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De quelle couleur sont les petits pois ?

Rouges parce que les petits pois sont rouges (les petits poissons rouges).

Qu’est ce qui est vert qui monte et qui descend ?

Un petit pois dans un ascenseur.

Quel est le comble pour un petit pois?

C’est d’étre vert de rage de ne pas pouvoir aller en boite!

Deux petits pois discutent :

- Tu étais ou hier ? On ne t'a pas vu en boite !

Que donne un combat entre un haricot et un petit pois ?

Un Bonduelle.

Pourquoi Dijon est la ville ou il y a le plus de célibataires ?

Parce que I'amour tarde (la moutarde).

Blagues Carambar, (Depuis 1965)
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Introduction générale



Est-il possible d’assurer a toute I'humanité une alimentation suffisante, de qualité,
saine et durable ? C’'est cette question qui était au centre de I'exposition universelle de 2015
a Milan dont le theme était « Nourrir la planéte, énergie pour la vie ». En passant d’une
population mondiale de 2 milliards d’habitants en 1930, a 7 milliards en 2011, le 20°™¢ siécle
a vu la demande alimentaire grandement augmenter en quelques décennies. Pour répondre
a cette demande croissante, un systéme de production agricole appelé agriculture intensive
fut mis en place, permis par la mécanisation de celle-ci (utilisation du charbon, puis du
pétrole), la création de variétés a haut rendement, et une utilisation massive de fertilisants,
d’eau et de pesticides. Bien qu’ayant permis une suffisance alimentaire, ce nouveau mode
d’agriculture a commencé a montrer ses limites, notamment pour la non prise en compte des
conséquences environnementales et I'effet néfaste des pesticides sur la santé. Ainsi, la perte
de fertilité du sol (due au large développement des cultures) compensée par I'utilisation
d’intrants, la perte de la biodiversité due aux pesticides, et une augmentation de la pollution
de I'eau avec une diminution de sa disponibilité, ont amené a une remise en question de ce
systeme et a la volonté de développer une agriculture plus durable et respectueuse de

I’environnement.

Parallélement, le marché mondial des protéines végétales menace de s’effondrer, di entre
autres, a la forte demande de la Chine qui concentre d'ores et déja 60 % des importations

mondiales de soja, tirant les prix a la hausse (Les Echos, https://www.lesechos.fr/2017/06/la-

chine-na-jamais-importe-autant-de-soja-157068). En effet, la convergence vers un mode de

vie occidentalisé avec un régime alimentaire a base de protéines animales (viande bovine,
lait), entraine par ricochet en Asie des besoins importants de protéines végétales, importées
d'Amérique (USA, Brésil, Argentine principalement), pour I'alimentation animale. A terme, les
flux d'exportation en provenance d'Amérique qui bénéficient actuellement a I'Europe
pourraient étre détournés au profit de I’Asie. En Europe, la dépendance en protéines végétales
importées est structurelle et repose sur des accords commerciaux négociés dans les années
1960. Pour 2010/2011, le niveau d’autosuffisance en France, toutes sources de protéines
incluses, est estimée a 60% (Plan Protéines Végétales pour la France 2014-2020,

http://agriculture.gouv.fr), ce qui souligne le poids des importations destinées a I'alimentation

animale (principalement graines et tourteaux de soja).


https://www.lesechos.fr/2017/06/la-chine-na-jamais-importe-autant-de-soja-157068
https://www.lesechos.fr/2017/06/la-chine-na-jamais-importe-autant-de-soja-157068
http://agriculture.gouv.fr/

C’est dans ces circonstances que I'agroécologie a été mise en avant afin de construire un
nouveau systeme de production agricole permettant une agriculture durable dans le respect
de I'environnement tout en répondant a la forte demande quantitative et qualitative en
protéines végétales pour I'alimentation animale et humaine. Une des principales pratiques
agroécologiques consiste en la réintroduction des légumineuses dans les systéemes de culture.
En effet, les [égumineuses produisent des graines riches en protéines, méme en |'absence de
fertilisation azotée grace a leur capacité a réaliser des symbioses avec des bactéries du sol (du
genre Rhizobium) fixatrices d’azote atmosphérique. Sa culture enrichit donc les sols en azote,
réduisant la nécessité d'une fertilisation azotée pour les cultures suivantes. Les légumineuses
sont donc des plantes d’intérét nutritionnel pour I'alimentation animale et humaine, et
d’intérét écologique et économique par I'enrichissement des sols en azote et la diminution
des besoins en engrais azotés. Preuve de leur importance au sein d’une agriculture plus
durable, le développement de la production des protéines végétales est le premier axe du plan
protéines végétales 2014-2020 mis en place par le gouvernement francais

(https://agriculture.gouv.fr/le-plan-proteines-vegetales-pour-la-france-2014-2020). De

méme, I'année 2016 a été déclarée année internationale des Iégumineuses par I’Assemblée
générale des Nations Unies afin de faire prendre conscience a la population de la valeur
nutritive des légumineuses et de leur contribution a une alimentation plus durable ainsi qu’a

la sécurité alimentaire.

Le pois protéagineux (Pisum sativum L.) est la légumineuse la plus cultivée en France qui est
le premier producteur européen avec 707 000 tonnes récoltées en 2017 (Source

UNIP/Arvalis/Terres Inovia/SSP, http://www.terresunivia.fr/). Le pois protéagineux produit

des graines riches en protéines (environ 23%). Elles ont une forte teneur en lysine, acide aminé
essentiel, mais sont pauvres en acides aminés soufrés, dont la méthionine qui est aussi un
acide aminé essentiel. Les animaux et les hommes sont incapables de synthétiser les acides
aminés essentiels et doivent donc obligatoirement les trouver dans leur alimentation. Les
graines de pois complémentent ainsi parfaitement les apports protéiques issus des céréales
qui sont a l'inverse pauvres en lysine et riches en acides aminés soufrés. Nécessitant moins
d’eau que le soja, la culture du pois s’integre parfaitement dans une agriculture

agroécologique.


https://agriculture.gouv.fr/le-plan-proteines-vegetales-pour-la-france-2014-2020
http://www.terresunivia.fr/
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Figure 1. Evolution des émissions de dioxyde de soufre dans le monde. Les émissions de dioxide
de soufre, présentées en million de tonnes, sont extraites de https://ourworldindata.org/air-
pollution. De 1850 a 2000 sont les données “Clio Infra national emissions”, puis sont présentées
les données de Klimont et al. (2013).




Malgré ces avantages nutritionnels, économiques et écologiques, la culture du pois
représente moins de 3% des surfaces agricoles en Europe (Voisin et al., 2013) en raison des
rendements instables entre années, d’une teneur en protéines des graines jugée trop faible
comparé au soja (23% de la matiére seche chez le pois contre 40% chez le soja (Burstin et al.,
2011)), et d’autres facteurs de la qualité des graines (ex. digestibilité, go(t). Les variations de
rendements entre années sont principalement dues a des stress biotiques (champignons,
insectes) et abiotiques (stress hydrique, carences nutritionnelles). Actuellement, une des
contraintes environnementales majeures affectant la survie de la plante et la productivité des
cultures est le stress hydrique. En effet, dans le contexte de changement climatique actuel,
les risques de sécheresse sont amenés a augmenter, rendant primordial une meilleure
compréhension de I'impact de ce stress sur la plante et les réponses mises en place par celle-
ci dans le but d’améliorer sa tolérance. De nombreuses études sur la réponse des plantes au
stress hydrique ont fait émerger un réle de la nutrition soufrée dans la tolérance des plantes
a ce stress (Rajab et al., 2019; Chan et al., 2013; Cao et al., 2014; Gallardo et al., 2014).
Cependant, un appauvrissement des sols en soufre a été observé, di a la diminution des
émissions de dioxyde de soufre qui ne cessent de baisser depuis les années 80 suite a la mise
en place des politiques de réduction des rejets industriels (Klimont et al., 2013) (Figure 1).
Aujourd’hui, le stress hydrique et la carence en soufre sont deux stress abiotiques qui peuvent
co-exister et donc interagir. Il devient crucial de s’intéresser a I'impact d’une telle interaction
sur le pois au cours de son développement, et aux conséquences sur le rendement et la qualité

des graines produites.

Ainsi, les objectifs de cette thése étaient de décrire I'impact d’une interaction entre ces deux
stress abiotiques que sont le stress hydrique et la carence en soufre au cours de la phase
reproductive sur le rendement et la qualité des graines de pois protéagineux, puis de
caractériser au moyen d’approches omiques les mécanismes moléculaires sous-jacents en se
focalisant sur les graines en cours de développement et les feuilles, sources de nutriments

pour les graines.

Ce manuscrit de these est structuré en cinq chapitres. Le Chapitre | présente une synthese
bibliographique regroupant les connaissances générales utiles a la compréhension des travaux
de thése. La stratégie d’étude ainsi que les objectifs du projet y sont détaillés a la fin. Les trois

chapitres suivants, Chapitre Il, lll et IV, correspondent aux résultats produits et analysés au



cours de ces travaux de thése. lls sont présentés sous forme d’article scientifique en anglais.
Les approches utilisées ainsi que les principaux résultats sont résumés en francais au début de
chaque chapitre. Les Matériels et Méthodes sont détaillés dans les chapitres de résultats.

Enfin, le Chapitre V contient une conclusion générale ainsi que des éléments de perspectives

pour les travaux réalisés.



Chapitre | : Synthese bibliographique
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Figure 2. lllustration des travaux de Mendel (A) Tableau représentant les sept caracteres
phénotypiques étudiés par Mendel. (B) Deuxieme loi de Mendel : Loi de disjonction des alleles.
Croisements de pois ayant des graines rondes jaunes avec des pois ayant des graines vertes
ridées. ‘A’ représente 'allere jaune et ‘a’ I'allele vert; ‘B’ représente I'allele pour une graine ronde
et ‘b’ I'allele pour une graine ridée. D’apres Encyclopadia Britannica, Inc.
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Figure 3. Origine du pois Pisum sativum L. Carte illustrant la region d’origine la plus probable du
pois (rouge), et les regions ol sa culture s’est propagée (vert).
(source : http://www1.biologie.uni-hamburg.de/b-online/schaugarten/PisumsativumL/PisumsativumL.gif)




1. Le pois : Généralités, enjeux économiques et contexte

agroécologique

1.1 Le pois en science

Au milieu du XIXe siécle, les observations faites par le moine autrichien Gregor Mendel sur le
pois ont permis de mettre en pratique les principes de la génétique mendélienne, fondement
de la génétique moderne. Mendel a choisi les pois pour ses expériences car il pouvait les
cultiver facilement, et développer des souches stables en les protégeant de la pollinisation
croisée et en controlant leur pollinisation (Olby, 2019). Mendel utilisait plusieurs caracteres
pour croiser les pois tels que la couleur de la graine (verte ou jaune), la couleur des fleurs
(pourpres ou blanches), la texture de leur graines (ridées ou lisses) (Figure 2A). Il a ensuite
observé la progéniture résultante. Dans chaque cas, un trait est dominant et tous les
descendants, ou génération Filiale-1 (abrégé F1), ont montré le trait dominant. Il a ensuite
croisé des membres de la génération F1 ensemble et observé leur progéniture, la génération
Filiale-2 (abrégée F2) (Figure 2B). Les plantes F2 avaient le trait dominant dans un rapport
d'environ 3:1. Mendel a ainsi expliqué que chaque parent avait un «vote» lors de I'apparition
de la progéniture et que le trait non dominant ou récessif n'apparaissait que lorsqu'il était
hérité des deux parents. D’autres expériences ont montré que chaque trait est hérité
séparément. Sans le vouloir, Mendel avait résolu un probléme majeur avec la théorie de
I'évolution de Charles Darwin: comment de nouveaux traits étaient préservés et non fondus
dans la population, une question a laguelle Darwin lui-méme n'avait pas répondu. Ses travaux,
publiés en 1866 (Mendel, 1866), furent largement incompris jusqu’a ce qu’ils soient
partiellement reproduits et cités autour de 1900. Le travail de Mendel fonde ainsi la
génétique, une discipline qui a permis par la suite d’identifier les régions du génome du pois
controélant divers caractéres d’'importance agronomique, comme le développement racinaire
ou la composition protéique des graines (Bourgeois et al., 2011; Bourion et al., 2010). Le
séquencage récent du génome du pois (Kreplak et al., 2019) est un vrai tremplin pour mieux
comprendre les bases moléculaire de ces caracteres via I'identification des génes impliqués.
Le génotype choisi comme référence pour le séquencage du génome du pois est Caméor, un

cultivar sélectionné en 1973 par Séminor et caractérisé par des graines riches en protéines



(24-28%). Il s’agit du cultivar utilisé pour réaliser ces travaux de thése. D’une taille de 4,3 Gb,

il est composé de au moins 44 756 genes (Kreplak et al., 2019).
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Figure 4. Production de protéagineux et de soja en France et en Europe. (A) Evolution des
surfaces cultivées en France de 1987 a 2017. (B) Rendement des cultures en France de 1987 a
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I’'Union Européenne en 2017. (D’apres Terre Univia)

10



1.2 Production et utilisation du pois protéagineux

Le pois a été domestiqué il y a environ 10 000 ans au Proche-Orient (Figure 3), d'ou il s'est
étendu a l'ouest a travers le bassin méditerranéen, et a I'est jusqu'en Chine et en Afrique de
I'Est (Ambrose, 1995; Smykal et al., 2011). Les années 80 marquent le début d’un intérét
croissant pour la culture du pois (Pisum sativum L.) en France en passant d’'une surface cultivée
de 104 000 ha en 1982 a 739 926 ha en 1993 (FAOSTAT) (Figure 4A). Cette multiplication par
sept des surfaces cultivées en 10 ans est due a la mise en place d’aide de la PAC (Politique
Agricole Commune) sous la forme de prix garantis. Cependant, a la suite de nombreuses
réformes a partir de 1993, d’une forte instabilité des rendements (Figure 4B), et d’une
concurrence du soja et du pois importés, les superficies cultivées en pois sur le territoire
francais ont été réduites de maniére significative, jusqu’a atteindre les 100 245 ha en 2018
(FAOSTAT) (Figure 4A). Malgré un rebond en 2010 (249 214 ha) (FAOSTAT), la surface cultivée
reste stable depuis avec 180 999 ha cultivé en 2017 (Figure 4A). Aujourd’hui, le pois
protéagineux reste la légumineuse la plus cultivée en Europe (2 707 000 tonnes en 2017),
devant le soja (2 591 000 t) et la féverole (2 135 000 t) (Source: Terres Univia). La France est
le premier producteur européen avec 707 000 tonnes récoltées en 2017 (Figure 4C), derriere

la Lituanie (449 000 t) et I’'Allemagne (298 000 t) (Source: Terres Univia).

Le pois en culture pure est considéré comme un excellent précédent, laissant dans le sol un
reliquat d’azote de 20 a 40kg/ha (Cavailles, 2009). Il est le plus souvent suivi d’une culture
exigeante en azote telle que le blé, induisant une diminution des besoins en engrais azotés de
la plante. Il peut aussi étre utilisé en culture d’association avec une céréale, induisant de
nombreux avantages agronomiques tels que : des rendements plus réguliers, une meilleure
valorisation des ressources azotées, une meilleure compétitivité face aux adventices, un effet

limitant sur la verse, et une résistance accrue aux maladies (Corre-Hellou et al., 2013).

Le pois protéagineux est utilisé pour la teneur élevée en protéines de ses graines, et cultivé
principalement pour I'alimentation animale (Burstin et al., 2011). Produite localement, cette
culture participe a I'autonomie protéique des élevages. Grace a une teneur élevée en lysine
(acide aminé essentiel limitant pour la croissance), le pois associé au tourteau de colza ou aux
céréales (plus pauvres en lysine mais plus riches en méthionine et cystéine) peut se substituer
au tourteau de soja, souvent importé, améliorant ainsi le bilan environnemental des filieres

animales. Le second débouché du pois protéagineux est l'alimentation humaine, par la
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consommation directe des graines décortiquées appelées « pois cassées », ou leur utilisation
en industrie agroalimentaire. En effet, dans un contexte ou il est nécessaire de rééquilibrer les
régimes alimentaires, occidentaux notamment, vers la consommation de plus de protéines
végétales par rapport aux protéines animales, les débouchés en alimentation humaine sont a

la hausse, créant de nouveaux besoins.

Floraison, nouaison,
Fécondation auto-game,
Floraison indétemminée.
Deux a trois fleurs par
étage sur 4 a 7 étages.

Premier étage floral a
hauteur variahle suivant
variété, densité et date de
Semis.

3t feullle

1 feyllle ——,.

Pré-fevilles (écailles) a

rmifictien  aisselle desquelles
partent les ramifications.
Le nombre de
14* &caiile = 1% noeua —=\ ramifications dépend de la
ore variété, de la densité et de

nocosités la date de semis.
Systéme racinaire ramifié
@ pouvant atteindre 1 m.
Nodosités abondantes
dans les 30 premiers cm.

Figure 5. Architecture d’une plante de pois (D’apres Boyeldieu, 1991)

12



1.3 Morphologie du pois

Le pois protéagineux est une plante grimpante herbacée annuelle, appartenant a la famille
des Fabacées (Figure 5). Le systéme racinaire est constitué d’un pivot relativement peu
développé et tres ramifié dans la couche superficielle du sol (Tricot et al., 1997). Les racines
accueilleront les nodosités, site de fixation de |'azote par une bactérie de type Rhizobium

entrée en symbiose avec la plante.

L'appareil aérien est constitué d’une tige principale et de ramifications (Figure 5). Cette tige
est constituée de noeuds émettant des feuilles ou des ramifications a partir du troisieme
nceud, les deux premiéres feuilles primordiales étant réduites a des écailles. Les feuilles sont
composées d'une a quatre paires de folioles sessiles, opposées et terminées par une vrille
simple ou ramifiée, et possedent a leur base deux grandes stipules. Chez certaines variétés,
les folioles sont partiellement ou totalement transformées en vrilles. C'est le cas des variétés
« afila » ou toutes les folioles sont remplacées par des vrilles. Inversement chez les variétés
« acacia », les vrilles sont transformées en folioles. Les premiers noeuds sont végétatifs (Figure
5), 'apparition du premier nceud reproducteur variant entre les variétés, de méme que le
nombre de fleurs par noeud. La fécondation des fleurs est principalement autogame,
permettant la sélection de lignées pures et le maintien de variétés stables, mais compliquant
I'obtention de nouveaux hybrides. Les gousses, fruits issus de la fécondation, portent un

nombre variable de graines.

