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Summary

Ludivine Lassois (2009): Agronomical and moleculafactors influencing bananas Musa
acuminata, AAA, cv ‘Grande-Naine’) susceptibility to crown rot disease. University of
Liege, Gembloux Agro-Bio Tech, Belgium. 162 page$5 tables, 19 figures.

Crown rot affects export bananas in all produciagntries and is considered to be one
of the main export banana post-harvest diseaseatitars are observed in the expression of
crown rot symptoms. An original approach of theedse is proposed and consists on
presenting the fruit quality potential at harvestaakey factor in crown rot development. This
potential develops during growth of bananas infiggld and depends on a physiological and a
parasitical component. The physiological componesfers here to the level of fruit
susceptibility to crown rot and reflects the phiegical state of the fruit. The aim of this
study was to clarify the role of the fruit physigloal component at harvest in the post-harvest
crown rot development.

It appears that the fruit physiological componenharvest greatly influence the post-
harvest disease development and thus the fruiteptibdity. Seasonal variations in disease
severity were shown in two production area and ratated to a variation of the fruit
physiological component. In Guadeloupian conditjotme internal necrotic surface of the
crown was nearly multiplied by 4 during 11 successveeks. Two pre-harvest factors that
could influence the fruit physiological componentrmodifying their susceptibility to crown
rot, were identified: (i) hand position on the bhrend (ii) source-sink ratio of the banana
plant (hand considered as sink and leaves as golireeas shown that within a bunch, there
is a gradient of susceptibility to crown rot (r=98), the hands initiated first (the upper ones)
being more susceptible than those initiated l&& (dwer ones). These results also confirmed
that source-sink ratio changes have a significateon fruit morphology and demonstrated
that there is also an effect on fruit susceptipitid crown rot disease. When the sink is
decreased by artificial removal of many hands, lével of fruit susceptibility to crown rot
decreases.

However, the molecular mechanisms underlying thgsantitative host-pathogen
relationships were still unknown. A study was daesid) to compare gene expression, by
cDNA-AFLP, between crowns of bananas showing a Isigbceptibility ($) and crowns of
bananas showing a low susceptibility) (® Colletotrichum musaeesponsible for crown rot
disease. This comparison was performed at twotgtuéime: (i) between crowns {3ind S
collected one hour before infection and (ii) betavesowns (S and S) collected 13 days after
infection. Genes implied in signaling pathway amdt@olytic machinery were identified. It
also appears that a cellulose synthase, a CAF1, gemycolipid transfer protein and a
dopamineB-monooxygenase were differently expressed betweaartas showing different
levels of susceptibility.

This is the first study of the characterizationtlud banana physiological component at
harvest which influences the crown rot post-hardestase development. In addition, to our
knowledge, this work is the first to address batk @nd post-infection gene expression with
the same host-pathogen combination and differesdegiibility levels.



Ludivine Lassois (2009): Facteurs agronomiques et aoféculaires influencant la
sensibilité des bananesMusa acuminata, AAA, cv ‘Grande-Naine’) aux pourritures de
la couronne. Université de Liege, Gembloux Agro-Bidlech, Belgique. 162 pages, 15
tableaux, 19 figures.

La maladie des pourritures de la couronne est deré&se comme I'une des principales
maladies post-récolte des bananes d’exportatide. $&l rencontre dans toutes les zones de
production et des variations du niveau d’expresgies symptébmes sont observées. Une
approche originale de I'étude du développementidedladie est proposée dans ce travail et
consiste a présenter le potentiel de qualité dti dria récolte comme un facteur déterminant
dans le développement post-récolte de la maladigodientiel de qualité s’élabore durant la
phase de croissance du bananier et dépend d’'ungosamte physiologique et parasitaire. La
composante physiologique caractérise ici le nivasgensibilité du fruit aux pourritures de la
couronne. L'objectif de cette these est de clarifierble de la composante physiologique du
fruit a la récolte sur le développement post-récdi la maladie.

Au terme de cette étude, il apparait que la comypesphysiologique du fruit a la
récolte influence le développement post-récoltéadmaladie et donc la sensibilité des fruits
aux pourritures de la couronne. L'existence deati@ms saisonnieres de sensibilité des fruits
a été démontrée dans deux zones de production. lAde®upe, la surface de nécroses
internes des couronnes a été presque multipliéd plarrant 11 semaines successives. Deux
facteurs pré-récolte pouvant influencer la comptesphysiologique du fruit en modifiant leur
sensibilité aux pourritures ont été identifieés) l€iniveau d’insertion de la main de banane sur
le régime et (i) le ratio source-puits du banaflies mains étant considérées comme des puits
et les feuilles comme des sources d’assimilats)eftat, une relation linéaire (r=-0.95) a été
établie entre le niveau d’insertion du fruit surégime et sa sensibilité aux pourritures de la
couronne. Les mains initiées en premier sont pérsibles que les dernieres sorties. Les
essais menés ont confirmé que le ratio source-pguitsananier avait un effet significatif sur
la morphologie des fruits mais ont également déndomt effet significatif sur la sensibilité
des fruits aux pourritures de la couronne. Lorstperombre de puits diminue, suite a
I'ablation de mains, la sensibilité des fruits amstsur le régime diminue également.

Néanmoins, les processus sous-jacents ne sonbpagset une approche moléculaire
a été envisagée afin d’identifier les déterming@sétiques qui sous-tendent les réactions de
sensibilité des fruits aux pourritures de la conmnl’expression différentielle des géenes a
été comparee, via cDNA-AFLP, entre des couronnebal@nes présentant une sensibilité
élevée (9 et des couronnes de bananes présentant unedaidiilité (9 aColletotrichum
musae agent responsable des pourritures de la courd@etée comparaison a été realisée a
deux moments différents : (i) entre couronn€esglSS) collectées une heure avant l'infection
et, (ii) entre couronnes {St S) collectées 13 jours aprés linfection. Des géinesliqués
dans la transduction du signal et dans la protéobyst été identifiés. D’autres genes ont
€galement été mis en évidence: une cellulose symthan gene CAF1, deux protéines de
transfert de glycolipides et une dopamfhgonooxygenase.

Ce travail constitue la premiere étude concerndntidence de la composante
physiologique des bananes a la récolte sur le dppement post-récolte des pourritures de la
couronne. De plus, a notre connaissance, ce trastile premier qui évalue I'expression des
genes en situation de pré- et post-infection aweanEme combinaison hoéte-pathogéne
présentant des niveaux de sensibilité différents.
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Introduction

Crown rot is a major post-harvest disease of expartanas (Krauss and Johanson,
2000; Reyeset al, 1998). This rot develops during transport, ripgniand storage of
bananas, and constitutes a fatal defect when itesoto selling them. It results from the
development of several non-specific fungi, inclgd@olletotrichum musaeyhich is often
considered as the most highly pathogenic (Finlay Brown, 1993; Greene and Goos, 1963;
Lassoiset al, 2008; Lukeziet al, 1967; Shillingford, 1976).

For six years, the Plant Pathology Unit of the WWnsity of Gembloux has been
conducting research on crown rot disease of bananeallaboration with two partners. The
first is the CIRAD (Centre de coopération interaatile en recherche agronomique pour le
développement), where crown rot and other diseems&dving Colletotrichum musadave
been a research focus for many years. The secatriepéas CARBAP (Centre Africain de
Recherche sur Bananiers et Plantains), based ire@am This thesis is part of this research
program aimed at a better understanding of theitond and mechanisms determining the
post-harvest crown rot development.

VI
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Abstract

Cultivated bananas are giant herbaceous plantsmtite genusviusa. They are both
sterile and parthenocarpic. There are well ovdromsand domesticatéddusa cultivars, they
are mostly triploid (a few are diploid or tetrapiand are derived from crosses between two
wild speciesMusa acuminatandMusa balbisianaln terms of production, bananas are the
fourth agricultural product after rice, wheat, améize. They constitute the basis of food
security for many people. Cropping systems varyelyicaround the world and contrasting
objectives are encountered: consumption by theywmer sale on local or national markets,
export, etc. Cooking bananas, including plantaimaist be distinguished from dessert
bananas, which constitute a major internationalerd his international trade started only in
the early 1900s but it has since grown continuouBinana is currently the most exported
fruit, in terms of both value and quantity. Desphie high genetic diversity found within the
genus Musa the export market is mainly based on single Cdistn There are major
challenges to banana production from biotic or abgtresses to continue to meet the criteria
of sustainability, quality and yield that are impds

Keywords: Banana, origin, genetic diversity, prattut, international trade, Cavendish
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1.1. Origine et classification des bananiers

Le bananier est originaire de I'Asie du Sud-Est, ibest retrouvé de l'Inde a la
Polynésie (Simmonds, 1962), et son centre de divatson semble étre la Malaysie ou
I'Indonésie (Daniellset al, 2001). |l s’est propagé vers I'Afrique de I'Oudsy a au mois
2500 ans (Mbida Mindziet al, 2001). Son implantation aux Amériques s’est didbfaite
par la République Dominicaine, en 1516 grace gthrgs en provenance des iles Canaries, et
s’est poursuivie vers ’Amérique Centrale et du .Siihsi, depuis des millénaires, les
migrations humaines et les échanges de matérigtalegnt introduit le bananier dans des
situations écologiques tres différentes sur tosistatinents (Lassoudiere, 2007).

Les bananiers appartiennent a I'ordre des scitdesnau zingibérales, et a la famille
des Musaceae Ce sont des monocotylédones aux pieces florades3pou multiple de 3,
asymetriques zygomorphes avec nervation secondigse limbes paralléles, absence de
formation vasculaire secondaire au sein de la éigdes racines. La famille ddsusaceae
comporte 3 genres a savoirMusellg trés peu représenté et localisé en Asie Efigete ne
comportant pas d'especes parthénocarpiques etl€iigenreMusg présentant une forte
variabilité et caractérisé par des inflorescenoesc ales bractées insérées séparément des
fleurs, a I'inverse du geniensete Les premieres classifications du geRhesasont apparues
a la fin du 18™ siécle. Le genrdlusaa été divisé en 4 sections (Cheesman, 1947 cité pa
Heslop-Harrisonet al, 2007) sur base du nombre de chromosomes et rdet&astiques
morphologiques : LeAustralimusa(n=10) ; lesCallimusa(n=10) ; lesRhodochlamy$n=11)
et enfin lesEumusa(n=11) avec 10 a 12 espéces qui constituent leederplus diversifié et
comprend plus de 1000 variétés dont les plantdiasspudiere, 2007). La secti®iumusa
regroupe presque tous les bananiers cultivés etasactérise par des bractées sillonnées
longitudinalement sur leur face externe et de newudes fleurs par bractées disposées en
deux rangées. Une étude récente basée sur I'AFLBplifled fragment length
polymorphism) propose de réduire de 4 & 2 groupegéenreMusa en regroupant les
Rhodochlamysivec lesEumusaet lesAustralimusaavec leCallimusa(Wonget al, 2002).
Cependant d’autres regroupements ont été propose<lassification précise des especes et
sous-especes reste toujours débattue (Heslop-blagisal, 2007). De plus, de nombreuses
régions du centre de diversification du gelhesa en Asie du Sud-Est n'ont pas encore été
explorées et de nouvelles variétés et especesoenti d'étre découvertes (Hakkinen, 2009).

D’un point de vue botanique, le gevieisase divise en deux grands types : les variétés
comestibles a fruits charnus et les espéces saaiv@gs dernieres, séminiferes a fruits non
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comestibles sont toutes diploides (AA et BB). Attement, on en compte environ 180,
toutes originaires d’Asie du Sud-Est , mais le@ersement n’est pas encore définitif surtout
pour BB (Cirad-Flhor, 2003). Ces variétés fertilmsnt cependant importantes car elles
présentent différents niveaux de résistance aurdied et ravageurs. De plus, en se croisant
naturellement entre eux, ces bananiers sauvagesniféres ont contribué a I'élargissement
de la diversité génétique. lls sont donc la base diférents programmes d’amélioration
génétique et de créations variétales actuels etsfuC’est a partir de croisements entre ces
especes que sont apparues des variétés sans gambananes qui possedent des qualités
alimentaires ont rapidement intéressé I'homme gqgid intégrées dans son agriculture en
utilisant leur potentiel de multiplication végétegipar enracinement de leurs ramifications
latérales. Le nombre de cultivars ou de variétésiestibles a fruits charnus stériles et
parthénocarpiques de part le monde est estimé @ @éad-Flhor, 2003) et représente une
diversité génétigue non négligeable. Aujourd’h@s Ivariétés cultivées sont classées en
groupes selon leur constitution génétique et leveau de ploidie, puis en sous groupes en
rassemblant les différents cultivars dérivant lles des autres par mutations naturelles a partir
d’'un ancétre géenétiguement commun (Cirad-FIhor3200

Si les bananiers sauvages sont tous diploidesaléstés cultivées actuellement sont
généralement des clones triploides stériles etriamgse (AAB et ABB), issus soit de
croisements interspécifiques entre les 2 especamideres sauvages diploides principales
Musa acuminataet Musa balbisianasoit de la seule espéed& acuminata(AAA) (Figure
1).0On rencontre plus rarement des variétés dipdojdé et AB) et des clones tétraploides de
nature interspécifiqgue (Lassoudiére, 2007). La rdoumtion haploide dé/. acuminataet M.
balbisianaaux bananiers cultivés est indiquée respectiverpantA et B (Simmondst al,
1955).
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M. acuminata Hybrides M. balbisiana
Espéces sauvages @ @
Sélection de la parthénocarpie —m8 — 1 »

Cultivars diploides fertiles, primitits G

Sélection de la stérilité

Cultivars diploides AA

Cultivars triploides

Figure 1 : Evolution des principaux groupes génomiges de la séricEumusa (Tiré de Jones, 2000). W :
Sauvage.

Le tableau 1 reprend la classification et la répamnt géographique des principaux
bananiers cultivés. Au sein des bananiers cultivdaut différencier deux grands types de
bananes comestibles : les bananes qui se consonani&tat frais, dites « dessert » et les
bananes consommeées cuites dites «a cuire » coampremtamment les plantains. Ces
derniers (AAB) comprennent de nombreux cultivarsard par leur forme, leur taille, leur
couleur, leur godt etc... Produits de maniere ti@utelle, leur productivité n’est pas trés
élevée (10T/ha) mais la culture nécessite peu tes ghescot, 2004). Les bananes a cuire
constituent souvent I'un des produits essentielkatimentation de base des populations de la
zone tropicale humide. Source de carbo-hydratkss; sbnt I'équivalent de la pomme de terre
en pays tempérés (Lescot, 2004).
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Tableau 1 : Classification et répartition géographjue des principaux bananiers cultivés (Bakryet al.,

1997).
Sous groupe Cultivars Type de fruit Distribution
Groupe AA
Sucrier Pisang Mas, Fayssinettedessert sucré Tous continents
Figue sucrée
Psang Lilin - dessert Indonésie, Malaisie
Pisang Berangan - dessert Indonésie, Malaisie
Lakatan - dessert Philippines
Groupe AAA
Cavendish Lacatan, Poyo, dessert Pays exportateurs
Williams, Grande Naine,
Petite Naine
Gros Michel Gros Michel, Highgate, dessert Tous continents
Cocos Philippines
Figue Rose Figue Rose rose, Figue dessert Pacifique, Antilles,
Rose verte Afrique de I'Est
Lujugira Intuntu, Mujuba a biere, a cuire Indonégigrique
Ibota Yangambi km5 dessert
Groupe AB
Ney Poovan Sait Velchi, Sukari dessert acide IAdieque de I'Est
Groupe AAB
Figue Pomme Maca, Silk dessert acide Tous consnent
Pome Prata dessert acide Inde, Malaisie,
Australie, Brésil,
Afrique de I'Ouest
Mysore Pisang Ceylan dessert acide Inde
Pisang Kelat Pisang Kelat dessert Inde, Malaisie
Pisang Rajah Pisang Rajah Bulu a cuire Malais@pnésie
Plantains French corne, Faux a cuire Afrique du Centre et de
corne I'Ouest, Caraibe,
Ameérique latine
Popoulou Popoulou a cuire Pacifique
Laknao Laknao a cuire Philippines
Pisang Nangka Pisang Nangka a cuire Malaisie
Groupe ABB
Bluggoe Bluggoe, Matavia, a cuire Philippines, Caraibe,
Poteau, Cacambou Amérique latine
Pelipita Pelipita a cuire Philippines, Amérique
latine
Pisang Awak Fougamou dessert Thailande, Inde,
Philippines, Afrique de
I'Est
Peyan - a cuire Philippines, Thailande
Saba Saba a cuire Philippines, Indonésie,

Malaisie
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1.2. La production mondiale de banane

Les bananiers sont cultivés dans plus de 120 paytes 5 continents (Bakrgt al,
1997) et sur plus de 10 millions d’hectares (Lad#re, 2007). Les bananes offrent de
multiples usages. Elles sont consommeées principalesous forme de fruit frais ou comme
légume cuit ou frit mais font également I'objet m@mbreuses transformations : chips, frites,
beignets, purée, confiture, ketchup, alcool, vierdetc.... D’autres parties de la plante sont
utilisées comme fibre textile, pour la constructaabris, la fabrication de couvertures ou
comme emballages de cuisson. En termes de produntmdiale, la banane est le quatrieme
produit agricole aprés le riz, le blé et le maiagdoudiére, 2007). Elle occupe le premier rang
de la production fruitiére, avec un peu plus de tilions de tonnes produites annuellement
a I'échelle mondiale (Lescot, 2006). Les systemasu@ux sont tres diversifiés dans le
monde et les objectifs tres contrastés : autoconsaiian, ventes sur les marchés locaux ou
nationaux, exportation vers des régions prochegeosl les pays industrialisés du Nord. Prés
de 90% de la production sont issus de petits dtgims, produisant pour la consommation
domestique et les marchés locaux. Seuls un peudglu% de la production mondiale est
destinée a I'exportation. On distingue cependantxdgrandes filieres de production : celle
des bananiers en culture pure, dont une partiéruiés est destinée a I'exportation et celle des
bananiers en polyculture, destinés a l'approvistoment des marchés locaux ou a
'autoconsommation familiale.

Dans les statistiques, il faut distinguer :

Les bananes a cuire comprenant notamment les planfAAB) séparés des autres
types de bananes a cuire.

Les bananes dessert dominées par les variétés ubigemupe Cavendish (AAA)
séparées des autres bananes dessert pouvant appautgroupe AAB (Prata), AA (Figue
sucrée) ou AAA (Gros Michel,...).

Les bananes a cuire correspondent a 43% de lagrodunondiale des bananes et les
plantains (AAB) représentent 40% de bananes a.cuire

Le reste de la production mondiale (57%) conceesdbhnanes dessert, avec la majorité
de leur production issue du groupe des Cavendishdé et le Brésil en sont les deux plus
gros producteur et écoulent la quasi-totalité der Iecolte sur les marchés intérieurs
(Lassoudiere, 2007). En termes de production, dls suivis par I'Equateur, la Chine, la
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Colombie et le Costa Rica. De 1985 a 2000, la ptioin est passée de 42.5 a 63.4 millions
de tonnes, les surfaces ayant augmenté corrélaiviede 1 million d’hectares (Lassoudiere,

2007). Les études d'impact sur la production baransont peu nombreuses. Toutefois, cette
industrie est d’'une importance vitale pour I'ens@antbes pays producteurs. Elle joue non

seulement un rdéle important dans I'alimentationjsnaassi aux niveaux social, économique
et écologique.

1.3. Le commerce international de la banane

La culture de la banane pour I'exportation n’a mramnt débuté qu’a la fin du XIXeme
siecle. Dés 1870, la Jamaique organise les presneéxgortations de bananes Gros-Michel
vers les marchés d’Amérique du Nord. Quelques anpkes tard, une filiere en provenance
des Canaries approvisionne le marché anglais avecautre variété, Petite Naine, du sous
groupe Cavendish (Bakrgt al, 1997). Ce n'est qu'au debut du XXeme siecle qas d
exportations sur de plus longues distances onttédé&pace aux premiers navires réfrigéres.
C’est au cours de cette période pionniere que léthades de cultures industrielles et
d’exportation massive d’un fruit fragile ont étéses en place. Depuis lors, la banane, qu'il
s’agisse de production, d’exportation ou d'impodiat n'a eu sur le long terme qu’une
croissance continue et constitue a I'heure actuell€™ produit d’exportation mondiale
(Wilsonet al, 2004).

Malgré la grande diversité existant au niveau dmsetés de bananier, le commerce
international repose essentiellement sur un sewlpg variétal : les bananes Cavendish dont
plus de 30% de la production sont destinés a I'eagion. Les Cavendish fournissent 97% du
marché international (Loeillet, 2005). Pourtantfffe de bananes de par le monde est riche
de variétés quasi totalement inconnues sur lesdgrararchés d’importations. Seuls 2% de la
production de bananes a cuire sont destinés a mnmeece international. Cela concerne
principalement les bananes plantains (Lassoud2®®7). Ces dernieres sont présentes sur les
marchés d’importation depuis des décennies maigdesnes sont limités et leur croissance
minime. L'UE a importé environ 23 000 tonnes denins en 2000 (EUROSTAT, 2000). En
un peu moins de 10 ans, les quantités importées maEmiées quasiment inchangées
(ODEADOM/Cirad-Flhor, 2000).

Alors que de trés nombreux pays produisent la bgna@s peu participent de maniere
substantielle au marché international. Pour cesiels; la dépendance vis-a-vis de la filiere
banane est grande. C’est une activité qui occupie itannée une main d’ceuvre nombreuse
et relativement peu qualifiée, jouant ainsi un rétacial dans la lutte contre la pauvreté
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(Loeillet, 2005). Grace aux exportations hebdonradairégulieres, des services de fret
maritime réguliers ont été créés. lls ont favolestimportations de marchandises nécessaires
au développement de ces pays et a la vie quotidielenleurs habitants. Ces exportations
régulieres ont aussi permis de stabiliser des digmaritimes sur lesquelles peuvent se
construire d'autres filieres d’exportation dans tesnaines agricole et industriel (Loeillet,
2005).

Sur les 10 exportateurs mondiaux, 7 sont situésmeérique Latine, 2 en Afrique et un
en Asie (Loeillet, 2005). lIs totalisent 95% de fife mondiale (Loeillet, 2005). Les
exportations américaines sont tres largement darteésales Philippines s’intercalant '
rang (Lassoudiére, 2007). L’'Equateur, le Costa Rida Colombie fournissent environ 65%
du marché international, ce qui illustre le poidsld filiere banane dans ces pays, tant au
niveau économique que dans la vie sociale et goéti(Lassoudiére, 2007). Le premier
producteur mondial, 'Equateur, exporte chaque arlféguivalent de la consommation de
bananes de I'Union Européenne (4,5 millions de ashr(Loeillet, 2005). Les pays ACP
(Afrique, Caraibes, Pacifique) et 'Europe ne pésgre 15% dans le commerce mondial
(Lassoudiere, 2007). La zone Europe, constituééEdpagne et du Portugal, participe au
commerce mondial a hauteur de 3% des exportations.

Les exportations en provenance des Caraibes deenbislors que celles d’Afrique
augmentent, notamment en provenance du Cameratdm lat Céte d’lvoire. Depuis 1990 la
Céte d’lvoire a multiplié par deux ses exportatiehselles du Cameroun ont plus que triplé
(Lassoudiere, 2007).

Le commerce mondial de la banane dessert est eatiiénillions de tonnes (Loeillet,
2005), pour un chiffre d’affaire a I'exportation glus de 4.9 milliards d’'USD (Lescet al,
2008). Sur les 40 dernieres années le marché dsiment développé. La production
mondiale de bananes dessert a plus que doublécattéscroissance est principalement due a
'augmentation des surfaces cultivées et non anseideure productivité (Picet al, 2002).

Sur la méme période, les exportations ont été plidles par 3,5 (Loeillet, 2005) et la valeur
de ces exportations multipliée par 11. La croissahcmarché a été de 7% par an entre 1985
et 1995 mais a ralenti ces derniéres années (egelld05).

La banane est le fruit le plus exporté aussi bianvaleur qu'en quantité. Cing
compagnies aux structures tres intégrées contr@eEmntys des exportations du marche
mondial : Chiquita Brands International (22%), DBleod Company (21%), Del Monte Fresh
Produce (16%), Noboa (7%) et Fyffes (7%) (Lassaediz007).

10
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Les 4 marchés d’'importation mondiaux que sont lagnEuropéenne, les Etats-Unis, le
Japon et la Russie captent 78% de I'offre mondlaleanane dessert (Loeillet, 2005). A noter
gue certains marchés émergent en Afriqgue du Noadi éfloyen-Orient (6% de la production
mondiale) et en Chine (4% de la production monjligdlassoudiere, 2007). Avec 4.6 millions
de tonnes d’importation et une consommation moyedaebananes aux alentours de
10.1kg/hab/an, le marché européen est le premiech@amondial d'importation (Loeillet,
2005). La structure de I'approvisionnement se it#pesmme suit : en 2004, 'UE a recu des
bananes de trois origines différentes a savoiC{@inmunautaires (16%), (i) ACP (17%) et
(iii) latino-américaine dite « dollar » (67%) (Ldlet, 2005).

Le commerce international de la banane est treplexm et on ne peut en parler sans
évoquer le différend qui oppose quelques pays €arop particulierement la France, et les
Etats-Unis. En effet, depuis des années, les Eanspét les Ameéricains se livrent une guerre
commerciale autour de la banane. Avant la mise lanepdu marché unique européen,
'approvisionnement en bananes résultait d’'uneigegtationale au cas par cas. Les pays
ayant des attaches avec des zones de productmng)ecla France avec la zone Antillaise et
Africaine ou I'Espagne avec les Canaries, privéggyit ces productions. Les autres pays, sans
attache a une zone de production particuliére pstapisionnaient en bananes « dollars » qui
étaient importées sans frais de douane a travefdiéges intégrées des sociétés américaines.
Cette exonération de droits permit aux dites engep de réaliser des bénéfices colossaux, le
fruit étant produit a tres bas prix en Amériqueihat(Loeillet, 2005). Lors de la mise en
place du marché unique Européefl {anvier 1993), 'approvisionnement en bananes ileva
passer a une gestion commune a douze membres.tiEfetepuis le § juillet 1993,
I'Organisation Commune du Marché de la Banane (OLC8/&¢e dans le cadre de la mise en
place du marché unique européen instaure des gsjeéagiques d’'importation et institue un
régime d'aides compensatoires destiné a assurerewgnu minimum aux producteurs
européens et de la zone ACP. Les bananes europeenaoelles des pays ACP, plus chéres,
bénéficient alors d’'importantes aides de I'Unionrdpéenne. Mais la commission dut
immédiatement faire face a une double pressiofe deks multinationales américaines et celle
du front de refus des principaux importateurs deabas "dollars": I'Allemagne et le Benelux
(Loeillet, 2005). En avril 1994, I'Organisation Maiale du Commerce (OMC) est créée et
dénonce rapidement le principe des quotas spéesigus en place par I'Union Européenne.
Le systeme de I'OCMB privilégiant les bananes comautaires et ACP est jugé
discriminatoire et non conforme aux regles du consménternational par 'OMC (Maillard,
2002). Aussi, malgré une premiére modification @®@CMB, le 1* janvier 1999 sous la
pression des producteurs de « bananes dollarsimeetliminution consécutive des droits de

11
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douane pour ces pays, le nouveau régime européapaitation est a nouveau dénoncé par
'OMC qui conteste, en particulier, le principe dgsotas spécifiques. Depuis I& fanvier
2006, bien que toutes les négociations ne soienaplaevees, les nouvelles regles sont mises
en application dans les grandes lignes. Les quitagportation sont abandonnés au profit
d’'un systeme uniquement tarifaire, c’est-a-dired®sur un droit de douane et sur le principe
« premier arrivé = premier servi ». Des clausetiqdieres sont mises en place pour les pays
ACP qui bénéficient de I'absence de droit de doysme un quota donné. Le volet interne de
'OCMB qui régit l'aide aux producteurs de banamesopéens est en cours de réexamen
(Lassoudiere, 2007).

1.4. La variété Cavendish
1.4.1. Morphologie de la plante
1.4.1.1. Description de I'appareil végétatif

Le bananier est une herbe géante dont le pseudo-¢&st formé par 'emboitement des
gaines foliaires (Champion, 1963) (Figure 2). Lesilfes sont émises par le méristeme
terminal de la tige vraie souterraine improprenagygelée « bulbe ». Les nouvelles feuilles se
déroulent au sommet du pseudo-tronc et sont doptudeen plus jeunes en se rapprochant du
sommet. Par convention, elles sont numérotées ghriajeune a la plus agée (Balatyal,
1997). Le nombre de feuilles varie selon le cuitied les conditions environnementales
(Jones, 2000). Les feuilles, dont la durée de waigeventre 70 et 200 jours, présentent une
surface pouvant aller jusqu’a Z fiournissant ainsi & la plante une surface foliamportante
au moment de la floraison et permettant de camdkseeaux de pluie (Stovet al, 1987).
Toutefois, la longueur et la largeur du limbe statsent au cours du cycle. Au moment de la
sortie de l'inflorescence, il reste 11 a 15 feailfenctionnelles (Lassoudiere, 2007). Pour un
développement correct des fruits jusqu'a la régoltefaut au minimum 8 feuilles
fonctionnelles a la floraison et au moins 4 a leol&. Le bourgeon situé a l'aisselle de
chaque feuille donne éventuellement naissance réjah A la fin de la phase végétative, le
changement de fonctionnement du méristéme centrabgue la croissance et I'allongement
de la tige vraie au cceur du pseudo-tronc puis IfFgeree de I'inflorescence.

