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Sokhatil est de nationalité sénégalaise et a obtenu un Master en Biomathématiques et
Bioinformatique a 'UCAD. Avant de commencer sa these, elle a été impliquée dans le travail
portant sur I’étude des déterminants génétiques controlant la vigueur précoce et |'efficience
de la transpiration chez O. glaberrima. Son travail de theése consiste a développer un modele
structure-fonction de la racine du mil sur le formalisme du modéle OpenSimRoot développé
pour le mais. Elle est basée au CERAAS au Sénégal et effectue des séjours réguliers a
Montpellier a travers des financements IRD et de I’Ambassade de France au Sénégal. Sokhatil
devrait soutenir sa thése au cours du premier semestre 2024.
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Grondin A.* (2022) Physiological and genetic control of transpiration efficiency in African
rice, Oryza glaberrima Steud. Journal of Experimental Botany 73, 5279-5293.
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Branly est de nationalité gabonaise. Il a obtenu un Master Biotechnologies Végétales et
Microbiennes a 'UCAD. La these de Branly s’est inscrite dans la continuité de projets déja
initiés par Laurent LAPLAZE en collaboration avec 'UCAD et I’AfricaRice portant sur I’étude de
I'impact de la symbiose mycorhizienne dans les agrosysteémes rizicoles au Sénégal. Elle avait
pour ambition d’identifier les déterminants génétiques contrdlant le caractere bénéfique de
cette symbiose dans un panel de riz Oryza glaberrima. Malgré un gros travail d’optimisation,
nous n’avons pas réussi a trouver une condition permettant la colonisation des racines de riz
par le champignon de maniere robuste vis-a-vis de I'environnement. L’étude portant sur la
mycorhization n’a pu étre publiée. Une partie du travail de Branly portant sur |’étude des
déterminants génétiques contrdlant la vigueur précoce et I’efficience de la transpiration dans
ce méme panel a néanmoins été publiée en 2022. Il a soutenu sa these le 16 décembre 2020.
Il est actuellement chercheur titulaire au CENAREST (Gabon).
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rice, Oryza glaberrima Steud. Journal of Experimental Botany 73, 5279-5293.
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Financement projet PlastiMil (ANR JCIC, Porteur : Alexandre Grondin)
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Sebastidn est de nationalité colombienne et a obtenu sa these en science biologiques a
I’Université Nationale Autonome de Mexico (UNAM). Son travail de post-doctorat a consisté
a identifier si des traits racinaires et le contenu en ions dans les feuilles étaient sous le
contrdle de I'interaction génotype x environnement (G x E) chez le mil. Il a également étudié
I’utilité de différents indices de plasticité pour la détection, par génétique d’association, de
QTL capturant la variance expliquée par le G x E, et ceci en comparaison avec des approches
de détection de QTL multi-environnements.

-Awa FAYE

Post-doctorante CERAAS, Juillet 2020 — Décembre 2022

Identification de traits racinaires bénéfiques pour la tolérance au stress hydrique chez le mil
Financement projet Anatomics (Royal Society, Porteurs : Malcolm BENNETT et Ndjido KANE)

Awa est de nationalité sénégalaise et a obtenu une thése a 'UCAD en biologie végétale. Son
travail de post-doctorat au CERAAS a consisté a adapter chez le mil, des méthodes de
phénotypage haut-débit au champ en condition de stress hydrique. Awa a contribué a la mise
en place, au suivi, a la récolte des données et a I'analyse des données de deux essais au champ
réalisées en 2021 et 2022 sur un panel de 160 lignées de mil cultivé en condition irriguée et
de stress hydrique. Aprés son post-doctorat au CERAAS, Awa a réalisé post-doctorat en
Allemagne sur des aspects de modélisation des cultures.

-Romaric HALLOT

Technicien IRD, Janvier 2023 — Novembre 2023

Mise en place d’un protocole de transformation in vitro de Setaria italica

Financement projets CIWA (USAID-Innovation Lab for Crop Improvment, Porteurs : Mareme
BELKO et Ndjido KANE) et PlastiMil (ANR JCIC, Porteur : Alexandre Grondin)

Romaric a obtenu un BTS en Biotechnologies au Lycée Mermoz de Montpellier et a intégré
notre équipe afin de continuer un travail entamé depuis 2020 sur la mise en place de
protocoles de transformation et d’édition du génome chez les mils (Pennisetum glaucum ou
mil a chandelle ou mil, et Setaria italica ou millet). Ces espéces s’avérent trés récalcitrantes
et malgré I'’existence de protocoles dans la littérature, nos essais ont été infructueux. Romaric
continuera sur un contrat de technicien dans notre équipe jusqu’en 2026, mais en se
focalisant sur un projet visant a casser la barriere de fertilité entre O. glaberrima et O. sativa
a travers des approches d’édition du génome.

-Jeannot NDIONE

Technicien CERAAS, Septembre 2018 — Décembre 2022

Soutien aux activités de phénotypage racinaire au champ au Sénégal

Financement IRD dédié au recrutement de personnel local et projet ICARUS (ANR MOPGA,
Pl : Vincent VADEZ)

Jeannot est sénégalais et basé au CERAAS. Il a apporté un appui technique sur I'optimisation
des protocoles de phénotypage racinaire, les essais en ombriére pour la multiplication des
graines du panel de mil, ainsi que le suivi des essais au champ, des activités de phénotypage
et de récoltes du mil. Jeannot est toujours agent technique au CERAAS.
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-Aida DIENG

Technicienne CERAAS, Avril 2023 — Décembre 2023

Suivi d’un essai au champ sur un panel de diversité de mil et activités de phénotypage
associées

Financement IRD dédié au recrutement de personnel local et projet ICARUS (ANR MOPGA,
Porteur : Vincent VADEZ)

Aida a eu la charge plus spécifique de suivre au quotidien au Centre National de la Recherche
Agronomique (CNRA) de Bambey (lieux des parcelles expérimentales) toutes les activités
concernant I'essai au champ réalisé en 2022 sur un panel de 160 lignées de mil, du semi
jusqu’a la saisie des données, en passant par le phénotypage racinaire et la mesure des
caractéristiques agro-morphologiques et la récolte. Aida est toujours agent technique au
CNRA de Bambey.

-Tening DIOUF

Technicienne CERAAS, Mars 2021 — Septembre 2021

Suivi d’un essai au champ sur un panel de diversité de mil et activités de phénotypage
associées

Financement IRD dédié au recrutement de personnel local

Comme Aida, Tening a suivi au quotidien toutes les activités concernant |’essai au champ
réalisé en 2021 sur le panel de 160 lignées de mil. Tening poursuit actuellement une these
sur I'influence des fumiers organiques et minéraux sur I'intensification durable de la culture
du mais au Sénégal.

e Principaux projets de recherche financés

-ANR SorDrought

Characterization of new physiological traits to support breeding for post-flowering drought
tolerance in sorghum.

2024-2027, 840 k€

Porteur : Laurent LAPLAZE

Impliqué dans le phénotypage et I'étude du déterminisme génétique de traits racinaires et
d’efficience d’utilisation de I'eau

-ANR PlastiMil

Root plasticity in pearl millet.

2021-2025, 287 k€

Porteur : Alexandre GRONDIN

Impliqué dans la conceptualisation, la mise en place des protocoles, I'analyse, I'interprétation
et la gestion des données

-EPPN lonoMil

Roles of root traits on leaf mineral composition for improved drought tolerance in pearl
millet —a combined ionomics and root phenotyping approach.

2021, montant non communiqué

Porteur : Alexandre GRONDIN
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Impliqué dans la conceptualisation, la collecte des feuilles au champ, [I'analyse,
I'interprétation et la gestion des données

-Royal Society Anatomics

Anatomics in pearl millet: improving yield and drought tolerance of a major dietary staple
food in the Sahel.

2019-2022, 209 k£

Porteurs : Malcolm BENNETT et Ndjido KANE

Impliqué dans la mise au point des protocoles, la mise en place et la gestion des essais et des
activités de phénotypage, I'analyse, I'interprétation et la gestion des données

-USAID-SMIL GenMil

Genetic enhancement of pearl millet for yield, biotic and abiotic stress tolerance in West
Africa

2019-2024, 1100 kS

Porteur : Ndjido KANE

Impliqué dans la conceptualisation, le phénotypage racinaire au champ et le développement
du modele FSPM racine de mil

-EPPN MycoRice

Effects of mycorrhizal inoculation on drought tolerance of African rice — from physiological
traits to QTL identification

2019, Prise en charge compléete d’une expérience sur la plateforme PhénoArch

Porteurs : Ricardo AROCA and Alexandre GRONDIN

Impliqué dans la conceptualisation, la mise en place et la gestion des essais et des activités de
phénotypage, I’analyse, I'interprétation et la gestion des données

-ANR RootAdapt

Root traits for adaptation of pearl millet to future climate in West Africa

2018-2022, 536 k€

Porteur: Laurent LAPLAZE

Impliqué dans la mise en place et la gestion des essais au champ et des activités de
phénotypage, les analyses transcriptomiques, et I’analyse et I'interprétation des données

-ANR MasteRoot

Determination of master regulatory genes controlling crown root development for cereals
water deficit tolerance engineering

2018-2021, 411 k€

Porteur : Pascal GANTET

Impliqué dans le choix des genes a étudier et I'interprétation des données de phénotypage
de plantes transgéniques pour la tolérance a la sécheresse

e Activités d’enseignements/Formations

-Module HAA905V — Approches Intégrées en Amélioration des Plantes pour les Masters
Biotechnologie et Amélioration des Plantes Tropicales (BAPT), Plantes et Sciences
Microbiologiques pour I’Agroenvironnement (IDIL) et Management de I’Expérimentation
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Végétale (MEV) de I’'UM. Participation aux travaux dirigés et au jury de I'’examen oral en 2017
et depuis 2022 (15h / an).

-Module Génétique des Populations et Génétique d’Association pour le Master BIOVEM de
I"UCAD. Co-responsable du module depuis 2020, impliqué dans I’organisation et la gestion
des enseignements, les cours (2 h / an) et travaux dirigés (4 h / an), les travaux pratiques
(40h / an) et I’examen depuis 2019.

-Intervenant dans deux formations sur les « Méthodologies de Phénotypage Racinaire » au
CERAAS en mars 2018 et sur « La Technologie CRISPR : Théorie, Législation et Pratiques » au
CERAAS en mai 2023.

e Conférences

Je participe a au moins une conférence internationale par an (en France ou a I’étranger), avec
proposition de présentation sous forme d’oral, ou a défaut sous forme d’un poster.

J'ai été invité a deux conférences :

-Gordon Conference on Salt and Water Stress in Plants du 22/05/2022 au 27/05/2022 a Les
Diablerets en Suisse. J'y ai présenté les travaux relatifs au contréle génétique de traits liés a
I"utilisation de I’eau chez le riz Africain.

-UK Rice Research Conference meeting, Linking UK and European Rice Research du 07/02/23
au 08/02/23 a Cambridge. J'y ai |a aussi présenté les travaux relatifs au contréle génétique de
traits liés a I'utilisation de I’eau chez le riz Africain.

e Evaluation d’articles et role d’éditeur associé

J'évalue environ une dizaine d’articles par an pour les journaux Journal of Experimental
Botany, BMC Genomics, Environmental and Experimental Botany, Scientific Reports, Plant and
Soil, New Phytologist, Plant Physiology, Annals of Botany, Plant, Cell & Environment. Jai
également été Editeur associé pour le journal Frontiers in Plant Science, dans la section
spéciale Plant Abiotic Stress en 2022.

J évalue également régulierement des projets de recherche pour I'/sraél Research Foundation
et The United States — Israél Binational Agricultural Research and Development Fund.
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2. Publications scientifiques

e Articles scientifiques

23 articles internationaux, 1,547 citations, H-Index :13 (au 26 novembre 2023)
* Auteur pour correspondance

(23) Vadez V, Grondin A, Chenu K, Henry A, Laplaze L, Millet EJ, Carminati A. 2023. Context-
dependent water-related traits determine crop production under drought. Nature
Reviews Earth & Environment, accepted

(22) Fuente C. de la, Grondin A., Sine B., Debieu M., Belin C., Hajjarpoor A, ... Laplaze L. (2023)
Glutaredoxin regulation of primary root growth confers early drought stress tolerance in
pearl millet. eLife 12:RP86169.

(21) Affortit P., Ahmed M.A., Grondin A., Delzon S., Carminati A. & Laplaze L. (2023) Keep in
touch : the soil — root hydraulic continuum and its role in drought resistance in crops.
Journal of Experimental Botany erad312.

(20) Vadez V., Pilloni R., Grondin A., Hajjarpoor A., Belhouchette H., Brouziyne Y., ... Bossuet
J. (2023) Water use efficiency across scales: from genes to landscapes. Journal of
Experimental Botany. erad052

(19) Affortit P., Effa-Effa B., Ndoye M.S., Moukouanga D., Luchaire N., Cabrera-Bosquet L., ...
Grondin A.* (2022) Physiological and genetic control of transpiration efficiency in African
rice, Oryza glaberrima Steud. Journal of Experimental Botany 73, 5279-5293.

(18) Burridge J.D., Grondin A. & Vadez V. (2022) Optimizing Crop Water Use for Drought and
Climate Change Adaptation Requires a Multi-Scale Approach. Frontiers in Plant Science
13.

(17) de la Fuente Canto C., Diouf M.N., Ndour P.M.S., Debieu M., Grondin A., Passot S., ...
Laplaze L. (2022) Genetic control of rhizosheath formation in pearl millet. Scientific
Reports 12, 1-13.

(16) Ndoye M.S., Burridge J., Bhosale R., Grondin A. & Laplaze L. (2022) Root traits for low
input agroecosystems in Africa: Lessons from three case studies. Plant, Cell and
Environment 45, 637-649.

(15) Chevallier T., Loireau M., Courault R., Chapuis-Lardy L., Desjardins T., Gomez C., ... Chotte
J.L. (2020) Paris climate agreement: Promoting interdisciplinary science and
stakeholders’ approaches for multi-scale implementation of continental carbon
sequestration. Sustainability (Switzerland) 12.

(14) Grondin A.*, Affortit P., Tranchant-Dubreuil C., de la Fuente-Canto C., Mariac C., Gantet
P., ... Laplaze L. (2020) Aquaporins are main contributors to root hydraulic conductivity
in pearl millet [Pennisetum glaucum (L) R. Br.]. Plos One 15, e0233481.

(13) Campbell M.T., Grondin A., Walia H. & Morota G. (2020) Leveraging genome-enabled
growth models to study shoot growth responses to water deficit in rice. Journal of
Experimental Botany 71, 5669-5679.

(12) Faye A., Sine B., Chopart J.-L., Grondin A., Lucas M., Diedhiou A.G., ... Laplaze L. (2019)
Development of a model estimating root length density from root impacts on a soil
profile in pearl millet (Pennisetum glaucum (L.) R. Br). Application to measure root
system response to water stress in field conditions. Plos One 14, e0214182.

(11) Nguyen K. Le, Grondin A., Courtois B. & Gantet P. (2019) Next-Generation Sequencing
Accelerates Crop Gene Discovery. Trends in Plant Science 24, 263-274.

(10) Debieu M., Sine B., Passot S., Grondin A., Akata E., Gangashetty P., ... Laplaze L. (2018)
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Response to early drought stress and identification of QTLs controlling biomass
production under drought in pearl millet. PLoS ONE 13, 1-19.

(9) Mbodj D., Effa-Effa B., Kane A., Manneh B., Gantet P., Laplaze L., ... Grondin A.* (2018)
Arbuscular mycorrhizal symbiosis in rice: Establishment, environmental control and
impact on plant growth and resistance to abiotic stresses. Rhizosphere 8, 12-26.

(8) Grondin A., Dixit S., Torres R., Venkateshwarlu C., Rogers E., Mitchell-Olds T., ... Henry A.
(2018) Physiological mechanisms contributing to the QTL qDTY3.2 effects on improved
performance of rice Moroberekan x Swarna BC2F3:4 lines under drought. Rice 11, 1-17.

(7) Rodrigues 0., Reshetnyak G., Grondin A., Saijo Y., Leonhardt N., Maurel C. & Verdoucq L.
(2017) Aquaporins facilitate hydrogen peroxide entry into guard cells to mediate ABA-
and pathogen-triggered stomatal closure. Proceedings of the National Academy of
Sciences of the United States of America 114.

(6) Henry A., Wehler R., Grondin A., Franke R. & Quintana M. (2016) Environmental and
physiological effects on grouping of drought-Tolerant and susceptible rice varieties
related to rice (Oryza sativa) root hydraulics under drought. Annals of Botany 118.

(5) Grondin A., Mauleon R., Vadez V. & Henry A. (2016) Root aquaporins contribute to whole
plant water fluxes under drought stress in rice (Oryza sativa L.). Plant, Cell and
Environment 39, 347-65.

(4) Dixit S., Grondin A., Lee C.-R., Henry A,, Olds T.-M. & Kumar A. (2015) Understanding rice
adaptation to varying agro-ecosystems: trait interactions and quantitative trait loci. BMC
genetics 16, 86.

(3) Grondin A., Rodrigues O., Verdoucq L., Merlot S., Leonhardt N. & Maurel C. (2015)
Aquaporins contribute to ABA-triggered stomatal closure through OST1-mediated
phosphorylation. Plant Cell 27.

(2) Postaire O., Tournaire-Roux C., Grondin A., Boursiac Y., Morillon R., Schiffner A.R. &
Maurel C. (2010) A PIP1 aquaporin contributes to hydrostatic pressure-induced water
transport in both the root and rosette of Arabidopsis. Plant physiology 152, 1418-30.

(1) Verdoucq L., Grondin A. & Maurel C. (2008) Structure-function analysis of plant aquaporin
AtPIP2;1 gating by divalent cations and protons. The Biochemical journal 415, 409-416.

e Chapitre d’ouvrage

Grondin A*, Bhosale R, Atkinson JA, Faye A, Jones DH, Benson E, Burridge J, Sine B, Vadez V,
Pridmore T, Wells DM, Laplaze L, Kane NA, Bennett MJ (2022) High-throughput root
phenotyping: Opportunities and challenges for the adaptation of arid and semi-arid crops to
future climates. In Crop Adaptation and Improvement for Drought-Prone Environments.
Editors: Kane A, Foncéka D, Dalton TJ New Prairie Press 258-282

e Articles de vulgarisation scientifique

Grondin A, Guyomarc’h S, Laplaze L, (2022) Le systéme racinaire des plantes : de 'ombre a la
lumiere

https://www.encyclopedie-environnement.org/vivant/racines-plantes/

Encyclopédie de I’environnement, v18-03-2022.
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Laplaze L, Grondin A, Cournac L (2022) Root traits enhance the agroecological transition. Les
Dossiers d’Agropolis International, n°26 Transformations agroécologiques pour des systemes
alimentaires durables : Panorama de la recherche France-CGIAR.

Grondin A, Laplaze L, Kane NA (2021) Le systéme racinaire pour I'amélioration de la
productivité et de la résilience du mil dans un contexte d’agriculture a faibles intrants, n°3
Jokko Sciences pour le Développement, Bulletin d’information semestriel de Ila
Représentation de I'IRD au Sénégal.
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3. Thématique de recherche et objectifs
3.1 Contexte

e Vers un changement des systémes agricoles

Les années 1960s ont été marquées par le début de ce que I’'on appelle la révolution verte,
qui correspond a des décennies de forte augmentation du rendement des céréales (Evenson
and Gollin, 2003). Ces progrées ont été rendu possibles par I'lamélioration variétale, I'utilisation
intensive d’intrants et I'optimisation de pratiques culturales. Cette augmentation de la
production a eu des effets indéniables sur la baisse du prix des céréales ainsi que sur
I"augmentation de la sécurité alimentaire et le développement économique. Néanmoins, de
grandes disparités géographiques existent dans I'impact qu’a pu avoir la révolution verte.
L’Afrique a peu profité de ces innovations contrairement a I’Asie par exemple. De plus,
I'intensification des cultures céréalieres a eu des conséquences environnementales
indésirables, comme la dégradation des sols, la pollution des eaux sous-terraines par le
lessivage des fertilisants chimiques et des produits phytosanitaires, et le déclin de la
biodiversité. Ce modele agricole basé sur ['utilisation importante d’intrants participe
également a I’émission de gaz a effet de serre qui contribuent aux changements climatiques.
La riziculture inondée contribue par exemple a 15-20 % des émissions de méthane
anthropiques (Hirt et al., 2023). Cela questionne sur la durabilité de ces systemes de culture
gui sont aujourd’hui encore majoritaires.

Les piliers qui ont fait le succes de la révolution verte sont aujourd’hui confrontés a de
nombreux défis. D’une part, les rendements n’augmentent plus a un rythme qui permettrait
de suivre I'augmentation prédite de la population mondiale. Cela peut s’expliquer par la
réduction du gain génétique qui tend a atteindre ses limites chez les grandes cultures. D’autre
part, la disponibilité en intrants est menacée. La ressource en certains engrais n’est par
exemple pas infinie et leur prix peut grandement varier en fonction de la conjoncture
internationale. L’utilisation de I'’eau et sa répartition entre usages agricoles, domestiques et
industriels fait I’objet de tensions fortes liées au caractére moins prévisible de I'acces a cette
ressource causé par les changements climatiques. De fait, les changements climatiques
souvent accompagnés d’événements extrémes (fortes températures, sécheresses...)
affectent le rendement des céréales qui n’y sont pas adaptées. Le stress hydrique représente
la contrainte abiotique majeure affectant le rendement des céréales (source FAO ;
https://www.fao.org/resources/digital-reports/disasters-in-agriculture/en/). 1l est donc

nécessaire d’adapter les céréales a ces nouvelles contraintes et de faire évoluer I’agriculture
vers des systémes de culture durable.

Développer des variétés plus frugales et résilientes tout en maintenant la productivité
nécessite de repenser I'amélioration variétale pour mieux prendre en compte les contextes
climatiques locaux, explorer plus en profondeur la diversité génétique pour identifier et des
réponses adaptatives, et mieux comprendre dans quels contextes ces réponses seraient les
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Figure 1: Modele du transport d’eau chez les plantes. La plante est représentée par différents
compartiments (la racine, le xyleme et les feuilles avec les sites d’évaporation au niveau de la
chambre sous-stomatique) ayant des potentiels hydriques (W) différents. Des résistances
existent entre le sol et I'interface avec la racine, entre les tissus racinaires et les vaisseaux
conducteurs du xyléme, et entre le xyleme et les feuilles au niveau des sites d’évaporation.
Des plantes cultivées en condition bien irriguée (bleu) ou en condition de stress hydrique
(orange) peuvent avoir le méme potentiel hydrique foliaire en cas de comportement
isohydrique. Figure reproduite a partir de la Figure 1 de Tardieu et al, 2017.



plus bénéfiques. Les espoirs d’'une deuxiéme révolution verte reposent sur des innovations
technologiques telles que le séquengage a haut-débit pour I'exploration de la diversité
génétique, l'intelligence artificielle pour I'exploration de la diversité phénotypique, ou
I’édition des génomes pour accélérer la sélection.

e Lagestion de la ressource en eau comme cible pour améliorer la tolérance des
céréales au stress hydrique

L’eau circule du sol vers les racines puis les parties aériennes pour étre évaporée lors de la
transpiration sous forme de vapeur dans I’'atmosphére au niveau des stomates (Tardieu et al.,
2017). Dans un sol irrigué, I'ouverture des stomates crée un gradient de potentiel hydrique
entre I'atmosphere plus seche, la plante et le sol plus humide qui induit I’entrée de I’eau dans
la plante par les racines (Figure 1). Lors d’un assechement de I'air ou du sol, si les flux d’eau
issues des racines ne sont plus capables d’égaler la demande des parties aériennes, le
potentiel hydrique foliaire commence a chuter. Les plantes commencent alors a fermer leurs
stomates pour réduire la transpiration. Cela permet le maintien de potentiels hydriques
foliaires acceptables pour le maintien du métabolisme et éviter la cavitation dans les
vaisseaux du xyleme. En contrepartie, la fermeture stomatique réduit I’entrée du CO; dans la
plante, 'assimilation photosynthétique et la production de biomasse.

Une grande variabilité génétique inter- et intra-spécifique a pu étre observée dans la réponse
de la transpiration a I’environnement hydrique du sol ou de I'atmosphére. En réponse a
I’asséchement du sol, des plantes isohydriques fermeront leur stomates a des potentiels
hydriques du sol relativement élevés prévenant une chute trop importante du potentiel
hydrique foliaire (Tardieu and Simonneau, 1998). Cette stratégie reléve d’'un comportement
conservatif permettant une économie de I’eau du sol qui peut s’avérer bénéfique en cas de
stress hydrique intense (Tardieu et al., 2018). D’autres plantes anisohydriques fermeront
leurs stomates a des potentiels hydriques du sol plus faibles autorisant une chute plus
importante du potentiel hydrique foliaire (Tardieu and Simonneau, 1998). Cette stratégie plus
a risque mais ou la plante continue a produire de la biomasse est considérée comme plus
adaptée pour des cas de stress hydriques modérés (Tardieu et al., 2018). Cette classification
iso/anisohydrique est néanmoins loin d’étre stricte et ces comportements peuvent varier
chez une méme plante en fonction du type de sol ou en fonction de leur stade de
développement (Hochberg et al., 2018; Abdalla et al., 2022).

L'assechement de I'air et I'augmentation de la demande évaporative qui s’en suit peut
également induire la fermeture stomatique. Au cours d’une journée seche et chaude,
certaines plantes peuvent restreindre leur transpiration lorsque la pression de vapeur d’eau
dans I’air dépasse un certain seuil et cela méme dans des conditions ou la ressource en eau
dans le sol n’est, a priori, pas limitante (Vadez et al., 2014). Ce mécanisme appelé restriction
de la transpiration a la demande évaporative (Figure 2) a généralement lieu en milieu de
journée et domine la régulation de I'ouverture stomatique par la lumiéere (Kholova et al.,
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Figure 2 : Optimisation de I'efficience d’utilisation de I’eau par la stratégie de restriction de la
transpiration en réponse a la demande évaporative. A: En comparaison avec le génotype
H77/2833-2, le génotype PRLT-2/89-33 réduit sa transpiration en réponse a I'augmentation
de la demande évaporative ici représentée par la VPD (Vapour Pressure Deficit). Issue de
Vadez et al., 2014 (Figure 2). B: Non-linéarité de la relation entre la conductance stomatique
et I'assimilation photosynthétique (A). Issue de Tardieu, 2022 (Figure 3a). C: Effets de la
réduction de la conductance stomatique sur |'efficience d’utilisation de I'’eau (WUE). Issue de
Tardieu 2022 (Figure 3b).



2010). Cette stratégie peut étre considérée comme conservative. Néanmoins, elle se met en
place uniquement pendant les heures les plus chaudes de la journée ou la fixation du carbone
est faible par rapport a I'eau utilisée. Elle a donc un impact limité sur la production de
biomasse mais un impact trés fort sur I'’économie d’eau (Vadez et al., 2014). De plus, la
relation entre la conductance stomatique et I'assimilation en carbone pour la photosynthese
n’est pas linéaire (Figure 2). Dans la partie non-linéaire, celaimplique une réduction plus faible
de I’assimilation par rapport a la réduction de la perte en eau induisant une augmentation de
I’efficience d’utilisation de I'eau (Tardieu, 2022). Cette stratégie de restriction de la
transpiration en réponse a la demande évaporative a été associée a une meilleure efficience
d’utilisation de I'’eau et une meilleure tolérance a la sécheresse chez des céréales comme le
mais, le blé, le mil ou le sorgho (Kholova et al., 2010; Gholipoor et al., 2013; Medina et al.,
2019; Choudhary et al., 2020). Plus précisément, la restriction de la transpiration en réponse
a la demande évaporative s’avere étre particulierement efficace pour la tolérance a un stress
hydrique terminal, ou I’économie d’eau réalisée pendant la phase végétative permet
d’assurer le remplissage des grains.

Les plantes peuvent donc mettre en place différentes stratégies afin de répondre ou prévenir
I"apparition d’un stress hydrique. Ces stratégies seront plus ou moins efficaces en fonction du
stress auquel elles seront confrontées. Améliorer la tolérance d’une céréale face au stress
hydrique nécessite donc la caractérisation précise de I’environnement pédoclimatique dans
lequel elle se développe afin de mieux définir le type de stress encouru (a quel moment du
cycle ? a quelle intensité ? a quelle fréquence ?) et I'impact de ce stress sur les rendements.
Des modeles de culture ont été développés afin de mieux caractériser les types de stress
hydrique affectant les plantes dans certains environnements (aussi appelé « envirotyping »).
Ces modeles permettent de mieux comprendre les effets de différentes stratégies
d’utilisation de I'eau sur la performance des céréales dans un environnement, et cela en lien
avec les pratiques agronomiques (Chenu et al., 2017). Les mécanismes physiologiques qui
sous-tendent la gestion de I'eau par la plante a travers la régulation de la transpiration sont
néanmoins complexes et encore peu pris en compte dans ces modeles. Une meilleure
compréhension de ces mécanismes et de leurs effets dans différents scénarios de stress est
nécessaire pour élargir le spectre de tolérance des céréales au stress hydrique.

e Mécanismes physiologiques impliqués dans le controle de I’hydraulique des
plantes
Pour mieux caractériser les mécanismes associés au stress hydrique, il s’agit de mieux définir
ce stress. Récemment, une définition basée sur la régulation des processus hydrauliques au
cours du stress a été proposée (Vadez et al, 2023, accepté). Une plante soumise a un stress
hydrique entrerait ainsi différentes phases en fonction de d’intensité de stress (Figure 3):
dans la premiére phase, la transpiration de plantes stressées ne change pas par rapport a des
plantes non stressées et les processus de développement ne sont pas affectés; dans la
deuxieme phase, les flux d’eau dans les racines et a travers la plante ne permettent plus de
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Figure 3 : Réponse de la transpiration a la chute du potentiel hydrique du sol au cours d’un
stress hydrique. Durant la phase 1 la croissance n’est pas limitée. Durant la phase 2, I'’eau est
limitante et la plante réduit sa transpiration pour ajuster I’offre a la demande en eau. Durant
la phase 3, la plante ne peut plus extraire I’eau du sol et entre en mode de survie qui amene
a sa dessiccation compléte si cette phase se prolonge. Les plantes économes en eau ont un
comportement isohydrique conservateur au prix de la fixation du carbone. Les plantes
consommatrices en eau ont une stratégie anisohydrique a plus haut risque. La trajectoire
verte correspondrait a la réponse de plantes mettant en place des mécanismes de restriction
de la transpiration en réponse a la demande évaporative. Elles seraient plus économes en eau
gue les plantes anisohydriques et seraient capables de maintenir une plus forte croissance
que les plantes isohydriques dans la phase 2. Figure adaptée de Vadez et al., 2023 (accepté).



supporter la transpiration. La transpiration diminue graduellement grace a la fermeture
stomatique pour égaler les capacités d’offre en eau. Cela induit également un ralentissement
de la croissance ; dans la troisieme phase, les racines ne peuvent plus extraire d’eau du sol, la
conductance stomatique est a son minimum et la croissance s’arréte. La plante entre alors en
phase de survie. Dans la premiere phase, la plante pourra mettre en place des mécanismes
qui permettent de compenser la réduction de I’eau dans le sol afin de maintenir I’offre sans
affecter la transpiration. Cela peut passer par une augmentation de I'activité des aquaporines
dans la racine. Dans la deuxieme phase, ces mécanismes pourront s’intensifier et des
mécanismes de tolérance pourront étre mis en place afin d’optimiser |'utilisation de la
quantité d’eau qui devient limitante. Dans la troisieme phase de survie, les mécanismes mis
en jeu relévent plus généralement de processus liés a I'ajustement osmotique ou de
détoxification d’espéces réactives de I’'oxygene pour le maintien de la turgescence des cellules
et des fonctions métaboliques respectivement (Vadez et al, 2023, accepté). Le modele de
compensation hydrique entre |'offre et la demande implique que différents maillons du
continuum sol-plante-atmosphére pouvant représenter des résistances pour I’acquisition, le
transport et I'utilisation de I’eau influenceraient la tolérance au stress hydrique au cours de
la phase 2. Les mécanismes présentés par la suite ciblent I'amélioration de la tolérance a cette
phase de stress hydrique.

Le sol représente un premier degré de résistance. En effet, des d’études récentes montrent
que dans un sol qui s’asseche, la conductivité hydraulique chute de maniere drastique et le
gradient de potentiel hydrique autour des racines devient alors une source de résistance
majeure (Abdalla et al., 2021). Une forte densité de poils absorbants participerait a limiter la
chute du potentiel hydrique matriciel du sol dans la rhizosphére au cours d’un stress hydrique
et donc au maintien de la continuité hydrique (Carminati et al., 2017). La rhizodéposition, i.e.
la déposition par la plante de molécules carbonées dans le sol a travers I’exsudation ou la
mort cellulaire, contribue a changer les propriétés physico-chimiques de la rhizosphere
(Figure 4; de la Fuente Canté et al., 2020). Le mucilage en particulier, composé de
polysaccharides possédant des propriétés hydrophiles, augmenterait I’humidité du sol autour
de la racine et participerait a maintenir la continuité hydraulique sol-racine lors d’un stress
hydrique (Benard et al., 2019). De fait, la rhizodeposition contribue a la formation d’un
manchon racinaire (i.e., sol adhérent aux racines) qui a été associé a une meilleure tolérance
au stress hydrique chez le blé, I'orge ou Setaria italica (George et al., 2014; Basirat et al., 2019;
Liu et al., 2019).

La maniere dont les racines se développent et s’agencent dans le sol impacte I'acces a la
ressource en eau (Figure 4). Des expériences de pressurisation combinées a de la
modélisation hydraulique sol-plante montrent que des surfaces racinaires plus larges
permettent de maintenir la transpiration plus longtemps en condition de stress hydrique chez
la tomate (Abdalla et al., 2021). La capacité de capture d’eau n’est néanmoins pas homogene
entre les différents types racinaires, celle-ci ayant principalement lieu dans les zones apicales
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peu lignifiées des racines et au niveau des racines latérales (Zwieniecki et al., 2003; Henry et
al., 2012; Cai et al., 2022). La répartition des racines dans les différents horizons de sol peut
ainsi également influencer I’accés a la ressource en eau. Des systémes racinaires plus profond
permettent par exemple au riz, au mais et au blé de mieux tolérer le stress hydrique (Uga et
al., 2013; Lynch, 2018; Bacher et al., 2023). Ce caractére a recu beaucoup d’attention dans la
littérature mais ne représente pas une solution miracle car son efficacité dépend du type de
sol et de la disponibilité de I’eau en profondeur. De plus, les contreparties de ce caractere sur
la nutrition minérale et en particulier la nutrition en phosphore restent floues.

La capacité des racines a transporter I'eau, i.e. la conductance hydraulique racinaire peut
également étre limitante pour les flux d’eau dans la plante (Vadez, 2014). La conductance
hydraulique racinaire se décompose en conductance radiale ou I’eau circule du sol vers les
vaisseaux conducteurs, et en conductance axiale ol I’eau circule au travers des vaisseaux du
xyleme vers les parties aériennes (Figure 4). L'anatomie de la racine influence donc le
transport de I’eau dans la racine. La formation de barrieres pariétales (Calvo-Polanco et al.,
2021) ou d’aérenchymes (Ranathunge et al., 2003) ont un effet inhibiteur sur la conductance
radiale. Les aquaporines, des canaux a eau présents dans les membranes lipidiques, régulent
la conductance hydraulique radiale (Maurel et al., 2015). Chez la vigne, des cultivars
anisohydriques cultivés en condition de stress hydrique montrent une forte augmentation de
la conductance hydraulique racinaire au cours de la journée en comparaison avec des cultivars
isohydriques, qui a pu étre reliée a I’expression plus forte d’'une aquaporine de la membrane
plasmique (Vandeleur et al.,, 2009). Chez la tomate, la surexpression d’une aquaporine
présente sur le tonoplaste permet de changer le comportement isohydrique de plantes
sauvages vers un comportement anisohydrique chez les plantes transgéniques (Sade et al.,
2009). L’augmentation du diamétre des vaisseaux du xyleme a quant a elle un effet activateur
sur la conductance axiale (Rishmawi et al., 2023). Chez le blé, une réduction de la surface des
vaisseaux du xyleme a été associée a une limitation de l'utilisation de I’eau et une meilleure
tolérance au stress hydrique (Richards and Passioura, 1989).

La demande en eau dépend de la capacité des parties aériennes a évaporer cette eau dans
I’atmosphere. Cette derniere dépend notamment de la surface foliaire, de la densité des
stomates et du controle de leur ouverture (Figure 4). Des plantes de sorgho surexprimant des
transporteurs d’auxine de type PIN-FORMED (PIN1, 2 et 4) montrent une réduction de la taille
de leur canopée. En réduisant leur demande en eau, ces plantes sont capables de maintenir
leur transpiration plus longtemps durant un stress hydrique (Borrell et al., 2022). D’ailleurs,
une réponse rapide au stress hydrique chez de nombreuses céréales comme le mais ou le riz
consiste a réduire I’expansion foliaire pour atteindre ces mémes objectifs d’économie en eau
(Tardieu et al., 2011). Au-dela de la morphologie des parties aériennes, des effecteurs
endogenes peuvent influencer le fonctionnement stomatique pour moduler la transpiration.
Des plantes de vigne anisohydriques montrent par exemple une conductance hydraulique
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foliaire et des mouvements stomatiques relativement peu sensibles a I’acide abscissique par
rapport a des plantes isohydrique (Coupel-Ledru et al., 2016).

Le maintien du continuum sol-plante-atmosphere découle donc de nombreux processus en
interactions a différents niveaux d’organisation de la plante, et ceci, en interaction avec
I’environnement (Klein et al., 2020; Strock and Lynch, 2020; Burridge et al., 2022). Ces
interactions doivent étre prises en compte pour mieux comprendre les contreparties ou
synergies de différents assemblages phénotypiques sur I'utilisation de I’eau dans différents
scénarios de stress hydrique.

e La plasticité phénotypique pour I'adaptation au stress hydrique

Identifier le controle génétique de traits constitutifs améliorant la tolérance au stress
hydrique est utile pour I'amélioration, mais n’est pas idéal dans le cas ou ces derniers
impliquent une contrepartie sur le rendement en condition irriguée. Des traits plastiques ont
des états phénotypiques qui changent en fonction de I’environnement (Figure 5). Ces
changements sont considérés comme adaptatifs s’ils sont associés au maintien des caracteres
agronomiques d’intérét dans le nouvel environnement. Au contraire, la plasticité est
considérée comme mal-adaptive si elle a un effet négatif sur les caractéres agronomiques
d’intérét dans le nouvel environnement (Schneider, 2022). Idéalement, un caractere adaptatif
en condition de sécheresse mais non adaptatif en condition irriguée serait plastique pour ne
se manifester qu’en condition de stress hydrique. Considérons I’exemple d’un environnement
a sols profonds ou les pluies sont suffisamment abondantes en début de cycle pour humidifier
le sol en profondeur, mais ou un stress hydrique pendant la phase de floraison peut impacter
les rendements de facon aléatoire d’une année sur I'autre. Une réponse plastique de
croissance racinaire en profondeur durant le stress hydrique pourrait étre adaptative dans
cet environnement. En effet, elle permettrait un plus grand accés a I'eau au cours du stade
critique de remplissage des grains. Néanmoins, au moins trois conditions devraient étre
réunies pour obtenir un effet adaptatif : un sol profond, des pluies abondantes en début de
cycle et une sécheresse terminale. Les environnements dans lesquels la plasticité a des effets
adaptatifs sont donc spécifiques. Cette plasticité pourra avoir des effets neutres ou mal-
adaptifs dans d’autres environnements. De fait, la sélection variétale a privilégié des
caracteres constitutifs a effets stables sur les rendements a travers différents
environnements, tandis que les mécanismes de plasticité ont été contre-sélectionnés (Figure
5; Welcker et al., 2022). Mieux exploiter la plasticité adaptative représente donc un levier
intéressant pour améliorer la tolérance au stress hydrique dans certains types
d’environnement.

D’un point de vue évolutif, il est possible d’envisager que certaines plantes aient pu

développer, en fonction de leur environnement, des réponses plastiques leur permettant de
mieux tolérer le stress hydrique. Ainsi, I'expression de certains traits plastiques serait
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I’environnement 2 (E2). La droite/courbe épaisse représente la réponse moyenne de tous les
génotypes. Issues de Des Marais et al., 2013. A: Réponse plastique sans interaction entre le
génotype et I'environnement. B: Réponse plastique avec interaction entre le génotype et
I’environnement. C: Réponse plastique continue avec interaction entre le génotype et
I’environnement. D: Effet des alleles al, a2, a3, c1, c2 et c3 sur le rendement de la variété de
mais B73 cultivée en condition irriguée (WW) ou de stress hydrique (WD) dans différents
environnements (cool, warm, hot). Les alléles al, a2 et a3 contrélent des traits plastiques
tandis que les traits c1, c2 et c3 contrdlent des traits constitutifs. al: associé a la synthese
d’ABA; a2: associé a la conductance stomatique; a3: associé a la tolérance aux fortes
températures; cl: associé a I'architecture de la canopée; C2 et c3: associés au temps de
floraison. Issue de Welcker et al., 2023 (Figure 9a).



contrélée par 'interaction entre la génétique et I'environnement (G x E). Les racines qui se
développent dans le sol, un environnement ou les ressources fluctuent de maniére spatiale
et temporelle, sont particulierement plastiques. Par exemple, les racines d’Arabidopsis
thaliana auront tendance a orienter leur croissance vers des zones plus humides du sol
(hydrotropisme ; Shkolnik et al., 2018). Le développement des racines latérales sera
également privilégié dans des zones en contact avec un sol plus humide (« hydropatterning » ;
Bao et al., 2014; Orosa-Puente et al., 2018). Chez Setaria viridis, le stress hydrique induit un
arrét du développement des racines coronaires (Sebastian et al., 2016). Chez le mil, un
développement racinaire plus profond a pu étre observé en condition de stress hydrique
(Faye et al., 2019). Par ailleurs, des études récentes ont montré qu’il existe une grande
diversité intra-spécifique dans la plasticité des traits racinaires architecturaux et anatomiques
en réponse au stress hydrique chez le mais et le riz (Sandhu et al., 2016; Kadam et al., 2017,
Schneider et al., 2020a,b). Ces études ont tenté d’identifier le contréle génétique de la
plasticité racinaire par des approches de génétique d’association. Néanmoins, un doute
subsiste sur le fait que ces associations, supposées controler l'interaction G x E, soient
réellement indépendantes du controle génétique du trait dans une condition donnée. De plus,
le caractere adaptatif de ces réponses plastiques reste a démontrer.

e Lesracines, grandes oubliées de la sélection variétale

Les racines se développent pour la grande majorité dans le sol ce qui limite grandement nos
capacités a les observer et a étudier leur fonctions. De fait, I'étude des racines a souvent été
réalisée hors-sol. Ces systéemes sont parfois tres éloignés des conditions agronomiques et les
mécanismes observés en condition contrélée ont rarement pu étre validés en condition
agronomique. |l existe des méthodes de phénotypage de I’architecture, de 'lanatomie et des
fonctions racinaires en condition semi-agronomique et agronomique (Grondin et al., 2022).
Ces méthodes restent néanmoins peu applicables en sélection car elles sont sujettes a des
débits de mesures relativement faibles, peuvent étre peu accessibles et colteuses, et sont
peu représentatives du systéme global. Les racines ont donc été négligées en sélection
variétale et I'amélioration de leurs fonctions hydrauliques représente un réel levier
d’amélioration de la tolérance au stress hydrique. S’il reste encore difficile pour des
sélectionneurs de concevoir des programmes de sélection ciblés sur des traits racinaires, des
avancements récents en phénotypage et modélisation permettent d’envisager des approches
de « pre-breeding ».

Phénotypage de I'architecture et de I'anatomie racinaire

Différentes méthodes existent afin de phénotyper des traits d’architecture racinaire en
condition controlée (aéroponie, hydroponie, pots ou rhizotrons ; Atkinson et al., 2019). Ces
méthodes sont généralement limitées a I’étude de plantes jeunes. Les méthodes utilisées au
champ permettent d’étudier des plantes plus matures (Figure 6). Elles different selon leur
rapidité d’exécution, leur degré de technicité, les parties du systéme racinaire observées mais
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Figure 6 : Méthodes de phénotypage de I'architecture et de I'anatomie racinaire au champ.
A: Tranchée de sol et comptage d’impact racinaires. Source: Laurent Laplaze. B: Modélisation
de la densité de racinaire dans un profil de sol en fonction du nombre d’impact. Source: Awa
Faye. C: Prélevement racinaire par la méthode de shovelomics. Source: Jimmy Burridge. D:
Imagerie de I'architecture racinaire aprés lavage de racines prélevées par shovelomics.
Source: Alexandre Grondin. E: Imagerie de I"anatomie racinaire par tomographie a ablation
laser (LAT). Image Darren Wells. F: Segmentation de tissus anatomiques sur images LAT.

Source: Darren Wells.



toutes ne permettent qu’une observation partielle des racines (Grondin et al., 2022). La
méthode de comptage d’'impacts sur une tranchée permet d’estimer par modélisation la
densité de longueur racinaire (Chopart and Siband, 1999). Cette méthode permet
I’observation la plus complete au champ des architectures racinaires. Elle est néanmoins
difficile a mettre en ceuvre. A l'inverse, la shovelomics (« pelle » - omique en frangais) est une
méthode simple rapide mais peu résolutive. En effet, elle consiste a déterrer le systeme
racinaire dans sa partie superficielle (20-30 premier cm) et a étudier des traits d’architecture
comme |’angle racinaire, le nombre de racines ou la ramification racinaire (Trachsel et al.,
2011). La mesure de ces traits est néanmoins trés robuste et certains peuvent représenter
des proxys pour la mesure d’autres traits non mesurés (Burridge et al., 2016; Schneider et al.,
2020b). Chez le mais, la mesure de I'angle racinaire pourrait par exemple représenter un
proxy de la profondeur racinaire (Schneider et al., 2021). Plus récemment, la shovelomics a
été utilisée pour I'étude de I'anatomie racinaire a haut-débit a 'aide d’'une méthode de
tomographie apres ablation laser (LAT; Strock et al., 2022). La méthode LAT consiste a
sectionner et a capturer une image d’une section transversale de la racine en utilisant I'auto-
fluorescence des tissus de maniere quasi-simultanée. La segmentation des images pour la
quantification des traits anatomiques peut ensuite étre rapidement effectuée par des logiciels
exploitant I'intelligence artificielle (Hall and Lanba, 2019).

Phénotypage de I’hydraulique racinaire

Les capacités de transport d’eau du systéme racinaire sont traditionnellement mesurées par
pressurisation des racines et mesure du flux de seve exsudé au niveau de la tige aprées
décapitation des parties aériennes. Cette méthode a été tres utilisée afin de déterminer la
contribution des aquaporines dans la conductivité hydraulique racinaire (Postaire et al.,
2010). Elle permet de mesurer la capacité intrinseéque du systeme racinaire a transporter I’'eau
mais ne reflete pas la contribution de ce systeme dans le continuum sol-plante-atmosphere.
D’autres méthodes comme |'imagerie neutron permettent de mesurer la capture d’eau a
I'interface sol-racine. Cette méthode consiste a soumettre un échantillon a un faisceau a
neutron. Le signal non absorbé est ensuite récolté a I'aide d’un scintillateur et converti en
lumiére qui sera capturée par une caméra (Cai et al., 2022). Cette méthode, encore peu
utilisée car techniquement difficile a mettre en ceuvre, a permis de caractériser les racinaires
responsables de la capture d’eau chez le mais (Ahmed et al., 2018). Au champ, une
technologie permettant de mesurer le contenu en eau du sol a travers sa résistance électrique
représente un proxy pour la capture d’eau par les racines (Bacher et al., 2023). Comme
I'imagerie neutron, elle est difficile a mettre en ceuvre.

La mesure des flux d’eau dans le continuum sol-plante-atmosphere consiste plus simplement
a mesurer, par gravimétrie, la perte en eau d’un pot ou pousse une plante dans un sol humide.
Cette méthode est basée sur le principe de fonctionnement d’un lysimetre (Figure 7). Elle
utilise des tubes PVC installés au champ et dont la taille et I'’espacement permet a la plante
de croitre dans un volume d’air et de sol comparable a celui qu’elle pourrait explorer en plein
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Figure 7 : Utilisation de lysimétres en condition semi-agronomique pour la mesure de
Iutilisation de I'eau. A-B: Lysimetres en cours de pesée sur la plateforme lysimétrique de
I"ICRISAT. Issues de Vadez et al., 2014 (Figure 1). C: Mesure de la quantité d’eau utilisée
cumulée au cours du cycle chez une variété de pois chiche tolérante au stress hydrique et une
variété de pois chiche sensible au stress hydrique. La variété tolérante utilise moins d’eau
pendant sa phase végétative et plus d’eau pendant sa phase reproductive. Cette réponse
serait liée a la stratégie de restriction de la transpiration en réponse a la demande
évaporative. Issue de Vadez et al., 2014 (Figure 5).



champ (Vadez et al., 2014). La mesure de la perte en eau des pots permet de mesurer I'eau
transpirée par la plante depuis I’état de plantule jusqu’a la maturité. Cette méthode permet
également de mesurer avec précision et sur la durée du cycle I'efficience de la transpiration
qui est le ratio entre la biomasse et I’eau totale transpirée. L’efficience de la transpiration
représente I'efficience de I'utilisation de I'eau a I’échelle de la plante entiere. Elle est une
alternative a la mesure de I'efficience d’utilisation de I’eau par la discrimination isotopique du
carbone. Elle est également plus intégrative que la mesure instantanée de I'efficience
d’utilisation intrinséque de I'eau (assimilation en carbone / transpiration ; Vadez et al., 2014).
Des systemes similaires utilisant des pots plus petits ou le suivi de la dynamique de croissance
des parties aériennes est possible par imagerie existent en serre (Cabrera-Bosquet et al.,
2016) ou au champ (Vadez et al., 2015).

Modélisation du développement et des fonctions racinaires

Le fonctionnement des racines intégre un ensemble de caractéristiques architecturales,
anatomiques et fonctionnelles dans un espace de sol olU les ressources peuvent étre
fluctuantes. Des approches empiriques ont permis de mettre en évidence des interactions
entre traits en condition de stress hydrique (Klein et al., 2020). Néanmoins, le nombre limité
de traits et d’environnements étudiés affecte la bonne compréhension de ces interactions. La
modélisation permet de prédire les effets de traits multiples dans un grand nombre de
scénarios. Les effets prédits sur les processus physiologiques sont néanmoins limités au
niveau d’intégration pris en compte par le modele. Des modeles structure-fonction ont été
développés pour étudier I’effet de I'anatomie racinaire sur I’hydraulique a I’échelle cellulaire.
MECHA (Couvreur et al., 2018) ou GRANAR (Heymans et al., 2020) permettent d’étudier la
modulation de I’"hydraulique d’un ou plusieurs tissus sur la conductance radiale. A un niveau
d’intégration supérieur, des modeles considerent I'architecture racinaire pour prédire
I’hydraulique de la racine. Ces modeles sont moins résolutifs d’un point de vue anatomique
car la conductance radiale n’y est pas considérée a I’échelle de la cellule. Ils permettent
néanmoins de prédire I'effet de la ramification, du diametre des racines ou de la taille des
vaisseaux sur la conductance d’un systéme racinaire (Boursiac et al., 2022). Le modéle
OpenSimRoot est un modele de ce type quiintégre en plus un modeéle de sol (Figure 8; Postma
et al., 2017). Ce modele est également capable de simuler la croissance des parties aériennes
grace a un module de partition du carbone. Il permet ainsi de prédire, en fonction du type de
sol et de sa quantité en eau et en nutriments, I'effet de différents types d’architecture sur la
nutrition hydrominérale et la croissance des parties aériennes (Ajmera et al., 2022; Schéafer et
al., 2022).

Des modeles de culture qui capturent a la fois les informations agronomiques et
physiologiques ont été mis au point chez certaines céréales comme le mais (APSIM maize ;
Hammer et al., 2010), le sorgho (APSIM sorghum ; Ravi Kumar et al., 2009) ou le blé
(SiriusQuality ; Martre et al., 2006). lls permettent de simuler le développement, la croissance
et les rendements en grain en fonction de I’environnement pédoclimatique de culture et des
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Figure 8 : Modele OpenSimRoot pour la modélisation des fonctions racinaires. A: simulation
de I'architecture raicinaire d’une plante de mais dans un sol ou la disponibilité du phosphore
(P) est élevée en surface. Issue de Postma et al.,, 2017 (Figure 5). B: Représentation
schématique de la modélisation continue a travers un segment de racine pour I'acquisition et
du transport de phosphore dans le modele OpenSimRoot. Ro: rayon de la racine; Dy: diameétre
du xyléme. Reproduction a partir de Postma et al., 2017 (Figure 4b).



pratiques agronomiques. Chez le sorgho, APSIM a par exemple été utilisé afin de simuler
I’effet de différentes stratégies d’utilisation de I’eau sur la résilience des rendements a des
stress hydriques imposés a différent stades du développement (Kholova et al., 2014). Chez le
blé, I"utilisation d’APSIM a suggéré que I'augmentation de la densité racinaire en profondeur
permettrait un meilleur acces a I'eau au stade de floraison et une meilleure résilience du
rendement en condition de stress hydrique (Manschadi et al., 2006). Ces prédictions ont pu
étre confirmées au champ (Kirkegaard et al., 2007). Ces modéles doivent néanmoins encore
étre améliorés pour mieux prendre en compte des caractéristiques physiologiques plus fines
(Jarvis et al., 2022).1ls ne prennent par exemple pas en compte le fonctionnement
hydraulique racinaire. Combiner des modeéles structure-fonction du systéme racinaire avec
des modeles de culture représente un enjeux majeur pour mieux comprendre les mécanismes
physiologiques impliqués dans le controle de I'utilisation de I'eau en condition de stress
hydrique (Chenu et al., 2017).

3.2 Objectifs de mes recherches

e Problématique

De nombreuses études ont permis de décrypter les réponses moléculaires et hormonales des
plantes en condition de stress hydrique (Todaka et al., 2015; Liu et al., 2023). D’autres études
ont décrit des mécanismes physiologiques qui seraient impliqués dans la tolérance a ce stress
et ont identifié le contréle génétique de certains de ces mécanismes (Langridge and Reynolds,
2015). On peut néanmoins se demander quel a été I'impact de ces recherches sur la sélection
de variétés améliorées pour la tolérance au stress hydrique. Partant du principe que la
tolérance au stress hydrique est particulierement complexe, la sélection a été principalement
guidée par la sélection directe pour le rendement en condition de stress hydrique (Swamy et
al., 2013). Certains de ces QTL identifiés pour le maintien du rendement en condition de stress
hydrique peuvent colocaliser avec des QTL contrélant des mécanismes de tolérance a ce
stress. Chez le mil par exemple, des QTL contrdlant des traits associés a I’économie en eau du
sol co-localisent avec un QTL majeur associé au rendement sous stress hydrique terminal
(Kholova et al., 2012). De plus, certains QTL identifiés comme controlant des traits cibles
peuvent déja étre présents dans la majorité du matériel élite. C'est par exemple le cas du QTL
DRO1 controlant la profondeur racinaire chez le riz (A. Henry communication personnelle).
On peut néanmoins citer au moins trois exemples ou une sélection ciblée sur des traits a
permis d’améliorer la tolérance au stress hydrique dans des contextes spécifiques : des QTL
contrdlant la capacité a retarder la senescence des feuilles aprés la floraison (stay green) chez
le sorgho (Harris et al., 2007), (2) des QTL contrélant la conservation de I’eau dans le sol via
des mécanismes de restriction de la transpiration chez le mais (Cooper et al., 2014; Messina
et al., 2015), et (3) des QTL contrd6lant la taille du métaxyleme chez le blé (Richards and
Passioura, 1989). Ces exemples représentent des preuves de concept de I'utilité des traits
adaptatifs pour la sélection. Il est donc utile et nécessaire d’identifier de nouveaux traits
adaptatifs impliqués dans I'adaptation des céréales aux stress et les déterminants génétiques
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qui les controlent. Ces recherches fondamentales mais a but appliquées permettront
d’appuyer et de guider la sélection.

