était fortement et positivement corrélé avec la texture de 
la peau, ce qui suggère que ces deux caractères pourraient être contrôlés par les mêmes gènes. 
Chez la pomme de terre des corrélations génétiques significatives et des colocalisations de QTLs 
ont été trouvées également entre la forme du tubercule et la régularité de la forme, et entre la 
régularité de la forme et la couleur de la chair et entre la régularité de la forme et la couleur de 
la chair (Meijer et al., 2018; Hara-Skrzypiec et al., 2018). 
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Tableau 8 : QTLs (Quantitative trait loci) détectés pour les divers traits morpho-agronomiques étudiés 
au sein des deux populations en ségrégation A et B (Ehounou et al., 2022).  
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Figure 11 : Localisation sur la carte de référence des QTLs (Quantitative Trait Loci) identifiés pour les 
divers traits morpho-agronomiques étudiés : forme du tubercule (vert), régularité de la forme (noir), 
racines tuberculaires (rouge), texture de la peau (bleu), couleur de la chair (rose), oxydation de la chair 
(jaune) et le ratio d’oxydation (violet). 

 

2. Cartographie de QTLs impactant la qualité physico-chimique des tubercules 

Parallèlement, des investigations ont été entreprises pour analyser l'architecture génétique de 
plusieurs caractéristiques physico-chimiques qui déterminent la qualité organoleptique et 
texturale des tubercules. Ces travaux ont été réalisés dans le cadre d'un autre projet financé 
par la Fondation Bill et Melinda Gates, intitulé "RTBFoods: Breeding RTB products for end user 
preferences" (2018-2022). Les paramètres examinés comprennent la teneur en amidon, la 
matière sèche (DMC), les sucres et les protéines. Ces recherches ont été conduites en utilisant 
les mêmes populations biparentales que pour l'étude antérieure. Le phénotypage de ces 
diverses caractéristiques chimiques a été réalisé au moyen de la méthodologie NIRS, mise au 
point au début du projet en collaboration avec des qualiticiens de l'unité de recherche UR 
ASTRO de l'INRAE, en Guadeloupe (Ehounou et al., 2021) 

L'ANOVA sur les données phénotypiques de la population A a montré des effets très significatifs 
(p< 0,0001) du génotype et des effets significatifs de la répétition (P<0,05) pour tous les 
caractères. Cependant, les génotypes étaient la source de variation la plus importante pour 
chaque caractère étudié. L'ANOVA des données phénotypiques de la population B a montré 
des effets génotypiques hautement significatifs (p< 0,0001) pour tous les caractères étudiés. 
Les héritabilités pour les quatre caractères variaient entre 0,68 à 0,88 dans la population B et  
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0,69 à 0,81 dans la population A . Les héritabilités pour l'amidon étaient similaires dans les deux 
populations (0,68 et 0,69) ainsi que pour les protéines (0,78 et 0,81). Celles obtenues pour le 
DMC et la teneur en sucre étaient significativement plus élevées dans la population B (0,86 et 
0,88) que dans la population A (0,75 et 0,72). 

Les distributions phénotypiques des quatre caractères étaient conformes à une distribution 
normale au sein des deux populations, comme illustré dans la Figure 12, reflétant des variations 
quantitatives typiques. Dans la population A (74F x Kabusa), les taux d'amidon présentaient une 
variation allant de 74,0 % à 83,6 %, tandis que dans la population B (74F x 14M), cette variation 
s'étendait de 71,1 % à 85,6 %. En ce qui concerne le DMC, la fourchette des scores était de 26,7 
% à 38,8 % dans la population A et de 27,6 % à 41,3 % dans la population B. Les concentrations 
en sucres variaient de 0,58 % à 5,08 % dans la population A et de 0,10 % à 5,84 % dans la 
population B. Enfin, les taux de protéines présentaient une plage de variation de 3,95 % à 7,64 
% dans la population A et de 4,05 % à 7,90 % dans la population B. 

Concernant les géniteurs mâles, 14M et Kabusa, ils présentaient des valeurs significativement 
différentes de celles de la femelle 74F pour l'amidon (80,5 %, 79,2 %, 77,2 % respectivement), 
le DMC (31,5 %, 28,9 %, 28,1 %) et les sucres (1,79 %, 4,12 %, 3,22 %). Cependant, aucune 
différence significative n'a été observée entre les géniteurs en ce qui concerne la teneur en 
protéines. Des ségrégations transgressives ont été observées, avec des valeurs phénotypiques 
soit inférieures, soit supérieures à celles des parents pour tous les caractères (Figure 12). 

 

Figure 12 : Distributions phénotypiques pour l'amidon, la teneur en matière sèche, le sucre et la 
teneur en protéines dans les populations de cartographie A (74F × Kabusa) et B (74F × 14 M) (Arnau 
et al., 2023). 

Plusieurs corrélations significatives ont été détectées entre les caractères. Des corrélations 
négatives ont été trouvées au niveau des deux populations entre la teneur en amidon et la 
teneur en protéines, et entre la teneur en amidon et la teneur en sucre. Une corrélation positive 
a été détectée dans la population A entre la teneur en amidon et le DMC, tandis que dans la 
population B, une corrélation positive a été détectée entre le DMC et les sucres. 
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Un total de 25 QTL a été identifié pour les quatre caractères étudiés dans les deux populations 

de cartographie. Pour la teneur en amidon, quatre QTL ont été détectés dans la population B, 

situés sur les chromosomes 2, 5, 6 et 10, qui expliquent respectivement 22,4, 22,6, 20,1 et 22,1 

% de la variance phénotypique (tableau 9, Figure 13). Dans la population A, trois QTL ont été 

détectés sur les chromosomes 10, 11 et 18, expliquant respectivement 15,4, 19,1 et 16,1% de 

la variance phénotypique totale. Les deux QTLs identifiés sur le chromosome 10 étaient situés 

dans des régions distinctes et sont deux loci différents. La figure 14 montre à titre d’exemple 

celui qui a été identifié dans la population B. Pour le DMC, quatre QTL ont été identifiés dans la 

population B, situés sur les chromosomes 1, 4, 7 et 12, qui expliquent 98,5 % de la variance 

phénotypique totale. Dans la population A, deux QTL ont été trouvés sur les chromosomes 1 et 

2, expliquant respectivement 14,3 % et 18,7 % de la variance phénotypique. La figure 14 

présente des informations sur le QTL identifié sur le chromosome 2 (population A). Trois QTL 

ont été détectés pour les sucres dans la population B (chromosomes 7, 9 et 13) et trois dans la 

population A (chromosomes 6, 7 et 12), expliquant 68,5% et 58,8% de la variance phénotypique 

totale dans chaque population, respectivement. La figure 14 montre les résultats du QTL trouvé 

dans le chromosome 7 (population A). Enfin, quatre QTL ont été révélés pour les protéines dans 

la population B (chromosomes 2, 5, 8 et 19) et deux dans la population A (chromosomes 10 et 

18), expliquant 98,4 % et 38,4 % de la variance phénotypique totale de chaque population.  La 

figure 14 montre les résultats du QTL trouvé sur le chromosome 19. 

 

 

Figure 13 : Localisation sur la carte de référence des QTLs (Quantitative Trait Loci) majeurs (R² > 15 %) 

identifiés pour les quatre traits physico-chimiques étudiés. Les gènes candidats identifiés dans les 

intervalles de confiance des QTLs ont également été positionnés. 
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Figure 14: (A) Exemples de QTL détectés dans les populations biparentales, localisés sur les 
chromosomes 10, 19, 7 et 2 respectivement, pour l'amidon, les protéines, les sucres et la matière 
sèche. (B) Marqueurs SNP situés dans l'intervalle de confiance du QTL, présentant une association 
significative avec les données phénotypiques du panel de diversité. Les allèles à chaque locus et leurs 
effets alléliques sont représentés. 

 

3. Validation des QTLs au sein d’un Panel de Diversité 

Pour vérifier que les QTLs ne sont pas spécifiques au fond génétique des géniteurs parentaux, 
nous avons effectué une validation sur un panel de diversité de Dioscorea alata diversifié pour 
les divers traits étudiés. Le panel utilisé pour la validation des loci liés au traits morphologiques 
était composé de 28 accessions (tableau 10), tandis que celui qui a servi à la validation des loci 
physico-chimiques de 24 accessions.  Ces accessions ont été soumises à un génotypage et à un 
phénotypage similaires à ceux des populations en ségrégation. La validation des QTLs, fondée 
sur les données génotypiques et phénotypiques des panels de diversité, s'est déroulée en deux 
étapes distinctes. Dans un premier temps, un modèle linéaire simple associant chaque 
phénotype à un SNP a été testé à l’aide du coefficient de corrélation de Pearson, avec un seuil 
de signification fixé à 5 %. Tous les SNPs inclus dans l'intervalle de confiance du QTL ont été 
testés. Dans un second temps, une analyse de variance (ANOVA) a été réalisée pour les 
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marqueurs significatifs afin de determiner si les classes génotypiques observées présentaient 
des différences significatives, avec un seuil de p < 0,05.  

Tableau 10 : Détails des 28 accessions de D. alata du panel de diversité avec leur origine 
géographique, leur nom local, leur niveau de ploïdie, leur code d'accession et le type d'accession 
inclus dans l'étude. 

Collection Accession Geographic Local Type of  Ploidy   
  Code origin Name accession level 

CRB-PT PT-IG-00046 Puerto Rico 65_Sea 190 C 2 
CRB-PT PT-IG-00029 Haïti 47_Plimbite C 2 
CRB-PT PT-IG-00350 Guadeloupe 403_Pacala C 2 
CRB-PT PT-IG-00074 Barbados 93_Oriental C 2 
CRB-PT PT-IG-00077 Puerto Rico 96_Kinabayo C 2 
CRB-PT PT-IG-00565 Unknown 629_KL 21 C 2 
CRB-PT PT-IG-00373 Unknown 428_Hyb 5 C 2 
CRB-PT PT-IG-00019 New Caledonia 37_Gordito C 2 
CRB-PT PT-IG-00023 Puerto Rico 41_Florido C 2 
CRB-PT PT-IG-00049 Puerto Rico 68_Cinq C 2 
CRB-PT PT-IG-00092 Puerto Rico 112_Caplaou C 2 
CRB-PT PT-IG-00337 Guadeloupe 390_Boutou BRL 2 
CRB-PT PT-IG-00335 Guadeloupe 388_A 9 BRL 2 
CRB-PT PT-IG-00349 Guadeloupe 402_A 22 BRL 2 
CRB-PT PT-IG-00361 Guadeloupe 416_A 17 BRL 2 
CRB-PT G15003 Guadeloupe INRA15-Q_2b BRL 2 
CRB-PT PT-IG-00076 New Caledonia 95_Bélep C 3 

CIRAD Div-PB Guadeloupe Divin C 2 
CIRAD VU423 Vanuatu Manlankon C 2 
CIRAD VU613 Vanuatu Peter C 2 
CIRAD VU528 Vanuatu Sinoua C 4 
CIRAD VU472 Vanuatu Toufi Tetea C 4 
CIRAD VU754 Vanuatu Noulelcae C 4 
CIRAD H4X431 Guadeloupe Dou BRL 4 
CIRAD H4X242 Guadeloupe Roujol BRL 4 
CIRAD H4X172 Guadeloupe Hyb 4X-172 BRL 4 
CIRAD H4X274 Guadeloupe Marchande BRL 4 
CIRAD  H4X131 Guadeloupe Hyb 4X-131 BRL 4 
      

C, Landraces; BRL, Breeding lines 

En totalité, neuf QTL ont été validés sur le panel de diversité pour les traits morphologiques. 
Ces neuf QTLs, répertoriés dans le tableau 11, se décomposent en trois pour le ratio L/W, trois 
pour la régularité de la forme des tubercules, deux pour la texture de la peau, et un pour les 
racines tuberculaires. Les SNPs significatifs ainsi que l’effet des allèles sont également précisés. 
A titre d’exemple, la figure 15 offre une représentation visuelle de la distribution des valeurs 
phénotypiques en fonction des classes génotypiques observées dans le panel de diversité, pour 
trois de ces loci marqueurs. 

Parmi les divers traits morpho-agronomiques influant sur la qualité du tubercule, le ratio 
longueur/largeur, la régularité de forme, et l'absence de racines tuberculaires revêtent une 
importance particulière. En effet, tant les producteurs que les consommateurs manifestent une 
préférence pour des tubercules légèrement allongés, exempts de digitations (formes 
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régulières), du fait de leur facilité de récolte et de stockage, ce qui réduit les risques de cassures 
et de blessures. De surcroît, ces tubercules sont plus faciles à éplucher lors de la préparation 
des repas. La présence de racines sur les tubercules, en plus de nuire à leur attrait visuel, 
complique également le processus d'épluchage. Enfin, la texture de l'épiderme des tubercules 
peut varier entre lisse et rugueuse. Les tubercules à la surface rugueuse présentent des défis 
supplémentaires lors de l'épluchage par rapport à ceux à la peau lisse, entraînant 
potentiellement des pertes significatives à cette étape. 

Tableau 11:  Caractéristiques des marqueurs SNP validés sur le panel de diversité. 

 Chr Position SNP
  

Flanking sequences with SNP location 

Ratio length/width      
16.1_23049864 16 23049864 T/A ACCCATGGTTGGTGCAGAGGTGATTATGGGAACTGCATGG[T/A

]TGGCTACGTTGGGTTTTCAATTTGATGAGTTATGAGTCACT 

16.1_22716126 16 22716126 A/T TACTAGACACGACATTGCTTATCTTTGTTAGCAATGTTAGC[A/

T]GATTTCTCTCAAATCCAAGTAGAGAGCATTGGAATGCAG 

06.1_16775930 15 16775930 A/T TGCTAAGAGAGTTTTACCTAAGAAAGAAGAACTTACTCTC[A/T

]GAGTTGCGAGGTTCCGTGTTTGATAGGCTTGTACTGCCGA 

Shape regularity     

16.1_22654587 16  2654587 A/T AGTGAATTTGTTGATCATGGTAGTGATGTTAAGTTTTTGT[A/T

]ATAGCATAGCATTTGACTGTGTGTGGCCTGATTTATGCTC 

16.1_22506101 16 22506101 T/A ATGTACACACACACACACAAATAAAACACACAAATAGGTT[T/A

]TAAAAATTTAAAGGAACGCTTGACATTGtAAAAATAATAA 

02.1_19043957 2 19043957 C/G TATATTGACATGATTCAATTCTACAATTTTATCTTCCTAT[C/G]

TATTAATTAATAACTTCTATTTATAAAAAAATTGTAGTTT 

Skin texture     

16.1_22564651 16 22564651 A/T TAAAGACATAGACTTCACTGACTCTGTGGGGATAAGATAT[A/T

]TGTTTTAGTTGGGTTTAATATTTGGTCCTATAAGAGTAAT 

15.1_6502671 15 6502671 C/G AGTAAACAGAAACCCAAACTATTAAACAGAAACTACTAAA[C/G

]TTAATCAGATAAGCATTGACATATAATGTAAAACTATAAC 
Tubercular roots     
16.1_21653648 16 21653648 C/T GAGCTTAGTGCCCCAAAGAGGTAGTCGCCACTTCGCTCCT[C/T]

TCCTTGGTGTACAACAGCACCATCGCTCCTCTCCATGTTAG 
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Figure 15 : Graphiques en boîtes à moustaches illustrant la distribution des données phénotypiques 
observées dans le panel de validation en fonction des classes génotypiques pour les locus 
16.1_21653648, 16.1_22716126 et 02.1_19043957. 3a : Allèles régulant la quantité de racines 
tubéreuses, 3b : Allèles influençant le rapport longueur/largeur, 3c : Allèles influençant la régularité de 
la forme. 

La validation des QTLs liées aux characteristiques physico-chimiques a été faite sur un panel de 

diversité composé de 24 accessions de Dioscorea alata, présentant des caractéristiques 

contrastées. Il s’agit des 24 accessions ayant servi au développent des modèles de prédiction 

NIRS, et dont les données phénotypiques avaient été obtenues par des analyses chimiques 

(Ehounou et al., 2021). 

La majorité des QTL (22 sur 25) ont été validés sur le panel de diversité. Le tableau 9 présente 

les SNP situés dans les intervalles de confiance des QTL, montrant une association significative 

avec les données phénotypiques du panel de diversité (à p <0,01** ou p <0,05*). Les analyses 

de variance ont montré que les différences entre les différentes classes génotypiques étaient 

significatives (p<0,05) pour tous les QTL validés. La figure 14B illustre, à titre d’exemple, les 

distributions des données phénotypiques des différentes classes génotypiques pour les QTL 

détectés pour l'amidon, les protéines, les sucres et le DMC sur les chromosomes 10, 19, 7 et 2, 

respectivement, ainsi que les effets des allèles. Au locus 10.1.6610171, l'allèle C est associé à 

une teneur en amidon plus faible. Au locus 02.1.28100114, l'allèle A est associé à une faible 

teneur en matière sèche. Au locus 21.1.307693, trois classes génotypiques différentes ont été 

observées et les variétés homozygotes pour l'allèle T (TT) avaient des teneurs en protéines 

significativement plus élevées. Au locus 07.1.1765193, les variétés homozygotes pour l'allèle T 

(TT) avaient des teneurs en sucre significativement plus élevées. 
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En conclusion, les QTLs validés pourront être utilisés dans les programmes d'amélioration afin 
de sélectionner les allèles favorables pour ces caractères par le biais de la sélection assistée par 
marqueurs (SAM). Cette approche devrait se révéler prometteuse pour accélérer le processus 
de sélection des hybrides au sein des descendances en ségrégation.                            

4. Recherche de gènes candidats associés aux QTLs identifiés 

Une recherche approfondie de gènes candidats a été menée dans les intervalles de confiance 
des divers QTLs ayant été validés, en utilisant le portail de génomique comparative du NCBI. Ce 
portail compile les informations relatives aux 35078 gènes annotés sur le génome de référence. 

Pour la taille des tubercules, deux gènes candidats ont été identifiés. Le premier, situé près du 
SNP 16.1_23694121 (un gène du cycle de division cellulaire 202, cofacteur du complexe APC) 
et un second situé près des SNPs 16.1_22716126 et 16.1_22746342 (un gène régulateur du 
nombre de cellules 6). Le complexe APC est une ligase ubiquitine E3 et un régulateur essentiel 
de la progression du cycle cellulaire (Franks et al., 2020). La famille des gènes CNR (régulateurs 
du nombre de cellules) est quant à elle connue pour influencer la taille des plantes et des 
organes (Guo et al., 2010). 

En ce qui concerne la présence de racines tuberculaires, un gène candidat a été repéré à 
proximité du SNP 16.1_21653548, lié à une protéine de liaison au promoteur de SQUAMOSA 
(SPL), qui impacte divers processus biologiques y compris le taux d'initiation des feuilles, la 
production de trichomes, la biosynthèse des anthocyanes et des caroténoïdes et le 
développement des racines latérales (Ma et al., 2022). 

Pour la teneur en amidon, cinq gènes candidats potentiels ont été identifiés, dont quatre (iso-
amylase ISA3, sérine/thréonine protéine kinase, saccharose phosphate synthase, saccharose 
phosphatase) jouent un rôle crucial dans le métabolisme de l'amidon et du saccharose. Il a été 
rapporté que l'Isoamylase ISA3 participe au processus de dégradation de l'amidon chez la 
pomme de terre (Ferreira et al., 2017). Cette enzyme est impliquée dans la réduction de la 
période de dormance (Ferreira et al., 2017). Le saccharose phosphate synthase et la saccharose 
phosphatase jouent des rôles clés dans le métabolisme du saccharose (Fernie et al. ,2002). La 

sérine/thréonine protéine kinase, a été signalé comme participant à la biosynthèse de l'amidon 
et du sucre chez la pomme de terre (Mckibbin et al., 2006). Le cinquième gène putatif, la 
Glycosyl hydrolase de la famille 5, serait impliqué dans l'hydrolyse de la liaison glycosidique 
entre deux ou plusieurs glucides, et est présent dans de nombreux tissus végétaux (Minic, 
2008 ;Neis et Da Silva Pinto, 2021). 

Cinq gènes candidats potentiels ont été détectés pour la teneur en sucres, parmi lesquels trois 
jouent un rôle majeur dans la respiration ou la glycolyse de la plante (Enolase, Pyruvate 
déshydrogénase kinase, Glycine H Protein). La Pyruvate déshydrogénase kinase a été identifiée 
comme régulateur négatif de la pyruvate déshydrogénase mitochondriale, jouant un rôle 
central dans le contrôle de la respiration cellulaire (Millar et al., 1998). L'Enolase, également 
connue sous le nom de Phosphopyruvate hydratase, catalyse la neuvième et avant-dernière 
étape de la glycolyse. Chez le tabac, il a été rapporté que la protéine H de glycine joue un rôle 
important dans le flux photorespiratoire (López-Calcagno et al., 2019). La surexpression de 
cette protéine réduit la quantité de sucres solubles et augmenté l'accumulation d'amidon 
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(López-Calcagno et al., 2019). Le quatrième gène putatif,Beta-glucosidase, serait impliqué dans 
l'hydrolyse de la cellobiose et d'autres oligosaccharides en glucose (Angkasawati et al., 2020). 
Le cinquième gène putatif, le transporteur UDP-rhamnose/UDP-galactose, serait impliqué dans 
le transport des sucres nucléotidiques du cytosol vers l’appareil de Golgi, pour être utilisés dans 
la synthèse de polysaccharides (Rautengartena et al., 2014). 

En ce qui concerne la teneur en protéines, quatre gènes candidats potentiels ont été identifiés 
(D-amino acid transaminase, Indole 3 glycerol phosphate synthase, Complex kinase 7, Proline 
rich like receptor kinase), parmi lesquels la D-amino acid transaminase joue un rôle crucial dans 
le métabolisme de biosynthèse et/ou de dégradation de différents acides aminés chez les 
plantes, tels que l'alanine et la sérine (Diebold et al., 2002). L’enzyme Indole 3 glycerol 
phosphate synthase, est impliquée dans la biosynthèse du tryptophane (Schlee et al., 2013). 
Tandis que l’'enzyme Complexe Kinase 7 a été signalée comme étant impliquée dans la 
phosphorylation des protéines à la fois dans la membrane externe des mitochondries et dans 
les chloroplastes (Pagliarin et Dixon, 2006).  

Enfin, trois gènes candidats potentiels ont été detectés pour la teneur en matière séche 
(Xyloglucan galactosyltransferase, endo Beta D Glucanase, Ubiquitin protease). Le premier est 
impliqué dans la plasticité des composants de la paroi cellulaire grâce à sa capacité à hydrolyser 
et à reconnecter les chaînes de xyloglucane (Baumann et al.,2007). Tandis que l’endo Beta D 
Glucanase, est impliquée dans le clivage des chaînes de glucanes, constituants majeurs des 
parois cellulaires générant principalement des oligosaccharides (Perrot et Ramirez 2022). 
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5.Projet de Recherche 

Mon projet de recherche pour les prochaines années s’appuie sur les résultats obtenus jusqu’à 
présent et se concentrera sur deux axes principaux. D’une part, je prévois de valider 
fonctionnellement les gènes candidats identifiés par diverses analyses et méthodologies. 
D’autre part, je poursuivrai mes recherches sur la polyploïdie, visant à développer de nouvelles 
variétés capables de répondre aux défis agricoles actuels, notamment la baisse de la fertilité 
des sols et la diminution des rendements. Mes travaux antérieurs sur la polyploïdie m’ont 
convaincue de son intérêt potentiel pour le développement de variétés plus résilientes et plus 
productives. 

Partie 1 : Caractérisation et validation de gènes candidats  

 

1. Contexte et objectifs 

Les avancées récentes en technologies de séquençage ont transformé les études génétiques, 
ouvrant la voie à des recherches approfondies et à une analyse plus précise des génomes 
végétaux. La mise au point de méthodes de séquençage de nouvelle génération (Next-
Generation Sequencing, NGS) a permis de réduire drastiquement le coût du séquençage par 
rapport aux techniques de première génération, rendant ces analyses plus accessibles pour des 
projets de recherche (Satam et al., 2023). Grâce à ces technologies, le séquençage complet du 
génome (Whole Genome Sequencing, WGS) et la transcriptomique, autrefois onéreux et 
techniquement exigeants, sont désormais réalisables à grande échelle (Muñoz-Espinoza  et al 
2022 ; Song et al., 2023). La réduction des coûts permet aujourd'hui de générer des séquences 
pour de nombreux génotypes ou variétés, offrant une base de données riche et diversifiée pour 
identifier des variations génétiques spécifiques, telles que les SNPs et indels (insertions ou 
deletions), directement liées aux traits phénotypiques d'intérêt (Ramakrishna et al., 2018; Liu 
et al., 2022).  

Dans ce contexte, cette première partie de l’étude vise à valider les gènes candidats que j’ai 
identifiés, en confirmant leur rôle biologique et leur implication dans les variations 
phénotypiques des traits étudiés. Pour ce faire, j’utiliserai principalement des données de 
séquençage complet du génome (WGS) et de transcriptomique, développées par mon équipe 
DEFI.  

2. Caractérisation des Variants par Séquençage Complet du Génome (WGS) 

Dans un premier temps, j’utiliserai les données de séquençage WGS générées sur un large 
éventail de variétés (Mota et al., 2024), certaines ayant déjà été caractérisées pour les traits 
phénotypiques étudiés. Ces séquences génomiques seront alignées avec celles des gènes 
candidats identifiés pour explorer les variations génétiques, comme les SNPs et indels, en lien 
avec les traits observés. Les signatures spécifiques de certains allèles pourront servir de 
marqueurs génétiques dans les programmes de sélection variétale.  
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Ce type d’analyse nécessite des compétences en bio-informatique pour le traitement des 
données génomiques. Afin de répondre aux exigences de ces analyses complexes, j’ai suivi une 
formation spécialisée intitulée "Linux pour l’analyse des données génomiques" à l’Institut Agro 
de Montpellier (du 30 septembre au 4 octobre 2024, 35 heures). Cette formation m’a permis 
de maîtriser les outils bio-informatiques nécessaires pour le traitement et l’analyse des 
données de séquençage, en couvrant des aspects tels que la gestion des environnements Linux 
et l’utilisation de logiciels spécifiques pour chaque étape de l’analyse, y compris le mapping des 
reads sur les séquences des gènes candidats, l’appel et le filtrage des variants, ainsi que 
l’automatisation des flux de travail. 

De plus, mon collègue B. Fouks a conçu un pipeline bio-informatique destiné à faciliter l’analyse 
des gènes candidats. Ce pipeline intègre de manière optimisée toutes les étapes nécessaires, 
depuis le traitement des séquences brutes jusqu’à l’identification et l’interprétation des 
variations génétiques (Figure 16), permettant ainsi d’optimiser les performances des analyses, 
leur reproductibilité, et la standardisation des résultats. 

 

Figure 16 : Étapes et outils requis pour la caractérisation des gènes candidats à partir des données de 
séquençage complet du génome (Whole Genome Sequencing, WGS). 

Si des variants sont détectés dans les régions codantes des gènes (CDS) et affectent les acides 
aminés, une validation fonctionnelle viendra confirmer leur impact biologique.  
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3. Validation par Étude Transcriptomique 

Pour compléter l’analyse des variants génétiques, cette deuxième phase portera sur la 
validation fonctionnelle des gènes candidats via une étude transcriptomique. Les données, 
générées par mon collègue K. Dossa à partir d’échantillons de tubercules de six génotypes de 
Dioscorea alata (Mota et al., 2024), permettront une analyse comparative de l’expression 
génique. Les lectures transcriptomiques seront alignées avec les séquences des gènes 
candidats afin d'examiner si des différences d'expression sont en corrélation avec les variations 
phénotypiques. Ce travail visera à renforcer la compréhension du lien entre expression génique 
et caractéristiques observées. 

