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Overview in french

L'environnement peut façonner la variation phénotypique du niveau génétique au niveau transcriptionnel, et la croissance des plantes est la lecture ultime de tous les ajustements physiologiques et développementaux en réponse aux contraintes environnementales. L'adaptation des plantes aux contraintes environnementales montre une variance diverse parmi les espèces, ce qui nous permet de les décomposer génétiquement. Les contraintes environnementales sont cruciales pour la survie des plantes ainsi que pour le rendement des cultures. Dans cette thèse, les contraintes environnementales, telles que les disponibilités en azote (N) et en eau (W), sont parmi les principaux facteurs limitant la croissance des plantes. L'azote est le nutriment le plus abondant dans les tissus végétaux que les plantes doivent capturer dans la solution du sol alors que l'eau agit comme un solvant. Cependant, les mécanismes moléculaires que les plantes mobilisent pour répondre à une carence en azote ou en eau et leur combinaison restent encore en partie inconnus. Ainsi, les interconnexions entre l'état de l'eau et la disponibilité de l'azote des plantes ont attiré l'attention des biologistes des plantes. Compte tenu de leur impact critique, il est très important de disséquer le rôle de chaque stress et de leur combinaison (WxN).

Dans cette thèse, nous avons abordé la question de l'intégration des réponses aux stress hydrique et azoté modérés et de la manière dont ils nuisent à la croissance des rosettes et au métabolisme des plantes. De plus, nous utilisons ces réponses combinées aux stress comme des traits complexes modèles pour étudier la variation naturelle. Les 2 objectifs sont étudiés dans le cadre de 2 projets : Dans le projet WxN, nous développons une vision holistique de la façon dont les réponses à une sécheresse légère et au stress azoté sont intégrées pour façonner la physiologie des plantes, où nous explorons de nombreux traits dans différents environnements avec un nombre limité de génotypes contrastés. Nous intégrons les données transcriptomiques et métabolomiques pour obtenir une vue systématique permettant d'étudier les réponses des plantes à la carence en azote, à la sécheresse et à leur combinaison. Comme étude de cas, cinq accessions d'Arabidopsis avec des fonds génétiques distincts provenant d'habitats contrastés (Tsu-0 du Japon, Cvi-0 des îles du Cap Vert, Bur-0 d'Irlande, Shahdara d'Asie centrale et la référence Col-0) sont utilisées pour étudier comment les composants génétiques régulent les réponses au stress, en d'autres termes, les interactions GxWxN.

Dans ce projet, nous avons étudié le schéma de la réponse transcriptomique et le schéma d'accumulation des métabolites afin d'identifier les composants principaux qui sont responsables de la réponse unique et combinée au stress. Nous avons trouvé des gènes sensibles au stress qui sont responsables du réglage fin de la réponse combinée au stress, tels que les ROXYs, TAR4, NRT2.5, GLN1;4. En outre, nous avons intégré des données transcriptomiques et métabolomiques pour construire un réseau de régulation multi-omique. Parmi ces données, deux métabolites réagissant au stress hydrique, le Raffinose et le Myoinositol, ont été mis en évidence par une analyse intégrative montrant des schémas de carence en N partagés parmi 5 accessions.

Ensuite, nous avons étudié la variation des composants de base qui sont responsables de la réponse unique et combinée au stress dans 5 accessions, nous avons identifié les modèles de réponse partagés ainsi que les composants spécifiques qui sont responsables du stress unique et combiné dans 5 accessions. L'évaluation de la sécheresse, de la carence en N et des transcriptomes et métabolomes de stress combinés a révélé des signatures de réponses partagées et spécifiques au stress qui ont été conservées principalement à travers les génotypes, par exemple, la combinaison d'un stress W et N atténue essentiellement le syndrome de carence en N. Cependant, de nombreuses autres réponses spécifiques aux génotypes ont également été découvertes. Les ajustements du transcriptome et le profil métabolique spécifiques à l'accession reflétaient des états physiologiques de base distincts, tels que ceux de Col-0 et Tsu-0.

Cette étude fournit une résolution moléculaire de la variation génétique des réponses combinées au stress impliquant des interactions entre la carence en N et le stress hydrique et illustre la plasticité respective du transcriptome et du métabolome.

Ensuite, dans le cadre du projet GWAS, nous avons exploré un grand nombre d'accessions dans un seul environnement pour décomposer génétiquement les réponses au stress grâce à des approches de génétique d'association. Pour le projet GWAS, le choix d' Arabidopsis thaliana comme matériel végétal présente deux avantages majeurs: l'accès à une diversité génétique illimitée parmi les accessions sauvages et d'autres ressources développées telles que des populations en ségrégation et des mutants d'ADN-T. En utilisant les accessions d'A. thaliana, le GWAS peut fournir une grande résolution dans la cartographie des variants causaux à l'échelle de l'espèce pour les traits d'intérêt grâce à une densité de recombinaison adéquate. Cependant, le GWAS présente certains inconvénients dans la détection des QTL à faible effet ou des variants rares, où les populations en ségrégation peuvent encore être une approche très complémentaire.

C'est pourquoi nous avons étudié la variation naturelle du métabolisme primaire et des caractères de croissance des plantes à une plus grande échelle, avec des ensembles d'accessions mondiales, 355 accessions parmi lesquelles 2 sous-populations espagnole et suédoise. Grâce à cette approche, des traits multidimensionnels sont observés à partir des caractères de croissance et des caractères du métabolisme primaire. Pour chaque trait, l'étude GWAS a été réalisée à l'aide de trois panels afin de mieux décomposer l'architecture génétique de chaque trait.

De plus, une analyse GWA à grande échelle utilisant des populations mondiales a été menée pour déchiffrer l'architecture génétique au niveau métabolique et fournir des liens entre la plasticité métabolomique et la diversité phénotypique sous-jacente à l'adaptation locale. En outre, cela élargit notre vision de la diversité à l'échelle des espèces. La comparaison de l'analyse GWA basée sur la population à l'échelle régionale et la population à l'échelle de l'espèce éclaire également la façon dont la structure de la population peut limiter le pouvoir de détection de l'analyse GWA.

Il est intéressant de noter que la variation saisie dans les profils des métabolites dans la partie WxN nous conduit à étudier cette variation naturelle dans les populations à grande / échelle illustrées dans le projet GWAS. Par exemple, un métabolite présentant des interactions GxWxN, le digalactosylglycérol, révèle un pic significatif sur le chromosome 5 dans le panel mondial, qui met en évidence un gène de type NAC non caractérisé auparavant connu pour réguler la voie métabolique de la gibbérelline en réponse aux stress du froid et de la sécheresse. 3. Systems Biology, an indispensable approach for investigating abiotic stress responses in plants.

3.1 multi-omics integration strategy used in plants research 3.2 Multivariate analysis 4. Systems genetics, exploiting natural variation as a source of phenotypic diversity : 4.1 Natural variation in stress response: GXE 4.2 GWAS: as a tool to study natural variation 4.2.1 GWAS, a robust mapping method. Chapter 3 GWAS project 3.1 Species-wide natural variation in metabolism and growth parameters 3.2 Genome-Wide Association analysis of growth traits and primary metabolism Test Case: Flowering Time analysis confirms that the DOG1 locus modulates time to flowering GWAS failed to identify associations with most of the growth traits

GWAS revealed specific metabolic biosynthesis pathways: examples

Colocalized QTL indicates pleiotropic hub controlling central metabolism GWAS with metabolite ratio identifies genes controlling metabolic architecture GWAS on principal component traits failed to identify genes comprehensively controlling metabolic architecture and growth Unknown candidate genes revealed by GWAS Analysis of KO and HIF Lines for selected candidate genes In this thesis, we specifically focus on mild drought and nitrogen stress and their combination as a case study, investigating it as a model for understanding how the abiotic constraints combine to shape rosette growth in Arabidopsis. The combinational stress response can also underlie the fact that at some point, one individual stress can override the other. Whether the fact is due to the net effect of the shared response of every single stress and the unique responses to combined stresses, or due to the 'real' interaction of combinatorial stresses, is one of our main targets. We integrated transcriptome analysis and metabolomic data to construct a gene regulatory network and check their genotypic diversity. Given their critical importance to crop yield, it is of great importance to dissect the role of each stress in the combination. Local responses to mild drought and nitrogen allow plants to forage for nutrients to maintain growth efficiently. We will address how mild drought and nitrogen stress responses are integrated and how they impair plant rosette growth and leaf metabolism. Besides, how genetic components regulate stress responses, in other words, the stress and environmental factors (GxWxN) interactions were investigated. A large-scale GWAS was conducted to decipher the genetic architecture at the metabolic level to relate metabolic diversity and phenotypic diversity behind local adaptation, and extend our vision of this diversity at the species scale.

Charter 1 is a brief introduction of plant combined stress response, the intricate collision of drought and nitrogen stress combination regulation pathways, bioinformatics tools of analysis, a brief introduction to Genome-wide association study.

Chapter 2 presents our results from the WxN project.

Chapter 3 presents our results with the GWAS project.

Chapter 4 is a summary of material and methods.

Chapter 5 is a general discussion. / 1.Plant stress response to combined stress In nature, plants are subjected to many different changes in their physical and biological surroundings. In agronomic conditions, abiotic stresses such as drought, nutrient deficit, heat are devastating causes of crop yield loss worldwide. These stress effects on plants are usually being investigated under controlled growth conditions in the laboratory individually. However, their natural habitat is unpredictable compared to the well-maintained conditions used in laboratory studies. As much have elucidated in light and heat [START_REF] Balfagón | Jasmonic Acid Is Required for Plant Acclimation to a Combination of High Light and Heat Stress[END_REF] , salinity and heat (Suzuki, 2016) , water stress combined with S-deficiency [START_REF] Henriet | Water stress combined with sulfur deficiency in pea affects yield components but mitigates the effect of deficiency on seed globulin composition[END_REF] , drought and salinity (Osthoff et al., 2019) , salinity, drought and heat [START_REF] Shaar-Moshe | Unique Physiological and Transcriptional Shifts under Combinations of Salinity, Drought, and Heat[END_REF] , and heat, drought and virus infection [START_REF] Prasch | Simultaneous Application of Heat, Drought, and Virus to Arabidopsis Plants Reveals Significant Shifts in Signaling Networks[END_REF], that combined stress, as a major cause of plant fitness defect, can not be predicted from the consequence of single stresses, and hence should be studied specifically [START_REF] Zhang | Differences and commonalities of plant responses to single and combined stresses[END_REF] . As a whole, the co-occurrence of different stresses results in a high degree of complexity in plant responses. Plants have to employ appropriate responses to these environmental changes, from activated signalling networks, specialised metabolic acclimations, to morphological modifications. This information can be used to select candidate genes and plant varieties acclimated to combined stress.