12
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Figure 2: Représentation de I'organisation du banaier et de ses rejets (tiré de Champion, 1963).
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1.4.1.2. L'inflorescence

Les étapes du développement vegétatif ont desaégmons capitales sur la croissance
et le développement de l'inflorescence (Lassoudi@@07). Dans le cas des variétés
Cavendish comme la Grande-Naine, la floraison wiget des qu’une trentaine de feuilles ont
été émises. Les premiéres phases du développemémtfildrescence ont lieu a I'intérieur du
pseudo-tronc pendant la montée de la tige. L'iefioence du bananier (appelée régime) se
caractérise par un péedoncule robuste d’environ deourbé vers le bas (Figure 2). Elle est
constituée de spathes pourpres, dehiscentes, uéasg disposées selon 3 hélices qui se
soulévent avant de tomber rapidement et a I'assiksquelles naissent les rangées simples
ou doubles de fleurs. Ce sont les premieres ramdgéisurs, appelées mains, qui forment les
régimes de fruits. Ces premiéres rangées sontitt@es de fleurs femelles avec un ovaire
infere comprenant trois loges carpellaires a ltietdr desquelles deux rangées d’ovules sont
insérées sur un placenta axilaire et des étamimmas fanctionnelles. Les ovaires se
remplissent de pulpe pour former le fruit sansipishtion ni formation de graines. Les mains
sont composées de 10 a 30 fleurs ou doigts insérde coussinet selon deux rangées et sont
numeérotées a partir de la premiére main dégagdantese, les doigts sont dirigés vers le
bas et se redressent progressivement pour attegrdpus ou moins 15 jours, le stade appelé
« stade doigts horizontaux ».

Apres les fleurs femelles, apparaissent deux & tr@ins de fleurs neutres avec toutes
les pieces florales avortées, suivies par les ndgrteurs méales constituées d’ovaires réduits
et d’étamines bien développées. Les fleurs malesbént au fur et a mesure de leur
libération, dénudant ainsi la partie inférieurel@&®ampe. La croissance de l'inflorescence se
poursuit indéfiniment pour former le bourgeon matenstitué de la superposition des
bractées. S’il n'est pas coupé€, ce bourgeon mal®myera sa croissance jusqu’a la maturité
des fruits et la fanaison de la tige. Pour le geodps AAA notamment, une disproportion
entre le nombre de mains femelles (4 a 18 maink) rombre de mains males (200 a 500
mains) est observée (Lassoudiere, 2007).
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1.4.2. Le fruit?
1.4.2.1. Développement du fruit

Deux grandes phases peuvent-étre distinguées daméveloppement des fruits : une
premiére phase qui se déroule a lintérieur du gsdronc et au cours de laquelle les
différentes structures du futur fruit se mettenpkace.

La deuxieme phase se déroule apres la sortie dfoféscence et correspond
essentiellement au développement de la pulpe. besmres se développent de maniére
parthénocarpique a partir des fleurs femelles et fwmées de la peau (le péricarpe) et de la
pulpe (endocarpe). Le doigt est relié au cousgiaetun pédicelle. Le péricarpe est composé
d'un épiderme stomatifére avec cuticule ne permette peu d’échanges gazeux, d’'une
couche parenchymatique sous-épidermique et d’'ume zwofonde a parenchyme lache
(Omoaka, 2000). La couche parenchymatique sous#&pique contient des chloroplastes.
Les fruits possédent une grande proportion de gaadiminue avec leur maturité. Les ovules
avortés se retrouvent dans lI'endocarpe et les ggossllules ovoides amyliferes des 3
carpelles constituent I'essentiel de la pulpe (hadgre, 2007).

Quatre périodes essentielles de croissance du damt a retenir pour les variétés
Cavendish (Lassoudiére, 2007) :

» Croissance faible jusqu’au début de I'allongementachampe florale ;

» Divisions cellulaires tres actives de 10 jours @waB0 jours apres la sortie de
linflorescence a l'extérieur. Les divisions ceduks sont a l'origine du
développement de la pulpe et correspondent a uaseptte forte élongation du
fruit et de faible augmentation du poids sec daeulpe ;

» Accroissement cellulaire de 30 a 80 jours apréesoldie de l'inflorescence a
I'extérieur. Cette période correspond au remplissdes cellules de la pulpe par
accumulation d’amidon qui est la forme principate slockage. Les assimilats
sont amenés jusqu’aux fruits par le pédoncule dentble est uniqguement
conducteur ;

* Phase finale de maturation et d’hydrolyse de I'amid

! L’entiéreté de ce paragraphe (1.4.2. le fruit)é@réjouté a la thése aprés acceptation de la jatiblic

« La banane : de son origine a sa commercialisatipar la revue B.A.S.E. et ne se retrouve donc pas
inséré dans la publication.
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La phase finale de maturation commence avant lalteé@t avant le remplissage
maximal du fruit.

Au sein d’'un méme régime, des différences de d@pelment sont observées. Les fruits
initiés les premiers sont par exemple de 30 a 40% g@ros que ceux initiés les derniers
(Robinson, 1996). Les écarts de longueur entreelxiédme et la derniere main s’accroissent
du début de relevement des doigts jusqu’a la récokis la valeur relative reste constante
(20%) (Lassoudiere, 2007). En revanche, pour ldegrées écarts ne deviennent importants
gu'au cours du mois précédant la récolte (Lassoediz007). Il a été suggéré que le
développement différentiel des fruits résulteragts ddifférences au niveau des divisions
cellulaires et des caractéristiques de remplisskgefruits causées par la différence d’age
observée entre les fruits. Lassoudiére (2007) peégie si la différence d’age entre les fleurs
d’'une méme main n’est que de deux jours en moyeglleeest de plus de 15 jours entre les
mains 1 et 8. Julliept al. (2001) ont estimé que la différence entre lesnpgees et dernieres
mains était de 70 degrés.jour.

1.4.2.2. Physiologie du fruit

Il existe deux groupes de fruits: (i) les fruittmactériques, comme la banane, la
pomme et I'avocat et (ii) les fruits non-climactgres qui comprennent les agrumes, les
fraises ou les cerises. Le processus de maturdésriruits climactériques se caractérise par
une forte augmentation du taux de respiration (&ppie climactérique) et par une production
endogene d’éthylene. La période post-récolte dear®s d’exportation comprend trois étapes
principales (John & Marchal, 1995): premiéremeatphase pré-climactérique au cours de
laquelle le fruit reste immature ; deuxiemementph@ase de maturation accompagnée d’une
intense activité respiratoire et enfin, la phasedéw®escence du fruit.

La phase pré-climactérique, aussi appelée la ddeéeie verte, est particulierement
importante pour les marisseurs qui recherchentdumée de vie verte la plus longue possible
afin de commercialiser des fruits de qualité. Duregtte période, les fruits verts matures
présentent une faible activité catabolique et ndtaibe. Le taux de respiration est faible et la
production d’éthyléne presque indétectable (MarrtLancaster, 1983). La durée de vie
verte peut étre allongée en modifiant certainsrpatees environnementaux de stockage tels
gue la température, I’hnumidité relative et la cosipon atmosphérique.

La période climactérique se caractérise par 3 janx processus (Seymoet al,
1993). Premiérement, une augmentation de la regpiradu fruit indiquée par une
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augmentation de la production de £0euxiémement, une diminution du niveau d’oxygene
dans la pulpe et finalement une augmentation raglideansitoire de la production d’éthyléne
par la pulpe. Ce pic climactérique peut se prodsirele plant mais dans le cas des bananes
d’exportation, celui-ci est induit aprés la réecghi@ un apport exogene d’éthylene avant la
production naturelle. L’éthyléne est physiologiquatnactif a faible dose (Peacock, 1972). I
s’agit d'une hormone végétale naturelle qui estthgdtisée par la pulpe (Dominguez &
Vendrell, 1994) a partir de L-méthionine. Celleseira convertie en S-Adenosylméthionine
(SAM) qui sera a son tour transformée en acide ih@cyclopropane-1-carboxylique (ACC),
précurseur immédiat de I'éthylene. Toutes formedalamages physiologiques au cours de la
croissance du fruit, de la récolte ou de la maimmapeuvent aboutir a un stress, a une
stimulation de la maturation et de la sénescenaort influencer la qualité des bananes
(Omoaka, 2000). De plus, les maladies parasitaieies que les pourritures de la couronne,
sont reconnues comme réduisant la durée de vie gela qualité des fruits (Jones, 2000).

La maturation des bananes se caractérise par dereoses modifications de la pulpe et
de la peau permettant I'obtention d’un fruit contdet Les principales modifications sont la
transformation des réserves amylacées en sucres, chate brutale de la teneur en
chlorophylle de la peau et un ramollissement dqmuilpe.

La derniere phase du développement post-récoltbalemnes d’exportation est la phase
de sénescence qui se caractérise par une impopméede fermeté du fruit.

1.4.3. lItinéraire technique

De la plantation a la consommation, la banane ded&xportation de type Grande
Naine (sous-groupe Cavendish AAA) exige de nomla®uspérations technigues pouvant
étre tres différentes en fonction des zones deugtah et des systemes de culture. A titre
d’exemple, certains aspects de la culture telsrgneontrés dans la région de Njombé au
Cameroun sont présentés ci-apres.

1.4.3.1. De la plantation a la floraison

Le premier cycle de culture est mis en place amghpar la plantation, en ligne ou en
touffes, de rejets, de souches ou de plants issda dulturein vitro. L'objectif principal de
I'utilisation de vitroplants est de disposer aurapad’un matériel sain, en particulier indemne
de nématodes, de virus et de bactéries. Au couss @eoissance végeétative, le bananier émet
des rejets latéraux. Un unique rejet sera sélandiopar une technique appelée ceilletonnage,
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afin d’assurer le cycle de culture suivant toutcenservant au maximum une structure de
population constante. Le rejet successeur seratie#neé le plus tét possible pour favoriser
son développement. L’objectif est un retour de ey® durée minimale, afin d'augmenter le
nombre de régimes récoltés par bananier et par an.

1.4.3.2. De la floraison a la récolte

Des I'émergence de l'inflorescence commencent d@sssaux régimes. Ces soins vont
conditionner la qualité des fruits au moment dettalte. Les feuilles susceptibles de géner le
développement du régime, ou risquant d’abimer fdedsfpar frottements, sont dégagées.
Cette opération consiste a découper ou écarteielgbes en contact avec l'inflorescence.
Dans la mesure du possible, cette pratique edelnm@iu maximum afin de ne pas diminuer le
potentiel photosynthétique du bananier.

Au stade « doigts horizontaux » le bourgeon méalestlerniéres mains sont supprimés
afin de privilégier la croissance des mains supée® Seuls deux doigts, appelés « tire-
seves », sont préservés. Ces derniers permetwnétdr les remontées de pourritures dans le
rachis.

Les restes des pieces florales sénescentes prEs&ntextrémité des fruits sont
également supprimés (Figure 3). Cette opératiommée épistillage, permet d’éviter une
source importante d’'inoculum pathogéne et de liniée blessures par contact avec les autres
doigts.

Les régimes sont ensuite gainés a l'aide d'un filmn polyéthylene permettant de
tamponner les variations de température, d’assumer meilleure croissance des fruits, de
présenter une barriere mécanique contre les pegasit de protéger les fruits contre les
agressions mécaniques dues, par exemple, auxnfierits des feuilles (Figure 3).

Le marquage des régimes se fait également au stdoigits horizontaux » et permet les
prévisions de récolte (Figure 3). En effet, ledfédénts régimes arrivés a ce stade sont
marqués d’'une bande de couleur spécifique danstlddconnaitre leur age et de prévoir la
date de récolte a un age physiologique détermindoiction des plantations, 9 a 12 couleurs

de marquage sont utilisées dans une successionrnebdire.
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1.4.3.3. Larécolte

La récolte des régimes ne s’improvise pas. L'offjexdt de récolter au grade le plus
élevé possible compatible avec I'absence de marsidage a I'entrée en mdrisserie. Le stade
de récolte sera donc fonction des délais et deditbmms prévalant entre la coupe et I'entrée
en mdrisserie. Traditionnellement, la récolte ®effie lorsque le grade commercial est
atteint. C’est-a-dire lorsque le fruit de référenoeprésenté par le doigt médian du rang
externe de la deuxieme ou de la quatrieme maim diametre de respectivement 36 ou 34
mm. Les fruits sont a ce stade remplis au % et spobre verts et durs. Le seul critere du
grade n’est pas suffisant pour décider du stadienapte récolte. En I'absence de facteurs
limitant, le grade de coupe est atteint lorsquiedi a accumulé 900°C jours au seuil de 14°C
depuis le marquage au stade doigts horizontauxetfage physiologique les fruits ont une
durée de vie verte (DVV) qui correspond au temmaikcentre la coupe des fruits et le début
de leur crise climactérique et qui est compatiblecaleur transport maritime et leur
acheminement vers la marisserie. Il est ainsi ptessle prévoir la récolte a partir de la date
de floraison et de I'utilisation de données météamigues (Jullieret al, 2008). L'intervalle
de temps entre la floraison du bananier et la téadli régime, appelé « intervalle fleur-
coupe » (IFC), est donc théoriguement constantquloits est exprimé en somme de
températures. Il est par contre trés variable ersjen fonction de la zone de production, de la
saison et surtout des pratiques culturales.

La récolte s’effectue a la machette avec toutepri@sautions nécessaires pour eviter les
chocs et meurtrissures aux fruits. Les régimes goriés a I'extérieur des parcelles dans des
berceaux matelassées positionnés sur la téte.gimeéest alors déposé avec le berceau dans
une remorqgue ou accroché a un systeme de cablésagelse la bananeraie jusqu’au hangar
d’emballage (Figure 3). La récolte du régime marguéébut du dépérissement du pied-mére
qui est alors coupé. Sa suppression enleve la doénapicale sur le rejet préalablement
sélectionné et permet de poursuivre la culture.

1.4.3.4. De la récolte au conditionnement

A la station d’emballage, les régimes sont accreéhaén rail et les mains sont séparées
de la hampe florale a I'aide d’'un couteau (FigureL®s mains sont ensuite plongées dans un
bac d’eau enrichi en chlore et en alun appelé badépattage afin de permettre I'écoulement
du latex (Figure 3). A la sortie de ces bacs, lesnende bananes sont récupérées, parfois
frottées a 'aide d’'une éponge savonneuse, etd@rdupées en bouquets de 3 a 8 fruits. Ces
derniers sont alors placés dans un second bacléabae de lavage, pendant au moins 20
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minutes (Figure 3). lls sont ensuite acheminésisartapis roulants vers la zone de traitement
fongicide avant d’étre pesés et conditionnés daes emballages plastiques (sacs en
polyéthylene perforé ou non, avec ou sans vider)d'at disposés dans des cartons
d’exportation (Figure 3). Les techniques de tragahchimique sont tres variées: trempage,
tunnel de pulvérisation, pulvérisateurs, cascadadigeonnage manuel, etc...Mais il semble
gu’un bon mouillage des fruits soit essentiel pmssurer une bonne efficacité des traitements
fongicides (de Lapeyre de Bellaeeal, 1994).

1.4.3.5. De la station d’emballage a la mUrisserie

Les cartons de bananes sont regroupés sur detepalesont stockés dans un container
refroidi a 13°C (Figure 3). La mise au froid perndaine part, de minimiser la production
d’éthyléne et de retarder le processus de mataratib d’autre part, de réduire le
développement de champignons éventuellement peg@erausset al, 2000). Ces containers
sont acheminés par camions vers le port de Doualde® palettes sont débarquées et
entreposées dans les cales de navires. Par lasmaliérla température, de I'hygrométrie et de
la composition de I'atmosphére, ces cales assuaenbnservation des bananes durant la
traversée maritime. Au bout d’une dizaine de joles,palettes sont débarquées dans le port
de destination et sont acheminées par voies tesegers les mdrisseries ou s’effectuera la
maturation artificielle des bananes (Figure 3).t€ehaturation est initiée par un apport
exogene d’éthyléene durant 24h a une températur208@. Au terme de ces 24h, les fruits
sont ventilés et peuvent étre commercialisés.

1.4.4. Avantages et limites de I'utilisation exclusive d& Cavendish

Le sous-groupe homogéne des Cavendish (AAA) a guagtopté dans presque toutes
les régions tropicales humides pour son énormenpietgroductif (jusqu’'a 60 tonnes/ha)
associé a une bonne précocité (récolte en 10 netishe taille réduite (moins de 3 m)
facilitant sa culture (Lescot, 1998). Ainsi, ledeans de la filiere ont fortement investi et se
sont organisés exclusivement autour du standarcer@ish. Les efforts de recherche et
développement ont été dirigés vers l'optimisatiogs dnodes de production, emballage,
transport, mdrissage et marketing des bananes @iabe\ I'heure actuelle, le processus et
'équipement industriel de production et de disitibn sont adaptés a la Cavendish. Ce
schéma industriel ne laisse que trés peu de pldiet@duction d’autres variétés et aux
changements. Elle est soumise a une forte preasionative qui pousse a banaliser le produit
et a rendre ce marché monolithique: la banane edessu «format» Cavendish,
correspondant aux normes Dole ou Chiquita. Danssé&mble des fruits et légumes, il
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n'existe pas d’exemple semblable. L'offre du margoéir un fruit est, dans tout les cas,
constitué d’au moins deux variétes.

Ainsi, malgré la diversité génétique des bananigrsyest pas rare dans certaines
régions de production destinée a un commerce ditegan, de ne rencontrer que de la
Cavendish. La diversité des cultivars existanteio d'une méme structure de production est
d’autant plus réduite qu’'on s’éloigne du centrerigioe du complexe d’especes pour aller
vers des régions ou seuls quelqgues exemplairesamignters ont été introduits. Cette forte
spécialisation variétale et géographique s’accom@adjune concentration du pouvoir de
marché entre quelques grandes firmes (Loeillet5200

Il existe évidemment des contraintes liées a la coolture intensive de type agro-
industriel, sans rotation, faisant appel a d'imaotés quantités d’intrants et pratiquée durant
de nombreuses années (parfois plus de 40 ans) ofi.e2604). Ces contraintes sont
notamment d’ordre environnemental et phytosanit&@eetype de culture peu respectueuse de
I'environnement aboutit notamment a une évolutibdégradation des sols. Des déséquilibres
biologiques apparaissent rendant la culture plietteuaux maladies et ravageurs. De plus les
populations de pathogénes aériens ou tellurigudépdés a la culture, ont tendance a
s’accroitre s’il Ny a pas rupture de leur cyclelbgique due a la suppression de I'héte. Les
risques de résistance aux pesticides sont égaleanenis dans ces conditions et I'apparition
de nouvelles maladies est une réalité. Ainsi, tbi@me majeur des productions bananieres
sont les lourdes menaces parasitaires qui pesemesuproductions face a I'étroitesse de la
gamme variétale cultivée a I'heure actuelle en naahore intensive.

Chez la banane, le premier probléme est apparguers Gros-Michel a été cultivée de
maniére intensive et que ce premier cultivar consrakia été détruit avec I'apparition de
Fusarium oxysporumubense ou maladie de Panama. Aprés 1960 le caranméernational
de la banane a été dominé par le cultivar de typeefdish. Plus récemment, une forme
extrémement virulente du pathogéRe oxysporum la race T4, et pouvant s’attaquer aux
Cavendish a été décrite (Hwamgal, 2004). D’autres problémes parasitaires ass@ug&s
Cavendish sont apparus et ont été largement déxédopar divers auteurs (Jones, 2000;
Ploetzet al, 2003). Parmi les différentes contraintes liées parasites et ravageurs, il faut
signaler que les maladies d’origine fongique, t&mndues dans les plantations industrielles,
constituent la principale perte de rendement efcédht tous les organes de I'héte (Plastz
al., 2003). A I'heure actuelle, les plus néfasteseatint de maniére significative la
production des Cavendish d’exportation, sont lescasporioses. D’autres maladies
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fongiques, propres aux marchés d’exportation etsamaiu d'importants dégats et pertes
economiques, meritent qu’on les souligne. Il s’algis maladies de conservation comme les
pourritures de la couronne (Lassetsal, accepted) et I'anthracnose.

1.5. Conclusion

Malgré l'importante diversité génétique existant sein du genréMusa le marché
d’exportation est dominé par la culture presquduskee de la variété Cavendish. Cependant,
la production de banane d’exportation doit étreabdg de répondre aux exigences de
durabilité, qualité et rendement qui lui sont imfpes Ceci constitue un véritable défi pour les
variétés existantes et ce de part I'étroitessladmmme variétale utilisée et I'apparition de
nouvelles maladies ou de nouvelles souches vireléinsi, d'importantes stratégies de lutte
doivent étre élaboreées.

En bananeraies intensives, le systeme de culturéndat a longtemps reposé sur une
large utilisation systématique des produits phyiitaaes. Au début des années 90, les
bananeraies étaient traitées avec des quanti®®leeces de matieres actives : de 17 a 22
kg/ha/an (Lassoudiére, 2007). Actuellement on net ggus concevoir la protection
phytosanitaire uniquement sous le seul aspect dettia chimique. Celle-ci pose de gros
problemes tels que la toxicité des produits, I'acalation de résidus dans les fruits, la
destruction d’organismes non cibles, le risqueakifion des eaux, les pertes d’efficacité des
produits. De plus, la protection phytosanitairet daire face a une Iégislation de plus en plus
restrictive. Pour certaines maladies, comme la dmlade Panama, aucun produit
phytosanitaire n’a jamais apporté de réponse aasite.

Ainsi, I'ensemble du systeme de culture et denétaire technique est a adapter. Il faut
envisager une approche globale de la filiere badans un but de durabilité de la production.
Des solutions techniques ont permis de réduirduege 50% l'utilisation des pesticides aux
Antilles Francaises au cours de la derniere déeef@habrieret al, 2005). Parmi les
techniques alternatives a la lutte chimique, onrotete également la sélection et
I'amélioration variétale. C’est aujourd’hui la vgieivilégiée pour maintenir a plus ou moins
long terme la culture de la banane dans les zartaslkes de production mais il s’agit d’'une
action de longue haleine. Les premiers travaux dlenration des bananiers par croisement
ont été amorcés des les années 20 a la suite xten&on de la maladie de Panama.
Parallelement a ces activités de croisement, daudiquipes ont concentré leurs efforts, a
partir des années 80, sur la mutagenese et sétdetisn de variants somaclonaux qui sont

apparus a la suite du développement des technépueslturesn vitro pour la multiplication
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rapide et industrielle des vitroplants de bananikes comportement de variétés issues de
mutations induites par I'application de rayons samts sur les bourgeons végétatifs est
également évalué. Enfin, 'avenement des technigleebiologie cellulaire et moléculaire a
favorisé I'émergence d’équipes qui travaillent lsutransformation génétique des bananiers.

Cependant, les réponses sur la durabilité de lareubananiere ne relevent pas d’'une
seule solution miracle, a savoir la recherche @urduit phytosanitaire plus performant ou
méme uniquement la mise au point d’'un bananiesta@d. Elle dépend plutét d’'une mutation
des systemes de culture par I'amélioration d’itaré&s techniques complets basée sur une
connaissance approfondie de lI'agronomie de la @lai¢ la biologie des parasites et des
relations hote-pathogenes.

24



Literature Review

1.6. Références

Bakry F., Carreel F., Caruana M.L., Cote F.X., Je@n& Tezenas du Montcel H., 1997. Les
bananiers. In: Charrier A., Hamon S., Jacquot MNi&olas D., eds. L'amélioration des
plantes tropicales. CIRAD. ORSTOM, Montpellier, keca, 109-139.

Chabrier C., Mauléon H., Bertrand P., Lassoudier& ®uénéhervé P., 2005. La défense des
végétauxPhytomab84 : 12-16.

Champion J., 1963.e bananier Paris: Maisonneuve et Larose.

Cheesman, E.E., 1947. Classification of the bandhabhe GenusMusal. Kew Bulletin 2:
106-117.

Cirad-Flhor, 2003. Bananes for ever - La diverg@&éétique des bananieFsuiTrop 99:5.

Daniells J.W., Jenny C., Karamura D.A., Tomekpe Arnaud E. & Sharrock S. , 2001.
Musalogue: a catalogue of Musa germplasm. Divelisitthe genus Musaviontpellier,
France, INIBAP.

de Lapeyre de Bellaire L. & Nolin J., 1994. Amétiton du contrdle du chancre sur les
bananes d'exportation et traitements post-rédeitets 49:179-185.

Dominguez M. & Vendrell M., 1994. Effect of ethylernreatment on ethylene production,
EFE activity and ACC levels in peel and pulp of &aa fruit. Postharvest Biology and
Technology: 167-177.

EUROSTAT, 2000. Statistiques d'importations europés de plantaingruitTrop 82:3.

Hakkinen M., 2009Musa chuniiHakkinen, a new speciedMsacea from Yunnan, China
and taxonomic identity dflusa rubra Journal of Systematics and Evolutién, 87-91.

Heslop-Harrison J.S. & Schwarzacher T., 2007. Daoicetgon, genomics and the future for
bananaAnnals of Botany00:1073-1084.

Hwang S.C. & Ko W.H., 2004. Cavendish banana calivresistant td-usarium wilt
acquired through somaclonal variation in Tainalant Diseaseé38: 580-588.

John P. & Marchal J., 1995. Ripening and biochemist the fruit.In: Gowen SBananas
and plantains Natural Resources Institute and Department ofcdgure University of
Reading. Chapman & Hall, London, UK.

Jones D.R., 200M@iseases of Banana, Abaca and Engéallingford, UK.

Jullien A., Chillet M. & Malezieux E., 2008. Preflrast growth and development, measured
as accumulated degree days, determine the postdtagveen life of banana fruit.
Journal of Horticultural Science and Biotechnold@:506-512.

25



Literature Review

Krauss U. & Johanson A., 2000. Recent advancdseicantrol of crown rot of banana in the
Windward IslandsCrop Protection19:151-160.

Lassois L., Jijakli M.H., Chillet M. and de Lapeyde Bellaire L., Accepted. Crown rot of
bananas: pre-harvest factors involved in post-lsirvdisease development and
integrated control methodBlant Disease

Lassoudiere A., 200TLe bananier et sa culturé&d. Quae, coll. Savoir-faire
Lescot T., 1998. Les bananiers: une diversité maeefruiTrop 51:8.

Lescot T., 2004. Banane: Production, commerce reéd¢tes.FruiTrop 118:5.

Lescot T., 2006. La banane en chiffres: le fruif@ré de la planét&ruiTrop 140: 5.

Lescot T. & Loeillet D., 2008. Banane et environegm vers une production plus propre a
I'horizon 10 anskruiTrop 153: 3-4.

Loeillet D., 2005. Le commerce international deblanane: entre évoltion et révolution.
FruiTrop 129:2-19.

Maillard J.C., 2002. Le commerce international deblanane: marché, filiere, systeme.
Cabhiers d'outre-me20.

Mbida Mindzie C., Doutrelepont H., Vrydaghs L., Swen R., Swennen R.J., Beeckman H.,
DelLanghe E. & DeMaret P., 2001. First archaeoldgeadence of banana cultivation
in central Africa during the third millenium befopeesentVeg. Hist. Archaeobof.0:1-

6.

Marriott J. & Lancaster P.A., 1983. Bananas andtalas.In: Harvey T. & Chan J.R.
Handbook of tropical food4).S.D.A.

ODEADOM/Cirad-Flhor. 2000. Bilan de I'approvisioment du marché bananier européen.
Info Banane38.

Omoaka P.O., 2000. Postharvest physiology, ripeandyquality evaluation in banandysa
sp.) fruits. Doctoraatsproefschrift. Katholieke \&msiteit Leuven. Faculteit
Landbouwkundige en Toegepaste Biologishe Wetengempepartement Toegepaste
Plantwetenschappen. N°445.

Peacock B.C., 1972. Role of ethylen in the inibiatof fruit ripening.Queensland Journal of
Agricultural and Animal ScienceX®: 137-145.

Picq C., Lipman E., Sharrock S. & Frison E., 2002.culture du bananieBiofutur 222:30-
33.

