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Quels processus physiologiques pilotent I'aciditéedla banane dessert (spMusa) en pré
et post récolte?
Modélisation écophysiologigue et analyse expérimeaale de I'effet du génotype et des

conditions de croissance du fruit.

RESUME

Chez la banane dessert, les saveurs sucrée ef eardetéristiques importantes pour
les consommateurs, sont pilotées par les teneuexides citrique et maliqu€e travail a
donc porté sur I'étude des processus physiologiquepilotent 'accumulation de ces acides
dans la pulpe de banandysasp. AA) en combinant analyse expérimentale et higatién
ecophysiologique. Nous nous sommes notamment gs@sea I'effet du génotype et des
conditions de croissance du fruit en adoptant ypeazhe intégrative liant lgghases pré et
post récolte

Les effets dda charge en fruit, de la fertilisation potassiqueet du stade de récolte
sur I'accumulation du citrate et du malate dansulpe ont été étudiés expérimentalement. La
variabilité génotypique a été prise en compte en choisissant trois génetypesentant des
acidités contrastées a maturies différences d’évolution des teneurs en acidiess a des
modifications métaboliques, ont été observées desrgénotypes pendant les phases pré et
post récolte. Le stade de récolte a eu un effeifgigtif sur les teneurs en acides des fruits
pendant la maturation post récolte. La charge @hét la fertilisation potassique n’en ont eu
aucun.

Des modeles écophysiologiquesnt été développés pour prédire différents critére
d’acidité de la banane en pré et post récolte. HHeepl'acidité titrable ont été prédits par un
modele d’équilibres acido-basiques, la teneur eratmapar un modéle de stockage
vacuolaire, et la teneur en citrate par un modaleytle de Krebs. Ces modeéles ont permis
d’identifier les processus physiologiques clés gibtent l'acidité de la banane. Des
parametres génotypiques ont été identifiés liés 'activité de I'enzyme malique
mitochondriale et a celle des transporteurs mitodhanx du malate pour le modele citrate,
et a l'activité des pompes a protons vacuolaire #H3 pour le modéle malate. Ces modéles
ont également permis de disséquer I'effet des ¢immdi de croissance du fruit sur I'acidité de
la banane.

L’intégration des modeles développés dans un matiélaboration de I'acidité et son

utilisation potentielle pour I'amélioration vari@asont discutées.

Mots-clés Acidité ; banane ; écophysiologie ; génotype ; élisdtion ; pré et post récolte



Which physiological processes control banana acigit(sp. Musa) during pre and post-
harvest stages?
Ecophysiological modeling and experimental analysisf the effects of genotype and fruit

growth conditions.

ABSTRACT

Citric and malic acids determine the sourness arsktess of banana pulp, which are
the two main determinants of consumer preferenéé® present work focused on the
physiological processes controlling the accumula@iboitric and malic acids in banana pulp
(Musa sp. AA) using experimental analysis and ecophggichl modeling. We chose an
integrative approach linking there and post-harvest stagesand focused on the effect of
genotype and fruit growing conditions.

Experiments were conducted to study the effect @it load, potassium
fertilization and fruit age at harvest on the accumulation of citrate and malate in banan
pulp. To account fogenotypic variability, three genotypes with contrasting acidity at the
eating stage were studied. Major differences inpidugern of citrate and malate accumulation
were found in the three cultivars both during gtoveind post-harvest ripening and were
shown to be the result of metabolic changes. Tineekastage had a significant effect on the
concentrations of acids during post-harvest ripgnkruit load and potassium fertilization
had no effect.

Ecophysiological modelswere developed to predict several banana aciditgria
during the pre and post harvest stages. pH aradattie acidity were predicted by a model of
acid-base reactions; malate content by a model @iolar storage; and citrate content by a
model of the TCA cycle. These models led to theniifieation of the key physiological
processes that control banana acidity. Genotypranpeters were identified, which were
related to the activity of the mitochondrial maéozyme and of the malate mitochondrial
carriers in the citrate model, as well as to th&viig of the vacuolar proton pump, ATPase,
in the malate model. The two models were also ugsemhalyze the effects of fruit growth
conditions on banana acidity.

Combining the three models in a global model of baracidity, and the possible use

of this model for varietal improvement are discasse

Key Words: Acidity; banana; ecophysiology; genotype; modelimg and post-harvest
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1 Contexte de la these

La banane dessert est la deuxieme production dreitmondiale (106 millions de
tonnes (MT) en 2011) et la premiére productioncade des Antilles francaises (298 000 T en
2011) (FAOSTAT). La filiere banane dessert des lha#i francaises, qui comprend
essentiellement des variétés du sous-groupe Caleliiliusa spp AAA), est exportée en
totalité au sein de I'Union européenne (Loeill@0), et se caractérise donc par des phases
de production et de maturation bien distinc®s. parle ainsi de phase pré récolte pour
décrire la période de croissance du fruit sur lzapke, et de phase post récolte pour décrire
la période de transport, stockage et maturation diests apres récoltg(Fig. 1). La banane
étant un fruit climactérique, I'initiation de la bo@ation apreés récolte est déclenchée par un
traitement a I'éthyléne.

La filiere banane dessert des Antilles doit fa@eef a plusieurs enjeux : d’une part une
concurrence accrue avec les pays d’Amérique lairdAfrique (Maillard, 2002), et d’autre
part une pression parasitaire importante due &mailsilité du sous-groupe Cavendish aux
cercosporioses jaune et noire, deux maladies foegiqfoliaires importantes du
bananier présentes aux Antilles (Jegeal, 1995). Dans ce contexte, la création de variétés
de banane dessert présentant des qualités gustadifférentes de celle du standard
Cavendish (Bugauet al, 2011) et une résistance aux principales mala@dibadie et al,
2007) apparait comme une voie privilégiée pour dgitrer la viabilité et la durabilité de la
filiere. Depuis une vingtaine d’années, le CeneeChopération Internationale en Recherche
Agronomique pour le Développement (CIRAD) travailenc sur la création d’hybrides
alliant ces deux caractéristiques, mais les hgrigfoposés jusqu’ici ont été rejetés par les
consommateurs pour cause de défauts sensdriatparait alors nécessaire de comprendre
les mécanismes impliqués dans I'élaboration de lalité sensorielle de la bananafin de
pouvoir proposer des hybrides répondant aux exggedes consommateurs

Les saveurs sucrée et acide jouent un role crdaias I'acceptabilité des fruits par les
consommateurs (Mehinagiet al, 2012). Récemment, une étude multivariétale a réont
'importance de ces saveurs dans l'expression deivarsité sensorielle de variétés de
bananes dessert (Bugaetal, 2011). Chez de nombreux fruits, et notammentlsahe, les
saveurs sucrée et acide sont principalement ps#otgs les concentrations en acides
organiques (Estet al, 2002; Harkeret al, 2002; Tiemanret al, 2012), essentiellement le

malate et le citrate (Bugauet al, 2013; Seymourt al, 1993).La compréhension de
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I'élaboration de la qualité sensorielle de la banampasse donc par I'étude des mécanismes
impliqués dans I'accumulation de ces deux acidegamiques.

La majeure partie du citrate et du malate stockés des cellules de la pulpe des fruits
est synthétisée au sein du fruit (Bollard, 1970e&manet al, 2009; Ulrich, 1970). Ces
deux acides sont impliqués dans de nombreuses wwétsboliques et jouent donc un role
important dans la physiologie du fruit. Le malatdeecitrate sont synthétisés et dégradés au
travers de différentes voies métaboliques locaisiEms différents compartiments cellulaires.
Dans la mitochondrie se déroule le cycle de Krahs,des voies métaboliques centrales pour
la vie cellulaire, et au sein duquel le malateeetitrate peuvent étre produits ou dégradés
(Sweetloveet al, 2010). Dans le cytosol, le malate est produit facarboxylation du
phosphoénolpyruvate (PEP), un intermédiaire ddyleotyse, et est dégradé eREP, par la
voie métabolique inverse, ou bien en pyruvate (8waeet al, 2009). Dans le cytosol, le
citrate peut étre dégradé au travers de deux wai@bdoliques : le GABA shunt qui conduit a
la synthése dg-aminobutirate (Bown and Shelp, 1997), et la vagesgintheése de l'acetyl-
CoA conduisanin fine a la synthése de flavoinoids et isoprenoids (Rettd al, 2002). Dans
le glyoxysome se déroule le cycle du glyoxylatetdanfonction finale est de convertir les
acides gras en glucose et au sein duquel le maate citrate participent en tant
gu’intermédiaires (Pracharoenwattana and Smith, 2008 localisation de ces voies
métaboliques dans différents compartiments cetkgaimplique I'existence de mécanismes
de transports permettant aux meétabolites de tensiitre chacun d’eux. Ainsi, chez les
plantes, plusieurs types de transporteurs ont é® en évidence sur la membrane
mitochondriale interne (Haferkamp and Schmitz-Es2812), ainsi que sur la membrane du
glyoxysome (Rottensteiner and Theodoulou, 2006Xxitrate et le malate sont stockés dans la
vacuole des cellules de la pulpe du fruit gracenasysteme de transports membranaires
extrémement complexe gouverné par les lois thermatyques de transport de solutés au
travers d'une membrane biologique et faisant int@rvdifférentes types de transporteurs
(Shiratake and Martinoia, 2007Ma compréhension des mécanismes d’accumulation du
citrate et du malate dans le fruit nécessite donétddier le métabolisme et le stockage
vacuolaire de ces acides afin d’identifier les pecipaux processus contrélant leurs
accumulation.

Plusieurs études ont mis en lumiére le role detedias génétiques sur 'accumulation
du citrate et du malate dans la pulpe des fruifs (Etienne et al, 2013b)). Chez de
nombreuses especes de fruits, des phénotypes diitgx«> et « acides » ont été identifies et
des études de transcriptomique, protéomique, oaremaétabolomique ont mis en évidence
certains génes et enzymes potentiellement a ligigile ces différences phénotypiques

18



Introduction Générale

(Beruter, 2004; Chemt al, 2009; Sadkeet al, 2000a; Yaoet al, 2009). Concernant la
banane, il a été montré que les concentrations &atenet citrate de la pulpe varient de
maniére significative entre cultivars (Bugaetdal, 2013), ce qui met en évidence une forte
composante génétique dans la détermination dalit@aile la banan€ependant, il n’existe

a ce jour aucune information sur les origines php$dgiques d'une telle variabilité
génotypique.

L’accumulation des acides organiques dans la pdésefruits est sous linfluence de
facteurs agro-environnementaux. Ainsi, il a été m@orgue la température ainsi que la
disponibilité hydriqgue avaient une influence suacidité de fruits tels que la tomate (Veit
Kohler et al, 1999), la pomme (Millet al, 1996) ou encore les agrumes (Kallsnal,
2011; Thakur and Singh, 2012). Certaines pratiquétsirales, telles que la manipulation du
rapport feuille : fruit et la fertilisation potagsie, ont également une influence sur I'acidité
des fruits tels que la péche (Vétal, 2002), la mangue (Léchaudst al, 2005b),I'ananas
(Spironelloet al, 2004), ou encore le citron (Ahet al, 2006).Plusieurs études ont revélé
I'influence des facteurs pré récolte sur l'acidité la banane pendant la maturation post
récolte. Ainsi, il a été montré que l'altitude démme que le site et la période de production
ont un effet significatif sur les concentrationsatnate et malate dans la banane mdre apres
récolte (Bugaucbt al, 2006; Bugaueckt al, 2009). Ramesh Kumar et Kumar (2007) ainsi que
Vadivel et Shanmugavelu (1978) ont observé queettli§ation potassique des bananiers
entrainait une diminution significative de I'acilititrable des bananes mlres aprés récolte.
L’age physiologique du fruit a la récolte semblesaavoir un effet sur I'accumulation des
acides pendant la maturation post récolte puisqeeéinde a montré que les fruits mars
(apres maturation post récolte) récoltés plus v@iemt des concentrations plus élevées en
malate et moins élevées en citrate que les fraitsltés plus tard (Bugaust al, 2006).|
semble donc que les conditions de production en pgéeolte peuvent affecter les
concentrations en citrate et malate dans la pulpe t@nane aprés récolte, dou
'importance d’adopter une approche intégrative hiles phases pré et post récoftgg. 1).
L’acquisition de connaissances sur les facteursr@célte qui influencent I'acidité de la
banane au cours de la maturation post récolte éstssaire pour innover en matiere de
pratiques culturales permettant d'obtenir des druitlrs présentant un niveau d’acidité
satisfaisant.

Depuis quelgues années, I'utilisation de modelepldgsiologiques se révele étre un
outil puissant pour étudier les effets du génotgpde I'environnement sur la physiologie de
la plante (Génarcet al, 2007; Hammeret al, 2006; Struiket al, 2005). Les modéles

ecophysiologiques ont pour but de décomposer un@bla tres intégrative en processus
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élémentaires et permettent ainsi d’identifier lescamismes physiologiques qui pilotent cette
variable et de voir & quels niveaux jouent lesefact environnementaux. Les modéles
écophysiologiques contiennent un certain nombre pmrametres indépendants de
I'environnement et pouvant prendre des valeurgdifites selon le génotype, et sont donc un
outil intéressant pour analyser la variabilité ggpmued’un trait (Quilot and Génard, 2005;
Wu et al, 2012). A I'échelle du fruit, plusieurs modele®gleysiologiques ont été proposés
permettant de prédire différents critéres de sditguals que I'accumulation des sucres (Dai
et al, 2009; Génard and Souty, 1996), de la matiere es@gagrhaudelet al, 2005a;
Lescourretet al, 1998) et de I'eau (Fishman and Génard, 1998; Létdlat al, 2007; Liu
and Génard, 2007Rien que l'acidité soit un critére important deglaalité du fruit, plus rares
sont les modéles qui s’attachent a décrire son éétibn. A ce jour, aucun modele décrivant
la variabilité génotypique et environnementale @eidité de la banane n'a été propose.
Cependant, des modéles écophysiologiques permedtagmredire les concentrations en citrate
et malate dans le fruit ont été développés che&dhells représentent de maniére simplifiée
les principaux mécanismes cellulaires impliqués déarumulation de ces deux acides
(Lobit et al, 2006; Lobitet al, 2003; Wuet al, 2007) et permettent de prédire les
changements de teneurs en acides au cours du déewlept du fruit en réponse a certains
facteurs agro-environnementaubs. peuvent donc constituer une base pour la constion

de tels modéles adaptés aux particularités liéed’espéce Musa et a son mode de
production. L’utilisation de ces modeles pourra peettre d’apporter des éléments de
réponse sur les origines de la variabilité génotype et sur les déterminants physiologiques
de l'accumulation du malate et du citrate dans la Ipg de banane au cours de la

croissance et de la maturation post récolte du frui
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Figure 0-1 Cultural practices might affect organic acids concentrationboth during the pre and
postharvest stages of banana development.
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2 Objectifs de la these

Mon travail de thése a porté sur la compréhensies processus physiologiques
impliqués dans I'accumulation du citrate et du rneakehez la banane dessert. Les facteurs
génotypiques et agro-environnementaux pouvant awogr forte influence sur l'acidité des
fruits (cf. Contexte de la these), je me suis notamt intéressée a leur influence sur
'accumulation des acides organiques chez la badessert. La démarche choisie dans ce
travail a été de combiner analyse expérimentalmaélisation, en adoptant une approche
intégrative liant les phases pré et post redaésociée a la phase de consommation). L'accent
a eté mis sur I'étude de I'effet de la charge eit,fde la fertilisation potassique et du stade de
récolte, trois facteurs agronomiques couramment puéds par les producteurs de banane et
connus pour affecter I'acidité des fruits (cf. Gorie de la these).

Dans un premier temps, des connaissances ont tlbacguises sur I'effet de ces trois
pratigues agronomiques sur 'accumulation du @ttt du malate dans la pulpe de banane
durant les phases pré et post récolte, au traverpé@timentations agronomiques. Afin de
prendre en compte la variabilité génotypique, tgé@isotypes de banane dessert présentant des

acidités contrastées a maturité ont été étudiés.
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Dans un deuxiéme temps, l'intégration des donngpéramentales acquises dans des
modeles écophysiologiques de prédiction des corat@ris en citrate et malate dans la pulpe
de banane, a permis de proposer des hypothésks sarigines des différences génotypiques
au niveau cellulaire et sur I'effet des facteursbagmiques observés expérimentalement. Les
modeles ont été construits sur la base de ceux géspoar Lobit et al. (2006; 2003; 2002)
pour la péche. L'étude a porté a la fois sur leasph pré et post récolte afin de voir quels
pourraient étre les origines physiologiques degdihces de profils d’accumulation en acides
organiques entre ces deux phases.

La finalité de cette thése est d’apporter des éhsnale compréhension sur les
mécanismes de régulation de 'accumulation duteiteh du malate chez la banane dessert, et
notamment de fournir des pistes sur I'origine dedaabilité génotypique.

3 Plan de la these

Cette thése est organisée en trois chapitres pauki Le chapitre | est ursynthese
bibliographique sur les mécanismes cellulaires impliqués dansdiailation du citrate et
du malate dans les cellules de la pulpe des fruitdjectif de cette synthese est d’identifier
les processus qui pilotent 'accumulation du cérat du malate dans les cellules de la pulpe
du fruit. Les effets de différents facteurs agretemnementaux (température, disponibilité
hydrique, charge en fruit, fertilisation) sur I'dité des fruits sont également analysés pour
tenter de comprendre sur quels mécanismes ce#lsldg agissent. Les conclusions de cette
synthese seront mobilisées par la suite pour latoaction des modeles écophysiologiques.

Le chapitre Il présente leésultats expérimentauxdes effets de la charge en fruit, de
la fertilisation potassique et du stade de résaltd’accumulation du citrate et du malate chez
trois génotypes de banane dessert présentant dbgscontrastées. Cette étude nous a
permis de voir si ces facteurs influencent lesuenen acides organiques de la méme maniére
chez les trois cultivars, et quelles phases de ldgpement, a savoir croissance et/ou
maturation post récolte, sont affectées.

Le chapitre 11l décrit le développement o@deles écophysiologiquepermettant de
prédire différents criteres d’acidité du fruit. @etapproche, basée sur l'intégration des
données expérimentales acquises, a permis de gropges hypothéses sur les processus
physiologiques qui pilotent I'acidité de la banaee sur les origines de la variabilité
génotypigues au niveau cellulaire. L'étude a parta fois sur les phases pré et post récolte
afin de voir quels pourraient étre les origines gibipgiques des différences de profils

d’accumulation en acides organiques entre ces pgeages. Ce chapitre est organisé en trois
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parties. La premiere partie présentennodele de prédiction du pH et de I'acidité titrable
de la pulpe de banane a travers la représentaisréquilibres acido-basiques (Lobital,
2002). La deuxieme partie présenternodele d’accumulation du malatedans la pulpe de
banane basé sur une représentation simplifiee cdamsime de transport du malate dans la
vacuole (Lobitet al, 2006). La troisieme partie présente modéle d’accumulation du
citrate dans la pulpe de banane basé sur une représargatiplifié du cycle de Krebs dans
la mitochondrie.

Enfin, la conclusion généraledes travaux présentés débouche sur des perspective
ouvertes. L’intégration des trois modeles dévelspmst présentée et son utilisation
potentielle est abordée. L'utilisation d'un tel nétel écophysiologique, combiné a des

données génétiques, dans le cadre de la séleciale est discutée.

23



Introduction Générale

4 Publications et communications scientifiques
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Etienne A., Génard M., Lobit P., Mbéguié-A-Mbeguié D., Bugl C., 2013. What controls
fleshy fruit acidity? A review of malate and cigaaccumulation in fruit cell. Journal of
Experimental Botany; 64(6):1451-1469.

Etienne A., Génard M., Bancel B., Benoit S., Nonone M., BuyaC., 2013.A model
approach revealed the relationship between banaflm gridity and composition during
growth and post-harvest ripening. Scientia Hortimale; 162:125-134.

Etienne A., Génard M., Bancel B., Benoit S., Bugaud C.ccépté dans Scientia
Horticultuare). Citrate and malate accumulationbemana fruit Musa sp. AA) is highly
affected by genotype and fruit age, but not bywraltpractices.

Etienne A., Génard M., Bugaud C., (soumis a Plant PhygyloA model of TCA cycle
functioning to analyze citrate accumulation in @ned post-harvest fruits: application to
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Etienne A., Génard M., Lobit P., Bugaud C., (a soumetinef@vrier-mars). Modeling the
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Communication orale
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Chapitre I Qu’est ce qui Controéle I’Acidité des Fruits ?
Synthese Bibliographique sur I’Accumulation du

Malate et du Citrate dans les Cellules du Fruit
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Objectifs

Ce chapitre est une synthése bibliographique suavancées faites dans la compréhension
des mécanismes cellulaires impliqués dans I'accatiounl du citrate et du malate dans les
cellules de la pulpe des fruits charnus, en mettantent sur les origines possibles des
difféerences variétales ainsi que sur l'influences dacteurs agro-environnementaux. Les
conclusions de cette synthése seront mobiliséelmrite pour la construction des modeéles
ecophysiologiques. Ce chapitre a fait I'objet d’ypublication dansournal of Experimental
Botany sous la forme d’une review intitulée « What colstfteshy fruit acidity? A review of

malate and citrate accumulation in fruit cells ».

Principaux résultats

e L’accumulation du citrate et du malate dans la puligs fruits est le résultat de
I'interaction complexe entre métabolisme et stoekagcuolaire.

e L’accumulation du citrate semble étre pilotée parclcle de Krebs et donc par la
respiration, alors que l'accumulation du malate ldemétre pilotée par le stockage
vacuolaire.

» Plusieurs facteurs environnementaux (températumdisgbonibilité en eau) et pratiques
culturales (charge en fruit, fertilisation potass) affectent I'acidité des fruits en
agissant sur differents mécanismes cellulaires gbodsme, stockage vacuolaire,

accumulation d’eau).
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What controls fleshy fruit acidity? A review of malate and citrate

accumulation in fruit cells
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Abstract

Fleshy fruit acidity is an important component afif organoleptic quality and is mainly due
to the presence of malic and citric acids, the noaganic acids found in most ripe fruits. The
accumulation of these two acids in fruit cellshe tesult of several interlinked processes that
take place in different compartments of the cell appear to be under the control of many
factors. This review combines analyses of transamit, metabolomic, and proteomic data,
and fruit process-based simulation models of theumacilation of citric and malic acids, to
further our understanding of the physiological mecras likely to control the accumulation
of these two acids during fruit development. Thieat of agro-environmental factors, such
as the source: sink ratio, water supply, mineratithon, and temperature on citric and malic
acid accumulation in fruit cells have been reportedeveral agronomic studies. This review
sheds light on the interactions between these faod the metabolism and storage of

organic acids in the cell.
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1 Introduction

Fleshy fruit acidity, as measured by titratabledagiand/or pH, is an important component of
fruit organoleptic quality (Bugaudt al, 2011; Estiet al, 2002; Harkeret al, 2002). Fruit
acidity is due to the presence of organic acidd, malic and citric acids are the main acids
found in most ripe fruits (Seymoet al, 1993). Understanding the factors that influeree t
concentration of these acids in fruit cells is thafsprimary importance for fruit quality
improvement.

The predominant organic acid in ripe fruit variemomg species. Malic acid is
dominant in apple (Yamaki, 1984), loquat (Chetnal, 2009), and pear (Let al, 2011),
whereas citric acid is dominant in citrus fruitsafifaki, 1989). In many fruit species,
differences in total acidity or in the balance afyanic acids among cultivars are also
observed, e.g. in loquat (Yargy al, 2011), peach (Etiennet al, 2002), pear (Lwet al,
2011), citrus (Albertiniet al, 2006), pineapple (Saradhuldhat and Paull, 208p@jicot
(Gurrieriet al, 2001) and banana (Bugaatal, 2011).

The processes involved in the metabolism and aclation of malic and citric acids
in mesocarp cells are under both genetic and emwiemtal control. Transcriptomics (Cercos
et al, 2006; Delucet al, 2007; Etiennest al, 2002), metabolomics (Delwet al, 2007; Katz
et al, 2011), proteomics (Famiamit al, 2005; Katzet al, 2007), and QTLs (Lerceteau-
Kohler et al, 2012; Schaueet al, 2006; Xuet al, 2012)studies have helped decipher some
of the mechanisms that control acidity, and inteevet cellular level. Many agronomic
studies have shown the impacts of cultural prasticecluding irrigation (Thakur and Singh,
2012; Wuet al, 2002), mineral fertilization (Cummings and ReeVE371; Ramesh Kumar
and Kumar, 2007; Spironellet al, 2004), thinning (Léchaudelt al, 2005b; Soutyet al,
1999; Wuet al, 2002), and environmental factors like temperatBerdon et al, 2007,
Gautieret al, 2005; Wang and Camp, 2000), on fruit acidity, botv they affect malic and
citric acid accumulation in the cell is still ndear.

In the last few years, process-based simulationelso@PBSMs) of fruit have been
increasingly used to simulate the metabolic angbtoysical aspects of cell behavior (Martre
et al, 2011) and appear to be a powerful tool to stuelyotype x environment interactions
(Bertinet al, 2010). Fruit PBSMs of the accumulation of cittwid (Lobitet al, 2003; Wuet
al., 2007) and malic acid (Lobdt al, 2006) have been developed to predict citric aatlom
acid concentrations in the whole fruit during dexpghent in peach.

The aim of this review is to elucidate the physgidal mechanisms that probably

control citric and malic acid accumulation duringiif development and their possible
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regulation by genetic and agro-environmental factdro this end, the review combines
analyses of transcriptomic, metabolomic, and proiealata related to malic and citric acid
metabolism, and also the PBSMs of citric and matitls. The three first sections describe
the cell mechanisms involved in malic and citricdasmccumulation and their regulation. The
last section deals with the effects of agro-envimental factors (source: sink ratio, mineral
fertilization, water supply, and temperature) otriciand malic acid accumulation and the
related cell mechanisms they may affect.

In this review, the terms “malate” and “citrate”hiwh usually describe the conjugate

base of malic and citric acids, refer to all physgital forms of each compound.

2 Several pathways exist for malate and citrate metadlism in the mesocarp

cells of fleshy fruits

Even though some organic acids are supplied bysdlpe variations in the acidity of fleshy
fruits are mainly due to the metabolism of malatd aitrate in the fruit itself (Bollard, 1970;
Sweetmaret al, 2009; Ulrich, 1970). This section presents théatmalic pathways involved
in the metabolism of the dicarboxylate malate dwltticarboxylate citrate. We first describe
the pathways responsible for the initial formatioh organic acids (carboxylation of
phosphoenolpyruvate (PEP) in the cytosol), thempttaways responsible for the degradation
of organic acids (decarboxylation of malate andlaaeetate (OAA) in the cytosol), and
finally those that allow conversion between tri- afiecarboxylates (the TCA cycle in the
mitochondria, the glyoxylate cycle in the glyoxysmnand citrate catabolism in the cytosol)
(Fig. 1.2).

2.1First step in organic acids synthesis: PEP carboxation in the cytosol

Formation of acidity involves the synthesis of amngaacids, mostly malate and citrate, which
can be stored in the vacuole in large amounts. ikate is produced from dicarboxylates
(mostly malate) (see following section), the fissép in the development of acidity is the
synthesis of dicarboxylates, namely malate and OAlAese require fixation of GOon a
carbon skeleton derived from hexose catabolism djat968; Young and Biale, 1968),
which is achieved by the carboxylation of PEP, lgaed by the phosphoenolpyruvate
carboxylase (PEPC). This reaction takes placearcttiosol, since PEP is an intermediate of
the glycolysis pathway, and produces OAA, which taen be reduced into malate by the
cytosolic NAD-dependant malate dehydrogenase (NAMDH) (Givan, 1999) or supplied
the TCA cycle if replenishment is necessary (Leelgmad Walker, 2003) Hg. 1.1).
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Figure I-1 Citrate and malate metabolic pathways in fruit meseoarp cells. Only the enzymes
described in the paper are shown. ACO: aconitase; PP-CL: ATP-citrate lyase; CS: citrate

synthase; ICL: isocitrate lyase; MS: malate synthas; NAD-MDH: NAD-malate dehydrogenase;
NAD-ME: NAD-malic enzyme; NAD-IDH: NAD-isocitrate d ehydrogenase; NADP-ME: NADP-
malic enzyme; NADP-IDH: NADP-isocitrate dehydrogenae; PDH: pyruvate dehydrogenase;
PEPC: phosphoenolpyruvate carboxylase; PEPCK: phosmwenolpyruvate carboxykinase;
PPDK: pyruvate orthophosphate dikinase. The probal# direction of reversible reactions is
indicated by the large arrow. Dashed blue arrows idicate malate and citrate transport. Names
in orange are dicarboxylates and names in red argitarboxylates.

Multiple PEPC isoforms have been detected in fraitgl are possibly the result of
transcriptomic (Sweetmaet al, 2009; Yaoet al, 2009) and/or post-translational regulations
(Sweetmaret al, 2009). PEPC is controlled by both cytosolic pHi amalate concentration
(Davies, 1986; Lakso and Kliewer, 1975a; Possteal, 1981) in a way that stabilize the
cytosolic pH (Smith and Raven, 1979). In grape ibsyrtranscriptomic analysis (@t al,
2000; Terrieret al, 2005) and measurement of enzymatic activity (Diakt al, 2000;
Hawker, 1969; Ruffneet al, 1976) pointed to the role of PEPC in malate aadation
throughout fruit development. Several studies basedanalyses of transcriptomic and
enzymatic activity suggest that PEPC is not resptngor the difference in malate content
between low and high acid peach cultivars (Mog@l, 2000), apple (Yaet al, 2009), and
loquat (Cheret al, 2009).
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NAD-cytMDH catalyzes the reversible conversion oélate into OAA, the most
likely direction being the synthesis of malate (8tmeanet al, 2009; Yacet al, 2011). Even
if a mitochondrial form is also present in fruitlsgsee following section), it has been shown
in several fruits that NAD-cytMDH represents 70%8@% of total NAD-dependant MDH
(Abou-Zamzama and Wallace, 1970; Taureilles-Saatehl, 1995), explaining why total
NAD-dependant MDH activity is generally relatednmlate synthesis in fruits (Chex al,
2009; Martinez-Esteset al, 2011; Zhaoet al, 2007). Yaoet al. (2011) showed that over
expression of the apple MdcyMDH gene encoding NAEMDH resulted in an increase in
malate, fructose and sucrose content, suggessndiriect involvement in malate synthesis.
Over expression of MdcyMDH also resulted in theragulation of several malate-related
genes/enzymes, suggesting an indirect role in malatumulation.

2.2 Organic acids degradation: malate and OAA decarboxyation in the cytosol

Loss of acidity implies decarboxylation of carbatgs, which can occur through the
conversion of tricarboxylates into dicarboxylatekeqcribed later in the review), but also
through decarboxylation of the dicarboxylates neakatd OAA leading to the degradation of
organic acidsKig. 1.1). Decarboxylation of OAA and malate allows the garction of PEP
and is linked to the activation of gluconeogengSiseetmaret al, 2009). Gluconeogenesis
is a metabolic pathway that results in the genamatf glucose from PEP. It occurs mostly
during fruit ripening when sugars accumulate rap{@weetmaret al, 2009). In the past few
years, proteomics (Katet al, 2011), transcriptomics and metabolite (Caredrial, 2006;
Deluc et al, 2007; Faitet al, 2008) analyses have provided evidence for a #luifb the
accumulation of organic acids to sugar synthesisnguhe final stage of development in
several fruit species.

PEP can originate from OAA through the activity mfiosphoenol carboxykinase
(PEPCK) which catalyzes the reversible reactioa,ntost likely direction being the synthesis
of PEP (Leegood and Walker, 2003). This reactiquires a source of OAA that could be
supplied by the oxidation of malate by NAD-cytMDMhis hypothesis is supported by the
fact that PEPCK is involved in the dissimilation wfalate in the flesh of several fruits
(Famianiet al, 2005) and possibly in the lack of malate in losidaapple cultivars (Bertter,
2004).

PEP can also originate from the conversion of psteivthrough pyruvate
orthophosphate dikinase (PPDK) activity (Sweetraaal, 2009). The pyruvate required for
PPDK may be supplied through the carboxylation alate by cytosolic NADP-dependant

malic enzyme (NADP-cytME), which catalyzes a reimes conversion, the most likely
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direction being the decarboxylation of malate (Sweeet al, 2009). NADP-cytME appears
to be involved in the decrease in malate contenhguhe ripening of several fruit species
(Chen et al, 2009; Dilley, 1962; Goodenought al, 1985; Sweetmaret al, 2009).
Involvement of NADP-cytME during the early stagefafit growth differs between species.
Thus, in young tomato and apple fruits, NADP-cytM&es not appear to play an important
role in malate accumulation (Dilley, 1962; Gooderfoagal, 1985) whereas in young grape
berries the use of a proteomics approach suggéleedpposite (Martinez-Estes al,
2011). The contribution of NADP-cytME to the lack malate in ripe pulp of low acid
cultivars has been demonstrated in apple (¥&al, 2009), and loquat (Chegt al, 2009).
Studies of different fruit species suggest that NPAEYtME is regulated at the post
translational level (Bahranat al, 2001; Famianet al, 2000; Yanget al, 2011; Yaoet al,
2009) by cytosolic pH and malate concentration, agnothers (Davies, 1986; Lakso and
Kliewer, 1975a; Possnet al, 1981).

Decarboxylation of malate and OAA may also be lthke fermentative metabolism
as it can occur in ripening fruit if the cytosolcbenes too acidic (for review see (Sweetreain
al., 2009)).

2.3 Conversions between di- and tri-carboxylic acids: mltiple compartments, multiple
pathways

Once malate and OAA have been synthesized in thesaly they can be converted into
tricarboxylates, mostly citrate, or other dicarblatgs through two metabolic pathways, the
TCA cycle and the glyoxylate cycle. In its turnirate can be converted into dicarboxylates
via several pathways (TCA cycle, glyoxylate cyclABA shunt, and acetyl CoA

catabolism). All these conversion reactions can figdte acidity of fruit cells.

2.3.1The TCA cycle in the mitochondria: conversions ben di- and tricarboxylates

The TCA cycle results in the oxidation of pyruvateo CO, and a reduction in co-enzymes
through a series of conversions between organdsaoncluding malate and citratEig. 1.1).
The cycle begins with the condensation of OAA aondty@ CoA, the latter provided by the
action of pyruvate dehydrogenase on mitochondgelyate. The input of acetyl CoA allows
the TCA cycle to maintain a cyclic flux mode undehich it is not able to catalyze net
synthesis of cycle intermediates. Therefore, expbintermediates implies non-cyclic flux
modes that are known to occur in plaatsl have been evidenced in citrus fruit (Ketal,
2011), and are likely to be controlled by ATP dethaisweetloveet al, 2010). The
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maintenance of the pools of TCA cycle intermediateplies that for each metabolite
exported, one is imported and vice versa. Theshagmges are achieved by a variety of
mechanisms mediated by mitochondrial carrier pngtdifor review see (Haferkamp and
Schmitz-Esser, 2012; Laloi, 1999)) that obey theegal principles behind the transport of
ionic species across a biological membrafkey.(1.2 and 1.3. In fruits, mitochondrial
dicarboxylate/tricarboxylate transporters have belgsracterized at the gene level in citrus
(Denget al, 2008) and grape berry (Regalageloal, 2013), and at the protein level in citrus
(Katz et al, 2007).