1.4 Cycle de développement du pois protéagineux

Le pois est une plante annuelle sans dormance, qui peut étre semée sans nécessité de
vernalisation. Il existe deux catégories de variétés de pois protéagineux : le pois de printemps
et le pois d’hiver. Le pois de printemps se seme en février-mars, se récolte en juillet, en méme
temps que les blés. Le cycle végétatif des pois de printemps est d'environ 140 jours et peut
descendre a 90 jours pour les variétés ultra-précoces. Le pois d’hiver se seme début novembre
et se récolte fin juin, avant les blés. Il est surtout présent dans les régions Centre, lle-de-
France, Picardie, Barrois et Bourgogne. Les variétés d'hiver, dont le cycle végétatif est de 240

jours, permettent de gagner en précocité de récolte et en rendement.

Deux grandes phases se distinguent dans le cycle du pois : la phase végétative et la phase

reproductive (Figure 6). Chez le génotype Caméor, utilisé pour la réalisation de cette these, la
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phase végétative dure environ 6 semaines. Cette phase comprend la germination et la levée
de la graine, suivie de la mise en place des racines, de la tige et des feuilles issues des nceuds
végétatifs (Figure 6). Chez ce méme génotype, la phase reproductive commence dés la mise
en place des nceuds reproducteurs et I'apparition des premieres fleurs, 6 semaines aprés le
semis a un stade 13-15 noeuds. Les fleurs apparaissant au fur et a mesure de |‘apparition des
nouveaux nceuds reproducteurs (1 nouveau nceud tous les deux jours environ) et dans nos
conditions de culture, Caméor produit environ 7 reproducteurs. On trouve des gousses a des
stades de développement différents du bas vers le haut de la plante : lorsque les gousses sont
en remplissage sur les nceuds inférieurs, des fleurs continuent d’apparaitre sur les derniers
nceuds formés. A maturité, les gousses deviennent déhiscentes, libérant les graines au

moindre choc.

Phase végétative Phase reproductive
< > ¢ >

somis levée

des gousses)

Figure 6. Schéma des principaux stades du développementdu pois. (D’apres Boyeldieu, 1991)
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2. La graine de pois: développement et composition

2.1 Phases du développement de la graine de pois

Le développement de la graine de pois est un processus complexe divisé en trois phases
successives : I'embryogénése, le remplissage correspondant a I'accumulation des réserves
(protéines et amidon) dans les cotylédons, et la maturation, phase pendant laquelle se fait
I'acquisition de la tolérance a dessiccation (Figure 7). L'embryogénése est caractérisée par
d’intenses divisions cellulaires au sein de I'embryon et par un processus d’histo-différenciation
permettant la mise en place des différents tissus de I'embryon. Le développement de
I’embryon a largement été documenté chez Arabidopsis thaliana (Baud et al., 2002; Gutierrez
et al., 2007) ainsi que chez Medicago truncatula (Wang et al., 2012; Wang and Grusak, 2005)
mais la description de cette phase chez le pois reste limitée (Marinos, 1970). Lors de ces stades
précoces de développement, les tissus qui entourent I'embryon, I'albumen et le tégument,
ont un réle prépondérant dans I'assimilation de nutriments. Une accumulation temporaire de
réserves a lieu dans ces tissus ainsi qu’'un métabolisme intermédiaire intense servant a
convertir et fournir des nutriments pour la croissance de I'embryon. L'embryogenése est ainsi
associée a une forte concentration en hexoses dans la graine (Figure 8), grace notamment a
I'activité d’invertases localisées dans le tégument qui permettent I’hydrolyse du saccharose
arrivant a la graine par le phloeme (Weber et al., 1995). Il a été également suggéré que cette
forte concentration en hexoses pourrait avoir un effet direct sur la prolifération cellulaire

(Borisjuk et al., 1998).
1 Embryogenesis Seed filling — .

Water content
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Figure 7. Schéma des principaux stades du développement du pois. DAP, days after pollination
(D’apres Judith Burstin, UMR Agroécologie, Dijon)
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A la fin de I'embryogeneése, le nombre de cellules dans les cotylédons est établi (Smith, 1973)
et I'embryon passe en mode remplissage. Chez les légumineuses, le nombre de cellules
formées dans les cotylédons détermine majoritairement la capacité de I'organe de stockage a
accumuler de la matiére séche lors de la phase de remplissage (Munier-Jolain and Ney, 1998).
Le stade de transition entre I'embryogenése et le remplissage est caractérisé par une
diminution des divisions cellulaires et une croissance basée sur |’expansion cellulaire
(Lemontey et al., 2000). L'importance de la composition en sucres a été soulignée lors de cette
phase de transition, notamment chez la féverole, avec une augmentation de la concentration
en saccharose, nécessaire pour l'initiation du stockage des réserves (Figure 8) (Borisjuk et al.,
2004; Weber et al., 1995). Ceci est corrélé a la différenciation des cellules de I'épiderme des
cotylédons en cellules de transfert, et a I'expression de transporteurs de sucres (Tegeder et
al., 1999) et d’acides aminés (Tegeder et al., 2000). |l a été démontré que I'absence de
différenciation de ces cellules bloque le développement de I'embryon (Borisjuk et al., 2002).
En plus d’un contréle métabolique de la transition embryogenése-remplissage, un controle
par les hormones, en particulier I’ABA, a également été établi (Radchuk et al., 2010).
L'accumulation des protéines de réserve est initiée trés tot lors de I'expansion cellulaire des
cotylédons, et progresse séquentiellement durant toute la période de remplissage (cf
paragraphe 2.4). Enfin, durant la période de maturation, la graine va subir une période de
dessiccation intense associée a une réduction de ses activités métaboliques, conduisant a un

état de quiescence métabolique (Figure 8).
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Figure 8. Caractéristiques physiologiques et biochimiques du développement de la
graine de légumineuse (exemple de Vicia Faba). La phase d’embryogenése (“pre-storage”)
est caractérisée par un indice mitotique élevé des cellules des cotylédons (en noir, region adaxiale
des cotylédons, en gris, region abaxiale) ainsi que par une forte concentration en hexoses. Le
passage vers la phase de maturation (“transition”) est caractérisé par un changement
métabolique lié a une augmentation de la concentration en saccharose, permettant l'initiation de
I'accumulation des réserves carbonnées  (amidon) et azotées (protéines de réserve).

L’accumulation de I'azote et de I'amidon est maximale pendant la phase de remplissage. Figure
issue de Weber et al., (2005).
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2.2 Composition d’une graine mature de pois

A maturité, les graines de pois protéagineux sont principalement constituées d’amidon (50%),
stocké sous forme de grains d’amidons, et de protéines (23% en moyenne, jusqu’a 28% pour
certains cultivars), stockées dans des organites spécialisés : les corpuscules protéiques (Figure
9). La teneur et la composition en protéines des graines de pois varient en fonction du
génotype et des conditions de culture (Perrot, 1995). Deux grandes familles de protéines de
réserve se distinguent : les globulines (55 a 65%) et les albumines (20 a 30%) (Figure 10). Les
globulines sont les protéines de réserve majeures dans la graine de pois et ont pour fonction
de stocker I'azote mobilisable au moment de la germination (Guéguen et al., 2016). Elles sont
insolubles dans l'eau et ont été classées en deux groupes selon leur coefficient de
sédimentation : les globulines 7S (vicilines et convicilines) et les globulines 11S (légumines)
(Figure 10). Les légumines (11S) sont des hexaméres de masse moléculaire entre 350 et 400
kDa. Chaque sous-unité est constituée d’un polypeptide acide a d’environ 40 kDa et d’un
polypeptide basique B d’environ 20 kDa liés par un pont disulfure (Perrot, 1995). Les vicilines
(7S) sont des glycoprotéines trimériques d’environ 50 kDa et ne présentent pas de pont
disulfure. Les globulines présentent une forte teneur en acides aminés amides (glutamine et
asparagine) et en arginine, et une déficience en acides aminés soufrés (cystéine et
méthionine) et en tryptophane. Cependant, les globulines 11S sont relativement plus riches
en acides aminés soufrés (1.4 a 2.3% dans leurs séquences) que les globulines 7S (0.5 a 0.9%).
Les albumines sont solubles dans I'eau et présentes en quantité plus faible que les globulines.
Chez le pois, les albumines majeures sont nommées PA1 et PA2 et sont plus riches en lysine
et acides aminés soufrés que les globulines. L'albumine PA1 est un dimére de 11kDa composé
de deux polypeptides de 6 kDa (Gatehouse et al., 1985; Higgins et al., 1986). L’albumine PA2
est un dimere de sous-unités de 25 kDa, tres riche en feuillets B et possédant trois cystéines

(Gruen et al., 1987).

Les graines de pois contiennent aussi des facteurs dits « antinutritionnels », comme les
inhibiteurs trypsiques et les lectines (Figure 10). lls permettent une protection contre des
attaques biotiques (champignons, bactéries) mais diminuent la digestibilité des graines de
pois. Bien que des travaux aient permis de réduire la présence de ces composés
antinutritionnels dans les graines (Page et al., 2003), certains caractéres restent a améliorer

et a stabiliser comme I’équilibre en acides aminés, déterminé par la composition en protéines
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de réserve. Les globulines étant les plus abondantes, I’étude des processus concourant a leur
accumulation, notamment sous contrainte environnementale, revét un intérét majeur en vue

d’augmenter et de stabiliser la teneur en protéines des graines de pois.

Matieres Grasses
2%

Sucres :
6-7.5%

MAT.
AZOTEES

12-17% 25%

non
protéique

Amidon : 45-55%

Figure 9. Composition moyenne d’une graine de pois mature, en pourcentage de la masse
séche. (d’apres Gérard Duc, UMR Agroécologie, Dijon).

Lectins Trypsin inhibitors
3% _ 2%

Albumin PA2

11S globulins

(Legumins)

o Relatively rich in sulfur AA
Albumin PA1 8%

7S globulins

(Vicilins and convicilins)
Poor in sulfur AA

Figure 10. Composition protéique moyenne des graines de pois a maturité, en pourcentage par
rapport aux protéines totales. (Adapté de Perrot et al., 1995)
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2.4 La régulation de I'accumulation des protéines de réserve

L'accumulation des protéines de réserve dépend des concentrations en nutriments essentiels
tels que le soufre, le carbone et I'azote. Le soufre et I'azote sont deux éléments indispensables
a la biosynthése des protéines de réserve. L’azote augmente la vitesse d’accumulation des
protéines durant la phase de remplissage des graines (Shewry and Halford, 2002), et le soufre
régule la synthése des protéines riches en soufre. En effet, un appauvrissement en soufre
entraine des profonds changements métaboliques tels qu’une diminution de la concentration
en globulines 11S (Chandler et al., 1983) et une accumulation de composés organiques et
minéraux riches en azote. Par conséquent, le rapport N:S dans les tissus de la plante peut
refléter la capacité de la plante a synthétiser des protéines plus ou moins riches en soufre
(Brunold and Suter, 1984). L'accumulation des protéines de réserve est soumise a une
régulation transcriptionelle par la disponibilité en soufre et en azote (Chandler et al., 1984;
Gatehouse et al., 1985; Evans et al., 1984). En effet il a été montré que la vitesse
d’accumulation des globulines 11S et 7S était fortement corrélée au niveau d’expression des
génes codant ces globulines chez le pois (Spencer et al., 1990; Higgins et al., 1988; Evans et
al., 1985; Beach et al., 1985). Ainsi, les quantités de protéines dépendent directement des
niveaux de leurs transcrits. Les génes codant les globulines 11S (légumines) et 7S (vicilines et
convicilines) sont nombreux et identifiés en clusters sur les chromosomes du pois (Casey et
al., 2001; Le Signor et al., 2017; Kreplak et al., 2019). Par ailleurs, la variation d’abondance des
globulines 11S et 7S a récemment été associée a des polymorphismes de séquences au niveau
de genes qui codent des facteurs de transcription spécifiques des graines ou des molécules
signales responsables de I'adressage de ces dernieres aux différents compartiments (Le Signor
et al.,, 2017). De méme les modifications post-traductionnelles des protéines durant leur
transport génerent des modifications dans I'abondance des protéines de réserve (Chandler et

al., 1984).
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3. Réles des feuilles au cours de la période reproductive

Le métabolisme foliaire change profondément au cours du développement. Les jeunes feuilles
se comportent comme des organes puits, importateurs d’assimilats lorsqu’elles se
développent, puis deviennent des organes sources lorsqu’elles atteignent leur maturité et
gu’elles produisent plus de photoassimilats que nécessaire a leur propre métabolisme
(Turgeon, 1989). Cette conversion du statut de puits a celui de source marque une transition
fondamentale dans la physiologie de la feuille et de nombreuses études ont été consacrées a
la compréhension de ses caractéristiques biochimiques et structurelles (Meng et al., 2001;

Jeong et al., 2004; Turgeon, 1989).

Le développement des graines et la composition en protéines dépendent des ressources
mobilisées par la plante a partir des nutriments absorbés au niveau des racines et remobilisés
a partir des feuilles. Les processus de remobilisation consistent au transport via le phloéme
des réserves nutritives solubles et assimilables qui dépendent de la relation source-puits. Dans
une récente étude a laquelle j’ai contribué par mes compétences en traitement de données
omiques, les mécanismes moléculaires associés aux statuts puits ou source des feuilles de pois
ont été explorés (Gallardo et al., 2019). Parmi les résultats obtenus, il est a souligner
d'importants changements dans le transcriptome des feuilles des nceuds reproducteurs au
début du développement des graines (de la floraison a 14 jours apreés floraison). Parmi les
génes up-régulés dans ces feuilles sont des transporteurs de sulfate susceptibles de soutenir

le métabolisme du soufre dans les feuilles de la partie reproductive.

La période de remplissage et de maturation des graines de pois nécessite des grandes
guantités d’azote, or I'azote absorbé est insuffisant pour combler les besoins des graines
(Salon et al., 2001). Un processus de remobilisation progressif de I'azote préalablement
accumulé dans les organes sources (feuilles, tiges, gousses) vers les organes puits se met alors
en place. Chez le pois (génotype Caméor), I'azote remobilisé représente 71% de |'azote total
accumulé dans les graines (Schiltz et al., 2005). Les protéines photosynthétiques des feuilles
et des tiges représentent la principale source d’azote remobilisé (Schiltz et al., 2004). L’azote
issu de la dégradation de ces protéines est converti en acides aminés transportables,
particulierement des amides comme la glutamine et I'asparagine qui sont les principaux acides

aminés transportés par le phloéme vers les graines (Moison et al., 2018; Masclaux-Daubresse
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et al., 2006). Chez le pois, lors du remplissage des graines, des génes susceptibles de contribuer
a la remobilisation des nutriments des feuilles vers les graines ont été identifiés, dont certains
sont impliqués dans I'autophagie ou le transport d’azote (Gallardo et al., 2019). Quant au
soufre, il est majoritairement remobilisé vers les graines sous forme de glutathion (GSH), de
sulfate et de S-méthylméthionine (SMM) (Tan et al., 2010; Hawkesford, 2003; Wongkaew et
al., 2018).

- Fermeture des stomates

- Diminution de I'assimilation du ¢

- Perception de plusieurs S

- Modification de I'expression des g

- Inhibition de la croisance de la tige

Diminution de la surface de transpiration

—1 - Modification de I'expression des génes
- Acclimatation métabolique

- Maintient de la turgescence

Maintient de la croissance racinaire
Augmentation des racines et de la tige
Augmentation de la surface d'absorption

Figure 11. Réponse des plantes a la sécheresse. Les mécanismes physiologiques et biochimiques
associés a la réponse a court terme (gauche) et long terme (droite) des plantes a la sécheresse
sont listés. (Adapté de Chaves et al., 2003)
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4. Stress hydrique et nutrition soufrée

4.1 Pourquoi étudier des stress combinés

Au champs, les plantes sont exposées simultanément a un certain nombre de stress abiotiques
et biotiques et il est reconnu que des stress combinés sont une menace plus probable pour
les plantes que les stress individuels (Rizhsky et al., 2004; Mittler, 2006; Kissoudis et al., 2014).
Ainsi, il serait plus intéressant aujourd’hui de se concentrer sur la compréhension des
réponses des plantes dans des conditions de stress multiples afin de développer des
génotypes mieux adaptés aux aléas climatiques en champs. La stratégie d'adaptation de la
plante a une combinaison de stress comprend a la fois une réponse « partagée » et une
réponse « unique ». Les réponses partagées désignent les réponses moléculaires et
physiologiques communes aux différents stress et les réponses uniques étant spécifiques aux
stress individuels ou a des stress combinés donnés (Rizhsky et al., 2002; Rizhsky et al., 2004;

Prasch and Sonnewald, 2013; Sewelam et al., 2014).

4.2 Le stress hydrique

La croissance et la productivité des plantes sont affectées négativement par un déficit
hydrique qui est défini par I'état physiologique d’une plante quand la quantité d’eau évaporée
par transpiration au niveau des feuilles excede celle prélevée dans le sol par les racines. Les
effets les plus précoces sont une réduction de I'élongation cellulaire et la fermeture des
stomates médiée par I'acide abscissique (ABA) qui entraine une baisse de la conductance
stomatique. Cela permet une réduction des pertes hydriques et un maintien, dans une
certaine mesure, du potentiel hydrique de la plante (Jongdee et al., 2002). Ce maintien passe
par un ajustement du potentiel osmotique permettant a la plante de maintenir une certaine
turgescence cellulaire et donc sa teneur en eau (Anjum et al.,, 2011) (Figure 11). Cet
ajustement est effectué via I'accumulation d’osmoprotectants sous forme d’osmolytes
(polyamines, choline-O-sulfate), de sucres (trehalose, mannitol) et de proline (Chan et al.,
2013). Si la fermeture des stomates réduit les pertes d’eau, elle entraine une diminution de
I'activité photosynthétique qui peut affecter la croissance des plantes et la production de
biomasse (Jewell et al., 2010; Chaves et al., 2003; Fahad et al., 2017). La répartition de la
biomasse au sein de la plante peut étre également affectée, comme I’allocation du carbone

vers les racines au dépend des feuilles et de la tige (DaCosta and Huang, 2006). Le déficit
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hydrique est un probleme important pour les légumineuses, entrainant une inhibition de
I'activité fixatrice d’azote (Streeter, 2003), un raccourcissement de la racine primaire et une
augmentation des racines latérales. Le stress hydrique peut aussi modifier la composition des
graines. Par exemple, chez le soja, Glycine max L., un stress hydrique lors du remplissage des
graines augmente la quantité de protéines dans les graines matures mais diminue la quantité
d’huile (Dornbos and Mullen, 1992). Le pois protéagineux est extrémement sensible aux
épisodes de stress hydrique subis lors de la phase reproductive associée a la production de
graines (source : Terres Inovia, Figure 12), soulignant I'importance de s’intéresser aux bases

moléculaires de la réponse du pois au stress hydrique lors de cette phase.