4. Validation Fonctionnelle par qPCR 

Afin de confirmer ces résultats, je réaliserai une validation par PCR quantitative (qPCR). Cette 
méthode mesurera l'expression des gènes d'intérêt dans des échantillons sélectionnés, afin de 
vérifier la régulation des différents allèles associés aux traits phénotypiques spécifiques. La 
qPCR contribuera à établir un lien solide entre les variants génétiques identifiés et les niveaux 
d’expression, renforçant les conclusions de l’étude sur le rôle de ces gènes dans les variations 
observées. 

5. Validation par Silencing de Gène et Technologie CRISPR-Cas9 

Enfin, si les résultats préliminaires sont concluants, je proposerai d’approfondir la validation 
des gènes candidats en utilisant des techniques avancées comme le silencing de gène (RNAi) 
ou CRISPR-Cas9. Ces méthodes permettront de moduler l'expression des gènes ciblés et d’en 
observer les effets sur les traits phénotypiques. Par exemple, le silencing de gène pourra être 
utilisé pour réduire ou supprimer l’expression de certains gènes, tandis que CRISPR-Cas9 
introduira des mutations spécifiques pour en tester les impacts fonctionnels. Ces approches 
offriront une validation rigoureuse des rôles des gènes candidats, avec des applications 
prometteuses pour la sélection variétale. 
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Partie 2 : Augmentation du Rendement et de la Résistance aux Stress Abiotiques par la 
Polyploïdie 

 

1. Contexte 

La polyploïdie est un phénomène courant chez les plantes, qui a joué un rôle clé dans l’évolution 
et la diversification de nombreuses espèces cultivées (Soltis et al., 2004 ; Alix et al., 2017 ; Tossi 
et al., 2022). Ce processus génétique permet souvent aux plantes polyploïdes de s’adapter à de 
nouveaux environnements (Dubcovsky et Dvorak, 2007 ; Tossi et al., 2022). Parmi les grandes 
cultures agricoles, beaucoup sont polyploïdes, notamment le blé (Triticum aestivum), l'avoine 
(Avena sativa), le coton (Gossypium hirsutum), le tabac (Nicotiana tabacum), le café (Coffea 
arabica), la pomme (Malus pumila), la poire (Pyrus communis), la patate douce (Ipomoea 
batatas), la luzerne (Medicago sativa) et la pomme de terre (Solanum tuberosum). 

Parmi les espèces citées, les huit premières sont des allopolyploïdes, tandis que les deux 
dernières sont des autotétraploïdes. Les allopolyploïdes résultent de croisements 
interspécifiques suivis d'une duplication chromosomique, ce qui leur permet de cumuler 
plusieurs génomes. En revanche, les autopolyploïdes proviennent d'un seul génome ancestral 
qui a été dupliqué sans apport génétique d'autres espèces. Ce processus d'autopolyploïdie 
resulte souvent d'erreurs survenant lors de la méiose, menant à plusieurs ensembles de 
chromosomes homologues (par exemple, 3 copies = triploïdes, 4 copies = tétraploïdes). 

La majorité des variétés cultivées de luzerne (Medicago sativa) (2n = 4x = 32) et de pomme de 

terre (Solanum tuberosum) (2n = 4x = 48) sont des autotétraploïdes, possédant ainsi quatre 

ensembles complets de chromosomes homologues. Ces caractéristiques polyploïdes apportent 

des avantages significatifs en matière de productivité agricole. Par exemple, des études ont 

montré que la luzerne tétraploïde présente une biomasse et un rendement supérieurs par 

rapport aux variétés diploïdes, ainsi qu'une meilleure capacité d'adaptation à des conditions 

environnementales variées (Dunbier et al., 1975; Bingham et al., 1994). Concernant la pomme 

de terre, il a été démontré que les variétés tétraploïdes augmentent le rendement global 

(Kumar et Kang, 2016). Cette amélioration des traits agronomiques est souvent attribuée à 

l'hétérosis, qui accroît la vigueur des plantes polyploïdes, les rendant plus résistantes aux stress 

abiotiques et biotiques (Mendoza et Haynes, 1974 ; Ortiz Ríos, 2015). 

Ainsi, la polyploïdie ne constitue pas uniquement un phénomène évolutif, mais elle représente 
également un atout majeur pour l’agriculture moderne. Il a été démontré que, parmi les trois 
principales espèces d'igname, Dioscorea rotundata, D. alata et D. trifida, les deux dernières 
sont des autopolyploïdes. Trois cytotypes différents ont été identifiés (2n = 2x, 3x, 4x = 40, 60, 
80) chez D. alata (Arnau et al., 2009) et D. trifida (Bousalem et al., 2006, 2010). Chez D. trifida, 
qui produit généralement plus d’un tubercule par plante, les formes tétraploïdes domestiquées 
génèrent des tubercules plus gros que les formes diploïdes (Bousalem et al., 2006). Ce 
phénomène est similaire à celui observé chez la pomme de terre, où la polyploïdie a conduit à 
une augmentation significative de la taille et du rendement des tubercules (Kumar et Kang, 
2016). 
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Des travaux de polyploïdisation ont également été menés sur des espèces diploïdes telles que 

l'orge (Hordeum vulgare, 2n = 2x = 14) (Chen et al., 2021), le peuplier (Populus hopeiensis, 2n = 

2x = 38) (Wu et al., 2023), le pommier (Malus domestica, 2n = 2x = 34) (Xue et al., 2017) et le 

gingembre (Zingiber officinale, 2n = 2x = 36) (Zhou et al., 2020).  Ces études ont montré que les 

autotétraploïdes présentent plusieurs modifications phénotypiques par rapport aux diploïdes. 

Parmi ces modifications, on observe une augmentation de la taille des stomates (longueur et 

largeur), une diminution du nombre total de stomates, des feuilles plus grandes et une 

concentration accrue en chlorophylle (Chen et al., 2021; Wu et al., 2023; Xue et al., 2017; Zhou 

et al., 2020). Ces différences phénotypiques s'expliquent par le doublement de l’ADN dans les 

tétraploides, entraînant une augmentation du volume cellulaire, favorisant des cellules plus 

grandes, dues à une accumulation de protéines et de métabolites essentiels. En outre, il a été 

démontré que la duplication du génome entraîne des modifications dans l'expression des gènes 

(Zhou et al., 2015; Chen et al., 2021; Tossi et al., 2022). Dans les tétraploïdes, certaines voies 

métaboliques peuvent être amplifiées, ce qui affecte de manière significative la croissance et 

le développement phénotypique (Zhang et al., 2024). 

En Guadeloupe, j’ai initié un programme de recherche sur la polyploïdie, mais plusieurs défis 
demeurent, notamment la rareté des tétraploïdes naturels et la difficulté à exploiter la 
production de gamètes diploïdes. Ce phénomène, observé chez certaines variétés mâles et 
femelles, est fortement influencé par les conditions environnementales. Pour remédier à cette 
situation, nous avons généré quelques tétraploïdes artificiels par duplication complète du 
génome (Whole Genome Duplication, WGD) à partir de variétés diploïdes sélectionnées 
comme géniteurs tétraploïdes. 

Étant donné notre compréhension actuelle de l’architecture génétique des traits clés 
déterminant la qualité des tubercules, je propose d’élargir la recherche en vue de créer des 
hybrides tétraploïdes à haut rendement et résilients aux stress abiotiques. Pour cela, je prévois 
la production de tétraploïdes artificiels par duplication complète du génome à partir de 15 
variétés diploïdes élite florifères, choisies pour la qualité de leur tubercule. 

2. Objectifs 

 Comparer les performances des diploïdes/diploides doublés : Évaluer l’impact de la 
polyploïdie sur des paramètres tels que le rendement, la taille et le nombre de 
stomates, ainsi que la composition biochimique des tubercules.  

 Créer des hybrides tétraploïdes : Utiliser les tétraploïdes artificiels comme géniteurs 
pour produire des descendances maximisant l’hétérozygotie et l’hétérosis, en se basant 
sur la complémentarité des traits et la distance génétique entre les parents.  

3. Sélection de Variétés Diploïdes Fertiles Supérieures 

La première étape consistera à sélectionner des variétés diploïdes fertiles présentant des 
caractéristiques agronomiques intéressantes, notamment pour les traits qui influent sur la 
qualité des tubercules. Cette sélection s'appuiera sur les collections de germoplasmes, 
notamment celles du CRB-PT et du CIRAD. Nous utiliserons une combinaison de données 
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phénotypiques et de marqueurs moléculaires afin d'identifier des variétés diploïdes de haute 
qualité, qui serviront de base pour l'augmentation du niveau de ploïdie. 

4. Production de Tétraploïdes à partir des Variétés d'Élite Diploïdes Sélectionnées 

La deuxième étape consistera à induire le doublement chromosomique de quinze variétés 
diploïdes sélectionnées afin de les convertir en tétraploïdes, par la technique de duplication 
complète du génome (Whole Genome Duplication, WGD) à l'aide de traitements chimiques. 
Pour cela, j'ai établi un partenariat avec une société privée, reconnue pour son expertise dans 
l'induction de polyploïdie et les analyses de vérification par cytométrie en flux. Cette phase sera 
réalisée au cours de la première année. 

5. Étude Comparative des Génotypes Diploïdes et Tétraploïdes  

À partir de la deuxième année, nous évaluerons en Guadeloupe les performances au champ 
des 15 génotypes diploïdes et des 15 génotypes tétraploïdes, chacun testé sur 15 plants, soit 
un total de 450 plants. Cette étude analysera les rendements ainsi que divers traits 
agronomiques essentiels, tels que la teneur en chlorophylle des feuilles, la teneur en amidon 
des tubercules, la matière sèche et la teneur en protéines. 

6. Croisements entre Tétraploïdes Complémentaires et Génétiquement Éloignés et Sélection 

des Meilleurs Hybrides 

Dès la troisième ou quatrième année, des croisements pourront être effectués entre des 
tétraploïdes génétiquement éloignés et présentant des traits complémentaires. Ces 
croisements viseront à cumuler les allèles favorables associés à la qualité des tubercules tout 
en maximisant l’hétérosis pour améliorer le rendement. Les hybrides ainsi générés seront 
multipliés in vitro, testés en station, selon une approche combinant des évaluations 
phénotypiques et des marqueurs moléculaires, puis diffusés à nos partenaires pour des 
évaluations multilocales. Ce projet pourrait offrir des solutions innovantes pour améliorer la 
production de Dioscorea alata face aux défis environnementaux croissants et aux besoins 
alimentaires mondiaux. 

Les activités envisagées sont déjà incluses dans deux projets de recherche en cours de 
montage, notamment un projet interrégional (projet CARIBIODIV) et le projet RTB Breeding 
IITA.  
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†BackgroundandAimsDioscoreaalata is apolyploid specieswith aploidy level rangingfromdiploid (2n ¼ 2x ¼ 40)
to tetraploid (2n ¼ 4x ¼ 80). Ploidy increase is correlated with better agronomic performance. The lack of knowledge
about the origin ofD. alata spontaneous polyploids (triploids and tetraploids) limits the efficiency of polyploid breed-
ing. The objective of the present studywas to use flow cytometry andmicrosatellite markers to understand the origin of
D. alata polyploids.
†Methods Different progeny generated by intracytotype crosses (2x × 2x) and intercytotype crosses (2x × 4x and
3x × 2x) were analysed in order to understand endosperm incompatibility phenomena and gamete origins via the
heterozygosity rate transmitted to progeny.
†Results This work shows that in a 2x × 2x cross, triploids with viable seeds are obtained only via a phenomenon of
diploid female non-gametic reduction. The study of the transmission of heterozygosity made it possible to exclude
polyspermy and polyembryony as themechanisms at the origin of triploids. The fact that no seedlings were obtained
bya 3x × 2x crossmade it possible to confirm the sterilityof triploid females. Flow cytometry analyses carried out on
the endosperm of seeds resulting from 2x × 4x crosses revealed endosperm incompatibility phenomena.
†ConclusionsThemajor conclusion is that the polyploids ofD. alatawould have appeared through the formation of
unreduced gametes. The triploid pool would have been built and diversified through the formation of 2n gametes in
diploid females as the result of the non-viability of seeds resulting from the formation of 2n sperm and of the non-
viability of intercytotype crosses. The tetraploids would have appeared through bilateral sexual polyploidization
via the union of two unreduced gametes due to the sterility of triploids.

Key words: Dioscorea alata, endosperm balance, 2n gametes, bilateral sexual polyploidization, triploid origin,
polyploidy.

INTRODUCTION

Dioscorea alata is a monocot that belongs to the family
Dioscoreaceae. This gender includes .600 species (Ayensu
and Coursey, 1972) of which the three main cultivated species
are D. rotundata, D. alata and D. trifida. Yams are an important
food crop in tropical and sub-tropical regions. Theyare dioecious
herbaceous vines cultivated for their starchy tubers. They are ex-
clusively propagated by vegetative multiplication by means of
small tubers or small pieces of tubers. New combinations can
be obtained via sexual reproduction, and breeding new cultivars
has proven to be an efficient method for genetic improvement
(Abraham and Nair, 1991; Egesi and Asiedu, 2002; Arnau
et al., 2010, 2011).
Dioscorea alata is a polyploid species with diploid (2n ¼ 40),

triploid (2n ¼ 60) and tetraploid (2n ¼ 80) cytotypes (Arnau
et al., 2009). The origin of this species is still a matter of
debate because it has not yet been clearly identified in its wild
state in nature, whereas wild forms have been mentioned by
Shajeela et al. (2011). Ploidy increase is correlated with
growth vigour, higher and more stable tuber yield and increased
tolerance to abiotic and biotic stress (Malapa et al., 2005; Lebot,
2009; Arnau et al., 2010). Diversity studies have shown that the
most common forms are diploids, followed by triploids, and that

tetraploids are rare and only exist in diversification centres in
Asia and the South Pacific (Abraham and Nair, 1991; Arnau
et al., 2009; Lebot, 2009). Recent studies have demonstrated a
tetrasomic segregation for D. alata tetraploid clones (2n ¼
4x ¼ 80) (Nemorin et al., 2012). Autotetraploidy confers
several advantages, ofwhich hybrid vigour, also known as heter-
osis, is among the most common (Gallais, 2003; Parisod et al.,
2010). Autotetraploids can be formed from diploids in a
variety of ways (Harlan and de Wet, 1975; Ramsey and
Schemske, 1998), one ofwhich is thought to involve the combin-
ation of twounreduced (2n) gametes (bilateral sexual polyploidi-
sation, BSP) (Bretagnolle and Thompson, 1995; Ramsey and
Schemske, 1998). There are two major ways to produce 2n
gametes: byfirst division restitution (FDR) or by second division
restitution (SDR) (Mok and Peloquin, 1975). These two cyto-
logical events have different genetic consequences. In fact,
FDR2ngametes transmit themajor part of parental heterozygos-
ity to progeny, whereas SDR 2n gametes are rather homozygous.
Because BSP would only occur with the joint probability of two
events of low likelihood, it is considered quite rare in natural
populations (Husband, 2004). However, tetraploids have been
obtained by BSP in several species such as Dactylis glomerata
(Bretagnolle and Lumaret, 1995), Trifolium pratense (Parrott
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and al., 1985) and diploid relatives of Solanum tuberosum
(Mendiburu and Peloquin, 1977; Hutten et al., 1995).

Alternatively, tetraploids may be produced in two steps via a
triploid intermediary, through a process known as the triploid
bridge (unilateral sexual polyploidization, USP). Tetraploids
have been obtained by USP in several species such as Cucumis
sativus (Diao et al., 2009), Achillea borealis (Ramsey, 2007)
and Chamerion angustifolium (Husband, 2004). Triploids that
are formed through the union of a haploid (x) and a diploid unre-
duced (2x) gameteareofvarying fertility dependingon the species
(Ortiz and Vuylsteke, 1995; Burton and Husband, 2001; Park
et al., 2002).Meiosis of triploids is irregularand results in amajor-
ity of aneuploid gametes. Euploid gametes that are haploid,
diploid or triploid would be formed at the expected frequencies
of 1/2x, 1/2x + 1/2x, 1/2x + 1/2x + 1/2x, respectively (Lange and
Wagenvoort, 1973), where x is the basic chromosome number.
Depending on their fertility and the ploidy of their functional
gametes (e.g. n ¼ x, 2x or 3x), triploids may produce tetraploids
through the union of a balanced triploid gamete (3x) with a
haploid gamete (x) of a diploid or a triploid. Non-gametic reduc-
tion in triploids can increase the frequency of balanced gametes
(2x and 3x) by SDR and FDR, respectively, as is the case in
C. angustifolium (Husband, 2004).

Unions of gametes of different ploidy levels are expected to
interfere with seed development. In angiosperms, seeds are
obtained by double fertilization (fertilization of the oosphere,
producing the embryo, and fertilization of the central cell,
leading to the formation of the endosperm). Because the
central cell of most flowering plant species is homodiploid (2x)
and fertilized by a haploid male gamete (x), the resulting endo-
sperm is triploid (2 + 1) and, therefore, genetically distinct
from the diploid embryo (1 + 1). The endospermofmost angios-
perms is triploid, with a 2:1 ratio of the maternal to the paternal
genome, although exceptions have been found in some species
(Williams and Friedman, 2002; Mizuochi et al., 2009).
Endosperm is particularly sensitive to ploidy unbalance
(Köhler et al., 2010). An unbalanced endosperm may lead to
an unviable seed (Costa et al. 2004). Deviations from the ratio
of two maternal (2m) to one paternal (1p) genome in the endo-
sperm can cause endosperm failure (Köhler et al., 2010).
Increased contributions of maternal or paternal genomes
inhibit proliferation of the endosperm or cause endosperm
excess, respectively (Scott et al., 1998).

Dioscoreaalatabreedingprogrammeswere exclusively based
on the creation of diploid varieties until 2006, although poly-
ploidy has been acknowledged for a long time (Ramachandran,
1968; Abraham and Nair, 1991). The first polyploid hybrids
were recently created by conventional hybridization, thanks to
the discovery of the fertility of D. alata tetraploid varieties and
to the development of an in vitro immature embryo rescue
method (Arnau et al., 2006; Abraham and Arnau, 2009).
Intercytotype crosses between diploid females and tetraploid
males revealed the phenomenon of endosperm incompatibility
because they produce non-viable mature seeds with shrivelled
endosperm. Obtaining tetraploid hybrids from intercytotype
crosses suggested the ability of diploid progenitors to produce
unreduced (2n) gametes, pollen or ovules. In the case of
D. alata, triploid males are sterile because their flower buds
remain unopened until drying off (Abraham and Nair, 1991),
and the fertility of female flowers has never been demonstrated.

Flow cytometry is a fast and easy technique to determine
ploidy levels in plants (Doležel et al., 1994; Seker et al., 2003)
and has already been used to screen 2x × 2x D. alata progenies
(Arnau et al., 2011). Flow cytometry has also been used to
determine endosperm ploidy in several species and to better
understand the phenomenon of endosperm incompatibility in
interspecific or intercytotype crosses (Pichot and Maataoui,
1997; Sliwinska et al., 2005).

Because microsatellite markers are co-dominant and highly
reproducible, they are suitable for the analysis of allele segrega-
tion in progenies (Ashley and Dow, 1994). Once maternal
and paternal microsatellite genotypes are known, the different
pathways for gamete production and unions that give rise to
polyploid individuals can be compared for their likelihood. For
example, the origin of 2n gametes (maternal or paternal) can
be deduced from microsatellite analysis. The transmitted
heterozygosity can also provide knowledge about the type of
mechanisms involved in the non-reduction, i.e. the suppression
of restitution of the first or the second division.

Implication of gametic non-reduction in the formation of
polyploid individuals has never been demonstrated in D. alata.
Furthermore, endosperm incompatibilities in this species have
never been studied, in spite of their importance in intercytotype
crosses. This knowledge is crucial for the optimization of the
production of new polyploid (3x and 4x) cultivars.

The objective of the present study was to use flow cytometry
and microsatellite markers to understand the origin of D. alata
spontaneous triploids and tetraploids.Diploidgenitors suspected
of producing unreduced gametes were used. Intercytotype
crosses between diploid, triploid and tetraploid genitors gener-
ated different types of progeny. Flow cytometry was used to
measure embryo and endosperm ploidy. Microsatellite markers
were genotyped on diploid parents and their detected polyploid
offspring. This work made it possible to identify the origin of
2n gametes and endosperm, and provided knowledge about the
formation of D. alata polyploids.

MATERIALS AND METHODS

Plant materials

The origin of theDioscorea alata plant material used is given in
Table 1.

The first progeny of 300 seeds was obtained by crossing two
diploid parents (2n ¼ 2x ¼ 40) (female ‘5F’ and male
‘Kabusa’). The diploid status of ‘5F’ and ‘Kabusa’ was ascer-
tained by flow cytometry in Arnau et al. (2009). Both diploid
genitors are suspected of producing unreduced gametes. Half
of the seeds (n ¼ 150) were sown, and fresh leaves of seedlings
were analysed using flow cytometry. The other half of the
seeds were desiccated 90 d after pollination and the endosperm

TABLE 1. Origin of plant material

Plant Type Origin Ploidy

‘5F’ Hybrid Guadeloupe 2x
‘Kabusa’ Local cultivars Caraı̂bes 2x
258F Local cultivars Madagascar 3x
148 Local cultivars Vanuatu 4x
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was separated from the embryo. Flow cytometry was then per-
formed on seedlings resulting from embryo culture, whereas a
joint flow cytometry analysis was carried out on endosperm.
Simple sequence repeat (SSR) analyses were only performed
on the leaves of detected triploid seedlings.

The second progeny of 2000 seeds obtained by crossing the
diploid female clone ‘5F’ and the tetraploid male clone 148
was used: (1) to study endosperm incompatibility in 2x × 4x
crosses; and (2) to analyse events of non-gametic reduction in
the female parent. One thousand seeds were sown to evaluate
seed viability and to check the ploidy of emerging plantlets by
flow cytometry. The remaining 1000 seeds were desiccated to
allow a separate ploidy analysis on endosperm and embryos.

Thegametic fertilityof a triploid female clone (258F)was ana-
lysed by crossing it with the diploid male ‘Kabusa’. The fertility
study of the male ‘Kabusa’ was done by staining the pollen with
carmine. Obtaining tetraploids by this cross would be indicative
of the formation of unreduced balanced gametes in triploid
females. A total of 300 female flowers were fertilized by
manual hybridizations, corresponding to 1800 potential seeds,
given that a fruit can contain 1–6 seeds. The rates of fruit set
and seed setting were recorded.

Flow cytometry analysis

Flowcytometryanalysis of leaveswas performed as described
byArnau et al. (2009). The nuclear DNAcontent of samples was
determined by comparison of the relative positions of the G0–1

peak of different internal references: 760a as the triploid
reference, 639a as the diploid reference and 754a as the tetraploid
reference. The ploidy of these three clones was determined
by mitotic chromosome counts in Arnau et al. (2009). For endo-
sperm analysis, the protocol described by Sliwinska et al. (2005)
was used, with some adaptations. Endosperm was chopped up
with a double-edged razor blade in 1 mL of nucleus isolation
buffer [0.1 M Tris–HCl, 2.5 mM MgCl2.6H2O, 85 mM NaCl,
1 % (w/v) polyvinylpyrrolidone-PVP-10 and 0.1 % (v/v)
Triton X-100 pH 7]. The suspension was filtered through a
30 mm pore filter. A 300 mL aliquot of filtrated endosperm solu-
tion, 200 mL of filtrated leaf solution of an internal standard and
400 mL of isolation buffer supplemented with propidium iodide
(50 mgmL21) and RNase A (50 mgmL21) were thenmixed in a
tube. The suspensions were incubated for approx. 5 min at room
temperature.After incubation, each samplewas runonaflowcyt-
ometer. DNA quantities were measured using a FACScalibur
laser flow cytometer (Beckton Dickinson, USA) with Cellquest
Software.

The choice of the internal referencewasmade according to the
expected offspring or endospermploidy. To detect non-expected
seedlings (triploid in a diploid population or tetraploid in a trip-
loid population), an appropriate internal reference [diploid
(639a) or triploid (760a), respectively] was used and the results
were interpreted as follows. The internal reference produces
two fluorescence peaks: a major peak corresponding to 2x or
3x DNA quantities of the majority of leaf cells, and a replicated
G2 minor peak corresponding to 4x or 6x DNA quantities from
cells in mitotic interphase. When the fluorescence peak corre-
sponding to the nuclei obtained from a given sampled individual
was between these two reference peaks, the individual was
assumed to be triploidwith the diploid internal reference or tetra-
ploid with the triploid internal reference if the sample peak is
closer than the G0–1 peak. When no additional peak was
observed between the two peaks of the internal reference, the in-
dividual was assumed to have the same ploidy level as the refer-
ence. The same principle is applied to measure expected
hexaploid (6x) endosperm. The tetraploid (754a) internal refer-
ence was used and produced two fluorescence peaks. When the
fluorescence peak corresponding to the nuclei obtained from a
given sampled endosperm was equidistant from these two refer-
ence peaks, the endosperm was assumed to be 6x.

Microsatellite amplification

Seventy-fiveSSRs developed fromfive different yam species –
D. rotundata, D. abyssinica, D. prahensilis, D. japonica and
D. alata (Misuki et al., 2005; Tostain et al., 2006; Andris et al.,
2010) – were used to determine the genotypes of the genitors.
Only the six SSR markers that revealed polymorphism between
the diploid parents ‘5F’ and ‘Kabusa’, without any common
allele (Da2F10, Da1D08, mDaCIR8, mDaCIR60, mDaCIR61
and mDrCIR128), were selected. Primer sequences are given
in Table 2. Da2F10, mDaCIR8, mDaCIR61 and mDrCIR128
show two alleles in the female progenitor ‘5F’ and two different
alleles in the male progenitor ‘Kabusa’. Da1D08 and mDaCIR60
show heterozygosity in ‘5F’ and are homozygous in ‘Kabusa’
but with different alleles.

Amplification was performed in a total volume of 20 mL
containing 0.05 U mL21 of Taq polymerase, 2 mL of 10×
buffer, 0.2 mM dNTP, 2 mmol of labelled or unlabelled
primers, 2 mM MgCl2 and 10 ng of DNA. Forward primers
were labelled with one of the following fluorophores: TET,
NED, HEX or 6-FAM. The PCR conditions were as follows:
5 min of denaturation at 94 8C, followed by 30 cycles alternating
30 s of denaturation at 94 8C, 30 s of hybridization at annealing

TABLE 2. Primer sequence of the six microsatellite markers using for study of the allelic contribution of the progenitor

Locus Sequence F Sequence R Origin

Da2F10 TCAAGGATAAGAACTCCC CAACGGCTAAACAGAAA D. alata
Da1D08 GATGCTATGAACACAACTAAC TTTGACAGTGAGAATGGA D. alata
mDaCIR8 ACAGCAGCAAAATAACTG TCTTTGCAGGAGAAGAGG D. alata
mDaCIR60 CAAAGACCAGGGAATGTG AGAATGCAGAGCATGGTG D. alata
mDaCIR61 CTAACCCCTCCAAAGCTG GGGCATTCACGTCTTTAT D. alata
mDrCIR128 CCGTATTCCAAGCGATAA AGCGTGAAAACCTGATAAAA D. rotundata

The forward sequence (sequence F) and reverse sequence (sequence R) are given.
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temperature, 35 s of extension at 72 8C, and endingwith 5 min of
final elongation at 72 8C. PCR was carried out using a PTC100
thermocycler (MJ Research). Electrophoregrams were obtained
by migration of amplification products on an ABI PRISM-TM
3100automatic sequencer (AppliedBiosystems).Allelic profiles
were determined using GeneMapper v3.7 software (Applied
Biosystems). Parents and polyploid zygotes eventually found
in 150 seeds (second seed lot) of the ‘5F’ × ‘Kabusa’ population
were genotyped.