Channel Carrier Pump Antiport Symport
A . B . D . high high low
Compartment 1 A
Plasma
membrane |AY
PPi
Compartment 2 ATP v low low high
o
o o
SIMPLE FACILITATED PRIMARY ACTIVE SECONDARY ACTIVE X B ¢

DIFFUSION DIFFUSION TRANSPORT TRANSPORT .
Electrochemical-

potential gradient

Figure I-2 Mechanisms of transport of ionic speciescross a biological membrane. Membrane
transport is mediated by three types of membrane mteins: channels, carriers, and pumps.
Channels function as selective pores through whicmolecules or ions can diffuse across the
membrane. Carriers catalyze either the transport ofa single solute, or the coupled transport of
two solutes. Pumps catalyze the coupled transportf @ solute with a chemical reaction. Three
mechanisms allow the transport of an ionic specieg’) across a biological membrane (from
compartment 1 to compartment 2) and are governed bg general principle of thermodynamics
stating that the variation in free energy of the tansport reaction AG;.,) has to be negative. (i)
Diffusion (simple or facilitated) is mediated by clannels (A) in the case of simple diffusion, or by
carriers (B) in the case of facilitated diffusion.This kind of transport allows the spontaneous
movement of X down its electrochemical-potential gradient AG(X");.,<0), which depends on the
electric potential gradient of the membrane Ay) and on the gradient of concentrations of Xon
the two sides of the membraneAG;.= AG(X")1, = zFAy + RTIn([X]./ [X]1) <0 where z is the
electric charge of the ionic species transported; 5 Faraday’s constant; R is gas constant; T is
temperature. (ii) Primary active transports are medated by a specific class of proteins called
pumps (C). This kind of transport allows the movemsat of X  against its electrochemical-
potential gradient (AG(X),.; >0) using the energy released from the hydrolysisf ATP or PPi
(AGATP (or PPi) <0). AG,1=AGarp (or priy + AG(X),1 <0. (iii) Secondary active transports are
mediated by two types of carrier proteins: antipors (D) and symports (E). This kind of
transport allows the movement of Xagainst its electrochemical-potential gradientAG(X"),.; >0)
using the energy dissipated by the downhill movemérof a molecule across the membrane
(AG(B);1-2 <0 in the case of antiport AG(C),.; <0 in the case of symport). Antiport:AG,.,;= AG(X"
)2_1 + AG(B)]_.Z <0. Symport: AG2_1= AG(X_)Z_;[ + AG(C)2_1<O.
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Figure 1-3 Mitochondrial carriers involved in citrate and malate transport. CTP: citrate
transport protein; DTC: dicarboxylate-tricarboxylat e carrier; DTP: dicarboxylate transport
protein; OAT: oxaloacetate-malate transporter; OMT: oxoglutarate-malate translocator; PiC:
phosphate carrier. The orange arrow represents thahibition of malate efflux through the OAT
by OAA. The electrochemical potential gradient of potons (green triangle) generates an electric
potential gradient (negative inside) and a pH gradint (alkaline inside) that both play a role in
the transport of organic acids between the cytoseaind the mitochondria.

Non-cyclic flux modes allow conversion of di- amdtarboxylates (Steuest al, 2007;
Sweetloveet al, 2010) and are sustained by the activities of T8& cycle enzymes. The
enzymes that directly control citrate synthesistaeemitochondrial citrate synthase (mtCS),
and citrate degradation, the mitochondrial acoasif@stACO), and the mitochondrial NAD-
dependant isocitrate dehydrogenase (NAD-mtIDHig.(1.1). mtCS activity is positively
correlated with citrate accumulation in citrus (Sadit al, 2001; Wenet al, 2001) and
strawberry (lannettat al, 2004), but transcriptomics and protein studieggssted that this
enzyme is not responsible for the difference imaté& content between low and high acid
cultivars of several fruit species (Camlal, 1996; Etienneet al, 2002; Sadkat al, 2001;
Saradhuldhat and Paull, 2007; Taeg al, 2010). The involvement of mtACO, which
catalyzes the conversion of citrate into isocitr@ble most likely direction in mitochondria
due to the way the cycle functions), in citrate wsoalation has been described by Sadka
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(2000a). He showed that in sour lemon, mtACO dgtidecreases in the early stage of fruit
growth and could thus be responsible for the irsgea citrate concentration observed during
fruit growth. Two forms of isocitrate dehydrogenase NADP-dependant form (NADP-IDH)
and an NAD-dependant form (NAD-IDH) can catalyze tonversion of isocitrate into 2-
oxoglutarate (the most likely direction in mitochoiadlike for mtACQO). NAD-IDH is only
found in mitochondria but has rarely been charasdrin fruits and no links with citrate
accumulation have been found (Sétal, 2011). NADP-IDH is mainly localized in the
cytosol (NADP-cytIDH), but is also found in mitoaidria (NADP-mtIDH) and peroxisomes
(Chen, 1998; Galvez and Gadal, 1995). In sour leraalka (2000a) observed that NADP-
mtIDH activity decreased in the early stage oftfrgiowth in parallel with a decrease in
MtACO activity (Sadkaet al, 2000a; Sadkat al, 2000b). This could reflect a general
reduction in citrate metabolism in the mitochondrialate can be oxidized in fruit
mitochondria either in OAA by mitochondrial NAD-depdant malate dehydrogenase (NAD-
mtMDH) (the most likely direction in mitochondri&yeetmaret al, 2009)), which feeds the
cycle, or in pyruvate by mitochondrial NAD-depentlamalic enzyme (NAD-mtME), which
interrupts the cycle (Macrae and Moorhouse, 19F@). (.1). These two competing metabolic
pathways affect fruit acidity in different ways. Whimalate oxidation by NAD-mtMDH
leads mainly to citrate production (Stee¢mal, 2007; Sweetlovet al, 2010), hence affecting
the malate:citrate ratio of fruit cells, malateaation by NAD-mtME leads to the degradation
of acidity since organic acids must be importea ithte mitochondria to compensate for the
loss of malate. Malate metabolism in the mitochandherefore depends on NAD-mtMDH
and NAD-mtME activity, both of which are regulateg the concentration of NADH and the
pH (Dayet al, 1984; Douce, 1985; Palmet al, 1982). In young tomato fruit, the majority
of malate degradation could be due to NAD-mtME (fati, 2001). Transcriptomics and
proteomics analyses suggest that NAD-mtMDH is iagdl in malate degradation during

grape berry ripening (Martinez-Estestoal, 2011; Sweetmaat al, 2009).

2.3.2Catabolism of citrate in the cytosol: conversion dfrate into dicarboxylates

Once citrate has been produced by the TCA cycleantbe degraded in the cytosol through
two metabolic pathways. One is the gamma-aminobteay{GABA) synthesis pathway, also
called GABA shunt, which leads to succinate syntheand the other is cleavage into OAA
and acetyl-CoA Kig. 1.1). As these two pathways produce dicarboxylic acitiey are

responsible for a decrease in fruit acidity.
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The GABA synthesize pathway is a part of the amawid metabolism since it
produces two amino acids (glutamate and GABA). Pathway also leads to the production
of succinate that can then enter the TCA cycle. Tmajor enzymes are involved in the
catabolism of citrate through the GABA shunt: cglasaconitase (cytACO), which catalyzes
the reversible conversion of citrate into isocéraand cytosolic NADP-dependant isocitrate
dehydrogenase (NADP-cytIDH), which catalyzes theersible conversion of isocitrate into
2-oxoglutarate Kig. 1.1). The involvement of the GABA shunt in citrate dagation during
the ripening of citrus fruits was evidenced by porhics and metabolite analyses (Ketal,
2011), gene expression analyses (Cemal, 2006; Sadkeaet al, 2000b) and enzymatic
activity analysis (Deget al, 2011; Sadkat al, 2000b). Activation of the GABA shunt could
partially account for the lack of citrate in swéshon since activation of the genes involved
in the degradation of 2-oxoglutarate, the precurfsor GABA synthesize, was observed
(Aprile et al, 2011). Activation of the GABA shunt also appear®ccur during post-harvest
ripening of banana since an increase in 2-oxogiteacontent, NADP-IDH activity, mainly
attributable to the cytosolic form (Chen and Gad&90), and total ACO gene expression,
was observed (Liet al, 2004; Medina-Suareet al, 1997). It is likely that the rate of citrate
degradation through the GABA shunt is mainly colfeb by cytACO and NADP-cytIDH
activities. In several genotypes of citrus, thetgrat of expression of two genes encoding
cytACO was associated with the timing of acid cahteduction in fruits (Teroét al, 2010).

In tomato fruit, genetic and transgenic approaatasonstrated the key role of cytACO in
the control of citrate content in ripe fruit (Morgat al, 2013). In sour lemon, NADP-cytIDH
gene expression and NADP-cytIDH activity increasamdy fruit development and could thus
be involved in the decrease in citrate content K&ad al, 2000a).

The alternative citrate breakdown pathway cleaveate into OAA and acetyl-CoA
through the activity of the ATP-citrate lyase (ATR) and leads to the synthesis of
flavonoids and isoprenoids$-i@. 1.1). During ripening, these compounds accumulatenen t
fruit (Giovannoni, 2004), so it is likely that atie catabolism through this pathway is
activated during this phase. Evidence for suchvatitin was found in mango fruit. Indeed,
ATP-CL activity increased considerably during ripeniwhile there was a decrease in citrate
content (Mattoo and Modi, 1970). Proteomics analydentified ATP-CL in mature citrus
fruit (Katz et al, 2007). However, this result is in contradictioithithe decrease in the levels
of mMRNA in this gene during ripening of citrus fiuuiobserved by Cercos (Cerces al,
2006). Thus, the role of this pathway in the deseem acid in citrus fruit requires further

investigation.
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2.3.3The glyoxylate cycle: conversion of succinate andlate

The function of the glyoxylate cycle is to convire acetyl CoA produced in the peroxisomes
by B-oxidation of fatty acids into succinate via a ssrof reactions involving malate and
citrate fig. 1.1). Succinate is then converted into malate through TCA cycle
(Pracharoenwattana and Smith, 2008). Malate canéheer the gluconeogenesis pathway to
produce glucose. In this way, the glyoxylate cyadereases fruit acidity since it leads to the
consumption of malate.

The five key enzymes involved in this metabolic hpedy are located in either
glyoxysome (citrate synthase, isocitrate lyase JJCinalate synthase (MS)) or cytosol
(cytACO, NAD-cytMDH) (Pracharoenwattana and Sm@008) Eig. 1.1). The location of
the enzymes requires several intermediates ofytble ¢o cross the glyoxysomial membrane,
but which transport systems are involved is stilt nlear (Rottensteiner and Theodoulou,
2006).

The glyoxylate cycle is possibly involved in malatcumulation in young grape berry
and ripening banana fruit (P& al, 2003; Terrieret al, 2005). Activation of the glyoxylate
cycle during post harvest ripening of banana fooitild be a way to provide substrates for
gluconeogenesis at a period when sugar accumulasorhigh (Liu et al, 2004;
Surendranathan and Nair, 1976). However, the iraroknt of the glyoxylate cycle in organic
acid accumulation during fruit development couldspecific to certain fruit species since no
ICL proteins were detected in the flesh of sevemty fruits at any stage of development
(Famianiet al, 2005).

3 The complex mechanism of vacuolar storage of orgamacids

Most of the citrate and malate content of fruitfeaind in the vacuole (Moskowitz and
Hrazdina, 1981; Yamaki, 1984), which occupies 9G%most mature fruit cells (Etxeberret
al., 2012; Fontest al, 2011). This section is devoted to the mechaniafttaving their
transport in and out of the vacuole.

3.1The “acid trap” mechanism

The mechanism that allows the accumulation of teitend malate in the vacuole has been
described as the “acid trap”, and is enabled by fdot that these two weak acids can
dissociate (Martinoit al, 2007). In the cytosol, at neutral or slightlyallke pH, almost all
malate is in the form of dianion and almost altate in the form of trianion. In the vacuole,

where the pH is acidic, the dominant species tseeithe protonated form or the monoanion
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(a significant proportion of the acids may remairthe dianion form, or even in the trianion
form in the case of citrate, only in fruits withghi vacuolar pH). Only dianion malate and
trianion citrate can be transported into the vaefblittge and Ball, 1979; Oleskt al, 1987,
Rentsch and Martinoia, 1991) because the trangystems involved are specific to these
chemical forms (Bruneet al, 1998; Martinoiaet al, 2007). Once they have crossed the
tonoplast and reached the acidic vacuole, theynangediately protonated, which maintains
their electrochemical-potential gradient and alldlair continuous transport into the vacuole
(Fig. 1.4.A). It should be pointed out that trapping efficigniepends on both vacuolar pH and
on the electric potential gradient across the tasighy). On one hand, the lower the pH, the
more effective the protonation and trapping mecsranion the other hand, thes contributes
strongly to the electrochemical potential gradientthe di- and trianion. Efflux of the
protonated forms of malate and citrate probablyucethrough specific carriers, but little is
known on this subject (see following sections).

The sustained transport of organic anions mustdeenapanied by a simultaneous
influx of the equivalent amount of cations to maintthe electroneutral state of the vacuole.
This is achieved by the transport of either minexaions (mostly potassium) or protons
(released from the dissociation of weak acids enaytosol), only the latter being responsible

for the acidification of the vacuole.

3.2 Malate crosses the tonoplast by facilitated diffusin

Vacuolar dianion malate uptake occurs by facildatéffusion (Maeshima, 2001; Rea and
Sanders, 1987F(g. 1.2.B). In Arabidopsis, vacuolar malate transport is iad at least by a
tonoplast malate transporter (AttDT) (Emmerlieh al, 2003) Fig. 1.4.A, n°) and two
members of the aluminium-activated malate trangpd&LMT) family, the AtALMT9 and
AtALMT6 channels (Kovermanet al, 2007; Meyeret al, 2011) Fig. 1.4.A, n°3. An AttDT
homolog has been identified in grape berries anddgolay a role in malate transport (Terrier
et al, 1998). ALMTs may be responsible for vacuolar realmansport in fruits since four
candidate genes homologous to AtALMT9 have beentified in grape berry (Rongala,
2008), and two ALMT-like genes have been discovémneapple (Baket al, 2012).
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Figure 1-4 (A) “Acid trap” mechanism of vacuolar organic acid storage in fruit cells. Seeral
tonoplastic carriers are involved in the transport of malate and citrate across the tonoplast.
Once the dianions or trianions have crossed the toplast, they are immediately protonated due
to the acid pH of the vacuole according to the fadwing equations: Malate: HMal <« HMal™ +
H*< Mal® + 2H", (pKa1~3.40, pKa2~5.10). Citrate: HCit <> H,Cit + H* < HCit* + 2H" < Cit>
+ 3H", (pKal~3.10, pKa2~4.70, pKa3~6.40). The two vacaolproton pumps are responsible for
the acid pH of the vacuole and for the electric pential gradient across the tonoplastAwy). The
cation channel is also involved in the regulationfothe Ay. (B) Theoretical changes in citrate
(orange line) and malate (blue line) concentrations the vacuole as a function of the pH of the
vacuole. The concentrations were calculated usinghé Nernst equation (that iSAGyy> and
AGc¥ are equal to zero, assuming that the dianion malatend trianion citrate are in
thermodynamic equilibrium across the tonoplast) andthe dissociation equations of the two
organic acids with a vacuolar pH ranging from 4.5 ¢ 6, and aAy equal to 30 mV (Martinoia et
al., 2007). We did not consider any limitation bydnoplastic carriers.

Nernst equations
2xFxAY
(Malz_)vac = (Malz_)cyt *exp RT
o o 3Febyp
(Cit>™ ) yqc = (Cit )cyt *exp R:T

Dissociation equations:
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King * Kz
h? + (h* Ky, 1) + (K * Kppo)

[Mal?~] = [Mal]

Ke1* Koy x K3

h3 + (h? x K1) + (h* K¢q * Kp) + (K * Koy * K (3)
where Ay is the tonoplastic electric potential gradient; (Milz’)cyt is the cytosolic activity of the
dianion malate that is equal to the product of thecytosolic concentration and activity coefficient
of the dianion malate; (Ci13')cyt is the cytosolic activity of the trianion citrate; [Mal*].x is the

vacuolar concentration of the dianion malate; [Cif’]vac is the vacuolar concentration of the
trianion citrate; F is Faraday’s constant; R is gasconstant; T is temperature; K'y., K o, are

apparent acidity constants of malate; K¢, K' ¢, K’ 3, are apparent acidity constants of citrate;
h=10"" (Lobit et al, 2002). Since malate and citrate are stored in theacuole, their cytosolic
concentrations are low and were set at 1 mM (Gouet al, 1993; Lobit et al, 2006). (C)

Theoretical changes in citrate (orange line) and mate (blue line) concentrations in the vacuole
as a function of theAy. The concentrations were calculated using the sangguations as in (B),
with the vacuolar pH set at 5, and the\y ranged from 20 to 30 mv.

[cit3~] = [Cit]

Malate currents through AtALMT9 and AtALMT&re strongly inward-rectifying, that
Is, malate transport occurs only in the presencea dfy (positive inside the vacuole)
(Epimashkoeet al, 2004; Hafkeet al, 2003; Hurthet al, 2005; Meyeret al, 2011). AsAy is
expected to decrease with a decrease in vacuolgs@éifollowing section), these channels
may close at low vacuolar pH when the acid trap aeism would be most effective,
perhaps as a mechanism to prevent over-acidificatios@ry acidic vacuoles. AttDT appears
to play a role in the import and export of malaitturth et al, 2005), consequently, this
transporter could be less rectifying than the nealehannel. AttDT also appears to be

involved in the regulation of cytosolic pH homeassaHurthet al, 2005).

3.3 Citrate crosses the tonoplast by facilitated diffu®n and secondary active transport

In most species of fleshy fruit, vacuolar trianidtrate uptake occurs by facilitated diffusion
(Fig. 1.2.B), possibly through the malate channel (Olestkal, 1987; Rentsch and Martinoia,
1991) fig. 1.4.A, n°3.The thermodynamic conditions are more favorablettie uptake of
citrate than of malate at any vacuolar pH and(Fig. 1.4.B and 1.4.Q. Thus, citrate appears
to be easily transported into the vacuole as saitsacytosolic concentration increases
sufficiently (Goutet al, 1993). AttDT could also play a role in the tramgpof citrate into the
vacuole, but according to Hur#t al (2005) it is not the main tonoplast citrate earsince
AttDT knock-out vacuoles contain much more citrédb@an wild-type vacuoles, and the
transport rate of citrate was higher in AttDT knemk plants. In citrus, several authors
proposed that an ATP-dependant citrate pump masatge addition to the malate channel.
However, further investigation is needed to prowddenplete evidence that citrate transport is

coupled to ATP hydrolysis though a single transggroand not through the tonoplastic pH
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gradient ApH) andAy setting up by the V-ATPase (see following secti@@june et al,
1998; Caneet al, 1995; Ratajczakt al, 2003).

Citrate content generally decreases during frygenming (Léchaudekt al, 2005b;
Saradhuldhat and Paull, 2007; Shimadal, 2006; Wuet al, 2005) meaning that citrate is
exported from the vacuole. The existence of a sytapanvolved in citrate efflux has been
evidenced in citrusHig. 1.2.E). This carrier (CsCitl) is able to mediate thecgteutral co-
transport of H and CitH outside the vacuole of juice cells (Shimadal, 2006) Fig. 1.4.A,
n°3).

3.4 Setting up the electric potential and pH gradient aross the tonoplast

The main determinants of malate and citrate accatonl in the vacuole are vacuolar pH
(always acidic) and the inside-positixe, with values commonly ranging between 20 and 30
mV (Taiz and Zeiger, 2010). Proton pumping into ¥aeuole contributes to the generation of
both acid vacuolar pH and positise (Fig. 1.4.A, n°4 and b Two types of proton pumps are
present in fruit vacuoles: the ¥ TPase (V-ATPase) (Ratajczak, 2000), characterined
several fruit species (Mullezt al, 1997; Mulleret al, 1996; Suzuket al, 2000; Terrieret
al., 1998), and the HPPiase (V-PPase) (Maeshima, 2000), also charaetein several fruit
species (Suzuket al, 2000; Terrieret al, 1998). These enzymes catalyze chemiosmotic
coupling between the hydrolysis of a high energgspimate bond (ATP or pyrophosphate
(PPi)) and proton transport into the vacuole. THe¥rhodynamic conditions of these reactions
are determinant for the activity of the pumps. &nstcan be pumped into the lumen only if
the variation in free energy of the chemiosmoticplimg (AG) is negativeKig. 1.2.0).

AG = AGyrp or ppi + AGy+ < 0 (Equation 1)
whereAGatp andAGep; are the free energy of the substrate hydrolysid, &Gy is the free
energy of proton transporhGy. can be written (derived from the diffusion equatainonic
species, sekig. 1.2) as:

AGy+ = n(FAyY + 2.3RTApH) (Equation 2),
whereAy = yyac ey, APH = pHy: - pHvac, and n is the coupling ratio (that is, the numifer
protons transported during the hydrolysis of onesphate bond).
The thermodynamic constraints impose a limit onAipeghat can be achieved at a givigoH,
as shown by combining Equation 1 and 2:

Ay < _AGAZ’;OTPP" — Z'iRT ApH (Equation 3)

The free energy of the substrate hydrolyai&{(rp andAGpp) are negative but may fluctuate

with the cytosolic concentrations of their subsisaiDavieset al, 1993). The coupling ratio
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(determined by electrophysiology experiments) ferlthe V-PPase (Maeshine al, 1994).
For the V-ATPase, the coupling ratio is variablel atecreases with an increase ApH
(Davies et al, 1994; Rienmilleret al, 2012). In lemon fruits, Mulleet al (2002) also
reported for the V-ATPase a coupling ratio thatrdases from 2 to 1 with an increase in
ApH. Assuming a model cytosol with a compositionuassd to be representative of a plant
cell, Davieset al. (1993) modeled thapH obtained as a function afy and showed that both
pumps are able to sustain vacuolar pH as low #seimost acidic fruits, but thaty dropped

to zero.

Apart from these thermodynamic limitations, variomgechanisms are involved in
regulating the proton pumps, including gene exjpoesand substrate availability. Several
studies of organic acid-related genes and enzymggested that the difference in organic
acid content between species and between cultofdrsits could be linked to differences in
their proton pumps (Echeverré al, 1997; Etiennest al, 2002; Luet al, 2011; Yangget al,
2011). The contribution of the V-ATPase and V-PPRasproton pumping also varies during
fruit development. In the grape berry and in p#s,V-PPase is most active in young tissues,
but subsequently decreases, and the V-ATPase dwidaring fruit ripening (Shirataket
al., 1997; Suzuket al, 2000; Terrieret al, 2001). The high V-PPase activity in young fruits
may be explained by the need to scavenge the PBy;moduct and inhibitor of several
polymerization reactions (synthesis of RNA, proseirellulose, and starch) (Maeshima,
2000). In mature tissues, PPi production may dserees these syntheses slow down while
ATP is constantly supplied by cell respiration.

The transport of potassium {Kacross the tonoplast also plays a role in thalatign
of the Ay and of the vacuolar pH. Since the concentratiorcyabsolic K is controlled
homeostatically (Leigh, 2001) and because of thallssize of the cytosol, most of the' K
supplied to the fruit cell has to be transportedh® vacuole. Facilitated diffusion through
vacuolar cation channels is the most likely mectranflsayenkowet al, 2010). However, in
fruit with a high K content like banana, it can be calculated usiegNhrnst equatiorF(g.
1.4.B), with a cytosolic concentration of Kof around 100 mM (Leigh, 2001), and\a of 30
mV (Martinoiaet al, 2007), passive transport accounts for accumulaifoup to 30 mM of
K™ in the vacuole. This is very far from the 80 mM riduin ripe banana (Chandler, 1995).
Thus, in such fruits, active transport is requir@tie most likely mechanism is a'M”*
antiport, as identified in the tonoplast of tomatants (Leidiet al, 2010). Cation channels
help reach a positiveAy (Isayenkov et al, 2010), since the passive influx of* K
hyperpolarizes the tonopladfig. 1.4.A, n°§. In contrast, the KH" antiport, which mediates

an electroneutral exchange, has no effechgn Concerning acidity, transporting’Kas the
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balancing charge for organic anions is equivalenstoring not the acid, but its conjugated
base, which leads to an increase in pH. In the chee K/H" antiport, there is an additional
effect on pH due to protons leaving the vacuole.

4 Citrate accumulation could be driven by metabolism and malate

accumulation by vacuolar storage

In the previous sections, we showed that both mésab@nd vacuolar storage play a role in
the accumulation of malate and citrate in fruitlxeA relevant question is whether their
accumulation in fruit cells is primarily controlldy metabolism or vacuolar storage.

Concerning malate, we showed that the thermodynaamnditions of its transport into
the vacuole may limit its accumulation. Therefome can hypothesize that malate
accumulation in fruit cells is mainly controlled tite level of vacuolar storage, and that
metabolism responds appropriately to regulate thesolic concentration of malate since it
plays a fundamental role in the regulation of cgtiespH (Smith and Raven, 1979). Several
authors agree with this hypothesis. When compatimg apple cultivars with different
acidity, Berlter and al. (2004) reported higherugdar accumulation of'C labeled malate in
the high-acid cultivar. The higher rate of malatgrdéeation in the low-acid cultivar may only
be a consequence of its impaired capacity to st@late. In interspecific introgression lines
of tomato, Schauest al (2006) showed that the V-PPase gene colocalizédtiae QTL for
malate content. In apple, Bat al. (2012) suggested that one of the two ALMT-like g&n
discovered,Mal, could be the major determinant of malate contentruit. The relation
between malate accumulation and vacuolar functionasgybeen modeled in peach by Lahit
al. (2006). The model predicts malate accumulatiopdach based on the calculation of the
thermodynamic constraints on both proton and mdtatesports, and model results were in
good agreement with experimental data, thus resimigr the hypothesis of control by
tonoplastic transports.

Concerning citrate, we showed that its accumulaitiothe vacuole is unlikely to be
limited by thermodynamic conditions. However, tlagerof citrate transport into the vacuole
may be limited by the activity of its transport ®m, given that the malate channel transports
citrate much more slowly than malate (Haf&e al, 2003). Thus, it is likely that citrate
accumulation in the vacuole is controlled by itsosplic concentration and consequently by
its metabolism. Among several possible pathwayatedl to citrate metabolism, the TCA
cycle is the only one that allows citrate synthesis that citrate accumulation is likely

controlled by respiration. A fruit PBSM based orepresentation of the TCA cycle reactions
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and their responses to temperature and respirgtiobit, 1999; Wuet al, 2007) led to
predictions that were in agreement with observed.da particular, this model reproduced
the increase in citrate content during the eadgestof fruit development and the subsequent
decrease during the later stage (Alberéhil, 2006; Léchaudett al, 2005a; Saradhuldhat
and Paull, 2007; Wet al, 2005). The fact that citrate synthesis is podijiviaked to fruit
respiration during the green stage, and negatigefing ripening may reflect a change in the
respiratory substrates used by the TCA cycle fromate (or other intermediates) to citrate. It
should be noted that dilution due to pulp growthegquired to explain the variations in the

concentration of organic acids (Vétial, 2007).

5Influence of agro-environmental factors on malate ad citrate

accumulation in the mesocarp cells of fleshy fruits

The literature shows that the plant source: sinio ranineral fertilization, water supply, and
temperature are the agro-environmental factors hlaae the most impact on fruit acidity.
This section focuses on their effects on malate @imdte accumulation in fruits considering
the mechanisms described above.

5.1 The source: sink ratio influences fruit acidity by nodifying the supply of sugars

Orchard management practices like fruit thinninganplpruning or defoliation affect the
source: sink ratio of the plant, which usually tesin altered sugar supply and fruit growth.
These practices also affect fruit acidifyable I-J). In peach and mango it has been observed
that an increase in the source: sink ratio increagieate content early in fruit development,
and decreases it near maturity (Léchawdal, 2005b; Soutyet al, 1999; Wuet al, 2002)
The opposite effects have been reported for malaitt, a decrease during early stages
followed by an increase near maturity (Léchawateall, 2005b; Wuet al, 2002).

It can be hypothesized that during the green sfdgege amounts of sugars imported
from the leaves are available for the productiomafate via glycolysis and its conversion to
citrate via the TCA cycle. It is well known thaufts grown with a high sugar supply, due to a
high source: sink ratio, are bigger and consequdraVe a higher respiration rate. Therefore,
in these stages, an increase in fruit respiratiom td a high supply of sugars may stimulate
glycolysis and conversion of malate into citrate.cbntrast, during ripening, sugars may no
longer be available for respiration since they st@ed in the vacuole (Coombe, 1976),
causing a shift from sugars to organic acids (irti@aar citrate) as respiratory substrate.

During this stage, an increase in respiration (dugigger fruit in response to the high source:
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sink ratio) may stimulate the conversion of citrat® malate to maintain the pool of TCA
cycle intermediates constant. This behavior has) bbepresented in the PBSM of citrate
accumulation (Lobiet al, 2003; Wuet al, 2007), the results of which are in agreement with
observations made in field trials (Génard and Boucl993; Génaret al, 1991; Génarcbt

al., 1999; Génaret al, 1994).

5.2 Different but strong effects of mineral fertilization on fruit acidity

Potassium fertilization has an impact on fruit &gidbut agronomic observations are
contradictory Table I-]). Some authors reported that potassium fertiimatncreased fruit
titratable acidity (TA) (which is the amount of vk bound hydrogen ions that can be
released from the acids by NaOH titration) (Aktaal, 2006; Du Preez, 1985; Embleteh
al., 1978; Spironellcet al, 2004), others that potassium fertilization deseehafruit acidity
(Ramesh Kumar and Kumar, 2007; Vadivel and Shanwaigal978), and still others that it
had no significant effect (Cummings and Reeves,119At cellular level, different
mechanisms allow Kto affect the metabolism and storage of organidsad®rganic anions
are synthesized in the vegetative parts to bufferexcess of organic cations absorbed from
the soil (Lopez-Bucicet al, 2000). As a result, the *Ksupplied to the fruit by the sap is
necessarily accompanied by an equivalent amouatganic anions, mostly malate, and to a
lesser extent, citrate (Burstrom, 1945). Withowt aurther metabolism in the fruit, this would
amount to adding conjugated bases to the fruiteaming pH, which is consistent with the
positive correlation found between Kontent and pH of grape berry juice (Mpelasekal,
2003). However, in this case, TA would not be aHd¢ since no protonated forms would be
added to the fruit. Thus, a modification in frui Tn response to the supply of Kmplies
that K" affects the synthesis or the vacuolar storagegiroc acids within the fruit itself. The
regulation of tonoplastic transport may be an egslesuntributor to the effect of K In fruits
that contain little K, K* transport is probably passive and thus contribtdete Ay (Allen
and Sanders, 1997), which in turns stimulatesrdresport of organic anions into the vacuole.
In fruits with a high concentration of 'K K* transport is probably mediated by an
electroneutral K/H" antiport (Leidiet al, 2010). In this case, increasing Kccumulation
would no longer increase they but instead increase vacuolar pH, reducing thesgrart of
organic anions. Finally, Kis known to be involved in the regulation of varsoenzymes
(including the tonoplastic proton pumps), eitharedily (Maeshima, 2000; Wyn Jones and
Pollard, 1983) or by modifying cytosolic pH (Wynnis and Pollard, 1983). However, this is

unlikely to play an important role, because of leeneostasis of cytosolic'KLeigh, 2001).
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Table I-1 Impact of agro-environmental factors (souce: sink ratio, mineral fertilization, water
supply, and temperature) on malate and citrate corentrations, and titratable acidity (TA) in the
ripe fruits of several species. Citrate content, mate content, and TA are expressed in meq/100 g
FW. The protocol of each study is summarized as tweontrasted treatments applied (A and B).
Differences between treatment A and B are either ghificant at p<0.05 (*) or non-significant
(NS). Concerning mineral fertilization, the total quantity of K, Mg, N or P applied during the

experimental period is given.

Protocol Malate content  Citrate content TA References
A B A B A B
SOURCE:SINK RATIO
Peach A: 30 leaves/fruit 8.8* 7.8* 1.5* 3.5% Wu et al.,
(cv. Suncrest) 2002
' B: 10 leaves/fruit (data from
' 1997)
A : 30 leaves/fruit 9.0* 8.4* 1.2* 4.9* 9.5* 7.4* Souty et al.,
B : 6 leaves/fruit 1999
Mango A:100 leaves/fruit 0.04 0.04 0.08* 0.12* Lechaudel et
(cv. Lirfa) (NS) (NS) al., 2005
B: 10 leaves/fruit
POTASSIUM FERTILIZATION
Pineapple A: 0 g of K/plant 9.6* 13.8*  Spironello et
(cv. Smooth B: 19.1 g of K/plant al., 2004
Cayenne)
Peach A: 90 g of K/tree 6.1 6.9 Cummings
(cv. Elberta) B: 600 g of K/tree (NS) (NS) and Reeves,
1971
Banana A: 0% SOK spray 6.0* 3.4* Ramesh
(cv. Ney Poovan) B: 1.5% SOK spray Kumar et al.,
2007
Banana A: 0 g of K/plant 6.1* 3.4* Vadivel et
(cv. Robusta) B: 274 g of K/plant al., 1978
Citrus A: 65 kg of K/ha 10.9* 11.7* Alvaetal.,
B: 230 kg of K/ha 2006
MAGNESIUM FERTILIZATION
Peach A: 14 g of Mgl/tree 6.7 6.3 Cummings
(cv. Elberta) B: 220 g of Mg/tree (NS) (NS) and Reeves,
1971
NITROGEN FERTILIZATION
Peach A:150 g of N/tree 7.2 6.3 Cummings
(cv. Redhaven) B: 610 g of N/tree (NS) (NS) and Reeves,
1971
Apricot A: 213 g of N/tree 26.0* 31.4* Radietal.,
(cv. Canino) B: 400 g of N/tree 2003
Orange A: 540 g of N/tree 13.7* 14.7* Reitzetal,
(cv. Valencia) B: 1000 g of N/tree 1957
Pineapple A: 0 g of N/plant 14.5* 11.4* Spironello et
(cv. Smooth B: 23 g of N/plant al., 2004
Cayenne)
PHOSPHOROUS FERTILIZATION
Peach A: 0 kg of P/ha 8.2* 8.4* Cummings
(cv. Loring) B: 141 kg of P/ha and
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Pineapple
(cv. Smooth
Cayenne)

WATER SUPPLY

Peach
(cv. Suncrest)

Pear

(cv. Williams)
Tomato

(cv. Vanessa)

Apple

(cv. Braeburn)

Mandarin
(cv. Satsuma)

Nectarine

(cv. Spring Bright)

Clementine
(cv. de Nules)

Orange
(cv. Navel)

Grape

(cv. Monastrell)

Grape

(cv. Sauvignon

Blanc)

TEMPERATURE

Tomato
(cv. Cervil)

Strawberry
(cv. Kent)
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: 0 g of P/plant
: 10 g of P/plant

® >

: Irrigated
: Non irrigated

A
B
A: No water stress
B

A: Watered to 70%
maximum water
holding capacity

B: Watered to 50%
maximum water
holding capacity
A: Irrigated

B: Non irrigated

A: Well watered

B: Severely drought
stress

A: Irrigated

B: Deficit irrigation
(33% of irrigation in
HAH)

A: Irrigated

B: Deficit irrigation
(reduced to 25% of
crop
evapotranspiration)
A: Irrigated

B: Late water stress

A: Irrigated
B: Non irrigated

A: No water stress
B: Water stress

A: Not heated

B: Heated (fruit
temperature: +1,1°C
during the day,
+1,3°C during the
night)

A: 18/12 day/night
temperature (°C)

B: 25/22 day/night
temperature (°C)

7.9
(NS)

0.26

. Early water stress (NS)

4.6*

2.2*

89 34
(NS)  (NS)
01 22
(NS)  (NS)
3.1* 47

(NS)
3.4

3.1
(NS)

3.4
(NS)

4.7
(NS)

13.0
(NS)

3.3
(NS)
5.1*

6.7*

29.6*

13.1*

17.2*

7.3*

7.0*

11.7*

14.0*

125
(NS)

3.6
(NS)
6.0

7.5*

46.9*

17.1*

21.9*

8.9*

9.2*

10.5*

12.5*%

Spironello et
al., 2004

Wu et al.,
2002

Hudina et
al., 2000
Veit Kholer
etal., 1999

Mills et al.,
1996

Yakushiji et
al., 1998

Thakur et
al., 2012

Gonzales-
Altozano et
al., 1999
(data from
1995)

Kallsen et
al., 2011
(data from
2007)

De La Hera
Orts et al.,
2005

Des
Gachons et
al., 2005
(data from
1998)

Gautier et
al., 2005

Wang et al.,
2000
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The PBSM proposed by Lobét al. (2006), which is based on the assumption that teala
accumulation is controlled by vacuolar pH, onlyeskhe contribution of Kto the acid-basic
reactions in the vacuole into account. The modetligted that at low vacuolar pH (in the
early stages of fruit growth), an increase ih ¢ontent would reduce malate accumulation,
while at higher pH (during fruit ripening) it wousdimulate it.