L’effet variable que peut avoir les QTL contrdlant des traits adaptatifs représente néanmoins
un frein pour leur prise en compte par la sélection variétale (Welcker et al., 2022). En fonction
de I'environnement, un caractere adaptatif pour le stress hydrique pourra avoir des effets
positifs ou négatifs sur les rendements. Par exemple, une stratégie conservative et
constitutive consistant a réduire la densité stomatique pour économiser I’eau engendrera une
baisse de la biomasse en absence de stress (Dunn et al., 2019). Une meilleure compréhension
de la plasticité adaptative en réponse au stress hydrique et des contextes dans lesquels ces
mécanismes pourraient avoir un effet bénéfique est nécessaire. Celaimplique la mise en place
d’expérimentations au plus proche des conditions agronomiques, dans différents
environnements et sur un matériel génétique facilement utilisable par les sélectionneurs.
L’enjeux actuel consiste également a développer des nouvelles méthodologies permettant de
mieux appréhender les fonctions racinaires d’acquisition et de transport d’eau dans
I’hydraulique de la plante entiere.

Mon parcours m’aamené a m’intéresser dés mes stages de Master a I’hydraulique des plantes
a travers I'étude de la fonction des aquaporines. Au cours de ces stages, j'ai étudié la
régulation affectant I'activité de I'aquaporine PIP2;1 d’A. thaliana par des approches
moléculaires et biochimiques. Au cours de ma these, j'ai étudié le role de cette aquaporine
dans les mouvements stomatiques. La signification physiologique de la régulation de son
activité par la phosphorylation dans le contexte de la fermeture stomatique en réponse a
I’ABA a été étudiée par une approche de génétique fonctionnelle. Jai effectué un post-
doctorat a I'IRRI ou j’ai développé mes compétences en termes de phénotypage au champ et
commencé a mieux appréhender le réle des racines dans la tolérance au stress hydrique. Au
cours d’'un deuxieme post-doctorat a I’Université de Nebraska-Lincoln, jai continué a
caractériser la réponse du riz au stress hydrique. Je me suis familiarisé avec des méthodes
d’étude d’expression des génes (séquencage des ARN), de phénotypage haut-débit en
plateforme et de génétique (Genome Wide Association Studies, GWAS). En tant que chargé
de recherche a I'IRD, j’étudie plus précisément le développement et le role des racines dans
le contréle de I’hydraulique de la plante entiere et de sa gestion de la ressource en eau. Mes
recherches s’effectuent, autant que faire se peut, dans un contexte de stress hydrique
appliqué au champ ou assimilé.

L’objectif général de mon parcours de recherche a consisté a identifier et mieux comprendre
des mécanismes développementaux ou physiologiques liés a I’hydraulique des plantes. De la
compréhension fondamentale des processus hydrauliques dans la cellule de garde, j’ai tenté
au fil des années d’orienter mes recherches vers I’amélioration variétale pour une meilleure
tolérance des céréales au stress hydrique, avec un focus particulier sur les racines (Figure 9).
Ainsi, j’ai contribué a répondre aux questions suivantes :

28



(1) Quels sont les traits d’architecture, d’anatomie ou fonctionnels racinaires et aériens
permettant d’améliorer de la tolérance au stress hydrique et dans quels contextes ?

(2) Comment ces traits interagissent-ils entre eux et peuvent-ils avoir des effets
synergiques pour I'amélioration de la tolérance au stress hydrique ?

(3) Ces traits sont-ils contrélés par I'interaction G x E et si oui, dans quels contextes sont-
ils adaptatifs ?

(4) Quels sont les déterminants génétiques contrélant ces traits et sont-ils utilisables pour
la sélection ?

(5) Comment ces traits affectent I'hydraulique des plantes et I'utilisation de I'eau ainsi
que son efficience a travers le contréle de la transpiration ?

e Stratégie

(1) Quels sont les traits d’architecture, d’anatomie ou fonctionnels racinaires et aériens
permettant d’améliorer de la tolérance au stress hydrique et dans quels contextes ?
Il s"agit d’exploiter la diversité génétique pour des traits racinaires et aériens impliqués dans
I’hydraulique et de mettre en lien ces traits avec la résilience du rendement en grain sous
stress hydrique. Ces approches consistent a mettre au point des protocoles de phénotypage
de traits racinaires dans de larges panels, a déployer des méthodes statistiques pour I’analyse
des données et a mettre en association ces données.

(2) Comment ces traits interagissent-ils entre eux et peuvent-ils avoir des effets
synergiques pour I'amélioration de la tolérance au stress hydrique ?
Il s’agitici de développer et d’utiliser des modeles structure-fonction du systéme racinaire qui
permettent de simuler les effets de traits multiples sur les fonctions racinaires et la
production de biomasse. La comparaison des effets de combinaisons de traits sur la
production de biomasse renseigne sur |'additivité, la synergie ou au contraire sur
I’antagonisme entre traits.

(3) Ces traits sont-ils contrélés par I'interaction G x E et si oui, dans quels contextes sont-

ils adaptatifs ?
La réponse des traits a I’environnement est étudiée par le calcul d’indices de plasticité qui
renseignent sur la variabilité du trait en fonction de I’environnement. Les traits étudiés pour
leur plasticité sont ceux dont la variance est significativement controlée par I'interaction G x
E, i.e. dont la réponse est différente entre les génotypes. La plasticité est mise en lien avec la
résilience du rendement en grain sous stress hydrique pour identifier la plasticité adaptative.

(4) Quels sont les déterminants génétiques contrélant ces traits et sont-ils utilisables pour

la sélection ?
Des approches de génétique d’association sont utilisées afin d’identifier des QTL controlant
les traits intéressants (1) et leur plasticité (3). Des génes candidats dans ces régions QTL sont
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Figure 9 : Schéma des approches et des compétences acquises dans mon parcours de
recherche, le fil conducteur étant une meilleure compréhension de I’"hydraulique des plantes.
DIADE: UMR Dlversité Adaptation et DEveloppement des plantes; IRRI: International Rice
Research Institute; UNL: University Nebraska-Lincoln; BPMP: UMR Biochimie & Physiologie
des Plantes.



identifiés. Les analyses génétiques sont souvent couplées a des analyses d’expression des
genes afin de mieux cibler le géne candidat sous-jacent. Le géne candidat le plus intéressant
peut faire I'objet d’une validation fonctionnelle afin de mieux comprendre les mécanismes
physiologiques et moléculaires impliqués.

(5) Comment ces traits affectent I’hydraulique des plantes et I’utilisation de I’eau ainsi que
son efficience a travers le contréle de la transpiration ?
Le réle de traits identifiés en (1), (2) et (3) dans I’'hydraulique de la plante est étudié dans des
sous-panels d’haplotype, de lignées recombinantes ou mutantes présentant des contrastes
pour ces traits. Cela consiste généralement a mesurer la conductance hydrique racinaire, le
statut hydrique des feuilles ou I'utilisation de I’eau et son efficience.

e Modeéles d’étude et enjeux

Dans mon parcours, j'ai travaillé sur différentes espéces : A. thaliana, le riz (O. sativa et O.
glaberrima) et le mil (Pennisetum glaucum). Mes travaux se concentrent actuellement sur le
riz et le mil. Le riz O. sativa est la céréale modéele adaptée aux agrosystémes tropicaux
humides. Le riz O. glaberrima est plus adapté aux climats chauds et secs et représente une
source intéressante d’alléles pour la tolérance aux stress abiotiques. Ce modele riz permet la
combinaison d’études génétiques et de génomique fonctionnelle pour la découverte de genes
important pour I’adaptation a au stress hydrique. Le mil est une céréale adaptée aux climats
tropicaux arides. Il constitue un modele pour une meilleure compréhension de I’adaptation
des céréales a la sécheresse. Ces modeles ont donc leurs propres spécificités et les avancées
bénéficient a I'un et l'autre grace au transfert de technologies et a l'intégration des
connaissances vers une compréhension globale des mécanismes de tolérance au stress
hydrique. L’espére modele A. thaliana reste aussi utilisée pour ses ressources génétiques qui
permettent une premiere confirmation rapide de la fonction de genes candidats de riz ou mil,
et la caractérisation fine des mécanismes moléculaires impliqués (généralement au travers
de collaborations).

Vers une culture du riz plus durable

Le riz est I'aliment de base pour plus de la moitié de la population mondiale. En Afrique de
I’Ouest, le riz est devenu la céréale la plus consommeée. Plusieurs pays de la sous-région, dont
le Sénégal, développent des politiques visant a l"autosuffisance pour cette céréale. La
riziculture en condition inondée est I'agrosysteme le plus productif. Pourtant, ce systeme
demande une grande quantité d’eau et engendre une importante production de gaz a effets
de serre. Tout I’enjeu pour la riziculture consiste a faire sa transition d’un systeme de culture
inondé anaérobie vers un systéme de culture irrigué ou pluvial aérobie tout aussi productif,
cela afin de faire face a la raréfaction de la ressource en eau et de répondre aux objectifs
d’une agriculture plus durable. Cela nécessite le développement de variétés mieux adaptées
a la condition aérobie et au semis direct, i.e. plus vigoureuse pour mieux lutter contre les
adventices, plus efficaces a transporter et utiliser I'’eau et plus tolérantes face au stress
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Figure 10 : Images de riz et mils. A: Culture du riz en condition inondée anaérobie. Image Rice
Knowledge Bank. B: Culture du riz en condition aérobie. Source: Rice Knowledge Bank. C: Mils
sauvages. Source: Yves Vigouroux. D: Variétés de mil améliorées cultivées a la station ICRISAT
de Sadoré au Niger. Source: Alexandre Grondin.



hydrique (Figure 10). Nos études sont ciblées sur une meilleure compréhension de ces
mécanismes.

Vers une culture du mil capable de mieux gérer la ressource en eau du sol

Le mil est une céréale importante pour la sécurité alimentaire dans les zones arides et semi-
arides en Afrique et en Inde, ou il représente une source importante de micronutriments et
de protéines. Cette céréale est particulierement tolérante au stress hydrique et aux fortes
températures mais son rendement peut étre fortement affecté par ce stress (Figure 10). Le
mil est une céréale particulierement plastique. L’enjeux est d’identifier la stratégie
d’utilisation de I’eau la plus adaptée pour cette céréale en fonction du type de stress qu’elle
peut subir. Le réle des racines dans les mécanismes d’acquisition et de transport d’eau et de
régulation de la transpiration en réponse a la demande évaporatoire représente notre cible
d’étude.

e Collaborations

Tout au long de ma carriere, mes travaux ont bénéficié de collaborations nationales et
internationales. Mes travaux de these ont été réalisés en collaboration avec Nathalie
Leonhardt au CEA Cadarache et mes travaux de post-doctorat ont impliqué Vincent Vadez a
I'ICRISAT en Inde, Philip Benfey a I’Université de Duke aux Etats-Unis et Bettina Berger du
Plant Accelerator a I’Université d’Adélaide en Australie. Dans I’équipe CERES, j’ai profité d’un
réseau de collaborations en France et a I'international qui avait été tissé avant mon arrivée et
que je contribue a compléter (Figure 11). Il me permet d’envisager des approches
multidisciplinaires qui vont au-dela de mes compétences propres, d’avoir acces a des outils
innovants, et de remplir nos objectifs de recherche pour la durabilité et le développement.

Au sein de notre UMR, nous avons des collaborations fortes avec I'’équipe DYNADIV, Yves
Vigouroux et Philippe Cubry en particulier, qui nous apportent un soutien essentiel dans le
domaine de la génétique du mil et du riz. lls nous appuient pour la génération des données
de génotypage et ont mis au point les scripts GWAS que nous utilisons. En France nous avons
établis des collaborations avec certaines équipes du CIRAD de 'UMR AGAP qui travaillent sur
des thématiques de recherche proche des nétres. Nous collaborons par exemple avec
I’équipe Développement adaptatif du riz et du sorgho que coordonne Christophe Perrin et qui
s’'intéresse aux processus de développement racinaire chez le riz. Pour mieux comprendre les
mécanismes photosynthétiques potentiellement impliqués dans la vigueur précoce chez le riz
nous avons entrepris une collaboration avec Anja Krieger-Liszkay de I'Institut des sciences du
vivant Frédéric Joliot. Nous avons également initié une collaboration avec I’équipe Génétique
et innovation variétale dirigée par David Pot afin d’identifier des traits racinaires pour la
tolérance du sorgho au stress hydrique. Plus récemment, nous avons établi une collaboration
avec Vincent Segura de I’équipe Diversité et Adaptation de la vigne qui est spécialiste en
génétique quantitative et nous apporte un appui pour I'identification de QTL de G x E. Sur ces
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approches nous collaborons également avec Mélisande Blein-Nicolas de I'équipe Biologie de
I’Adaptation et Systémes en Evolution (BASE) et Renaud Rincent de I’équipe Génétique
Quantitative et Méthodologie de la Sélection (GQMS) qui font toutes les deux parties de
I’'UMR Génétique Quantitative et Evolution - Le Moulon (GQE). Dans cette méme UMR, nous
apportons aussi un soutien pour le phénotypage racinaire a I’équipe Génomique Evolutive et
Adaptation des plantes Domestiquées (GEVAD) dirigée par Maud Tenaillon qui étudie le réle
des racines dans I’adaptation de la culture de mais et de haricot en association. Pour le
développement d’outils de mesure innovants de I’hydraulique des plantes nous collaborons
avec les physiciens Christophe Goze-Bac et Eric Nativel du Laboratoire Charles Coulomb de
I’Université de Montpellier.

A l'international, nous entretenons des collaborations fortes avec Malcolm Bennett et Darren
Wells de I’Université de Nottingham au Royaume-Uni qui nous apportent un appui sur le
phénotypage racinaire (LAT notamment). Nous collaborons avec Jeongmin Choi du Crop
Science Center a I'Université de Cambridge sur les effets de la symbiose mycorhizienne chez
le riz. Nous collaborons également avec Jonathan Lynch de I’Université de Penn State aux
Etats-Unis sur la modélisation structure-fonction du systéme racinaire et Hannah Schneider
du Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) en Allemagne sur les
aspects de plasticité racinaire. Nous avons aussi des liens précieux avec les centres
internationaux, Prakash Gangashetty et Mohammaed Riyazaddin a I'ICRISAT, Amelia Henry et
Damien Platten a I'IRRI, Baboucarr Manneh a I’AfricaRice, qui nous fournissent du matériel
génétique, nous apportent un appui sur I’expérimentation au champ et un lien direct avec les
sélectionneurs.

Enfin et surtout, ma mission de chercheur a I'IRD m’amene a développer des collaborations
fortes avec des universités et centres de recherche de pays situés en zone tropicale et
subtropicale. Au Sénégal, nous collaborons de maniere pérenne avec Aboubacry Kane et
Abdala Gamby Diedhiou du Département de Biologie Végétale de "UCAD sur des projets
cherchant a caractériser les effets de la symbiose endomycorhizienne sur la tolérance a la
sécheresse chez le riz. Jai été expatrié 4 ans a I'ISRA-CERAAS de Thies ou j'ai eu des
collaborations proches avec des sélectionneurs dont Ghislain Kanfany (maintenant a
I’'Université Gaston Berger de St-Louis) pour le mil et Cyril Diatta pour le sorgho, des
physiologistes dont Bassirou Sine, des génomiciens dont Ndjido Kane et des agronomes dont
Aliou Faye. Ces collaborations nous permettent de réaliser des expérimentations au champ,
d’avoir acces a des ressources génétiques et de mieux comprendre les contextes et enjeux
locaux a prendre en compte dans nos recherches. Nous collaborons aussi avec I’AGI a Hanoi
sur la caractérisation des déterminants controlant I’'anatomie racinaire dans une collection de
riz viethamienne.
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4. Activités de recherche (2005-2023)

4.1 Fonction des aquaporines dans I’hydraulique des plantes

Les aquaporines sont des canaux facilitant la diffusion de I’eau et d’autres petites molécules
neutres au travers des membranes biologiques (Figure 12; Maurel et al., 2015). Les plantes
supérieures possedent une trentaine d’'isoforme d’aquaporine qui se répartissent en cing
sous-familles : les Plasma Membrane Intrinsic Proteins (PIP), les Tonoplast Intrinsic Proteins
(TIP), les Nodulin26-like Intrinsic Proteins (NIP), les Small Intrinsic Proteins (SIP) et les
uncharacterized (X) Intrinsic Proteins (XIP ; Maurel et al., 2015).

Les PIP, présentes sur les membranes plasmiques, sont les isoformes les plus étudiées et un
réle pour ces protéines dans de nombreux processus physiologiques a pu étre démontré.
Dans les racines, elles contribuent significativement au transport radial de I'eau depuis les
cellules de I'épiderme jusqu’aux vaisseaux du xyleme (Figure 12; Postaire et al., 2010). Dans
les feuilles, elles participent aux flux d’eau des cellules de la gaine périvasculaire jusqu’aux
cellules du mésophylle en contact avec la chambre sous-stomatique (Postaire et al., 2010).
Plus récemment, leur role dans le transport et la signalisation de I’'H,0; a pu étre démontré
(Rodrigues et al., 2017). Les PIP sont aussi impliquées dans le transport de CO; et facilitent la
diffusion de ce dernier des espaces intercellulaires du mésophylle foliaire vers les sites
d’action de la Rubisco dans les choloroplastes (Ermakova et al., 2021). La fonction des PIP est
régulée de fagon transcriptionnelle et post-traductionnelle par le stress hydrique, notamment
a travers des signaux hormonaux impliquant I’acide abscissique et I'auxine (Maurel et al.,
2015).

Je me suis intéressé a la fonction des aquaporines dans le transport d’eau, a I’échelle de la
protéine (travail de Master), de la cellule (travail de thése), de I’organe et de la plante entiére
(travail de post-doc jusqu’a maintenant). Ces travaux ont abouti a la publication de 6 articles
dont trois articles en premier auteur.

e Fonctionnalité de la protéine AtPIP2;1

L’activité de transport d’eau des PIP est controlée par le pH, le calcium et la phosphorylation
(Johansson et al., 1998; Gerbeau et al., 2002; Tournaire-Roux et al., 2003; Maurel et al., 2008).
La caractérisation de la structure tridimensionnelle de I'aquaporine PIP2;1 d’épinard a permis
de décrypter les mécanismes moléculaires impliqués dans ces régulations (Tornroth-
Horsefield et al., 2006). Le modele structure-fonction a décrit le mouvement de la boucle
cytosolique D de la protéine comme contrélant I'ouverture du pore des PIP et a suggéré le
réle de certains résidus pour la stabilisation de cette boucle dans un état ouvert ou fermé
(Figure 13; Tornroth-Horsefield et al., 2006).

Nous avons entrepris de valider fonctionnellement ces prédictions au cours de mes stages de
Master réalisés sous la direction de Lionel Verdoucq et Christophe Maurel dans I’équipe
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Figure 12 : Structure tridimensionnelle d’'une aquaporine et fonction dans le transport d’eau.
A: Aquaporine PIP2;1 d’épinard (violet) enchassée dans la membrane plasmique. Les résidus
responsables du filtre de sélectivité sont colorés en rouge et vert. Les molécules d’eau sont
représentées en jaune. Issue de Maurel et al., 2008 (Figure 1). B-C: Conductivité hydraulique
de la rosette (B, Kros) et de la racine (C, Lpr-h) de plantes d’A. thaliana sauvages (WT),
mutantes pertes de fonction pour I'aquaporine PIP1-2 (pip1,;2-1) et mutantes pip1,;2-1
complémentées par le géne PIP1,2. Issues de Postaire et al., 2011 (Figures 3 et 8).



aquaporines de 'UMR B&PMP. La stratégie a consisté a produire des protéines PIP2;1 d’A.
thaliana sauvages ou mutantes sur des sites prédits comme important pour sa régulation et
d’étudier leur perméabilité en protéoliposomes a l'aide d’un spectrophotometre a flux
interrompu.

La surexpression chez P. pastoris, a permis de produire en quantité suffisante certaines
formes d’PIP2;1. La perméabilité des protéoliposomes reconstitués avec la protéine PIP2;1
sauvage mesurée a différents pH et concentrations en calcium a permis de confirmer I'effet
inhibiteur de ces effecteurs et d’affiner la gamme de sensibilité de la protéine. Ces mémes
expérimentations menées sur les formes mutantes ont permis de clarifier les mécanismes
moléculaires impliqués dans la stabilisation du pore en configuration fermée lors de la baisse
du pH. La protonation d’une histidine de la boucle D stabilise le pore dans une configuration
fermée a travers la formation de ponts salins avec un glutamate et une asparagine de
I’extrémité N-terminale. Ces mémes résidus glutamate et asparagine sont capables de fixer le
calcium ainsi que d’autres cations divalents comme manganeése ou le cadmium. Cela stabilise
la boucle D en configuration fermée a travers la formation de ponts salins entre le glutamate
de I'extrémité N-terminale, une arginine située sur la boucle B et I'histidine de la boucle D. De
fagon intéressante, la mutation de I’arginine ne modifie pas la sensibilité au pH indiquant que
ce résidu est spécifiquement impliqué dans la réponse aux cations divalents. Ces résultats ont
permis d’identifier des formes mutantes de PIP2;1 utiles pour mieux comprendre la
signification physiologique de sa régulation par ces différents effecteurs dans la plante.
L’ensemble de ces résultats a fait I'objet d’une publication dans la revue Biomechical Journal
(Verdoucq et al., 2008).

e Fonction des aquaporines dans le contréle des mouvements stomatiques chez
A. thaliana

Les mouvements stomatiques sont dus a des changements de volume important des cellules
de garde. L'ouverture est associée a un influx d’eau et au gonflement des cellules de garde.
La fermeture est associée a un efflux d’eau et a la perte de turgescence des cellules de garde
(Maurel et al., 2016; Jezek and Blatt, 2017). Un réle des aquaporines avait été proposé dans
ces processus mais n’avait jamais été démontré. Mon travail de theése a consisté a mieux
comprendre la fonction des aquaporines PIP1;2 et PIP2;1 dans le fonctionnement stomatique
chez A. thaliana. Les mouvements stomatiques de mutants pip1,;2 et pip2;1 ont été étudiés
en réponse a différents stimuli sur des épidermes isolés, en comparaison avec ceux de plantes
sauvages. Ces expérimentations ont montré les mutants pip1;2 et pip2;1 ne montraient pas
de défaut d’ouverture stomatique en réponse a la lumiére et a de fortes concentrations de
CO;. De plus, aucun défaut de fermeture stomatique en réponse a I'obscurité n’a été observé.
Par contre, ces mutants montrent un défaut de fermeture stomatique en réponse a I’ABA.
Ces résultats suggérent qu’PIP1;2 et PIP2;1 participent spécifiquement a I'efflux d’eau des
cellules de garde en réponse a I’ABA. Toutes ces mesures ont été réalisées au CEA Cadarache
en collaboration avec Nathalie Leonhardt.
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Figure 13 : Mécanismes de régulation de I’activité de I'aquaporine PIP2;1 d’épinard par le pH
et les ions divalents. La boucle D est représentée en rouge. Les molécules d’eau sont
représentées a l'intérieur du pore. Le calcium est représentée en violet. Issue de Maurel et

al., 2008 (Figure 3b).



Afin d’étudier si I’ABA était capable d’induire un changement de I'activité de transport d’eau
de PIP1;2 et PIP2;1, des mesures de perméabilité hydrique de protoplastes de cellules de
garde ont été réalisées. Pour cela, j’ai bénéficié de I'aide de Raphael Morillon (CIRAD) qui avait
mis au point une méthode de mesure de la perméabilité hydrique de protoplastes de cellules
du mésophylle chez A. thaliana par imagerie sous microscope apres un choc osmotique. Ces
mesures ont montré que la perméabilité a I'eau de protoplastes de cellule de garde sauvage
était induite en réponse a I’ABA. Cette réponse est perdue chez les mutants pip1,2 et pip2;1,
suggérant que I'augmentation de la perméabilité des cellules de garde en réponse a I’ABA est
médiée par une activation de PIP1;2 et PIP2;1 (Figure 14).

La fermeture stomatique induite par I’ABA implique la production d’especes réactives de
I’oxygéne (ROS) et notamment d’H20; dans les parois des cellules de garde par I’effet combiné
de NADPH oxydase (RbohF et RbohD) et de superoxide dismutase (Kwak et al., 2003; Wang et
al., 2016). L'entrée d’H,0; dans les cellules de garde constitue un signal pour la poursuite de
la cascade de signalisation induisant la fermeture stomatique. Des études suggéraient que
PIP2;1 serait perméable a I’'H,0, (Dynowski et al., 2008). Nous avons émis I’hypothése selon
laquelle PIP2;1 faciliterait le transfert d’'H,0O, dans la cellule de garde lors de la fermeture
stomatique en réponse a I’ABA. L’utilisation d’un marqueur fluorescent a permis de montrer
que l'accumulation des ROS a lintérieur des cellules de garde du mutant pip2;1 était
fortement perturbée en réponse a I’ABA. Ces résultats ont suggéré un role pour PIP2;1 dans
le transport et la signalisation H,O, médié par I’ABA conduisant a la fermeture stomatique.
Olivier Rodrigues a, au cours de sa thése, confirmé le role de PIP2;1 dans le transport et la
signalisation H,0O> lors de la fermeture stomatique en réponse a la Flagellin22, une molécule
simulant I'attaque d’un pathogene. Dans ce travail, un senseur fluorescent Hyper spécifique
de I’'H,0; a été utilisé (Rodrigues et al., 2017).

Open Stomata 1 (OST1/SnRK2.6) est une protéine kinase centrale pour la signalisation ABA
dans la cellule de garde (Hsu et al., 2021). Le site de phosphorylation en position 121 de PIP2;1
posséde une séquence consensus reconnue par OST1 (Sirichandra et al., 2010). Nous avons
émis |I’"hypothese que PIP2;1 pourrait, au cours de la cascade de signalisation ABA, étre activée
a la suite de sa phosphorylation par OST1. Olivier Rodrigues a montré qu’OST1 est en effet
capable de phosphoryler PIP2;1 in vitro et d’activer son activité en ovocytes de xénope. De
plus, I'expression d’'une forme mutante de PIP2;1 déficiente vis-a-vis de la phosphorylation
de la Serine 121 dans un fond mutant pip2;1 est incapable de complémenter le phénotype du
mutant, contrairement a la forme sauvage et a une forme mutante mimant une
phosphorylation constitutive. L’ensemble des résultats montrent donc que la fermeture
stomatique en réponse a I’ABA nécessite une augmentation de la perméabilité a I'eau et a
I’"H20, des cellules de garde induite par I'activation de PIP2;1 suite a sa phosphorylation par
OST1 (Figure 14). Cette étude, qui a apporté les premiéres évidences du role des aquaporines
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Figure 14 : Schéma simplifié de I'implication des aquaporines dans la fermeture stomatique
induite par I’ABA et le CO; chez A. thaliana. En réponse a I’ABA, I’aquaporine PIP2;1 est activée
apres phosphorylation par OST1. PIP2;1 facilite I'entrée d’H,0; dans la cellule de garde et
I’efflux d’eau. PIP2;1 serait également impliquée dans I’entrée de CO2 et la formation, en
coopération avec la B-Carbonic Anhydrase 4 (CA), de bicarbonate. L’augmentation de
bicarbonate dans la cellule de garde active SLAC1, un canal ionique nécessaire pour la
fermeture des cellules de garde, via CA (Wang et al., 2016). Issue de Maurel et al., 2016.



dans le fonctionnement stomatique, a été publiée dans la revue The Plant Cell (Grondin et al.,
2015).

e Rodle des aquaporines dans le contréle de la transpiration chez le riz

L’expression des aquaporines est sous le contréle du rythme circadien. Au cours de la journée,
I’expression des aquaporines dans les racines et la conductivité hydraulique racinaire
augmentent avec I'augmentation de la transpiration (Maurel et al., 2015). Chez le mais,
I"oscillation de I’expression des aquaporines et la conductivité hydraulique racinaire
augmentent plus fortement chez des plantes cultivées en condition de stress hydrique en
comparaison avec des plantes cultivées en condition irriguée (Caldeira et al., 2014). Cela
permettrait d’augmenter les capacités de transport d’eau des racines pour augmenter la
capture d’eau lorsque le sol s’asseche (Caldeira et al., 2014). Un effet inverse de I’ABA sur
I’expression des aquaporines et le transport d’eau dans les racines a néanmoins pu étre
observé chez d’autres espéeces (Maurel et al., 2015). Chez le riz, peu de données étaient
disponibles quant au role des aquaporines dans la modulation du transport d’eau racinaire en
condition de stress hydrique. Certaines études avaient montré qu’un stress osmotique
induisait une augmentation de |’expression des aquaporines (Guo et al., 2006; Lian et al.,
2006) alors que d’autres suggéraient qu’un stress hydrique en sol induisait un comportement
inverse (Henry et al., 2012).

Au cours de mon post-doctorat a I'IRRI, jai entrepris de mieux comprendre le réle des
aquaporines dans I’hydraulique de la plante entiere en condition de stress hydrique chez le
riz. J’ai étudié la contribution des aquaporines au transport d’eau racinaire et au maintien de
la transpiration en condition de stress hydrique dans le panel OryzaSNP. Les effets de I'azide
(uninhibiteur d’aquaporine) sur la conductivité hydrique racinaire, I'exsudation spontanée au
niveau de tiges excisées (proxy de la conductance osmotique) et la transpiration ont été
étudiés sur des plantes cultivées en sol. Une augmentation de la contribution des aquaporines
a la conductivité hydraulique racinaire et a la conductance osmotique a pu étre observée en
condition de stress hydrique, suggérant un role des aquaporines pour le maintien des flux
d’eau dans ces conditions. De fagon paradoxale, le stress hydrique induit une réduction de
I’expression des aquaporines et aucune corrélation n’a pu étre observée entre la contribution
des aquaporines et I'abondance en transcrits des PIP. Ces résultats ont mis en évidence les
limites des études d’expression pour la prédiction de la fonction des aquaporines dans le
transport d’eau. Ces dernieres sont en effet particulierement stables dans les membranes
(Martinez-Ballesta et al., 2018) et finement régulées de maniére post-traductionnelle (Maurel
etal., 2015).

La contribution des aquaporines de la racine dans I’'hydraulique de la plante entiére a pu étre

mise en évidence par I'annihilation compléte du rétablissement du potentiel hydrique foliaire
de plantes stressées apreés re-irrigation avec une solution d’azide. Nos résultats suggerent que
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Figure 15 : Arbre phylogénétique des aquaporines de mil et lien avec les isoformes retrouvées
chez A. thaliana, O. sativa et Populus trichocarpa. Les aquaporines de mil (Pennisetum
glaucum) sont illustrées par un cercle de couleur. Issue de Grondin et al., 2020 (Figure 2).



les aquaporines contribuent a hauteur de 20-30 % aux flux d’eau racinaire permettant de
soutenirla transpiration en condition irriguée. De plus, le maintien de la transpiration au cours
de I'asséchement du sol est positivement corrélé a la contribution des aquaporines dans la
conductivité hydrique racinaire. Ces résultats suggerent que, chez le rizcomme chez d’autres
espéeces, I'augmentation du transport d’eau racinaire via la fonction des aquaporines est
associée a un comportement de type anisohydrique. Ce travail, réalisé en collaboration avec
Vincent Vadez a I'ICRISAT, a été publié dans la revue Plant, Cell and Environment (Grondin et
al., 2015).

e Role des aquaporines dans le contréle de I'efficience de la transpiration chez le
mil

Une meilleure efficience de la transpiration a été associée a une restriction de la transpiration
a la demande évaporative chez certaines espéces dont le mil (Vadez et al., 2013). Cette
réponse a également été associée a la fonction des aquaporines dans la racine (Reddy et al.,
2017). Nous avons entrepris de mieux comprendre le lien entre le transport d’eau racinaire
médiée par les aquaporines et I’efficience de la transpiration a travers I’étude de deux variétés
de mil contrastées pour leur efficience de la transpiration. Le génotype a faible efficience de
la transpiration a montré une plus forte conductance hydraulique racinaire liée a une plus
forte contribution des aquaporines en comparaison avec le génotype a forte efficience. La re-
annotation des aquaporines dans le génome complet du mil (Varshney et al., 2017) a permis
d’identifier 33 aquaporines dont dix font parties de la sous-famille des PIP (Figure 15). L’étude
de I"’expression des PIP a montré que la sous-famille des PIP1 sont les plus exprimées chez le
mil. En particulier, PIP1;3 et PIP1;4 sont significativement plus exprimées chez le génotype
de mil montrant une plus faible efficience de la transpiration. Ces résultats montrent que les
aquaporines participeraient chez le mil, comme chez d’autres especes, aux ajustements des
capacités de transport d’eau racinaire pour maintenir la transpiration lors de 'augmentation
de la demande évaporative. lls ont permis de préciser les PIP potentiellement mises en jeu
dans ces mécanismes. Ces travaux, réalisés avec un étudiant en Master 1 (Pablo Affortit), ont
été publiés dans le revue PLOS ONE (Grondin et al., 2020).

4.2 Controle génétique de traits aériens influengant I'utilisation de
I'eau

Améliorer la vigueur précoce du riz représente un enjeu majeur pour améliorer sa
compétitivité face aux adventices dans des agrosystemes aérobie. En contrepartie, la forte
vigueur induira une augmentation de la quantité en eau requise par la plante qui pourrait,
dans des environnements ou lI'eau viendrait a manquer en début de cycle, précipiter
I"apparition d’un stress hydrique de début de cycle. L'efficience de la transpiration est
généralement associée a la tolérante au stress hydrique. Améliorer |'efficience de la
transpiration chez des plantes a forte vigueur constituerait alors un avantage. Néanmoins,
I’efficience de la transpiration a également pu étre associée a des réductions de biomasse
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quand elle est liée a une réduction de la conductance stomatique plutét qu’a une
augmentation de I'assimilation photosynthétique. Le mécanisme de restriction de la
transpiration en réponse a la demande évaporative permet d’améliorer I'efficience de la
transpiration tout en limitant les effets négatifs sur la production de biomasse. Aucune
corrélation n’a par exemple pu étre observée entre |'efficience de la transpiration et la
production de biomasse chez des espéces au métabolisme C3 (arachide) et C4 (sorgho et mil)
cultivées en condition irriguée dans des climats arides a forte demande évaporative (Vadez et
al., 2014). Au cours de mon post-doctorat a I'Université du Nebraska-Lincoln et dans mes
recherches a I'IRD, je me suis intéressé au lien entre vigueur précoce, utilisation de I'eau et
efficience d’utilisation de I’eau chez le riz. Ces travaux ont abouti a la publication de deux
articles.

e Lien entre vigueur précoce et utilisation de I’eau en condition de stress
hydrique

Les plateformes lysimétriques de phénotypage a haut-débit permettent des mesures
simultanées de la dynamique de croissance et de I'utilisation de I'eau chez un grand nombre
de génotype. Nous avons utilisé une plateforme de ce type afin de mieux comprendre les
interactions entre vigueur précoce et tolérance au stress hydrique, et les déterminants
génétiques quiles controlent, chez Oryza sativa. Un panel de riz séquencé a été mis en culture
au Plant Accelerator a Adelaide en condition irriguée et de stress hydrique appliqué au stade
végétatif. La dynamique de croissance des parties aériennes, la dynamique d’utilisation de
I’eau et le point d’inflexion de la croissance en fonction de la quantité d’eau du sol ont été
mesurés pour chaque génotype. Ces données ont été utilisées pour modéliser la dynamique
de croissance des parties aériennes en réponse a I'asséchement du sol dans ce panel sur la
base du modele de croissance de Gompertz (Winsor, 1932). Nous avons pu montrer qu’une
forte vigueur initiale est associée a un point d’inflexion plus rapide de la croissance dans la
condition de stress hydrique. De fagon intéressante, la corrélation négative entre la capture
d’eau et le point d’inflexion observé en début de croissance s’inverse pour devenir positive
apres le point d’inflexion. Le modele de croissance a ensuite été implémenté par des
informations sur le profil allélique des différents génotypes afin d’inférer I'effet des
marqueurs génétiques sur les différents parametres du modele. Pour cela, une approche de
statistique Bayesienne basée sur celle développée par Onogi et al. (2016) a été utilisée. Des
associations controlant potentiellement le taux de croissance et le point d’inflexion de la
croissance liée au stress ont pu étre identifiées. L’analyse GWAS conventionnelle sur le point
d’inflexion de la surface foliaire a permis d’identifier une association proche d’un géne codant
pour I'aquaporine OsPIP1;1.

Cette étude ou j’ai principalement contribué au phénotypage, a I'analyse des données, a
I"analyse génétique, et uniguement de fagon marginale a la modélisation, a été publié dans la
revue Journal of Experimental Botany (Campbell et al., 2020). Elle a permis de montrer qu’une
forte vigueur précoce n’est pas forcément incompatible avec une utilisation parcimonieuse
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Figure 16 : Controle de la vigueur précoce et de I'efficience de la transpiration chez le le riz
africain O. glaberrima. A: Plantes du panel de diversité en culture dans la serre de la
plateforme PhenoArch (Institut Agro Montpellier). B: Réponse de la transpiration (TR) a la
demande évaporative (ETref: évapotranspiration de référence) dans le panel. C: Lien entre
efficience de la transpiration (TE) et pente de la réponse de la transpiration a la demande
évaporative (SlopeTR). C: Manhattan plots pour la biomasse a 30 jours (Shoot fresh weight)
comme proxy de la vigueur précoce et pour I'efficience de la transpiration (TE). E: Effets de la
variation allélique pour les SNP les plus significatifs situés aux associations sur les
chromosomes 5 et 7. H: haplotype fort. H: haplotype faible. Issues de Affortit et al., 2022
(Figures 2 et 4).



de I’eau si des mécanismes de mitigation de la croissance foliaire se mettent en place t6t lors
de I'apparition du stress hydrique. Ces mécanismes qui impliqueraient la fonction des
aquaporines permettraient de rester compétitif face aux adventices en maintenant la
croissance durant la période de stress hydrique.

e Lien entre vigueur précoce et efficience de la transpiration en condition irriguée

Le riz africain, O. glaberrima, a été domestiqué dans le delta interne du Niger a partir d’'un
ancétre sauvage O. barthii adapté aux conditions sahéliennes, et de fagon indépendante au
riz asiatique O. sativa (Cubry et al., 2018). Le riz africain posséde une tolérance accrue aux
stress abiotiques et un spectre de résistance plus large face aux stress abiotiques. O.
glaberrima représente donc une ressource en alléles intéressants pour I'amélioration de la
tolérance au stress hydrique (Wang et al., 2014). Un panel de diversité composé de 163
accessions de riz africain adaptées a des agrosystemes différents a été séquencé et est
disponible a I'IRD. Ce panel est composé d’accessions provenant principalement d’Afrique de
I’Ouest, mais de régions contrastées en termes de température et de précipitation. Il a été
utilisé pour l'identification de QTL pour la tolérance a la salinité (Meyer et al., 2016), le temps
de floraison (Cubry et al., 2020), I’architecture de la panicule (Ntakirutimana et al., 2023), la
fluorescence de la photosynthéese (Robson et al., 2023) ou la résistance au Rice yellow mottle
virus (Thiémélé et al., 2010).

Dans ce panel, nous avons entrepris d’étudier les variations de vigueur précoce et d’efficience
de la transpiration, ainsi que les liens physiologiques et génétiques entre ces deux caracteres.
La dynamique de production de biomasse et d’utilisation de I'eau a été mesurée sur une
plateforme lysimétrique haut-débit en condition bien irriguée (PhenoArch a Montpellier
SupAgro ; Figure 16). La biomasse a été mesurée a 30 jours et a été considérée comme un
proxy de la vigueur précoce . La quantité d’eau totale utilisée pour produire cette biomasse a
servi pour le calcul de I'efficience de la transpiration. Le taux de transpiration quotidien a
également été mesuré. La pente de la réponse de la transpiration a la demande évaporative
a été mesurée comme un indice de restriction de la transpiration. Nos résultats ont montré
une forte corrélation positive entre la biomasse et I’eau totale utilisée. De fagon intéressante,
une corrélation négative et significative a été observée entre la pente de la réponse de la
transpiration a la demande évaporative et I'efficience de la transpiration (Figure 16). Cela
indique que des génotypes plus efficients transpirent moins lorsque la demande évaporative
augmente. Ces résultats ont été confirmés dans un sous-panel de génotype présentant des
biomasses contrastés. Dans ce sous-panel, une corrélation positive et significative a été
observée entre le ratio de biomasse racinaire et aérienne, et la réponse de la transpiration a
la demande évaporative. Cela suggere que des accessions avec une plus faible surface
racinaire en rapport avec leur surface aérienne sont celles capables de plus restreindre leur
transpiration.
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Figure 17 : Architecture et anatomie racinaire chez le mais. A: Schéma du systéme racinaire
de type fasciculé de mais avec leurs différents types de racines. B: Organisation anatomique
typique d’une racine de mais avec les différents tissus racinaires. Issues de Grondin et al 2023
(https://www.encyclopedie-environnement.org/vivant/racines-plantes/).




Des GWAS ont permis d’identifier différentes associations controlant ces caracteres (Figure
16). En particulier, nous avons identifié deux associations significatives sur les chromosomes
5 et 7 pour la vigueur précoce et I'efficience de la transpiration. L’association observée sur le
chromosome 5 co-localise avec un QTL déja identifié chez O. sativa contr6lant la vigueur
précoce. L'étude du déséquilibre de liaison entre les marqueurs a permis de délimiter la
région QTL sur le chromosome 5 a environ 100 kb. Cette région contient 23 genes dont un
code pour une farnesyl-diphosphate synthase 1 (FPS1). FPS1 est impliqué dans la formation
d’isopropénoides précurseurs en autres d’hormones impliquées dans la croissance,
d’antioxydants et de plastoquinones (Manzano et al., 2016). Les plastoquinones sont
impliquées dans la chaine de transfert d’électron lors de la photosynthése (Havaux, 2020). Le
QTL sur le chromosome 7, qui est en interaction avec celui sur le chromosome 5, contient des
génes codant des aquaporines PIP (Figure 16). D’autres associations intéressantes ont été
identifiées pour la réponse de la transpiration a la demande évaporative.

L'ensemble de ces résultats confirment que, chez le riz, la vigueur précoce peut étre associée
a une meilleure efficience de la transpiration par la mise en place du mécanisme de restriction
de la transpiration en réponse a la demande évaporative. Des déséquilibres de surface entre
racines et parties aériennes influengant I’hydraulique pourraient jouer un réle dans ces
mécanismes. Les résultats de cette étude, réalisée en collaboration avec 'UCAD et
I’AfricaRice, ont été publiés dans la revue Journal of Experimental Botany. Pablo Affortit,
étudiant en Master que j’encadrais pour ce travail en est le premier auteur tandis que je suis
dernier auteur et auteur pour correspondance (Affortit et al., 2022).

4.3 Controle génétique de traits racinaires influengant I'acquisition et
le transport d’eau

Le mais, le riz et le mil possedent un systeme racinaire de type fasciculé, caractérisé par une
racine embryonnaire et surtout de trés nombreuses racines coronaires qui se développent a
partir de la base de la tige (Figure 17; Rebouillat et al., 2009; Passot et al., 2016). Ces racines
portent des racines latérales de différents types qui contrastent notamment par leur taux de
croissance (Passot et al., 2018). L’organisation anatomique des leurs racines contient de
I’extérieur vers l'intérieur : I’épiderme avec les poils absorbants qui sont en contact avec le
sol, le sclérenchyme dont les parois cellulaires sont plus ou moins lignifiées, le cortex pouvant
contenir des cavités aériferes appelées aérenchymes, I'endoderme dont les cellules sont
entourées de lignine et de subérine constituant une barriere pariétale, puis au centre, la stele
qui contient les vaisseaux du xyléeme et du phloéme (Figure 17; Atkinson et al., 2019). Il a pu
étre montré, de fagon empirique ou par la modélisation, que la modulation du nombre de ces
traits architecturaux et anatomiques influence la tolérance au stress hydrique. Des QTL et
genes contrélant certains de ces traits ont pu étre identifiés dans des populations
biparentales ou a travers |'utilisation de panels de diversité. Si certains de ces QTL ont été
validés au champ en condition de stress hydrique, la connaissance fine des mécanismes
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Figure 18 : Effet du QTL de rendement gDTY3.2 sur la profondeur racinaire chez le le riz O.
sativa. Les masses racinaires de 37 lignées recombinantes BC2F4 possédant le QTL et 18
lignées BC2F4 ne possédant pas le QTL ont été utilisées pour calculer le pourcentage de
racines dans la partie superficielle du sol (0-15 cm; A) et dans la partie profonde (45-60 cm;
B). Issus de Grondin et al., 2018 (Figure 5).



physiologiques impliqués, notamment en termes d’hydraulique a I’échelle de la plante entiere
reste souvent peu claire. L’enjeu consiste a comprendre comment ces traits influencent, en
interaction avec d’autres traits, les capacités d’acquisition et de transport d’eau racinaire en
lien avec la demande des parties aériennes en condition irriguée et de stress hydrique.

Dans mon parcours, j’ai eu I’occasion d’utiliser différentes stratégies afin d’étudier I'utilité de
traits racinaires en condition de stress hydrique dans différents types de matériel végétal et
en utilisant différentes méthodes de phénotypage. Pour certains traits identifiés comme
bénéfiques, j'ai contribué a mieux caractériser les mécanismes physiologiques impliqués et a
identifier leur contréle génétique. J'ai également participé au développement de méthodes
de phénotypage au champ et de modélisation pour une meilleure compréhension des
fonctions racinaires dans un sol et a I’échelle de la plante entiere.

e Caractérisation de traits racinaires impliqués dans la tolérance au stress
hydrique chez les céréales

Architecture racinaire et capture d’eau chez le riz

La stratégie de sélection pour I'amélioration de la tolérance au stress hydrique du riz adoptée
a I'IRRI était basée sur la sélection directe pour le rendement en grain en condition de stress
(Swamy and Kumar, 2013). L'idée était ensuite d’identifier les mécanismes physiologiques
sous-jacents a ces QTL de rendement sous stress afin de pyramider des QTL qui pourraient
agir de maniere complémentaire. Dans ce cadre, j’ai participé a caractérisation physiologique
d’une population BC2F4 issue d’un croisement entre la variété Moroberekan et Swarna. Nous
avons montré que certains QTL contrdlant des traits physiologiques co-localisent avec le QTL
de rendement en grain sous stress (qDTY32). L'étude plus précise d’un sous-panel de lignées
BC2F4 a montré que I'amélioration de la tolérance au stress hydrique apportée par le QTL de
rendement était en partie liée a un développement racinaire plus profus et profond (Figure
18). L'augmentation de la profondeur racinaire chez les lignées permettrait une meilleure
capture d’eau du sol en profondeur et améliorerait la tolérance au stress hydrique. Ces
résultats ont été publiés dans BMC Genetics (Dixit et al., 2015) et Rice (Grondin et al., 2018).

Anatomie et nutrition hydro-minérale chez le riz et le mil

Les traits anatomiques racinaires et leur contréle génétique ont généralement été moins
étudiés que les traits d’architecture racinaire. La technologie LAT permet aujourd’hui d’élargir
les capacités d’études de I'anatomie a des grand panels de diversité. Cette méthode a par
exemple été utilisée pour I’étude de I’anatomie racinaire dans un panel de diversité de mais
et permis d’identifier le gene bHLH121 comme régulateur de la formation d’aérenchyme
(Schneider et al., 2023). La formation d’aérenchyme a été associée a la tolérance au stress
hydrique non pas a cause de leur effet sur le transport d’eau, mais car ils réduisent le colt
métabolique des tissues racinaires et par la méme |’efficience métabolique de I'exploration
du sol (Lynch, 2018; Schafer et al., 2022). D’autres traits anatomiques comme |’épaisseur des
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Figure 19 : Génotypage et phénotypage d’un panel de mil au champ au Sénégal pendant les
saisons seches 2021 et 2022. Les plantes ont été cultivées en condition irriguée et de stress
hydrique végétatif. Les mémes lots de graines ont été utilisés pour les deux années. Les
mémes plantes ayant servi pour le phénotypage racinaire ont été utilisées pour la mesure de
la biomasse aérienne et du contenu en grain. Sources: Alexandre Grondin et Darren Wells
(anatomie).



barrieres pariétales ou la taille des vaisseaux du xyleme influencent I’"hydraulique racinaire
mais aussi la nutrition minérale (Schoppach et al., 2014; Calvo-Polanco et al., 2021).

Nous avons entrepris d’étudier la diversité des traits anatomiques et leur role potentiel dans
la tolérance au stress hydrique dans un panel de diversité de mil au champ au Sénégal en
collaboration avec nos collegues de I'Université de Nottingham et de I'ISRA (Figure 19). Ce
panel composé de 160 lignées séquencées a été cultivé en condition irriguée et de stress
hydrique appliqué au stade végétatif pendant deux années consécutives. Le stress a été
appliqgué 3 semaines apres semis par arrét de l'irrigation pendant 3 semaines, aprés quoi
I'irrigation a été rétablie jusqu’a la récolte. Les racines du nceud 4 ont été prélevées apres 6
semaines de culture dans les deux conditions hydriques (i.e., a la fin de la période de stress).
Une image anatomique de ces racines a été obtenue par LAT et les caractéristiques
anatomiques ont été mesurées a l'aide du logiciel d’intelligence artificielle RootScan en
collaboration avec nos collégues de I’Université de Nottingham. Sur ces mémes plantes, un
échantillon de la derniére feuille ligulée a été prélevé afin d’étudier son contenu en ion. Les
plantes restantes dans la parcelle ont été cultivées en condition irriguée jusqu’a maturité afin
de mesurer les parametres agro-morphologiques a la récolte. Enfin, ces lignées ont été re-
séquencées par Genotyping By Sequencing (GBS) afin de s’assurer de leur identité génétique
et les mémes lots de graine ont été utilisés pour les deux années d’essai au champ.

L'analyse des données a I'aide d’outils statistiques a permis de nettoyer et de corriger les
différentes variables pour les effets spatiaux dans le champ. D’une maniere générale, une
large variabilité et une bonne héritabilité (> 0.5) ont été observées pour les différents traits
étudiés. Un effet significatif du stress hydrique a pu étre observé sur les traits anatomiques,
de quantité en ions et agronomiques, avec pour certaines un effet significatif de I'interaction
G x E. C’est par exemple le cas pour la surface des vaisseaux du xyleme. De fagon intéressante,
la surface de ces vaisseaux est significativement positivement corrélée avec un index de
tolérance du rendement en grain sous stress sur les deux années. Ces résultats indiquent que
chez le mil, dans des conditions ou le stress est appliqué au stade végétatif, des plantes avec
des surfaces de vaisseaux du xyleme plus grandes sont globalement plus tolérantes au stress
hydrique en termes de maintien du rendement en grain. Ces résultats vont a I’encontre
d’observations précédentes selon lesquelles des plantes montrant des surfaces de vaisseaux
du xyléme plus faibles seraient plus tolérantes au stress hydrique (Richards and Passioura,
1989). Ces différences pourraient s’expliquer par le type de stress imposé qui influencerait les
effets bénéfiques ou non de la surface des vaisseaux xyleme sur le maintien des rendements.
Nous étudions actuellement I’"hypothése selon laquelle une stratégie consistant a maintenir
les capacités de transport d’eau racinaire a travers une plus grande surface des vaisseaux du
xyleme permettrait a la plante de mil de maintenir sa transpiration et sa croissance plus
longtemps au cours d’un stress hydrique végétatif. Afin d’explorer cette hypothese,
I’évolution de la transpiration en réponse a I’asséchement du sol est étudiée en détail dans
un sous-panel de lignées contrastées pour la surface des vaisseaux du xyléme (Figure 20). Ces
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Figure 20 : Réponse de la transpiration a I'assechement du sol chez des lignées de mil
contrastées pour la surface des vaisseaux du xyleme. A: Plantes de mil contrastées pour la
surface des vaisseaux du xyleme cultivées sur une plateforme lysimetrique a I'IRD de
Montpellier. B-C: Evolution de la transpiration en réponse a I'assechement du sol chez deux
lignées de mil avec une plus faible (IP-19626) et plus forte (IP-12395) surface des vaisseaux
du xyleme. FTSW: fraction d’eau transpirable du sol (plus la FTSW diminue, moins la plante
est capable d’extraire de I’eau du sol). NTR: taux de transpiration normalisée par rapport a la
transpiration de plantes du méme génotype cultivées en condition irriguée. Source : Pablo
Affortit.



études incluent également une description précise des réponses des parties aériennes. Le
contrble génétique de la surface ces vaisseaux du xyleme est également étudié par GWAS. Ce
travail fait I’objet de la these de Pablo Affortit.

En parallele, nous étudions le déterminisme génétique contrdlant les traits anatomiques dans
une population de riz O. sativa vietnamienne séquencée en collaboration avec nos collegues
de I’AGI au Vietnam. Un essai au champ a été réalisé avec 182 accessions issues de ce panel
en condition inondée au Vietnam ou des racines coronaires ont été prélevées. L'anatomie de
ces racines a été étudiée par microscopie a épifluorescence. Un logiciel de reconnaissance
semi-automatique des tissus racinaires a été utilisé pour la mesure des traits anatomiques
(Lartaud et al., 2015). Comme chez le mil, I'analyse des données a montré une grande
variabilité et une bonne héritabilité pour les différentes traits. Avec I’hypothése selon laquelle
certains traits anatomiques pourraient indirectement influencer la composition en ions
désirables et indésirables dans les grains, nous avons échantillonné des grains de riz issus de
plantes cultivées lors de ce méme essai au champ. La composition en ions des grains de riz
brun et blanc a été étudiée. L’étude des liens entre traits anatomiques et composition en ion
des grains est en cours. Ces données permettront d’identifier des traits anatomiques
intéressants pour la nutrition hydrominérale. Les déterminants génétiques contrélant ces
traits seront ensuite étudiés par GWAS. Ce travail fait I'objet de la theése de Hien Linh Tran.

e Caractérisation de génes candidats contrélant la croissance racinaire

Les approches de génétique d’association permettent d’identifier de potentiels QTL
contrélant des traits bénéfiques pour la tolérance au stress hydrique. L'étape suivante
d’identification du gene candidat sous-jacent responsable de la variation du caractere
représente un défi majeur. Cibler un gene parmi plusieurs genes présents dans un QTL
consiste a: (i) étudier I"'annotation fonctionnelle des génes et du lien potentiel avec le
caractére étudié, (ii) étudier I’expression des genes candidats chez des haplotypes (génotypes
dont la combinaison d’alleles en déséquilibre de liaison dans la région QTL différe), et (iii)
étudier le polymorphisme et son effet sur les séquences promotrices ou codantes. Le ou les
genes sélectionnés peuvent ensuite faire I'objet d’une validation par une approche de
génétique fonctionnelle. La démocratisation de I’édition du génome par CRISPR-Cas9 permet
d’envisager la validation fonctionnelle de genes chez les céréales, moyennant I’existence d’un
protocole de transgéneése efficace pour I'espéce considérée.