RESULTS

Triploids from the 2x × 2x cross: ‘5F’ × ‘Kabusa’

Frequency. Out of the 300 plantlets or embryos of the ‘5F’ ×
‘Kabusa’ progeny, four were found to be 3x (1.3 %) and 296
were found to be 2x (98.7 %). The diploid internal reference
639a was used for flow cytometry.

The aspect of all the sown seeds that produce seedlings
(diploid and triploid) was normal (plump) (Fig. 1A). No clear
morphological differences made it possible to differentiate a
priori 3x seeds from 2x seeds.

Endosperm ploidy and gamete origin. Out of the 150 seed lot for
which endosperm was detached, flow cytometry was possible
on two seeds that then produced 3x plants, hereafter referred
to as 5K1 and 5K5. The diploid internal reference 639a was
used for flow cytometry. Endosperm peaks for the two seeds
corresponded to a 3x state (Fig. 2). Two other seeds that also
produced 3x embryos could not be analysed because of a
shrivelled endosperm (Fig. 1B). These two 3x individuals were
obtained by embryo rescue and are hereafter referred to as
5K11 and 5K34.

Parental (‘5F’ and ‘Kabusa’), 5K1, 5K5, 5K11 and 5K34 gen-
otypes for the six microsatellite markers are given in Table 3.

Microsatellite analysis conclusions on the origin of the 3x indivi-
duals were drawn as follows. When the 3x offspring carried the
two alleles of the female (‘5F’) and only one allele from the
male (‘Kabusa’), it was assumed that the female produced an
unreduced ovule and the male a normal reduced pollen grain.
When the two paternal alleles and only one maternal allele
were transmitted, the unreduced gamete was assumed to be a
pollen grain. In Fig. 3, the case of the 5K34 seedling is illustrated
for locus mDaCIR8. The two male alleles (166 and 184 bp) are
present in 5K34 with only one of the maternal alleles (171 bp).
It can be postulated at this locus that 5K34 resulted from an
unreduced pollen grain and a normal ovule. For other loci
(mDaCIR61 andmDrCIR128), heterozygositywas not transmit-
ted by the male or by the female.

Identically, triploid individuals obtained from plump seeds,
5K5 and 5K1, received heterozygosity from ‘5F’ on loci
Da2F10 and Da1D08. It can be hypothesized that they arise
from a non-reduced ovule (Table 3). Triploids obtained from
shrivelled seeds, 5K34 and 5K11, are assumed to come from
non-reduced pollen grains.

Theyare not the same loci that transmitmale or female hetero-
zygosity. On average, the rate of transmitted heterozygosity is
50 % for 2n ovules (the case of 5K1 and 5K5) and approx.
22 % for 2n pollen (5K11 and 5K34).

Offspring of the female 2x × male 4x cross: ‘5F’ × 148

Out of the 1000 sown seeds obtained by crossing the diploid
female (‘5F’) and the tetraploid male (148), 18 seedlings

A B

FIG. 1. Photographs of a plump seed in (A) and a shrivelled seed in (B).
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FIG. 2. Flow cytometry analysis of detached endosperm from desiccated seeds
from which triploid plants grew. Seeds were obtained on the ‘5F’ × ‘Kabusa’
cross, both 2x parents. The diploid internal reference (639a) produced two fluor-
escencepeaks:T-2X, themajorG0–1 peakcorresponding to a 2xDNAquantityof
themajorityof leaf cells; andT-2X-r, the replicatedG2minor peak corresponding
to the 4xDNA quantities of cells in mitotic interphase. The fluorescent peak cor-
responding to endosperm (Endo 3X) is equidistant to the two reference peaks and

is triploid (3x).

TABLE 3. Parental and hybrid genotypes at six SSR markers

Da2F10 Da1D08 mDaCIR8 mDaCIR60 mDaCIR61 mDrCIR128

‘5F’ 126/132 303/313 171/188 146/157 200/217 286/310
‘Kabusa’ 124/130 306 166/184 142 188/193 300/308
5K5 _ _ 166/171 142/146/157 188/200/217 308/310
5K34 _ 303/306 166/171/184 142/146 188/200 300/310
5K1 124/126/132 303/306/313 166/171 _ _ 300/310
5K11 124/132 _ 166/184/188 142/146 _ 286/308

The female progenitor ‘5F’, the male progenitor ‘Kabusa’ and four of their offspring, 5K1, 5K5, 5K11 and 5K34, were analysed (out of a 300 progeny). Alleles
are given in bp.
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germinated from seeds with a plump aspect. Flow cytometry
showed that these seedlings were all tetraploids. The triploid in-
ternal reference was used.

Out of the 1000 dessicated seeds, 995 had a shrivelled aspect
and five were plump. Flow cytometry was carried out on 100 of
the 995 shrivelled detached endosperms, but only six had a suf-
ficient signal. These six endosperms had a signal peak between
the two reference peaks of the triploid internal reference
‘760a’ (3x and 6x for the G2 peak). They were therefore
assumed tobe 4x. The corresponding embryosof these 100 shriv-
elled seeds were positioned as triploids using flow cytometry.
Flow cytometry analysis showed that embryos of the five
plump seeds were tetraploid. The endosperm peak of these five

seeds was located at a 6x position (Fig. 4) when the tetraploid in-
ternal reference was used.

Fertility of triploid females: 258F × ‘Kabusa’

Results of fertility study on themale ‘Kabusa’ showed that the
pollen viability is high (80 %).Avery small number of seedswas
obtained by crossing the triploid female 258F with the diploid
male ‘Kabusa’ (only 18 out of an optimal number of 1800
seeds). Half (nine) of these seeds lacked an embryo. The other
half contained embryos but none of them evolved into a viable
seedling, even if development was initiated in two of them.

DISCUSSION

This work is the first study reported in Dioscoreaceawhere seeds
were desiccated to allow separate ploidy analysis on endosperm
and embryos. However, it appeared that although endosperm
analysis is efficient for plump seeds, it is not easy to apply to
shrivelled seeds. Because polyploids were obtained at a low
rate, this could lead to doubts about the sample size of the
progeny used to obtain accurate estimates of non-reduced
gamete formation. Our results should be considered more as
qualitative rather than accurate estimates.

In this study, 2x × 2x crosses gave 1.3 % of 3x individuals
with a contrasted endosperm aspect. The flow cytometry of
joint embryos and endosperms, seed aspects and microsatellite
analysis together led to evidence that both male and female
clones produced 2n gametes that mated with x gametes to
produce viable 3x plants. When the unreduced gamete was an
ovule, endosperm ploidy was 3x and the seed was plump.

46 T-4X
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0 1023
Fluorescence

Endo 6X
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FIG. 4. Flow cytometry analysis of detached endosperm from desiccated seeds
from which tetraploid plants grew. Seeds were obtained on the ‘5F’ (2x) × 148
(4x) cross. The tetraploid internal reference (754a) produced two fluorescence
peaks: T-4X, themajorG0–1 peak corresponding to a 4xDNAquantityof thema-
jority of leaf cells; and T-4X-r, the replicatedG2minor peak corresponding to the
8x DNA quantities of cells in mitotic interphase. The fluorescent peak corre-
sponding to endosperm (Endo 6X) is equidistant to the two reference peaks

and is hexaploid (6x).
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FIG. 3. Phenomenon of non-reduction of the male gamete. Electrophoregram at locus CIR8 (A) for the diploid female progenitor ‘5F’, (B) for the diploid male pro-
genitor ‘Kabusa’ and (C) forone triploid hybrid5K34with shrivelled endosperm. ‘5F’ have phenotype171/188; ‘Kabusa’ have phenotype166/184; 5K34havepheno-

type 166/171/184 (bold indicates the paternal allelic contribution).
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When the unreduced gamete was a pollen grain, endosperm was
shrivelled and its ploidy level could not be determined.

In the same manner, 4x individuals were obtained in the 2x ×
4x cross (1.15 %). These seeds are easily identified by the plump
aspect of their seeds, corresponding to the expected 6x endo-
sperm if the diploid female produced a 2n ovule and if the endo-
sperm originated from the fusion of the two 2n cells of the
embryo sac (2x + 2x) with the normal 2xmale gamete produced
by the 4x male. For the other seeds, embryos were 3x and the
endosperm was shrivelled, consistent with the union of a
normal reduced ovule (x) from the diploid female and a
reduced pollen grain from the 4xmale.

This suggests that the production of 2n gametes is at the origin
of D. alata polyploids, as is the case for potatoes (Iwanaga and
Peloquin, 1982; Carputo et al., 2000) and many other species
(for a review, see Ramsey and Schemske, 1998).

Other phenomena such as polyspermy (fertilization of an egg
by two sperm nuclei) and endospermal polyembryony (forma-
tion of embryos from endosperm cells) have been suggested as
possible mechanisms that could lead to the production of tri-
ploids in other species. Polyspermy is not considered as a
likely mechanism in the formation of polyploids (Harlan and
DeWet, 1998) but has been demonstrated in the genus Juglans
(Navashin and Finn, 1951). In D. alata, neither polyspermy
nor polyembryony can explain the microsatellite profiles
obtained on the triploids for the six loci tested. Under the poly-
spermy hypothesis, regardless of the paternal genotype, indivi-
duals would carry only one of the paternal alleles at all loci
because the two sperm nuclei are identical by mitosis (Borg
et al., 2009). For some loci, paternal heterozygosity in triploids
was observed and makes it possible to eliminate polyspermy.
Endospermal polyembryony, which consists of the formation
of embryos from endosperm cells, was observed in the genera
Bracharia (Muniyamma, 1977), Beta (Yarmolyuk et al., 1990)
and Citrus (Gmitter et al., 1990). These examples are rare and
weakly substantiated (Batygina and Vinogradova, 2007). In
this case, regardless of the maternal genotype, individuals
would carry only one maternal allele at all loci since the two
polar nuclei are identical bymitosis. Becausematernal heterozy-
gosity was observed in our D. alata triploid individuals at some
loci, polyembryony may also be eliminated.

All these elements make it possible to conclude that triploid
D. alata originate from 2n gamete formation. Two basic types
of meiotic restitution mechanisms that lead to 2n gamete forma-
tion have been reported: FDR and SDR (Mok and Peloquin,
1975; Park et al., 2007). These two cytological events do not
transmit the same parental heterozygosity to their progeny.
FDR mechanisms lead to 2n gametes that contain non-sister
chromatids between the centromere and the first crossover.
Consequently, all loci between the centromere and thefirst cross-
over that were heterozygous in the diploid parent will be hetero-
zygous in the 2ngametes.Half of those beyond the crossoverwill
be heterozygous in the gametes. SDR mechanisms lead to 2n
gametes that contain sister chromatids between the centromere
and the first crossover. All loci between the centromere and the
first crossover that were heterozygous in the diploid parent will
be homozygous in these 2n gametes, whereas those beyond the
crossover will be heterozygous (Peloquin et al., 2008). As a
result, heterozygosity transmission by FDR varies from 100 to
50 %, and transmission by SDR varies from 0 to 100 % and

depends on the position of markers in relation to the centromere
(Park et al., 2007).

Unreduced gametes were observed in the two sexes with a
similar low probability (,2 %). Microsatellite markers were
used to detect non-gametic reduction in males and females by
studying heterozygosity transmission. Our preliminary results
would indicate that unreduced ovules could transmit more het-
erozygosity than unreduced pollen. However, our study clearly
lacks the statistical power to draw a final conclusion: a greater
number of 3x individuals should be genotyped on a greater
number of SSRs. Further analysis of PMCs (pollen mother
cells) could also help to determine the type of 2n gametes in
males.

Unreduced gamete formation makes it possible to overcome
post-zygotic barriers that occurred in interploid crosses due to
endosperm abortion (Peloquin et al., 1999).Most of the expected
endosperm ploidy levels were observed in the different crosses
[C2x (n) × F4x,C2x (2n) × F4x] with the remarkable excep-
tion of the 2x × 2x cross with the formation of 2n ovules. In this
latter case, the 3x individual resulted from plump seeds with a 3x
endosperm. Histochemical analysis in Dioscorea nipponica by
Torshilova et al. (2003) suggests that the embryo sac of
Dioscoreacea would be of the monosporic octonuclear type,
Polygonum, which leads to a 3x endosperm with a 2:1 ratio in
a usual diploid cross. Therefore, the embryo sac of a diploid
female that produces a 2n ovule is expected to contain two 2n
polar nuclei. After fertilization by a normal male gamete, these
two polar nuclei should normally generate a non-viable 5x endo-
spermwith a 4:1 ratio. Since the observed endosperm ploidywas
3x, this suggests that only one of the two polar nuclei could have
been fertilized. This phenomenon has been observed in other
species such as in Triticum aestivum (You and Jensen, 1985).
For triploid individuals resulting from a union between unre-
duced pollen and a reduced ovule, endosperms were shrivelled.
Their expected endosperm ratio is 2:2, which, unfortunately,
could not be measured in our experiment. This suggests that
this type of gametic combination should not lead to the produc-
tion of viable seeds as a consequence of endosperm dysfunction.

No triploid seedlings were obtained from the 1000 seeds from
the intercytotype cross, 2x female × 4xmale. Embryos were 3x
but their endosperm were found to be 4x, consistent with the
expected 2:2 maternal to paternal genome ratio, confirming
that in D. alata, unbalanced endosperm leads to shrivelled
seeds and unviable seeds. Since in vitro embryo rescue on such
crosses gives rise to 3x hybrids, this scenario is confirmed.

In brief, since plump seeds from 2n ovules × n pollen have a
better chance of germinating in the wild than shrivelled seeds
from an n ovule × 2n pollen, the likely spontaneous triploid for-
mation inD. alata is the cross of a diploidmaternal gametewith a
haploid paternal gamete (Fig. 5A).

Since 3x are highly infertile, the existence of fertile 4x plants
remains to be documented. Theoretically, the two different ways
that could have led to the production of the first tetraploids are
USP (triploid bridge) and BSP (fusion of two unreduced
gametes). Obtaining tetraploids via BSP has been demonstrated
in several autopolyploid species such as red clover (Parrott et al.,
1985) andDactylis glomerata (Bretagnolle and Lumaret, 1995).
In the 2x × 2xprogeny, no tetraploidwas obtained byBSPon the
300 seeds examined. With an observed rate of 2n gamete forma-
tion of 1.3 %, the theoretical chance of obtaining a tetraploid
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A
2x × 2x

2n gamete

2x + x = 3x plant

SSR: 2 female alleles

FC: 3x endosperm, one fertilized polar nucleus

2x × 2x

2n gamete

x + 2x = 3x plant

SSR:  2 male alleles

FC: non-viable 4x endosperm

Triploid origin

B
USP USP

3x × 2x 2x × 3x

2x gamete    (10–6) Triploid male sterility

+ 2n gamete     (10–2)

2x + 2x = 4x plant Invalid way

Unlikely way 10–8 Tetraploid origin

BSP

2x × 2x

2x + 2x = 4x plant

Most likely way 10–4

2x × 2x

Polyspermy
x + xx = 3x plant

SSR    heterozygosity observed

2x × 2x

Polyembryony
xx + x = 3x plant 

SSR    heterozygosity observed

2n gamete    (10–2) + 2n gamete     (10–2)

FIG. 5. Scheme representing the different pathways for the origins of D. alata polyploids. Triploid origin in (A) and tetraploid origin in (B). SSR, microsatellite
analysis; FC, flow cytometry analysis; // indicates an invalid route.
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would have been 1/2500. If this scenario could be verified by
examining a much larger descent than in this study, it could be
considered as much more likely than the triploid bridge for
D. alata (Fig. 5B). Furthermore, it would normally not have a
problem of seed development with the BSP scenario because a
normal 6x endosperm with a 2:1 (4:2) ratio is expected.

No tetraploid seedlings were obtained by triploid bridges on a
descent of 2000 seeds (i.e. a cross between triploids and diploids
to obtain tetraploids). Our results confirm a general picture of a
very high sterility rate of triploid females, as reported by
Abraham andNair (1991). These authors concluded that triploid
females are sterile based on a study carried out on 27 triploid
females crossed with a male diploid (50–130 pollinations).

In triploids, segregation of chromosomes at meiosis is
complex because of the trivalent formation at metaphase I,
which would lead to a majority of aneuploid gametes after the
second meiotic division. The probability of obtaining viable
euploid gametes (balanced) depends on the x chromosome
number. Given that each chromosome has a 50 % chance of mi-
grating to one of the cell’s poles at anaphase I, the frequency of
obtaining haploids, diploids and triploids is 1/2x, 1/2x + 1/2x

and 1/2x × 3, respectively. The chromosome base number of
most species forwhich the triploid bridge has been demonstrated
is quite low. Cucumis sativus, in which two tetraploids were
obtained by USP on 545 seeds, has x ¼ 7 pairs of chromosomes
(Diao et al., 2009).

It has been demonstrated that non-reduction gametic phenom-
ena can increase the frequency of obtaining diploid and triploid
gametes in triploids by SDR and FDR, respectively (Husband,
2004). This is the case for C. angustifolium (x ¼ 18) where the
high rate of unreduced gametes made it possible to obtain tetra-
ploids. The rate of 2n gametes observed in C. angustifolium
species is ten times higher than that reported by Ramsey and
Schemske (1998), based largely on crop plants. Moreover, in
this species that has an Oenothera-type monosporic embryo
sac, no endosperm incompatibility phenomenon was observed
in intercytotype crosses (Husband, 2004). In D. alata, whose
chromosome base number is x ¼ 20 (Arnau et al., 2009),
viable haploid, diploid and triploid gametes are predicted at fre-
quencies of 1/220, 1/220 + 1/220 and 1/220 × 3, respectively, cor-
responding to very low rates for obtaining viable seedlings.
Screening of triploid females in other collections would make
it possible to check if USP (triploid bridge) is a possible forma-
tion mechanism of tetraploids. However, in the CIRADD. alata
germplasm collection, no gametic non-reduction has yet been
observed for triploid females (unpublished data) via USP check-
ing. InD.alata, in addition to avery low theoretical frequency for
obtaining triploid balanced gametes (three out of 1 million), it
would be assumed that endosperm incompatibility would lead
to a heptaploid endosperm with a ratio of 6:1 (or tetraploid
with a 3:1 ratio if only one polar nucleus is fertilized) and a
likely non-viability for the seeds.

Moreover, our results revealed that in D. alata, as in other
species (Burton and Husband, 2001; Hardy et al., 2001), tetra-
ploids can be obtained by intercytotype crosses (2x × 4x) via
gametic non-reduction in the diploid female progenitor. Thus,
the gene flows between the diploid and tetraploid compartments
may have contributed to enhancing diversity at the tetraploid
level. Reciprocal crosses (4x × 2x), although not carried out in
this study, could produce tetraploids via gametic non-reduction

in the male diploid progenitor. Once the tetraploid pool is estab-
lished, mating could start between 4x individuals and lead to the
recombination of diversity at this ploidy level.

Conclusions

The major conclusion of this study is that polyploids in
D. alatamight have appeared as a result of 2n gamete formation.
The most likely origin of spontaneous triploids would be the
union of an unreduced egg and a reduced pollen grain with
normal 3x endosperm, whose formation is still unknown.
Crossing a diploid female with a tetraploid male is a possible
way to obtain triploids in D. alata but requires the use of
embryo rescue, excluding the possibility that this mechanism
could have contributed to enhancing thediversityof thewild trip-
loid pool. Although tetraploids were not obtained in this experi-
ment, probably since the sample of seeds germinated was too
small, we could reasonably assume that their most likely
primary origin in the wild would be BSP via the mating of two
unreduced gametes produced by diploids. Gene flows between
diploid and tetraploid compartments by intercytotype crosses
(2x × 4x) may have further contributed to broadening the
allelic diversity at the tetraploid level, while recombination at
the 4x level created new gene combinations. Screening of
D. alata collectionsworldwide couldmake it possible to identify
diploid progenitors with high 2n gamete production and to use
them to enlarge the genetic diversity in the cultivated polyploid
compartment. Knowledge of the origin of 2n gametes, SDR or
FDR, will make it possible to increase the transmission
pathway of the parental heterozygosity rate.

ACKNOWLEDGEMENTS

We would like to thank the CIRAD, the European Regional
Development Fund (ERDF), the European Social Fund (ESF)
and the Regional Council of Guadeloupe who financed this
research.

LITERATURE CITED

Abraham K, Nair PG. 1991. Polyploidy and sterility in relation to sex in
Dioscorea alata L. (Dioscoreaceae). Genetica 83: 93–97.

AbrahamK,ArnauG. 2009.Use ofDNAmarkers for genetically improving the
productivity, palatability, storability and dry matter content of tubers of
greater yam. Report of project no. 3000-B1. New Delhi: Indo-French
Society for the Promotion of Advanced Research (IFCPAR).

Andris M, Aradottir GI, Arnau G, et al. 2010. Permanent genetic resources
added to Molecular Ecology Resources Database 1 June 2010–31 July
2010.Molecular Ecology Resources 10: 1106–1108.

ArnauG,Maledon E, Bachand I, AbrahamK. 2006. Production of interploid
hybrids and molecular markers heterozygosity determination using micro-
satellitemarkers in the greater yam,D. alata: importance for the genetic im-
provement of the greater yam. In:Proceedings of 14th Triennial Symposium
of the International Society for Tropical Roots Crops. 20–26 November
2006, Thiruvananthapuram, Kerala, India.

ArnauG,NemorinA,MaledonE,AbrahamK. 2009.Revisionof ploidystatus
of Dioscorea alata (Dioscoreaceae) by cytogenetic and microsatellite seg-
regation analysis. Theoretical and Applied Genetics 118: 1239–1249.

ArnauG,AbrahamK, SheelaMN,ChairH, SartieA,AsieduR. 2010.Yams.
In: Bradshaw JE. ed. Root and tuber crops. Handbook of plant breeding,
Vol. 7. Berlin: Springer, 127–148.

Arnau G, Nemorin A, Maledon E, Nudol E. 2011. Advances on polyploid
breeding in yam D. alata. Proceedings of the First International

Nemorin et al. — Understanding the origins of Dioscorea alata polyploids818

 at C
IR

A
D

 - D
IS

T
 on A

ugust 28, 2013
http://aob.oxfordjournals.org/

D
ow

nloaded from
 



Symposium on Roots, Rhizomes, Tubers, Plantains, Bananas and Papaya.
7–10 November 2011, Santa Clara, Cuba.

Ashley MV, Dow BD. 1994. The use of microsatellite analysis in population
biology: background, methods and potential applications. EXS 69:
185–201.

Ayensu ES, Coursey DG. 1972.Guinea yams: the botany, ethnobotany, use and
possible future of yams in West Africa. Economic Botany 26: 301–318.

BatyginaTB,VinogradovaGyu. 2007.Phenomenonof polyembryony.Genetic
heterogeneity of seeds. Russian Journal of Developmental Biology 38:
126–151.

BorgM, Brownfield L, Twell D. 2009.Male gametophyte development: a mo-
lecular perspective. Journal of Experimental Botany 60: 1465–1478.

Burton TL, Husband BC. 2001. Fecundity and offspring ploidy in matings
among diploid, triploid and tetraploid Chamerion angustifolium
(Onagraceae): consequences for tetraploid establishment. Heredity 87:
573–582.

Bretagnolle F, Lumaret R. 1995.Bilateral polyploidization inDactylis glomer-
ataL. subsp.lusitanica: occurrence, morphological and genetic characteris-
tics of first polyploids. Euphytica 84: 197–207.

Bretagnolle F, Thompson JD. 1995. Gametes with the somatic chromosome
number: mechanisms of their formation and role in the evolution of autopo-
lyploid plants. New Phytology 129: 1–22.

Carputo D, Barone A, Frusciante L. 2000. 2n gametes in the potato: essential
ingredients for breeding and germplasm transfer. Theoretical and Applied
Genetics 101: 805–813.
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1 Unité Mixte de Recherche Amélioration Génétique et Adaptation des Plantes (UMR Agap), Centre de

Coopération International en Recherche Agronomique pour le Développement (CIRAD), Station de Roujol,
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Abstract

Yams (Dioscorea sp.) are staple food crops for millions of people in tropical and subtropical

regions. Dioscorea alata, also known as greater yam, is one of the major cultivated species

and most widely distributed throughout the tropics. Despite its economic and cultural impor-

tance, very little is known about its origin, diversity and genetics. As a consequence, breed-

ing efforts for resistance to its main disease, anthracnose, have been fairly limited. The

objective of this study was to contribute to the understanding of D. alata genetic diversity by

genotyping 384 accessions from different geographical regions (South Pacific, Asia, Africa

and the Caribbean), using 24 microsatellite markers. Diversity structuration was assessed

via Principal Coordinate Analysis, UPGMA analysis and the Bayesian approach imple-

mented in STRUCTURE. Our results revealed the existence of a wide genetic diversity and

a significant structuring associated with geographic origin, ploidy levels and morpho-agro-

nomic characteristics. Seventeen major groups of genetically close cultivars have been

identified, including eleven groups of diploid cultivars, four groups of triploids and two groups

of tetraploids. STRUCTURE revealed the existence of six populations in the diploid genetic

pool and a few admixed cultivars. These results will be very useful for rationalizing D. alata

genetic resources in breeding programs across different regions and for improving germ-

plasm conservation methods.

Introduction

Yams (Dioscorea sp.) are important food security crops for millions of small-scale farmers in

the tropical and subtropical regions of Africa, Asia, the Pacific, the Caribbean and Latin
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America [1]. Dioscorea alata (known as the "greater yam" or the "winged yam") is one of the

major cultivated species with wide geographical distribution [2]. It is currently second to D.

rotundata in production volumes. Several traits of D. alata make it particularly valuable for

commercial cultivation. These include high yield potential, ease of propagation, early growth

vigour for weed suppression, and long storability of tubers [3, 4]. Tubers possess a high nutri-

tional content with an average crude protein content of 7.4%, starch content of 75–84%, and

vitamin C content ranging from 13.0 to 24.7 mg/100g [5].

Dioscorea alata is a dioecious species with a ploidy level ranging from 2n = 2x = 40 to

2n = 4x = 80 [6]. A study based on the heredity of microsatellite markers has shown that the

basic chromosome number of this species is x = 20 and not x = 10 as previously assumed [6,

7]. This species was considered to be highly polyploid with six levels of ploidy (2n = 30, 40, 50,

60, 70 and 80) [8, 9]. However, it is now accepted that it has only three cytotypes (2n = 40, 60

and 80) and that the most common forms are diploids, followed by triploids and tetraploids

are rare [6, 10, 11, 12].

Flowering of D. alata is erratic or absent in many cultivars [3, 13, 14, 15]. Cultivars have

been exclusively clonally propagated by using small tubers or small pieces of tubers during

hundreds or even thousands of years. Clonal propagation provides agronomical advantages

but excludes sexual reproduction and could therefore represent a constraint for adaptation to

biotic and abiotic stresses. It is also favorable to the spread of diseases, with pathogens allowed

to adapt specifically to fixed genotype pools. The most serious disease in D. alata is anthrac-

nose, which is caused by an airborne fungus Colletotrichum gloesporioides Penz. Anthracnose

is found throughout the entire inter-tropical zone and can cause significant yield losses [16, 17,

18, 19, 20]. The importance of yams for food security has led to the establishment of several

breeding programs for D. alata, in order to develop high-yielding cultivars with resistance to

anthracnose, and tuber characteristics adapted to farmers’ requirements [2, 21, 22, 23]. Never-

theless, the lack of knowledge on its origin and genetic diversity limits the efficacy of genetic

improvement.