Ploetz R.C., Thomas J.E. & Slabaugh W.R., 2003e&%e of banana and plantain. In: Ploetz
RC, eds. Diseases of tropical fruit crops, CamlajdgSA.

26



Literature Review

Robinson, J.C., 1996. Bananas and plantains. lher&in J, Rees A, eds. Cambridge:
Cambridge University Press.

Seymour G., 1993. Banana: Seymour G., Taylor J.E. & Tucker G.Biochemistry of fruit
ripening Chapman and Hall, London, UK.

Simmonds N.W. & Shepherd K., 1955. Taxonomy andinsi of cultivated banana3ournal
of the Linnaean Society of Botaby:302-312.

Simmonds, N., 1962. The evolution of the BananaknJWilley & Sons Inc., New-York,
USA.

Stover R.H. & Simmonds N.W., 198Bananas.L.ongman Scientific & Technical, London,
UK.

Wilson J.S. & Otsuki T., 2004. To spray or not poag/: pesticides, banana exports, and food
safety.Food Policy29:131-146.

Wong C., Kiew R. Argent G., Set O., Lee S.K. & GaiY., 2002. Assessment of validity of
the sections iMusa (Musaecegeaising AFLP Annals of Botan®0: 231-238.

27



Literature Review

2. Crown rot of bananas: pre-harvest factors involvedin post-
harvest disease development and integrated controlethods

Lassois L., Jijakli H., Chillet M. and de Lapeyre Bellaire L. AcceptedCrown rot of
bananas: pre-harvest factors involved in post-hatvdisease development and integrated
control methodsPlant Disease.

Crown rot of bananas: pre-harvest factors involvedn post-harvest disease development
and integrated control methods

Ludivine Lassoi§ M. Haissam Jijaklj Marc Chillef and Luc de Lapeyre de Belldite

& University of Liege, Gembloux Agro-Bio Tech, PlaRathology Unit. Passage des Déportés 2, B-5030
Gembloux, Belgium;

PCIRAD-PERSYST, UMR Qualisud, Departamento de Alitosne Nutricao Experimental — Faculdade de
Ciencias Farmaceuticas — Universidade de Sao Pauémida Lineu Prestes, 580 — Bloco 14 — 05508-%ah
Paulo, Brazil

¢ CIRAD-PERSYST, UPR Systémes de cultures bananasastas, Boulevard de la Lironde - TA B-26 / PS4,
34398 Montpellier Cedex 5, France

Received 5 February 2009

Accepted 27 April 2009

*Corresponding author: Tel: (33) 467615828; FaB)(@67615868; e-mail: luc.de_lapeyre@cirad.fr

28



Literature Review

Abstract

Crown rot is a complex disease which affects exparanas in all producing countries.
Usually invisible when the fruits are packed foansportation from tropical countries to
distant destinations, disease symptoms occur dwgimgment, ripening, and storage. This
disease, characterised by rot and necrosis, affissigses joining the fingers with each other,
called the crown. It may reach the pedicel andndtely the banana pulp when the crown rot
is severe. Losses from 10% to 86% have been retdodebananas respectively treated and

untreated.

In this paper, we proposed to inventory currentvdedge on crown rot disease and
associated control measures which must be considereughout the production channel in
order to be effective. We suggest a new, approactohsider this post-harvest disease of
bananas. In this approach we consider that banalaé®rate in the field a fruit quality
potential. We consider that this new concept ohareest quality potential is a key factor in
understanding crown rot development, since isspoasible for most of disease incidence
variations observed in the industry. The fruit égygbotential depends on both a physiological
and a parasitic component, both of which dependgro-technic and pedo-climatic factors of
the crop production area. The physiological compbne defined as the sensitivity of the
fruits to crown rot, while the parasitic componesflects the capacity of the parasitic
complex to induce a level of disease.

The content of this review is divided into two garFirst the fruit quality potential at
field level is addressed, with special interestitsnphysiological and parasitic components.
Secondly, the control methods are examined atrdiftesteps of the channel, in order to give
an overview of a possible integrated control sgate
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2.1. Introduction

Bananas are grown in over 120 countries and rao&nskein world fruit production,
after oranges and before grapes. The banana igdugtich is based on a small number of
cultivars belonging to the Cavendish subgroup, \#ta source of income, employment, and
export revenue for most exporting countries, wkach mainly developing countries in Latin
America, the West Indies, Southeast Asia, and Afridowever, major losses often occur
during shipping of bananas to their final marketimtyabecause of ripening incidents,
appearance defects, and storage decay such aaamabe and crown rot that occur during
shipping. Such post-harvest diseases negativelyacmphe market value of bananas,
especially when they are assessed at the port rofalaror in ripening facilities, thus
contributing to banana quality depreciation andst@mning export trade. Anthorst al. (9)
reported that post-harvest diseases were resperisib20% of harvest losses in Sri Lanka in
1997.

Crown rot affects export bananas in all produciagrtries and is considered to be one
of the main export banana post-harvest disease88)1This became a major problem in the
banana industry during varietal reconversion itiites in the 1960s. Up until 1960, only
Gros-Michel subgroup cultivars were cropped for @kpand for economic and practical
reasons bananas were shipped in complete bunchsisting of double layers of fruits called
hands which are arranged helicoidally around arakakis called the stalk. These cultivars
were, however, susceptible to Panama disdassafium oxysporurh sp. Cubense) and thus
replaced by Cavendish subgroup cultivars becausthedf resistance to Panama disease.
However, Cavendish bananas are more fragile dushmgping (33) and this triggered a
revolution in the banana industry as bunch shippiag discontinued. Bananas were instead
cut into clusters consisting of several bananadrained by the crown tissues (Fig. 1) and
boxed for shipping.
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< Infectedcrowns .

Fig. 1: Crown rot symptoms. (A) Healthy crowns afte maritime shipping before being placed in ripening
rooms; (B) Crowns diseased with a superficial mycelm after maritime shipping; (C) Rot noted on banaras
after maritime shipping; (D) Rot on the peduncles niducing banana ripening upon their arrival after
maritime shipping; (E) External crown rot symptoms after fruit ripening; (F) Internal crown rot sympto ms
after fruit ripening.

The crown became a prime site for infection byedd#ht pathogens (41, 52, 64). The
incidence of crown rot periodically increases dgrihe rainy season, and losses of over 10%
have been recorded in the UK in bananas coming fiteenWindward Islands that were
harvested during this period (61). Losses of uB®&&6 have also been reported in non-
chemically treated bananas from the Philippines (6)

The first studies on crown rot focused on (i) thielegy of this disease, especially on
the identification of the most pathogenic fungaé@ps involved; and (i) on post-harvest
control methods, mainly chemical. Neverthelesssé¢hstudies provided neither a good
understanding of the conditions most conducivedisease expression nor adequate control
of this disease at all spatio-temporal scales. 8 enow some evidence that fruit physiology
at harvest influences crown rot development andt thk interactions among the
microorganisms implicated should be consideredintpthese into account, a banana quality
build-up scheme was proposed (Fig. 2).
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Factors affecting crown rot development during Related crown rot control
banana commodity channel

Storage conditions (T RH, CA or MA)

| Shipping and storage: fruit conservation ‘ [
| Harvestand packing station ‘ Chemical,biological ~""oPhYlaxy, deflowering,
and physical control water_quallty, "F“‘
I handling, cleaning
-------------------------------------------------- Harvest stage ---- “i
| Field plot
i i i Genetic
/ Fruit quality potential \ it
Pathological Physiological Field prophylaxy, sleeving,
component component
Agro-technical factors
Pedo-climatic factors i !

Fig. 2: Diagram representing different key factors thatarise throughout the commodity chanel concerning
crown rot development at the commercial stage, andelated control methods. T°: temperature; RH:
relative humidity; CA: controlled atmosphere; MA: modified atmosphere.

In this scheme, the fruit quality potential at hestwis presented as a key factor in crown
rot development. The quality potential elaboratesnd) the banana growth phase in the field
and depends on two components: (i) a fruit physgicll component, which determines the
fruit susceptibility to the disease; and (ii) a gmtic component which reflects a level of
crown contamination by the fungal complex, as w@slthe pathogenicity of this complex. The
influence of environmental and agrotechnical pre4bst factors on these two components of
the fruit quality potential is a new approach ie thost-harvest disease research, and we will
therefore discuss their importance in this review.

2.2. Crown rot symptoms

Crown rot affects tissues of the so-called “crowmmhich unites the peduncles (Fig. 1).
The rot is not visible when the bananas are boaed,symptoms generally appear only after
maritime shipping. The rot begins with mycelial depment on the surface of the crown
(Fig. 1B), followed by the peduncles (Fig. 1D) dnuit (Fig. 1C). The bananas may detach
from the peduncle during severe infections. Croonresults from the development in the
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crown of several common fungi, which constituteuadal complex, and leads to softening
and blackening of tissues at the site of the wolefidwhen the cluster was cut from the

bunch. The role of bacteria in the complex (64) haisbeen confirmed by detailed research.
The symptoms develop rapidly during ripening whiea physiology of the fruit undergoes

modifications that facilitate fungal developmeng)4

Crown rot affects the fruit quality because of tevelopment of necrosis on the fruit,
and it can also trigger early ripening of bananasng) shipping (77) (Fig. 1D). Ripening may
be caused by ethylene released by stressed andtioeitssues (31, 65, 89), but also by
ethylene produced by mycelia of fungi suchCadletotrichum musa¢23, 78). Onset of the
disease cannot be predicted and it spreads irregular pattern on all clusters in a shipping
box. The same box may contain both healthy anateéeclusters.

2.3. Fruit quality potential as a key factor in crown rot infection patterns

Geographical and seasonal variations have beerd motéhe incidence of crown rot
disease of bananas (61, 64, 87). Luketzial. (64) showed that the incidence of this disease
varied throughout the year in Honduras. It is galtehigher during the summer (March—
September) and declines during the coldest periGdttoper—February). They also
demonstrated that this pattern did not seem todseelated with variations in the fungal
complex isolated from banana crowns. Moreover,amaica, a high disease incidence was
found to be correlated with periods during the yeden temperatures were highest (87),
whereas in the Windward Islands, incidence was rtedoto be highest during the rainy
period (61). These spatiotemporal fluctuationsefthe variations in the banana fruit quality
potential that depends both on a parasitic andiploggcal component (Fig. 2).

2.3.1. Parasitic component of the fruit quality potential

In crown rot, the parasitic component reflects &leof crown contamination by the
fungal complex, as well as the pathogenicity of tomplex.

2.3.1.1. Etiology of crown rot and pathogenicity of the fungl complex

Crown rot is the result of the activity of a fungamplex. The microorganisms most
commonly isolated in crown rot areéMusicilium theobromae Colletotrichum musae,
Ceratocystis paradoxd,asiodoplodia theobroma&ligrosporasphaerica Cladosporiunsp.,
Acremoniumsp., Penicillium sp. andAspergillus sp., as well as manyusarium spp.,
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includingF. semitectunF. verticillioides, F. sporotrichoides, F. oxysponyandF. solani(9,
39, 41, 51, 64, 66, 71, 76, 85, 96, 97).

Several organisms may be involved in disease dpuetat. Moreover, disease severity
and the nature of the complex may vary substaptiglépending on the production area
(Table 1) and season. Lukezic and Kaiser (63) sHotat fungal populations may differ
between banana plants and even between crowns.

Fungi of the complex do not all have the same gahwity and variations have been
reported between regions (Table 1). Knight (58) stered thatF. oxysporum,F.
verticillioides and F. graminearum which have been isolated frequently from crowiis o
Windward Island bananas, are primary pathogensyealé. theobromae, M. theobromae,
and N. sphaericaare considered to be relatively nonpathogenic sged\ccording to the
findings of Marinet al. (66) in Costa-Ricak-. verticillioidesand F. semitectunare the most
pathogenic species. According to Griffee (40), musae, L. theobroma€, paradoxa, F.
semitectumand F. graminearumare major pathogens involved in this disease. Hewev
many authors agree on the strong pathogenici@.ahusaewhich may trigger an infection
from a very small amount of inoculum (34, 39, 62, 85). Other pathogens require larger
amounts of inocula to induce crown rot symptoms 48 59, 60, 62).

A wide range of fungal complex compositions haveerbenoted in natural
contaminations. The nature of this composition, specific pathogenicity of the different
microorganisms involved as well as interactions agnthem may even alter the pathogenicity
of the complexC. musaewvas more pathogenic when it was inoculated albae twhen it
was coinoculated with other species (62); howevarthony et al. (9) found thatL.
theobromae, F. VerticillioideandC. musaeavere more highly pathogenic when coinoculated
than when they were inoculated separately.

The respective roles of the different species ¢batd belong to the fungal complex has
been thoroughly studied, whereas little informatiisn available on the antagonistic or
synergistic relationships among these differentigse It is essential to gain greater insight
into these interactions so in order to better attarese the pathogenicity of the fungal
complex.
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2.3.1.2. Factors influencing the level of crown contaminatia by the fungal complex

Very little information is available on the epideagy of crown rot. The fact that the
characteristics of each species involved in theatiscomplex differ complicates studies on
the infection cycle. There are nevertheless somergéfeatures. Badger (11) showed that the
relative humidity generally has to be over 86% @ermination of conidia of most fungi
involved in the complex. In banana plantationss throup of fungal species sporulates
abundantly on all putrescent organs such as |§@8:88), floral parts (2, 28), and bracts (26,
63). C. musaeand somd-usariumspecies are primary colonizers of decomposingele469)
and floral parts (26). Banana contamination by ep@fC. musaeand varioug-usariumspp.
mainly occurs during the first 40 days followingnohh emergence, and these are gradually
replaced by another fungal complex (28). Sporesoafe species such @slletotrichumspp.
are mainly disseminated by rainwater (26, 28, @whgreas others are airborne (63).

The fungusC. musaewhich is also a causal agent of anthracnosebledtas quiescent
infections in the field during the first month folling banana flowering (26). These quiescent
infections could also contribute to the onset ofaar rot if the pathogen has an opportunity to
colonize the crown region (42); however, for thieestpathogens, even though field infections
cannot be excluded, infections mainly occur dutiagvest and when clusters are trimmed
from bunches (70). Contamination generally takeacel when hands are cut with a
contaminated knife (35, 39, 94, 96), or when chisstge cleaned with contaminated washing
water (86). At harvest, the fruits and senesceméflorgans bear high quantities of spores that
could potentially contaminate the crowns. Someneté spores could be removed by washing
and then accumulate in the washing water (91),embihers, such &. musaeappressoria,
may adhere tightly to the fruit surface (84). Thashing tanks are the main source of inocula
according to Shillingford (86). After the bananasters are dipped in the washing water, the
spores can penetrate a few millimetres into thewlas vessels of the crown, and disease is
then hard to control with a fungicide spray treatt@3). Green and Goos (39) showed that a
suspension o€. musaespores could penetrate 5—7 mm into the crown ssuthin only 3
min. The crowns may also be contaminated by aidapores before the fruit are placed in
boxes in the packing station. The risk is espgciblgh when the facilities are dirty or if
debris (pistils, stalks and fruits) is piled up rmBa Conidia can survive for several months
under extreme temperature and humidity conditiafere germination (70).
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2.3.2. Physiological component of the fruit quality potenial

The physiological component refers to the levelfraft susceptibility to crown rot,
which reflects the physiological state of the fraid is dependent on agrotechnical and
pedoclimatic factors during plant growth. Onlyeav studies have been conducted on factors
influencing the level of banana susceptibility town rot. In Guadeloupian conditions, it was
shown that marked variations in fruit susceptipilibuld occur at the same production site
over a period of 10 successive weeks (62). Vanatim crown rot susceptibility between
different Guadeloupian production areas duringdhime period have also been observed (L.
Lassois, unpublished).

Fruit age as expressed in accumulated degree day58)also seems to affect crown
rot development. An intra-bunch banana crown rosceptibility gradient has been
documented. Clusters growing on the first hands dunch, which are, on average, 70 dd
more advanced than the hands initiated last (549, raore susceptible than clusters
developing on the last hands (L. Lassois, H. Bassia, M. Chillet, M.H. Jijakli, A. Jullien,
and L. de Lapeyre de Bellaire, unpublished). Moezpa linear relationship between fruit age
(in dd) and the susceptibility of the fruit to cnowot was reported, with the oldest fruit being
most susceptible to this disease (36).

Some agricultural practices have a bearing on croawrdevelopment. Modifying the
source-sink ratio by trimming leaves and hands (/heaves are considered as sources and
fruits as sinks) may induce variations in fruit sgstibility. Severe bunch trimming leads to a
sharp drop in banana crown rot susceptibility when bananas are harvested at a constant
physiological age of 900 dd (L. Lassois, H. Bastgm M. Chillet, M.H. Jijakli, A. Jullien,
and L. de Lapeyre de Bellaire, unpublished).

The mechanisms underlying variations in fruit crowmh susceptibility have yet to be
investigated. The plant mineral status has an teffec banana susceptibility to various
diseases (18, 45). Preformed fungitoxic polyphenadimpounds could be involved in banana
resistance to post-harvest diseases (1, 4, 19742,Nevertheless, all factors potentially
involved in plant resistance mechanisms could Fevenpact on the level of banana crown
rot susceptibility. Plants are equipped with aeseof defense mechanisms controlled through
the expression of different genes. Genes govemiasgrved susceptibility variations could be
identified by assessing differences in gene exmedsetween bananas with different levels
of susceptibility. Studies are currently under viaydentify the underlying mechanisms and
key genetic factors involved in crown rot susceptyb variations using a differential
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expression analysis technique (L. Lassois, P. ikgett, L. de Lapeyre de Bellaire, P.
Lepoivre and H. Jijakli, unpublished).

2.4. Crown rot control methods

Banana crown rot, like other storage diseasesahasspecially detrimental impact on
export produce. A routine postharvest treatment wifungicide is the main method currently
used to control this disease. Problems may, howergse from differences in fungicide
efficacy associated with the level of susceptipitif the fruit to crown rot or of the pathogens
to the different fungicides. Finally, discharge fifngicidal slurries can also lead to
environmental pollution, and residues of fungicideay subsequently be detected in the
marketed bananas. Research focused on alternatimeh@mical control methods is of
considerable interest in the current increasingighibitive social and legal setting. It is
essential to implement sound integrated contrategies throughout the commodity chain
considering the complexity of the disease and tfiiewlty of its control (33, 91).

2.4.1. Field control methods

We have a set of methods that can usually be ingiiéed in an integrated way to
achieve efficient crown rot control (Fig. 2). Them® mainly preventive measures aimed at
limiting fungal contamination of bananas in thddie

2.4.1.1. Sanitation of banana plantations

Most species involved in the fungadbmplex are saprophytes that occur on senescent
banana organs, especially on decomposing leavegs (@8 leaves present in the banana
plantation may harbour inocula that could be respma for severe contamination of bananas
by this fungalcomplex (90). The inoculum pressure, and thus theade development rate,
may be reduced through regular elimination of ses@sleaves around the fruit (91). Banana
floral parts are also inoculum sources, especfallyC. musaeand severaFusariumspecies
(28). In light of the potential role of bunch stal@ntamination in the development of crown
rot (35), early elimination of flower parts in thield is also essential for reducing bunch
contamination by the pathogens (26).

2.4.1.2. Plastic sleeving to protect bananas

No accurate studies have been carried out to adsegdspact of sleeving on the crown
rot development rate. It is nevertheless known thaich sleeving (Fig. 3) with perforated
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plastic film protects bunches from fungal contarhorg thus especially curbing the
development of pitting disease (44) and speckliisgate (52). Moreover, it has been shown
that sleeving can reduce contamination of banamzh®s byC. musaeby over 80% (26).
These findings suggest that sleeving direptiguces crown contamination in the field, or that
sleeved fruits release fewer spores in washingndateng packing operations.

Packing
station

+ Deflowering?
(~ Mobi‘J?bunEhhanqig_q

ﬁ Dehanding ﬂ

[ Delatexing bath

ﬂ Clustering ﬂ

Washingbath (At least 20 min) J

C Fungicide treatment

a

Harnvesiing

Labelling colourand
deflowering

i I | Ripening -n-1 ’ Coaling
. ;E : ; rooms Ql fransport

<::|

Field level

Fig. 3: Successive operations carried out from théeld to the banana marketing stage?: deflowering is
done in the packing station when it has not been de in the field.

2.4.1.3. Controlling the banana harvest stage

Bananas are exported when they have grown to a eoomh grade specified by
European regulations (Commission Regulation (EC) 22867/94 of 16 September 1994,
setting quality standards for bananas) and madaiirements. However, bananas should be
harvested at an age that will ensure a sufficienservation. It has also been shown that the
best estimator of fruit shelf life is physiologicabe, expressed as a sum of accumulated
temperatures from flowering to harvest rather tiardays (53). It was shown that the
physiological age of bananas (expressed in ddahaspact on crown rot susceptibility (36).
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The fruit physiological age should thus be takdn sccount at harvest. Some practices
such as field trimming of false hands, some truadbamale buds and external fruits of hands
can accelerate the fruit pulp filling rate. Thesagtices can thus reduce the physiological age
that bananas need at harvest to enable them th eeaafficient commercial grade (61, L.
Lassois, H. Bastiaanse, M. Chillet, M.H. Jijakli, Bullien and L. de Lapeyre de Bellaire,
unpublished).

2.4.1.4. Genetic control

The range of varieties grown for dessert bananaréxp very narrow as all clones
belong to the Cavendish subgroup (12). Moreoveseding is complicated because triploid
banana varieties are generally sterile. In the, fi@stana genetic improvement programs were
mainly focused on obtaining varieties resistanigatoka and Panama diseases. Resistance
to crown rot of improved varieties has not beensabered in any breeding programs to date.

According to Marinet al. (66), FHIA-01 and FHIA-02, two hybrids produced the
FHIA breeding program, are partially resistant town rot. Conversely, Perez Vicente and
Hernandez (79) consider that these two varietiesyare susceptible to crown rot caused by
F. semitectumand C. musaeas compared with Cavendish varieties. Accordinghtese
authors, only FHIA-23 is more resistant to crown tfttan Grande-Naine. Finally, the first
FHIA hybrids were introduced in the late 1980s, tnatir characteristics differ from those of
Cavendish bananas and consumers have shown thtdeest in them, thus limiting their
distribution.

2.4.2. Postharvest control methods

2.4.2.1. Chemical control

Routine post-harvest fungicide treatment is still the meficient crown rot control
method. This strategy was introduced in the laté0%9with the discoveryf systemic
benzimidazole derivative fungicides (thiabendazatel benomyl). They are classified as
antimitotic compounds. Gradually, other fungicidleat inhibit ergosterol biosynthesis, such
as imazalil and bitertanol, were also introduce8, (37). The application methods vary
markedly: dipping, spraying (Fig. 3), cascade tremtt, etc., but in every case the bananas
must be thoroughly wetted to ensure the fungicidatinent efficacy (29, 50). Alum is often
combined with fungicide slurries to neutralise Xatesidue remaining on crowns when the
bananas are removed from the washing bath (73)eWeny this mixture seems to have a
negative impact on the performance of some aatigeedients such as thiabendazole (50). The
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time between crown trimming and fungicide appli@atis critical. Crown rot severity seems to
increase when fungicidgpplication is delayed (39). Bananas are nevedbelsually treated in
time in packing stations, i.e. just after they aenoved from the washing bath. Problems
concerning the development of resistant strains ruwdge with this practice. Postharvest
fungicides generally have the same mode of actothase sprayed in the field to control
Sigatoka diseas€. musaestrains resistant to thiabendazole, and genet@liil antimitotic
compounds, have been detected in many banana-pmgdocuntries (27, 46, 51, 61). In
Guadeloupe, it has been shown that thiabendazsigtaatC. musaestrains developed after
exclusive foliar applications of benomyl over a ade (1972-1982) for Sigatoka Disease
control (27). Postharvest use of chemicals could ultimabelyrohibited because the number
of active substances registered for postharvesitnient has been reduced by current
regulations, and legislation is becoming incredgingstrictive. Moreover, the efficacy of
intensive fungicide treatments is not always adefjua some areas where very few resistant
strains are present, the efficacy of fungicidegpfastharvest disease control was found to vary
substantially depending on season and productien @6). Finally, consumers are now highly
selective with respect to food safety concerns,demdand is increasing for produce that has not
undergone any postharvest chemical treatments.rnalige non-fungicide solutions are
therefore being sought.

2.4.2.2. Preventive measures in packing stations
Deflowering in packing stations

Deflowering (Fig. 3) involves the removal of allbfll parts that could potentially
harbour inocula before the dehanding operation. Wthe floral parts have not been removed
in the field, deflowering is done in the packingtgin before bunch trimming, thus reducing
the risk of contamination of the different washbmghs (61, 85).

Packing station water quality

Fruit dehanding is a risky operation because tkaltreg wound is the main portal for
infection by crown rot pathogens. Contaminatiocr@iwvns when the bananas are processed in
the dehanding tanks and then in the washing tanlskey step in the crown-rot development
process (Fig. 3). Spore accumulation in the waaer lme reduced by regularly changing the
washing water in the washing and delatexing ba@t$ (Fig. 3). These baths can host a high
guantity of spores, mainlifusariumsp. andVerticillum sp, that detach from the peel surface
(86), whereasC. musaeconidia are less often found (85). Care shouldidken to avoid
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contaminating the baths with plant delpsstils, leaves, trimming waste, etc.) and theewat
should be regularly refreshed.

It is also recommended that the bath water beddeatth active chlorine (10, 33, 91) or
guaternary ammonium disinfectants in order to hampatamination (86), but the efficacy of
this disinfection procedure is controversial (33).9The chlorine concentration should be
regularly adjusted to offset the high observed desby volatilization or through redox
reactions with latex or other organic matter in weshing baths (86). It is especially hard to
maintain the bath water quality when the wateresirculatedin a closed system. In such
situations, latex contamination gradually increasdhe tanks, so it is hard to control the water
quality simply through chlorine treatment. Noteoatisat, due to changes in market standards, it
is important to reduce health risks associated thighdevelopment of human pathogens in the
washing baths.

Packing station sanitation

Protective measures implemented in the packingstate aimed at keeping the crowns
of freshly trimmed bananas away from all inoculuourses. To ensure efficient crown rot
control, it is thus essential to keep the packiiagia and the adjoining facilities clean. Waste
(stalks, low-grade fruit, etc.) located in the wity of the banana packing area, which could
contaminate the air in the station, must be eliteithg35, 61). It has been shown that trimming
clusters in a clean environment rather than infigld can reduce the crown rot incidence by
50% (35).

The fruits should also be cleaned before beingntah from the bunch. A contaminated
trimming knife could spread inocula from the ped#bithe crown tissues (64). This may be
avoided by washing the bunches in lightly chlosatvater before they are trimmed into
clusters (61).

2.4.2.3. Banana and crown trimming

Bananas should be trimmed with a clean stainless lade. Finlay and Brow{34)
showed that roughly trimming the crowns, or rippihgm off the hands, significantly increased
the level of fruit contamination. Tissue fragments the surface of the crowns dry out and
quickly become senescent, thus providing an idgalfer rot development (34). Moreover,
banana trimming knife tips are rounded to avoidapanfruit wounds (61). It is also important
to cut wide crown sections containing as much crogsue as possible, a technique that seems
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to enhance crown resistance to rot and seldom keatlee spread of rot into the fruit pedicels
(73).

2.4.2.4. Banana storage techniques

The temperature, relative humidity and atmospher@mmposition are the main
environmental factors that impact storage diseaseldpment.These factors may directly
affect the biology of the pathogens, but they dan have an indirect effect by slowing down
the fruit metabolism. These environmental paramsetan thus be modified, especially to
extend the banana greenlife. The greenlife reptegha period between the fruit harvest and
the beginning of the climacteric phase and seentsta prime factor in the development of
storage diseases since a direct relationship haes heted between the degree of banana
ripeness and susceptibility to disease (73). resistance also seems to decrease at the onset of
the ripening process. It is therefore crucial teefidly manage these factors to ensure efficient
banana crown rot control (61).

Storage temperature

One way to slow down the banana metabolism, argltthdelay crown rot development,
is to refrigerate the fruit in boxes at the lowpsssible temperature without changing fruit
physiology. Cooling should be continuous throughbetshipping phase, which in turn should
be as short as possible. Containers designed fatime shipping of bananas are climate
controlled at 13-14 °C, because temperatures b2bWAC are detrimental to fruit quality (73).
Fungal growth is slowed down at 13 °C (34), whisha good tradeoff with respect to
preserving the bananas and hampering fungal cabaiz of the crowns. However, this is
much lower than the optimal temperatures for geatnom and growth of fungi responsible
for crown rot, but it is not low enough to slow dowhe activity of these fungi, which can
take place within a broad temperature range, i.e0 86 °C (90). As a result, crown rot
incidence and severity are higher in bananas edpogemperatures over 16°C (91).