Combined stress can be imposed on plants continuously or simultaneously [START_REF] Zhang | Differences and commonalities of plant responses to single and combined stresses[END_REF]. Continuous stresses refer to the occurrence of multiple stresses in a specific sequence, while simultaneous stresses were imposed at the very same time. Combined stresses can be a combination of two or more abiotic or biotic stresses. The response to the combined stresses can be additive, synergistic, dominant, or antagonistic. The two combined stresses can either affect the plant individually, leading to additive effects. Or the two individual stresses have interconnections which lead to a synergistic/antagonist impact, for example, when plants show opposite responses to heat and drought stress [START_REF] Suzuki | Abiotic and biotic stress combinations[END_REF][START_REF] Zinta | Dynamics of metabolic responses to periods of combined heat and drought in Arabidopsis thaliana under ambient and elevated atmospheric CO2[END_REF] , or show an interaction effect resulting from SA-ABA crosstalk when responding to salt stress and biotic (pathogen Hpa ) stress [START_REF] Berens | Balancing trade-offs between biotic and abiotic stress responses through leaf age-dependent variation in stress hormone cross-talk[END_REF] . Such interactions between the stress govern their impact on crop response. Some stress combinations exhibit far more complex interactions and their effect on plants are variable.

Consequence of stress response to combined stress

Due to the intensity, and duration of stress combination, the consequence of the combined stress varies (Tab. 1). Negative interactions of combined stresses can result in more severe adverse effects on the plant. For example, in Arabidopsis and barley, plants exhibited an aggravating effect on photosynthesis when they were exposed to drought and salinity simultaneously [START_REF] Ahmed | Genotypic differences in physiological characteristics in the tolerance to drought and salinity combined stress between Tibetan wild and cultivated barley[END_REF] . The adverse effects of nutrient deprivation on plant growth and development are exacerbated when it comes in combination with other abiotic stresses because nutrients are required for the synthesis of ROS [START_REF] Mittler | The roles of ROS and ABA in systemic acquired acclimation[END_REF][START_REF] Mittler | ROS Are Good[END_REF] . Sometimes the adverse effect is more significant than the addition of two stresses. As a classical case of negative interaction, the antagonistic role in combined stress of drought and heat stress have been studied in many plants [START_REF] Vile | Arabidopsis growth under prolonged high temperature and water deficit: independent or interactive effects?: Plant responses to high temperature and water deficit[END_REF] / [START_REF] Prasad | Independent and Combined Effects of High Temperature and Drought Stress During Grain Filling on Plant Yield and Chloroplast EF-Tu Expression in Spring Wheat: Effects of Temperature and Drought on Wheat Plants[END_REF][START_REF] Suzuki | Abiotic and biotic stress combinations[END_REF][START_REF] Elferjani | Canola Responses to Drought, Heat, and Combined Stress: Shared and Specific Effects on Carbon Assimilation, Seed Yield, and Oil Composition[END_REF][START_REF] Zinta | Dynamics of metabolic responses to periods of combined heat and drought in Arabidopsis thaliana under ambient and elevated atmospheric CO2[END_REF] . Under high-temperature stress, plants increase stomatal conductance and thereby reduce leaf temperature through transpiration [START_REF] Salvucci | Relationship between the Heat Tolerance of Photosynthesis and the Thermal Stability of Rubisco Activase in Plants from Contrasting Thermal Environments[END_REF][START_REF] Way | Differential responses to changes in growth temperature between trees from different functional groups and biomes: a review and synthesis of data[END_REF] . Drought stress usually results in stomatal closure and higher leaf temperature, leading to a decrease in C fixation and thus limiting photosynthesis [START_REF] Chaves | Understanding plant responses to droughtfrom genes to the whole plant[END_REF] . Taken together, plant growth was significantly reduced under drought and heat stresses and was even more detrimental under their combination (Vile et al., 2012;[START_REF] Prasad | Independent and Combined Effects of High Temperature and Drought Stress During Grain Filling on Plant Yield and Chloroplast EF-Tu Expression in Spring Wheat: Effects of Temperature and Drought on Wheat Plants[END_REF]. Plant height , Root growth, CO 2 assimilation (P N ) , Fv/Fm, WUE [START_REF] Ahmed | Genotypic differences in physiological characteristics in the tolerance to drought and salinity combined stress between Tibetan wild and cultivated barley[END_REF] drought+heat Arabidopsis thaliana, Nicotiana tabacum, Festuca arundinacea, corps (Triticum aestivum, Hordeum vulgare, Sorghum bicolor, Gossypium spp., Citrus reticulata) stomatal conductance (g s) Photosynthesis efficiency , leaf temperature [START_REF] Peacock | Effect of Heat and Drought Stress on Sorghum (Sorghum Bicolor). II. Grain Yield[END_REF][START_REF] Jiang | Drought and Heat Stress Injury to Two Cool-Season Turfgrasses in Relation to Antioxidant Metabolism and Lipid Peroxidation[END_REF][START_REF] Rizhsky | The Combined Effect of Drought Stress and Heat Shock on Gene Expression in Tobacco[END_REF][START_REF] Rizhsky | When Defense Pathways Collide. The Response of Arabidopsis to a Combination of Drought and Heat Stress[END_REF][START_REF] Prasad | Independent and Combined Effects of High Temperature and Drought Stress During Grain Filling on Plant Yield and Chloroplast EF-Tu Expression in Spring Wheat: Effects of Temperature and Drought on Wheat Plants[END_REF][START_REF] Vile | Arabidopsis growth under prolonged high temperature and water deficit: independent or interactive effects?: Plant responses to high temperature and water deficit[END_REF] drought+cold Saccharum officinarum stomatal conductance (g s ), CO 2 assimilation (P N ) and transpiration (E) [START_REF] Sales | Superoxide dismutase and ascorbate peroxidase improve the recovery of photosynthesis in sugarcane plants subjected to water deficit and low substrate temperature[END_REF] drought+UV Arabidopsis thaliana, Trifolium repens, Picea asperata, Brassica napus, Salix babylonica, Populus Chlorophyll, metabolic profile, Leaf water potential; Leaf growth, plant dry matter, water use efficiency ; wax content, carbon isotope composition; photosynthetic ; stomatal closure [START_REF] Hofmann | Responses to UV-B radiation in Trifolium repens L. -physiological links to plant productivity and water availability[END_REF][START_REF] Poulson | Response of photosynthesis to high light and drought for Arabidopsis thaliana grown under a UV-B enhanced light regime[END_REF][START_REF] Turtola | Genotypic variation in drought response of willows grown under ambient and enhanced UV-B radiation[END_REF][START_REF] Sangtarash | Differential sensitivity of canola (Brassica napus) seedlings to ultraviolet-B radiation, water stress and abscisic acid[END_REF][START_REF] Duan | FERONIA receptor-like kinase regulates RHO GTPase signaling of root hair development[END_REF][START_REF] Bandurska | Separate and combined responses to water deficit and UV-B radiation[END_REF] drought+High light Arabidopsis thaliana photosynthesis efficiency; metabolic profile, [START_REF] Giraud | The Absence of ALTERNATIVE OXIDASE1a in Arabidopsis Results in Acute Sensitivity to Combined Light and Drought Stress[END_REF] drought+heavy metal

Acer rubrum

Xylem structure; Hydraulic conductivity; Leaf characteristics(stomatal density,water content, Leaf chlorophyll content) [START_REF] Silva | Effects of Combined Drought and Heavy Metal Stresses on Xylem Structure and Hydraulic Conductivity in Red Maple (Acer rubrum L.)[END_REF] salt+heat Triticum aestivum shoot growth; metabolic content [START_REF] Keleş | Response of antioxidative defence system to temperature and water stress combinations in wheat seedlings[END_REF][START_REF] Wen | Combining Quantitative Genetics Approaches with Regulatory Network Analysis to Dissect the Complex Metabolism of the Maize Kernel[END_REF] salt+ozone Betula pendula, Cicer arietinum plant height;number of nitrogen-fixing root nodules; leaf and root potassium concentrations [START_REF] Welfare | Effects of salinity and ozone, individually and in combination, on the growth and ion contents of two chickpea (Cicer arietinum L.) varieties[END_REF] heat+ozone Betula pendula, Populus Stomatal conductance; stomatal control [START_REF] Hartikainen | Impact of elevated temperature and ozone on the emission of volatile organic compounds and gas exchange of silver birch (Betula pendula Roth)[END_REF][START_REF] Kasurinen | Interactive effects of elevated ozone and temperature on carbon allocation of silver birch (Betula pendula) genotypes in an open-air field exposure[END_REF] heat+UV Apium graveolens enzymes of flavonoid biosynthesis, phenylalanine ammonia-lyase and chalcone synthase. [START_REF] Walter | The induction of phenylpropanoid biosynthetic enzymes by ultraviolet light or fungal elicitor in cultured parsley cells is overriden by a heat-shock treatment[END_REF] heat+Highlight