The center of origin of D. alata is not known. Based on archaeological evidence, it is thought

to have been domesticated ca. 6000 years ago and is native to Asia-Pacific, but is not known in

its wild state [12]. The greatest phenotypic variability in D. alata was observed in the southern

part of Southeast Asia and in Melanesia, the probable center of origin for this species [15, 24, 25,

26, 27]. The South Pacific islands (Papua New Guinea, Fiji, New Caledonia, the Solomon and

Vanuatu islands) have rich ex situ collections of D. alata, including more than 1000 cultivars

[12].

A wide diversity also exists in India [28, 29] where several ex situ germplasm collections

were established, including the most important collection at CTCRI (Central Tuber Crops

Research Institute, Kerala, India) with 431 accessions. In addition, several international collec-

tions have been assembled, including those of the CRB-PT (Centre de Ressources Biologiques

Plantes Tropicales INRA-CIRAD, Guadeloupe, France) and the IITA (International Institute

of Tropical Agriculture, Ibadan, Nigeria), with 181 and 772 accessions of D. alata, respectively.

Lebot et al. [27] evaluated the diversity within 269 accessions of D. alata from different

regions (South Pacific, Asia, Africa and the Caribbean) using enzymatic markers. However,

the weak polymorphism of the four enzymatic systems did not reveal correlations between the

groups of zymotypes and the geographic origins, ploidy levels and/or the phenotypic charac-

teristics of the accessions.

Various molecular markers have been used to characterize the genetic diversity of the

D. alata collections, including RAPDs [30], AFLPs [31] and SSRs [32, 33, 34]. SSR markers

(microsatellites) are considered to be the markers of choice for analyzing genetic diversity be-

cause of their co-dominance, high reproducibility, high global mutation rates and polymorphism

Genetic diversity and population structure of yams
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[35, 36]. Nevertheless, the studies on D. alata involved a limited number of cultivars, and none

was conducted at the global scale.

The aim of the present study was to analyze the genetic diversity and population structure

of 384 Dioscorea alata accessions from different regions, including the South Pacific, Asia,

Africa and the Caribbean using a common set of 24 microsatellite markers.

Material and methods

Plant material

Overall, 384 D. alata accessions originating from four collections were evaluated (S1 Table).

These include two sets of germplasm: 363 landraces and 21 breeding lines, including 129 acces-

sions from CRB-PT (Centre de Resources Biologiques Plantes Tropicales INRA-CIRAD, Gua-

deloupe), 90 from IITA (International Institute for Tropical Agriculture, Nigeria), 83 from

CIRAD (Centre Internationale de Recherche Agronomique pour le developpement, Guade-

loupe) and 82 from CTCRI (Central Tuber Crops Research Institute, India). The CIRAD col-

lection is mainly composed of genotypes originating from Vanuatu (South Pacific). The

accessions from IITA represented the core collection [37] developed from an entire collection

of 772 D. alata West African landraces. The CRB-PT collection holds landraces from diverse

geographical origins (Caribbean, South Pacific, South America). Overall, the germplasm was

composed of 298 diploids, 51 triploids and 35 tetraploids. Ploidy levels of most accessions

were determined in previous studies [6, 11, 31] except of 120 accessions (80 from IITA and 40

from CRB-PT), which were determined in this study using the protocol described in Arnau

et al. [6].

Genotyping

Genomic DNA of the accessions was isolated in each institute using the DNeasy Plant Mini

Kit (Qiagen, Hilden, Germany) or the modified CTAB method as described by Sharma et al.

[38].

Twenty-four SSR primer pairs (Table 1) developed from D. abyssinica, D. praehensilis, D.

japonica and D. alata, were selected to analyze the accessions. Eleven primers were chosen

based on their capacity to reveal high polymorphism and easy-to-score profiles (not stuttering)

from a previous study (unpublished data, Arnau, 2013). The remaining thirteen were newly

identified SSRs from D. alata [39]. Microsatellite alleles were scored using the software Gene-

Mapper 4.0 (Applied Byosystems, USA).

PCR amplifications and gel electrophoresis were carried out on the GENTYANE genotyp-

ing platform (INRA UBP, UMR 1095, Clermont-Ferrand). Each locus was fluorescently

labeled by M13 tail as described by Vallunen [40]. Four different fluorochroms were used

(FAMTM, VICR, NEDTM and PETR). The PCR amplifications were performed in a 10 μL final

volume containing final concentrations of 1X AmpliTaq Gold 360 Master Mix (AB-life tech-

nologies), 0.05 μM labeled forward primer, 0.5 μM reverse primer and 25 ng of template DNA.

For all loci the same PCR program was used, consisting of an initial denaturation at 95˚C for

10 min followed by a touchdown PCR consisting of 45 cycles with denaturation at 95˚C for 30

s; annealing for 30 s with temperature decreasing 1˚C every cycle from 62˚C to 56˚C (7 cycles),

then 30 cycles at 55˚C and 8 cycles at 56˚C; and a final extension at 72˚C for 5 min. Two to

four individual PCR products labeled with different fluorochroms were multiplexed and visu-

alized using capillary gel electrophoresis on an ABI PRISM 3100 DNA sequencer (Applied Bio-

systems, Foster City, CA, USA).
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Data analysis

The genotypic data was converted into a binary matrix that recorded the presence (1) or

absence (0) of alleles for each microsatellite locus per accession. The following genetic para-

meters were estimated: number of alleles per locus, number of rare alleles with a frequency

lower than 1% [41], highest frequency of an allele observed for each locus, gene diversity

(expected heterozygosity, He), observed heterozygosity (Ho) and fixation index (Fis). The

latest three parameters were quantified only for diploid accessions using the Genepop

4.0.10 software [42]. To test for deviation from Hardy-Weinberg proportion, the exact test

was used (500 batches and 5000 iterations). These parameters were not calculated for poly-

ploid cultivars because of the difficulty of unambiguously determining allele dosage in poly-

ploids [43].

In order to compare accessions and their relationships, we calculated genetic distances

between each pair of accessions with Dice dissimilarity coefficients [44], using the NTSYSpc

software version 2.1 [45]. We then proceeded with two approaches: first with a Principal

Table 1. Genetic diversity detected in 367 D. alata accessions using 24 microsatellite markers. Ho, He and Fis values were quantified only for diploids.

Origin 1 SSR EMBL2 Motif Min.–max. size (bp) Total alleles Al < 1%3 Main allele frequency4 Ho5 He6 Fis7

D. A Da3G04 AJ880369 (AC)12 282–306 9 1 0.80 0.83 0.86 0.03

D. A Da1F08 AJ880368 (TG)13 161–185 9 3 0.88 0.32 0.39 0.19

D. A Da2F10 [51] (TG)14 108–151 14 2 0.46 0.65 0.67 0.04

D. A Da1A01 AJ880381 (GT)8 201–222 7 1 0.85 0.52 0.51 -0.02

D. AB Dab2D11 [51] (TC)19 227–247 9 2 0.66 0.83 0.67 -0.25*

D. PR Dpr3E10 [51] (TCT)13(CTC)4 170–194 10 1 0.84 0.16 0.32 0.16*

D. PR Dpr3B12 AJ880376 (TG)8 132–150 8 2 0.81 0.74 0.65 -0.15

D.J DIJ034 AB201419 (AG)17 198–267 15 2 0.48 0.90 0.80 -0.14

D.J DIJ443 AB201420 (AG)17 257–285 12 0 0.45 0.73 0.82 0.11*

D.J DIJ0461 AB201423 (GA)16 120–144 8 3 0.64 0.78 0.71 -0.10

D.J DIJ1045 AB201422 (TG)19 251–281 13 4 0.52 0.78 0.71 -0.10

D.A mDaCIR2 FN677762 (CA)10 243–268 9 0 0.44 0.78 0.71 -0.10

D.A mDaCIR11 FN677767 (AC)10 165–183 8 4 0.79 0.47 0.54 0.12*

D.A mDaCIR13 FN677768 (GA)17 186–214 14 4 0.49 0.56 0.79 0.28*

D.A mDaCIR17 FN677770 (AC)7 228–236 5 2 0.96 0.18 0.20 0.11*

D.A mDaCIR20 FN677773 (GA)16 172–206 11 1 0.69 0.67 0.62 -0.08

D.A mDaCIR26 FN677776 (TG)15(GA)14 171–219 12 2 0.59 0.60 0.74 0.18

D.A mDaCIR57 FN677784 (TG)9 143–152 5 0 0.86 0.83 0.55 -0.28*

D.A mDaCIR59 FN677786 (TC)11(CA)9 186–224 12 5 0.55 0.75 0.75 -0.01

D.A mDaCIR60 FN677787 (CA)11 132–159 12 1 0.56 0.62 0.81 0.23

D.A mDaCIR25 [38] (AC)14 142–184 14 1 0.39 0.49 0.81 0.34*

D.A mDaCIR61 FN677788 (AG)21 179–221 18 5 0.61 0.81 0.74 -0.09

D.A mDaCIR63 [38] (AG)12 155–180 8 1 0.68 0.53 0.65 0.18*

D.A mDaCIR116 FN677800 (AG)8(AG)7 83–126 14 3 0.70 0.61 0.65 0.06*

1D. A, D. alata; D. AB, D. abyssinica; D. PR, D. praehensilis; D. J, D. japonica
2 Registration number on EMBL database or publication reference
3 Rare alleles with a frequency lower than 1%
4 Highest frequency of an allele observed at this locus
5 Observed heterozygosity.
6 Expected heterozygosity
7 Fixation index,*P <0.001

https://doi.org/10.1371/journal.pone.0174150.t001
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coordinate analysis (PCoA) with the full study sample, and second a cluster analysis with

UPGMA with a reduced sub-sample comprising all the diploid cultivars.

Indeed, since our study sample includes cultivars with three different ploidy levels (from

diploids to tetraploids) whose parental contributions are unknown, we performed a Principal

coordinate analysis (PCoA) to explore the diversity structure of all D.alata accessions. We

used the Darwin software [46]. This method is indeed better than UPGMA to compare genetic

diversity when plants with different ploidy levels are sampled [47].

We also carried out a cluster analysis for diploid accessions only using the UPGMA algo-

rithm and the Dice similarity coefficient, using the NTSYSpc software version 2.1 [45]. Reli-

ability and robustness of the clustering were based on 1000 random re-sampling conducted

through the bootstrap procedure of TREECON software version 1.3. We also conducted a

Mantel test [48] to assess the correlation between genetic distance and geographic origin of

varieties for Vanuatu and Indian study varieties.

Population structure of diploids was also examined using a Bayesian approach using the

software STRUCTURE V.2.3 [49]. This model assumes that the genome of individuals is a

mixture of genes originating from K unknown ancestral populations. Under this model, the

STRUCTURE algorithm estimated for each accession, the proportion of its genome (q)
derived from the different clusters. So, individuals which may have mixed ancestry could be

identified. In order to identify the number of populations (K) capturing the major structure in

the data, we used the admixture model with a burn-in period of 30,000 steps and 106 MCMC

(Markov Chain Monte Carlo) replicates. The number of clusters (K) evaluated ranged from 1

to 10. The analysis was performed using three independent runs for each simulated value of K.

We then calculated ΔK [50], an ad-hoc statistics based on the rate of change in the log proba-

bility of data between successive K values, to have an estimation of the real number of clusters.

A threshold of q = 0.80 was used to assign genotypes to one of inferred K clusters. The molecu-

lar variance among populations and accessions within the populations were calculated using

an Analysis of Molecular Variance (AMOVA) approach using the software ARLEQUIN V.3.5

[51].

Results

Seventeen accessions presenting more than 25% of the missing data were removed from the

analyses. The total number of accessions analyzed was 367, including 77 from India, 67 from

Vanuatu, 89 from Caribbean, 87 from Africa, 13 from New Caledonia and 7 from French

Guyana.

Genetic diversity

The analysis of 24 SSRs across 367 accessions allowed the identification of 256 alleles (Table 1),

with the number of alleles per locus ranging from five (loci mDaCIR17 and mDaCIR57) to 18

(locus mDaCIR61) with an average of 10.7 alleles per locus. The number of rare alleles present

in less than 1% of the sample varied from zero to five per marker. The frequency of the most

common allele at each locus varied from 0.39 to 0.96 (Table 1).

Genetic diversity (expected heterozygosity) values ranged from 0.20 to 0.86 and the

observed heterozygosity from 0.16 to 0.90. The mean genetic diversity of 0.66 indicated mod-

erate to high levels of polymorphism in D. alata. Nine loci showed a significant heterozygote

deficit while two loci presented significant excess. Overall, a slight heterozygote deficit was

observed across all accessions (Fis = 0.03, P<0.001).

The Dice dissimilarity coefficients between all possible pairs of genotypes ranged from 0

and 0.86. Individuals with a distance of zero had the same alleles over the set of 24 loci and
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may be considered as possible duplicates. Several duplicates were detected (Table 2) in each of

the collections. A set of six cultivars from three different germplasm collections [I-59, I-71, I-

452 (CRB-PT), VU567, VU579 (CIRAD) and Da322 (CTCRI)] also showed identical geno-

typic profiles at 24 loci (Table 2).

Genetic structure

The population structure was first inferred by Principal coordinate analysis (PCoA) on all 376

accessions based on 256 alleles. The first two axes explained 57% of the genetic variability (Fig

1A and 1B).

Results showed that the accessions originating from India are primarily distributed in the

lower part of the graph, whereas the accessions from Vanuatu are mainly distributed on the

upper right-hand side (Fig 1A) revealing two distinct genepools. The Dice distances within the

Indian collection ranged from 0 to 0.77, with an average value of 0.47 while that between

Table 2. Details on duplicates from each collection based on genotypic profile across 24 SSR markers. The accessions grouped together presented

identical allelic profiles at 24 SS loci.

Collection Accession Geographic Local Study

code origin name code

CTCRI Da322 4India Unknown 212

CIRAD VU579 3Vanuatu Letslets Bokis 318

CIRAD VU567 3Vanuatu Letslets Bolos 323

CRB-PT PT-IG-00040 2Puerto Rico 59_Vino white forme 151

CRB-PT PT-IG-00052 2Puerto Rico 71_Smooth Statia 168

CRB-PT PT-IG-00395 Unknown 452_Fafadro bis 173

IITA TDa-1427 1Ghana Alamun Gaga 54

IITA TDa-1437 1Ghana Adidianmawoba 66

CTCRI Da40 4India Elivalan 192

CTCRI Da73 4India Muramchari 223

CTCRI Da28 4India Kachil 194

CTCRI Da39 4India Poolakachil 253

CTCRI Da143 4India Gutu 233

CTCRI Da78 4India Kachil 247

CTCRI Da95 4India Kudakachil 234

CTCRI Da22 4India Chuvanna Maveran 199

CTCRI Da100 4India Parisakodan 220

CTCRI Da70 4India Thekkan Kachil 222

CTCRI Da120 4India Kaduvakkayyan 228

CTCRI Da105 4India Chenithakizhangu 261

CTCRI Da48 4India Vila Kachil 255

CTCRI Da209 4India Kachil 243

CRB-PT PT-IG-00061 2Martinique 80_Igname d eau 183

CRB-PT PT-IG-00030 2Martinique 48_67 186

CRB-PT PT-IG-00045 2Martinique 64_St Vincent Violet 370

CRB-PT PT-IG-00067 3New Caledonia 86_Wénéféla bis 374

1Africa
2Caribbean
3South Pacific
4Asia

https://doi.org/10.1371/journal.pone.0174150.t002
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Vanuatu cultivars varied from 0 to 0.79, with an average of 0.49. The genetic distances between

the Indian cultivars and those from Vanuatu ranged from 0.31 to 0.82, with an average value

of 0.61. This value is significantly higher than the average value within each of the collections.

Moreover, some of the alleles are specific to each of these two genepools. Twenty-nine alleles

present in the Indian collection are absent from the Vanuatu genepool, including 12 rare

alleles. Similarly, fifty-five alleles present in the Vanuatu genepool are absent in the Indian col-

lection, including 15 rare alleles. Our Mantel test for these two pools demonstrated that corre-

lation between genetics and origin was very high (r = 0.408, P< 0.0001).

The accessions of the international collections (IITA and CRB-PT) are distributed almost

everywhere on the PCoA, showing that the diversity observed in India and in Vanuatu is well

represented in CRB-PT and partially represented in IITA (Fig 1A). PCoA also showed that

cultivars originating from New Caledonia (South Pacific) from CRP-PT collection are mostly

distributed on the same part of the graph (side upper right-hand) as the Vanuatu’s cultivars

(South Pacific).

The 83 polyploid cultivars from the four collections (49 triploids and 34 tetraploids, S1

Table) are distributed in different zones of the PCoA graph and within proximity of the diploid

cultivars (Fig 1B).

Fig 1A. Diagram showing the relationships among 367 accessions of D. alata based on Principal Coordinate Analysis (PCoA) using 24

microsatellites. Clones originated from Vanuatu are colored in green and those from CTCRI (India) in red. The accessions of the CRB-PT and the IITA are

colored in orange and pink, respectively. 1B. Diagram showing the relationships among 83 polyploid accessions of D. alata based on Principal

Coordinate Analysis(PCoA) using 24 microsatellites. Tetraploids accessions are colored in green and triploids in blue.

https://doi.org/10.1371/journal.pone.0174150.g001
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The combined analysis of PCoA and Dice distances allowed the identification of a total of

seventeen different groups of cultivars composed of closely related cultivars (Fig 1A, Fig 1B

and S1 Table) including eleven groups of diploids, four groups of triploids and two groups of

tetraploids. The genetic distances between cultivars within each of these groups are lower than

0.25.

The UPGMA analysis supported the results of PCoA and clustered the diploids into the

same eleven groups (Fig 2). Each group was supported with high bootstrap values (� 89%),

indicating high stability of relationships among the accessions. These groups thus reflected

strong phylogenetic relatedness and can be seen as natural groupings based on the observed

bootstrap values.

Diploid groups

Groups I, IV and VIII contained the highest number of cultivars (Fig 1A and Fig 2). Group I

assembled 39 cultivars including 29 from India, eight from Caribbean and two from Africa.

This group included the majority of duplicates identified within the CTCRI collection (Da40

and Da73, Da22 and Da95, Da70 and Da100, Da105 and Da120, Da78 and Da143, Da48 and

Da209). Male cultivars cultivated in the Caribbean under the names of Pyramide, Brazo Fuerte

and Brésil are also in this group. Group IV assembled 35 varieties from all geographic regions

analysed (17 are from Caribbean, eleven from Africa, three from Vanuatu, two from India,

one from New Caledonia, and one from French Guyana). This group included six accessions

from three different collections that presented identical allelic profiles across 24 loci (I-59, I-

71, I-452, VU567, VU579 and Da322), and can be considered as duplicates. It also listed two

cultivars grown in the Caribbean with the names of Saint Vincent Blanc (I-54) and Saint Vin-

cent Violet (I-64). The Dice distance between these two cultivars was 0.12 with 10 allelic differ-

ences at five loci. Group VIII represented 31 cultivars of which 20 are from Africa, 7 from

Caribbean and 4 from French Guyana. This group included the cultivar, Pacala, which is culti-

vated and highly appreciated in the Caribbean but shows high susceptibility to anthracnose.

Group VII consisted of 19 cultivars of which 12 are from Africa, five from Caribbean and

two from Vanuatu. The accessions from Africa (IITA cultivars TDa1427 and TDa1437) repre-

sented identical profiles across all 24 SSR loci (genetic distance equal to 0) and can be consid-

ered as duplicates. This group included the Florido variety selected by Martin and Rhodes [52]

in Mayaguez, Puerto Rico, and distributed throughout the world. It also contains two cultivars

that were classified in Vanuatu in the morphotypes group called Convar M3. This group is

characterized by short oval tubers with white flesh, crumbly when cooked and highly appreci-

ated in Vanuatu [15].

Group X assembled 15 cultivars including 9 from Africa, five from India and one from

Caribbean. Group III included 12 cultivars, eight of which are from Vanuatu, one from New

Caledonia and three from Caribbean. This group represents accessions known and cultivated

in the Caribbean under the names of Kabusa and Lupias. The eight cultivars from Vanuatu

were classified by Malapa [15] in the morphotype group Convar M1 since they present similar-

ities of their aerial vegetative traits. These cultivars have elongate leaves with pointed foliar

lobes, the base of their stem often has thorns, and their wings are not well developed on the

stems. A wide variability exists for tuber shape, which may be long and cylindrical or compact

and oval and the tuber flesh colour may be white or purplish. In addition, these cultivars pro-

duce male flowers and have a good tolerance to anthracnose in Vanuatu ([15]. Several of these

cultivars were also evaluated in the Caribbean and presented good tolerance to anthracnose in

Guadeloupe and in Martinique, including the accession (VU639a) known under the Vanuatu

name of Malalagi [53].
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Groups V and VI presented each 12 cultivars belonging to one collection. Group V is com-

posed exclusively of cultivars from India and Group VI of cultivars from Vanuatu. Cultivars of

group VI were classified in the morphotype convar M7 by Malapa [15]. They are characterized

by hastate leaves whose colour are light green to yellow at maturity, by the presence of highly

Fig 2. Dendrogram showing the relationships among 284 diploid accessions of D. alata based on UPGMA analysis using 24 microsatellites.

https://doi.org/10.1371/journal.pone.0174150.g002
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developed and undulated wings on the stem, and have short tubers that are often ridged. These

cultivars produce male flowers in an erratic manner. A wide variability exists for tuber flesh

colour (white, purple, reddish) that is highly appreciated in Vanuatu for its elastic consistency

when cooked. It has been observed that these cultivars have a good tolerance to anthracnose in

Vanuatu [15]. Several of these cultivars were also evaluated in the Caribbean and had a good

tolerance to anthracnose disease in Guadeloupe and in Haiti [53, 54]. The two closest cultivars

(VU434a and VU487a) have only one allelic difference across all 24 SSR loci and represented a

genetic distance of 0.01. These cultivars differ for their tuber flesh color, which is white in

VU434a and purplish white in VU487a.

Group II contained 9 cultivars five of which were from Africa and four from the Caribbean

region. This group is composed of cultivars known and cultivated in the Caribbean under the

names of Kinabayo and Oriental that produce female flowers. Cultivar Oriental was resistant

to anthracnose in Guadeloupe [11] and was used as a source of resistance to produce resistant

hybrids [22]. Within this group, the genetic distance between two accessions bearing the same

name from two different collections (Kinabayo from CRB-PT and Kinabayo from CIRAD)

(0.15) was greater than the genetic distance between two cultivars with different names of

CRB- PT collection (cultivars Oriental and Kinabayo), whose genetic distance was 0.08.

Group IX also assembled nine accessions of which eight are from India and one from

Caribbean. Group XI assembled six cultivars from Vanuatu that were classified in the morpho-

type group, Convars M4 [15]. They are characterized by a wide variability in tuber shape

which may be long, compact or irregular. In addition, these cultivars produce male flowers

and presented a good tolerance to anthracnose in Vanuatu [15].

The remaining 82 diploids (61 cultivars and the 21 breeding lines) were either not grouped

or clustered in small groups containing two to four cultivars.

Triploid groups

A total of four triploid groups were identified based on PCoA and genetic distances analysis

(Fig 1B and S1 Table). The largest Group XII included 25 cultivars of which 18 are from Carib-

bean, six from India, two from French Guyana and 1 from New Caledonia. Two cultivars (I-80

and I-48) have identical profiles across 24 loci and can be considered as duplicates. This group

includes three cultivars that share the name Tahiti (I-88: "French" Tahiti; I-87: "cultivated"

Tahiti; and I-621: "snake" Tahiti). However, none of these cultivars are genetically identical

across 24 SSR loci. They have nine to ten allelic differences (on four or five loci) and a genetic

distance that varied between 0.10 and 0.11. Furthermore, cultivars belonging to this group

have a characteristic allelic profile with three alleles at loci L31 (257 bp-269bp-275bp) and

CIR59 (199bp-203bp-221bp), which is specific to this group and which made it possible to

identify these cultivars.

Group XIII included six cultivars of which three are from New Caledonia, two from Africa

and one from Vanuatu. This group includes accessions known in the Caribbean under the name

of Goana. All cultivars belonging to this group have a characteristic allelic profile with three alleles

at loci L31 (257 bp-261bp-265bp) and L30 (224bp-230bp-234bp), which is specific to this group.

Group XV and XIV were the smallest and contained four and three accessions, respectively.

Tetraploid groups

Two tetraploid groups were identified based on PCoA and genetic distances analysis (Fig 1B

and S1 Table). The largest assembled 19 cultivars (Group XVI) of which 13 are from Africa,

five from Vanuatu and one from New Caledonia. These accessions were classified by Malapa

[15] in the morphotype group convar M17. They are characterized by wide, cordated leaves
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and rounded lobes, stems covered with thorns at their base, and developed and undulated

wings. The tubers are long and either cylindrical or irregular in shape with purple flesh. They

produce female flowers and showed tolerance to anthracnose in Vanuatu [15].

Group XVII included six cultivars of which one was from New Caledonia and five from

Vanuatu. These cultivars were classified by Malapa [15] in the morphotype group convar M8.

They produce male flowers and show tolerance to anthracnose in Vanuatu [15]. Several of

these cultivars were also evaluated in the Caribbean and presented good tolerance to anthrac-

nose disease in Guadeloupe and in Haiti [53, 54].

Bayesian analysis of population structure

The Bayesian model approach implemented in STRUCTURE V2.3.4 allowed the analysis of

the population structure of diploids (284 accessions). The Evanno’s method showed a peak

of Δk for K = 6 supporting the presence of six genetically distinct populations (K = 6), here

denoted as P1, P2, P3, P4, P5 and P6, respectively (Fig 3). Overall, 249 accessions (88%) were

assigned to one of the six populations, where more than 80% of their inferred ancestry was

derived from one of the model-based populations. P1 is composed of 115 accessions, among

which 41 are from India, 50 from Caribbean, 20 from Africa and 4 from Vanuatu. This group

is dominated by accessions originating from Indian genepool. P2 has 44 accessions, of which

28 are from Africa, seven from Caribbean, five from India and four from Vanuatu. This group

corresponds to groups VII and X of PCoA. P3 included 20 accessions, among which 10 are

from Caribbean and 10 from Vanuatu. P4 included 32 accessions, among which 20 are from

Africa, 7 from Caribbean and 4 for French Guyana. These accessions corresponded to group

VIII on PCoA. P5 included 25 accessions, among which three are from Caribbean, twelve

from India, eight from Vanuatu and 1 from New Caledonia. These accessions corresponded to

groups III and V on PCoA. P6 included 13 accessions and all originated from Vanuatu. These

accessions are assigned to group VI on PCoA. The remaining 35 accessions (12%) included

breeding lines and cultivars that showed admixed ancestry from different groups, including

eight admixtures between P1 and P2, five between P2, P3 and P4, three between P1, P3 and P5,

three between P2 and P4. The analysis of molecular variance (AMOVA) among populations

indicated that 59.1% of the variation was due to differences within populations, while 40.9%

was due to differences among populations (Table 3). The results of STRUCTURE analysis

confirmed the existence of two divergent genepools in India and Vanuatu, and revealed some

admixed cultivars, suggesting that these could have originated through hybridization between dif-

ferent populations. These results can be interpreted as population sets being clearly differentiated

Fig 3. Structure of the genetic diversity of the 284 diploid accessions of D. alata at K = 6.

https://doi.org/10.1371/journal.pone.0174150.g003
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and with low historic admixture, to the exception of a few cultivars of recent origins. The groups

defined by structure were thus possibly evolving and differentiating independently from each

other with very low migration rates.