Relative humidity

Although most pathogens require a high relative iditynfor their in vitro development
(11), bananas are less susceptible to crown ragruhdse conditions. A high relative humidity
seems to hinder transpiratory water loss from thé, fwhich is essential to ensure a long
greenlife. Indeed, banana greenlife is markedlyuced under low relative humidity
atmospheric conditions (30 to 40%) as a resultloflene production from the fruit peel (77).
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The senescence of banana crown tissues, whicimikicive to crown rot development, can be
hampered by maintaining their turgidity (73).

Atmosphere composition

The composition of the atmosphere around banan@sgdshipping can be manipulated
to slow down metabolic activity. Modified atmospeer(MA) can be achieved by packing
bananas in sealed plastic bags (polybags), andodledt atmospheres (CA) are obtained by
injecting nitrogen in the storage rooms. It was vamathat crown rot can be partially
controlled by packing bananas in MA (H. Bastiaahseje Lapeyre de Bellaire, L. Lassolis,
C. Misson, and M. H. Jijakli, unpublished). For Mthe balance of an atmosphere with a
lower G, and a higher C&Ocontent depends on the extent of fruit respirati@y permeability,
and the composition of the air outside the bag. (¥ Q and CQ contents generally range
from 1 to 10% and 2 to 14%, respectively, dependingthe quality and thickness of the
plastic packaging (67, 95). This modification inetlyas composition reduces the fruit
respiratory intensity and hampers endogenous etbysynthesis, which can considerably
increase the length of the preclimacteric phase. &89 inhibits the metabolism of some
pathogenic agents. These plastic bags must alsoahigh mechanical strength because even
small punctures will upset the MA (16).

High CO, (>15%) and low @ (<1%) levels are toxic to many fungi (3, 38).
Unfortunately, bananas cannot be stored under tbesditions because major alterations
generally occur during ripening when the atmosgh€®; level is above 7 to 12% or when
the Qlevel is below 1 to 2% (22, 95, 100).

Another way to modify gas exchange is to coat thel with a wax composed of
sucrose esters combined with cellulose or fattgsacihis wax blocks the stomatal pores, thus
reducing gas exchange (14). The fruits have higlkemeability to C@Qthan to @, and wax
coatings accentuate this difference. This leads gabstantial decrease in the fruit internal O
content without increasing the G@o an excessively high level, thus creating aralide
atmosphere for preserving bananas without alteraifh3).
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2.4.2.5. Physical control methods
Hot water treatments

Hot water treatments destroy the pathogens (15)namdify the fruit environment by
activating antimicrobial compounds in the peel (2 Costa and Erabadupitiya (24) showed
that the optimal temperature and exposure timedatrolling crown rot was 50 °C for 3 min.
Higher temperatures lead to pale fruit, and exposunes of over 5 min reduce Brix values
(24) and damage the fruit peel (104)20 min longer treatment at a temperature undet 4%
effective for controllingC. paradoxawith the percentage of infected bananas decrefsiny
100% to less than 15% (83). However, commercids tes naturally infected fruit have not
achieved crown rot control, and ripening delaysehalso been noted. There has been no
commercial adaptation of this technique to dateepkin other tropical fruits such as papaya
(21, 75) and mango (20, 92). Hot water treatmerstgehalso been combined with the
application of antagonistic bacteria in order tor@ase the biological control efficacy (24).

UV and gamma radiation treatment

Ultraviolet light (UV) treatments have consideralpletential for fruit and vegetable
post-harvest diseases control. Stevenal. (93) discussed the possibility of inducing apple
resistance t&olletotrichum gloeosporioidethrough UV-C treatments. In bananas, however,
the peel seems to be too sensitive to UV for tleeaighis technique for postharvest control
of some pathogens of the complex [(Bemusae(49).

Kanapathipillaiet al. (55) pointed out that gamma ray treatment (38 atil kGy)
inhibited spore germination, the formation &. musae appressoria, and all fungal
development on the surface of fruit pieces. Howetleese authors did not investigate the
effects of gamma rays on whole fruit, or on th@mplex components. Although dosages of
around 0.5 kGy can extend banana greenlife (67, M@jriott and Palmer (67) noted that
irradiation can alter the banana peel; the maxirdose tolerated by the fruits is likely around
0.5 kGy (99). Finally, the development of posthatviuit irradiation has been hampered
especially by the high cost of such treatmentsthanl low consumer acceptance (99).

2.4.2.6. Biological control

Postharvest biological control is very promisingdngse the crown rot infection site on
the fruit is limited, the environmental conditiotigring storage are clearly defined and stable,
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and bananas have a high added value (48). Thegeduhany studies have suggested that the
use of microorganisms such as fungi, bacteria arabtg could provide partial crown rot
control (7, 24, 25, 32, 43, 60, 62, 80, 98). It ladso been shown that biological control
efficacy increases with the antagonistic agent eotration and with the incubation time
between the application of the antagonist and croamtamination by the fungal complex
(62, 80). Antagonists can be used to significamédguce lesions induced by the fungal
complex that causes crown rot, but the controtaty is limited and variable (62). This type
of control, when used alone, cannot provide totawa rot control, and so should be
combined with other control tactics such as calciadditives and MA packaging (H.
Bastiaanse, L. de Lapeyre de Bellaire, L. Lassbidvlisson, and M. H. Jijakli, unpublished ).

The impact of several natural substances or nohstint fungicides, such as
preparations of calcium, plant extracts or orgaauitls, on crown rot development has also
been evaluatedAllium sativumextracts (61), and essential oils@hnamomum zeylanicym
Syzygium aromaticuti®1, 82),Cymbopogon nardusindOcimum basilicun{9) have also been
found to have fungicidal activity. Wiet al. (101) showed that cinnamon extracts reduced
crown rot, increased greenlife, and had no negafifeets on postharvest banana quality. These
plant extracts have fungistatic and fungitoxic \atti and inhibit conidial germination and
mycelial growth of C. musae, Fusariunspp., andL. theobromae However, cases of
phytotoxicity have been reported and the levelasftol provided by these natural substances
is not sufficient to meet market requirements. Tike of antioxidants (56) and organic salts
(5), sometimes combined with surfactants (8), dan anhance crown rot control. Finally,
treatments with Biocto 6 (seed extract from citrasmbined with a wax-based additive
(Verdiol), was found to provide the same level @fven rot control as fungicide treatments of
export bananas (30).

2.5. Conclusion

Crown rot studies and control are especially complecause of the observed diversity
and variability in the composition and pathogegicitf the complex involved in the
development of this disease. The broad range dilglessituations complicates studies on both
the parasitic and physiologic components of fruialgy. Further studies are thus required to
gain better insight into this disease, especiatigeslittie documentation is available on certain
aspects such as the epidemiology of crown ros &iso very important to enhance the overall
understanding of banana physiological mechanisr@vied in the induction of fruit resistance
to crown rot pathogens with the aim of improvingtcol.
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There is considerable growing interest in altewgatmethods to reduce or even
completely eliminate fungicide treatments. To bkcieint, these alternative control methods
should not be too specific considering the broadcspm of pathogens involved in the
complex. No alternative methods to chemical contod currently efficient enough by
themselves to match the efficacy of fungicide tremits. However, the results of some
experimental trials have shown that crown rot aatnaly be managed by combining different
nonchemical control methods. Crown rot researchilshenhance the overall understanding of
this disease and thus lead to the development effactive integrated control strategy.
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3. Contributions of molecular biology to understanding the
mechanisms involved in variation of banana suscefility to
crown rot disease

3.1. Introduction

Biological responses of fruits, and notably physgatal changes and susceptibility to
fungi, are controlled and regulated by the expogssi certain genes associated with specific
metabolic pathways. Although the genome is idehiitaevery cell of an organism, genes
may be expressed differently over time (developrstee-specific expression), in space
(cell-type-specific expression), and according e state of the fruit (which may be, for
example, more or less susceptible to a diseasa).v@y to understand the phenomena and
reactions involved in variation of banana suscdptiio crown rot disease in relation to the
physiological state of the fruit at harvest is dentify genes involved in these processes via
the study of their expression. Transcriptomic asialys an important tool for evaluating gene
expression. Both molecular biology and genetic megjiing have spawned a wide range of
techniques for studying the differential expressobrgenes in a given tissue on the basis of
transcript levels.

3.2. cDNA-AFLP analysis
3.2.1. Introduction

CDNA-AFLP derives from AFLP (amplified fragment gth polymorphism) analysis,
based on PCR amplification and developed by ¥bsal. (1995) primarily for mapping
genomic DNA. AFLP was adapted for analysis of mRMx@els in plants, and cDNA-AFLP
was first described by Bacheshal. (1996). Since its introduction in 1996, this teiciue has
become a reference tool for the study of diffegeadpressed genes (Bottehal, 2008). The
technique consists in using RT-PCR to compare mRidpulations produced by different
populations of cells. This wide-range screeningreasaled differential transcription of genes
whose function isa priori" unknown, by comparison of the transcriptomesiwiilar cells or
tissues (Bacherat al. 1998; Bachenet al. 2001; Van der Biezeat al. 2000; Durrantt al,
2000).

3.2.2. Principle

After reverse transcription of the mRNA, the symsiked double-stranded cDNA is
digested by a pair of restriction enzymes, one witltbasepair recognition site and one with
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a 6-basepair recognition site. The ends of thestigefragments are then ligated to specific
adapters. All digested, ligated cDNAs are amplifieith a pair of primers, one hybridizing
with each adapter. This step, called pre-amplitbicatyields many different fragments that
cannot be separated on a polyacrylamide gel. A nskamplification, called selective
amplification, is performed with selective primeasntaining, in addition to the sequence of
the adapter, one, two, or three additional baseshat3' end and allowing selective
amplification of cDNA fragments with complementasy nucleotides. Thus, only a sub-
population of fragments, separated on a polyacnglargel, are amplified. Radiolabeling of
one of the two primers used makes it possiblegoalize the fragments by autoradiography.

Reverse transcription (ss cDNA)

cDNA | | —
trict
EcoRl  Msel EcoRI ‘L Msel Ml — enezsyrr;ce;on
Digestion |[aaml = |
) ¢ ¢ ¢ ¢ ¢ Ligation of
o o . adaptators
Ligation ? % 7 1L T 7 7 |
X E 5L X X

Pre-amplification [ \
| ———
4

Selective gy v -

amplification [ —— —=ZC-_°™=

—> - Selection of
interest fragments

Figure 1 : Schematic representation of the cDNA-AFP applied with Eco Rl and Mse | like restriction
enzymes and radiolabelled with**P. The digestion of cDNA by Eco RI and Mse | and # adaptator
ligation result in the generation of fragments flatked by (i) identical adaptators and by (ii) non-idatical
adaptators. Fragments that are flanked by identicaladaptators are excluded from further amplification
due the formation of a hairpin structure.

3.2.3. Advantages

The cDNA-AFLP method does not require prior segeenformation and can thus be
used with any biological system, especially whenogeic resources are lacking (Bachei
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al., 1996 ; Dittet al, 2001). Secondly, the technique allows identifaratof new genes
(Botton et al, 2008; Cappellet al, 2007; Ramonell and Somerville, 2002; Reijatsal,
2003). These features are particularly interestberause the factors responsible for
guantitative variation of symptoms in the case ahpatible interactions linked to infection
are still poorly understood and most likely remdo be discovered. More than two
populations of MRNAs can be compared simultaneowsig by using all combinations of
specific primers, the cDNA-AFLP makes it possibfe principle to amplify all cDNAs
(Donsonet al, 2002). Its reproducibility is very high (Campatast al. 2001; Lassoi®t al,
2009; Matz and Luckyanov, 1998), having been egéthaat 100% (Khun, 2001). Its
sensitivity is comparable to that obtained with m&rays (Reijangt al, 2003), allowing
detection of transcripts present in very low qusntDecorosiet al, 2005; Lievenset al,
2001; Ramonell and Somerville, 2002; Reijatsal, 2003; Savelkoul, 1999) and even of
transcripts that are considered rare (Fukuneticd. 2003). Bachenet al. (1998) evaluated the
sensitivity of cDNA-AFLP at one copy of mMRNA perllcén addition, the expression profiles
obtained correlate well with those obtained by Nemb blotting (Albertiniet al, 2004;
Bachemet al. 1996; Breyneet al, 2003; Cnuddet al, 2003; Donsoret al, 2002; Durranet
al. 2000, Jone®t al, 2000). The false positive rate is low, lower thamh other similar
techniques such as differential display (Matz andkdyanov 1998, Kuhn, 2001; Campalats
al., 2001). Moreover, cDNA-AFLP analysis requires oalywery small amount of sample
(Cappelli, 2005) and allows discrimination of hoogus genes (Decorosi al, 2005). As
its cost is low and it does not require specificdiare, it is affordable for smaller
laboratories (Ramonell and Somerville, 2002).

3.2.4. Disadvantages

Despite its many advantages, cDNA-AFLP analysis dndsw disadvantages. Firstly,
the interpretation of results can be complicatedheyfact that a single initial mMRNA can give
rise to amplification of several fragments (Matd dmckyanov, 1998; Lorkowski and Cullen,
2004). Secondly, as it is tedious to use all prim@mbinations, cDNA-AFLP is generally
performed with only a few primer pairs. Thus, cDNthat doe not have the restriction sites
recognized by the enzymes used are not analyzethdymethod (Habwet al, 1997;
Lorkowski and Cullen, 2004). In addition, inform@ti on differently expressed genes is
limited to bands that are sequenced, and the tgabrdoes not provide quantitative data on
the abundance of transcripts (Ramonell and SonenaD02). Since cDNA-AFLP analysis
requires radiolabeling PCR primers, safety precagtimust be taken and the work must be
carried out in a laboratory accredited for work hwradioisotopes (Decorosit al, 2005).
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Finally, a weakness of the technique lies in thesgmlity of obtaining false positives due to
co-isolation of sequences of the same size asrdwgment of interest. This is why it is
imperative to confirm the results obtained by meairsn independent technique such as real-
time RT-PCR.

3.2.5. Application of the method

The cDNA-AFLP technique and its application to ptamwere first described by
Bachemet al. (1996), who analyzed the differential expressidngenes inSolanum
tuberosum in vitrduberization systems. Other authors subsequepgliyesl the cDNA-AFLP
analysis to the same model (Trindazteal, 2003, Trindadeet al, 2004) and since then, the
technique has been applied to many other modelsngmwhich cotton plants (Mat al,
2007), apple (Yaet al, 2007), rice (Akihiroet al, 2006),Arabidopsis thaliangde Diegoet
al., 2006), and sugarcane (Borras-Hida¢gal, 2005) are just a few examples. The technique
has revealed interesting parallels between theorsgs of plants to pathogens and
environmental constraints and the expression oégéhat establish these responses étin
al., 2003, Zhenget al, 2009; Ramonell and Somerville, 2002; Simoes-Araatjal, 2002;
Nimbalkaret al, 2006; Dittet al, 2001; Dittet al, 2005; Cheret al, 2003). cDNA-AFLP
analysis has also been applied to other modelsld®glants: to mammals such as horses
(Cappelliet al, 2005; Capellet al, 2007), rats (Fukudet al, 1999), dogs (Vandepet al,
2005), and humans (Egest al, 2006), but and also to fungi (Avroed al, 2003; Bottoret
al. , 2008), yeast (Massart and Jijakli, 2006; Reijanhal, 2003), bacteria (Decorost al,
2005; Dellagiet al, 2000), and nematodes (hal, 2000).

3.3. High-throughput sequencing for transcriptomics

Recently developed high-throughput sequencing (HE8hnology has made possible
powerful strategies for comprehensively interraggucleic-acid-based information in a cell
at unparalleled resolution and depth (@ual, 2009; Listeret al, 2009). The availability of
relatively low-cost sequencing techniques rapidhpdoicing huge amounts of sequence
information has triggered a paradigm shift in germmsniListeret al, 2009). The diversity of
applications to which such techniques have beefhegpgemonstrates the immense range of
cell processes and properties that can now beestudisingle-base resolution. Transcriptome
sequencing is among these applications, as higlughwput sequencing has become a real
alternative to other classical techniques for stuglythe transcriptome. It offers many
advantages: quantitative detection of messengeatgeciion of rare transcripts and small
RNAs, and noa priori dependence on annotation of the genome. This aplprthus offers
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the plant biologist unprecedented opportunitieprtube the functions and dynamics of plant
cells and populations. Currently and in plannintufe research, these techniques cannot be
ignored. They will notably make it possible to abtanformation that will help to elucidate
plant responses to pathogen attack.
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As show in figure 1 hereafter, crown rot developtresncommercial level depends on
several post-harvest factors. The first researomesrown rot focused on (i) the etiology of
this disease, especially on the identificationhed most pathogenic fungal species involved,;
and (ii) on post-harvest control methods, mainlgraical. Nevertheless, these researches did
not provide neither a good understanding of the tnoe®ducive conditions for disease
expression, nor a perfect control of this disedasalspatio-temporal scales. Variations were
observed in the expression of crown rot symptom®rwpost-harvest conditions were
assumed to have been reasonably constant, althwatghctively controlled (Griffee, 1976;
Lukezicet al, 1967; Shillingford, 1978).

We suggest a new, interesting and original appraactonsider the crown rot post-
harvest development. It consists to present a quadity potential at harvest as a key factor in
crown rot development (Lassas al, accepted) (chapter 1.2). This potential devethping
growth of bananas in the field and depends on a&iplogical and a parasitical component
which both are function on agro-technical and peliloatic factors of the crop production
area.

The parasitic component reflects both a level ofmer contamination by the parasitic
complex and the pathogenicity of this parasitic ptan.

The physiological component refers here to thellef/&uit susceptibility to crown rot.
This level of banana crown rot susceptibility reffethe physiological state of the fruit. Yet
little is known about the influence of the fruit y#ological component in post-harvest
development of the disease and on the pre-haraetdr§ influencing the level of banana
susceptibility to crown rot. Although pedo-climationditions and agro-technical factors are
known to influence the development of this postrhat disease (Krauss and Johanson, 2000;
Lukezicet al. 1967; Shillingford, 1978), there are few studiegihg such fluctuations to the
field susceptibility level (Lassoiset al, 2008). In addition, the cellular mechanisms and
genetic determinants underlying the susceptibtliticrown rot disease variation are not yet
known.

The aim of this study was to clarify the role oé tfruit physiological component at
harvest in the observed crown rot disease incideagations orMusa acuminataAAA, cv
‘Grande-Naine’. To evaluate the influence of thaitfrphysiological component in post-
harvest disease development it is necessary tocawver the influence of the parasitic
component. To do this, fruit susceptibility is measl by lesion size after standardized
artificial inoculations (de Lapeyre de Bellaie¢ al, 2008). In figure 1 the general research
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outline of the study is depicted. Specific aims avérst to evaluate the influence of the fruit
physiological component at harvest on the crownpast-harvest development (chapter 3.1)
and to characterize the importance of some preesarfactors in determining fruit
susceptibility to crown rot (chapter 3.2). Thene thenetic determinants of fruiM(sa
acuminata AAA, cv ‘Grande-Naine’) susceptibility to crowrotr caused byC. musaewere
studied For this part of the work, the molecular techngjueecessary from sample
conservation to differential gene expression amaslybad to be developed, tested and
compared (chapter 4.1). The cDNA-AFLP technique agslied in order to identify the pre-
and post-infection genes differently expressed betwbananas with different levels of
susceptibility to crown rot (chapter 4.2).

Finally, in chapter 5, conclusions and perspectif@s further studies have been

formulated.
Factors affecting crown rot development during [ Research conducted ]
banana commodity channel
‘ Crown rotat commercial level ‘ Evaluation of the importance of the
---------------------------------------------------------------------- > fruit physiological component at
‘ Avrtificial fruit ripening ‘ harvest in post-harvest disease
---------------------------------------------------------------------- development

Quantification ofthe seasonal
susceptibility variation (chapter

‘ Harvestand packing station ‘ 3.1)
Evaluation of the influence of some
I --------- Harvest stage | pre-harvest factors in physiological
| Field plot ‘ componentatharvest (chapter3.2.)
Fruit quality potential .
/ Hand position onthe bunch
. \ 1 13 ] . Source-sink ratio at flowering
Pathological Physiological stage
component component

Study of the genetic determinants of
> fruitsusceptibility

Q Elaborationofnecessary
techniques (chapter4.1)

Pedo-climatic factors &9 Genesidentification (chapter 4.2)

Agro-technical factors

Figure 1: Diagram representing different key factos that arise throughout the commodity chain
concerning crown rot development at commercial stagy and research outline of the study on the
physiological component of the fruit quality potental at harvest.
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1. Temporal variation of fruit susceptibility
1.1. Introduction

As explained in the above review of the literat@danana quality build-up scheme has
been designed for the anthracnose model (ChilletcenLapeyre de Bellaire, 1996a). In the
light of the similarities between anthracnose amva rot, this scheme was transposed to the
crown rot model (Lassoist al, accepted), postulating that crown rot diseasesldgment
depends on a physiological and a parasitic comgomercrown rot disease, however, the
relative importance of the physiological and pdreai components in disease development is
unknown. Seasonal fluctuations in crown rot seyehidve been reported in situations of
natural contamination (Griffee, 1976; Lukezt al, 1967; Shillingford, 1978) and it have
been suggest that fruit susceptibility variatiomldooccur but this has never been confirmed
by detailed research conducted in controlled inmteuh situation. In the present study, fruit
susceptibility to crown rot disease was monitor@dlfl weeks in order to identify the role of
the physiological component in disease developm&stin our other experiments and to
avoid dealing with the complex parasitic componém, susceptibility level of the fruit was
measured by the size of the lesions after starmkzdtdartificial inoculations (de Lapeyre de
Bellaire et al, 2008). For the first time in crown rot disease, ave demonstrated that fruit
physiological component at harvest greatly inflieetite post-harvest crown rot development.
The results obtained are included in the followmmudplication and are presented hereafter the
way they have been published.

Lassois L., de Lapeyre de Bellaire L. and Jijakli2908.Biological control of crown
rot of bananas with Pichia anomala strain K and @ala oleophila strain O Biological
Control,45: 410-418.

1.2. Materials and methods
1.2.1. Fruit sampling and assessment of banana susceptilyl to crown rot
disease

The banana cultivar used was Grande-Naihes@ acuminatadAA, Cavendish group).
As susceptibility to some postharvest diseasesrdlspen banana physiological age (Chillet
et al, 2006), all fruits were harvested at the same iplogical age of 900°C.days according
to the method described by Ganry (1978). One dludtd bananas from either th&'ar 3¢
hand of each of 5 homogenous bunches was harvestdte morning on the day each
experiment began in order to evaluate the averageeptibility of the bananas at this harvest
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time. Thirteen experiments like this were conduaiedr 11 weeks from March to June 2003
at the CIRAD experimental station (Neufchateaulsimadeloupe, France. Assessment of rot
progression was carried out 13 days after artifiziaculation (i.e. 3 days after ethylene
treatment). The internal progression of rot froma tiginal inoculation point was determined
by cutting the crown longitudinally and measurihg ot area in the crown. This “internal
necrotic surface” (INS) was measured and expresseth?. The INS average of 5 banana
clusters was calculated for each experiment.

1.2.2. Atrtificial inoculation of crown rot agents

The clusters of 4 bananas were placed in tap i@at®0 minutes, for latex elimination,
before refreshing the crown surface with a knifeeJe cuttings were square, with regular and
clean-cut sections in order to obtain similar crewihhe crowns were surface-sterilized by
immersion in 50% ethanol. Three fungal pathogeeguently observed in the complex from
Guadeloupe were used to inoculate the clusters.elya®. musae, F. moniliformeand
Cephalosporiunsp. These pathogens had been isolated in Guadefoup different organs
of the banana plant (crown rots, floral remnantg) mlentified as being frequently involved
in the development of crown rot. They were consgrae-80°C in glycerol solution (50%).
Before use, they were grown at 25°C on Potato [BegtrAgar (PDA) (BioMérieux, Lyon,
France) for 7 to 10 days. Conidia were removedlbgding the plates with sterile distilled
water and filtered through a 40-um sieve. Conidiacentrations were determined with a
Mallassez cell. F. moniliforme Cephalosporiumsp, andC. musaewere mixed and the
respective final concentrations of these specigs W&, 1¢f, and to only 18 conidia/ml for
C. musaéddecause of its strong pathogenicity. One-hundredofitres of conidial suspension
was applied to the centre of the freshly exposeavrtissue and covered with a small filter
paper, which was withdrawn 15 minutes later. Thelusters of 4 bananas were packed in
punched polyfilms normally used in the industry agoldced in a small cardboard box
(24*23*23cm) in order to simulate commercial packimo simulate shipment, the boxes
were stored on shelves in a conditioned room €)5ah 13°C for 10 days. Then artificial
ripening was initiated by exposing the bananas ®@01ppm ethylene (Azethyl, AIR
LIQUIDE, France) for 24 h at 20°C. After strong téation they remained at 20°C for
another two days before the assessment of crown rot
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1.3. Results and discussion

As shown in Figure 1, the INS of the bananas ireted with the complex increased
regularly from 112.6 mfto 426.6 mm in the course of all experiments. These values
represent respectively 31% and 100% of the totaliarsurface.

Seasonal fluctuations in crown rot severity havenbeeported for situations of natural
contamination (Griffee, 1976; Lukeziet al, 1967; Shillingford, 1978), but the present
investigation is the first report of such fluctwais in the case of artificial contamination. The
present results confirm our postulate that the ldgwveent of crown rot at the commercial
level does not depend solely on the parasitic corapb It also depends on the physiological
state of the fruit at harvest, which determinessitsceptibility to the fungal complex. On the
other hand, the present results demonstrate tbaitisiological component is quite variable,
allowing considerable variation of disease incideacer a short period of time. In the present
work the parasitic component was constant and clbexdi; and the edaphic conditions can be
assumed to have been reasonably constant, althaoghactively controlled. Climate
variations were thus probably involved in the obedrfluctuations of fruit susceptibility to
crown rot. The mechanisms underlying the suscépyilevel are still unknown, however.

600
y = 2E-2750016x
R?=0,8029

400 b {

N
AT Y
200 T

100 \ e

INS (mm?)

Figure 1: Variation of the Internal Necrotic Surface (INS) assessed on clusters inoculated with thenfyal
complex composed byColletotrichum musae (10° conidia/ml), Fusarium moniliforme (10* conidia/ml) and
Cephalosporium sp. (1¢ conidia/ml) in the course of all experiments cared out between 06/03/03 and
22/05/03.
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2. Hand position on the bunch and source-sink ratio ifluence
the banana susceptibility to crown rot disease

It was showed there was a lack of information as®arches about the role of the fruit
physiological component that influence the fruitbjty potential at harvest. In the same way,
no information was available about the pre-harfesirs implicate in the observed variation
in susceptibility. We first tried, but without swss, to identify simultaneously parameters
that influencing the fruit susceptibility to crowat in field conditions (results not show). It
quickly became apparent that the environment-plelationships determining susceptibility
of fruit were very complex. We therefore concemdabn the study of 2 individual pre-
harvest factors. We identified that fruit positiam the bunch and source-sink ratio at
flowering stage have an impact on the fruit susbépy level.

The results obtained were accepted for publication.

Lassois L., Bastiaanse H., Chillet M., Jullien Aijakli M.H. and de Lapeyre de
Bellaire.Hand position on the bunch and source-sink ratftuence the banana susceptibility
to crown rot diseaséAnnals of Applied Biology. DOI: 10.1111/j.1744-4&82009.00381.x
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Abstract

The post-harvest development of crown rot of basahgpends notably on the fruit
susceptibility to this disease at harvest. It hesnbshown that fruit susceptibility to crown rot
is variable and it was suggested that this depemd€nvironmental pre-harvest factors.
However, little is known about the pre-harvest dastinfluencing this susceptibility. The aim
of this work was to evaluate the extent to whiglitffilling characteristics during growth and
the fruit development stage influence the banarsaeqtibility to crown rot. This involved
evaluating the influence of (i) the fruit positiahdifferent levels of the banana bunch (hands)
and (i) changing the source-sink ratio, on thatfausceptibility to crown rot. The fruit
susceptibility was determined by measuring therimatienecrotic surface (INS) after artificial
inoculation ofColletotrichum musaeA linear correlation (r = -0.95) was found betwehe
hand position on the bunch and the INS. The sosirde+atio was found to influence the
pomological characteristics of the fruits and theirsceptibility to crown rot. Fruits of
bunches from which six hands were removed (2 hamsining on the bunch) proved to be
significantly less susceptible to crown rot (IN338.3 mni) than those from bunches with 8
hands (INS = 237.9 mfh The banana susceptibility to crown rot is thilely to be
influenced by the fruit development stage andniglicharacteristics. The present results
highlight the importance of standardizing hand damgpon a bunch when testing fruit
susceptibility to crown rot. They also show thahdhaemoval in the field has advantages in
the context of integrated pest management, makipgssible to reduce fruit susceptibility to
crown rot while increasing fruit size.