Contradictory effects of nitrogen nutrition on frucidity have also been reported
(Table I-1). Some authors found a negative correlation batwaogen nutrition and TA
(Spironelloet al, 2004), others found a positive correlation betwa#rogen nutrition and
both TA (Reitz and Koo, 1960) and organic acid eaniJiaet al, 1999; Radiet al, 2003;
Ruhl, 1989), and still others that it had no sigaiht effect (Cummings and Reeves, 1971).
Nitrogen fertilization may have an indirect impagh fruit acidity by stimulating the
vegetative growth of plants. Increased vegetatresvth may affect the fruit in various ways:
by shading them (which would lower their temperatand reduce transpiration), or by
diverting assimilates towards vegetative growth (Nhiwould reduce the supply of
assimilates to the fruits). The effect of nitrogemfruit acidity may also depend on the form
of nitrogen applied (N@or NH,;"). NOs fertilization is likely to have a positive impact tme
concentration of organic anions in the phloem dapesnitrateassimilation in the leaves
requires the coordinated synthesis of organic a@#snzioniet al, 1971; Scheibleet al,
1997; Smith and Raven, 1979), which are then tramsg in the phloem sap together with
K*. Conversely, Nif fertilization does not cause the synthesis of miganions, and may
affect cation uptake by roots, like "Kas observed in banana (Sathiamoorthy and
Jeyabaskaran, 2001).

Very few studies have been conducted on the eftdaither mineral elements on fruit
acidity (Table I-]. However, magnesium has been shown to have mifisant effect on
fruit acidity (Cummings and Reeves, 1971), and phosous nutrition appears to have little

effect on fruit acidity (Cummings and Reeves, 195dironelloet al, 2004).

5.3Water supply influences fruit acidity probably due to modifications in fruit water
content and osmotic adjustment

The impact of water supply on fruit acidity has hheadely studied Table I-]). In most cases,
water supply was shown to be negatively correlatitd TA, and organic acid content in ripe
fruits (Gonzales-Altozano and Castel, 1999; Hudind Stampar, 2000; Kallsext al, 2011;
Mills et al, 1996; VeitKohler et al, 1999; Wuet al, 2002; Yakushijiet al, 1998). However,

some authors reported a positive relationship batweater supply and both TA and organic
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acid content in ripe fruits (De la Hera-Odsal, 2005; des Gachoret al, 2004; Estebaet

al., 1999; Thakur and Singh, 2012). Even if water $yppodifies fruit acidity, there is
apparently no change in the seasonal patternseoftcumulation of organic acids (De la
Hera-Ortset al, 2005; Thakur and Singh, 2012; Véual, 2002). Taken together, these data
suggest that water stress tends to increase orgenicontent and TA in ripe fruits through a
simple dilution/dehydration effect (Gonzales-Altapaand Castel, 1999). Another mechanism
through which the plant water status may interfgith fruit acidity is osmotic adjustment:
under water stress, all plant tissues accumulaligtesy mainly sugars and organic acids
(Hummel et al, 2010), to lower their osmotic potential and preava drop in cell turgor
pressure. As water stress increases the accumutdtimnganic acids in the leaves and xylem
fluid (Andersen, 1995; Hummel, 2010), it may alsorease imports of organic acids to the

fruit.

5.4 Temperature influences fruit acidity by affecting both metabolism and vacuolar
storage of organic acids

Increasing the temperature during fruit growthstmrage decreases fruit TA (Gautedral,
2005; Kliewer, 1973; Rufner, 1982; Wang and Can@®®@ (Table I-]) as well as malate and
citrate concentrations, as shown in the grape b@uftroseet al, 1971; Kliewer, 1973;
Rufner, 1982) and in banana (Bugaeidal, 2009). Nevertheless, all organic acids do not
appear to be equally sensitive to temperature (Rut®82; Wang and Camp, 2000).

Modifications in organic acid metabolism in respois temperature probably result
from the impact of temperature on the reactionsraik glycolysis and of the TCA cycle
(Araujo et al, 2012) by modifying enzyme activities (Lakso aneter, 1975b), and also on
the kinetic properties of the mitochondrial trangmystems involved (Halestrap, 1975). The
main effect of increasing temperature would be timdate respiration, with the above
mentioned effects on citrate metabolism (increaitigate production during green stages
and decreasing citrate production during ripeniisge previous section). Results of the fruit
PBSM developed by Lobét al. (2003), which models net citrate production aaracfion of
temperature, fruit mesocarp weight, and respiratislgre in good agreement with
experimental data. Further simulations showed teatperature can affect fruit acidity in
different ways depending on the fruit cultivar pesies (Wwet al, 2007).

Temperature probably affects vacuolar storage ojamic acids via several
mechanisms. Temperature is a key variable in teentbdynamic equations that limit the

operation of the proton pumps and the diffusiorofanic anions through the tonoplast. In
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the PBSM of malate accumulation in fruit develogmdLobit et al. (2006), increasing the
temperature reduced the ability of the fruit tolanalate malate, which is in accordance with
observations made in agronomic studies. Temperails@ affects membrane fluidity by
modifying lipid properties (Murata and Los, 199Thus, high temperatures may change the
tonoplastic permeability of fruit cells, which cduhcrease leakage of solutes like protons, or
protonated forms of organic acids. The increag@moplastic permeability could explain the
increased activity of vacuolar proton pumps obsgivegrape berry cells in response to an
increase in temperature (Terrier al, 1998). The increase in proton pump transporwigti
may compensate for the leakage of solutes, whickn@vn to occur during grape berry
ripening (Terrier et al., 2001), but only partialhgsulting in a net efflux of malic and citric
acid to the cytosol and their further degradatibecuse of the cytosolic pH homeostasis),

leading to a decrease in fruit acidity.

6 Conclusions

This review showed that accumulation of malate airhte is the result of interactions
between metabolism and vacuolar storage, and fahthe main mechanisms likely to drive
them. It also showed that agro-environmental factifect the acidity of fleshy fruit by

acting on various cellular mechanisms. To increageunderstanding of the development of
acidity in fleshy fruit, we believe that integragivapproaches would be particularly
appropriate (Génaret al, 2010; Struiket al, 2005). The combination of PBSMs and
molecular data, as a tool for model parameterizatonld advance our understanding of the

response of citrate and malate accumulation torenfiental fluctuations and genetic control.
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Chapitre II Etude Expérimentale de I’Effet du Génotype
et des Conditions de Croissance du Fruit sur I'Acidité

de la Banane (Musa sp. AA)
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Objectifs

Dans ce chapitre, sont présenteés les effets duypmet des conditions de croissance du fruit
(charge en fruit, fertilisation potassique, staderécolte) sur 'accumulation du citrate et du
malate dans la pulpe de banane pendant les phesesd post récolte. La concentration en
acides organiques dans la pulpe résulte a la ®isadcumulation en eau, de I'accumulation
en matiere seche (composés de stockage tels aquieda et les sucres), et du métabolisme et
stockage vacuolaire des acides, et peut donc &mrgsée en trois composantes : la teneur
en eau de la pulpe, la teneur en matiére sechetnacturale, et la concentration de chaque
acide par gramme de matiere séche structuralefet’'dés différents facteurs agronomiques
sur chaque composante est quantifié. Ce chapitét€¢ aaccepté par le journ&cientia
Horticulturae sous la forme d’'un article intitulé «Citrate andlat@ accumulation in banana
fruit (Musa sp. AA) is highly affected by genotype and frugea but not by cultural

practices».

Principaux résultats

* D’importantes différences de profils d’accumulatiun citrate et du malate existent entre
les trois génotypes étudiés aussi bien pendantoiasance que pendant la maturation
post récolte des fruits.

* Une diminution de la charge en fruit et un nivebavé de fertilisation potassique ont un
effet positif sur la croissance des fruits mais tb’pas d’effet sur les concentrations en
citrate et malate, aussi bien pendant la croissgunegendant la maturation post récolte.

* Une date de récolte tardive augmente Iégéremematnieentration en citrate dans les fruits

mars aprés récolte, et diminue celle en malate.
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Citrate and malate accumulation in banana fruit (Musa sp. AA) is highly
affected by genotype and fruit age, but not by culiral practices

A. Etienné, M. Génard, D. Bance, S. Benoit, G. Lemire, C. Bugaud

! Centre de Coopération International en Recherch®@omique pour le Développement
(CIRAD), UMR QUALISUD, Péle de Recherche Agronomequle Martinique, BP 214,
97 285 Lamentin Cedex 2, France

2INRA, UR 1115 Plantes et Systémes de Cultures etnes, F-84914 Avignon, France

Abstract

Sourness and sweetness are major drivers of comqueference for banana fruits and are
mainly linked to the presence of citrate and mal&@ke objectives of the present work were to
determine how agro-environmental and genotypicofacaffect the concentrations of citrate
and malate in banana pulp during growth and postelsa ripening. Changes in citrate and
malate concentrations in the pulp during the dguwelent of the fruitwere investigated in
relation to fruit age, fruit load, and potassiuntifeation in three cultivars of dessert banana
presenting contrasted acidity at the eating stsiggor differences in the pattern of citrate and
malate accumulation were found in the three culéiiaoth during growth and post-harvest
ripening. The fruit growth rate was greater whem ftluit load was reduced, but this treatment
had no effect on the accumulation of organic a@sny of the three cultivars. A high
potassium supply increased fruit growth but hadeffect on organic acid accumulation in
any of the three cultivars. Late harvested fruited higher citrate and lower malate
concentrations in the pulp at the eating stage. ®smlts showed that the concentration of
organic acids in banana pulp is mainly controlled genotype and that this may be an
interesting trait to target in breeding programdanmprove the organoleptic quality of new
cultivars. The physiological mechanisms likely tontrol the accumulation of citrate and

malate during banana fruit development are disclisse
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1 Introduction

Bananais an important high-value food crop but the intdoral banana market is almost

completely restricted to the Cavendish variety, ahis sensitive to the main diseases of
banana. The breeding history of banana has therédoused on disease resistance (Yellow
Sigatoka Disease and Black Leaf Streak Diseas#)put taking sensory characteristics into
consideration. As a result, new hybrids have begected by consumers owing to sensory
shortcomings among other characteristics. To imprbze sensory characteristics of new
hybrids it is crucial to understand the determisaot the organoleptic quality of banana

fruits.

Sourness and sweetness are major drivers of comquneference for banana fruits,
and these characteristics are mainly linked toptiesence of organic acids in fruit cells (Esti
et al., 2002; Harker et al., 2002; Tieman et &12). Citrate and malate, the most abundant
acid metabolites in banana fruit, have been sha@aretgood predictors of pulp sourness and
sweetness (Bugaud et al., 2013). Banana fruit particularity of having separate growth
and ripening phases, during which significant clesno the concentration of organic acids
take place in the fruit. Banana fruits accumulabéhlxitrate and malate during growth and
these determine fruit acidity at harvest (Jullie¢rale, 2008). The concentrations of organic
acids still change considerably during post-harvgsning with an increase in pulp acidity
(Etienne et al., 2013a; Mustaffa et al., 1998; Mzzma et al., 2010), and considerable
variations in the acidity of ripe fruits among degsanana cultivars (Bugaud et al., 2013).
Thus, any attempts to understand the determinantsawéna pulp acidity must include a
study of the dynamics of organic acid concentratidaring fruit growth but also during post-
harvest ripening.

The concentrations of organic acids in fruit puip ¢ghe result of several processes.
First, the transport and metabolic processes ofarocg acids, which involve several
interconnected metabolic pathways and transporhareésms through several compartments,
control the amount of citrate and malate in thepp{itienneet al, 2013b). Second, the
accumulation of water and dry matter in the froftuences the concentration of organic acids
in the pulp due to dilution (Léchaudel al, 2005b; Soutt al, 1999). Dilution by dry matter
is the result of the import of assimilates in theitfthat are used for the storage of starch,
sugars and organic acids. However, the importeithdates can also be used to produce cell
walls. Hence, the ratio of storage compounds (alled non-structural dry matter) to cell
wall material (also called structural dry matterayd a major role in the concentration of

organic acids in the pulp (Léchaudzlal, 2005b).
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Agro-environmental factors, including fruit loadater supply, mineral fertilization
and temperature, are known to affect fruit acidityacting on the transport and metabolic
processes of organic acids (Etiereteal, 2013b), and/or by modifying the water content of
the pulp (Léchaudel et al., 2002). Only a few stadiave been conducted on the effect of
orchard management on banana pulp acidity. Theyvesthothat potassium fertilization
decreased the titratable acidity of ripe bananatsfr(lRamesh Kumar and Kumar, 2007,
Vadivel and Shanmugavelu, 1978), but these styaliegided no information on the direct
effect of potassium fertilization on the concentnatof organic acids.

The objectives of the present work were to advamaeunderstanding of the roles
played by agro-environmental factors and genotgdbe concentrations of citrate and malate
in banana pulp during growth and post-harvest rgenTo this end, we studied the effect of
fruit age, fruit load, and potassium fertilization the accumulation of malate and citrate in
three cultivars of dessert banana with contrastioglity at the eating stage. To better
understand how cultural practices and genotypeiafiganic acid concentrations in the pulp,
we analyzed changes in concentrations of citrate mathte by breaking them down into
components related to transport and metabolic gease and to the accumulation of water
and dry matter. This approach was shown to be d gay to study the influence of irrigation

and of the ratio of leaf to fruit on mango fruit ¢jia(Léchaudelet al, 2005b).

2 Materials and methods

2.1Field experiment and treatments

Three dessert banana cultivaiuga spp.) diploids AA, differing in predominant organi
acid at eating stage: Indonesia 110 (IDN), Pisaarg Buaya (PJB), and Pisang Lilin (PL)
were studied during the 2011 and 2012 growing seagppendix L All the bananas were
grown at théP6le de Recherche Agroenvironnementale de la Mgua(PRAM, Martinique,
French West Indies; latitude 14°37N, longitude @&W45 altitude 16 m) on continental
alluvial soil. In the two growing seasons, irrigatiwas adjusted to the amount of rainfall to
supply at least 5 mm of water per day, and nonresyst fungicide was applied to control
foliar diseases. During the first period of buncbvgh (March—November 2011) the mean
daily temperature was 27 °C + 1.2 °C. During theose period of bunch growth (February-
August 2012) the mean daily temperature was 26 0®=2C. Bunches were left uncovered in

both growing seasons.
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2011 experiment: Effect of fruit load on banana gubcidity

For each cultivar, 36 plants were randomly chosah tagged at inflorescence emergence.
Two contrasted fruit loads were used: 18 planteadh cultivar were used as the control
treatment i.e. high fruit load, and 18 other plamése highly pruned i.e. low fruit load. In the

control treatment, the number of leaves and hagfti®h the plants were calculated in order
to have the same leaf area: fruit ratio among\ans (approximately equal to 0.5 cm? leave. g
fruit™). Thus, 15 days after inflorescence emergence, &®5 leaves were left on the plant
for cultivars IDN, PL, and PJB respectively, ané tbp 10, 5 and 7 hands were left on the
bunch for cultivars IDN, PL, and PJB respectivelyp ensure the situation was the same
among the three cultivars, fruit pruning in lowitrioad treatment was calculated to increase
the leaf area: fruit ratio by approximately 2.5.nSequently, 15 days after inflorescence
emergence, the top 4, 2, and 3 hands were lefh@manch for cultivars IDN, PL, and PJB

respectively. Banana plants received 12 g of némpdl.7 g of phosphorus, and 23 g of
potassium at 4-week intervals during fruit growth.

2012 experiment: Effect of potassium fertilizatian banana pulp acidity

Two plots containing 50 banana plants of eachwvartivere planted. Two contrasted levels of
potassium fertilization were started six monthsobefthe beginning of fruit sampling. For
each cultivar, one plot received 124 g of potasspemplant (high potassium fertilization) at
4-week intervals, while the other received no pgitas at all. All the banana plants received
12 g of nitrogen and 10 g of phosphorus at 4-wemdrvals. Twenty-four plants of each
cultivar were randomly chosen in each plot and edggt inflorescence emergence. At 15
days after inflorescence emergence, 9, 7, andv@deaere left of cultivars IDN, PL, and PJB
respectively, which corresponds to the averageraatber in 2012, and the top 10, 5, and 7
hands were left on the bunch of cultivars IDN, Bh¢ PJB respectively, which correspond to
a high fruit load. Leaf and soil analyses were qrened at the beginning and end of the
experiment. In each plot, lamina 3 of 10 randomdjested banana plants was sampled
according to the international reference methodr{idderével, 1977). In each plot, ten soil
samples evenly distributed throughout the plot weodlected. Soluble K, Mg, and Ca
concentrations in the leaves and soil were detexthby mass spectrometry (Martin-Prével et
al., 1984),the concentration of Cl was determined by potentiomesing a Titroline alpha
automatic titrator (Walinga et al., 1995), asodluble phosphorus was determined by

colorimetry (Martin-Prével et al., 1984).
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2.2 Fruit sampling procedure

Monitoring fruit growth

In the two growing seasons, six bunches of eachivawtreatment combination were

selected. At 15 day intervals, one fruit locatedhia internal row of the second proximal hand
was collected for analyses. Natural ripening omditagy plants, i.e. when the first yellow

finger appeared, determined the end of sampling.

Monitoring post-harvest fruit ripening

In the 2011 experiment, two harvest stages weiextuFor each cultivar, the harvest stages
were calculated to be 70% and 90% of the averalgsvéring-to-yellowing time” of the
bunch on the tree. Previous observations in thé irformed us about the average flowering-
to-yellowing time of each cultivar. For each hatvetage, six bunches per cultivar and per
treatment were harvested. In the 2012 experimery, @me harvest stage was studied. For
each cultivar, the harvest stage was calculateceéoh cultivar to be 75% of the average
flowering-to-yellowing time of the bunch on the dreSix bunches per cultivar and per
treatment were harvested.

After the bunches were harvested, the second padxi@nana hand on each bunch
was rinsed and dipped in fungicide (bitertanol, 8)L™") for 1 min. The fruits were placed
in a plastic bag with 2@m respiration holes and stored in boxes for 6 ddy$8 °C. The
fruits were then stored in a room at 18 °C and nmeet ethylene treatment (1 mLLfor 24
h) to trigger the ripening process. After 24 h, tltem was ventilated. Bananas were
maintained at 18 °C for 13 days and a banana fag sampled before ethylene treatment
(day 0), and at day 3, 6, 9 and 13. The fruit gferpotential — called the green life — was
estimated as the time between harvest and theakmarise (Chillet et al., 2008).

2.3 Determination of banana pulp composition

The fresh pulp of each fruit sampled was weighed: BDatter was determined by freeze-
drying the pulp and then weighing it. The driedgulas then mixed to obtain a dry powder
and citrate and malate concentrations were detedraccording to the method described in
Etienne et al. (2013a). Concentrations of starchsahuble sugars (glucose, fructose, sucrose)
were assessed according to Gomez et al. (20079 asirenzymatic method and a microplate
reader. Soluble K, Mg, and Ca in the pulp were ma@teed by mass spectrometry and soluble

phosphorus was measured by coloriméfgrtin-Prével et al., 1984).
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The concentration of malate and citrate was consitiéo be the product of three
components obtained from the following equation:

(% DwW (% DW  SDW (% ww NSDW (%
Co=pr=mmsst =20 D, = (1 -2 s (1 20« (1)
Fw FwW DW Fw DwW SDW Fw DwW SDW

where G is the concentration (in g.100g FVand W is the weight (in g) of the compound x
in fruit pulp; FW is fresh weight, DW is dry weightVW is water weight, SDW is structural
dry weight, and NSDW is non-structural dry weighthee pulp (in g).
The ratio of water weight to fresh weight represetite water content of the pulp and is
related to water dilution; the ratio of non-strueiuto total dry weight is related to the
accumulation and storage of compounds; and the iHtithe weight of compound x to
structural dry weight is related to the transpart anetabolic processes of organic acids.
Water weight was calculated as the difference betwieesh and dry weight. Non-structural
dry weight was calculated as the difference betwargnweight and structural dry weight.
Structural dry weight was calculated as the difieeebetween dry weight and the sum of the
weights of thanain non-structural compounds (soluble sugars;istacids).

In order to compare the dynamics of organic acidceatrations among cultivars
during fruit growth, fruit age was expressed as ecgugage of the flowering-to-yellowing

time of the bunch.

2.4 Statistical Analysis

Linear mixed-effects models [LMMs (Gatecki and Bykowski, 2013)] were used to
examine the relationship between response varigpldp citrate and malate concentration)
and explanatory variables (fruit age, cultivaratreent), and interactions. We used quadratic
and cubic terms of fruit age when the curve padtedugh a maximum and had an
asymmetrical shape. We used the Ime function irrtimee’ library (Pinheiro et al., 2013) in
the statistical program R 2.14.0. “Banana plant'sweeated as a random effect because
banana plants were assumed to contain unobsertedogjeneity which is impossible to
model. A temporal correlation structure was usedcmount for temporal pseudo-replication.
Model selection was made using the top-down styatggur et al., 2009): starting with a
model in which the fixed component contains all éxglanatory variables and interactions,
we found the optimal structure of the random congombnWe then used the F-statistic
obtained with restricted maximum likelihood (REM&timation to find the optimal fixed
structure. Finally, the significance of each fadtept in the optimal model was assessed using
the F-statistic obtained with REML estimation.
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3 Results and discussion

3.1Fruit age and cultivar strongly affected the accumitation of organic acids during
fruit growth

Organic acid concentrations in the pulp can be brattewn into three components, pulp
water content, the ratio of non-structural to tatgt weight, and the ratio of organic acids to
structural dry weight. In 2011 and 2012, fruit dggd a significant effect on these three
components, and consequently on the concentratibnglate and citrate in the pulpable
11-1).

The concentration of malate in the pulp and thie @t malate to structural dry weight
increased throughout fruit growtri@. I11.1.B, D, H, J. In a previous paper, we suggested that
malate accumulation in the fruit is controlled e tlevel of vacuolar storage, and that, in
response, malate metabolism maintains the cytogdficconstant (Etiennet al, 2013b).
Thus, the increase in the concentration of malateng banana fruit growth may be due to
more favorable thermodynamic conditions for thegport of malate into the vacuole as the
fruit grows. Lobit et al. (2006) showed that thencentration of malate in the vacuole of fruit
cells is determined by vacuolar pH and by the alegibtential gradient across the tonoplast
(Ay). The tonoplast proton pumps are the main conwilsuto Ay and vacuolar pH
(Martinoia et al., 2007) and could thus be resgaadior the accumulation of malate during
banana fruit growth.

The concentration of citrate in the pulp and theraf citrate to structural dry weight
increased throughout fruit growtkig. I1I.1.A, C, G, ). Citrate is produced through the TCA
cycle, a metabolic pathway located in the mitochianthat is responsible for the oxidation of
respiratory substrates that drive ATP synthesise@love et al., 2010). We suggested that
citrate accumulation in the fruit is controlled thye TCA cycle and consequently by fruit
respiration rate (Etiennet al, 2013b). The increase in the concentration oft@trduring
banana fruit growth implies that the TCA cycle g in a non-cyclic flux mode that
probably converts malate into citrate. Citrate maitbn during banana growth may be due to
an increase in mitochondrial citrate synthase #agt{lannetta et al., 2004; Sadka et al., 2001,
Wen et al.,, 2001), and/or to a decrease in cytosoid/or mitochondrial aconitase activity
(Morganet al, 2013; Sadkat al, 2000a).

Pulp water content decreased linearly up to 50%oefering-to-yellowing time, then
decreased slowly between 50% and 80% of flowerngetlowing time, and finally
increased slightly until the end of growth as poergly reported by Bugaud et al. (201
II.1.E and K. The ratio of non-structural to total dry weightreased markedly up to 50% of
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flowering-to-yellowing time and then only slight(frig. II.1.F and ). Thus, in the second
half of the flowering-to-yellowing period, dilutioby water and by the accumulation and
storage of compounds, (mainly starch) (Juli¢ml, 2001b), did not play an important role in
the determination of the concentration of orgacidsiin the pulp.

There were significant differences among cultivarthe patterns of citrate and malate
accumulation in the pulp in both 2011 and 2012. Phecultivar had significantly higher
citrate and malate concentrations in the pulp thenDN and PJB cultivarsTéble II-1, Fig.
II.1.A, B, G and Bl There were major differences in the ratio ofatéd and malate to
structural dry weight among cultivars, and sligtifeslences in pulp water content and in the
ratio of non-structural to total dry weightdble II-1, Fig. Il.1.C, D, E, F, |, J, K and)L
meaning that differences among the three cultiwarshe accumulation of organic acids
during fruit growth were mainly the result of diféaces in the metabolism and/or vacuolar
storage of organic acids. Based on total citrattraalate concentrations, the PL cultivar had
a much higher total organic acid concentration tth@nPJB and IDN cultivars. As citrate is
mainly produced from malate through the TCA cythles means that malate production in
the cytosol was highest in the PL cultivar. Conoegnthe ratio of citrate to malate
concentrations, the IDN and PJB cultivars had tviicéhree times higher concentrations of
citrate than of malate, whereas in the PL cultittae, ratio was close to one. As citrate is more
easily transported into the vacuole than malatéeiEe et al, 2013b), there may be an
advantage for fruit cells to store citrate rathemt malate. The particularity of the PL cultivar
in storing equal amounts of citrate and malate fnaythe consequence of differences in
vacuolar transport and/or in the rate of conversidbmalate into citrate through the TCA
cycle.
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Figure II-1 Seasonal variations in pulp citrate coeentration (A, G), pulp malate concentration
(B, H), ratio of citrate to structural dry weight (C, 1), ratio of malate to structural dry weight (D,
J), water content (E, K), and ratio of non-structural to total dry weight (F, L) during the 2011
and 2012 experimental period in the three cultivargIDN, PJB, and PL). Each symbol represents
a fruit. Lines are those of the fitted linear mixedmodel.
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Table II-1 LMM analysis of banana pulp fresh weight(g), citrate concentration (g.100 g FW),
malate concentration (g.100 g FW), water content (%), non-structural: total dry weight ratio
(NSDW: DW), citrate: structural dry weight ratio (citrate: SDW), and malate: structural dry
weight ratio (malate: SDW) during fruit growth. The factors studied were fruit age, cultivar and
pruning treatment in the 2011 experiment, and fruitage, cultivar and potassium fertilization

treatment in the 2012 experiment.

F-value® and significanc®

Pulp
Citrate Malate Water NSDW : Citrate: Malate :
Year Factors  fresh . .
. concentration concentration content DW SDW SDW
weight
2011
C 67*** 16*** 79*** NS 16*** NS 17***
p 32%** Ns Ns 8** Ns Ns Ns
6117*** 2703*** 1599%*** 3738**  1655***  1493*** 702%**
a2 262*** 184*** 44*** 967*** 399*** 224*** 87***
a O** Ns O** 14*** 4Q*** 6* Ns
ra 36%** Ns Ns Ns Ns Ns Ns
c: Ns Ns Ns Ns Ns Ns Ns
76*** 7*** 155*** NS 4* 14*** 50***
c:p:a Ns Ns Ns Ns Ns Ns Ns
2012
C 13*** 28*** 92*** 18*** 7* 6** 22***
f Ns Ns Ns Ns Ns 6* 4*
a 4043*** 1603*** 560*** 3562*** 520*** 936*** 362 3***
a2 106*** 142*** 70*** 950*** 1 15*** 233*** 145***
a 34x** Ns 6** Ns 5* 21** Ns
c:f Ns Ns Ns Ns Ns 3* 2*
C a 15*** 8*** 54*** 19*** NS 3* 19***
f:a Ns Ns Ns Ns Ns Ns Ns
c.fra E*** Ns Ns Ns Ns Ns Ns

2 The F-value is given only for the factors kepthir optimal model.

b+ p_value < 0.001; ** p-value < 0.01; * p-valu€<05 ; Ns : not significant.

¢ Codes for factors: c=cultivar; p=pruning treatmeatfruit age (in % of flowering-to-yellowing time);

f=potassium fertilization treatment.
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3.2Ripening stage and cultivar strongly affected the ecumulation of organic acids
during post-harvest fruit ripening

During post-harvest ripening, the ripening stage e cultivar had a significant effect on the
ratio of organic acids to structural dry weight gndp water content in 2011 and 2012. The
ratio of non-structural to total dry weight wasrsfgcantly affected by the cultivar only in
2011, and by the ripening stage and the cultivaR0d2 {Table II-2. Consequently, the
ripening stage and the cultivar had a significdfeéot on the concentrations of malate and
citrate in the pulp in 2011 and 20I2fferences in the concentrations of total orgaagas in
the pulp in the three cultivars at the eating st@gsy 6 to 13) were greater than 0.3 g.100g
FW?, which issufficient for a detectable difference in sournasd sweetness (Bugaud et al.,
2013).

The patterns of citrate concentration in the pulg @ne ratio of citrate to structural dry
weight were the same in the IDN and PL cultivarthvein overall decrease during ripening,
whereas there was an overall increase in the PiBasuFig. 11.2.A, C, G and)l At the end
of ripening, PJB had the highest citrate conceiomaind PL the lowest. Several mechanisms
may explain the decrease in citrate concentratiGemed in the PL and IDN cultivars during
ripening. One could be the activation of the GABKuSt, a cytosolic pathway of citrate
catabolism known to occur during banana ripeningefCand Gadal, 1990; Liu et al., 2004;
Medina-Suarez et al., 1997). Another possible redsothe decrease in the concentration of
citrate could be a shift from the use of malateittate as respiratory substrate by the TCA
cycle. The different pattern of citrate accumulatabserved in the PJB cultivar may be due to
the use of malate as respiratory substrate instéantrate, or to less active catabolism of
citrate in the cytosol.

The patterns of malate concentration in the pulp thedratio of malate to structural
dry weight were the same in all three cultivarshwan increase from day O to day 6, and a
slight decrease after thdtig. 11.2.B, D, H and )l At the end of ripening, the PL cultivar had
the highest concentration of malate, followed by tRJB and IDN cultivars. The
accumulation of malate from day 0 to day 9 may be tb more favorable thermodynamic
conditions for malate transport into the vacuoldéma higher capacity for malate synthesis.
The slight decrease in malate concentration atvémg end of ripening could be due to an
increase in tonoplast permeability leading to Ig@kaf anions, as observed during grape
berry ripening (Terrier et al., 2001). It is knowWrat membrane permeability increases during
banana ripening (Sacher, 1966). The malate arrivirtbe cytosol from the vacuole could be

further degraded by pH homeostasis leading to eedse in the concentration of malate.
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Figure II-2 Variations in pulp citrate concentration (A, G), pulp malate concentration (B, H),
ratio of citrate to structural dry weight (C, 1), r atio of malate to structural dry weight (D, J),
water content (E, K), and ratio of non-structural matter to total dry weight (F, L) during post-
harvest ripening of banana in 2011 and 2012 in ththree cultivars (IDN, PJB, and PL). Each
symbol represents a fruit. Lines are those of thetted linear mixed model.
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Differences in pulp malate concentration amongivals may be related to differences in
tonoplast proton pump activity or to differenceghe activities of the enzymes involved in
malate metabolism (Etienres al, 2013Db).

The increase in pulp water content during postéstrvipening in all three cultivars
was due to osmotic migration of water from peepttp because of the higher concentration
of sugar in the latter (John and Marchal, 1995)utizin by water was lower in PJB and thus
widened the gap in the concentration of citrateh@ pulp between PJB and the two other
cultivars Fig. I1.2.E and K. The ratio of non-structural to total dry weight r@med constant
during ripening and there was little difference amgpdhe three cultivars, meaning that this
component did not play an important role in theedmination of organic acid concentrations
(Fig. Il.2.F and D).

3.3 Fruit age at harvest affected the accumulation of rganic acids during post-harvest
fruit ripening

The two harvest stages studied corresponded to a@mtrasted fruit age since at 90% of
flowering-to-yellowing time, the IDN, PJB, and Pultivars had a green life of 916, 17+2,
and 8£3 days respectively, whereas at 70% of flowgeto-yellowing time, the IDN, PJB, and
PL cultivars had a green life of 377, 42+14, adB) days respectively (data not shown).
In accordance with the patterns of citrate and taadacumulation during fruit growth, fruits
harvested later had higher citrate and malate cdret@ns at harvest (day @ig. 11.3). Fruit
age at harvest had a significant effect on the ratiorganic acids to structural dry weight,
and to a lesser extent on water content and omatin@ of non-structural to total dry weight
during ripening (able 11-2. Consequently, fruit age at harvest had a siamt effect on the
concentrations of malate and citrate in the pulpndupost harvest ripening. Concerning
malate concentrations, there were additional effe€tfruit age at harvest x ripening stage
interaction, and of fruit age at harvest x cultivgeraction.

The concentration of citrate in the pulp and theraf citrate to structural dry weight
(data not shown) were higher throughout ripeninfruits harvested at 90% of flowering-to-
yellowing time Fig. 11.3.A, B and ¢. These results are in agreement with those addaiy
Bugaud et al. (2006) in the Cavendish cultivar. SEhauthors reported that the concentration
of citrate in the pulp of ripe fruit increased wittuit age at harvest. Lobit et al. (2003)
showed that citrate accumulation in peach pulp m&ampredicted by a model linked to pulp
citrate concentration at harvest, fruit pulp resin, temperature, and pulp weight. During

banana ripening, the temperature remained conatadid the pulp weight, since the banana
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fruit was detached from the plant. Pulp weight gndp respiration were higher in fruits
harvested later (data not shown). So this modehm#aat the harvest stage probably affected
citrate concentration in banana pulp by impactiothlzitrate metabolism and dilution during

post-harvest ripening.
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Figure 11-3 Variations in pulp citrate (A, B, C) and malate (D, E, F) concentrations during post-
harvest ripening of banana in 2011 vs. fruit age aharvest (90% and 70% of flowering-to-
yellowing time (FYT)) in the three cultivars (IDN, PJB, and PL). Each symbol represents a fruit.
Lines are those of the fitted linear mixed model.

The concentration of malate in the pulp and thie @t malate to structural dry weight
(data not shown) were higher in fruits harveste@Qfb of flowering-to-yellowing time until
day 3 in the IDN cultivar and until day 9 in theBPdultivar, after which the trend reversed
(Fig. 11.3.D and B. In the PL cultivar, the malate concentration dinel ratio of malate to
structural dry weight were higher throughout ripgnin fruits harvested at 90% of flowering-
to-yellowing time but the effect decreased with dirfrig. 11.3.F). These results are in

agreement with the results obtained by Bugaud. €2@06) in the cultivar Cavendish.
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Table II-2 LMM analysis of banana pulp fresh weight(g), citrate concentration (g.100 g FW),
malate concentration (g.100 g FW), water content (%), non-structural: total dry weight ratio
(NSDW: DW), citrate: structural dry weight ratio, and malate: structural dry weight ratio
during post-harvest fruit ripening. The factors studied were ripening stage, fruit age at harvest,
cultivars and pruning treatment in the 2011 experinent, and ripening stage, cultivars and
potassium fertilization treatment in the 2012 expement.

F-value® and significanc8

Pulp fresh Citrate Malate Water NSDW : Citrate : Malate :
Year  Factor$§
weight  concentration concentration  content DW SDW SDW
2011
c Qg 496*+* 284%k* D Qxw g+ DAQHr* 100%*+
p 10** Ns Ns 12** Ns Ns Ns
a Qe R 1% Ns g 24 14%%%
r 44rrx 217 327+ 1509*** Ns 13*** 227+
r2 Ns 45x** 241*+* 161*** Ns 44x** 161***
r Ns 5 Ns 23 %k Ns Ns Ns
p:a Ns Ns Ns Ns Ns Ns Ns
p:c Ns Ns Ns Ns Ns Ns Ns
p:r 7** Ns Ns 5* Ns Ns Ns
a:c 5** Ns 15%** 4x* Ns Ns 11%*
a:r 6* Ns 15%** 37rr* Ns Ns 127%**
cr Gk 91 ¥k GO*t* GGt Ns Q4 Qe
p:a:c Ns Ns Ns Ns Ns Ns Ns
p:a:r Ns Ns Ns Ns Ns Ns Ns
a:.cr Ns Ns Ns Ns Ns Ns Ns
p:a:cir Ns Ns Ns Ns Ns Ns Ns
2012
c 7wk DDk 7k Ns 1 3kkk ggHtH gk
f Ns Ns Ns Ns Ns Ns Ns
r Dk 6* 386+ 15334+ 43rer 10%* 343k
r2 G DQkk 184%+* gO*+* Ns DGk 130%+*
r Ns Ns Ns 7r* Ns Ns Ns
c:f Ns Ns Ns Ns Ns Ns Ns
c:r Ns 104%** 51 16%** Ns 147+ 48***
frr Ns Ns Ns Ns Ns Ns Ns
cfrr Ns Ns Ns Ns Ns Ns Ns

2 The F-value is given only for the factors retaifiein the optimal model.

Paxx n_yvalue < 0.001; ** p-value < 0.01; * p-value<®5 ; Ns : not significant.

¢ Codes for factors: c=cultivar; p=pruning treatmeamtfruit age at harvest; r=ripening stage; f=psitas

fertilization treatment.
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These authors reported that the concentration tdtenan the pulp of ripe fruit decreased with
fruit age at harvest. The higher concentration afate in late harvested fruits during the first
days of ripening may be due to more favorable viecwgiorage conditions leading to a higher
accumulation of malate in the vacuole. As we fouonddifferences in pulp pH between the
two harvest stages in the three cultivars (datashotvn), we suggest that differencesAin
may be responsible for the differences in malatumailation. At the end of ripening, late
harvested fruits had a lower concentration of nealathich may be the consequence of a

higher rate of malate leakage across the tonoplast.