Discussion

This study represents the first approach that comprehensively investigates the genetic diversity

within different large collections of D. alata using microsatellite markers. Several other studies

on genetic diversity have been conducted on this species using different types of molecular

markers including random amplified polymorphism DNAs [30, 55], amplified fragment

length polymorphisms [15, 56, 57] and simple sequence repeat (SSR) markers [34, 58]. How-

ever, these included accessions from only one or two regions or collections. Lebot et al. [27]

evaluated the genetic diversity of 269 accessions of D. alata originating from the South Pacific,

Asia and the Caribbean using isozymes. However, due to low polymorphism of these markers,

no relationships could be established between these accessions.

Microsatellite markers were effective for identifying polymorphism and for evaluating

the genetic relationships between the 367 accessions analyzed. Regarding all 24 SSRs loci in-

vestigated, the estimated diversity index (H’ = 0.66) was found to be high. Genetic diversity

detected in this study is much higher than the one reported by Siqueira et al. [59] for 89 Brazil-

ian D. alata cultivars (H’ = 0.41). The diversity level detected in this species is also higher than

what is reported in 146 D. rotundata cultivars (H’ = 0.50) [60].

Our results revealed the existence of two divergent genepools in India and Vanuatu. In con-

trast to African species D. rotundata, whose center of origin is known and domestication is

well documented [61, 62, 63], the center of origin for D. alata is actually not known yet. This

species is supposed to have been domesticated in Southeast Asia [12] about 6000 years ago and

then dispersed in India and the South Pacific Islands. Our results demonstrating a clear genetic

differentiation between cultivars from India and Vanuatu are consistent with the existence of

different secondary diversification centers in Asia and the South Pacific [12].

The introduction of D. alata in Africa and in New World takes place later in the 15th and

16th century. According to Prain and Burkill [64] this species was diffused from Asia to whole

western Africa by the Portuguese in the 15th century. Degras [13] argued that it was introduced

into New World at the beginning of 16th century with the slave trade.

PCoA and UPGMA analysis revealed a clear separation of the accessions into 17 major

groups of genetically close cultivars, including eleven groups of diploids, four groups of trip-

loids and two groups of tetraploids.

Two of the diploid groups assembled only cultivars from Vanuatu (VI and XI) and one

group exclusively from India (V). The other diploid groups included cultivars from several

geographic regions. Among these two included cultivars from India (I and X) and two from

South Pacific (III and VII). One group (IV) assembled accessions from all geographic origins

Table 3. Analysis of molecular variance (AMOVA) among populations and within populations.

Source of variation df SS CV %Total P value

Among populations 5 1031.7 8.9 40.9 <0.0001

Within populations 138 1770.6 12.8 59.1 <0.0001

Total 143 2802.3 21.7 100

df, Degrees of freedom; SS, Sum of squares; CV, Variance components estimation

% Total, percentage of total variation.

https://doi.org/10.1371/journal.pone.0174150.t003
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analyzed (Caribbean, Africa, Vanuatu, India, New Caledonia and French Guyana). It included

six cultivars from three different geographic origins (Caribbean, India and Vanuatu) which are

genetically identical across 24 loci. The results indicate that farmers adopt good yam cultivars

with superior attributes readily and these eventually get widely distributed.

The four triploid groups included cultivars from several geographic regions. Three groups

consisted of cultivars from Vanuatu and one had cultivars from India. The biggest group (XII)

included cultivars that have been largely diffused (India, Caribbean, French Guyana and New

Caledonia). One group (XIV) included only cultivars from South Pacific (Vanuatu and New

Caledonia). Group XIV assembled cultivars from Africa and South Pacific (Vanuatu and New

Caledonia), while group XV included cultivars from Caribbean and Vanuatu.

Both tetraploid groups contained cultivars from several geographic regions, except from

India. Group XVI included cultivars from Africa and South Pacific (Vanuatu and New

Caledonia) and Group XVII assembled cultivars only from South Pacific (Vanuatu and New

Caledonia).

Our results demonstrated a high degree of differentiation within this highly heterozygous

species, probably due to limited gene flow, primarily restricted by the mating system of this

species. This work showed also that D. alata cultivars originating from Africa and from the

New World (Caribbean and South America) are genetically very similar to Asian and/or South

Pacific cultivars.

The reproductive system is one of the important life-history characteristics that strongly

influence genetic variability [65]. Dioscorea alata cultivars are exclusively vegetatively-propa-

gated and present a low fertility. Two different hypotheses could explain this structuration in

several groups of genetically close cultivars:

1. Accessions belonging to the same group are the outcome of former sexual events with the

same parents or genetically related parents.

2. Accessions belonging to the same group are the outcome of the same initial clone that

evolved via somatic mutations fixed by vegetative propagation.

Given the mutational rate of SSR markers (between 10−3 and 10−6, depending on the species

and on their position in the genome [36]) and the values of the genetic distances observed

within these groups, it is likely that these two events contributed to the structuring of the

genetic diversity in D. alata. The low number of allelic differences between cultivars assembled

in group III, suggests the most likely hypothesis that this group was created from a single initial

clone that evolved through mutations. Indeed, the number of allelic differences within this

group corresponds to a total of 1 to 7 mutations, which is consistent with this hypothesis, on

the basis of a mutation level of 10−3–10−4.

In contrast, the number of alleles differentiating the cultivars reassembled in other groups

(ex: groups IV and VI) is higher to explain their origin from only an initial genotype. So, the

most likely hypothesis is that these groups were created from several genetically related clones,

which evolved through somatic mutations over time.

Our results are congruent with those obtained with DArTs to study the origin of D. alata
cultivars in Vanuatu [66]. The low number of unique genotypes and the presence of numerous

cultivars sharing a clonal origin generated a low varietal richness index (R = 0.26). This low

index suggests that sexuality plays a minor role in the local diversification process. AFLPs have

also highlighted the predominance of clonal reproduction in Vanuatu cultivars [15]. However,

sexual recombination in D. alata appears to be rare in farmers’ fields and makes the diversifica-

tion of local cultivars by selecting spontaneous seedlings difficult. However, farmers can detect

somaclonal variants and propagate them. The high genetic variability observed between D.
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alata cultivars in Vanuatu is thought to be the results of multiple introductions of genetically

distant individuals. The role of sexual reproduction and mutation in shaping the diversity has

also been well documented for D. rotundata species [67].

Varietal diversity can be increased by controlled pollinations and breeding new cultivars

and this has proven to be an effective way of genetic improvement [21, 22, 23, 68]. Most of the

accessions included in our study are not fertile. Triploids are sterile [68, 69], as are several dip-

loids and tetraploids. The results presented here allowed the identification of different groups

of fertile cultivars with a good tolerance to anthracnose disease (Groups II, III, VI, XI, XVI and

XVII) as well as several groups that contain cultivars known for the quality of their tubers:

organoleptic, shape, dry matter content, and others (Groups III, VI, VII, VIII). These results

will be useful for improving the germplasm management as well as for selecting genetically dis-

tant parents, even from different collections, to maximize allelic diversity and heterosis in

breeding programs.

Much larger evaluations of D. alata genetic resources existing in Asian and South Pacific

countries are still necessary in order to apprehend the genetic diversity available in these

regions and allow their preservation and valorization in breeding programs.

Conclusions

Microsatellite markers and a worldwide sample material proved to be effective for identifying

polymorphism and for evaluating genetic relationships between yam varieties, clarifying rela-

tionships between genetic diversity, geographic origins, and ploidy levels.

We did not identify any center of origin for this crop, but we demonstrated in our study the

existence of two diversification pools, one from Vanuatu, and the other from India. High

diversity levels were found in international germplasm collections, with CRB collection span-

ning throughout worldwide genetic diversity, while IITA collection was spanning a lesser

extent but targeted more specific diversity component of variation for this species, possibly

reflecting a finer sampling scheme.

Supporting information

S1 Table. Details of accessions with their accession code, geographical origin, local name,

ploidy level and accession type included in the study. Identified groups based on PcoA and

UPGMA analysis are also indicated.
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Abstract
Key message  This study generated the first high-density genetic map for D. alata based on genotyping-by-sequencing 
and provides new insight on sex determination in yam.
Abstract  Greater yam (Dioscorea alata L.) is a major staple food in tropical and subtropical areas. This study aimed to 
produce the first reference genetic map of this dioecious species using genotyping-by-sequencing. In this high-density map 
combining information of two F1 outcrossed populations, 20 linkage groups were resolved as expected and 1579 polymor-
phic markers were ordered. The consensus map length was 2613.5 cM with an average SNP interval of 1.68 cM. An XX/
XY sex determination system was identified on LG6 via the study of sex ratio, homology of parental linkage groups and 
the identification of a major QTL for sex determination. Homology with the sequenced D. rotundata is described, and the 
median physical distance between SNPs was estimated at 139.1 kb. The effects of segregation distortion and the presence of 
heteromorphic sex chromosomes are discussed. This D. alata linkage map associated with the available genomic resources 
will facilitate quantitative trait mapping, marker-assisted selection and evolutionary studies in the important yet scarcely 
studied yam species.

Introduction

Yams (Dioscorea spp.) are important food security crops 
that are grown in tropical and subtropical regions (Coursey 
1967). They are dioecious herbaceous vines cultivated for 
their starchy tubers with a high nutritional content (Muzac-
Tucker et al. 1993). D. rotundata and D. alata are the two 
main cultivated species (Ayensu and Coursey 1972) and 

belong to the same botanical section, i.e., Enantiophyllum 
(Wilkin et al. 2005), which is one of the latest diverging 
lineages in Discorea (Viruel et al. 2016).

Greater yam (D. alata L.) also named water or winged 
yam ranks second in production, and it is the most widely 
distributed yam species in the world (Abraham and Gopi-
nathan Nair 1990). It is a strictly dioecious and polyploid 
species (2n = 40, 60, 80) with a basic chromosome number 
of 20 (Arnau et al. 2009). Diversity studies have shown that 
the most common forms are diploids, followed by triploids, 
and that tetraploids are rare (Arnau et al. 2017). It is superior 
to most cultivated yam species in terms of yield potential 
(especially under low soil fertility), ease of propagation, 
competition with weeds (early vigor) and tuber storability 
(Sartie and Asiedu 2014). Consequently, the importance of 
D. alata in terms of food security has given rise to several 
genetic improvement programs throughout tropical regions 
which are aimed at developing new varieties with high yield, 
tuber quality and resistance to pests and diseases (Abraham 
and Gopinathan Nair 1990; Egesi and Asiedu 2002; Arnau 
et al. 2011) such as anthracnose, caused by Colletotrichum 
gloeosporioides (Abang et  al. 2004). Breeding of this 
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heterozygous crop is essentially carried out on the basis of 
phenotypic observations and is a long and difficult process.

One prerequisite for the development of marker-assisted 
breeding tools is the development of linkage analysis or/
and association mapping. Both approaches are based on 
ordered genetic information. However, the D. alata genome 
has yet to be completely sequenced, and it is only available 
as unordered scaffolds (D. alata genome assembly Version 
1, Water Yam Genome Project, ftp://yamba​se.org/genom​es/
Diosc​orea_alata​/). Two linkage maps were constructed using 
dominant amplified fragment length polymorphism markers 
(AFLP; Mignouna et al. 2002; Petro et al. 2011).

Codominant markers such as microsatellites (simple 
sequence repeats, SSRs) and single nucleotide polymor-
phisms (SNPs) are choice markers for plant breeding appli-
cations as they allow estimation of additive and dominant 
allelic effects. SSR markers have been generated in D. 
alata and other Dioscorea spp. (Terauchi and Konuma 
1994; Misuki et al. 2005; Tostain et al. 2006; Hochu et al. 
2006; Andris et al. 2010; Saski et al. 2015). Moreover, an 
EST-SSR genetic linkage map containing 380 markers was 
recently published (Bhattacharjee et al. 2018). Thus, the 
marker number is still limited for genome-wide approaches 
necessary for association genetics, and their implementation 
cost is relatively high.

With the development of next-generation sequencing 
(NGS) methods, SNPs are now the most widely available 
markers for high-throughput genotyping. Genotyping-by-
sequencing (GBS) allows the detection and genotyping of 
tens of thousands of SNPs in many individuals (DePristo 
et al. 2011; Davey et al. 2011; Elshire et al. 2011), result-
ing in an unparalleled cost per data point when screening 
for codominant polymorphisms in large panels and for con-
structing highly saturated genetic maps (Poland et al. 2012, 
Ward et al. 2013).

The objective of the present study was to overcome the 
main limitations in identifying genomic regions linked to 
agronomic traits of interest in D. alata by establishing a 
high-density genetic map of D. alata using genotyping-by-
sequencing. The relationship between genetic mapping and 
sex determination was also investigated since dioecy can be 
related to the chromosome architecture (Kumar et al. 2014).

Materials and methods

Materials

The mapping populations consisted of two greater yam 
(Dioscorea alata) full-sib F1 segregating populations. The 
hybridizations were performed in the French West Indies 
(Roujol, Petit-Bourg, Guadeloupe) using diploid parents 
(flow cytometry; Arnau et al. 2009). Population A was 

derived from a cross between a female breeding line (74F) 
developed at the French Agricultural Research Centre for 
International Development (CIRAD) and a male Caribbean 
landrace (Kabusa). Population B was derived from a cross 
between the same female (74F) and another male breeding 
line developed at CIRAD (14 M).

Overall, 250 and 360 pollinations were manually carried 
out for population A and population B, respectively. Once 
harvested (60–70 days after pollination), the fruits were left 
to soak in 70% isopropyl alcohol and then in 12% sodium 
hypochlorite for 5 min in each solution before rinsing with 
distilled water. Embryo rescue procedures were performed 
to conserve clean material and speed up multiplication. A 
total of 140 and 280 individuals were micropropagated for 
population A and population B, respectively. All progenies 
and parents were then transferred to an experimental field in 
two complete blocks with nine repetitions.

DNA extraction and genotyping‑by‑sequencing 
(GBS)

Young leaves from the same vine for each progeny and par-
ent were collected, stored in coffee filters and then dried at 
45 °C overnight. Total genomic DNA extractions were per-
formed from dried leaves by an automated method adapted 
from Risterucci et al. (2009) on Biomek FXP (Beckman 
Coulter, CA, USA) and using the NucleoMag Plant Kit 
(Macherey–Nagel, Germany). DNA samples were quantified 
with a Fluoroskan Ascent FL fluorometer (Thermo Fisher 
Scientific, Waltham, MA, USA). Genomic DNA quality 
was checked using agarose gel electrophoresis. A genomic 
library was prepared using PstI-MseI (New England Biolabs, 
Hitchin, UK) restriction enzymes with a normalized 200 ng 
quantity of DNA per sample. The procedures published by 
Elshire et al. (2011) were followed; however, the common 
adapter was replaced to be complementary to MseI recogni-
tion site. Digestion and ligation reactions were conducted 
in the same plate. Digestion was conducted at 37 °C for 2 h 
and then at 65 °C for 20 min to inactivate the enzymes. The 
ligation reaction was done using T4 DNA ligase enzymes 
(New England Biolabs, Hitchin, UK) at 22 °C for 1 h, and 
the ligase was then inactivated by heating at 65  °C for 
20 min. Parents were replicated twice per plate. Ligated 
samples were pooled and PCR-amplified (18 cycles). The 
PCR-amplified libraries were purified using the Wizard PCR 
preps DNA purification system Promega (Madison, USA) 
and verified with the Agilent D5000 ScreenTape (Santa 
Clara, USA). Single-end sequencing of 150 base-pair reads 
was performed in a single lane on an Illumina HiSeq 3000 
system (at the GeT-PlaGe platform in Toulouse, France). 
Losses during micropropagation and transfer to the field 
led to the genotyping-by-sequencing of 121 progenies for 
population A (74F × Kabusa) and 193 for population B 

ftp://yambase.org/genomes/Dioscorea_alata/
ftp://yambase.org/genomes/Dioscorea_alata/
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(74F × 14 M). Parents were replicated to ensure SNP detec-
tion and high-quality parental information for the estimation 
of marker segregation types.

SNP calling and filtering

Raw sequencing data were demultiplexed with GBSX v1.2 
(Herten et al. 2015). Cutadapt v1.9 (Martin 2011) was used 
to trim adapters (options: -a AGA​TCG​GAA​GAG​CG -O 10 
-q 20,20 -m 30). SNP calling was done using the process_
reseq. 1.0.py (python2) program followed by site pre-filter-
ing using the VcfPreFilter.1.0.py (python2) program with 
the default parameters. Both programs are part of the Vcf-
Hunter package (Garsmeur et al. 2018; available at https​://
githu​b.com/South​Green​Platf​orm/VcfHu​nter/). As there was 
no complete D. alata reference genome, reads were aligned 
to the D. rotundata reference genome (pseudo-chromosomes 
BDMI0100001-21; Tamiru et al. 2017). SNPs were thus 
named according to their position in this D. rotundata ref-
erence genome.

SNPs and progenies were filtered by population using 
the following filters: minimum depth 10, maximum depth 
500, missing data per site < 20%, missing data per individ-
ual < 40%, minor allele frequencies per site > 10% and mini-
mum count read for heterozygous genotype > 3. Sites with 
missing data on parents or segregation patterns in progenies 
that were not in agreement with the parental genotypes were 
also excluded. Dataset filtering and formatting were coded 
in R 3.4.4 (R core team 2017) and based on the vcfR 1.5.0 
package (Knaus and Grünwald 2017) to import vcf files into 
the R environment.

Linkage analysis and parental map construction

SNPs with 1:1 Mendelian segregation if segregating only 
in one parent and 1:2:1 if segregating in both parents were 
retained for linkage analysis. SNPs with a significant seg-
regation deviation within families (χ2 test; P < 0.001) were 
eliminated. Finally, SNPs were thinned to maintain a mini-
mum spacing of 100 bp between adjacent markers.

Linkage analysis and map constructions were conducted 
separately for each parent by population according to the 
cross-pollinated (CP) model in JoinMap 4.1 software (Van 
Ooijen 2012). In each family, the “hk × hk” segregation 
patterns were used for both parents, while “lm × ll” and 
“nn × np” segregation patterns were used for the female and 
male parental maps, respectively. Regarding the difference in 
dataset size, linkage groups were established using a group-
ing LOD threshold value of 7 for the parents of population 
A and 5 for those of population B. Parental maps were com-
puted using recombination frequencies below 0.45, LODs 
over 1.0, a regression algorithm with two ordering rounds 
and the Kosambi mapping function.

QTL detection for sex determination

Sex was determined by looking at the type of inflorescence 
produced by each progeny. Phenotyping was conducted in 
2016 and 2017 in both blocks to deal with the erratic flow-
ering of D. alata and to avoid vine mixing issues. Over-
all, 69 progenies (32 females and 37 males) in population 
A (74F × Kabusa) and 75 progenies (31 females and 44 
males) in population B (74F × 14 M) were phenotyped with 
confidence.

QTL detection was conducted on the four parental 
genetic maps using the R/qtl 1.42-8 package (Broman et al. 
2003) and a simple interval mapping approach (options: 
step = 1 cM, error.prob = 1e−08, map.function = “kosambi”, 
model = “binary”, method = “hk”). Significance thresholds 
were calculated through permutations (1000) with an alpha 
risk of 0.05. QTL confidence intervals were computed using 
the “bayesint” function and 0.95 probability coverage of the 
interval.

Construction of the D. alata reference map 
and comparison with D. rotundata

As the two mapping populations were derived from crosses 
involving the same female (74F), an integrated map of the 
female parent (74F) was computed using the JoinMap “com-
bine groups for map integration” function. Three genetic 
maps of female 74F were thus generated: from the popula-
tion A dataset (74F_A), the population B dataset (74F_B) 
and the integrated map (74F). The final D. alata consensus 
map was constructed using this same function and starting 
from the integrated female linkage groups (74F) and both 
male parent groups (Kabusa and 14 M). Homology between 
the four parental maps, the integrated female map and the 
final consensus map were visualized using the R package 
ggplot2 2.1.1 (Wickham 2016).

The D. alata genome assembly v1 available as scaffolds 
accounting for roughly half of the genome and 80–90% of 
protein-coding loci (Water Yam Genome Project—ftp://
yamba​se.org/genom​es/Diosc​orea_alata​/) was anchored to 
our consensus map. To do that, SNP flanking sequences 
(60 bp upstream and 60 bp downstream around the vari-
ant position) were extracted using SNiPlay3 (Dereeper et al. 
2015). These sequences were mapped on D. alata scaffolds 
using BLAST (Basic Local Alignment Search Tool, ncbi-
blast v2.2.30).The results were parsed using an E-value 
threshold of 1e-10 and keeping secondary hits only if the dif-
ference [− log10(best hit E-value)] − [− log10(hit E-value)] 
was lower than 2.

The consensus map was also compared to the D. 
rotundata reference genome (pseudo-chromosomes 
BDMI0100001-21; Tamiru et al. 2017). The D. rotundata 
genome was divided into pieces cutting halfway between 

https://github.com/SouthGreenPlatform/VcfHunter/
https://github.com/SouthGreenPlatform/VcfHunter/
ftp://yambase.org/genomes/Dioscorea_alata/
ftp://yambase.org/genomes/Dioscorea_alata/


1736	 Theoretical and Applied Genetics (2019) 132:1733–1744

1 3

SNPs included in our D. alata reference genetic map. The 
resulting genomic fragments were then reordered according 
to the SNP positions in the D. alata reference map developed 
in this study. Synteny between D. alata and D. rotundata 
was visualized using a Circos approach via the circlize R 
package 0.4.3 (Gu 2014).

Results

Genotyping‑by‑sequencing and SNP filtering

Overall, 121 progenies from population A (74F × Kabusa) 
and 193 from population B (74F × 14 M) were genotyped. 
Around 4.4 and 3.6 million reads per progeny were obtained 
with 83.9% and 82.5% of the reads mapping on the D. rotun-
data genome used as reference sequence, and for population 
A (74F × Kabusa) and population B (74F × 14 M), respec-
tively (Online Resource 1). For the female (74F), 25 million 
reads were obtained, 84.6% of which were mapped. Nine-
teen million and 21 million reads were obtained, 82.2% and 
84.2% of which were mapped for Kabusa and 14 M male 
parents, respectively. On average, 10% of the mapped reads 
were aligned to multiple positions (Online Resource 1) and 
removed.

By population, SNP filtering on the genotypic informa-
tion quality (i.e., depth and allele frequencies) resulted in 
the detection of 29,224 and 11,808 SNPs in populations A 
and B, respectively (Table 1). By excluding sites based on 

missing data or discrepancies between segregation patterns 
in progenies and parental genotypes, 17,446 and 5434 SNPs 
were conserved for populations A and B, respectively. The 
segregation distortion threshold discarded 33% of SNPs in 
population A and 59% in population B (Table 1). Keeping a 
maximum of one SNP every 100 bp reduced the SNP dataset 
by approximately half. Thus, 5373 SNPs and 1075 SNPs 
were used for linkage analysis in population A and popu-
lation B, respectively. Because of the missing data thresh-
old per progeny, the final dataset included 79 progenies for 
population A and 110 progenies for population B.

Linkage analysis and parental maps

A total of 5837 unique SNPs were used in the linkage anal-
ysis, with 611 SNPs being common to both populations. 
Although a single female parent (74F) was used, common 
SNPs were not homogeneously distributed across segrega-
tion patterns between populations (Table 2). The proportions 
of markers segregating only in the female or male parent 
were similar in each population. Markers heterozygous in 
both parents (hk × hk) were more represented in population 
B (41%) than in population A (15%).

Four parental maps and an integrated female map were 
built. Because of the strong linkages revealed by the pair-
wise recombination frequencies and LOD scores (Online 
Resource 2), linkage groups were confidently defined for 
each parent. The number of linkage groups by parental map 
ranged from 21 for 74F_B to 26 for Kabusa. This was higher 

Table 1   Summary of SNP filtering and dataset sizes per population

The SNPs used in linkage mapping are the undistorted SNPs (χ2 test; P < 0.001) thinned so that no two sites were within 100 base pairs
a Median

Population High-quality SNPs Low missing data and 
adequate segregation 
pattern

Undistorted SNPs Dataset used in linkage mapping

No. of SNPs No. of 
prog-
enies

SNP deptha NA per sitea (%) NA per 
progenya 
(%)

A 29,224 17,446 11,667 5373 79 113 12.2 7.5
B 11,808 5434 2227 1075 110 88 14.2 8.6

Table 2   Segregation type by 
mapping population

Segregation types are in JoinMap format. In brackets, percentage of the total number of SNP by population

Segregation type in population B Total population A

<hk × hk> <lm × ll> <nn × np> Absent

Segregation type in population A
 < hk × hk> 92 57 683 832 (15%)
 < lm × ll> 188 194 1814 2196 (41%)
 < nn × np> 80 2265 2345 (44%)
 Absent 162 93 209

Total population B 442 (41%) 344 (32%) 289 (27%)
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than the D. alata base chromosome number (i.e., 20) and 
may have been the result of the separation of linkage groups 
containing only a few markers. Nevertheless, the integrated 
female map (74F) contained 20 linkage groups built using 
information on both population datasets for each integrated 
linkage group.

Maps of population B parents were smaller and less dense 
than those of population A parents. Parental map lengths 
ranged from 1227 cM for 14 M to 2348 cM for 74F_A, 
respectively. The map density ranged from one SNP every 
2.1 cM in the Kabusa map to one SNP every 3.7 cM in the 
74F_B map (Table 3).

Map integration and consensus map construction

Male linkage groups were combined with the integrated 
female map based on the recombination frequencies (Online 
Resources 3–4). Linkage groups were numbered in reference 
to the D. rotundata genome, as for the integrated female map 
(74F). Map integration was fairly accurate, as revealed by 
the good collinearity between homolog linkage groups from 
the different parental maps (Online Resource 5).

The consensus genetic map obtained in this study 
spanned 2613.5 cM and contained 1579 SNPs distributed 
on 20 linkage groups, as expected (Fig. 1, Table 4). Linkage 
groups contained from 20 (LG14) to 145 (LG05) SNPs, with 
a genetic length ranging from 55.6 cM (LG14) to 188.1 cM 
(LG05). The mean marker density was one SNP every 
1.68 cM. Each SNP had a single position (Table 4).

One linkage group of the 74F_A map that could not be 
included in the integrated female map but had sufficient 
common SNPs with male maps was also integrated in the 
final consensus map (Online Resource 3). The consensus 
map did not contain information of male B (14 M) for three 
linkage groups (LG3, LG4 and LG16) as no homologs were 
found (Online Resource 4). The male A (Kabusa) homolog 
linkage group of LG14 was constructed but did not con-
tain sufficient bridge markers with the other three parental 
homologs of LG14 to be integrated into the final consensus 
map (Online Resource 4).

For LG6, two maps were included in the final consen-
sus map: the integrated female map of LG6 (LG6_F) and a 

male consensus map of LG6 (LG6_M). Indeed, map inte-
gration of the different LG6 homologs was not possible 
because the male maps did not contain any common SNPs 
with the female consensus map. As dioecy can be related 
to the chromosome architecture, the relation between these 
map integration issues and sex determination was further 
investigated.

Detection of sex‑determining QTLs

The phenotypic data analysis revealed no significant differ-
ences between the observed sex ratio and a 1:1 theoreti-
cal ratio within both populations (χ2 test; population A, P 
value = 0.55; population B, P value = 0.13), indicating that 
sex determination may be controlled by one dominant allele.