Helianthus annuus

Stress-regulated transcripts [START_REF] Hewezi | A Comprehensive Analysis of the Combined Effects of High Light and High Temperature Stresses on Gene Expression in Sunflower[END_REF][START_REF] Mittler | Genetic Engineering for Modern Agriculture: Challenges and Perspectives[END_REF] cold+Highlight Populus tremula chlorophyll and beta-carotene content [START_REF] Haghjou | The effect of acute high light and low temperature stresses on the ascorbate-glutathione cycle and superoxide dismutase activity in two Dunaliella salina strains[END_REF] salinity, drought and heat Brachypodium distachyon physiological traits(leaf temperature, photosynthetic rate,transpiration, and stomatal conductance) [START_REF] Shaar-Moshe | Unique Physiological and Transcriptional Shifts under Combinations of Salinity, Drought, and Heat[END_REF] UV+ Heavy mental Pisum sativum growth performance & Photosynthetic Pigments [START_REF] Srivastava | Nickel and Ultraviolet-B Stresses Induce Differential Growth and Photosynthetic Responses in Pisum sativum L. Seedlings[END_REF] S deficit + drought Pisum sativum L. seed yield components [START_REF] Henriet | Water stress combined with sulfur deficiency in pea affects yield components but mitigates the effect of deficiency on seed globulin composition[END_REF] Positive effect drought+ozone Medicago truncatula, Betula pendula, Fagus sylvatica net photosynthesis, Rubisco and chlorophyll quantity;stomatal closure, which restricts O 3 influx into leaves; [START_REF] Iyer | Physiological, biochemical and molecular responses to a combination of drought and ozone in Medicago truncatula[END_REF][START_REF] Pääkkönen | Physiological, stomatal and ultrastructural ozone responses in birch (Betula pendula Roth.) are modified by water stress[END_REF]Löw et al., 2006) / However, in some cases, combined stress is beneficial to plants in comparison to single stresses. As indicated, heat and drought stress negatively affected Arabidopsis biomass in many ways, but the increase of ambient CO 2 concentration significantly alleviated the adverse effects. This mitigation effect of CO 2 may be due to the rise of carbon fixation at high CO 2 concentrations, which in turn up-regulates the synthesis of antioxidants (polyphenols, ASC and CAT). Through multi-omics analysis, [START_REF] Zinta | Dynamics of metabolic responses to periods of combined heat and drought in Arabidopsis thaliana under ambient and elevated atmospheric CO2[END_REF] revealed that high CO 2 alleviates the stress effects by inhibition of photorespiration and H 2 O 2 synthesis. In Medicago truncatula , drought decreases stomatal conductance and promotes the synthesis of ascorbate and glutathione, which in turn improves plant tolerance to ozone (O 3 ) [START_REF] Iyer | Physiological, biochemical and molecular responses to a combination of drought and ozone in Medicago truncatula[END_REF] . Henriet et al. (2020) illustrated that the moderate drought mitigated the negative effect of sulfur deficiency on the accumulation of S-rich globulins in seeds, due to a lower seed sink strength for nitrogen.

Moreover, continuous stress may cause stress memory or priming, which can pave the way to protect plants from future challenges [START_REF] Hilker | Priming and memory of stress responses in organisms lacking a nervous system: Priming and memory of stress responses[END_REF][START_REF] Hilker | Stress priming, memory, and signalling in plants: Stress priming, memory, and signalling in plants[END_REF] . Stress memory is demonstrated to build plant resistance to the very same stress, or even another abiotic stress [START_REF] Kissoudis | Enhancing crop resilience to combined abiotic and biotic stress through the dissection of physiological and molecular crosstalk[END_REF][START_REF] Rejeb | Plant Responses to Simultaneous Biotic and Abiotic Stress: Molecular Mechanisms[END_REF] . [START_REF] Virlouvet | Physiological and transcriptional memory in guard cells during repetitive dehydration stress[END_REF] revealed that Arabidopsis plants undergoing drought remained at partial stomatal closure during a watered recovery period, facilitating reduced transpiration during subsequent dehydration stress. A systems-biology approach pointed out one gene module that coordinated changes in transcription memory responses established in maize [START_REF] Virlouvet | Dehydration Stress Memory: Gene Networks Linked to Physiological Responses During Repeated Stresses of Zea mays[END_REF] . It is also shown that pre-harvest UV-C treated plants displayed a stronger resistance to infection in strawberry leaves and led to reduced symptoms [START_REF] Xu | Ultraviolet-C priming of strawberry leaves against subsequent Mycosphaerella fragariae infection involves the action of reactive oxygen species, plant hormones, and terpenes[END_REF] . Likewise, tomato seedlings treated by osmotic stress show adaptation to salinity and drought stress that is mediated by ABA [START_REF] Andujar | Baptism of tomato seedlings by osmotic stress alters ABA relations and improves tolerance to salt and water stress after transplant[END_REF] . This priming allows plants to respond more quickly to environmental challenges.

It should be noted that plant responses to sequential stresses in any order of the two stresses are often similar. For example, similar adverse effects of physiological limitations were found in the sequential treatment of the two strains in Arabidopsis [START_REF] Zandalinas | Identification and characterization of a core set of ROS wave-associated transcripts involved in the systemic acquired acclimation response of Arabidopsis to excess light[END_REF] , barley ( Hordeum vulgare ) [START_REF] Rollins | Leaf proteome alterations in the context of physiological and morphological responses to drought and heat stress in barley (Hordeum vulgare L.)[END_REF] , tobacco ( Nicotiana tabacum ) and citrus ( Citrus reticulata ) [START_REF] Zandalinas | Modulation of Antioxidant Defense System Is Associated with Combined Drought and Heat Stress Tolerance in Citrus[END_REF] , whether drought stress followed heat stress or heat stress followed drought stress. Plants were more severely damaged by combined stresses than by single stress, indicating that the response mechanisms of different plants to combined drought and high-temperature stresses are relatively conserved.

drought+CO2

Sorghum bicolor water use efficiencies and major nutrient accumulation [START_REF] Brouder | Impact of climate change on crop nutrient and water use efficiencies[END_REF][START_REF] Ottman | Elevated CO2 increases sorghum biomass under drought conditions[END_REF] salt+heat

Solanum lycopersicon

Metabolic traits(glycine betaine and trehalose) [START_REF] Rivero | The combined effect of salinity and heat reveals a specific physiological, biochemical and molecular response in tomato plants: Stress combination in tomato plants[END_REF] CO2+Highlight

Lactuca sativa biomass production and the nutritional quality [START_REF] Pérez-López | Interacting effects of high light and elevated CO2 on the nutraceutical quality of two differently pigmented Lactuca sativa cultivars (Blonde of Paris Batavia and Oak Leaf)[END_REF] salt+B Zea mays water uptake and water transport [START_REF] Martínez-Ballesta | Combined effect of boron and salinity on water transport: The role of aquaporins[END_REF] ozone+CO2 Glycine max ozone flux and antioxidants,Yield (photosynthesis, biomass, leaf area index, grain number and grain mass) [START_REF] Ainsworth | Rice production in a changing climate: a meta-analysis of responses to elevated carbon dioxide and elevated ozone concentration[END_REF][START_REF] Booker | The role of ozone flux and antioxidants in the suppression of ozone injury by elevated CO2 in soybean[END_REF] S deficit + drought Pisum sativum L. Accumulation of S-rich globulins [START_REF] Henriet | Water stress combined with sulfur deficiency in pea affects yield components but mitigates the effect of deficiency on seed globulin composition[END_REF] The positive or negative interactions between the combined stresses varied depending on the plant species. Adverse effects were found in wheat when plants were subjected to combined salt and heat stress (Keles and Öncel, 2002). However, the combination of salt and high-temperature stress mitigated the effects of single salt stress on the tomato. Under combined salt and heat stress, tomatoes accumulated large amounts of glycine betaine and trehalose in response, resulting in higher photosynthetic efficiency and leaf water potential.

The accumulation of substances such as Glycine Betaine helps to maintain high K + concentrations, thus ensuring a low Na + /K + ratio and protecting the plant from salt stress [START_REF] Rivero | The combined effect of salinity and heat reveals a specific physiological, biochemical and molecular response in tomato plants: Stress combination in tomato plants[END_REF] . In addition, Glycinebetaine protects PSII from heat-induced inactivation [START_REF] Allakhverdiev | Glycinebetaine protects the D1/D2/Cytb559 complex of photosystem II against photo-induced and heat-induced inactivation[END_REF] and inhibits salt-induced K + efflux [START_REF] Cuin | A root's ability to retain K+ correlates with salt tolerance in wheat[END_REF][START_REF] Cuin | Exogenously Supplied Compatible Solutes Rapidly Ameliorate NaCl-induced Potassium Efflux from Barley Roots[END_REF] . Trehalose is important in maintaining photosynthetic capacity [START_REF] Lunn | Gene families and evolution of trehalose metabolism in plants[END_REF] and also contributes to cellular resistance to oxidative stress [START_REF] Chen | Glycinebetaine: an effective protectant against abiotic stress in / plants[END_REF][START_REF] Garg | Trehalose accumulation in rice plants confers high tolerance levels to different abiotic stresses[END_REF] . Meanwhile, under combined salt and heat stress, H 2 O 2 accumulation and oxidative protein damage were inhibited, thereby protecting plants from oxidative stress [START_REF] Rivero | The combined effect of salinity and heat reveals a specific physiological, biochemical and molecular response in tomato plants: Stress combination in tomato plants[END_REF] .

In conclusion, plant response to combined stresses needs to be analysed case-by-case. It has been shown that abiotic stress can increase or reduce the resistance of plants to biotic stress. Heat stress leads to the accumulation of reactive oxygen species (ROS) and increases resistance to rice blast in rice ( Oryza sativa ) (Averyanov et al., 2000); drought and salt stress treatments also increase resistance to pathogens [START_REF] Achuo | Influence of drought, salt stress and abscisic acid on the resistance of tomato to Botrytis cinerea and Oidium neolycopersici[END_REF] . In contrast, abiotic stress has been reported to reduce tolerance to biotic stresses in Arabidopsis. For example, it has been shown that the expression of defence genes is down-regulated in virus-treated plants under combined drought and heat stress, which led to the deactivation of defence responses and higher susceptibility of plants [START_REF] Prasch | Simultaneous Application of Heat, Drought, and Virus to Arabidopsis Plants Reveals Significant Shifts in Signaling Networks[END_REF]. Cases of reverse interaction effect existed between N-deficiency and Botrytis infection [START_REF] Soulie | Plant nitrogen supply affects the Botrytis cinerea infection process and modulates known and novel virulence factors[END_REF] . In addition, high temperature-induced early flowering and suppressed resistance to abiotic stress in Arabidopsis [START_REF] Liu | Discovery of nitrate-CPK-NLP signalling in central nutrient-growth networks[END_REF]. Thus, whether abiotic stresses can increase or reduce resistance to another stress depends on the intrinsic, timing, and intensity of the individual stress, as well as their interactions.

1.2 Convergent physiological alterations of the combined stress response.

When plants are exposed to abiotic stresses, morphological and physiological alteration is mostly expected. Due to the nature of individual stress, how the plants perceive the stress varies. Different abiotic and biotic stress treatment can lead to some common processes as well as unique responses in physiological and molecular aspects.