Keywords: Colletotrichum musageMusasp., plant-pathogen interactions, post-harvest
disease, fruit quality.
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2.1. Introduction

Crown rot disease affects export bananas in atlymimg countries and is viewed as one
of the main post-harvest diseases of bananas. iSkasg® develops during shipping, ripening,
and storage and has a negative impact on the maaket of bananas (Slabaugh and Grove,
1982). It results from the development of seveetdtively nonspecific pathogens, but many
authors agree on the high pathogenicity Giflletotrichum musagewhich can trigger an
infection from a very small inoculum (Finlay andoBm, 1993; Lassoist al, 2008).

Geographic and seasonal variations have been motdk incidence of banana post-
harvest diseases (Chillet and de Lapeyre de Bella®96; Chilletet al, 2007; Krauss and
Johanson, 2000; Lassa$ al, 2008; Lukezicet al, 1967; Shillingford, 1978). It has been
suggested that these spatiotemporal fluctuationg mefkect variations in the banana fruit
quality potential that develops in the field andiethdetermines the post-harvest onset or
absence of diseases (Chillet and de Lapeyre deiixlll996; Lassoist al, accepted). The
guality potential comprises a physiological andagdic component, which both depend on
agro-technical factors and on soil and climate mmnent conditions (names pedo-climatic
factors).

The physiological component here refers to thd Busceptibility to crown rot. In order
to overcome the parasitic component, this susaéptitevel of the fruit is measured by the
size of lesions in standardized artificial inocidats (de Lapeyre de Bellaieg al, 2008). In
the case of anthracnose it has been shown thasftrsceptibility at harvest is a key factor in
the development of this disease and its controllig@let al, 2007; Chilletet al, 2006). Little
is known, however, about the factors influencing trenana susceptibility to crown rot.
Although pedo-climatic conditions and agro-techhifzctors are known to influence the
development of this post-harvest disease (KraudsJahanson, 2000; Lukezet al. 1967,
Shillingford, 1978), there are few studies linkisgch fluctuations to the field susceptibility
(Lassoiset al, 2008).

The aim of this work was to characterize the imgiace of some pre-harvest factors in
determining fruit susceptibility to crown rot. lragicular, we were interested in the influence
of the fruit development stage and fruit fillingazhcteristics. First we examined whether the
position of a hand in a banana bunch influencesstiseeptibility of its fruits to crown rot,
taking advantage of the fact that the hands of achudiffer as regards to both their
development stage and filling status (Julletral. 2001a). Next we evaluated how a change in
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the source-sink ratio during growth of the buncle@s fruit susceptibility to crown rot
(leaves being the source and fruit, the sink) aeraag that source-sink ratio modification
leads, among others, to changes in the rate dfffliing (Jullien et al, 2001b). The source-
sink terms are commonly used in plant characteomatl eaves were considered as source
tissues because they produce excess of assinifaile, fruits were sink organs. With respect
to metabolism, plant organs are generally divided source and sink tissues. Source tissues
like mature leaves produce excess of assimilateshwdre transported via the phloem to the
different sink tissues not able to produce thenmesebufficient amounts of assimilates.

2.2. Materials and Methods

A banana plant produces an inflorescence callaghatb Fruits on a bunch are grouped
into female and male hands arranged helicoidalby@d a central axis called the stalk. The
hand at the top of the bunch is the first to bé&ated and hands are traditionally numbered
from this one downward. Each hand can be dividéal ¢fusters consisting of several banana
fruits called fingers (Figure 1).

e Hand
V4 0 N
v _‘j\_‘.\_‘

Cluster

I0ozcCcw
A
<«

Figure 1: Organization of a banana bunch
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2.2.1. Plant material

For each performed test, homogeneous sets of balans Musa acuminatdAAA
group, Cavendish subgroup] cv Grand Nain) whichehgrown under the same agro-technical
practices were randomly selected at the Dia-Dia mergial plantation (PHP, Njombe,
Cameroon (altitude: 80 m; annual mean tempera@8e5°C; annual mean rainfall: 3500
mm). Non-systemic fungicide applications were ugsedontrol foliar diseases. The crown
tissues have never been in contact with fungicidée date of flowering was indicated by
tying a colored belt to each bunch at the horiaditiger stage in order to predict the time of
harvest. Bunches were also covered with a pladdeve at this stage. Bunches were
harvested at a constant physiological age (Juleml, 2008), i.e. when the mean daily
temperature sum accumulated by the fruit at theCl#éfreshold between flowering and
harvest reached 900 degree days (dd). Temperataresrecorded at a weather station on the
plantation. The daily average temperature (Td) vweatimated from measurements of
maximum temperature (Tmax) and minimum tempergflnan).

2.2.2. Evaluation of susceptibility to crown rot

Hands of bananas collected on the day of the expeati and transported to the
laboratory were cut into clusters of 4 fingers wiih defects. The crown surfaces were
refreshed with a knife. These cuttings were squaité, regular, clean-cut sections in order to
obtain similar crowns. Smoothly cut crowns wereaot#d with a sharp knife, leaving as
much crown tissue as possible. Latex from crowsus was dried with absorbent paper and
the crowns were surface-sterilized by submersio®Qfb ethanol. Fifty microlitres of.
musaeconidial suspension containing*lébnidia/ml was applied to the centre of the fregshl
exposed crown tissue and covered with a small plper The C. musaestrain was isolated
in Njombe, Cameroon. It is sensitive to thiabentlazmd was stored at —20°C in a glycerol
solution (30%).C. musaecultures were grown at 25°C in Mathur medium (Mg3€6.0:
2.59/l; KH,POy: 2.79/l; peptone : 1 g/l; yeast extract: 1g/l;derose: 10 g/l; agar: 15 g/l) for
10 days. Conidia were removed by flooding the glatih sterile distilled water and filtration
through a 45u sieve. Their concentrations wereraheed with a Mallassez cell. Two hours
after application of the conidial suspension, thesters were packed in punched polyfilms
normally used in the industry, placed in commerbiates, and stored at 13°C for 10 days to
simulate shipment. Artificial ripening was thentiaied by dipping the bananas for 5 seconds
in an ethrel solution (480 g/l), after which theisters remained at 20°C for another 3 days
before crown rot assessment. The internal progressi rot was determined by cutting the
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cluster crown longitudinally in two and measurimg tsurface of rot spread into the crown,
from the original inoculation point. This “internalecrotic surface” (INS), calculated by

assuming a rectangular shape, was expressed ih tamaverage value was taken as a
measure of fruit susceptibility to crown rot.

2.2.3. Intra-bunch variation of fruit susceptibility to cr own rot

From March to May 2005 and during 10 weeks, 1 bupeh week having reached
900dd was harvested (Figure 2). Hands were seplafeden the bunch to evaluate the
susceptibility to crown rot of each hand and nuratldrom 1 to 8 by order of appearance on
the bunch. Hand 1 being the first to have appeatdatie top of the bunch (Figure 1). Each
hand was then divided into 3 clusters of 4 fing@&tse susceptibility of each cluster to crown
rot was assessed as described in section 2.2.2avdrage INS values calculated for the 3
clusters of a hand were subjected to two-way cobssiged ANOVA (Hand, Bunch)
performed with Minitab software. Finally, resultser@ submitted to a linear regression

analysis.
Objectives Intra-bunph yariation of fruit Effect of modifyingthe sogrgg-sink ratio on the croren
susceptibility to crown rot susceptibility level
Vears 2005 2006 2007
Harvest periods March @ May | February @ April | May @ June
Modalities * 1 bunch per week * 5 bunches per week

On 3 clusters (4 fingers) ]
from each 8 first hands ofa On 3 clusters (4 fingers) from only theBand of each

bunch

Evaluation of

susceptibility bunch
uncl

Fruits e Length (cm)
characteristics * Grade (mm)
measured

Figure 2: Chronology and modalities of the variougests performed
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2.2.4. Effect of modifying the source-sink ratio on the cown rot susceptibility

The source-sink ratio was modified as follows dgrruit growth by removal of leaves
(L) and hands (H) at the flowering stage (horizbfiteger stage) so as to obtain the following
treatments:

12L/2H: 12 leaves and two hands (the first two #wvéh appeared on the bunch)
remaining at the flowering stage;

121L/8H: 12 leaves and eight hands (the first eighthave appeared on the bunch)
remaining at the flowering stage;

5L/2H: 5 leaves (the last to have emerged) and iands (the first two to have
appeared on the bunch) remaining at the floweriages

5L/8H: 5 leaves (the last to have emerged) andtdighds (the first eight to have
appeared on the bunch) remaining at the floweriages

An empirical source-sink ratio was also calculat&slthe banana plants with 12 leaves
and bunches of 8 hands (12L/8H) did not undergbdeaand removal, they were considered
as reference to calculate an empirical source-sitik (So-Si ratio). The empirical So-Si
ratios for the other treatments including leaf @ndh trimming were estimated with the
following formula: [(Number of leaves/number of las) for the treatment] / [(Number of
leaves/number of hands) of the reference treatment]

For example, the empirical source-sink ratio caltad for the plant with the 12L/2H
configuration was [(12/2)/(12/8)] = 4.

Five banana plants per week were selected for ed) and bunches were harvested
when the fruits had accumulated 900 dd (Juléeal, 2008). Two test series were conducted
(Figure 2): 9 successive repetitions (weeks) beatwEebruary and April 2006 and 4
successive repetitions (weeks) between May and 200@. Fruit susceptibility was assessed
on 3 clusters of 4 fingers on hand 2 of each buashdescribed in 2.2. The average INS
values calculated for the 3 clusters were subjetdegartially hierarchical mixed four-way
ANOVA (Treatment, Bunch, Week, Year), each clugteing taken as an experimental unit.
This was followed by the contrast hypothesis tgstseparate leaves and hands effects.
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In addition to assessment of fruit susceptibilggme fruit pomological characteristics
were measured. On each harvested hand 2, the $efogt) and diameters name grades (mm)
of the fruits were systematically measured. Siasibtanalysis consisted of two partially
hierarchical mixed three-way ANOVAs (Treatment, \We¥ear) carried out with Minitab
software followed by the contrast hypothesis tgstinseparate leaves and hands effects.

2.3. Results
2.3.1. Intra-bunch variation of fruit susceptibility to cr own rot

The position of fruit on the bunch was found tduehce fruit susceptibility to crown
rot very highly significantly (p <0.001) (Table 1Although very highly significant
differences were observed between bunches (week0(01), the trend was the same
whatever the bunch, as no effect of the interactiand x bunch’ was observed (p = 0.218).

Table 1: Results of a two-way crossed-mixed ANOVAhénd, bunch) on Internal Necrotic Surface (mm).

Internal Necrotic Surface

Source d.f. F-value P-value
Hand 7 17.85 <0.001
Bunch 9 6.95 <0.001
Hand * Bunch 63 1.17 0.218

A gradient of susceptibility was observed betweandh8, with an INS average of 73.6
mn?, and hand 1, with an INS average of 150.9°nfRigure 3). Hand rank is an equidistant
ordinal variable that can be compared to a qudivitavalue in the calculations. Hence, a
linear correlation was found (r = -0.95) betweea Hand position on the bunch and the 8
corresponding INS means.
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250 +

200 +

150 + O

y=-10,83x + 155,3
R?=0,910

INS (mm2)

[uny

o

o
T

50 +

0
‘ 4 5 6 7 8
|Mean 150,9 135,0 129,1 ‘ 93,7 97,1 88,8 84,7 73,6

Hands position in the bunch

Figure 3: Mean values and standard deviations of iernal necrotic surface (INS mnf) as a function of the
hand position on the bunch.

2.3.2. Effect of the source-sink ratio modification on thecrown rot susceptibility

The change in the source-sink ratio imposed dutawgering by removal of both leaves
and hands from the bunch had a highly significdfeiceé on the fruit susceptibility to crown
rot (p = 0.004) (Table 2). Although there was aduighly significant effect of the year factor
(p = 0.004), the trend was the same in both yearsause no interaction was observed
between the treatments and the years (p = 0.228)ng to analyze the results of both years
together. The fruit susceptibility to crown rot sheml a very highly significant variation
(p<0.001) from week to week within a year withoubnsequence on the preceding
conclusions.
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Table 2: Results of a partially hierarchical mixedfour-way ANOVA (Bunch, Treatment, Week, Year) on
Internal Necrotic Surface (mnf) and of two partially hierarchical mixed three-way ANOVAs (Treatment,
Week, Year) on fruit grade and length.

Internal Necrotic

Surface Grade Length

Source d.f. F-value P-value F-value P-value F-value P-value
Treatment 3 57.87 0.004 140.46 <0.001 103.49 <0.001
Year 1 13.29 0.004 10.85 0.001 102.91 <0.001
Treatment * Year 3 1.52 0.225 4.80 0.003 2.44 0.065
Week (Year) 11 10.14 <0.001 7.65 <0.001 2.58 0.005
Treatment * Week (Year) 33 1.77 0.009 1.14 0.283 1.64 0.022
Bunch (Treatment Year Week) 191 2.32 <0.001 / / / /

The ranking of different treatments (Table 3) shdhat the fruits of bunches from
which 6 hands were removed (treatments 12L/2H abhiH) were significantly less
susceptible to crown rot (INS = 138.3 f)nthan those of bunches with 8 hands (12L/8H
treatment and 5L/8H, INS = 237.9 mMm There appeared no susceptibility difference,
however, between treatments 12L/8H and 5L/8H owéenh treatments 12L/2H and 5L/2H.
Thus, the removal of 6 out of 8 hands had a sicgnifi effect on fruit susceptibility to crown
rot but the removal of 7 out of 12 leaves did fi@ble 3 also shows the classification of the
INS by order of decreasing empirical source-sirtiordt is noteworthy that in trend terms,
the crown susceptibility increased as the empiscairce-sink ratio decreased.
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Table 3: Mean values and standard deviations of lernal Necrotic Surfaces (INS) mm, fruit grade (mm),
and length (cm) after treatments affecting the soure-sink ratio. All fruits were obtained from hand 2 The
letters a, b, ¢, d, e and f represent groups of dtstically similar fruits based on contrast testing 12L/2H:
banana plant with 12 leaves and 2 hands; 5L/2H: bama plant with 5 leaves and 2 hands; 12L/8H:
banana plant with 12 leaves and 8 hands; 5L/8H: bama plant with 5 leaves and 8 hands. The source-&in
ratio was estimated according to the number of leas and fruits removed in each treatment, as compade
to unaltered banana plants (12L/8H).

Treatment Sourg:tiec;sink INS (mm?) Grade (mm)  Length (cm)
12L/2H 4 130.2+65.4 37.9+0.3 22.0+0.2
5L/2H 1.7 146.4+60.2 36.8+0.3 21.3+0.3
12L/8H 1 227.4+66.7 33.3+0.7 19.5+0.2
5L/8H 0.4 248.4+72.6 32.0+0.% 18.6 +0.2

2.3.3. Effect of the source-sink ratio modification on frut grade and length

The source-sink ratio change imposed during flomgeby removal of both leaves and
hands had a very highly significant effect on fremgth (p < 0.001) and grade (p < 0.001)
(Table 2). The ranking of the different treatmefitable 3) shows that the fruits of bunches
from which 75% of the hands were removed (treatmel2L/2H and 5L/2H) were
significantly longer and had a significantly highgrade (average length = 21.6 cm and
average grade = 37.3 mm) than those of bunches3Mtnds (treatments 12L/8H and 5L/8H,
average length = 19 cm and average grade = 32.6 Removal of many hands thus has a
significant effect on the morphometric characterghe fruit. No difference in fruit grade or
length was observed, however, between treatmeni#8H2and 5L/8H or treatments 12L/2H
and 5L/2H. Thus, leaf removal had no significafiéefon these morphometric characteristics
(Table 3). It is noteworthy that the fruit pomologi characteristics and banana yield
increased as the empirical source-sink ratio deexkéTable 3). The various changes in the
source-sink ratio had an effect on fruit filling.

2.4. Discussion

We show here that fruit development stage andchdlicharacteristics are parameters
influencing post-harvest susceptibility of banatascrown rot. Within a bunch, there is a
gradient of susceptibility to crown rot, the handiiated first (the upper ones) being more
susceptible than those initiated last (the loweesdnlt has already been established that
morphological differences between hands of a saractb result from differential
development associated with cell division and friliing characteristics (Jullieret al.
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2001a). Here it appears that competition withinuadh affects not only the morphological
characteristics of the fruits but also the fruitabjty potential. Taking into account the
observation of Jullieet al. (2001a) that the hands initiated first are apprately 70dd ahead
those initiated last, the susceptibility gradiengimh be due to this physiological age gap
between fruit in the same bunch. Effectively, ie tase of anthracnose of banana, the fruit
susceptibility has been shown to increase withptigsiological age of the fruit expressed in
dd (Chilletet al, 2007; Chilletet al, 2006).

The position of a hand on the bunch has also bleewrsto influence fruit filling. This
results in gradients of pulp dry weight, cell numper fruit, and starch grain number per cell
(Jullienet al. 2001a) and also in differences in sap concentratia composition within the
same bunch (Kurieret al, 2000). Furthermore, it is well known that paotiing of
assimilates between various sink organs are congiexnot equally distributed (Kozlowski,
1992). These differences in filling characteristigghin a bunch may be involved in the
observed susceptibility changes.

We confirm here that source-sink ratio changes havsignificant effect on fruit
morphology, as previously demonstrated in severtaliss (Chilletet al, 2006, Daniellset
al., 1987, Daniell®t al. 1994, Israeliet al, 1995, Johns 1996, Julliet al. 2001b; Kurieret
al. 2000; Mouen Bedimet al, 2003). We reveal, furthermore, a new effect gbarce-sink
ratio change on the fruit quality potential: whér tsink is decreased by removal of many
hands, the fruit susceptibility to crown rot decses Few studies on various plants have
linked the importance of source-sink ratio, andstphotosynthetic assimilate distribution, in
plant-pathogen interactions (Barriere, 1985; Beergt al, 1981; Dodd, 1980; Pegg, 1986;
Seetharamat al, 1991). However, in the case of bananas, the pressults contrast with
the previously reported observation that modifyiing source-sink ratio has no effect on fruit
susceptibility to anthracnose or on the fruit comagon potential (Chilleet al, 2006). This
suggests that different mechanisms govern the ptistgy of fruit to crown rot and
anthracnoselullien et al. (2001b) have also highlighted the impact of tlaarse-sink ratio
on fruit filling characteristics, and notably orethate of cell filling. In our study, we consider
that hand and leaf removal result in a modificatadnthe empirical source-sink ratio. In
keeping with the observation of Julliehal (2001b), we assume that an increased empirical
source-sink ratio results in an increased fruiinfijj rate. One might hypothesize that this
increased cell filling rate is involved in the obsed reduction of the fruit susceptibility to
crown rot. On the other hand, the impact of ther@®gink ratio on nutrient availability,
distribution, storage, and assimilative transfoiorathas been extensively documented in
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many models (Noquett al, 2004; Saviret al, 2006; Famianet al. 2000; Dordas, 2009;
Zhenminget al, 2008). We suggest that a modification of the eetsink ratio lead to a
change in the partitioning of assimilates betweanous sink which influences the formation
of secondary metabolites involved in plant-pathoggaraction. When hands are removed,
the competition between sinks is reduced and thaladoility of mobile assimilates for
remaining hands is more important.

It is noteworthy that in our study source reductjteaf removal) had a lesser effect on
fruit susceptibility to crown rot than sink redustj since removal of about 60% of the leaves
(7 out of 12) had little effect on fruit susceplityi in contrast to removal of 75% of the fruits
(6 out of 8). It is recognized that the impact efdadiation on the qualitative and quantitative
development of bananas is variable and highly dégetnon (i) when the defoliation is
performed (Arcilaet al, 1995), (ii) the intensity of defoliation (Israt al. 1995, Robinson
and Anderson, 1990, Rodriguetal, 2005), and (iii) how defoliation is done: mectaatiy
or through the action of pathogens (Robinginal, 1992). Here, mechanical defoliation
appears not to have been sufficiently early anddevere to influence the processes
determining fruit susceptibility to crown rot. Omet other hand, a compensatory phenomenon
reducing the impact of defoliation might also be&alved, as the development of a bunch
results from the distribution of dry matter notyifiom the leaves but also from other parts of
the plant. In this way, the rachis and pseudostey partially compensate for late-occurring
defoliation (Ecksteiret al, 1995). It has also been shown that an increaketbgynthetic
capacity of the remaining leaves may partially cengate for losses caused by defoliation
(Robinsoret al, 1992).

2.5. Conclusion

The susceptibility of bananas to crown rot is thkely to be influenced by the stage of
fruit development and by filling characteristichkgse parameters being in close interaction
and dependent on the soil-climate conditions ano-terhnical factors of the production
area. It is essential not to lose sight of the faat the regulation of plant susceptibility is, in
all cases, the result of nutritional balance eshbd during plant growth. This balance is the
consequences of all physiological relations of whmle plant and the environmental factors
and might affect plant-pathogen interaction by tways. First by influencing the ability of
the plant to establish defense mechanisms, notatdygh changes in secondary metabolism.
Secondly by altering the bioavailability of nutriemecessary for pathogen development.
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However, the molecular underlying mechanisms ingpirethe susceptibility variations
observed in this study still unknown.

The fact that the fruit susceptibility depends lo@ hand position in the bunch shows the
importance of standardizing the sampling method nwheeasuring the susceptibility of
bananas to crown rot. The hands collected for aperxent should be collected
systematically from the same position on each buAsithe hands in the upper portion have
more fruits and allow division into more 4-fruitusters, it has been recommended to use the
third hand of the bunch, which is more stable frone bunch to another than the first two
hands (Jannoyer, 1995). If more than one hand pechbis needed to carry out the
experiment, it is essential to work with successigads like demonstrated in this paper.

Lastly, the main method used to control crown sad isystematic chemical post-harvest
treatment. Apart from the environmental, sociakl &gislative problems resulting from this
chemical control strategy, growers also face proBleof treatment efficiency which are
notably related to the fruit susceptibility in som@ecific areas. Only a truly integrated pest
management strategy applied to the whole chairpoaride effective alternatives to chemical
treatment (Lassoist al, accepted). We have shown that an increase iertiprical source-
sink ratio makes it possible to reduce fruit susibdjty to crown rot while increasing fruit
size at harvest. Thus, early hand removal in talg fimight be used as part of an integrated
pest management scheme.
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1. Development of molecular biology techniques for the
identification of genes differently expressed

1.1. General introduction

Prior to identify genes which could be implicatad banana quantitative defence-
response to crown rot, it was necessary to devallofgchniques necessary for the study of
differently expressed genes.

The first difficulty was in the crown collected m@rvation in order to transport sample
from Njombé, Cameroun to Gembloux, Belgium withaffecting the RNA expression profil
and quality. Indeed, for technical reasons, RNAaetion could not be realized in Cameroon.
Among the various tested solutions, the most efficand practical in our conditions was to
freeze-dried our freshly collected sample. It isoaginal method because it has not been used
extensively in plant tissues.

Another difficulty was to obtain good quality RNAom banana crown tissues which is
a prerequisite to studying gene expression. Becaligs high level in polysaccharides and
polyphenols, banana RNA could not be extracted widndard methods. We have tested
several methods, from simple to more time-consumamgi comparing them to choice the
best one.

Finally the cDNA-AFLP was evaluated like method @hicould be used for studying
gene expression between bananas showing variogisaiesusceptibility.

All these results have been published:

Lassois L., de Lapeyre de Bellaire L. and Jijakli 2009. Combining an original
method for preserving RNA expression in situ withetiective RNA extraction method makes
it possible to study gene expression in any barianiatissue Fruits,64: 127-137.
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Combining an original method for preserving RNA expessionin situ with an effective
RNA extraction method makes it possible to study ge expression in any banana fruit
tissue
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Abstract

Introduction. RNA isolation is a prerequisite to studying gen@ression in banana
and to understanding changes occurring in resptgge environment. Standard extraction
methods do not efficiently extract RNA from plargsch as banana, with high levels of
phenolics, carbohydrates, or other compounds timat to and/or coprecipitate with RNA.
Materials and methods Five to seven RNA extraction methods were conthdfeur crown-
tissue storage methods were also compared. cDNAPARIas used to ensure that the
obtained RNA was of sufficient quality for molecukgpplications and that RNA expression
was unaltered byn situ storage Results and discussionThe modified hot-borate method
proved to be the best RNA extraction method, algwhigh yields of good quality,
undegraded RNA from the crown, fruit peel and patpall stages of ripening. The RNA
obtained by this method was of sufficient quality olecular applications such as cDNA-
AFLP that give highly reproducible results. Freezging of fresh tissues and tissue
conservation in hot-borate buffer, two original ratge methods, appear appropriate for
preserving RNAIn situ without ultra-low temperature. The RNA obtainedswaf high
quality, undegraded, and useful for all downstreapplications. The genome expression
profile obtained by cDNA-AFLP analysis was unalterby these methods for storing
collected tissuesConclusion By applying all the suggested procedures in wsk, it is
possible to store and study gene expression irbangna fruit tissue, whatever the maturity
stage, without affecting the RNA expression level.

Keywords: Belgium Musasp. / bananas / freeze-drying / RNA / storage rageibn
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1.2. Introduction

Banana is cultivated in more than 120 countries faolds the second place in world
fruit production, just behind orange and in frohigoape. Exported dessert bananas belong to
the Cavendish subgroup. Gene expression studiesessential to understanding the
physiological processes of this plant species [1ERpression profiling, however, requires
adequate sample conservation and high-quality Ré&fation for cDNA library construction
and molecular analysis. The total RNA and mRNA iatd must notably be free of protein,
genomic DNA and secondary metabolites. RNA extoaci$ thus a crucial step, but it can be
problematic because of the relative instabilityRMA, largely due to RNA degradation by
ribonucleases [3]. Conservation and isolation ofARfRom plant material, particularly from
fruit tissues, presents special challenges [4FB&t, most plant materials contain relatively
high levels of RNase activity, mostly located i thacuoles [6]. They also contain various
plant metabolites, such as polysaccharides andppehols. They bind to and/or co-
precipitate with RNA, affecting the yield and qunalof RNA [7] and rendering it unsuitable
for cDNA synthesis. Thus, qualitative and quanitrmatdifferences in polysaccharide and
polyphenol content among different plant tissuemificantly influence the efficiency of
nucleic acid extraction and purification procedyi®s8]. Many procedures [4, 5, 8-14] have
been developed to cope with endogenous polysaddsaphenolics and RNases during RNA
isolation from various plants, but the efficiendyam extraction method depends largely on
the kind of plant or tissue.

Another potential problem with RNA is its rapid dadation or alteration during tissue
storage. In some cases, plant tissues must beryedsas collected, especially when a
genome-wide expression profile is to be studiece ost commonly used method to store
tissues for preparation of RNA is to remove fresBues and to maintain them at a strictly
ultra-low temperature [(-50 to —70) °C] [15]. Hoveey other efficient storage methods
without ultra-low temperature could be of interbst have not been extensively documented.
Freeze-drying is proposed in some cases to consenveal tissues [16—20], human tissues
[21, 22] and bacteria [23] in order to further RNtraction. However, in plant tissues,
freeze-drying has not been used extensively teepresRNA [4, 24] and contradictory results
have been reported [25, 26].

The first aim of our study was to evaluate varitechniques of RNA extraction from
fresh banana tissues for quantity, quality andginty, but also its adequacy for downstream
molecular analyses such as cDNA-Amplified Fragméength Polymorphism analysis
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(cDNA-AFLP). This RNA fingerprinting technique dees from AFLP (Amplified Fragment
Length Polymorphism), a method described by \&ts al. [27] for genomic DNA
fingerprinting, which was applied for the first #nike cONA-AFLP to plants by Bachest
al. [28].

Classical RNA isolation techniques were comparedh winethods specifically
elaborated for banana or other plants rich in podyls and polysaccharides.

As collected materials sometimes have to be stpried to RNA extraction, the second
aim of our study was to assess different methodprieserving RNAN situ. This means both
avoiding RNA degradation between sample collecind RNA extraction and ensuring that
nothing happens, during storage, to alter the aspva profile obtained. Checking that this
latter criterion is met requires obtaining pre- gust-storage differential expression profiles
by cDNA-AFLP.

1.3. Materials and methods
1.3.1. Plant materials

Ripe yellow bananas of the Cavendish subgroup wmraght on the market.
Preclimacteric green bananas of the Cavendish supgwere obtained from a commercial
source in Belgium (Van Damme, Brussels) just betbe ethylene treatment that triggers
ripening.