3.4 Fruit load affected fruit growth but had no effect on the accumulation of organic
acids

As expected, low fruit load significantly increasth@ pulp fresh weight during fruit growth
in all three cultivars (Bugauet al, 2012; Jullieret al, 2001b) Table 1I-1, Fig. Il.4.A, B and
C). The same result was observed during post hanjgsting Table 11-2. The pruning
treatment had no significant effect on pulp citrated malate concentrations in the pulp
during fruit growth and ripening in all three culirs Table II-1 and 11-3. Considering the
different components of Equation 1, it appeared tmdy the water content of the pulp was
significantly reduced by the pruning treatment dgriruit growth and ripening. However, the
effect was very limited since the pruning treatmemily decreased pulp water content by 4%
on average at the end of fruit growth and by 3%awerage during ripening (data not shown)
and consequently had no impact on the concentratiarganic acids in the pulp. Several
agronomic studies reported an effect of the leaiit fratio on the malate and citrate
concentrations of pulp fruits, probably linked tadiifications in fruit respirationDuring
mango growth, a high leaf: fruit ratio decreasedateaand citrate concentrations in the pulp
(Léchaudelet al, 2005b), whereas it had no effect during post-bstrvipening (Joas et al.,
2012). Lechaudel et al. (2005b) showed that a hegifi fruit ratio decreased pulp water
content, had no effect on the ratio of non-strwadtto total dry weight, and reduced the ratio
of citrate and malate to structural dry weightpkach, a high leaf: fruit ratio increased pulp
citrate concentration early in fruit developmenif decreased it near maturity. The opposite
effects were observed for malate (Souty et al.919@u et al., 2002). In the present study, the
fruit load was only increased by a factor of 2.5ewdas in the studies mentioned above it was
increased by at least a factor of 4, which coulglar why in our case, the pruning treatment
had no effect on citrate and malate concentratioris|nana pulp. However, a physiological

explanation is also possible. In fruit containintptof starch, like banana at the green stage,
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it is likely that organic acids play an importamler as osmoticum since very few soluble
sugars are stored in the vacuole. Thus, we hypathésat the accumulation of organic acids
in the vacuole is tightly linked to water accumidat meaning that their concentration cannot

vary significantly with pulp fresh weight.
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Figure II-4 Seasonal variations in pulp fresh weighin the three cultivars (IDN, PJB, and PL) vs.
fruit load (LL=low fruit load; HL=high fruit load) during the 2011 growing season (A, B, C),
and potassium fertilization (HF=high level of potasium fertilization; NF=no potassium
fertilization) during the 2012 growing season (D, EF). Each symbol represents a fruit. Lines are
those of the fitted linear mixed model.
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3.5 Potassium fertilization affected fruit growth but had no effect on the accumulation of
organic acids

The K concentrations found in the soils samplethendifferent blocks were in the low range
of values found in other soils in Martinique (Bugaetdal, 2009) Table II-3. Soils in the
blocks with the high potassium fertilization treaimh had a higher K concentration than soils
in the blocks with no potassium fertilization, wihibad an impact on banana plant nutrition
since leaves from plants in the blocks with hightageium fertilization had higher K
concentrations than leaves from plants in the bledgks no potassium fertilizatiorir@ble 11-

4). The concentrations of K in the leaves of allethicultivars were in the range found by
Moreira and al. (1986) in 42 cultivars of dessenidnas.

There was a significant effect of the interactiortwsen potassium fertilization,
cultivar, and fruit age on pulp fresh weight duriingit growth (Table 1I-1). Thus, fruits from
PJB and PL cultivars grown with high potassiumiliegtion treatment had higher pulp fresh
weight than fruits from the same cultivars growrthano potassium fertilization, whereas the
opposite was the case for fruits from the IDN eaiti Fig. 11.4.D, E and §. However, the
effects were low since, at the end of fruit growtbtassium fertilization only decreased pulp
fresh weight by 7% in the IDN cultivar, and incred9ulp fresh weight by 16% in the PJB
and by 10% in the PL cultivars. As a consequencgethe fruits from plots with high
potassium fertilization and no potassium fertiliaat harvested at 75% of flowering-to-
yellowing time there was no significant differenoepulp fresh weight in the three cultivars
(Table II-2. The positive effect of potassium supply on tipdresh weight in the PL and
PJB cultivars is in agreement with several studedruits (Ashraf et al., 2010; Hunsche et
al., 2003; Lester et al.,, 2010; Quaggio et al.,1301ow potassium supply is known to
decrease the translocation of carbohydrates fr@veke to banana fruit, and to reduce their
conversion into starch (Martin-Prével, 1973). Caont®y the negative effect of potassium
supply on the pulp fresh weight in the IDN cultivite decrease was very small, and could
simply be due to a sampling artifact. IDN banarenid may be less sensitive to potassium
shortage than PL and PJB plants, and IDN fruits tm@yable to reach their full potential
growth using the potassium already present indile s

During fruit growth, among the three components tledermine the concentrations of
organic acids in banana pulp, only the ratio ofaoig acids to structural dry weight was
significantly affected by potassium fertilizationdaby its interaction with the cultivaréble
[I-1). In the IDN cultivar, fruit from plots with higbotassium fertilization had a lower ratio
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of organic acids to structural dry weight than tfflutom plots with no potassium fertilization,

whereas there was no difference in fruits fromRA8 and PL cultivard{g. 11.5).

008 A IDN r B PJB r C PL
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Figure 1I-5 Seasonal variations in the ratios of ¢rate content to structural dry weight (A, B, C)
and of malate content to structural dry weight (D,E, F) in the three cultivars (IDN, PJB, and
PL) vs. potassium fertilization (HF=high level of mtassium fertilization; NF=no potassium
fertilization) during the 2012 growing season. Eaclsymbol represents a fruit. Lines are those of
the fitted linear mixed model.

However, the effects observed in the IDN cultivaravvery small and consequently did not
affect the concentrations of organic acids in thip pFruits from the PL cultivar grown with
the high potassium fertilization treatment hadgmigicantly higher concentration of K in the
pulp (16%) than fruits from the PL cultivar growntlvno potassium treatment, and the same
trend was observed in the PJB cultivar even ifdifference was not significanT&ble 11-4).
Therefore, it appears that in the PL and PJB @iy potassium fertilization slightly
increased the accumulation of K in fruit pulp batlmo effect on the concentration of organic
acids. As mentioned previously, K and organic a@ads the main osmoticums in green
banana fruit and this possibly explains why theimaentrations cannot vary significantly with

potassium supply since their concentrations arbtlyiglinked to water accumulation. In
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contrast, the concentration of K in the pulp oftisigrown with high potassium fertilization or
no potassium fertilization were the same in the IDMNtivar (Table 1l1-4, meaning that
potassium fertilization had no effect on K accurtiolain the fruit. Thus, the decrease in the
ratio of organic acids to structural dry weight IDN fruits grown with high potassium
fertilization can probably not be attributed to gmstium fertilization and is consequently
difficult to explain.

During post-harvest ripening, potassium fertiliaati had no effect on the
concentration of organic acids in the pulp, or ba tomponents of Equation 1, which is in
accordance with the results observed during frrobmgh (Table 11-2). These results are in
contradiction with those of studies by Ramesh Kuaradt Kumar (2007), and Vadivel and
Shanmugavelu (1978), who reported a decreaseatatile acidity in ripe banana fruit grown
with a high potassium supply. These contradict@sults are difficult to explain since the
same levels of potassium fertilization were appledhe study of Vadivel and in ours, so

further studies are needed to clarify this issue.

Table 1I-3 Soil chemical properties of the blocks sed in the 2012 experiment. Values are the
means of the two sampled dates #s.d, except for thdocks HF of cultivar PJB and for the
calcium content of blocks NF for cultivar IDN for which there was only one sample date.

Cultivar Treatment pH Cation-exchange capacity K Ca Mg
(mEq.100d)
HF 5.4+0.3 41.9+9.2 0.96+0.2 16.2+0.6 7.18+1.2
ON NF 5.4+0.2 44.1+5.3 0.44+0.1 13.1 6.46+0.8
HF 5.7 49.0 0.87 16.1 6.65
P8 NF 5.4 35.6 0.48+0.1 14.0 5.96
HF 5.5+0.3 35.2+3.5 0.75+0.1 16.610.3 7.58+1.2
oL NF 5.5+0.1 44.9+1.3 0.40+0.0 16.010.8 7.24+1.2

& Code for treatment: HF= high potassium fertilizatiNF=no potassium fertilization
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Table 11-4 Soluble mineral content of leaves (g.10§ DW™) and fruit pulp (g.100 g FW?) for the
three cultivars (IDN, PJB, and PL) and the two treaments, high potassium fertilization (HF)
and no potassium fertilization (NF) in the 2012 exgriment. For leaves, values are the mean of
two sampling dates +s.d. For fruit pulp, values aréhe mean of six fruits at harvest (green fruit)
+s.d. For fruit pulp, letters ‘a—b’ indicate results of Tukey’'s HSD test at p = 0.05 for a given

mineral element.

Organ Cultivar  Treatmefit K Ca Mg P Cl
Leave
HF 2.86+0.4 1.5240.6 0.38+0.0 0.17+0.1  0.97+0.2
PN NF 2.3840.3 1.0940.1 0.35+0.1 0.19+0.0 0.87+0.2
HF 2.76+0.0 1.7440.7 0.29+0.0 0.18+0.1  1.01+0.4
P8 NF 1.9640.2 1.370.1 0.40+0.1 0.18+0.0  0.95+0.1
- HF 2.59+0.4 1.7540.6 0.29+0.0 0.20+0.0  1.19+0.3
NF 1.84+0.2 1.5640.1 0.39+0.2 0.18+0.0  1.05+0.2
Pulp fruit
at harvest
HF 0.30+0.02b  0.03+0.02a 0.02+0.01a 0.02+0.0a -
'ON NF 0.30+0.01 b  0.02+0.02a 0.02+0.01a 0.02+0.0a -
HF 0.32+0.03ab 0.02+0.01a 0.02+0.01a 0.01+0.0b -
P8 NF 0.28+0.03b  0.02+0.02a 0.02+0.01a 0.01+0.0b -
HF 0.35+0.03a 0.03+0.01a 0.02+0.01a 0.01+0.0b -
i NF 0.30+0.01 b  0.02+0.01a 0.03+0.00a 0.01+0.0b -

& Code for treatment: HF= high potassium fertilizatiNF=no potassium fertilization

4 Conclusions

The concentrations of citrate and malate in the pefi banana fruits were significantly
affected by genotype and fruit age, but not byuraltpractices. However, it is important to
note that these results were obtained under phatisoil and climatic conditions, and now
need to be confirmed by further studies in otherssiNevertheless, the results of this study
strongly suggest that the concentration of orgacids in banana pulp is mainly determined
by genetic factors. Consequently, banana pulp tgqumiobably has high heritability and may
be an interesting trait to target in breeding paogg aimed at improving the organoleptic
quality of new cultivars.
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Chapitre III Modélisation écophysiologique de I'acidité

de la banane (Musa sp. AA) en preé et post récolte
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Dans ce chapitre, des modeles écophysiologiquesgtiamt de prédire différents
criteres d’acidité du fruit (pH, acidité titrablepncentrations en malate et citrate de la pulpe)
sont développés afin de comprendre les processupilgtént I'acidité de la banane et de
proposer des pistes sur les origines de la vait@tmbservée entre génotypes (c.f. Chapitre
II). L'analyse de sensibilité de ces modeles a e simuler I'effet de certains facteurs
agro-environnementaux sur I'acidité de la banar&tube porte a la fois sur les phases pré et
post récolte afin de voir quelles pourraient éag drigines physiologiques des différences
d’acidité observées entre ces deux phases (c.pittadl).

Un premier modele utilisé (Lobdt al, 2002) prédit leoH et I'acidité titrable de la
pulpe, deux parameétres importants de la qualiténoigatique de la banane (Bugaedal,
2013), a travers la représentation des équilibcekebasiques de la vacuole.

Pour prédire la concentration eralate dans la pulpe de banane, nous nous sommes
basés sur I'une des conclusions de la synthésedpiaphique (c.f. chapitre 1) qui est que
I'accumulation du malate dans le fruit est pilofge les conditions de son stockage dans la
vacuole. Le modéle d’accumulation du malate pré&sest donc basé sur une représentation
simplifiée du mécanisme de transport du malate teamacuole et adapté du modele de Lobit
et al. (2006). Ce modele intégre le modéle de ptiédi du pH.

Enfin, pour prédire la concentration eitrate dans la pulpe de banane, nous nous
sommes basés sur I'une des conclusions de la sgHidliographique (c.f. chapitre 1) qui est
que I'accumulation du citrate dans le fruit esofge par le fonctionnement du cycle de Krebs
dans la mitochondrie. Le modele d’accumulatecan citrate présenté est donc basé sur une

représentation simplifiée de ce cycle.
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1 Modélisation du pH et de l'acidité titrable de la plpe

par un modele d’équilibres acido-basiques

Objectifs

Dans cette partie, la relation entre la composifaandes et minéraux solubles) et I'acidité de
la pulpe (mesurée par le pH et l'acidité titraldedté étudiée en adaptant le modele de Lobit
et al. (2002) développé sur la péche. Les évolstaun pH et de I'acidité titrable chez trois
génotypes de banane dessert contrastés en acitipdl @insi étre prédites en modélisant les
equilibres acido-basiques présents dans la vaclaleontribution des différents composés
pris en compte par le modele a l'acidité de la bana été évaluée par une analyse de
sensibilité a différents stade de développementrdit. Cette partie a fait I'objet d’'une
publication dansScientia Horticulturae sous la forme d'un article intitulé «A model
approach revealed the relationship between banaim gridity and composition during

growth and post harvest ripening ».

Principaux résultats

* Les prédictions du pH et de I'acidité titrable somtilleures pendant la maturation post
récolte que pendant la croissance.

« Durant la croissance de la banane, les principatecrdénants de l'acidité sont le citrate,
le malate, I'oxalate et le potassium.

« Durant la maturation post récolte de la bananepiaxipaux déterminants de l'acidité

sont le citrate, le malate et le potassium.
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A model approach revealed the relationship betweebanana pulp acidity
and composition during growth and post harvest ripaing

A. Etienné, M. Génard, D. Bance, S. Benoit, C. Bugaud

! Centre de Coopération International en Recherch®@omique pour le Développement
(CIRAD), UMR QUALISUD, Péle de Recherche Agronomequle Martinique, BP 214,
97 285 Lamentin Cedex 2, France

2INRA, UR 1115 Plantes et Systémes de Cultures etnes, F-84914 Avignon, France

Abstract

Titratable acidity and pH are important chemicalts for the organoleptic quality of banana
since they are related to the perception of sosraesl sweetness. Banana fruit has the
particularity of having separate growth and ripgnistages, during which pulp acidity
changes. A modeling approach was used to underth@nchechanisms involved in changes
in acidity during pulp growth and post harvest nijpg). Changes in pH and titratable acidity
were modeled by solving a set of equations reptegpacid/base reactions. The models were
built using data from growth and post harvest rnipgrof three dessert banana cultivars with
contrasting acidity. For each model, calculatedueslwere compared to observed values.
These models allowed the prediction of pH (R2=0.BNMISE=0.75, biais=0.05) and of
titratable acidity (R?=0.81, RMSE=2.05, biais=-1).4uring fruit growth and post harvest
ripening. The sensitivity analyses showed that agremids, malic, citric and oxalic acids are
the main contributors to banana pulp acidity, drat among soluble minerals, potassium also
plays an important role. Studying the factors thifiéct the accumulation of organic acids
(citric, malic, and oxalic acids) and potassiumbenana pulp could be a relevant area of

research with the objective of modifying bananat @aidity.
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1.1 Introduction

Fruit acidity is a topic of primary importance mproving fruit quality since it influences the
perception of both sourness and sweetness (Bugiaald 2011; Estiet al, 2002). These two
attributes are major drivers of consumer prefereficefruit (Lyonet al, 1993), and are thus
important traits to consider in breeding progratdsderstanding the elaboration of fruit
acidity is also important because acidity controlsnerous enzyme activities (Madshus,
1988).

Fruit acidity is commonly measured using two chehgarameters: titratable acidity
(TA) i.e. the amount of weakly bound hydrogen itimst can be released from the acids, and
pH, the activity of free hydrogen ions. Fruit atydis due to the acidity of the vacuole which
represents about 90% of the volume of most matwiie dells (Etxeberriget al, 2012). The
acidity of the vacuole is the result of its ionmngposition, mainly organic acids and mineral
cations that determine the vacuolar pH and TA (tteet al, 2013b). Banana pulp contains
three major organic acids, malic acid, citric acahd oxalic acid, whose concentrations
undergo marked changes during growth and ripenlogn and Marchal, 1995; Jullien al,
2008) and phosphoric acid (Bugaatial, 2013). Banana pulp contains soluble minerals,
mainly potassium (K), and to a lesser extent magnegMg), calcium (Ca), and chloride
(Cl) (John and Marchal, 1995). During post harvgstning, mineral content can still change
due to migration between the peel and the pulp {loand Omuaru, 1988).

There are considerable differences in pH and TArajaessert banana cultivars and
among post-harvest ripening stages (Bugaud e2@l.3; Chacéret al, 1987), and the origins
of these differences remain unclear. Quantifyingréations between pulp acidity and pulp
lonic composition using a modeling approach, woattyance our understanding of the
determinants of banana acidity. Models of pH and pré@dictions have been developed for
peach (Lobitet al, 2002) and proved to be powerful tools to undestthe mechanisms
underlying changes in acidity during peach develepimThe objective of the present work
was to apply and validate these models on banarita iin which other ionic species than
those found in peach need to be taken into accaundtto throw light on the determinants of
the changes in pH and TA that occur during thedif¢he banana pulp, i.e. from growth on

the plant through post harvest ripening.
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1.2 Materials and methods

1.2.1Model Development
1.2.1.1pH model

The model used for pH prediction was adapted frabitLet al. (2002). Banana pulp can be
considered as a concentrated aqueous solutionak a@ds, mainly malic, citric, oxalic and

phosphoric acids, and mineral cations, mainly Et&s, magnesium, calcium and chloride.
Other acids can be found in banana pulp but werg¢aken into account in the present study.
Weak acids are partly in free form and partly dissted to form salts with monovalent

cations. Proton exchange reactions occur betweels and bases until equilibrium state is
reached, which determines the pH and the concemtsabf all ionic species. So, to predict
the pH of banana pulp solution, the concentratidrikeodifferent chemical forms of the weak

acids need to be calculated.

Acid/base equilibrium

The equilibrium state of a solution containing salacid/conjugate base pairs and cations in
known amounts can be computed by solving a systemsisting in the following sets of

equations:

- Equations of conservation
The total amount of an acid is equal to the surthefconcentrations of all the ionic species

formed by its dissociation:

Citric acid:[Cit] = [H sCit] + [H »Cit ] + [HCit %] + [Cit *] (1a)
Malic acid:[Mal] = [H ,Mal] + [HMal ] + [Mal 2] (1b)
Oxalic acid {Oxa] = [H ,Oxa] + [HOxa ] + [Oxa ?] (1c)
Phosphoric acidPO4] = [H sPO4] + [H 2P0, ] + [HPO 4 %] + [PO 4] (1d)

- Equations of dissociation

The dissociation reactions of the weak acids consttim the model are the following:

Citric acid:HsCit <> H.Cit + H* <> HCit* + 2H" « Cit> + 3H" (2a)
(pPKay~3.10, pKa~4.70, pKa~6.40)

Malic acid:H,Mal <> HMal + H*— Mal* + 2H* (2b)
(pKa;~3.40, pKa~5.10)

Oxalic acid:H,Oxa«— HOxd + H" & Ox& + 2H* (2¢)

(PKay~1.23, pKa~4.19)
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Phosphoric acidsPO; < H,PO, + HY & HPO, > + 2H" & PO,> + 3H* (2d)
(PKay~2.12, pKa~7.21, pKa~12.67)

If HA/A " is an acid/base pair characterized by an acidibgt@ant K, the equilibrium between
the concentrations of the protonated and the distwmtform can be written as a function of
pH and of the activity of the ionic species invala the reactionk, = (A~)h/(HA), where
(HA) and (A) are the activities of the conjugated acid andebasspectivelyh=(H")=10""

PKais the acidity constant.

is the hydrogen ion activity, and&1L0
In diluted solutions (concentrations below?@ol.L™Y), activities can be considered equal to
concentrations. In more concentrated solutions Iikeit juice, they are less than
concentrations(HA)=anua[HA] and(A)=aa[A7], where [HA] and [A] are the concentrations
of the acid and its corresponding base respectivehd a, and a. are the activity
coefficients, which depend on the ionic compositathe solution. So, the dissociation
equilibrium can be written by introducing an apparacidity constantfA~]h/[HA] = Ka',
where K} is the apparent constant of acidity defined as:

Kq = Kqaya/ay,- (3)

- Activity coefficient of ions

The activity coefficients of each acid and conjegdbase have to be computed to estimate the
apparent acidity constants. In a solution that&@ostn ionic specie§ with electric chargeg

and at concentrationSji<i<n, an ion S with a chargez has an activity coefficiends that
depends on the ionic strenggl) 6f the medium. The ionic strength of the soluti®the total
concentration in ionic species, given by the follogvequation:

p=1/2%;z} ) (4)

In the case of an aqueous solution with a ioniengjth of up to 1 Mas can be calculated by

the equation of Davies (1962):
log(as) = —0.509z%((Vi/(1 + Vi) — 0.3p) )

- lonic balance

The neutrality of the electrical solution in pulpllamplies that the algebraic sum of cationic
and anionic charged must be null:

[H.Cit] + 2*[HCit ?] + 3*[Cit *] (6)

+ [HOxa] + 2*[Oxa?]

+ [Hmal] + 2*[Mal 2]

+ [H PO, ] + 2*[HPO 42 + 3*[PO 4*] + [OH ]
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+[CI7 - [H]-[K ]-2*[Mg *']-2*[Ca*"] =0
[OH7 is expressed as a function of the paIH] =10®H14

Algorithm of the pH model

Combinations of equations 1 and 2 give the follgyset of equations that all depend on the

apparent acidity constants and the pH:

[Cit® ] = (K1 KeieoKeies/ (R + B2 K iy + K 01 Klien + Kier Kliea Keies)) [Ct] (7a)
[HCit* ] = (hK i1 Klieo/ (h® + h2Kliey + hK o1 Klivn + Klie1 Ko Keies)) [Cit] (7b)
[HoCit™] = (R®Kiir/(R° + hPK iy + hK 1 Koo + Klie1 Kiira K i) [Cit] (7¢)
[H5Cit] = (R*/(h® + h*K ey + MK i1 Kliep + Koie1 Ko Kiies))Cit] (7d)
[Mal?" | = (KpaiiKmaiz/ (B + Ry + Kinain Kiaiz)) [Mal] (7e)
[HMal™] = (hKpain/(R? + hKpan + Knain Kmaiz)) [Mal] )7
[HoMal] = (h?/(h* + hKpan + Kpain Kmaiz)) [Mal] (79)
[0xa® ] = (Kgxa1Koxaz/ (h* + RKjyxar + Koxa1Koxaz)) [0xa] (7h)
[HOxa™] = (hKjxa1/(h? + hKjrar + Koxa1Koxaz))[0xal 7i)(
[Hy0xa] = (h?/(h? + hKgxa1 + Koxa1Koxa2))[0xa] (7))
[PO; 1 = (Kpno1Kpno2Kpnos/(h* + W2 Kppot + hKpno1Kpnoz + Kpno1 Kpnoz Knpos)) [PO4] (7k)
[HPOF | = (hKppo1Kphoa/ (B® + W2 Kot + WK pho1Kpnoo + Kpnot Kpno2Knpos))[POa] — (71)
[H,PO; ] = (W*Kppno1/(h* + h*Kppor + hKppo1Kphoo + Kpno1Kpno2Knpos)) [PO4l (7m)
[H3P0,] = (R*/(h® + h*Kppor + hKpno1 Kpnoa + Kpno1KphoaKnpos)) [PO4] (7n)

So, combining equations 3, 4, 5, 6 and 7, it issjiids to calculate the ionic strengil) @nd

the pH of the pulp by solving a system of two edpret with two unknowns (pH ang.
Fi(u,pH) = Z Anions — Z Cations =0

Fy(upH) = =172 ) 22 [4] = 0

1.2.1.2TA model

The TA of banana pulp was predicted by computiregamount of base (NaOH) needed to

bring its pH to 8.1 (usual norm). Knowing the totaincentrations of each acid and cation,
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and the pH of the pulp (equal to 8.1), it is polestb calculate the ionic strength)(and the
TA of the pulp by solving a system of two equatianth two unknowns (NaOH ang):

F,(u,NaOH) = Z Anions — Z Cations =0

Fy(u, NaOH) = p = 1/2 ) 72 [4] = 0

1.2.1.3Model solving

The input data of the models were the acid andcatoncentrations of the banana pulp, and
the acidity constants of the malic, citric, phosphiaand oxalic acid. The models were
computed using R software (R Development Core Téudip://www.r-project.oryy For each

sampling date, the system was solved to calculeteH of the pulp sample (pH model) or
the amount of NaOH added to reach a pH of 8.1 (To&lel), using the “nlegslv” function of
the R softwareH(ttp://cran.fproject.org/web/packages/nlegslv/index.html).

1.2.2Model Validation
1.2.2.1Field experiment

Three dessert banana cultivars (Musa spp.) dipla@swith different predominant organic
acid at the eating stage were used in this stustioresia 110 (IDN 110), Pisang Jari Buaya
(JB), and Pisang Lilin (PL). All bananas were grovat the Pbéle de Recherche
Agroenvironnementale de la MartinigyfRAM, Martinique, French West Indies; latitude
14°37N, longitude 60°58W, altitude 16 m) on contita¢ alluvial soil.

Plants received 12 g of nitrogen, 1.7 g of phospfioand 20 g of potassium at 4-week
intervals during fruit growth. Irrigation was adjed to the amount of rainfall to supply at
least 5 mm of water per day. The other culturatiicas (desuckering, bunch management)
were similar to those used in standard Cavendiskymtion. During the period of bunch
growth (March—November 2010) the mean daily tempeeawas 27 = 1.2 °C. Non-systemic
fungicide was applied during the experiment to mnfoliar diseases. For each cultivar,

plants were tagged at inflorescence emergence.H&sneere not covered.

1.2.2.2Preparation of samples
Monitoring fruit growth
Six bunches corresponding to six replicates of eadtivar were selected. One fruit located

in the internal row of the second proximal hand walected for analyses every 15 days.
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Sampling before natural ripening on standing plairgs when the first yellow finger appears,

determined the end of monitoring.

Monitoring post-harvest fruit ripening

For each cultivar, six bunches were harvested letvéay and November 2011. For each
cultivar, the harvest stage was calculated to 8¢ @Dthe flowering-to-yellowing time of the
bunch on the tree. The second proximal banana pandunch was rinsed and dipped in
fungicide (bitertanol, 200 mg™t) for 1 min. The fruits were placed in a plastighsith 20
um respiration holes and stored in boxes for 6 @yl °C. The fruits were then stored in a
room at 18 °C and underwent ethylene treatmentl(1Li for 24 h) to trigger the ripening
process. After 24 h the room was ventilated and rfeshavere maintained at 18 °C for 13
days. A banana fruit was sampled at day O (befitndane treatment), 3, 6, 9 and 13.

1.2.2.3Chemical analyses

Pulp of the sampled fruit was freeze dried and ohixeobtain a dry powder. TA and pH were
measured after dilution of 1 g of dry powdered lm@npulp in 30 mL of distilled water. TA
was determined by titration with NaOH (0.1N) at 8 and expressed in milli-equivalents of
acid (mEq) per 100 g of fresh weight (FW). Two atiahl replicates per sample were
performed for each analysis. Citric acid and malotd were extracted with a mixture of
solvents (methanol/water/chloroform) and purifiedhwPVPP according to Gomez et al.
(2007). Starting from initial conditions describbg Bergmeyer (1983), enzymatic assays
were adapted to be performed in each well of a 86 Microplate using a robotic platform
(Freedom EVO 75TECAN equipped with a microplate reader (Infinite 2DUECAN) All the
following preparations were done for one microplagtric acid assay: a mixture was
prepared containing 115 pug of malic acid dehydragen0.51 mg of lactate dehydrogenase
and 5 mg of NADH in 12 mL of 0.6 mol™Lglycylglycine buffer (pH 7.8). Then 100 pL of
the mixture and 180 pL of extract or standard smiubf citric acid (4 to 50 mg ) were
mixed in each well. Ten minutes later, absorbanas kad at 340 nm (DO A) before 20 pL
of citric acid lyase (6.4 U mt) were added. The microplate was incubated fora® loom
temperature and regularly shaken, before a seceading (DO B). Malic acid assay: a
mixture was prepared with 6 mL of water and 6 mladf.6 mol [* glycylglycine buffer (pH
10). Then 100 pL of the mixture, 20 uL of NAD (18 mL™), 20 pL of GOT (66.7 mgt)
and 100 pL of extract or standard malic acid sofui4 to 50 mg L!) were mixed in each

well. Ten minutes later, absorbance was measur84tnm (DO A) before 20 uL of malic
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acid dehydrogenase (33 pg MlLwere added. For the next 2h45min, the microplads
incubated at room temperature and shaken twios, &ftich absorbance was measured at 340
nm (DO B). The concentration of soluble oxalic awids determined using the LIBIOS
Oxalic acid assay kit. Soluble K, Mg, and Ca comegions were determined by mass
spectrometry (Martin-Prévekt al, 1984), and CI concentration was determined by
potentiometry using the automatic titrator TitroLimdpha (Walingaet al, 1995). The
concentration of phosphoric acid was estimated fsotable phosphorus (P) determined by

colorimetry (Martin-Prével et al., 1984).

1.2.2.4Statistical Analysis

Linear mixed-effects models [LMMs (Gatecki and Bykowski, 2013)] were used to
examine the relationship between the responseblasidpulp acidity and composition) and
the explanatory variables (fruit age, cultivar)daheir interactions. We used quadratic and
cubic terms of fruit age when the curve passedutiitca maximum and had an asymmetrical
shape. We used the Ime function in the ‘nlme’ lipr@Pinheiroet al, 2013) in the statistical
program R 2.14.0. “Banana plant” was treated amdam effect because banana plants were
assumed to contain unobserved heterogeneity thabt®e modeled. A temporal correlation
structure was used to account for temporal pseeglcation. Model selection was made
using the top-down strategy (Zuet al, 2009): starting with a model where the fixed
component contains all explanatory variables atefactions, we found the optimal structure
of the random component. Then, we ugestatistic obtained with REML estimation to find
the optimal fixed structure. Finally, the optimabde! is presented in this paper, using REML
estimation.

The predictive quality of the pH and TA models veasluated by the bias (mean of
the difference between observed and predicted sglwnd the root mean squared error
(RMSE), which describes the mean distance betwémunlation and measurement data
(Kobayashi and Salam, 2000). The RMSE design was:

— J(Z(yip ~ Yim)?)

n

Where yj is the predicted value of the fruit i, angh,ys the measured value of the fruiti. n is
the data number.

A sensitivity analysis of the pH and TA models vpasformed at two different stages
of fruit development- green (before ethylene treatth and ripe (9 days after ethylene

treatment), according to the method of Monod ef24106). First, border values of each of the
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eight input factors of the models were estimatedthas extremes values of the dataset
corresponding to the fruit stage considered forgdesitivity analysis. Then, for each input
factor, their range of values was divided into fagual levels and & Sactorial simulation
design was created. Next, an analysis of variadAOVA) was performed on the model
responses to study the contribution of each ingetof to pH and TA variability. A sensitivity
index (SI) of each input factor was calculated bwding its sum of squares by the total sum
of squares (Monod et al., 2006).

1.3Results
1.3.1Changes in pulp acidity

Fruit age and the cultivar had a significant effestpH and TA during fruit growthT@ble
l1I-1). Throughout fruit growth, PL had the most acidigts (TA=3.5 meq 100 g FWA#0.22;
pH=5.5 +0.13), IDN 110 fruits were intermediate @A8 meq 100 g FW+0.31; pH=5.7
+0.17), and JB had the least acidic fruits (TA=&q 100 g FW +0.27; pH=5.9 +0.28)Rig.
[lI.1.A and B. In all three cultivars, TA decreased slightly idgrthe early stages of fruit
growth and then increased slightly. pH increasedutphout fruit growth in the three cultivars
but most in JB.

Fruit age and the cultivar had a significant effentpH and TA during post harvest
fruit ripening (Table IlI-1). The general patterns of TA and pH during posvést ripening
were similar in the three cultivarkig. 111.2.A and B: TA increased from day 0 to day 6 and
then decreased slightly until day 13. pH showed dpeosite trend. There were strong
significant differences between the three cultivarshe levels of TA and pH at the end of
ripening Eig. 11.2.A and B. At day 13, JB had the highest acidity (TA=12 mi&§ g FW*
+0.46; pH=4.3 +0.05), followed by PL (TA=6 meq 1§0FW* +0.32; pH=4.8 +0.08) and
lastly IDN 110 (TA=3.8 meq 100 g F\\+0.43; pH=5.4 +0.09).

1.3.2Changes in organic acid and mineral contents

During fruit growth,citric and malic acid contents increased lineamlyhie three cultivars but
at different rates leading to significant differesamong cultivarg={g. 111.1.C and D, Table
l1I-1).Thus, at the end of fruit growth, JB had the kfficitric acid content (0.4 g 100 g FW
+0.03), followed by PL (0.34 g 100 g F#%+0.005) and IDN 110 (0.33 g 100 g F\W0.001).
Concerning malic acid content, PL had the highestent (0.23 g 100 g FW+0.01) at the
end of fruit growth, followed by JB (0.15 g 100 ®F +0.003) and IDN 110 (0.14 g 100 g
FW™ +0.01). Soluble oxalic acid content decreasedalityeduring fruit growth in all three
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cultivars Eig. lll.1.E, Table 1lI-1). PL had a significantly lower soluble oxalic acdntent
than JB and IDN throughout fruit growtfigble IlI-1). K was the main mineral present in
banana pulp in the three cultivars and K conteateiased during fruit growth=(g. I11.3.A,
Table III-1).
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Figure 1lI-1 Changes in TA (A), pH (B), citric acid content (C), malic acid content (D), and
soluble oxalic acid content (E) of the pulp duringruit growth of the three cultivars of dessert

bananas: Pisang Jari Buaya (JB), Pisang Lilin (PL)and Indonesia 110 (IDN 110). Each symbol
represents a bunch. Lines are those of the fittedhlear mixed model.

There were significant differences among cultid@mble I11-1): JB had the highest K content
(0.30 g 100 g FW +0.02), followed by PL (0.26 g 100 g Fi#0.03), and IDN 110 (0.25 g
100 g FW* +0.02). The other mineral elements were preseréseer amounts (about ten
times less) in banana pulp. Cl content increaseuh .05 to 0.07 g 100 g F¥Wduring fruit

growth and no differences were observed among hiheetcultivars whereas P content
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decreased during fruit growth in all three cults/dfig. 111.3.B and C, Table IlI-L There
were significant differences among cultivars thitomgt fruit growth and IDN 110 had a
significantly higher P content (0.02 g 100 g EW0.002) than JB (0.01 g 100 g F\W0.003)
and PL (0.01 g 100 g FW+0.003) Fig. I11.3.C, Table Ill-). Mg content decreased
significantly during fruit growth in the three cuirs but most in PLHFjg. 111.3.D, Table llI-

1). Throughout fruit growth, JB (0.03 g 100 g F\W0.001) and IDN 110 (0.03 g 100 g FwW
+0.004) had a significantly higher Mg content tHein (0.02 g 100 g FW +0.005). No clear
pattern of Ca content was observed during fruit ginosince the values varied greatly among
bunches even within the same cultiviaig 111.3.E, Table 111-1)
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Figure 1lI-2 Changes in TA (A), pH (B), citric acid content (C), malic acid content (D), and

soluble oxalic acid content (E) of the pulp duringoost harvest ripening of the three cultivars of

dessert bananas (JB, PL, and IDN 110). Each symbpresents a bunch. Lines are those of the
fitted linear mixed model.
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Table IlI-1 Linear mixed model analyses of TA, pH,malic acid content, citric acid content,
soluble oxalic acid content, and mineral content ding fruit growth and fruit post harvest
ripening in relation to fruit age and the three cutivars used in this study.