Au cours de mon post-doctorat a I’'Université du Nebraska-Lincoln, j’ai travaillé sur un QTL
contrélant la biomasse racinaire (Figure 21). Ce QTL a été identifié par GWAS dans un panel
de 383 accessions de riz O. sativa cultivées en serre en condition semi-hydroponique. Ce QTL
co-localise avec une région qui avait précédemment été identifié¢e comme contrélant la
biomasse racinaire dans un population biparentale (Horii et al., 2006). Des haplotypes pour
ce QTL ont été sélectionnés et les différences de biomasse racinaire ont été validées en sol.
L’étude fine de I"architecture racinaire a montré que la réduction de biomasse était liée a une

43



chr6: id6014378

A — B
4~ e . 0 1.25| ——
- = 1.00|
s 5
%; z 0.75
ol I
: = 0.50]
2
x 025 L —
cC G
= P <0 0001
C o4 /T W Allele C DA 600
_02s) W Allele G g
CHEN —_— = 500 |
20204 L e
s | g 5 400 |
Zoasd . 2
I T I € 300
F0104 ! = z
= | % 200 |/
005 | L o
] e 9
| 2 ' 3
000 2 a 3 100/, r=08
$ 3 2 228z & 38 3 01 02 03 04
2 3 23 8 823 8 2 8 Root dry weight (g)

120, 4 350,

g
{=

100,
£ 250,

200|

150,

50|

E50 mumm vr+
= 40! -

{ L2 3 3]
53] -
£ 20/

10|
ol r
WT

mul mu3

}1)|ms|

Lateral root surface arca (cm’)
o 2 & 3 8
50125+ - =
|
=
e
3 e
e
Nodal root surface area (cm’)
> &8
301246 | IEEEG—_— S - -
He
e
e

301246
301235
301226
301241
301254
301235
301008
301226
301241/

ok k

LR surface area (cm?)
-
NR surface area (cm”)

WT mul mu3

Figure 21 : Role de RDW6 dans la croissance racinaire chez le riz. A: Manhattan plot pour la
biomasse racinaire dans un panel de riz O. sativa. B: Effet de I’allele au SNP significatif sur le
chromosome 6 sur la biomasse racinaire. C: Biomasse racinaire chez une sélection
d’haplotypes pour I’association sur le chromosome 6. D: Relation entre la biomasse racinaire
et la surface racinaire totale chez les haplotypes. E et F: Surface totale des racines latérales et
des racines nodales chez les haplotypes, respectivement. G-H: Surface totale des racines
latérales (LR) et nodales (NR) chez des plantes de riz sauvages (WT) et des plantes mutantes
invalidées pour le gene RDW6 (mul et mu3). Issues de Saluja et al., en préparation.



réduction significative de la surface des racines coronaires. L'étude de I'expression des genes
chez ces haplotypes dans les feuilles et les racines a montré |’expression différentielle d’un
géne dont la fonction était inconnue (LOC_0s06g44034) mais qui contenait une séquence
précurseur du microARN156j. Cette famille de microARN est connue pour réguler différents
processus développementaux chez les plantes (Wang et al., 2019). Ce géne a été nommé Root
Dry Weight 6 (RDWS). |l est significativement plus exprimé chez les haplotypes montrant une
forte biomasse et serait donc un régulateur positif de la biomasse racinaire. L’édition de ce
géne par CRISPR-Cas9 (insertion d’'un codon stop dans le premier exon et délétion du
précurseur du microARN) induit une réduction significative de la biomasse a travers une
réduction de la surface des racines coronaires et latérales. La comparaison de |’expression des
genes entre les lignées mutantes et sauvages suggere que ce géne serait impliqué, entre
autres, dans des voies de régulations hormonales. Un article regroupant I'ensemble de ces
résultats dont je suis co-premier auteur a été soumis a la revue Plant Physiology mais a été
rejeté avec modifications majeures. L’article est encore en attente d’étre publié.

Chez le mil, j’ai travaillé sur la caractérisation de QTL contr6lant la croissance de la racine
primaire et I’exsudation racinaire. Le mil possede la caractéristique d’avoir une racine
primaire qui croit rapidement en profondeur au cours des stades précoces de son
développement (Passot et al., 2016). |l avait été proposé que ce trait pourrait étre bénéfique
pour I’établissement de la plante, en particulier en condition de stress hydrique en début de
cycle. L’étude de la croissance de la racine primaire dans un panel de diversité de mil séquencé
a montré que ce trait était héritable et présentait une grande variabilité génotypique (Figure
22). Des lignées contrastées pour ce trait ont été cultivées en condition de stress hydrique au
stade plantule au champ au Sénégal. Nous avons ainsi montré que la croissance de la racine
primaire était positivement corrélée a des indices de tolérance au stress comme la capacité
des feuilles a rester photosynthétiquement active. Des analyses GWAS ont identifié une
association significative contrélant ce caractere sur le chromosome 1. Cette association a été
confirmée par Bulk Segregant Analysis dans une population F2 issue d’un croisement entre
deux lignées contrastées pour la croissance de la racine primaire. Dans la région du QTL, un
gene codant une glutaredoxine nommée PgGRXC9 dont I’"homologue le plus proche chez A.
thaliana est ROXY19, a été identifié. PgGRXC9 est exprimée dans I'épiderme et la stele des
apex racinaires et dans la zone d’élongation. Ce gene est significativement plus fortement
exprimé dans des lignées de mil présentant une forte croissance racinaire. Chez A. thaliana,
la mutation du géne ROXY19 induit, comme chez les haplotypes de mil pour le gene PgGRXC9,
une réduction de la croissance de la racine primaire. Ces résultats suggerent que PgGRXC9 est
un régulateur positif de la croissance de la racine primaire chez le mil, un caractere important
pour son adaptation au stress hydrique de début de cycle. Un article reprenant ces résultats
dont je suis co-premier auteur a été publié dans la revue elife (Fuente et al., 2023). Une
approche similaire mais sans validation fonctionnelle a été réalisée pour le caractere
d’exsudation racinaire et les résultats ont été publiés dans la revue Scientific Reports (de la
Fuente Canté et al., 2022).
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Figure 22 : Contréle de la croissance racinaire par une glutaredoxine chez le mil et A. thaliana.
A: Variation pour la longueur racinaire dans un panel de diversité de mil. B: Corrélation entre
la longueur racinaire de plantes de mil et leur capacité a garder une activité photosynthétique
en condition de stress hydrique (Stay green). B: Arbre phylogénétique montrant la proximité
entre les glutaredoxines chez le mil et A. thaliana. D: Images de plantes sauvages (No-0) et
des plantes mutantes pertes de fonction pour le gene ROXY19 a 17 jours apres semis. E:
Croissance racinaire chez les plantes sauvages et mutantes roxy19. Issues de Fuente et al.,
2023 (Figures 1 et 4).



e Développement d’outils d’analyse et de mesure des racines et de leurs
fonctions hydriques

Phénotypage racinaire du mil au champ

Le phénotypage au champ est laborieux et les méthodes existantes sont souvent basées sur
un compromis entre le débit et la précision. Parmi les différentes méthodes existantes, le
comptage d’impacts racinaires sur une tranchée est une méthode a faible débit mais qui
permet d’avoir une mesure relativement précise de la densité de longueur racinaire dans un
profil de sol (Chopart and Siband, 1999). Cette méthode nécessite une étape de calibration
afin de développer un modele permettant de prédire la densité de longueur en fonction du
comptage d’impact. En collaboration avec nos collegues de I'ISRA, nous avons développé un
modele pour le mil. Ce modele a été utilisé afin d’étudier la croissance racinaire de variétés
de mil en condition irrigué et de stress hydrique. Nous avons montré que les variétés étudiées
réorientent leur croissance racinaire vers des horizons de sol plus profonds en condition de
stress hydrique. Ce travail a été publié dans la revue PLOS ONE (Faye et al., 2019).

Mesure des contenus en eau et des flux d’eau dans la base de la tige

La résonance magnétique nucléaire (RMN) a été appliquée pour I'imagerie (IRM) des plantes
et la mesure de la compartimentation et des flux d’eau (Scheenen et al., 2000, 2007). Si I'IRM
requiert de gros équipements, la RMN a bas champ a été envisagée pour réaliser des mesures
hydrauliques de plantes dans leur environnement naturel. Un appareil RMN portable bas
champ pour la mesure des contenus et flux d’eau chez les céréales a été développé au
Laboratoire Charles Coulomb (L2C) de I’Université de Montpellier (Figure 23). Chez le sorgho,
des signaux RMN mesurés dans la tige en condition irriguée et de stress hydrique sont
associés a I'asséchement du sol et a la chute de la conductance stomatique (Sidi-Boulenouar
et al., 2019). IIs ont été assimilés a un proxy de la mesure du contenu en eau dans la tige. En
collaboration avec nos collegues du L2C, nous avons souhaité continuer le développement de
cet appareil pour mieux comprendre la signification physiologique de ces signaux. Notre
hypothése est que ces derniers pourraient étre plus largement associés a la transpiration. Cet
appareil de RMN portable pourrait alors permettre la mesure dynamique de la transpiration
au champ. Joseph Ovwemuvwose, a commencé mais arrété sa these sur ce sujet.

Modéle structure-fonction du systéme racinaire chez le mil

Le modele structure-fonction OpenSimRoot a été initialement développé pour le mais mais a
depuis été adapté a d’autres espéces comme le riz (Postma et al., 2017; Ajmera et al., 2022).
Il permet d’étudier I'effet de la modulation de traits racinaires sur la production de biomasse
aérienne dans différents types de sol. En collaboration avec des collegues de Penn State
University et de I'ISRA, nous avons entrepris d’adapter le modéle OpenSimRoot au mil (Figure
24). Une caractérisation phénotypique fine du développement et de la croissance racinaire
d’une lignée de mil élite (Souna 3) a été réalisée, et ces mesures ont permis le développement
d’un modele OpenSimRoot de mil. Le sol a été paramétré selon les caractéristiques d’un sol
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Figure 23 : Mesure des contenus en eau par résonance magnétique nucléaire bas champ. A:
Prototype permettant de mesurer les contenus en eau dans la base de tige de sorgho. Issue
de Sidi-Boulenouar et al., 2019 (Figure 1b). B: Le signal RMN a été mesuré chez trois plantes
au cours de I'asséchement du sol suivi par la mesure de la fraction d’eau transpirable (FTSW).
Le signal RMN correspond aux triangles rouges. Les cercles verts correspondent a la mesure
de la conductance stomatique (en mmol m-2 s-1) a I'aide d’un porométre. Issue de Sidi-
Boulenouar et al., 2019 (Figure 2a). C: Etude des signaux RMN chez une plante de mil. Source:
Eric Nativel. D: étude des signaux RMN chez une plante de riz. Source: Alexie Técher.



sableux typique d’un environnement sahélien. Les impacts racinaires et la biomasse aérienne
prédits dans un sol non limitant ont été comparés avec des mesures empiriques réalisées au
champ. Cela nous a permis de valider le modele. Ce modele est actuellement utilisé pour
tester I'impact de différents traits racinaires sur la production de biomasse en condition de
carence en phosphore. Ce travail fait I'objet du travail de these de Mame Sokhatil Ndoye.

Etude de la plasticité racinaire chez le mil

La plasticité adaptative implique la mise en jeu de mécanismes ou le génotype interagit avec
I’environnement pour I’expression de certains phénotypes bénéfiques pour I'adaptation de la
plante au nouvel environnement. Des études suggerent que cette plasticité pourrait étre
contrblée par des déterminants génétiques qui sont indépendants du contréle du phénotype
dans un environnement donné (Kusmec et al., 2017, Monforte, 2020). Ces génes
contrbleraient ainsi la transition d’un état phénotypique a l'autre. L’identification de
déterminants génétiques contrblant ces transitions n’est pas triviale car elle nécessite de
dissocier le contréle du trait dans un environnement de son controle en réponse a différents
environnements. Des modeles GWAS multi-environnements couplés a des analyses de
génétique quantitative permettent de quantifier la part de variance que peut capturer des
associations. Ceci permet d’identifier des QTLs plus susceptibles de capturer les effets G x E,
et donc des génes impliqués dans la plasticité (van Eeuwijk et al., 2010). Une approche
alternative consiste a identifier des traits contrélés par l'interaction G x E, a calculer des
indices de plasticité pour ces traits, et a utiliser ces indices dans des approches GWAS (Laitinen
and Nikoloski, 2019). Ces indices de plasticité peuvent étre calculés selon plusieurs méthodes
basées sur des concepts statistiques différents (Valladares et al., 2006; Elias et al., 2016;
Reckling et al., 2021; Schneider, 2022). Nous avons entrepris d’identifier des traits racinaires
plastiques en réponse au stress hydrique chez le mil, et les déterminants génétiques qui les
contrdlent (Figure 25). Pour cela, nous utilisons le jeu de données anatomiques obtenu au
champ au Sénégal en condition irriguée et de stress hydrique. Nous avons identifié des traits
contrdlés par I'interaction G x E et calculé leur plasticité en utilisant plusieurs méthodes. En
parallele, et en collaboration avec nos collegues de 'UMR GQE et de I'IPK, nous avons utilisé
des méthodes de génétique quantitative afin d’étudier la capacité des différentes méthodes
a capturer des associations expliquant l'interaction G x E. Un indice de plasticité en particulier
représente la pente de la régression entre la valeur du trait dans différents environnements
pour chaque génotype et un index environnemental (Finlay and Wilkinson, 1963). Les
associations GWAS pour cette indice capturent avec une grande efficacité des associations
pouvant expliquer I'interaction G x E. Ce travail a fait I'objet du post-doctorat de Sebastian
Arenas.

Transgénese chez le mil et S. italica

L’édition des genes candidats sous-jacent des QTL fait partie intégrante de nos approches.
Elle permet de valider le role du géne dans le controle du trait considéré. Elle permet
également d’étudier finement les acteurs moléculaires impliqués et les mécanismes
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Figure 24 : Simulations de I"architecture racinaire d’une plante de mil Souna3 au cours du
temps a I'aide du modele OpenSimRoot. A: Simulations réalisées en condition optimale d’eau
et de nutriment dans le sol. Source: Sokhatil Ndoye. B: Image d’un systeme racinaire de mil
Souna3 prélevé par la méthode de shovelomics a 42 jours aprés semis. Source: Alexandre
Grondin. DAS: Days after sowing.



physiologiques associés. Nous disposons au laboratoire de protocoles utilisés en routine pour
la transformation de O. sativa et O. glaberrima, mais pas pour le mil. Des protocoles pour la
transformation du mil existent dans la littérature (Jha et al., 2011). Nous avons ainsi tenté
d’adapter ces protocoles a la lignée de mil TIFT23DB, i.e. celle utilisée pour le séquencage du
génome complet. Ces tentatives se sont avérées infructueuses. Nous avons choisi S. italica
comme alternative. En effet, cette espece est génétiquement trés proche du mil et des
protocoles pour sa transformation existent (Santos et al., 2020; Sood et al., 2020; Liang et al.,
2022). Nous avons tenté de transformer six accessions de S. jtalica sans succes. Ce travail,
initié par Jean-Rémy Brossier (2020-2022), a été poursuivi par Romaric Hallot (2022-2023).

4.4 Bilan

Au cours des années, mon travail de recherche s’est orienté de I'étude des mécanismes
hydrauliques a I’échelle de la cellule vers I'étude de ces mécanismes I'échelle de la plante
entiere dans un contexte de stress hydrique. Avec cette vision plus intégrée, améliorer la
tolérance au stress hydrique d’une céréale revient a élaborer des stratégies qui lui permettent
d’utiliser avec la plus grande efficacité possible I'eau qu’elle a a sa disposition pendant la
durée de son cycle pour produire du grain. Mon travail a contribué a identifier et a mieux
comprendre ces différentes stratégies de gestion de la ressource en eau. Il me permet de
prendre la mesure des interactions multiples entre traits racinaires et aériens pour la mise en
place de ces stratégies. Il m’apporte la conviction qu’une meilleure compréhension de ces
interactions a I’échelle de la plante entiere dans son environnement est indispensable pour
guider la sélection.

Les études portant sur la caractérisation de traits racinaires adaptatifs pour la tolérance au
stress hydrique doivent mieux prendre en compte I'impact de ces traits dans le continuum
hydraulique sol-plante-atmosphere. Il parait également important de mieux comprendre
I’effet de I’environnement sur ces traits, et si leur effet adaptatif est conservé entre différents
environnements. Enfin, une bonne compréhension des interactions entre traits adaptatifs ou
non est importante afin de définir les assemblages les plus efficaces pour la bonne gestion de
I’eau. Cela nécessite le développement d’outils permettant d’explorer la diversité pour
I'identification de traits adaptatifs et une meilleure compréhension des interactions G x E
controlant ces traits. Le développement de modeles permettant de mieux explorer les
combinaisons de traits dans le continuum hydraulique et leurs effets sur les rendements dans
des environnements et des contraintes hydriques précises est aussi nécessaire. Le
déploiement de ces connaissances en sélection sera facilité par I’étude de matériel végétal
élite ou l'effet de QTL finement caractérisés contrélant des traits adaptatifs pourra étre
rapidement testé. Toutes ces considérations vont bien au-dela de mes domaines de
compétence et de recherche. Certaines pourront néanmoins étre prises en compte dans le
projet de recherche que je propose par la suite.
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Figure 25 : ContrOle génétique de la plasticité des vaisseaux du xyleme chez le mil. A: Mesure
de la plasticité a I'aide de la méthode de Finlay-Wilkinson. La variation du phénotype pour
chaque génotype est mesurée en considérant un index environnemental pour les quatre
environnements : WW21 (irriguée 2021), WW22 (irriguée 2022), WS21 (stress hydrique
2021), WS22 (stress hydrique 2022). B: La proportion de variance capturée par les QTLs
identifiés par GWAS a partir de différents indices de plasticité a été mesurée. Phenotypic
means: moyenne de la surface des vaisseaux du xyleme par traitement. RDPI: relative distance
plasticity (Valladares et al., 2006). Linear: pente de la relation linéaire de Finlay-Wilkinson.
Nonlinear: résidues de la relation linéaire. ASV: AMMI stability index (Elias et al., 2016). D:
Distance of the interaction principal component point to its origin in space (Elias et al., 2016).
G: composante génétique; GxW: interaction entre génétique et traitement. GxY: interaction
entre génétique et année. Res error: erreur résiduelle. C: Diagramme Upset. Source:
Sebastian Arenas.



5. Projets de recherche

5.1 Axe 1: Contribution a la durabilité des agrosystémes rizicoles

La riziculture inondée est trées demandeuse en eau qui tend a se raréfier. Elle représente aussi
une source importance d’émission de méthane qui tend a réchauffer I'atmosphere. La
transition de la riziculture vers des agrosystemes moins gourmands en eau et plus durables
représente donc un enjeu majeur. Cela passe notamment par le développement de la culture
en condition aérobie qui reste néanmoins moins productrice que la riziculture inondée et plus
sujette au stress hydrique. Des stratégies d’amélioration agronomique et variétale sont
nécessaires pour son expansion. Favoriser la mise en place de la symbiose mycorhizienne
représente une voie d’amélioration agronomique. Augmenter la vigueur précoce et les
capacités de transport d’eau ainsi que I'efficience de la transpiration représente une voie
d’amélioration variétale. Certains agrosystemes, de bas-fond notamment, ont cependant
vocation a rester inondés. Dans ces conditions, limiter I’émission de méthane par la plante
dans I"'atmospheére représente une voie pour limiter leur impact climatique. Par la suite, je
décris plusieurs projets en collaboration, partiellement financés ou faisant |'objet de
demandes de financement, qui proposent des approches pour améliorer la culture du riz dans
les agrosystemes aérobies.

e Axe 1.1: Traits anatomiques pour I'amélioration de la nutrition hydrominérale

Les aérenchymes influenceraient positivement la croissance racinaire et la nutrition minérale
mais auraient un effet négatif sur le transport d’eau radial dans la racine et la colonisation de
ces derniéeres par les champignons endomycorhiziens a arbuscules (CMA ; Lynch et al., 2021,
Galindo-Castafieda et al., 2022). La taille des vaisseaux du xyleme influence quant a elle la
conductance hydraulique axiale et de fait les capacités de transport d’eau des systemes
racinaires (Rishmawi et al., 2023). Chez le riz, le r6le de ces traits dans la nutrition
hydrominérale et la colonisation des racines par les CMA reste flou. De plus, les déterminants
génétiques contrdlant ces traits restent élusifs. Des QTL potentiellement impliqués dans le
contrdle de traits anatomiques ont été proposés (Kadam et al., 2017) mais ils n’ont pas été
validés et les genes candidats sous-jacents n’ont pas été identifiés.

Dans le cadre d’une collaboration avec Hoang Thi Giang de I’AGI au Vietnam, nous avons avec
Pascal Gantet (équipe CERES ; UMR DIADE) initié le phénotypage de I'anatomie racinaire dans
un panel de riz O. sativa composé d’accessions viethamiennes séquencées. Ce travail est
partiellement financé par I’AGI et '’Ambassade de France au Vietnam a travers la bourse de
thése de Hien Linh Tran (2022-2025). Linh Tran a mesuré les traits anatomiques dont la
surface des aérenchymes et des vaisseaux du xyleme dans ce panel sur de racines issues de
plantes cultivées au Vietnam en condition inondée. Les résultats préliminaires suggerent qu’il
existe une grande diversité pour ces deux traits, et que ces variations sont héritables. Ces
résultats ont permis I'identification d’accessions contrastées pour ces traits. Dans ce panel,
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Figure 26 : Effets hypothétiques de I'anatomie racinaire sur le transport d’eau et I'infection
des racines par les mycorhizes. A: Plante de riz cultivée en condition inondée sans infection
des racines par les mycorhizes. B: Plante de riz cultivée en condition aérobie montrant une
plus grande proportion d’aérenchymes et de surface des vaisseaux du xyleme, mais un plus
faible taux d’infection par les mycorhizes. C: Plante de riz cultivée en condition aérobie
montrant une plus faible proportion d’aérenchymes et de surface du xyleme, et un plus fort
taux d’infection par les mycorhizes. Sources images anatomiques: Hien Linh Tran.



nous ambitionnons d’étudier (i) 'impact des aérenchymes sur le transport d’eau racinaire
et la colonisation des racines par les CMA (Figure 26), (ii) 'impact de la surface des vaisseaux
du xyléeme sur le transport et I'efficience d’utilisation de I'eau, (iii) leurs effets sur la
tolérance au stress hydrique et (iv) les QTL/génes contrélant ces traits.

Impact des aérenchymes sur le transport d’eau et la symbiose mycorhizienne en condition

aérobie et de stress hydrigue

Des accessions contrastées pour la surface des aérenchymes mesurée en condition inondée
seront sélectionnées. Celles avec des surfaces foliaires homogenes et provenant de
I’agrosystéemes aérobie seront privilégiées. La surface des aérenchymes sera étudiée en
condition aérobie afin de s’assurer du maintien des contrastes dans cette condition. Une
dizaine d’accessions montrant des contrastes pour la surface des aérenchymes dans les
racines coronaires et latérales seront cultivées en condition irriguée aérobie et de stress
hydrique végétatif sur une plateforme lysimétrique a I'IRD de Montpellier apres inoculation
ou non par des CMA. Le stress hydrique sera appliqué apres 4 semaines pour laisser le temps
a la symbiose de se mettre en place. Cette phase d’établissement du stress hydrique sera
suivie par un arrét de l'irrigation pendant 3 semaines. La transpiration et la surface foliaire
seront suivies en réponse a la demande évaporative et en réponse au stress hydrique. A la
récolte, la surface racinaire, la surface des aérenchymes dans les racines et le taux de
mycorhization seront mesurés et mis en lien avec la dynamique de la transpiration, la
biomasse et |'efficience de la transpiration. Un systeme de pot a pression sera également
utilisé afin de mesurer la conductivité hydraulique racinaire chez ces plantes cultivées dans
les différentes conditions étudiées. Des études ont pu faire un lien entre la mycorhization et
la fonction des aquaporines racinaires (Aroca et al., 2007). Un inhibiteur d’aquaporine sera
utilisé afin d’étudier si leur contribution aux flux d’eau racinaire est modifiée par la mise en
place de la symbiose mycorhizienne. Ce travail devrait nous permettre d’identifier les
bénéfices ou contreparties de la présence d’aérenchymes, et les mécanismes de
compensation éventuels, sur le transport d’eau dans la racine. Ce travail sera réalisée en
collaboration avec Abdala Gamby Diedhiou de I"'UCAD, les sélectionneurs de I’AfricaRice et
Jeongmin Choi du Crop Science Center a I'Université de Cambridge. Jeongmin Choi a une forte
expertise dans le domaine de la symbiose mycorhizienne et maitrise les protocoles
permettant de favoriser sa mise en place et ses effets. Ce travail est financé par un projet
Agropolis et inclura des accessions de riz O. glaberrima. En effet, le riz Africain, plus tolérant
au stress hydrique et adapté aux conditions de culture aérobie, pourrait montrer des
réponses originales par rapport au riz asiatique. De plus, nous avons initié une collaboration
avec Christophe Perrin et Camila Rebelledo (UMR AGAPi ; CIRAD) pour le montage d’un projet
commissionné par la fondation Methane Hub qui pourrait permettre de financer ces
approches. L’étude du role des aérenchymes dans la diffusion de méthane en condition
inondée pourra également étre envisagée en collaboration avec Ando Radanielson et Amelia
Henry a I'IRRI.

49



Impact de la surface des vaisseaux du xyleme sur l'utilisation de ’eau en condition aérobie et

de stress hydrique

Des accessions contrastées pour la surface des vaisseaux du xyleme en condition inondée
seront sélectionnées, et comme pour les aérenchymes, le phénotype sera confirmé en
condition aérobie. Une dizaine d’accessions montrant des contrastes pour la surface du
xyléme en condition aérobie, et avec des surfaces foliaires relativement homogeénes, seront
sélectionnées. Ces plantes seront mises en culture sur la plateforme lysimétrique de I'IRD en
condition irriguée aérobie pour la mesure de leurs capacité d’extraction d’eau, de la réponse
de la transpiration a la demande évaporative et de |'efficacité de la transpiration. Ces résultats
seront mis en lien avec la surface des vaisseaux du xyleme et I'architecture racinaire. Ces pots
sont néanmoins d’une capacité réduite et peu adaptés a I’étude du stress hydrique terminal
(post-floraison). Dans des lysimétres de plus grand volume disponibles au CERAAS au Sénégal,
les effets de la surface des vaisseaux du xyleme sur |'utilisation de I’eau, I'efficience de la
transpiration et la production de grain en condition aérobie et de stress hydrique végétatif et
terminal seront étudiés chez les accessions de ce sous-panel. Cela permettra de définir si ce
trait est intéressant pour I'amélioration de la culture du riz en condition aérobie et la
tolérance au stress hydrique. Cette approche, qui n’est pas encore financée, sera réalisée en
collaboration avec les sélectionneurs de I’AfricaRice au Sénégal et de I'AGI au Vietnam. Elle
pourra étre initiée dans le cadre de la thése de Hien Linh Tran a Montpellier et étre
approfondie dans le cadre du projet commissionné par la fondation Methane Hub.

Identification de génes candidats contrélant la formation des aérenchymes et du xyleme

Des approches GWAS seront mises en ceuvre afin d’identifier des régions du génome
associées a laformation des aérenchymes et la taille des vaisseaux du xyléme. Si les approches
physiologiques précédentes révelent un intérét de ces traits pour I'adaptation de la culture
du riz a la condition aérobie et au stress hydrique, des croisements entre accessions adaptées
a des écosystemes aérobies et contrastées pour ces deux traits seront réalisés. Les
populations biparentales issues des croisements serviront pour la validation des QTL. Des
lignées recombinantes dans la région des QTL et contrastées pour la formation des
aérenchymes et des vaisseaux du xyleme serviront pour étudier 'effet de ces traits pour
I"amélioration des rendements en condition aérobie et de stress hydrique au champ. Des
genes dont I'annotation fonctionnelle sera en lien avec le trait étudié seront édités par
CRISPR-Cas9 et feront I'objet d’une caractérisation fonctionnelle. L’approche GWAS sera
initiée par Hien Linh Tran.

Résultats attendus
- Caractérisation de I'effet des aérenchymes et de la surface des vaisseaux du xyleme
sur les capacités de transport d’eau, I'efficience de la transpiration et la tolérance au
stress hydrique chez le riz
- Influence des aérenchymes sur la mise en place de la symbiose mycorhizienne et
impacts sur la croissance et la tolérance du riz au stress hydrique
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- Identification de QTL/génes controlant les aérenchymes et la surface des vaisseaux du
xyleme

e Axe 1.2:Vigueur précoce pour la lutte contre les adventices et lien avec
I'efficience de la transpiration

La vigueur précoce améliore la compétitivité du riz face aux adventices qui sont un facteur
limitant pour les rendements dans les agrosystemes aérobies. Une étude récente a montré
que la capacité des feuilles a créer un ombrage au sol était le principal facteur expliquant une
meilleure compétitivité du riz face aux adventices (Huber et al., 2023). En limitant la lumiéere
incidente sur le sol, la vigueur précoce permet également de limiter |’évaporation de I'’eau du
sol et améliore I'efficience de I'irrigation du champ (Vadez et al., 2023). Nous avons mis en
évidence que la vigueur précoce était associée a une meilleure efficience de la transpiration
chez O. glaberrima. Ce mécanisme est lié a la restriction de la transpiration potentiellement
causée par des diminutions de surfaces d’acquisition d’eau dans les racines (Affortit et al.,
2022). Deux QTL localisés sur le chromosome 5 et 7 contrélant la vigueur précoce et
Iefficience de la transpiration ont été identifiés (Affortit et al., 2022). Ces QTL fonctionnent
en interaction et contiennent, entre autres, le géne Farnesyl diphosphate synthéthase 1
(FPS1) sur le chromosome 5 et un cluster de géne codant des aquaporines PIP sur le
chromosome 7. FPS1 est une enzyme importante de la voie de biosynthese des isoprénoides
précurseurs de caroténoides, plastoquinones, ubiquinones, stérols et hormones végétales
(Manzano et al., 2016). Le gene FPS1 est exprimé dans les feuilles et les racines alors que les
genes PIP sont principalement exprimés dans les racines chez le O. sativa et A. thaliana
(source : Plant eFP, BAR). Chez A. thaliana, |'état de réduction des plastoquinones dans la
chaine de transport d’électron lors de la photosynthése influence le développement racinaire
et améliore la tolérance au stress hydrique (Leverne et al., 2023). Nous avons émis
I’hypothese que le géne FPS1 pourrait étre impliqué, a travers son role dans la biosynthese
d’isoprénoides, dans des mécanismes photosynthétiques, antioxydatifs ou hormonaux
influengant la vigueur précoce.

Dans le cadre d’une collaboration avec Anja Krieger-Liszkay de I'Institut des sciences du vivant
Frédéric Joliot, et avec Antony Champion et Laurent Laplaze (Equipe CERES ; UMR DIADE),
nous avons entrepris de mieux caractériser la fonction du gene FPS1. Ce travail est
partiellement financé par I'IRD a travers la bourse de thése de Gagnon Penassou (2023-2026).
Le travail de Master 2 de Gagnon Penassou a permis de montrer des différences d’expression
significatives du gene FPS1 entre haplotype fort et haplotype faible pour le QTL sur le
chromosome 5 (Figure 27). Son travail a également mis en évidence un défaut de biomasse
aérienne et une plus faible efficience de la transpiration chez un mutant perte de fonction
d’A. thaliana pour le géne FPS1. Nous avons initié I’édition du géne FPS1 et des trois autres
genes de la famille des FPS chez O. sativa et O. glaberrima par CRISPR-Cas9. Nous
ambitionnons de continuer la caractérisation des QTL contr6lant la vigueur précoce et
I'efficience de la transpiration avec I'objectif de (i) valider la fonction du géne FPS1 dans le
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Figure 27 : Rble potentiel du gene FPS1 dans le contrOle de la vigueur précoce et de |'efficience
de la transpiration. A: L'approche GWAS a permis d’identifier plusieurs SNPs significatifs
localisés dans des régions régulatrices du promoteur de FPS1. B: L'expression de FPS1 est
significativement plus élevée dans les feuilles a 3 jours aprés semis chez 6 génotypes de
I’haplotype 2 montrant une plus forte vigueur précoce. C: Des plantes mutantes pertes de
fonction pour le geéne FPS1 chez A. thaliana montrent un défaut de biomasse aérienne a 48
jours apres semis. D: Modele d’action hypothétique de FPS1 en interaction avec des
aquaporines PIP situées dans le QTL sur le chromosome 7 pour le contréle de la vigueur
précoce et de |'efficience de la transpiration. Source : Gagnon Penassou.



contréle de la vigueur précoce et de I'efficience de la transpiration chez A. thaliana et le riz,
(ii) de mieux comprendre les liens entre la vigueur et hydraulique de la plante et les effets
sur l'efficience de la transpiration, et (iii) d’étudier leurs effets sur "amélioration de la
compétitivité du riz, de son efficience de la transpiration et des rendements en grain en
condition de culture aérobie. Un projet qui permettra de financer une partie de ces travaux
a été déposé a I’ANR (Porteur : Anja Krieger-Liszkay).

Validation du géne FPS1 dans le contréle de la vigueur précoce et de l'efficience de la

transpiration - lien avec la biosynthése de plastoqguinones et autres dérivés d’isoprénoides

Des mutants pour le gene fpsl seront produits dans un fond génétique O. sativa et O.
glaberrima afin de valider sa fonction chez les deux especes. Chez A. thaliana, un certain
degré de redondance a pu étre observé entre les deux genes appartenant a la famille des FPS
(Manzano et al., 2016). Nous réaliserons des mutants multiples des 4 génes présents chez O.
sativa et O. glaberrima a travers une approche CRISPR-Cas9. Nous tenterons également de
complémenter le phénotype observé chez le mutant fps1 d’A. thaliana par I’expression, chez
ce mutant, du gene FPS1 de riz. Les mutants fps d’A. thaliana et de riz seront étudiés pour
leur vigueur précoce, leur architecture racinaire et leur efficience de la transpiration. Le
fonctionnement de I"appareil photosynthétique, les quantités de plastoquinone, de certaines
hormones, d’apocaroténoides et d’especes réactives de I'oxygeéne seront mesurés dans les
feuilles et les racines chez ces mutants en comparaison avec des plantes sauvages.
L'expression des genes par séquencage des ARN sera étudiée chez les mutants et les plantes
sauvages dans les feuilles et les racines afin d’identifier les principaux réseaux de genes mis
en jeu. Nous étudierons I'existence de signaux aériens liés a FPS1 qui contrdleraient la
croissance racinaire. Pour cela, des greffes de parties aériennes de plantes mutantes d’A.
thaliana, et potentiellement de riz, seront réalisées sur des systémes racinaires sauvages, et
vice versa. Ces approches ont été proposées dans le projet ANR soumis.

Réle des aquaporines PIP en interaction avec le géne FPS1 pour le contréle de la vigueur et de

’efficience de la transpiration

Le QTL contrélant la vigueur précoce et I'efficience d’utilisation de I'eau situé sur le
chromosome 7 contient quatre genes d’aquaporine PIP dont certaines sont fortement
exprimées dans les racines. Nous avons observé que les plantes a forte vigueur présentent
une restriction de la transpiration en réponse a la demande évaporative. Cela suggere des
limitations hydrauliques au niveau racinaire ou I'offre ne serait plus capable de maintenir la
demande lors de I'augmentation de la demande évaporative. Ces mécanismes pourraient étre
liés a des déséquilibres de surfaces racines/feuilles (Affortit et al., 2022). Au-dela des surfaces,
les aquaporines pourraient également participer a ces limitations hydrauliques dans les
racines. Afin de tester cette hypothese, différentes combinaisons de mutants pertes de
fonction pour les genes PIP présents dans le QTL sur le chromosome 7 seront produits.
L’aquaporine PIP la plus exprimée sera également sur-exprimée dans la racine grace a un
promoteur racine spécifique (proR) chez une variété possédant des versions alléliques
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associées a une plus forte biomasse et efficience d’utilisation de I'’eau. Ces mutants et
surexpresseurs seront cultivés, avec les plantes sauvages correspondantes, sur une
plateforme lysimétrique a I'IRD pour la mesure de la réponse de la transpiration a la demande
évaporative et I'efficience d’utilisation de I'eau. Des altérations dans ces phénotypes chez les
mutants pip et proR:PIP permettront de valider la fonction de ces aquaporines dans le QTL et
précisera leurs roles dans le contrdle de I’hydraulique de la plante entiere. Il s’avere que ce
QTL sur le chromosome 7 est en interaction avec le QTL contenant le gene FPS1 sur le
chromosome 5. Le gene FPS1 pourrait ainsi, a travers son role dans la biosynthése des
isoprénoides et molécules dérivées (dont I’acide abscissique), influencer I’hydraulique dans
les racines a travers la régulation de I’expression et/ou la fonction des aquaporines. Si le réle
des PIP est confirmé, nous étudierons les interactions possibles entre la fonction de FPS1 et
des PIP. Chez des mutants fps1, la dynamique d’expression des PIP sera étudiée au cours de
I"augmentation de la demande évaporative sur une journée. Ces mutants seront cultivés en
pot a pression pour la mesure de la conductivité hydraulique racinaire et la contribution des
aquaporines sous différentes conditions de demande évaporative. Les résultats de I'approche
précédente concernant le dosage des dérivés d’isopréniodes renseigneront sur les voies de
régulation des aquaporines via FPS1 qui pourraient étre mises en jeu. D’autres mutants
impliqués dans ces voies de signalisation pourront alors étre testés pour affiner la
compréhension de la signalisation mise en jeu (mutants de biosynthése ou signalisation ABA
par exemple). De plus, si I'hypothese de signalisation longue distance est confirmée, des
expériences de greffes entre mutants fps1 et pip pourront étre réalisées chez A. thaliana. Ce
travail sera initié dans le cadre de la these de Gagnon Penassou.

Impact des QTL de vigueur précoce et d’efficience de la transpiration sur I'adaptation du riz a

la culture en condition aérobie

Des lignées portant des versions alléliques fortes des QTL d’O. glaberrima pour la vigueur
précoce et I'efficience de la transpiration dans un fond génétique O. sativa (Chromosome
Segment Substitution Lines, CSSL) sont disponibles a I'IRRI. De plus, nous avons initié des
croisements entre haplotypes forts et faibles d’O. glaberrima pour les deux QTL identifiés qui
serviront pour la génération de lignées recombinantes contenant différentes combinaisons
des QTL d’intérét. La performance de ces lignées sera étudiée au champ en condition aérobie
et de stress hydrique en comparaison avec des lignées issues des programmes de sélection
de I'IRRI et de I’AfricaRice pour le semis direct et la culture en condition aérobie. Cela
permettra d’évaluer I'intérét de ces QTL pour la sélection. Ce travail sera initié dans le cadre
de la these de Gagnon Penassou.

Résultats attendus
- Validation des génes FPS1 et PIP dans le controle de la vigueur précoce et de
I"efficience de la transpiration chez le riz
- Identification des mécanismes de coordination entre croissance et hydraulique pour
le contréle de de I'efficience de la transpiration
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- Validation de I'effet des QTL/génes sur I'amélioration des rendements du riz en
condition aérobie

5.2 Axe 2 : Contribution a ’'amélioration de la tolérance au stress
hydrique végétatif chez le mil

Le projet Anatomics avait pour but d’identifier des traits racinaires anatomiques associés a la
tolérance au stress hydrique végétatif chez le mil et les déterminants génétiques qui les
contrblent. Ce projet a été réalisé en collaboration avec Malcolm Bennett, Darren Wells et
Jonathan Atkinson a I’Université de Nottingham ; Awa Faye, Ndjido Kane et Bassirou Sine a
I'ISRA ; et Laurent Laplaze et Vincent Vadez (Equipe CERES, UMR DIADE) ; et Philippe Cubry
(Equipe Dynadiv, UMR DIADE). Nous avons acquis au cours de ce projet un large jeu de
données multi-phénotypique et pluriannuel collecté au champ sur un panel de diversité du
mil. Le projet ANR JCIC PlastiMil que je coordonne se base sur les données issues du projet
Anatomics pour étudier les déterminants génétiques contrélant la plasticité adaptative en
réponse au stress hydrique. L’étude des traits anatomiques en lien avec la tolérance au stress
hydrique est prise en charge par Pablo Affortit, étudiant en these financé par une bouse du
Ministere de I’'Enseignement et de la Recherche. Le réle des traits racinaires dans la nutrition
minérale fait I'objet de la theése de Princia Nakombo-Gbassault, étudiante en thése financée
par I'IRD et '’Ambassade de France en République Centrafricaine. L'identification de traits
plastiques adaptatifs est portée par Sébastian A. Jimenez, post-doctorant financé par le projet
PlastiMil.

Une corrélation positive entre le maintien du rendement sous stress hydrique végétatif et la
surface des vaisseaux du xyleme a été mise en évidence dans ce jeu de données. Des résultats
préliminaires obtenus par Pablo Affortit suggerent que des plantes avec des surfaces de
vaisseaux du xyleme plus grandes seraient capables d’extraire de fagon plus efficace I'eau et
de maintenir la transpiration plus longtemps au cours de I'asséchement du sol. La surface
racinaire et la surface foliaire pourraient co-varier avec la surface des vaisseaux du xyleme
formant un assemblage bénéfique pour I’extraction et I'utilisation de I’eau. Cette stratégie
« dépensiere » en eau se traduirait également par un retour plus rapide a une croissance
optimale apres re-irrigation du sol. Par ailleurs, I'’étude de la réponse de la surface des
vaisseaux du xyleme au stress hydrique montre que ce trait est plastique et que cette
plasticité est dépendante du génotype. En effet, I'interaction G x E contribue de maniere
significative a la variance de ce trait. Nous avons émis I’"hypothése qu’une augmentation de
la taille des vaisseaux du xyleme pourrait constituer une réponse adaptative au stress
hydrique végétatif chez le mil. Sébastian Jimenez a utilisé plusieurs méthodes afin de mesurer
des indices de plasticité. Il utilise une procédure mise en place Mélisande Blein-Nicolas,
Renaud Rincent et Yacine Djabali (UMR GQE) pour étudier dans quelle mesure ces indices
permettent l'identification par GWAS de marqueurs capturant la variance expliquée par
I'interaction G x E (Djabali et al., 2023). Des premiéres analyses suggérent que la régulation
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Figure 28 : Effets de la surface des vaisseaux du xyléme sur la tolérance au stress hydrique
végétatif chez le mil. A: Interactions possibles entre surface des vaisseaux du xyléeme et autres
traits d’architecture racinaire et de la canopée pour le contréle de I'utilisation de I'eau et du
maintien du rendement. B: Modele du contrdle génétique de la surface des vaisseaux du
xyleme et de sa plasticité.



génétique de la surface des vaisseaux du xyleme dans une condition donnée serait
partiellement indépendante de celle de sa plasticité (Figure 25). Le changement d’état de la
surface des vaisseaux du xyleme en réponse au stress hydrique serait donc sous contrdle
génétique propre.

Nous continuerons, dans le cadre du projet PlastiMil et des collaborations existantes, a
caractériser le réle des vaisseaux du xyleme et de sa plasticité dans I’"hydraulique chez le mil
et I'effet sur sa tolérance face au stress hydrique (Figure 28). Nous avons ainsi pour objectifs
(i) d’identifier des assemblages de traits propices a I’extraction d’eau pour la tolérance du
mil a un stress hydrique végétatif, (ii) définir la plasticité de la surface des vaisseaux du
xyléme en réponse a différents types de stress hydrique et les conditions ou cette plasticité
aurait un effet adaptatif et (iii) d’identifier des QTL/génes contrdlant la surface des
vaisseaux du xyléme et sa plasticité en réponse au stress hydrique.

Assemblage de traits pour le maintien du continuum hydraulique sous stress hydrique

La surface des vaisseaux du xyleme augmente la conductance hydraulique axiale dans la
racine. L'augmentation de la taille des vaisseaux du xyleme augmente aussi la vulnérabilité de
ces derniers en condition de stress et peut causer des dommages hydriques pour la plante
(Sun et al., 2021). La vulnérabilité des vaisseaux du xyleme dépendrait des capacités
d’acquisition et de transport radial d’eau d’une part et de la demande évaporative d’autre
part. L'effet bénéfique des vaisseaux du xyleme sur la tolérance au stress hydrique végétatif
dépendrait ainsi d’'un assemblage de traits qui contribuerait au maintien du continuum
hydraulique. Nous émettons I'hypothese que cela passerait par des mécanismes de
compensations liés soit a une augmentation des capacités d’absorption et/ou de la
conductance radiale, soit a une diminution de la transpiration par la diminution de la surface
foliaire et/ou de la conductance stomatique. Le sous-panel de lignées contrastées pour la
surface des vaisseaux du xyleme sera cultivé dans un systeme de rhizotrons en condition
irriguée et de stress hydrique. Ce systeme permettra de suivre le développement racinaire et
de mesurer les traits architecturaux comme la longueur et la densité des racines latérales avec
précision. Ces lignées seront également cultivées dans des pots a pression en condition
irriguée et de stress hydrique. Cela permettra la mesure a différentes heures de la journée de
la conductivité hydraulique racinaire. Ces mesures seront réalisées en présence ou non d’un
inhibiteur d’aquaporines afin d’étudier leur contribution aux flux d’eau. Ces lignées seront
enfin cultivées sur la plateforme lysimétrique de I'IRD en condition irriguée et de stress
hydrique. Dans cette expérience, la surface foliaire et la réponse de la transpiration a
I"augmentation de la demande évaporative seront étudiées. Toutes ces données seront mises
enrelation avec la surface des vaisseaux du xyleme et permettront d’identifier les co-variables
associées a I'effet bénéfique de ce trait sur les capacités d’extraction d’eau de la plante. Ce
travail initié au cours de la these de Pablo Affortit sera poursuivi par un stage de Master.

Caractérisation de la plasticité des vaisseaux du xyleme en réponse au stress hydrique
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La réponse plastique de la surface des vaisseaux du xyleme observée au champ en condition
de stress hydrique végétatif parait adaptative. Cette réponse pourrait néanmoins étre non
bénéfique dans d’autres conditions. Ainsi, il parait important de mieux caractériser cette
plasticité, et ces effets associés, en réponse a différent types de stress hydrique. Un sous-
panel composé de lignées avec des surfaces des vaisseaux du xyleme relativement similaires
mais qui contrastent pour sa plasticité sera sélectionné. Ces lignées seront mises en culture
sur la plateforme lysimétrique de I'IRD dans différentes conditions de stress hydrique (faible
asévere). L’humidité du sol sera évaluée par la mesure de la fraction d’eau du sol transpirable
par la plante (Fraction of soil transpirable water, FTSW), i.e. la différence entre la quantité
d’eau maximale que peut contenir un volume de sol et la quantité d’eau restante dans ce
volume de sol que la plante n’est plus capables d’extraire. Des plantes seront mises en culture
dans des pots stabilisés a des FTSW a 100, 80, 60, 40 et 20 % pendant 4 semaines. La surface
des vaisseaux du xyléme des racines coronaires développées sur chaque nceuds sera mesurée
a la base de la tige. La comparaison de la surface des vaisseaux du xyleme entre nceuds et
conditions de stress hydrique permettra de préciser la réponse plastique. La comparaison des
taux de transpiration et des biomasses entre génotypes en lien avec la surface des vaisseaux
du xyleme, et leur plasticité, permettra d’étudier le réle adaptatif de ces derniers dans les
capacités d’extraction d’eau. Cette approche est financée par le projet PlastiMil. Nous avons
déposé un projet pour I'obtention d’une bourse Raman-Charpak qui permettrait d’accueillir
pendant 6 mois un étudiant indien, Vinay Sharma (ICRISAT), pour réaliser ce travail.

Contréle génétigue de la surface des vaisseaux du xyléme et de leur plasticité

L’étude de la plasticité racinaire permettra de mieux définir les contrastes entre génotypes et
racines sur différents nceuds pour la réponse plastique. Trois lignées avec des réponses
plastiques contrastées seront sélectionnées: pas de plasticité, une réponse plastique
adaptative (augmentation de la surface des vaisseaux du xyleme a priori) et une plasticité
mal-adaptive (réduction de la surface des vaisseaux du xyléme a priori). Ces lignées seront
cultivées en condition irriguée et dans deux conditions de FTSW induisant une réponse
plastique modérée et forte. Les apex de la racine considérée seront prélevées au cours des
premiers stades de son développement qui correspondent a la mise en place de la vasculature
dans la stéle. L’échantillonnage consistera a prélever les racines dés apparition des premiers
poils absorbants (zone de division + zone d’élongation). L'expression totale des genes dans
ces racines sera étudiée par séquengage des ARN. La comparaison de |’expression des genes
entre la condition irriguée et de stress hydrique permettra de sélectionner des génes qui
répondent au stress hydrique. La comparaison de |'expression des genes entre lignées
plastiques et non plastique permettra d’identifier des genes spécifiquement impliqués dans
la réponse plastique. Cette approche est financée par le projet PlastiMil.

Dans le panel entier, différentes approches seront utilisées pour identifier des régions du

génome associées a la plasticité des vaisseaux du xyleme par GWAS. Les moyennes de la
surface du xyleme en condition irriguée et stress hydrique serviront pour des approches
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utilisant un modele mixte multivarié (Boer et al., 2007; Korte et al., 2012), et des modeéles de
méta-analyse (Walsche et al., 2023) en collaboration avec Vincent Ségura (UMR AGAPi). Les
indices de plasticité serviront pour des analyses GWAS (simple et multi-locus ; Segura et al.,
2012). Les associations obtenues pour les différents modeles et les différentes variables
utilisées (moyennes ou indices de plasticité) seront comparées. Des associations retrouvées
entre modeles et capturant une importante part de la variance expliquée par I'interaction G
x E seront sélectionnées. Dans ces régions, nous chercherons a identifier des genes
potentiellement impliqués dans la réponse plastique identifiés par séquencage des ARN. Ce
travail a été initié par Pablo Affortit et Sebastian Arenas et sera poursuivi par un étudiant de
Master. Une approche d’identification de genes candidat a travers [l'utilisation de
I'intelligence artificielle pour une exploration en profondeur des connaissances présentes
dans la littérature (articles scientifiques, bases de données publiques...) sera mise en ceuvre
en collaboration avec Pierre Larmande (équipe CERES, UMR DIADE) dans le cadre du projet
ANR DIG-AI (Porteur : P. Larmande).

Afin de valider les QTL identifiées par GWAS, nous produirons des populations biparentales
BC2F4 par des croisements réalisés entre lignées contrastées pour la surface des vaisseaux du
xyleme d’une part et pour leur plasticité d’autre part. Ces lignées recombinantes seront
séquencées et des analyses QTL seront réalisées. Des lignées recombinantes dans la région
du QTL ayant |'effet le plus fort seront identifiées et mises en culture au champ afin de valider
I’effet adaptatif du QTL pour la tolérance au stress hydrique végétatif. Ces croisements
pourront étre réalisés en collaboration avec des sélectionneurs mil de I'ISRA ou de I'ICRISAT
qui interviennent dans le projet PlastiMil.

Les genes candidats potentiellement impliqués dans le contréle de la surface des vaisseaux
du xyleme et leur plasticité feront I'objet d’une validation fonctionnelle. Nous n’avons pas
réussi a mettre en place un protocole de transformation chez le mil. A défaut, des orthologues
de ces genes seront identifiés chez A. thaliana et O. sativa et leur analyse fonctionnelle sera
réalisée. Si des mutants pour ces genes ne sont pas déja disponibles, ils seront produits par
édition du genome a I'aide de CRISPR-Cas9. Nous pourrons envisager de surexprimer de
maniere hétérologue les genes candidats de mil contrdlant la plasticité chez A. thaliana et O.
sativa afin d’étudier si cela induit ou altére une réponse plastique de la surface des vaisseaux
du xyleme. Ces approches de validation fonctionnelle sont en partie financées par le projet
PlastiMil mais nécessiteront sur le long terme une recherche de nouveaux financements.

Résultats attendus
- Caractérisation des interactions hydrauliques entre vaisseaux du xyleme et autres
traits d’architecture et fonctionnels racinaire et aérien
- Norme de réaction pour la plasticité des vaisseaux du xyleme en réponse au stress
hydrique
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- Identification de QTL/génes controlant la surface des vaisseaux du xyléme et leur
plasticité adaptative en réponse au stress hydrique végétatif chez le mil

5.3 Axe 3 : Développement des capacités de phénotypage et de
modélisation pour soutenir la sélection

Le phénotypage de plantes de fagon simple, précise et rapide est fondamental pour la
sélection. Les traits mécanistiques associés aux processus hydrauliques représentent une
cible de choix pour la sélection de plante plus tolérantes au stress hydrique. Mieux
comprendre ces traits passe par la prise en compte des différents assemblages de trait a
I’échelle de la plante entiere. Pourtant, les méthodes permettant de suivre ces traits et les
processus hydrauliques associés sont souvent peu révélatrices de la vraie vie de la plante et
ne sont pas adaptées au haut-débit. Les lysimeétres représentent un bon moyen de mesurer
des processus hydrauliques de facon non destructive a I'échelle de la plante entiére. Certaines
plateformes de phénotypage permettent de suivre de fagon simultanée la perte en eau et la
dynamique de croissance de la canopée de plantes cultivées en pot dans des conditions
proches de celles du champ (Vadez et al., 2015). Les mesures racinaires sont néanmoins
difficiles a mettre en ceuvre dans ces systemes de culture. On peut également se demander
I’effet que peut avoir ces pots sur le développement racinaire. De fait, il n’existe a ce jour
aucune méthode permettant de phénotyper a haut-débit et de fagon simultanée et robuste
les traits mécanistiques racinaires, aériens et leurs effets sur les processus hydrauliques a
I’échelle de la plante entiere. Ainsi, le phénotypage de traits mécanistiques et fonctionnels
constitue un frein pour I’'analyse de la diversité, les approches génétiques et la sélection.

Les avancées technologiques permettront sans doute un jour de mesurer I’ensemble des
traits d’une plante et les processus hydrauliques associés in naturae. En attendant, il existe
des modeles de culture permettant de simuler des plantes entieres mais qui prennent peu en
compte la structure et le fonctionnement racinaire. Il existe également des modeles
structure-fonction de la racine mais qui prennent peu en compte la structure de la canopée
et le fonctionnement aérien. Combiner des modeles de culture avec des modeles structure-
fonction racinaire permettrait d’améliorer les capacités de prédiction des fonctions
hydrauliques a I’échelle de la plante entiere, de mieux comprendre les assemblages de traits
fonctionnant en synergie et d’élaborer des idéotypes. Coupler ces modeles a des modeles
génétiques permettrait de prédire des phénotypes de plante et les fonctions associées pour
I’hydraulique en fonction de leur génotype, donc de génotyper plutét que de phénotyper (a
condition de bien caractériser I’environnement sol et atmosphére). Cela permettrait aux
sélectionneurs de développer in silico des schémas de sélection pour une meilleure
combinaison d’allele dans un environnement donné.