1.3.2. RNA extraction methods

RNA extraction methods were tested on various ftisisues from green and ripe
bananas. Samples of peel, pulp and crown tissue slered, immediately frozen in liquid
nitrogen, and ground to a fine powder with a preled mortar and pestle before extraction.
Five extractions were performed for each testedhatet All materials and reagents were
treated so as to be RNase-free. Glassware was bakad at 240°C overnight. Sterile
disposable plastic wares were used when it wasilpesand non-disposable plastic wares
were rinsed with 0.1 M NaOH, 1 mM EDTA, followed BNase-free water. Solutions (water
and other solutions) were treated with 0.1% DEPGtiigl pyrocarbonate), incubated
overnight at 37 °C, then autoclaved to eliminatedeal DEPC.

Five RNA extraction methods were applied to pedl aolp from green bananas.
Methods based on commercial products were carrietd azcording to the supplied
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instructions. Methods taken from the literature evearried out according to the authors’
protocols. These methods were:

1. The commercial ready-to-use RNA isolation pradiRIZOL® Reagent (Invitrogen,
Carlsbad, CA, USA), according to the protocol psgabfor extraction from plant tissues: this
is an improved version of the single-step RNA isolamethod developed by Chomczynski
and Sacchi [29]. During sample homogenization sislyTRIZOL Reagent maintains RNA
integrity while disrupting cells and dissolving lcebmponents.

2. The 'SV Total RNA Isolation System’ developed Byomega (Madison, WI, USA):
this is a quick and simple technique for prepannugified, intact total RNA. The system
combines the disruptive and protective propertids goanidine thiocyanate ang-
mercaptoethanol to inactivate the ribonucleaseseptein cell extract. The system also
incorporates a DNase treatment step, and puribicatis achieved without any
phenol/chloroform extraction.

3. The method elaborated by Lat al. [30] to isolate total RNA from banana fruit
tissues: RNA was extracted at room temperature avitiigh-ionic-strength buffer. Proteins,
genomic DNA and secondary metabolites were thenovech from the extract by
precipitation with pre-cooled potassium acetate aepeated phenol/chloroform/isoamyl
alcohol extractions. RNA was recovered by ethanddcipitation without LICl. This
procedure can be completed in less than 4 h.

4. The hot-borate method [31], adapted from thatcdeed for cotton [32]: RNA
extraction was performed in a basic hot-borategmatse K buffer. A RNA-enriched pellet is
precipitated from the supernatant with lithium cide and dissolved in DEPC water. Two
phenol/chloroform/isoamyl alcohol (25/24/1) extrans and one chloroform/isoamyl alcohol
(24/1) extraction are incorporated into the RNAification protocol to remove contaminant
proteins. Total RNA is precipitated with ethanol.

5. The simple procedure developed by Adifal. [33] for RNA isolation from banana
tissue: these authors have modified the CTAB/Naé&thad [11] by removing PVP from the
extraction buffer and including a simple polysacahe precipitation step. A RNA-enriched
pellet is precipitated from the supernatant withilim chloride and dissolved in DEPC water
before phenol/chloroform extraction. Total RNA regipitated with ethanol.
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On peel and pulp from ripe bananas, in additioth&se five protocols, two additional
ones among those proposed by Gebtigl.[7] were tested. Their techniques based on GITC
(guanidium isothiocyanate) (for technique 6) and GkH(guanidium hydrochloride) (for
technique 7) buffers were selected. Both methodsaukigh-molecular-weight polyethylene
glycol (HMW-PEG). The hot-borate method [31] wasaaltested on crown tissues. All
extractions were performed on a small scale in5a dr. 2-mL tube, by using the protocols
proportionally.

1.3.3. Evaluation of RNA quality, quantity and integrity

After extraction, RNA was recovered by centrifugatfor 20 min at 16,000 and 4 °C.
The pellet was washed once in 1 mL of 70% coldrethasortexed, and centrifuged for 5 min
at 16,000g and 4 °C. The pellet was air-dried at 37 °C, dmhtresuspended in RNase-free
water. The purified RNA was quantified by measuting absorbance at 260 nm,{4 with a
Nanodrop (ND-1000 spectrophotometer, Isogen Lifer@es, Maarssen, Netherlands). An
Aogo Of 1 is equivalent to 40 ng RNAe[iL The absorbance at 280 nm was also measured, and
sample purity was estimated by the,d#Y A.gg absorbance ratio. RNA integrity was
evaluated by the sharpness of the bands corresppridi 28S and 18S ribosomal RNA
(rRNA) visualized by ethidium bromide staining oa% agarose gel.

1.3.4. Evaluation of the RNA adequacy for downstream moladar analyses

RNA extracts were treated for 30 min at 37 °C wahunits of RNase-free DNase
(Roche, Basel, Switzerland) in the presence of M3uof RNase inhibitor (Roche
Diagnostics, Mannheim, Germany). The cDNA-AFLP teghbe involves three steps: (1)
restriction of cDNA and ligation of oligonucleotidedapters; (2) selective amplification of
sets of restriction fragments using PCR primersibgaelective nucleotides at the 3’ end; (3)
gel analysis of the amplified fragments. Doublesstted cDNA was synthesized from total
RNA according to the instructions for use of thep&uscript Double-Stranded cDNA
Synthesis kit (Invitrogen, Carlsbad, CA, USA). Tdwuble-stranded cDNA was digested with
EcoRI and Msel, ligated with EcoRI and Msel adagtand pre-amplified with the Eco (5'-
GACTGCGTACCAATTC-3) and Mse (5-GATGAGTCCTGAGTAA-B primers,
following the instructions of the AFLP Analysis 3§ kit for microorganisms (Invitrogen,
Carlsbad, CA, USA). After twenty-fold dilutions othe PCR fragments, specific
amplifications were carried out with combinations am Eco primer and a Mse primer
containing two additional bases at their 3' endse Eco primers were labeled witfi’P
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dATP. Amplification products were separated by &tghoresis at 50 W on a vertical

denaturing polyacrylamide gel (6%) containing 7 kéas Gels were dried on a Whatman
paper before screening with a phosphoimager (BipRathmond, CA, USA). To evaluate

the reproducibility of the cDNA-AFLP, a single bawaacrown was ground in liquid nitrogen

to a fine powder and divided into two pools. RNAswaxtracted according the hot-borate
method [31]. After DNase treatment, two differemeqamplifications were performed per
sample and two different selective amplificationsrevperformed per pre-amplified sample
(Figure 1). Two replicates were performed.

One crown

Total RNA

1 samples

2

Retrotranscription (oligo dT)
Pre-amplification
Selective amplification

Figure 1. Protocol applied to test the reproducibity of the cDNA-AFLP analyses based on RNA extractke
from banana fruit tissues.

1.3.5. Insitu RNA preservation methods

Four tissue storage methods were compared on ctissme material. The first two
methods involved placing the tissues on RNAlatemfon, Austin, TX, USA) according to
the manufacturer’s instructions. Here, crown tisaaes first either sliced into tiny lamellas
before storage in RNAlater at 4 °C or ground imidgnitrogen before storage in RNAlater at
4 °C.

The third conservation method (buffer storage) =sted of storing crown tissues
(ground to a fine powder in liquid nitrogen) in thet-borate buffer [31] (200 mM BORAX,
pH 9.0; 30 mM EGTA; 1% SDS; 10 mM DTT; 2% PVP 40% DIECA; 0.5% Igepal) to
which 0.5 mg proteinase Kemtbuffer was added. This was stored at room temperat
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The last method consisted of freeze-drying the orawample at —80 °C for 24 h
(Telstar, Cryodos, Barcelona, Spain) and storingatitroom temperature before RNA
extraction (freeze-drying storage). The freezeelde®wn samples were stored with silica gel
to avoid an aqueous environment.

In each case, RNA extraction was performed 21et lay the hot-borate method [31].
The extraction efficiency was assessed by anabfsRNA quality, quantity and integrity as
described in section 1.3.2..

The adequacy of the RNA, obtained after a bufferaofreeze-drying storage, for
downstream molecular application was evaluated MBNA-AFLP as described in
section 1.3.4. Furthermore, this technique allowsluating the effect of the storage
conditions on gene expression by comparing pre- @ost-storage differential expression
profiles. To do this, three samples were collefteth a single crown. One of these served as
control and RNA extraction was performed immedigtbbth of the others were stored either
by freeze-drying or in hot-borate storage buffet][Z&s described above prior to RNA
extraction and cDNA-AFLP. This experiment was repddwice.

1.4. Results and discussion
1.4.1. Compared performances of the RNA extraction methods

Among the RNA extraction methods tested, the ho&teomethod [31] emerges as
particularly adequate for banana pulp and peel,tevies the maturity stage, and for the
crown, which is particularly fibrous. Total RNA isted by this method was of high purity
and integrity and of sufficient yield, making itigble for molecular analysis. This was
confirmed in several ways.

First, spectrophotometric analysis revealed apsdPA2s ratio ranging consistently
from 2.0 to 2.2, indicating that the RNA isolategl this approach was largely free of
contaminating proteins. This was true whatevertigsie type and maturity stage (Table 1).
Pure RNA has an [Ao/ Azsq ratio of 2.0, but, for most applications, a loverhigher ratio
probably will not affect the results [3]. As a résof variations between individual starting
materials and in performing the procedure, the etqoerange of the [Ao/ Asgg ratio for
RNA is 1.7-2.2. Three other methods gave this rdtio et al. [30] and both methods
described by Gehrigt al. [7]. Both commercial kits failed to extract RNAofn banana fruit
tissues. The TRIZOL reagent was developed for antmsaues, especially those rich in
RNase, but it seems unsuitable for recalcitranntptéssues such as banana. This is in
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agreement with the results obtained by other astfid?]. The method based on CTAB [33]
was also unsuccessful. The same conclusion wasiedawith different recalcitrant plant

species [13].

Table 1: [Axs/ Asgd ratio values according to different tissue and RM extraction methods. The best
methods give ratios between 1.7 and 2.2. GHCL: guahum hydrochloride; GITC: guanidium

hydrochloride

Methods Peel Pulp Crown
Green Mature Green Mature

Trizol® Reagent (Invitrogen) 0.9-1.1 0.9-1.2 0.4-3. 1.0-1.3

SV Total RNA Isolation System (Promega) 0.2-0.8 -D@ 0.06-0.20 0.6-0.9

Liu et al[30] 1.7 1.7-2.0 1.7-1.8 1.8-2.1

Mbéguié-A-Mbéguiéet al.[31] 2.0-2.2 2.0-2.2 2.0-2.2 2.0-2.1 2.00-2.14

Asif et al.[33] 1.2-1.4 1.2-2.3 1.1-15 0.8-1.5 -

Gehriget al. (GITC) [7] 1.7-2.0 1.0-2.3

Gehriget al. (GHCL)[7] 1.7-2.0 1.7-2.0

Secondly, a comparison of RNA yields based on spglcbtometric determinations
showed a significantly lower yield (as much asifrtes lower) for the method of Liet al.
[30] than for the hot-borate method [31] (Table Bhe yield obtained in this study by this
latter method is comparable with those reportedofber methods designed for high-phenol
fruit tissues [4, 7]. The yield obtained in thisidgy by the hot-borate [31] protocol depended
heavily on the tissue type and, to a lesser extenthe maturity stage. By decreasing yield
(Table 2), the different tissues can be rankedHtsvis: green pulp (67.8-79.5 pgégw) >
mature pulp (61.8-65.9 pgegFW) > green peel (45.2-60.2 ug*¢W) > mature peel (43.4-
50.5 pgeg- FW) > crown (10.2-17.4 pgegFW).
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Table 2: Yield values (ug RNA«g" fresh material), based on Ag, according to different tissue and RNA
extraction methods. (x) means that the yield couldot be calculated because the [Aq./ Asgd ratio was not
between 1.7 and 2.2. GHCL: guanidium hydrochloride GITC: guanidium hydrochloride.

Methods Peel Pulp Crown
Green Mature Green Mature

Trizol® Reagent (Invitrogen) ) x) x) )

SV Total RNA Isolation System (Promega) (x) x) x) )

Liu et al[30] 3.9-5.7 7.6-8.9 3.6-9.9 50.3-56.8

Mbéguié-A-Mbéguiéet al.[31] 45.2-60.2 43.4-50.5 67.8-79.5 61.8-65.9 1D/A4

Asif et al.[33] (x) (x) (x) (x)

Gehriget al. (GITC) [7] - 72.0-75.8 - x)

Gehriget al. (GHCL)[7] - 102.4-109.7 - 117.5-125.2

Thirdly, denaturing agarose gel electrophoresi¢dgid clear rRNA bands with a 28s
rRNA band equal to or more abundant than the 18$ArRRand (Figure 2), indicating that
little or no degradation had occurred during exteacwith the hot-borate [31] and Liet al's
[30] methods. In high-quality RNA, the 28s bandddde approximately twice as intense as
the 18s band [3]. In degraded RNA samples, thebB8&l will be enhanced, since the 28s
ribosomal RNA is typically degraded to an 18s-lgpecies. No rRNA was observed with any
other technique, and notably not with either ofstndescribed by Gehreg al.[7]. The latter
methods did give, however, a goodx{§V Az ratio (Table 1) and thus a high estimated
yield (Table 2). An explanation might be thatsfcould be falsely boosted by contaminants
such as salt, organic solvent or protein, or by onenore of the many chemicals used in
nucleic acid purification which absorb at 260 nn#][3Thus, the [Aso/ Azgg ratio can
accurately describe nucleic acid purity, but it e#8o be misleading [35]. For this reason, it is
essential to have both the J#/ Az ratio and an agarose gel result to evaluate a RNA
extraction method.
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Figure 2. Band patterns obtained by ethidium bromie staining after electrophoresis, through a 1%
agarose gel, of total RNA extracted from green bama peel (1 and 3) or pulp (2 and 4). The extraction
protocols used were that of Liuet al., [30] (1 and 2) and the hot-borate method [31] (&nd 4). (5) is a RNA
ladder and the positions of of the 28S and 18S rRNare shown. Similar results were obtained for both
protocols with peel and pulp from ripe banana. No RNAs were observed with any other method tested in
this work (resumts not shown).

Finally, the adequacy of the hot-borate method [f&i] extracting total RNA from
banana tissues in order to generate cDNA for daeast molecular analyses was
successfully performed by cDNA-AFLP after DNaseatneent (Figures 3 and 4).

For these reasons, although the hot-borate metBbpi$ labor-intensive and time-
consuming, it seems to be the most suitable falaetthg RNA from banana tissues in order
to carry out genome-wide expression analyses. RNi& extraction technique is applicable to
large samples of up to 25 g fresh material [36},dis0 to small samples of 0.24 g of material
in a 2-mL tube, as in this work. It could be momneenient to extract RNA from a small
sample, because many samples can be extracted aamme time, and the yield obtained is
still sufficient for subsequent molecular applioas.
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Figure 3. Reproducibility of cDNA-AFLP based on toal RNA. cDNA-AFLP was applied to various pools
of total RNA from from a single crown according tofigure 1. (1) to (8) represent the various cDNA-AFP
pools and (9) is a blank.

1.4.2. Insitu RNA preservation methods

On the basis of quality, quantity and integrityaipears that all four methods tested can
preserve RNA (Table 3). The choice of a method ntimss be based on the experimental
constraints and the equipment available. Yet, aljhoall four techniques appeared to
preserve RNA quality and integrity, their yieldsrev@ifferent. RNAlater is an aqueous tissue
storage reagent that stabilizes and protects aelRNA in intact, unfrozen tissue samples.
According to Ambion (Austin, TX, USA), it eliminadethe need to process tissue samples
immediately or to freeze them in liquid nitrogerr fater processing. Tissue pieces can be
harvested and submerged in RNAlater for storagkeowitjeopardizing the quality or quantity
of RNA obtained by subsequent RNA isolation.
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Table 3: [Axs0/ Asgd ratio and yield values (based on 4y according to four RNA in situ preservation
methods. Extractions were performed by the hot-bore method [31].

Ao/ Assd Yield
Methods 2?;“0 28 (ug RNA.g* 28s:18s RNA bands
fresh material)
Crown sliced into tiny lamellas and stored
in RNAlater at 4°C for 21 d 1.9-2.0 3257 Yes
Crown ground in liquid nitrogen and stored 18 15-37 Yes

in RNAlater at 4°C for 21 d

Crown ground in liquid nitrogen and stored
in hot-borate buffer [31] + proteinase K at 1.9 10.2-14.0 Yes
room temperature for 21 d

Crown freeze-dried and stored for 21 d at

X 2.2 12.0-16.2 Yes
room temperature before extraction

In this study, RNAlater has the advantage of beirsimple and fast technique, but its
yield is two to five times lower than those obtaifgy tissue storage in extraction buffer or
freeze-drying. For the latter two methods, thedgedre similar. These two techniques present
the advantages of storage at room temperature aimdilar RNA extraction quality and yield
to those obtained after immediate extraction of Ri#&m fresh crowns (Tables 2 and 3).
Freeze-drying has not been used extensively int pissues [4, 24]. Contradictory results,
ranging from good RNA preservation in leaf tea [Bblcomplete degradation in cotton [26],
have been reported. In these previous studies,tbelfRNA quantity and quality on agarose
gel were analyzed [24]. In some cases, authors tested the expression conservation of a
single or two particular genes [19-21, 23, 25]this original study, the entire pre- and post-
storage genome-wide expression profile were condpareorder to evaluate the eventual
global modification of RNA expression that coulgppan during the freeze-drying process or
storage. The results obtained by cDNA-AFLP cleartlicate that the RNA obtained by both
buffer storage and freeze-drying was of sufficigaality for molecular application and that
cDNA-AFLP pre- and post-storage differential exgres profiles were identical (Figure 4).
Thus, these two storage methods do not affect reititee RNA quantity and quality, or the
genome expression. For this study, cDNA-AFLP wdscted because it is a non-biased
technique based on PCR amplification, offering éldwantage of almost no false positives
[37]. It provides a straightforward way to checlhfadentity and homogeneity [37] and it is
more sensitive than hybridization-based technigureshighly specific. It was also confirmed
in this study that cDNA-AFLP is a highly reprodueibmethod for genome-wide expression
profile analysis (Figure 3). In both replicatese tlsteps comprising DNase treatment,
amplification and selective amplification led teetsame AFLP profile. Reproducibility of
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cDNA-AFLP has already been reported by many autha8& 38-40]. Khun [37] even
evaluates the reproducibility of cDNA-AFLP at 100%.

10 1 12 13 14 15 16 17

- — -

‘ -

Figure 4. Reproducibility of the cDNA-AFLP gene expession profile whatever thein situ preservation
method. (10)-(13) = replicate 1; (14)-(17) = replate 2. (10) and (14) are blanks; (11) and (15) aprofiles

obtained after immediate RNA extraction from fresh material; (12) and (16) are profiles obtained with
RNA from freeze-dried tissues; (13) and (17) are mfiles obtained with RNA from tissue samples storeth

the hot-borate buffer [31].

Both storage techniques are thus perfectly suittanleDNA-AFLP applied to the study
of differential gene expression in different cetippilations. However, freeze-drying, which
preserves enzymatic activity, offers further adages highlighted in this study; they can be
summarized: (1) the extraction yield, quality antkégrity equal those obtained by fresh tissue
RNA extraction or by conventional storage techngju@) the freeze-dried RNA can be
stored even at room temperature, without any alteraf the expression profile, for further
RNA extraction; (3) freeze-drying is an easy wayotnain a fine dry power without using
liquid nitrogen, which is not always available otoaomically feasible in all banana-
producing countries; (4) freeze-dried tissues cardsily transported from one laboratory to
another and even between countries; (5) a finahatge of freeze-drying is the large amount
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of RNA that can be obtained in a single extractiarried out in a 2-mL tube. Such a tube can
hold only about 0.25 g fresh sample material, btiteé material is freeze-dried, a mere 0.2 g
is equivalent to about 2.4 g fresh weight. Assunthrggsame yield from freeze-dried material
as from fresh material, the amount of RNA that barobtained per tube is ten to twelve times
higher when the material is freeze-dried. In agplans requiring a lot of RNA, it could be
very convenient to meet this requirement while vggkon a small scale with a 2-mL tube.
These advantages make freeze-drying an attradteraative to conventional storage.

Moreover, the two efficient storage methods prodosethis study to conserve fruit
banana RNAnN situ without altering the quality, quantity or expressprofile could probably
be applied to other plant tissues in particulait$rwhich are particularly recalcitrant.

1.5. Conclusion

We thus evaluated and made choices among variamitpies spanning all steps
required to study differential gene expressionandna fruit. Our results highlight two good,
reliable and practical storage methods that pres®MA in situ before extraction without
requiring ultra-low temperature. We also identifiddRNA extraction method yielding high-
guality RNA suitable for gene expression profilifign illustrate this, we used the extracted
RNA successfully to generate cDNA-AFLP differenti@kpression profiles. Thus, it is
possible to study gene expression in any bananatiBsue, whatever the maturity stage, by
applying all the procedures selected in our work.
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2. ldentification of genes that may influence quantitéively the
banana response to crown rot disease.

To study the molecular mechanisms underlying thecegptibility variation it was
important to develop a sampling that allows setectt harvest two kinds of banana. On one
hand fruits with a high susceptibility level to wno rot and on the other hand fruits with a low
susceptibility level to compare gene expressionveéeh them. The difficulty of such
sampling was that crown for molecular analysis #hdae collected at harvest time whereas
the fruit susceptibility can only be assessed dheesymptoms appeared on ripe fruit. This
corresponds in our essays at 13 days post-hafMestresults presented in chapter 3.2 show
that by modifying the source-sink ratio at flowegint could be expected that fruit
susceptibility would be highly different. Thus tentify gene expression implied in banana
guantitative defence-response to crown rot dise@sdiave decided to selected our sample on
base of their source-sink ratio. cDNA-AFLP methoasvapplied on these samples and results
obtain were confirmed by real-time RT-PCR. By thgy, genes potentially implied in
banana quantitative defence response to crowrigease were identified.

Results are presented hereafter and will be sodmmisted for publication to
Physiological and Molecular Plant Pathology.

Lassois Ludivine, Frettinger Patrick, de LapeyreBédlaire Luc, Lepoivre Philippand
Jijakli Haissamldentification of genes that may influence quatititgly the banana response
to crown rot disease
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Abstract

Variations in banana fruit susceptibility to th@wn rot post-harvest disease have been
observed but the molecular mechanisms underlyingsethquantitative host-pathogen
relationships were still unknown. The present stwdg designed to compare gene expression
between crowns of bananaMysa acuminata AAA, ‘Grande-Naine’) showing a high
susceptibility ($) and crowns of bananas showing a low suscepiilfti) to Colletotrichum
musaeresponsible for crown rot disease. This comparis@s performed at two situation
time: (i) between crowns {(Sand S collected one hour before infection and (i) betw
crowns (S and S collected 13 days after infection. Gene’s expoEsgomparisons were
performed with cDNA-AFLP technique and differenti@pression results obtained were
confirmed by real-time RT-PCR for two biologicalpheate. The limitations of the cDNA-
AFLP and the importance of the results validatignalm independent method and for two
biological replicates are discussed. Among the 3tt@hscript-derived fragments (TDFs)
screened by cDNA-AFLP, 443 were differently expeesbetween bananas showing different
susceptibility. Only 10% were selected, succesgfucovered from the gel, cloned,
sequenced and showed non redundant similaritiels thié data base. Among those, only
eleven TDFs differently expressed were finally @onéd for both biological replicates. Two
identified genes were involved in signal transductand three in proteolytic machinery. In
addition, two TDFs were similar to pathogenesistesl protein 14, one was similar with a
CCR4-associated factor (CAF1) protein, one witheutose synthase. Paradoxically, the
over-expression of the cellulose synthase genessscated with banana showing a high
susceptibility both in pre- and post-inoculatiotuation. Finally, the cDNA-AFLP allows
identifying that a gene, coding for a dopamfheronooxygenase, involved in catecholamine
pathway seems to be associated in the quantithéimana responses to crown rot disease. To
our knowledge, this work is the first to addresghbre- and post-infection gene expression
with the same host-pathogen combination and diftesasceptibility.
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2.1. Introduction

Crown rot disease affects export bananas in atlyrimg countries and is considered as
one of the main post-harvest diseases of banaoaa (eview see Lassoit al, accepted).
The symptoms appear on the crown, i.e. the tissiméng the fruit pedicels with each other.
The disease develops during shipping, ripening,stohge and has a negative impact on the
market value of bananas (Slabaugh and Grove, 1982).

Variations, notably geographic and seasonal, haen lreported in the post-harvest
development of crown rot disease symptoms (Krausk Johanson, 2000; Lassas al,
2008; Lukezic et al, 1967; Shillingford, 1978). It has been suggestbédt these
spatiotemporal fluctuations reflect the variatiansthe banana fruit quality potential that
elaborates during preharvest stages (Lassais$, accepted). This quality potential depends
both on a physiological and a parasitic componentsich in turn are influenced by
agrotechnical and pedoclimatic factors. The pacasidmponent reflects the level of crown
contamination by the parasitic complex, as welha&spathogenicity of this parasitic complex.
Effectively, crown rot results from an unspecificargsitic complex from which
Colletotrichum musaés the most pathogenic species (Finlay and Bral@®3). The term
“physiological component” refers here to the lewélfruit susceptibility to crown rot. To
assess the level of fruit susceptibility it is rexagy to overcome the influence of the parasitic
component. It is then estimated through lesion after standardized artificial inoculations
with C. musagde Lapeyre de Bellairet al, 2008). Very few studies have linked the spatio-
temporal fluctuations of crown rot disease to preést factors influencing the level of fruit
susceptibility (Lassoist al, 2008). Nevertheless, it has been shown recemilysource-sink
ratio and the hand position in the bunch affectlihpana susceptibility to crown rot disease
(Lassois et al, accepted. The genetic and molecular mechanisms underlyinese
guantitative host-pathogen relationships have pehhdentified.

Plant defense mechanisms to diseases are medmatbdtly preformed and inducible
responses which lead to significant transcriptiaha@nges in the host (Lucas, 1998). One way
to understand the reactions involved in the vamatf banana responses to crown rot is then
to identify genes involved in these processes weadgtudy of their expression. The cDNA-
AFLP technique (Bachem, 1996) has been used to a@genome-wide expression patterns
and to identify differently expressed genes po#diytirelated to plant defense mechanisms.
This technique does not require prior hypothesisdefense mechanisms and allows the
identification of genes withou& priori. It can thus be used for any biological system,
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especially when genomic resources are lackingdtitian, the mechanisms responsible for
compatibility interactions and for the quantitativariation of symptoms after infection

remain poorly understood, and it is likely that sowof the factors involved remain to be
discovered. The sensitivity and specificity of cDMA&LP analysis are comparable to those
of a microarray approach (Reijaes$ al, 2003). Its reproducibility has also been proved
(Kuhn, 2001; Lassoist al, 2009).

The present study was designed to identify gerfegeimcing the susceptibility to crown
rot disease in a same banana cultivar. A cDNA-AReEhnique has been used to compare
gene expression in banana crowns from pladiiss@acuminata AAA, cv ‘Grande-Naine’)
showing different susceptibility to crown rot disea In this study, the variation of source-
sink ratio previously described (Lassas al, accepte®) has been used to obtain banana
plants showing different susceptibility to crowrt thsease. Samples were collected before
and after infection in order to differentiate congive and induced defense responses. The
differential expression deduced from cDNA-AFLP datas latter confirmed by an
independent technique, the real-time RT-PCR. Tdtted technique is quick and, thanks to its
high sensitivity, requires only a small amounttafrsng material (Massart and Jijakli, 2006).

2.2. Materials and methods
2.2.1. Fruit sampling

Banana fruits were harvested from plarBigaacuminata AAA, cv ‘Grande-Naine’)
grown on the Dia-Dia commercial plantation (PHP)Njpmbé, Cameroon (altitude: 80 m;
annual mean temperature: 26.5°C; annual mean Hai8&)0 mm). The date of flowering
was indicated by tying a colored belt to each bufii@mana inflorescence) at the horizontal
finger stage in order to predict the time of hatvBsinches were also covered with a plastic
sleeve at this stage. Bunches were harvested ahstant physiological age (Julliest al,
2008), i.e. when the mean daily temperature sunuraatated by the fruit at the 14°C
threshold between flowering and harvest reachedd@D0lremperatures were recorded at a
weather station on the plantation. The daily aversgmperature (Td) was estimated from
measurements of maximum temperature (Tmax) andwaimi temperature (Tmin). To obtain
bananas with different levels of susceptibilityctown rot, fruits were harvested from plants
characterized by different source/sink ratios (baset al, accepted) established at the
flowering stage, leaves being viewed as sourcedraitd as sinks:
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- Plants showing a low susceptibility to crown radehise were called “SThese plants
were obtained through severe trimming of bunchdbatkering stage. These plants had
12 leaves and 2 hands (a hand is a group of bankeftaen the bunch. Two plants of
this treatment were used, namely, f#ant 1” and “S plant 2” and constitute the 2
biological replicates.

- Plants showing a high susceptibility to crown risedse were called *S These plants
were reference plants without severe trimming afdbu At flowering, bunches were
not trimmed, so these plants had 12 leaves anah@shaft on the bunch. Two plants of
this treatment were used, namely, ‘{8ant 1” and “S plant 2” and constitute the 2

biological replicates.