Sensibilité A

au stress Trés Forte

hydrique

N _Faible
Période d’irrigation en sols superficiels
Période d’irrigation en sols profonds
Lixiviation du sulfate
I I | Phasg Phase reproductive
vegetative

Début floraison Remplissage 1°" nceud Stade limite d’avortement

= Remplissage du dernier nceud

Figure 12. Les phases de développement sensibles au stress hydrique chez le pois.
(Adapté de http://www.terresinovia.fr)

4.3 La nutrition soufrée

La nutrition soufrée connait aujourd’hui un vrai regain d’intérét, y compris de la communauté
scientifique. Le soufre est quatrieme dans la liste des macronutriments majeurs nécessaires a
la plante aprés l'azote, le phosphore et le potassium, jouant notamment un réle dans la
production d’acides aminés (qualité de la graine) et d’autres composés soufrés (tolérance et

résistance aux stress).
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4.3.a Les besoins en soufre des plantes cultivées

La quantité de soufre nécessaire pour produire une tonne de graines varie en fonction des
cultures. Environ 8 kg de soufre (de 5 a 13) sont nécessaires pour produire une tonne de
graines de légumineuses, contre 12 kg et 3-4 kg de soufre pour les cruciferes et céréales,
respectivement (Jamal et al., 2010). En effet, les cultures ont des besoins en soufre différents
selon si elles accumulent ou non des composés soufrés abondants comme les glucosinolates
chez les cruciféres et/ou des quantités importantes de protéines dans leurs graines dont la

synthése nécessite des quantités non négligeables de soufre (le cas des légumineuses).

4.3.b Absorption et transport du soufre

Le soufre est majoritairement absorbé au niveau racinaire sous forme de sulfate (5S04%). Le
sulfate est absorbé et transporté par des systemes de transport actifs dépendants du pH et
couplés a une pompe a protons (H*-ATPase). Chez Arabidopsis thaliana, la famille des
transporteurs de sulfate (SULTR) est constituée de 14 membres classés en quatre groupes
selon leur similarité de séquence (SULTR 1 a 4) (Hawkesford, 2003). Les transporteurs du
groupe 1 (SULTR1) sont des transporteurs de haute affinité facilitant I'absorption du sulfate
par les racines ou sa translocation des organes sources aux organes puits (Takahashi et al.,
2000). Le groupe 2 (SULTR2) est constitué des transporteurs de faible affinité et sont exprimés
dans les tissues vasculaires permettant la translocation du sulfate des racines vers I'ensemble
de la plante (Takahashi et al., 2011; Smith et al., 1995; Smith et al., 2000; Yoshimoto et al.,
2002; Buchner et al., 2004), et notamment vers les graines en développement (Awazuhara et
al., 2005). Les transporteurs du groupe 3 (SULTR3) sont exprimés dans différents organes
(feuilles, fleurs, graines) et SULTR3;1 est localisé a la membrane chloroplastique. Les
transporteurs du groupe 3 ont été montré comme étant impliqués dans la translocation du
sulfate dans la graine (Zuber et al., 2010). Les transporteurs du groupe 4 (SULTR4) sont
localisés a la membrane tonoplastique. Le sulfate absorbé au niveau racinaire ou alloué dans
les organes végétatifs est soit stocké dans les vacuoles, soit réduit et assimilé pour donner des
métabolites qui peuvent eux-mémes étre transportés dans la plante. C’est le cas du GSH et de
la SMM qui contribuent au chargement de la graine en soufre (Tan et al., 2010; Gigolashvili
and Kopriva, 2014). Les mécanismes de transport de ces métabolites vers les graines restent

a élucider.
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Figure 13. Interaction entre les métabolismes du soufre et de I’azote pour la synthése des acides
aminés soufrés. La réduction du sulfate conduit a la synthése de sulfide qui est utilisé, avec I'O-
acetylsérine, pour la synthése de cystéine. La cystéine est ensuite utilisée pour la synthese de
méthionine en plusieurs réactions. La premiére réaction est la synthése de cystathionine, qui
requiére la O-phosphohomosérine (OPHS) dérivée du métabolisme de I'aspartate. ATPS, ATP
sulfurylase; APR, adénosine 5’-phosphosulfate réductase; SiR, sulfite réductase; OASTL, O-
acetylérine-thiol-lyase; CGS, cystathionine gamma-synthase; CBL, cystathionine beta lyase; MS,
méthionine synthase. APS, adénosine 5’-phosphosulfate; PAPS, 3’-phosphoadénosine-5’-
phosphosulfate; SAM, S-adénosylméthionine; SMM, S-méthylméthionine.
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4.3.c Assimilation du soufre et lien avec le métabolisme de I'azote

Le métabolisme du sulfate fait intervenir des premieres étapes de réduction (Figure 13). En
présence d’ATP, le sulfate est converti en adénosine 5’-phosphosulfate (APS) par I'ATP
sulfurylase. L’APS peut étre phosphorylé par I’APS kinase (APK) et former du 3’-
phosphoadénosine-5’-phosphosulfate (PAPS), un précurseur pour la synthése de métabolites
secondaires, dont plusieurs jouent un réle dans les processus de défense (Anjum et al., 2015).
L’APS peut aussi étre réduit en sulfite (SOs?) par I’APS réductase (APR), puis en sulfide (S*) par
la sulfite réductase (SiR). L’ion sulfide est ensuite couplé a I’O-acétylsérine (OAS) dans une
réaction conduisant a la synthése de cystéine. L’O-acétylsérine est dérivée de la sérine,
montrant le lien étroit entre les métabolismes du soufre et de I'azote. La cystéine est ensuite
utilisée pour la synthése de méthionine, un autre acide aminé soufré également connecté au
métabolisme de I'azote car son précurseur est I'aspartate. La synthese de méthionine est
réalisée en trois étapes successives catalysées par la cystathionine gamma-synthase (CGS), la
cystathionine beta-lyase (CBL), et la méthionine synthase (MS) (Ravanel et al., 1998). La
méthionine peut ensuite étre incorporée dans les protéines, stockée sous forme de SMM,
et/ou utilisée pour la synthése de S-adénosylméthionine (SAM) (Figure 13). En plus de son rdle
de donneur de groupe méthyle, la SAM est le précurseur de la synthése de polyamines, de
biotine et d’éthyléne jouant un réle crucial dans le développement et la croissance des plantes

(Ravanel et al., 1998).

4.4 Le role de la nutrition soufrée dans la réponse au déficit hydrique

De nombreux transporteurs de sulfate sont fortement régulés par le déficit hydrique (Gallardo
etal.,2014; Ahmad et al., 2016), ce qui permettrait a la plante de réguler I'allocation du sulfate
aux différents organes sous contrainte hydrique. Il a également été montré chez le mais et le
peuplier que la concentration en sulfate augmente dans le xyléeme en réponse a un déficit
hydrique (Malcheska et al., 2017; Ernst et al., 2010), suggérant que le sulfate joue un role de
molécule signal permettant la fermeture des stomates (Figure 14). Le sulfate permet aussi la
biosynthese de cystéine qui est requise pour la synthése d’ABA conduisant a la fermeture des
stomates et donc a la réduction de la perte d’eau (Cao et al., 2014; Malcheska et al., 2017). En
effet, la cystéine est un donneur de soufre pour la sulfuration du cofacteur molybdéne
nécessaire a la synthése d’ABA. Le métabolisme du soufre est a I'origine de la production

d’autres métabolites soufrés jouant des roles osmoprotectants (composés dérivés du PAPS),
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antioxydants (GSH) ou réparateurs (ex. méthylations) (Chan et al., 2013) (Figure 14). Plusieurs
enzymes du métabolisme soufré sont régulées par un déficit hydrique au niveau de leur
transcription et de leur activité enzymatique (Ahmad et al., 2016; Larrainzar et al., 2014).
Aussi, il a été montré qu’un cultivar de colza ayant une meilleure efficience d’absorption et
d’utilisation du soufre résiste mieux a un stress hydrique (Lee et al., 2016), appuyant

I'importance de la nutrition soufrée dans la tolérance des plantes a la sécheresse.
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Figure 14. Interaction entre la nutrition soufrée et la réponse des plantes au stress hydrique. Le
sulfate joue un role central dans la réponse des plantes au stress hydrique en agissant comme
molécule signal pour la fermeture des stomates ou en permettant la synthése de métabolites
impliqués dans les processus antioxydants, osmoprotectants, de réparation, d’adaptation, ou de
fermeture des stomates. APS, adénosine 5’-phosphosulfate; PAPS, 3’-phosphoadénosine-5’-
phosphosulfate.
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4.5 Carence en soufre

Un appauvrissement des sols en soufre est observé depuis plusieurs décennies, devenant un
facteur limitant pour la production végétale dans de nombreux pays. Cette carence en soufre
des sols est due a la diminution des émissions de dioxyde de soufre qui ne cessent de baisser
depuis les années 80 (Figure 1), suite a la mise en place des politiques de réduction des rejets
industriels, et aux changements des pratiques de fertilisation dans les parcelles agricoles
(Lewandowska and Sirko, 2008). Ainsi, des symptomes de carence en soufre ont commencé a
apparaitre aux champs sous la forme de jaunissement des feuilles (Buchner et al., 2004). La
Figure 15 illustre le jaunissement des feuilles de pois et de colza en réponse a une carence en
soufre (Courbet et al., 2019; Henriet et al., 2019), soulignant I'importance de la nutrition
soufrée pour le maintien du métabolisme des feuilles. Chez la légumineuse modéle Medicago
truncatula, il a été démontré qu’une carence en soufre a un stade végétatif, i.e. apparition des
ramifications tertiaires, affecte la production de fourrages et de graines et réduit 'allocation
de carbone vers les graines. Il est a noter que ces graines sont caractérisées par une faible
vigueur germinative et une faible teneur en saccharose et en oligosaccharides de la famille du
raffinose nécessaires a I'allongement de I’axe embryonnaire lors de I'imbibition (Zuber et al.,
2013). Des effets similaires sur la germination ont été obtenus chez le colza (D’Hooghe et al.,
2014), montrant I'importance de la nutrition soufrée de la plante mere, qu’elle soit crucifere
ou légumineuse, pour le maintien de la qualité physiologique des semences. De plus, une
carence en soufre diminue la concentration en protéines de réserve relativement riches en
soufre (globulines 11S chez les légumineuses), effet compensé par une accumulation des
protéines relativement pauvres en soufre (globulines 7S) permettant de maintenir la teneur
en protéines des graines (Chandler et al., 1983; Zuber et al., 2013). La régulation de
I'expression des genes codant les globulines dépend de la nutrition soufrée et azotée, et
implique I'O-acetylsérine et la méthionine qui agissent comme molécules signal (Tabe et al.,
2010; Chandler et al., 1984). De plus, une insuffisance de soufre dans la plante réduit
I'efficacité d’absorption de I'azote (Fazili et al., 2008). L'expression de nombreux génes
impliqués dans le transport (SULTR1;1, SULTR2;1, SULTR3;5, SULTR4;1 et SULTR4;2) et le
métabolisme du soufre (ATP-sulfurylase, sulfotransférases) augmente en réponse a une
carence en soufre (Takahashi et al., 2000; Parmar et al., 2007; Buchner et al., 2004).

L’'augmentation de I'expression de ces génes en réponse a une carence en soufre suggere la
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mise en place de mécanismes adaptatifs visant a activer le métabolisme du soufre disponible
dans les tissus (Zuber et al., 2013), notamment le soufre mis en réserve au sein des vacuoles
et dont I'efflux est permis grace aux transporteurs du groupe 4. Enfin, les génes codant pour
la nitrate réductase et la glutamine synthétase impliquées dans I'assimilation de |'azote sont
au contraire régulés négativement en réponse a une carence en soufre chez Nicotiana

tabacum, soulignant le lien étroit entre la nutrition soufrée et azotée (Migge et al., 2000).
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Figure 15. Effet d’'une carence en soufre -
bandeau de la couverture du volume 70
(issue 16) de J. Exp. Bot. Cette illustration
montre |'effet d’une carence en soufre
(droite) chez le pois protéagineux (haut) et le
colza (bas). Ces illustrations font référence
aux publications Henriet et al., (2019) pour le
pois et Courbet et al., (2019) pour le colza.
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5. Objectifs de la these et démarches

Ce projet de these a été initié au sein du pdle de Génétique et Adaptation des Plantes a des
Systémes de culture Innovants (GEAPSI) de 'UMR Agroécologie, dans I'équipe Remplissage
des graines et stress abiotiques (FILling & Abiotic Stresses, FILEAS). Ces travaux s’inscrivent
dans un contexte de changement climatique ou un stress hydrique et une carence en soufre,
deux stress abiotiques, vont étre amenés a co-exister et donc interagir. Comme indiqué dans
la synthese bibliographique, ces stress étudiés de facon individuelle sont connus pour
impacter négativement les plantes d’intérét agronomique, réduisant rendement et qualité
des graines produites. Or, aucune étude ne s’est intéressée a l'interaction entre ces deux
stress et les conséquences qui en découlent. L'objectif principal de cette thése était de
développer des connaissances et une meilleure compréhension de I'impact d’une carence en
soufre combinée a un stress hydrique modéré lors de la phase reproductive, et des réponses
mises en place par la plante dans le but d’améliorer sa tolérance. La thése est centrée sur le
pois protéagineux, Pisum sativum L., dont la culture produit des graines riches en protéines,
enrichit les sols en azote pour les cultures suivantes, et limite 'utilisation d’engrais azotés,
réduisant significativement les pertes de nitrate par lessivage et les émissions de gaz a effet
de serre. Le cultivar utilisée est Caméor qui produit des graines riches en protéines. Le
séquencage récent de son génome (Kreplak et al., 2019), la disponibilité d’un transcriptome
(Alves-Carvalho et al., 2015) ainsi qu’une collection de mutants TILLING (Targeting Induced
Local Lesions in Genomes, Dalmais et al., 2008) pour ce génotype offrent des perspectives

d’études moléculaires approfondies.

Afin d’obtenir une vision la plus compléte possible de I'impact de I'interaction entre la carence
en soufre et le stress hydrique chez le pois, I'étude a été réalisée a différents niveaux en
partant d’une vision globale de son impact par le phénotypage des plantes entiéeres, jusqu’a
la caractérisation des mécanismes moléculaires sous-jacents par I'étude de I'’expression des
génes, et de I'accumulation des protéines, métabolites et d’éléments. L'étude est basée sur le
couple graines-feuilles pour leur relation organe puits - organe source, le premier organe
ayant un intérét nutritionnel et donc économique, le second étant le « moteur » de la plante

et acteur majeur pour la production des graines.
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Pour réaliser une telle étude, une seule expérimentation en serre de grande ampleur a été
mise en place sur une durée de 5 mois. Au total, 450 plantes du génotype Caméor de pois ont
été cultivées et placées sur la plateforme de phénotypage a haut de débit de Dijon (4PMI)
pour appliquer et suivre le stress hydrique. Au cours des stress, 228 plantes ont été prélevées
pour échantillonner les feuilles et graines afin de réaliser des analyses moléculaires, et pour
réaliser un phénotypage de la plante entiere via la mesure de plus de 50 caracteres. Au final,
103 plantes ont été amenées a maturité pour une analyse du rendement et de la qualité des

graines produites ainsi qu’'un phénotypage détaillé de la plante entiere.

Le matériel ainsi produit a permis de répondre a trois objectifs principaux, dont les résultats
sont représentés dans ce manuscrit en trois chapitres sous la forme d’un article scientifique

publié (Chapitre Il et Annexe 1) et de deux articles en préparation (Chapitre Il et IV).

Le premier objectif visait a étudier I'impact du stress hydrique et d’une carence en soufre
appliqués séparément ou combinés sur le rendement et la qualité des graines matures de
pois. (/) Les composantes de rendement et de qualité des graines de pois ont été mesurées,
notamment la composition protéique par une analyse des profils protéiques des graines
matures, obtenus par électrophorése monodimensionnelle. (i) Les composantes
écophysiologiques associées aux variations de rendement et de composition des graines ont
été déterminées par la mesure de la répartition du carbone, de I'azote et du soufre entre les
différents organes de la plante, y compris les graines, a maturité. (iii) Les mécanismes
moléculaires mis en jeu a un stade clé du développement de la graine, correspondant au stade
de transition vers le remplissage, ont été mis en évidence par une approche transcriptomique
par RNA-Seq afin d’identifier des genes potentiellement impliquées dans le contréle des

variations de composition de la graine. (Chapitre Il et Annexe 1)

Le second objectif visait a identifier les mécanismes moléculaires mis en jeu dans les graines
(organes puits de nutriments) au cours des stades précoces de leur développement, et leur
modulation en réponse a une carence en soufre et/ou un stress hydrique. (/) Un atlas des
protéines de la graine a trois stades clés de développement (embryogenese, transition
embryogenése-remplissage, et synthése des protéines de réserve) a été développé par
protéomique quantitative de type shotgun. (ii) Leur cinétique d’accumulation a ces différents

stades de développement a été étudiée et les protéines régulées en réponse aux stress ont
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été identifiées. (iii) Les mécanismes moléculaires gouvernant la réponse des graines aux stress

ont été étudiés par une approche « réseau » a partir des données protéomiques. (Chapitre lil)

Le troisieme objectif consistait a identifier les mécanismes moléculaires mis en jeu dans les
feuilles issues des premiers nceuds reproducteur (organes sources de nutriments) au cours
des stades précoces de la phase reproductive, et leur modulation en réponse a une carence
en soufre et/ou un stress hydrique. Afin d’étudier dans leur globalité les régulations
métaboliques et transcriptionnelles, une approche multi-omique combinant

transcriptomique, protéomique, métabolomique et ionomique a été utilisée. (Chapitre 1V)

En parallele de ce travail, jai participé a une étude comparative du transcriptome des feuilles
entre le pois et Medicago truncatula au cours du processus de remobilisation de |'azote vers

les graines. L'article correspondant, dont je suis co-auteur, est disponible en Annexe 2.
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Chapitre Il : Modulation du rendement
et de la composition protéique des
graines de pois en réponse a une
carence en soufre combinée a un stress
hydrique
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Chapitre Il : Modulation du rendement et de la composition
protéique des graines de pois en réponse a une carence en
soufre combinée a un stress hydrique

Approches

Analyse de la composition protéique des graines matures de pois récoltées dans 4 conditions : non
limitante en soufre et en eau, carencée en soufre, stress hydrique modéré, combinaison des deux stress.

Analyse de la teneur, de la quantité et de la répartition du carbone, de I'azote et du soufre dans les
différents organes des plantes de pois récoltées a maturité.

Etude transcriptomique (RNA-seq) des graines de pois au stade de transition entre 'embryogenése et
le remplissage, et étude de I'effet des stress simples et combinés sur le transcriptome de ces graines.