Le développement de modeles de culture prenant mieux en compte les traits mécanistiques
racinaires nécessite des méthodes de phénotypage permettant de mesurer les systéemes
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Figure 29 : Phénotypage de I’"hydraulique des plantes en lien avec I’acquisition de I'eau par les
racines et I'utilisation de I"’eau par les parties aériennes en condition semi-agronomique. A:
Plateforme LeasyScan a I'ICRISAT. Les plantes sont cultivées dans des pots sur des balances.
Des scanners 3D permettent d’imager les parties aériennes. Issue de Vadez et al., 2015 (Figure
2). B: Un nouveau dispositif consisterait a utiliser, a la place des pots, des conteneurs
représentant des parcelles. Ces derniers seraient toujours placés sur des balances. Certains
conteneurs seraient manufacturés de facon a pouvoir réaliser des tranchées de sol pour le
comptage d’impacts racinaires. C: D’autres conteneurs seraient équipés de sondes pour la
mesure de la résistance électrique du sol.



racinaires, leur plasticité et leur fonctionnement hydrique en lien avec les parties aériennes
et I’"hydraulique de la plante entiére. Ces méthodes n’ont pas vocation a étre haut-débit.
Combiner des méthodes existantes pourrait étre envisagé (Figure 28). Par exemple, les pots
des lysimetres pourraient étre remplacés par des conteneurs représentant des parcelles
placées sur des balances, ou il serait possible de suivre la capture d’eau du sol par les racines
a I'aide de sonde électrique (Bacher et al., 2023). Un systéme de découpe du sol dans les
conteneurs pourrait permettre de compter des impacts afin de mesurer la profondeur et la
densité racinaire (Faye et al., 2019). Le déplacement des conteneurs dans une chambre noire
pourrait méme permettre le comptage automatisé des impacts par spectroscopie a
fluorescence (Wasson et al., 2016). L'implémentation de la tomographie a ablation laser
permettrait d’étudier en quasi-simultanée I'anatomie de ces racines (Strock et al., 2019). En
paralléle, des scanners seraient capables de se déplacer dans et au-dessus de la canopée pour
suivre le développement des parties aériennes par I'imagerie 3D (Vadez et al., 2015).

Le développement des modeles génétiques nécessite le phénotypage haut-débit des traits
racinaires utilisés en modélisation et de leur plasticité en réponse a I’environnement hydrique
et en interaction ou non avec le génotype. Des méthodes de phénotypage permettant de
mesurer une partie de ces traits au champ dans différentes conditions hydriques existent.
Pour d’autres traits, ils seront mesurés sur des plateformes et la validité des mesures au
champ pourra étre vérifiée dans des panels plus restreints. Des approches de génétique
permettront de définir les alleles contrélant ces traits et leur plasticité afin de prendre en
compte les interactions avec I’environnement. Cela fait I'objet des activités développées dans
I’Axe 1 et 2 de ce projet. J’ambitionne de contribuer au développement de ces capacités de
phénotypage permettant d’ouvrir la voie vers I'amélioration des modeles de culture pour une
meilleure prise en compte de la fonction des racines dans I’hydraulique a I'échelle de la plante
entiere. Le développement des capacités de phénotypage proposé dans cet Axe 3 pourrait
étre réalisé en collaboration avec I'ISRA au Sénégal. Ce projet n’est pas financé mais pourra
étre proposé, en collaboration avec des modélisateurs, généticiens et sélectionneurs, dans le
cadre d’appels a projets Européen ou via d’autres bailleurs.

5.4 Conclusion

Ce projet propose de continuer I'identification et la caractérisation de traits bénéfiques pour
I’adaptation de la culture du riz et du mil a la raréfaction de la ressource en eau. Il repose sur
une vision du fonctionnement hydraulique des plantes basée sur des équilibres entre offre
par les racines et demande par les parties aériennes. Il propose de mieux comprendre les
traits importants pour la régulation de cette équilibre afin de définir les meilleures stratégies
de gestion de la ressource en eau par la plante dans différents environnements de stress. Les
activités proposées sont en partie financées sur le court terme et des projets ont été soumis
ou sont en cours de construction pour le financement sur le plus long terme.
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Ce travail a une visée appliquée. Il s’efforce de considérer les processus hydrauliques dans le
fonctionnement de la plante entiere dans un environnement proche des conditions
agronomiques. |l utilise des approches de phénotypage, de physiologie et de modélisation
pour étudier la variabilité et identifier des traits bénéfiques pour la régulation des équilibres
hydriques. Il comprend également une part génétique importante qui a pour but de mieux
caractériser les QTL identifiés. Ces approches ont néanmoins vocation a étre encore affinées,
sur les méthodes de phénotypage (Axe 3) mis en ceuvre ou sur le matériel génétique utilisé.
Ces dernieres dépendent néanmoins des ressources disponibles chez les espéces étudiées. Le
mil reste une espece orpheline. Un nouveau projet financé par I’ANR et porté par Laurent
Laplaze (SorDrought) propose de mobiliser de nouveaux traits physiologiques pour
I’amélioration de la tolérance au stress hydrique terminal chez le sorgho. Ce projet, auquel je
participe, sera réalisé en collaboration avec I'UMR AGAP Institut (AGAPi; David Pot),
I"ISRA/CERAAS (Bassirou Sine et Cyril Diatta), 'UMR BioGeCo (Sylvain Delzon) et deux
compagnies privées (Patrice Jeanson a Eurosorgho et Philippe Dufour a RAGT2n). Il propose
d’utiliser des populations de type Backcross Nested Association Mapping (BCNAM) de sorgho
qui permettent I'identification de QTL et I’étude de traits associés dans un fond génétique
homogene et élite. Le projet propose également la validation de génes candidats associés aux
QTL identifiés chez le sorgho, cette espece étant relativement peu récalcitrante a la
transformation in vitro.

Au final ce projet multi-espece et pluridisciplinaire est ambitieux mais possible grace a un
travail collaboratif au sein de I'équipe CERES d’abord, au sein de I'lUMR DIADE ensuite, et
grace aux nombreux liens scientifiques fructueux établis en France et a I’étranger. En
particulier, nos collaborations avec I'lSRA/CERAAS au Sénégal et I’AGI au Vietnam nous donne
acces a des terrains d’études privilégiés ou les enjeux pour I'agriculture sont majeurs et les
possibilités d’impacts multiples. Dans les années a venir, j'envisage une nouvelle période
d’expatriation dont les contours restent encore a étre définis en équipe.
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7. Annexes

Annexe 1. Grondin A., Rodrigues O., Verdoucq L., Merlot S., Leonhardt N. & Maurel C.
(2015) Aquaporins contribute to ABA-triggered stomatal closure through OST1-mediated
phosphorylation. Plant Cell 27.

Cette publication résume mon travail de these. Elle est la premiere a avoir mis en évidence
un role pour les aquaporines dans le fonctionnement stomatique chez A. thaliana.

Annexe 2. Grondin A., Mauleon R., Vadez V. & Henry A. (2016) Root aquaporins contribute
to whole plant water fluxes under drought stress in rice (Oryza sativa L.). Plant, Cell and
Environment 39, 347-65.

Cette publication est la premiére dans laquelle j’ai commencé a m’intéresser aux processus
hydraulique a I’échelle de la plante entiere. Ce travail réalisé a I'IRRI montre la contribution
des aquaporines racinaires pour le maintien de la transpiration en condition de stress
hydrique chez le riz.

Annexe 3. Campbell M.T., Grondin A., Walia H. & Morota G. (2020) Leveraging genome-
enabled growth models to study shoot growth responses to water deficit in rice. Journal of
Experimental Botany 71, 5669-5679.

Ce travail réalisé a I'Université du Nebraska-Lincoln sur le riz m’a permis de me familiariser
avec le phénotypage haut-débit en plateforme, la génétique d’association et la modélisation.
Il montre une grande diversité dans la réduction de la croissance aérienne en réponse au
stress hydrique chez le riz.

Annexe 4. Affortit P., Effa-Effa B., Ndoye M.S., Moukouanga D., Luchaire N., Cabrera-Bosquet
L., ... Grondin A.* (2022) Physiological and genetic control of transpiration efficiency in African
rice, Oryza glaberrima Steud. Journal of Experimental Botany 73, 5279-5293.

Cette publication résulte d’un premier travail que j’ai porté en tant que chercheur IRD avec
I'encadrement de deux étudiants en thése et Master, et ou je suis auteur pour
correspondance. Elle suggere des mécanismes de régulation de la vigueur et de I'efficience
de la transpiration originaux chez O. glaberrima.

Annexe5. Fuente C. de la, Grondin A., Sine B., Debieu M., Belin C., Hajjarpoor A., ... Laplaze L.
(2023) Glutaredoxin regulation of primary root growth confers early drought stress tolerance
in pearl millet. eLife 12:RP86169.

Cette publication résulte d’un travail effectué lors de mon expatriation au Sénégal en
collaboration avec des collégues de I'ISRA-CERAAS et des sélectionneurs de I'ICRISAT, entre
autres. Elle propose le réle d’un gene pour de la tolérance au stress hydrique de début de
cycle chez le mil.
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Aquaporins Contribute to ABA-Triggered Stomatal Closure
through OST1-Mediated Phosphorylation
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Stomatal movements in response to environmental stimuli critically control the plant water status. Although these movements are
governed by osmotically driven changes in guard cell volume, the role of membrane water channels (aquaporins) has remained
hypothetical. Assays in epidermal peels showed that knockout Arabidopsis thaliana plants lacking the Plasma membrane Intrinsic
Protein 2;1 (PIP2;1) aquaporin have a defect in stomatal closure, specifically in response to abscisic acid (ABA). ABA induced a
2-fold increase in osmotic water permeability (P) of guard cell protoplasts and an accumulation of reactive oxygen species in
guard cells, which were both abrogated in pip2;1 plants. Open stomata 1 (OST1)/Snf1-related protein kinase 2.6 (SnRK2.6),
a protein kinase involved in guard cell ABA signaling, was able to phosphorylate a cytosolic PIP2;1 peptide at Ser-121. OST1
enhanced PIP2;1 water transport activity when coexpressed in Xenopus laevis oocytes. Upon expression in pip2;1 plants,
a phosphomimetic form (Ser121Asp) but not a phosphodeficient form (Ser121Ala) of PIP2;1 constitutively enhanced the P; of
guard cell protoplasts while suppressing its ABA-dependent activation and was able to restore ABA-dependent stomatal closure
in pip2;1. This work supports a model whereby ABA-triggered stomatal closure requires an increase in guard cell permeability to

water and possibly hydrogen peroxide, through OST1-dependent phosphorylation of PIP2;1 at Ser-121.

INTRODUCTION

The stomata, microscopic pores delineated by two guard cells in
the shoot epidermis of plants, play a central role in plant water
homeostasis. Their opening and closing determine the rate of
transpiration and plant water loss. These movements result
themselves from osmotically induced water flow and reversible
turgor fluctuations in guard cells due to variations in intracellular
solute concentration. Stomatal movements can be triggered by
numerous environmental or hormonal factors. Among these, air
humidity or the drought-induced hormone abscisic acid (ABA)
are directly connected to the plant water status. The molecular
and cellular mechanisms involved in stomatal movements have
been particularly well characterized in the context of ABA-induced
stomatal closure. ABA was shown to bind to RCAR/PYR/PYL
receptors to capture protein phosphatases 2C such as ABA IN-
SENSITIVET, thereby releasing the inhibition of the Snf1-related
protein kinase 2.6 (SnRK2.6), also named Open stomata 1 (OST1)
(Joshi-Saha et al., 2011). This in turn activates various membrane
targets, including the NADPH oxidases RbohF and RbohD (Kwak
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et al., 2003; Sirichandra et al., 2009), vacuolar anion exchanger
CLCa (Wege et al., 2014), plasma membrane anion efflux chan-
nels Slow anion channel 1 (SLAC1) and SLAC1-homolog proteins
1 and 3 (SLAH1 and SLAHS3) (Geiger et al., 2009; Lee et al., 2009;
Brandt et al., 2012), and, as a consequence, outward rectifying
potassium (K*) channels such as Gated outwardly rectifying K+
channel (GORK; Hosy et al., 2003). ABA concomitantly inhibits
inward rectifying K+ channels (Sato et al., 2009). ABA signaling is
mediated through several secondary messengers, including cy-
tosolic calcium and reactive oxygen species (ROS) (Wang and
Song, 2008; Kim et al., 2010). It involves in particular H,O, pro-
duced through the combined effects of RbohF and RbohD and
apoplastic superoxide dismutase (Kwak et al., 2003). In contrast
to stomatal closure, stomatal opening as induced by light is
largely due to activation of plasma membrane H*-ATPase, leading
to membrane hyperpolarization and electrophoretic loading of K*
through activation of inward rectifying K+ channels. Surprisingly,
the mechanisms of membrane water transport during stomatal
movement have remained hypothetical.

During stimulus-induced stomatal movements, guard cells can
adjust their volume by up to 40% in a few tens of minutes (Franks
et al., 2001), with concomitant reshuffling of their vacuolar appa-
ratus. However, it has remained unclear whether the accompa-
nying water flow across the guard cell plasma membrane and
tonoplast can simply be mediated by the lipid phase of mem-
branes or whether aquaporins, channel proteins that facilitate
transmembrane water transport, are involved. In fact, information
on aquaporin expression in guard cells has remained scarce

10f10


http://orcid.org/0000-0001-6726-6274
http://orcid.org/0000-0001-6726-6274
http://orcid.org/0000-0001-6726-6274
http://orcid.org/0000-0001-6726-6274
http://orcid.org/0000-0001-6726-6274
http://orcid.org/0000-0002-5392-9732
http://orcid.org/0000-0002-5392-9732
http://orcid.org/0000-0002-4255-6440
http://orcid.org/0000-0002-4255-6440
http://orcid.org/0000-0002-4255-6440
http://orcid.org/0000-0002-4255-6440
http://orcid.org/0000-0001-6726-6274
http://orcid.org/0000-0002-5392-9732
http://orcid.org/0000-0002-4255-6440
mailto:maurel@supagro.inra.fr
http://www.plantcell.org
mailto:maurel@supagro.inra.fr
http://www.plantcell.org/cgi/doi/10.1105/tpc.15.00421

20f10 The Plant Cell

(Sarda et al., 1997; Sun et al., 2001; Fraysse et al., 2005; Shope
and Mott, 2006; Yang et al., 2006; Heinen et al., 2014). Plasma
membrane intrinsic proteins (PIPs) represent the most abundant
aquaporins in the plant plasma membrane (Santoni et al., 2003),
and transcriptome analysis indicated expression of 8 and 12 PIP
isoforms in stomata of Arabidopsis thaliana and stomatal com-
plexes of maize (Zea mays), respectively (Leonhardt et al., 2004;
Heinen et al., 2014). In the latter material, expression of most PIP
genes was higher during the day than at night (Heinen et al., 2014).
In sunflower (Helianthus annuus) guard cells, expression of vacu-
olar aquaporin SunTIP7 also showed diurnal variations, with an
expression peak in phase with stomatal closure (Sarda et al.,
1997).

A direct link between aquaporin function and guard cell move-
ment is still lacking. Effects of membrane trafficking inhibitors on
guard cell hydraulic conductivity suggested a role for proteins
(aquaporins) in membrane water transport (Shope and Mott, 2006).
The aquaporin blocker mercury (HgCl,) was shown to alter sto-
matal aperture in Vicia faba (Yang et al., 2006), but this effect has
not been reproduced (Shope and Mott, 2006) and can be ques-
tioned because of mercury cellular toxicity. Finally, steady state
changes in stomatal conductance have been reported in plants
with genetically altered aquaporin functions (Hanba et al., 2004;
Flexas et al., 2006; Cui et al., 2008; Sade et al., 2010). Yet, these
changes could reflect a genuine function of aquaporins in stomata
or altered water or CO, transport (Flexas et al., 2006) in other leaf
tissues. In this case, altered leaf hydraulics or carbon fixation can
indeed lead to physiological deregulation of stomata (Pantin et al.,
2013). For instance, altered stomatal conductance in transgenic
Arabidopsis leaves was observed after expression of a tobacco
(Nicotiana tabacum) aquaporin in photosynthetic tissues, but not
when specifically expressed in guard cells (Sade et al., 2014).

In this work, we searched for direct genetic and physiological
evidence for aquaporin function in guard cells. Transgenic Arabi-
dopsis plants with genetically altered PIP aquaporin function and
regulation were investigated with respect to stomatal movements
in isolated epidermis and water transport in guard cell protoplasts.
These and complementary in vitro studies revealed a specific role
of the PIP2;1 isoform in ABA-induced stomatal closure, with a tight
coupling of aquaporin phosphorylation to hormone signaling.

RESULTS

pip2;1 Mutants Show ABA-Specific Defects in
Stomatal Movement

We performed an exploratory screening assay of pip T-DNA in-
sertion mutants using peeled epidermal strips exposed to light
and ABA treatments and identified stomatal response defects in
two allelic pip2;1 plants. PIP2;1, one of the predominant PIPs in
Arabidopsis, is the second most highly expressed member of the
PIP2 subclass in guard cells (Leonhardt et al., 2004). PIP2s usu-
ally exhibit a more robust water transport activity than members
of the PIP1 subclass, when individually expressed in Xenopus
laevis oocytes. Figure 1A shows that Col-0, pip2;1-1, or pip2;1-2
had similar average stomatal apertures when maintained in the
dark. Transfer from darkness to white light (300 w,E m=2 s~7) re-
sulted in stomatal opening with similar kinetics in all genotypes

and a 1.5-pm increment in stomatal aperture after 180 min (Figure
1A). The subsequent addition of 10 wM ABA induced a typical
sharp closure response in Col-0, by >1 wm in 120 min. By con-
trast, stomata of pip2;7-1 and pip2;1-2 showed a very slow initial
closing response and remained open after 180 min. A similar
defect in stomatal closure was also observed in the two mutant
lines at saturating (50 M) ABA concentration (Supplemental
Figure 1). In contrast to pip2;7 mutants, pip2;1-1 plants trans-
formed with the PIP2;1 genomic sequence (pip2;1-1 PIP2;1) had
stomatal responses similar to those of Col-0 (Figure 1A;
Supplemental Figure 1), indicating complementation. To de-
termine the specificity of the ABA phenotype of pip2;1 plants,
we investigated additional treatments acting on stomatal move-
ment. Under dark conditions, exposure of epidermal peels to
the fungal toxin fusicoccin (5 wM) (Supplemental Figure 2) or
to CO, deprivation (Supplemental Figure 3) resulted in stomatal
opening responses, in both Col-0 and pip2;71 plants. Thus, the
latter plants show fully functional stomata for stimulus-induced
opening. Col-0 and pip2;1 epidermal strips also exhibited
a similar stomatal closing response following a transition from

A —eCol0
—— pip2;1-1

—— pip2;1-2
—&— pip2;1-1 PIP2;1

light  light + 10 uM ABA

Stomatal aperture (um)

light  [light+800ppmCO,

Stomatal aperture (um)

1 1 1 1
0 100 200 300 400

Time (min)

Figure 1. Stomatal Response of Col-0, pip2;1, and PIP2;1-Complemented
pip2;1 Plants to Light, ABA, and High CO,.

Peeled epidermal strips from Col-0 (black circles), pip2;7-1 (green
squares), pip2;1-2 (red squares), or pip2;1-1 PIP2;1 (blue triangles) were
maintained in a bathing solution at ambient air and transferred at t = 0
from darkness to light (300 nE m~2 s~1). After 180 min, the bathing so-
lution was equilibrated with 10 uM ABA at ambient air (A) or with air
containing 800 ppm CO, (B). Mean stomatal aperture was measured at
the indicated time points. Averaged data (+sg; n > 60) fromn =1 to 3 (A)
and n = 2 (B) independent experiments, each with ~60 aperture mea-
surements per time point.
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ambient to high (800 ppm) CO, under constant light (Figure 1B),
a transition under constant darkness from air deprived of CO, to
air with ambient CO, (Supplemental Figure 3), or a light-to-dark
transition at ambient CO, (Supplemental Figure 4). The similar
ABA-dependent stomatal defects of two allelic pip2;7 mutants
and the phenotypic complementation of one of these after ex-
pression of a PIP2;1 genomic sequence indicate that PIP2;1
plays a specific role in ABA-induced stomatal closure.

ABA-Dependent Water Permeability of Guard Cell
Protoplasts Is Mediated by PIP2;1

The involvement of aquaporins in ABA-dependent stomatal move-
ment prompted us to investigate the water transport proper-
ties of guard cells and their dependency on ABA. Because
small plant cell types can hardly be accessed in situ for direct
water transport measurements (Postaire et al., 2010; Shatil-
Cohen et al., 2011; Prado et al., 2013), protoplasts were isolated
from guard cells. These protoplasts have lower mean di-
ameter than mesophyll protoplasts (Supplemental Figure 5)
and can easily be distinguished from the former due to their low
plastid content (Supplemental Figure 6). The osmotic water
permeability (Py) of guard cell protoplasts was determined from
the kinetics of cell volume increase in response to a sudden
hypo-osmotic treatment (Figure 2A). Guard cell protoplasts
isolated from Col-0 leaf tissues exposed to light, in conditions
similar to those used for inducing stomatal opening, showed an
average P; of 59.5 * 3.9 pm s~ (*+sg; n = 16) (Figure 2B). When
prepared in the same conditions but further exposed to 10 uM
ABA for 45 to 150 min in the presence of light, Col-0 protoplasts
showed a 2.4-fold increase in P; (145.3 = 7.9 ums~';n = 18). By
comparison, mesophyll protoplasts that were isolated in parallel
from Col-0 plants and were selected for a size comparable to
that of guard cell protoplasts showed an ABA-insensitive P
(Supplemental Figure 6). Guard cell protoplasts isolated from the
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Figure 2. Effects of ABA on Water Permeability of Guard Cell Proto-
plasts from Col-0 and pip2;1 Mutant Plants.

(A) Representative swelling kinetics of individual Col-0 guard cell pro-
toplasts. The initial rate of swelling together with protoplast size allows
determination of P;. The protoplasts were prepared in the presence of
light (open circles: P; = 60 um s~) or light plus 10 wM ABA (closed
circles: P; = 143 pm s~ 7).

(B) Averaged P; (+sk) of protoplasts prepared in the presence of light
(gray bars) or light plus 10 wM ABA (black bars) from the indicated ge-
notype. Data from n = 14 to 19 protoplasts and at least three in-
dependent plant cultures (t test; P < 0.01).
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two pip2;1 alleles in the presence of light and absence of ABA
showed moderate P; values similar to those of their Col-0 coun-
terparts (pip2;1-1, P; = 58.7 = 3.7 pm s~ 1, n = 19; pip2;1-2, P; =
63.6 = 3.3 um s~', n = 14). However, no change in P; was ob-
served after pip2;1 protoplast treatment with ABA.

Our results indicate that PIP2;1 does not significantly contribute
to guard cell water permeability in the absence of ABA but is
necessary for its marked increase in response to the hormone.

ABA-Dependent Accumulation of ROS in Stomata Is
Dependent on PIP2;1

ABA signaling is mediated in part by ROS including H,O, (Kwak
et al., 2003; Wang and Song, 2008). The capacity of PIP2;1 to
transport H,O, after yeast expression (Dynowski et al., 2008)
prompted us to investigate whether ABA-dependent ROS ac-
cumulation in guard cells was altered in pip2;1 plants. The
nonpolar diacetate ester 2',7'-dichlorofluorescin diacetate
(H,DCFDA) penetrates the cells by diffusion and is hydrolyzed into
2'7’'-dichlorodihydrofluorescin (H,DCF), which yields the highly
fluorescent 2’7’ -dichlorofluorescein (DCF) due to intracellular oxi-
dation (Supplemental Figure 7). In agreement with previous studies
(Pei et al., 2000; Zhang et al., 2001; Suhita et al., 2004), exogenous
ABA (50 M) induced a time-dependent increase in DCF fluores-
cence in Col-0 guard cells that reflected an intracellular accumu-
lation of ROS (Figure 3). Guard cells of pip2;1 plants displayed
a similar endogenous DCF oxidizing activity (Supplemental Figure
7) but did not show any ABA-dependent ROS accumulation
(Figure 3). The data indicate that PIP2;1 contributes to ABA-
dependent signaling. These defects may, together with the lack
of ABA-dependent increase in P;, account for the failure of
pip2;1 stomata to close in response to ABA.

Phosphorylation and Activation of PIP2;1 by OST1
Protein Kinase

Short-term (4 h) ABA treatments do not significantly alter PIP2;1
transcript abundance in guard cells (Leonhardt et al., 2004). While
searching for posttranscriptional mechanisms that would mediate
ABA-dependent activation of PIP2;1, we noticed that a putative
phosphorylation site located at Ser-121, on the first cytosolic loop
(B), perfectly conforms to the consensus recognition site of OSTT1,
a protein kinase that plays a crucial role in ABA-dependent guard
cell signaling (Sirichandra et al., 2010). The ability of OST1 to
modify PIP2;1 was investigated in an in vitro phosphorylation as-
say with 32P-labeled ATP, incubating purified protein kinase with
a loop B peptide flanking the putative phosphorylation site
(LARKVS'21LPRA). In this assay, OST1 labeled the PIP2;1 peptide
with an intensity and affinity (K, = 18.6 * 8.1 uM; n = 4) com-
parable to that for a previously described AtrbohF NADPH oxidase
peptide (Sirichandra et al., 2009) (K., = 15.0 = 1.0 pM; n = 4)
(Figure 4A). No radiolabeling was observed when Ser-121 in loop
B was substituted by an Ala residue (S121A) (Figure 4B). We next
used longer PIP2;1 peptides, with 29 residues covering the entire
loop B, and including three Thr or Ser residues in addition to Ser-
121. A peptide containing the wild-type PIP2;1 sequence was la-
beled by OST1 in vitro, with an activity that was 4-fold lower than
in the LARKVS'21LPRA peptide, but with a 10-fold higher affinity
Ky =26 = 0.7 uM; n = 2) (Supplemental Figure 8). In addition,
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Figure 3. ABA-Dependent Accumulation of ROS in Stomata of Col-0
and pip2;1 Mutant Plants.

Peeled epidermal strips from Col-0 (blue circles), pip2;7-1 (green
squares), or pip2;1-2 (red squares) were maintained in a bathing solution
under light for 120 min to induce stomatal aperture. They were then in-
cubated in the presence of 50 nM H,DCFDA for 20 min, and extracellular
H,DCFDA was removed by four successive washings, prior to addition
(t = 0) of 50 uM ABA or an equivalent volume of ethanol (mock). Mean
stomatal DCF fluorescence intensity was measured at the indicated time
and normalized to the initial fluorescence (t = 4 min) (see data in
Supplemental Figure 7). The graph shows the relative difference in
fluorescence (%) between ABA- and mock-treated stomata. Averaged
data (*+sg) from n = 7 independent experiments and two independent
plant cultures, each experiment with 10 to 20 stomata per time point.

phosphorylation of the long peptide was 4.5-fold higher than in its
counterpart carrying a S121A mutation (Supplemental Figure 8).
To further investigate the specificity of Ser-121 recognition by
OST1, we tested the phosphorylation of a peptide covering the
native C-terminal sequence of PIP2;1 containing two well-
described phosphorylation sites at Ser-280 and Ser-283
(SKSLGS289FRS283AANV). We observed a very weak in vitro la-
beling by OST1 (Figure 4B), with a low apparent affinity for the
kinase (K, = 71.2 pM) (data not shown). Although proteomic
studies have suggested that phosphorylation at Ser-283 may
depend on prior phosphorylation of the adjacent site (Prak et al.,
2008; Prado et al., 2013), a peptide carrying a phosphorylated Ser-
280 was not significantly labeled by OST1 either (Figure 4B). To-
gether, these data indicate that OST1 can phosphorylate PIP2;1,
preferentially at Ser-121. To investigate the functional role of
OST1-mediated PIP2;1 phosphorylation, we performed coex-
pression experiments in X. laevis oocytes. Oocyte injection with 1
or 2 ng PIP2;1 cRNA conferred, with respect to uninjected con-
trols, a 4- to 6-fold increase in cell P; (Figure 5). Coinjection with
OST1 cRNA resulted in a further increase in P; by 34 and 22%,
respectively. By comparison, injection with cRNAs encoding a
S121A form of PIP2;1 resulted in a smaller increase in P; (2-fold),
which was not enhanced upon coinjection with OST1 cRNA. Thus,
OST1 enhances the water transport activity of PIP2;1 in X. laevis
oocytes through a mechanism that involves Ser-121.

Role of Ser-121 Phosphorylation in ABA-Dependent Guard
Cell Water Permeability

Because OST1 is activated in response to ABA, we speculated
that in guard cells phosphorylation of PIP2;1 at Ser-121 and,
therefore, its water transport activity must be enhanced after

exposure to ABA. By introducing mutations of Ser-121 to Ala
(S121A) and Asp (S121D) we created phosphorylation-deficient
and phosphomimetic forms of PIP2;1, respectively, which were
expressed in pip2;1-2 under the control of a double 35S (d35S)
promoter. For each construct, we selected two independently
transformed clones (-7 and -2), falling into two distinct classes
of protein expression level. The highest expression level, in
S121A-2 and S121D-2, was comparable to that in d35S:
PIP2;1ko, a transgenic line that overexpresses PIP2;1 in pip2;1-2
(Prado et al., 2013) (Supplemental Figure 9). Thus, a panel of
transformed clones with various expression levels was available
for further physiological characterization. We then tested the
ability of the PIP2;1 mutant forms to complement the guard cell
phenotypes of the pip2;7-2 mutant. When prepared in the
presence or absence of ABA, guard cell protoplasts from the
two S727A lines showed low P; values similar to those of
pip2;1-2 protoplasts or Col-0 protoplasts prepared in the ab-
sence of ABA (Figure 6). Thus, S121A PIP2;1 was unable to
confer increased P;, even in the presence of ABA. By contrast,
the P; of protoplasts prepared from the two S727D lines in
the absence of ABA was 2- to 3-fold higher than that of the
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Figure 4. In Vitro Phosphorylation of PIP2;1 Peptides by OST1.

(A) Peptides from PIP2;1 (blue circles) or rbohF (red triangles) and car-
rying a putative phosphorylation site at Ser-121 or Ser-174, respectively,
were incubated at the indicated concentration, in the presence of labeled
ATP and purified OST1. Incorporated ATP from n = 4 independent ex-
periments. Error bars (*sg) fall into symbols.

(B) Phosphorylation by purified OST1 of native or mutated peptides from
the loop B and C-terminal region of PIP2;1. Incorporated ATP (*sk) from
n = 2 to 8 independent experiments was normalized to the signal ob-
served in a native loop B peptide.
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Figure 5. Functional Coexpression in Xenopus Oocytes of Wild-Type or
Mutated Forms PIP2;1 with OST1.

Oocytes were injected with the indicated amount (hanograms; in pa-
rentheses) of cRNAs encoding wild-type (PIP2;1) or mutated (S121A)
PIP2;1. When indicated, oocytes were also injected with 5 ng of OST1
cRNA. Uninjected oocytes were used as controls. Osmotic water per-
meability values (P; =sk) from n = 10 to 96 oocytes. Different letters in-
dicate statistically different values (one-way ANOVA; Newman-Keuls,
P < 0.05).

corresponding Col-0 or pip2;1-2 protoplasts (Figure 6). Yet, ABA
did not further increase the P; of S121D protoplasts. Thus,
S121D PIP2;1 confers an ABA-independent increase in P; in
guard cell protoplasts. The overall data indicate that phos-
phorylation of PIP2;1 at Ser-121 was necessary and sufficient
for increasing guard cell water permeability. Pairwise compar-
isons of the Col-0/d35S:PIP2;1ko lines on the one hand, and the
two S721D lines on the other hand, indicated that maximal P;
was correlated to PIP2;1 expression level, suggesting that
PIP2;1 may be limiting for ABA-induced increase in P;.

Role of Ser-121 Phosphorylation in ABA-Dependent
Stomatal Closure

To further investigate the role of Ser-121 phosphorylation, we
characterized the opening and closing stomatal responses of
S121A and S121D lines. To facilitate stomatal opening in all
lines, epidermal peels were incubated at a low CO, concentra-
tion in the presence of light, which induced similar apertures in
the Col-0, pip2;1-2, S121A, and S7121D genotypes (Figure 7).
Further addition of ABA (10 wM) resulted in stomatal closure in
Col-0 and S721D, whereas S121A stomata, similar to pip2;1-2
ones, failed to respond and remained open. The ability of S121D
but not S121A to complement the pip2;7-2 stomatal movement
phenotype indicates that phosphorylation of Ser-121 is neces-
sary during ABA-induced stomatal closure.
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DISCUSSION

Genetics of Guard Cell Aquaporins

Although stomatal movements critically control plant transpira-
tion and, therefore, the whole plant water status, the mecha-
nisms and genetic bases of water transport in the guard cells
themselves have remained elusive. Here, we used a stomatal
assay in peeled epidermal strips of Arabidopsis leaves and
established that a single aquaporin isoform, PIP2;1, is necessary
for ABA-dependent closure and dispensable for CO,- or light-
induced stomatal movements. Consistent with this finding, ABA
induced a marked increase in the P; of guard cell protoplasts,
which was abrogated in pip2;1 plants. These data suggest
a model whereby the stomatal closing response to ABA involves
an increase in guard cell water permeability mediated by PIP2;1.
This function adds to previously described roles of PIP2;1 in root
and leaf vein water transport (Da Ines et al., 2010; Péret et al.,
2012; Prado et al., 2013) and lateral root emergence (Péret et al.,
2012).

Although PIP2;1 is one of the highly expressed PIPs in guard
cells, its absolute requirement for ABA-dependent stomatal
regulation does not exclude that other PIPs are involved.
Preliminary evidence suggests that a pip7;2 mutant has sto-
matal alterations in peeled epidermis that resemble those of
pip2;1 plants. A recent reverse genetic study showed that,
although three PIP isoforms (PIP1;2, PIP2;1, and PIP2;6) in-
dividually contribute to ~20% of Arabidopsis rosette hydraulic
conductivity, a corresponding triple mutant showed a leaf
hydraulic phenotype similar to those of individual mutants
(Prado et al., 2013). Thus, an apparent functional cooperativity
of PIPs coexpressed in plants is emerging. The assembly of
distinct aquaporin isoforms in heterotetramers may in part
contribute to this phenomenon (Zelazny et al., 2007; Yaneff
et al., 2014).

250
1 - ABA -
200 | HH +ABA
w150 | I
£
= 100
g
50
0
Q 9 \©O N> M N M
O N N T R T O
¢ Q.\Q'L\g?\?@ R RN A
&

Figure 6. Effects of ABA on P; of Guard Cell Protoplasts from Plants
Expressing PIP2;1 Phosphorylation Mutants.

P; was measured as exemplified in Figure 2 in guard cell protoplasts of
the indicated genotypes prepared in the absence (gray bars) or presence
(black bars) of 10 wM ABA. Data (*sk) from n = 7 to 25 protoplasts and at
least three independent plant cultures. Asterisks indicate significant ef-
fects of ABA on P (t test; P < 0.01).
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Figure 7. Stomatal Opening and Closing Responses of Plants
Expressing PIP2;1 Phosphorylation Mutants.

Stomatal aperture was monitored in Col-0 (black circles), pip2;1-2 (red
squares), or pip2;1-2 plants expressing S121A (S7271A-1, dark-blue
squares; S121A-2, light-blue squares) or S121D (S721D-1, dark-green
squares; S121D-2, light-green squares) as described in Figure 1A, ex-
cept that stomatal opening (t = 0 to 180 min) was induced in the light and
in a solution depleted in CO,. From t = 180 min, epidermal peels were
incubated in the same solution but containing 10 wuM ABA. Averaged
data (=sg; n > 150) from n = 3 independent experiments, each with ~60
aperture measurements per time point.

The Role of Aquaporins during Stomatal Closure

Another important finding was that, by contrast to light or dark
treatments, ABA enhanced the P; of guard cell protoplasts. Based
on pharmacological inhibition of hydraulic conductivity in V. faba
guard cells, Shope and Mott (2006) previously suggested that
aquaporin function in stomata was specifically associated with
water stress (hyperosmotic treatment). However, the role of ABA
was not explored in their study. The regulation of guard cell P;
uncovered in this work suggests that among other stomatal re-
sponses, ABA-induced closure may be specifically hydraulically
limited. Although it represents one of fastest stomatal movements,
this response still occurs over several tens of minutes. Cell pres-
sure probe measurements revealed that most individual plant cells
show turgor relaxation kinetics that are several orders of magni-
tude faster than stomatal movements (Steudle, 1989). Thus, it may
well be that cell hydraulic conductivity is not limiting during the
latter processes and residual water transport across the lipid
membrane is sufficient to compensate for defects in aquaporin-
mediated water transport. At variance with these ideas, our data
rather suggest that a high P is required, likely to permit guard cell
volume adjustment in the presence of minute osmotic gradients.
From this perspective, a defect in membrane water transport
would be associated with higher osmotic gradients, which may
disturb local ion distributions, thereby impeding the function of ion
channels and transporters.

Other, nonhydraulic mechanisms may also contribute to PIP2;1
function during stomatal closure. In particular, aquaporins in-
cluding PIP2;1 can transport H,O,, one important intermediate
of ABA signaling (Dynowski et al., 2008). Our finding that ABA-
triggered ROS accumulation is altered in guard cells of pip2;1

mutants first provides a relevant explanation, complementary to
altered water transport, for the blockade of ABA-induced stomatal
closure in pip2;1 plants. Furthermore, we speculate that the ABA-
induced PIP2;1 activity, as revealed by the enhanced P; of pro-
toplasts, could provide a path for influx of apoplasmic H,O,. For
now, H,O, transport by plant aquaporins was only assessed in
yeast cells. Thus, the significance of this path and its kinetic var-
iations in conjunction with ABA signaling remain to be determined
in guard cells.

The functions of PIP2;1 revealed in epidermal strips and isolated
guard cell protoplasts also call for more information on its role in
integrated stomatal functioning. When grown under standard
conditions, Col-0 and pip2;1 plants showed similar leaf temper-
atures as monitored by infrared thermography (Supplemental
Figure 10). In addition, water loss from excised rosettes was not
significantly modified in pip2;1 plants (Supplemental Figure 11).
This lack of transpiration phenotype should be interpreted with
care as it may reflect the cumulative effects of PIP2;1 in guard cells
and other cell types/organs. In particular, leaf vein cells are crucial
for transferring water from the xylem into the lamina (Ache et al.,
2010; Prado et al., 2013). Thus, a lack of function of PIP2;1 at this
site may result in a hydraulic limitation in veins, a drop in leaf water
potential, and induction of stomatal closure. Conversely, a lack of
function of PIP2;1 in guard cells may antagonize stomatal closure.
Because of these confounding physiological effects, further
studies will require tissue-specific complementation of aquaporin
mutants together with assays on isolated stomata, to distinguish
between guard cell-specific functions and integrated effects on
whole plant water relations. Interestingly, ABA appears to have
inhibitory and stimulating effects on cell hydraulic conductivity in
leaf veins (Shatil-Cohen et al., 2011) and stomata (this work), re-
spectively. These apparently antagonistic effects are highly rele-
vant, as they both would contribute to stomatal closure under
water stress conditions.

Aquaporin Phosphorylation and ABA-Dependent Signaling

Whereas auxin dramatically regulates PIP2;1 transcription in
roots (Péret et al., 2012), ABA-dependent regulation of PIP2;1 in
guard cells appears to be essentially posttranslational. We knew
that ABA has no effects on PIP2;1 transcript abundance in guard
cells (Leonhardt et al., 2004). Here, we observed that the P; of
d35S:PIP2;1ko protoplasts, which constitutively overexpress
PIP2;1, was similar in the absence of ABA to the P; of Col-0 or
pip2;1 protoplasts. By contrast, the P; of d35S:PIP2;1ko proto-
plasts was higher than in the latter two genotypes in the pres-
ence of ABA (Figure 6). Thus, PIP2;1 was only limiting for water
transport in ABA-treated cells.

More specifically, our work indicates a crucial role of PIP2;1
phosphorylation in the response of guard cell P; and stomatal
aperture to ABA. First, OST1, a SnRK2 protein kinase closely
linked to ABA receptors, was able to phosphorylate PIP2;1 pep-
tides in vitro. In good agreement with its predicted site specificity
(Vlad et al., 2008; Sirichandra et al., 2010), OST1 showed a large
preference for loop B Ser-121, whereas two major C-terminal
phosphorylation sites (Ser-280 and Ser-283) were not recognized.
Second, coexpression of PIP2;1 with OST1 in oocytes enhanced
PIP2;1 water transport activity and mutant analysis showed that


http://www.plantcell.org/cgi/content/full/tpc.15.00421/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00421/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00421/DC1

these effects are mediated by Ser-121. The moderate activating
effects of OST1 expression on PIP2;1 activity in oocytes (+34%
or +22%; Figure 5) may be due to the presence of an endog-
enous protein kinase that phosphorylates a large part of the
PIP2;1 cellular pool at Ser-121. Third, a phosphomimetic form
(S121D) but not a phosphodeficient form (S121A) of PIP2;1 was
able to restore ABA-dependent stomatal closure in pip2;1
mutants. In addition, the former but not the latter was sufficient
to enhance the P; of guard cell protoplasts, which thereby
lacked the ABA-dependent activation seen in Col-0 proto-
plasts. This set of data provides univocal evidence that phos-
phorylation of PIP2;1 at Ser-121 is necessary and sufficient for
its ABA-dependent function. Molecular dynamic studies of
spinach (Spinacia oleracea) PIP2 homolog SoPIP2;1 indicated
the crucial role of this phosphorylation event in aquaporin
gating (Toérnroth-Horsefield et al., 2006). Phospho-specific an-
tibodies have also indicated a role for this modification during
the response of maize leaves to cold (Aroca et al., 2005). Un-
fortunately, the use of these antibodies was not conclusive in
Arabidopsis extracts. C-terminal phosphorylation of PIP2;1,
which regulates both aquaporin gating and trafficking, is itself
responsive to many stimuli, including salt and oxidative
stresses, light, and ABA (Prak et al., 2008; Kline et al., 2010;
Prado et al., 2013). The ABA-induced dephosphorylation of
PIP2;1 Ser-280 seen in Arabidopsis plantlets (Kline et al., 2010)
likely corresponds to PIP2;1 from veins, the predominant
sites of expression of this aquaporin in leaves. This de-
phosphorylation may mediate the inhibition of leaf hydraulic
conductivity by the hormone (Shatil-Cohen et al., 2011; Pantin
et al., 2013). Thus, our work indicates that a single PIP isoform
can exhibit opposite cell-specific responses to the same stim-
ulus, through cell-specific regulations at distinct phosphoryla-
tion sites.

Deciphering the signaling components that act upstream of
aquaporin regulation and mediate the stimulus and cell-specific
responses currently represents a major challenge. A sugar-induced
receptor kinase was recently shown to phosphorylate the C ter-
minus of several PIP2s (Wu et al., 2013). Here, we identified OST1
as a novel, potent regulator of PIPs through action at a distinct
phosphorylation site. However, this does not exclude that PIP2;1
is targeted by other guard cell-expressed protein kinases, in-
cluding other SnRKs or calcium-dependent protein kinases (CPK®,
CPK21, and CPK23) (Geiger et al., 2010; Brandt et al., 2012) in-
volved in ABA-dependent signaling. Because of their general role in
ABA and water stress signaling in plants (Boudsocq and Lauriére,
2005), SnRK2s may also contribute to hydraulic regulation in cells
other than guard cells. In particular, ABA induced a transient in-
crease in cortical cell hydraulic conductivity in maize and sunflower
roots (Quintero et al., 1999; Hose et al., 2000).

In conclusion, this work allowed for the identification and
molecular dissection of a novel role of aquaporins, involving
a class of protein kinases central in hormone and water stress
signaling (Boudsocq and Lauriere, 2005) and phosphorylation of
a specific PIP isoform at a unique site. By revealing the modes of
membrane water transport in guard cells, and a possible con-
nection with ROS-dependent signaling, this work also fills a gap
in our understanding of stomatal regulation, a fundamental
process in plant water relations.
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METHODS

Plant Materials and Growth Conditions

All experiments were performed in Arabidopsis thaliana Col-0 or derived
transgenic lines. The pip2;1-1 and pip2;1-2 knockout mutants and the two
complemented lines, pip2;1-1 PIP2;1 and d35S:PIP2;1ko, were described
elsewhere (Da Ines et al., 2010; Péret et al., 2012; Prado et al., 2013). The
former is a pip2;1-1 mutant allele transformed with the PIP2;1 genomic
sequence (Péret et al., 2012); the latter is a pip2;7-2 mutant over-
expressing a PIP2;1 cDNA under the control of a double enhanced
cauliflower mosaic virus 35S promoter (Prado et al., 2013). For sub-
sequent protoplast isolation, plants were grown in soil (Neuhaus Humin
Substrat N2; Klasman-Deilmann) in controlled growth chambers with
arelative humidity of 70% under an 8-h-light (250 nE m~2s~1) at 22°C/16
h dark at 21°C cycle. For stomatal assays, plants were grown in individual
pots with a relative humidity of 70% under an 8-h-light (250 nEm~2s~ ") at
23°C/16 h dark at 19°C cycle.

Site-Directed Mutagenesis and Plant Transformation

Site-directed mutants of Arabidopsis PIP2;1 were prepared as described
(Verdoucq et al., 2008) by PCR-mediated primer extension using a
QuikChange mutagenesis kit (Stratagene). Mutations of Ser-121 to ala-
nine (S121A) and to aspartate (S121D) were introduced by amplifying
PIP2;1 cDNA inserted into a pBSK-derived vector using pairs of comple-
mentary mutagenic primers (Supplemental Table 1). The presence of the
mutations was verified by sequencing (GATC Biotech). Mutated forms of
PIP2;1 cDNA were excised using EcoRI and Clal and subcloned into the
T-DNA portion of a pGreenll 00179 vector, upstream of a double enhanced
cauliflower mosaic virus 35S promoter and downstream of a nopaline
synthase terminator (Hellens et al., 2000). The resulting plasmid was in-
troduced into Agrobacterium tumefaciens strain GV3101 and used to
transfer the mutated form of PIP2;1 into Arabidopsis pip2;7-2 plants by the
floral dip method (Clough and Bent, 1998). Monoinsertional locus homo-
zygous plants were selected from segregation analysis of hygromycin re-
sistance. Transformed plants were further screened for expression of the
mutated form of PIP2;1 by ELISAs, using an anti-PIP2 antibody (Santoni
et al., 2003) on total leaf protein extracts from 3-week-old plants.

Measurements of Stomatal Aperture

Stomatal aperture was measured on epidermal peels excised from the
abaxial side of leaves of 3- to 4-week-old plants, essentially as described by
Montillet et al. (2013). In all cases, two epidermal peels from two independent
plants of the indicated genotype were first incubated for 30 min in darkness
at ambient air in a bathing solution containing 30 mM KCI, 1 mM CaCl,, and
10 mM MES/Tris pH6.0, prior to exposure to the indicated treatment. Av-
erage stomatal aperture was then measured every hour in >60 stomata. This
experiment was repeated two to four times for each of two to five in-
dependent plant cultures. Unless otherwise indicated, the ABA response
was tested as follows. Dark-adapted epidermal peels were first exposed to
white light (300 .E m~2 s~7) to induce maximal stomatal opening, 10 .M ABA
was added to the bathing solution after 180 min, and stomatal aperture was
monitored during the next 120 min. Similar to ABA, the effects of darkness on
stomatal closure were monitored in epidermal peels that had first been
exposed to white light (300 wE m—2 s~7) for 180 min. By contrast, the effects
of fusicoccin (5 wM) were investigated under darkness. To create low CO,
conditions and promote stomatal aperture, the epidermal peels were
maintained under darkness in a closed Petri dish and the bathing solution was
bubbled with CO,-free air. After 180 min, stomatal closure was induced by
removing the cap of the Petri dish, thereby placing the epidermal peels in
contact with atmospheric air. Alternatively, stomatal closure was induced in
the light (300 .E m~2 s~) by bubbling the bathing solution with high CO, (800
ppm) air.
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Osmotic Water Permeability of Guard Cell Protoplasts

Guard cell protoplasts were prepared as described (Leonhardt et al.,
2004). Around 50 rosette leaves were homogenized in water during 3 X 10
s in a Waring blender at room temperature. Blended tissues were col-
lected over a 100-pm nylon mesh and then placed into 20 mL of solution A
(0.5 mM ascorbic acid, 0.5 mM MgCl,, 0.5 mM CaCl,, 0.57 M sorbitol, and
5 mM MES, pH 5.5) complemented with 0.25% BSA, 1.5% cellulase RS,
and 0.03% Pectolyase Y23 (Kalys), and incubated for 2 h in darkness at
27°C with linear shaking. The homogenate containing leaf protoplasts
was filtered through a 37-pm nylon mesh and centrifuged at 700g for
5 min. Isolated protoplasts were resuspended in 4 mL of solution A and
kept under darkness before exposure to light (300 wE m~—2 s~7) and
treatment with 10 wM ABA for 45 to 150 min. Guard cell protoplasts were
identified, within the leaf protoplast suspension, according to their size (7
to 15 pm) and low chloroplast content, and similar morphologies were
considered in all genotypes and conditions investigated. For subsequent
water transport assay, guard cell protoplasts were individually selected
from the leaf protoplast suspension using a micropipette (Supplemental
Figure 6). Briefly, swelling measurements were performed at 20°C by
transfer of individual protoplasts into a hypotonic solution B (solution
A but with 0.42 M sorbitol) under a microscope, using a previously de-
scribed micromanipulation procedure (Ramahaleo et al., 1999). The
concentration ratio between solutions A and B allows a theoretical
protoplast swelling of 35%. Protoplasts showing nonlinear initial swelling
kinetics or a volume increase of <16% or >56% were discarded from the
analyses. The osmotic water permeability (P;) of guard cell protoplasts
was determined from the initial rate of volume increase. It was checked
that similar P; values were obtained when measurements were performed
under hyperosmotic conditions (transfer from solution A to solution B with
0.95 M sorbitol).

Measurements of ROS Content

Epidermal peels isolated using similar plants and procedures as for ap-
erture measurements were incubated for 120 min under light (250 p.E m—2
s~ ") in a bathing solution as above (30 mM KCI, 1 mM CaCl,, and 10 mM
MES/Tris, pH6.0). After 120 min, stomata were fully opened and 50 uM
H,DCFDA (Sigma-Aldrich) was added to the bathing solution. This
nonpolar, unreactive molecule diffuses intracellularly where it is deace-
tylated by endogenous esterase, to release H,DCF (Coelho et al., 2002;
Foreman et al., 2003). H,DCF is then oxidized by H,0,, OH- and possibly
other ROS to highly fluorescent DCF (Schopfer et al., 2001, and refer-
ences therein). After 20 min in the presence of H,DCFDA, epidermal peels
were thoroughly washed four consecutive times with fresh bathing solution
to eliminate all remaining extracellular H,DCFDA. To monitor ROS content
of guard cells, a randomly chosen epidermal peal area containing 10 to 20
stained stomata was observed under constant light (250 nE m~2 s~7) using
an epifluorescence microscope (Olympus IX70) equipped with a CCD
camera (Andor Ixon +) connected to a computer operating Metafluor
(Universal Imaging Corporation) image acquisition software. Att = 0,
the bathing solution was equilibrated with 50 wM ABA or an equivalent
concentration (0.5%) of ethanol (mock) and the fluorescence intensity was
captured, in complete darkness, every 2 min for 30 min. Between each
imaging process, the selected leaf area was reilluminated using the light
source of the microscope. Average inner stomatal fluorescence was
measured using ImagedJ (http://rsb.info.nih.gov/ij/).

In Vitro Phosphorylation

OST1 kinase activity was assayed essentially as described (Vlad et al., 2008)
using the following synthetic peptides (Proteogenix) purified to >80% by
HPLC and with the indicated sequences: rbohF, MALDRTRSSAQRKKK;
loopB, MALARKVSLPRAKKK; loopB_S121A, MALARKVALPRAKKK; Cter,

MASKSLGSFRSAANVKKK; Cter_pS280, MASKSLGpSFRSAANVKKK; and
C-ter_S280AS283A, MASKSLGAFRAAANVKKK. In another series of ex-
periments, longer peptides, containing 29 PIP2;1 residues and covering the
entire loop B were used. These peptides carry the PIP2;1 sequence, either
native (loopB-L, MACTAGISGGHINPAVTFGLFLARKVSLPRAKKK) or
with a S121A mutation (loopB_S121A-L: MACTAGISGGHINPAVTFGL-
FLARKVALPRAKKK). In all experiments, peptides (1 to 250 M) were in-
cubated at 25°C in 250 pL of a reaction mixture containing 100 ng purified
0OST1, 100 uM [y-32P]JATP (0.1 .Ci nmol~1), 25 mM B-glycerophosphate, 20
mM MgCl,, 1 mM DTT, and 50 mM HEPES, pH 7.4. At the selected time
points, 40 plL aliquots of the reaction mixture were spotted on a P81
phosphocellulose paper and rapidly dried. P81 paper was washed for 3 X 10
min in 0.85% phosphoric acid, once in acetone and dried. Radioactivity was
measured on a Packard TRI-CARB phosphor imager.

Oocyte Expression

The cDNA of wild-type and S121A forms of PIP2;1 were cloned in
a pSP64T-derived oocyte expression vector (Maurel et al., 1993). The
Arabidopsis OST1 cDNA was PCR amplified from leaf cDNA using
BamHI-OST1 and OST1-EcoRl primers (Supplemental Table 1) and in-
serted at the BamHI and EcoRl restriction sites of a pGEM-Xho oocyte
expression vector (Liman et al., 1992). All constructs were checked by full
sequencing. cRNA production, expression in Xenopus laevis oocytes, and
P; measurements were performed as previously described (Maurel et al.,
1993).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: PIP2;1 (At3g53420) and OST1 (At4g33950).
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Supplemental Figure 2. Stomatal response of Col-0 and pip2;1 plants
to fusicoccin.
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ABSTRACT

Aquaporin activity and root anatomy may affect root hydraulic
properties under drought stress. To better understand the func-
tion of aquaporins in rice root water fluxes under drought, we
studied the root hydraulic conductivity (Lpr) and root sap exu-
dation rate (Sr) in the presence or absence of an aquaporin in-
hibitor (azide) under well-watered conditions and following
drought stress in six diverse rice varieties. Varieties varied in
Lpr and Sr under both conditions. The contribution of aquapo-
rins to Lpr was generally high (up to 79% under well-watered
conditions and 85% under drought stress) and differentially
regulated under drought. Aquaporin contribution to Sr in-
creased in most varieties after drought, suggesting a crucial role
for aquaporins in osmotic water fluxes during drought and re-
covery. Furthermore, root plasma membrane aquaporin
(PIP) expression and root anatomical properties were corre-
lated with hydraulic traits. Three chromosome regions highly
correlated with hydraulic traits of the OryzaSNP panel were
identified, but did not co-locate with known aquaporins. These
results therefore highlight the importance of aquaporins in the
rice root radial water pathway, but emphasize the complex
range of additional mechanisms related to root water fluxes
and drought response.

Key-words: aquaporins; plasma membrane intrinsic proteins;
azide; root hydraulic conductivity; sap exudation; leaf water po-
tential; transpiration rate.

INTRODUCTION

The root system is responsible for capturing water and nutri-
ents and thus has been intensively studied in order to improve
rice adaptation to drought stress (Gowda et al. 2011; Rogers &
Benfey 2015). Limitations to rice root water uptake under
drought have mostly been studied in terms of root architec-
ture; more research is needed on the functionality of the root
system under drought (Vadez 2014). Because of its ability to
grow in flooded paddies as well as in dry soil, in large and di-
verse cultivation areas worldwide, rice varieties offer a poten-
tially unique panel of variability in root water uptake
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functionality and regulation that can be use for quantitative
analyses (Henry et al. 2011; Gowda et al. 2012).