Specific physiological strategies were commonly employed to respond to stress combinations. Stomatal changes are one of the critical components in regulating this process. The case of heat and drought stress described above has shown a perfect example of the conflicting need for stomatal adjustment toward individual stress. A negative effect on / plant photosynthesis is expected when plants limit stomatal conductance in order to reduce transpiration. Another example is when plants were under combined heat and high light stress, both photosynthetic rate and stomatal conductance decreased and leaf temperature increased under high-temperature stress in plants. The effects were more severe under combined drought and high-temperature stress because under drought stress, the stomata of the leaves are usually closed, resulting in lower CO 2 availability and limiting photosynthesis [START_REF] Chaves | Understanding plant responses to droughtfrom genes to the whole plant[END_REF].

Besides, sugar metabolism is altered in response to environmental stress. Soluble sugars, such as sucrose, fructose and glucose, are not only the metabolic building blocks and energy source but also function as signalling hub that interplay with hormones and nutrients in the fine-tuning of plant growth [START_REF] Li | Dynamic and diverse sugar signaling[END_REF][START_REF] Sakr | The Sugar-Signaling Hub: Overview of Regulators and Interaction with the Hormonal and Metabolic Network[END_REF] . In cotton ( Gossypium hirsutum ), soluble sugars could affect auxin biosynthesis through Phytochrome Interacting Factors ( PIF ) proteins, which lead to anther abortion under heat stress (Min et al., 2014). Additionally, cell wall invertase hydrolyses sucrose and alters carbohydrate partitioning hence modulating defence responses [START_REF] Tauzin | Sucrose and invertases, a part of the plant defense response to the biotic stresses[END_REF] . Downregulation of cell wall-bound invertase expression and activity were observed in combined heat and drought stress [START_REF] Prasch | Simultaneous Application of Heat, Drought, and Virus to Arabidopsis Plants Reveals Significant Shifts in Signaling Networks[END_REF] .

Signalling mechanisms of combine stress :

To balance the trade-off of fitness costs and stress tolerance, a complex signalling regulatory crosstalk is mostly needed when facing combined environmental stresses. Studies have highlighted several common signalling components including calcium-dependent protein kinase, redox, mitogen-activated protein kinase (MAPK), transcription factors and hormone (Miltter et al., 2016;[START_REF] Zhang | Differences and commonalities of plant responses to single and combined stresses[END_REF].

Second messengers

Second messengers, such as Ca 2+ signalling pathways (Fig. 1), redox, and electrical signalling networks, play a crucial role in regulating cellular responses to the environment because of the rapid increase after stress stimulation [START_REF] Gilroy | A tidal wave of signals: calcium and ROS at the forefront of rapid systemic signaling[END_REF][START_REF] Ranty | Calcium Sensors as Key Hubs in Plant Responses to Biotic and Abiotic Stresses[END_REF] . Ca 2+ is an essential second messenger for plants and an important regulator of plant growth and development, as well as an essential component of the plant cell wall (Hepler et al., 2005). Ca 2+ functions in concert with other critical second messengers like ROS. Osmotic stresses as well as oxidative stresses, heavy metals, and ABA can cause elevated free Ca 2+ concentrations in cytoplasm and induce redox perturbations in cells [START_REF] Zhu | Abiotic Stress Signaling and Responses in Plants[END_REF]. The Ca 2+ and ROS signals are usually coupled with the propagation of electrical signals [START_REF] Choi | Orchestrating Rapid Long-Distance Signaling in Plants with Ca(2+) , ROS, and Electrical Signals[END_REF] . A rapid increase in the rate of ROS production occurs as a response to stress conditions. The ROS molecules that mediate signalling functions include hydrogen peroxide (H 2 O 2 ), singlet oxygen, hydroxyl radical and superoxide anion radical. The activation of mitogen-activated protein kinase (MAPK) cascade by H 2 O 2 and subsequent upregulation of specific stress-related genes in Arabidopsis is a perfect example of ROS-mediated stress-response [START_REF] Rizhsky | When Defense Pathways Collide. The Response of Arabidopsis to a Combination of Drought and Heat Stress[END_REF]. Nonetheless, Ca 2+ and ROS-mediated responses of plants to environmental constraints just form the tip of the iceberg. The mechanism of / stress-response in plants is highly intricate and requires several integrated pathways to be activated in response to external stresses. Also, evidence has been found that ROS and NO levels are regulated by auxin. Besides, the GLUTAMATE RECEPTOR-LIKE (GLR) has been reported to play an important regulatory role in electrical and Ca 2+ -mediated signal transduction [START_REF] Stephens | Glutamate Receptor Subtypes Evidenced by Differences in Desensitization and Dependence on the GLR3.3 and GLR3.4 Genes[END_REF][START_REF] Vincill | Ca2+ Conduction by an Amino Acid-Gated Ion Channel Related to Glutamate Receptors[END_REF] .

/ Transcriptional regulation and post-translational regulation

Transcription factors (TFs) families (HSF, WRKY, MYB, AP2/ERF, NAC, bZIP, TCP) are common to be induced by several different stress conditions (Zandalinas,2020), such as post-transcriptional regulation [START_REF] Shriram | MicroRNAs As Potential Targets for Abiotic Stress Tolerance in Plants[END_REF] . Integration of various transcriptional networks that use multiple types of TF family members is needed to mediate combined stress responses. A meta-analysis illustrated that response of different transcription factor families is unique to each stress combination [START_REF] Zandalinas | Systemic signaling during abiotic stress combination in plants[END_REF]. For example, HSFs are known to have distinct roles in the regulation of heat stress [START_REF] Ohama | Transcriptional Regulatory Network of Plant Heat Stress Response[END_REF] . When heat is combined with other stresses, the upregulation of HSFs is repressed. In addition, for the WRKY gene family, WRKY25, WRKY26 and WRKY33 are positively regulated by heat [START_REF] Li | Arabidopsis thaliana WRKY25, WRKY26, and WRKY33 coordinate induction of plant thermotolerance[END_REF] while WRKY40 functions antagonistically to AtWRKY18 and WRKY60 to enhance plant tolerance to salt and osmotic stress (Chen et al., 2010) . Moreover, ERF family genes were reported to be a positive regulator, not only in salt, drought, and heat stress / tolerance, but also in pathogen defence via integrating JA, ET, and ABA signals [START_REF] Cheng | The Arabidopsis ETHYLENE RESPONSE FACTOR1 Regulates Abiotic Stress-Responsive Gene Expression by Binding to Different cis-Acting Elements in Response to Different Stress Signals[END_REF]. Illustrated below is an example of an intricate transcriptional network in stress combination (Fig. 2). Additionally, microRNA have emerged as important regulators of developmental and environmental responses at the level of post-transcriptional [START_REF] Shriram | MicroRNAs As Potential Targets for Abiotic Stress Tolerance in Plants[END_REF]Xin et al., 2010) . For example, miR319 was commonly found to be upregulated under drought, cold, and salt stress [START_REF] Sunkar | Novel and Stress-Regulated MicroRNAs and Other Small RNAs from Arabidopsis[END_REF] . Similarly, a commonly found microRNA, miR164 was reported to be downregulated both in abiotic stresses (salt, mechanical stress) and biotic stress (Tomato Leaf Curl Virus, nematodes) in plants (Hewezi et al., 2008a;[START_REF] Lu | Novel and Mechanical Stress-Responsive MicroRNAs in Populus trichocarpa That Are Absent from Arabidopsis[END_REF][START_REF] Naqvi | MicroRNAs as biomarkers in Tomato Leaf Curl Virus (ToLCV) disease[END_REF] . Hormone signalling

Interaction between different phytohormone pathways is essential in coordinating tissue outgrowth in response to environmental changes (Fig. 3). Among major hormones produced by plants, Auxin is a master regulator that generally influences every aspect of plant growth. Auxin mediates its function mainly due to its interaction with SA and ABA signalling pathways [START_REF] Park | Abscisic acid inhibits type 2C protein phosphatases via the PYR/PYL family of START proteins[END_REF] . Additionally, Jasmonic acid (JA) and salicylic acid (SA) are the most important hormones in systemic signalling pathways in response to biotic stress. In addition, brassinosteroid (BR), ethylene (ET) and abscisic acid (ABA) are also involved in regulating systemic signalling pathways [START_REF] Xia | Induction of systemic stress tolerance by brassinosteroid in Cucumis sativus[END_REF][START_REF] Gorecka | Abscisic acid signalling determines susceptibility of bundle sheath cells to photoinhibition in high light-exposed Arabidopsis leaves[END_REF][START_REF] Gilroy | ROS, Calcium, and Electric Signals: Key Mediators of Rapid Systemic Signaling in Plants[END_REF][START_REF] Proietti | Genome-wide association study reveals novel players in defense hormone crosstalk in Arabidopsis[END_REF][START_REF] Caarls | How salicylic acid takes transcriptional control over jasmonic acid signaling[END_REF][START_REF] Takahashi | A small peptide modulates stomatal control via abscisic acid in long-distance signalling[END_REF] . ABA is known to stimulate short-term responses like the closure of stomata, resulting in maintenance of water balance. Hormonal signals can also influence the accumulation of microRNA: ABA, cytokinin (CK) and ET negatively impact the accumulation of miR319, while auxin and JA exert a positive impact. Similarly, GA and CK affect miR396 accumulation to activate the ABA pathway [START_REF] Curaba | miRNAs in the crosstalk between phytohormone signalling pathways[END_REF] , which helps to control cell division in response to biotic and abiotic stresses. Overall morphological and molecular changes are observed in different combined stress, but distinct from the extent of individual stress [START_REF] Rasmussen | Transcriptome responses to combinations of stresses in Arabidopsis[END_REF][START_REF] Prasch | Signaling events in plants: Stress factors in combination change the picture[END_REF][START_REF] Olivas | Effect of prior drought and pathogen stress on Arabidopsis transcriptome changes to caterpillar herbivory[END_REF] . To what extent one stress response will override the other stress response raises the importance of investigation on comparative analysis of individual stress and combined stresses using multivariate approaches.