Parameter Fruit stage F-value and significance
t C 2 t t:c

TA growth 12. 1%  126***  29.8** 7.0* Ns
ripening 179**  73.6*** 49.4*** 4.4~ 66.5%**

pH growth 222%**  69.9** 51.2*** Ns 16.0***
ripening 184**  64.4*** 79.4*** Ns 46.2%**

Citric acid content growth 602***  7.2%* Ns Ns 20.7*
ripening 9.90** 93.1** 11.1** 5.1* 65.9***

Malic acid content growth 451**  98.4**  Ns Ns 166
ripening 220**  59.1***  126*** Ns 20.3***

Oxalic acid content growth 240*** 24 5** Ns Ns Ns
ripening 162**  10.5** 58.9%**  13.2%**  12.3%*

K content growth 38.7***  20.6*** Ns Ns Ns
ripening Ns Ns Ns Ns Ns

P content growth 66.6***  24.2*** Ns Ns Ns
ripening Ns 47.0*** Ns Ns Ns

Cl content growth 76.0"** Ns Ns Ns Ns
ripening  21.4***  85** 8.3** Ns Ns

Mg content growth 15.6** 5.1* Ns Ns Ns
ripening Ns 5.4* Ns Ns Ns

Ca content growth Ns Ns Ns Ns Ns
ripening Ns Ns Ns Ns Ns

2 All models included one random effect: “plant”. @sdfor effects: t = fruit age; ¢ = cultivar. *** p-

value < 0.001; ** p-value < 0.01; * p-value<0.08s; not significant
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During post harvest ripening, there were signifiadifferences in the pattern of citric
acid accumulation among the three -cultivafsg( I11.2.C, Table I1lI-1). Citric acid
accumulation was the same in IDN 110 and PL withoaerall decrease during ripening,
whereas in JB there was a significant increasd dayi 9 and a slight decrease at the end of
ripening. As a consequence, JB had a significamtiper level of citric acid (0.68 g 100 g
FW™ +0.06) than IDN 110 (0.21 g 100 g FW0.03) and PL (0.05 g 100 g Fi+0.003) at
the end of ripening. The three cultivars showedsdime pattern of malic acid accumulation
with an increase from day O to day 6, followed bslight decrease~(g. 111.2.D). There were
significant differences among cultivarBaple IlI-1), so that at the end of ripening, PL had the
highest malic acid content (0.71 g 100 g Ew0.05), followed by JB (0.43 g 100 g FW
+0.04) and IDN 110 (0.34 g 100g F%#0.02). Soluble oxalic acid content was higheghat
pre-climacteric stage (day 0) in all three cultssanth JB having a significantly higher oxalic
acid content (0.19 g 100 g F¥#0.05) than PL (0.14 g 100 g F#%#0.09) and IDN 110 (0.08
g 100 g FW! +0.03) Fig. I1I.2.E, Table 1II-). From day 3, soluble oxalic acid content
decreased rapidly in all three cultivars to becomegistent at the end of ripening. K was the
main mineral found in banana pulp during post hstrvgening with a mean K content of
0.30 g 100 g FW +0.05 fig. I11.4.A). K content remained constant during ripening tede
were no significant differences among cultivaralgle 11I-1). The other mineral elements
such as ClI, Ca, Mg, and P were present in lowenatsaabout ten times less) in the banana
pulp. CI content decreased slightly during ripenim@ll three cultivars and was significantly
lower in PL (0.05 g 100 g FW+0.006) than in JB (0.07 g 100 g F\W0.008) and IDN 110
(0.06 g 100 g FW +0.01) Fig. I11.4.B, Table IlI-. P content remained constant during
ripening in the three cultivars, IDN 110 had a #igantly higher P content (0.02 g 100 g
FW* £0.002) than PL (0.01 g 100 g F%#0.001) and JB (0.01 g 100 g F\&0.002) Fig.
[11.4.C, Table IlI-1). Mg content remained constant during ripeninglirthree cultivars. PL
had a significantly lower Mg content (0.02 g 106\ +0.005) than IDN 110 (0.03 g 100 g
FW™ +0.005) and JB (0.03 g 100 g F\W0.004) Fig. I11.4.D, Table lI-1). There was no
clear pattern in Ca content during fruit ripenimgce there was significant variability between

bunches belonging to the same cultivag( 111.4.E, Table I11-]).
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Figure 11I-3 Changes in K (A), Cl (B), P (C), Mg (D), and Ca (E) pulp content during fruit
growth of the three cultivars of dessert bananas @&, PL, and IDN 110). Each symbol represents
a bunch. Lines are those of the fitted linear mixeanodel.
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Figure llI-4 Changes in K (A), Cl (B), P (C), Mg (D), and Ca (E) pulp content during post
harvest ripening of the three cultivars of desserbananas (JB, PL, and IDN 110). Each symbol
represents a bunch. Lines are those of the fittednlear mixed model.

1.3.3Model predictions and sensitivity analysis

Overall, the pH model predicted banana pulp pH \&ithaverage bias of 0.05 pH units and a
R2 of 0.34 Fig. lll.5.A and B. The RMSE, quantifying the goodness-of-fit, waseptable
with a mean value of 0.7 pH unitgble I11-2). However, the predictions were better for JB
and PL than for IDN, and better during ripeningrtiaauring fruit growth. For pH above 5, the
discrepancies between observed and predicted veleies sometimes higher than 1 pH unit.
Overall, the TA model allowed prediction of bangndp TA with an average bias of -1.44
meqg 100 g FW and a R2 of 0.81Fg. I11.5.C and D. Thus, the model underestimated TA
most of the time. The RMSE was satisfactory withean value of 2 meq 100 g F\Table
[1I-2). The predictions were better during ripening tbaring fruit growth.
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Every input factor considered in the sensitivity lgsia had a significant effect on pH
and TA at both green and ripe stag&al(e IlI-3). The sensitivity indices (SI) calculated
represent the percentage of pH or TA variabilitplained by the factor considered. For both
pH and TA, citric acid (SI=48% for pH and 63% foh)Tand malic acid (S1=25% for pH and
21% for TA) were the most influential acids at tiyge stage, whereas phosphoric acid had
little effect (S1=5.6% for pH and TA), and oxalicid had almost no effect (S1=0.3% for pH
and S1=0.2% for TA). In contrast, at the green stagalic acid was the most influential acid
(S1=44% for pH and 48% for TA), whereas citric a¢®l=4.5% for pH and 6.9% for TA),
malic acid (SI1=0.9% for pH and 1.3 for TA), and ppbhoric acid (S1=0.5% for pH and TA)
had very little effect. Among soluble minerals, Kasvthe main contributor to changes in pH
at both stages, but its effect was more pronouatéiae green stage (S1=39%) than at the ripe
stage (SI=14%). K was also the main contributof Aoat the green stage (S1=37%), but its
effect was greatly reduced at the ripe stage (S¥%ph.®ther soluble minerals had only a
limited effect on pH and TA since they accounteddadotal of 11% of their variability at the
green stage and for a total of 6% and 3% for pHBAdespectively at the ripe stage.

Table I1I-2 Quality of prediction (RMSE and bias) of the pH and TA models.

Cultivar  Fruit stage pH TA

RMSE bias RMSE bias

(units pH)  (units pH) (meq.100g FW) (meq.100g FW)

growth 0.5 -0.2 15 -1.2
PL
ripening 0.5 -0.1 2.6 -19
growth 0.6 0.1 1.3 -1.1
JB
ripening 0.6 -0.2 2 -1
growth 1 0.3 1.8 -1.5
IDN 110
ripening 1 0.4 2.4 -1.7
All growth 0.8 0.1 1.6 -1.3
cultivars ripening 0.7 0 2.3 -1.5
All
All stages 0.7 0.05 2 -1.4
cultivars
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Figure 11I-5 Comparison between observed and predied pH during fruit growth (A) and post
harvest ripening (B), and between observed and précted TA during fruit growth (C) and post
harvest ripening (D) of the three cultivars of dessrt bananas (JB, PL, and IDN 110).
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Table I1I-3 Results of the sensitivity analysis ofhe pH and TA models for green (before ethylene
treatment) and ripe fruits (9 days after ethylene teatment).

Borders of the input factors pH TA
Min. value Max. value SI SI
(g-100 g FWA) (g-100 g FWA) (%) (%)
Ripe fruit

Citric acid 0.04 1.02 48.4%*% 62 .9F**
Malic acid 0.05 0.93 25.6%%%  2].3%
Oxalic acid 0.00 0.19 0.28**  0.16***
Phosphoric acid 0.01 0.03 5.59%**  5.64***
Potassium 0.13 0.43 13.9%*  6.89%*
Chloride 0.03 0.10 LAT** 0,71+
Magnesium 0.01 0.04 1.99%**  0.99***

Calcium 0.00 0.05 2.76***  1.38***

Green fruit
Citric acid 0.05 0.41 4557+ .91

Malic acid 0.04 0.35 0.96%%*  1,3]%
Oxalic acid 0.02 0.29 A3.7F* 482w
Phosphoric acid 0.00 0.02 0.5%** 0.55%**
Potassium 0.22 0.33 30.3%%% 36, 7*

Chloride 0.05 0.08 2.81%%  2.80*
Magnesium 0.01 0.03 2.55%%% D GQwkx

Calcium 0.00 0.04 5.84%** 5 Qprxk

The table gives the borders of the input factansl, the sensitivity indices (SI) with their signdiace.

*** p-value < 0.001
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1.4 Discussion

1.4.1Quality of prediction of the models

For the pH model, the lower the pH, the better pnedictions, which explains why pH
predictions were better during ripening than durfingt growth. This is due to the logarithm
function of the pH which increases the sensitivufythe pH to input parameters with an
increase in pH. Thus, imprecision in the deternamabf the chemical elements that are the
main contributors to banana pulp acidity (orgarcds and K) may be responsible for the
difference between observed and predicted datacedly at high pH. For example, we
calculated that for a pulp sample with a measutédp6, overestimating the K content by
10% impacts the prediction by about 2 pH unitsaddition, some approximations were used
for modeling, for example, considering that all th@uble phosphorus is in the form of
phosphoric acid whereas in reality it is probablyoapresent in the form of several other
acidic compounds than phosphoric acid. We alsoidered that the acid content of banana
pulp could be estimated by malic acid, citric a@aalic acid and phosphoric acid content
only. pH has been previously modeled using the sapproach to predict acidity of ripe
harvested peaches (Lobit et al., 2002). Predictwoaie a little better than those obtained in
the present study which can be explained by thetfed pH of ripe peaches was below 4.5,
and thus within the range where the model predistare best.

For the TA model, predictions were on average 16| tower than observed values.
This is presumably because we did not considerdneimo acids in the model and these can
reach 0.1 g 100 g FWand 0.15 g 100 g FWin green and ripe bananas respectively (John
and Marchal, 1995). Indeed, as the standard proeeduo measure TA at a pH of 8.1, not
only carboxyl groups of amino acids are titrated blgo some amine groups, probably
leading to overestimation of the quantity of nossdiciated acids in fruit pulp. For ripe
peaches, TA predictions were a little better th@ ones obtained in the present study,
probably due to the fact that amino acids were idensd and approximated by the soluble
nitrogen content of the pulp in the form of aspairge (Lobit et al., 2002). The authors
calculated that at a pH of 8.1, free amino acia®ant for 8% of TA in ripe peach pulp. The
better prediction of banana pulp TA during ripenias due to the fact that TA ranged from
3 to 15 meq 100 g FWduring this stage, whereas it only varied betw2emd 4 meq 100 g
FW* during growth.
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1.4.2Link between banana pulp acidity and composition

The elaboration of banana fruit acidity is a conbinsi process that takes place throughout
fruit growth and post harvest ripening. During geowth on the plant, the banana fruit
accumulates both acids and minerals that deterthe& A and pH of the pulp. Sensitivity
analysis showed that during this phase, oxalic,agfdch is present in large amounts, is the
main determinant of banana pulp acidity becausigsdbw pKas. Sensitivity analysis also
showed that, among soluble minerals, K is the ngaintributor to banana acidity. K content
increased during banana fruit growth, as also elesem mango (Léchaudeit al, 2005b),
and was the major mineral found in banana pulp dooalance with results of previous
studies (John and Marchal, 1995). It is interestmgpote that K, which is the main cation
present in all fruit cell, affects fruit acidity honly by participating in the acid/base reactions
but also by acting on enzyme regulation and vacwsitaage of organic acids (Etienekal,
2013b).

During post harvest ripening, banana pulp aciditgdeuwent its greatest changes and there
were marked differences among the three cultivéiBsand PL appeared to have a higher
acidity than IDN 110 at the end of ripening, whishin accordance with the classification of
dessert bananas cultivars made by Bugaud et dl1j28ccording to Bugaud'’s classification,
JB and PL belonged to the sourest cluster whef@dslll0 belonged to the least sour cluster.
The marked changes in pulp acidity during post lsirvipening are mainly the result of
changes in malic and citric acid contents as shbyithe results of the sensitivity analysis.
Indeed, as the fruit ripened, soluble oxalic acihtent decreased dramatically, hence its
contribution to banana fruit acidity. While oxabkcid disappears during ripening, malic and
citric acids become the main acids in banana pualp lrence the main contributors to its
acidity. The decrease in soluble oxalic acid contemtng banana fruit ripening is probably
linked to starch hydrolysis. Indeed, Osuji et @0F5) observed that oxalic acid was mainly
present in the form of calcium oxalate crystalsdeghe starch grains in the pulp of unripe
banana fruit. As the fruit ripened, the starch mgawere destroyed and calcium oxalate
released, probably leading to oxalate catabolisne. §ame pattern of oxalic acid content has
been observed in kiwi fruit with a maximum at eastpges and a gradual decrease during
fruit growth and also during storage (Watanabe &akahashi, 1998). The major role of
malic and citric acids in the acidity of ripe frinas been reported in many species (Etiezine
al., 2013b). Marked differences in the pattern oficiéicid content were observed among the
three cultivars. Thus, there was a significante@ase in citric acid content in JB throughout
fruit ripening while there was a decrease in PL #dN 110. The pattern of malic acid
content was the same in the three cultivars althadifferences were observed, with PL
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accumulating more malic acid than JB and IDN 11iixicCand malic acids are involved in
the respiratory metabolism of fruit pulp cells thghb their involvement in the glycolysis and
TCA cycle pathways (Etiennet al, 2013b). As banana fruit, which is a climactemaitf
showed a significant rise in their respiration ratethe first days after ethylene treatment,
differences in pulp acidity among cultivars duringening could be linked to respiratory
metabolism. During post harvest ripening, K, P &hgl contents remained constant in all
three cultivars, whereas CI content decreased Bfigiitgration of minerals from the pulp to
the peel can occur in response to loss of watdahéypeel due to transpiration, but it is also
possible that some minerals migrate with the wtem the peel to the pulp (John and
Marchal, 1995). In the present study, it appeaat dsmotic adjustment only significantly
affected Cl content. There was a large variabuitythe soluble Ca content observed during
ripening and growth but this is consistent with thigh coefficient of variation of pulp Ca
content that we found in previous studies. Howewer showed that Ca did not play a major
role in the determination of pH and TA, and so eifaéhere was a large variability among
samples in the measured Ca contents it did not hanmortant repercussions on the
predictions of the pH and TA models.

1.5Conclusions

This study, which presents a model of banana paigitg for the first time, showed that
among acids, malic, citric and oxalic acids arertten contributors to banana pulp acidity,
and that among soluble minerals, K also plays gronant role. Consequently, studying the
factors that affect malic acid, citric acid, oxahcid, and K accumulation in banana pulp
appears to be an appropriate area of researchitoatély modify banana fruit acidity. In
future work, the pH model will be incorporated inm@re complex process-based simulation
model to predict banana acidity. Process-based atranlmodels are powerful tools to study
genotype*environment interactions and to designotijees adapted to consumer taste
(Génardet al, 2010; Quilot-Turioret al, 2011).
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2 Etude de l'accumulation du malate par un modele de

stockage vacuolaire

Objectifs

Dans cette partie, I'accumulation du malate dansulpe de banane a été modélisée dans le
but (i) de comprendre les processus physiologiguespilotent la concentration en malate
dans la pulpe de banane pendant la croissancengdtlaration post récolte, (ii) de proposer
des hypothéses sur les origines des différencestyg#ques au niveau cellulaire, et (iii)
d’étudier l'effet des conditions de croissance duitfsur lI'accumulation du malate.
L’hypothése de base de ce travail de modélisatsbrgee I'accumulation du malate dans la
pulpe est pilotée par les conditions de son staekiams la vacuole (c.f. Chapitre I). Ainsi, un
modéle mécaniste décrivant de maniere simplifié@dekage du malate dans la vacuole a été
utilisé (Lobit et al, 2006). Cette partie a été redigée sous la fornua drticle intitulé
«Modeling the vacuolar storage of malate sheddigint malate accumulation in pre and post-

harvest bananaMusasp. AA)» en vu d’étre soumisRios One

Principaux résultats

« Ce modele permet de prédire la concentration eratmalans la pulpe pendant la
croissance et la maturation post récolte de la e de décrire la variabilité entre
génotypes.

» Le stockage vacuolaire du malate apparait comm@agessus clé de 'accumulation du
malate dans la banane.

« Ce modele suggére que les concentrations en amigasiques et potassium ont un effet
important sur I'accumulation du malate dans la vézuo

» Ce modéle suggere un effet négatif de la températur le stockage du malate dans la
vacuole pendant les phases pré et post récolte.

» La variation d’énergie libre d’hydrolyse de I'ATR le pH vacuolaire pourraient étre des
déterminants important de l'accumulation du mal&te pourraient expliquer les
différences de concentrations en malate observées geénotypes et entre les phases pré

et post récolte.
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Abstract

Malate concentration is a crucial determinant of geEception of banana sourness and
sweetness, two major drivers for consumer prefe@®nBanana fruit has the particularity of
having separate growth and ripening stages, withtrasiing evolutions of pulp malate
concentration. Our objective was to simulate thesgalutions by adapting the mechanistic
model of malate vacuolar storage by Lobit et aDO@&. The model was calibrated and
validated using data sets from three cultivarsesfsgrt banana contrasting in terms of malate
accumulation, grown under different fruit load apdtassium supply, and harvested at
different stages. It predicted the post-harvestadyio of malate concentration with a fairly
good accuracy for the three cultivars (mean RRMSE5)) but was less good during banana
growth (mean RRMSE=0.42). The sensitivity of thedelato parameters and input variables
was analyzed. According to the model, vacuolar amsitpn, in particular potassium and
organic acids concentrations, had an importantceff®@ malate accumulation. The model
suggested that raising temperature depressed nzaletenulation. The model also helped to
dissect differences of malate concentration amariggvars and between the pre and post-
harvest phases by highlighting the likely impor@anaf proton pumps activity and in
particular of the free energy of ATP hydrolysis awacuolar pH. Finally, the present
adaptation of the malate model initially develoged peach, to banana fruit highlights the
possible generic quality of the model and its sailits for fleshy fruit.
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2.1 Introduction

In banana, malate is the most abundant organicpegkent in the pulp together with citrate
(Etienneet al, 2013a; Jullieret al, 2008), and is a good predictor of pulp sournest a
sweetness (Bugauét al, 2013), two major drivers of consumer preferenddslate
concentration varies considerably among bananavargt (Bugaudet al, 2013). Malate
accumulation in fruit cells is a complex phenomeh@cause it involves several metabolic
pathways and transport mechanisms across diffecamhpartments, mainly cytosol,
mitochondria, and vacuole (for review s@gienneet al, 2013b)). Several transcriptomic,
metabolomic, proteomic, and QTL studies have beguelucidate the complexity of this
system (for review see (Sweetmah al, 2009)), but much remains unclear. Given the
complexity of the processes, ecophysiological medesed simulation models (PBSMs)
could advance our understanding of the mechanisnaerlying malate accumulation in
banana and their interactions. PBSMs could alsp teekelucidate the differences in malate
accumulation among cultivars, as was the caseugarsaccumulation in peach (Wi al,
2012), and grape berry (Deai al, 2009).

Despite the importance of pulp malate concentrafmmfruit quality, attempts to
mechanistically model it are rare. To our knowledpe only PBSM was proposed by Lobit
et al. (2006) to simulate malate concentrationeagh. This model, which was based on the
assumption that malate accumulation was contralethe level of vacuolar storage, is in
agreement with several later studies (for revieas (§gienneet al, 2013b)), and still appears
to be a good framework to study malate accumulatidleshy fruit.

In the present study, we adapted Lobit's modeldnama fruit in order to study the
accumulation of malate in banana using a mechamsbdel-based analysis. Banana fruit has
the particularity of having separate growth andt{asvest ripening stages, during which
malate concentration undergoes substantial chajigesineet al, 2013a). For this reason,
we modeled the dynamics of malate concentratiomguooth the pre and post-harvest stages.
The concentration of malate in banana pulp varreatty among genotypes (Bugaatial,
2013; Etienneet al, 2014). The physiological age of the fruit at lesmtvis also known to
affect the concentration of malate in the pulp afidna during post-harvest ripening (Bugaud
et al, 2006). Fruit pruning and potassium fertilizatibmp cultural practices commonly used
by the banana growers, can also impact the coratemtrof malate in fleshy fruits (for review
see (Etiennest al, 2013b)). Consequently, we chose to calibrate\aiidate the model on
three cultivars with contrasting acidity under dif#nt fruit loads, potassium supplies, and
harvest stages. To study how these factors cotaddtahalate accumulation, we analyzed the

sensitivity of the model to parameters and inpuiakdes. The model enabled us to: improve
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our understanding of malate accumulation duringwfncand post-harvest ripening of banana
fruit; propose a possible explanation for differesien malate accumulation among cultivars;

study the possible effects of fruit growth condisamn malate accumulation.

2.2 Material and Methods

2.2.1 Model description

The model of malate accumulation proposed by Laital. (2006) assumes that the
accumulation of malate in fleshy fruits is mainlytetenined by the conditions of its storage in
the vacuole of pulp cells. The model provides gosified representation of the functioning of
the tonoplastKig. 111.6).

The transport of malate across the tonoplast isiyasand occurs by facilitated
diffusion of the di-anion form through specific iochannels (De Angelet al, 2013;
Kovermannet al, 2007; Meyetret al, 2011) and transporters (Emmerliehal, 2003; Terrier
et al, 1998). It follows the electrochemical potentiabdjent of the di-anion across the

tonoplast, defined as follows:

_ (Mallea_c)
AGugre- = —2FA + RTIn((gee) )

where (Ma?‘cyt) and (Maf . are the activities of the di-anion malate in ¢iyeosol and in the
vacuole respectively (mol 1), Ay is the electric potential gradient across the ttasify,ac
Vet V), T is temperature (K), R is the gas constdnnol*.K™), and F is Faraday’s constant
(C.mol™).

This implies that the accumulation of malate in #aeuole is controlled mainly by the ratio
of the di-anion malate activity across the tondpdasl theAy.

The activity of the di-anion is the product of @stivity coefficient . (dimensionless) and
of its concentration [M&]] (mol.L™):

(Mal?™) = ayge- * [Mal?"] ) (2
In the cytosol, the concentration of the di-anioalate is unlikely to vary much because it
plays a fundamental role in the regulation of cgtiespH (Smith and Raven, 1979). In
addition, its activity coefficient, which dependslyon the ionic strength of the cytosol, is
also unlikely to vary much (Lobit et al., 2006). €rbfore, in the model, (I\/I%Jyt) is

considered as a constant.
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Figure IlI-6 Schematic representation of the modelof vacuolar malate storage proposed by
Lobit et al. (2006). State variables: [Mal,;] = concentration of malate in the pulp; [Maly] =
concentration of malate in the vacuole; pkl. = vacuolar pH; Ay = electric potential gradient
across the tonoplast; n = coupling ratio of the prton pump ATPase. Model parameters: pH, =
cytosolic pH; AGare = free energy of ATP hydrolysis;a, p, and n, = fitted parameters of the
coupling ratio equation (Eq. 5); (Malz'cyt) = cytosolic activity of the di-anion malate.
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In the vacuole, the activity coefficient of the afiion malate (@ *va) is related to the
concentration of all ionic species (Etienmg al, 2013a), while its concentration is
proportional to the total malate concentration &dontrolled by the dissociation equation,

since malate is a weak acid:

K1Kj

[MalZz.] = [Maly,] * hEThK, +KL KL (3)

OpHvac' and

where [Mal.d is the total concentration of malate in the vdeugnol.L'), h=1
K’, and K> are the apparent acidity constants of malate {ril.

In plant cellsAy is mainly generated by the tonoplastic proton psymghich catalyze
the active transport of protons into the vacuolewoTtypes of pumps are present on the
tonoplast of fruit cells: the ATPase (RatajczakP@0and the PPiase (Maeshima, 2000),
which respectively hydrolyze ATP and PPi as a ssofeenergy. Both are known to be active
in most fruits (Mulleret al, 1997; Suzuket al, 2000; Terriert al, 1998), but for the sake of
simplicity, only ATPase was taken into accountha model. Proton pumping can occur only
if the variation in free energy of the chemiosmotéaction AGarpase defined below is
negative:

AGptpase = AGarp + NFAY — nRTIn(10) * (pHyac — pHeyt) (4)
where AGare is the free energy of ATP hydrolysis (J./)pIn is the coupling ratio i.e. the
number of protons pumped by hydrolyzed ATP,4tnd pH,: are vacuolar and cytosolic
pH respectively.

The pH gradient across the tonoplast plays a rothis equation, both directly, and because it
affects the coupling ratio n. Lobit et al. (200&jed the following equation to the data of
Davies et al. (1994) to calculate the couplingorati

n =ng + a(pHyae — 7) + 1OPHeye=7) (5)
where R, o, andp are fitted parameters.

The approach used in this model is to represemgdsin vacuolar composition as a
succession of stationary states during which matatecentration, pH, and Ay can be
considered to be constant. The assumption is Heatransport of the di-anion malate and
protons operate in conditions close to their respethermodynamic equilibrium.

Assuming that the di-anion malate is at thermodynaequilibrium across the tonoplast
implies thatAGua>=0. So rewriting and combining equations 1, 2 amjiv8s:

1 h2+hK} +K}K} 2- Ay
* KK * (Malcyt) % eXp RT (6)

[Malvac] =

Mal;,
Assuming that proton transport occurs at thermoohya@quilibrium implies thalGatpass0.

So, rewriting and combining equations 4 and 5 gives
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_AG RT
Ay = ATP + Tln(lO) * (PHyac — pHCyt) %

B (ng+a(pHyac—7)+ ﬁlo(pHCyt_7) )F

The acid/base composition of the vacuole determi@8as K'1, K'2, and pHac
These variables are calculated using a model ofppetiiction that was described and
validated on banana fruit in a previous paper (et al, 2013a). As input variables, the
model requires the concentrations of the three maganic acids present in banana pulp,
citrate, malate, and oxalate (oxalate being presdarge amounts at the green stage (Etienne
et al, 2013a)), and of the main soluble mineral elememdsnely potassium, magnesium,
chloride, calcium, and phosphorus.

Solving the malate model means solving a systemgoftions with two unknowns,
[Malyad and pHa, and six parameters, pjg (Maley), AGate, Mo, a, and p. Once the
concentration of malate in the vacuole is deterohitlee concentration of malate in the pulp
can be calculated by assuming that the volume ¢émia the vacuole is equal to the water

mass of the pulp:

FW-DW
[Malfruit] = [Malvac] * W * 1000 (8)

where [Ma}i] is the concentration of malate in the pulp (midglFW?), FW and DW are
the pulp fresh weight and pulp dry weight respedtyiye).

2.2.2Changes iMdGatp during banana development

According to the sensitivity analysis of the mogdelformed by Lobit et al. (2006) on peach,
malate accumulation is strongly dependeniA@xrp. According to the literatureAGarp can
vary considerably depending on cytosolic conditigDavies et al, 1993; Robertset al,
1985), so that one may expetGarp to vary during banana developmeitthe possible
variation of AGarp required (according to the model) to sustain neatatcumulation during
banana growth and post-harvest ripening was asbkdsgereorganizing and combining
equations 6 and 7, and by assuming tha{p/ (common notion of a neutral cytosol), (KMal
o) = 0.001 mol.[* (reasonable value according to Lobit et al. (2D0)a*vac=0.3 (average
value found by the banana pH model (Etieehal, 2013a)), and parameters=4, a=0.3, and
B=-0.12 (to calculate n with equation 5) (Lobkttal, 2006).

K7Kj [MalvaC]aMal‘Z,gc
(h2+hK] +K5K;)(MalZy,)

RT
AGarp = nRTIn(10) * (pHvac — pHCyt) — n71n< (9)

Changes im\Garp Over time, calculated with equation 9 and usinglatasets including three
cultivars, two developmental stages (pre- and hastest stage), and 2 years, were plotted.
During fruit growth, AGatp varied little Eig. 111.7.A) whereas during post-harvest ripening,

there was a negative relationship betwegb,rp and the number of days after ethylene
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treatment in all three cultivar§i@. 111.7.B). Thus, we considereiGarp as a constant during
fruit growth and simulated the observed relatiopshith days after ethylene treatment during
ripening by the following function:
AGarp = Gy * DAE? + G, * DAE + G (10)
where DAE is the day after ethylene treatment, @n@J.mol*.day?), G, (J.mol*.day"), and
Gs (J.mol%) are fitted parameters.
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Figure 11I-7 Variations in AGatp as a function of (A) days after bloom during fruitgrowth, and
(B) days after ethylene treatment during post-harvst ripening for cultivars IDN, PJB, and PL.
These values were calculated with equation 9 usirthe data for the three cultivars for 2011 and
2012.

2.2.3Model inputs

The input variables required were temperature (J;lp fresh weight (FW; g), pulp dry
weight (DW:; g), pulp potassium content (K; maét)L.pulp magnesium content (Mg; mots),
pulp phosphorus content (P; mot)l. pulp calcium content (Ca; mol’), pulp chloride

content (Cl; mol.[%), pulp citrate content (mol}), and pulp oxalate content (mof:L

2.2.4 Plant materials and experimental conditions

All experiments were conducted at tiRdle de Recherche Agroenvironnementale de la
Martinique (PRAM, Martinique, French West Indies; latitude 34N, longitude 60°58W,
altitude 16 m) using three cultivars of dessert han@usa spp.) diploids AA, differing in
predominant organic acid at the eating stage: lasi@n110 (IDN), Pisang Jari Buaya (PJB),
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and Pisang Lilin (PL). Experiments were conductedlirdy the 2011 and 2012 growing
seasons on continental alluvial soil. In both grayvseasons, irrigation was adjusted to the
amount of rainfall to supply at least 5 mm of water day, and non-systemic fungicide was
applied to control foliar diseases. During thetfpsriod of bunch growth (March—November
2011) the mean daily temperature was 27 + 1.2 1€ing the second period of bunch growth
(February-August 2012) the mean daily temperatuas 26+ 0.9 °C.

2011 experiment: effect of fruit load on banangppatidity

For each cultivar, 36 plants were randomly chosah tagged at inflorescence emergence.
Two contrasted fruit loads were used: 18 plantgaxh cultivar were used as the control
treatment i.e. high fruit load, and 18 other plamése highly pruned i.e. low fruit load. In the
control treatment, the number of leaves and hagii®h the plants were calculated in order
to have the same leaf area: fruit ratio among\ans (approximately equal to 0.5 cm? leave. g
fruit'®). Thus, 15 days after inflorescence emergencg, 8nd 5 leaves were left on the plant
for cultivars IDN, PL, and PJB respectively, and tobp 10, 5 and 7 hands were left on the
bunch for cultivars IDN, PL, and PJB respectivelyp ensure the situation was the same
among the three cultivars, fruit pruning in low frload treatment was calculated to increase
the leaf area: fruit ratio by approximately 2.5.nSequently, 15 days after inflorescence
emergence, the top 4, 2, and 3 hands were lefh@manch for cultivars IDN, PL, and PJB
respectively. Banana plants received 12 g of némpdl.7 g of phosphorus, and 23 g of
potassium at 4-week intervals during fruit growth.

2012 experiment: effect of potassium fertilizatbonbanana pulp acidity

Two plots containing 50 banana plants of eachvartivere planted. Two contrasted levels of
potassium fertilization were started six monthsobefthe beginning of fruit sampling. For

each cultivar, one plot received 124 g of potasspemplant (high potassium fertilization) at

4-week intervals, while the other received no pgitas at all. All the banana plants received
12 g of nitrogen and 10 g of phosphorus at 4-wewérvals. Twenty-four plants of each

cultivar were randomly chosen in each plot and edggt inflorescence emergence. At 15
days after inflorescence emergence, 9, 7, andv@seaere left on cultivars IDN, PL, and PJB
respectively, which corresponded to the averageni@aber in 2012, and the top 10, 5, and 7
hands were left on the bunch of cultivars IDN, Bhd PJB respectively, which corresponded
to a high fruit load.
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Monitoring fruit growth

In the two growing seasons, six bunches were sEledor each cultivarstreatment
combination. One fruit located in the internal roisthe second proximal hand was collected
for analyses every 15 days. Natural ripening omditey plants, i.e. when the first yellow

finger appears, determined the end of sampling.

Monitoring post-harvest fruit ripening

In the 2011 experiment, two harvest stages wermiextu The stages were calculated so that
each cultivar was at 70% and 90% of the averageefimg-to-yellowing time (FYT) of the
bunch on the tree. At each harvest stage, six lmspler cultivar and per treatmemére
harvested. In the 2012 experiment, only one harstesfe was studied. For each cultivar, this
stage was calculated to be 75% of the average F¥hiedbunch on the tree. Six bunches per
cultivar and per treatment were harvested. After blunches were harvested, the second
proximal banana hand per bunch was rinsed and dipptingicide (bitertanol, 200 mg.H)

for 1 min. The fruits were placed in a plastic ath 20 um respiration holes and stored in
boxes for 6 days at 18 °C. The fruits were thenestan a room at 18 °C and underwent
ethylene treatment (1 mL.Efor 24 h) to trigger the ripening process. Afteér I2, the room
was ventilated. Bananas were maintained at 18 °Ghglur3 days. One banana fruit was

sampled before ethylene treatment, and at day®afid 13 after ethylene treatment.

2.2.5 Biochemical measurements

The fresh and dry pulp of each sampled fruit wagked. The dried pulp was then ground to
obtain a dry powder for biochemical measuremenitsic@cid and malic acid concentrations
were determined according to Etienne et al. (2018ahg an enzymatic method and a
microplate reader. The soluble oxalic acid conaiain was determined using the LIBIOS
Oxalic acid assay kitPulp soluble K, Mg, and Ca concentrations wererdateed by mass
spectrometry, and soluble P was measured by cadtnyrfMartin-Prévelet al, 1984). The CI
concentration in the pulp was determined by pobtemétry using the automatic titrator
TitroLine alpha (Walingat al, 1995).

2.2.6 Model solving and parameterization

The model was computed using R software (R DevedpnCore Teamhttp://www.r-
project.org. For each sampling date, the system was solvedltulate the concentration of

malate in the pulp, using the “nlegslv” functiontbe R software, which solves a system of
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non-linear equations using a Broyden method http(//cran.r-

proiect.orq/web/packaqes/nquslv/index.htrr(MaIz'cyt) was set at 0.001 moll which is

within the range mentioned by Lobit et al. (2008« was set at 7 according to the common
notion of a neutral cytosol. For parameteg;son andp, which define the stoechiometry of the
pump ATPase, Lobit et al. (2006) estimated valuesy \close to those found by fitting

equation 5 to the data of Davies et al. (1994) Kattner et al. (2003). This suggests that
these parameters correspond to a structural clesisdct of ATPase and are unlikely to vary

much, so we chose to set them to the values foyriabit et al. (2006) Table 11I-4).

2.2.7Model calibration

ParameteAGatp Was estimated by fitting the model to observedieslof the pre-harvest
2011 dataset separated by cultivar. Parameter$s5 and G were estimated by fitting the
model toAGarp values calculated according to equation 9 from2biel post-harvest dataset
separated by cultivar. The harvest stage was r@ntanto account since there were no
differences in the variations WGatp calculated with equation 9 between fruits harkste
70% and 90% of FYT (data not shown). Parameter® wstimated using the “hydroPSO”
function of R software (Zambrano-Bigiarini et @013). The hydroPSO function uses the
computational method of particle swarm optimizatilSO) that optimizes a problem
by iteratively trying to improve a candidate sabutiwith regard to a given measure of quality.
Parameters were estimated by minimizing the folhmngriterion:

¥ Zilxij — yip)? (14)
where ¥ is the predicted value ang i the observed value of the fruit of tfetjanana plant

at datet

2.2.8Goodness of fit and predictive quality of the model

The goodness of fit of the model was evaluated usimycommonly used criteria, the root
mean squared error (RMSE) and the relative rootnnse@ared error (RRMSE), to compare
the mean difference between simulated and obseesdts (Kobayashi and Salam, 2000).
The smaller the value of RMSE and RRMSE, the bétefit.