Combining genotypic and phenotypic datasets, QTL 
detection was performed on fewer progenies and conducted 
on parental maps with 42 (19 females + 23 males) and 60 (27 
females and 33 males) progenies for populations A and B, 
respectively. Only one QTL per population was detected on 

Table 3   Summary of parental 
maps

In brackets, the number of linkage groups integrated into the final consensus map

Parent Map No. of LGs1 No. of SNPs Length (cM) Average marker 
interval (cM)

Female 74F_A 25 (21) 1035 2348 2.30
74F_B 21 (20) 486 1705 3.70
74F 20 983 2120 2.20

Male Kabusa 26 (21) 1078 2195 2.14
14M 21 (17) 371 1227 3.50

Fig. 1   Greater yam (D. alata L.) consensus genetic map containing 
1548 SNPs. X-axis, linkage groups numbered from LG1 to LG20 
homology with the D. rotundata reference genome (Tamiru et  al. 
2017); y-axis, genetic distance (Kosambi mapping function; cM)
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LG6 homologs and only in the male maps (Online Resource 
6A). No QTLs were detected using the female maps. In 
agreement with the sex ratio observed within both popu-
lations, these findings suggest that only one locus may be 
involved in sex determination and may be inherited via a sys-
tem of XX/XY sex chromosomes involving heterogametic 
males (XY).

For male A (Kabusa), the QTL confidence interval 
spanned from 1.1 to 30.2 cM, with a peak LOD score of 
5.2 located at 13.0 cM. The nearest SNP (06.1_27885348) 
located at 13.3 cM allowed us to predict sex in 85% of the 
cases (Fig. 2). For male B (14 M), the QTL confidence inter-
val spanned from 0 to 34.8 cM, with a peak LOD score of 
3.8 located at 1.0 cM. The LOD drop in the middle of the 
QTL interval was due to a marker phase change. The nearest 
SNP (06.1_27950405) located at 0.0 cM allowed us to pre-
dict sex in 77% of the cases (Fig. 2). In both maps, the QTL 
peaks contained tightly linked SNPs (Online Resource 6B). 
In both cases, no secondary peaks were found when the most 
significant SNPs were used as covariates. Once projected on 

the consensus male map (LG6_M), the two QTL intervals 
co-localized and were located between 4.8 and 33.9 cM and 
between 0 and 34.8 cM for male A and male B, respectively. 
The locus involved in sex determination in the two popula-
tions may be the same.

D. alata scaffold anchoring and synteny with D. 
rotundata

Based on the SNP positions in our consensus D. alata 
genetic map compared to SNP positions in the D. rotundata 
genome, the D. rotundata genome was reordered: (i) to high-
light possible chromosome rearrangements between the two 
species and (ii) to estimate the relationship between physical 
and linkage map distances in D. alata.

The mean homology between D. alata and D. rotundata 
linkage groups was 87% when computed as the percent-
age of SNPs located in a D. alata linkage group and in its 
D. rotundata homolog (Online Resource 7). The highest 
homology between the two yam species was found for LG5 

Table 4   Description of the consensus genetic map for D. alata L. by linkage groups

For the sex-related LG6, two maps were conserved: the female-integrated map (LG6_F) and a male consensus map (LG6_M)
a Mean distance between SNPs
b Total length after reordering the D. rotundata reference genome (Tamiru et al. 2017) according to D. alata consensus map
c Median physical distance between SNPs in the reordered D. rotundata genomic sequence

Linkage group No. of SNPs Genetic length 
(cM)

Marker interval 
(cM)a

Max gap (cM) No. of 
gaps > 5 cM

Physical length 
(Mb)b

Marker 
interval 
(kb)c

LG01 56 124.2 2.26 8.5 6 28.0 142.3
LG02 88 130.6 1.50 11.3 2 33.9 141.7
LG03 81 125.3 1.57 6.7 3 18.6 120.0
LG04 125 182.5 1.47 11.4 5 29.9 126.7
LG05 145 188.1 1.31 6.4 4 28.5 99.8
LG06_M 47 93.5 2.03 7.7 4 20.8 370.3
LG06_F 42 98.1 2.39 7.0 3 19.4 173.2
LG07 88 147.8 1.70 11.2 8 19.3 123.0
LG08 80 147.6 1.87 7.4 8 20.3 117.0
LG09 90 98.0 1.10 13.3 3 27.6 133.3
LG10 72 96.9 1.36 13.7 3 18.1 88.6
LG11 47 102.1 2.22 10.5 5 15.7 209.1
LG12 56 132.1 2.40 11.0 9 28.9 73.5
LG13 65 100.9 1.58 14.8 2 24.6 220.6
LG14 20 55.6 2.93 6.6 1 11.7 139.7
LG15 102 139.3 1.38 10.8 2 18.5 99.6
LG16 31 81.7 2.72 13.7 5 2.8 26.4
LG17 83 177.5 2.17 25.4 4 21.3 165.1
LG18 88 149.0 1.71 10.2 6 29.4 133.2
LG19 117 163.2 1.41 6.5 4 39.7 132.4
LG20 56 79.6 1.45 8.8 2 13.0 89.1
Total 1579 2613.5 1.68 442.1 139.1
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and LG8, with 99% of SNPs from D. alata belonging to 
the same respective linkage group in D. rotundata (Fig. 3; 
Online Resource 7).

D. alata LG19 was the less conserved, with only 48% of 
SNPs belonging to D. rotundata chromosome 19 (Online 
Resource 7). This could partially be explained by the fact 
that during D. rotundata sequencing a supernumerary 
chromosome 21 was assumed which was mapped at the 
end of our LG19 (Fig. 2). In our study, LG19 also included 
10% of SNPs located on chromosome 16 of D. rotundata 
(Online Resource 6) while spreading over 63% of this 
chromosome (Online Resource 8). In our results, LG16 
contained few SNPs (31) and was the smallest, with a total 
estimated length of 2.8 Mb (Table 4; Fig. 3).

LG15 and LG7 also appeared to be rearranged regard-
ing the percentage of SNPs (Online Resource 7). This was 
even truer for LG15 when homology was estimated on 
the basis of the percentage of genomic sequence mapped 
on its homolog chromosome (Online Resource 8). Indeed, 
the reordered chromosome corresponding to LG15 was 

composed of D. rotundata chromosomes 15 (43%), 6 
(26%) and 4 (11%) (Fig. 3).

The median SNP interval was 139.1 kb in our reordered 
D. rodundata genome (Table 4). SNP intervals ranged 
from 26.4 kb for LG16 to 370.3 kb for LG6_M. For most 
linkage groups, the relationship between the physical and 
the linkage map distances varied along linkage groups, in 
agreement with an expected chromosomal structure made 
of highly recombinant telomeres and a less recombinant 
centromere (Online Resource 9).

D. alata has not yet been completely sequenced. 
However, useful genomic resources have been released 
upon which our SNPs could be positioned. Overall, 743 
scaffolds from the D. alata genome v1 were anchored 
in the consensus maps, representing around 40% 
(115.8 Mb/287.3 Mb) of the total scaffold length (Online 
Resource 10). Around 38.5% (286/743) of these scaffolds 
could theoretically be oriented as they contained two or 
more SNPs. The scaffolding and linkage analysis findings 
seemed quite consistent, as revealed by the fact that 74.5% 

Fig. 2   Homology between parental genetic maps of LG6 homologs and detection of the sex-determining QTLs. On LOD score plots: dashed 
lines, LOD score threshold; red lines, QTL confidence interval. On linkage groups: black ticks, SNPs position
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(213/286) of the scaffolds containing two or more SNPs 
contained only SNPs mapped on the same LG.

Discussion

A D. alata reference map

The method used to build the reference genetic map was 
designed to be conservative. Indeed, integration of maps 
into the final consensus map was based on pairwise recom-
bination frequencies in parental datasets and not on map 
projections. All SNPs mapped in parental maps were thus 
not necessarily included in the final reference map and vice 
versa. Although this procedure is more restrictive, it was 
applied to minimize the impact of errors due to the reversal 
of locations for short distance markers and/or of structural 
variations (Mace et al. 2009; Khan et al. 2012). In the same 
conservative spirit, highly distorted markers were eliminated 
before linkage analysis (Zhang et al. 2010).

Our consensus map is the first SNP high-density genetic 
map for D. alata. It contains 20 linkage groups, as expected, 
and 1579 SNPs spread over 2613.5 cM, with an average 
marker interval of 1.7 cM. Indeed, using the same Kosambi 

mapping function, the previously published map lengths 
were 1233 cM, 1538 cM and 3229.5 cM, and they contained 
494, 523 and 380 markers with an average marker spacing 
of 2.6 cM, 3.3 cM and 14.2 cM according to Mignouna et al. 
(2002), Petro et al. (2011) and Bhattacharjee et al. (2018), 
respectively. The genome coverage was estimated at 65% by 
Mignouna et al. (2002) and 80% by Petro et al. (2011). The 
estimated genome coverage of our map reached 94% using 
Method 4 of Chakravarti et al. (1991).

Diploid D. alata genotypes have a haploid genome size 
estimated to be between 1C = 0.46 pg = 454 Mb (Arnau et al. 
2009) and 1C = 0.57 pg = 562 Mb (Obidiegwu et al. 2010) by 
flow cytometry analysis. Saski et al. (2015) de novo sequenc-
ing resulted in an assembly of contigs covering 428.9 Mb. 
These estimations are slightly smaller than the D. rotundata 
genome size (570–579 Mb; Tamiru et al. 2017). Moreover, 
physical distance in D. rotundata and D. alata seems well 
correlated and proportional to smaller distance for D. alata 
(r2 = 0.79; coefficient of proportionality = 0.786; Online 
Resource 11). The good resolution (in kb) of our map thus 
may have been fairly well estimated or even slightly under-
estimated in this study.

In this sense, our estimated marker density of one SNP 
every 139.1 kb agreed with the fact that around 40% of the 

Fig. 3   Synteny between D. 
alata and D. rotundata. Chro-
mosomes numbered with the 
suffix ‘a’ are for D. alata cor-
responding to the D. rotundata 
reference sequence reordered 
according to our final consensus 
map. For LG6, both female 
(6af) and male (6am) reordered 
chromosomes were conserved



1741Theoretical and Applied Genetics (2019) 132:1733–1744	

1 3

total assembly of the D. alata genome v1 was contained 
in our reference map. Indeed, presently 50% of this pre-
release assembly is composed of scaffolds longer than 
145.7 kb (Water Yam Genome Project—ftp://yamba​se.org/
genom​es/Diosc​orea_alata​/). In D. rotundata, 89.6% of the 
genome assembly is included in scaffolds longer than 200 kb 
(Table S3 in Tamiru et al. 2017). If the ongoing D. alata 
sequencing results in similar scaffolding, our reference map 
may be sufficient to order most of the future assembly.

More generally, this genetic map for greater yam, associ-
ated with the reordered D. rotundata genome and the map-
ping of available D. alata scaffolds, will promote further 
investigations on the inheritance of key traits and the devel-
opment of molecular breeding tools. It will also help gain 
further insight into yam evolution and facilitate the trans-
fer of knowledge regarding different yam species. We thus 
strongly encourage retaining the linkage group nomenclature 
we used for D. alata as it is also based on D. rotundata 
nomenclature.

Segregation distortion

The difference in linkage analysis power between population 
A and population B mostly resulted from the lower num-
ber of SNPs available for mapping in population B. Three 
consensus linkage groups of the final consensus map did 
not contain information on the population B male parent 
(14 M) as no homologs were found. Moreover, parental 
maps derived from population B were shorter and less dense 
than those derived from population A.

First, for a similar GBS quality (i.e., number of produced 
reads and missing data), fewer SNPs were detected in popu-
lation B than in population A. This agreed with the genetic 
proximity between 74F and 14 M (76% of shared alleles) 
compared to that of 74F and Kabusa (65% of shared alleles). 
Then, the segregation distortion threshold excluded a higher 
proportion of markers in population B than in population A. 
Segregation distortions have been widely reported in plant 
species including D. alata. In Petro et al. (2011), 19% of 
markers were tagged as distorted, while in Bhattacharjee 
et al. (2018) it was 39.8%. However, comparisons are limited 
due to the unknown threshold used to test distortion.

Regarding the decrease in the number of progenies from 
hybridization to mapping datasets, one major hypothesis 
could be proposed. Indeed, the main differences were the 
ratio of introduced embryos to the number of pollination 
between population A (140/250 = 56%) and population B 
(280/360 = 78%), which was related to gametophyte selec-
tion, and the proportion of rescued embryos successfully 
brought to the field (population A, 121/140 = 86%; popu-
lation B, 193/280 = 69%), which was related to early-stage 
zygotic selection. However, the sampling bias—esti-
mated when considering the proportion of non-genotyped 

progenies and introduced by filters on data quality per prog-
eny—was similar between the two populations. Thus, we 
hypothesized that early-stage zygotic selection affected to 
a greater extent population B for which segregation distor-
tion was mainly related to genes involved in the response 
to in vitro and field stresses. Regarding the smaller size of 
population A compared to population B, segregation dis-
tortion may have been more related to the sampling bias 
within population A. This hypothesis agrees with the rela-
tive genetic proximity of 74F and 14 M, and the inbreeding 
depression observed for seed germination and zygotic viabil-
ity in D. alata breeding programs (Abraham et al. 2006).

Sex determination in Dioscorea

Dioecy is a key character in Dioscorea species (Fig. 2 in 
Viruel et al. 2016). Based on cytological observations, pre-
vious studies have mostly reported an XX/XY chromosome 
system (review in Martin 1966), indicating that Y is the 
sex-determining chromosome and males are heterogametic. 
When assessing the sex ratio in a test-cross design, an XX/
XY chromosome system was also proposed for D. flori-
bunda (Martin 1966) and for the dioecious D. tokoro using 
QTL detection with AFLP genetic maps (Terauchi and Kahl 
1999). Our results agreed with a XX/XY sex-determining 
system in D. alata mapped at the same location (beginning 
of LG6_M) in the two male parents. This conclusion has 
to be confirmed using a more diverse range of genotypes 
to ensure that the XX/XY system we discovered was not 
specific to the female parent (74F).

The main exception to the XX/XY system was found 
for the trioecious (mostly dioecious) D. rotundata species 
(Tamiru et al. 2017) for which a ZW/ZZ system (heteroga-
metic female) mapped at the beginning of pseudo-chromo-
some 11 was described. Indeed, the authors conducted bulk 
segregant analysis in a biparental population and identified 
SNPs linked to sex heterozygous in the female parent but 
not in the male parent (see Fig. 4C in Tamiru et al. 2017). 
They also identified female-specific regions for which they 
developed a PCR primer pair. Interestingly, the beginning 
of pseudo-chromosome 11, which is linked to sex determi-
nation in D. rotundata, seemed to be rearranged in D. alata 
as it mapped to LG11, but also to LG2, LG18, LG19 and 
LG6_M (Online Resource 10). The change from cosexuality 
to dioecy implies a complex evolutionary process consist-
ing of successive mutations for male and female sterility 
and sex chromosome rearrangement (Charlesworth 2002, 
2015; Otto et al. 2011; Kumar et al. 2014). Moreover, the 
mostly dioecious species D. rotundata belongs to the same 
section (Enantiophyllum) as the strictly dioecious D. alata, 
and there is good synteny and sequence homology between 
the two species. We thus suggest that their sex determination 

ftp://yambase.org/genomes/Dioscorea_alata/
ftp://yambase.org/genomes/Dioscorea_alata/
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systems may be related (e.g., transition from XY into ZW 
system; Kumar et al. 2014).

So far, heteromorphic sex chromosomes have been 
identified in around half of the species for which sex chro-
mosomes were detected (Hobza et al. 2017). Heteromor-
phic sex chromosomes have been reported in Dioscorea 
(Martin 1966), but there is still no cytological evidence 
due to the small size of Dioscorea chromosomes. Our 
results revealed a sex-linked QTL interval larger than 
30 cM on the Y chromosome (LG6_M) spreading over 
approximately 10 Mb. The size of the confidence interval 
could be related to the small population size used for QTL 
detection due to the erratic flowering pattern of D. alata 
(Malapa et al. 2005). However, it could also be related to 
a sex-linked region with a low recombination rate. Indeed, 
the establishment of sex-determining regions associated 
with local suppression of recombination in Y chromo-
somes is the key driver of chromosome Y differentiation 
(Otto et al. 2011; Kumar et al. 2014; Hobza et al. 2015). 
In this sense, LG6_M (Y) is the linkage group with the 
lowest resolution (kb−1) and contains no common marker 
with LG6_F (X). In D. tokoro, Terauchi and Kahl (1999) 
showed that all markers of the Y chromosome spreading 
over 23.3 cM showed tight linkage to sex compared to 
the absence of sex-linked markers on the X chromosome 
spreading over 82.5 cM.

Conclusion

Linkage analysis studies on two biparental populations 
were combined to build a high-density SNP genetic map 
of greater yam (D. alata). This map covered 94% of the 
genome and contained 1579 SNPs. Regarding sequence 
homology and synteny with its already sequenced relative 
D. rotundata, a reordered D. rotundata genome adapted to 
D. alata was proposed. The goal was: (i) to facilitate fur-
ther investigations on the identification of loci linked to key 
traits, history and evolution and (ii) to enhance knowledge 
transfer within the Dioscorea genus. Indeed, the estimated 
resolution of this map was 139.1 kb, thus allowing QTL and 
gene cloning strategies. Based on our study, we also encour-
age a common linkage group nomenclature. Information on 
female and male LG6 carrying a major locus determining 
sex was separately conserved within this consensus map. 
Indeed, sex ratio analysis within populations and QTL detec-
tion revealed a XX/XY sex chromosome system, and the 
presence of heteromorphic sex chromosomes could reason-
ably be hypothesized.
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Abstract 

Despite the importance of yam (Dioscorea spp.) tuber quality traits, and more precisely texture attributes, high-throughput 

screening methods for varietal selection are still lacking. This study sets out to define the profile of good quality pounded 

yam and provide screening tools based on predictive models using near infrared reflectance spectroscopy. Seventy-four out 

of 216 studied samples proved to be moldable, i.e. suitable for pounded yam. While samples with low dry matter (<25%), 

high sugar (>4%) and high protein (>6%) contents, low hardness (<5 N), high springiness (>0.5) and high cohesiveness 

(>0.5) grouped mostly non-moldable genotypes, the opposite was not true. This outline definition of a desirable chemotype 

may allow breeders to choose screening thresholds to support their choice. Moreover, traditional near infrared reflectance 

spectroscopy quantitative prediction models provided good prediction for chemical aspects (R
2 

> 0.85 for dry matter, starch, 

prote in and sugar content), but not for texture attributes (R2 
< 0.58). Conversely, convolutional neural network classification 

models enabled good qualitative prediction for ail texture parameters but hardness (i.e. an accuracy of 80, 95, 100 and 55%, 

respectively, for moldability, cohesiveness, springiness and hardness). This study demonstrated the usefulness of near 

infrared reflectance spectroscopy as a high-throughput way of phenotyping pounded yam quality. Altogether, these results 

allow for an efficient screening toolbox for quality traits in yams. 
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Yam (Dioscorea a/ata L.), quality, texture, near infrared spectrometry, convolutional neural network 

Received 27 January 2021; accepted 7 March 2021 

Introduction 

Yams (Dioscorea spp.), which are important crops for 

food security, are grown in tropical and sub-tropical 

regions. 1 They are dioecious herbaceous vines belong­

ing to a C3 monocotyledonous genus cultivated for 

their starchy tubers.2 
D. rotundata and D. alata are 

the most important cultivated species and bath 

belong to the same botanical section, i.e. 

Enantiophyllum. Greater yam (D. alata) ranks 

second in production importance, but it is the most 

widely cropped species in the world.3 This species 

offers unique advantages in terms of potential yield, 

especially under low-fertility soi! conditions (e.g. ease 

of propagation, early vigor for weed suppression and 

storability of tubers).4•
5 Yams are consumed in sever­

al forms (e.g. boiled, pounded, fried, baked, and 

roasted). In West Africa, where over 95% of the 
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world's yams are produced,6 pounded yam is the pre­
ferred consumption form. It is prepared by pounding 
the cooked tuber and kneading it into a sticky paste.7 

In this respect, D. rotundata is usually preferred to 
D. alata owing to its ease of dough formation when
pounded.7 However, several studies have shown that
somc gcnotypes of D. alata have the ability to form
good dough, comparable to that of D. rotundata.8

•
9 

The importance of yams in terms of food security 
has led to the establishment of several genetic 
improvement programs for D. alata throughout the 
tropical rcgions, in ordcr to develop ncw varieties 
with high yield, good food quality and resistance to 
pests and diseases.3

•
10

-
13 Sensory quality evaluations 

of new genotypes are mostly carried out using sensory 
panels. It is a laborious and lengthy process that lacks 
a high-throughput phenotyping method. For this 
reason, the organoleptic qualities of new varieties 
are assessed at the end of the breeding process. By 
that time, only a few genotypes remain and the 
chance of identifying high quality varieties is low. 
As a result, improved varieties are rarely adopted 
by end-users. 

Organoleptic properties depend on several 
physico-chemical and texturai characteristics. Dry 
matter, starch, proteins and sugar contents are impor­
tant quality traits. Martin (1974) observed in Puerto 
Rico (USA) that high dry weights are associated with 
fine structure, dense feel and high quality. 14 Lebot et
al (2005) observed that varieties with good boiled 
quality are characterized by high dry matter, starch 
and amylose contents.15 Physico-chemical analysis
studies showed that varieties with good poundability 
are also · characterized by high dry matter con­
tents.16· 17 Lastly, Brunnschweiler (2004) showed that 
pounded D. rotundata exhibited greater firmness, 
elastic recovery, gumminess and cohesiveness than 
D. alata varieties.18 Severa! sensorial tests using
trained or hedonic testing have been carried out in
different West African countries in order to identify
which texture and taste attributes ofpounded yam are
the most important. Five parameters are often men­
tioned in relation to quality, namely firmness, case of
molding, smooth appearance (absence of lumps),
springiness and sweetness. 8• 16· 19-2 1 

The texturai properties of pounded yam can be 
measured using a double compression test with a 
Texturai Profile Analyser.22 This method can be 
used to quantify different parameters (e.g. hardness, 
cohesiveness and springiness) linked to texture attrib­
utes. It has been successfully used to determine the 
texturai quality of various food products, such as 
soybean-derived gels, banana, cassava mots or yam 
tubers.23

-
27 1 -Iowever, chemical and texturai charac­

terization (both sensorial and TPA analysis) are 
costly, laborious and time-consuming. A high­
throughput phenotyping method is required to be 
able to screen large numbers of breeding lines. In 
this regard, near infrared reflectance (NIR) 
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spectroscopy has become a widely used method of 
quality contrai in the food processing industry.28

•
29 

It is a rapid, cost-effective and non-destructive tech­
nique allowing the simultaneous determination of 
major chemical constituents. NIR spectroscopy bas 
been used to predict the content of major constituents 
· P 30 m sweet potato, cassava, yam and taro crops. -, 

This study investigated the potential of NIR spec­
troscopy as a tool for chcmical and texturai charac­
terization of D. alata tubers. The objectives of the 
presenl study were to (1) analyze the chemical and 
texturai characteristics of a panel representative of 
the genetic diversity of D. alata, and (2) assess the 
potential of NIR spectroscopy as a tool for screening 
quality attributes. 

Materials and methods 

Plant material and sample preparation 

Twenty-seven D. alata accessions (Table 1) and 
breeding lines from various geographieal origins 
were analyzed. In order to broaden the genetic diver­
sity studied, the accessions were selected from previ­
ously obtained genotypic and quality data.31 Of the 
selected genotypes, Florido and Bete Bete are the two 
mosl cultiva Led varieties of D. alata in Ivory Coast. 
Bete Bete is considered as a good quality genotype for 
preparing pounded yam, 32 and was considered as a
reference variety throughout this study. 

Accessions were planted together in the same plot 
at the Roujol experimental station (16° 10'56"N, 
61°35'24"W, 10 a.s.1., Petit-Bourg, Guadeloupe, 
France) during two cropping seasons (i.e. 2016 and 
2017). At harvest, three to fïve tu bers of each variety 
were peeled with a knife and washed. The head and 
the tail were removed, and then the tuber was eut 
longitudinally into two equal parts. The fïrst half 
was sliced into chips that were oven-dried at 60°C 
for 72 h and milled inlo flour using a stainless steel 
grinder (M-Mandine 150 W, Carrefour, Levallois, 
France). The granule size was homogenized using a 
200 µm sieve. After setting aside 5 g for NIR spectro­
scopie analysis, samples of 50 g were sent for chemical 
analysis (i.e. starch, sugar and protein contents at the 
Laboratoire d'Analyses Agricoles Teyssier, Bordeaux, 
France). In ail, 174 yam flour samples (93 flour sam­
ples in 2016 and 81 flour samples in 2017) were pre­
pared for further analysis. 

The other half tuber was eut into pieces of about 
5 mm thick and placed with 1.51 of water in a pressure 
cooker. Three identical pressure cookers were used to 
prepare three samples of each variety at a time. After 
cooking, the pieces were pounded with a mechanical 
pounder (Bluesky mode!, NIF A-2842270, China). 
The mechanical pounder was used in order to 
ensure uniform conditions for sample preparation, 
which could not have been guaranteed with the 
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Table 1. Details of accessions with their accession code, geographical origin, local name, ploidy level and accession type included in the 
study. 

Code accession Geographical origin Local name 

CT133 Vanuatu Ptris 
CT177 Vanuatu Peter 
CT256 Benin Floride 
Plim-G France (Guadeloupe) Plimbite 
Kin-G France (Guadeloupe) Kinabayo 
Pac-P France (Guadeloupe) Bete Bete 
Kab-L France (Guadeloupe) Kabusa 
PT-IG-00074 Barba dos Oriental 
STVB France (Guadeloupe) St Vincent blanc 
STVV France (Guadeloupe) St Vincent violet 
Div-PB France (Guadeloupe) Divin 
PT-IG-00033 USA (Puerto Rico) Pyramide 
CT143 Vanuatu Malalagi 
CT202 Vanuatu Nureangdan 
CT198 Vanuatu Noulelcae 
CT138 Vanuatu Tagabé 
CT148 Vanuatu Toufi Tetea 
160DD France (Guadeloupe) Si noua 
74F lndia Hyb 2x-74F 
14M lndia Hyb 2x-14M 
H4X431 France (Guadeloupe) Dou 
H4X105 France (Guadeloupe) Tiviolet 
H4X172 France (Guadeloupe) Hyb 4x-172 
H4X242 France (Guadeloupe) Roujol 
H4Xl31 France (Guadeloupe) Hyb 4x-131 
H4X200 France (Guadeloupe) Hyb 4x-200 
H4X274 France (Guadeloupe) Hyb 4x-274 

•c, Landraces; BRL, Breeding lines.
bGenetic groups identified in Arnau et al. (2017). 

traditional practice of manual kneading in a mortar 

with a pestle.20
•
33 

Texture eva!uation 

After pounding, each paste obtained was assessed for 

its moldability. The moldability of the dough is its 

ability to form a ball with the hand. Moldability 

was assigned a binary score depending on whether 

or not the dough was easily malleable (2: good 

dough, 1: bad dough). 