Principaux résultats

e La combinaison d’une carence en soufre et d’un stress hydrique modéré affecte de maniére
synergique le rendement ainsi que les composantes de rendement (taille d’une graine et
nombre de graines).

e L'abondance relative des globulines 11S relativement riches en soufre dans les graines est
beaucoup moins affectée par le stress combiné que par la carence en soufre seule : le stress
hydrique atténue l'effet négatif de la carence en soufre sur la composition protéique des
graines.

o C(Cet effet est probablement d{ a la forte diminution de la taille des graines en réponse au stress
combiné qui réduit leur demande en azote mais pas en soufre, permettant ainsi I'ajustement
du ratio globulines 7S /globulines 118.

e L’analyse du transcriptome de graines immatures de pois prélevées a la fin de la période de
stress combiné (stade de transition entre I'embryogenese et I'accumulation des protéines de
réserve) montre la mise en place de processus de régulation spécifiques au double stress
impliquant un jeu de facteurs de transcription et de SUMO-ligases.

Ce travail a été publié dans la revue Journal of Experimental Botany.

Henriet C, Aimé D, Térézol M, Kilandamoko A,Rossin N, Combes-Soia L, Labas V, Serre RF, Prudent M,
Kreplak J, Vernoud V and Gallardo K (2019) Combining water stress with sulfur deficiency in pea
impedes reproductive development but reduces imbalance in seed protein composition. J Exp Bot. 70:
4287-4304. doi: 10.1093/jxb/erz114.
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Water stress combined with sulfur deficiency in pea affects yield
components but mitigates the effect of deficiency on seed globulin
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ABSTRACT

Water stress and sulfur (S) deficiency are two constraints increasingly faced by crops due to
climate change and low-input agricultural practices. To investigate their interaction in the
grain legume pea (Pisum sativum), sulfate was depleted at the mid-vegetative stage and a
moderate 9-d water stress period was imposed during the early reproductive phase. The
combination of the stresses impeded reproductive processes in a synergistic manner, reducing
seed weight and seed number, and inducing seed abortion, which highlighted the paramount
importance of sulfur for maintaining seed yield components under water stress. On the other
hand, the moderate water stress mitigated the negative effect of sulfur deficiency on the
accumulation of S-rich globulins (11S) in seeds, probably due to a lower seed sink strength for
nitrogen, enabling a readjustment of the ratio of S-poor (7S) to 11S globulins. Transcriptome
analysis of developing seeds at the end of the combined stress period indicated that similar
biological processes were regulated in response to sulfur deficiency and to the combined
stress, but that the extent of the transcriptional regulation was greater under sulfur

deficiency. Seeds from plants subjected to the combined stresses showed a specific up-
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regulation of a set of transcription factor and SUMO ligase genes, indicating the establishment

of unique regulatory processes when sulfur deficiency is combined with water stress.

KEYWORDS

Abiotic stresses, drought, nutrient partitioning, Pisum sativum, sulfur, seed quality, seed

transcriptomics, storage proteins

INTRODUCTION

Legumes are able to accumulate large amounts of proteins in their seeds even in the absence
of nitrogen (N) fertilizer thanks to their ability to interact symbiotically with soil-borne
Rhizobiaceae that fix atmospheric dinitrogen. In pea (Pisum sativum), one of the most
cultivated pulse crops, seeds contain between 18-34% protein on a dry-weight basis (Burstin
et al., 2011). As in other legumes, pea seed proteins are poor in the sulfur (S) amino acids
methionine and cysteine (S-AA). However, being rich in lysine, they complement the protein
intake from cereals, which are in contrast poor in lysine (Burstin et al., 2011). About 70% of
seed proteins in legumes are seed-storage proteins consisting of 7S (vicilins, convicilins) and
11S (legumins) globulins (Boulter and Croy, 1997). These abundant proteins differ in their
nutritional properties. Notably, 11S globulins contain higher levels of S-AA than 7S globulins
(1.5% and 0.6%, respectively, in Medicago truncatula) (Zuber et al., 2013). Hence, variations
in the 75/11S ratio (which has a mean value of 1 in the pea cultivar ‘Caméor’; Bourgeois et al.,
2009) could influence the nutritional quality of legume seeds by affecting the dietary intake
of methionine and cysteine. Variations in this ratio could also influence the functionality of
protein isolates such as their solubility, foaming, and emulsifying capacities (Dagorn-Scaviner

et al., 1986; Rangel et al., 2003), or their textural properties (Mujoo et al., 2003).

Variations in environmental conditions influence the final seed yield and the content and
composition of proteins in pea (Karjalainen and Kortet, 1987; Bourgeois et al., 2009). One of
the environmental constraints affecting crop productivity is water stress (WS), which is
predicted to occur more frequently and severely with climate change. In pea, water stress is

a major yield-limiting factor (Fougereux et al., 1997), and its impact depends on the intensity
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of the stress and its duration, and on the phenological stage at which it occurs (Ney et al.,
1994; Guilioni et al., 2003; Prudent et al., 2015). Previous studies on water stress have
suggested that S nutrition could play a key role in the plant response (Chan et al., 2013, and
references therein). Under water stress, sulfate concentration increases in the xylem sap
(Ernst et al., 2010; Malcheska et al., 2017) and enhances stomatal closure in the shoot by
promoting the expression of genes involved in abscisic acid (ABA) synthesis (Malcheska et al.,
2017). Moreover, a rapeseed cultivar with improved efficiency of S uptake and utilization is
more resistant to water stress (Lee et al., 2016), supporting the importance of S in tolerance

to water stress.

Due to controls on emissions, areas with S-deficient soils are increasing (Mcgrath et al., 2003)
and molecular indicators are being developed to diagnose S deficiency (Etienne et al., 2018).
In legumes, the S-starvation response can be reduced through mycorrhizal colonization under
high phosphate levels (Sieh et al., 2013). S deficiency reduces photosynthesis through a
negative effect on both chlorophyll content and the rate of photosynthesis per unit
chlorophyll (Terry, 1976), and affects nitrogen fixation and assimilation (Scherer and Lange,
1996; Zhao et al., 1999; Varin et al., 2010). S deficiency also affects the quality of legume seeds,
such as germination capacity and the accumulation of 11S globulins, which is compensated by
an increased accumulation of 7S globulins (Blagrove et al., 1976; Chandler et al., 1983;
Chandler et al., 1984; Spencer et al., 1990; Zuber et al., 2013). Variations in legume seed
globulins have been shown to be primarily controlled at the transcriptional level, with the
changes in transcript abundance closely reflecting the pattern of synthesis of the

corresponding globulins (Chandler et al., 1984; Gallardo et al., 2007).

Since water stress may occur simultaneously with S deficiency in cropping systems with low
fertilizer input, the impact of deficiency combined with a water-stress period is clearly very
important but has not previously been studied. Recent studies have highlighted the fact that
the plant response to a combination of two abiotic stresses is unique and that the outcome of
the interaction cannot be extrapolated from the effects of the individual stresses (Pandey et
al., 2015; Zhang and Sonnewald, 2017). Plants adapt their responses to combined stress
factors, displaying unique and/or common responses compared to single stresses. The
interaction between two stresses can be either additive (adding the impacts of two

hypothetical stressors) or synergistic (a response that is greater than the additive response)
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and, in some cases, mitigation strategies have been revealed (Pandey et al., 2015). In this
study, we provide a first overview of the combined effects of water stress and S deficiency on
pea productivity, nutrient partitioning between plant parts, and seed quality traits. Moderate
water stress was applied at the beginning of the reproductive phase, a period during which
this stress frequently occurs in the field. Clear differences in the plant and seed characteristics
in response to the combined stress compared to the individual stresses were observed,
highlighting synergistic effects on reproductive processes and mitigating effects on seed
globulin composition, which could be explained by changes in seed sink strength for N. By
studying the transcriptome of developing seeds, specific molecular signatures for S deficiency
and for the combined stress were identified, some of which could play key roles in the

transcriptional regulation of globulin accumulation.

MATERIALS AND METHODS

Plant growth conditions

Seeds of Pisum sativum L. (‘Caméor’ genotype) were pre-germinated for 5 d in a Fitoclima
S600 germinator (Aralab, Rio de Mouro, Portugal) at 20 °C in the dark. The germinated seeds
were sown individually in 2-1 pots containing a mixture of perlite/sand (3/1, v/v) at a day/night
temperature of 19/15 °C, with a 16-h photoperiod with artificial lighting (250 umol m-2 s-1).
The seedlings were irrigated with a nitrate- and S-rich nutrient solution (S+) as previously
described (Zuber et al., 2013; 2 mM Ca(NO3)2 as the only modification) for 3 weeks (to the
5-/6-node stage). Half of the plants were then subjected to S deficiency (S—) by using the same
solution lacking MgS04.7H20 but containing 1.16 mM MgCl2, after rinsing the substrate twice
with deionized water and then twice with the S—solution. After 8 d of S deficiency, plants at
the 8-node stage (on the primary branch: emerging secondary branches were removed
throughout development) were transferred to an automated Plant Phenotyping Platform for
Plant and Micro-organism Interactions (4PMI, Dijon, France). Plants were automatically
weighed and watered four times a day in order to maintain a soil relative water content
corresponding to the maximum (100%) water-holding capacity of the substrate. At flowering
of the second/third flowering node, irrigation was stopped for half of the plants until the soil

water content reached 50% of the maximum water-holding capacity of the substrate. Once
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this target value was reached it was maintained for 9 d. Plants were then re-watered normally

with their appropriate solution (S+ or S—) until maturity (Figure 16A).
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Figure 16. Experimental design for studying the interaction between water stress and S deficiency in
pea (cv. ‘Caméor’). (A) Developmental stages at which stresses were imposed. Control, plants were
well watered under non-limiting S conditions; S—, plants were deprived of S from the mid-vegetative
stage until harvest; WS, plants were subjected to water stress from flowering of the 2nd or 3rd
reproductive node for 9 d, then re-watered for recovery; S-WS, plants were subjected to a combination
of the two stresses. Developing seeds were collected at the end of the water-stress period for
transcriptome analyses, and other plants were harvested at maturity for phenotyping and analyses of
seed composition. (B) Leaf water potential measured at the end of the water-stress period. Data are
means (+SE), n=4 plants. Different letters indicate significant differences as determined by ANOVA
followed by a SNK test (P<0.1). (C) Schematic representation of how mature seeds were collected. For
each plant, seeds from each individual flowering node (dots on the left diagram) were collected at
maturity and pooled into four groups (G1-G4). G1 seeds corresponded to flowering nodes that
flowered before the beginning of the water stress period; G2 seeds corresponded to the flower that
opened on the day that water stress was imposed; G3 and G4 seeds corresponded to nodes that
flowered during the water-stress period. G1-G3 seeds had passed the final stage of seed abortion
(FSSA) 3 d after the end of the water-stress period, while G4 seeds had not. Note that no G4 seeds
developed on the double-stressed plants.
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Physiological measurements and collection of seed samples

The midday leaf water potential was measured at the end of the water-stress period on the
last fully expanded leaf of four plants per treatment in a C52 sample chamber coupled to a
HR-33T Dew Point Microvoltmeter (Wescor Inc.). The chlorophyll content of the leaf from the
first reproductive node of 7-10 plants per treatment was estimated throughout the

reproductive period using a SPAD-502 chlorophyll meter (Minolta).

For each plant, the flower that opened on the day that water stress was applied was tagged,
thus allowing us to separate seeds at harvest that corresponded to flowers that opened before
water stress, on the day it was applied, and during the stress period. A pea pod sizer developed
by Arvalis-Institut du Végétal was used to non-destructively estimate whether or not the seeds
of the plants had reached the final stage of seed abortion (FSSA, i.e. the stage at which seeds
no longer abort: pod thickness >0.7 cm) (Munier-Jolain et al., 2010). FSSA measurements were
carried out 3 d after the end of the water-stress period, which corresponded to 12 d after
pollination (DAP) for the tagged pod. Mature seeds were harvested in four groups (G1-G4)
according to the date of anthesis of the corresponding flower, with G3 and G4 being further
defined according to the FSSA measurements (Figure 16C). For germination tests, 20 mature
seeds (G1-G4 pooled) from each of three replicate plants per treatment were germinated in
the dark at 20 °C as described by Benamar et al., (2003). A seed was considered as germinated

when the radicle protruded through the seed coat.

For transcriptomics, developing seeds were harvested from tagged pods at 9 DAP,
corresponding to 9 d after the beginning of the WS period (Figure 16A). The experiment was
carried out in a randomized complete block design with either three (S—and WS treatments)
or four (control and S—WS treatments) biological replicates per treatment, each replicate

consisting of two plants pooled together.

Measurements of S, N, and C contents in mature seeds and plant parts

S, N, and carbon (C) contents were determined on dried (80 °C for 48 h), ground tissues from
four plants per treatment. Samples included seeds (separated into four groups as described
before), pod walls, roots, vegetative parts (leaves and stems developed before flowering, i.e.
below the first reproductive node), and reproductive parts (leaves and stems of the

reproductive nodes). N and C contents were determined from 5 mg of ground tissue using the
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Dumas procedure on a Flash 2000 Elemental Analyzer (ThermoFisher Scientific) with two
technical replicates per sample. S content was determined from 20 mg of ground tissue mixed
with 5 mg of tungsten trioxide on an elemental PYRO cube analyser (Elementar), with two
technical replicates per sample. Using these data, the quantity of elements in each plant part
was calculated by multiplying the element concentrations by the total biomass of each part.
Nutrient partitioning between plant parts was calculated as a percentage relative to the total

guantity of each element in the entire plant.

Extraction, separation, and relative quantification of seed proteins
using 1-D electrophoresis gels

Total soluble proteins were extracted as previously described (Gallardo et al., 2007) from four
biological replicates of mature seeds using 500 ul of urea/thiourea buffer for 10 mg of seed
powder. Protein concentration was determined according to Bradford, (1976) using a Bio-Rad
Protein Assay. For each seed sample, 10 ug proteins were separated by one-dimensional
electrophoresis (1-DE) in a SDS polyacrylamide gel using the XCell4 SurelockTM Midi-Cell
system (Life Technology) [Resolution gel: 4.1 mM Tris-HCl pH 8.8, 40% (v/v)
acrylamide/bisacrylamide (30%/0.8%), 1% (g/v) SDS, 0.05% (g/v) ammonium persulfate,
0.05% (v/v) TEMED; Concentration gel: 0.6 mM Tris-HClI pH 6.8, 13% (v/v)
acrylamide/bisacrylamide (30%/0.8%), 1% SDS, 0.05% ammonium persulfate, 0.05% TEMED;
Electrophoresis buffer: 50 mM Trizma base, 380 mM glycine, 0.1% (g/v) SDS]. After staining
with Coomassie Blue R250 (Bio-Rad), gels were scanned using an Odyssey Infrared Imaging
System (LI-COR) with an intensity of 7.5 and a resolution of 84 um. Protein band detection and
guantification were performed using Phoretix 1D (v11.2, TotalLab Limited). In each well, the
guantitative data were normalized by dividing the volume of each protein band by the total
band volume, and the molecular weight (kDa) of each band was calculated using a low-range

protein ladder (Bio-Rad).

Identification and annotation of mature seed proteins

Protein bands were excised from the gel and protein digestion was carried out according to
Labas et al., (2015). The resultant peptides were extracted in 5% formic acid (10 min
sonication, supernatant removed and saved), followed by incubation in 100% acetonitrile/1%

formic acid (1:1, 10 min), and a final incubation with 100% acetonitrile (5 min, supernatant
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was again removed and saved). These two peptide extractions were pooled and dried using a
SPD1010 speedvac system (Thermosavant, Thermofisher Scientific). The resultant peptide
mixtures were analysed by nanoflow liquid chromatography-tandem mass spectrometry
(nanoLC-MS/MS) for protein identification. Peptide separation and data acquisition were
performed according to Labas et al., (2015) on a LTQ Orbitrap Velos mass spectrometer
(ThermoFisher Scientific) coupled to an Ultimate® 3000 RSLC Ultra High Pressure Liquid
Chromatographer (Dionex) controlled by Chromeleon Software (v6.8 SR11; Dionex). MS/MS
ion searches were performed using Mascot (v2.3.2, Matrix Science) via Proteome Discoverer
2.1 software (ThermoFisher Scientific) against the pea gene atlas (Alves-Carvalho et al., 2015).
The search parameters included trypsin as a protease with two allowed missed cleavages and
carbamidomethylcysteine, methionine oxidation, and acetylation of N-term protein as
variable modifications. The tolerance of the ions was set to 5 ppm for parent and 0.8 Da for
daughter-fragment ion matches. Peptides and proteins identified by Mascot were validated
using Scaffold (v4.8.3, Proteome Software): protein identifications were accepted when they
contained at least two identified peptides and when the probability was at least 95% and 99%
as specified by the PeptideProphet and ProteinProphet algorithms, respectively (Keller et al.,
2002). To annotate each protein band, we used the quantitative values obtained by mass
spectrometry. These values corresponded to the Normalized Weighted Spectra counts
calculated by Scaffold 4.8.3 (Supplementary Table S1) that reflected the abundance of each
protein identified within a band. We assigned a protein name to a band only when the
Normalized Weighted Spectra count indicated a high abundance for this protein (i.e. a major

protein).

RNA sequencing, read mapping, and differential analyses

Total RNAs were extracted from 9-DAP seeds using an RNeasy Plant Mini Kit (QIAGEN), treated
with an RNase-Free DNase Set (QIAGEN), and then purified by lithium chloride precipitation.
Quantification of RNA was performed using a spectrophotometer NanoDropTM 2000
(ThermoFisher Scientific) and RNA quality was assessed on a 2100 Bioanalyzer (Agilent
Technologies). The same RNA pools were used for RNA sequencing (RNA-seq) and reverse-
transcription quantitative PCR (RT-qPCR). RNA-seq was performed on an lllumina HiSeq3000
to generate 150-nucleotide-long paired-end reads. RNA-seq libraries were prepared using an

Illumina TruSeq Stranded mRNA sample prep kit according to the manufacturer’s instructions.
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Briefly, mRNAs were selected using poly-T beads, fragmented to generate double-stranded
cDNA, and ligated to adapters. Eleven cycles of PCR were applied to amplify the libraries.
Library quality was assessed using a Fragment Analyzer (Agilent Technologies) and libraries
were quantified by gPCR using a Kapa Library Quantification Kit (Roche). RNA-seq experiments
were performed on an Illumina HiSeq3000 using a paired-end read length of 2x150 pb with
Illumina HiSeq3000 sequencing kits. The sequence quality of the raw data was assessed using

the FastQC v0.11.2 software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc)

and raw data were corrected using the k-mer-based error correction software Rcorrector (-k
31) (MacManes, 2015, Preprint; Song and Florea, 2015). The corrected data were trimmed for
low-quality and adapter sequences using Trimmomatic v0.32 (Bolger et al., 2014) with the
following parameters: ILLUMINACLIP:TruSeq3PE2:2:40:15, LEADING/TRAILING:2,
SLIDINGWINDOW:4:15, and MINELN:25. Trimmed reads with less than 25 bp and unpaired
reads were discarded. The corrected and trimmed reads were aligned against the Pea

Reference Genome sequence vl (https://urgi.versailles.inra.fr/Species/Pisum/Pea-Genome-

project) using the HISAT2 v2.0.5 alignment program (Kim et al., 2015) with the specific
parameter --dta for output compatibility with StringTie 1.2.2 (Pertea et al., 2015). For each

library, more than 90% of the reads were uniquely mapped to the genome (Table 1).