RMSE = /@ (15)

where Y is the predicted value of the fruit i, ang iX the measured value of the fruiti. nis

the data number.

RRMSE = %SE (16)
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wherex is the mean of all observed values.
The predictive quality of the model, which ascersamodel validity over various scenarios,
was quantified by the RMSE and RRMSE calculatedguthe 2012 data set.

2.2.9 Sensitivity analysis of the model

The sensitivity of the malate model during banamawth and post-harvest ripening to
variations in parameter and input values was gfiadtby normalized sensitivity coefficients,
defined as the ratio between the variation in neatancentrationAM) relative to its standard

value (M), and the variation in the parameter puirvalue AP) relative to its standard value

(P) (Monod et al., 2006).

AM/M
AP/P

Normalized sensitivity coefficient = a7)

The interpretation of the sensitivity coefficieatreferred to as local sensitivity analysis since
these coefficients provide information on the efigfcsmall changes in the parameters on the
model response. They do not provide informationualtbe effect of simultaneous or large
parameter changes. Normalized sensitivity coefiisiewere calculated by altering one
parameter or input variable by +0.1% while keepatigother parameters and inputs at their
default values. Sensitivity analysis of the modeparameters was conducted by considering
pHvac @as known (approximated by the measured pH of thp)pSensitivity analysis of the
model to pulp composition and temperature was cciediby considering the total model, i.e.
the combination of the malate and pH models.

2.3 Results
2.3.10verview of the effects of the cultivar and of threatment

The effects of cultivar and treatments on malatecentration in banana pulp during the pre
and post-harvest stages are detailed in a preywapsr (Etiennest al, 2014), so only the
main conclusions are presented here. During bagamath, the concentration of malate
increased and was significantly affected by théad in both 2011 and 2012. During banana
post-harvest ripening, the ripening stage and thlévar had a significant effect on the
concentrations of malate in 2011 and 2012. Fruitwdsted later (at 90% of FYT) had
significantly higher concentrations of malate at tbeginning of ripening and lower
concentrations at the end of ripening. Low frudoand potassium fertilization significantly
increased fruit fresh mass but had no effect onateatoncentration in the three cultivars

either during growth or post-harvest ripening.
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2.3.2Model calibration and evaluation

Values of the estimated parameters of the modedwarenarized imable 111-4. The values of
AGatp estimated during banana growth were higher (leggtive) than the values commonly
found in the literature, which range between -5@ &8 KJ.mof (Briskin and Reynolds-
Niesman, 1991; Daviest al, 1993; Rea and Sanders, 1987; Robetrrt, 1985). TheAGatp
estimated for the PL cultivar was lower (more neggtthan those estimated for the IDN and
PJB cultivars. During post-harvest ripening, valoésAGatp calculated from equation 10
with the estimated values of parameteis &, and G were in the range of values found in
the literature (between -45 and -55 KJ.fo{data not shown). From day 6 to the end of

ripening, cultivars PJB and PL had a lower (morgatiee) AGarp than cultivar IDN.

Table IlI-4 Values of model parameters

Parameter Value Unit Description Origin
IDN PJB PL
PHeyt 7 Unit pH Cytosolic pH Literature
Cytosolic activity
(Mal® ) 0.001 mol.[* of the di-anion  Literature
malate
No 4 dimensionless Parametersto Literature

o 0.3 dimensionless calculate the Literature

_ _ coupling ratio of
B -0.12 dimensionless Literature
the proton pump

Free energy of
ATP hydrolysis

AGarp  -36.9*10 -39.1*1CG -47.4*10° J.mol* _ S Estimated
during banana

growth

G 75 69 110 J.mdLday? Parameters to  Estimated
calculateAGatp as

Gy -1176 -1108 -1959 I.mol.ddY 4 function of the oAt

number of days
after ethylene

Gs  -45.2¢10 -48.9*1¢ -46.3*1¢  J.mol* treatment during EStimated
banana post-

harvest ripening
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Simulated and observed malate concentrations dubizigana growth and post-harvest
ripening are presented kig. 111.8 andlIll.9 respectively. For the three cultivars, the goodnes
of fit of predictions of data from 2011 was satidéay both during banana growth and post-
harvest ripening. During growth, the RMSEs werenveein 2.86 and 3.43 mmol.Kg Fivand
RRMSEs between 0.25 and 0.38. During post-harupshing, the RMSEs were between
6.07 and 11.08 mmol.Kg FW and RRMSEs between 0.18 and 0.32. However, model
validation during banana growth was not satisfactorany of the three cultivars, as revealed
by the RMSEs and RRMSEs of predictions of data f&ih2, whose values ranged between
3.67 and 5.60 mmol.Kg FW and between 0.40 and 0.74 respectively. ModeHatibn
during banana post-harvest ripening for the thrgevars was satisfactory, as revealed by the
RMSEs and RRMSEs of predictions of data from 2042pse values ranged between 6.55
and 10.54 mmol.Kg FW, and between 0.24 and 0.29 respectively. Stalsémalysis
revealed that the model predicted a large effe¢hefcultivar and of fruit age, and no effect
of the fruit load and potassium fertilization onlata concentration during banana growth
(Appendix 2.1 and post-harvest ripeningAgpendix 2.2 which is in accordance with
observed data. The model predicted a small effeftud age at harvest in agreement with

observed data, but was not able to simulate themdifferences correctly (data not shown).
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Figure 111-8 Measured (symbols) and simulated (lines) malate coantrations in the pulp of
banana of cultivars IDN, PJB, and PL during fruit growth. The cultivars were grown under two
contrasted fruit loads in 2011 (LL: low fruit load; HL: high fruit load), and two contrasted levels
of potassium fertilization in 2012 (NF: no potassim fertilization; HF: high potassium

fertilization). Data are means * s.d 1=6). The RMSE (mmol.100g FW) and RRMSE are
indicated in each graph.
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Figure 111-9 Measured (symbols) and simulated (ling) malate concentrations in the pulp of
banana of cultivars IDN, PJB, and PL during fruit post-harvest ripening. The cultivars were
grown under two contrasted fruit loads in 2011 (LL: low fruit load; HL: high fruit load), and
two contrasted levels of potassium fertilization i2012 (NF: no potassium fertilization; HF: high
potassium fertilization). In 2011, fruits were hanested at two different stages: early stage (70%
of FYT) and late stage (90% of FYT). Data are means s.d f=6). The RMSE (mmol.100g F\W)
and RRMSE are indicated in each graph.
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2.3.3Sensitivity analysis of the model

A sensitivity coefficient (SC) was calculated to ntiley model responses to variations in
parameters and inputs. A positive and negative sig8C correspond, respectively, to a
response in the same or reverse direction as thegtiea in the parameter or input. The larger
the absolute value of SC, the more highly sensitinee model is to the parameter or input
concerned. Since the SC behaved similarly betweamsywith respect to a given cultivar,
only results in 2011 are presented here. The S@wodkl parameters behaved similarly with
respect to the three cultivars and between banamatly (Fig. 111.10.A) and post-harvest
ripening Eig. 111.10.B). (Malz'cyt) had a positive effect on malate concentrationsTisias
expected, since an increase in (M@) increases the gradient of concentration of thanibn
malate in favor of its transport into the vacudtalate concentration was greatly influenced
by pHy: in a negative way. Malate accumulation decreasesnwcytosolic pH increases
because the gradient of pH across the tonoplaseases, which depresses thg (see
equation 7). Increasin§Garp, i.€. a less negativkGarp, (Which means increasing G5, or
Gs during post-harvest ripening) depressed malateasgration, because it decreased proton
pumping and consequently they. The parametergrhad a strong negative effect on malate
accumulation. This is as expected, since increagjragcreases th&y. The sensitivity tax
was positive because increasingicreases thAy. The sensitivity t@ was negative because
increasing3 decreases thiy.

The SCs of model inputs during banana growth arsttparvest ripening are shown in
Fig. 1l1.L11 and lll.12 respectively. Increasing citrate and oxalate cotradon strongly
depressed malate concentration during banana growdil three cultivars. During post-
harvest ripening, citrate and oxalate concentratitto had a negative but less important
effect on malate concentration. Increasing K cotregion had a strong positive effect on
malate concentration during growth and a lesseceffluring post-harvest ripening in the
three cultivars. Increasing P concentration shightepressed malate concentration both
during growth and post-harvest ripening in the éhreultivars. Increasing the Mg
concentration had a positive effect on malate coinagon during growth and a lesser effect
during post-harvest ripening in all three cultivdrereasing the Ca concentration had a slight
positive effect on malate concentration both dumgmgwth and post-harvest ripening in all
three cultivars. Increasing the Cl concentratiod aanegative effect on malate concentration
during banana growth, and a lesser effect durirg-parvest ripening in all three cultivars.
Increasing temperature depressed malate accumuthtrorg banana growth and post-harvest

ripening in all three cultivars.
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Figure 11I-10 Normalized sensitivity coefficients of the parametes of the malate model during
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Figure IlI-11 Normalized sensitivity coefficients of the concenations of citrate, oxalate,
potassium (K), magnesium (Mg), phosphorus (P), cdlan (Ca), and chloride (CI) in the pulp,
and of temperature (T) during banana growth for cutivars IDN, PJB, and PL.
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Figure IlI-12 Normalized sensitivity coefficients of the concenations of citrate, oxalate,
potassium (K), magnesium (Mg), phosphorus (P), cdlam (Ca), and chloride (CI) in the pulp,
and of temperature (T) during banana post-harvestipening for cultivars IDN, PJB, and PL.

127



Chapitre Il Modélisation de I'acidité de la banane

2.4 Discussion
2.4.1 Quality of predictions and model simplifications

The concentrations of malate in the pulp were fattisrily simulated by the model during
post-harvest ripening in the two experimental yeatsereas model validation during banana
growth was not convincing. Differences in predintiquality between the pre and post-
harvest stages have several possible explanatiorst, the pH model was less accurate
during banana growth than during post-harvest mger{Etienneet al, 2013a) which is
certainly partially responsible for the discrepascbetween observed and predicted malate
concentrations during banana growth. Second, wenaes that thé\y was determined only
by the ATPase functioning, whereas in realilyy may also depend on the transport of
mineral ions across the tonoplast (which generateents and/or proton movements) and on
the contribution of the PPiase to proton pumpingefithe et al, 2013b).To check if this
hypothesis is reasonable, we compared Me required to reach the thermodynamic
equilibrium of the di-anion malate across the toasp(by inverting equation 6) with they
predicted by the ATPase model (by inverting equaiipnDuring post-harvest ripening, the
changes in bothAy were very similarKig. 111.13.B). Therefore, the ATPase model appears to
be adequate for post-harvest ripening. This isister® with the fact that at this stage, when
mineral concentrations in the pulp remain constidttienneet al, 2013a), there should be no
transport of minerals across the tonoplast. In tamdi PPiase activity should be negligible
since starch synthesis, which leads to the syrgh&#fsPPi (Maeshima, 2000), has stopped.
During banana growth, there were some discreparmseen the variations in they
calculated with equations 6 and 7, especially fdtivars IDN and PJB, for which malate
predictions were worst{g. 111.13.A) and the ATPase model overestimated Akyerequired

to sustain malate accumulation. During banana drowtinerals, especially potassium,
accumulate in the vacuole of pulp cells (Etiemteal, 2013a), which implies that electric
currents may alter th&y. Moreover, starch synthesis is high, so that Pightrbe available

in large quantities and PPiase activity might consatly be important (Maeshima, 2000),
however, to our knowledge, no information is ava@#gaconcerning the tonoplastic PPiase of
banana fruit cells. In the future, predictions adlate concentrations during banana growth
might be improved by taking into account minerakéls and the possible contribution of the
PPiase. Third, we assumed that.pHnd (Ma?'cyt) remained constant during banana
development, whereas in reality they certainlytiate in response to the supply of acids and

bases by the sap, their metabolism, and their Jacwborage. Since the model was very
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sensitive to cytosolic pH, one way to improve mqgateldictions during fruit growth would be

to take these possible fluctuations into account.

(A)

IDN PJB PL

| 2011

Ay (mV)

102

Days after bloom

IDN PJB PL

Ay (mV)

Days after ethylene treatment

Figure I1I-13 Changes inAy calculated from equation 6 (solid line) and from quation 7 (dashed
line) during (A) banana growth, and (B) post-harvesripening for cultivars IDN, PJB, and PL in
2011 and 2012.

2.4.2Predicted variability in vacuolar malate accumulath among cultivars and between
pre and post-harvest stages

The model revealed possible differences in vacuwlalate accumulation among the three
cultivars studied heréuring banana growth, the value of estimatg&\rp was a lot more

negative for cultivar PL than for the two other taudrs, suggesting that the higher
concentrations of malate in the fruits of cultiidL could be the result of higher proton
pumping due to a higher energy of ATP hydrolysigriBy post-harvest ripening, the model

predicted a more negativesatp after ethylene treatment than before. This coeldiriked to
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the climacteric crisis. Indeed, the dramatic inseeé@n respiration in response to ethylene
treatment might be associated with an enhancedl VTP exceeding the needs of the cells
(John and Marchal, 1995). Consequently, the ratid T to ADP might increase greatly,
making AGatp more negative, which would increase the activityhe proton pumps and the
accumulation of malate. The predicted increasehé dctivity of the proton pumps during
banana ripening is in agreement with the resultSesfier et al. (2001) on grape berry. The
slight decrease in malate concentration at theaéngbening may be the consequence of a
higher rate of malate leakage across the tono@astpserved in grape (Terrigrral, 2001).
However, since this phenomenon was not representdte present model, it resulted in a
less negative\Garp at the end of ripening. The model predicted aiBggmtly less negative
AGatp for cultivar IDN than for cultivars PL and PJB, ggesting that the lower
concentrations of malate in cultivar IDN might beedto lower proton pump activity.
Differences in malate accumulation between culé\Rit and PJB were not due to differences
in AGatp, but to differences in vacuolar pH. Indeed, cutiPd had a higher vacuolar pH
than cultivar PJB during post-harvest ripening €gtie et al, 2013a). Vacuolar pH has
contrasting effects on proton pump activity andateadissociation. On one hand, increasing
vacuolar pH decreases the di-anion concentratioadignt, which reduces malate
accumulation. On the other hand, it activates tletop pumps, which increases the and
consequently malate accumulation. Finally, the tpasieffect on proton pump activity
appears to prevail over the negative effect on mal&sociation. The possible involvement
of vacuolar proton pumps in the difference in agidmong cultivars has been reported in
peach (Etiennest al, 2002) and in apple (Yaet al, 2009). It should be noted that even
though we assumed a common value of (ZM,@I among cultivars, this parameter might be
cultivar dependant, which would explain some of thikerences in malate concentrations
among cultivars. However, when we tried to fit thedel with a common value aiGarp but
different values of (Mélcyt) for the three cultivars, predictions were notgmod agreement
with the data (data not shown). This supports a fot AGarp in genotypic differences in

malate accumulation.

2.4.3Model behavior

The positive effect ofpotassium concentration on malate accumulationatedeby the
sensitivity analysis is in agreement with the puesitrelationships found in ripe peaches
between malate content and ash alkalinity, whicklasely linked with potassium content
(Genevois and Peynaud, 1974; Soetyal, 1967). The model did not predict any effect of
potassium fertilization on malate concentration,alihis in agreement with observed data and

130



Chapitre Il Modélisation de I'acidité de la banane

with the fact that no significant differences in g&gium concentration in banana pulp were
found between the two treatments (Etieenhal, 2014). From a physiological point of view,
increasing potassium concentration increases vacpél (data not shown), which, according
to the model, activates malate transport into thmueke (see section 4.2). According to the
model, magnesium and chloride concentrations cureimce malate accumulation, especially
during banana growth. Until now, no experimentsenaeen conducted on the effects these
minerals have on banana acidity, so it would beredting to check the model predictions
experimentally. The negative effect of organic aci@girate and oxalate) on malate
accumulation is the consequence of the decreaseadnolar pH (see section 4.2). The
negative effect of temperature on the concentrabiomalate predicted by the model is in
agreement with the results of Lobit et al. (20@8)d with some observations made in fields
experiments on grape (Buttrosg al, 1971; Kliewer, 1973; Rufner, 1982), and banana
(Bugaudet al, 2009). This is an interesting outcome of the rhailece temperature can
easily be adjusted during post-harvest ripening. éles, this result needs to be checked
experimentally in post-harvest conditions.

2.4.4Model validity

The model was based on the hypothesis that malateiain and proton transport across the
tonoplast occurs in conditions that are close #&rthespective thermodynamic equilibrium.
We can see if these hypotheses are reasonableeokicf that a number of conditions are
met. One condition is that the¥ calculated under the assumption of the model faitkin

the range expected from data cited in the liteeate found that theé\y calculated with the
equation of the thermodynamic equilibrium of theadion malate across the tonoplast
(equation 6) or with the ATPase model (equationv@} between 0 and 25 m¥ig. 111.13),

i.e. comparable with the expectat¥, which most authors estimate to be around 30 marz(T
and Zeiger, 2010)Therefore, the electric conditions of the vacugleear to be compatible
with the partitioning of the malate di-anion acrdlss tonoplast in a state of thermodynamic
equilibrium, and also with ATPase functioning instate of thermodynamic equilibrium.
Another condition is that the malate channel amdAfRPase are not saturated; otherwise the
transport of malate and proton would be limitedKiyetic considerations and not just by
thermodynamic considerations. In other words, theeoved rate of malate accumulation
must be lower than the maximum rate of malate parighrough the di-anion channel, and
the observed rate of proton accumulation must beeddwan the maximum rate of proton
transport through the ATPase. Concerning the mala@nel, from the literature, Lobit et al.
(2006) calculated a maximum rate of malate trarispbaround 20 mmol.jottKg FW™,
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From our data, it can be calculated that the mamimmate of malate accumulation during
banana development was 15 mmol.jolg FW™. Therefore, the assumption that the activity
of the malate transport system does not limittbsagie appears to be reasonable. Concerning
ATPase, from the literature, Lobit et al. (2006)caéated a maximum rate of proton transport
of around 50 mmol.jour.Kg FW™. From our data on titratable acidity (Etiereteal, 2013a),

it can be calculated that the maximum rate of prosmtumulation during banana
development was 27 mmol.jolKg FW™. Therefore, the assumption that the activity & th

ATPase does not limit proton pumping appears teebsonable.

2.5 Conclusion

The model proposed in this study predicted the eotmation of malate in banana pulp during
post-harvest ripening with good accuracy for thodtivars. However, it needs to be
improved to predict malate concentration during dven growth, maybe by taking into
account the transport of minerals across the t@sbpand/or the contribution of the PPiase,
and/or possible fluctuations in cytosolic pH. Thedal suggested that the significant increase
in malate concentration observed after the climaciisis could be due to an increase in
ATPase activity in response to a higher free enefgyTP hydrolysis. The model also helped
to dissect differences in malate accumulation amouigivars by highlighting the likely
importance of the free energy of ATP hydrolysis aaduolar pH. In the future, connecting
such a model with a model of citrate prediction, aratlels relating titratable acidity and pulp
composition (Etienneet al, 2013a), would provide a useful tool to study enacidity.
Finally, the present adaptation of the malate maaiéhlly developed on peach, to banana

fruit, highlights the possible generic quality bétmodel and its suitability for fleshy fruit.
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3 Etude de l'accumulation du citrate par un modele de

fonctionnement du cycle de Krebs

Objectifs

Dans cette partie, 'accumulation du citrate danpulpe de banane a été modélisée dans le
but (i) de comprendre les processus physiologiguespilotent la concentration en citrate
dans la pulpe de banane pendant la croissancengdtlaration post récolte, (ii) de proposer
des hypothéses sur les origines des différencestyg#ques au niveau cellulaire, et (iii)
d’étudier les possibles effets des conditions dessance du fruit sur I'accumulation du
citrate. L’hypothese de base de ce travail de nisaté@n est que I'accumulation du citrate
dans la pulpe est pilotée par le fonctionnementyle de Krebs dans la mitochondrie (c.f.
Chapitre I). Ainsi, un modéle mécaniste décrivantmaniere simplifiée le fonctionnement de
ce cycle a été développé. Cette partie a été rédigas la forme d’'un article intitulé «A
model of TCA cycle functioning to analyze citratecamulation in pre and post-harvest

fruits: application to banana fruiusasp. AA)» qui a été soumisRiant Physiology

Principaux résultats

« Ce modele permet de prédire la concentration emteitdans la pulpe pendant la
croissance et la maturation post récolte de la e de décrire la variabilité entre
génotypes.

* Le cycle de Krebs apparait comme un processusecléactumulation du citrate dans la
banane.

« Ce modele suggére que la respiration et la tempéraffectent la concentration en
citrate pendant la maturation post récolte de mardéférente selon le cultivar.

 L’enzyme malique mitochondriale et les transpogeunitochondriaux du malate
pourraient étre des déterminants importants deuieilation du citrate et pourraient étre
a l'origine des différences de concentrations é&nate observées entre génotypes pendant

les phases pré et post récolte.
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A model of TCA cycle functioning to analyze citrateaccumulation in pre
and post-harvest fruits: application to banana frut (Musasp. AA)

A. Etienné, M. Génard, C. Bugaud

! Centre de Coopération International en Recherch®@omique pour le Développement
(CIRAD), UMR QUALISUD, Péle de Recherche Agronomequle Martinique, BP 214,
97 285 Lamentin Cedex 2, France

ZINRA, UR 1115 Plantes et Systémes de Cultures etnes, F-84914 Avignon, France

Abstract

Citrate concentration is a crucial determinant ahdna pulp sourness and sweetness, two
major drivers for consumer preferences. Banana lfiag the particularity of having separate
growth and ripening stages, during which pulp titreoncentration changes. Our objective
was to develop a mechanistic model of citrate acdation based on a simplified
representation of the TCA cycle to predict citredacentration in banana pulp during the pre
and post-harvest phases. The model was calibratgd/alidated separately on the pre and
post-harvest phases, using data sets from thréearslof dessert banana contrasting in terms
of citrate accumulation, and incorporating diffdrémit load, potassium supply, and harvest
stage. The model predicted the dynamic of citratecentration in banana pulp with a fairly
good accuracy for the three cultivars during the mnean RRMSE=0.22) and post-harvest
phases (mean RRMSE=0.26). The sensitivity of thdehto parameters and input variables
were analyzed during the pre and post-harvest pha&ecording to the model, pulp
respiration and temperature had no effect on eitaatumulation during the preharvest phase,
whereas they affected citrate accumulation in @ivaul dependant manner during the post-
harvest phase. Citrate accumulation was sensitiveutp growth parameters in a cultivar
dependant manner during the pre and post-harvesdeph The model helped to dissect
differences of citrate concentration among culsvduring the pre and post-harvest phases. In
particular, the model suggested major differendeBGA cycle functioning among cultivars
during post-harvest ripening of banana, and poimedthe potential role of NAD-malic
enzyme and mitochondrial malate carriers in the tygno variability of citrate concentration.
Finally, the model may be used as conceptual lasstudy citrate accumulation in pre and

post-harvest fleshy fruits.
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3.1 Introduction

Citrate is one of the most important organic addmany fruits (Seymouet al, 1993), and
its concentration in the pulp plays a critical raleorganoleptic properties (Esdt al, 2002;
Harkeret al, 2002; Tiemaret al, 2012). The citrate concentration varies consiagramong
cultivars of many fruit species including citrusaf(fka et al, 2001), peach (Moingt al,
1998), pineapple (Saradhuldhat and Paull, 2007, lzanana (Bugaueét al, 2013). The
accumulation of citrate in fruit cells is a complpkenomenon because it involves several
metabolic pathways and transport mechanisms adiffesent compartments, mainly cytosol,
mitochondria, and vacuole (for review s@gtienneet al, 2013b)). Ongoing transcriptomic
(Cercoset al, 2006), metabolomic (Katzt al, 2011), proteomic (Katet al, 2007), and QTL
studies (Schaueet al, 2006) have begun to elucidate the complexityhaf tmechanisms
involved in citrate accumulatiotdowever, the regulation of citrate accumulatiorotighout
fruit development, and the origins of the phenatyyariability of the citrate concentration
within fruit species remain to be clarified. Givédre complexity of the processes involved,
ecophysiological process-based simulation mod@S®s) could advance our understanding
of the physiological mechanisms underlying citratecumulation (Martreet al, 2011).
PBSMs could also help to elucidate the differennastrate accumulation among and within
fruit species, as it is the case for sugar accutionlan peach (Wwet al, 2012), and grape
berry (Daiet al, 2009).

Attempts to mechanistically model citrate accumatain fruits are rare. Lobit et al.
(2003) proposed a mechanistic model to simulatedimeamics of citrate concentration in
peach fruit. This model was based on the assumptaitnin fleshy fruits, citrate accumulation
is driven by the tricarboxylic acid cycle (TCA cggllocated in the mitochondria, which is a
convincing hypothesis (Etienret al, 2013b). This model was used to analyze the effefct
temperature and pulp growth on citrate conceninatia two cultivars of peach (Lobet al,
2003; Wu et al, 2007), and appeared to provide a good frameworksttdy citrate
accumulation in fleshy fruit. However, the approaded to solve the system of equations
derived from the model led to a simple equatiopredict the rate of net citrate production
with parameters that had lost their real biologita&aning. Thus, despite its good predictive
quality, this model did not allow a complete stuafythe behavior and regulation of fruit
mitochondrial citrate metabolism.

In the present study, we built a new, more mechianimodel of citrate accumulation,
with parameters that have biological meaning, based simplified representation of the
TCA cycle adopted by Lobit et al. (2003). This mlogtlas developed for banana fruit because

citrate concentration plays a crucial role in deieing banana pulp sourness and sweetness
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(Bugaud et al, 2013), two major drivers of consumer preferendsnana fruit has the
particularity of having separate growth and ripgnstages, during which citrate concentration
undergoes substantial changes (Etiegingl, 2014). We thus modeled the dynamics of citrate
concentration during both the pre- and post-harstsies. Because citrate concentration in
banana pulp varies greatly among genotypes (Bugaadl, 2013; Etienneet al, 2014), we
chose to calibrate and validate the model on tlodBvars with contrasting acidity. The
physiological age of the fruit at harvest is knotenaffect the concentration of citrate in
banana pulp during post-harvest ripening (Bugadl, 2006). Fruit pruning and potassium
fertilization, two cultural practices commonly uslegl banana growers, can also impact the
concentration of citrate in fleshy fruits (for rew see (Etienneet al, 2013b)). For that
reason, we used data sets incorporating diffenent lbads, potassium supply, and harvest
stages to study how these growing conditions aftéithte metabolism (or not). Model
parameterization, model selection, and test oar presented for the pre- and post-harvest
phases. The sensitivity of the model to the pararaeand input variables were analyzed
during the pre- and post-harvest stages. The medabled us to (i) advance our
understanding of citrate metabolism during growtl post-harvest ripening of banana fruit;
(ii) propose a possible explanation for differenicesitrate accumulation among cultivars and
identify potential genotypic parameters (i.e. ggpetdependant parameters); and (iii) study
the effects of fruit growth conditions on citratetabolism. Finally, the model can be used as
a conceptual basis to study citrate accumulatioprar and post-harvest stages in fleshy

fruits.

3.2 Materials and methods

3.2.1Model description

The present model is based on the assumption itmratecaccumulation in fleshy fruit is
driven by the TCA cycle located in the mitochondiienneet al, 2013b).The TCA cycle
results in the oxidation of pyruvate into €é@nd a reduction in co-enzymes through a series
of conversions between organic acids including teakand citrate Kig. 111.14.A). The
maintenance of the pools of TCA cycle intermediateplies that for each metabolite
exported, one is imported, and vice versa. Thesharnges are achieved by a variety of
mechanisms mediated by mitochondrial carrier pnstéfor reviews, see (Haferkamp and
Schmitz-Esser, 2012; Laloi, 1999)). The model pne=ek here is based on the simplified
representation of the TCA cycle used in the modielabit et al. (2003) Fig. 111.14.B). The

only metabolites considered, pyruvate, malate atrdte, were chosen because they are at
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branch points between several reactions and bethegare exchanged between the cytosol
and the mitochondria. Pulp fruit was considered &ngle big cell with mitochondrial and

cytosolic compartments.

Pzruvate

acetylCoA  CoA

oan & citrate ¢
AXD-MDH

J» malate

cis-aconitate
ACO

fumarate

isocitrate

\ . -z NAD-IDH

succinate CoA NADP-IDH
\ x 2-oxoglutarate

‘ succinyi-CoA (‘@,@ '

Figure IlI-14 (A) Reactions of the TCA cycle in the mitochondria and (B) the simplified

representation used in the model of Lobit et al. (3). Enzymes are in italics: ACO, aconitase;
CS: citrate synthase; NAD-ME, NAD-malic enzyme; NABIDH, NAD-isocitrate dehydrogenase;

NADP-IDH, NADP- isocitrate dehydrogenase; NAD-MDH,NAD-malate dehydrogenase; PDH,
pyruvate dehydrogenase. Dashed arrows indicate traport across the mitochondrial

membrane.

Stoichiometric equations:

Assuming the TCA cycle at steady-state implies, that any given metabolite, the sum of

metabolic fluxes that synthesizes it and the sumetiabolic fluxes that degrades it are equal

(Fig. 11.14.B).

Tt = g, + 9, — ¢, =0 (0
%=@5+¢2—¢3—¢1=0 )
Tt = g, — 9, — 95 =0 ) (3

The respiratory flux, approximated as the flux @ (produced by the TCA cycle, is:

Resp = ¢, + 29, + 0, (4)
where Mpyr:, Mmal,, and Mcit,: (mmol) are respectively the amount of pyruvate|atea
and citrate in the pulp mitochondrial compartmemntare the metabolic fluxes of the TCA
cycle (mmol.day), and Resp is the respiratory flux of the pulpatiitondrial compartment
(mmol.day?).
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Mathematical representations of metabolic fluxes:

- Enzymatic reactions:
The metabolic flux between two compounds is desdriby enzyme kinetic rate laws, as a
function that depends on the concentration of daetants and on the parameters called

rate constants (Schallau and Junker, 2010).

¢, = k; Cmaly,Cpyrime 5)
¢, = k;Ccitp (6)
¢, = ksCmaly,; (7

where k (L%day>.mmol?), k. (L.day'), ks (L.day’) are the rate constants, and Gmpal
Cpym, Ccity; are the concentrations of malate, pyruvate amdteiin the pulp mitochondrial

compartment, respectively (mmof:L

- Transport reactions:
Several carriers are present on the inner memlwhp&ant cell mitochondria and allow the
exchange of metabolites of the TCA cycle betweencytosol and the mitochondrial matrix
(for review see (Haferkamp and Schmitz-Esser, 201R)r the sake of simplicity, we
assumed that the transport of citrate, malate amdvpte across the mitochondria depends
mainly on the concentration gradients of the seti@nsported between the cytosol and the
mitochondrial matrix. Therefore, the formalism admpto model the transport reactions was
derived from Fick’s law, which states that the asibn flux of a compound is proportional to

the concentration gradient of this compound actiessnembrane.

¢, = K4 (Cpyreye — Cpyrme) ) (8
¢ = Ks(Cmalgye — Cmaly,) (9)
¢, = Kg(Ccitp — Ccitcyy) 10]

where K, Ks, K¢ are membrane permeability (L.d8y and Cmal, Cpyrky, Ccity are the
respective concentrations of malate, pyruvate atndte in the pulp cytosolic compartment

(mmol.Lh).

Solving the system and expressing the rate ofitrate productionpé (mmol.day'):

Replacing the expressions of the different metabfilixes in equations 1 to 4 gives the

following system:

K4Cpyreye — KaCpyrye + k3Cmalpy, — ky Cmaly, Cpyry = 0 (11)
KsCmalcy + k,Ccitpye — (Ks + k3)Cmalp, — kqCmaly,Cpyry, = 0 (12)
K6CCitCyt + klcmalmtcpyrmt - (kz + K6)Ccltmt - O (13)
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2k, Ccitp, + kzCmal,,; + k;Cmal,,;Cpyr, = Resp 14
where Cpyki, Cmalky, Ccityn, Ccity: are the unknowns of the system, and K Cpytkys,
Cmaly: are parameters.

The system was solved by using the software Madi@ple (16). Maplesoft, a division of
Waterloo Maple Inc., Waterloo, Ontario). The salug of Ccit: and Ccity: were put into

equation 10 which gave the following expressiongior

_ _1(ks+Ks)Resp | 1 1
6 4 3Kks+Ks 4Kk, (3kz+Ks)

(ks + Ks5)(18K3Cpyreyikiks + 12K5Cpyreyiky Ks + 8K4KECmalcyik, + 9K3KS + 4K5KE +

(3K4kq (k3 + Ks5)Cpyreye + Kskq (2Ks + 10kz)Cmalcy, —

9KZCpyré ki + 12K3k3Ks + 4KZCmalZ, ki — 12K, CpyrykiKsCmalgy, +
36K, k3KsCmalcyiky + (18K ksky — 6K4Cpyreyik? + 4K, Ksky + 4KsCmaleyk? )Resp +

1
Resp®k})? + K, (5k;Ks + 3k3 + 2K2)) (15)

Pulp respiration:

Pulp respiration during fruit growth was calculatesing the growth-maintenance equation
(Cannell and Thornley, 2000). Growth respiratiorcismsidered to be proportional to the
fruit growth rate and maintenance respiration tg arass and temperature (Penning de
Vries and Laar, 1982; Thornley and Johnson, 19Bi0. effect of temperature is described
with the Qo concept. Pulp respiration (mmol G@ay') was calculated as the sum of

growth and maintenance respiration:

6-20
dDW
Resp = dg + qmDW Q, ¢’ (16)

where g is the growth respiration coefficient (mmol €Y, gn is the maintenance
coefficient at 20 °C (mmol CQy*.day’), Qi is the temperature ratio of maintenance
respiration (dimensionless), DW is the pulp drygtei(g) and is the temperature (°C).
Pulp respiration during post-harvest ripening weascwated by considering growth

respiration equal to zero, since the fruit was cletd.

Calculation of the concentration of citrate in thep:

Citrate concentration in the fruit was obtainedifggratinges over the monitored period
starting with citrate content observed at the beigim of the period, and by dividing it by
the pulp fresh weight.

. 100 . t
Ccit, = w, * (Mcit,, + fto ¢dt) (17)

where Ccit (mmol.100g FW) is the citrate concentration in the pulp, Nicfmmol.fruit®)
is the amount of citrate in the pulp @tEW is pulp fresh weight (g), t is the time (dayter
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bloom or days after ethylene treatmeng)istthe time of the beginning of the experiment,

andog the rate of net citrate production (mmol.day

Rate constants kand membrane permeability;jK

We hypothesized that klepends on enzyme activity, ang ¢t transporter activity during
fruit development. The activities of the TCA cyeezymes and of the mitochondrial organic
acid transporters can vary or remain constant durint growth (Cheret al, 2009; lannetta
et al, 2004; Katzet al, 2011; Regaladet al, 2013), and post-harvest ripening (Borsani
al., 2009; Jefferyet al, 1984; Liuet al, 2004), suggesting that &nd K are likely to vary
during banana growth and post-harvest ripeningifguiruit growth, variations inkand K
may be due to changes in the number of mitochorairiane hand, and to the regulation of
enzymes and transporter activities on the other .h@hd first source of variation, i.e. the
number of mitochondria, is likely to increase dgrifmuit growth due to cell division and
enlargement. Indeed, Winter et al. (1993 and 1984nd a positive linear relationship
between the section area of the mitochondrial cotm@nt and the section area of the leaf
cells. Therefore, we chose to symbolize the linkveen the number of pulp mitochondria,
and k and K by representing their variations during fruit gtbwas a function of the
structural dry weight of the pulp, which represethis constitutive part of pulp cells and is
therefore an indicator of pulp cell growth. Conceghthe second source of variation, it is
known that mitochondrial enzymes and transportars e regulated by allosteric and post
translational regulation, but little information &vailable on this subject (for review see
(Araujo et al, 2012)). Therefore, for the sake of simplicity, iwmeluded a regulatory factor
(m;) to modulate the relationship between thard K, and the structural dry weight of the

pulp:

SDW(t .

kig(D) = kig * Gy O™ (18)
SDW(t .