2. Nitrogen and water as major limiting factors for plant growth.

As the global population continues to increase, biodiversity loss, land degradation and environmental limitations such as water and nutrients have posed a huge threat to crop productivity and food security. In fields, an increasing amount of N fertiliser has been applied to obtain high yields, at the cost of extremely energy-consuming in fertiliser production [START_REF] Erisman | How a century of ammonia synthesis changed the world[END_REF][START_REF] Chen | Beyond fossil fuel-driven nitrogen transformations[END_REF] . Nitrogen and water are major limiting factors for plant growth. Nitrogen is present as the most abundant nutrient in plant tissue among all nutrients plants have to capture from the soil solution while water acts as a solvent, facilitating the mobility of nitrogen and assisting root uptake of nitrogen by shaping the root anatomy.

In nature, crops can be stressed simultaneously by drought and nitrogen deficit, and their interconnection has been emphasised heavily in the field studies (Fig. 4). For rice and other crops, the yield is mainly influenced by water and nitrogen availability. Thus, field management is essential for water and fertiliser inputs. For example, the quantity and timing of irrigation or rainfall need to adjust with respect to N fertiliser application. In non-flooded fields, a sudden rainfall can contribute to decreased N availability by leaching [START_REF] Fuentes | Comparative study of six different sludges by sequential speciation of heavy metals[END_REF] . If fertilised fields experience soil drying, N concentrations in the soil solution will increase, ultimately increasing volatilisation of ammonia from the soil surface. Conversely, if solid N fertiliser pellets are applied to dry soil, less N fertiliser is dissolved. Slow irrigation can reduce volatilisation of N, since N is washed down below the surface, in effect reducing surface N concentrations [START_REF] Cameron | Nitrogen losses from the soil/plant system: a review[END_REF] . Indeed, such decisions are essential for more sustainable and better use of N and W application for improving the fate of crop productivity. Given the critical importance of drought and N-deficiency to plant growth and productivity, it is important to understand the genetic component underlying the stress combined. Large surveys have been demonstrated in the single Nitrogen deficit stress or drought stress episode to understand the stress response strategy in models and crops. The responsive pattern of combined nitrogen deficit and drought stress remains unclear; in the following section, the genomic and functional biological pathways are discussed in the context of drought adaptation, and nitrogen stress will be discussed to shed light on the combinational stress response.

Water and nitrogen stress acclimation

Numerous studies of transcriptome profiling have illustrated this point that when plants are subjected to different abiotic stress conditions, different stress combinations prompt its novel responsive pattern but still keep the single stress response patterns [START_REF] Prasch | Signaling events in plants: Stress factors in combination change the picture[END_REF][START_REF] Rasmussen | Transcriptome responses to combinations of stresses in Arabidopsis[END_REF] .

2.1 Physiological and Metabolism coordination 5A) [START_REF] Mcdonald | Advances in Botanical Research[END_REF] . When supplied with high nitrate with drying soil, drought stress plants were more sensitive to a decrease in stomatal closure and leaf elongation rates, leading to higher transpiration rates (Fig. 5B) [START_REF] Wilkinson | Nitrate signalling to stomata and growing leaves: interactions with soil drying, ABA, and xylem sap pH in maize[END_REF] . Because more Nitrogen supply stimulates more W uptake, and in the meantime, unassimilated N require more CO 2 for higher rates of photosynthesis and carbon fixation for assimilation into organic N [START_REF] Wright | Least-Cost Input Mixtures of Water and Nitrogen for Photosynthesis[END_REF][START_REF] Ding | Is Nitrogen a Key Determinant of Water Transport and Photosynthesis in Higher Plants Upon Drought Stress?[END_REF]GUO et al., 2007) .

Figure 5: illustration of nitrogen supply can affect stomatal regulation in drought stress A). Drought stress combined with N-deficiency. B) Ample water with nitrate deficiency C). Drought stress combined with ample nitrate D). The reference condition with ample nitrate and ample water availability.

/ [START_REF] Wilkinson | Nitrate signalling to stomata and growing leaves: interactions with soil drying, ABA, and xylem sap pH in maize[END_REF] have demonstrated that the effect of additional nitrate on growth inhibition under drought stress was associated with pH change and ABA redistribution in maize. Similar induced alkalinisation of leaf apoplast was shown under drought stress in tomatoes [START_REF] Jia | Modification of Leaf Apoplastic pH in Relation to Stomatal Sensitivity to Root-Sourced Abscisic Acid Signals[END_REF] and hop [START_REF] Korovetska | Signalling mechanisms involved in the response of two varieties of Humulus lupulus L. to soil drying: I. changes in xylem sap pH and the concentrations of abscisic acid and anions[END_REF] . Under drought stress, pH was increased to activate more ABA in leaf apoplast, which further induces stomatal closure and decrease in leaf hydraulic conductance (Kleaf) [START_REF] Shatil-Cohen | Bundle-sheath cell regulation of xylem-mesophyll water transport via aquaporins under drought stress: a target of xylem-borne ABA?[END_REF] .

Thus in the short term, high N supply can compensate for the effects of drought, allowing plants to continue to grow [START_REF] Cabrera-Bosquet | The combined effect of constant water deficit and nitrogen supply on WUE, NUE and Δ13C in durum wheat potted plants[END_REF] . However, these benefits may result in more problems in the long term. On the one hand, root elongation was repressed by high N, thus limiting the water uptake in the root. On the other hand, high Nitrogen supply allows additional shoot growth which in turn exacerbate W scarcity due by increasing transpiration area [START_REF] Farooq | Improving the Drought Tolerance in Rice ( Oryza sativa L.) by Exogenous Application of Salicylic Acid[END_REF] .

Nitrogen affects photosynthesis under drought stress:

Under drought stress, decreasing photosynthetic rate (A) results in a retarded plant growth, and reduced crop yield [START_REF] Flexas | Decreased Rubisco activity during water stress is not induced by decreased relative water content but related to conditions of low stomatal conductance and chloroplast CO2 concentration[END_REF][START_REF] Flexas | Drought-inhibition of Photosynthesis in C3 Plants: Stomatal and Non-stomatal Limitations Revisited[END_REF] . drought inhibits A by stomatal closure [START_REF] Tezara | Water stress inhibits plant photosynthesis by decreasing coupling factor and ATP[END_REF] and metabolite impairments [START_REF] Flexas | Mesophyll diffusion conductance to CO2: An unappreciated central player in photosynthesis[END_REF][START_REF] Perez-Martin | Regulation of photosynthesis and stomatal and mesophyll conductance under water stress and recovery in olive trees: correlation with gene expression of carbonic anhydrase and aquaporins[END_REF] . In most studies, the decrease in A was due to stomatal closure and increased in resistance to CO 2 diffusion [START_REF] Gallé | Photosynthetic performance and water relations in young pubescent oak ( Quercus pubescens ) trees during drought stress and recovery[END_REF] . ABA accumulated in leaf apoplast and induced stomatal closure under drought stress (Rodrigues et al., 2017).

Increasing CO 2 concentration in leaves [START_REF] Schwab | Response of photosynthesis and respiration of resurrection plants to desiccation and rehydration[END_REF] and stripping the epidermis can then restore photosynthesis [START_REF] Flexas | Mesophyll diffusion conductance to CO2: An unappreciated central player in photosynthesis[END_REF][START_REF] Perez-Martin | Regulation of photosynthesis and stomatal and mesophyll conductance under water stress and recovery in olive trees: correlation with gene expression of carbonic anhydrase and aquaporins[END_REF] , indicating that stomatal closure is the main factor causing the decline in A. To what extent the photosynthesis is limited under drought stress depends on the level of drought limitations [START_REF] Flexas | Decreased Rubisco activity during water stress is not induced by decreased relative water content but related to conditions of low stomatal conductance and chloroplast CO2 concentration[END_REF] .

In C 3 plants, the photosynthetic rate is restricted by chloroplastic CO 2 concentration (Cc), depending on the regulation of gs and gm (Flexas et al., 2008;Evans et al., 2009;Kaldenhoff, 2012). Taking rice as an example, drought stress reduced Cc by stomatal closure, increase in diffusion resistance, and decrease of Rubisco activity (Guo et al., 2007) , however, a certain N form, ammonium can influence the Rubisco activity inhibition and stomatal limitation, thus improving photosynthetic efficiency under drought [START_REF] Zhong | Nitrogen Metabolism in Adaptation of Photosynthesis to Water Stress in Rice Grown under Different Nitrogen Levels[END_REF] . N metabolism under drought stress appears to be associated with the tolerance of photosynthesis via affecting CO 2 diffusion, antioxidant capacity, and osmotic adjustment [START_REF] Vogan | Water-use efficiency and nitrogen-use efficiency of C(3) -C(4) intermediate species of Flaveria Juss. (Asteraceae)[END_REF] . In contrast, C 4 plants are able to concentrate CO 2 around the Rubisco enzyme to reduce photorespiratory losses. The CO 2 -concentrating mechanism also allows for the stomatal aperture to be reduced, resulting in less water loss via the transpiration stream, thereby increasing photosynthetic WUEs (Sage et al., 1987;Sage and Pearcy, 1987;[START_REF] Vogan | Water-use efficiency and nitrogen-use efficiency of C(3) -C(4) intermediate species of Flaveria Juss. (Asteraceae)[END_REF] . It is reported that photosynthetic N-use efficiency (PNUE) is generally higher in C 4 compared to C 3 plants [START_REF] Chaumont | Regulation of plant aquaporin activity[END_REF] .