Table 1. Summary of RNA-seq mapping results

Somtstame_Condion ot P ol o et eiomapeed e _uutplereslmpped  _testeunnaped
93_HISAT.log Control 1 29472882 58945764 57790583 98.04 53594519 90.92 4196064 7.12 1155181 1.96
94 _HISAT.log Control 2 23544089 47088178 46138319 97.98 42833163 90.96 3305156 7.02 949859 2.02
95_HISAT.log Control 3 19409507 38819014 38037868 97.99 35417371 91.24 2620497 6.75 781146 2.01
96_HISAT.log Control 4 27239503 54479006 53297681 97.83 49422708 90.72 3874973 7.11 1181325 217
97_HISAT.log WS 1 23791904 47583808 46553001 97.83 43348835 91.10 3204166 6.73 1030807 2.17
98_HISAT.log WS 2 24714093 49428186 48429363 97.98 45062951 91.17 3366412 6.81 998823 2.02
99_HISAT.log Ws 3 26927181 53854362 52741109 97.93 49009845 91.00 3731264 6.93 1113253 2.07
100_HISAT.log S- 1 26480476 52960952 51878974 97.96 48256174 91.12 3622800 6.84 1081978 2.04
102_HISAT.log S- 2 32946979 65893958 64413039 97.75 60043746 91.12 4369293 6.63 1480919 2.25
103_HISAT.log S- 3 17954537 35909074 34919289 97.24 32624989 90.85 2294300 6.39 989785 2.76
104_HISAT.log S-Ws 1 14679990 29359980 28607498 97.44 26729750 91.04 1877748 6.40 752482 2.56
105_HISAT.log S-Ws 2 17460709 34921418 34052863 97.51 31937127 91.45 2115736 6.06 868555 2.49
106_HISAT.log S-Ws 3 24825088 49650176 48496745 97.68 44973351 90.58 3523394 7.10 1153431 2.32
107_HISAT.log S-Ws 4 23656577 47313154 46134451 97.51 43117634 91.13 3016817 6.38 1178703 2.49

* after adapters trimming and low quality reads filtering

A protocol was developed based on Pertea et al., (2016) to annotate new transcripts. New
transcript assembly was performed using StringTie 1.2.2 with default parameters and with a
file containing reference gene models as a guide. For each library, a StringTie prediction was
made based on HISAT2 mapping files. Assemblies from the different samples were then

merged using the StringTie merge function. The Gffcompare v0.9.9e software
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(https://github.com/gpertea/gffcompare) was used to classify the predicted transcripts

compared to the reference, and only new transcripts were kept (class code U, i.e. the
predicted transcript is intergenic in comparison to known reference transcripts). To remove
potential transposable elements (TEs) from our set of new assembled transcripts, transcript
and TE coordinates were compared using the Bedtools intersect v2.26.0 software (Quinlan
and Hall, 2010) with the option --wao. Transcripts with more than 50% coverage with a TE
were removed from our data set. Long non-coding transcripts were identified using the FEEInc
v0.1.0 software (Wucher et al., 2017) with default parameters. When a coding protein gene
had at least one of its alternative transcripts identified as a long non-coding RNA (IncRNA), all
alternative sequences were mapped against the protein databases of Medicago truncatula v4

(http://www.medicagogenome.org/) and Arabidopsis thaliana TAIR10

(https://www.arabidopsis.org/). When a match (e-value<0.001) was obtained for at least one

of the transcripts, the gene and its alternative transcripts were considered as coding RNAs.
Coding transcripts were translated into proteins using the load, longestorf, and translate
commands from the JCVI toolbox (Tang et al., 2015). The entire dataset was mapped against
the Medicago truncatula proteome (v4) and the Arabidopsis thaliana proteome (TAIR10) using
Blastp with an e-value of 0.001. For each species, the best hit for both coverage and identity
was selected. Protein domain characterization and assignment of gene ontology (GO) terms
were performed using InterProScan5 (Jones et al., 2014). Mapped reads were assigned to the
pea reference genome vl enriched with the new transcripts using FeatureCounts v1.5.0-p3
(Liao et al., 2014). Only paired reads that mapped once and that were correctly mapped on
the same chromosome were counted (-p -B -C). Reads were assigned to their overlapping
meta-features. Counts of genes were pre-filtered to keep only rows that had at least 10 reads
total. Pairwise differential gene expression between control and stress treatments was
obtained using the DESeq2 R package (1.12.3 version) (Love et al.,, 2014). Genes were
considered as differentially expressed when the false discovery rate (FDR)-adjusted P-value
was <0.05. GO term enrichment analysis was conducted using the TopGO R package (2.34.0
version; Alexa and Rahnenfuhrer, 2018), with the Elim method and Fisher’s exact test

(P<0.001).
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RT-GPCR

Samples of 5 pg of DNAse-treated RNA were reverse-transcribed with an iScript cDNA
synthesis kit (Bio-Rad) according to the manufacturer’s protocol in a final volume of 20 pl.
Quantitative real-time PCR was carried out on a LightCycler 480 apparatus (Roche) as
described by Noguero et al., (2015) with GoTaq gPCR Master Mix (Promega), using 3 ul of 50x
diluted cDNA and 0.2 uM of each primer in a final volume of 10 pl. Reactions were performed
in duplicates from each biological replicate. Expression levels relative to the housekeeping
reference genes Actin (Psat5g063760) and Histone (Psat6g056720) were calculated using the
AACT method (Schmittgen and Livak, 2008). Primers used for the reference genes and

deregulated genes are given in Supplementary Table S2.

Statistical analyses

Statistical analyses of phenotypic and physiological data, 1-DE gel-derived protein data, and
CNS content, quantities, and partitioning were conducted using Statistica Version 7.0
(StatSoft). ANOVAs followed by Student—Newman—Kheul (SNK) post hoc tests were used to

determine significant differences (P<0.05, except for leaf water potential where P<0.1).

RESULTS

Sulfur deficiency combined with water stress dramatically affects seed
yield components

To investigate the interplay between S nutrition and the response to water stress, Pisum
sativum plants (cv. ‘Caméor’) deprived of S from the mid-vegetative stage (to minimize
vacuolar storage of sulfate) were subjected to a moderate water stress (WS) for 9 d during the
early reproductive phase, i.e. at flowering of the second or third reproductive nodes (S—WS
treatment, Figure 16A). Control plants (well-watered, in non-limiting S conditions) and plants
subjected to individual stresses (WS or S—) were examined for comparison. Leaf water
potential measurements confirmed that the water stress was moderate (—1.3 MPa, Figure
16B). The effect of individual and combined stresses was evaluated at maturity by measuring
plant, pod, and seed characteristics (Table 2). Water stress did not significantly affect seed

yield, although there was a slight decrease in individual seed weight and in the number of
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reproductive nodes. In contrast, S deficiency alone or combined with water stress significantly
decreased yield by 38% and 65%, respectively. The stronger impact of the combined stress
could be explained by a marked decrease of both individual seed weight (-34%) and seed
number per plant (—48%). In addition, the combined stress increased seed abortion (+58%
compared to the control), leading to fewer seeds per pod. These effects were not observed in
response to the individual stresses, thus demonstrating the dramatic effect of S starvation
combined with moderate water stress on seed production. Furthermore, pea plants subjected
to the same S deficiency but experiencing a 3-d longer period of water stress (12 d) did not

survive: the leaves dried out even though the water stress was moderate (Figure 17A).
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Figure 17. Effect of water stress combined with sulfur deficiency on pea plant phenotype and
estimated leaf chlorophyll content. A, Pictures representative of plants after 9 and 12 days of water
stress from the beginning of flowering. The same plants were photographed at three-day interval. B,
Mean chlorophyll content (SPAD unit) in leaves of the first reproductive node during seed maturation.
Values are mean + SE (7<n<10). S-, S-deficiency; WS, water stress; S-WS, combined stress.
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To determine whether the stresses affected early- and late-produced seeds differently,
mature seeds were collected in four different groups (G1-G4) depending on (i) the time of
pollination of the corresponding flower (before, at the time water stress was imposed, or
during the water-stress period) and (ii) whether or not seeds had reached the FSSA 3 d after
the end of the water-stress period (see Methods; Figure 16C). G1 seeds corresponded to
flowering nodes that flowered before the beginning of the water stress period. G2 seeds
corresponded to the flower that opened on the day that water stress was imposed. Both G3
and G4 seeds corresponded to flowering nodes that flowered during the water stress period
but they could be distinguished according to the FSSA measurements: G3 seeds had reached
FSSA 3 d after the end of the water-stress period, while G4 seeds were still in embryogenesis
at this time. Plants subjected to the individual or combined stresses produced more nodes
carrying G3 seeds and fewer nodes carrying G4 seeds than control plants (Table 2), indicating
accelerated seed production. Interestingly, in the combined stress treatment, seeds from all
reproductive nodes had reached FSSA (i.e. there were no G4 seeds), while seeds from the last
reproductive nodes of plants grown in control or single-stress conditions were still in
embryogenesis. In addition, all groups of seeds grown under the combination of water stress
and S deficiency displayed a significant decrease in individual seed weight compared to the
control treatment. Hence, the combined stress negatively affected individual seed weight

whatever the developmental stage of the seeds exposed to water stress.

Table 2. Effect of water stress combined or not with S-deficiency on phenotypic characteristics at harvest in pea.

Well-watered ‘Water-stressed

R L Sulfur supply Sulfur deficiency Sulfur supply Sulfur deficiency
Phenotypic characteristics at N = =
v L. Control S- WS S-WS
: SNK SNK Ratioto SNK Ratioto SNK Ratio to
Mean SE test Mean test Control Mean test Control Mean  SE ot Control

Plant characteristics at harvest
Seed yield per plant (g) 12.83 0.650 a 796 0471 b N -38% 1163 0463 a 091 445 0547 N -65%
Total plant biomass (g) 23.03 0.798 a 1467 0831 b N -36% 2132 0967 a 093 10.46 0617 N 55%
Harvest index 0.56 0.018 a 054 0011 a 097 055 0007 a 098 042 0.026 -26%
Number of vegetative nodes 12.86 0.404 a 1257 0481 a 0.98 1260 0.163 a 0.98 12.80 0.200
Number of reproductive nodes 8.86 0.340 a 643 0202 ¢ 073 N -27% 730 0213 b 082 N -18% 570 0.153 -36%
Number of nodes with pods 6.71 0.244 a 48 0.189 ¢ 072 N -28% 570 0474 b 085 N -15% 480 0211 -29%
Pod and seed characteristics at harvest (G1 to G4 seeds pooled)
Seed number per plant 4857 2349 a 3371 1742 b 069 N -31% 4820 1718 a 099 2550 2535 -48%
Pod number per plant 9.86 0.404 a 729 0421 b 074 N -26% 940 0452 a 095 7.00 0.298 -29%
One-seed weight (g) 0.26 0.003 a 024 0005 b 089 N -11% 024 0005 b 091 N 9% 0.17 0.008 -34%
Seed number per pod 5.66 0.494 a 485 0216 a 0.86 556 0242 a 098 324 0354 -43%
Number of aborted seeds per pod 262 0.521 a 224 0276 a 085 208 0245 a 0.79 415 0426 +58%
Gmax (%) 100 0 a 7333 2667 a 0.73 100 0 a 1.00 71.67 14.81
Number of reproductive nodes

G1 0.71 0.244 a 143 0488 a 200 110 0158 a 154 130 0242 a 1.82

G2 1.00 0.000 a 100 0000 a 1.00 1.00 0000 a 1.00 100 0000 a 1.00

G3 100 0408 b 143 0636 ab 143 160 0422 ab 160 230 0412 a A +130%

G4 400 0289 a 08 0535 ¢ N -79% 200 0577 b N -50% na na na na
Seed number per group

G1 10.7 1.667 ab 135 2255 a 127 105 1443 a 098 475 0250 b 0.45

G2 675 084 a 550 0500 a 081 700 0408 a 1.04 200 0408 b [HEEDE 8 -70%

G3 165 2327 ab 118 3924 b 0.71 243 2016 a 147 203 2839 ab 123

G4 198 3.425 a 700 na a 035 867 1856 a 044 n/a na na n/a
One-seed weight ()

Gl 0.25 0.009 a 024 0006 a 0.96 021 0012 a 0.85 013 0017 b N 46%

G2 027 0.009 a 024 0002 a 0.90 023 0013 a 085 011 0018 b N -578%

G3 0.27 0.002 a 024 0008 a 0.89 024 0012 a 0.90 019 0011 b 0.69 N 31%

G4 0.28 0.005 a 0.23 na b 084 N -16% 025 0.010 ab 0.90 n/a n/a o n/a

The harvest index corresponds to the ratio of seed yield to total dry biomass. and Gmax to the maximum percentage of germinated seeds after 96 hours. The ratios of values for
stressed plants versus control plants are indicated. For each trait. different letters indicate significant differences (P<0.05. ANOVA followed by a SNK test, 7<n<10 for all traits
except for seed number and weight per group from G1 to G4 where n=4). For Gmax determination. G1 to G4 seeds were pooled and 20 seeds per plant (3 plants per condition)
were used. The colored bold values indicate whether the ratio decreased (dark blue scale) or increased (red) significantly. When the differences were statistically significant. the
percentage of increase or decrease relative to the control is indicated. SE, standard error. Note that no G4 seeds developed on the double-stressed plants. n/a. not applicable.
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7 48 Vicilin 75 | 1.50 1.73 163 177 0.83 0.85 0.88 0.82 095 0.98 139 0.6 7.56
1 34 Vicilin 75 | 1.71 1.58 | 221 | 1.63 0.76 0.84 0.82 0.59 137 1.29 /198 0.86 7.56 o
ASWs&s- 12 32 Vicilin 75 | 249 227 243 250 113 110 1.03 0.6 176 | 1.54 178 0.47 6.99 o
2 19 Several proteins 257 239 244 1286| 114 1.09 121 089 138 1.29 207
2 17 Several proteins 1.16 | 1.36 | 1.26 |1.80| 1.09 1.03 095 101 |176 144|131
25 16 tectin 020331 327 320 145 101 106 123 188 224 2.22
26 14 unidentified 219 206 2.09 210 110 092 1.12 0.90 139 157 1.60
14 30 unidentified 138 079 072 056 150 099 0.70 0.89 |216 1.31 1.00
As-ws 18 25 AlbuminPA2 2§ 140 1.00 089 0.75 127 1.06 0.86 107 |1.84 133 118 303 693 043
23 18 Legumin 115 120 108 1.19 1.17
6 51 unidentified 0.98
8 43 Severalproteins 117
9 40 Legumin 115 0.98 231 424 058
WS-WS &S 10 38 lngumin 115 0.96 231 424 058
16 26 AlbuminPA2 25 1.07 3.03 693 043
19 23 Legumin 115 1.23 231 424 058
20 22 Legumin 11S 1.03 0.75 0.80 1.19 0.60 23 424 058
27, 13 unidentified 121 129 130 1.16 0.45 0.87 0.46
NS 17 26 unidentified 0.50 0.70 BOSAON 0.61 090 137 1.18 0.73 0.81 0.85 0.1
ASWS&NS- 21 21 unidentified 023 118 118 129 116 141 177 |1.06
1 97  Several proteins 110 056 054 051 099 113 1.09 0.89 061 0.38 048
2 70 Convicilin 75 0.7 0.96 1.01 097 092 0.95 1.00 0.97 098 1.01 099 048 7.92 0.65
Non-regulated 4 59 unidentified 0.51 0.62 137 0.79 0.80 1.03 284 126 110 0.0 223
bystresses 5 55 unidentified 032 042 051 036 063 093 225 073 047 051 154
13 31 Vicilin 7 222 143 147 144 148 118 121 151 180 166 134 047 699 0
15 29 Several proteins 124 123 125 127 1.02 100 093 0.85 128 119 1.23
25 0.89 JOF2N9Y 0.71  1.15 091 093 1.05 099 0.78 0.83
75 157 1.63 1.66 1.69 091 093 096 091 1.17 116 1.42
s O ;o oo 109 070 073 oMl
All globulins: 115 4 75 0.94 0.97 0.99 0.99 0.97 097 0.96 1.00 095 0.96 0.96
7/115 0.89 092 101 084 169 166 3.01

Figure 18. Effects of water stress combined with S deficiency on protein composition of mature pea seeds from
seed groups G1-G4. (A) Protein profiles of mature seeds from plants with or without stresses. Representative
one-dimensional electrophoresis (1-DE) protein patterns for mature control seeds from G1-G4 are shown on the
left. The 27 individual bands that were detected and quantified in all the seed groups are shown. Protein
annotation refers to major proteins in each band, according to the Normalized Weighted Spectra counts
(Supplementary Table S1). Six protein bands corresponded to 7S globulins (vicilins and convicilin, in green) and
five to 11S globulins (legumins, in orange). One 1-DE gel illustrating qualitative changes in the accumulation of
the 7S and 11S globulins between the different treatments is shown on the right for two biological replicates of
G1 (G1-1, G1-2) and G3 (G3-1, G3-2). (B) Quantitative variations in response to stresses. Significant changes in
the relative abundance of the protein bands are shown for each group of seeds compared to the control. The
ratio of values for stressed plants versus control plants is indicated for each group. Note that no G4 seeds could
be harvested for S-WS plants. The 7S5/11S ratio corresponds to the relative quantity of 7S divided by that of 11S.
The colors indicate whether the ratio decreased (grey scale) or increased (red scale) when values were
significantly different to that of control seeds, as determined by ANOVA followed by a SNK test (P<0.05, n=4
plants). The percentage of amino acids in the sequence of storage-proteins is indicated (S-AA, sulfur amino acids,
methionine and cysteine). S—, S deficiency alone; WS, water stress alone; S-WS, combined stresses.
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Seed protein composition is less affected by combined stress than by S
deficiency alone

To examine the influence of the individual and combined stresses on seed protein
composition, total proteins of mature seeds of each group (G1-G4) in the different treatments
were separated by 1-DE. A total of 27 individual bands were detected and quantified (Figure
18A), and 19 could be annotated following nanoLC-MS/MS analyses (Supplementary Table
S1). The relative abundance of each protein band for each group of seeds is given in Annex 3
and expressed as a ratio to the control in Figure 18B. These data showed that the short and
moderate water stress alone did not significantly modify seed protein composition. In
contrast, S deficiency drastically affected the accumulation of major proteins (i.e. storage
proteins), as seen in Figure 18A. As expected, the major proteins whose relative abundance
increased in response to S deficiency corresponded to 7S globulins (vicilins and convicilins,
0.47-0.86% S-AA in their sequence), and the major proteins whose relative abundance
decreased corresponded to 11S globulins (legumins, 2.31% S-AA) and 2S albumins (3.03% S-
AA). This resulted in a significantly higher 75/11S ratio in G1-G4 seeds from S— plants
compared to the control (by 6.25- to 7.81-fold). Interestingly, fewer differences in the
accumulation of 7S and 11S globulins were observed when S deficiency was combined with
water stress, especially for G1 seeds (Figure 18), and the 75/11S ratio was not significantly
affected by the combined stress (Figure 18B, Annex 3). These data clearly demonstrated that
the storage protein composition of all groups of seeds was much less affected by the combined
stress than by S deficiency alone. The possible impact of these changes on seed germination
capacity was investigated using three biological replicates of seeds pooled from all the groups
G1-G4. Although the results were not statistically significant, the maximum percentage of
germinated seeds after 96 h of imbibition (Gmax, Table 2) was lower for S—and S—-WS plants

compared to control seeds, which achieved 100% germination after 68 h.