The texturai properties of pounded samples were 

characterized using texture profile analysis (TP A) 

with two compression cycles. Samples of yam pastes 

were formed using a mold (diameter, 25 mm; height, 

18 mm) and wrapped in plastic immediately after 

pounding to prevent surface drying. Nine different 

pounded yam samples were analyzed for each variety 

(i.e. three replicates per tuber and three tubers per 

genotype). TPA was carried out by compressing the 

yam samples using a T A.Xt2i texture analyser (Stable 

Micro Systems, Godalming, U.K.). Data were 

acquircd and integrated with Texture Exponent soft­

ware from the same manufacturer. Each sample was 

placed horizontally and centered under the probe 

Type of Genetie diversity 
accessiona Ploidy level Flowering groupb 

C 2 Male 3 
C 2 Male 6 

C 2 Male 7 
C 2 Male 
C 2 Female 2 
C 2 Female 8 
C 2 Male 3 
C 2 Female 2 
C 2 Female 4 
C 2 Female 4 
C 2 Female 
C 2 Male 1 
C 2 Male 3 
C 3 Male 14 
C 4 Female 16 
C 4 Female 18 

C 4 Male 18 
C 4 
BRL 2 Female 
BRL 2 Male 
BRL 4 Fern ale 
BRL 4 Female 
BRL 4 Female 
BRL 4 Male 
BRL 4 Male 
BRL 4 Fe male 
BRL 4 Male 

before measurement. The two compression cycles 

were achieved using a flat ended aluminum cylinder 

plunger (i.e. probe P/75; diameter, 50 mm) to 50% of 

its initial height. The trigger force was 0.049 N and 

the test speed was set at 1.0mm s- 1
• Ali analyses were 

carried out at a room temperature of 26°C. 

The force deformation curve was evaluated 

according to Bourne (2002) and Rosenthal 

(1999).34
•
35 Hardness is defined as the maximum

force on the first compression cycle. Cohesiveness is 

defined as a ratio between the positive area under the 

force-deformation curve of the second and the first 

compression cycles. Springiness is defined as the ratio 

between distances from the onset to peak force of the 

second to the first compression cycle. 

Chemical analysis 

Dry matter (DM), starch, sugar and protein contents 

were analyzed according to AFNOR and European 

Union methods. Ail measurements were expressed as 

a percentage of DM (as per standard NF V18-109). 

Starch was quantified using Ewers protocol (ISO 

10,520). Sugars were quantified by the colorimetric 

rnethod of Luff-Schoorl (CEE 98;'54/CE). Total 



Ehounou et al. 

N content (considered as equivalent total proteins) 
was calculated using the Kjeldahl method (standard 
NF Vl8-100). Ali analyses were carried out in dupli­
cate wi th accepted mean coefficients of variation (3 % 
for starch and sugars and 2% for proteins). 

Data analysis 

The chemical data (starch, proteins and sugars) and 
TP A texturometer data (hardness, cohesiveness and 
springiness) were analyzed using XLST AT version 
19.03.44616. A one-way ANOVA was used to analyze 
the differences in evaluated characteristics between 
genotypes. A Pearson correlation coefficient analysis 
was used to determine the correlation coefficients 
between different chemical and texture 
characteristics. 

The relationship between chemical and TPA 
parameters was illustrated by a multivariate analysis 
(principal component analysis, PCA). The results of 
the PCA were represented by two plots, one for 
attributes and one for the varieties, with clusters 
based on hierarchical clustering on principal compo­
nents (HCPC). The HCPC first built a hierarchical 
tree. The sums of within-cluster inertia values were 
calculated for each partition. The partition kept was 
the one with the highest relative loss of inertia. 

Spectra collection and samp/e selection 

NIR spectroscopy analyses were carried out in the 
food processing Jaboratory of INRAE's Tropical 
Animal Research Unit, UR143, in Guadeloupe 
(France). Two replicates of yam flour samples were 
scanned with a FOSS-NIRSystems mode! 6500 scan­
ning monochromator (FOSS-NIRSystems, Silver 
Spring, MD, USA) equipped with an autocup. The 
spectroscopie procedures and data recording were 
conducted with ISiscan(TM) software (FOSS, 
Hillernd, Denmark). Each flour was placed in a 
small ring cup 36 mm in diameter, and reflectance 
spectra from 400 to 2500 nm were recorded at 2 nm 
intervals. Each spectrum represented the average of 
32 scans.36 Each sample was scanned twice with two 
independent cups, in order to minimize the effect of 
particle size. The average spectrum of each sample 
was used for further chemometric analysis. 

Calibration and validation of regression models 

For al! traits but hardness, modeling was done using 
WinISI software v4.10.0 (FOSS, NIR spectroscopy, 
Denmark) using a modified partial least squares 
regression (M-PLS). First, spectra and data outliers 
were eliminated following the Shenk and Westerhaus 
(1993) procedure.36 Before developing a calibration 
mode!, two spectral outlier elimination cycles were 
set up on the 174 samples using the center algorithm, 
which calculated the Global H distance (GH) with a 
cutoff of GH = 3. In this study, an outlier is defined 
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as a sample thal does not conform to the bulk of the 
population in terms of the spectral data. The samples 
were then divided into a calibration set (3/4) and a 
validation set (1/4). To select appropriate and repre­
sentative samples of the calibration set, the SELECT 
algorithm was applied on the spectra. The number of 
samples in both calibration and validation set after 
outlier removal is given in Table 4. A 15-folds cross­
validation procedure was implemented to reduce 
overfitting36 and split the calibration set into actual 
calibration and calibration test set allowing identify­
ing the best pretreatments combination and mode! 
calibration equation. The validation set was finally 
used to evaluate the calibration equation. In order 
to salve problems associated with overlapping peaks 
and baseline correction, different mathematical pre­
treatments followed by some pretreatment algorithm 
were tested. Mathematical treatment parameters were 
the derivative order (D), the dimension of derivatives 
(G), the degree of first smooth (Sl) and the degree of 
second smooth (S2). Pretreatment algorithm then 
tested comprised standard normal variate and de­
trending (SNV), multi scatter correction (MSC), win­
dowed multi scatter correction (WMSC) and 
Savitzky-Golay algorithm (SG). The choice of the 
best pretreatment parameters and combination was 
based on the standard error of calibration. 
Mathematical pretreatment (MP0• 

G
, s,. s2) and pre­

treatment algorithm selected were MP2,s,s, 1 followed 
by MSC for dry matter, starch and protein; MP2,8,8,2 

followed by WMSC for sugar; and MP2,4,4,1 
followed

by SNV for springiness and cohesiveness. 
Hardness was calibrated with the ChemFlow 

(https:/ /chemproject.org/ChemFlow) open source 
software. Data pretreatment used a standard normal 
variate followed by the Savitzky-Golay algorithm 
with first order derivative, 13 window size and 
second degree polynomial. The multivariate distances 
were used as criteria for removing outliers (i.e. sam­
ples in the population that were more variable based 
on the spectra features). Then, principal component 
analysis (PCA) was performed followed by the cali­
bration using nonlinear estimation by iterative partial 
least squares regression (NIPALS),37 with 4-fold cross 
validation and 20 latent variables. 

At each step (i.e. cross-validation, calibration and 
validation), the standard error (SEcv, SEc, SEp 

respectively) and the coefficient of determination 
(R2cv, R2c and R\ respectively) were calculated. 
The best pretreatment and calibration mode! was 
selected using the highest R2c, and the lowest 
SEc.38 Moreover, the prediction ability of the difîer­
ent regression models was tested based on the ratio 
between standard deviation (SD) and the standard 
error (SEp for validation step). Ail regression 
models were developed using the 1100-2498 nm inter­
val range. 
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Calibration and validation of classification models 

In order to evaluate the feasibility of screening geno­
types for quality when regression models were per­
forming poorly, continuous texture attributes were 
binarized based on a variable's average (i.e. values 
strictly highe� than the average were considered to 
have the traits, while others not). Classification 
models were then fitted in order to predict belonging 
to binary classes of hardness, cohesiveness, springi­
ness and moldability. 

The classification modeting strategy was based on 
convolutional neural network (CNN). Recently, 
machine learning techniques, such as convolutional 
neural networks (CNNs), have been suggested as a 
replacement for conventional regression techniques, 
such as principal component, PLS or support veclor 

. . 
fi 39--42 Th machine, due to theu supenor per ormance. e 

first advantage of CNN cornes when classes are not 
linearly separable. In such cases the linear classifiers 
may be outperform by more sophisticated models 
able to deal with nonlinearity. Moreover, the innova­
tion of convolutional neural networks rely on their 
ability to automatically learn together a large 
number of filters specific to a training dataset under 
the constraints of a specific predictive modeling prob­
lem, such as spectra classification.39 The result is
highly specific features that can be detected anywhere 
on input spectra. 

For the calibration of these models, ail the spectra 
were kept without removing spectral outliers. 
Pretreatments, calibration and validation were carried 
out using python language (v3.6, https:j/www.pyth 
on.org) with a Keras framework (v2.l.5, https:// 
keras.io/) and a TensorFlow backend (vl.6.0, 
https://www.tensorflow.org). Samples were divided 
into a calibration set (60) and a validation set (21) 
using constrained random sampling keeping the 
same proportion of each class in the two sets. 

First, a data (i.e. sample) augmentation was 
applied to the calibration set only. For each original 
sample, 30 synthetic spectra were generated using a 
combination of random translation and rotation of 
the original spectra. Then spectra presenting absor­
bance values higher than 1 or lower than O were dis­
carded. This allow going from 61 to more than 800 
spectra. Noised data augmentation is a common tech­
nique used in deep learning to reduce overfitting of 
small dataset.43 

Secondly, we made a feature (i.e. spectral) augmen­
tation on calibration and validation sets. We apply an 
all possibilities approach combining and keeping the 
different pretreated spectra, including the original 
one. For each sample, feature augmentation was 
applied by generating 12 new spectra using pretreat­
ments based on Haar transform, Gaussian deriva­
tives. SVG, SNV, and different degrees of MSC. 

A convolutional neural network composed of three 
convolutional layers followed by two dense layers was 
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fitted to the calibration data. Binary cross entropy 
was used as the loss fonction. In order to avoid over­
fittino a dropout of 20% of features was applied 

"" 

between layers. The mode! was calibrated using five-
fold cross validation. 

Mode! performance was estimated based on a con­
fusion matrix and traditional sensitivity, specificity, 
precision, recall, Fl score, Kappa statistic and overall 
accuracy. Accuracy is a popular metric that refers to 
the ability of the mode! to correctly predict the class 
label of new or unseen data. In addition to this, sen­
siti vity and specificity are also used to assess how well 
classifiers can recognize true examples as well as false 
examples. The Kappa statistic evaluates the pairwise 
agreement between two different observers, corrected 
for an expected chance agreement. A Kappa value of 
O indicates chance agreement and 1 shows prefect 
aoreement between the classifier and the ground 

0 

truth (true classes). Precision can be seen as a mea-
surement of exactness or quality, whereas recall is a 
measurement of completeness or quantity. The Fl 
score is the harmonie mean of precision and recall, 
where an Fl score reaches its best value at 1 (perfect 
precision and recall) and worst at O. 

Results 

Chemical evaluation 

Sionificant variation was observed for ail the constit-
o 

. . 

uents (Table 2). Sugar displayed the largest vanat10n 
amongst varieties, with a coefficient of variation (CV) 
of 75%, followed by proteins (CV 17.9%), dry matter 
(CV 13.7%) and starch (CV 5.5%). The analysis of 
variance showed that the differences between geno­
types were highly significant for ail parameters. 

Dry matter content ranged from 20.24% to 
32.54% (Table 2). The value of contrai variety Bete 
Bete (32.54%) was significantly higher than that of 
control variety Florido (26.78%). In the studied 
panel, 55% of accessions presented dry matter �on­
tents similar to Bete Bete, while eight accessions 
(30%) presented significantly lower dry matter con­
tents (values between 20 and 24%). Starch content 
ranoed from 66.86% to 82.80%, with five varieties 

0 

presenting a significantly lower content (1.e. 
Kinabayo, Oriental, Pyramide, St Vincent violet and 
St Vincent blanc). 

Sugars ranged from 0.52% to 11.6%. The cultivars 
Oriental, Kinabayo, St Vincent blanc, St Vincent 
violet and Pyramide had the largest total sugar con­
tents. Proteins ranged from 4.07% to 7.43% with cul­
tivars Pyramide, Kinabayo and Sinoua presenting the 
highest content. 

Texturai evaluation 

The hardness of the pounded samples ranged from 
1.48 N for Sinoua to 11. 7 5 N for Bete Bete. 



Ehounou et al. 133 

Table 2. Chemical and texturai characteristics of 27 D. a/ata accessions. 

Varieties Dry matter (%) Starch Proteins Sugars Hardness Cohesiveness Springiness Moldability 

14M 29.18 abc 80.61 abcd 5.66 cde 2.05 efhhi 7.20 bcdef 0.20 def 0.20 fghi 2.00 b 

Si noua 21.07 ef 76.13 f 7.42 a 2.43 efgh 1.48 k 0.50 ab 0.75 ab 1.00 a 

74F 30.14 abc 78.82 bcdef 5.47 cdef 1.24 hij 5.10 ck 0.15 f 0.12 hi 1.00 a 

Ptris 30.03 abc 79.19 bcdef 4.95 cdefgh 2.38 efgh 3.57 hijk 0.11 f 0.09 i 1.00 a 

Tagabe 31.43 a 80.86 abcd 4.36 fgh 2.37 efgh 8.13 bcde 0.20 ef 0.31 defghi 1.33 ab 

Malalagi 29.37 abc 81.56 abc 4.11 gh 2. 75 defg 5.04 ek 0.16 a 0.18 fghi 1.00 a 

Toufi-Tetea 30.16 abc 81.29 abc 4.91 cdefgh 1.41 ghij 7.49 bcdef 0.24 def 0.33 defghi 2.00 b 

Peter 26.91 cd 79.21 bcdef 4.61 efgh 3.87 cd 7.03 bh 0.21 def 0.26 efghi 2.00 b 

Noulelcae 31.55 a 82.80 a 4.23 fgh 1.75 fghij 7.98 bcdef 0.22 def 0.26 defghi 1.67 ab 

Nureangdan 27.13 bcd 78.87 bcdef 5.22 cdefgh 2.46 efgh 5.02 ek 0.37 bcd 0.51 cd 2.00 b 

Divin 29.29 abc 77.20 ef 5.67 cde 2.18 efgh 6.04 bh 0.15 def 0.15 ghi 1.00 a 

Florido 26.78 cd 78.33 cdef 4.40 fgh 3.76 d 5.50 ej 0.21 def 0.32 defghi 1.00 a 

Tiviolet 23.10 ef 77.80 def 5.35 cdefg 4.01 cd 4.41 fk 0.43 abc 0.64 be 1.00 a 

H4X 131 22.74 ef 80.50 abcde 5.85 fgh 0.52 j 2.83 ijk 0.33 cde 0.50 cde 1.00 a 

H4X 172 29.36 abc 80.38 abcde 4.77 defgh 3.07 def 7.84 bcdef 0.23 def 0.35 defgh 1.33 ab 

H4X 200 31.31 a 82.66 a 4.83 defgh 1.20 hij 9.02 abc 0.25 def 0.37 defg 1.67 ab 

Roujol 29.80 abc 81.31 abc 4.51 efgh 2.04 efghi 9.77 ab 0.23 def 0.39 defg 2.00 b 

H4X 274 31.00 ab 80.76 abcd 5.01 cdefgh 2.49 efgh 8.10 bcde 0.27 def 0.39 defg 1.33 ab 

Dau 31.46 a 82.00 ab 4.30 fgh 2.22 abcd 8.68 abcd 0.33 cde 0.39 def 2.00 b 

Kabusa 31.29 a 78.61 bcdef 4.95 cdefgh 3.33 de 1.73 k 0.46 abc 0.71 abc 1.00 a 

Kinabayo 21.38 ef 66.86 h 7 .01 ab 7.36 b 2.20 jk 0.45 abc 0.63 be 1.00 a 

Oriental 23.69 def 70.41 g 4.07 h 11.69 a 2.72 ijk 0.53 a 0.63 be 1.00 a 

Bete Bete 32.54 a 80.54 abcde 5.28 cdefgh 2.17 efgh 11.75 a 0.22 def 0.32 defghi 2.00 b 

Plimbite 28.70 abc 78.71 bcdef 6.12 be 0.81 ij 3.85 ghijk 0.24 def 0.30 defghi 1.00 a 

Pyramide 20.24 f 70.06 g 7.43 a 5.01 C 4.41 fk 0.46 abc 0.65 be 1.00 a 

St Vincent blanc 22.80 ef 70.84 g 5.42 cdef 6.87 b 2.75 ijk 0.57 a 0.90 a 1.00 a 

St Vincent violet 24.48 de 71.46 g 6.14 be 6.28 b 3. 70 gk 0.46 abc 0.74 ab 1.00 a 

Maximum 32.54 82.80 7.43 11.69 11.75 0.57 0.90 2.00 

Minimum 20.24 66.86 4.07 0.52 1.48 0.11 0.09 1.00 

Mean 27.66 78.07 5.26 3.25 5.68 0.30 0.42 1.35 

Standard deviation 3.79 4.32 0.94 2.42 2.70 0.13 0.22 0.44 

Coefficient of 13.70 5.53 17.79 74.44 47.60 44.12 51.41 32.59 

variation (%) 

p-Va/ue <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Different letters indicate statistically significant differences between genotypes. 
Values in bold represent a binary classification of texture attributes. If a value is strictly higher than the attribute average, the genotype is considered as 
having the respective texture attribute (e.g. hard for hardness or cohesive for cohesiveness). 

Amongst the accessions, 44% presented hardness 

values similar to Bete Bete (not significantly differ­

ent), while others presented significantly (p < 0.05) 
lower values, including the control variety Florido. 
Cohesiveness ranged from 0.11 to 0.57. Bete Bete 

and Florido presented very similar cohesiveness 

values (0.22 and 0.21). Eight accessions presented sig­

nificantly (p < 0.05) higher cohesiveness values than 

the contrai varieties. Springiness ranged from 0.09 to 

0.90. Bete Bete and Florido presented identical 

springiness values (0.32). Eight accessions presented 
significantly higher (p < 0.05) springiness values than 

the contrai varieties. 
Moldability ranged from 2 to 1 with seven geno­

types regarded as moldable (i.e. 14 M, Toufi Tetea, 

Peter, Noulelcae, H4X200, Roujol, Dou and Bete 

Bete). One of the two contrai varieties (i.e. Florido) 

was characterized as not moldable. 

Relationships between main variables 

The correlation analysis (Table 3) revealed very 
highly significant linear correlations between the 
main chemical parameters analyzed. Dry matter was 
positively correlated with starch and negatively 
correlated with protein and sugar contents. There 
was also a very highly significant linear correlation 
between the five texture parameters analyzed. 
Springiness was positively correlated with cohesive­
ness (R 2 

= O. 97). Hardness ,vas negatively correlated 
with springiness and cohesiveness. 

The correlation coefficients between chemical and 

textura! parameters revea]ed some significant rela­
tionships. Dry matter and starch were both positively 
correlated with hardness and negatively correlated 
with springiness and cohesiveness. Sugars and pro­
teins were both positively correlated with cohesive­
ness and springiness. 



134 Journal of Near lnfrared Spectroscopy 29(3) 

Table 3. Table of correlations (r) for the main continuous variables. 

Variables 1 

1. Dry matter 
2. Starch o. 762 ••••
3. Proteins -0.592*** 
4. Sugars -0.541*** 
5. Hardness 0.638*** 
6. Cohesiveness -0.673***
7. Springiness -0.656*** 

•Level of significance: ns (not significant). 

* p < 0.05; ** p < 0.01; *** p < 0.0001. 
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Figure l. Principal component analysis of the main variables (a) and hierarchical clustering on principal components for the 27 
individuals (b). 

The principal component analysis conducted on 

the data matrix indicated the respective contribution 
of the seven variables to the projection, with dimen­
sions 1 and 2 explaining respectively 62.97 and 

14.54% of total variance (Figure 1). Dimension 1 

was negatively linked with the attributes cohesiveness 
(r = -0.87), springiness (r = -0.83 ), sugars 

(r = -0. 72) and proteins (r = -0.62), white it was pos­

itively linked with slarch (r=0.91), dry malter 

(r = 0.90), hardness (r = 0.80) and moldability 

(r = 0.63). The positive side of the second dimension 
was primarily Iinkcd with moldability (r = 0.56). The 

protein content was also linked with the negative side 

of the third dimension (r = O. 56). 
The hierarchical dustering on principal compo­

nents revealed three main groups of varieties at the 

extremities of each dimension. The group including 

the control genotype Bete Bete was characterized by 
high dry matter, starch content and hardness, and 

good moldability. The group including the second 

control (i.e. Florido) differed from the first by a 

higher protein content and lower hardness and mold­

ability. Finally, the last group contained genotypes 

with high sugar and protein contents, high cohesive­

ness and springiness, and low moldability. 
Figure 2 shows the results of the principal compo­

nent coordinates for moldable and non-moldable 

individuals. The upper left window of the plot 

groups a mix of non-moldable samples and ail the 

moldable samples but one. On the other band, the 

other windows were mainly populated with non­

moldable individuals. 

Calibration and validation of predictive models 

The results in Table 4 show the calibration perfor­

mance for chemical and texturai attributes. The 

chemical attribute models performed well during the 

calibration step (R2c > 0.84 and R2cv > 0.79). On 

the other band, ail the texture parameters showed 

R 2 c values below 0.8, excepl hardness (0.83). The

good performance of the chemical models was 
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Figure 2. Principal component analysis of the main variables (a) and principal component coordinates for moldable (black) and 
nonmoldable (gray) individuals (b). 

Table li. Madel performance metrics for the calibration (C), cross-validation (CV), and prediction (P) steps. 

Procedure Calibration Cross-validation Validation 

Latent 
Constituent Madel variables SEL Ne SEc R\ SEcv R\v Np SEp R2

p SD/SEp 

Dry matter (%) MPLS 15 1 141 1.44 0.84 1.64 0.79 37 1.58 0.85 2.13 

Protein (%) MPLS 15 2 136 0.18 0.96 0.24 0.92 37 0.29 0.88 2.77 

Sugar (%) MPLS 9 3 136 0.32 0.96 0.42 0.93 38 0.56 0.93 3.49 

Starch (%) MPLS 15 3 146 0.91 0.91 1.21 0.83 37 1.46 0.89 2.67 

Hardness (N) NI PALS 20 1 54 1.66 0.83 2.17 0.73 19 1.68 0.58 1.68 

Cohesiveness (dimensionless) MPLS 9 1 52 0.08 0.55 0.10 0.23 21 0.11 0.55 1.35 

Springiness (dimensionless) MPLS 9 1 54 0.13 0.57 0.16 0.41 21 0.19 0.52 1.24 

SEL: standard error of laboratory reference measurement; N: number of samples; SE: standard error; R': coefficient of determination; SD: standard 
deviation; MPLS: modified partial least square regression model; NIPALS: nonlinear estimation by lterative partial least squares regression. 

confirmed when the mode! was validated against the 
validation data set (Figure 3, R2p > 0.85). The perfor­
mance to deviation ratio (SD/SEp) showed that the 
mode! for dry mat ter, protein, sugar and starch con­
tent, with values higher than two, could be considered 
good for screening purposes.44

,
45 However, the calibra­

tion performance for hardness (R2

p = 0.58, SD/SEp = 
1,68), cohesiveness (R2

p =0.55, SD/SEp = 1.35) and 
springiness (R2

p =0.52, SD/SEp = 1.24) displayed a 
poor predictive performance (Figure 3). 

Figure 4 presents the confusion matrix and the 
mode! performance melrics for the diiîerent classifi­
cation models during the cross-validation (A) and val­
idation (B) steps. The convolutional neural networks 
exhibited high accuracy (>0.8), except for hardness 
(0.55), where the mode! lacked specificity (0.25). For 
moldability, the mode! was characterized by very 

good sensitivity (1), but rather poor specificity 
(0.636). Springiness and cohesiveness where classified 
with very good performance metrics. 

Discussion 

Ali the chemical and texture attributes studied were 
highly variable and their differences between geno­
lypes were highly significant. Among these traits, 
dry matter and starch, two strongly and positively 
correlated parameters, are known to affect yam qual­
ity.15·21 This study showed that dry matter and starch
were bath negatively correlated with sugar and pro­
tein contents. These results tallied wilh those obtained 
on root and tuber plants: sweet potato, cassava, taro, 
potato and yam (i.e. D. alata, D. bulbifera, 

D. cayenensis-rotundata, D. esculenta, D. nwnmularia,
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Figure 3. Campa ri son of observed and predicted values far chemical (n = 41) and texturai (n = 22) attributes during the validation step. 

D. pentaphylla and D. transversa). 15
•
46 However, on a

panel of 48 varieties within the species D. alata, Lebot
et al, (2005) showed that dry matter was positively
correlated with sugar.15 This discrepancy may be 
due to the longer storage period applied in this
study, leading to the breaking of dormancy and
starch remobilization to produce sugars. ln this par­
ticular situation, the sugar content could be negative­
ly correlated to the starch content. Bete Bete, a
control variety known for its gustatory qualities, as 
well as 55% of the varieties evaluated, had signifi­
cantly higher dry matter content than the others.
Although ail but one of the moldable genotypes
belonged to the high dry matter varieties, only half
of these high dry matter varieties were evaluated as
moldable. This result indicated that if dry matter con­
tent impacts sensory quality it may be a necessary,
but not sufficient, attribute interacting with other
traits. Conversely, varieties with the highest sugar
(i.e. Oriental, Kinabayo, St Vincent blanc,
St Vincent violet and Dou) and protein (i.e.
Pyramide, Sinoua, Kinabayo, St Vincent violet and
Plimbite) contents were ail evaluated as non-moldable.

The texture parameters also displayed a high 
degree of variability. Hardness is one of the most 
important texture parameters in product evalua­
tion.34·35 Brunnschweiler et al., (2005) showed that 
varieties of high quality D. rotundata were much 
firmer than those of D. alata.41 In this study, ail the 
moldable genotypes belonged to varieties classified as 
hard. But this class also contained some non­
moldable genotypes. This suggests that there could 
be a hardness threshold below which yam can no 

longer be moldable. Conversely, high hardness does 
not automatically imply that the product will be of 
high quality. Hardness threshold identification could 
be an important criterion for selecting D. alata 

varieties. 
Cohesiveness is the degree of malleability of a 

product. It is the way in which a product or paste is 
easily molded with the fingers into a ball or spherical 
shape.47 ln this study, eleven varieties presented high 
cohesiveness values. Amongst them, only one (Dou) 
was moldable. The varieties with low cohesiveness 
values belonged to both the moldable and non­
moldable categories. Again, the result suggested a 
cohesiveness threshold above which yams are no 
longer moldable. On the other hand, low cohesiveness 
does not automatically imply that the product will be 
moldable. 

Otegbayo et al. (2007) showed that difficult-to-mold 
D. alata varieties have high elasticity values.27 This is
in accordance with the high correlation found between
springiness and cohesiveness. Ali the springy genotypes
where not moldable, while the rigid ones included both
types (i.e. moldable and non-moldable).

The models for the quantitative prediction of 
physico-chemical parameters (i.e. dry matter, pro­
teins, starch and sugars) showed a good performance, 
unlike the texture parameters (i.e. hardness, cohesive­
ness, springiness). These resulls are consistent with 
previous studies which found a good calibration per­
formance for dry matter, starch, protein and sugars 
on different yam, taro and cassava species. 12

•
46·48

•
49 

The relatively small number of samples available for 
texture traits calibration may result in reduced 
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Moldablllty from external validation 
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Figure 4. Confusion matrix, sensitivity, specificity, precision, recall, Fl-measure, accuracy and Kappa data for yam texture classification
models during cross-validation (left plots) and validation (right plots) steps. 

performance and robustness. Current prediction 
models should benefit from supplementary calibra­
tion data and external validation. 