/ 2.1.2 Nitrogen regulates root water uptake through aquaporin under drought stress Apoplastic water flow is blocked by apoplastic barriers in exodermis and endodermis, aquaporins ( AQP ) located on the membrane can facilitate the cell-to-cell water flux. The plasma membrane intrinsic proteins ( PIPs ) includes three aquaporin subfamilies, the tonoplast intrinsic proteins ( TIPs ), the nodulin 26-like intrinsic proteins (NIPs) and the small and essential intrinsic proteins ( SIPs ) [START_REF] Tyerman | Signaling and Communication in Plants[END_REF] . Apart from extensive water transports from the roots to the leaves during transpiration flux, aquaporins have been shown to contribute to the transport of assimilates into the phloem, the closure or aperture of the stomata in the leaves, the movement of the leaves and the cytoplasmic homeostasis [START_REF] Aroca | Regulation of root water uptake under abiotic stress conditions[END_REF][START_REF] Mahdieh | Abscisic acid regulates root hydraulic conductance via aquaporin expression modulation in Nicotiana tabacum[END_REF][START_REF] Mahdieh | Drought Stress Alters Water Relations and Expression of PIP-Type Aquaporin Genes in Nicotiana tabacum Plants[END_REF] . They are activated through CDPK induced phosphorylation/dephosphorylation mechanisms while reduced permeability by acid pH and free calcium. ABA had a positive effect on root hydraulic conductivity (Lpr) and aquaporin expression [START_REF] Parent | Drought and abscisic acid effects on aquaporin content translate into changes in hydraulic conductivity and leaf growth rate: a trans-scale approach[END_REF] . In maize, Parent et al. [START_REF] Wan | Gating of water channels (aquaporins) in cortical cells of young corn roots by mechanical stimuli (pressure pulses): effects of ABA and of HgCl2[END_REF]) demonstrated that a higher aquaporin expression and Lpr was observed in the transformed line (impaired with NCED expression) producing more ABA. Wan et al. (Grondin et al., 2015b) reported that gating of aquaporin in cortical cells could be stimulated under the control of ABA, which in turn contributes to ABA-Triggered Stomatal Closure through OST1-Mediated Phosphorylation [START_REF] Gambetta | Signaling and Communication in Plants[END_REF][START_REF] Vandeleur | Rapid shoot-to-root signalling regulates root hydraulic conductance via aquaporins: Shoot signals regulate root aquaporins[END_REF] . Thus, it is considered that aquaporin expression is highly responsible for the change in root water uptake in drought stress response (Grondin et al., 2015a) . Further study revealed that the contribution of aquaporins to Lpr weights up to 85% under drought stress in rice [START_REF] Gambetta | Signaling and Communication in Plants[END_REF]) . Yet, the contribution of aquaporins can be highly variable across species, and the variability of contribution depends on the type of aquaporin inhibitor and the method used to measure Lpr [START_REF] Wang | The Interactions of Aquaporins and Mineral Nutrients in Higher Plants[END_REF] .

Studies confirm that N can regulate root water uptake by aquaporin, but is dependent on N form and is species-specific (Fig. 6). Some aquaporin genes are involved in ammonium transport but not in nitrate transport in plants [START_REF] Gaspar | Cloning and characterization of ZmPIP1-5b, an aquaporin transporting water and urea[END_REF] , AQP in maize ( ZmPIP1;5 b) was strongly up-regulated by N [START_REF] Wang | Nitrate-Induced Genes in Tomato Roots. Array Analysis Reveals Novel Genes That May Play a Role in Nitrogen Nutrition[END_REF] , same as in tomato [START_REF] Wang | Microarray Analysis of the Nitrate Response in Arabidopsis Roots and Shoots Reveals over 1,000 Rapidly Responding Genes and New Linkages to Glucose, Trehalose-6-Phosphate, Iron, and Sulfate Metabolism[END_REF] , which mediated and controlled the increased water influx into the root cells.

Several TIPs have been shown to facilitate N transport, such as ZmTIP1;1 and ZmTIP1;2 . TIPs from wheat ( TaTIP2;1 ) and Arabidopsis thaliana ( TIP2;1 and TIP2;3 ) not only function as water-conducting membrane pores but also facilitate the transport of NH3 across membranes. In Arabidopsis thaliana , previous study [START_REF] Tyerman | Signaling and Communication in Plants[END_REF] revealed a switch in exposure to nitrate from ammonia resulted in repression of NIP2;1 . In rice, switching from ammonia to nitrate resulted in a different expression of aquaporin. A slight repressed expression of OsPIP1;1, OsPIP2;3, OsTIP1;1, and OsTIP2;2 and a major reduction of OsPIP2;4 and OsPIP2;5 expressions were observed, whereas an induction for OsTIP2;1 and OsPIP2;6 [START_REF] Ding | Root ABA Accumulation Enhances Rice Seedling Drought Tolerance under Ammonium Supply: Interaction with Aquaporins[END_REF] . With continued drought stress, ABA accumulation in roots was much faster than supplied with nitrate under drought treatment, which leads to a rapid increase in aquaporin expression [START_REF] Scheible | Genome-Wide Reprogramming of Primary and Secondary Metabolism, Protein Synthesis, Cellular Growth Processes, and the Regulatory Infrastructure of Arabidopsis in Response to Nitrogen[END_REF] . The transcriptomic experiment proved TIP was strongly induced in roots when resupplying N to N-starved plants [START_REF] Górska | The capacity for nitrate regulation of root hydraulic properties correlates with species' nitrate uptake rates[END_REF] . However, in maize, the addition of nitrate showed no modifications on PIP gene expression in roots, while a potent inhibitor of nitrate reductase did suppress most of the PIP genes [START_REF] Górska | The capacity for nitrate regulation of root hydraulic properties correlates with species' nitrate uptake rates[END_REF] . Additionally, it was demonstrated that the capacity for N regulation on Lpr was species-dependent [START_REF] Tyerman | Signaling and Communication in Plants[END_REF] . Comparative study of Arabidopsis thaliana NITRATE TRANSPORTERs (NRT1.1 and NRT2.1), demonstrated that loss of function of NRT2.1 have reduced Lpr while NRT1.1 knockout mutant shows a correlation between Lpr and shoot N concentration rather than between Lpr and root N concentration (Li et al., 2016;[START_REF] Tyerman | Signaling and Communication in Plants[END_REF] . In NRT2.1 knockout plants, Lpr was reduced and under different N concentration treatments, Lpr was positively correlated with the N content in leaves. Moreover, the transcript levels of PIP1;1, PIP1;2, PIP2;1, and PIP2;3 showed a clear positive correlation between changes in Lpr and different N treatments in the NRT2.1 mutant [START_REF] Chen | OsNAR2.1 Positively Regulates Drought Tolerance and Grain Yield Under Drought Stress Conditions in Rice[END_REF] In rice , OsNAR2.1 is involved in drought stress tolerance through regulating drought stress sensitivity and stress-related gene expression, but overexpression of OsNRT2.1 or OsNRT2.3a alone could not improve rice tolerance to drought [START_REF] Gorska | Nitrate control of root hydraulic properties in plants: translating local information to whole plant response[END_REF][START_REF] Górska | The capacity for nitrate regulation of root hydraulic properties correlates with species' nitrate uptake rates[END_REF] . In tomato, N supply leads to a systematic reaction including Lpr alteration [START_REF] Wang | Nitrate-Induced Genes in Tomato Roots. Array Analysis Reveals Novel Genes That May Play a Role in Nitrogen Nutrition[END_REF] while water channel gene expression is more slow-reacting, not before 48h of treatment [START_REF] Plett | The intersection of nitrogen nutrition and water use in plants: new paths toward improved crop productivity[END_REF] .

Figure 6: Illustration of how nitrogen supply can affect root water uptake in drought stress (modified from [START_REF] Ding | Is Nitrogen a Key Determinant of Water Transport and Photosynthesis in Higher Plants Upon Drought Stress?[END_REF] With different forms of N supply, the regulation of root aquaporins activity could be either through transpiration-driven mass flow in the soil to root uptake via membrane transporters and channels and transport of N-containing molecular, or through regulation of root architecture such as the depositions of lignin and suberin [START_REF] Matimati | Nitrogen regulation of transpiration controls mass-flow acquisition of nutrients[END_REF][START_REF] Wilkinson | Nitrate signalling to stomata and growing leaves: interactions with soil drying, ABA, and xylem sap pH in maize[END_REF][START_REF] Cramer | The importance of nutritional regulation of plant water flux[END_REF][START_REF] Kupper | Does soil nutrient availability influence night-time water flux of aspen saplings?[END_REF] . Nitrogen acts as a signal for the regulation of water fluxes. Moreover, nitrogen is proven to act as a signal to regulate transpiration-driven mass-flow of nutrients from substrate zones that were inaccessible to roots [START_REF] Ranathunge | Ammonium-induced architectural and anatomical changes with altered suberin and lignin levels significantly change water and solute permeabilities of rice (Oryza sativa L.) roots[END_REF] . Depending on prevailing resistances to water and nutrient flow, root anatomical structure regulates water and nutrient uptake driven by shoot demand via apoplastic and cell-to-cell transport pathways. For instance in rice, higher ammonium supply increases the deposition of lignin and suberin to reduce Lpr and affect the expression of the aquaporin [START_REF] Ding | Root ABA Accumulation Enhances Rice Seedling Drought Tolerance under Ammonium Supply: Interaction with Aquaporins[END_REF][START_REF] Ding | The enhanced drought tolerance of rice plants under ammonium is related to aquaporin (AQP)[END_REF][START_REF] Gao | Nitrate increases ethylene production and aerenchyma formation in roots of lowland rice plants under water stress[END_REF][START_REF] Barberon | Adaptation of Root Function by Nutrient-Induced Plasticity of Endodermal Differentiation[END_REF] .. Additionally, under drought stress, N supply regulates the production of ethylene and ABA, the former may reduce the suberisation, the latter will increase the suberisation [START_REF] Fortin | Nodulin-26, a peribacteroid membrane nodulin is expressed independently of the development of the peribacteroid compartment[END_REF] . However, it remains unclear how nitrogen supply can affect aquaporin activities.

N metabolism under drought

For non-legume plants, the utilisation of N-containing molecules in soil, including ammonium, nitrate, urea, and other N forms, is the major way to acquire N. Evidence showed drought stress is affecting N metabolism, from N assimilation to N remobilisation.

Drought stress can affect symbiotic nitrogen fixation

In legume plants, nitrogen is fixed through symbiotic fixation which results in the establishment of mutualistic nodules with N 2 -fixing bacteria (rhizobia) when soil N is limiting.