Kig(t) = Kig * Gy )™ 19]

where SDW is the structural dry weight of the p(dy SDWes is a reference structural dry
weight equal to 1 gk g (L.day" or L%.day".mmol%), K;4 (L.day"), andm (dimensionless) are
fixed parameters, witk; g andK;4 positives, andn positive, null or negative. Depending on
the values of the parametsy, the patterns ofijk(t) and K4(t) can remain constant, increase,
or decrease, as shownkig. I11.15.

During post-harvest ripening, the number of mitoah@nof the pulp is likely to vary
little since the fruit is no longer growing. Thuhianges in kand K are likely to be only due

to the regulation of enzymes and transporters. lése to represent the putative variations of
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ki and K during banana post-harvest ripening as a funabbthe number of days after

ethylene treatment using the following mathematocgdression:
DAE

ki,r(t) = ki,r * (DAEref)ji (20)
DAE ;.
Kie0) = Koy » AT (21)

where DAE is the day after ethylene treatment; RAE a reference day after ethylene
treatment equal to X, (L.day?), Ki, (L.day?), andj; (dimensionless) are fixed parameters,
with ki, andK;, positives, and; positive, null or negative. Depending on the valoé the

parametey;, ki (t) and K,(t) can remain constant, increase, or decrease dup@gimg.
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Figure 111-15 Hypothetical changes in the rate conmnt k;4(t) during fruit growth as a function

of the value of parameter m ki q4(t)=kis*SDW™, with k4 arbitrarily equal to 10 and SDW (pulp
structural dry weight) taking values of the PL cultivar. The different values of m correspond to
the following situations: m<0: enzyme inhibition exceeds the increase in theumber of
mitochondria; m;=0: enzyme inhibition compensates for the increasén the number of
mitochondria; 0<m;<1: enzyme inhibition under-compensates for the imease in the number of

mitochondria; m;>1: activation of enzyme along with the increase inthe number of
mitochondria.
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3.2.2Model inputs and initial conditions

The model used daily pulp fresh weight, and dailyppstructural dry weight as input
variables. Initial values were the amount of cérat the fruit pulp on the first date of the
modeled period. Equation 17 was numerically solusthg the ‘lsoda’ function of the
package ‘dsolve’ of the R software with a one-dmetstep (Soetaeet al, 2010).

Daily pulp dry weight was estimated by fitting aogth expolinear function to pulp dry
weight data (Goudriaan and Monteith, 1990).

Cm

DW = (Q) «In(1 + exp(Ry, * (t— tp))) (22)

where G, is the maximum absolute growth rate of pulp dryghei(g.day), Rn is the
maximum relative growth rate of pulp dry weightggday?), t,is the x axis intercept of
the linear growth phase of pulp dry weight (day).

Daily pulp fresh weight was estimated using an eicgdi relationship with pulp dry weight
(R?=0.99 andh=488):

FW = 3.12 * DW + 3.47 (23)
Daily pulp structural dry weight was estimated gsam empirical relationship with pulp dry
weight (R2=0.98 and=454):

SDW = 0.69 * DW?73 (24)

3.2.3Plant Materials and experimental conditions

All experiments were conducted at tiRdle de Recherche Agroenvironnementale de la
Martinique (PRAM, Martinique, French West Indies; latitude 34N, longitude 60°58W,
altitude 16m) using three dessert banana cultiMtsaspp.) diploids AA, that differ in their
predominant organic acid at the eating stage: lagi@an110 (IDN), Pisang Jari Buaya (PJB),
and Pisang Lilin (PL). Experiments were conductedlirdy the 2011 and 2012 growing
seasons on continental alluvial soil. For the twawgng seasons, irrigation was adjusted to
the amount of rainfall to supply at least 5 mm @itev per day, and non-systemic fungicide
was applied to control foliar diseases. During finst period of bunch growth (March—
November 2011) the mean daily temperature was 272%C. During the second period of
bunch growth (February-August 2012) the mean daityterature was 26+ 0.9°C.

2011 experiment: effect of fruit load on banangopatidity

For each cultivar, 36 plants were randomly chosah tagged at inflorescence emergence.
Two contrasted fruit loads were used: 18 plantgaxh cultivar were used as the control

treatment i.e. high fruit load, and 18 other plamése highly pruned i.e. low fruit load. In the
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control treatment, the number of leaves and hasfti®h the plants were calculated in order
to have the same leaf area: fruit ratio among\ans (approximately equal to 0.5 cm? leave. g
fruit™). Thus, 15 days after inflorescence emergence, &nd 5 leaves were left on the plant
for cultivars IDN, PL, and PJB respectively, ané tbp 10, 5 and 7 hands were left on the
bunch for cultivars IDN, PL, and PJB respectivelyp ensure the situation was the same
among the three cultivars, fruit pruning in low frload treatment was calculated to increase
the leaf area: fruit ratio by approximately 2.5.nSequently, 15 days after inflorescence
emergence, the top 4, 2, and 3 hands were lefh@manch for cultivars IDN, PL, and PJB

respectively. Banana plants received 12 g of némpdl.7 g of phosphorus, and 23 g of
potassium at 4-week intervals during fruit growth.

2012 experiment: effect of potassium fertilizabonbanana pulp acidity

Two plots containing 50 banana plants of eachvartivere planted, i.e. each plot contained a
total of 150 banana plants. Two contrasted levElgotassium fertilization were started six
months before the beginning of fruit sampling. Each cultivar, one plot received 124 g of
potassium per plant (high potassium fertilizatiabft-week intervals, while the other received
no potassium at all. All the banana plants receiM2d of nitrogen and 10 g of phosphorus at
4-week intervals. Twenty-four plants of each cultiveere randomly chosen in each plot and
tagged at inflorescence emergence. At 15 days mdtierescence emergence, 9, 7, and 9
leaves were left of cultivars IDN, PL, and PJB exdjvely, which corresponds to the average
leaf number in 2012, and the top 10, 5, and 7 harats left on the bunch of cultivars IDN,
PL, and PJB respectively, which correspond to & fgjt load.

Monitoring fruit growth

In the two growing seasons, six bunches of eachivauitreatment combination were
selected. One fruit located in the internal rowthe second proximal hand was collected for
analyses every 15 days. Natural ripening on stangiants, i.e. when the first yellow finger

appears, determined the end of sampling.

Monitoring post-harvest fruit ripening

Two harvest stages were studied in the 2011 expeatinThe harvest stages were calculated
for each cultivar to be 70% and 90% of the aveflyeering-to-yellowing time (FYT) of the
bunch on the plant. For each harvest stage, sixchHms of each cultivarstreatment
combination were harvested. In the 2012 experin@eny, one harvest stage was studied. The
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harvest stage was calculated for each cultivaet@d$o of the average FYT of the bunch on
the plant. Six bunches of each cultivar*treatmeombination were harvested. After the
bunches were harvested, the second proximal bdrema per bunch was rinsed and dipped
in fungicide (bitertanol, 200 mg:t) for 1 min. The fruits were placed in a plastiglvéth 20
um respiration holes and stored in boxes for 6 @&yl3 °C. The fruits were then stored in a
room at 18 °C and underwent ethylene treatment (1. for 24 h) to trigger the ripening
process. After 24 h, the room was ventilated. Basamere maintained at 18 °C for 13 days
and a banana fruit was sampled before ethylenéntezd, and at day 3, 6, 9 and 13 after

ethylene treatment.

3.2.4Biochemical and respiration measurements

For each fruit sampled, the fresh and dried pulpeweeighed. The dried pulp was then mixed
to obtain dry powder and to allow biochemical measients. Citrate concentration was
assessed according to the method described in Etienhml. (2013a) using an enzymatic
method and a microplate reader. Pulp structuralvwekight was calculated as the difference
between pulp dry weight and the sum of the weiglitdhe main non-structural compounds
(soluble sugars, starch, acids). To this end, aunagons of malate were assessed according
to the method described in Etienne et al. (2018ag, concentrations of starch and soluble
sugars (glucose, fructose, sucrose) were assessenlimg to Gomez et a2007), using an
enzymatic method and a microplate reader. For meammnts of respiration, each sampled
fruit was placed in a closed plastic jar. The terapee of the room was set at 18 °C. After 1

hour, CQ concentration was measured with a gas analyzga@/iICANAL120).

3.2.5Model parameterization

Based on information found in the literature, thiugaof Cmaly; was set at 1 mM (Gerhardt
and Heldt, 1984; Goutt al, 1993), and the value of Cpyrwas set at 0.5 mM, (Beaudey
al., 1989; Kubicek and Ro6hr, 1978).

Parameters of the pulp dry weight growth model, (R, t,) were estimated for each
banana plant using a nonlinear least-squares mgnesnethod (Fox, 2002). The model
explained 99% of the pulp dry weight variance ia three cultivars and in the two years of
the experiment, and the RRMSE was satisfactory mgan values of 0.JAppendix 3.

According to the literature, the temperature rationaintenance respiration;§was
set at 2 (Turner, 1995The growth respiration coefficient of the pulg)(evas derived from

construction cost measurements on banana pulphdrthree cultivars, the total nitrogen,
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carbon and ash concentration of the banana pulp weasured at three different stages of
fruit growth. The construction cost (CC; g glucoge) was calculated as a function of the
carbon (C; g. g DW), nitrogen (N; g. g DW), and ash (A; g. g DW) concentrations of
banana pulp, and of the energetic costs of N aksdion and carbohydrate translocation
(Vertregt and Penning de Vries, 1987; Wullschlegfeal, 1997):

CC = (5.39C + 0.80A + 5.64fy,N — 1.191)(1 + ry) (25)
where f, is the fraction of N used in growth that is as$ateid heterotrophically, assumed to
be equal to 1 for fruits (Wullschleget al, 1997), andis the added cost of translocating
photosynthetates from sources to sinks, assumiee égual to 5.3% (Vertregt and Penning de
Vries, 1987).

The coefficient g (mmol CQ.g%Y was calculated using the following formula (Léctel et

al., 2005a):

_ (acC-0)
C

dg * 1000 (26)

whereaCC is the carbon construction cost(.4 is the concentration of carbon in glucose),
and M is the molar mass of carbon equal to 12 g:mol

The calculated values of, avere found to not significantly differ among cuétrs and among
developmental stages (data not shown). Thus, Jo galue common to all cultivars and
developmental stages was chosen as the mean Vahe alculated values which wag=3
mmol CQ.g* +1. This value is in the range of values foundtfamato (9.3 mmol COg™;
(Penning de Vries, 1989)), peach (7.0 mmol.@8 (DeJong and Goudriaan, 1989)), and
mango (3.0 mmol C&y*; (Léchaudekt al, 2005a)).

The maintenance respiration coefficient,Xaf the pulp during banana growth and post-
harvest ripening were calculated respectively froeasurements of respiration in harvested
green fruits and in fruits subjected to ethylermatment in the 2012 experimem=(80).
Since the fruits were harvested, the measuredreggm corresponded only to maintenance
respiration because growth respiration was null.rdfoee, by inverting equation 16z qvas

calculated as follows:

Um = —25 (27)
DW Q,;°

The value of g during fruit growth was estimated a=<p.15 mmol CQ.g.day" +0.02 for

the three cultivars, a value close to those estich&wr tomato (0.27 mmol G@*.day™;

(Walker and Thornley, 1977)), peach (0.05 mmol,@®day’; (DeJong and Goudriaan,

1989)), and mango (0.09 mmol &§".day"; (Léchaudekt al, 2005a)).

The values of calculated,cduring post-harvest ripening were plotted as atfancof the

number of days after ethylene treatment. In aleghcultivars, g increased dramatically
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during the first two days after ethylene treatmant] then remained constant until the end of
ripening @ppendix 4.A, B and)CAnN appropriate expression to represenivas:

Am = qm1 * (1 — Qg * exp~Im3*PAR) (28)
where DAE is the day after ethylene treatment,@ndgn,, and g3 are fitted coefficients.

The values of g differed significantly among cultivars, so we dkd to fit the model of
equation 28 to the three cultivars separately. Thpsameters §, Gnz, and ¢hz were
estimated for each cultivar by using a nonlineastesquares regression method on the 2012
data (Fox, 2002)Table III-5). The model allowed satisfactory prediction of fm@spiration
during post-harvest ripening (R2=0.72; RRMSE=0.Kppendix 4.0

Table 11I-5 Estimated parameter values and standarderrors (in parentheses) of the g model
during post-harvest ripening in cultivars IDN, PJB, and PL. Parameters were estimated using
the data from 2012 post-harvest ripening.

Om1 Om2 Om3

(mmol CQ.g*.day’) (dimensionless) (dimensionless)

IDN 0.61 (0.01) 0.71 (0.04) 1.08 (0.18)
PJB 0.48 (0.01) 0.68 (0.05) 0.65 (0.13)
PL 0.52 (0.01) 0.68 (0.04) 0.87 (0.13)

3.2.6Model calibration

Parameters relatet reaction rates;ft) and membrane permeability;(§ were estimated
through the model calibration by fitting the pradtt citrate concentrations to observed values
of the 2011 dataset separately for each cultivar gevelopmental stage (growth and post-
harvest ripening) using the hydroPSO function &f Bhsoftware (Zambrano-Bigiariet al,
2013). The hydroPSO function uses the computatioethod of particle swarm optimization
(PSO) that optimizes a problem by iteratively tgyito improve a candidate solution with
regard to a given measure of qualParameters were estimated by minimizing the foliai
criterion:

¥ Zi(xij — iy)? (29)
where ¥ is the predicted value, angl ig the observed value of the fruit of tHeGanana plant
at dateit
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3.2.7Sensitivity analysis of the models

Sensitivity analyses were conducted to help seleet best model and to analyze the
sensitivity of the best model to parameters andtsiduring the pre- and post-harvest stages.
The sensitivity of the model to variations in treggmeters and input values was quantified by
normalized sensitivity coefficients, defined as tteio between variation in the citrate
concentration AC) relative to its standard value (C), and variatio the parameter or input

value (AP) relative to its standard value (P) (Moreidal, 2006).

AC/C

ap/P (30)

Normalized sensitivity coefficient =

The interpretation of the sensitivity coefficieatreferred to as local sensitivity analysis since
these coefficients provide information on the eff@gcsmall changes in the parameters on the
response of the model. They do not provide inforomabn the effect of simultaneous or large
changes in parameters. Normalized sensitivity aoeffts were calculated by altering one
parameter or input variable by +0.1% while maintagnall the other parameters and inputs at

default values.

3.2.8 Model selection

We compared models to determine the best modekddigt the concentration of citrate
during the pre- and post-harvest stages of banartadevelopment and to detect significant
differences in parameter values among cultivars.stdeged by searching for the best model
to predict citrate concentrations during the presst stage. We tested a full model in which
all the kg(t) and K4(t) varied with SDW and were specific to cultivdBREHARVEST1).
Then, based on the values of the estimated paresreste orthe sensitivity analysis of this
full model (see 2.7), we tested a reduced modelhith the less sensitive parameteyg(tk
and K 4(t) were kept constant throughout fruit growth andvhich some of the parameters
were supposed to be the same for some of the ardfithus reducing the number of
parameters to be estimated (PREHARVEST?2). For twdets that do not significantly differ
in fit quality, the one with fewer parameters isvays preferredin the second step, we
searched for the best model to predict citrate entmations during the post-harvest stage.
Since the pre-harvest model did not correctly mteditrate concentration during the post-
harvest stage (data not shown), we changed thdieqsid (t) and K (t) (equations 20 and
21). We thus tested a full model in which all thgtk and K(t) varied with the number of
days after ethylene treatment and were each spdoifone cultivar (POSTHARVESTL).
Then, based on the values of the estimated paresreatel on the sensitivity analysis of this

full model, we tested a reduced model in whichldss sensitive parameterg(®) and K(t)
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were kept constant throughout fruit ripening andwihich some of the parameters were
assumed to be the same for some of the cultiv@@STMHARVEST?2).

Models were selected using the Akaike informatiatedon (AIC), which allows the
comparison of nested and non-nested models. loasg, the number of parameters exceeded
n/40 (wheren is sample size), so a second order derivative Alddch contained a bias
correction term for small sample size, was applesl,suggested by Johnson and Omland
(2004). The model with smaller AICc was preferred.

) (31)

where n is the number of observations, RSS is élsedlwal sum of squares, and k is the

RSS

n

n
n-k-1

AIC, = nln () + 2Kk(

number of estimated parameters of the model.

3.2.9Goodness-of-fit and predictive quality of the moslel

The goodness-of-fit of the pre- and post-harvestigt®was evaluated using two commonly
used criteria, the root mean squared error (RM3Md)the relative root mean squared error
(RRMSE), to compare the mean difference betweenulabed and observed results
(Kobayashi and Salam, 2000). The smaller the vallRMSE and RRMSE, the better the fit.

RMSE = /w (32)

where Y is the predicted value of the fruit i, ang iX the measured value of the fruiti. nis

the number of data.

RRMSE = %SE (33)

wherex is the mean of all observed values.
The predictive quality of the model, which ascersaihe validity of the model in different
scenarios, was quantified by the RMSE and RRMSE&utated on the 2012 data set.

3.3 Results

3.3.10verview of cultivar and treatment effects

The effects of cultivar and treatments on citraieoentration in banana pulp during the pre-
and post-harvest stages are detailed in a preyapsr (Etienneet al, 2014), so only the
main conclusions are presented here. During bagenath, citrate concentration increased
and was significantly affected by cultivar both2@11 and 2012. During banana post-harvest
ripening, both the ripening stage and the cultheat a significant effect on the concentrations
of citrate in 2011 and 2012. Fruits harvested 1&&r90% of FYT) had significantly higher

concentration of citrate throughout ripening. Lowitf load and potassium fertilization had
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significant effects on fruit fresh mass but notaitinate concentration during either growth or

post-harvest ripening in the three cultivars.

3.3.2Model comparison and calibration

The full PREHARVEST1 model was fitted to observedadby estimating 24 parameters, and
predictions were in good agreement with observeth dar the three cultivars (mean
RRMSE=0.19). Sensitivity analysis of the model PRERVEST1 showed thais 3 andms
had strong effects on the concentration of citnatthe three cultivars whereégg, ks g, Kag,
my, mg, andmy did not (data not shown). AICc comparison showetk g, ks g, andKa g did
not differ significantly among cultivars, but th&t g andms did (data not shown). Therefore,
a reduced model (PREHARVEST?2) was tested wherens andmy were null;ky g ka g Kag
were the same for the three cultivars; &3¢ andms were specific to cultivars, thus reducing
the number of estimated parameters to nine. TheHARYEST2 model had a lower AICc
than PREHARVEST1, meaning that the PREHARVEST?2 rhages the bestTable 111-6).
Values of the estimated parameters of the modelHFREVEST2 are summarized ifable
-7.

The full POSTHARVEST1 model was fitted to observédta by estimating 24
parameters, and predictions were in good agreemiéimbbserved data for the three cultivars
(mean RRMSE=0.27). For parameter;(®, sensitivity analysis of the model
POSTHARVEST1 showed thak, andj; had strong effects on citrate concentration in
cultivars IDN and PL, but not in cultivar PJB (datat shown). These results suggested that
ki (t) could be assumed to be constant in cultivar BJB j;=0). Comparison of AICc
showed thatk; , differed significantly among the three cultivarand thatj, differed
significantly between cultivars IDN and PL (data sbhbwn). For parameteg Kt), sensitivity
analysis showed th&g  had a strong effect on citrate concentration enttiree cultivars, but
not j3. These results suggested thai(th could be assumed to be constant in the three
cultivars (i.ej3=0). Comparison of AICc values showed thkat differed significantly among
cultivars. For parameter 4t), sensitivity analysis showed thif; had a strong effect on
citrate concentration in the three cultivars butjpoThese results suggested that(R could
be assumed to be constant in the three cultivaesj{F0). Comparison of AICc values
showed thaK,, did not significantly differ between cultivars IDAhd PL. For parameter
Ks (1), sensitivity analysis showed thi&g  had a strong effect on citrate concentration & th
three cultivars, and th@ had no effect on citrate concentration in cultividsl and PL but
was highly influential in cultivar PIB. These reasiduggested thatsk(t) could be assumed to
be constant in cultivars IDN and PL (ije=0). Comparison of AICc values showed ti&t;
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did not significantly differ between cultivars IDahd PL. For that reason, a reduced model

(POSTHARVEST?2) was tested wheggeandj, were null for the three cultivarg; was null for

cultivars IDN and PL; j; was null for cultivar PJB; an#&,, and Ks, were the same for

cultivars IDN and PL, reducing the number of estedaparameters to 13. Based on the

comparison of AICc values, the POSTHARVESTZ2 modasthe bestTable 111-6). Values
of the estimated parameters of the model POSTHARNESe summarized ihable I11-7.

Table 1lI-6 Results of model selection using AlCc riteria. The superscript names following the

parameters refer to banana cultivars IDN, PJB and B. Parameters followed by more than one
superscript name have the same values as the conpesding cultivars.

Model Estimated parameters Fixed parameters AlCc
idan idn idn 1an idn idn idn 1dn
kl,g )ml ||Q,g )m3 )K4,g ,m4 IKS,g |m5 ’
k Pl .m pJ , pJ .m Pl K Pl ’ pJ K pJ .m pJ ’ -795
HARVESTL 9 |l i?’g | 3 | 49 | m4| 5’? |5
kl,gp ’mlp sk3,gp ’m3p ,K4,gp ’m4p ,KS,gp lm5p
kl,g|dn,pjb,p'k3,9|dn,pjb,p'K4,g|dn,pjb,p, mlldn,pjb,p=m3|dn,pjb,p= m4|dn,pjb,p=0
idn idn
PRE- Ksg Mg,
i i -877
HARVEST?2 Ks,ng ’mSPJ ’
| |
Ks g, ms’
idn ; idn idn ; idn 1dn ; idn idn ; idn
1,r )Jl 1] ,r )J3 |K4,I' )J4 )K5,I' )J5 1]
POST- ib : oib ib: pib ib : pib ib : pib
HARVEST1 kl,l’pJ ’le] ’k3,l’pJ sJ3pJ ,K4erl sJ4pJ s"<5,l’pJ sJ5pJ ] '180
I pl I pl I pl I pl
kl,l'p lep sk3,l’p lj3p 1K4,I'p sJ4p 1I<5,I’p a]5p
idn ; idn idn - pib—; idn,pl_; idn,pjb,p— ; idn,pjb,p—
rod1 Ky, jiPP=jg P =) AP P A PRP=Q
| pl |
POST- kl,l'p |le ,IQ,rp )
idn,pl idn,p! -223
HARVEST?2 K4,r ’ ,K5,r o

bt pib ib ib : pib
ke ™ ks, P2 Ky PP K PP js”
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Table IlI-7 Estimated parameter values for the cultvars IDN, PJB, and PL according to the best
models during growth (model PREHARVEST2) and post-Brvest ripening (model
POSTHARVEST?).

Parameter Unit Value
PL IDN PJB

Model

PREHARVEST2
ka.ot) L.day* 9000
ks 1) L.day* 2
Ka,ot) L.day" 4000
Ks,ot) L.day* 0.0048*SDW(ty* | 0.0012*SDW(t}* [ 0.0017*SDW/(tf*
Model

POSTHARVEST2
k(1) L.day" 5634* ¢ 4904*f 9887
ks, (t) L.day* 531 0.17 0.08
Ka.((t) L.day* 3965 6889
Ks.(1) L.day" 1.0e-04 1.03*

3.3.3Evaluation of the PREHARVESTZ2 and POSTHARVEST2 mdsle

Citrate concentrations simulated by the models PREVEST2 Fig. 111.16) and
POSTHARVEST2 Fig. 111.17) were in good agreement with values observed éntlinee
cultivars. RMSEs and RRMSEs of predictions of deden 2011, quantifying the goodness of
fit, were satisfactory, with values ranging betwe®f4 and 1.08 mmol.100g FW and
between 0.15 and 0.40 respectively. Model validati@s also satisfactory, as revealed by
RMSEs and RRMSEs of predictions of data from 20t values ranging between 0.20 and
0.98 mmol.100g FW, and between 0.17 and 0.35 respectively. Stalstinalysis revealed
that the PREHARVEST2 and POSTHARVEST2 models ctgesmmulated the strong effect
of cultivar and fruit age on citrate concentratauring banana developmemgpendix 5.1
and 5.2. The PREHARVEST2 and POSTHARVEST?2 models predititde or no effect of

fruit load and potassium fertilization on citratencentration during banana development,
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consistent with observed data. The POSTHARVEST2ahpredicted a small effect of fruit
age at harvest, consistent with observed data,wag not able to simulate the minor
differences correctly (data not shown).

IDN PJB PL
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Figure 111-16 Measured (dots) and simulated (linesxitrate concentrations in the banana pulp of
cultivars IDN, PJB, and PL during fruit growth. The cultivars were grown under two contrasted
fruit loads in 2011 (LL: low fruit load; HL: high f ruit load), and two contrasted levels of
potassium fertilization in 2012 (NF: no potassium drtilization; HF: high level of potassium

fertilization). Data are means # s.d 1§=6). The RMSE (mmol.100 g FW) and RRMSE are
indicated in each graph.
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Figure I1I-17 Measured (dots) and simulated (linesxitrate concentrations in the banana pulp of
cultivars IDN, PJB, and PL during fruit post-harvest ripening. The cultivars were grown under
two contrasted fruit loads in 2011 (LL: low fruit load; HL: high fruit load), and two contrasted
levels of potassium fertilization in 2012 (NF: no ptassium fertilization; HF: high level of
potassium fertilization). In 2011, fruits were hanested at two different stages: early stage (70%
of FYT) and late stage (90% of FYT). Data are means s.d f=6). The RMSE (mmol.100g F\W)
and RRMSE are indicated in each graph.
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3.3.4Predictions of metabolic fluxes

The metabolic fluxes of the TCA cycle predicted the models PREHARVEST2 and
POSTHARVEST?2 are presentedhiyg. 111.18 for the three cultivars. During banana growth,
all the metabolic fluxes underwent a continuouseaase in the three cultivagss, ¢2, ¢4, and
o3 followed the same pattern, bpg was a lot lowergs andeg followed the same pattern. All
the metabolic fluxes were highest in cultivar P@ii&n in cultivar PL and lastly in cultivar
IDN. During post-harvest ripeninga, ¢2, andes dramatically increased in the first two days
after ethylene treatment and then remained constaait three cultivarses, ¢2, andes were
highest in cultivar PJB, then in cultivar IDN anasily in cultivar PL. There were great
differences in the pattern o, ¢s, andps among cultivars during ripenings increased from

0 to almost 0.05 mmol.ddyin cultivar IDN, decreased from 0.12 to almost fhahday™ in
cultivar PL, and was equal to zero in cultivar PgBdecreased from 1 to almost 0 mmol.day
Yin cultivar PJB, and was equal to zero in cultivB®® and PL.gs decreased from 1 to
almost 0 mmol.dayin cultivar PJB, increased from -0.1 to O in cultiRL, and decreased
slightly from 0 to negative values in cultivar IDN.
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Figure 111-18 Metabolic fluxes of the TCA cycle prdicted by the citrate model during fruit
growth and post-harvest ripening for the cultivarsIDN, PJB, and PL.
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3.3.5 Sensitivity analysis of the PREHARVEST2 and POSTRXEST2 models

A normalized sensitivity coefficient (SC) was calteld to identify model responses to
variations in parameters and inputs. A positive arahative sign of SC correspond,
respectively, to a response in the same or rewrsetion as the variation in the parameter or
input. The larger the absolute value of SC, theensa@nsitive the model is to the parameter or
input. Since the SC behaved similarly between y&ara given cultivar, only results in 2011
are presented. For the sensitivity analysis dupogt-harvest ripening, the SCs behaved
similarly between the two harvest stages in a gimgtivar, so only results for 70% of FYT
are presented. During banana growth, the SCs aihpgters of the PREHARVEST2 model
showed globally the same pattern among cultivaig. (11.19). Parameters Cmgd Ksqand

ms greatly influenced citrate concentration in alieth cultivars, whereas other parameters had
little effect. The SCs of Cmgl and Ks4 increased during the first part of growth and
remained almost constant at about +1.0 in the separt. The SC afns was slightly negative

in the early stage of growth, and then dramaticaityeased to reach +1, +3, and +3.5 at the
end of growth in cultivars PL, IDN and PJB respegfy. During post-harvest ripening, the
SCs of parameters of the POSTHARVEST2 model diffegecatly among cultivars-(g.
[1.20). In cultivar PL, parameters Cpw ki ji, and ks, greatly influenced citrate
concentration since the absolute value of their @@shed 2.5 at the end of ripening. The SC
of ks, became more and more negative during ripeningredasethe SCs of Cpyy, ki r, andjs
became more and more positive. In cultivar IDN,th# parameters had little influence on
citrate concentration, except farfor which the SC increased to +1 at the end ofniipg In
cultivar PJB, parameters CrgalKs,andjs were the most influential. The SCs of these three
parameters were positive and increased during mgdoit remained lower than +1.

During banana growth, growth parameters influencédate concentration in a
cultivar dependant manndfig. 111.21). The sensitivity of the PREHARVEST2 model tq C
was higher in cultivars IDN and PJB, than in c@ti’L. The SC of gincreased in the first
part of growth, and remained almost constant tlitnealhe PREHARVEST2 model was
very sensitive to R and t at the beginning of growth, and less at the eralaialyze the
sensitivity of the POSTHARVEST2 model to pulp growparameters, we combined the
models PREHARVEST2 and POSTHARVEST?2. We took irdooant the six days of fruit
storage at 18 °C between harvest and ethylenentesét and assumed that, during that
period, fruit respiration was equal to growth mair@nce respiration. During post-harvest
ripening, G, had a positive effect on citrate concentratiothi cultivar IDN, and a negative

effect in cultivars PJB and PIEig. 111.21). Ry, had a negative effect on citrate concentration
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in all three cultivars.,thad a negative effect on citrate concentrationuttivar IDN, and a
positive effect in cultivars PJB and PL.

We analyzed the effect of changes in pulp respinatin citrate accumulation by
studying the sensitivity of the two models to reafion parameters and temperatuifégy(
[11.21). During banana growth, respiration parameterstamgerature had no effect on citrate
concentration in any of the three cultivars. Duripgst-harvest ripening,qand storage
temperature greatly influenced citrate accumulaitioa negative way in cultivar PL and to a
lesser extent in cultivar IDN, but had no effectcidtivar PJB. @, had a positive effect on
citrate accumulation in cultivar PL, a limited effen cultivar IDN, and no effect in cultivar
PJB.
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fruit growth for the cultivars IDN, PJB, and PL.
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Figure 111-20 Normalized sensitivity coefficients d the parameters of the citrate model during
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3.4 Discussion

3.4.1Predicted variability in citrate metabolism amongltvars and between pre- and post-

harvest stages

The model proposed in this study satisfactorily wdated the dynamics of citrate
concentration during the pre- and post-harvestestad banana development, despite the fact
that they do not account for every detailed phygjmal process involved in citrate
accumulation (e.g. the GABA shunt (Liet al, 2004), vacuolar storage (for review see
(Etienne et al, 2013b)). The main advantage of this model is thagjives a possible
explanation for differences in citrate accumulatimiween the pre- and post-harvest stages,
and among cultivargFig. 111.22). During banana growth, the model predicted a common
metabolic scheme for the three cultivars withclose to zero, and consequengiywas equal

to @s. Thus, during the pre-harvest stage, the impornnafate into the mitochondria drove
citrate production. This result was consistent whih fact that the most influential parameters
were those related to the transport of malate actils mitochondrial membrane, namely
Cmaly: and Ks(t). The model suggested that differences in @tratcumulation among
cultivars during banana growth were due to diffeemnings, and in particular in Kq(t),
which reflects the activity of malate mitochondriednsporters. In the three cultivars; g&)
increased during banana growth but increased momultivar PJB than in the two other
cultivars (data not shown). It is known that thepmssion of mitochondrial malate
transporters varies during fruit development (Ragdalet al, 2013). The absence @k
suggests that the pyruvate imported into the mitodha throughp, could completely satisfy
the fruit energy demand, with no need to produce @muvate via the mitochondrial malic
enzyme reaction.

During post-harvest ripening, the model predicted same metabolic scheme as
during growth in the cultivar PJB, i.e3 close to zero and thug equal tops. Therefore, in
cultivar PJB, the import of malate into the mitondda drove citrate production during post-
harvest ripening, which is consistent with Cgpahnd K 4t) being the most influential
parameters. In cultivar PJB,si{t) was important at the beginning of ripening ahén
decreased dramatically (data not shown), explainivity the concentration of citrate
increased significantly in the first days afteryétine treatment and then remained almost
constant. In cultivars IDN and Plps was positive ands was equal to zero during post-
harvest ripening. Consequently; was equal togs and was therefore negative, explaining
the decrease in citrate concentration, and the tivegaensitivity of the model toskt).

Comparison of the models and sensitivity analysidicated that k(t), which reflects
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mitochondrial NAD-malic enzyme activity, can be @s®d to remain constant during post-
harvest ripening in the three banana cultivarsgesting that NAD-malic enzyme activity is
likely to vary little during this stage. Borsaniat (2009) observed no significant changes in
NAD-malic enzyme activity during post-harvest ripen in peach. Differences in citrate
concentrations between cultivars IDN and PL were wudifferences iz, and in particular

in k3 {(t). There is no information in the literature ceming the possible involvement of
mitochondrial NAD-malic enzyme in the differencednidity among fruit cultivars, but the
model suggests this could be an interesting aveénusxplore. In the end, it appears that
screening for a genotype with low mitochondrial atal transport activity or high
mitochondrial NAD-malic enzyme activity could beettmost promising way to achieve a low

citrate concentration in ripe banana fruit.
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Figure 11lI-22 Schematic diagram of the differencesin organic acid metabolism in the
mitochondria predicted by the model between cultives IDN, PJB, and PL during banana
growth and post-harvest ripening. The thickness othe arrow shows the importance of the
metabolic flux. The color of the arrow indicates chnges in the metabolic flux over time: blue
means decrease, red means increase, and black mealsost no change.
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3.4.2Model behavior

Citrate concentration was not sensitive to pulgpiraton during banana growth, as also
observed in simulations on peach by Wu et al. (2@@1)g the citrate model of Lobit et al.
(2003). Indeed, their simulations showed little mr effect of fruit respiration on citrate
concentration during the first part of peach grqwith. before ripening. During post-harvest
ripening in our study, the sensitivity of citratencentration to pulp respiration differed
among cultivars. In cultivar PJB, citrate concetntra was not affected by pulp respiration,
whereas in cultivars IDN and Pthere was a negative relationship between pulpiragm
and citrate accumulation in agreement with simafegi on peach by Wu et al. (2007).
According to our model, in these two cultivars, regsing pulp respiration increased
without replenishment of the pool of mitochondmablate viags. Therefore, citrate must
have been imported into the mitochondria and cdedeinto malate, leading to a decrease in
citrate concentration. Temperature, which is onthefparameters that drives pulp respiration,
negatively affected the concentration of citrateirty post-harvest ripening in cultivars IDN
and PL. This is in accordance with the fact thatfraquently observed in field experiments,
high temperatures reduce fruit acidity (for revieee (Etienneet al, 2013b)). This is an
interesting outcome of the model since temperatugevariable that is easy to control during
post-harvest ripening. However, this result firstaeto be checked experimentally to see if
model simulations correctly reproduce the effect stbrage temperature in a cultivar
dependant manner.

According to the model, increasing fruit loads ldadhigher citrate concentrations
during fruit growth and to lower citrate concentwas during ripening. These predictions are
in agreement with observations in agronomic expenitsi on peach (Wet al, 2002) and
mango (Léchaudett al, 2005b). The effects of fruit load predicted by thhodel varied in
intensity depending on the cultivar. The simulasigerformed by Wu et al. (2007) on peach
using the citrate model of Lobit et al. (2003) afzedicted different responses of citrate
concentration to pulp growth between two cultivafbie effects of fruit load on citrate
concentration predicted by our model were the texfuh modification in pulp growth. In the
three cultivars, fruits grown under low fruit lodthd higher @, which represents the
maximum absolute growth rate of the pulp during pliép cell filling period (Jullieret al,
2001a) Appendix §. In the second part of banana growth, increaSinded to an increase in
pulp fresh weight, and in net citrate productiondese of the increase i |{t) due to higher
pulp structural dry weight (data not shown). In thed, the effect of & on citrate
concentration depended on whether the dilutionceffeas greater than the increase in citrate
production (or not). If the increase in citrate progion is comparable to the increase in pulp
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fresh weight, the concentration of citrate will radftange, which may explain the lack of
influence of fruit load on citrate concentratiorsebved in our field experimeruring post-
harvest ripening, in addition to increasing the ama@f pulp citrate and pulp fresh weight at
harvest, increasing C affected post-harvest citrate metabolism in a it dependant
manner. In cultivars IDN and PL, increasing, (creased pulp respiration, which in turn,
increased citrate degradation. On the contranguitivar PJB, G had no effect on citrate
metabolism because in this case, the model wasamsitive to respiration (data not shown).
The minor effect of potassium fertilization on at# concentration predicted by the model
during post-harvest ripening was the result of ricalions in pulp growth. Fruits grown
under contrasted potassium fertilization had deifrergrowth parameterfppendix J that
affected citrate concentration during post-harvgstning in a cultivar dependant manner

(see. sensitivity analysis).