Nitrogen/Sulfur balance in seeds subjected to S deficiency and/or
water stress

The mitigating effect on seed globulins of the combined stress compared to S deficiency alone
prompted us to measure the S, N, and C concentrations in the same seed samples. The
absolute quantity of each element per seed was calculated as well as the N/S and C/N ratios

(Annexes 4 and 5, summarized in Table 3). In mature pea seeds, N is predominantly stored in
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the form of proteins (N content multiplied by 5.4 represents the protein content according to
(Mariotti et al., 2008) while C is mainly stored as starch (Bastianelli et al., 1998). Hence, the
variations observed in this study for seed N and C contents reflected modifications in protein
and starch contents in the seeds. The data indicated that the moderate water stress did not
result in major changes in the SNC contents (%) and quantities (mg seed-1). In contrast, S
deficiency alone or combined with water stress significantly decreased the S content and
quantity per seed for all groups, and increased the N content in seeds in groups G1-G3.
Interestingly, the N and C quantities per seed did not vary in response to S deficiency alone,

whereas they decreased significantly in response to the combined stress (Table 3).

Table 3. SNC content, quantity, N/S and C/N ratios in mature seeds from

G1 to G4.
SNC Ratio to Control
measurements S- WS S-WS
in seeds

Gl G2 G3 G4 Gl G2 G3 G4 Gl G2 G3

Content (%)
Sulfur 1.05 092 0.99 1.08
Nitrogen 1.21 116 112 1.07 1.04 096 1.00 1.03 |1.32 1.23 1.14
Carbon 1.00 0.99 099 0.99 1.0l 1.00 1.00 1.00 099 1.00 0.98

Absolute quantity in one seed (mg)
Sulfur 0.89 10.78 0.89 0.97
Nitrogen 1.17 1.05 0.99 0.89 0.89 0.82 0.90 0.92
Carbon 0.96 0.90 0.88 0.82 0.86 0.85 0.90 0.90
N/S ERIZEREUERXIERYEEE 099 105 1.00 0.96 [2.30

C/N 0.83 0.85 0.88 092 097 1.04 1.00 098 0.75 0.81 0.86

The ratios of values obtained for stressed plants versus control plants are indicated for each
group of seeds from G1 to G4. Bold and color values were significantly different compared
to that of control plants (P<0.05. ANOVA. SNK test. n=4 plants). The colors indicate
whether the ratio decreased (grey scale) or increased (dark red scale). N/S and C/N ratios
correspond to the absolute quantity of nitrogen (N) or carbon (C) divided by that of sulfur
(S) or N. S-. Sulfur-deficiency alone: WS, water stress alone: S-WS. combined stress.

Therefore, it is likely that the seeds of plants subjected to the combined stress had a reduced
N and C demand compared to S— plants, which was consistent with their lower weight (—11%
in S—versus —34% in S—WS, Table 2). Consequently, the seed N/S ratio only increased by 2.5-
fold in response to the combined stress, whereas it increased by 4-fold in response to S

deficiency (Table 3). Significantly, the seed N/S ratio was strongly correlated with the 75/11S
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ratio (R=0.9, P<0.001, Figure 19), suggesting that the N/S ratio can be used as an indicator of

globulin composition in pea seeds.
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Figure 19. Correlation between the N/S and 7S/11S ratios in
mature pea seeds from G1 to G4. The N/S ratio was calculated
from N and S quantities per seed and the 75/11S ratio was
calculated from the relative quantity of 7S and 11S globulins.
*** P<0,001 (Pearson Correlation, n=4 plants per condition). S-
, S-deficiency ; WS, water stress ; S-WS, combined stress.

Differences in nutrient allocation between tissues of stressed plants

To link the seed characteristics with nutrient content and partitioning in different plant parts,
SNC contents were measured in pod walls, roots, and reproductive and vegetative plant parts
(Figure 20A), and the absolute quantity (Figure 20B-D) and partitioning (Figure 20E-G) of
each element was calculated. There was a sharp decrease in S content and total S quantity in
all compartments of the plants deprived of S (Figure 20A, B) and the partitioning data
indicated a reduced proportion of S in roots of these plants (Figure 20E), suggesting a major
utilization of the root S reserves. In contrast, the proportion of S in pod walls increased
significantly, suggesting a higher transfer of S into the pod walls and/or defects in S
remobilization from them to the seeds (Figure 20E). Specifically, when S deficiency was
combined with water stress, the proportion of N and C accumulated in the seed compartment
decreased while it increased in pod walls, roots, and vegetative plant parts (Figure 20F, G).
These results reflected a decreased allocation of N and C to seeds in response to the combined
stress. In support of this, higher chlorophyll contents were observed in leaves of the
combined-stressed plants by the end of the reproductive phase (Figure 17B), suggesting later
senescence.
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A Well-watered Water-stre ssed
Nutrient content and Sulfur supply Sulfur deficiency Sulfur supply Sulfur de ficie ncy
ratio in the different Control S ws S-Ws
compartment SNK SNK Ratio to SNK Ratioto SNK Ratio to
Mean SE Mean SE Mean SE Mean
test test Control test Control test Control
Sulfur Content (%)
Seeds 0.19 0.001 a 0.05 0.003 c 3 019 0.003 a 0.99 0.08 0.002 b 3
Pod walls 0.07 0.002 a 0.04 0.003 ¢ b 0.06 0.008 ab 0.88 0.05 0.003 bc b
Reproductive plant parts  0.23 0.023 a 0.05 0006 ¢ 3 018 0.035 a 0.80 0.07 0.001 c 3
Vegetative plant parts 0.29 0.030 a 0.06 0.002 b 3 0.26 0.026 a 0.91 0.05 0.004 b 3
Roots 0.57 0.066 a 0.07 0.003 b 3 064 0.034 a 113 0.07 0.002 b b ]
Nitrogen Content (%)
Seeds 454 0.036 b 4.96 0.081 a 109 & 448 0.073 b 0.99 5.20 0.128 a 115 &
Pod walls 0.38 0.012 a 0.38 0.049 a 102 035 0.008 a 0.92 0.88 0.158 b 233 2
Reproductive plantparts 1.33 0.052 a 102 0.070 a 0.77 119 0.076 a 0.90 121 0.088 a 0.91
Vegetative plant parts 160 0.030 a 134 0.122 a 0.84 148 0.054 a 0.93 175 0.190 a 110
Roots 3.28 0.035 a 3.08 0133 a 054 291 0.173 a 0.89 3.20 0.187 a 0.98
Carbon Content (%)
Seeds 4556 0058 a 4509 0094 b 099 N 4560 0040 =2 100 4492 0115 b 099 N
Pod walls 438 0066 a 4426 0203 =a 101 4289 0.632 a 0.98 4416 0081 a 101
Reproductive plantparts 40.27 0.098 a 4108 0.133 a 102 4066 0504 a 101 4122 0446 a 102
Vegetative plant parts 4243 0063 a 4250 0051 a 100 4271 0.106 a 101 4264 0203 a 100
Roots 41.08 0.502 a 3766 0211 b 092 3849 0426 b 094 3 3869 0844 b 084 N
N/S
Seeds 239 0107 ¢ 9150 6357 2 [JEEA 2000 0417 ¢ 100 6567 2549 b | 274 A
Pod walls 515 0226 b 9.88 1255 b 192 5.67 0802 b 110 1901 4376 a 2
Reproductive plantparts  6.00 0529 b 2056 3223 a 2 7.07 0939 b 118 17.97 1083 a 300
Vegetative plant parts 5.69 0.554 [4 2329 2453 b 2 573 0.332 c 101 33.70 4.206 a 2
Roots 5.98 0637 b 4140 2763 a 2 462 0463 b 0.77 4532 3635 a 2
/NN
Seeds 1003 0068 =2 9.09 0167 b 091 1019 0172 a 102 8.65 0201 b 08 M
Pod walls 11678 3771 a 12151 15853 a 104 12434 369 a 106 5833 14867 b N
Reproductive plantparts 3049 1111 a 4093 2799 b 134 2 3466 2243 ab 114 3467 2292 ab 114
Vegetative plant parts 26.59 0493 a 3244 2684 2 122 2895 1059 a 109 2537 3270 =a 0.95
Roots 1255 0239 a 1229 0453 a 0.98 1336 0801 a 106 1220 0619 a 0.97
C D
2 12000 | a
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Figure 20. Effects of water stress combined with S deficiency on the accumulation and distribution of N, C, and
S in different pea plant compartments at maturity. (A) Sulfur (S), nitrogen (N), and carbon (C) contents (%), and
N/S and C/N ratios, in each compartment. (B-D) Absolute quantity (mg) of S, N, and C in each compartment. (E-
G) Proportions of N, C, and S in the dry biomass (% dry weight) of each compartment. Data are means (+SE). Bold
and colored values (A), different letters (B-D), or arrows (E-G) indicate significant differences as determined by
ANOVA followed by a SNK test (P<0.05, n=4 plants per condition). S—, Sulfur deficiency alone; WS, water stress

alone; S-WS, combined stresses. Data are shown for seeds pooled from G1-G4.
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Transcriptome changes in developing seeds subjected to drought
and/or S deficiency

To gain insights into the molecular processes occurring in developing seeds at the end of the
combined stress period, a transcriptome analysis was carried out for G2 seeds that
experienced the combined stress throughout their early development (0-9 DAP, Figure 16).
Samples collected from the different treatments at 9 DAP were subjected to paired-end RNA-
seq. Between 15-33 million paired-end reads were generated per sample after adapter
trimming and filtering of low-quality reads, and 91% were uniquely mapped to the pea
reference genome (Table 1). Of the 28 100 genes expressed in the seed samples, 2976 were
differentially expressed in response to the stresses (P-adjust<0.05). Annotation, sequences,
and expression values of these differentially expressed genes (DEGs) are given in
Supplementary Table S2. The reliability of the Illumina RNA-seq data was validated for 11
genes using quantitative RT-PCR. A strong correlation between the RNA-seq and RT-qPCR data
was obtained (R?=0.97), thus validating our differential analysis (Annex 6). In total, 1394 and
1584 genes exhibited significantly higher and lower expression, respectively, in stress
conditions compared to the control (Fig. 21A), and about 40% of the transcriptomic changes
(1199 out of 2976 DEGs) were shared between the S—and S—WS treatments. Only two genes
(out of 2976) had opposite regulation in response to the different stresses: a ferritin gene
(Psat7g247120) was down-regulated in response to S deficiency but up-regulated in response
to the combined stress, while a gene encoding an unknown protein (Psat5g068840) was up-
and down-regulated in S— and S—-WS conditions, respectively (Supplementary Table S2).
Interestingly, the number of DEGs was significantly higher in S— (2523 genes) compared to S—
WS (1652 genes), indicating important transcriptional modifications in response to S
deficiency alone (Figure 21A). In contrast, moderate water stress did not induce a strong
reprogramming of the transcriptome in developing seeds since only 11 genes were
differentially expressed in the WS treatment (four genes induced and seven repressed; Figure
21A, Supplementary Table S2). Among the genes down-regulated by water stress were two
legumins (Psat0s1923g0200 and Psat6tg055080), which were also down-regulated in the S—
and S—WS treatments. In total, eight globulins were among the DEGs: their expression
decreased in response to S deficiency with or without water stress (Annex 7). Further

examination of the RNA-seq data revealed 21 globulin transcripts expressed at low levels

56



(Annex 7), indicating that, under our conditions, the G2 seeds at 9 DAP were at a transition

stage towards storage protein accumulation.

UP-regulated genes (1394)

S- WS

D

D

S-WS
DOWN-regulated genes (1584)

S- WS

D

(o65)
D

S-WS

GO Term Description Annotated Significant  P-value
@ Response toS-only (605 genes)
GO:0055114 Oxidation-reduction process 1913 70 1.3E-06
- G0:0043086 Negative regulation of catalytic activity 144 12 3.1E-05
"z" @ Response toS-and S-WS only (525 genes)
"w" G0:0043086 Negative regulation of catalytic activity 144 17 1.1E-10
a G0:0006508 Proteolysis 885 37 4.9E-08
k= GO:0055114 Oxidation-reduction process 1913 60 4.1E-07
S G0:0009086 Methionine biosynthetic process 10 4 1.1E-05
a G0:0006791 Sulfur utilization 7 3 1.3E-04
& G0:0019419 Sulfate reduction 2 2 2.46-04
%' G0:0008272 Sulfate transport 23 4 4.1E-04
@ Response toS-WS only (260 genes)
G0:0016925 Protein sumoylation 3 2 1.4E-04
GO:0006355 Regulation of transcription, DNA-templated 1452 21 8.0E-04
@ ResponsetoS-only (719 genes)
GO:0006412 Translation 717 63 6.1E-21
G0:0006879 Cellular iron ion homeostasis 6 4 3.6E-06
G0:0006826 Ironion transport 13 4 1.5E-04
G0:0009765 Photosynthesis, light harvesting 24 5 1.66-04
G0:0015979 Photosynthesis 145 15 3.6E-04
i G0:0042254 Ribosome biogenesis 91 8 9.9E-04
E @ ResponsetoS-and S-WSonly (665 genes)
g G0:0006412 Translation 717 79 1.1E-24
“._-' G0:0009765 Photosynthesis, light harvesting 24 12 1.2E-13
< G0:0042180 Cellular ketone metabolic process 562 37 1.1E-07
3 G0:0044106 Cellular amine metabolic process 394 27 2.8E-06
{l‘-l G0:0015979 Photosynthesis 145 25 8.7E-06
2 G0:0009309 Amine biosynthetic process 183 16 1.7E-05
=2 GO:0006526 Arginine biosynthetic process 17 5 4.8E-05
Q 600006414 Translational elongation 54 8 5.86-05
G0:0009082 Branched-chain amino acid biosynthesis 20 5 1.1E-04
G0:0042026 Protein refolding 12 & 1.7€-04
G0:0015995 Chlorophyll biosynthetic process 26 5 4.2E-04
G0:0005978 Glycogen biosynthetic process 17 4 7.3E-04
@ Response to S-WS only (193 genes)
GO:0006801 Superoxide metabolic process 23 3 4.2E04

Figure 21. Effect of water stress combined with S deficiency on the transcriptome of pea seeds from
group 2 (G2) at 9 d post-pollination. (A) Venn diagrams showing the numbers of up- and down-
regulated genes in response to stresses compared to the control. (B) GO term enrichment analysis for
the differentially expressed genes in response to stresses. Terms in the ‘Biological Process’ category
are shown for genes up- and down-regulated in response to the different stresses. For each term, the
number of genes present in the genome (‘annotated’), the number of genes present in the gene lists
(‘significant’), and the associated P-value (Fisher’s test, threshold of P<0.001) are given. S—, S
deficiency alone; WS, water stress alone; S-WS, combined stress.
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Biological processes regulated in developing seeds in response to
stresses

A GO enrichment analysis (Elim method/Fisher’s test, P<0.001) of the DEGs indicated that
several biological processes were similarly enriched in the list of genes responding specifically
to S—and in the list of genes responding to both S— and S—WS (Figure 21B, Supplementary
Table S3). These were related to ‘Translation’ and ‘Photosynthesis’ (down-regulated genes),
and to ‘Oxidation reduction processes’ and ‘Negative regulation of catalytic processes’ (up-
regulated genes). This indicated that similar biological processes were regulated in response
to S deficiency alone and to the combined stress, but that these processes were regulated to

a greater extent under S deficiency alone.

GO terms specifically enriched in the set of genes up-regulated in response to S—and S-WS
only (525 genes) were related to proteolysis, and S metabolism and transport (Fig. 21B). These
data and our observations that mature seeds produced under S— or S-WS conditions had
different N/S ratios prompted us to examine the transcriptional regulation of genes for S and
N transport and metabolism in response to the stresses. The expression of genes for 20 of the
26 enzymes in Figure 22 varied in response to S deficiency and/or to the combined stress, and
the fold-change in expression was in most cases higher in response to S deficiency. Most of
the genes involved in nitrate reduction and assimilation, such as nitrate reductase and
glutamine synthetase, and in S metabolism, such as adenosine 5'-phosphosulfate (APS)
reductase and methionine synthase, were up-regulated in response to S deficiency with or
without water stress. One exception was the first enzyme of sulfate reduction (ATP sulfurylase
1, ATPS1), the expression of which was down-regulated under both conditions, probably
because of the low amounts of sulfate in S—WS and S— seeds. In connection with this, the
expression of a sulfite oxidase, which synthesizes sulfate from sulfite, increased in these seeds,
reflecting a need to provide sulfate from other S sources. Genes encoding sulfate, nitrate, and
amino acid transporters were differentially expressed in response to the stresses (Figure 22).
The most up-regulated was the homolog of AAP8 (Psat1g164680), which in Arabidopsis plays

a role in supplying the developing embryo with amino acids (Schmidt et al., 2007).