Rice roots tend to have lower hydraulic conductivity than
other herbaceous species such as maize (Zea mays) or com-
mon bean (Phaseolus vulgaris; Fiscus 1986; Zimmermann
et al. 2000; Miyamoto et al. 2001), and are not able to extract
as much water from drying soil (Kamoshita ez al. 2000; Kondo
et al. 2000). The apoplastic barriers are exceptionally devel-
oped in rice roots and are reportedly responsible for the over-
all low root hydraulic conductivity (Miyamoto et al. 2001;
Ranathunge ez al. 2003, 2004). Apart from the apoplastic path
in which water flow can be modulated by such barriers, the
composite model of radial water transport in roots also pre-
dicts cell-to-cell water movement, i.e. symplastic routes
through cytoplasmic continuity and transcellular paths crossing
cell membranes (Steudle 2000). The transcellular path can play
a major role as it is facilitated by water channel proteins, aqua-
porins (Javot & Maurel 2002). In rice, the contributions of the
apoplastic and transcellular paths have been explored using
ink as a partial apoplastic blocker or mercuric chloride as an
aquaporin inhibitor, and the results suggested a relatively
larger apoplastic flow in the outer part of the root cross section
(Ranathunge et al. 2004).

Depending on the environmental conditions, plants can al-
ter the relative contributions of the apoplastic and cell-to-cell
pathways and therefore their overall root hydraulic conductiv-
ity (Javot & Maurel 2002). Suberization has been observed to
be reduced at the exodermis but increased at the endodermis
in rice plants grown in dry soil, suggesting reduced depen-
dence on the apoplastic pathway at the inner part of the roots
under such conditions (Henry er al. 2012). Furthermore, mod-
ulation of root hydraulic conductivity (Lpr) through aquapo-
rin function can contribute to maintaining or adjusting
transpiration and shoot growth according to water availability
(Maurel et al. 2010). In rice seedlings, root-to-leaf conduc-
tance and shoot growth were significantly affected by mercu-
ric chloride application under water-limited conditions, but
not in well-watered conditions, suggesting predominantly
apoplastic water transport under well-watered conditions
and an upregulation of the transcellular path under water def-
icit (Lu & Neumann 1999). Additionally, a strong positive cor-
relation between root hydraulic conductance and shoot dry
weight was observed in three rice varieties under reduced soil
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water availability, but not under well-irrigated conditions
(Matsuo et al. 2009). Studies of comparative responses of
aquaporin expression, root water fluxes and plant water use
measured at different times of day suggested that coordinated
up-regulation of root aquaporin expression could prevent
reduction in transpiration by increasing root water flow
(Sakurai-Ishikawa er al. 2011; Nada & Abogadallah 2014).
Altogether, these observations suggest that aquaporins are
good target proteins for understanding limitations to rice wa-
ter uptake and drought response.

In rice, 33 aquaporin isoforms have been identified, includ-
ing about 11 plasma membrane intrinsic proteins (PIPs)
which are the most abundant aquaporins at the plasma mem-
brane, 10 tonoplast intrinsic proteins (TIPs), 10 nodulin 26-
like intrinsic proteins (NIPs) and two small intrinsic proteins
(SIPs; Sakurai et al. 2005; Guo et al. 2006; Nguyen et al.
2013). Aquaporins are present throughout the rice plant,
some isoforms showing distinct cell-specific and tissue-
specific localizations (Guo et al. 2006; Sakurai et al. 2008).
For instance, PIP2;3 and PIP2;5, showed predominant accu-
mulation in the endodermis (Sakurai et al. 2008). In rice
and other species, the expression of PIPs fluctuates with
the time of day, and also in response to various stresses such
as salt, drought, cold and submergence (Malz & Sauter 1999;
Lian et al. 2004; Ahamed et al. 2012; Henry et al. 2012; Liu
et al. 2013). Expression analysis of PIPs under simulated
drought conditions using PEG or after abscisic acid applica-
tion showed different time- and stress severity-dependant re-
sponses among isoforms, where the mRNA level of some
PIPs was significantly upregulated while others remained un-
changed or were down-regulated (Guo et al. 2006; Lian et al.
2006). Interestingly, comparison of PIP expression between
lowland (more susceptible to drought) and upland (typically
more resistant to drought) varieties suggested different regu-
lation mechanisms of PIP expression, with upland varieties
showing specific up-regulation of PIP isoform genes (Lian
et al. 2000).

Given the converging evidence linking aquaporin function
to drought stress in rice, we hypothesized that aquaporin
function would explain differences in root water uptake be-
tween varieties, and consequently resistance to drought
stress. To our knowledge, the function of aquaporins in rice
drought resistance has only been assessed using transgenic
strategies (Katsuhara er al. 2003; Lian et al. 2004, 2006; Guo
et al. 2006; Li et al. 2008), in which the beneficial effect of
the aquaporin transgene expression in terms of growth or
water content was described after growing the plants in hy-
droponic conditions with simulated drought stress. In this
study, we assessed the variability of root hydraulic response
to drought in soil-grown rice using a subset of six varieties
from the OryzaSNP panel (Azucena, Moroberekan, FR13
A, Dular, IR64 and Swarna) showing a wide range of re-
sponse to drought (Henry et al. 2011; Gowda et al. 2012),
and we used the full OryzaSNP panel for genetic mapping.
Our approach was to focus on aquaporin inhibition while
taking into account the variation in PIP expression, root
anatomy and plant water status in order to better understand
rice root water fluxes and drought response.

MATERIALS AND METHODS

Plant material and growth conditions

Two groups of rice varieties were used in this study: (1) a sub-
set of six rice varieties from the OryzaSNP panel comprising
Azucena (japonica group), Dular (aus group) and
Moroberekan (japonica group) that are typically considered
as upland varieties with moderate drought tolerance, and
FR13 A (aus group), IR64 (indica group) and Swarna (indica
group) that are considered as lowland varieties with low
drought tolerance; and (2) the 20 varieties of the OryzaSNP
panel, which has been mapped for 160000 SNP markers and
shows a wide range of response to drought (McNally et al.
2009; Henry et al. 2011; Gowda et al. 2012). The subset of six
rice varieties was used for detailed characterization of hydrau-
lic properties under well-watered and drought stress conditions
in Experiments 14 (Table 1). All 20 varieties were used to cor-
relate hydraulic and plants water use traits with genomic re-
gions in Experiments 5-7 (Table 1).

Six independent pot/cylinder studies were conducted to
evaluate the contribution of aquaporins to rice root water
fluxes, and the relationship between root aquaporin function
and leaf water status (Table 1). The size of the pots/cylinders
used was determined according to the objectives of the exper-
iment: 0.785 L mylar tubes that fit inside the pressure chamber
were used for root hydraulic conductivity and aquaporin ex-
pression studies; 1.5L pots that facilitate frequent weighing
were used for sap exudation and transpiration studies.

Experiments 1-5 were performed in a greenhouse at the
International Rice Research Institute (IRRI), Los Bafos,
Philippines (14° 11'N, 121° 15’E) in pots or cylinders arranged
on tables in a randomized complete block design. Experiment
6 was performed at the International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT), Patancheru, India
(17° 30'N, 78° 16’E) in pots arranged randomly on tables in a
greenhouse. Seeds were germinated in Petri-dishes for four
days at 30 °C before sowing in soil. Experiments 1 and 3 were
performed using 50cm long and 5cm diameter mylar tubes
closed at the bottom with cheesecloth-like fabric to allow ab-
sorption of solution at the lower part of the soil column. Mylar
tubes were filled with 0.95 kg of dried and sieved upland soil to
a height of 40cm for a bulk density of 1.2gcm ™ and placed
into 40cm long, 5.5cm diameter PVC cylinders to keep the
root zone in the dark. In Experiments 2, 4 and 5, plants were
grown in 1.5L pots filled with 1kg of soil from the IRRI up-
land farm (Table S1), or with black soil mixed with vermi-
compost in Experiment 6. Fertilizer was not added to the soil
in Experiments 1-4 as no nutrient deficiencies were observed.
In Experiment 5, fertilizer (14N-14P-14K) at a rate of
0.3 gkg ' was added at 20 days after sowing (das). The well-
watered condition consisted of keeping the soil saturated with
water, while the drought stress treatment was applied seven
days after sowing through gradual dry-down by withholding
water. Pots/cylinders in the drought stress treatment were
weighed three times per week to monitor the dry down rate,
and, if needed, water was added to maintain the soil at
30—40% of field capacity until the end of the study.

© 2015 John Wiley & Sons Ltd, Plant, Cell and Environment



Aquaporin contribution to root water fluxes under drought in rice 3

Table 1. List of experiments. das: days after sowing; Lpr: root hydraulic conductivity; Lpr_Inh: relative Lpr inhibition; LWP: leaf water potential; St:
sap exudation rate; Sr_Inh: relative Sr inhibition; 71: transpiration rate; 7t_Inh: relative 7t inhibition; CT: canopy temperature; SDW: shoot dry
weight; DRI: drought response index; WW: well-watered; DS: drought stress

Number of ~ Number of Measurements; soil Plant age at Average

Experiment varieties replications Environment moisture treatments measurement (das)  temperature (°C)

1 6 15 Greenhouse (IRRI) Lpr, Lpr_Inh, LWP, 29 29.5
Root anatomy; WW, DS

2 6 6 Greenhouse (IRRI) Sr, Sr_Inh; WW, DS 35 32.8

3 6 3 Greenhouse (IRRI) Sampling for root PIP 29 29.8
expression; WW, DS

4 6 8 Greenhouse (IRRI) Tr, Tr_Inh; WW, DS 28 28.3

5 20 6 Greenhouse (IRRI) Sr, Sr_Inh; WW 35 32.8

6 20 6 Greenhouse (ICRISAT)  Tt, Tr_Inh; WW 31 30

7 20 4 Lowland field (IRRI) Sr, CT, SDW, DRI, WW, DS 65 to 95 26.7

A field experiment (Experiment 7) was also conducted un-
der transplanted lowland field conditions at IRRI during the
2014 dry season (January to April) in order to investigate rela-
tionships between root and leaf hydraulics and plant water use
related traits. Four replications of 3.5 m* plots (6 rows of 15 hills)
were arranged in a randomized complete block design. Well-
watered plots were maintained flooded during the entire exper-
iment while drought was applied and managed in stress plots by
withholding irrigation at 60das as described by Henry et al.
(2011). Tensiometers (Soilmoisture Equipment Corp., CA,
USA) were installed at a depth of 30cm in the drought stress
treatment to monitor the soil water potential (Figure S1). Am-
bient conditions were monitored throughout the experiment
(Figure S2). Basal fertilizer was applied before transplanting
using complete fertilizer (14N-14P-14K) at the rate of
40kgNha ', and a topdressing of 50 kg N'ha~' ammonium sul-
fate was applied before panicle initiation. Manual weeding was
done when needed.

Root hydraulic conductivity

Root hydraulic conductivity (Lpr) was measured according to
a protocol adapted from Henry et al. (2012). Seeds were sown
at staggered intervals (12 cylinders per day) according to the
number of plants that could be measured per day for Lpr using
two pressure chambers. In a preliminary experiment, different
Lpr inhibition protocols were explored on plants grown in soil
in a growth chamber (temperature: 29 °C day, 21 °C night; rela-
tive humidity: 70%; photoperiod: 12 h) using two aquaporin in-
hibitors, salt (500mM NaCl,) and azide (4mM NaN3). The
efficiency of the two inhibitors was tested in solution after
washing the roots or by direct application into the soil, and af-
ter two treatment times (30 or 60 min; Figure S3). Azide appli-
cation into the soil for 30 min was chosen to conduct further
inhibition assays. In Experiment 1, Lpr was measured at
29 das from 7:30 AM to 1:00 PM in a greenhouse in which a to-
tal of 150mL of water (control) or 4 mM azide solution was
added directly to the soil surface and at the bottom of the mylar
tube (within the outer PVC cylinder) 30 min before excising the
shoots to start the Lpr measurements. The mylar tube was
placed in a 1.6L pressure chamber (300HGBL Plant Water
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Status Console, Soilmoisture Equipment Corp., CA, USA).
The main tiller was cut at a height of about 5 cm above the soil
surface and passed throughout a silicone grommet in the lid of
the pressure chamber while the intact root system was sealed
inside. Roots were pressurized with compressed air first at
0.2 MPa for 10 min to equilibrate, and then xylem sap was col-
lected at pressures of 0.2, 0.35 and 0.5 MPa for 10 min using
pre-weighed 2mL Eppendorf tubes filled with cotton. The
mass of xylem sap exuded at each pressure was determined
by weighing the cotton-filled tubes. After the sap collections,
maximum root depth of each plant was measured and roots
were washed and stored in 75% ethanol until scanning at 600
dpi (Epson Perfection V700, Epo America, CA, USA). The
scanned roots were analysed for total root length, surface area,
and length within diameter classes using WhinRhizo Pro v.
2013e (Regent Instruments, Quebec, Canada). The proportion
of lateral roots for each plant was calculated by dividing the
length of roots <0.2mm in diameter by the total root length.
Lpr was calculated as the slope of xylem sap flux at each pres-
sure, and normalized for root surface area. Relative Lpr inhibi-
tion (Lpr_Inh) for each azide treated plant was calculated as:
(Lpryaeer (variety mean)— Lpr,,q. (individual replicate))/
LpTyaer (variety mean) x 100 (Eqn 1).

Sap exudation rate

Sap exudation rate (Sr) measurements were carried out at
35das in Experiments 2 and 5, and at 82das in Experiment
7, according to the protocol described by Morita & Abe
(2002) and Henry et al. (2012). Shoots were cut at a height
of around 15cm from the soil surface, and the sap coming
from the root zone was collected by covering the cut stems
with a cotton towel inside a polyethylene bag sealed at the
base with a rubber band. After 4h, the previously weighed
towel, plastic bag and rubber band were collected and imme-
diately weighed again to quantify the exuded sap from the in-
tact root system. In Experiments 2 and 5 but not in
Experiment 7, 150mL of water or azide solution at 4 mM
was added to the soil just before excising the shoots to collect
the sap. Shoots and roots were washed after sap collection,
oven-dried and weighed to determine root biomass. St was
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calculated as grams of sap exuded per hour, and values were
normalized by root mass of the plant from which sap was col-
lected in Experiments 2 and 5. In field Experiment 7, be-
cause root mass was not measured, Sr (Sr_DS) was
normalized by the shoot dry weight of the hill from which
sap was collected in order to account for variation in plant
size. Relative Sr inhibition (Sr_Inh) for each azide treated
plant was calculated as: (Styacer (Variety mean) — St,iqe (indi-
vidual replicate)) / Styaeer (variety mean)x 100 (Eqn 2).

Leaf water potential

Leaf water potential (LWP) was measured in Experiment 1 by
inserting one leaf into a pressure chamber (300HGBL Plant
Water Status Console, Soilmoisture Equipment Corp., CA,
USA) and pressurizing the leaf using compressed N, until the
first drop of sap was visible at the base of the stem, at which
time the pressure was recorded. LWP was measured on one
leaf before adding 150 mL of water or 4 mM azide solution to
the soil, and on another leaf just before cutting the shoots to
measure the Lpr 30 min after the addition of solution.

Transpiration rate under rising vapour pressure
deficit

Transpiration rate (71) was measured in a growth chamber at
28 and 31 das in Experiments 4 and 6, respectively, according
to the protocol of Kholova et al. (2010). Twelve hours before
the measurement, plants were transferred from the green-
house to the growth chamber for night-time acclimation
(23°C and 80% relative humidity), and the soil surface
around each plant was covered with a plastic bag to reduce
water evaporation from the soil. On the day of measurement,
each pot was weighed hourly from 8:00 AM to 4:00 PM, while
the vapour pressure deficit (VPD) in the growth chamber
was increased by 0.4kPa every hour (starting from 0.6kPa
at 8:00AM to 4.1kPa at 4:00PM; Table S2). After the
11:00 AM weighing, 150 mL of water or 4 mM azide solution
was added directly to the soil. After the last weighing
(4:00PM), shoots were harvested and stored in a plastic
bag inside an ice box, and leaf area was measured with a
roller-belt-type leaf area meter (LI-3100C, Li-Cor, Nebraska,
USA). Plant 7t was calculated as the cumulative water loss
between 11:00AM and 1:00PM in grams per hour, and
values were normalized by the total leaf area. Relative Tt
inhibition (7r_Inh) for each azide-treated plant was calcu-
lated as: (Water_lossyqeer (variety mean) — Water_loss,iqe
(individual replicate))/ Water_lossyaer (variety mean) x 100
(Eqn 3).

Real-time reverse transcription-polymerase chain
reaction

Roots from plants grown in Experiment 3 were sampled for
PIP expression analysis from 10:00AM to 11:00AM at
29das, and rinsed carefully and quickly. A 15cm length of

root was collected from the apex of the longest nodal root
and immediately placed into liquid nitrogen for grinding with
a frozen mortar and pestle. Powdered root tissue (150 mg)
was used for RNA extraction using an RNeasy Plant mini
kit (Qiagen, Germany). Three microlitres of the extracted
RNA was treated with RQ1 RNase-Free DNase (Promega,
Wisconsin, USA), and first strand cDNA was synthesized
using a Transcriptor First Strand cDNA Synthesis kit (Roche,
Switzerland) according to the manufacturers’ instructions.
Real-time reverse transcription-polymerase chain reaction
(RT-PCR) was performed using 1xL of diluted RNA (1:9)
with a LightCycler® 480 SYBR Green I Master in a
LightCycler® 480 system (Roche, Switzerland). The reaction
was repeated for 30-35 cycles at annealing temperatures of
58°C for PIPI;3/PIP2;2/PIP2:4/PIP2;6 primers, 60°C for
PIP2;1/PIP2;5 primers and 64°C PIPI;1/PIPI;2/PIP2;8
primers. Primers used to amplify the different aquaporin iso-
forms (Table S3) were derived from primers designed by
Sakurai et al. (2005). Primer efficiency was tested by DNA
amplification in each variety. PIP2;5 was not included in
the analysis because of the uncertainty in the sequence. Fur-
thermore, non-specific amplification was observed for PIP2;3
and PIP2;7 at increased annealing temperatures in all varie-
ties making those results not suitable for analysis.

Root anatomy

Roots from Experiment 1 were sampled after the Lpr mea-
surement (29 das) and used to investigate root anatomical
properties of the six different varieties. Three intact nodal
roots from single plants were randomly selected and hand-
sectioned under a dissecting microscope at 1.5 and 5cm from
the root apex. Images of four sections per location along the
nodal root were acquired with a Zeiss Axioplan 2 compound
microscope at 50x and 100x magnification. For each section,
the 50x images were used for measuring root diameter
(RD), stele diameter (SD) and cortical cell file number
(CCN; Lynch 2013), while the 100x images were used for
measuring metaxylem diameter (MD), in both cases using Im-
age J. v 1.46r (Abramoff et al. 2004). Cortical width (CW) was
calculated as RD minus SD, and cortex cell diameter (CCD)
was estimated as CW divided by CCN. In each image, root
cortical aerenchyma (Ae) was measured on 50x images using
the magic wand tool of Gimp v. 2.8.10 (GNU Image manipu-
lation programme) and calculated as a percentage of the root
cortex area.

Plant water use related measurements in the field

Canopy temperature (CT) was measured in Experiment 7 with
a hand-held data-logging infrared sensor (Apogee Instru-
ments, Logan UT, USA) at three locations per plot throughout
the drought stress treatment. Data recorded at 81 das are pre-
sented (Table S13). Time to flowering was recorded when
50% of the plants in the plot reached flowering and was
expressed as das. At physiological maturity, plants from an area
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of 1.5m? per plot were harvested for shoot dry weight (SDW)
and grain weight (GY) measurements expressed as g m 2. Re-
duction in SDW under drought stress (DS) compared to the
well-watered treatment (WW) was calculated as: (SDWyww
(variety mean) — SDWpg (individual replicate))/SDWyw
(variety mean)x100 (Eqn 4). Drought response index
(DRI) was calculated according to Bidinger et al. (1987) as:
(GYSact — GYSprea)/ SE of GYS,req (Eqn 5), where GYS, is
the actual GY measured in the drought stress treatment,
GYSyreq the predicted GY for stress based on the GY
and DTF under well-watered treatment as determined by mul-
tiple regression (GYps=a+(bxGYww)+(cxDTFww))
(Eqn 6). Regression curves were determined using SigmaPlot
v. 11.0 (Systat Software, Inc.). DRI was calculated based on
the following equation: GYps=211.5+(0.149xGYww) —
(2.5 x DTF,,) with SE=35.6 (Eqn 7).

Identification of chromosomal regions correlated
with hydraulic component traits

To identify genome blocks from the OryzaSNP panel that cor-
relate with hydraulic and drought response traits, an introgres-
sion block regression analysis was performed according to Jahn
etal. (2011) and Wade ez al. (2015). Traits related to plant water
transport (St, Sr_Inh, 71, 7r_Inh and Sr_DS) or plant water use
(CT, SDW reduction and DRI) measured in Experiments 5, 6
and 7, together with traits related to water uptake previously
measured on this panel including volumetric soil moisture
(VSM) in the field (Henry ef al. 2011) and total water uptake
(TWU) and total water uptake per total root length (TWU/
TRL) in lysimeters (Gowda er al. 2012), were included in the
analysis (Table S13). Briefly, introgression patterns (indica-
type blocks into aus or japonica genomes, aus-type blocks
within indica or japonica genomes, or japonica-type blocks
within indica or aus genomes) were defined based on SNP pat-
terns in 100kb windows across the genome (McNally ez al.
2009). The 11 traits were correlated with these introgression
blocks by linear regression and significant correlations identi-
fied by one-way ANOVA. A subset of 177 introgressed regions
correlated with these traits was selected using the significance
cutoff of p <0.005. These introgressions were plotted to the
rice chromosome map (MSU release 6.1; (Ouyang et al.
2007)) using Mapchart v. 2.2 (Voorrips 2002). Gene content
in those three regions based on the Nipponbare genome anno-
tation (genome regions translated to Michigan State University
rice genome annotation project release 7; Kawahara et al. 2013)
was identified using the IRRI GSL-Galaxy tool (http:/
175.41.147.71:8080).

Statistical analyses

Statistical analyses were performed in R v. 2.15.1 (R Develop-
ment Core Team, 2008) using ANOVA (aov script) to detect
significant differences and Least Significant Difference
(LSD) test to group varieties into letter classes. PCA and corre-
lation analyses were performed using STAR v 2.0.1 (IRRI,
Philippines).
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RESULTS

Selection of an aquaporin inhibitor treatment

Salt and azide are among the aquaporin inhibitors frequently
used in the literature to evaluate the contribution of these pro-
teins to Lpr. We tested the effects of these two inhibitors on
Lpr either (1) after washing and transferring the roots from
soil to solution or (2) by direct application into the soil. In so-
lution, root treatment by salt and azide for 30 min did not alter
Lpr compared to treatment with water (Figure S3). After
60 min in solution, Lpr was reduced after salt treatment and
remained unchanged after azide treatment. In soil, Lpr was
not affected by 30 min of salt treatment but was significantly
decreased after the same duration of azide treatment. For
both salt and azide, roots treated in soil for 60 min showed
no significant differences in Lpr compared to water-treated
roots. Therefore, in order to keep the soil-grown root system
undisturbed and minimize the duration of the inhibitor treat-
ment, application of azide directly into the soil for 30 min
was used in this study to inhibit aquaporin function.

Contribution of aquaporins to Lpr

To investigate the variability of aquaporin contribution to root
hydrostatic water fluxes, we measured the Lpr under well-
watered conditions and drought stress after adding 150 mL of
water (control) or 4 mM azide solution directly to the soil in
Experiment 1 (Table 2). Under well-watered conditions,
Azucena, Moroberekan, and FR13 A showed the highest
Lpr values (from 5 to 6 x 10 *m*m s ' MPa ") while Dular,
IR64 and Swarna showed the lowest Lpr values (around
3x10" ¥ m®>m~2s ! MPa ') after water treatment. Lpr was sig-
nificantly reduced by drought stress, except in Swarna where it
remained similar to the value observed under well-watered
conditions. After drought stress, Azucena, Moroberekan,
FR13 A and Swarna showed the highest Lpr values (from 2
to 3x10*m*m s ! MPa ') while Dular and IR64 showed
the lowest values (around 1x 10 °m*m2s ' MPa!). Azide
treatment consistently reduced the Lpr, with significant dif-
ferences among varieties and soil moisture treatments. The
percentage of relative Lpr inhibition by azide (Lpr_Inh),
which was interpreted as the contribution of aquaporins to
the Lpr, varied from 40% in Dular to 80% in Azucena under
well-watered conditions, and from 35% in IR64 to 85% in
FR13 A under drought stress. Aquaporin contribution to
Lpr (i.e. Lpr_Inh) was significantly reduced by drought stress
in Azucena and IR64, significantly increased by drought
stress in FR13 A and Dular and not changed in
Moroberekan and Swarna. Because Lpr is subject to diurnal
variation (Sakurai-Ishikawa et al. 2011; Henry et al. 2012), we
further investigated potential changes in Lpr over two time
periods in Experiment 1. The Lpr measured in the early
morning (7 AM to 10 AM) was generally similar to the Lpr
measured at mid-day (10AM to 1PM), except in Dular
and FR13 A where Lpr significantly increased at mid-day
under drought stress conditions only (Figure S4A and B).
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Table 2. Root hydraulic conductivity (Lpr) and inhibition by azide of selected rice varieties. Exuded xylem sap was measured after pressurizing roots
from plants grown in Experiment 1 under well-watered conditions (WW) or drought stress (DS). Prior to each measurement, soil was rewatered with
150 mL of water or azide solution (4 mM) for 30 min. Lpr_Inh: Relative Lpr inhibition. Mean + se of n =12-15 plants are presented. Letters indicate

different significance groups in the water or azide treatments

Water treatment Azide treatment
108 Lpr_Inh

Variety Soil moisture m’m *s ' MPa "' m’m s 'MPa %
Azucena WwW 5.95+0.9a 1.49 +0.4bc 79 + 5ab

DS 2.90+0.5cd 1.14 +0.2cde 61 +6¢d
Moroberekan WwW 5.23+0.6ab 2.57+04a 51 +7def

DS 2.40 +0.3cde 0.90 + 0.2cdef 63 + 5bed
FR13 A Www 6.03+0.8a 2.69+0.3a 55 +4cde

DS 3.01 +0.4cd 0.44 +0.1f 85+2a
Dular WwW 3.16+0.3c 1.84+0.3b 42 + 11ef

DS 1.56 +0.2de 047 £0.1ef 70 +3abc
IR64 ww 3.78 £0.4bc 1.05 +0.2cdef 72 +4abc

DS 1.12+0.2¢e 0.67 £0.1def 35+2f
Swarna WwWw 3.28 £0.6c 1.40 +0.6bcd 57 +9cde

DS 3.04+0.3cd 0.94 +0.1cdef 69 + 4abc

Similarly, the contribution of aquaporins to Lpr (i.e. Lpr_Inh)
was generally maintained between early and mid-day
(Figure S4C and D), except in FR13 A, where Lpr_Inh was sig-
nificantly reduced at mid-day (Figure S4C).

Contribution of aquaporins to Sr

To estimate the variability of aquaporin contribution to os-
motic water fluxes, we measured Sr under well-watered
conditions and drought stress after treating the plants
with 150 mL of water (control) or 4 mM azide in Experiment
2 (Table 3). Under well-watered conditions, Azucena,
Moroberekan and Dular showed the highest Sr values (0.3
Zsap h! g;olm), and FR13 A, Dular, IR64 and Swarna showed
the lowest St values (0.14 to 0.19 g, h! gr_olot) after water
treatment. Under drought stress, the absolute amount of

compared to the well-watered conditions (data not shown),
but after normalization for root dry weight, St was higher
under drought in all varieties, with Azucena, Moroberekan,
FR13 A, Dular and Swarna showing the highest values (0.4
t0 0.5 geap h ™' groor) and IR64 showing the lowest value (0.3
Zsap h! g,.}lol). After azide treatment, St was systematically
reduced until being almost completely eliminated in
Azucena under drought stress. Furthermore, significant dif-
ferences in relative St inhibition (Sr_Inh, i.e. the contribu-
tion of aquaporins to Sr) were observed between soil
moisture treatments, with Azucena and Dular displaying
contrasting behaviour; Azucena showed the lowest Sr_Inh
under well-watered conditions but the highest under
drought stress, and Dular showed the highest Sr_Inh under
well-watered conditions but the lowest under drought
stress. The contribution of aquaporins to St was signifi-

exuded sap and the root dry weight was markedly lower

cantly

increased by drought

Azucena,

Table 3. Sap exudation rate (Sr) and inhibition by azide of selected rice varieties. Xylem sap was collected for 4 h from roots of plants grown in
Experiment 2 under well-watered conditions (WW) or drought stress (DS). Prior to the measurement, soil was rewatered with 150 mL of water or
azide solution (4 mM) for 30 min. Sr_Inh: Relative Sr inhibition. Mean + se of n =3-6 are presented. Letters indicate different significance groups in

the water or azide treatments

‘Water treatment Arzide treatment Sr_Inh
Variety Soil moisture Ssap h! g;olm Zeap h! g{olol %
Azucena Ww 0.30 +0.01bc 022+0.01a 27+2g
DS 0.44 +0.04a 0.01+0.01e 97 +1a
Moroberekan wWw 0.30 +0.05bc 0.21+0.03ab 39 + 4efg
DS 0.50 +0.00a 0.15 £ 0.06abed 69 + 13bcd
FRI13 A WW 0.18 +0.01de 0.12+0.01cd 35+ 06fg
DS 0.40 +0.02ab 0.19+0.01abc 53 + 3def
Dular WW 0.23 +0.04cd 0.06 +0.00de 73+ 1bc
DS 0.43 +0.08a 0.25+0.07a 40 + 12efg
IR64 WwWw 0.14 £0.02¢ 0.06 +0.00de 56 + 1cde
DS 0.30 + 0.04bc 0.07 £0.04de 86+ 11ab
Swarna WwW 0.19+0.02de 0.13+0.01bed 29+7g
DS 0.45+0.04a 023+0.01a 48 + 3ef
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Moroberekan, FR13 A, IR64 and Swarna, and significantly
decreased by drought stress in Dular.

Aquaporin expression profiles under well-watered
and drought stress conditions

To investigate the variability of PIP expression in the roots
of the six selected varieties, we measured the transcript
abundance of 10 rice PIP genes (PIPI;l, PIPI;2, PIPI;3,
PIP2;1, PIP2;2, PIP2,3, PIP24, PIP2,6, PIP2;7 and
PIP2;8) under well-watered and drought stress conditions
using RT-PCR in Experiment 3. PIP2;4 was not detected
in Azucena or Moroberekan at the DNA and RNA level
by the designed primers. Except for PIP2;3 and PIP2;7,
unique melting curves combined with single amplification
fragments of the expected size were observed in all varieties
after RT-PCR indicating PIP isoform specific amplification
(Figure S5). Under well-watered conditions, significant

(a)

Well-watered

Aquaporin contribution to root water fluxes under drought in rice 7

variation in PIP relative transcript abundance was observed
among varieties (p<0.001 for PIPI;l, PIPI;2 and PIP2;I;
p<0.01 for PIPI;3, PIP2;2 and PIP2;6; p<0.05 for PIP2:4
and p <0.01 for PIP2.8; Fig. 1a). Overall, IR64 showed rel-
atively low PIP transcript abundance compared to the other
varieties while Moroberekan showed the highest relative
transcript abundance of PIPI;1, PIPI;2, PIP2;2, PIP2;6 and
PIP2;8 among the selected varieties and no transcript for
PIP2;1. Under drought stress, the variation in PIP relative
transcript abundance among varieties was less, although it
was significant for PIP2;] (p<0.001), PIPI;3 and PIP2;2
(p<0.01), and PIPI;1, PIPI2 and PIP2;8 (p<0.05;
Fig. 1b). In general, Swarna showed the highest level of
transcript abundance for most of the PIP isoforms under
drought stress, especially for PIPI;3.

The effect of drought stress on PIP expression was also in-
vestigated by calculating the relative expression of each PIP
under drought as the fold-level increase compared to its
expression under well-watered conditions for each variety
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Figure 1. Relative transcript abundance of eight PIP genes in six selected rice varieties. RNA was extracted from roots grown under well-watered
conditions (a) or drought stress (b) during Experiment 3. Transcript abundance of the indicated PIP gene was measured in each variety and soil
moisture by RT-PCR and normalized to the expression of the same gene in IR64. Bars show mean values =+ se of n =3 biological replicates, each with
triplicate RT-PCR. Letters indicate different significance groups for transcript abundance of one particular PIP gene.

© 2015 John Wiley & Sons Ltd, Plant, Cell and Environment



8 A. Grondin et al.

(Fig.2). In general, PIP transcript accumulation was reduced
(PIP2;8) or slightly induced (PIPI;1) by drought stress, al-
though some exceptions were observed. For instance, PIPI;2
and PIP2;2 were particularly induced in IR64, as well as
PIP2;6 and PIP2;8 in IR64 and Swarna.

Covariation of hydraulic properties and PIP
expression

In order to better understand the relationships between PIP ex-
pression and root hydraulic traits, we performed principal com-
ponent analysis (PCA) of the PIP transcript abundance, Lpr,
Lpr inhibition (Lpr_Inh), St and Sr inhibition (Sr_Inh) mea-
sured in the six selected varieties. Under well-watered condi-
tions, the first principal component (PC1), which accounted
for 61.91% of the variability, was positive for the Lpr compo-
nents but negative for St components and aquaporin transcript
abundance (Fig. 3a). The second principal component ex-
plained 21.65% of the variability and was positive for PIPI;],
PIPI;3, PIP2;1, PIP2;2 and PIP2;8, but negative for PIPI;2,
PIP2;4 and PIP2;6 as well as Lpr and Sr components. Overall,
the PCA analysis suggested negative correlations of Lpr and
Lpr_inh with several PIP isoforms, and covariation of Sr with
PIP2;6 and PIP2;4. Pearson’s correlation test confirmed a
weak negative correlation between the transcript abundance
of a number of PIPs and the Lpr and Lpr_Inh under
well-watered conditions (Table S4). Positive correlations
were also observed between Sr and PIP2;4 (p<0.05),
PIP2:6 (p=0.0992) and PIP2:8 (p<0.05). Under drought
stress, PCA analysis indicated little variation among varieties
for PIP transcript abundance, all showing positive PCl
values, and negative or low positive PC2 values (Fig. 3b).
No clear correlation profile was observed between Lpr,
Lpr_Inh, Sr, Sr_Inh and PIP transcript abundance by
Pearson’s correlation analysis (Table S5). However, signifi-
cant positive correlations among the transcript abundance
of several PIP isoforms were observed under drought stress
as well as under well-watered conditions (Tables S4 and S5).

PCA analysis of the effect of drought on PIP expression with
Lpr and Sr components revealed a principal component
explaining 62.59% of the variability that was positive for most
PIP isoforms, Lpr Lpr_Inh and Sr, and negative for PIPI;]
and Sr_Inh (Fig. 4). Covariation of all PIP relative expression
levels with Lpr and St was also revealed (Table S6). Indeed, ex-
cept for PIPI;1, positive correlations were observed between
PIP relative expression, Lpr and Sr, with significance between
PIP2;6 and St (p < 0.05).

Root architecture and anatomy

Because root architecture and anatomy can strongly affect
root water fluxes, we investigated the variations of these
two parameters in the selected varieties in Experiments 1
and 2. Significant differences in maximum root depth were
observed among varieties (p<0.001), with Moroberekan
showing the highest value and Swarna the lowest value under
both well-watered conditions and drought stress (Table S7).
Significant differences among varieties were also observed
in total root length (p <0.001), root surface area (p < 0.001)
under both conditions and percentage of fine roots
(p<0.001) under drought stress. No significant differences
were observed in root mass and root:shoot ratio. Except for
the maximum root depth and the percentage of fine roots,
root architecture parameters and the root:shoot ratio were re-
duced by drought stress.

Root anatomy was investigated in cross sections of nodal
roots taken at 1.5 and 5cm from the root apex (Table 4,
Figs. 5 and S6). Azucena, Moroberekan, FR13 A and
Dular had larger root diameter (RD) than FR13 A, IR64
and Swarna under well-watered conditions at both locations
of the apex. Root diameter was significantly reduced by
drought in all varieties, but the reduction was less marked
in Moroberekan. In general, varieties with larger RD under
well-watered conditions and drought stress also showed
larger cortical width (CW; data not shown), stele diameter
(SD), and metaxylem diameter (MD). This trend was con-
firmed by significant positive correlation between RD and

6
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PIP2;2 PIP2;4 PIP2;6 PIP2;8

Figure 2. Variation of PIP relative expression in response to drought in six selected rice varieties. The relative transcript abundance of a particular
PIP under drought was calculated in one variety as the fold increase relative to the transcript abundance in the same variety under well-watered
conditions. Bars show mean values +se of n =3 biological replicates, each with triplicate RT-PCR. Letters indicate different significance groups for

transcript abundance variation of one particular PIP gene.
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Figure 3. Covariation of root hydraulics and PIP expression in six
selected rice varieties. Mean values of PIP transcript abundance, and
Lpr, Lpr_Inh, St and Sr_Inh obtained after water treatment of well-
watered (a) and drought-stressed (b) plants were used for Principal
Component Analysis (PCA). The contribution of each PCA axis (PC1
and PC2) is indicated on the graph.

SD (p<0.05), and RD and MD (p<0.05) under well-
watered conditions and drought stress at both sectioning
locations (Tables S8-S11). The variability in cortical cell di-
ameter (CCD) among varieties and soil moisture treatments
was low at both sectioning locations (p=0.12 at 1.5cm and
p=0.137 at Scm; Table 4), and no correlations among
CCD, RD, SD and MD were observed (Tables S8-S11). At
1.5cm, the aerenchyma formation (Ae) varied among varie-
ties (p<0.01) and was higher in roots grown under drought
stress compared to roots grown under well-watered condi-
tions at 1.5cm (Table 4). At 5cm, no significant differences
in Ae were observed among varieties and between soil mois-
ture treatments (p=0.567).
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Figure 4. Covariation of root hydraulics and PIP variation in
response to drought in the selected varieties. Mean values of variation
of PIPs transcript abundance, Lpr, Lpr_Inh, Sr and Sr_Inh obtained
after water treatment of drought-stressed plants were used for Principal
Component Analysis (PCA). The contribution of each PCA axis (PC1
and PC2) is indicated on the graph.

Correlation analyses were also performed among Lpr,
Lpr_Inh, St, St_Inh and all measured root anatomical parame-
ters in order to better understand the relationship between root
anatomy and root hydraulics. The analysis revealed that St was
significantly positively correlated with SD (p < 0.05) and MD
(p<0.05) under well-watered conditions at both distances
from the root apex (Tables S8 and S10). Under drought
stress, the correlation between the stele characteristics and
St remained positive but became less evident, with significant
correlations only between Sr and MD at 1.5cm (p <0.05;
Tables S9 and S11). This analysis also revealed significant
positive correlations between Lpr and the percentage of
cortical aerenchyma (p < 0.05) under well-watered conditions
at 1.5cm only (Table S8). No clear correlations were ob-
served between hydraulic properties and visual observations
of suberization profiles under both well-watered and drought
stress.

Effect of root aquaporin inhibition on LWP and Tr

To investigate if root aquaporin function can impact leaf hy-
draulics in rice, we measured the LWP of well-watered and
drought stressed plants before and after treatments with
150 mL of water or 4 mM azide for 30 min in Experiment 1. Un-
der well-watered conditions, the LWP measured after water or
azide treatment was similar to the LWP measured before treat-
ment in Azucena, Moroberekan and Swarna (Fig. 6a). In FR13
A, Dular and IR64, treatment with water or azide induced an
increase (less negative) of LWP in the well-watered plants,
which was less marked after azide treatment in FR13 A and
IR64 compared to that induced by water. Under drought stress,
LWP was significantly increased (less negative) in all varieties
after water treatment, whereas the recovery in LWP after azide
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Table 4. Root anatomical traits of selected rice varieties. Nodal roots from Experiment 1 were sampled, washed and hand-sectioned at 1.5 cm and 5 cm from the root apex for imaging. Images were used

for measuring root diameter (RD), cortical cell diameter (CCD), percentage of cortical aerenchyma (Ae), stele diameter (SD) and metaxylem diameter (MD) per nodal root segment and per variety.

Letters indicate different significance groups at each distance from the root apex

Ae SD MD

CCD

RD

Soil moisture

um

um

%

um

um

Variety

Scm

Scm 1.5cm

Scm 1.5cm

1.5cm S5cm 1.5cm

cm

1.5cm

+1la
43 +0.2bcde

51+ 5ab
50 + Sabc
42 +1cde

116 + 16abc 7 + 3efg 40 + 7ab 271 +14a 268 + 5ab 33+1a
33 +6a
35+ 1ef

68+ 1c

wWwW 1090 +35a 1059 £27a 80 +2abc

Azucena

38 +3cd
51 +7ab

41 +5bc

236 +22bcd
250 +32bc

315 +40a

196 +30bcd

249 +35ab
269 +43a

38 £ 4ab
33 +2ab
35+2ab

37 +5ab
32 +4ab
37 +7ab

45+1a

98 +41abc

64 +3c

733 +£107c

608 + 109def
986 + 122a

DS

4+0.4fg

28 + 8ab
12 +2def
14 +2cde

2+1g

87 +8bc

953 + 108ab
848 + 18bc

Moroberekan

38+ 1cd

212 + 14bcde
196 + 5cde

194 + 8bed
179 +19cd

93 +10bc
97 + 6bc

77 +12bc
83 +7abc
79 + 11bc

76 + 5bc
118 £2a

993 +46ab

691 +59¢
1012 +43ab

760 +90bcd
922 +44ab
677 + 81lcde

DS
wWw
1020 +47a

FR13 A

34 +3cd
41 +1c

165+41a

DS

44 +2bcd
42 + 6¢de
40 + 1cdef

35 +2ef

38 +3cd
39 +3cd

30+1d

198 +24cde
176 + 8def

224 + 8bed
157 + 9ef
164 + 3ef
132 +21f

191 + 13bcd

229 + Sabc
177 +13cd

26 + 1ab

107 + 14abc
92 + 14bc
78 = 1bc

648 +71cd

646 + 49def
901 + 78abc

A\
DS
455 £ 57

Dular

30+ lab

1+0g
19 +3bcd

71 +4bc
98 + 17ab

74 + 4bc

853 +23bc
511 +65d
777 +7c

WwWwW

IR64

143 £12d
163 +4d

30 +3ab
29 +4b

152 +33ab
90 + 16bc
147 £ 37ab

DS

38 + 1def

32 +3f

34 +1cd

3+2fg
24 +2abc

776 + 14bcd
508 + 72ef

Swarna

33 +5cd

140 £21d

32 +5ab

113+15a

472 +82d

DS

treatment under drought was partly or completely eliminated
in FR13 A, Dular, IR64, Swarna and Azucena (Fig. 6b). By
contrast, azide treatment did not affect the recovery of LWP af-
ter drought stress in Moroberekan.

Using a similar approach, we investigated the effects of root
aquaporin inhibition on transpiration 2h after treating well-
watered and drought-stressed plants with 150 mL of water
or 4mM azide solution in Experiment 4 (Table 5). Under
well-watered conditions, around 2-fold variation in 7r was ob-
served among varieties with 2.99+0.40 gyaer h~temig% in
IR64 and 6.19+0.51 gyater h™' cmizZ; in Azucena after water
treatment. Compared to the well-watered conditions, 7t un-
der drought stress was significantly reduced by 1.3 to 1.9-fold
in Moroberekan, IR64, Dular and Azucena, and remained
similar in FR13 A and Swarna. Azide treatment to well-
watered plants induced no or low Tt inhibition (7r_Inh) in
FR13 A and Moroberekan, and moderate 7r_Inh (24 to
39%) in Azucena, Dular, IR64 and Swarna with little signifi-
cant differences among varieties because of the variability in
the measurement. Drought stress did not induce significant
changes in 7t_inh compared to the well-watered conditions,
except in Moroberekan and FR13 A where it was signifi-
cantly increased.

Pearson’s correlation test was performed using values of
Lpr, Lpr_Inh, St, Sr_Inh, LWP, 7t and Tr_Inh obtained after
water treatment under well-watered and drought stress con-
ditions (Table S12). Under well-watered conditions, Lpr
was negatively but non-significantly correlated with 7r_Inh
(p=0.0885; Fig. 7a), whereas under drought stress the corre-
lation between these two parameters was positive and signif-
icant (Fig. 7b; p < 0.05). Non-significant positive correlations
were also observed between Sr and 7r_inh (p=0.0951), and
Sr and LWP (p=0.0937) under drought stress (Table S12).

Chromosomal regions correlated with hydraulics
and plant water use related traits

To correlate hydraulic traits with genomic regions, Experi-
ments 5 and 6 were conducted using the 20 varieties of the
OryzaSNP panel in which Sr and 7t were measured under
well-watered conditions in the presence of water or azide
(Table S13). Significant differences in Sr and 7t values were ob-
served after water or azide treatments (p < 0.001 in both cases).
Sr_Inh showed significant variation among varieties (p < 0.05),
while 71_Inh values showed that 7t was either increased (nega-
tive values) or inhibited (positive values) by azide application,
although non significantly (p=0.058). After water treatment,
positive correlations were observed between Sr and Sr_Inh
(p < 0.05; Figure S7A), and between 7t and Tr_Inh, respectively
(p < 0.01; Figure S7B). Furthermore, to determine if genetic
regions correlated with hydraulic traits would align with
plant water use related traits, Experiment 7 was conducted in
field conditions, where significant differences among varieties
were measured for Sr DS (p<0.01), canopy temperature
(CT; p<0.001) and shoot dry weight reduction (SDW reduc-
tion; p<0.001). Large variation in drought response index
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IR64 Dular FR13 A Moroberekan Azucena

Swarna

Figure 5. Root anatomy of Azucena, Moroberekan, FR13 A, Dular, IR64 and Swarna. Representative images from cross sections of nodal roots at
1.5 cm from the root apex of plants grown under well-watered conditions (a, ¢, e, g, i and k and drought stress (b, d, f, h, j and 1) in Experiment 1 are
shown. The bar represents 400 ym.
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Figure 6. Effect of Lpr inhibition on leaf water potential (LWP) in six
selected rice varieties. LWP was measured in Experiment 1 on leaves
grown under well-watered conditions (a) or drought stress (b).
Measurements were performed before and after treatment with water
or azide solution (4 mM) for 30 min. Bars represent mean values + se of
n =30 (before) or n =15 (water, azide) replicates. Letters indicate
different significance groups between treatments for a particular
variety.

(DRI) with values from —0.94 in Swarna to 1.81 in Dular were
also observed.

Introgression block regression analysis of data from Experi-
ments 5, 6 and 7, along with published data of water uptake on
the 20 OryzaSNP varieties reported by Gowda et al. (2012) and
Henry et al. (2011), resulted in identification of 177 significantly
correlated genome regions. To further increase the confidence
level of the introgressions, three regions where introgression
for at least three different traits overlapped were selected
(Fig. 8a); (1) region 1 on chromosome 1 (Chr01) from 8.6 to
93Mb with introgressed segments correlated with Sr_Inh
(indica-type), Tr (indica-type) and CT (aus-type); (2) region 2
on chromosome 6 (Chr06) from 5.8 to 7.9 Mb with introgressed
segments correlated with Sr_Inh (aus-type), TWU (aus-type)
and CT (aus-type); (3) region 3 on chromosome 12 (Chr12)

from 12.4 to 14.5Mb with introgressed segments correlated
with VSM (japonica-type), Tr (aus-type), TWU/TRL
(aus-type) and Sr_Inh (aus-type). Gene annotation in these re-
gions (based on the Nipponbare reference genome) showed
that region 1 and 2 are relatively rich in expressed proteins
(76% and 78% of the total number of genes, respectively),
while region 3 is mostly composed of retrotransposons and
transposons (58% of the total; Fig. 8b). No aquaporin genes
were annotated in these regions, except in region 2 where a sil-
icon influx transporter belonging to the Nodulin-26 like aqua-
porin subfamily (Lsi6/NIP2-2; Os0620228200) was identified.

DISCUSSION

Based on the high degree of aquaporin inhibition observed,
this study suggests that aquaporins can largely contribute to
rice root hydrostatic and osmotic water fluxes under well-
watered conditions, under drought stress and during the recov-
ery of whole-plant water fluxes following drought stress. The
analysis of PIP expression in rice roots highlights the possible
role of specific PIPs in these processes, such as PIP2;4, PIP2;6
or PIP2;8. Structural parameters of rice roots such as cortical
aerenchyma and stele diameter were also observed to affect
root water fluxes.

Contribution of aquaporins to rice root hydraulics

We observed substantial variation in Lpr (1.9-fold under well-
watered conditions and 2.7-fold drought stress) and Sr
(2.1-fold under well-watered conditions and 1.6-fold under
drought stress) among rice varieties, which could be respec-
tively inhibited up to 85% in FR13 A and 97% in Azucena
under drought stress. Because the percentage of inhibition
of Lpr or Sr by azide can be interpreted as a reflection of
the contribution of aquaporins to these processes, these re-
sults indicate that aquaporins are functional and can contrib-
ute to root water fluxes under well-watered conditions and
drought stress in some rice varieties. The larger contribution
of apoplastic water flow compared to aquaporin-dependent
water flow that was previously reported (Ranathunge et al.
2004) may be a consequence of different aquaporin func-
tional roles predominating at different parts of the root radial
cross-section. This assumption is supported by the higher level
of accumulation of some PIPs in the endodermis compared to
other root cells (Sakurai et al. 2008). However, although aqua-
porins showed an important role in rice root function, 7t was
not or only slightly affected by azide application under well-
watered conditions and upon re-watering after a period of
drought. This suggests that the aquaporin-dependent path
can contribute but is not limiting to root hydrostatic water
fluxes, and confirms that the apoplastic path is dominant under
these conditions (Steudle 2000).

Because osmotic gradients within the roots can determine
their exudation capacity (Javot & Maurel 2002), the sap exu-
dation rate (Sr; also termed ‘bleeding rate’) can be consid-
ered as a result of osmotically driven water fluxes that
involve the transcellular water pathway. The systematic
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Table 5. Transpiration rate (77) and inhibition by azide of selected rice varieties. Transpiration rate was calculated in Experiment 4 as the cumulative
water loss 2 h after rewatering plants grown under well-watered conditions (WW) or drought stress (DS) with water or azide solution (4 mM). 7r_Inh:
Relative 7t inhibition. Mean + se of n =5-8 plants are presented. Letters indicate different significance groups in the water or azide treatments

Water treatment Azide treatment

1072 1072 Tr_Inh
Variety Soil moisture Swater h'cm 2 leaf Swater h'cm 2 leaf %
Azucena WWwW 6.19+0.51a 4.69 +0.58a 24 +9abc
DS 324 +0.25¢ef 2.26+0.24d 30+7a
Moroberekan WwW 4.54 +0.39bcd 4.41 +0.49ab 3+11bc
DS 334 +047ef 2.17+0.13d 35+4a
FRI3 A wWw 4.11 £ 0.52cdef 420 +0.65ab —2+16¢
DS 4.26 +0.30cde 2.69 +0.24cd 37 +6a
Dular WWwW 5.65+0.65ab 3.46 +0.63bcd 39+1la
DS 3.51+0.38def 2.35+0.22cd 28 + 5ab
1R64 ww 4.65+0.31bed 3.52 +0.30abed 24 +7abc
DS 2.99 + 0.40f 2.38+0.12cd 20 +4abc
Swarna WW 4.89 + 0.46abc 3.58 +0.17abc 27 +4ab
DS 438 +0.55cde 2.74 +£0.30cd 37+7a

reduction in Sr after azide application in all varieties (Table
3) corroborates this hypothesis and demonstrates the contri-
bution of aquaporins to root osmotic conductivity in rice.
Furthermore, after a drought period, the contribution of
aquaporins to St was significantly increased in all varieties
except in Dular. However, Sr could also be affected by sub-
stantial variation in the osmotic pressure of the xylem sap,
or by other unknown mechanisms contributing to root pres-
sure (Wegner 2014). Thus, the relative St inhibition by azide
measured in this study may not strictly reflect the function of
aquaporins in osmotic water fluxes and may be considered as
an “apparent” aquaporin contribution only, which may ex-
plain the lack of correlation between Sr and Lpr. Regardless
of these considerations, by showing an increase in the
aquaporin-dependent osmotic water path under drought
stress, our data support a role for root aquaporins in
responding to drought stress and restoring root water fluxes
upon rewatering. These observations are in line with previ-
ous observations showing a role for aquaporins under water
limited conditions in tobacco (Nicotiana tabacum) and
Arabidopsis (Arabidopsis thaliana; Martre et al. 2002; Siefritz
et al. 2002). Altogether, our data suggest an increased role
for aquaporins in the modulation of rice root osmotic water
fluxes under drought stress compared with well-watered
conditions.

Our pharmacological approach to aquaporin inhibition using
soil-grown roots involved rewatering before the measurement
and treatment with an inhibitor that would effectively access
the root without being absorbed by soil particles or com-
pounds. Azide, which induces intracellular acidosis by blocking
respiration via the cytochrome pathway leading to the H*-de-
pendent closure of PIPs (Tournaire-Roux et al. 2003;
Tornroth-Horsefield et al. 2006; Verdoucq et al. 2008; Sutka
et al. 2011), is a commonly-used aquaporin inhibitor (Zhang
& Tyerman 1991; Kamaluddin & Zwiazek 2001; Tournaire-
Roux er al. 2003; Postaire et al. 2010; Sutka et al. 2011). Because
complete time-dependent reversible inhibitory effects of azide
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have been observed in Arabidopsis upon stopping the treat-
ment by washing (Tournaire-Roux et al. 2003; Postaire et al.
2010), azide is generally considered to be less toxic than mercu-
ric chloride, another common aquaporin inhibitor. In this study,
azide successfully induced significant reduction of rice Lpr af-
ter 30 min of application with reversible effects after 60 min
(Figure S3, Table 2). However, as a respiratory inhibitor, azide
also induces rapid reduction in cell metabolism and membrane
depolarization (Reid ez al. 1985). Therefore, changes in osmotic
pressure gradients, especially during the St measurements in
this study, might have caused non-specific side effects on sap
exudation that could have introduced an overestimation of
the contribution of PIP aquaporins.