Figure 1 outlines the experimental sampling dedanfruit susceptibility evaluation
and molecular analysis, while table 1 identifies $amples, with their respective sources and
processing modalities. Only the second hand of éacith was collected and each one was
divided into 4 clusters of 4 fingers (fruits) witltodefects. Each sample group consisted of
clusters from the same hand, so as to avoid véitiablue to susceptibility variations among
different hands (Lassoist al, accepted). At harvest for each bunch, 1 cluster was used fo
sampling crown 1 hour before inoculation ©f musae(1 hbi - clusters A, C, E and G
according to the treatment and the biological ospé) and 3 clusters were inoculated vi@th
musae(figure 1). These 3 clusters were used for frugceptibility evaluation in order to
confirm the expected"Sr S status of each treatment. One of these 3 wasctedldor crown
sampling 13 days after inoculation when symptonesdaveloped (13 dpi - clusters B, D, F
and H according to the treatment and the biologieplicate). The crowns collected at each
period (1hbi and 13dpi) for molecular analyses wermediately frozen in liquid nitrogen,
freeze-dried at -80°C for 24h (Telstar, CryodosycBbona, Spain), and stored at room
temperature before RNA extraction (Lassstisl, 2009) and molecular analysis.
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| Harvest |
i 900dd i
Molecular \L \L 2 harid i/ 2d hand Molecular
experiment l J J ) experiment
@@ T~ @ eald
‘ﬁ ‘ﬁ C. musae C. musae c D
) U P PP OSSP PIPRIN W v
Crown freeze dried 10 cljgycs at Crown freeze dried
 Artificiol riveninge.o o N oo Actificiallioening..
W W ificial ripening Sdaysat ificial|ripening w W
RNA extraction 20°C RNA extraction
W “' I ARt MR
cDNA Susceptibility evaluation Susceptibility evaluation w W

@ cDNA
134 (¢
Waste @
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Real time RT-PCR Real time RT-PCR
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Figure 1: Experimental procedure. As bananas from fants with 12 leaves and 2 hands are waiting to be
less susceptible than bananas from plants with 12dves and 8 hands (Lasso& al., accepted), two plants
with each configuration were used as source matetigS plant 1, S plant 2, S plant 1 and S plant 2).
Only the second hand of each bunch was collected caeach one was divided into 4 clusters of 4 fingers
without defects. The “S plant 1” (S for low susceptibility) and “S" plant 1” (S* for high susceptibility)
were used as sources of material for cDNA-AFLP angsis and for one replicate of the real time RT-PCR.
Samples A and B were collected from “S- plant 1" repectively 1 hour before inoculation (1hbi) and 13
days post-inoculation (13dpi). Likewise, samples Gand D were collected from the “S+ plant 1”
respectively 1 hour before inoculation (1hbi) and 3 days post-inoculation. Following the same procede,
samples E (1 hbi) and F (13 dpi) were collected fro “S- plant 2” and samples G (1 hbi) and H (13 dpi)
from “S+ plant 2”. These samples provided the secahbiological replicate used for result confirmationby
real time RT-PCR. Furthermore, 3 clusters of eachedected hand were used to evaluate fruit susceptiity

to Colletotrichum musae at 13 dpi to confirm the expected Sor S status of each source.
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Table 1: Presentation of the various collected sangs used for molecular analysis in order to identjf
genes differently expressed in banana crowns shovgrhigh and low susceptibility to crown rot diseaseS
stands for low susceptibility and S for high susceptibility. 1 hbi: Crowns collected 1hour before
inoculation of clusters from the second hand; 13 dp Crowns collected 13 days after inoculation of
clusters from the second hand. The cDNA pools obtad after RNA extraction and reverse transcription
are labeled A to H. In the cDNA-AFLP analysis, samig A was compared with C (two susceptibility levels
1 hbi) and sample B with D (two susceptibility levis, 13 dpi). In the real-time RT-PCR assays, A an&
yielded biological replicates, as did B and F, C ahG, D and H.

Biological replicate 1 Biological replicate 2
Susceptibility level S plant 1 S’ plant 1 Splant 2 S plant 2
Source/sink ratio 12leaves/2hands 12leaves/8hands  12leaves/2handseavé&gi8hands
Collecting time 1hbi 13dpi lhbi 13dpi 1hbi 13dpi 1hbi 13dpi
%fr"’gl‘g'gfgtl'; ication A B C D E F G H
1 A i) .

cDNA-AFLP comparison

2.2.2. Inoculation of fruits for the evaluation of suscepibility to crown rot

The C. musasstrain was isolated in Njombé, Cameroon. It issgem to thiabendazole
and was stored at —20°C in a glycerol solution (BOB&fore use, it was grown at 25°C in
Mathur medium (MgSQ7H,O: 2.5g/l; KHPO,: 2.7g/l; peptone: 1 g/l; yeast extract: 1g/l;
saccharose: 10 g/l; agar: 15 g/l) for 10 days. Gianivere removed by flooding the plates
with sterile distilled water and filtration through 45-um sieve. The concentrations of the
conidial suspension was determined with a Mallassz

Smoothly and similarly cut crowns were obtainedhvat sharp knife, leaving as much
crown tissue as possible. The latex from the crogsue was eliminated with absorbent paper
and the crowns were surface-sterilized by immer#ios0% ethanol. Fifty microliters of.
musaeconidial suspension containing*lébnidia/ml was applied to the centre of the fregshl
exposed crown tissue and covered with a small pidfesr Two hours after application of the
conidial suspension, the clusters were packed imclped polyfilms normally used in the
industry, placed in commercial boxes, and storeti3aC for 10 days to simulate shipment.
Artificial ripening was then initiated by dippindhé bananas for 5 seconds in an ethrel
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solution (480 g/l), after which the clusters reneairat 20°C for another 3 days before crown
rot assessment. The internal progression of thevest determined by cutting the cluster
crown longitudinally in two and measuring the soeaf rot spread into the crown, from the
original inoculation point. This “internal necrotgurface” (INS), calculated by assuming a
rectangular shape, was expressed irf ffigure 2). The average value of the 3 replicates w
taken as a measure of fruit susceptibility to crowan

Figure 2: Evaluation of crown susceptibility. The nternal necrotic surface (INS) was calculated assuimg
a rectangular shape and is expressed in nfm

2.2.3. RNA isolation and reverse transcription

Total RNA was extracted from the eight lyophilizzdwn samples (A to H, table 1) by
the hot borate method (Wan and Wilkins, 1994) medifby Mbéguié-A-Mbéguiét al.
(2008) and as described by Lasseisal. (2009). RNA extracts were treated for 30 min at
37°C with 20 units of RNase-free DNase (Roche, B&e®itzerland) in the presence of 40
units of RNase inhibitor (Roche Diagnostics, MannheGermany). The RNA vyield was
determined by measuring the absorbance at 260 nth an ND-1000 nanodrop
spectrophotometer (Isogen Life Sciences, Maargben\Netherlands), and sample purity was
estimated by the Ad¢A2g0 absorbance ratio. RNA integrity was evaluatedhgygharpness of
the bands corresponding to 28S and 18S ribosomal RRNA) visualized by ethidium
bromide staining on a 1% agarose gel. Double-se@r@DNA was synthesized from total
RNA according to the instructions for use of thep&uscript Double-Stranded cDNA
Synthesis Kit (Invitrogen, Carlsbad, CA, USA).
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2.2.4. ldentification of genes differently expressed betwan crowns of high and
low susceptibility to crown rot disease

The cDNA pools derived from*$lant 1 and Splant 1 (samples A to D in table 1 and
figure 1) were subjected to cDNA-AFLP. For eachaxtlon time (1 hbi or 13dpi) the" @nd
S samples were compared. A was thus compared wiithibi) and B with D (13 dpi).

2.2.4.1. cDNA-AFLP

Double-stranded cDNA was digested with EcoRI ancelviigated with EcoRI and
Msel adapters, and pre-amplified with Eco (5-GAGIGTACCAATTC-3’) and Mse (5'-
GATGAGTCCTGAGTAA-3’) primers according to the insttions of the AFLP Analysis
System kit for microorganisms (Invitrogen, Carlsh@é, USA). After 20-fold dilution of the
PCR fragments, specific amplifications were carmed with 8 primer combinations of an
Eco primer and an Mse primer containing two adddlobases at their 3' ends. The Eco
primers were labeled withy**P dATP. Amplification products were separated by
electrophoresis at 50 W on a vertical denaturintyguoylamide gel (6%) containing 7 M
urea. Gels were dried on Whatman paper before aditagraphy.

2.2.4.2. Isolation and reamplification of differently expressed transcription-derived

fragments (TDFs)

The film and gel were aligned and the fragmentstdrest were excised from the gel
with a sterile razor blade and immersed overnightG0 ul distilled water. Of this solution
5ul was used in a standard PCR with the same EeoRIMsel primers as used in the
preamplification step described above. After separaof the amplified products in a 1.2%
agarose gel, the bands were excised and purifiece@smmended with th@iaEx Il gel
extraction Kit(Quiagen, Venlo, Pays-Bas).

2.2.4.3. Cloning and sequencing of reamplified differently gpressed TDFs

The DNA fragments were ligated to the pJET1.2 weatwording to the instructions of
the Clonejet PCR Cloning Ki{Fermentas, Vilnius, Lithuania) and cloned ifscherichia
coli (Ultracompg™ INVaF’, Invitrogen, Carlsbad, CA, USA). After transfoation, bacterial
cells were spread onto NZY medium (2.1% NZY, 1.5§arapH 7.0) containing 100 pg/ml
ampicillin. After incubation for at least 30 h at°€, 5 colonies per fragment were chosen and
cultured overnight at 37°C in liquid NZY medium ¢aiming ampicillin. Plasmids containing
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the PCR product were extracted with tAReneJet Plasmid miniprep KiFermentas, Vilnius,
Lithuania), according to the instructions. The pre of inserts in plasmids was checked by
standard PCR amplification withJET Forward and Reverseprimers (Fermenta,Vilnius,
Lithuania).

2.2.4.4. Sequence analysis

Three colonies were selected for sequence analgsisach TDF. Sequencing was
carried out with an automated sequencer (AbiPrisS63L, Applied Biosystems, Foster City,
CA, USA) by Macrogen Inc. (Seoul, South Corea) whle pJET Forwardprimer of the

Clonjet™

PCR Cloning Kit (Fermentas, Vilnius, Lithuania)edbience alignments were
performed and the sequence of each fragment ceddnt means of thBioedit sequence
alignment editorsoftware developed by the Microbiology DepartmehtNorth Carolina
University (USA). Sequence homology was determiwétl the Basic Local Alignment and
Search Tool (BlastX program) from the National @entor Biotechnology Information
(NCBI). The identified putative protein sequencesravused in queries against the UniProt

database. Homologies wiEvaluescores below Ibwere considered significant.

2.2.5. cDNA-AFLP fragment validation by real-time RT-PCR
2.2.5.1. Experimental design

The results obtained by cDNA-AFLP were confirmed $elected TDFs by real-time
RT-PCR (with two independent biological replicateabhle 1). In these confirmation tests,
expression-level differences between identicallyocpssed Sand S samples were
determined for both collection times (1 hbi anddi8) and expressed as described in the
legend of table 5. Hence, samples A and E yieldelddical replicate, as did B and F, C and
G, D and H. Template-free controls (water insteBd@NA) were included. Three technical
replicates were done for each biological replicate.

2.2.5.2. Primer design

For each TDF, the forward and reverse primers vamsigned on the basis of the
isolated sequence, with the onliReimer3 software under default settings. Newly designed
primers were ordered from and synthesized at EmteggSeraing, Belgium).

125



Identification of genes potentially implied in quisative banana response to crown rot
disease

2.2.5.3. Real time RT-PCR

Real-time RT-PCR was carried out with StepOReal-Time PCR systems (Applied
Biosystems, Foster City, CA, USA). Each PCR angaifion was performed in 20 pl reaction
mixture consisting of 10 pul Maxima Sybr Green qPi@&ster Mix 2X (Fermentas), 2 ul each
of the forward and reverse primers (10 uM), 1 pNéDtemplate (1ng/ul), and 5ul PCR-
grade water. The cycling conditions were: pre-iratidn for 10 min at 95°C, followed by 40
cycles, each consisting of 30s denaturing at 980S,annealing at 52°C, and 45s elongation
at 72°C, the last cycle ending with a final 10-reixtension at 72°C. Melting curve analysis
(60 to 95°C) was performed to validate the geneifipiy of the primers. Only genes with
clear melting curves were taken for further datalysis. Samples showing irregular melting
peaks were excluded from the quantification procedifferences in expression were
calculated according to the “Delta-delta methodfaff, 2001), elongation factor 1l-alpha
(Efla) being used as an internal control for noimmasibn (Czechowskiet al, 2005;
Eungwanichayapant and Popluechai, 2009). RT-PCHysasmand subsequent calculations
were performed with the StepONesoftware (Applied Biosystems, Foster City, CA, USA

2.2.5.4. Functional annotation of differently expressed gere

Genes identified by cDNA-AFLP analysis and confidna both real time RT-PCR
biological replicates to be differently expressedatsignificant degree in"Snd S banana
crown tissues were grouped into gene ontology (@&iegories according to biological
process and molecular function. To obtain the Gotations of our proteins, we
downloaded those dhkrabidopsisproteins from the TAIR website as reference artiats.
The Arabidopsisprotein GO annotations were extended to the prstigiund in this study.

2.3. Results
2.3.1. Banana samples

As expected, by modification of the source-sinkorait flowering we were able to
obtain banana plants with different susceptibiligyels. As shown in figure 3, crowns
obtained from both 12-leaf/2-hand banana planteréme INS values: 123 ninand 168
mn?) were less susceptible to crown rot disease thanctowns obtained from both 12-
leaf/8-hand banana plants (INS values: 369mand 395mrf). RNA was successfully
extracted from all 8 freeze-dried crown samplesuits not shown).
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Figure 3: Susceptibility of the banana crowns usefbr molecular analyses, as determined by measuring
the internal necrotic surface (INS, expressed in mfn. The INS average and standard deviation of the 3
clusters of the same second hand are given for th& independent biological replicates and for the 2
different susceptibility level banana plants.

2.3.2. Isolation of differently expressed genes

The cDNA pools from Splant 1 (less susceptible to crown rot) aridpfant 1 (more
susceptible) at both collection times were subpe¢tecDNA-AFLP screening. A total of 8
combinations of EcoRI+2/Msel+2 primers were used amore than 3100 bands were
amplified from the cDNA pools. The cDNA-AFLP techni revealed (table 2, a and b) a
total of 157 amplicons differentially expressed wesn the high- (S+) and low- (S-)
susceptibility samples collected before inoculatidn hbi) (i.e. about 10% of the total
amplicons on the corresponding profile); and 28@larans differentially expressed between
the high- and low-susceptibility samples collecidddays after inoculation (13 dpi) (about
14% of the total amplicons). Only bands showindearcintensity difference betweeri &nd
S upon visual inspection, without other bands neanny with a size superior to 100 bp, were
excised from the polyacrylamide gels (figure 4pnad and sequenced.
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Figure 4: Autoradiography showing a typical resultfor one selective Eco RI/Msel primer combination fo
comparing high-susceptibility (S) banana tissues with low-susceptibility banana tiies (9 at two times:
1 hour before inoculation (1 hbi) and 13 days postioculation (13 dpi). Arrows indicate examples of(1) a
transcripts of an induced gene; (2) transcripts ofin upregulated gene; and (3) transcripts of an un#éécted
gene. Differentially expressed transcript-derivedfagments (TDFs) were excised from the gel, reampikfd,

cloned and sequenced.

A total of 32 and 99 bands (TDF) were selected @etbypely from samples collected
before inoculation (1hbi) and 13 days after inotata(13 dpi). Among them, 16 (for 1 hbi)
and 62 (for 13 hpi) were successfully recoverednfrine gels, reamplified, cloned, and
sequenced (table 2, a and b). These 78 distind¢aticle sequences were then subjected to a
BlastX homology search. This analysis revealed malindant significant homology with
plant gene sequences in the public database fof ttie 16 selected TDFs from the “ 1 hbi ”
profile (table 3a); and 31 of the 62 TDFs seledteth the “13 dpi” profile (table 3b). The
remaining 31 TDFs from “13 dpi” profile showed nigrsficant homology to any known

plant sequence.
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Table 2a: Overall results of cDNA-AFLP analysis (wth 8 primer combinations) and real-time RT-PCR
confirmation for material harvested 1 hour before noculation (1hbi).

Expression profile (1hbi) Number
cDNA fragments displayed (100-450bp) ina®d S 822 and 683
Differently expressed fragments 157
Upregulated in S 62
Downregulated in'S 95
TDFs selected and excised 32
TDFs successfully recovered from the gels, reamplifcloned and 16
sequenced

Non redundant significant similarities with the aladise after analysis 15
Selected TDFs for real time RT-PCR confirmation 7
cDNA-AFLP result confirmation by real time RT-PCBiblogical 7
replicate 1

cDNA-AFLP result confirmation by real time RT-PCBiblogical 6
replicate 2

Table 2b: Overall results of cDNA-AFLP analysis (wih 8 primer combinations) and real-time RT-PCR
confirmation for material harvested 13 days post-ioculation (13dpi).

Expression profile (13dpi) Number
cDNA fragments displayed (100-450bp) ina®d S 811 and 845
Differently expressed fragments 286
Upregulated in S 166
Downregulated in'S 120
TDFs selected and excised 99
TDFs successfully recovered from the gels, reamplifcloned and 62
sequenced

Non redundant significant similarities with the aladise after analysis 31
Selected TDFs for real time RT-PCR confirmation 21
cDNA-AFLP result confirmation by real time RT-PCBiblogical 17
replicate 1

cDNA-AFLP result confirmation by real time RT-PCBiblogical 5
replicate 2
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Table 3a: BlastX identities of non-redundant clonesdentified by comparing the cDNA-AFLP profiles of highly susceptible and less susceptible banana crow
tissues collected 1 hour before inoculation. The lde also shows the number of cases in which differgal expression was confirmed by real-time RT-PCRtwo
independent biological replicates). BR1: biologicateplicate 1; BR2: biological replicate 2.

(,:ADFITI_é- (Sbléf (r:eDgl\LIJ'IAa-t'iAo:L:' Homology Annotation Organism origin (%S-r\n/ﬁ;urﬁy) Pgsaégr;;ﬁzgg(;n
Fragment BR1 BR2
48b.1 447 + ABF71990 Putative protein kinase Musa acuminata 8e-29 (82%) yes yes
44b.2 620 - ABF70116 pfousﬂﬁizgziﬁgi’nﬁgogﬂein Musa balbisiana ~ 2e-18 (57%)  vyes yes
31.1 411 - NP_195309 RING-type ubiquitin ligase Arabidopsis thaliana  8e-21 (79%) yes yes
33.2 348 + EEF29330 dopamine beta-monooxygenase Ricinus communis  5e-34 (74%) yes yes
44.1 607 - NP_001053150 Hypothetical protein Oriza sativa 5e-65 (87%) yes yes
47.1 490 - NP_565766 Glycolip transfer protein Arabidopsis thaliana  7e-39 (87%) yes yes
48.1 454 - CAN81047 Hypothetical protein Vitis vinifera 6e-65 (91%) yes no
73.1 245 - CA060899 Hypothetical protein Vitis vinifera 3e-06 (61%) Not done
73.2 248 - CAN81194 Hypothetical protein Vitis vinifera 7e-33 (98%) Not done
32.1 402 + NP_187791 Unknown protein Arabidopsis thaliana  1e-20 (68%) Not done
36.1 193 - NP_001060105 Hypothetical protein Oriza sativa 6e-19 (85%) Not done
37.1 186 - EEC73391 Hypothetical protein Oriza sativa 2e-16 (80%) Not done
51b.1 366 - NP_001055242 Hypothetical protein Oriza sativa 9e-15 (56%) Not done
70.2 426 - CAN66568.1| Hypothetical protein Vitis vinifera 3e-14 (65%) Not done
5.2 282 + EEE54897 Hypothetical protein Oriza sativa 7e-07 (54%) Not done
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Table 3b: BlastX identities of non-redundant cloneddentified by comparing the cDNA-AFLP profiles of highly susceptible and less susceptible banana crow
tissues collected 13 days post-inoculation. The t@balso shows the number of cases in which differgal expression was confirmed by real-time RT-PCR t(vo
independent biological replicates). BR1: biologicateplicate 1; BR2: biological replicate 2.

cDNA- ) Real Time RT-
DNA-AFLP . . - - : :
AFLP (Sblzf ¢ lation S Homology Annotation Organism origin (O/Sr\n/ﬁ;urﬁ ) PCR confirmation
Fragment P)  regulation ° y BR1 BR2
294.2 298 + NP_001104954 Cellulose synthase Zea mays 3e-43 (96%) yes yes
283.1 444 + EEF32539 Putative %yc?t(()alilrﬁ”d transfer Ricinus communis 4e-20 (92%) yes yes
232.2 119 + ACG29071 Serine carboxypeptidase Il Zea mays le-12 (89%) yes yes
317.1 425 - EEF47930  Putative ubiquitin carboxyl-  piin s communis  3e-52 (78%) yes yes

terminal hydrolase

190.2 618 + ABGE6307 ~ CCR4associatedfactor 1- oongiom annuum  1e-58 (77%) yes yes
related protein

Putative lactoylglutathione

284.1 434 - EEF44770 lyase Ricinus communis 5e-28 (84%) yes no

197.2 418 + AAF23074 Heat shock protein 70 Triticum aestivum 6e-53 (99%) yes no

145.2 298 : EEF32493  "utative ribose-5-phosphate  piiniis communis  1e-10 (81%) yes no
isomerase

220.2 390 + EEF37576 Putative sulfate trangport Ricinus communis le-27 (86%) yes no

220.3 395 + BAE99290 P-N-acetylhexosaminidase -like Arabidopsis thaliana  2e-59 (90%) yes no

protein
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cDNA- ) Real Time RT-
cDNA-AFLP R ) )
AFLP (Sblzf lation S Homology Annotation Organism origin (O/Sr\n/ﬁ;urﬁ ) PCR confirmation
Fragment P)  regulation ° y BR1 BR2
Homeobox-leucine zipper : i 0

178.1 270 + A2XDD6 protein HOX13 Oryza sativa 9e-12 (64%) yes no

233.2 129 + ABC72694 Granule-bound starch ss#h Cephr;aql‘:l)r?;?ichyum 3e-12 (97%) yes no

231.3 147 + NP_195906 Pentatrlcop(_apude (PPR) repeat- Arabidopsis thaliana  3e-09 (82%) yes no
containing protein

241.1 458 + AAL5QQ42 Futative tetg":gt'g?npem'de ePeal  oryza sativa 5e-45 (86%) yes no

Putative 2-amino-4-hydroxy-6-

243.2 343 + BAD30585 hydroxymethyldihydropteridine Oryza sativa 3e-31 (83%) yes no
diphosphokinase

291.2 348 + EEC70392 Hypothetical protein Oryza sativa 6e-27 (73%) yes no

216.1 466 + AAX07420 Actin 2 Musa acuminata le-74 (98%) yes no

198.1 291 + ACG32616 exppl protein precursor Zea mays le-25 (84%) no

170.2 405 + ABF98518 Putative protein kinase Oryza sativa 3e-59 (89%) no

182.2 169 : AAO43609 Caffeic acid O- Sorghum bicolor  2e-09 (76%) no
methyltransferase

288.1 357 " QOXF47 Cytosolic fructose 1,6 Musa acuminata  4e-42 (97%) no

biphosphatase
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cDNA- . Real Time RT-
cDNA-AFLP : . - - : :
AFLP (Sblzf lation S Homology Annotation Organism origin (O/Sr\n/ﬁ;urﬁ ) PCR confirmation
Fragment P)  regulation ° y BR1 BR2
285.1 417 + Qospmo  Zinc finger CCCH domain- Oryza sativa 9e-41 (81%) Not done
containing protein 27
283.2 448 - ACG28752 Ser'”e/thre",{l‘x‘g'pmte'” kinase Zea mays 1e-46 (81%) Not done
183.1 170 " CANGO313 Futative serine/threonine Vitis vinifera 5e-13 (79%) Not done
protein kinase
182.1 167 ; EEF50185 ~ FJtative serinefthreonine i communis  de-14 (80%) Not done
protein kinase
302.1 205 - CA046913 Unnamed protein product Vitis vinifera 2e-09 (89%) Not done
143.1 334 + CAO045614 Unnamed protein product Vitis vinifera le-31 (88%) Not done
318.2 419 + CA066159 Unnamed protein product Vitis vinifera 3e-38 (82%) Not done
312.2 120 - CAN71825 Hypothetical protein Vitis vinifera 7e-10 (88%) Not done
290.1 361 - EEE60281 Hypothetical protein Oryza sativa 8e-32 (74%) Not done
171.1 373 + CAN72176 Hypothetical protein Vitis vinifera 5e-37 (82%) Not done
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2.3.3. Confirmation of differently expressed fragments byreal-time RT-PCR

All TDFs from tables 3a and 3b, for which specifidmer pairs were successfully
designed, were selected for confirmation of thdfecential expression by real time RT-PCR:
Here, cDNA pools from all four plants were usedovling two independent biological
replicates.

2.3.3.1. TDFs isolated 1 hbi

Primer pairs were successfully designed, amplifyivgexpected products for only 7 of
the 15 TDFs (table 4).

Table 4: Nucleotide sequences of the specific primgeused in real-time RT-PCR analyses. *collectionime
of the sample from which the fragment was isolated.

zaDrlglit Isolation* Forward primer sequence (5’-3) Revere primer sequence (5’-3) g;cgd(uBc;)
44.1 1lhbi GTGAATAAGCCCCGAGTTGA GAATCCCTGCAGTTGGATGT 208
44B.2 lhbi ATGGTGATGAGGAGGCTTTG GCTGGTAAAAGGGGGAMAC 192
48B.1 1lhbi TTTACTCGGGGAAGGAGGTT TCTGTCAGCCATTCCTTGTG 150
311 1lhbi CAACAGGGGAGAAGAATTGC CGCCTACACAGTGGACAAGA 151
47.1 1lhbi TGTTCACTCCCTCATTGGAAG CCAGCCTCGTTATGTTACCC 68
48.1 1lhbi GCTATGATGCTTTCACTCTTG GTTCTTCACGGGGATG 119
33.2 lhbi GACGCAACAGGGGAGAAG CGAAAGAGAGGAAAGCAAGC 218
317.1 13dpi CCATCAGGAAGCATTCCATT GTGCCCTCAACAACAGTTCC 203
170.2 13dpi TGATGGATTCCAAGAAAAACG AAGACTTGGAGCCAATGGTG 160
197.2 13dpi AACCCTGATGAGGTTGTTGC TGTTGTGTTCCTTGGGGA 156
216.1 13dpi GTTTGGATCTTGCTGGTCGT GATCAAGGATGGCBAAGA 272
190.2 13dpi TCCGCTACATCTGGGAGTTC ACCAGTCCCGACGACATTA 169
220.3 13dpi AGGTACACGGTTGAGGATGC GCTCACATCTAGG@&ICAG 162
291.2 13dpi TCGAGGAAGACTGCCAAGAT GTCAGATGCCCGATCGAT 169
288.1 13dpi TGGCAAATGCTGTCAAATGT GCGATGGATCCACAAAGTT 242
294.2 13dpi GAATGAACCACATTCCAGCA CTTTTGGAGAGGGTGGAMA 151
241.1 13dpi CGAGGCTATTGCTGACATGA ACCAATTCCCCATCTCCTTC 155
243.2 13dpi AAAGCTTGGCTGCTTCACAT CATTGCATCACAGACALG 203
283.1 13dpi ACCAATTCCCCGTATCCTTC AACCTCCTTCCCCGAGTAAA 256
178.1 13dpi GCTGCTCCTAGCCGAGATAA CGCCGTCCTTGTAGATCAAT 125
284.1 13dpi TGCTGAGGAAGAAGGCTCAT CCTGAGTAACCCCAAGGACA 258
198.1 13dpi TTGTGTGTCTCAGGGAGCAG CAGCTTGGAAACCTCGTR 155
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231.3 13dpi GCAGGCCAAATGAGAATACC  GCGTACCAATTCCACGAIT 120
232.2 13dpi TAATGGAGGTCCCGGGTGT CCAATTCCAAGCATAAGGATT 115
182.2 13dpi CTCACAGCGATGGAGGTAGG  GCGGCGAAGAGATAAGAC 100
145.2 13dpi TGGTTGCTTTTGTGTTGGTT CCTCAAATTTTCTCCGTBC 113
220.2 13dpi AGGTACACGGTTGAGGATGC  GCTCACATCTAGG@EGCAG 162
233.2 13dpi ATGCCCTGAAGCTGGATAAG  TCCTGAGTAATGCACCTTTS 103

The real-time RT-PCR results for biological repiea (material from Splant 1 and S
plant 1) confirmed the changes in expression o¥ désted TDFs (table 3a). Only one TDF
(48.1) coding for a hypothetical protein did nobshthe same regulation in the biological
replicate 2 (table 3a). The 6 TDFs which had thmesgattern of expression for the two
biological replicates were found to encode protahswing similarity to 1 putative protein
kinase (48b.1), 1 protein of the dual specificitptpin phosphatase family (44b.2), 1 protein
of the RING-type ubiquitin ligase family (31.1), dopaminef-monooxygenase (33.2), 1
hypothetical protein (44.1), and 1 glycolipid tréersprotein (47.1) (table 3a). The 6
corresponding primer combinations were also use@ahtime RT-PCR experiments on the
cDNA pools obtained from the samples collected pBfibm all four plants (table 5). The
putative protein kinase and the dopamfaeronooxygenase appeared upregulated in the S
tissues collected 1 hbi, becoming highly upregulate the tissues collected 13 dpi. The
member of the dual specificity phosphatase fantitg, RING-type ubiquitin ligase family,
and the glycolipid transfer protein appeared dogulaed in the Sissues collected hbi,
becoming highly upregulated in thétiSsues collected 13 dpi. The last protein, a hygttal
one, showed high downregulation in the tissuesct#d at both times (table 5).
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Table 5: Genes differently expressed to a significa degree in S and S banana crown tissues and results of real-time RT®R confirmations of differential

transcription (two biological replicates). Genes idntified by cDNA-AFLP were grouped into gene ontolgy categories according to biological process andatecular
function. The leftmost column shows the time of cldction (1 hbi: 1 hour before pathogen inoculation;13 dpi: 13 days post-inoculation) of the tissues iwhich the
genes were identified by cDNA-AFLP analysis. The ghtmost column provides, on a semi-quantitative sé@ an estimate of the extent of differential transription of

the selected genes, as measured in confirmatory teame RT-PCR assays performed on material collectkat both times. A “+” sign means upregulation in Sas
compared to S crown tissue, and a “-"sign means downregulationn S as compared to Scrown tissue. The “regulation levels” defined forS tissue arex1: less than
2-fold up- or downregulation; +2: 2- to 5-fold up- or downregulation;+3: 5- to 10-fold up- or downregulation;+4: more than 10-fold up- or downregulation. When
only one level appears, it is the mean of the resslof the two biological replicates. When two levelappear, the two replicates showed different regation trends
and the values obtained for both replicates are gen separately.”