Interestingly, the GO terms ‘Protein Sumoylation’ and ‘Regulation of Transcription’ were over-
represented in the list of genes up-regulated in response to the combined stress (260 genes,

Figure 21B). This suggested the establishment of translational and transcriptional regulation
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processes in response to the combined stress. A list of the genes encoding transcription factors
(TFs) and SUMO-ligases specifically induced in the S—WS treatment is given in Supplementary
Table S4. The closest Arabidopsis homologs of the pea TFs are mainly involved in
embryogenesis, seed development/filling, and stress responses, and four of them have been

described as being involved in abscisic acid (ABA)-related processes, including ABA Insensitive
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Figure 22. Effects of water stress combined with S deficiency on the expression of genes related to S and
N transport and metabolism in pea. For each gene, the fold-change in expression under stress conditions
compared to the control is given. The values are color-coded from low expression in blue to high
expression in red, and values and enzymes in bold indicate significant differences between stress and
control conditions. S—, S deficiency alone; WS, water stress alone; S—WS, combined stresses. Gene
annotation refers to the closest Arabidopsis thaliana homolog (Supplementary Table S3). For each gene,
the mean expression level under control conditions (expressed in counts) is given in square brackets.
Enzymes: APK, APS kinase; APR, APS reductase; ATPS, ATP sulfurylase; CBL, cystathionine B-lyase; CBS,
cystathionine B-synthase; CGS, cystathionine y-synthase; y-ECS, y-glutamylcysteine synthase; GGT, y-
glutamyl transferase; GOGAT, glutamate synthase; GS, glutamine synthetase; GSHS, glutathione
synthetase; GSHR, glutathione reductase; GPX, glutathione peroxydase; GST, glutathione S-transferase;
HMT; homocysteine-S-methyltransferase; MMT, S-adenosylmethionine methyltransferase; MS, methionine
synthase; NiR, nitrite reductase; NR, nitrate reductase; OAS-TL, OAS thiol-lyase; PIP, 3'(2"),5 -bisphosphate
nucleotidase; SAHase, S-adenosylhomocysteine hydrolase; SAM, S-adenosylmethionine synthetase; SAT,
serine acetyltransferase; SiR, sulfite reductase; SO, sulfite oxidase. Metabolites: AAP, amino acid permease;
AdoMet, S-adenosylmethionine; APS, adenosine 5'-phosphosulfate; ASN, asparagine; ASP, aspartate; Cys,
cysteine; Cyst, cystathionine; GIn, glutamine; Glu, glutamate; y-GluCys, y-glutamylcysteine; y-CysGly, y-
cysteinylglycine; GSH, glutathione; GSSG, glutathione disulfide; Hcy, homocysteine; Met, methionine; OAS,
O-acetylserine; PAPS, 3’-phoshoadenosine 5'-phosphosulfate; SAHC, S-adenosylhomocysteine; SMM, S-
methylmethionine. Transporters: AAP, amino acid permeases; NPF, nitrate peptide transporter family;
SULTR, sulfate transporters (green shading indicates N transport and metabolism).
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DISCUSSION

This study investigated the effects of two major constraints for crop growth and yield that are
expected to occur increasingly in the near future in the context of climate change and low
fertilizer input, namely water stress and S deficiency. The combined stress was applied during
the flowering period, a key phase during which seed yield and quality are both established
(Ney et al., 1994). By comparing nutrient contents and partitioning with changes in seed yield
components and protein composition, we have formulated an integrative view of the effects
of the interaction between water stress and S deficiency in pea (Figure 23). Moreover, a
transcriptome analysis of developing pea seeds (9 DAP) revealed the molecular processes
occurring at the end of the combined stress period. Our results indicated synergistic and
mitigating effects of these two combined abiotic stresses on seed yield components and seed
composition, respectively, and revealed genes involved in the early response of pea seeds to

these stresses.

Sulfur nutrition helps to maintain yield in pea plants exposed to a
moderate water stress episode

Our results showed that short-term and moderate water stress during flowering in pea did not
significantly affect seed yield and total plant biomass, although the individual seed weight and
the number of reproductive nodes were slightly reduced (Table 2, Figure 23). A similar weak
response was also observed by Ney et al., (1994), who reported that a short-term drought in
pea of about 6 d (with a leaf water potential between —1.1 MPa and —1.4 MPa) did not lead to
major developmental changes except for the number of flowering nodes. In contrast, S
deficiency negatively affected yield components and seed composition (Figure 23), indicating
that the amount of S accumulated during the first 3 weeks of plant growth was not sufficient
to maintain seed production and quality. The combination of water stress and S deficiency
had a synergistic effect on the reduction of seed yield (Table 2, Figure 23), leading to a
decrease of the harvest index, which suggests failure in the allocation of assimilated
photosynthates to seeds (Sinclair, 1998). In addition, S-deficient plants experiencing a water-
stress period that was 3 d longer did not survive (Figure 17), which demonstrated the critical
need to maintain S nutrition in order for pea to maintain yield when facing water stress, even

if the stress is moderate.
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Figure 23. Summary of the effects of water stress with or without S deficiency on yield
components, nutrient partitioning, and seed nutrient and protein composition at harvest in pea.
(A) Summary for water-stress conditions. (B) Summary for sulfur-deficient conditions. (C) Summary
for combined stress condition. The colors correspond to the ratios of values for stressed plants
versus control plants, and indicate whether the ratio was significantly decreased (blue) or
increased (red). S—, S deficiency; WS, water stress; S-WS, combined stresses.
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The strong response of S-deprived pea plants to water stress may be explained by a reduced
adaptation to water stress. This could be in part attributed to the role of S in the production
of metabolites that play roles in repair (e.g. the methyl donor S-adenosylmethionine),
osmoprotection or antioxidation (Chan et al.,, 2013; Anjum et al., 2015). In particular,
detoxification of increased levels of reactive oxygen species (ROS) produced during the
drought period (Cruz de Carvalho, 2008) may necessitate an increased production of the ROS-
scavenger molecule glutathione, the level of which drastically decreases in plants grown under
S deficiency (Nikiforova et al., 2003; Ostaszewska-Bugajska et al., 2015). Alternatively, the
response of double-stressed plants may be attributed to the role of sulfate and sulfide in
signaling stomatal closure (Ernst et al., 2010; Malcheska et al., 2017; Rajab et al., 2019),
possibly by promoting ABA biosynthesis or gating open the anion channel of guard cells (Cao
et al., 2014; Malcheska et al., 2017). Plants grown under combined stress conditions could
thus be more susceptible to drought due to defects in stomatal closure. In addition, studies in
maize have shown that drought can affect the long-distance mobility of sulfate (Ahmad et al.,
2016). Such an impairment of the root-to-shoot transport of sulfate might exacerbate the
negative effect of S deficiency on the production in double-stressed leaves of sulfate-derived

metabolites that are essential for the survival of the plant.

One of the main findings of our study was that the combined stress impeded reproductive
development of pea. Double-stressed plants produced fewer reproductive nodes, fewer and
smaller seeds, and FSSA was reached earlier in these plants (Figure 16, Table 2), reflecting
adaptive mechanisms aimed at accelerating seed production to ensure the survival of the
species, as previously observed in response to drought (Desclaux and Roumet, 1996) or S
deficiency (Hoefgen and Nikiforova, 2008). This was associated with a reduced leaf chlorophyll
content during the early reproductive phase (Figure 17), an indication of senescence, which is
a highly regulated process providing nutrients to newly formed organs, including developing
seeds (Guiboileau et al., 2010). The reduced level of leaf chlorophyll could be attributed to a
lower production of sulfate-derived molecules and in particular sulfide, which has been shown
to prevent autophagy and senescence in Arabidopsis (Alvarez et al., 2012; Dong et al., 2017).
By contrast, chlorophyll content remained higher in leaves of the double-stressed plants by
the end of the reproductive period (Figure 17), presumably because the seed compartment

no longer needed to be supplied with nutrients. This was consistent with the nutrient
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partitioning between plant organs, especially for C and N, the contents of which remained
high in the roots and in the vegetative parts of the plant, and increased in the pod walls, a sign

that nutrients could no longer be translocated to seeds (Figure 20).

Water stress mitigates the effects of S deficiency on the developing
seed transcriptome and rebalances the protein composition in mature
seeds

S deficiency decreased the relative abundance of S-rich globulins (11S) in pea seeds (Figure
18), as previously described for this species (Chandler et al., 1984; Evans et al., 1985), and for
other crops (e.g. wheat, Bonnot et al., 2017; rapeseed, D’Hooghe et al., 2014). This has been
shown to be primarily regulated at the transcriptional level (Chandler et al., 1983) and it is
compensated by an increase in the S-poor 7S globulins (Chandler et al., 1984, Figure 18). Seed
N content, which is proportional to seed protein content by a multiplication factor of 5.4 in
pea (Mariotti et al., 2008), was significantly higher in seeds from S-deficient plants (Table 3).
This was also the case for plants subjected to the combined stresses, and hence the conditions
used in this study revealed adaptive processes that kept the seed protein content high through
the accumulation of 7S globulins. Interestingly, the seed protein composition was less affected
by the combined stresses, reflecting a mitigating effect of water stress (Figures 18, 23). Similar
results have been obtained in oilseed rape, where heat stress during seed filling has been
shown to mitigate the negative effect of S deficiency on the S-poor/S-rich globulin ratio
(Brunel-Muguet et al., 2015). In our experiments, the S quantity per seed was similarly low in
the S-deficient and combined-stress plants, while the N and C quantities per seed specifically
decreased in response to the combined stress (Annex 4, Figure 20, Table 3). Because of the
reduced weight of the seeds from the combined-stress plants, we hypothesized that these
seeds required less N and C to be filled, enabling a better balance between N and S compared
to seeds of plants deprived of S. Accordingly, the N/S ratio was less affected in seeds of the
double-stressed plants compared to S deficiency alone (Table 3, Annex 4). Hence, our data
demonstrated a lower seed sink strength for N and C but similar seed S uptake, thus
rebalancing the seed protein composition (Figure 23). We assumed that this would reduce the
sensing of S deficiency and mitigate its effect on the developing seed transcriptome.
Accordingly, fewer genes were regulated in response to the combined stresses than under S

deficiency alone. Moreover, similar biological processes were regulated in response to S
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deficiency alone and to the combined stresses, but the extent of the transcriptional regulation

was greater under S deficiency than under the combined stresses (Figure 21).

In order to identify candidate genes for rebalancing the N/S ratio in response to the double-
stresses, we examined the expression of genes related to S and N metabolism and transport
in developing seeds that were at a transition stage towards storage-protein accumulation (9
DAP, Annex 7). This revealed a tight regulation of these genes by S deficiency with or without
water stress (Figure 22). In fact, the genes of almost all enzymes of S metabolism, from APS
reductase to methionine synthase, were up-regulated in response to these stresses. Three up-
regulated genes encoded isoforms of serine acetyltransferase, which catalyses the synthesis
of O-acetylserine, the precursor of cysteine, from serine and acetyl-CoA, and thus represents
a key enzyme connecting S metabolism with the N and C metabolisms. O-acetylserine has
been proposed to act as a signal in the transduction pathways sensing S and N availability (Kim
et al., 1999): its accumulation in the siliques of Arabidopsis increases in response to low-S and
high-N conditions, and exogenous application of O-acetylserine to immature soybean
cotyledons regulates seed storage-protein accumulation in a similar way to S deficiency (i.e.
decrease of S-poor globulins; Kim et al., 1999). In our present study, the similar regulation of
genes related to N and S metabolism (including serine acetyltransferase) in S—and S—WS seeds
strongly suggested that the rebalancing of globulin composition in the double-stressed seeds

did not involve specific regulation of these pathways, at least within the seed.

The rebalancing of the seed globulin composition in the double-stressed seeds could be
controlled at the transcriptional level through the recognition by specific TFs of motifs in
storage-protein promoters (Fujiwara and Beachy, 1994). Interestingly, one of the two GO
terms with a significantly high occurrence in the list of genes specifically up-regulated in
response to the combined stresses in seeds at 9 DAP was ‘Regulation of transcription’ (Figure
21B). This list of regulators included six TFs with a known role during seed development
(Supplementary Tables S3, S4), such as ABI5 that is necessary for accumulation of 47-kDa
vicilin in mature pea seeds (Le Signor et al., 2017). Studies in common bean (Phaseolus
vulgaris) suggest that ABI5 interacts with the 7S globulin promoter through a G-box motif (W-
K Ng and Hall, 2008), which is essential for beta-phaseolin (7S) accumulation (Pandurangan et
al., 2016). The up-regulation of ABI5 in response to the combined stresses was intriguing since

vicilins did not accumulate in seeds of the double-stressed plants to as high an extent as they
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did under S deficiency alone (Figure 18). Hence, the activity of ABI5 might be tightly regulated
in these seeds to avoid an over-accumulation of vicilins at the expense of legumins.
Interestingly, the second GO term enriched in the list of genes up-regulated in response to the
combined stress was ‘Protein sumoylation’ (Figure 21B), and the two genes carrying these GO
terms were homologous to AT5G60410 (Supplementary Tables S3, S4), a small ubiquitin-
related modifier (SUMO) E3 ligase named SIZ1, which has been shown in Arabidopsis to
negatively regulate ABI5 activity through sumoylation (Miura et al., 2009). Owing to the co-
regulation of SIZ1 and ABI5 in early developing seeds in response to the combined stresses, it
is possible that SIZ1 plays a role in controlling the activity of ABI5 under these conditions. In
future work, it will be interesting to test whether sumoylation of ABI5 occurs in seeds through
SIZ1 to prevent a high accumulation of vicilins under S deficiency in order to maintain the N/S
ratio as much as possible when the sink strength for N is reduced, as observed for seeds of the

double-stressed plants.

CONCLUSIONS

This study revealed the importance of S for stabilizing seed yield in pea plants facing short and
moderate episodes of water stress, and showed that the adaptive responses of S-deprived
plants to water stress are much more complicated than a simple additive response. The
combined stresses induced pleiotropic effects that were aimed at accelerating seed
production, specifically leading to seed abortion, while rebalancing the seed globulin
composition, probably as the result of a lower seed sink strength for N. Moreover, combined
stress mitigated the impact of S deficiency on the transcriptome of seeds at 9 DAP. The
transcriptomics data clearly advance our knowledge of the molecular responses of developing
pea seeds to S deficiency occurring either with or without water stress. Candidate genes for
fine-tuning the regulation of globulin synthesis under stressed conditions were identified, and
our future work will investigate their relevance for potential applications (e.g. for stabilizing
the accumulation of S-rich globulins) by reverse genetics using TILLING (Targeting Induced

Local Lesions in Genomes) mutants in pea (Dalmais et al., 2008).
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DATA DEPOSITION

The MS proteomics data have been deposited to the ProteomeXchange Consortium

(http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (Vizcaino et

al., 2014) with the dataset identifier PXD011029. The raw RNA-seq data have been deposited

to the NCBI SRA database (http://www.ncbi.nlm.nih.gov/bioproject/) under accession

number PRINA517587.

SUPPLEMENTARY INFORMATION

Supplementary data are available at JXB online.
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Chapitre Ill : Analyse du protéome des graines de pois de
I’embryogenese au début du remplissage : impact d’une
carence en soufre combinée a un stress hydrique

Approches

Analyse du protéome de graines de pois récoltées a trois stades de développement (5, 9 et 12
jours apres pollinisation) dans 4 conditions : non limitante en soufre et en eau, carencée en
soufre, stress hydrique modéré, combinaison des deux stress.

Utilisation d’une approche réseau pour mettre en évidence les connections entre les différentes
protéines, notamment celles régulées par les stress simples et combinés.

Principaux résultats

e 3184 protéines ont été identifiées et quantifiées dans les graines de pois en
développement. L'étude de leur cinétique d’accumulation, de I'embryogenése
jusqu’au début du remplissage donne un premier apercu de la dynamique du
protéome des jeunes graines de pois.

e Laréponse de ces graines aux stress simples ou combinés met en jeu un faible nombre
de protéines impliquées dans |'élimination des especes réactives de I'oxygene ou dans
le maintien de I’équilibre redox.

e La construction d’un réseau protéique a mis en lumiére des connections entre les
protéines identifiées par protéomique. Les protéines régulées par les stress ont été
repérées, donnant un premier apercu du réseau protéique susceptible de maintenir
I'homéostasie redox jusqu'a la phase de remplissage et d'éviter les dommages
cellulaires en condition de stress.
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Shotgun proteomics provides insights into the antioxidant network
underlying the response of developing pea seeds to sulfur deficiency

Henriet et al., in preparation

ABTRACT

Pea (Pisum sativum L.) is a key legume crop producing seeds rich in proteins that contribute
to satisfy the growing demand for plant proteins. The aim of this study was to unveil the
proteome of developing pea seeds at three key stages covering embryogenesis, transition to
seed filling, and beginning of storage protein synthesis, and then to investigate how this
proteome was influenced by S deficiency and water stress, applied separately or combined. A
total of 3184 different proteins were quantified by shotgun proteomics and 2473 were
specifically or preferentially accumulated at particular stages, thus providing a unique view of
the proteome dynamic of pea seeds at early reproductive stages. Furthermore, the data
revealed 27 proteins whose abundance varied in response to stresses, and most of the up-
regulated proteins are well known for their antioxidant function, indicating that the seed
response to these stresses relies on a small number of proteins involved in detoxification
processes. In particular, two NADPH-dependent oxidoreductases acting as scavengers of
reactive carbonyl species were specifically induced in response to S deficiency and might
contribute to maintain early growth of the embryo under this condition. Other redox-sensitive
proteins (glutathione S-transferase, methionine sulfoxide reductase and two thioredoxins)
were induced under both S-deficient and combined stress conditions, which is indicative of a
need to adjust the redox state of the seed. Inference of a protein network identified the stress-
regulated antioxidant proteins as sharing connections between them and with several other
proteins. By dissecting these connections, we provide first insights into the complex
antioxidant network operating in early developing seeds that would allow for the maintenance
of redox homeostasis up to the filling phase and avoid cellular damages in response to

stresses.
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INTRODUCTION

Grain legumes such as pea (Pisum sativum L.) can contribute to satisfying the growing demand
for plant proteins for human consumption and animal feed. They accumulate large amounts
of proteins in their seeds (~¥23% in pea, Burstin et al., 2011) even in the absence of nitrogen
(N) fertilizer due to the ability of their root system to enter into symbiosis with soil bacteria
that are able to fix atmospheric N. This makes legumes attractive as a source of plant proteins
in order to profit from their nutritional and health benefits while reducing environmental
impacts. Pea is of increasing interest for the food industry, notably because of the low
allergenicity of its proteins and gluten-free characteristics (Barac et al., 2010). However, the
larger development of this culture is hampered by the instability of seed yield components
(e.g., seed number, one-seed weight) and seed quality (e.g. protein content and composition)
across years (Bourgeois et al., 2009; Bénézit et al., 2017). Among factors responsible for yield
variations are abiotic stresses occurring during the reproductive period, such as drought, a
major yield-limiting factor in pea (Martin and Jamieson, 1996), which is predicted to occur
more often in the present context of global warming. A lack of sulfur (S) is also an increasing
constraint faced by crops due to environmental policies aiming at reducing SO; emissions,
which have led to a decrease of S deposition into the soil, causing S deficiency symptoms in
crop plants (Gill et al., 2012). The importance of S-derived metabolites, like glutathione or
sulfate itself, in helping plants to combat abiotic stresses has stimulated researches on the
interaction between S nutrition and abiotic stresses, such as drought (Chan et al., 2013; Batool

et al., 2018; Henriet et al., 2019).