Functional determinants of root hydraulics

For further insight into the determinants of rice root hydraulics,
we looked for correlation between hydraulic traits and PIP rel-
ative transcript abundance in six selected varieties. Under well-
watered conditions, St was generally positively correlated with
the overall PIP transcript abundance, especially with PIP2:4
and PIP2;8 (Table S4). These results suggest a specificity of
these two isoforms as major contributors to osmotic water
fluxes in rice, which could be particularly limiting under
drought stress or during drought recovery. The correlation
analyses also revealed that the induction of PIP2;6 was
particularly important in maintaining osmotic water fluxes
(Table S6). Lpr and its relative inhibition by azide were gener-
ally negatively correlated with PIP transcript abundance under
well-watered conditions and to a lesser extent under drought
stress (Fig. 3a,b and Tables S4 and S5). This surprising relation-
ship was also observed in Arabidopsis in which Lpr and
Lpr_Inh were negatively correlated with transcript abundance
of AtPIP2;6 and AtPIP2;8 (Sutka et al. 2011). An increase in
Lpr and aquaporin transcript abundance was previously ob-
served in rice within 1 to 2h after the beginning of the light
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Figure 7. Correlation between Lpr and Tr_Inh in the selected
varieties. Mean values of Lpr from water-treated plants and 7t_Inh by
azide for each variety measured in Experiments 1 and 4, respectively,
under well-watered conditions (a) or drought stress (b) are presented
(see Tables 2, 5 and S12).

period, followed by a gradual decrease during the day
(Sakurai-Ishikawa er al. 2011). Furthermore, a stronger reduc-
tion of PIP transcript abundance at mid-day was observed un-
der drought stress compared to well-watered conditions
(Henry et al. 2012). To limit this time of day effect, Lpr and
PIP transcript abundance were measured at a specific time in
this study. However, gradual PIP downregulation may explain
negative correlations observed between Lpr and PIP transcript
abundance, and further investigation of PIP expression over
the course of the day in the 6 selected varieties under well-
watered and drought stress conditions is needed. Although
the physiological relevance of such relationships is still unclear,
these results might also be explained by multiple post-
translational modifications that can affect plant aquaporins
(Li et al. 2014), implying that expression level and translation
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Figure 8. Chromosomal segments correlated with hydraulic and plant
water use related traits. (a) Chromosome map representing genomic
regions identified by introgression block regression analysis aligning for
at least three different traits on chromosome 1 (Chr01), chromosome 6
(Chr06) and chromosome 12 (Chr12). Region 1 on Chr01 is located from
8.6 t0 9.3 Mb and shows introgressed segments correlated with St_Inh
(indica-type, p = 0.00227), Tt (indica-type, p = 0.00237) and CT (aus-
type, p =0.0048). Region 2 on Chr06 is located from 5.8 to 7.9 Mb and
show introgressed segments correlated with Sr_Inh (aus-type,
p=0.00128), TWU (aus-type, p =0.00338) and CT (aus-type, p = 0.004);
Region 3 Chr12 is located from 12.4 to 14.5 Mb and show introgressed
segments correlated with VSM (japonica-type, p = 0.00431), Tt (aus-
type, p=0.0009), TWU/TRL (aus-type, p = 0.00032) and Sr_Inh (aus-
type, p=0.0039). Sr_Inh: relative sap exudation inhibition; 7t:
transpiration rate; CT: canopy temperature; TWU: total water uptake;
VSM: volumetric soil moisture; TWU/TRL: total water uptake per total
root length. (b) Gene content within the three regions based on
percentage of genes belonging to different gene classes (based on the
Nipponbare reference genome). Regions 1,2 and 3 contain 97, 306 and
290 annotated elements respectively. The numbers of genes belonging to
each class are presented on the graph.
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might not be strictly related to aquaporin function. The im-
portance of drought-induced post-translational modification
of rice root aquaporins is also supported by the fact that the
contribution of aquaporins to Lpr was differentially affected
by drought in different varieties, and that no clear correla-
tions were observed between the modulation of PIP tran-
script abundance and the relative aquaporin contribution to
Lpr (ie. Lpr_Inh) under drought. The concept of post-
translational modification regulating aquaporin activity or lo-
calization is further supported by the identification of rice
aquaporin phosphorylation sites (Whiteman et al. 2008; Li
et al. 2014).

Our results showing unchanged or decreased PIP transcript
abundance by drought depending on the variety is somewhat
different to what was reported previously in hydroponics
using PEG (Guo et al. 2006; Lian et al. 2006), and might be
explained by the time of sampling, the growth conditions
and the severity of the stress applied. Interestingly, we ob-
served that the transcript abundance of certain PIPs was
strongly correlated with the transcript abundance of others
(Tables S4 and S5), and that some PIPs showed significant
co-variation in response to drought (Table S6). This behav-
iour might reflect co-functionalities among aquaporins for
heterotetramer formation, for instance (Fetter et al. 2004;
Zelazny et al. 2007).

Structural determinants of root hydraulics

Aerenchyma formation in rice is not limited to hypoxic condi-
tions and is also observed under aerated conditions (Jackson
& Armstrong 1999). Our data obtained in soil conditions, in
which a higher level of aerenchyma formation was observed
in dry soil compared to well-watered conditions at 1.5cm
but not at 5Scm from the root apex, likely reflects differences
in root growth rate between the well-watered and drought
stress treatments. Therefore, better growth in the well-
watered treatment may not yet have resulted in aerenchyma
formation at the same distance from the apex as in the
drought stress treatment. A positive correlation between
Lpr and the percentage of root cortical aerenchyma was ob-
served under well-watered conditions at 1.5 cm from the root
apex but not at Scm or under drought stress (Tables 4, and
S8-S11). Hypoxia is known to induce an acidification of root
cell cytoplasm which induces the blockage of PIPs that can
account for a reduction in Lpr (Tournaire-Roux et al. 2003).
Although aerenchyma are typically assumed to reduce radial
water flow, aerenchyma formation in the region close to the
root apex, by maintaining root oxygenation, might indirectly
contribute to maintaining Lpr by reducing cytoplasm acidifica-
tion and PIP inhibition, particularly under flooded conditions.
Aerenchyma could therefore have dual roles in root water
fluxes, to which further investigation is needed. These results
may also suggest variable water fluxes along the root axis,
highlighting the importance of regions close to the root apex
for water uptake. In addition to this, the observation that Sr
was significantly positively correlated with SD and MD,
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particularly under well-watered conditions (Tables S8-S10),
supports the idea that root anatomical properties affect rice
root hydraulics.

Root-shoot hydraulic interactions for drought
tolerance

The role of aquaporins in hydraulic interactions between
roots and shoots has been emphasized in several species
(Maurel et al. 2010). For instance, modulation of maize Lpr
using aquaporin inhibitors induced a decrease in cell turgor
in the leaf elongation zone followed by a decrease in the leaf
elongation rate (Ehlert et al. 2009). We observed that in
drought-stressed plants, unlike those treated with azide, plants
treated with water showed partial to complete LWP recovery
(Fig. 6), suggesting that root water fluxes mediated by aqua-
porins play an important role in root-shoot water fluxes for
LWP recovery after drought stress. This hypothesis is sup-
ported by a positive, although not significant, correlation be-
tween LWP recovery and Sr under drought stress (p=0.0937;
Table S12). A similar role of root aquaporins has been sug-
gested in transgenic lowland rice overexpressing RWC3
(PIP1;3), which exhibited higher root osmotic hydraulic con-
ductivity, LWP and cumulative transpiration after a period of
10h of PEG treatment (Lian et al. 2004). Here, we observed
that Tr recovery was more dependent on aquaporin function
after drought stress than under well-watered conditions
(Table 5). We also observed that 7t was significantly posi-
tively correlated with 7r_Inh (Table S12), and plants showing
an activation of 7Tr by azide generally showed low 7t. These
results suggest an isohydric-type behaviour in rice varieties
with activated 7t that was eliminated after azide application,
indicating linkages between rice plant water-balance strate-
gies and aquaporin function in roots. Therefore the down-
regulation of aquaporins may even contribute to drought
tolerance in some varieties by allowing the plant to adopt a
conservative strategy to maintain water fluxes and transpira-
tion during drought stress.

Manipulating plant aquaporins in order to increase crop yield
under irrigated and drought stress conditions has been ad-
dressed in several studies but with no major progress, and a bet-
ter molecular understanding of the role of specific PIPs and how
the plants regulate their water balance and water use efficiency,
especially under drought stress conditions, is still needed
(Moshelion et al. 2014). In this study for instance, it does not ap-
pear clearly that drought tolerance in rice is associated with high
Lpr and Sr. Indeed, Azucena and Moroberekan (mildly drought
tolerant), but also FR13 A and Swarna (drought susceptible)
showed highest Lpr and St under drought stress, suggesting that
other functional properties could be more related to grain yield
under drought. Only in tomato (Solanum lycopersicum), the
overexpression of a tonoplast aquaporin (SiTTIP2;2) induced
higher transpiration and significant increase in plant yield, har-
vest index and plant mass relative to the non-transgenic plants
under well-watered and drought conditions (Sade et al. 2009).
Because the OryzaSNP panel is a small set of genotypes that
provides possibilities for testing genetic correlations with
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phenotypic components, it is a very useful tool to relate func-
tional traits that are relatively complex to measure with genomic
regions by introgression block regression analysis (Jahn ef al.
2011; Wade et al. 2015). Here, three genomic segments showing
correlation with both root water uptake (Sr_Inh, TWU,
TWU/TRL and VSM) and shoot performance (7r and CT) were
identified (Fig. 8a), which support our observations of the hy-
draulic interactions between roots and shoots. These segments
are mostly from aus-type introgressions, which is a subgroup
with characteristically more drought tolerance compared to
indica- and japonica-type varieties (Glaszmann 1987). Although
our study provides evidence that aquaporins are key determi-
nants of root water fluxes in rice, no aquaporins with known
water transport activity were identified in these regions
(based on the Nipponbare reference genome). The absence
of co-location of aquaporin genes likely reflects the complex-
ity of root water fluxes. Modulation of water uptake to sus-
tain shoot function under drought requires coordination of
processes that are likely under the control of aquaporin-
regulatory genes. Regions 1 and 2 in particular contain a
number of stress-related genes such as zinc-finger proteins
that could be involved (Sugano et al. 2003; Mukhopadhyay
et al. 2004; Maruyama et al. 2012; Jan et al. 2013). In addition
to being influenced by aquaporin expression, localization, or
activity, root hydraulics also appear to depend on environ-
mental and plant characteristics, including soil moisture, root
anatomy, osmotic gradients and leaf water status.

CONCLUSIONS

Root water fluxes in rice, as in many species, were not observed
to be strictly determined by the function of aquaporins, but we
observed that the physiological role of these proteins became
more important under drought stress. Our results suggest that
rice root aquaporins can contribute but are not limiting to hy-
drostatic water fluxes when transpiration is high, and that they
play a major role in osmotic water fluxes occurring when tran-
spiration is low. Differences in root water fluxes were related to
differences in aquaporin function, particularly for some PIP
isoforms. The large genetic diversity observed among rice vari-
eties for aquaporin expression, hydraulic properties and root
anatomy, as well as the three genetic regions correlated with
multiple hydraulic traits that have been identified, indicate
the potential for improvement of rice water fluxes under
drought. More research is necessary to pinpoint specifically
how modulation of root water fluxes should be improved in or-
der to increase the drought tolerance of rice.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Table S1. Characteristics of the soil used for the experiments in
this study, as analyzed by the Analytical Service Laboratory
(ASL) at IRRI. Soil characteristics were not available for
Experiment 6.

Table S2. Conditions in the growth chamber at the time of tran-
spiration rate measurements. The pots were weighed every
hour from 8 AM to 4 PM while the VPD conditions were
increasing inside the growth chamber.

Table S3. Table of primers used for RT-PCR. Primer sequences
were derived from Sakurai et al. (2005).

Table S4. Correlation between root PIP transcript abundance,
root hydraulic properties (Lpr, Sr) and root hydraulic inhibi-
tion by azide (Lpr_Inh and Sr_Inh) under well-watered condi-
tions (WW) in six selected rice varieties. Values indicate the
Pearson’s coefficient of correlation. *: p-values < 0.05; **:
p-values < 0.01.

Table S5. Correlation between root PIP transcript abundance,
root hydraulic properties (Lpr, Sr) and root hydraulic inhibi-
tion by azide (Lpr_Inh and Sr_Inh) under drought stress condi-
tions (DS) in six selected rice varieties. Values indicate the
Pearson’s coefficient of correlation. *: p-values < 0.05; **:
p-values < 0.01.

Table S6. Correlation between root PIP transcript variation
under drought, root hydraulic properties (Lpr, Sr) and root
hydraulic inhibition by azide (Lpr_Inh and Sr_Inh) under
drought stress conditions in six selected rice varieties. Values
indicate the Pearson’s coefficient of correlation. *: p-values
< 0.05; **: p-values < 0.01. ***: p-values < 0.05.

Table S7. Root morphology of six selected rice varieties. Roots
of plants grown under well-watered conditions (WW) or
drought stress (DS) in Experiment 1 ($) and Experiment 2
(*) were sampled and washed to remove soil residues at 29
and 35 das, respectively. Mean values + se of n=29-30$ and
n=8-12* biological replications are presented. Letters indicate
different significant groups in WW or DS soil moisture treat-
ment. No significant differences were observed among varieties
for root mass or root:shoot ratio.

Table S8. Correlation between root anatomical traits at 1.5 cm
from the root apex, root hydraulic properties (Lpr, Sr) and root
hydraulic inhibition by azide (Lpr_Inh and Sr_Inh) under well-
watered conditions (WW) in six selected rice varieties. RD:
root diameter; CCD: cortex cell diameter; Ae: percent cortical
aerenchyma; SD: stele diameter; MD: metaxylem diameter.
Values indicate the Pearson’s coefficient of correlation.

Table S9. Correlation between root anatomical traits at 1.5 cm
from the root apex, root hydraulic properties (Lpr, Sr) and root
hydraulic inhibition by azide (Lpr_Inh and Sr_Inh) under well-
watered conditions (WW) in six selected rice varieties. RD:
root diameter; CCD: cortex cell diameter; Ae: percent cortical
aerenchyma; SD: stele diameter; MD: metaxylem diameter.
Values indicate the Pearson’s coefficient of correlation.

Table S10. Correlation between root anatomical traits at 1.5 cm
from the root apex, root hydraulic properties (Lpr, Sr) and root

hydraulic inhibition by azide (Lpr_Inh and Sr_Inh) under well-
watered conditions (WW) in six selected rice varieties. RD:
root diameter; CCD: cortex cell diameter; Ae: percent cortical
aerenchyma; SD: stele diameter; MD: metaxylem diameter.
Values indicate the Pearson’s coefficient of correlation.

Table S11. Correlation between root anatomical traits at 5 cm
from the root apex, root hydraulic properties (Lpr, Sr) and root
hydraulic inhibition by azide (Lpr_Inh and Sr_Inh) under
drought-stress conditions (DS) in six selected rice varieties.
RD: root diameter; CCD: cortex cell diameter; Ae: percent
cortical aerenchyma; SD: stele diameter; MD: metaxylem di-
ameter. Values indicate the Pearson’s coefficient of correlation.
*: p-values < 0.05; **: p-values < 0.01.

Table S12. Correlations among root hydraulic properties
(Lpr, Sr), root hydraulic inhibition by azide (Lpr_Inh and
Sr_Inh), leaf transpiration (Tr), inhibition of transpiration by
azide (Tr_Inh) and leaf water potential (LWP) under well-
watered conditions and drought stress in six selected rice vari-
eties. LprW, LprW_Inh, SrW, SrtW_Inh, TrW, TrW_Inh and
LWPW were measured from water-treated plants grown under
well-watered conditions. LprD, LprD_Inh, SrD, SrD_Inh,
TrD, TrD_Inh and LWPD were measured from water-treated
plants grown under drought stress. Values indicate the
Pearson’s coefficient of correlation. *: p-values < 0.05; **:
p-values < 0.01.

Table S13. Data set used for the identification of introgressed
chromosome segments correlated with hydraulic and drought
tolerance related traits presented in Figure 8. Sr, Sr_inh: Sr
and relative Sr inhibition by azide were measured on plants
grown under well-watered conditions in Experiment 5. Tr,
Tr_inh: cumulative water loss by transpiration 2 hours after
rewatering the plants with water normalized by the leaf area,
and relative Tr inhibition by azide were measured in Experi-
ment 6; TWU, TWU/TRL: total water uptake and total water
uptake per total root length data are from Gowda et al.
(2012). VSM: volumetric soil moisture data are from Henry
et al. (2011); Sr_DS: Sr normalized by the shoot dry weight
measured under drought stress is from Experiment 7 at 82
das. CT: canopy temperature measured under drought stress
is from Experiment 7 at 81 das. SDW reduction: reduction in
shoot dry weight measured under drought stress compared to
shoot dry weight measured under well-watered conditions at
maturity (117 das) is from Experiment 7. DRI: drought
response index was measured in Experiment 7.

Figure S1. Soil water potential readings during the field exper-
iment. Tensiometers were installed at a depth of 30 cm in
Experiment 7. Soil was rewatered at 95 das. Mean values + se
of n=3 tensiometer readings are presented.

Figure S2. Environmental characteristics during Experiment 7.
The field experiment was performed during the dry season
2014 at the IRRI farm, Los Banos, Philippines (14° 11°N, 121°
15’E). Weather data are from the IRRI Climate Unit.

Figure S3. Optimization of the Lpr inhibition measurement
protocol using aquaporin inhibitors. Plants were grown in
soil-filled mylar tubes for 29 days under well-watered condi-
tions. (A) Roots were washed to remove soil compounds and
placed into water, salt (500 mM; left panel) or azide solution
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(4 mM; right panel). (B) Soil was directly rewatered with
150 ml of water, salt (500 mM; left panel) or azide solution
(4 mM; right panel). Lpr was measured by collecting exuded
xylem sap flux after pressurizing the roots after 30 or 60 minutes
of water or inhibitor treatments. Bars show mean values =+ se
of n=2-5 plants. *: p-values < 0.05.

Figure S4. Effect of time of day on Lpr and relative Lpr
inhinibition (Lpr_Inh) by azide under well-watered and
drought stress conditions. Lpr from water-treated plants (A,
B) and Lpr_Inh (C, D) were measured in Experiment 1 from
7:30 AM to 10:00 AM (early) and from 10:00 AM to 1:00 PM
(mid) under well-watered (A, C) and drought stress conditions
(B, D). Bars show mean =+ se of n=3-10 plants. *: p-values
< 0.05; **: p-values < 0.01.

Figure S5. Visualization of plasma membrane aquaporin (PIP)
amplicons after RT-PCR. cDNA was prepared from roots
grown in Experiment 3 under well-watered and drought stress
conditions. 20pL of RT-PCR products of PIP1;1 (A), PIP1;2
(B), PIP1;3 (C), PIP2;1 (D), PIP2;2 (E), PIP2;4 (F), PIP2;6

© 2015 John Wiley & Sons Ltd, Plant, Cell and Environment

(G) and PIP2;8 (H) together with products of ubiquitin from
the three biological replicates per variety amplified in the same
RT-PCR run were stained using SYBR® safe DNA
(Invitrogen, California, USA) and subjected to agarose gel
electrophoresis. The signal intensity of the bands was observed
by an Infinity STS v16.08a imaging system (Vilber Lourmat,
France).

Figure S6. Root anatomy of Azucena, Moroberekan, FR13 A,
Dular, IR64 and Swarna. Representative images from cross
sections of nodal roots at 5 cm from the root apex of plants
grown under well-watered conditions (A, C, E, G, I and K)
and drought stress (B, D, F, H, J and L) in Experiment 1 are
shown. The bar represents 400 pm.

Figure S7. Correlation of Sr and Tr with their respective level
of inhibition by azide under well-watered conditions in the
OryzaSNP panel. Positive correlation between Sr and Sr_Inh
(A) and between 7t and 7r_Inh (B) were observed under
well-watered conditions in Experiments 5 and 6, respectively
(see Table S12).



Journal of Experimental Botany
doi:10.1093/jxb/eraa280 Advance Access Publication 12 June, 2020
This paper is available online free of all access charges (see https://academic.oup.com/jxb/pages/openaccess for further details)

RESEARCH PAPER

Leveraging genome-enabled growth models to study shoot
growth responses to water deficit in rice

Malachy T. Campbell'?* and Gota Morota"

" Department of Animal and Poultry Sciences Virginia Polytechnic Institute and State University Blacksburg, VA, USA
2 Department of Agronomy and Horticulture University of Nebraska-Lincoln, Lincoln, NE, USA
S UMR DIADE, Université de Montpellier Institut de Recherche pour le Développement (IRD) Montpellier, France

, Alexandre Grondin?®"~, Harkamal Walia®

*Correspondence: campbell.malachy@gmail.com
Received 4 July 2019; Editorial decision 27 May 2020; Accepted 9 June 2020

Editor: Greg Rebetzke, CSIRO Agriculture and Food, Australia

Abstract

Elucidating genotype-by-environment interactions and partitioning its contribution to phenotypic variation remains a
challenge for plant scientists. We propose a framework that utilizes genome-wide markers to model genotype-specific
shoot growth trajectories as a function of time and soil water availability. A rice diversity panel was phenotyped daily
for 21 d using an automated, high-throughput image-based, phenotyping platform that enabled estimation of daily
shoot biomass and soil water content. Using these data, we modeled shoot growth as a function of time and soil
water content, and were able to determine the time point where an inflection in the growth trajectory occurred. We
found that larger, more vigorous plants exhibited an earlier repression in growth compared with smaller, slow-growing
plants, indicating a trade-off between early vigor and tolerance to prolonged water deficits. Genomic inference for
model parameters and time of inflection (TOI) identified several candidate genes. This study is the first to utilize a
genome-enabled growth model to study drought responses in rice, and presents a new approach to jointly model dy-
namic morpho-physiological responses and environmental covariates.

Keywords: Aquaporin, drought, genome-wide association study, genomics, growth model, phenomics, rice.

Introduction

Rice is one of the most important food crops and is a major
source of food security for >3.5 billion people worldwide.
Adequate water availability is essential for proper vegetative
growth and grain development. Approximately 40 Mha of
rainfed rice is grown worldwide, with the majority of pro-
duction being concentrated in developing nations (Singh and
Singh, 2000). Erratic precipitation events, as well as the in-
creased competition for fresh water for non-agricultural uses,

has become a major constraint for rice production (Korres
et al.,2017).

Given the socioeconomic impacts of water limitations,
improving drought tolerance is a major target for breeding
programs. However, the multiple and often unpredictable
drought stress scenarios in drought-prone environments
makes improvement of drought tolerance in rice challenging.
Further, traits that are important for adaptation to limited

Abbreviations: DAT, days after transplantation;FC, field capacity;Gomp, Gompertz; GWAS, genome-wide association study;LASSO, least absolute shrinkage and
selection operator; PSA, projected shoot area;QTL, quantitative trait locus;RGB, red—green—blue; SNP, single nucleotide polymorphism;TOI, time of inflection; WS,

water stress index; WU, water use.
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water availability, particularly morpho-physiological traits,
are complex and often have low heritability (Kamoshita
et al., 2008). These characteristics impede the discovery of
loci that confer large effects on the phenotype, and limit the
utility of marker-assisted selection for improving drought
tolerance.

Recent advances in phenomics and genomics have offered
new tools for discovering and quantifying traits associated with
drought adaptation and their genetic basis (Berger et al., 2010;
Furbank and Tester, 2011; Araus and Cairns, 2014). Access to
high-throughput, image-based phenomic systems in the public
sector has allowed researchers to non-destructively measure
traits of interest for large populations in highly controlled
greenhouse or field environments. These platforms provide
an effective means to study temporal developmental and/or
physiological processes and assess how these processes are influ-
enced by environmental factors such as drought (Berger et al.,
2010). Several studies have leveraged functional approaches to
describe these temporal phenotypes using simple mathematical
models, and leveraged genetic mapping approaches to identify
loci that may affect trait trajectories (Ma ef al., 2002, Malosetti
et al., 2006; Das et al., 2011; Bac-Molenaar et al., 2015, 2016;
Campbell et al., 2015).

In addition to the temporal phenotypes generated with
these platforms, many field- and greenhouse-based platforms
also collect high-resolution environmental data (Tardieu ef al.,
2017).These data provide additional insight into how temporal
physiological and/or morphological responses are influenced
by environmental conditions. Several studies have used these
traits as covariates in the conventional genomic prediction
frameworks to increase prediction accuracies for agronomic
traits such as yield (Aguate et al., 2017; Montesinos-Lopez
et al.,2017;Sun et al.,2017; Krause et al., 2019). However, with
these approaches, secondary phenotypes are utilized as linear
predictors without directly considering how they give rise to
the observed phenotype.

Process-based eco-physiological models seek to predict out-
comes by explicitly modeling the interaction of biological pro-
cesses with environmental covariates (Batchelor et al., 2002;
Ittersum et al., 2003; Parent and Tardieu 2014). However, a
major disadvantage of these models is that genotypic variation
is often unaccounted for or not optimally utilized in the pre-
dictions (Onogi et al.,2016).Thus, their application in genomic
prediction or inference studies is limited. Several studies have
sought to integrate crop growth models with established quan-
titative genetic frameworks (Technow et al., 2015; Onogi et al.,
2016; Wang et al., 2019). For instance, Technow et al. (2015)
used an approximate Bayesian computation framework to in-
tegrate crop growth modeling and whole-genome prediction
to predict yield in maize. They showed a clear advantage of the
genome-enabled crop growth model over the conventional
genomic prediction approach using simulated data. More re-
cently, Onogi et al. (2016) leveraged a crop growth model to
predict heading date in rice that integrated the phenological
model proposed by Yin et al. (1997) and implemented by
Nakagawa et al. (2005) with a whole-genome prediction using
a hierarchical Bayesian approach. The hierarchical Bayesian
approach outperformed conventional genomic prediction

models as well as approaches that fit the crop growth model
and genomic prediction model in separate steps. The advan-
tage of the integrated approaches proposed by Technow et al.
(2015) and Onogi et al. (2016) is that model parameter es-
timates are informed by the genomic relationships among
the accessions, which can improve the accuracy of the par-
ameter estimates. Moreover, since these approaches are based
on a Bayesian whole-genome regression framework, marker
effects are predicted, facilitating marker-level associations with
model parameters. However, to date no studies have leveraged
these genome-enabled crop growth models for biological in-
ference, or to elucidate the genetic loci that influence model
parameters.

In the current study, we sought to leverage the frameworks
developed by Onogi ef al. (2016) to study the effects of water
deficit on shoot growth trajectories for a diverse set of rice
accessions. To this end, accessions were subjected to drought
stress [20% field capacity (FC)], and shoot growth was quan-
tified over 21 d using an image-based phenomics platform.
A corresponding set of accessions was maintained under op-
timal water conditions (90% FC).The automated phenotyping
system allowed daily water use (WU) for each accession and
soil water content to be estimated. Together, these data were
used to develop a novel growth model that models shoot
growth trajectories as a function of soil water content and
time. This growth model was integrated into the hierarchical
Bayesian framework of Onogi ef al. (2016) to elucidate the
genes underlying model parameters. This approach provides
a biologically meaningful framework that simultaneously (i)
models the inter-relationship between growth rate and soil
water availability; (ii) estimates quantitative trait loci (QTLs)
effects for model parameters; and (ii1) provides genetic values
for model parameters that can be used for genetic evaluation.

Materials and methods

Plant materials and greenhouse conditions

A subset of the Rice Diversity Panel 1 was used in this study (Zhao
et al., 2011). Seed preparation was performed following Campbell ef al.
(2015). Briefly, seeds were surface sterilized with Thiram fungicide and
were germinated on moist paper towels in plastic boxes for 3 d. Three
uniform seedlings were selected and transplanted to pots (150 mm diam-
eterX200 mm height) filled with ~2.5 kg of UC Mix. Square containers
were placed below each pot to allow water to collect. Temperatures in
the greenhouses were maintained at 28/26.0 °C (day/night), and relative
humidity was maintained at ~60% throughout the day and night.

Experimental design

A total of 378 accessions were phenotyped at the Plant Accelerator,
Australian Plant Phenomics Facility, at the University of Adelaide, SA,
Australia in three independent experiments performed from February to
April 2016. A subset of 54 accessions were replicated twice in each ex-
periment. The 54 accessions were selected based on seed availability and
uniform germination. Each experiment consisted of 432 pairs of pots
(378 and the 54 replicated accessions). Accessions were randomly assigned
to each pair of pots, and water regimes were randomly assigned within
pairs. Pairs were randomly partitioned in two smarthouses, each of which
consisted of 24 lanes.

Seven days after transplantation (DAT) to soil, plants were thinned to
one seedling per pot, and two layers of blue mesh were placed on top
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of the soil to reduce soil water evaporation. At 11 DAT, the plants were
loaded on the imaging system and were watered to 90% FC. Water was
withheld from one of the two pots for each accession beginning at 13
DAT. Water was withheld until the end of the experiment or until the FC
reached 20%, after which the plants were maintained at 20% FC.

Image analysis

The plants were imaged each day from 13 to 33 DAT using a visible
[red—green—blue (RGB) camera; Basler Pilot piA2400-12 gc, Ahrensburg,
Germany]| from two side view angles separated by 90° and a single top
view. The LemnaGrid software was used to extract ‘plant pixels’ from
RGB images. The image analysis pipeline is identical to that described
in Campbell ef al. (2018). ‘Plant pixels’ from each of the RGB images for
each plant and time point were summed and were used as a proxy for
shoot biomass, which is referred to as projected shoot area (PSA). Several
studies have shown that this metric is an accurate representation of shoot
biomass (Golzarian et al.,2011 Campbell et al., 2015; Knecht et al., 2016).
Outlier plants at each time point were detected for each trait using the
1.5% interquartile range rule. Potential outliers were plotted and in-
spected visually, and those that exhibited abnormal growth patterns were
removed prior to downstream analyses. In total, 34 plants were removed,
leaving 2558 plants for downstream analyses. Since the genome-enabled
crop growth model does not accommodate missing data, accessions with
missing values were excluded from further analyses, resulting in a total of
349 accessions being used for downstream analyses.

Modeling shoot growth as a function of time and soil
water content

The Gompertz growth model has been used extensively to model
asymptotic processes that exhibit a sigmoid trend (Winsor, 1932). The

—r(t=T,

classical Gompertz model is given by PSA(t) = PSA,e™* ), where

t is a vector of time values, r is the absolute growth rate, PSA,, is the
maximum biomass (e.g. asymptote), and T is the inflection point in
the growth curve where the relative growth rate begins to slow. For the
drought conditions imposed in the current study, we expect shoot growth
to follow an exponential trajectory during the initial time points when
soil water is not limiting. However, as the soil dries out, the growth rate
should slow and, eventually, when soil water content falls below some
threshold, growth should cease completely. Thus, the basic framework
provided by the Gomertz model should capture these expected patterns.

To model the effects of water deficit on shoot growth trajectories, we
devised a growth model that is an extension of the classical Gompertz
growth model. The Gompertz growth model was modified so that shoot
growth trajectories were modeled as a function of time and soil water
content. This model is referred to as the WSI-Gomp model in the re-
mainder of this manuscript. The WSI-Gomp model is given by

_ _ «
PSA(f) = PSAppe "

where PSA,,,, is a parameter that describes the maximum biomass
achieved by the plant; r describes the absolute growth rate; t is a vector of
standardized time values [0,1]; and o is a genotype-specific tuning param-
eter that modifies the effect of WSI on PSA.WSI is the water stress index,
a unitless index that describes the severity of water stress, and is given by

FC—FCeit

WSI = FCop—FCciit

FC, is the portion of FC at time f; FC, (critical FC) is the propor-
tion of FC in which growth ceases; and FCqy, is the proportion of FC
that is optimal for growth. FC was calculated at each time point from
pot weights given by the automated watering system. Since FCc,, and
FCp are unknown and likely to be genotype dependent, we assumed
that the optimal conditions for growth in rice occur when the soil is
completely saturated (i.e. FC,=1), and FCq,; is equal to 0.1. Although
these assumptions require empirical evidence to validate, they provide
a standardized metric that describes soil water content in a decreasing
non-linear trend that is on the same scale as the standardized time values.

These characteristics allow PSA to be modeled as a function of time and
soil water content using the Gompertz growth model. Figure 1 provides
a graphical summary of the classical Gompertz and WSI-Gomp growth
models for simulated soil water content values that would be typical for
water-stressed plants in the current study, and Supplementary Fig. S1
at JXB online shows the effects of varying model parameters on shoot
growth trajectories.

Leveraging whole-genome regression to estimate model
parameters

The ‘integrated approach’ developed by Onogi ef al. (2016) uses a hier-
archical Bayesian framework to simultaneously infer growth model
parameters and marker effects. The models were fit using the R package
GenomeBasedModel  (Onogi, 2020;  https://github.com/Onogi/
GenomeBasedModel). Briefly, solutions for the growth model parameters
are regressed on genome-wide markers, and extended Bayesian LASSO
(least absolute shrinkage and selection operator; EBL) is used to predict
marker effects for each of the model parameters. The regression model
is given by

y=Kn+W3 +e

W is an nXm matrix of marker genotypes coded as =1, 0, 1, n is
the number of accessions (349), and m is the number of markers
(33 697); p is the intercept for each parameter; and 3 is an mX1
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Fig. 1. Graphical representation of the classical Gompertz model and the
WSI-Gomp model. (A) The classical Gompertz growth model was used

to generate PSA values over a 21 d period. The parameter values used
are provided in the top left corner of the plot. The gray, vertical broken line
indicates the inflection point (7). (B) The WSI-Gomp growth model was
used to generate PSA values over a 21 d period. PSA values are shown
using dark blue points and a broken line. The light blue points and line
indicate the WSI values over the 21 d period. WSI was calculated from
simulated soil water content values that are typically of those experienced
by water-stressed plants in the current study. The gray, vertical broken line
indicates the inflection point (7).
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vector of predicted marker effect for each model parameter. Markers
were obtained from RiceDiversity.org and have been described
by Zhao et al. (2011). The prior distribution of marker effects for
marker i is

B ~N(0,==)

2 .
77~ inverse — gamma(1, =)

8~ gamma(p,w)
;. ~ gamma(¥, 0)

T 7 is the precision for the effect of marker i; 1 is the marker-specific
shrinkage parameter for marker i; 8% is the global shrinkage param-
eter; and , ¢, 0, and ) are hyperparameters. Default values were used
for hyperparameters. We assume the following for WSI-Gomp model
parameters

PSAuae ~ N (pipsa,, + WBpsa,, T
r NN(Mr""WBn %)
0~ Nllta+ Who )

'I:zo,], is the residual precisions for model parameter p. Moreover, for the re-
siduals, we assume N (0, 1/ T %)]. With the ‘integrated approach’ proposed
by Onogi et al. (2016), model parameters are inferred using a variational
Bayes approach in which means and variances of the growth model
parameters are obtained using Markov chain Monte Carlo sampling and
are used to update EBL parameters.

Genome-wide association for time of inflection

We sought to utilize the WSI-Gomp model to identify genomic loci
that influenced the timing of the transition to a declining growth rate.
To this end, we used model parameters obtained from the hierarchical
Bayesian approach described above and observed WSI values to solve
for the time of inflection (TOI). In the classical Gompertz growth
model, PSA(f) = PSApae™¢
when the (+T) term becomes positive (i.e. when t exceeds T). Thus,
T, can be defined as the time of inflection. In the WSI-Gomp model,
this component is given by (-=WSI ). Thus, the TOI occurs when
t2WSI “. Using the hierarchical Bayesian approach, we obtained esti-
mates for o for each accession in drought and control conditions, and
used these values to solve for TOI using WSI values for each accession
in each experiment. TOI was defined as the first day in which (+=WSI
“) was positive. This yielded a single TOI value for each accession in
each experiment.

These TOI values were used as a derived phenotype for further
genome-wide association study (GWAS) analysis. The following Bayesian
LASSO regression model was fit using the BGLR package (Pérez and
Los Campos, 2014)

) . .
, the growth rate begins to decline

y=XB +Za+e

where y = X is an incidence matrix relating the vector 3 of fixed ef-
fects for experiment to observations, Z is an incidence matrix relating
the vector of random marker effects a to y, and e is the residual. Since
the vector y is a vector of discrete TOI values, y was treated as an ordinal
response, and a probit link function was used. In Bayesian LASSO, the
marginal prior distribution for each marker effect is a double exponential
function that includes an unknown parameter A * with a prior distribu-
tion A2~gamma (1, s) (Pérez and Los Campos, 2014). BGLR sets s=1.1 by
default and solves for r based on the prior R? of the model. Details on the
BL approach implemented in BGLR is provided in the package vignette.
A Gaussian prior with mean zero and variance equal to 1X10" was used
for fixed effects.

Results

Image-based phenotyping captures the sensitivity of
rice to drought stress

To examine drought responses in rice (Oryza sativa), a diver-
sity panel was phenotyped over a period of 21 d during the
early vegetative stage using an automated high-throughput
phenotyping platform (Supplementary Dataset S1). Control
plants were maintained at 90% FC, while water was with-
held from drought-treated plants until a final FC of 20% was
reached. A t-test was carried out at each time point to de-
termine when a significant reduction in soil water availability
was experienced. A significant difference in pot water content
(FC) was observed from the second day of imaging (Fig. 2A;
P<0.0024, Bonferroni’s correction with o =0.05) when the
drought plants on average were at 90.9% FC.

The impact of drought stress on shoot growth (biomass)
was estimated from RGB images and expressed as a digital
metric called PSA.An ANOVA was carried out at each time
point using the a linear model that included main effects for
treatment and accession and the interaction between treat-
ment and accession. Significant effects for the interaction
between accession and treatment were observed from day 16
onward. Drought treatment had a significant effect on PSA
beginning on the fourth day of imaging (Fig. 2B; P<0.0024,
Bonferroni’s correction with o =0.05). Interestingly, at this
time point drought-treated plants, on average, were at 81.9%
FC, which is only ~12.5% below control plants. These data
suggest that even a small limitation of water can have a
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Fig. 2. Effect of water deficit on shoot growth. (A) Mean percentage field
capacity in drought and control conditions over the 21 d of imaging. (B)
Mean shoot growth trajectories (PSA) in drought and control conditions
over 21 d of imaging. Water was withheld starting at day 1 of imaging. The
shaded regions indicate the SD for each treatment. (This figure is available
in color at JXB online.)
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significant impact on shoot growth in rice, thus confirming
the high level of drought sensitivity reported for rice (Lafitte
et al.,2004).

Defining the growth model

The Gompertz growth model has been used extensively to
model asymptotic processes that exhibit a sigmoid trend
(Winsor, 1932). This sigmoid/asymptotic trend is to some de-
gree visible in the mean growth trajectory in Fig. 2B. While
the classical Gompertz model provides an intuitive framework
to model asymptotic growth trajectories as a function of time,
it does not accommodate environmental data, and therefore
cannot be used to address how shoot growth varies in response
to soil water content.

To address this limitation, we sought to modify the
Gompertz growth model so that shoot growth trajectories
could be modeled as a function of time and soil water con-
tent.We defined an index (water stress index, WSI) from daily

records of soil water content for each plant that reflects the
FC—FCcir
FCOpt_FCCn/
, where FC, indicates the percentage FC at time t, FCq,,

severity of water stress. WSI is given by WSI =

is the optimal percentage FC for growth, and FC,;, is the
percentage FC at which growth ceases. Since these values
are expected to vary depending on the genotype, we as-
sumed that growth will cease at 10% FC (FC¢,;=1) and the
growth will proceed optimally when the soil is saturated
(FCop,=100). This equation provides a unitless metric that
will vary between O and 1, with higher values indicating
lower water stress and lower values indicating a greater
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stress. For this metric to be introduced into the Gompertz
growth model, we standardized the time values so that they
ranged from O to 1. Finally, we introduced a third param-
eter () into the model that acts as a genotype-dependent
tuning parameter and modifies the effect of WSI on growth
rate. This new WSI-integrated model (WSI-Gomp) is given
by PSA(f) = PSApee—¢ """ The WSI-Gomp model is
shown in Fig. 2B.

To capture the eftects of soil water deficit on growth tra-
jectories, the WSI-Gomp model was fit to growth trajec-
tories in drought and control conditions for each of the
349 accessions using a hierarchical Bayesian approach that
leverages the genetic relationships among lines to obtain so-
lutions for the model parameters (Onogi et al.,2016). Model
parameter estimates for each accession were used to predict
growth trajectories employing observed WSI values. The
ability of the WSI-Gomp model to capture these dynamic
responses was assessed by comparing predicted PSA values
and observed values at each time point using two metrics:
root mean squared error (RMSE) and Pearson’s correlation.
Overall, the WSI-Gomp model provided a good fit to the
observed shoot growth trajectories (Fig. 3). The correl-
ation between observed and predicted PSA values ranged
from 0.41 to 0.87 in the control, while the correlation was
slightly lower in drought conditions and ranged from 0.52
to 0.75. Correlation values were lowest for early time points
in both control and drought conditions, suggesting that pre-
dictions for these time points may be inaccurate. However,
at later time points, there was a high agreement between
predicted and observed values for PSA. Collectively, these
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Fig. 3. Capturing shoot growth trajectories using the WSI-Gomp model. Observed (points) and predicted (broken line) mean shoot growth trajectories
for each experiment under control (A) and drought (B) conditions. For both (A) and (B), Nelder-Mead optimization was used to fit the WSI-Gomp model
to the mean shoot growth trajectories for each experiment. (C) Average correlation between predicted trajectories and observed PSA values. (D) Relative
root mean squared error (RRMSE) between predicted trajectories and observed PSA values. RRMSE was calculated as RMSE at time ¢ divided by the
mean predicted values at time t. For both (C) and (D), the WSI-Gomp model was fit using the hierarchical Bayesian model, and predicted PSA values
were compared at each time point with observed values for each accession. (This figure is available in color at JXB online.)
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results suggest that the WSI-Gomp captures shoot growth
trajectories in contrasting water regimes; however, other
factors not accounted for in the growth model also influ-
ence observed PSA values.

Leveraging the growth model for biological inference

The WSI-Gomp model provides a means to model PSA tra-
jectories as a function of declining soil water content and
allows the inflection point in growth curves to be estimated
using observed WSI values.With this in mind, we next sought
to determine what observable characteristics influence the
timing of this inflection point in drought conditions. To
this end, we calculated the TOI for each plant in drought
by determining the earliest time in which the (—WSI )
component of the model became positive (Supplementary
Dataset S2). As expected, the predicted TOIs were lower
in drought conditions compared with control, indicating
that the inflection of the growth curve occurs early under
drought conditions compared with well-watered conditions
(Fig. 4A). TOI in drought-treated plants ranged from 8 d to
16 d of imaging, while in control plants TOI values ranged
from 14 d to 20 d.

To determine how observable phenotypes influenced TOI,
the predicted TOI values were compared with WU, PSA, and
the ratio of these values in drought and control (indicated by
the subscript ‘dr’ meaning drought response) over the course of
the experiment. Relationships were assessed using Spearman’s
correlation with a 3 d sliding window (Fig. 4B, C). In drought
conditions, we observed a negative relationship between TOI
in drought (TOI}p) and PSA in both control and drought con-
ditions (PSA¢ and PSAp, respectively), indicating that larger
plants tend to have earlier retardation of shoot growth rate
(Fig. 4B). The relationship between TOI}, and PSA[, became
weaker as the soil water declined and drought became more
severe. This trend is probably because at these time points
shoot growth in large plants was likely to have already been
repressed by drought. Similar, albeit slightly stronger, negative
correlations were observed between WU in control (WU¢)
and TOI in drought (TOIp).An interesting trend was observed
for WU}, and TOI},. At early time points (e.g. days 0-14) a
negative correlation was observed between TOI, and WUy,
However, around days 15—18, this trend is reversed completely,
with a positive correlation observed between WU and TOI,.
As expected, TOI}, showed a positive relationship with PSAy,
(i.e. the ratio of PSA in drought to control), indicating that
accessions with early inflection points tend to show a larger
reduction in PSA under drought relative to control.

Similar trends were observed in control conditions; how-
ever, the values of the correlation coefficients were different
compared with drought (Fig. 4C). A negative relationship
was observed between TOI in control (TOI¢) and PSA in
control (PSA(), which is consistent with the relationship
observed for TOI, and PSA. However, TOI and PSAc
showed a very weak relationship, with a slight negative cor-
relation during initial time points and a very weak positive
relationship observed at later time points. Consistent with
drought conditions, the relationship between WU and
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Fig. 4. Distribution and interpretation of predicted time of infection. (A)
The distribution of time of inflection (TOI) values in control and drought
conditions. Correlation between time of inflection in control (B) and drought
(C), and empirical observations for projected shoot area (PSA) and water
use (WU). WU for a given day is calculated as the difference in soil water
content from the previous day and soil water content on the current day.
In cases where the plant received water (e.g. control plants), pot weights
after watering were used to calculate soil water content values for the
previous day, and pot weights prior to watering were used for soil water
content values for the current day. Spearman’s correlation was performed
using a 3 d sliding window. (This figure is available in color at JXB online.)

TOI showed a strong negative correlation. Moreover, the
correlation between TOI; and WU}, was negative at early
time points and positive at later time points, which is similar
to the trend observed between TOI, and WUy, Although
the interpretation of o and TOI in control conditions is not
very straightforward because plants were grown in the ab-
sence of water stress, the observed correlation suggests that
these parameters may have a similar interpretation to that in
drought conditions.
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Genome-wide association provides insight into loci
influencing shoot growth trajectories

Model parameter estimates for the WSI-Gomp model were
obtained using a hierarchical Bayesian framework, wherein the
growth model is fit in the first level, and in the second level
an EBL approach is used to predict marker effects from model
parameters. Thus, this information can be leveraged to iden-
tify QTLs and potential candidate genes that may influence
shoot growth trajectories in response to water deficit. To this
end, we sought to utilize the inferred marker effects to iden-
tify genomic regions that regulate model parameters and influ-
ence dynamic shoot growth trajectories in response to water
availability. The absolute values of inferred marker effects are
provided in the Manhattan plots in Fig. 5 and Supplementary
Dataset S3. Since obtaining P-values from Bayesian approaches
is non-trivial, we report loci and candidate genes for the top-
20 single nucleotide polymorphisms (SNPs) ranked based on
the absolute value of marker effects (|B1).

The model parameters r and o in both control and drought
conditions exhibit a polygenic genetic architecture. We
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identified several markers with small contributions to the par-
ameter values. Although the model parameters o and r showed
a polygenic architecture, several notable genes were identified
within the regions defined by SNPs with relatively larger ef-
fects (Supplementary Dataset S4). For instance, at ~6.7 Mb on
chromosome 1, a gene encoding an osmotin protein (OSM34)
was found ~75 kb upstream of the top SNP associated with
a in drought within this region. Osmotin proteins play a
role in plant biotic and abiotic stress responses, particularly
drought stress (Narasimhan et al., 2009; Sharma et al., 2013).
Additionally, a membrane-bound protein involved in chilling
tolerance, COLD1, was found ~27 kb downstream of the SNP
with the largest effect on chromosome 4 for a in drought (Ma
et al.,2015). The presence of these two genes known to be in-
volved in abiotic stress responses warrants further investigation.

The parameter PSA,,, showed a simpler genetic archi-
tecture in control and drought conditions. In control con-
ditions, one large QTL was identified on chromosome 4
with the SNP, with the largest effect located at ~31.4 Mb on
chromosome 4. Within this region, a gene involved with the
regulation of polar auxin transport, Narrow Leafl (NALT),
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Fig. 5. Genomic regions influencing model parameters. Predicted marker effects are shown for each of the WSI-Gomp model parameters. (A-C) Marker
effects for model parameters fit to growth trajectories in control conditions; (D-F) marker effects for drought conditions. The absolute value of predicted
marker effects (|B|) is shown on the y-axis. (This figure is available in color at JXB online.)
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was identified. Several studies have reported that variants
in the NAL gene have pleiotropic effects and alter plant
vascular patterning, spikelet number, leaf size, root system
architecture, and shoot biomass (Qi et al., 2008; Fujita ef al.,
2013). In drought conditions, several QTLs were identi-
fied for PSA,,.. with notable peaks located on chromo-
somes 1, 2, 4, and 8. The SNP with the largest effect was
located at ~21 Mb on chromosome 8. Within this region,
a gene known to regulate flowering time under short-day
conditions was identified, GF14c (Purwestri et al., 2009).
Moreover, a second gene known to influence biomass
and seed size, OsMPS, was identified on chromosome 2 at
~24.5 Mb (Schmidt er al., 2013). Since PSA,,, is a param-
eter that describes the maximum biomass for each accession,
the presence of genes known to regulate lowering time and
biomass is promising and suggests that this parameter is bio-
logically meaningful.

Elucidating the genetic loci influencing time of inflection
in contrasting water regimes

In addition to the parameters explicitly defined by the model,
TOI can also be considered an additional phenotype that can
be analyzed using conventional GWAS frameworks. With this
in mind, we sought to identify QTLs that were associated with
TOI using a Bayesian whole-genome regression approach
(Supplementary Dataset S3). Estimates for model parameters
were combined with observed environmental covariates to
solve for the TOI for each accession in drought and control
conditions. Marker associations with TOI were assessed using
a GWAS approach that accounted for the ordinal response
variable, and results are discussed in the context of the top-20
ranked SNPs based on |B| (Fig. 6).

GWAS for TOI in control conditions showed that many
SNPs have a small effect on the phenotype, indicating a
complex genetic architecture for TOI in control conditions
(Fig. 6A). However, for drought conditions, GWAS revealed
two notable regions characterized by SNPs with relatively
larger effects (Fig. 6B).The first peak was identified at ~27 Mb
on chromosome 2, while the second peak was located at
22.9 Mb on chromosome 11.

Discussion

Drought tolerance during the vegetative growth stage is most
simply defined as the ability to maintain growth under water
deficit. It is determined by the amount of water available to
the plant and how efficiently the water is used to gain biomass.
In terminal drought environments, where a fixed amount of
water is available during the early season, the ability to main-
tain growth will be dependent on how well the plant can
manage these resources throughout the season. Thus, when
studying drought tolerance, especially in terminal drought en-
vironments, it is important to jointly consider these factors.
In the current study, we imposed a severe drought stress by
completely withholding water for a period of 20 d (or until
pots reached 20% FC). The effects of this severe stress were
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Fig. 6. Manhattan plots for time of inflection (TOIl). GWAS was conducted
using TOI values in control (A) and drought conditions (B). Each point
indicates an SNP marker, and the y-axis shows the absolute value of
predicted marker effects (|B|).(This figure is available in color at JXB online.)

apparent soon after withholding water, as drought-stressed
plants showed a significant reduction in shoot biomass after 4
d compared with control plants (Fig. 2).

Given the importance of accounting for water availability
when modeling temporal shoot growth trajectories, we devel-
oped a growth model that jointly models shoot biomass and
soil water content. While the model parameters themselves can
be used to describe characteristics of the growth curve and
provide insight into the processes that influence shoot growth,
the model can also be leveraged for additional biological in-
ferences. For instance, we used genotype-specific parameter
estimates to determine the point in which the growth rate
begins to decline (i.e. TOI). While this information can also
be obtained with the classical Gompertz growth model, the
WSI-Gomp model leverages both time and temporal soil
water availability while the former only utilizes time. Since the
time values are standardized to be on the same scale as the WSI
with the WSI-Gomp model, this metric can be interpreted in
two ways: (i) the time in which the growth rate begins to de-
cline; or (i1) the soil water content value that begins to repress
growth. Regardless of the interpretation, this approach pro-
vides a means to assess drought sensitivity while accounting for
variation in soil water content between plants.

Joint modeling suggests a trade-off between vigor and
drought tolerance

The TOI provided biological insight into the relationship
between plant size or vigor and morphological responses to
a severe water deficit. Temporal correlation analyses between
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TOI and morphological and physiological responses re-
vealed that large, vigorous plants tend to have an earlier de-
cline in growth rate under severe drought conditions (Fig.
4). Moreover, these plants tend to have high water demands
in control conditions, and quickly exhaust soil water re-
sources in drought conditions. The link between early
vigor and drought responses has been studied extensively.
Although some studies suggest that early vigor is advan-
tageous in drought-prone environments, these benefits are
highly dependent on the type of drought stress that is preva-
lent in these regions (Tardieu, 2011). A study by Kamoshita
et al. (2004) evaluated six rice accessions under short and
prolonged drought and examined the relationship between
root system architecture, osmotic adjustment, and biomass
production. They found that highly vigorous accessions
rapidly developed a dense root system and extracted water
quickly, but were also more sensitive to prolonged drought
stress compared with low vigor genotypes. However, these
plants tended to recover more quickly after rewatering com-
pared with low vigor accessions. A more recent study by
Rebolledo ef al. (2012) found similar results and suggested
that vigorous accessions also quickly exhaust starch reserves
under prolonged drought, resulting in a greater decline in
biomass production compared with less vigorous accessions.
Collectively, these studies support the observed negative
correlation between plant size and drought sensitivity (as
assessed with TOI), and suggest a trade-off between vig-
orous growth and the maintenance of growth in prolonged
drought stress. Further studies are necessary to determine
whether these relationships can be decoupled, or to identify
the optimal balance between these two attributes.

Leveraging the genome-enabled growth model for
candidate gene discovery

The hierarchical Bayesian framework developed by Onogi
et al. (2016) provides a powerful approach to improve the es-
timation of model parameters and to estimate the genomic
contributions to the model parameters. Since the model
parameters are regressed on genome-wide SNP markers,
this framework provides a means to identity important loci
that influence trait trajectories (i.e. GWAS). While the initial
study by Onogi et al. (2016) showed both applications of the
approach, their primary objective was genomic prediction.
Here, we leveraged the genome-enabled growth modeling
approach to identify genomic regions that influence dy-
namic drought responses.

Many of the model parameters show a complex genetic
architecture characterized by many loci with small effects
(Fig. 5). However, several notable regions exhibiting relatively
large effects were identified that harbored potential candi-
date genes. For instance, two notable peaks were identified on
chromosomes 1 and 4 for the parameter o in drought con-
ditions (Fig. 5F). Both regions harbored candidate genes that
have been reported to regulate drought and/or osmotic stress
responses in plants. The region on chromosome 4 harbored
a gene that is known to regulate chilling tolerance in rice,
COLD1 (Ma et al.,2015). COLD1 was shown to be involved

with the Ca*" signaling response to cold stress. In Arabidopsis,
the COLD1 orthologs, GTG1 and GTG2, are membrane-
bound abscisic acid receptors (Pandey et al., 2006, 2009).
However, COLD1 exhibits GTPase activity that is absent in
GTG1/2 (Ma et al., 2015). Thus, further studies are neces-
sary to determine whether COLD1 participates in drought
responses.

In addition to the candidate genes associated by model
parameters, whole-genome regression performed with TOI
in drought conditions revealed a potential role for additional
genes in the genetic regulation of the timing of growth re-
sponses to drought (Fig. 6). An aquaporin gene, OsPIP1;1, was
identified within a prominent peak on chromosome 2 associ-
ated with TOI in drought conditions. Aquaporins are a large
family of proteins that were initially reported to act as water
transporters, but have since been shown to also transport CO,
and H,O, (Dynowski et al., 2008; Uehlein ef al., 2003; Bienert
and Chaumont, 2014; Maurel et al., 2015; Wang et al., 2016;
Rodrigues et al., 2017). Aquaporins have received consid-
erable attention as a potential target to modify whole-plant
water transport and improve water status during drought stress
(Sadok and Sinclair, 2009; Devi et al., 2012; Choudhary and
Sinclair, 2014; Schoppach et al., 2014; Grondin et al., 2016).
Work by Grondin ef al. (2016) showed that aquaporins account
for ~85% of root hydraulic conductivity in rice under drought
stress, and demonstrated that the expression of PIP1;1 is in-
duced by drought stress.

Concluding remarks

Improving drought tolerance in rice is a challenging objective.
Efforts to improve drought tolerance are hindered by the
heterogenity in drought-prone environments, the breadth and
complexity of traits underlying drought adaptation, and the dif-
ficulty in characterizing large populations for these traits. Recent
advances in phenotyping technologies have provided an ef-
fective means to measure morpho-physiological traits frequently
throughout the growing season, and provide plant breeders and
geneticists with dense phenotypic data describing complex re-
sponses. However, these technological advances must be coupled
with frameworks that accommodate these multidimensional data
sets, while providing a means to leverage high density geno-
typic data to predict phenotypes and novel biological inference.
In this context, the genome-enabled growth model proposed
is a significant advancement towards addressing this need. The
WSI-Gomp model provides a simple, biologically meaningful
framework that can describe complex temporal responses using
few parameters. Moreover, since genome-wide markers are used
to estimate model parameters, the inferred marker effects can be
used to identify genes that may contribute to these responses,
estimate genetic values for model parameters for known individ-
uals, as well as predict the phenotypes for new, uncharacterized
individuals. Thus, these data can both be leveraged for genetic
inference of complex drought responses, and make selections
based on model parameters. This study is the first to leverage a
genome-enabled growth model for genomic inference in rice,
and provides novel insights into the basis of dynamic growth re-
sponses to drought stress.