Regulation level

Isolation TDF Annotation GO biological process GO mlecular function : )
9 b 1 hbi 13 dpi
1hbi 4801  Putative protein kinase  GO: 0006468 Protein amino acid . gogge7p ~ Protein kinase 2 +4
phosphorylation activity
1hbi 4402 Dual specificity 4. 5506470 Proteinaminoacid . 5316791 phosphatase activity -4 +4
phosphatase family proteil dephosphorylation
RING-type ubiquitin ligase ——
1hbi 311 (C3H4RING zinc finger ~ GO: 0006511 Ubiquitin-dependent . 545515 Protein binding 2 +3
: . protein catabolic process
family protein)
Putative ubiquitin - S
13dpi 317.1 carboxyl-terminal GO:ooops11 Yblauitindependent - oq. ggq4p5 o Ubiquitn gy 2
protein catabolic process thiolesterase activity
hydrolase
Serine-type
13dpi 232.2 Serine carboxypeptidase GO: 0006508 tedlsis GO: 0004185 carboxypeptidase +2 +3
activity
1hbi 47.1 Glycolipid transfer protein GO: 0046836 Glycolipid transport GO: 0017089 Glycollggi\tlgg/nsporter -1 +3
13dpi 283.1 Glycolipid transfer protein GO: 0046836 Glycolipid transport GO: 0017089 Glycollggl.[ii\tg{aynsporter -1 +3
Dopamine beta- Dopamine catabolic Dopamine
1hbi 33.2 GO: 0042420 GO: 0004500 monooxygenase +1 +4
monooxygenase process it
activity
13dpi 294.2 Cellulose synthase GO auEipas  COMMEEE BETNEE oo gapemp CEIDEESIERE 2

process

activity
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Regulation level

Isolation TDF Annotation GO biological process GO mlecular function ; .
9 b 1 hbi 13 dpi
13dpi 1902  CCR4associated factor 1- . 5559451 RNA modification GO: 0004540  Ribonusteactivity ~ -1: +1 +2
related protein
1hbi 441 Hypothetical protein -4 -4
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2.3.3.2. TDFs isolated 13 dpi

Twenty-one primer pairs were successfully desigaed they amplified the expected
products (table 4). Among the corresponding 21 TDddy 5 had the same pattern of
expression in both real-time RT-PCR biological iegies (table 3b). They were found to
encode proteins showing similarity to 1 cellulogmthase (294.2), 1 putative glycolipid
transfer protein (283.1), 1 serine carboxypeptid@s2.2), 1 putative ubiquitin carboxyl-
terminal hydrolase (317.1), and 1 protein relatedhte CCR4-associated factor 1 (190.2)
(table 3b). The 5 corresponding primer combinatiorese also used in real-time RT-PCR
experiments performed on the cDNA pools derivedhfsamples collected 1 hbi from all four
plants (table 5). Serine caroboxypeptidase appegveegulated in Sissues collected 1 hbi
and slightly more so in tissues collected 13 dpellllose synthase showed similar
downregulation in Stissues collected 1 hbi and 13 dpi. The putativedlpid transfer
protein appeared downregulated irtiSsues collected 1 hbi, becoming highly upregulet3
dpi. For both the putative ubiquitin carboxyterntifiydrolase and the protein related to
CCR4-associated factor 1, the biological duplicask®wed similar results for 13 dpi
(upregulation in Stissues) but different results for 1 hbi: sliglawahregulation in tissues
from S plant 1 but slight upregulation in tissues fronpfant 2.

2.4. Discussion

Transcriptome analysis is a common way of discoxgedifferences in gene expression
between two samples because regulation of genetgabiccurs primarily on transcription
level. cDNA-AFLP presents the advantage to be anamd methods requiring only standart
instrumentation and incurring low costs. But itsawlback is a high fraction of cDNA
molecules escaping detection. Indeed, althougheory the cDNA-AFLP technique allows
analysis of the whole transcriptome, in practioe ¢stimated transcriptome coverage ranges
from less than 20% to 73% (Venkateghal, 2005). Means reasons are because (i) of the lack
of suitable restriction sites (Breym al, 2003) ; (i) gene discovery is based on subjectiv
band selection ; and (iii) because this is a lalmiand time-consuming technique requiring
some selection at various steps. Furthermore, enptiesent study, we have retained only
fragments showing homology with sequences in ab@at amounting to only 60% of our
fragments. Similar or lower percentages are redart¢he literature for cONA-AFLP (Botton
et al, 2008; Chenret al, 2003; Donget al, 2004; Dilgeret al, 2003; Guoet al, 2006;
Trindadeet al, 2004). Results obtained in this study provideupptementary proof of the
escaping detection. Indeed, different genes weteirpevidence between 1lhbi and 13dpi
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detection while the real-time RT-PCR shows thas¢hgenes were differently expressed in
both stages. It is thus essential to bear in niatl $ome interesting genes involved in banana
response to crown rot disease might not have tified in our study and may remain to
be discovered.

This study also highlights the importance of canfirg results with an independent
technique. In the runs performed on material derivem S plant 1 and Splant 1 (the same
material as used for cDNA-AFLP analysis), the tgak RT-PCR confirmed the initially
differential expression for 86% of the cDNA-AFLR@ments. Non-confirmation is likely due
to the fact that a band in a gel can contain auméxbf several fragments (Chenal, 2006;
Hsuet al, 2008; Zhang, 2003). This introduces artefactl@ting (Bachenet al, 1998) and
can also possibly lead to misinterpretation (oueresion) of cDNA-AFLP fragment
expression levels in the gel. In the literature/estigators report confirmation rates of 30%
(Campalan®t al, 2001; Fukudat al, 1999) to 100% (Ditet al, 2001) for genes identified
by cDNA-AFLP analysis and tested with an indepehndenhnique. Moreover, our results
also demonstrate the necessity of confirming reswith biological replicates before
concluding that a gene is involved in a moleculancpss, since the initial differential
expression was confirmed in both biological repksaor only 46% of our selected genes.

Despite these limitations, the cDNA-AFLP technidwas provided useful information
allowing a step towards understanding the mechanisnolved in the variations of banana
susceptibility to crown rot disease and this is tingt work carried on this pathosystem.
Because of the compatibility of the interaction, wepected significant transcriptional
changes to occur among genes associated with aretiblnges involved in general defense
responses. It was no surprise to find genes indoimesignal transduction or proteolytic
pathways among those potentially involved in bardefanse responses. It is well known that
these pathways are complex but required to regdiefense responses, even though the exact
regulatory mechanisms are not yet known.

The sequences encoded by fragments 48b.1 and de8ipectively show homology with
a putative protein kinase and a protein of the dypdcificity phosphatase (DSP) family.
Proteins of both types catalyze reversible progmosphorylations involved in signaling
pathways. It is known that synthesis of such pnstes triggered by an array of stimuli and
that they target a broad range of downstream effecthereby regulating various processes
such as defense responses (Agrastall, 2002; Agrawakt al, 2003; Lecourieux-Quakest
al., 2000; Nurnbergest al, 2004; Rakwaet al, 2001).
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The proteins corresponding to fragments 31.1 (a@Rtipe ubiquitin ligase) and 317.1
(a putative ubiquitin carboxyl-terminal hydrolagelong the proteolytic machinery that plays
key roles in the regulation of biological processeplants (Edelmann and Kessler, 2008),
including ones mediating responses to pathogengofDet al, 2003; Elliset al, 2002; van
der Hoorn and Jones, 2004; Zeetgal, 2006). More specifically, proteins of this types a
involved in the 26S proteasome pathway, considéydae the main proteolytic pathway in
eukaryotes. Over the past years, approximatelyzardabiquitinylation-related components
have been identified as being involved in plantipgen interactions (Zergf al, 2006), but
in most cases, the exact nature of the regulatiorot known. Most proteins of this type are
induced in response to pathogen or elicitor chgksn(Boyest al, 1998; Ramonelét al,
2005; Salinas-Mondragoet al, 1999; Serrano and Guzman, 2004; Takizawval, 2005;
Zenget al, 2006).

In addition to the 26S proteasome pathway, theee adiner proteases that may be
involved in plant defense (Avrovat al, 1999; Krugeret al, 2002; Pautoet al, 1993;
Torneroet al, 1996; Xiaet al, 2004). Serine carboxypeptidase (232.2) is a psatavith a
well-established function in protein turnover fdretmobilization of N-resources, notably
during seed germination (Dal Deganal, 1994; Granat et al, 2003) and wound stress (Moura
et al, 2001). Our results suggest that serine carboxigsege could be also implied in plant-
pathogen response. This protein appears to be wipted in S crown both pre- and post-
infection, but to a lesser extent 1hbi.

The proteins corresponding to fragments 47.1 an8.128how high similarity to
glycolipid transfer protein type 1 dirabidopsis thaliana AtGLTP1). They belong to the
lipid-transfer protein 1 (LTP1) family, classifieas pathogenesis-related family 14 (PR-14).
Such proteins can be activated by elicitation acmimulate in plants, mounting a defensive
response against pathogens, including fungi (Vaonlas al, 2006; Buhotet al, 2004). Yet
the precise role of LTPs in defense responses remaibe discovered. AtGLTP1 has been
shown in vitro to enhance the intervesicular tckifig of glycosphingolipids (GSLs), but the
precise in vivo biological function is still unknow(Brown and Mattjus, 2007). Both banana
genes showed the same regulation profile: sliglotlyer expression in "$han in S crown
tissue before pathogen inoculation and much higkpression in the former than in the latter
13 days post-inoculation.

On the other hand, cDNA-AFLP providing clues thatyntontribute to understanding
the mechanisms involved in banana responses toncroivdisease. One is CCR4-associated
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factor 1 (CAF1). CAFL1 proteins are required forulaged deadenylation of a broad spectrum
of stress-responsive mRNAs (Liareg al, 2009), but the biochemical and physiological
functions of CAF1 proteins are not clearly estdidi (Lianget al, 2009). They have been
implicated in the regulation of plant growth (Saeywt al, 2007) and defense responses to
biotic (Leeet al, 2004; Lianget al, 2009; Sarowaet al, 2007) and abiotic stress (Liaeg
al., 2009; Walleyet al, 2007). In our study, as in all known cases, CAN&rexpression
appears to result in enhanced resistance. No tathsti differential expression was noted
prior to inoculation. Investigators have linked nggulation of multiple pathogenesis-related
genes to over-expression of CAF1 genes (Liengl, 2009; Sarowaet al, 2007). It will be
interesting to study in our model the expressiaelie of some pathogenesis-related proteins
in order to corroborate previous results and tenaptt to better understand the role of CAF1
in resistance mechanisms.

Expression of the gene encoding a protein simiaetlulose synthase (294.2) is down-
regulated in Sbanana crowns. This is somewhat surprising, akilosé is a cell-wall
component expected to play a role in forming a m&ydarrier against fungal penetration.
Nevertheless there is evidence that when cellutys¢hesis is reduced by mutation, lignin
synthesis (Cano-Delgadet al, 2003) and defense responses are activated thnoagbus
signaling pathways (Cano-Delgadt al, 2003; Elliset al, 2002). Here we provide no
information on lignin synthesis, but we do showoarelation between reduced expression of
the cellulose synthase gene and enhanced resistnisedownregulation seems constitituve,
as S crowns showed the same level of downregulatioh po¢- and post-infection. Perhaps a
plant more exposed to pathogen attack becausela# a&ellulose synthase level produces
compensating defense mechanisms that are moreeeffic

Finally, cDNA-AFLP analysis has enabled us to idgnd gene showing homology
with a dopaming-monooxygenase (DoH) combined with a cytochromelBg&B) (33.2).
DoH-CB proteins form a recently identified group mbteins, likely to play a key role in
catecholamine biosynthesis pathway in plants (Tisuftaal, 2005; Verelst and Asard, 2004).
Cathecholamines are biogenic amines possessing-dil8/droxy-substituted phenyl ring.
Among them are phenylethylamine, tyramine, dopamiteepinephrine, and epinephrine
(Kuklin and Conger, 1995). In banana fruits, doparis formed only through hydroxylation
of tyramine (Smith, 1980). Dopamine hydroxylationdopamine-monooxygenase leads to
synthesis of norepinephrine, which is subsequen#iyhylated to epinephrine. From a broad
range of plants, bananas, and particularly Cavenddananas, have the richest content in
cathecolamines and particularly in dopamine : 1@0yFW in Cavendish banana peel as
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compared with 7 pg/g FW for potato, the secondestiplant of this list (Kulma and Szopa,
2007). This observation suggests that cathecolammght play an important role in banana

physiology.

Various functions, including plant pathogen resis®g have been proposed for
catecholamines (Swiedryatt al, 2004; reviewed in Kulma and Szopa, 2007). Effects
probably due to the antioxidant properties of dabéamines themselves and also to cell-wall
deposition and to the antioxidant properties ofvddives (Kulma and Szopa, 2007). Whether
catecholamines can stimulate some defense responges directly remains to be seen
(Kulma and Szopa, 2007). However, catecholamin@adine, or oxidation products are
suggested to be involved in banana resistance mischa (Mace, 1963; Muirhead and
Deverall, 1984; Valettet al, 1998; Wuytset al, 2006; Wuytset al, 2007). Particularly, it
has been shown that dopamine oxidation products hawown-red color and show a strong
antifungal activity againsC. musagMuirhead and Deverall, 1984). These authors sstgde
that four of the five antifungal products repori@town and Swinburne, 1980; Brown and
Swinburne, 1981; Swinburne, 1978) subsequentlizeartfection of green bananas by hyaline
appressoria ofColletotrichum musaewere dopamine oxidation products (contrarily to
melanized appressoria that do not germinate omgdvaaanas, these infections from hyaline
appressoria are rapidly blocked and a brown-recdbratbbn of neighboring tissues is
observed). It is noteworthy that the peripheralrogc tissues observed here in the S- banana
crowns showed a specific red-brown color (datastmwn). Then, our results suggest that
dopamine oxidation products might play an importesie in susceptibility to crown rot
disease.

The factors involved in overexpression of dopamimedation in S- plants might be
complex. Effectively, catecholamine biosynthesisl aontent depend on various factors:
plant development stage (Lyte, 1997; Swiedrgthal, 2004b; Szopat al, 2001); growth
conditions (Swiedryclet al, 2004b); environmental factors (Kulma and Szof®®,72 such as
the pH (Homeyer and Roberts, 1984), brightnessr@aset al, 1984; Protaci@t al, 1992),
temperature (Swiedryokt al, 2004); and stress conditions including (i) bid&ctors such as
pathogen infection (Facchimt al, 1996), and (ii) abiotic stresses such as drougBi\
treatment, UV light, and wounding (Swiedryehal, 2004b; Swiedryclet al, 2004; Szopa et
al., 2001). In the case of cactus (Steeletkal, 1967) and potato (Szopa et al., 2001)
wounding is accompanied by a rise in the dopammmcentration, and wounded tissues
appear to stimulate dopamine production in theosumding healthy tissue.
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Similarly, in the case of crown rot of bananas va@ tiypothetize that wounding at
harvest could also influence cathecolamine biosticipathway.

It would be interesting to learn more about the @l dopaming-monooxygenase and
other catecholamines in the response of bananasoten rot. We have shown that the
dopamineB-monooxygenase gene is overexpressed in banasasugseptible to the disease.
One should make sure, however, that this enzymesant others are active and that their
substrates are present in the crowns. By deterqnitiia levels of various catecholamines in
crowns with different levels of susceptibility itight be possible to gain interesting
information about their respective roles. Furthemndy measuring the potential antifungal
activities of catecholamines one could learn whethey are active by themselves in defense
mechanisms or whether they are precursors of atttere compounds.

Finally, it is necessary to evaluate the expressewmels of all these genes in other
situations of susceptibility level variation. To Iseire that they are really involved in
guantitative regulation of banana defense respossésot in other pathways that might be
triggered by a change in the source-sink ratio equitdependently of any plant defense
response. Furthermore, because plant defense wsespomvariably are by nature
multicomponent processes, it is not easy to determihich components are both necessary
and sufficient to confer protection.
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We propose a new way to view the post-harvest dpwmeént of banana crown rot
disease. The idea is that that crown rot developrdepends notably on fruit physiology at
harvest, which in turn depends on pre-harvest factélthough it has been suggested
previously that fruit physiology may affect dise@seidence, this has never been investigated
in detail. Two aspects of the fruit physiology weamsidered in this study. In the first part (i),
the importance of the fruit physiological componattharvest in post-harvest crown rot
disease was highlighted (a) and the influence afesenvironmental pre-harvest factors on
this component was studied (b). The second pathefstudy (ii) focused on the genetic
determinant implied in the observed variation afcaptibility.

() a. The conducted assays have shown that riie ghysiological component at
harvest has a significant effect on post-harvestvar rot development. In two
production areas (Cameroon and Guadeloupe), fusteptibility was found to
fluctuate significantly over time. Under Guadelapigrowth conditions, bananas
harvested over an 11l-week period interval showetlead towards increasing
susceptibility by 4-fold. However, the pre-harvésttors affecting fruit physiology
and determining the susceptibility remained unknolmnboth cases we suggested
that climate conditions during banana growth weabably the most important pre-
harvest parameter influencing the post-harvesteqidality to crown rot. Indeed,
climate conditions can vary from week to week whserether parameters can be
assumed to be reasonably constant in our assalisugh they were not actively
monitored). It quickly became apparent, howevemt tthe environment-plant
relationship determining fruit susceptibility isryacomplex. It was notably difficult
to correlate fruit susceptibility with any partienl environmental parameter, as
different parameters tended to vary simultaneoustiie field (results not shown).

b. Because of the apparent complexity of planirenment interactions in determining
susceptibility, we chose to focus on two pre-harvastors: the source-sink ratio at
flowering and the hand position on the bunch. Buathre found to influence
significantly the susceptibility of banana to crowet. Within a bunch, there
appeared a gradient of susceptibility to crown(ret0.95), the hands initiated first
(the upper ones) being more susceptible than thuated last (the lower ones).
Furthermore, when the sink was decreased by remavalany hands, the fruit
susceptibility decreased. These observations stijggssusceptibility is influenced
by the stage of fruit development and by fruitiidj characteristics. These two
parameters are in close interaction withand dependent or the soil-climate
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conditions and agro-technical factors of the proidacarea. We propose that plant
susceptibility is regulated according to the nignial balance established during
plant growth. This balance varies between plantsadso between fruits of the same
bunch. It should result from all physiological irgetions between the whole plant
and environmental factors, however slight. Macres@mmental stress factors such
as cloudiness, drought, fertilizer imbalance, psoit water-holding capacity, the
presence of pathogens, etc. probably have a grempact on this balance than
micro-environmental factors. Yet because plantsvgrg close to one another can
show very different susceptibility, we hypothesibat the nutritional balance of
each plant, and even of each fruit, is affecteddy and leaf micro-environmental
factors and by plant competition. The nutritionalamce might affect the plant-
pathogen interaction in two ways: by influencing #ibility of the plant to establish
defence mechanisms (notably through changes inndacp metabolism) and by
altering the bioavailability of nutrients necesstmypathogen development.

ProspectsThe ubiquitous nature of the fungi encounterethendisease complex, their
diversity, and their highly variable occurrence gwathogenicity complicate the
study of the parasitic component of the fruit qugtiotential. To reduce the disease,
a better understanding of the pre-harvest factuas predispose bananas to crown
rot would be helpful, rather than focusing on thmdi involved. Physiological
studies should be designed under standardizedaritbtted conditions throughout
the banana growth phase. These conditions shola@ & examine separatly the
effect of each parameter of the complex environAhest-pathogen interactions. On
the basis of such knowledge, it should be possidbleduce crown rot disease by
controlling environmental factors, rather than tigo systematic chemical control
with its known drawbacks.

Practical applications:As a first measure liable both to reduce fruitceyibility and

to increase fruit size, we recommend early handoxeinon the field. This practice
should be easy to apply on a large scale on indugitantations. It is already
applied in some areas to increase fruit size.

On the basis of our results, we further proposacadvwhen evaluating fruit
susceptibility to crown rot disease. It is impottém standardize the hand sampling
method. The hands to be used in an experiment gtimutollected from the same
position on each bunch, with a preference for theltone. If more than one hand
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per bunch is needed, it is essential to work withcessive hands. Furthermore,
samples should be collected over the shortestlpedsine period, to avoid the high
week-to-week variability described in this study.

(i) The second part of this work focused on gemd®se expression-level variations
may be linked to the fruit susceptibility variatiatoserved. cDNA-AFLP analysis
was used, so as to keep our approach as broadsandb&ésed as possible. We
obtained fundamental information about genes thay muantitatively influence
banana defence mechanisms. To our knowledge, thik i8 the first to address
both pre- and post-infection gene expression witle tsame host-pathogen
combination and different susceptibility. Some lué genes identified as potentially
influencing the defence-response participate inalong pathways or are part of the
plant's proteolytic machinery. These mechanisms aomspecific regulatory
processes known to respond to environmental madifios generally. Their
identification thus sheds no light on the mechasismvolved in susceptibility
variation. The products of other identified genbsve homology with glycolipid
transfer proteins, a CAF1 protein, and a cellulegethase. These proteins have
already been linked to responses to pathogenser atodels, but their precise role
remains to be discovered. Expression of the CARFE geems to be induced by the
pathogen, as no constitutive differential expressi@s noted prior to inoculation.
Overexpression of the CAF1 gene is associated aitanced resistance, and we
found this overexpression to persist 13 days pusttilation. Paradoxically,
overexpression of the cellulose synthase gene secaded with high banana
susceptibility both pre- and post-inoculation. cDIW&LP analysis, furthermore,
highlighted a gene whose predicted product showsotmgy with a dopaming-
monooxygenase (DoH) combined with a cytochrome BSch genes play a key
role in catecholamine action in plants. This se@augicularly interesting, because
other investigators have previously suggested th#tcholamines, dopamine, or
their oxidation products play a key role in banaasistance mechanisms. More
detailed research is necessary to determine whetitecholamines contribute to
determining the strength of the banana defencesrsspto crown rot disease.

Our results confirm the reproducibility of the cDN¥ELP method. It is a
sensitive method allowing the discovery of new @erié0% of the identified
fragments showed no similarity to any database Jyemal of genes whose
expression is low. Our work also shows the limitat of cDNA-AFLP analysis.
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Although in theory this technique allows visualgirand analysing the whole
transcriptome, in practice it allows only partiaverage, because it is laborious and
time-consuming and requires selection at varioepsstIn our case, selection
resulted from using only one restriction enzymer mai the cDNA pool (genes
lacking the corresponding restriction site could be detected), from using only 8
primer combinations for the amplifications, andnfrselecting only some of the
differently expressed fragments for further anadysé&/e retained only fragments
that were successfully recovered from the gelsymelified, cloned, and sequenced,
for which specific primers could be designed andctvhshowed homology to
database genes. It is worth stressing that only 6Df#te selected fragments showed
homology to database genes. All these selectiqrs sieere necessary and they are
frequently applied (Costa Mondegt al, 2003), but it is essential to bear in mind
that interesting genes involved in plant stressporses may have escaped
identification in our study and would thus remairbe discovered.

This study also illustrates the importance of \atiitg cDNA-AFLP results by
an independent method and on two biological refdgdefore concluding that a
gene is involved in a biological process. The esgimn-level differences observed
by cDNA-AFLP analysis were confirmed by an indepamtdtechnique for 86% of
the identified fragments, and only 46% of them westidated on the second
biological replicate.

Prospects|t is necessary to confirm the involvement of ttientified genes in banana
defence responses to be sure that the observedssiqm differences are not merely
a side effect of the change in the source-sinlo ratid of the mechanical injury of
the bunch. This could be done by studying the esgioe of these genes under other
conditions of susceptibility variation. Furthermorié would be interesting to
evaluate the expression level of these genes betwageties showing different
degrees of resistance to crown rot. This would miikpossible to assess the
potential utility of these genes as selection marker varietal improvement. Then
it would be interesting to measure the catecholanhéwel and associated enzyme
activities in fruits showing different susceptibylilevels so as to gain interesting
information about their respective roles in defemesponses. Furthermore, by
testing catecholamines for antifungal activity, ccmuld learn whether they are
active by themselves in defence mechanisms or whétley are precursors of other
active compounds.
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The present results give fundamental informatiobpgué mechanisms which
govern the fruit susceptibility to crown rot diseaslowever, no one could be use,
in the current state of knowledge, to direct thepcmanagement. Nevertheless,
further characterization and functional analyseshef genes that are identified in
this study should lead to a more comprehensive rstateling of plant-pathogen
interactions.

Another important contribution may come from thagiments (40% of the
total) that showed no similarity to any databaseegé\lthough we excluded them
from the present study, their isolation constitutesfirst step to a better
understanding of the plant-pathogen interactiormswvéver, further caracterization is
needed and could allow to identify original andépecific mechanisms that govern
the banana-crown rot interactions.

Practical applications To perform our gene expression study we had teestwo
major problems. Firstly, we wanted to study bangeae expression at the harvest
stage and 13 days post-harvest on samples collentedameroon, where the
necessary materials for extracting RNA are notlakbs. We demonstrated that by

freeze-drying our samples it was possible to puves&NA without affecting its
quality, and hence without compromising the resofteur expression studies. This
technique offers several advantages and can prplbgbtransposed to other plant
models.

The second difficulty was to extract efficientlypi bananas containing high
levels of polyphenols and polysaccharides, RNA waffigent quality to allow
differential gene expression analysis. The propasethods in this work, frorm
vivo sample RNA conservation to differentially expresgene analysis by passing
throught the RNA extraction step, allow studyinffetently expressed genes in any
banana fruit tissue. These methods should proviilusathever the transcriptome
analysis method applied.

The results of this original study constitute thistfdemonstration of the importance of
the fruit physiological component at harvest in tguavest crown rot development. This
observation is probably transferable to other ppathogen systems. Indeed plant stress
responses depend on the plant-environment interecthat determine the physiological state
of the plant. This should encourage researchevgeto disease development more broadly, as
a process that depends not only of a parasitic coent but also on the plant physiological
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status. Characterizing the banana fruit physiolmlgmomponent is complex, but there is
evidence that integrated control management mist itd¢0 account the pre-harvest factors
that influence fruit susceptibility. We hope oupipeering research will make possible more
detailed studies leading to practical agronomiaigfer and to developing a banana crop

management system that is more sustainable in terlnsman and environmental constraints
and needs.
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