In a recent study investigating the effect of S deficiency combined with water stress at early
reproductive stages in pea, we showed that the plant response to the combination of these
stresses is much more complicated than a simple additive effect (Henriet et al., 2019). In
particular, the combined stress strongly impacted the individual seed weight. In pea, the
individual seed weight at maturity perfectly correlated with the number of cells in the

cotyledons (Davies, 1975), which is established during seed embryogenesis. This phase of seed
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development is characterized by a high hexose content which promotes embryo cell division.
In fact, the mitotic activity in developing pea seeds has been proposed to be controlled by
hormones, environmental factors, and nutrient supply (Weber et al., 2005; Borisjuk et al.,
2002). After embryogenesis, the embryo switches from mitotic growth to growth driven by
cell expansion (Weber et al., 2005). In pea (cv. Caméor) this transition occurs around 10 days
after pollination (DAP) (Schiltz et al., 2004) and is associated with the initiation of a nutrient
uptake system based on the development of embryonic transfer cells and of the expression of
storage protein genes (Weber et al., 2005; Borisjuk et al., 2002). Storage proteins accumulate
in the cotyledons during the filling phase (Herman and Larkins, 1999). The most abundant
storage proteins in pea seeds are the 7S (vicilins, convicilins) and 11S (legumins) globulins, the
latter containing higher levels of S-amino acids (methionine and cysteine). Thus, globulin
composition, as determined by the 7S5/11S ratio, largely determines the seed nutritional value.
This ratio increased in response to S deficiency, which significantly decreased the relative
abundance of legumins by reducing the amount of legumin transcripts (Chandler et al., 1983;
Chandler et al., 1984). However, we recently showed that a moderate water stress could
mitigate the negative effect of S deficiency on seed protein composition, probably due to less
N loaded in the double-stressed seeds enabling a readjustment of the seed N/S ratio (well
correlated with the seed 75/11S ratio, Henriet et al., 2019). Elucidating the complex process
of pea seed development and its response to abiotic stresses will help future breeding
programs aiming at improving and stabilizing seed quality traits in pea under fluctuating

environmental conditions.

Seed development has been extensively studied in several species including legumes by
transcriptomics, thus increasing our understanding of transcripts associated with specific
developmental stages (Benedito et al., 2008; Gallardo et al., 2007). However, the level of a
given transcript does not necessarily reflects the abundance of the corresponding protein. For
instance, in Medicago truncatula, transcript and protein profiles were divergent across seed
development for 50% of the comparisons made, which is indicative of extensive post-
transcriptional events (Gallardo et al., 2007). The recent release of a reference genome in pea
(Kreplak et al., 2019) makes now possible to apply quantitative shotgun proteomics to study
seed metabolism in this grain legume crop. A further advance is to be expected from the

development of protein networks, which has been successfully used to reveal central actors
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in the grain proteome response to S and N nutrition in wheat (Bonnot et al., 2017). Here, we
have used shotgun proteomics to provide a first atlas of the protein complement of developing
pea seeds, targeting three key stages of seed development: embryogenesis, transition stage
to seed filling, and beginning of storage protein synthesis. We also investigated the effect of S
deficiency combined or not with water stress on the seed proteome and inferred a seed
protein network in which key antioxidants interact to allow for the maintenance of redox

homeostasis up to the seed filling phase.

MATERIALS AND METHODS

Stress imposition and pea seed collection

Pea plants (Pisum sativum L., “Caméor” genotype) were grown as described in Henriet et al.,
(2019). Briefly, plants were subjected to S deficiency (S-) after three weeks of growth (mid-
vegetative stage). To impose water stress (WS), irrigation was stopped at flowering until soil
water content reached 50% of the maximum water-holding capacity (100%) of the substrate.
After 9 days (d), plants were re-watered normally. Control plants, grown in parallel, were well
supplied with S and water throughout development. Pollinating flowers at the beginning of
water stress imposition were tagged and seeds from these targeted pods were harvested at
5, 9 and 12 days after pollination (DAP), corresponding to 5d and 9d after the beginning of
water stress and 3 d after re-watering (Figure 24A). For each condition and time, three (9DAP
seeds in S- and WS conditions) to four (all the other time and condition) biological replicates
of seeds were collected, each replicate consisting of a pool of seeds from two plants (46 seed
samples in total). The number and weight of seeds per pod were recorded for one-seed weight
determination. Fresh seeds were frozen in liquid nitrogen and stored at -80°C until protein
extraction. Significant differences in one-seed weight between the different seed samples
were identified by one-way ANOVA followed by a Student-Newman-Kheul (SNK) post-hoc test
(P<0.05) using the R software (version 3.5.1) (R Core Team, 2018).

Protein extraction, reduction and alkylation

Fresh seeds stored at -80°C were ground in liquid nitrogen using mortar and pestle. Total
proteins were extracted using 110 mg of seed powder using the procedure enabling the

simultaneous precipitation and denaturation of proteins with Trichloroacetic acid and [-
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mercaptoethanol in cold acetone, as described by (Méchin et al., 2007). After lyophilization,
the proteins were solubilized in 20 uL of ZUT buffer (6 M urea, 2 M urea, 10 mM DTT, 30 mM
Tris-HCI pH 8.8, 0.1% zwitterionic acid labile surfactant) and adjusted to a final concentration
of 2 ug proteins/uL. Ten uL (20 pg proteins) of each sample were incubated for 30 min at room
temperature. Then, proteins were alkylated by addition of 2 uL of 330 mM iodoacetamide, 50
mM ammonium bicarbonate, followed by incubation in darkness for 1 h at room temperature.
Ninety pL of 50 mM ammonium bicarbonate were added to each sample to dilute them ten
times. Digestion was performed overnight at 37°C by adding 800ng of trypsin (4ul at 0,2 pg.ul

1). Digestion was stop by adding 6ul of 18.6% trifluoroacetic acid in water.

Shotgun proteomics of developing pea seeds

Desalting and LC-MS/MS analyses were then performed as described by Hervé et al., (2016)
using a nlc425 device (Sciex, Villebon-sur-Yvette) coupled to a Q-exactive mass spectrometer
(Thermo Fisher Scientific) with a glass needle (non-coated capillary silica tips, 360/20-10, New
Objective In), thus forming a nanoelectrospray interface. Xcalibur raw data were transformed
to mzXML open source format using the msconvert software in the ProteoWizard 3.0.3706
package (Kessner et al., 2008). A total of 4698 proteins were identified with X!Tandem version
2015.04.01.1 (Craig and Beavis, 2004) by matching peptides against the Pea Genome V1a

database (https://urgi.versailles.inra.fr/jbrowse/gmod jbrowse/, (Kreplak et al., 2019).

Enzymatic cleavage parameters were set as trypsin digestion with one possible missed
cleavage. Cys carboxyamidomethylation was set as static modification, whereas Met
oxidation, N-terminal deamidation, and N-terminal acetylation were set as variable
modifications. Precursor mass tolerance was 10 ppm and fragment mass tolerance was 0.02.
Identified proteins were filtered and grouped using the XITandemPipeline software version
3.4.3 (Langella et al., 2017). Peptide and protein e-value cut offs were set to 0.01 and 107>,
respectively, with at least two peptides per protein. The filtered dataset corresponded to 3184

proteins (Supplementary Table S5).

The relative quantification of the 3184 proteins was performed using the MassChroQ software
version 2.2 (Valot et al., 2011) with quantification of 80% of the theoretical natural isotope
profile. The most abundant isotope was selected for peptide quantification. The following

criteria were used to analyze the extracted ion chromatograms (XIC): peptides-mz with a
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variation of 20s in their retention time were removed, as well as chromatographic peaks wider
than 100s, peptide-mz intensities were normalized with the method median.RT, and peptides
shared by multiple proteins were removed. All data obtained at each developmental time
point were then analyzed separately using the same criteria: peptides-mz present in less than
95% of the samples and which did not show a significant correlation (r>0.5) with the other
peptides of the same protein were removed. Proteins with less than two peptides were
discarded, then missing peptide-mz intensities and missing protein abundances were

imputed.

Differential analysis of proteomics data and gene ontology enrichment
analysis

The Limma R package (3.38.3 version) (Ritchie et al., 2015) was used for differential analysis
of relative protein abundance between the control and stress conditions at 5, 9 and 12 DAP,
and between each time point for the control condition. The ImFit function implemented in
limma was used to perform linear fitting, empirical Bayes statistics and Benjamini—Hochberg
false discovery rate (FDR) calibration of the P-values. Proteins were considered as
differentially accumulated when the adjusted P-value (padj) was <0.05. Gene ontology (GO)
enrichment analysis was conducted using the TopGO R package (2.24.0 version) (Alexa and
Rahnenfuhrer, 2018). A Fisher’s exact test with elim method was used to identify the GO terms
significantly enriched in the datasets. Hierarchical clustering of proteins based on their
accumulation patterns during seed development was performed using the pheatmap R
package (Kolde, 2018). The clustering method was “complete” with “Euclidean” distance

measure. Venn diagrams were done using the gplot R package (Warnes et al., 2016).

Inference of a seed protein network

The protein network was constructed from normalized XIC data of the 46 seed samples using
the dynamical GEne Network Inference with Ensemble of trees (dynGENIE3) algorithm
implemented in R (Huynh-Thu and Geurts, 2018). We have chosen a threshold on the weights
>0.01, which maximized the detection of hub proteins while minimizing the detection of small
modules (< 3 proteins). The entire network was visualized in Cytoscape (version 3.7.0)
(Shannon et al., 2003), then the large module made of 428 proteins was visualized using the

“Edge-weighted Spring-embedded” layout of Cytoscape. Subnetworks containing hub
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proteins and proteins regulated by stresses were extracted and manually adjusted for ease of

visualization of each protein.

RESULTS

Strategy adopted to study the proteome of developing pea seeds and
its response to S deficiency combined or not with water stress

In order to provide insights into the proteome of developing pea seeds and its modulation by
S deficiency and/or water stress, Pisum sativum L. plants (cv. Caméor) were deprived of S from
a mid-vegetative stage and subjected to a moderate water stress (WS) for nine days starting
at flowering, as described in Henriet et al., (2019). Control plants (well-watered, non-limiting
S conditions) and plants subjected to individual stresses (WS or S-) were grown in parallel for
comparison. Flowers that opened on the day of water stress imposition were tagged, and
developing seeds were harvested from the tagged pods at three time points: during, at the
end and 3 days after the drought period (i.e. during re-watering) (Figure 24A). These time
points corresponded to three key developmental stages: embryogenesis (5 DAP), transition to
seed filling (9 DAP) and beginning of seed filling (12 DAP) (Schiltz et al., 2004; Henriet et al.,
2019). We observed that the individual seed fresh weight was significantly reduced in the
double stress condition as soon as 9 DAP, while the decrease in S- condition was significant at
12 DAP (Figure 24B). This was consistent with the data obtained at physiological maturity
showing that the combined stress strongly impacted final one-seed weight (Henriet et al.,
2019). Seed samples collected at 5, 9 and 12 DAP and in the four conditions (control, S
deficiency, drought, and combined stress) were subjected to a quantitative proteome analysis
by shotgun. The relative quantification of the proteins was based on peak area integration of
Extracted lon Chromatograms (XIC). In total, 3184 identified proteins were quantified which
enabled us to develop the first atlas of the protein complement of developing pea seeds and
to analyze: (i) the dynamic changes in the relative abundance of each protein across stages,

and (ii) proteome changes occurring at each developmental stage in response to stresses.
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Figure 24. Experimental design for studying the proteome and weight of pea
seeds at early stages of seed development under standard, water stress and/or S-
deficient conditions. (A) Stress imposition and seed collection. Control, well-
watered plants under non-limiting S-condition; S-, plants deprived of S from a mid-
vegetative stage; WS, plants subjected to water stress from flowering of the 2™ or
3@ reproductive nodes for 9 days, then re-watered for recovery; S-WS, plants
subjected to a combination of the two stresses. Pollinating flower at the beginning
of water stress were labelled and developing seeds were collected at three stages:
5,9 and 12 DAP, corresponding at 5 and 9 days of water stress, and 3 days after re-
watering. (B) One-seed fresh weight (g) in labelled pod at 5, 9 and 12 DAP. Values
are means * standard errors (n=8 plants). Different letters above each bar
represent significant differences (P<0.05, ANOVA followed by a SNK test).

Dynamic of the pea proteome at early stages of seed development

To provide a dynamic view of proteome changes occurring in developing pea seeds during the
time course investigated, we first analyzed the seed samples collected in control condition. Of
the 3184 proteins quantified, 2210 were detected at the three developmental stages, whereas
214, 101 and 146 proteins were only detected at 5, 9 or 12 DAP, respectively (Supplementary
Table S5 and Figure 25A). In addition 190, 236 and 87 proteins were specifically detected at 5
and 9 DAP, 9 and 12 DAP, and 5 and 12 DAP, respectively. A GO enrichment analysis from each
protein list revealed that different functional classes were over-represented depending on the
developmental stage(s) at which the proteins were detected (Figure 25B, Supplementary
Table S6). For example, the list of proteins specific to 12 DAP (146 proteins) was enriched in
GO terms for “ribosome biogenesis” and “lipid storage” (biological process), and for “nutrient

reservoir activity” (molecular function). These data and the identification of 16 different
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storage proteins (10 vicilins and 6 legumins) in 12 DAP seeds (Supplementary Table S7)

confirmed that seeds already entered the filling phase 12 DAP.

A B GO Term Description Annotated Significant P-value
@ Specific to 5DAP (214 proteins)

G0:0045039 Proteininsertion into mitochondrial inner membrane 3 2 0.00012

GO:0006414 Translational elongation 54 3 0.00434

5 DAP 9 DAP G0O:1901605 Alpha-amino acid metabolic process 279 8 0.00563

GO:0009309 Amine biosynthetic process 183 5 0.00616

GO:0007031 Peroxisome organization 19 2 0.00633

@ GO:0016120 Carotene biosynthetic process 1 1 0.00633

GO:0006535 Cysteine biosynthetic process from serine 20 2 0.007

&WA G0:0008652 Cellularamino acid biosynthetic process 220 7 0.00828

-

Specific to 9DAP (101 proteins)
' GO:0006480 N-terminal protein amino acid methylation 1 0.0038
@ GO:0051016 Barbed-end actin filament capping 2 0.0076
@ Specific to 12 DAP (146 proteins)

G0:0042254 Ribosome biogenesis 91 6 3.00€-06
12 DAP GO:0019915 Lipid storage 11 2 0.001
GO:0008283 Cell proliferation 19 2 0.0031
G0:0036265 RNA (guanine-N7)-methylation 1 1 0.0044
G0:0009081 Branched-chain amino acid metabolic process 24 2 0.005
G0:0019725 Cellularhomeostasis 178 4 0.0079
G0:0018344 Protein geranylgeranylation 2 1 0.0088
GO:0097576 Vacuole fusion 2 1 0.0088
G0:0009408 Response to heat 34 2 0.0098

Figure 25. Comparison of proteomics data obtained at each stage of seed development. (A)
Venn diagram showing the number of proteins identified and quantified at each stage. (B) GO
term enrichment analysis for proteins specific to one stage of development. Terms in the
“Biological Process” category are shown. For each term, the number of genes present in the
genome (“annotated”) and in the gene lists (“significant”) are shown along with the associated
P-value (Fisher test, threshold of P<0.01).

A statistical analysis of quantitative XIC data obtained for the 2723 proteins detected at two
or three developmental stages indicated that the abundance of 2012 proteins varied
significantly between at least two stages (Padj < 0.05, Supplementary Table S5). A hierarchical
clustering grouped these proteins into seven clusters according to their accumulation
patterns, and GO enrichment analyses highlighted biological processes and molecular
functions enriched in each cluster (Figure 26, Supplementary Tables S8 and S9). Cluster 1,
which contained 492 proteins preferentially accumulated at 9 and 12 DAP, was enriched in
proteins related to translation, intracellular protein transport and cellular carbohydrate
metabolic processes. Cluster 4 was the second largest cluster (347 proteins preferentially
accumulated 5 DAP) and displayed an over-representation of proteins related to amine and
amino acid metabolisms. Cluster 2 contained 314 proteins also preferentially accumulated 5
DAP and enriched in proteins related to DNA replication, protein folding and histidine
biosynthesis. Cluster 5 corresponded to 338 proteins preferentially accumulated at 5 and 9

DAP and was enriched in proteins related to carbon and ketone metabolisms, and oxidation-
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reduction process. Cluster 3, which contained 193 proteins preferentially accumulated at 5
and 12 DAP, was enriched in proteins related to amine and amino acid metabolisms. Cluster
7 contained 231 proteins preferentially accumulated at 12 DAP and was enriched in proteins
related to translation and photosynthesis. Finally, cluster 6 was the smallest cluster with only

97 proteins accumulated at 9 DAP and enriched in proteins with oxidoreductase activity.
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Figure 26. Seed proteome changes during early seed development in pea. The heatmap represents the hierarchical clustering of proteins
present at least at two developmental stages and differentially accumulated between stages. Each row represents a gene and each column
represents a seed sample. The gradual color change from red to blue represents up- to down-accumulation across stages (Z-score value).
Missing data (i.e. undetected proteins) are represented by dark grey fields. For each cluster, GO terms enriched are shown for the “Biological
Process” and “Molecular Function” categories along with their associated P-value (Fisher test, P<1.00E"%). Graphs on the right represent the
mean variation of protein accumulation across stages for each cluster. The number of proteins in each cluster is indicated.

The proteomic data were then scrutinized for proteins involved in the regulation and
modulation of transcription, including transcription factors (TF), chromatin/DNA methylation-
related proteins or general transcription regulators (Table $10). Out of the 16 TF that were
retrieved, four belonged to the Nuclear Factor Y (NF-Y) family and five to the plant-specific B3
superfamily. In particular, LEAFY COTYLEDON1-Like (LEC1-Like, Psat0s2409g0040) was first
detected at the switch towards seed filling (9 DAP) and was co-accumulated at 12 DAP with
FUSCA3 (FUS3), a master regulator of embryo development and seed maturation in several

species (Carbonero et al., 2017).
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Impact of S deficiency and/or water stress on the pea seed proteome

We next investigated the impact of S deficiency combined or not with water stress on the seed
proteome. Differential analyses between<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>