020z 1snBny 90 uo 1senb Aq 0G19585/08Z€BIS/AXI/EE0 L 01/10PAVESAE-8]0ILIE/qX]/LL0D dNO"DIEPEDE//:SARY WO} POPEOJUMOC



Page 10 of 11 | Campbell et al.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1. Predicted shoot growth trajectories from the WSI-
Gomp model with varying model parameters.

Dataset S1. Raw phenotypic data for all 349 accessions used
to fit the WSI-Gomp model.

Dataset S2. Model parameter and time of inflection estimates
for all 349 accessions obtained from the WSI-Gomp model.

Dataset S3, Marker effects for GWAS for model parameters
and time of inflection.

Dataset S4. Candidate genes for model parameters and time
of inflection.

Data availability

All data and codes used in this study can be accessed at https://
github.com/malachycampbell/RiceCGM/tree/master.
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Abstract

Improving crop water use efficiency, the amount of carbon assimilated as biomass per unit of water used by a plant,
is of major importance as water for agriculture becomes scarcer. In rice, the genetic bases of transpiration efficiency,
the derivation of water use efficiency at the whole-plant scale, and its putative component trait transpiration restric-
tion under high evaporative demand remain unknown. These traits were measured in 2019 in a panel of 147 African
rice (Oryza glaberrima) genotypes known to be potential sources of tolerance genes to biotic and abiotic stresses. Our
results reveal that higher transpiration efficiency is associated with transpiration restriction in African rice. Detailed
measurements in a subset of highly contrasted genotypes in terms of biomass accumulation and transpiration con-
firmed these associations and suggested that root to shoot ratio played an important role in transpiration restriction.
Genome wide association studies identified marker-trait associations for transpiration response to evaporative de-
mand, transpiration efficiency, and its residuals, with links to genes involved in water transport and cell wall pattern-
ing. Our data suggest that root-shoot partitioning is an important component of transpiration restriction that has a
positive effect on transpiration efficiency in African rice. Both traits are heritable and define targets for breeding rice
with improved water use strategies.

Keywords: Genome-wide association study, high-throughput phenotyping, rice, roots, transpiration

© The Author(s) 2022. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved. For permissions, please email:
journals.permissions@oup.com

220z Jequiadas /0 uo 1senb Aq 61.26959/6.2S/G L/€ L/a101ME/qX[/Wo0"dnooluspeoe//:sdjly Woij papeojumoq


mailto:alexandre.grondin@ird.fr?subject=

5280 | Affortit et al.

Introduction

Rice is the staple food for more than half the world’s popula-
tion and its consumption is continuously growing. In Africa,
rice is mainly cultivated in the western part of the continent,
where its production increased by 104.3% from 2009 to 2019
(FAO, 2021). A further increase of 79.4% will be needed by
2025 to meet the projected local demand (FAO, 2021). In West
Africa, improving rice productivity is challenged by poor water
management (Katic ef al.,2013), a phenomenon that is ampli-
fied by the dryer and hotter climates brought about by climate
change (van Oort and Zwart, 2018). In this context, devel-
oping agronomic approaches for more efficient water man-
agement (e.g. aerobic rice or alternate wet and dry cultivation)
and rice varieties with better water use efficiency (WUE) are
of major interest.

WUE corresponds to the ratio of plant carbon gain to water
use (Leakey et al., 2019). Beneath this simple definition lie a
number of component traits (root water uptake or photosyn-
thesis for instance) and numerous surrogate traits (e.g. carbon
isotope discrimination or specific leaf area) making WUE a
broad idea that can be conceptualized at multiple scales (Hat-
field and Dold, 2019). At the plant scale, WUE is described
as transpiration efficiency (TE), i.e. the ratio between biomass
(usually shoot biomass) and total water transpired to produce
this biomass (Vadez et al.,2014). Heritable variations in TE have
been observed in a number of species including Arabidopsis
(Vasseur et al., 2014), sorghum (Vadez ef al., 2011), groundnut
(Vadez and Ratnakumar, 2016), and foxtail millet (Krish-
namurthy et al., 2016; Feldman ef al., 2018). In rice, genetic
determinants of intrinsic WUE measured through carbon iso-
tope discrimination have been observed (This ef al., 2010), but
although genetic variation in TE exists (Ouyang et al., 2017),
genetic dissection of TE has not been reported. Enhanced
expression of several genes involved in diverse physiological
mechanisms, such as gibberellin-plant mediated architecture
modifications (OsGA2; Lo et al., 2017), promotion of lateral
root initiation (OsHVA1; Chen et al., 2015), reduced stom-
atal density (AtERECTA; Shen et al., 2015), and promotion
of photosynthesis assimilation in mesophyll cells (AtHARDY;
Karaba et al., 2007), specifically improved TE under irrigated
conditions in rice, highlighting the complexity of this trait.

Transpiration restriction is another physiological mech-
anism that can improve TE (Sinclair et al., 2017). For the
plant, this strategy translates into opening its stomata and
maximizing C assimilation when the vapor pressure deficit
(VPD) in the air is below a certain threshold (usually be-
tween 1.5 and 2.5 kPa), and closing its stomata when VPD
exceeds this threshold resulting in lower stomatal conduct-
ance and consequently reduced water use (Condon, 2020).
Transpiration restriction can be measured by the slope of
the transpiration response to increasing VPD or by the in-
flection point in transpiration response (usually inversely
correlated with the slope). Large genetic variations in tran-

spiration response to increasing VPD have been observed in
maize (Gholipoor ef al., 2013), wheat (Medina et al., 2019),
sorghum (Choudhary and Sinclair, 2014; Choudhary et al.,
2020), and pearl millet (Kholova et al., 2010), suggesting that
this response is determined by genetic factors (Vadez ef al.,
2014; Sinclair et al., 2017). In pearl millet, transpiration re-
striction was associated with terminal drought tolerance, and
quantitative trait loci (QTLs) controlling both traits were
found to co-localize (Kholova et al., 2010, 2012). Although
transpiration restriction can lead to reduction in biomass as
observed in wheat plants grown in irrigated environments
(Medina et al., 2019), it can also lead to soil water conser-
vation at vegetative stage and improve yield in pear]l millet
plants grown under drought stress (Vadez ef al., 2013). Tran-
spiration restriction could therefore be an interesting trait to
deploy for improving TE and drought tolerance of upland
rice grown under dry, hot, and drought-prone environments
of West Africa.

African rice (Oryza glaberrima Steud.) was domesticated in
the inner Niger delta from a wild Sahelian ancestor, Oryza
barthii A. Chev. (Cubry et al., 2018). It is adapted to dry envi-
ronments and has raised the interest of the scientific commu-
nity because of its potential reservoir of tolerance genes to
biotic and abiotic stresses (Wang et al., 2014). Recently, high-
depth re-sequencing data of 163 O. glaberrima genotypes origi-
nating from diverse environments in West Africa was used to
infer the origin of domestication of African rice (Cubry ef al.,
2018). This panel was further used to identify QTLs associ-
ated with flowering time, panicle architecture and resistance
to Rice yellow mottle virus, providing insights into the adaptive
variation of African rice as compared with Asian rice (Cubry
et al.,2020). Due to its adaptation to contrasted environments,
we hypothesized that O. glaberrima could also be a source of
interesting alleles for improving TE. To identify genomic re-
gions controlling TE in African rice and heterotic genotypes
useful for further physiological characterization and breeding,
we phenotyped 147 O. glaberrima genotypes (amongst which
144 were fully sequenced) for shoot growth and water use dy-
namics to derive transpiration restriction, TE, and its residu-
als at 29 d after sowing. A subset of contrasted genotypes for
TE were further studied to better understand the physiological
determinants of these complex traits, and genome wide asso-
ciation studies (GWAS) allowed the dissection of their genetic
bases.

Material and methods

Plant material

A panel of 147 traditional cultivated genotypes of African rice (O. glaber-
rima) that were sampled from 1974 to 2005 mainly in West Africa, with
a few genotypes from East Africa, were used in this study (Cubry et al.,
2018). Passport data of the different genotypes with information about
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country of origin, and when available, geographic position and adaptation
to agroecosystem are provided in Supplementary Dataset S1.

Plant growth condiitions and measurements

Large-scale phenotyping

Large-scale phenotyping of shoot growth and water use in the O. glaber-
rima panel was performed using the PhenoArch platform hosted at M3P,
Montpellier Plant Phenotyping Platforms (https://www6.montpellier.
inrae.fr/lepse/Plateformes-de-phenotypage/Montpellier-Plant-Pheno-
typing-Platforms-M3P), located at INRAE Montpellier (43°37°03.6”IN;
3°51"27.9”E). Dehusked seeds were sown in biodegradable tray pots
(55% white peat and 45% woodpulp, pH 5.0; Jiffy) containing a mix
of fine clay (20%) and fine, blond and black (30, 10 and 40%, respec-
tively) peats at pH 6, amended with 1.5 kg of 14-16-18 N-P-K per 25
liters (Substrat SP 15%, Klasmann). From sowing to 15 d after sowing
(DAS), plants were grown under irrigated conditions in a greenhouse at
the Institut de Recherche pour le Développement (IRD) in Montpellier
(43°38741.31”N;3°51757.3”E) under a 12h photoperiod, day temperature
of 28 °C, night temperature of 25 °C and with 60-70% humidity. Fifteen
days after sowing, plants were transferred to the PhenoArch greenhouse,
and individual seedlings in their biodegradable pot were transplanted
into 9-liter pots filled with the same soil. Plants were exposed to the
same environmental conditions as in IRD facilities and grown for two
more weeks under irrigated conditions (soil water potential maintained
at —0.05 MPa).The experiment was arranged in a randomized complete
block design with seven replications.

The PhenoArch platform was structured as a conveyor belt feeding the
plants to imaging or watering units as described in Cabrera-Bosquet et al.
(2016). The shoot imaging unit was composed of three cabins equipped
with top and side RGB cameras and LED illumination. The watering
units were composed of five weighing terminals and high-precision
pumps that allow monitoring of the soil water content. Imaging and
watering routines were sequentially performed every day from 17 to 29
DAS. Plants were further moved back to the same position and orienta-
tion in order to keep their position throughout the experiment.

Shoot biomass and leaf area were estimated daily from plant images.
Briefly, RGB images were taken for each plant from 13 views (12 side
views from 30° rotational difference and one top view) and pixels from
each image were extracted from those of the background as described in
Brichet ef al. (2017). Plant pixels from side view images were segmented
from those in the background using a combination of two threshold
algorithms, a ‘mean shift’ method and a thresholding method. For the top
view images, plant pixels were segmented from the background using
a random forest algorithm. Image analysis methods were implemented
in Python/OpenCV libraries, available at (https://github.com/openalea/
phenomenal). Whole plant leat area and shoot fresh weight were then
estimated using calibration curves built with multiple linear regression
models based on processed images against ground truth measurements of
leat area and fresh biomass (Supplementary Fig. S1).

Leaf area and daily water lost by the pot was used to measure tran-
spiration rate. Plant daily water uptake from 17 to 29 DAS was added to
calculate total water uptake. TE was measured as the ratio between shoot
fresh weight and total water uptake at 29 DAS. At this date, all plants
were at the vegetative stage and were producing tillers, and none had
started flowering. Because shoot mass is intrinsically related to plant water
use, the residuals of TE (TEr) were calculated as the genotype-specific
deviation from the least squares linear regression between total water
uptake and shoot fresh weight measured at 29 DAS. Reference evapo-
transpiration was calculated according to the Penman—Monteith formula
(Zotarelli et al., 2014), as a proxy for the evaporative demand. Averaged
transpiration rate was then plotted against maximum reference evapo-
transpiration for five windows of time, i.e. at 23, 25, 26, 27, and 28 DAS
for each genotype and the slope of the corresponding linear regression

was calculated to evaluate transpiration response to evaporative demand

(SlopeTR).

Small-scale phenotyping experiment

A subset of 10 genotypes contrasting for shoot biomass (Og_118, Og_12,
Og 162,0¢g _61,0g_62,0¢g _15,0g_184,0g_185,0¢g_408,and Og_43)
were grown at IRD in 5.5-liter pots containing a potting mixture (M2
substrate, Jiffy), receiving optimal fertilization, and under the same envi-
ronmental conditions as above with five replications per genotypes. Pots
were randomized and soil was well irrigated and covered with 2-3 cm of
plastic beads to prevent soil evaporation. At 29 DAS, pots were transferred
into an adjacent greenhouse on top of balances monitoring weight every
30 min (Phenospex Ltd).VPD was monitored and reached values around
4-5 kPa around noon. At 36 DAS, leaves were harvested to measure leaf
area using a planimeter (LI-3100C, LI-COR), shoot fresh weight, and
tiller number. Plant water uptake from 29 to 36 DAS was used to calcu-
late total water uptake. The root system was carefully washed from the
soil and placed, along with fresh shoots, in an oven for 3 d at 60 °C to
measure root dry weight, shoot dry weight, and root to shoot ratio. TE
and TEr were calculated from shoot fresh weight and total water uptake
at 36 DAS as in the large-scale experiment. Transpiration profiles and
features characterizing these profiles were obtained from an adapted au-
tomated pipeline developed by Kar ef al. (2020). Leaf area measured at 36
DAS was further used to measure transpiration rate at 35 DAS, assuming
marginal changes in leaf area between 35 and 36 DAS. Averaged transpi-
ration rate for each genotype was plotted against time between 10.00 and
16.00 h, as a proxy for the evaporative demand, and the segmented R
package v1.2.0 (Muggeo, 2008) was used to calculate the slope of the in-
itial linear regression and an inflection point in the transpiration response.

Data analysis

For each plant, a non-parametric smoothing approach was used to de-
tect outliers in the time-course of shoot fresh weight and water uptake
from the large-scale phenotyping experiment (Millet ef al., 2021). This
approach uses a locfit() function that fits a local regression at a set of points
and a predict() function to interpolate this fit to other points. A confidence
interval is calculated and points located outside the interval are consid-
ered as outliers.

Shoot fresh weight and total water uptake datasets were further anal-
ysed for detection of plant outliers. For this, a multi-criteria analysis with
expert rules function was used (Millet ef al., 2021). Leaf area, shoot fresh
weight, and plant height were modeled considering fixed experimental
effects, and random genotypic, replicate, and spatial effects using SpATS
(Spatial Analysis of Trials using Splines; Rodriguez-Alvarez ef al., 2015).
Plants with shoot fresh weight deviations (residuals) lesser or greater than
the confidence interval were considered as outliers and removed from
the dataset.

Shoot fresh weight and total water uptake values were finally corrected
for spatial heterogeneity in the PhenoArch greenhouse using the Stat-
genHTP R package (Millet ef al., 2021). This package is based on SpATS
and provides corrected values for the considered variable by separating
the genetic effect from the spatial effect at each time point.

Genome wide association studies

The O. glaberrima panel used in this study was previously subjected to in-
depth re-sequencing to identify single nucleotide polymorphisms (SNPs)
based on mapping to the O. sativa japonica cv. Nipponbare reference ge-
nome MSU7 (Cubry et al.,2018).A total of 892 539 SNPs was identified
for this panel with a genome-wide high linkage disequilibrium at short
distance (0.2 for at least 150 kb) that slowly decayed (Cubry et al., 2020).
Missing data remaining in the SNP matrix (less than 5% of missing data
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per SNP) were imputed using the impute function of the LEA R package
v3.1.0 (Frichot and Francois, 2015; Gain and Francgois, 2021).

Association between genomic polymorphisms and mean phenotypic
variables was performed using a pipeline described in Cubry et al. (2020).
In this pipeline, SNPs displaying a minimal allele frequency (frequency of
the minor allele) lower than 5% are filtered out. A simple non-corrected
linear model (analysis of variance, ANOVA) was performed to assess the
effect of confounding factors such as relatedness and population structure
on false positive rates. Two genome-wide association methods were fur-
ther used: (i) a latent factor mixed model as implemented in the LFMM
v2 R package that jointly estimated associations between genotype and
phenotype and confounding factors (Frichot et al., 2013); and (ii) an ef-
ficient mixed model analysis (EMMA) as implemented in the EMMA R
package (Kang et al.,2008). Population structure was corrected using four
latent factors in the LFMM model and a similarity-based kinship matrix
in the EMMA model (Cubry et al., 2020). The results of all analyses were
graphically represented as Manhattan plots and QQ plots to assess effi-
ciency of confounding factors correction using the qqman R package
v0.1.4 (Turner, 2018). A P-value threshold of 107> was used to select
significant SNPs. Candidate genes were selected in a 150 kb region up-
stream and downstream of the significant SNPs by intersecting the region
with the MSU7 genome annotation (Kawahara ef al., 2013).

Statistical analyses

Statistical analyses were performed with R version 4.0.2 (R Development
Core Team, 2018) using ANOVA (aov function) to detect genotypic and
environmental effects. To determine to what extent the measured traits
were genetically determined, broad-sense heritability (H?) was calculated
according to Oakey et al. (2006) using the inti R package v0.4.3 (Lozano-
Isla, 2021) with the following formula:

V—BLUP

2 _ A
HCullis =1- 2 Ué

where 07 refers to the variance, g to the genotype, v, """ to the average

standard error of the genotypic best linear unbiased prediction (BLUP).

Results

Water use-related traits are highly variable and
heritable in African rice

In order to measure variation in water use-related traits in O.
glaberrima, 147 genotypes from a diversity panel were grown
in the INRAE-PhenoArch high-throughput phenotyping
platform where shoot growth and water uptake were moni-
tored daily by imaging and pot weighing from 17 to 29 DAS.
These data were used to calculate plant leaf area, water uptake,
transpiration rate, and shoot fresh weight during the course of
the experiment. Shoot biomass accumulation over time was
accompanied by an increase in water uptake and better dis-
crimination between genotypes (Fig. 1A, B). Large genotypic
variation in shoot fresh weight and total water uptake was
observed at 29 DAS (coefficient of variation of 31.68% and
10.17%, respectively; Table 1). Transpiration efficiency (TE)
calculated from shoot fresh weight and total water uptake at
29 DAS ranged from 1.82 to 11.35 and showed a coefficient of

variation of 23.89% (Table 1; Fig. 1C). Residuals representing
the genotype-specific deviation from the least squares linear
regression between total water uptake and shoot fresh weight
measured at 29 DAS were calculated and named TEr (Supple-
mentary Fig. S2). TEr represents the genotype-specific compo-
nent of shoot biomass that is independent of water uptake or,
in other words, the difference of shoot biomass produced for
the same amount of water consumed. TEr varied from —5.24
to 3.34 in the panel (Table 1). Except for transpiration rate, all
traits were subject to a significant genotypic effect resulting
in high heritability (>0.9 for shoot fresh weight, total water
uptake, and TE, and 0.7 for TEr; Supplementary Tables S1-S5;
Supplementary Figs S3-S7).

In order to check the repeatability of the traits measured in
the large-scale phenotyping experiment, a subset of 10 geno-
types contrasting for shoot fresh weight, total water uptake,
and TE were selected and used in a small-scale experiment to
measure the same variables at 36 DAS. Genotypes Og_ 118,
Og 12, Og 162, Og 61, and Og_62 had low shoot fresh
weight, total water uptake and TE, while genotypes Og_15,
Og 184, Og 185, Og_408, and Og_43 had high shoot fresh
weight, total water uptake and TE (Supplementary Fig. S8).
Shoot fresh weight and total water uptake were significantly
positively correlated (P<0.01) between the two experiments
showing their robustness between environments (Supplemen-
tary Fig. S9). Similarly, significant correlations were observed
between TE measured in the large-scale and small-scale exper-
iments (P<0.05; Fig. 1D).

Since transpiration response to increasing evaporative de-
mand contributes to modulate TE, we calculated the slope of
the regression between transpiration rate and maximum refer-
ence evapotranspiration at 23, 25, 26, 27, and 28 DAS in the
large-scale experiment (Supplementary Fig. S10). The slope of
the linear regression (SlopeTR) represents the transpiration re-
sponse to increasing evaporative demand as follows: the lower
the slope, the lower the genotype responds to the evapora-
tive demand, the higher it restricts its transpiration. Slope TR
showed a coefficient of variation of 34.71% in the population
and a broad-sense heritability of 0.42 (Table 1; Supplementary
Fig. S11).

Overall, our data show that water use-related traits were var-
iable and highly heritable in the O. glaberrima panel. These vari-
ations appeared to be conserved in a subset of genotypes across
environments.

Transpiration restriction under high evaporative
demand contributes to increased TE in African rice

To better understand the relationship between the different
water use-related traits, we performed correlation analyses be-
tween each trait measured in the O. glaberrima panel. A signif-
icant positive correlation was observed between shoot fresh
weight (SFW) and total water uptake (T'WU; P<0.001; Fig.
2A) indicating that plants that grew a bigger biomass used
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Fig. 1. Variation in shoot fresh weight, water uptake and transpiration efficiency (TE) in O. glaberrima. (A, B) Variation in shoot fresh weight (A) and water
uptake (B) from 17 to 29 d after sowing (DAS) during the large-scale experiment. (C) Variation in TE measured as the ratio between shoot fresh weight
and total water uptake at 29 DAS in the large-scale experiment. (D) Covariation between TE measured in the large-scale experiment (PhenoArch) and in

a subset of genotypes in the small-scale experiment. R, Pearson’s correlation coefficient; P, P-value of Pearson’s correlation test. Genotypes from the

subset are highlighted in (A-C) following the same color legend as in (D).

Table 1. Variation of water-use related traits in the O. glaberrima panel

Acronym Trait Range Mean SD CcvVv H?

SFW Shoot fresh weight (g) 1.28-14.24 6.71 212 31.68 0.92

TWU Total water uptake (g) 704.26-1382.86 999.1 101.6 10.17 0.88

TE Transpiration efficiency 1.82-11.35 6.60 1.58 23.89 0.91
(@ SFW g™ TWU)

TEr Residuals of transpiration efficiency -5.24103.34 0.0009 1.09 126167 0.73

TR Transpiration rate 0.01-0.05 0.03 0.006 18.71 0.16
(ml water s™' cm™)

SlopeTR Transpiration response to increasing evaporative demand 0.2-3.26 0.69 0.24 34.71 0.42

Range, mean, standard deviation (SD), coefficient of variation (CV), and broad-sense heritability (H?) for shoot fresh weight (SFW), total water uptake

(TWU), transpiration efficiency (TE), and residuals of transpiration efficiency (TEr) were measured at 29 d after sowing. Transpiration rate (TR) was plotted
against maximum reference evapotranspiration at 23, 25, 26, 27, and 28 d after sowing and the slope of the corresponding linear regression was used to

estimate transpiration response to evaporative demand (SlopeTR).
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Fig. 2. Correlation between water use-related traits in O. glaberrima. (A) Pearson’s correlation coefficient (R) between averaged values of shoot fresh

weight (SFW), total water uptake (TWU), transpiration rate (TR), transpiration efficiency (TE), residuals of transpiration efficiency (TEr) at 29 d after sowing,
and transpiration response to evaporative demand (SlopeTR) measured in the large-scale experiment. (B) Covariation between TE and SlopeTR. Circles
represent the averaged TE plotted against the average SlopeTR for individual genotypes. Genotypes highlighted in color are from the subset used in the

small-scale experiment, following the same color legend as in Fig. 1.

more water. Similarly, a positive significant correlation was
observed between TE and both shoot fresh weight and total
water uptake (P<0.001). On the other hand, TEr was corre-
lated with TE (R=0.73) and less so with shoot fresh weight and
total water uptake, although all correlations were significant
(P<0.001; Fig. 2A). Interestingly, a significant negative corre-
lation was observed between TE and transpiration response to
evaporative demand (SlopeTR; P<0.001; Fig. 2B), suggesting
that genotypes with lower transpiration at higher evaporative
demand had higher TE. This suggests that transpiration re-
striction under high evaporative demand might contribute to
increased TE in African rice.

To test this hypothesis, we studied the transpiration response
to VPD across 1 d in the same subset of contrasted genotypes
as above at 35 DAS. During this experiment, VPD gradually
increased to reach its maximum around 17.00 h and further
decreased (Fig. 3A). Transpiration rate followed the same pat-
tern until 16.00 h where it reached its maximum for most
of the genotypes and further decreased (Fig. 3A). Large varia-
tion in the transpiration response to VPD was observed among
genotypes, with Og_185 and Og_118 having the lowest and
highest maximum transpiration rate at 16.00 h (Fig. 3A). To
further quantify this response, we measured the slope of tran-
spiration response to increasing VPD and the time of transpi-
ration inflection between 10.00 and 16.00 h (Supplementary
Fig. S12). While the inflection time did not significantly vary
among genotypes, significant differences were observed in
the slope of transpiration response (SlopeTR; P<0.01; Sup-
plementary Table S7). Principal component analyses showed
that the first principal component that separated the genotypes
with low shoot fresh weight from those with high shoot fresh

weight accounted for 73.3% of the global variation (Fig. 3B).
Genotypes with low shoot fresh weight co-varied with tran-
spiration rate and transpiration response to evaporative demand
(SlopeTR) while genotypes with higher shoot fresh weight
co-varied with root dry weight, total water uptake, and TE
(Fig. 3B). Transpiration response to evaporative demand (Slo-
peTR) was significantly negatively correlated with shoot fresh
weight (P<0.05), total water uptake (P<0.01),and TE (P<0.05;
Fig. 3C; Supplementary Fig. S13). Interestingly, the ratio of
root to shoot dry weight (root:shoot ratio) was significantly
positively correlated with transpiration response to evaporative
demand (SlopeTR; P<0.05; Fig. 3D) and tended to co-vary
with transpiration rate (R=0.4), although this co-variation was
not significant (Supplementary Fig. S13).

Altogether, precise measurements of transpiration under
increasing evaporative demand in the subset of genotypes
confirmed that transpiration restriction at high evaporative
demand (lower SlopeTR) was associated with higher TE in Af-
rican rice. Our results further demonstrated that shoot biomass
and the balance between root and shoot growth played impor-
tant roles in the transpiration response to increasing evapora-
tive demand.

Identification of genomic regions associated with water
use-related traits by association genetics

As our data showed that water use-related traits were variable
and highly heritable in the O. glaberrima panel, we performed
association genetics to identify polymorphisms associated
with their variation. Genomic regions associated with shoot
fresh weight, total water uptake, TE, its residuals (TEr), and
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Fig. 3. Relation between water use-related traits and plant morphology in a subset of O. glaberrima genotypes. (A) Evolution of transpiration rate (TR;
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between tiller number (Tiller), transpiration efficiency (TE), residuals of transpiration efficiency (TEr), shoot fresh weight (SFW), shoot dry weight (SDW),
leaf area (LA), total water uptake (TWU), root dry weight (RDW), root to shoot ratio (RootShoot), transpiration response to increasing evaporative
demand (SlopeTR), TR, and TR inflection in response to increasing evaporative demand (InflectionTR) measured at 35 d after sowing in the small-scale
experiment, and analysed using principal component (PC) analysis. (C, D) Covariation between TE and SlopeTR (C) and between root to shoot ratio
and SlopeTR (D). Circles represent the averaged TE or root to shoot ratio plotted against the average SlopeTR for individual genotypes. R, Pearson’s
correlation coefficient; P, p-value of Pearson’s correlation test. Color legend is the same as in (A).

transpiration response to increasing evaporative demand (Slop-
e¢TR) were identified using two GWAS methods (LFMM and
EMMA). Applying a 107> P-value threshold, we observed a
total of 42, 59, 49, 95, and 29 significant marker-trait asso-
ciations in both methods for shoot fresh weight, total water
uptake, TE, TEr, and SlopeTR, respectively (Figs 4A—D,
5A; Supplementary Figs S14A—D, S15A). The two methods
allowed an efficient correction for false positives linked to ge-
netic structure (QQ plots, Figs 4E—F 5B; Supplementary Figs
S14E—E S15B).

Significant associations were observed for shoot fresh weight
and TE on chromosome 5, and for shoot fresh weight and
total water uptake on chromosome 6 using both LFMM and
EMMA methods (Fig. 4; Supplementary Fig. S14). Further
significant associations were observed with LFMM on chro-
mosome 1 for total water uptake (—log;o(P)=4.63 in EMMA;
Fig. 4B; Supplementary Fig. S14B) and on chromosome 7

for TE (—log;((P)=3.89 in EMMA; Fig. 4C; Supplementary
Fig. S14C). Although not significant, similar associations were
observed on chromosome 1 for shoot fresh weight and chro-
mosome 7 for shoot fresh weight and TEr in LEMM (Fig. 4A,
D). More specific associations were observed for TEr on chro-
mosome 1 in LFMM and EMMA and on chromosome 4 in
EMMA (—log;o(P)=3.73 in LFMM,; Fig. 4D; Supplementary
Fig. S14D). For transpiration response to evaporative demand
(SlopeTR), the two most significant associations were observed
on chromosome 2 and 11 in both LFMM and EMMA (Fig.
5A; Supplementary Fig. S15A).

Interestingly, the GWAS association located on chromosome
5 position 26971730 for shoot fresh weight and TE co-local-
ized with a previously reported QTL for early vigor in Asian
rice (Oryza sativa; Cui et al., 2002). Two alleles were present for
the corresponding SNP with plants carrying either an adenine
(A; 45.5% of the panel) or a guanidine (G; 54.5% of the panel),
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Fig. 4. Genome wide association studies for shoot fresh weight, total water uptake, transpiration efficiency (TE), and residuals of transpiration efficiency
(TEr) in O. glaberrima. Manhattan plots (A-D) and QQ plots (E-H) obtained with the latent factor mixed model (LFMM) are shown. Manhattan plots show
the log10 P-value (y-axis) at each SNP position on the different chromosomes (x-axis). The red lines in (A-D) delimit the threshold for highly significant

SNPs (P<1079).

with plants carrying the G allele having a 25.2% shoot biomass
gain (Supplementary Fig. S16). Genotypes with low shoot fresh
weight (Og_12,0g _61,0g _62,0g_118,and Og_162) grown
in the small-scale experiment carried the A allele while geno-
types with high shoot fresh weight (Og_15, Og_43, Og_184,
Og 185, Og_408) carried the G allele (Supplementary Fig.
S8), confirming the allelic distribution observed in the large-

scale experiment. Hence, our results confirmed the importance
of this genomic region to control early shoot growth and the
conservation of this QTL in Asian and African rice.

Altogether, our association genetics approach identified at
least 14 potential genetic regions associated with water use-
related traits in African rice, some of which are specific to TE,
TEr, or transpiration response to evaporative demand.
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Genes potentially involved in photosynthesis,
regulation of water transport, and drought responses
underlie associations for water use-related traits

We next analysed the genes present in genetic regions associ-
ated with shoot fresh weight, total water uptake, TE, TEr, and
transpiration response to evaporative demand. Since linkage
disequilibrium is high at short distance then slowly decays to
values below 0.2 after around 150 kb in this panel (Cubry ef
al., 2018, 2020), we considered genes in a 300 kb region sur-
rounding the most significant SNP at each association peak
(Table 2). The most significant SNP on chromosome 5 (po-
sition 26971730) associated with shoot fresh weight and TE
mapped in an intergenic region at 1.8 kb of a gene encod-
ing a polyprenyl synthetase and 10.2 kb of a gene encoding
a Ras-related nuclear protein (RAN) GTPase-activating pro-
tein. Polyprenyl synthetase catalyses the synthesis of isopente-
nyl diphosphate that is involved in the biosynthesis pathway of
plastoquinones, which are essential coenzymes for the photo-
synthesis machinery carrying electrons in the linear and alter-
native electron chains (Liu ef al., 2019; Havaux, 2020). RAN
GTPases are involved in nucleocytoplasmic transport, mitotic
progression, membrane trafficking, cytoskeletal organization,
and cell polarity, and have important roles in plant growth, de-
velopment and response to stress conditions (Nielsen, 2020). In
particular, Arabidopsis RanBP1c¢ and wheat Ran1 are involved
in auxin-induced root growth and development through the
control of mitotic progression (Kim ef al., 2001; Wang et al.,
2006). Heterologous overexpression of a wheat RAN GTPase
in rice reduced the number of lateral roots and induced hyper-
sensitivity to auxin (Wang et al., 2006).

The GWAS peak for total water uptake on chromosome
1 (position 21989359) is located in an intergenic region at
3.5 kb of a gene coding the C-type C2H2 zinc finger protein
ZOS1-10 (Table 2). C2H2-type zinc finger proteins form a
large family of 189 members in rice (Agarwal ef al.,2007), hav-
ing many roles in plant growth, development, and abiotic and
biotic resistances (Han et al., 2020). The rice C2H2 zinc finger
protein Drought and Salt Tolerance (DST) is, for instance, in-
volved in leaf morphology and water use through stomatal

control, its loss of function increasing rice and salt tolerance
(Huang ef al., 2009).

The most significant SNP on chromosome 7 associated with
TE mapped on the 3" untranslated region of a gene encod-
ing an unknown protein (LOC_Os07g26595). A cluster of
four Plasma membrane Intrinsic Proteins (PIPs) primarily
expressed in roots are located from 47-98 kb away from this
SNP (Sakurai et al., 2005; Guo et al., 2006). Plasma membrane
aquaporins are water channels located on the plasma mem-
brane and were described as important contributors of root
radial water transport (Grondin et al., 2016) and water use ef-
ficiency in rice (Nada and Abogadallah, 2014). Another inter-
esting gene, coding for OsRR 7, a type-A response regulator, is
located at 130 kb from this SNP. In Arabidopsis, a type-A re-
sponse regulator protein, ARRS5, is phosphorylated by SnRK2s
protein and amplifies the ABA-mediated stress response while
inhibiting the cytokinin-responsive genes promoting growth
and development (Huang ef al.,2018). In maize, a recent report
demonstrated that natural variation in a type-A response regu-
lator confers chilling tolerance (Zeng et al.,2021).

The GWAS associations for TEr and transpiration response
to evaporative demand on chromosome 1 (position 9237408
and 8982662, respectively) mapped to intergenic regions near
a gene homologous to the SUPER APICAL DOMINANT
(SAD1) gene encoding an ortholog of the polymerase 1 sub-
unit RPA34.5 that plays important roles in shoot and root
growth and branching in rice (Li et al., 2015). Another gene,
coding for a heterotrimeric Gf3 protein potentially involved in
the control of cell expansion via interaction with lipid meta-
bolic pathways, was identified in the region (Choudhury et al.,
2019). Two genes encoding a TCP transcription factor and a
glycosyltransterase were located at around 48 kb upstream and
downstream of the most significant SNP associated with TEr
in EMMA on chromosome 4. THEOSINTE BRANCHED1_
CYCLOIDEA_PROLIFERATING CELL FACTORT1 (TCP)
genes are involved in leaf shape in Arabidopsis (Koyama et al.,
2010) and they improved agronomic traits when overexpressed
in rice (Li et al., 2020), while glycosyltransferase mediates the
biosynthesis of prominent hemicellulose xylan (an important
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Table 2. List of candidate genes identified in genetic regions associated with shoot fresh weight (SWF), total water uptake (TWU),
transpiration efficiency (TE), residuals of transpiration efficiency (TEr), and transpiration response to evaporative demand (SlopeTR)

Trait Chr_position Locus (MSU) Annotation Hypothetical function Reference
SFW, TE Chr5_26971730 LOC_0Os05g46560 RAN GTPase-acti- Auxin-mediated root Kim et al. (2001),
vating protein 1 development Wang et al. (2006)
LOC_0s05g46580 Polyprenyl synthe- Photosynthesis through Liu et al. (2019),
tase plastoquinone biosynthesis
Havaux (2020)
TWU Chr1_21989359 LOC_0s01g39110 Z0S1-10 C2H2 zinc Drought tolerance via stomatal Huang et al. (2009)
finger family protein control
TE Chr7_15311728 LOC_0s07g26630 Plasma membrane Water transport and use, Sakurai et al. (2005),
LOC_0s07g26660 aquaporins response to abiotic stresses Guo et al. (2006)
LOC_0s07g26690
LOC_0s07g26720 OsRR7, type-A re- Abiotic responses through Huang et al. (2018),
sponse regulator abscisic acid and cytokinin Zeng et al. (2021)
signaling
TEr, Slo- Chr1_9237408 LOC_0Os01g16220 Sad1—UNC-like Shoot and root growth and Lietal (2015)
peTR C-terminal domain branching
LOC_0Os01g15979 G protein Cell expansion and lipid Choudhury et al. (2019)
metabolism
TEr Chr4_6544212 LOC_0Os04g11830 TCP family tran- Leaf development Koyama et al. (2010),
scription factor Li et al. (2020)
LOC_0s04g12010 Glycosyltransferase Cell wall formation Anders et al. (2012),
Lin et al. (2016)
SlopeTR Chr2_23902475 LOC_0s02g39590 GDSL-like lipase/ Cell wall formation and Zhang et al. (2017)

acylhydrolase

patterning

component of primary and secondary cell walls) in rice
(Anders et al.,2012; Lin et al., 2016).

The most significant SNP on chromosome 2 (position
23902475) for transpiration response to evaporative demand is
located at 9.5 kb from a gene encoding a C2H2 zinc finger pro-
tein and 8 kb from a gene encoding a GDSL-like lipase/acyl-
hydrolase. The rice GDSL BRITTLE LEAF SHEATH1 (BS1)
gene was reported to play an important role in the maintenance
of proper acetylation level on the xylan backbone (Zhang et
al., 2017). In particular, BS1 affects secondary cell wall pattern
in vessels, the bs1 mutant having larger metaxylem pit size and
reduced agronomical performances (Zhang et al., 2017).

Discussion

In this study, 147 O. glaberrima genotypes were phenotyped in a
high-throughput phenotyping platform for shoot growth and
water uptake dynamics at early vegetative stage. Image-based
monitoring of shoot traits (fresh weight and leaf area) and
gravimetric monitoring of water loss allowed us to measure
shoot fresh weight, total water uptake, daily transpiration rate,
and TE at 29 DAS (Fig. 1). Strong positive and significant
correlations were observed between shoot fresh weight, total
water uptake and TE in our study (P<0.001; Fig. 2A). Our
results for O. glaberrima are in line with observations in fox-
tail millet (Feldman et al., 2018). However, they are not con-

sistent with the absence of correlations observed between TE
and shoot biomass or total water use in sorghum or pear]l millet
(Vadez et al.,2011,2013) and previous considerations that high
water use efficiency is related to reduced biomass productivity
and, by extension, yield (Condon ef al., 2002; Blum, 2009). In
fact, the relationship between TE, water use, and shoot growth
depends on the species, the environments or the way water
use efficiency is measured (for extensive review see Vadez et al.,
2014). In our experimental conditions, it appears that larger
and more vigorous O. glaberrima plants consume more water
from the soil, but are relatively more efficient at producing
biomass from that amount of water consumed. Interestingly, a
significant negative correlation was observed between TE and
transpiration rate (P<0.001; Fig. 2A), indicating that, although
water loss by transpiration is higher in larger plants, transpira-
tion per unit of leaf surface at the whole plant level is lower.
We also measured the residuals of TE (TEr) that correspond in
our study to the genotype-specific deviation from the relation-
ship between biomass and water use, with genotypes deviating
above the relationship being more efficient at using water than
those deviating below the relationship. TEr was also signifi-
cantly negatively correlated with transpiration rate, although
the correlation coefficient was lower (P<0.05; Fig. 2A). These
intriguing results suggest a stomatal regulation of transpiration
rate in O. glaberrima genotypes with higher TE. We hypoth-
esized that this regulation was linked to a transpiration restric-
tion strategy in response to increasing evaporative demand.
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To study the links between transpiration efficiency and tran-
spiration response to increasing evaporative demand, we took
a similar approach to Alvarez Prado et al. (2017), plotting daily
transpiration rate with maximum reference evapotranspiration.
Due to environmental conditions in the high-throughput ex-
periment, the range of maximum evapotranspiration remained
relatively low during the experiment (from 1.1 to 1.23). Still,
the slope of this relationship was considered as a proxy of tran-
spiration response to increasing evaporative demand. It was
highly variable in O. glaberrima and under genetic control as
illustrated by the relatively high broad-sense heritability. In-
terestingly, we observed a significant negative correlation
between TE (and TEr to a lesser extent) and transpiration re-
sponse to increasing evaporative demand (Fig. 2). These tran-
spiration responses and correlations were further confirmed in
a subset of genotypes in which transpiration responses to much
larger variation in evaporative demand (from 1.5 to 3.7) were
precisely measured (Fig. 3). Altogether, these results indicate
that transpiration restriction in conditions of high evaporative
demand was linked to improved TE in African rice. Transpira-
tion response to evaporative demand is regarded as an impor-
tant component trait of water use efficiency, particularly for
crops growing in arid and drought-prone areas (Vadez et al.,
2014; Shekoofa and Sinclair, 2018). In pearl millet, reducing
transpiration when the evaporative demand exceeds a cer-
tain threshold allowed water conservation during vegetative
growth that could be used at reproductive stage to improve
seed production (Vadez et al., 2013). Early vigor accompanied
by increased TE through transpiration restriction may be par-
ticularly advantageous for upland rice genotypes growing in
rainfed agroecosystems, especially when competing against
weeds or during drought stress.

Exhaustive measurements of transpiration profile under
changing temperature and relative humidity over the course
of the day allowing precise measurement of the transpiration
restriction phenotype has often been low throughput (Gholi-
poor et al., 2010, 2013; Devi ef al., 2010; Jauregui et al., 2018).
To our knowledge, our study is a pioneer in reporting mea-
surements of transpiration restriction in a crop at a throughput
compatible with association genetic analyses. Recent develop-
ment of an imaging platform combined with lysimetric ca-
pacity allowing monitoring of transpiration response to high
VPD in natural conditions (Vadez et al., 2015) and generation
of transpiration profile features in an automated fashion (Kar et
al., 2020) will be instrumental for high-throughput phenotyp-
ing of plant water use-related traits and identification of their
genetic determinants with breeding perspectives.

Roots are the primary sites of water uptake and play impor-
tant roles in maintaining whole plant water status, balancing
water acquisition and water flow to match shoot water demand
(Maurel et al., 2010;Vadez, 2014). Root traits controlling radial
root conductance, including aquaporin functions (Reddy et al.,
2017; Sivasakthi et al., 2017, 2020; Grondin et al., 2020) and
apoplastic barriers (Calvo-Polanco et al.,2021;Reyt et al.,2021),

as well as those controlling root axial conductance, including
metaxylem diameter (Richards and Passioura, 1989), have been
linked to water balance and plant transpiration efficiency in
several crops. In this study, we observed a positive significant
correlation between root to shoot ratio and transpiration re-
sponse to increasing evaporative demand (P<0.05; Fig. 3D).
Assuming that root dry weight is largely related to root surface,
these results indicate that the balance between root and shoot
surfaces is important for transpiration response to increasing
evaporative demand. Plants with larger root surface as com-
pared with shoot surface appeared more sensitive to the in-
crease in evaporative demand, possibly due to the ability of the
root system to maintain water acquisition in response to the
increased water demands by the shoots. Our results therefore
suggest that decreased carbon allocation towards the roots, and
possibly decreased root surface, may be beneficial for reduced
sensitivity to the increase in evaporative demand, 1.e. the tran-
spiration restriction phenotype. Further investigations are
needed to determine the contribution of root architectural,
anatomical, and physiological traits in the transpiration restric-
tion phenotype. While saving water, such reduction in tran-
spiration at the hottest hours of the day would reduce carbon
fixation and cause an increase in leaf temperature that may
have detrimental effects on metabolic processes (Zandalinas et
al.,2017). Still, in our conditions the genotypes showing tran-
spiration restriction phenotypes were those with higher vigor
and shoot biomass production at early vegetative stage. Evalu-
ating the effect of the transpiration restriction phenotype on
shoot biomass and yield during the whole crop cycle in O.
glaberrima and how it relates to drought or heat stress tolerance
would be of particular interest.

Interestingly, our GWAS approach confirmed the impor-
tance of roots in the control of TE and transpiration response
to increasing evaporative demand. Indeed, we identified several
genetic regions associated with these traits that contain genes
potentially involved in root development or water transport. In
particular, a cluster of aquaporin genes was located near the as-
sociation for TE observed on chromosome 7 (Fig. 4C),amongst
which LOC_0Os07g26660 appears root-specific. These genes
encode type-2 Plasma membrane Intrinsic Proteins that are
known to play important roles in root radial water transport.
Their expression has also been associated with the control of
TE and transpiration restriction as they may quickly regulate
root water flow to respond, or not, to changes in transpiration
when the evaporative demand is increasing (Shekoofa and Sin-
clair, 2018). Aquaporin functions also have important roles in
root and shoot growth coordination (Ehlert ef al., 2009; Mau-
rel et al., 2010). In fact, this GWAS association on chromosome
7 was also found for shoot fresh weight, although just below
the significance threshold (Fig. 4A).

A strong marker-trait association for TE and shoot fresh
weight at 29 DAS was located on chromosome 5 (Fig. 4C).
This association collocated with a known QTL for early vigor
identified in O. sativa (Cui et al., 2002). This suggests that this
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QTL for early vigor is conserved in Asian and African rice. An
interesting candidate gene coding for a polyprenyl synthetase
protein potentially involved in plastoquinone biosynthesis and
more generally in photosynthesis was located close to the most
significant SNP, suggesting a link between efficiency of the
photosynthetic machinery and early vigor. Further work will
be needed to test this exciting hypothesis.

TEr and transpiration response to increasing evaporative de-
mand shared an association on chromosome 1 (Figs 4D, 5A)
where a candidate gene potentially involved in cell wall bio-
synthesis was identified. This result confirms the links between
these two traits and supports the hypothesis that transpiration
restriction is an important component of TE in O. glaberrima.
Another candidate gene encoding a GDSL protein possibly in-
volved in cell wall biosynthesis was identified in close vicinity
of the most significant association on chromosome 2 for tran-
spiration response to increasing evaporative demand (Zhang et
al., 2017). Cell wall properties potentially play important roles
in the apoplastic water flow in roots and shoots. This apoplastic
path, complementary to the symplasmic path (from cell to cell
through aquaporins or plasmodesmata), is supposedly predom-
inant under increasing evaporative demand, i.e. under condi-
tions in which transpiration restriction occurs (Tharanya ef al.,
2018; Sivasakthi et al., 2020). The effects of cell wall content
and mechanical properties on plant water transport properties
have been poorly studied. Simulations using a model coupling
water fluxes and cell wall mechanics recently suggested that
heterogeneities in cell wall mechanical parameters impacted
water flow in tissues and growth rate (Cheddadi et al., 2019).
Moreover, affecting cell wall composition had significant
effects on xylem vessel wall patterning in rice, which may fur-
ther impact axial water low (Zhang et al., 2017).

In conclusion, high-throughput phenotyping of water use-
related traits in O. glaberrima showed that reducing transpiration
under increasing evaporative demand contributes to improved
TE.The control of the transpiration response to higher evapo-
rative demand may partly depend on the coordination between
root and shoot functions, which opens interesting perspectives
in the identification of root traits with integrative hydraulic
functions. Association genetics analyses pointed to mechanisms
linked to the control of root architecture likely through devel-
opmental processes, and water fluxes possibly through aqua-
porin functions or cell wall composition and patterning. Our
results further show that, at an early vegetative stage, increased
TE was associated with higher plant vigor. Such characteris-
tics may be particularly interesting for breeding, for instance to
improve rice adaptation to rainfed agroecosystems and enable
rice to better compete with weeds for limited water resources.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1. Regression model used to estimate shoot fresh bio-
mass and leat area based on ground truth measurements.

Fig. S2. Residuals of transpiration efficiency.

Fig. S3. Histograms, QQ plots, and plots of residuals against
fitted or index values for fixed (fix) or random (ran) genotypic
effects on shoot fresh weight measured at 29 d after sowing in
the large-scale experiment.

Fig. S4. Histograms, QQ plots, and plots of residuals against
fitted or index values for fixed (fix) or random (ran) genotypic
effects on total water uptake measured at 29 d after sowing in
the large-scale experiment.

Fig. S5. Histograms, QQ plots, and plots of residuals against
fitted or index values for fixed (fix) or random (ran) genotypic
effects on transpiration efficiency measured at 29 d after sow-
ing in the large-scale experiment.

Fig. S6. Histograms, QQ plots, and plots of residuals against
fitted or index values for fixed (fix) or random (ran) genotypic
effects on residuals of transpiration efficiency measured at 29 d
after sowing in the large-scale experiment.

Fig. S7. Histograms, QQ plots, and plots of residuals against
fitted or index values for fixed (fix) or random (ran) genotypic
effects on transpiration rate measured at 29 d after sowing in
the large-scale experiment.

Fig. S8. Water use-related traits in the subset of O. glaberrima
genotypes.

Fig. S9. Correlation between water use-related traits meas-
ured in the large-scale experiment at 29 d after sowing
(PhenoArch) and in the small-scale experiment at 35 d after
sowing (Subset).

Fig. S10. Transpiration response to increasing evaporative
demand.

Fig. S11. Histograms, QQ plots, and plots of residuals against
fitted or index values for fixed (fix) or random (ran) genotypic
effects on transpiration response to increasing evaporative de-
mand (SlopeTR) measured in the large-scale experiment.

Fig. S12. Transpiration response to increasing evaporative
demand in the subset of O. glaberrima genotypes.

Fig. S13. Correlation between water use-related traits and
plant morphology in a subset of O. glaberrima genotypes.

Fig. S14. Genome wide association studies for shoot fresh
weight, total water uptake, transpiration efficiency (TE), and
residuals of transpiration efficiency (TEr) in O. glaberrima.

Fig. S15. Genome wide association studies for transpiration
response to increasing evaporative demand in O. glaberrima.

Fig. S16. Repartition of shoot fresh weight according to the
allelic version at the most significant SNP (Chr5_26971730)
for the GWAS association on chromosome 5.

Table S1. Analysis of variance for shoot fresh weight (SFW)
measured at 29 d after sowing in O. glaberrima in the large-scale
experiment.

Table S2. Analysis of variance for total water uptake (TWU)
measured at 29 d after sowing in O. glaberrima in the large-scale
experiment.
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Table S3. Analysis of variance for transpiration efficiency
(TE) measured at 29 d after sowing in O. glaberrima in the
large-scale experiment.

Table S4. Analysis of variance for residuals of transpiration
eficiency (TEr) measured at 29 d after sowing in O. glaberrima
in the large-scale experiment.

Table S5. Analysis of variance for transpiration rate (TR)
measured at 29 d after sowing in O. glaberrima in the large-scale
experiment.

Table S6. Analysis of variance for transpiration response to
increasing evaporative demand (SlopeTR) measured in O. gla-
berrima in the large-scale experiment.

Table S7.Transpiration response (SlopeTR) and inflection in
transpiration rate (InflectionTR) under increasing evaporative
demand measured in the subset of O. glaberrima genotypes in
the small-scale experiment.

Dataset S1: Passport data of the diftferent O. glaberrima geno-
types. List of genotypes used in this study with accession num-
bers from different databases, country of origin and, when
available, geographic position of the sampling with adaptation
to agroecosystem.
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Abstract

Seedling root traits impact plant establishment under challenging environments. Pearl millet
is one of the most heat and drought tolerant cereal crops that provides a vital food source
across the sub-Saharan Sahel region. Pearl millet’s early root system features a single fast-
growing primary root which we hypothesize is an adaptation to the Sahelian climate. Using
crop modelling, we demonstrate that early drought stress is an important constraint in
agrosystems in the Sahel where pearl millet was domesticated. Furthermore, we show that
increased pearl millet primary root growth is correlated with increased early water stress
tolerance in field conditions. Genetics including GWAS and QTL approaches identify genomic
regions controlling this key root trait. Combining gene expression data, re-sequencing and
re- annotation of one of these genomic regions identified a glutaredoxin-encoding gene
PgGRXC9 as the candidate stress resilience root growth regulator. Functional
characterization of its closest Arabidopsis homolog AtROXY19 revealed a novel role for this
glutaredoxin (GRX) gene clade in regulating cell elongation. In summary, our study suggests
a conserved function for GRX genes in conferring root cell elongation and enhancing
resilience of pearl millet to its Sahelian environment.

Carla de la Fuente et al., 2023 eLife. https://doi.org/10.7554/eLife.86169.1 1 0of 35


https://elifesciences.org/
https://doi.org/10.7554/eLife.86169.1
https://en.wikipedia.org/wiki/Open_access
https://creativecommons.org/licenses/by/4.0/
https://elifesciences.org/peer-review-process

7 eLife

elLife assessment

This is an important paper that combines methods ranging from agronomy and
plant breeding to Arabidopsis functional genetics, to construct a plausible argument
that polymorphism in a single gene affects crop yield by affecting root cell
elongation and drought stress resilience in a poorly studied crop. The overall
argument is plausible but rests on a diverse set of claims that are supported by
solid, but also partly incomplete evidence.

Introduction

Pearl millet was domesticated about 4,500 years ago in the Sahelian part of West Africa

et al., 2017; Varshney et al., 2017). Today, it is the sixth cereal in terms of world production,
and it is mostly cultivated in arid regions of sub-Saharan Africa and India where it plays an
important role for food security. However, in Africa, pearl millet yield remains low
compared to its genetic potential because it is mostly cultivated in marginal lands in low-
input and rainfed agricultural systems and the development and adoption of improved
varieties is still limited (Olodo et al., 2020).

The plant root system is responsible for water and nutrient acquisition from the soil.
Breeding for root traits that could improve the crop root system efficiency has been
proposed as one of the pillars of a second green revolution (Den Herder et al., 2010; (Lynch,

particularly relevant in low input and rainfed agrosystems found in the Sahelian region of
Africa (Ndoye et al., 2022). This strategy relies on the selection of root traits suitable for the
specific characteristics of the target environment such as soil and climate but also
agricultural practices (Lynch, 2019; Ndoye et al., 2022; van der Bom et al., 2020). It requires a
better understanding of stress patterns and the performance of individual root traits in real
conditions and in response to different constraints. However, only a few studies have
addressed the importance of individual root traits in field conditions.

Primary root development is an important contributor to seedling vigor and greatly
influences plant establishment (Peter et al., 2009). Pearl millet embryonic root system
development is characterized by;'fﬂ‘é"f(‘fffﬁéﬁaﬁubf a fast-growing primary root that is the
only architectural component of the root system for the first 6 days after germination (DAG)
(Passot et al., 2016). No seminal roots are present in pearl millet and crown and lateral roots
were only observed 6 DAG (Passot et al., 2016). We hypothesized that the fast-growing
primary root might be an adaptation to the Sahelian environment (Passot et al., 2016). Here,
we show that early drought stress after germination is a major constraint in Sahelian
environments and that primary root growth is correlated with increased tolerance to this
stress under field conditions in pearl millet. Differences in root growth seem to be mainly
regulated by changes in cell elongation. A combination of GWAS and bulk segregant analysis
on a bi-parental population identified one genomic region controlling this trait. Combining
RNAseq, re-sequencing and re- annotation of this region, we identified a glutaredoxin-
encoding gene, PgGRXC9 as a potential candidate regulator. Functional characterization of
the closest homolog in Arabidopsis reveals a new role for GRX in the regulation of root
growth through cell elongation in the root apical meristem.
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Results

Early drought stress episodes are an important constraint
in Sahelian agrosystems

We previously hypothesized that the fast-growing primary root might be an adaptation to
the Sahelian environment and, in particular, to early cycle drought stress episodes (Passot et

meteorological data collected for the past 21 years (2000-2020) at the CNRA Bambey station,
located at the center of the pearl millet growing region of Senegal and highly representative
of the climate found in Sahelian West Africa. Crops such as pearl millet are traditionally
sown before or shortly after the first rain event of the rainy season. Moisture from the first
rain event is used by seed to germinate and initiate their growth. We observed frequent
intervals between the first and the second significant rainfall event (> 10 mm) that could last
up to 40 days (Figure S1). These periods were unrelated to the timing of the first rain event.