3.4.3 Model validation

Globally, the model presented in this study fag8tisfactorily reproduced the absence of an
effect of fruit load and potassium fertilization oitrate concentration during the pre- and
post-harvest stages of banana development, and nfays be adequate for agronomical
purposes. However, the robustness of the modelsnieebe tested on further replications of
study over several years, and with growing condgithat lead to significant differences in
citrate concentration. The validity of flux predats could be tested by comparing them to
experimental measurements of metabolic fluxes. Kimd of approach is commonly used to
model metabolic flux and helps constrain the flauson space (Sweetlovet al, 2013).
Moreover, Sweetlove et al. (2013) suggested thatlmoéic input and output are the key
drivers of flux distribution, more than enzyme rkgion. Consequently, the precise
determination of the input metabolites consideredur model (cytosolic malate and pyruvate
concentrations) should help improve metabolic mtahs. In the present model, cytosolic
malate and pyruvate concentrations were assumiee tonstant during banana development,
whereas in reality they certainly fluctuate sinikeyt play a role in the regulation of cytosolic
pH (Smith and Raven, 1979).

3.5Conclusion

The model of TCA cycle functioning proposed in teisidy predicted the concentration of
citrate in banana pulp with fairly good accuracyainange of cultivars. The model helped to

dissect differences in citrate concentration amaulgvars. In particular, the model suggested
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major differences in TCA cycle functioning amongtars during post-harvest ripening of
banana, and pointed to the potential role of NADienanzyme and mitochondrial malate
carriers in the genotypic variability of citrate cemtration. In the future, linking such models
with a model for malate (Lob#t al, 2006), and a model relating titratable acidityl quulp
composition (Etiennet al, 2013a), would be a useful way to study fruit agidvioreover,
the present model could be incorporated in a bisigay fruit growth model to simulate the
dynamics of fruit fresh and dry mass (dial, 2008; Fishman and Génard, 1998), the main
inputs of the model. The integrated model wouldilitate identification of the key
physiological processes responsible for the regmonsf banana growth and citrate
concentration to environmental and management tondi Finally, the model proposed in
the present study can be used as a conceptualfbagsi®deling citrate accumulation in other

fruit species.
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1 Bilan des connaissances acquises

Dans ce travail, des approches expérimentales atadktlisation écophysiologiques ont été
utilisées pour analyser et disséquer les procasgsiugilotent I'acidité de la banane en pré et

post récolte, et étudier les effets du génotypkestconditions de croissance du fruit.

1.1Ll’acidité de la banane est fortement influencée pade génotype et peu par les
conditions de croissance du fruit

L’approche expérimental@Chapitre Il) a permis de quantifier I'effet dedharge en
fruit, de la fertilisation potassique et du staderécolte sur les concentrations en citrate et
malate dans le fruit au cours des phases pré eré¢mdte chez trois génotypes contrastés en
acidité. Nous avons choisi dans cette approcheédendposer la concentration du citrate et du
malate par gramme de matiére fraiche en trois cearges :

- la concentration par gramme de matiére sechetstale de chaque acide qui est liée au
métabolisme et transport des acides,

- le rapport de la matiére seche non structuratelssumatiere séche totale qui permet de
quantifier la dilution des acides parmi les compgasén structuraux stockés dans les cellules
(sucres, amidon, minéraux,...),

- la teneur en eau de la pulpe qui permet de diena dilution des acides par accumulation

d’eau.

Cette décomposition a permis de disséquer l'effeg&hptype et des facteurs agronomiques
sur 'accumulation des acides dans la pulpe.

Des difféerences de profils d’accumulation du cérat du malate ont été observées
entre les trois génotypes aussi bien pendant Issance que pendant la maturation post
récolte des fruits. La phase de croissance corréspame phase d’accumulation des acides
chez les trois génotypes mais a des vitesses dltigs. Durant la maturation post récolte,
d’'importantes différences d’évolution des teneurseides dans la pulpe sont apparues entre
génotypes. La teneur en malate a fortement augneenti&but de maturation pour atteindre
des niveaux différents selon le génotypa.teneur en citrate a quant a elle diminué tout au
long de la maturation chez deux génotypes (IDN gt Bt a augmenté chez le troisieme
(PJB). La décomposition des teneurs en acides ldamslpe en trois composantes (décrites
précédemment) a montré que cette variabilité g@mpute était principalement due a des
différences au niveau du métabolisme et/ou transjesr acides.
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Les effets des facteurs agronomiques sur chacursee cdenposantes deécrites

précédemment ont été les suivants :

Effet de la charge en fruit :

La teneur en eau a légérement diminué avec la elardruit en pré et post récolte pour
les trois génotypes.

Le rapport de la matiére seche non structuraldasunatiére séche totale, ainsi que la
concentration des acides par gramme de matiere salcturale n'ont pas été affectés
par la charge en fruit pour les trois génotypes.

Finalement, pour les trois génotypes, la concentrates acides par gramme de matiere

fraiche n’a pas été significativement affectéelpaharge en fruit.

Effet de la fertilisation potassique :

La teneur en eau et le rapport de la matiere seohestructurale sur la matiere seche
totale n'ont pas été affectés par la fertilisagpmtassique pour les trois génotypes.

Pour le génotype IDN, la concentration des acidas gramme de matiére seche
structurale a Iégerement diminué dans les fruissbdmaniers ayant recus une dose €élevée
de fertilisation potassique. Pour les génotypes BUBPL, il n'y a eu aucun effet
significatif observeé.

Finalement, pour les trois génotypes, la concentrates acides par gramme de matiere

fraiche n’a pas été significativement affectéelgdertilisation potassique.

Effet du stade de récolte :

La teneur en eau des fruits récoltés tardivemeétealégérement plus élevée pour le
génotype IDN et [égerement plus faible pour lesotées PJB et PL.

Le rapport de la matiere séche non structuraldéasomatiere seche totale a été plus faible
dans les fruits récoltés tardivement pour les tgéisotypes.

Les concentrations des acides par gramme de ma#gehe structurale et par gramme de
matiere fraiche ont été affectées par le stad@ctste chez les trois génotypes: en fin de
maturation post récolte, les concentrations emteitont été plus élevées dans les fruits

récoltés tardivement alors que celles en malatglobalement été plus faibles.

Ces études indiquent que les concentrations entenetacitrate dans la banane dépendent

fortement du génotype et peu des conditions desaace du fruit. Concernant les effets de la

charge en fruit sur l'acidité des fruits, il n'ygas eu d’autre étude a notre connaissance

réalisée sur la banane. Chez la mangue et la péehété observé un effet du rapport feuille :

fruit sur les teneurs en malate et citrate pendmrdroissance du fruit (Lechaudel, 2005 ;

Souty, 1999 ; Wu, 2002). Une étude sur la mangagas mis en évidence d’effet significatif
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du rapport feuille : fruit sur I'acidité des fruigh post récolte (Joas, 2012). Concernant I'effet
de la fertilisation potassique, nos résultats santésaccord avec ceux de Kumar et Kumar
(2007) qui ont observé une diminution de I'aciditéable des bananes mdres en réponse a un
niveau élevé de fertilisation potassique. Les efféti stade de récolte que nous avons
observés sur l'acidité des fruits pendant la matmmasont en accord avec les résultats
obtenus sur Cavendish par Bugaud et al. (2006). e&xg®rimentations agronomiques
présentées dans ce travail ayant été réalisées diensonditions agro-environnementales
particulieres et sur un nombre restreint de géenstypes résultats obtenus devront étre

confirmés dans d’autres environnements et pourtiawenotypes.

1.2 Identification des parametres génotypiques et proasus physiologiques qui pilotent
I'acidité de la banane grace a la modélisation

Les données expérimentales acquises ont permisodstrgire et de valider des
modeles de prédiction des parametres d’aciditeadmhane (Chapitre 1ll). Un modele basé
sur la représentation des équilibres acido-basigueermis de prédire le pH et lacidité
titrable de la pulpe. Ce modele a montré que lgsroénants majeurs de I'acidité de la
banane sont les teneurs en acides organiqued€citnalate, oxalate) et en potassium de la
pulpe. Un modele d’accumulation du malate, basé usw représentation simplifiee des
mécanismes de stockage vacuolaire du malate einfasppel au modele pH, a permis de
simuler I'évolution des teneurs en malate dansilpgau cours des phases pré et post récolte
chez les trois génotypes. Un modele d’accumulatiorcitrate, basé sur une représentation
simplifié du cycle de Krebs, a permis de prédigvdlution des teneurs en citrate dans la
pulpe au cours des phases pré et post récoltdehénis génotypes.

Cette approche de modélisation a permis d’appaigsréléments de compréhension
sur les processus physiologiques qui pilotent dé€ide la banane en pré et post récolte, et
sur les parametres génotypiques a l'origine desatams d’acidité entre génotypes. Le
modele de fonctionnement du cycle de Krebs a pedaiprédire de maniere satisfaisante
I'évolution de la teneur en citrate, indiquant landtion clé de ce processus dans
'accumulation du citrate dans la pulpe des fruitse. modelesuggére également le réle
déterminant de I'enzyme malique mitochondriale es dransporteurs mitochondriaux du
malate dans les différences de teneurs en citbeereées entre génotypes pendant les phases
pré et post récolte. Le modéle de stockage vageadgpermis de simuler de maniére correcte
la teneur en malate, indiquant la fonction clé demcessus dans I'accumulation du malate

dans la pulpe des fruits. Le modele a mis en écelda réle déterminant de la variation
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d’énergie libre d’hydrolyse de I'ATP et du pH vataice dans les différences de teneurs en
malate observées entre génotypes et entre lesphiaset post récolte.

L’'analyse de sensibilité des modéles a permis dmtifier I'effet de certains facteurs
liés aux pratiques pré et post récolte sur lesutesnen acides dans la pulpe. Ainsi, le modéle
d’accumulation du citrate prédit un effet différeld la température de conservation selon le
cultivar sur la concentration en citrate pendant n@turation du fruit. Le modele
d’accumulation du malate prédit quant a lui untefiégatif de la température sur le stockage
du malate dans la vacuole pendant les phases psetécolte et quelque soit le génotype.
Ces résultats sont intéressants car la tempérasiirene variable facilement manipulable et
pourrait donc étre un facteur sur lequel jouer poodifier I'acidité des fruits. Cependant, a
notre connaissance, aucune étude expérimentatgéaenée a ce jour pour étudier I'effet de
la température de stockage sur l'acidité de la hama post récolte. Il serait donc intéressant
dans le futur de vérifier expérimentalement les usations des modeles. Le modeéle
d’accumulation du malate suggére que les concé@migaten acides organiques et en
potassium de la pulpe ont un effet important sacdumulation du malate dans la vacuole.
Dans les conditions de notre expérimentation er2 204 fertilisation potassique n'a pas
modifié la teneur en potassium dans les fruitspoes permettant donc pas de vérifier I'effet
prédit par le modéle. L’acquisition future de doesi@xpérimentales obtenues dans différents
scénarii agro-environnementaux conduisant a desutenen potassium dans les fruits

contrastées permettrait de tester ces prédictions.

1.3 Hypotheses et limites des modeles écophysiologiquiEsyeloppés

Les modeéles développés ont été construits sur & loes conclusions de la synthése
bibliographique réalisée au début de ce travail f@re ). Nous avons ainsi choisi de
modéliser le cycle de Krebs et le stockage vactelgui apparaissent comme les processus
déterminants de I'accumulation du citrate et du atealrespectivement. La qualité des
prédictions des modéles développés nous confodepbsteriori dans le choix de ces
hypothéses. Dans le futur, avec de meilleures éeseraces sur la compartimentation intra
cellulaire du citrate et du malate dans les cedlule fruit, ces modeles pourraient étre
ameliorés en considérant les difféerents compartimedlulaires, ce qui permettrait de
simuler les teneurs en acides dans le cytosol,itachondrie et la vacuole. De tels modéles
qui restent certes beaucoup plus difficiles a coirst et a paramétrer, donneraient une image
globale de la régulation de 'accumulation du ¢éret du malate dans le fruit.

Une amélioration envisageable du modele d’accutiouladu citrate en post récolte

pourrait étre de considérer le réle de I'éthylenasdia maturation des fruits climactériques
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comme la banane. La maturation de la banane edendéée par un pic précoce de
production d’éthylene qui s’accompagne de la caivarde I'amidon en sucre associée a une
augmentation importante de I'activité respiratdiBapatet al, 2010). Plusieurs études ont
réevélé le réle de I'éthylene dans la régulationndenbreux génes contrélant la fermeté, le
godt, la couleur et les arbmes du fruit (Bapatal, 2010). Il serait peut étre donc plus
pertinent de représenter I'évolution des paramekigs) et K (t) non pas comme une
fonction du nombre de jours apres traitement éttigiée, mais comme une fonction de la
concentration en éthylene dans le fruit. La prisecempte de I'éthylene pourrait peut-étre
permettre de mieux simuler la variabilité des tesean citrate entre les fruits. Evidemment,
cela nécessiterait de faire des mesures d’émissliétisylene des fruits qui seraient utilisées
comme entrées du modele (ce que nous n'avions pesleladas présent). On pourrait aussi
imaginer utiliser un modele pour prédire la concagiun en éthyléne dans la banane basé, sur
le modéle ETHY développé sur la péche par Gérna@bable (2005).

Concernant le modéle d’accumulation du malate, mwesis uniquement considéré la
pompe a proton vacuolaire ATPase et négligé ladePi& notre connaissance, aucune étude
n'a été réalisée a ce jour sur l'activité de lad3Piau cours du développement de la banane. Il
serait donc intéressant d’étudier expérimentaler@ecdntribution des deux types de pompes

afin de modéliser plus justement la génération dargiel électrique tonoplastique.

2 Perspectives de recherche

2.1 Modéle intégré d'élaboration de I'acidité : le modée MUSACIDE

Les modeéles développés dans ce travail (pH/actditgble, malate et citrate) sont
interdépendants puisque certains ont pour entréesat@mbles prédites par d’autres modeles.
Il est donc possible de construire un modéle iIEMUSACIDE) prédisant les différentes
composantes de l'acidité de la banane en combgemtrois modeles. Les relations entre les
difféerents modeles intégrés sont présentées darsglalV.1l. Les variables d’entrées du
modéele MUSACIDE sont le poids frais et sec de lip@ula température, et les teneurs en
oxalate et minéraux de la pulpe. Les teneurs teateiet malate prédites sont des entrées du
modele de pH et d'acidité titrable. Le pH prédir pa dernier modele est une entrée du
modele malate.

Afin de valider le modéle MUSACIDE, il faut vérifieue I'association des différents
modeles n’entraine pas une accumulation d’erreurspréglictions. Pour ce faire, les
prédictions du modele MUSACIDE a partir des vamabld’entrées des données des

expérimentations de 2011 et 2012 pour les trois tgpre ont été comparées aux données
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observées (Fig. 1V.2). Le modele MUSACIDE préditrdaniere correcte les concentrations
en citrate et malate dans la pulpe ainsi que smhté@ditrable en pré et post récolte. On peut
noter que le RRMSE élevé pour les acidités titsaipldites pendant la phase de croissance
n'est pas du a l'intégration des modeles puisqueuldité des prédictions était la méme dans
le modéle d’acidité titrable simple (cf. Chapittell).

Le modéle MUSACIDE permet donc de prédire I'évalntide 'ensemble des criteres
d’acidité de la banane en fonction de la croissaheda pulpe, de la température, de la
nutrition minérale du fruit, et de sa teneur enlatea Il peut donc étre utilisé pour simuler
I'effet de ces différents facteurs sur I'acidité debanane en pré et post récolte chez les
différents génotypes. Par exemple, nous avons 8intigffet de la température de
conservation sur les parameétres d'acidité pendamhaturation post récolte chez les trois
génotypes étudiés (Fig. 1V.3). Le modéle MUSACIDEegt une diminution des teneurs en
citrate et malate, et de I'acidité titrable en régwa une augmentation de la température. Il est
intéressant de noter que l'effet simulé de la teatpée n'a pas la méme intensité selon les
génotypes. Le modéle MUSACIDE pourrait donc ét@jssréserve de sa validation sur
d’autres jeux de données et pour d’autres géenotyoesoutil intéressant pour étudier les
interactions entre le génotype et I'environnemanpee et post récolte. De plus, ce modele
devrait étre transposable a d’autres especes de fmus réserve de quelques modifications

puisque les processus décrits sont communs adsudsuits.

................................. Cltl’ate model |
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Figure IV-1 Schematic representation of the MUSACIE model.
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Figure 1V-3 Simulated responses of pulp citrate cocentration, pulp malate concentration and
pulp titratable acidity to changes in temperature diring post-harvest ripening of cultivars IDN,
PJB, and PL.
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2.2 Apport du modele MUSACIDE pour I'étude de la physidogie du fruit

La démarche de modélisation que nous avons efiect@vere bénéfique pour
différentes disciplines puisqu’elle apporte dewiinfations sur la physiologie du fruit mais
révéle également des lacunes dans nos connaissaRoes les généticiens et les
physiologistes, [lidentification des processus ets dparameétres importants pour
I'accumulation du citrate et du malate dans letfroiirnit des pistes de recherche prioritaires.
Ainsi, dans le but d’étudier les déterminants @edumulation du citrate, il serait intéressant
d’axer les recherches sur les transporteurs mitwiieux du malate et sur I'enzyme malique
mitochondriale. Concernant I'accumulation du maléde recherches pourraient se focaliser
sur I'étude des pompes a protons vacuolaires, khtivité dépend entre autre de I'énergie
libre d’hydrolyse de I'ATP et du pH vacuolaire. Pdes modélisateurs, il apparait nécessaire
de se concentrer sur les processus identifiés compertants pour décrire I'élaboration de
l'acidité du fruit. Nous avons proposé des modalésrivant de maniere simplifiée le
fonctionnement du cycle de Krebs et du transporirddate a travers le tonoplaste. Dans
I'objectif de mieux comprendre la physiologie duwify il pourrait étre intéressant de
construire un modele métabolique décrivant par gkenbeaucoup plus finement les
différents flux du cycle de Krebs. Ce type de medaburrait se rapprocher des modeles de
flux métaboliques proposé par Alvarez-Vasquez et(2000) et Williams et al. (2010).
Cependant, la construction d'un tel modéle requikss données expérimentales de flux
métaboliques et ne peut donc se faire sans uraboodtion étroite avec les physiologistes.

Ce travail a donc fait ressortir la nécessité d'foree coopération entre modélisateurs,
physiologistes et généticiens. En effet, nous a@ésonfrontés au manque de données (en
particulier chez la banane) concernant I'évolutaes activités enzymatiques au cours du
développement du fruit ainsi que le contrble géptiet environnemental de ces activités.
L’interaction entre modélisateurs et biologistes éoalaires seraient bénéfique pour les deux
partis. En effet, cela apporterait aux modélisaedes renseignements précieux pour
représenter plus finement les processus physialegiqg et donnerait aux biologistes
moléculaires une vision intégrée des effets desigdraents observés au niveau cellulaire
(genes, protéines, métabolites) sur le fonctionmeémae la plante. Cette approche
pluridisciplinaire est en train de se développensdke but de construire de modeles multi-
échelles intégrant des données moléculaires a ddéles de croissance et de développement
des plantes (Baldazet al, 2012).

Le modeéle MUSACIDE peut étre un outil intéresspour tester des hypotheses
physiologiques et évaluer la contribution de cegamécanismes sur ['élaboration de

I'acidité. En effet, en comparant le modele actudes versions plus complexes intégrant des
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processus supplémentaires, il serait possiblesiertieffet de ces processus sur I'élaboration
de l'acidité. L’analyse du fonctionnement de modéeophysiologiques décrivant différents
processus permet de dégager des propriétés éneggent systeme décrit et de mieux
comprendre les interactions entre processus (HenB@D7). L’analyse du modele
MUSACIDE devrait donc permettre d’apporter des infations sur les liens entre les
différents processus interdépendants décrits. Rampgle, on pourra analyser l'effet de la
concentration cytosolique en malate sur 'accunnutatiu citrate et du malate puisque ce
parametre intervient dans les deux sous-modelesmbdele MUSACIDE pourrait étre
eégalement utilisé pour explorein silico l'effet de mutations sur les mécanismes
physiologiques liés a I'acidité du fruit. Il s’agit de faire varier la valeur d’un ou plusieurs
parametres pour créer différents mutants virtuelgcun défini par une combinaison de
valeurs de paramétres, et voir I'impact de ces timns sur les différentes variables du
modele. Cette approche a notamment été utilise€&spaard et al. (2010) sur le modele de
fruit virtuel et par Luquet et al. (2012) sur le déte Ecomeristem appliqué a la croissance du
rz.

Dans le futur, le modele MUSACIDE pourrait étre done a des modeéles
ecophysiologiques décrivant d’autres criteres irtgoas de la qualité de la banane tels que sa
teneur en sucres et sa teneur en matiére seche@wgy al, 2013). Cela permettrait
d’obtenir un modele complet de la qualité de laam@nqui serait un outil puissant pour la
compréhension de I'élaboration de la qualité dut fiui point de vue physiologique comme
cela a déja été demontré sur la péche (Géetaad, 2010). Pour prédire la teneur en matiere
séche, il faudrait développer un modele de cromsatu fruit prédisant I'accumulation en
matiere seche et en eau dans la pulpe. Un modabhysique d’accumulation de I'eau dans
le fruit (Fishman and Génard, 1998) a déja été Idgpé sur la péche et des travaux sont
actuellement en cours pour 'adapter au cas dearare. Un modele de prédiction du poids
sec de la pulpe de banane, basé sur une estintatioombre de cellules de la pulpe et de la
vitesse de remplissage de celles-ci, a été propas&lullien (2000) et pourrait donc étre
utilisé sous réserve de sa validation sur d’aygas de données. Pour prédire la teneur en
sucres, le modéle d’accumulation des sucres propasé&eénard et al. (2003) sur la péche
pourrait étre utilisé. La banane étant un fruit gtocke beaucoup d’amidon pendant la
croissance (Jullieet al, 2001a) contrairement a la péche, des modificatthnmodéle initial

seraient a envisager pour prendre en compte cattieyarité.
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2.3 Apport du modéle MUSACIDE pour 'amélioration varié tale

Notre travail a montré que le modéle MUSACIDE est autil intéressant pour
analyser la variabilité de l'acidité entre génotypBous avons pu identifier des parametres
génotype-dépendants ayant une grande influenclesworties du modele\Garp et pHvac
pour la teneur en malate 5 t), Ks (1), ks (t) pour la teneur en citrate). Ces parametres sont
donc des cibles potentiellement intéressantes lpaacherche de QTLs en vue d’améliorer la
qualité gustative de la banane par sélection assipair marqueurs. Pour envisager la
recherche de QTLs de ces parametres, il sera radeeds les estimer chez un grand nombre
d’individus. La recherche de QTLs de parametresndeéeles ecophysiologiques a déja été
réalisée avec succes sur la péche (Qeilat, 2005) et la tomate (Prudegital, 2013).

Ces dernieres années, de nombreuses études ontémluiilité des modeles
écophysiologiques combinés a des modéles génétueslisséquer les interactions entre le
génotype, I'environnement et les pratiques culasakt proposer des idéotypes ayant des
caractéristiques particulieres, adaptés a des tonsli spécifiques ou conduisant a des
systémes de production durables (Leteirtal, 2008; Quilot-Turionet al, 2011; Tardieu,
2003). Cette approche consiste a estimer la valdes paramétres du modele
ecophysiologique pour n'importe quel individu emdton de I'allele présent a chaque locus
associé aux QTLs détectés. Les premiers travauseptént ce type d’approche ont été
appligués a un modele architectural de l'orge (B8oklin and Bachmann, 2000). La
combinaison de modéles génétiques et écophysialegigpermet une bonne prédiction de
I'association entre le génotype et le phénotypen{iar et al, 2006). Lifeng et al. (2012)
sont méme allés plus loin en proposant un modedptdsiologique de croissance du riz
intégrant un modele génétique reproduisant lesgssas de la reproduction sexuelle. Cette
étude a permis de montrer qu’il était pertinenhgrer des modéles QTLs dans les modéles
ecophysiologiques dans une optique de sélectioétabe virtuelle. Dans le cas du modele
MUSACIDE, si des QTLs sont détectés pour les pat@agenotype-dépendants, on pourrait
donc envisager de créer un modeéle génétique pdeuleales valeurs de ces parameétres en
fonction de lallele présent a chaque locus asseci®¢ QTLs détectés. Ces valeurs de
parametres pourraient ensuite étre introduites tlansodele MUSACIDE. La combinaison
des modeles génétiques et écophysiologiques pbaloas permettre de définir une stratégie
d’amélioration de la qualité gustative de la banamenme cela a été proposé sur la péche
(Quilot et al, 2005). Il s'agirait dans un premier temps de rdéfl’objectif de qualité
multicritere a atteindre, par exemple des valeugsipes d’acidité titrable et de concentrations
en acides. Ensuite, il faudrait déterminer grace naadele MUSACIDE, les jeux de

parametres qui permettent de parvenir a cet obj&dins une troisieme étape, les génotypes
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qui permettent d’obtenir ces valeurs de paramégesent caractérisés en identifiant les
combinaisons d’alléles nécessaires aux locus a&sso@i chaque parametre. Enfin, les
individus de la population possédant les génotyjaeacterisés a I'étape précédente seraient
identifiés afin de réaliser des croisements possambler les alleles favorables et améliorer la
gualité gustative de la banane. Si un modéle gldbala qualité de la banane est construit
dans le futur, il pourra également étre utilisé rpdéfinir des idéotypes répondant a des
objectifs multicriteres de qualité plus complex#sweadaptés a des systémes de productions

particuliers (Quilot-Turioret al, 2011).

5
Combinaisons Croisements Descendance
Modele QTLs il des individus q combinant les
A d’alléles R R
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Figure IV-4 Combining the QTLs and MUSACIDE models to define ideotypes of dessert
bananas. The QTLs model would allow prediction ofhe value of the genotypic parameters of
the MUSACIDE model for any combination of alleles {). Then the MUSACIDE model would

predict the corresponding parameters of acidity (2) Once the combined model (QTLs and
MUSACIDE) will be validated, it could be potentially used as follow to design ideotypes: First,
by inverting the MUSACIDE model, the values of gentypic parameters that lead to a certain

criteria of acidity could be found (3), then the dklic combination leading to this set of
parameters could be identified (4 and 5). The nexstep would be to cross the individuals
carrying the favorable alleles (6) and identifyingin the offspring the individuals gathering the

larger number of favorable alleles (7).
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Annexes

Appendix 1 Pictures of the fruits of three cultivars of dessert bananas used in the 2011
and 2012 field experiments and graphics showing threpartition of the different organic
acids present in the pulp of ripe banana fruit.

Indonésia 110 (IDN) Pisang Lilin (PL) Pisang Jari Buaya (PJB)

IDN PL

M citrate
M malate

MW oxalate

M isocitrate

PJB
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Appendix 2 LMM analysis of predicted and measured @ncentrations of malate (mmol.
Kg FW™) during fruit growth and post-harvest ripening.

Linear mixed-effects models [LMMs (Gatecki and Bykawski, 2013)] were used to
examine the relationship between malate conceotrand explanatory variables (fruit age,
cultivar, treatment), and interactions. We useddgatéc and cubic terms of fruit age when the
curve passed through a maximum and had an asynealethape. We used the Ime function
in the ‘nime’ library (Pinheiro et al., 2013) inglstatistical program R 2.14.0. “Banana plant”
was treated as a random effect because banana planeé assumed to contain unobserved
heterogeneity, which is impossible to model. A tenap correlation structure was used to
account for temporal pseudo-replication. Model dgd@ was made using the top-down
strategy (Zuur et al., 2009): starting with a moelwhich the fixed component contains all
the explanatory variables and interactions, we dotlne optimal structure of the random
component. We then used the F-statistic obtaineith westricted maximum likelihood
(REML) estimation to find the optimal fixed struatu=inally, the significance of each factor
kept in the optimal model was assessed using #tatistic obtained with REML estimation.
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Appendix 2.1 LMM analysis of predicted and measuredconcentrations of malate
(mmol. Kg FW™) during fruit growth. The factors studied were fruit age, cultivar, and
pruning treatment in the 2011 experiment, and fruit age, cultivar, and potassium
fertilization in the 2012 experiment.

F-value® and significanc8

Predicted malate Measured malate

Year Factors

concentration concentration
2011
C 51*** 79***
Ns Ns
78*** 1599***
a2 Ns 44x**
a Ns g**
‘a Ns Ns
10*** 155***
c.p Ns Ns
c:p:a Ns Ns
2012
C 77*** 92***
f Ns Ns
a 8** 560***
a2 7** 70***
a 5* 6**
c:a Ns 54 %%
c:f Ns Ns
f:a Ns Ns
c:fra Ns Ns

% The F-value is given only for the factors kepthe pptimal model.

b+ p_value < 0.001; ** p-value < 0.01; * p-valu€k05 ; Ns : not significant.

¢ Codes for factors: c=cultivar; p=pruning treatmeasfruit age (in % of flowering-to-yellowing time);

f=potassium fertilization treatment.



Appendix 2.2 LMM analysis of predicted and measurednalate concentration (mmol.
Kg FW™) during post-harvest fruit ripening. The factors gudied were ripening stage,
fruit age at harvest, cultivars, and pruning treatment in the 2011 experiment, and
ripening stage, cultivars, and potassium fertilizaibn treatment in the 2012 experiment.

F-value® and significanc8

Measured malate

Predicted malate
Year Factors

concentration concentration
2011
(o 199*** 284***
p Ns Ns
a 6* 11**
r 363*** 327%**
r2 563*** 241***
r 12%%x Ns
p:r Ns Ns
a:c 4* 15%**
a:r Ns 15%**
c:r Q2*** 50***
p:a Ns Ns
p:c Ns Ns
a.cr Ns Ns
p:a:c Ns Ns
p:a:r Ns Ns
p:a:c:r Ns Ns
2012
C 139*** 73***
f Ns Ns
r 47 3x** 386***
r2 341*** 184***
rs Ns Ns
c:f Ns Ns
c:r 46*** 51***
frr Ns Ns
c:f:r Ns Ns

& The F-value is given only for the factors retaiffiean the optimal model.
Paxx n_value < 0.001; ** p-value < 0.01; * p-value<5; Ns: not significant.
¢ Codes for factors: c=cultivar; p=pruning treatmeatfruit age at harvest; r=ripening stage; f=psitas

fertilization treatment.
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Appendix 3 Observed pulp dry weight vs. pulp dry waght predicted by the growth
expolinear model for cultivars IDN, PJB, and PL in2011 and 2012.
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Appendix 4 Variations in the maintenance respiratio coefficient g, during post-harvest
ripening of banana in cultivars IDN, PJB, and PL (A B, and C), and predicted vs.
measured fruit respiration (D).
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Appendix 5 LMM analysis of predicted and measured itrate concentration (g. 100 g
FW™) during fruit growth and post-harvest fruit ripeni ng.

Linear mixed-effects models [LMMs (Gatecki and Bykawski, 2013)] were used to
examine the relationship between citrate conceaatraind explanatory variables (fruit age,
cultivar, treatment), and interactions. We useddgatéc and cubic terms of fruit age when the
curve passed through a maximum and had an asynealethape. We used the Ime function
in the ‘nime’ library (Pinheiro et al., 2013) inglstatistical program R 2.14.0. “Banana plant”
was treated as a random effect because banana planeé assumed to contain unobserved
heterogeneity, which is impossible to model. A temapeorrelation structure was used to
account for temporal pseudo-replication. Model dgd@ was made using the top-down
strategy (Zuuet al, 2009): starting with a model in which the fixeohtgponent contains all
the explanatory variables and interactions, we dothne optimal structure of the random
component. We then used the F-statistic obtaineith westricted maximum likelihood
(REML) estimation to find the optimal fixed struatu=inally, the significance of each factor
kept in the optimal model was assessed using #tatistic obtained with REML estimation.
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Appendix 5.1 LMM analysis of predicted and measurectitrate concentration (g. 100 g
FW™) during fruit growth. The factors studied were fruit age, cultivar, and pruning

treatment in the 2011 experiment, and fruit age, dtivar, and potassium fertilization in

the 2012 experiment.

F-value® and significanc8

Predicted citrate Measured citrate

Year Factors

concentration concentration
2011
C 20*** 16***
p 6* Ns
5649*** 2703***
a2 224%** 184***
a Ns Ns
p:a 22%** Ns
C a 27*** 7***
c:p Ns Ns
c:p:a Ns Ns
2012
C 5* 28***
f Ns Ns
a 4239*** 1603***
a2 208*** 142***
a 1 5%+ Ns
C a 36*** 8***
c:f Ns Ns
f:a Ns Ns
c.fra Ns Ns

2 The F-value is given only for the factors kepthe pptimal model.

b+ p_yvalue < 0.001; ** p-value < 0.01; * p-valu€<05 ; Ns : not significant.

¢ Codes for factors: c=cultivar; p=pruning treatmeatfruit age (in % of flowering-to-yellowing time);

f=potassium fertilization treatment.
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Appendix 5.2 LMM analysis of predicted and measurectitrate concentration (g. 100 g
FW™) during post-harvest fruit ripening. The factors gudied were ripening stage, fruit
age at harvest, cultivars and pruning treatment inthe 2011 experiment, and ripening
stage, cultivars and potassium fertilization treatnent in the 2012 experiment.

F-value® and significancé

Measured citrate

Predicted citrate
Year Factors

concentration concentration
2011
C 517*** 496***
p Ns Ns
a Ns 23***
r 241*** 21***
r2 36*** 45***
r 6* 5*
p:r 10** Ns
a:c 15%** Ns
a:r 21 %** Ns
c:r 1204*** 212%**
p:a Ns Ns
p:c Ns Ns
a:.cr 35%** Ns
p:a:c Ns Ns
p:a:r Ns Ns
p:a:c:r Ns Ns
2012
C 147%** 252%**
f Ns Ns
r 106*** 6*
r2 20*** 29***
r TH Ns
c:f 6** Ns
c:r 564*** 104***
for Ns Ns
c:fur Ns Ns

& The F-value is given only for the factors retaiffiean the optimal model.
Pwxx p_value < 0.001; ** p-value < 0.01; * p-value<@ ; Ns : not significant.
¢ Codes for factors: c=cultivar; p=pruning treatmemtfruit age at harvest; r=ripening stage; f=psitas

fertilization treatment.
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Appendix 6 Estimated parameter values and standarcerrors (in parentheses) of the
expolinear growth model of pulp dry weight for thethree cultivars (IDN, PJB, and PL)
and two contrasted fruit loads (LL: low fruit load; HL: high fruit load) in 2011.

Cultivar Fruit load G Rm to
IDN LL 0.34 (0.02) 0.11 (0.03) 30.1 (2.4)
IDN HL 0.28(0.02) 0.11 (0.04) 29.7 (3.7)
JB LL 0.54 (0.03) 0.11 (0.03) 36.1 (3.0)
JB HL 0.40 (0.02) 0.13 (0.04) 30.4 (2.6)
PL LL 0.36 (0.02) 0.11 (0.03) 29.9 (2.7)
PL HL 0.32 (0.02) 0.12 (0.04) 30.92 (3.4)

Appendix 7 Estimated parameter values and standarcerrors (in parentheses) of the
expolinear growth model of pulp dry weight in the hree cultivars (IDN, PJB, and PL)
and the two contrasted levels of potassium fertiletion (NF: no potassium fertilization;

HF: high potassium fertilization) in 2012.

Potassium
Cultivar Cm Rm ty
fertilization
IDN NF 0.29 (0.02) 0.15 (0.08) 26.5 (2.9)
IDN HF 0.26 (0.03) 0.13 (0.08) 28.5 (5.0)
JB NF 0.34 (0.02) 0.21 (0.14) 28.4 (2.2)
JB HF 0.40 (0.04) 0.12 (0.07) 32.5(5.3)
PL NF 0.31 (0.02) 0.14 (0.06) 27.2 (3.0)
PL HF 0.33 (0.02) 0.16 (0.10) 25.2 (3.5)
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