However, while regression models failed to predict 
texture parameters, classification models provided an 
accurate tool for qualitative screening varieties for 

their moldability, springiness and cohesiveness. Only 
the hardness classification mode! still exhibit poor 
performance and seem to be prone to overfitting. 
Indeed, accuracy decrease between calibration and 
validation steps (i.e. 0.99 to 0.55) suggest such an 
overfitting. 
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Conclusion 

Despite high variability in the main chemical and tex­

ture variables studied, it was not possible to define a 

common profile discriminating between moldable and 

non-moldable individuals. However, although the 

results failed to identify a precise profile for moldable 

genotypes, they enabled us to ascertain what leads to 

a Jack of moldability: high protein content, Jow hard­

ness, or high cohesiveness. These minimum require­

ments could be very useful prerequisites for breeders 

to screen and discard low quality genotypes. 
Moreover, the results confirmed that near infrared 

spectrometry could be used for rapid screening of dry 

matter, protein, sugar and starch contents in D. alata

yam varieties. Although texture parameters could not 

be satisfactorily quantitatively predicted, the classifi­
cation algorithm proved to be accurate for qualitative 

prediction. For breeding purposes, using thresholds 

or classification algorithms to screen for texture qual­

ity traits seems to be a good compromise between 

precision and speed. Using near infrared spectra 

with binary classification modeling allows for high­
throughput phenotyping of moldability, cohesiveness 

and springiness. 
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Abstract

BACKGROUND: Starch, dry matter content (DMC), proteins, and sugars are among the major influences on yam tuber quality.
Genetic improvement programs need simple, rapid, and low-cost tools to screen large populations. The objectives of this work
were, using a quantitative trait loci mapping approach (QTL) on two diploid full-sib segregating populations, (i) to acquire
knowledge about the genetic control of these traits; (ii) to identify markers linked to the genomic regions controlling each trait,
which are useful for marker-assisted selection (MAS); (iii) to validate the QTLs on a diversity panel; and (iv) to identify candidate
genes from the validated QTLs.

RESULTS: Heritability for all traits wasmoderately high to high. Significant correlations were observed between traits. A total of
25 QTLs were identified, including six for DMC, six for sugars, six for proteins, and seven for starch. The phenotypic variance
explained by individual QTLs ranged from 14.3% to 28.6%. The majority of QTLs were validated on a diversity panel, showing
that they are not specific to the genetic background of the progenitors. The approximate physical location of validated QTLs
allowed the identification of candidate genes for all studied traits. Those detected for starch content were mainly enzymes
involved in starch and sucrose metabolism, whereas those detected for sugars were mainly involved in respiration and
glycolysis.

CONCLUSION: The validated QTLs will be useful for breeding programs using MAS to improve the quality of yam tubers. The
putative genes should be useful in providing a better understanding of the physiological and molecular basis of these impor-
tant tuber quality traits.
© 2023 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Keywords: dry matter content; starch biosynthesis; molecular breeding; heritability

INTRODUCTION
Yams (Dioscorea spp.) are herbaceous vines cultivated for their
starchy tubers. They represent a major food crop in the tropical
andsubtropical regionsofOceania,Asia, theCaribbean,SouthAmer-
ica, and in particular in West Africa, which accounts for 92% of the
world's production.1 Dioscorea rotundata and D. alata are the most
important cultivated species. Dioscorea alata ranks second in pro-
duction importance,but it is theworld'smostwidelydistributedspe-
cies. This is due to the fact that it offers several particular advantages
in terms of early vigor for weed control, yield potential under low to
medium soil fertility conditions, and a better tuber storage ability.2,3

In West Africa, yams are consumed in several ways (boiled, fried,
roasted, baked, or pounded, after being cooked, into a stiff paste
called fufu). Cultivars of D. rotundata are more suitable for the
preparation of fufu. However one study showed that tubers from
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some D. alata genotypes could form a good dough, comparable
to that of some D. rotundata genotypes.4

The sensory quality of tubers depends on many physico-
chemical and textural characteristics.5,6 It has been shown that
the quality of tubers for consumption (either boiled or pounded)
was strongly related to their dry matter content (DMC), starch,
and amylopectin content.7 The four main constituents of tubers
are starch, DMC, sugars, and proteins. Tubers of D. alata contain
20–40% of DMC, 60–80% starch, 0.5–11.6% sugars, and 4.0–7.4%
proteins.8

Genetic improvement programs need simple, rapid, and low-
cost tools to screen large populations. Near-infrared reflectance
spectroscopy (NIRS) has been demonstrated to be a reliable tech-
nique to predict the major tuber constituents in D. alata yam
species.9,10 However, as spectra were generated from flour sam-
ples and not from raw samples, this protocol requires a long
sample-processing time and remains rather difficult to apply to
a large number of genotypes.
Marker-assisted selection could be a high-throughput method

facilitating breeding efforts. Indeed, with the development of
new-generation sequencing technologies, it has become much
easier to search for genomic regions associatedwith traits of inter-
est. A few studies have been conducted with yam to elucidate the
genetic determinism of tuber quality related traits. By using a
quantitative trait loci (QTL) mapping approach on two biparen-
tal populations, several genomic regions linked to important
morphological and agronomic tuber quality traits have been
identified.11 The heritability of DMC was estimated on a diver-
sity panel including eight different Dioscorea species.12 A
Genome-Wide-Association study was carried out in D. alata
and some single-nucleotide polymorphism (SNP) markers
linked to DMC could be identified.13

The current study used a QTLmapping approach on two diploid
full-sib segregating populations, aiming: (i) to acquire knowledge
about the genetic control of starch, DMC, sugar, and protein con-
tent in tubers; (ii) to identify markers linked to the genomic
regions controlling each trait, useful for marker-assisted selection
(MAS); (iii) to validate the QTLs on a diversity panel; and (iv) to
identify candidate genes from the validated QTLs.

MATERIALS AND METHODS
Plant material and sample preparation
Two diploid full-sib segregatingD. alata populations composed of
93 (population A, 74F x Kabusa) and 80 (population B, 74F x 14 M)
progenies, respectively, were used to map the quality traits. Both
populations were generated previously11 and derived from
crosses between diploid progenitors contrasting for expression
of quality traits. The male Kabusa and 14 M parents have signifi-
cantly higher DMC and starch content than the female parent
74F, which has, on the other hand, higher sugar content than
14 M and lower sugar content than Kabusa. Progenitors do not
differ significantly in protein content.
The mapping populations and progenitors were planted in two

blocks at Roujol experimental station in Guadeloupe, France
(16° 100 5600 N, 61° 350 2400 W, 10 m.a.s.l.) during cropping season
2017–2018. Each block included nine plants of each genotype.
After harvest, about 200 g of the central part of three to four
tubers per genotype was sliced into chips and dried in an oven
at 60 °C for 72 h (3 to 4 tubers × 200 g × 2 blocks). Then flours
of each tuber were prepared for NIRS screening as described in
Ehounou et al. (2021).10

The diversity panel used for the validation of QTLs consisted of
24 D. alata genotypes and included landraces and breeding lines
presenting a high diversity for the four traits whose qualities were
studied. These accessions were planted together in the same field
during two cropping seasons (2016–2017 and 2017–2018) in Gua-
deloupe (16° 100 5600 N, 61° 350 2400 W, 10 m.a.s.l.). After harvest, as
for biparental populations, about 200 g of the central part of three
to five tubers of each genotype were sliced into chips and oven
dried at 60 °C for 72 h (3 to 5 tubers × 200 g × 2 years). Then flour
from each tuber was prepared for chemical analysis as described
in Ehounou et al. (2021).10

Phenotyping of progenies and the diversity panel
Phenotyping of 24 accessions of the diversity panel was carried
out using the chemical analysis and methods described in Ehou-
nou et al. (2021).10 Starch, sugar, and protein content was
expressed as a percentage of dry weight.
Dry matter content, starch, sugar, and protein content of prog-

enies and progenitors were predicted by NIRS analysis, using a
FOSS-NIRSystems model 6500 scanning monochromator
(FOSS-NIRSystems, Silver Spring, MD, USA) and partial least
squares models developed previously.10 Two replicates were
scanned for each flour sample. A total of 1762 NIRS measures
were carried out in the technical platform of INRAE's UR143 ASSET
research unit, in Guadeloupe. The NIRS spectra were generated
from a single block for population B.

Statistical analysis
Pearson correlation tests, histograms, box plots, ANOVA, and nor-
mality analysis were performed using XLSTAT version
19.03.44616. Distributions of progeny phenotypic data were
tested for normality using Shapiro–Wilk and JarqueBera tests.
Broad-sense heritability was estimated as described in Ehounou
et al. (2022).11

Genotyping by sequencing
Single-nucleotide polymorphism genotyping data of both map-
ping populations, progenitors and the diversity panel were gener-
ated previously.11,14

Quantitative trait loci mapping
Quantitative trait loci analysis was performed for each population
separately using Map QTLversion 6.15 Quantitative trait loci were
detected using the interval mapping (IM) approach, mean values
and the previously published reference genetic map generated
from two populations.16 Significance LOD score thresholds were
calculated through permutation of 1000 iterations with an alpha
risk of 0.05 and confidence limit of 95%. Confidence intervals of
QTL positions were determined as two-LOD support intervals.

Quantitative trait loci validation
Based on the genotypic and phenotypic data from the diversity
panel, QTL validation was performed in two steps. First, a simple
linear model that associates each phenotype with a SNP was
tested using the Pearson correlation test and a 5% significance
level. All markers included in the QTL confidence intervals were
tested. The Pearson coefficient of determination (R2) and the
P-value (Pearson) of each SNP marker were thus determined.
Second, an ANOVA was performed for the significant markers to
determine whether the observed genotypic classes were signifi-
cantly different at P < 0.05.

Genomic regions linked to tuber quality in D. alata www.soci.org

J Sci Food Agric 2024; 104: 4872–4879 © 2023 The Authors.
Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/jsfa

4873
 10970010, 2024, 8, D

ow
nloaded from

 https://scijournals.onlinelibrary.w
iley.com

/doi/10.1002/jsfa.12822 by M
ontpellier SupA

gro, W
iley O

nline L
ibrary on [12/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com/jsfa


Identification of candidate genes
Candidate genes for the validated QTLs were identified by search-
ing near the significant SNPs in the NCBI database, which contains
all 35 078 genes that were annotated on the D. rotundata refer-
ence genome.17

RESULTS
Phenotyping of mapping populations
The mean values and ranges of scores for starch, DMC, sugar, and
protein content in the two mapping populations are presented in
Table 1. Starch content ranged from 74.0% to 83.6% in population
A (74F × Kabusa) and from 71.1% to 85.6% in population B
(74F × 14 M). For DMC, the range of scores was from 26.7% to
38.8% in population A and from 27.6% to 41.3% in population B.
Sugar content ranged from 0.58% to 5.08% in population A and
from 0.10% to 5.84% in population B. Finally, protein content scores
ranged from 3.95% to 7.64% and from 4.05% to 7.90% in popula-
tions A and B, respectively. In male progenitors, 14 M and Kabusa,
the values were significantly different from those of female 74F
for starch (80.5%, 79.2%, and 77.2%, respectively), DMC (31.5%,
28.9%, and 28.1%), and sugars (1.79%, 4.12%, and 3.22%).
The ANOVA on phenotypic data of population A showed highly

significant (P < 0.0001) genotype effects and significant repeti-
tion effects (P < 0.05) for all traits (Table 1). However, genotypes
were themost important source of variation for each studied trait.
An ANOVA of phenotypic data from population B also showed
highly significant genotypic effects (P < 0.0001) for all studied
traits (Table 1).
The frequency distribution of all traits studied showed typical

quantitative variation in both mapping populations and all traits
fitted a normal distribution (Fig. 1). Transgressive segregations
were observed with lower or higher phenotypic values than those
of the parents for all traits (Fig. 1).
Broad heritability for the four traits ranged from 0.68 to 0.88 in

population B and from 0.69 to 0.81 in population A (Table 1).
The heritability for starch was similar in both populations (0.68
and 0.69) and also for protein (0.78 and 0.81). The heritability
obtained for DMC and sugar content was significantly higher in
population B (0.86 and 0.88) than in population A (0.75 and 0.72).
Several significant correlations were detected between traits

(Table 2). Negative correlations were found in both biparental
populations between starch content and protein content, and

between starch content and sugar content. A positive correlation
was detected in population A between starch content and DMC,
while in population B, a positive correlation was detected
between DMC and sugars.

Quantitative trait loci detection
A total of 25 QTLs were identified for the four studied traits in both
mapping populations. For starch content, four QTLs were
detected in the population B located on chromosomes 2, 5,
6, and 10, which explained 22.4, 22.6, 20.1, and 22.1% of pheno-
typic variance, respectively (Table 3). In population A, three QTLs
were detected on chromosomes 10, 11, and 18, which explained
15.4, 19.1, and 16.1%, respectively of total phenotypic variance.
Both QTLs identified on chromosome 10 were located in distinct
regions and are two different loci. Figure 2(a) shows the one that
was identified in population B.
For DMC, four QTLs were identified in population B located on

chromosomes 1, 4, 7, and 12, which explained 98.5% of total phe-
notypic variance. In population A, two QTLs were found on chro-
mosomes 1 and 2, explaining 14.3% and 18.7% of phenotypic
variance, respectively. Figure 2 shows information from the QTL
identified on chromosome 2 (population A).
Three QTLs were detected for sugars in population B (chromo-

somes 7, 9, and 13) and three in population A (chromosomes
6, 7 and 12), explaining 68.5% and 58.8% of total phenotypic var-
iance in each population, respectively. Figure 2 shows results from
the QTL found in chromosome 7 (population A).
Finally, four QTLs were revealed for proteins in population B

(chromosomes 2, 5, 8, and 19) and two in population A (chromo-
somes 10 and 18), which explained 98.4% and 38.4% of each
population's total phenotypic variance. Figure 2 shows the results
from the QTL found on chromosome 19.

Quantitative trait loci validation
The majority of QTLs (22 of 25) were validated in the diversity
panel. Table 3 presents the SNP markers located within confi-
dence intervals of the QTLs, showing a significant association with
the diversity panel phenotypic data (at P < 0.01** or P < 0.05*).
The alleles at each locus and the allelic effects are also presented
in Table 3. The analyses of variance showed that differences
between the different genotypic classes were significant
(P < 0.05) for all validated QTLs. Figure 2(b) presents the pheno-
typic data distributions of the different genotypic classes for QTLs

Table 1. Phenotypic variation for starch, DMC, sugar and protein content in mapping populations A (74F × Kabusa) and B (74F × 14 M)

Trait Pop Mean Min. Max. G R H2a

Starch B 78.7 71.1 85.6 *** - 0.68
DMC 33.3 27.6 41.3 *** - 0.86
Sugars 3.03 0.10 5.84 *** - 0.88
Proteins 5.74 4.05 7.90 *** - 0.78
Starch A 79.8 74.0 83.6 *** * 0.69
DMC 32.7 26.7 38.8 *** * 0.75
Sugars 236 0.58 5.09 *** ** 0.72
Proteins 5.55 3.95 7.64 *** * 0.81

Note: ***Significant at P < 0.0001, ** P < 00.1, * P < 00.5 for the effects of genotype (G) and repetition (R) on the phenotypic variance estimated by
ANOVA.
a Broad –sense heritability. Starch, proteins and sugars are expressed as a percentage of dry weight, and dry matter content is expressed as a percent-
age of fresh weight.
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detected for starch, proteins, sugars and DMC on chromosomes
10, 19, 7, and 2, respectively. These QTLs were used as examples
to illustrate the kind of data obtained for the different traits. At
locus 10.1.6610171, the allele C is associated with a lower starch
content, whereas at locus 02.1.28100114, the allele A is associated
with low dry matter content. At locus 21.1.307693 three different
genotypic classes were observed and varieties homozygous for
allele T (TT) had significantly higher protein content. At locus
07.1.1765193, varieties homozygous for allele T (TT) had signifi-
cantly higher sugar content.

Identification of potential candidate genes
Candidate genes were detected for the majority of validated QTLs
and they are presented in Table 3. The significant SNP markers
were generally located in intergenic regions but four were found
in intronic regions and one in an exon.
Five candidate genes were identified out of the seven QTLs for

starch, including Sucrose phosphatase 1 (EC 3.1.3.24), Sucrose phos-
phatase synthase (EC 2.4.1.14), Isoamylase 3 (EC 3.2.1.68), Glycosil
hydrolase, and Serine/threonine protein kinase.
Three candidate genes were identified out of the five QTLs for

DMC, including a Xyloglucan galactosyltransferase, an Ubiquitin
specific protease and an Endo beta D Glucanase.

A total of five candidate genes were identified out of six QTLs for
sugars. They are Pyruvate dehydrogenase kinase (EC 1.2.4.1),
Enolase Chloroplastic (EC 4.2.1.11), beta glucosidase, rhamnose-
galactose sugar transporter, and glycine cleavage system H protein.
Finally, four candidate genes for proteins were detected out of

the five QTLs (Table 3). They are a D amino acid transaminase, Pro-
tein activity of BC1 complex kinase 7, Indole-3-Glycerol phosphate
synthase (EC 4.1.1.48), and Proline rich receptor like protein kinase.

DISCUSSION
This research provides valuable insights into the genetic architec-
ture of key quality related traits in yam; identifies markers linked
to the genomic regions controlling each trait, which is useful for
MAS; validates the QTLs on a diversity panel; and identifies candi-
date genes from the validated QTLs.
A larger phenotypic variability was observed in population B

(74F X 14 M) than in population A (74F X Kabusa) for DMC, starch,
and sugars. This could be explained by greater differences
observed between progenitors of this population. In both proge-
nies the presence of transgressive hybrids (having higher or lower
values than those of their parents) could be due to the heterozy-
gosity of progenitors, and in particular of female 74F and male
14 M. Indeed, the high heterozygosity found for these two geno-
types16 would favor a high frequency of new allelic combinations,
thus widening of phenotypic variation within their progenies. A
similar phenomenon was observed in a previous study focusing
on the same populations but on other tuber quality traits.11

Heritabilities of all traits weremoderately high to high, with 68%
to 88% of the phenotypic variation in hybrid means due to
genetic differences between hybrids. This makes selection for
these quality traits possible in breeding programs. The high heri-
tability for DMC was similar to that found in 191 genotypes of dif-
ferent Dioscorea species (0.86).12 As expected, starch content was
the trait with the lowest heritabilitiy. Indeed, it is known that
starch content varies between different parts of tuber (‘head, mid-
dle, bottom’)18 and also during the storage of tubers.19 Interest-
ingly, starch was negatively correlated with proteins and sugars
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Figure 1. Phenotypic distributions for starch, dry matter content, sugar and protein content in mapping populations A (74F × Kabusa) and B
(74F × 14 M).

Table 2. Coefficients of correlation between traits in biparental
populations A (74F × Kabusa) and B (74F × 14 M)

Variable Starch Sugars Proteins

Sugars −0.34*
−0.57*

Proteins −0.66* −0.11
−0.27* −0.24

DMC 0.22* −0.15 −0.20
−0.23 0.47* 0.00

Note: Top values are those from population A and bottom values from
population B.
*Significant at P < 0.01.
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in both populations. This is consistent with previous results
obtained on D. alata9 and other root and tuber crops.20

The current research has led to the identification of 25 QTLs
associated with the genetic variation of these four important
tuber quality traits. Several QTL co-localizations were congruent
with the observed genetic correlations. Three QTL co-localizations
were observed for starch and proteins on chromosomes 18, 10,
and 5. In addition, one QTL co-localization was observed for starch
and sugars on chromosome 6. The starch QTL on chromosome
18was locatedwithin 67 kb of the protein QTL. This short distance
separating the QTLs suggests that these could be under the con-
trol of a same gene with a pleiotropic effect or several distinct,
closely related genes. Starch QTLs on chromosomes 10 and 5were
at 1 Mb and 896 kb of protein QTLs, respectively. The QTL for
starch on chromosome 6 was approximately 1.5 Mb from the
sugar QTL. For these more distant QTLs, the hypothesis of a con-
trol by separate genes seems the most likely. Despite the exis-
tence of a negative correlation between starch and proteins,
several hybrids containing both high starch and protein content
were detected in both biparental populations. This can be
explained by genetic recombinations between QTLs, which is fea-
sible considering their physical distances and its telomeric chro-
mosomal localization. Furthermore, no co-localization was
observed for QTLs detected for a same trait in both populations

on the same chromosome (starch on chromosome 10, sugars on
chromosome 7, and DMC on chromosome 1), which is in accor-
dance with the hypothesis that these are different loci.
Before being used for MAS, a QTL needs to be validated to con-

firm that its effect can be also detected in different genetic back-
grounds. For this purpose, we used a contrasting diversity panel. A
total of 22 QTLs could be validated showing that they are not spe-
cific to the genetic background of progenitors. These should be
useful for breeding programs using MAS to select the favorable
alleles and to improve yam tuber quality.
In addition, the validation process was very useful to identify the

candidate genes, in particular when QTL confidence intervals
were large. A total of five putative candidate genes were detected
near the markers associated with starch content of which four
genes (Isoamylase ISA3, Serine/threonine protein kinase, Sucrose
phosphate synthase, Sucrose phosphatase) play important roles in
the starch and sucrose metabolism. Isoamylase ISA3 was reported
to participate in the process of starch degradation in potatoes.21

This gene was also reported to be involved in the reduction of
dormancy period.21 Both Sucrose phosphate synthase and Sucrose
phosphatase play important roles in the sucrose metabolism.22

The fourth putative gene, Serine/threonine-protein kinase was
reported to participate in the process of starch and sugar biosyn-
thesis in potato.23 The fifth putative gene, Glycosil hydrolase family

Table 3. Quantitative trait loci validated for starch, DMC, sugar, and protein content in the diversity panel, and candidate genes identified

Trait Chr Pop. LOD R2 (%) SNP
Alleles /Allele

effect Localization Candidate gene

Starch 5 B 3.67 22.6 05.1_32707706** CC/CT/TT (T-) Intergenic G- type lectin Receptor like serine/threonine
protein kinase

Starch 2 B 3.63 22.4 02.1_32141722* TG/GG (G-)
Starch 6 B 3.39 20.1 06.1_20308422* AA/A*/**(*+) Intergenic Sucrose phosphatase 1 EC 3.1.3.24
Starch 10 B 3.58 22.1 10.1_6610171* T*/**(*-) Intergenic Glycosil hydrolase family 5
Starch 10 A 3.24 15.4 10.1_17600318* CC/C* (*+) Intergenic Sucrose phosphate synthase EC 2.4.1.14
Starch 11 A 4.10 19.1 11.1_4493720** TT/TC (C-) Intronic Uncharacterized protein Loc120271825
Starch 18 A 3.40 16.1 18.1_1695612* GG/GA/AA (A+) Intronic Isoamylase 3 chloroplastic EC 3.2.1.68
Proteins 8 B 4.46 26.6 08.1_18931363* CC/CG (G-) Intergenic D amino acid transaminase EC2.6.1.21
Proteins 19 B 4.33 26.1 21.1_107691* CC/CT/TT (T+) Intergenic Protein activity of BC1 complex kinase 7
Proteins 5 B 3.85 23.6 05.1_31811203* TT/T* (*-) Intergenic Indole-3-Glycerol phosphate synthase EC

4.1.1.48
Proteins 2 B 3.54 21.9 - non val.
Proteins 18 A 4.90 22.4 18.1_1629151** GG/GA/AA (A+) Exon Uncharacterized protein Loc120282302
Proteins 10 A 3.36 16.1 10.1_16586803** GG/GC/CC (C-) Intergenic Putative proline rich receptor like protein kinase
Sugars 9 B 4.07 24.7 09.1_19344114** A*/** (*-) Intergenic Enolase 1 chloroplastic EC 4.2.1.11
Sugars 7 B 3.91 23.9 07.1_351152* GG/GA/AA (A-) Intronic Pyruvate dehydrogenase kinase EC 1.2.4.1
Sugars 13 B 3.18 19.9 - non val.
Sugars 12 A 4.60 21.2 12.1_17583120** TG/GG (G+) Intergenic Alpha 1 Arabinofuranosidase 1 EC 3.2.1.55
Sugars 6 A 4.49 20.7 06.1_18785797 AA/A* /** (*-) Intergenic Glycine cleavage system H Protein 2
Sugars 7 A 3.51 16.6 07.1_1765193** CT/TT (T+) Intergenic Beta glucosidase 22
DMC 4 B 4.84 27.2 04.1_10157871* TT/TC/CC (C-) Intergenic Xyloglucan galactosyltransferase GT17
DMC 12 B 4.77 25.1 12.1_24347534* TT/TC/CC(C-)
DMC 7 B 4.13 24.0 07.1_3805155* GG/GA (A+) Intergenic Endo 1,3 (4) beta D Glucanase
DMC 1 B 3.79 22.2 01.1_601071* GG/**/** (*-) Intronic Ubiquitin like specific protease 2B
DMC 1 A 3.00 14.3 - non val.
DMC 2 A 3.99 18.7 02.1_28100114** GA/AA (A-)

Note: Chr Chromosome, Pop Population, SNPmarker in the QTL confidence interval that showed a significant association with phenotypic data from
the diversity panel.
Note: **Significant at P < 00.1, * P < 00.5.
Note: Non val QTLs not validated in the diversity panel.
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5, was reported to hydrolyze the glycosidic bond between two or
more carbohydrates, and is present in many plant tissues.24,25

Five putative candidate genes were detected for sugar content,
of which three play an important role in plant respiration or gly-
colysis (Enolase, Pyruvate dehydrogenase kinase, Glycine H Protein).
Pyruvate dehydrogenase kinase was reported to be a negative reg-
ulator of the mitochondrial pyruvate dehydrogenase that plays a
central role in control of cell respiration.26 Enolase, also known as
Phosphopyruvate hydratase, catalyzes the ninth and penultimate
step of glycolysis. In tobacco, the glycine H protein was reported
to play an important role in the photorespiratory flux.27 Overex-
pression of this protein reduced the amounts of soluble sugars
and increased the accumulation of starch.27 The fourth putative
gene Beta Glucosidasewas reported to be involved in the hydroly-
sis of cellobiose and other oligosaccharides into glucose.28

The fifth putative gene UDP-rhamose/UDP-galactose transporter

was reported to be involved in the transport of nucleotide sugars
(UDP rhamose, UDP galactose) from the cytosol into the Golgi
lumen to be used in the synthesis of polysaccharides.29

Three putative candidate genes were identified for DMC. Of
these three genes, Xyloglucan galactosyltransferase was reported
to play a significant role in enhancing the plasticity of cell wall
components through its ability to hydrolyze and reconnect the
xyloglucan chains.30 The second candidate gene, endo Beta D Glu-
canase, was reported to be involved in the cleavage of glucan
chains, which are major constituents in cell walls, generating
mainly oligosaccharides.31 The third putative gene, Ubiquitin pro-
tease, was reported to play an important role in many plant devel-
opmental processes.32

Four putative candidate genes were detected for proteins. Of
these four genes, D-amino acid transaminasewas reported to play
a crucial role in the biosynthesis and/or degradation metabolism

Figure 2. (A) Examples of QTLs detected in the biparental populations for starch, proteins, sugars and drymatter on chromosomes 10, 19, 7, and 2 respec-
tively. (B) SNPs markers in the QTL confidence interval that showed a significant association with phenotypic data from diversity panel. The alleles at each
locus and the allelic effects are depicted.
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of different amino acids in plants, such as alanine and serine.33

The second candidate gene, Indole 3 glycerol phosphate synthase,
was reported to be involved in the tryptophan biosynthesis.34

The third putative gene Complex kinase 7 was reported to
be involved in the phosphorylation of proteins both in the mito-
chondrial outer membrane and in chloroplasts.35 The fourth
putative gene, Proline-rich like receptor kinase, belongs to the
hydroxyproline-rich glycoprotein (HRGP) superfamily, which
was reported to be involved in many plant developmental
processes.36

The candidate genes identified should be useful in providing a
better understanding of the physiological and molecular basis of
these important tuber quality traits.
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