A crop model was parameterized using soil and meteorological data (2000 to 2020) from the
Bambey experimental station to determine when pearl millet faced drought stress and
predict its impact on crop yield. Using a widely cultivated variety of pearl millet (Souna3) for
modelling, we simulated the daily fraction of transpirable soil water (FTSW) profiles in
different years to identify periods of the growth cycle when access to water was limiting.
FTSW below 0.3 was considered a stressful condition. Clustering the trend of FTSW in the 21
years studied (based on the methodology of (PaSiakova et al., 2013)) revealed three stress
patterns: early-stress, late-stress, and no-stress (blue, red and green line on Figure 1A). The
crop faced early stress at a frequency of 24% over the 21 years, which resulted in an average
43% grain yield penalty compared to years without stress. Biomass production (an important
source of fodder for livestock) was also reduced by 44% on average. Late-stress occurred in
19% of the years and resulted in 25% and 12% of yield and biomass penalty, respectively. No-
stress was observed in 57% of the years. Hence, our analysis confirms that early drought
episodes are a major constraint in Sahelian agrosystems of West Africa affecting crops
during the vegetative stage.

Figure 1.

Early primary root growth and its
relation with drought-tolerance related
traits measured in field conditions.
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stress, late-stress, and no-stress respectively. (B) Root length in 122 pearl millet inbred lines derived from West and
Central African landraces. Root length was measured at 6 days after germination in a paper-based hydroponic system in-
stalled in a growth chamber. Points represent mean +/- se. (C) Correlation between root length and the field measured
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traits using adjusted Ismeans across both years. The Pearson correlation coefficients are indicated for each pair of traits.
(D) Linear regression between root length and stay-green. Red points represent the Ismean for the 6 inbred lines that
were common between the two field trials.

Primary root growth is correlated with increased tolerance
to early drought stress

In order to test if a fast-growing primary root after germination might be an adaptive trait to
early drought stress, we first phenotyped a diversity panel of pearl millet inbred lines
representative of the genetic diversity of the crop (Debieu et al., 2018). As primary root
growth is linear in the first days of growth (Passot et al., 2016), root length was measured as
a proxy of growth on a paper-based hydroponic system 6 days after germination in 122 pearl
millet inbred lines (5 plants/line in average for a total of 853 plants). Primary root length
ranged from 21.1 to 193.2 mm with an average of 94.4 mm and a standard deviation of 32.5
mm, thus showing that a large diversity was available for this trait (Figure 1B).

The importance of early root growth for plant tolerance to early drought stress was then
evaluated in field trials in 2 independent years using 9 inbred lines with contrasted root
growth (slow, intermediate, and fast primary root growth). Field trials were set up during
the hot dry season (March-June) in 2018 and 2020. Seeds were sown and irrigation
equivalent to a 30 mm rainfall was applied. Irrigation was then stopped to mimic an early
drought stress episode and plant growth and ecophysiological parameters were analyzed for
the following 6 weeks (Table S1). We then analyzed the correlations between primary root
length, measured in the lab, and plant performance measured in field conditions. Principal
component analyses revealed a covariation of early primary root growth and stay-green (the
% of leaves that remained green) as well as the performance index of photosynthesis (PI)
measured both in 2018 and 2020 (Figure S2). Correlations between variables adjusted means
across the two field trials showed a strong and significant relationship between early
primary root growth and stay-green at the vegetative stage, an indicator of plant tolerance to
drought stress (R = 0.95, p < 0.01; Figures 1C and 1D). Hence, our field experiments support
the hypothesis that rapid growth of the primary root is beneficial for pearl millet plants to
cope with early drought stress episodes after germination.

Identification of genomic regions in pearl millet
controlling early primary root growth

We next studied the genetic determinants of primary root growth in pearl millet. First, the
heritability of early primary root growth was analyzed using our paper-based phenotyping
data on the panel of inbred lines. Heritability of 0.53 was computed indicating that early
primary root growth is under strong genetic control in pearl millet. We therefore conducted
a genome wide association study (GWAS). Genotyping by sequencing of the panel of pearl
millet inbred lines provided 392,493 SNPs for association, after filtering on quality, with an
average density of 2.5 SNPs per 10 kb [9]. For the current study, a set of 392,216 SNPs
polymorphic for the 122 inbred lines with a phenotype was selected to conduct genome wide
association analysis (GWAS) (de la Fuente Cantd et al., 2022). GWAS was performed using the
contrast the results (AN(I)VK,“EMMK&"MLM; Figure S3). Our analysis revealed a total of 447
significant SNPs across the pearl millet genome associated with primary root growth from
which, 109 SNPs were found highly significant with at least two other methods for
association analysis at p-value < 10 (Table 52). Only two of these markers located on
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chromosome 1 and 3, were above the 0.05 false discovery rate (FDR) significance threshold
(Figure 2A).

Figure 2.

Genetic dissection of primary root
length in pearl millet and cellular
analysis of root apical meristem and
primary root growth of contrasted
pearl millet lines in two experimental
. systems. (A) Manhattan plot of the
B GWAS by Ifmm ridge method (Caye
= = = = ‘ et al,, 2019). The horizontal axes cor-
f respond to the map position of each
1 ! of the 392,216 SNPs identified by GBS
[ l in a group of 122 inbred lines. The
w ’} i | vertical axes indicates the -logjgp val-
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' cance threshold. (B) BSA identifica-
tion of significant regions associated
with primary root length using bulks
of contrasted F2 lines from a bi-
parental cross. The plot shows the
Euclidean Distance statistic profile (y

axes) across the seven pearl millet chromosomes (x axes). The dash line indicates the 95% confidence interval threshold
for the localisation of significant regions. In both plots, the shaded area delimits the extent of the six significant regions
identified by BSA and therefore the overlap with significant SNPs identified by GWAS (A) and the correspondence with the
BSA peaks found (B). (C) Confocal image of the root tip of the contrasted inbred lines for primary root growth (ICML- IS-
1115 and SL2 with slow and fast growth respectively). (D) Estimation of cell production rate for each genotype according
to (Beemster et al (2002)). (E) Maximum cell length reached in the root elongation zone for each genotype. *** p-value <
0.0001, ** p-value < 0.001, * p-value < 0.01, ns not significant.
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To validate our GWAS analysis, we generated a bi-parental population from two inbred lines
with contrasting early primary root growth. The two lines, ICML-IS 11155 (low primary root
growth) and SL 2 (high primary root growth), were selected based on our initial paper-based
root phenotyping experiment. The significant difference in primary root growth between
these two lines was confirmed 7 days after germination in a paper roll phenotyping system
(Figure S4A), as well as in soil using X-ray microCT 10 days after germination (Figure S4B),
thus demonstrating their contrasting primary root phenotypes were robust and independent
of the experimental system.

Lines SL2 and ICML-IS 11155 were crossed and 737 F2 plants were phenotyped for early root
growth together with their parents (33 ICML-IS 11155 and 30 SL2 plants). The phenotypes of
F2 plants showed a normal distribution encompassing the range of phenotypes from the 2
parents (Figure S5). 75 F2 plants were selected for each extreme phenotype (75 highest and
75 lowest growth) and were used for bulk DNA extraction. The corresponding DNA was then
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used for genotyping by sequencing. Mean average sequencing depth in the bulks
corresponded to 1028X (High growth) and 814X (Low growth). After filtering, a group of 33
582 SNP variants (2.1 SNP per 100 kb in average) identified between the bulks was used to
assess the differences in allele frequency linked to the root length phenotype. Bulk Segregant
Analysis (BSA) revealed differences in allele frequency for 1,285 SNPs (Figure 2B, Table S3).
Six regions consisting of clusters of neighboring markers with overlapping region of
significance defined by simulations (de la Fuente Canté and Vigouroux, 2022) and equivalent
to +8 Mbp around each significant marker were identified on chromosome 1 (RL1.1, RL1.2,
RL1.3) and chromosome 6 (RL6.1, RL6.2, RL6.3; Figure 2B). Eighteen marker-trait associations
(MTASs) identified by GWAS co-localized with these BSA regions of significance (Table S4)
including the most significant GWAS SNP on chromosome 1 at position 231264526 (Figure
2A).

Root growth is dependent on cell division and cell elongation activities occurring at the root
tip. To identify the cellular process responsible for changes in root growth between the two
parental lines, ICML-IS 11155 and SL2, we used confocal microscopy to image and measure
cell elongation in the root tip starting from the quiescent center (Figure 2C, Figure S6). While
cell production rates were similar in both lines (Figure 2D), SL2 (fast growth line) exhibited a
significantly higher cell elongation rate than ICML-IS 11155 (Figure 2E). Hence, the
significant difference in root growth between inbred lines SL2 (fast growth) and ICML-IS
11155 (slow growth) was mainly driven by changes in root cell elongation.

As differences in root growth between the two parent lines was mainly driven by cell
elongation, we hypothesized that it might be linked to genes that are expressed in the root
tip. We therefore profiled gene expression using RNAseq in the primary root tip (2 cm apex)
of inbred lines ICML-IS 11155 (slow growth) and SL 2 (fast growth). Reads were mapped to
the CDSs predicted in the reference genome [13] for expression analyses. 1778 genes showed
significant differences in gene expression between the two contrasted lines using three
combined statistical tests (EdgeR, DESeq et DESeq2, p-value < 0.01). Unexpectedly, a large
proportion of the reads (31,48% in average in the 6 RNAseq experiments) did not map to
predicted genes on the reference genome. Hence, our transcriptomics analysis identified
genes that are differentially expressed in the root tip of inbred lines ICML-IS 11155 and SL 2
but revealed that some genes expressed in root tips are not annotated in the current version
of the pearl millet genome.

Re-sequencing of the root length QTL region reveals a new
GRX-encoding gene

We re-analyzed a 1 Mbp genomic region on chromosome 1 around the most significant
GWAS marker-trait association, corresponding to SNP chrl_231264526, that co-localizes with
a BSA QTL. This region contained a large proportion of unknown nucleotides (16.39% N)
thus making gene annotation difficult. To obtain better quality sequence information, long
reads (Nanopore technology, (Yuan et al., 2017)) corresponding to the target QTL regions
were recovered and re-annotdfé&'ﬁgi'ﬁ"ggffﬁ&ural and gene expression (RNAseq) data. Re-
annotation revealed one novel 465 bp CDS, 1103 bp downstream of the significantly
associated SNP (chr1_231264526, Figure 3A & B). This new CDS encodes a protein with strong
homology to glutaredoxin (GRX) C9-like proteins from various cereals and was named

PgGRXCI.
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Two alleles at this locus exist in our population (C or G) with plants carrying a homozygous
C/C allele (21.3% of the lines in our population) having a significantly higher root growth
than plants carrying the G/G homozygous allele (60.7% of the lines; Figure 3C). We found that
PgGRXC9 expression was significantly higher in the root tip of the line carrying the allele
associated with higher root growth (C/C) compared to the line carrying the lower growth
allele (G/G; Figure 3D). In situ hybridization using the RNAscope technology revealed
expression in the stele and epidermis in the root tip and elongation zone (Figure 3E, Figure
S7). Expression was also observed in the columella cells of the root cap and in the stele of the
differentiated part of the root (Figure S7). We then used the RNAseq data to search for
polymorphisms between the two contrasted parent lines used for BSA. No sequence
polymorphisms were found in the predicted coding sequence of the gene between the two
parent lines. However, 2 polymorphisms were detected in the 5’UTR region. Altogether, our
results suggest that PgGRXC9 is a positive regulator of root growth and that a polymorphism
in the promoter region of PgGRXC9 associated with changes in its expression level appeared
responsible for a quantitative difference in root growth between the two lines.

PgGRXC9 Arabidopsis ortholog ROXY19 also regulates root
cell elongation

To test the hypothesis that changes in PgGRXC9 expression level are responsible for a change
in root growth, we studied its ortholog in the model plant Arabidopsis thaliana (as functional
genomic studies are not possible in pearl millet). The closest homolog in Arabidopsis was
ROXY19 (AT1G28480) with 56% identity at the protein level (Figure 4A; Figure S8). The ROXY
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family is a land plant-specific family of GRX, with 21 members in Arabidopsis (Meyer et al.,

factors via the C-terminal domain (Meyer et al., 2012). Several of them contain a final ALWL
C-terminal motif responsible for binding to TOPLESS and TPR transcriptional co-repressors
(Uhrig et al., 2017). All these important amino acids were conserved in PgGRXC9 (Figure S8).

ROXY19 belongs to a subgroup of 4 ROXYs (ROXY18-21) that contain a specific N-terminal
domain of unknown function, that was also present in PEGRXC9 (Figure S8).
roxyl9
pairwise alignments of all whole protein sequence
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Transcriptomic data indicate that ROXY19 is expressed in root tissues, with the strongest
expression detected in the columella and stele of the elongation and maturation zone and
some expression in the ground tissue and epidermis (Belin et al., 2015). Given this expression
profile was similar to PgGRXC9 in pearl millet, we exﬁiai'féauémr"&j}ﬂ;'null mutant available
in the Nossen (No-0) background [19] to study its function. Strikingly, we observed that
roxy19 had reduced primary root growth compared to its wild-type ecotype (No-0; Figure 4B,
0). Closer examination revealed that the defect in roxy19 root growth was due to a reduction
in cell elongation (Figure 4D), whereas cell production rate was similar in the mutant and
wild type (Figure 4E), thus mimicking the phenotype observed in pearl millet. Hence, our
functional studies reveal that ROXY19, the closest homolog of PgGRXC9 in A. thaliana, is a
positive regulator of root growth through modulation of cell elongation.

Discussion

Drylands, defined as regions where precipitation is lower than atmospheric water demand,
cover around 40% of the land surface and host about 2 billion people (Wang et al., 2022).
They are key regions for global food security as it is estimated that they are responsible for
about 60% of global food production (Wang et al., 2022). They also play an important role for
the global carbon budget (Wang et al., 2022). Climate change is expected to have a negative
impact on agriculture in dfﬁéﬁ&sﬂ ‘with direct consequences for the livelihood of about 178
million people by 2050 under a 1.5°C temperature increase scenario (Wang et al., 2022).

There is therefore an urgent need to devise new agricultural practices and crop varieties to
address this challenge. This is particularly critical in the Sahel, the dryland region stretching
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across Africa and delimited by the Sahara to the North and the Sudanian savanna to the
South, where agriculture is mainly rainfed with limited access to fertilizers and irrigation
(Ndoye et al., 2022). Pear]l millet was domesticated in the Sahel about 4,500 years ago
(Burgarella et al., 2018) and it is a key crop for food security in that region (Debieu et al.,
2017; Varshney et al., 2017). In the Sahel, drought stress is a major factor lirﬁiﬁﬁé"é'faﬁ'i;i'eld.
The semi-arid tropical climate is characterized by a long dry season and a short rainy season
where most of the agriculture occurs. Pearl millet is traditionally sowed before or right after
the first rain so that the water from this first rain is used for germination and seedling
establishment. However, the precipitation pattern is irregular and varies from season to
season and these intra- and interannual variability are expected to increase with future
climate (Sultan and Gaetani, 2016). To devise strategies to adapt agriculture to future climate,
it is important to identify the stress patterns faced by crops. In this study, we used
meteorological data together with a crop model to estimate the water stress patterns faced
by pearl millet in the 2000-2020 period. This revealed 3 main types of patterns, early drought
stress, terminal drought stress and no stress. Early drought stress, corresponding to rain
pause during crop establishment, was found to occur roughly one fourth of the years and to
have a large impact on both grain and biomass (an important source of fodder) production.
Indeed, we found that lapse between the first rain and subsequent significant rain were
occurring frequently, and current models predict that such gaps are going to be more
frequent in future climate (Sultan and Gaetani, 2016). This indicates that early drought stress
after germination is a major constraint for crop growth in the Sahelian agrosystems.

The embryonic root system makes most of the root system for the first weeks of the seedlings
life and is therefore important for crop establishment. Interestingly, we previously reported
that early root system development in pearl millet is characterized by a unique fast growing
primary root (Passot et al., 2016). There are no seminal roots, and post-embryonic root
system branching (formation of lateral and crown roots) only starts 6 days after germination
(Passot et al., 2016). We hypothesized that this could be beneficial for early establishment
and access to deep resources (water and nutrients) as an adaptation to the Sahelian climate
and, in particular, to face early drought stress events. We used the natural variability for
primary root growth in pearl millet to test this hypothesis in two years of field trials set up to
mimic early rain pause episodes after germination. We observed that pearl millet lines with
faster primary root growth had better tolerance to this stress thus indicating that indeed fast
primary root growth was beneficial to cope with post-germination drought stress.

Early primary root growth showed a high heritability. We therefore studied the genetic bases
of this useful trait using a combination of association genetics (GWAS) and QTL analysis
(BSA). We are confident our genetic analysis targeted specifically early primary root growth
rather than seed reserves or seedling vigor because 1) we previously showed that primary
root growth was not correlated to seed weight in our experimental set up (Passot et al., 2016)
and 2) we selected parents with very contrasted root growth but similar shoot biomass to
generate the bi-parental population used for QTL analysis. Moreover, the lines used for QTL
analyses showed significant differences in primary root growth in different root
phenotyping systems (including soil columns) thus suggesting that the loci we identified are
robust and relevant for primary root growth in naturae. Our genetic analysis revealed a
limited number of loci controlling early primary root growth.

We focused our analysis on the most significant marker-trait association for GWAS that was
co-localizing with a BSA QTL on chromosome 1. Re-sequencing and re-annotation of the
corresponding genomic region revealed a new gene close to the most significant SNP. This
gene, PgGRXCY, encodes a potential glutaredoxin protein. The gene is more expressed in the
root tip of the line with the allele associated with higher root growth. We found no
polymorphism in the PgGRXC9 coding region in the two parents of the QTL population. We
showed that the closest homolog in A. thaliana, AtROXY19, has a similar expression pattern
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and that it regulates primary root growth. Interestingly, the root growth phenotypes
observed in contrasted pearl millet lines and in the roxy19 mutant indicate that, in both
cases, regulation of root growth occurs at the cell elongation level. Although the link
between PgGRXC9/AtROXY19 and root growth elongation is novel, previous studies have
revealed connections between root redox status and growth. In Arabidopsis, other members
of the ROXY family have been shown to regulate root growth elongation in response to
nitrate (Ota et al., 2020; Patterson et al., 2016). More generally, redox homeostasis has been
previously reported to regulate root meristem organization and functioning in Arabidopsis
(e.g., (Bashandy et al., 2010); (Tsukagoshi, 2016); (Tsukagoshi et al., 2010); (Vernoux et al.,

mechanism and the actors of the redox regulation of root growth elongation will need
further investigation.

Based on our results, we propose that redox regulation in the root meristem is responsible
for a root growth QTL in pearl millet. Indeed, our data suggest that changes in PgGRXC9
expression level due to polymorphisms in the promoter or 5’UTR region of the gene level
might cause differences in root cell elongation and ultimately root growth that are
important for adaptation to post-embryonic drought stress. Further work will be needed to
validate this hypothesis. Pearl millet is an orphan crop and no functional genomics tools are
currently available. Future work will first target the development of an efficient gene editing
protocol in this species.

Ideas and Speculation

Pearl millet evolved and was domesticated in the Sahel. Its seeds are small (8 mg on average,
about 5 and 20 times lighter than wheat or maize seeds respectively for example) with
limited reserves available for early seedling growth. It invests the available seed reserves
towards the growth of a unique primary root to rapidly colonize deeper soil layers rather
than forming more root axes (seminal roots for example) as seen in other cereals. Based on
our results, we speculate that this specific early root development strategy was selected
during evolution to cope with the specific rain pattern encountered in the Sahel.

Material and methods

Plant materials

The panel of pearl millet inbred lines derived from West and Central African landraces
(open-pollinated varieties) used in this study has been previously described (Debieu et al.,

Field trials

Field experiments were performed at the CNRA station (Centre National de Recherche
Agronomique) of the Institut Sénégalais des Recherches Agricoles (ISRA) in Bambey, Senegal
(14.42°N, 16.28°W), during the dry season of 2018 and 2020 to fully control irrigation. Fields
are composed of deep sandy soil with low levels of clay and silt (12%) and organic matter
(0.4%). Clay and silt content increase with soil depth from 10.2% in the 0 to 0.2 m layer to
13.3% in the 0.8 to 1.2 m layer. Experiments were set up using a complete randomized block
design with 4 plots per variety, each composed of 6 rows of 6.3 m long with 0.9 m between
plants and 0.9 m between rows (42 plants/plot). Irrigation was provided after sowing (30 mm
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of water) to allow seeds to germinate and was followed by a period of 42 days of water
withholding to impose seedling drought stress. Thinning was performed 15 days after
sowing to conserve a single plant per planting hole. Fertilization (NPK) following standard
recommendation of 150 kg ha'l NPK (15-15-15) was applied to the entire trial after sowing
and before irrigation. Fields were maintained free of weeds. Plant height was measured at
42 days after sowing. Stay-green trait expressed as the percentage of green leaves compared
to the total number of leaves was estimated on 3 plants per plot at 42 days after sowing.
Survival rate was measured as the percentage of surviving plants at 42 days after sowing in
each plot compared to the initial number of plants that had emerged. Photosynthesis
parameters (FvFm: maximum quantum efficiency of photosystem II and PI: performance
index of photosynthesis) were measured on three plants per plot at 32 days after sowing in
both 2018 and 2020 using a Handy Pea chlorophyll fluorometer (Hansatech Instruments
Ltd.).

Identification of water stress pattern

Long-term weather data (2000-2021) in CNRA (Bambey, Senegal) were gathered and analyzed
to evaluate how the rainfall gap affects crop growth. An adapted version of the Simple
Simulation Model (SSM-iCrop, (Soltani et al., 2013; Soltani and Sinclair, 2012)) was used to
simulate the crop growth of a common West African pearl millet genotype (Souna3) and
dynamic of water in the soil. To test the effect of water limitation alone, the model was run
in water-limited potential mode with 3.7 plants per m* density and no fertilizer limitation.
From April 10th, the model began simulating soil water balance with a quarter-saturated
profile. Sowing date was defined by the first significant rain of the year (actual transpirable
soil water superior or equal to 10 mm). Clustering was done based on the trend of the
fraction of transpirable soil water (FTSW) from sowing date to maturity in different years to
group years into different stress patterns and the effect on the yield and biomass. The
NbClust Package (PaSiakova et al., 2013) was used to determine the optimal number of
clusters and the dynamic time warping method to cluster the daily simulated FTSWs in
different years.

Root growth phenotyping

For high-throughput experiments (association genetics and bulk segregant analysis), plants
were phenotyped for primary root growth with a paper-based hydroponic system as
previously described (Passot et al., 2016). Seeds were surface-sterilized and pre-germinated
in Petri dishes, transferred into pouches 24 hours after germination at a density of 3 seeds
per paper and then maintained in a growth room with a 14 hour photoperiod (28°C during
day and 24°C during night). Pictures of the root systems were taken 6 days after germination
with a D5100 DSLR camera (Nikon) at a resolution of 16 M pixels. The camera was fixed on a
holder to maintain the same distance between the lens and each root system. Primary root
lengths were measured using RootNav (Pound et al., 2013). Rhizotron experiments were
performed as previously described (Passot et al., 2018). For X-ray tomography, seeds were
sterilized with 20% bleach for 5 minutes, then washed with sterilized water five times.
Sterilized seeds were pre- germinated on moist sterilized filter paper for 36 hours at 28°C in
a plant growth chamber (12-hour photoperiod and 300 umol/mz/s light with 70% relative
humidity). Equally germinated pearl millet seedlings (1cm radicle length) were gently placed
in loamy sand soil in CT columns (30 cm height x 5cm diameter). Loamy sand soil collected
from the University of Nottingham farm at Bunny, Nottinghamshire, UK (52-52 °N, 1-07 °W)
was crushed thoroughly and sieved through 2 mm mesh size. These columns were saturated
with water and then drained to field capacity. Five replicates of each SL2 and ICML-IS 11155
pearl millet seedlings were grown for 10 days for the CT experiment in a growth chamber
maintained at a 12-hour photoperiod at 25°C and 250 pymol/m?/s light with 60% relative

Carla de la Fuente et al., 2023 eLife. https://doi.org/10.7554/eLife.86169.1 11 of 35


https://elifesciences.org/
https://doi.org/10.7554/eLife.86169.1

7 eLife

humidity. The root systems of 10-day old pearl millet lines ICML-IS 11155 and SL 2) were
imaged non-destructively using a GE Phoenix v|tome |x M 240 kV X-ray tomography system
(GE Inspection Technologies, Wunstorf, Germany). Scans were acquired by collecting 3433
projection images at 140 kV X-ray energy, 200 yA current and 131 ms detector exposure time
at scan resolution of 45 um in FAST mode (8-minute total scan time). Three-dimensional
image reconstruction was performed using Datos | REC software (GE Inspection
Technologies, Wunstorf, Germany) and root length was measured using the polyline tool in
VGStudioMax (Volume Graphics GmbH, Germany).

For Arabidopsis experiments, seeds were surface-sterilized and placed on plates containing
half-strength Murashige and Skoog (1/2 MS) medium with 0.5 g.1"! MES and 0.8% (w/v) plant
agar without sucrose. All plates were incubated vertically at 20 °C with 160 uE m™2 s™1 light
intensity and a 16h light / 8h dark regime. The primary root elongation rate was quantified
between day 8 and day 17. Lengths were quantified from pictures using the public domain
image analysis program Image] 1.52i (https://imagej.nih.gov/ ij/) and its Neuron] plugin.

Heritability
Broad sense heritability was computed with the following formula:

Var(line)

e Var(res)’

Var(line) +

plant/line

where
* Mplantine 1S the average number of plants measured per line,
e Var(line) is the variance associated with lines,
e Var(res) is the residual variance.

Both variances are parameters of the following linear mixed model:
Length = p + Qjine + &res,

where u is the overall mean length, a0 is the random effect attached to the lines with ajj,e
~ N(0, Var(line)) and &, is the error term with &, ~ N(0, Var(res)).

Genome wide association mapping

Genotyping by sequencing of the panel of inbred lines was reported in previous work
(Debieu et al., 2018). In order to conduct association mapping, we first estimated population
structure based on the ancestry coefficients estimated with the R package LEA v2.0. Then,
GWAS was performed using latent factor mixed model (LFMM 2.0) which corrects for
unobserved population confounders and considers ridge estimates (Caye et al., 2019). Given
the reduced number of lines, GWAS was performed using four other methods for association
analysis: analysis of variance (i.e., ANOVA), Efficient Mixed Model Association or EMMA
(Kang et al., 2008), Mixed Linear Model or MLM (Yu et al., 2006) and a previous version of

LFMM (Frichot et al., 2013).
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Bulk segregant analysis

Root growth in F2 seedlings derived from the cross between ICML-IS 11155 and SL-2 (low
and high primary root growth respectively) was characterised in the paper phenotyping
system as described above. The 10% extreme lines in the tails of the distribution were
selected to form the bulks of contrasted lines. Leaf discs (1.5 mm diameter) were sampled for
each line during the phenotyping experiment and stored at -80°C. Leaf discs from selected
lines were pooled together to make the high root growth (H) and low root growth (L) bulks
for DNA extraction. Genomic DNA was isolated for each bulk using the MATAB method as
previously described (Mariac et al., 2006). DNA libraries were constructed from genomic
DNA fragmented by acoustic shearing (Bioruptor®) with a peak fragment target size of 200 —
300 bp. Sheared DNA was end-repaired using a T4 polymerase (End Repair NEB®) and bound
with the P5 and PE- P7 sequencing adaptors (Rohland and Reich, 2012). A combination of
unique oligonucleotides barcode sequences was ligated to the P5 adaptor to index the DNA
libraries derived from each bulk (H and L) and from the parental lines of the cross. Then,
equimolar amounts of each DNA library were combined in the genomic DNA bank for the
cross. Subsequently, the DNA bank library was hybridized with biotinylated RNA probes or
‘baits’ (myBaits®) targeting the first 500 bp of the 32,100 pearl millet predicted genes.
Finally, high-throughput sequencing of the enriched DNA library was performed on an
Mlumina HiSeq sequencer by Novogene Company Limited (HK). Initial sequencing quality
checks using FastQC version 0.11.5 (Andrews, 2010) were followed by trimming and quality
filter steps on which adaptors, barcfi&é"ééuciﬁéﬁgégand low-quality reads (< 35 bp) were
removed. Filtered reads were aligned to the pearl millet reference genome (Varshney et al.,

mapping at the target enriched regions were used for SNP calling using the
UnifiedGenotyper algorithm from GATK 3.7 (McKenna et al., 2010) with the parameter down-
sampling limit (dcov) set at 9000. Multi-allelic sites and those with low total allele frequency
(AF<0.25) were removed. In addition, sites with either low or high total sequencing depth
(below the 251 and above the 95T percentiles respectively) were removed.

Finally, SNPs with more than 50% missing data and minor allele frequency under 5% were
excluded.

For bulk segregant study, only biallelic SNP variants of the bulks that were present in the
parental lines of the cross were kept. The line ICML-IS 11155 (low primary root growth) was
used as the reference genome for the cross to designate the alternate and reference SNP
variants in the bulks. Out of the range of statistical approaches for measuring the differences
in allele frequency in bulk segregant analysis, Euclidean distance-based statistics as

the efficiency of the methods for QTL detection using simulations (de la Fuente Canté and
Vigouroux, 2022). The Euclidean distance between allele frequencies of the bulks at each
marker position (EDm) was calculated as follows:

EDm =.[/(faL — fAL)? + (faH — fAH)?

Where fa and fA correspond to the allele frequency of the alternate and reference allele in

the low bulk (L) and the high bulk (H) respectively. Then, to reduce the effect of sequencing
noise and increase the signal of the differences in allele frequency we calculated the fourth
power of the cumulative EDm value in windows of 100 consecutive markers (Omboki et al.,

simulations as described (de la Fuente Canto6 and Vigouroux, 2022).
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RNAseq

Seeds were surface-sterilized and germinated in Petri dishes containing wet filter paper for
24 hours in the dark at 27°C. After two days, plants were transferred to hydroponic tanks
containing 1/4 Hoagland solution and grown for 15 days at 27°C. RNA was extracted from the
root tip (2 cm apex) of the primary root using the RNeasy Plant Mini Kit (QIAGEN). RNA-seq
was performed by the Montpellier GenomiX Platform (MGX, https://www.mgx.cnrs.fr/).

Sequencing was performed on an Illumina HiSeq 2500. Analyses were performed as
previously described (de la Fuente Canté et al., 2022). Three different statistical tests were
used to identify differentially expressed genes: EdgeR (McCarthy et al., 2012; Robinson et al.,

was performed in the 1778 genes that were significantly differentially expressed between
the slow growth and fast growth lines according to the three statistical tests using the TopGO
package in R. Briefly, overrepresentation of GO terms in the list of differentially expressed
genes (1032 of the 1778 with GO annotations) was investigated in relation to the list of
annotated pearl millet genes with GO annotations (16620 genes with GO annotations and
47234 GO terms in total; (Varshney et al., 2017)) using a Fischer test. Each GO categories were
tested independently or considering hierarchical links between GO terms. GO terms showing
p-values below 0.01 were further considered for enrichment analysis.

Cellular analysis of root meristems

Root meristem phenotype of lines with contrasted primary root length was characterized
using confocal microscopy. Lines ICML-IS 11155 and SL-2 (low and high primary root growth
respectively) were grown in paper rolls under controlled conditions in a growth room. In
brief, pre-germinated seeds were sown along the long side of germination paper (Anchor
Paper Company, USA) rolled on itself and imbibed in % strength Hoagland solution
(Hoagland and Arnon, 1950). Each paper roll was placed in an Erlenmeyer flask containing
200 ml of nutrient solution, a volume maintained constant throughout the experiment.
Primary root length was measured, and 2 cm length were sampled from the tip of one-week
old seedlings. Root tips were fixed in FAA solution for 24 hours. Then, root tips were washed
twice in PBS solution and moved to the ClearSee clearing (Kurihara et al., 2015) solution for a
minimum of 48 hours. Before imaging, root tips were stained for 30 minutes in 0.1%
Calcofluor White and washed in ClearSee™ for other 30 minutes (protocol adapted from
(Ursache et al. 2018)). Root tip images were obtained using a Leica SP8 confocal microscope
equipped with a 20 x /0.70 dry objective at a detection range of 420-485 nm. Images were
analyzed using the Broadly Applicable Routines for Image] (Ferreira et al., 2015). Cell walls
from the meta-xylem vessel were used to estimate cell length along the axial axis of the root.
The “find peaks” option was used to determine the coordinates of the cell walls along a
segmented line traced from the quiescent center to the mature zone where the first root
hairs were observed, and maximum cell length was reached. Consecutive data points
defined the cell length along the root axis and a logistic function was fitted to the data to
characterize axial root growth (Morris and Silk, 1992). Elongation rate was estimated as the
root length reached per day of experiment. This value divided by the maximum cell
elongation defined per sample was used to approximate the cell production value or
number of cells produced in the meristem per day assuming steady-state growth (Beemster
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Re-annotation of QTL region using long reads data

Long reads were used to reannotate the QTL region as in (Grondin et al. 2020) (Genbank
accessions MT474864 and MT474865). For identification of Nanopore contigs corresponding
to the QTL region, a 1MB sequence located around the most significant GWAS SNP was
extracted from the reference genome and aligned to the long read genome using the nucmer
tool (MUMmer version 4.0.0beta2, - -mum option (Marcais et al., 2018)) with a minimum
aligned sequence length of 300 bp. We pre-selected contigs alignments if at least five regions
of the same contig were aligned successively to the QTL region in a span shorter than 20kb
and covering at least 3% of the QTL sequence. Contigs were considered as valid if the
alignment covered at least 40% of the contig length and 20% of the QTL length. For
annotation, a de novo transposable elements (TEs) library was generated from the long reads
with RepeatModeler2 (version 2.0.1, options -engine ncbi (Flynn et al., 2020)). TEs were
detected and removed using RepeatMasker (version 4.1.0 (Tarailo-Graovac and Chen, 2009))
with the de novo TEs library. Annotation of the genome was performed with MAKER2
(version 2.31.9 (Holt and Yandell, 2011)) using all ESTs sequences downloaded from the NCBI
(organisms: P. glaucum, Oryza sativa, Zea mays, Sorghum bicolor, P. miliaceum, Setaria
italica), all protein sequences of P. glaucum available on the NCBI (July 2020), all protein
sequences of annotated genes on the reference genome (http://gigadb.org/dataset/100192)
and the Uniprot-Swiss-Prot protein database (section viridiplantae, release-2020_06). RNAseq
data mapping was performed with TOGGLe (v3 (Tranchant-Dubreuil et al., 2018)). Reads were

annotation file was produced with Stringtie (version 1.3.4 (Pertea et al., 2015)). This file was
used as input of MAKER?2 (default parameters, the SNAP HMM O. sativa file model).
Predicted protein sequences were aligned to the Uniprot-Swiss-Prot protein database
(section viridiplantae) using blastx (Altschul et al., 1990). Genes with protein domain
signatures were recovered using Pfam database and InterProScan (version 5.19-58.0, -appl
pfam -dp -f TSV -goterms -iprlookup -pa -t p (Mulder and Apweiler, 2007)).

In situ hybridization

Pearl millet root tip fixation, embedding, and sectioning step were performed as described
(Mounier et al., 2020). Briefly, 7 days-old millet primary root tip (1,5 cm) were hand-dissected
and the tip were immediately aligned between two biopsy foam (M476-1, Simport, Canada),
and transferred in a cassette (1,267,796 Thermo Scientific, USA) in a 3:1 ethanol:acetic acid
fixative solution. The samples were then placed in a fresh fixative solution and a 5 minute
vacuum was applied two times. The solution was then replaced by a fresh fixative solution
and samples were stored over-night at 4°C. The samples were then subjected to several 5
minutes baths with increasing ethanol concentrations (75, 80, 85, 90, 95 and 100%), one bath
in an ethanol/butanol (1:1) solution and one bath in absolute butanol on ice. The samples
were transferred to a water bath at 54 °C inside of a histology microwave oven (Histos 5
Rapid Tissue Processor, Milestone, Italy). The samples were then subjected to a bath in
butanol/paraffin (1:1) solution at 54 °C and 300 W and then two baths in paraffin at 54 °C and
250 W. Prior to the embedding step, the root bundles were rapidly removed from the
cassettes while the paraffin was still liquid and transferred to a cold RNase-free surface. The
bundles were subsequently transferred vertically and placed upside down in a molding tray
(E70182, EMS, USA). The paraffin blocks were maintained at 4 °C and protected from light.
Transversal sections with a thickness of 8um were cut on an RNase-free microtome (RM2255,
Leica, Germany) and mounted on a cut edge frosted glass slide (VWR, 631-1551) prewarmed
at 45°C with drops of RNase-free water. Slides where then baked at 60°C until the section was
well fixed on the slide (around 20 minutes) prior to RNAscope.
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The RNAscope assay was performed by Be More Specific. Probes against PgGRXC9 were
custom-designed by ACD and are available in the ACD catalogue as Came-GRXC9-C1 (Ref.
1187801-C1). The probes were designed based on the PgGRXC9 re-annotated sequence and
were complementary to nucleotides at positions 71 to 671, excluding the 398 to 510 positions.
The negative probe was provided by ACD (Accession # EF191515). The in-situ hybridization
assay was performed using the ACD RNAscope® 2.5 HD Detection Reagent-RED kit (cat. no.
322360) using the provided protocol. (http://www.acdbio.com/technical-support/user-
manuals). Imaging of tissue sections was performed using a Nikon Eclipse NI-E (Nikon
Corporation, Tokyo, Japan) with a 40X Plan Apo A 0.95 NA objectives. Images were processed
using image] contrast enhancement tool to 0,001% of saturated pixel.

Statistical methods

Statistical analyses were performed using R version 4.0.2 5 ((R core team, 2018).). Principal
component analyses were performed using the prcomp() function. Pearson’s correlation
analyses were performed using the corr() function within the ggcorrplot package. The
variance of each variable was partitioned into components attributable to the genotypic
(line) and year in interaction with block as additional factor using an analysis of variance
(aov() function in the agricolae package). Adjusted means of the variables for the different
lines across the two experiments were further calculated using the least-squares means
Ismeans() function (Ismeans package).

Data availability

Genomic data are available at the National Center for Biotechnology Information (NCBI).
Genotyping (GBS) data are available in genbank under reference number PRJNA492967
(GWAS) and PRJNA769524 (BSA). RNAseq data are available in the Gene Expression Omnibus
(GEO) under reference GSE185517.

Oxford Nanopore long reads are available on the European Nucleotide Archive (ENA) under
reference ERR10627707.

Field trials data are available at Dryad under reference doi:10.5061/dryad.qv9s4mwk?2.

Source data legends

Figure 4 source data. ROXY19 and EF1a (control gene) expression detected by RT-qPCR in
different Arabidopsis lines. No ROXY19 expression was detected in the roxy19 mutant in
contrast to the corresponding wild-type background.
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Supplementary Figure 1.

Lapse between the first and the second significant rainfall.

Significant rainfall was considered as more than 10 mm rainfall per day. Data from the
Bambey experimental station.
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Supplementary Figure 2.

Covariation of root length, plant height and drought related traits
including maximum quantum efficiency of photosystem II (FvFm)
and performance index of photosynthesis (PI) measured at 32
days after sowing, and stay-green and plant survival measured at
42 days after sowing.

Mean values measured in 2018 (A) and 2020 (B) field trials were used for Principal Component
Analysis (PCA). The contribution of each PCA axis (PC1 and PC2) is indicated on the graph.
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Figure S3.

GWAS Manhattan plot and p-values QQ plots obtained with five methods. (A) Analysis of variance or ANOVA, (B)
Efficient Mixed Model Association or EMMA, (C) Mixed lineal model or MLM, (D) Latent Factor Mixed Model using an sto-
chastic algorithm (MCMC), or LFMM_LEA, (E) Latent Factor Mixed Model using the ridge algorithm or LFMM_ridge.
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Figure S4.

Contrasted primary root length of lines ICML-IS 11155 and SL2.

(A) on paper roll 7 days after germination (Nycmi-1s 11155 = 32, Ng» = 34) and (B) soil column
using by X-ray tomography 10 days after germination (Nycpi-1s 11155 = 4 Ng 2 = 5, P-value=
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Figure S5.

Distribution phenotypes
F2 and parents ICML-IS
11155 and SL2.

(A) Distribution of the phenotype
parents vs F2 (histogram or box-
plot). (B) Table of averages.

Cell length profile in the root meristem of (A) SL2 and (B)
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Table S1.

Drought-tolerance related traits in selected inbred lines grown in
field conditions in 2018 and 2020.

After sowing, seeds were irrigated with 30 mm of water to allow germination and plants grew
for 42 days without any further irrigation. Plant height, stay-green and survival were mea-
sured at 42 days after sowing while photosynthesis related traits (FvFm: maximum quantum
efficiency of photosystem II; PI: performance index of photosynthesis) were measured at 32
days after sowing. Root length was measured 6 days after germination on a paper-based hy-

droponic system in growth chamber. Numbers indicate mean + se.

Line Height (cm)  Stay-Green (%)  Survival (%) FvFm PI Root length (mm)
1 16.33 £2.62 39371243 28.67+14.76  0.76 £0.03 0.82+0.04 61.05+£20.12
69 23.88+7.25 40.97 £ 6.52 1048550 0.64£0.19 0.99+0.04 75.65+21.39
127 17.11 £2.97 40.80 £4.29 37.83£15.58 0.69+0.00 0.95+0.08 74.53 £16.13
5 241 21.97+£0.90 41.18 £3.40 23.35+18.57 0.73+0.03 095+0.26
é 249 17.35+4.98 38.36 £8.38 2829+17.29 0.76£0.02 125%+0.27 66.35 = 14.60
263 41.37+541 35.61 £2.67 5894+21.17 0.76+001 1.07+£0.07 107.21 £10.89
337 27.94+5.57 43.37+6.29 4723+13.94 0.77+£0.01 1.33+£0.20 149.30 £ 10.04
343 35.10 £ 6.65 40.40+1.03 2253+13.75 0.77+£001 1.16+0.27 79.91 £20.59
344 26.69 £5.90 46.21+9.23 31.48+11.94 0.70+0.08 132+0.30 167.57+12.92
3 28.67+5.75 60.87 £4.66 64.48 £9.21 0.74£0.01 2.95+£0.55 58.94
55 31.54 +£8.64 56.53+7.22 58.07+13.18 0.74+0.02 397+0.79 6121 £12.75
69 19.58 £ 4.14 51.92£7.28 76.11£1893 0.73x0.01 3.21%£0.33 75.65+21.39
81 2428 £1.37 5420+ 9.02 41.40 + 8.83 0.76 £0.01 4.55+1.29 136.53 £21.19
< 132 28.67+2.23 56.15+£2.01 6693+503 0.72+£0.02 3341022 68.70 £ 12.99
& 249 19.83 £4.09 56.08 £6.79 7043 £1891 0.72£0.03 2.85%1.12 66.35 £ 14.60
263 2442 +4.31 61.88+494 70.83+1535 0.74+£0.01 4.04%0.56 107.21 £10.89
337 30.63 £4.54 61.65+£2.70 59.53+£10.56 0.74£0.01 3.44+0.27 149.30 £ 10.04
343 30.67 £ 6.38 56.27 £4.95 5875493 0.74+£001 3.68+0.67 79.91 £20.59
344 27.42+4.06 60.18 +4.10 81.51+1429 0.75+£001 476+0.51 167.57£12.92
§ Line ¥ 0.84 0.64 0.54 0.29 EAH
§ Year 0.31 AN A% 0.86 kK 0.73
& | Linex Year 0.27 0.88 0.28 0.34 0.28 0.98
69 21.8 46 433 0.693 2.19 T5:7
- 249 18.6 472 494 0.741 2.05 66.3
§ 263 33.1 493 64.9 0.755 2.58 107.2
g 337 293 525 534 0.754 2.36 149.3
- 343 32.9 49.1 40.6 0.759 2.52 79.9
344 27.1 53.2 56.5 0.729 3.04 167.6
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Table S2.

GWAS p-values for the significant SNP markers identified through LFMM (ridge) using four

other GWAS methods

Chr.  Position (Mbp)

Allele Freq  Allele Freq

GWAS p-values'

REF ALT LFMM LFMM
ANOVA EMMA MLM (LEA) (ridge)
1 7.848 0.828 0.172 ns ns ns i b
1 30.561 0.910 0.090 HkH Hk i *k Hkok
1 52.188 0.730 0.270 wE i i *kk Ll
1 65.933 0.475 0.525 ns ns ns *EE ki
1 109.737 0.893 0.107 N * ok Kok
1 130.348 0.934 0.066 * * e o
1 231.244 0.754 0.246 * x *kE R K
1 231.246 0.672 0.328 ¥ * kk XK
1 231.265 0.295 0.705 * ns * *okok XK
1 247.636 0.836 0.164 Aok Ak Ak Aok Rk
1 247.637 0.852 0.148 *k *ok K Kok KK
1 253.567 0.648 0.352 i ® * Kk il
2 40.574 0.164 0.836 Ak ns bl ok k XK
2 60.654 0.926 0.074 x ok e * Rk
2 85.902 0.656 0.344 HAK #okH *ok Hokk K
2 92.005 0.689 0.311 * ns okk Ak
2 113.747 0.631 0.369 * Rk RAER
3 1.657 0.934 0.066 wE * KK
3 8.847 0.951 0.049 o i *¥ ns kK
3 14.107 0.484 0.516 kK ns *k HAE ALK
3 14.107 0.459 0.541 i ns ek R AR
3 14.124 0.254 0.746 ok ns *k Hokok *kk
3 14.192 0.164 0.836 ns ns ns ok ok
3 14.602 0.672 0.328 Hk * * ok xk K
3 53.909 0.566 0.434 o ik Aokk A
3 224.557 0.443 0.557 A ns o AR
3 225.059 0.762 0.238 " = ns Ll Rk
3 264.082 0.934 0.066 * * % * Ak
3 267.439 0.918 0.082 KK A *k ek *AK
3 294.825 0.041 0.959 ** ns ** ns hkk
4 4.566 0.230 0.770 Gk ns * HkE *kk
4 16.258 0.861 0.139 ns ns ns ook roHx
4 45.631 0.869 0.131 L A *% *kk
4 113.503 0.770 0.230 2k B Ackeok Rk
4 121.206 0.787 0.213 ek Ak Rk Rk
4 122.223 0.820 0.180 Hksk sk #k sk Hakk
4 124.508 0.893 0.107 ** A i A ks
5 97.383 0.836 0.164 * * * ikl R
6 36.876 0.713 0.287 ok *x ok oAk ok
6 52.098 0.713 0.287 Hksk Hesksk Hk sk wok
6 157.606 0.082 0.918 * ns ns kK Hkk
7 10.770 0.787 0.213 ns * * kX *kk
7 10.819 0.918 0.082 Hok Aok * *k *kk
7 34.533 0.967 0.033 * * * ns Hokk
7 149.890 0.697 0.303 ** ** * Hkok Hkok

! Analysis of variance (ANOVA), Efficient Mixed Model Analysis (EMMA), Mixed Linear Model (MLM) and
Latent Factor Mixed Model using the algorithm MCMC (LFMM LEA). *** P-value < 0.0001, ** P-value <
0.001, * P-value < 0.01, ns not significant
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Table S3.

Significant genomic regions identified by Bulk Segregant Analysis (BSA) for primary root
length at the 95% confidence interval.

Chr. Peak position! (Mbp) Region range? (Mbp) Region length (Mbp) Number sig SNPs
RLI.1 1 52.57 31.21 - 60.57 29.36 7
RLI1.2 1 176.47 165.42 - 195.36 29.94 71
RLI1.3 1 215.85 196.38 —239.10 42.72 185
RLG6.1 6 89.99 4.55-101.68 97.13 695
RLG6.2 6 11691 108.03 — 125.64 17.61 37
RL6.3 6 201.08 176.52 —240.48 65.79 290

! Position of the most significant SNP in the region range
2 Limits of the significant region considering the overlapping confidence interval of significant markers in

the region

Table S4.

Common GWAS and BSA Marker trait associations for primary root length.

.o Allele Freq Allele Freq GWAS BSA sig region
hr. P M
¢ osition (Mbp) REF ALT  -logio (pvalue) (95% CI)

1 52.188 0.730 0.270 4.623 RL11
1 231.244 0.754 0.246 4.200
1 231.246 0.672 0.328 4531 RL1.3
1 231.265 0.295 0.705 8.413
6 36.876 0.713 0.287 4.020

’ ' RL6.1
6 52.098 0.713 0.287 4.018
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Table S5.

Top ten GO enriched terms in the differentially expressed genes between contrasting
lines for root growth. Annotated: number of genes annotated with the corresponding GO
term in the pearl millet genome; Significant: number of genes annotated in the differentially
expressed genes with the corresponding GO term; Expected: number of corresponding GO
term expected in the differentially expressed genes; Rank: rank of p-value in the classic Fisher
test; p-value: p-value of the classic Fischer test; Weight01: weight01 in the Fischer test taking
into account hierarchical links between GO terms.

GO term Annotation Ontology Annotated  Significant Expected Rank p- WeightO1
value
GO:0043531 ADP binding Molecular 357 82 22.24 1 8.10E- 8.10E-26
interaction 26
G0:0009045  xylose Enzymatic 5 3 0.31 13 0.0022 0.0022
isomerase reactions
activity
GO0:0005230  extracellular Transporters 17 4 1.06 26 0.0185 0.0039
ligand-gated
ion channel
activity
GO0:0004497 monooxygenase Enzymatic 69 10 43 21 0.01 0.0055
activity reactions
G0:0004930 G protein- Signal 7 3 0.44 17 0.007  0.007
coupled transduction
receptor
activity
GO0:0016765  transferase Enzymatic 46 8 2.87 16 0.0069 0.0079
activity, reactions
transferring
alkyl or aryl
groups
GO0:0046873 metal ion Transporters 91 10 5.67 55 0.0563  0.0094
transmembrane
transporter
activity
GO0:0030170  pyridoxal Molecular 112 14 6.98 19 0.0097  0.0097
phosphate interaction
binding
GO0:0042626  ATPase Transporters 134 14 8.35 46 0.0396 0.0103
activity,
coupled to
transmembrane
GO:0016841 ammonia-lyase  Enzymatic 9 3 0.56 23 0.0152 0.0152
activity reactions
Table S6.

Lines selected for field trials. Average root length represent the value observed in paper
growth system in the original phenotyping performed for GWAS/

Line Average Root Growth
ICML-IS 11001 61.05
ICML-IS 11002 59.94
ICML-IS 11047 75.65

ICML-IS 11108 172.18
ICML-IS 11155 66.35
ICML-IS 11165 107.21
SL 2 149.3
SL 4 79.91
SL 5 167.57
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Editors

Reviewing Editor
Magnus Nordborg
Gregor Mendel Institute, Austria

Senior Editor
Jurgen Kleine-Vehn
University of Freiburg, Germany

Reviewer #1 (Public Review):

The authors use a combination of crop modeling and field experiments to argue that
drought during seedling establishment likely severely impacts the yield of pearl millet, an
important but understudied cereal crop, and that rapid seedling root elongation could play a
major role in mitigating this. They further argue that this trait has a strong genetic basis and
that major polymorphisms in candidate genes can be identified using standard methods
from modern genetics and genomics. Finally, they use homology with the model plant
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Arabidopsis thaliana to argue that the function of one putatively causal gene is to regulate
root cell elongation.

The major strength of this paper is that it convincingly demonstrates how modern methods
from plant breeding and model organisms can be combined to address questions of great
practical importance in important but poorly understood crops. The notion that it is possible
to connect single-locus polymorphism and cellular biology to drought tolerance and crop
yield in pearl millet is not a trivial one.

The weakness is obvious: while the argument made is convincing, it must be recognized that
the strength of the evidence is by no means of the level expected in a model organism.
Conclusions could easily be wrong, and there is no direct evidence that regulatory variation
in PgGRXC9 leads to higher crop yield via cell elongation and seedling drought tolerance.
However, generating such evidence in a poorly studied crop would be a monumental
undertaking, and should probably not be the priority of people working on pearl millet!

The utility of this work is that it suggests that it is practicable to gain valuable insight into
crop adaptation by clever use of modern methods from a variety of sources.

Reviewer #2 (Public Review):

Carla de la Fuente et al., utilize a diversity of approaches to understand which plant traits
contribute to the stress resilience of pearl millet in the Sahelian desert environment. By
comparing data resulting from crop modeling of pearl millet growth and meteorological
data from a span of 20 years, the authors clearly determined that early season drought
resilience is contributed by accelerated growth of the seedling primary root, which confirms
a hypothesis generated in a previous study, Passot et al., 2016. To determine the genetic basis
for this trait, they performed a combination of GWAS, QTL analysis, and RNA sequencing
and identified a previously unannotated coding sequence of a glutaredoxin C9-like protein,
PgGRXC(9, as the strongest candidate. Phenotypic analysis using a mutant of the closest
Arabidopsis homolog AtROXY19 suggests the broad conservation of this pathway.
Comparisons between the transcript of PgGRXC9 by in situ hybridization (this work) and
AtROXY19 pattern expression (Belin et al., 2014) support the hypothesis that this pathway
acts in the elongation zone of the root. Additional analysis of cell production and elongation
rates in root apex in both pearl millet and A. thaliana suggests that PEGRXC9 specifically
regulates primary root through the promotion of cell elongation. While several studies have
established the connection between redox status of cells and root growth, the current study
represents an important contribution to the field because of the agricultural importance of
the plant studied, and the connection made between this developmental trait and stress
resilience in a specific and stressful environmental context of the Sahelian desert.

While the study presents a compelling narrative that is based on a diverse range of
approaches, some aspects require further refinement to be fully convincing.

First, while it is appreciated that working with pearl millet presents certain technical
challenges regarding genetic characterization, and the authors have done outstanding work
by combing the power of GWAS and QTL mapping to reproducibly identify genetic loci
associated with root growth, the related work in Arabidopsis is not fully substantiated. In
particular, only one mutant allele was utilized to test the function of this gene in root
growth. The lack of a second characterized allele or evidence of genetic complementation
makes it difficult to definitively contribute the root developmental defects to the
characterized mutation in ROXY19.
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The role of redox status in contributing to root growth differences between accessions was
not directly tested here. The manuscript is not able to mechanistically link the molecular
function of ROXY19 to the change in root growth rate, however, this limitation of the study
was not clearly described in the text.

The authors state the use of cell elongation rate (Morris and Silk, 1992) as a parameter to
estimate the difference in root growth between contrasted pearl millet lines and A. thaliana
roxy19 mutant versus wild type; however, there are inconsistencies in what data are
presented. First, in Figure 2E, regarding the comparison between different genotypes of
pearl millet lines, they use the parameter of maximum cell length but when authors
compare cell elongation between A. thaliana genotypes, in Figure 4D, they use the elongation
rate parameter. Second, while the cell elongation rate is based exclusively on the cell length
data of the "elongation only" zone (Morris and Silk, 1992), the authors profile the cell length
in the whole root apex, from the quiescent center to the beginning of the differentiation
zone and it is not clear how they discriminate between each developmental zone and what
data was used to estimate elongation rate.
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