Once established the symbiotic niche, the rhizobia can convert atmospheric N 2 to ammonia, in exchange for carbohydrates and minerals fixed by host plants, through a symbiosome membrane in the nodulin. Nodulin 26-like intrinsic protein is the major protein component of the mature soybean symbiosome membrane [START_REF] Rivers | Functional Analysis of Nodulin 26, an Aquaporin in Soybean Root Nodule Symbiosomes[END_REF] . As part of aquaporin family, multifunction of Nodulin 26 facilitates water and glycerol transportation [START_REF] Tyerman | Plant aquaporins: multifunctional water and solute channels with expanding roles[END_REF][START_REF] Niemietz | Channel-mediated permeation of ammonia gas through the peribacteroid membrane of soybean nodules[END_REF] as well as the efflux of NH 3 /NH 4 + through the symbiosome membrane [START_REF] Masalkar | Interaction of Cytosolic Glutamine Synthetase of Soybean Root Nodules with the C-terminal Domain of the Symbiosome Membrane Nodulin 26 Aquaglyceroporin[END_REF] . The conserved C-terminal domain of Nod26 binds to soybean nodule cytosolic glutamine synthetase ( GS ), the principal ammonia assimilatory enzyme, thus both form a complex to promote efficient assimilation of fixed nitrogen, as well as to prevent potential ammonia toxicity, by localising the enzyme to the cytosolic side of the symbiosome membrane [START_REF] Guenther | Phosphorylation of Soybean Nodulin 26 on Serine 262 Enhances Water Permeability and Is Regulated Developmentally and by Osmotic Signals[END_REF] . Phosphorylation of nodulin 26 coincided with the establishment of mature nitrogen-fixing symbiosomes and was induced by osmotic drought stress [START_REF] Uehlein | Arbuscular Mycorrhizal Symbiosis and Plant Aquaporin Expression[END_REF]Giovannetti et al., 2012) by affecting the activity of water and/or ammonia transport. Additionally, NIPs expression was proven to be mycorrhiza-inducible in both Lotus japonicus [START_REF] Uehlein | Arbuscular Mycorrhizal Symbiosis and Plant Aquaporin Expression[END_REF] and Medicago truncatula [START_REF] Gil-Quintana | Local inhibition of nitrogen fixation and nodule metabolism in drought-stressed soybean[END_REF] . Besides, symbiotic associations with arbuscular mycorrhizal (AM) fungi are the most common and widespread terrestrial plant symbioses, which have a global impact on plant mineral nutrition. The associations with mycorrhiza-inducible NIP expression could point to a potential link with water flux and nitrogen fixation. Drought stress is a major factor limiting symbiotic nitrogen fixation in soybean crop production [START_REF] Turner | Advances in Agronomy[END_REF][START_REF] Turner | Sustainable production of crops and pastures under drought in a Mediterranean environment[END_REF] , to what extent stress can limit the grain production differ between species [START_REF] González | Abscisic acid induces a decline in nitrogen fixation that involves leghaemoglobin, but is independent of sucrose synthase activity[END_REF] . Generally, exposure to drought can result in metabolic changes in the nodule, including declined starch accumulation and increased sucrose accumulation, decreased amino acid and proteolysis, and declined leghaemoglobin. Likewise, exogenous ABA supply induces a decline in nitrogen fixation that involves leghaemoglobin, but is independent of sucrose synthase activity in pea (Ding et al., 2008) ; ABA can suppress Nod factor signal transduction in the epidermis and can regulate cytokinin induction of the nodule primordium in the root cortex to regulate the diverse developmental pathways associated with nodule formation in Medicago truncatula [START_REF] Larrainzar | Medicago truncatula Root Nodule Proteome Analysis Reveals Differential Plant and Bacteroid Responses to Drought Stress[END_REF] . Proteomic analysis of the protein fraction of drought-stressed nodules showed involvement in symbiotic nitrogen fixation and N assimilation [START_REF] Gil-Quintana | Local inhibition of nitrogen fixation and nodule metabolism in drought-stressed soybean[END_REF][START_REF] Marino | Nitrogen fixation control under drought stress. Localized or systemic?[END_REF] . Nitrogen fixation under drought stress is proved to be a local regulation taking place in soybean and downplay the role of ureides in the inhibition in Medicago truncatula and soybean [START_REF] Gil-Quintana | Medicago truncatula and Glycine max: Different Drought Tolerance and Similar Local Response of the Root Nodule Proteome[END_REF] . Particular down-regulated proteins were lipoxygenases and proteins involved in carbon, nitrogen and sulfur metabolism, similar to the root proteome, and proteins involved in protein turnover (Meyer and Stitt, 2001) . Collectively, drought stress limiting symbiotic nitrogen fixation, and NIPs could be involved in both rhizobial and AM symbiosis for nutrient delivery and water transport.

N assimilation and remobilisation is affected by drought stress

Nitrate or ammonium, as inorganic nitrogen pool, and amino acids under particular conditions of soil composition are major nitrogen sources taken up by higher plants (Fig. 7). Nitrogen assimilation requires the nitrate reduction to form ammonium, which first takes place in the cytosol by nitrate reductase (NR) to produce nitrite [START_REF] Lea | Alternative route for nitrogen assimilation in higher plants[END_REF][START_REF] Lea | The use of mutants and transgenic plants to study amino acid metabolism[END_REF] , then nitrite is translocated to the plastid (chloroplast in the shoot) and is reduced to ammonium by nitrite reductase (NIR), followed by ammonium assimilation into amino acids. Ammonium, originating from nitrate reduction, and also from photorespiration or amino acid recycling, is mainly assimilated in the plastid/chloroplast by the so-called GS/GOGAT cycle [START_REF] Bernard | The importance of cytosolic glutamine synthetase in nitrogen assimilation and recycling[END_REF] . Cytosolic GS1 and chloroplastic GS2 , are two isoforms of glutamine synthetase ( GS ), both can catalyse ATP-dependent condensation of NH4+ to form glutamine. Two classes of nuclear genes code cytosolic GS1 and plastidic GS2 , are the GLN2 and GLN1 genes families. GLN2 encodes the chloroplastic GS2 , is generally involved in the primary assimilation of ammonium directly from nitrate reduction in both C3 and C4 plants and in the assimilation of ammonium produced from photorespiration in C3 plants. While GLN1 encodes cytosolic GS1 isoforms, is present in different organs such as roots or stems and is considered to contribute to ammonium recycling during particular developmental steps such as leaf senescence and in glutamine synthesis for transport into the phloem sap [START_REF] Singh | Regulation of glutamine synthetase isoforms in two differentially drought-tolerant rice (Oryza sativa L.) cultivars under water deficit conditions[END_REF] .Drought-afflicted rice plants have been reported to reduce total GS activity mainly due to decrease in GS2 activity, while drought-tolerant rice cultivar Khitish maintained a more steady total leaf GS activity over 12d of drought [START_REF] Zhong | Nitrogen Metabolism in Adaptation of Photosynthesis to Water Stress in Rice Grown under Different Nitrogen Levels[END_REF] . It was also reported that at low N, important enzymes involved in N recycling such as GS, GOGAT, and GDH were more sensitive to drought, implying that primary N assimilation and other N metabolic processes could be regulated by drought [START_REF] Wang | Stress-Induced Chloroplast Degradation in Arabidopsis Is Regulated via a Process Independent of Autophagy and Senescence-Associated Vacuoles[END_REF] . Delaying chloroplast turnover is proven to increase / water-deficit stress tolerance by improving nitrogen assimilation. The silenced line of CHLOROPLAST VESICULATION (CV) was shown to display enhanced carbon and nitrogen assimilation and photorespiration in Arabidopsis [START_REF] Sade | Delaying chloroplast turnover increases water-deficit stress tolerance through the enhancement of nitrogen assimilation in rice[END_REF] and rice [START_REF] Otegui | Vacuolar degradation of chloroplast components: autophagy and beyond[END_REF] . Drought can lead to a proteolytic breakdown of protein and consequently result in structure breakdown in chloroplasts to accumulate amino acids and lipids, and further into nutrients that can be recycled and mobilized to sink organs [START_REF] Szabados | Proline: a multifunctional amino acid[END_REF] . The variation of amino acids in plants exposed to drought varies at different N levels, likely due to the effect of N uptake and assimilation and protein turnover, such as osmolyte proline, which is well recognised as an important contributor to stabilizing membrane structure by buffering cellular redox potential [START_REF] Watanabe | The purine metabolite allantoin enhances abiotic stress tolerance through synergistic activation of abscisic acid metabolism[END_REF] . In addition, purine catabolism is regarded as a housekeeping function that remobilises nitrogen for plant growth and development. The intermediary metabolite allantoin gives a clue of the intersection of nitrogen metabolism and abscisic acid (ABA) metabolism. It is proven that the loss-of-function of ALN gene, encoding allantoinase, has enhanced tolerance to drought-shock and osmotic stress due to a specific effect of allantoin accumulation. Allantoin activates ABA accumulation in two parallel pathways, the first is encoding a key enzyme to mediate NCED3 transcription in ABA biosynthesis pathway, the second is through post-translational activation via complex formation of ABA-BG1. It can be assumed that purine catabolism functions not only in nitrogen metabolism but also in stress tolerance by influencing ABA production, which is mediated by the possible regulatory action of allantoin [START_REF] Yang | Drought-induced root aerenchyma formation restricts water uptake in rice seedlings supplied with nitrate[END_REF][START_REF] Witte | Urea metabolism in plants[END_REF]Liu et al., 2003) .

It is well recognised that the aquaporin family facilitates the transportation of N-contained molecules such as urea. Urea is intensively used as a nitrogen fertilizer in agriculture, also is an important N metabolite in plants. Urea is degraded to ammonium by urease in soil and then utilised by plants. Both aquaporins and DUR3 orthologs can facilitate the urea root uptake from soil [START_REF] Wang | The Interactions of Aquaporins and Mineral Nutrients in Higher Plants[END_REF] , although the capacity of urea transport varies between species. It was found that both NIPs and TIPs can facilitate the urea transportation (Wang et al., 2016) , NIP localised at the plasma membrane to allow entry of urea into cells, followed by vacuolar loading through TIPs, which is the major regulator of influx and efflux of NH 4 +/NH 3 into the vacuole ( [START_REF] Zhang | CsNIP2;1 is a Plasma Membrane Transporter from Cucumis sativus that Facilitates Urea Uptake When Expressed in Saccharomyces cerevisiae and Arabidopsis thaliana[END_REF] . Vacuolar loading is beneficial for the N storage of excess urea and NH 4 +/NH 3 , eliminating ammonium toxicity, and vacuolar unloading can remobilise the urea and ammonium by passive and low-affinity transport pathways under nitrogen starvation. Zhang et al. (Yang et al., 2012) reported in Cucumis sativus , CsNIP2;1 facilitates the transport of urea under nitrogen deficiency. In arabidopsis, NIP5;1 and NIP6;1 were involved in detoxification of urea/ammonia under excessive urea level , but this is highly dependent on boron deficiency [START_REF] Gu | Isolation and characterization of three maize aquaporin genes, ZmNIP2;1, ZmNIP2;4 and ZmTIP4;4 involved in urea transport[END_REF] . ZmTIP4;4 was shown to facilitate the transport of urea, and the expression of the gene is upregulated under N deficiency in expanded leaves [START_REF] Christmann | Generation of Active Pools of Abscisic Acid Revealed by In Vivo Imaging of Water-Stressed Arabidopsis[END_REF] , suggesting that ZmTIP4;4 -regulated urea transport is essential for unloading vacuolar urea across the tonoplast under N starvation conditions.

2.2 Signal sensing networks during drought and N deficiency 2.2.1 Specific stress sensor for drought and N deficiency Drought stress exhibit an ABA core-component responsive machinery Water-deficit conditions are initially detected by roots, then abscisic acid (ABA) accumulates first in shoot vascular tissues and later appears in roots and guard cells [START_REF] Li | Long-distance ABA transport can mediate distal tissue responses by affecting local ABA concentrations: ABA transport and effects in grafted plants[END_REF] suggesting long-distance transport of ABA for proper ABA signalling in the whole plant [START_REF] Takahashi | A small peptide modulates stomatal control via abscisic acid in long-distance signalling[END_REF] . Consistent with this notion, a small peptide, CLAVATA3/EMBRYO SURROUNDING REGION 25 (CLE25) , is induced by dehydration stress in roots, which moves to leaves to stimulate ABA biosynthesis and promote stomatal closing [START_REF] Ren | A new regulator of seed size control in Arabidopsis identified by a genome-wide association study[END_REF] . CLE25 is also involved in phloem initiation in Arabidopsis [START_REF] Kuromori | ABC transporter AtABCG25 is involved in abscisic acid transport and responses[END_REF][START_REF] Kang | PDR-type ABC transporter mediates cellular uptake of the phytohormone abscisic acid[END_REF] . ATP-BINDING CASSETTE G25/40 (ABCG25/26/40) [START_REF] Kanno | Identification of an abscisic acid transporter by functional screening using the receptor complex as a sensor[END_REF][START_REF] Ge | Isolation of an ABA Transporter-Like 1 Gene from Arachis hypogaea That Affects ABA Import and Reduces ABA Sensitivity in Arabidopsis[END_REF] and ABA-IMPORTING TRANSPORTER1/NITRATE TRANSPORTER 1.2 (AIT1/NRT1.2) [START_REF] Zhang | A DTX/MATE-type transporter facilitates abscisic acid efflux and modulates ABA sensitivity and drought tolerance in Arabidopsis[END_REF] , the DETOXIFICATION EFFLUX CARRIERS 50/MULTIDRUG AND TOXIC COMPOUND EXTRUSION (DTX50/MATE) transporters [START_REF] Burla | Vacuolar Transport of Abscisic Acid Glucosyl Ester Is Mediated by ATP-Binding Cassette and Proton-Antiport Mechanisms in Arabidopsis[END_REF] , ABCC1/2 [START_REF] Yao | The AWPM-19 Family Protein OsPM1 Mediates Abscisic Acid Influx and Drought Response in Rice[END_REF] were characterised as ABA transporters. ABCG40/22 and AIT1 were shown to function as influx transporters of ABA, whereas DTX50 and ABCG25 act as the efflux transporters of ABA. ABCC1/2 transport ABA-GE into vacuoles. PLASMA MEMBRANE PROTEIN1 (OsPM1) on the plasma membrane is found to be involved in ABA influx in rice, and its gene expression is regulated by the AREB/ABF family transcription factor OsbZIP46 [START_REF] Cutler | Abscisic acid: emergence of a core signaling network[END_REF][START_REF] Qi | ROS signaling and stomatal movement in plant responses to drought stress and pathogen attack[END_REF][START_REF] Zhu | Abiotic Stress Signaling and Responses in Plants[END_REF] . ABA transporters are mostly localised on the plasma membrane except for ABCC1/2 that is localized on the vacuolar membrane.

The ABA signalling core components are highly conserved in plants. It is now well accepted that PYR/PYL/RCAR proteins, PP2Cs and SnRK2 kinases constitute the core ABA signalling module that is responsible for the earliest events of ABA signalling. PP2Cs are active without ABA and in turn, repress the kinase activity of SnRK2s as well as the downstream ABA signalling pathways. However, ABA induces the formation of PYR/PYL/RCAR-ABA-PP2C / complexes, which inactivate PP2Cs, allowing the activation of SnRK2s and the downstream events of ABA signalling [START_REF] Wang | EAR1 negatively regulates ABA signaling by enhancing 2C protein phosphatase activity[END_REF] . EAR1 binds with PP2Cs and increases the phosphatase activities by releasing the inhibition of the catalytic domains of PP2Cs by their N-terminal domains [START_REF] Wang | EAR1 negatively regulates ABA signaling by enhancing 2C protein phosphatase activity[END_REF] . BRASSINOSTEROID INSENSITIVE 2 (BIN2) is inhibited by ABI1 and ABI2, while it can phosphorylate and activate SnRK2.2/2.3 in the ABA signalling pathway [START_REF] Lin | A RAF-SnRK2 kinase cascade mediates early osmotic stress signaling in higher plants[END_REF][START_REF] Soma | Plant Raf-like kinases regulate the mRNA population upstream of ABA-unresponsive SnRK2 kinases under drought stress[END_REF] . In Arabidopsis thaliana, different RAF-LIKE KINASEs (RAFs) are required for ABA or osmotic stress activation of SnRK2s [START_REF] Bhaskara | Protein Phosphatase 2Cs and Microtubule-Associated Stress Protein 1 Control Microtubule Stability, Plant Growth, and Drought Response[END_REF] . CLADE E GROWTH-REGULATING TYPE 2CPROTEIN PHOSPHATASE 2 (EGR2) negatively regulates plant growth and osmotic stress response [START_REF] Kumar | An Arabidopsis thaliana RECEPTOR DEAD KINASE1 (RDK1) gene functions as a positive regulator in plant responses to ABA[END_REF] . A receptor-like kinase (RLKs) localized on the plasma membrane, Receptor Deadkinase1 (RDK1), can interact with ABI1 and positively regulate plant drought stress response [START_REF] Castillo | Inactivation of PYR/PYL/RCAR ABA receptors by tyrosine nitration may enable rapid inhibition of ABA signaling by nitric oxide in plants[END_REF][START_REF] Feng | Protein S-nitrosylation in plants: Current progresses and challenges[END_REF]Wang et al., 2014) . Nitric Oxide is found to negatively regulate OST1 and PYLs by S-nitrosylation [START_REF] Wang | Reciprocal Regulation of the TOR Kinase and ABA Receptor Balances Plant Growth and Stress Response[END_REF] . Under stress, ABA-activated SnRK2s phosphorylate Raptor, one component in the TOR complex, leading to the dissociation of TOR complex and growth inhibition [START_REF] Yu | FERONIA receptor kinase pathway suppresses abscisic acid signaling in Arabidopsis by activating ABI2 phosphatase[END_REF] . The receptor-like kinase Feronia (FER), a positive growth regulator auxin signalling, has a negative role in ABA signalling [START_REF] Liu | Switching between the two action modes of the dual-affinity nitrate transporter CHL1 by phosphorylation[END_REF][START_REF] Liu | CHL1 Is a Dual-Affinity Nitrate Transporter of Arabidopsis Involved in Multiple Phases of Nitrate Uptake[END_REF] . Thus, the cross-talk among different signalling pathways coordinately balance the trade-offs between plant growth and stress responses.

Nitrogen signalling pathway is mediated by NRT1.1-NLP core components.

In plants, roles of nitrate transporter NRT1.1 in nitrate transport, sensing, and signalling have been well recognised. NRT1.1 was identified as a dual-affinity nitrate transporter and its affinity switch is modulated by the phosphorylation status at T101 residue [START_REF] Muños | Transcript Profiling in the chl1-5 Mutant of Arabidopsis Reveals a Role of the Nitrate Transporter NRT1.1 in the Regulation of Another Nitrate Transporter, NRT2.1[END_REF][START_REF] Remans | The Arabidopsis NRT1.1 transporter participates in the signaling pathway triggering root colonization of nitrate-rich patches[END_REF][START_REF] Wang | NRT1.1 in plants: functions beyond nitrate transporter[END_REF] . The study also demonstrates NRT1.1 functions in N signalling [START_REF] Ho | CHL1 functions as a nitrate sensor in plants[END_REF] . Under low nitrate conditions, NRT1.1 can be phosphorylated at T101 residue by CIPK23, leading to a low-level primary nitrate response; while high nitrate results in the dephosphorylation of T101 and a high-level primary nitrate response (Bouguyon et al., 2015) . Moreover, NRT1.1 plays a crucial role in response to different nitrate availability, long-term feedback repression of NRT2.1 at high N, repression of lateral root emergence at low nitrate, induction or repression of specific clusters of genes at high N, is suppressed by both phosphorylated and dephosphorylated forms of T101 [START_REF] Marchive | Nuclear retention of the transcription factor NLP7 orchestrates the early response to nitrate in plants[END_REF] . In Arabidopsis thaliana , NIN-Like Protein 7 (NLP7) is identified as a master regulator in the N signalling as a relay downstream of NRT1.1. NLP7 enables instant responses to the N availability within 3min [START_REF] Hu | Variation in NRT1.1B contributes to nitrate-use divergence between rice subspecies[END_REF] . In rice, it was found that OsNRT1.1B, the functional homolog of NRT1.1 [START_REF] Hu | Nitrogen-phosphorus interplay: old story with molecular tale[END_REF] , can interact with a phosphate signalling repressor SPX DOMAIN GENE 4 ( SPX4) and promotes the ubiquitination and degradation of SPX4 by recruiting NRT1.1B interacting protein 1 (NBIP1), an E3 ubiquitin ligase [START_REF] Górska | The capacity for nitrate regulation of root hydraulic properties correlates with species' nitrate uptake rates[END_REF] As discussed before, stress responses shared some common feature in terms of reduced growth and retarded physiological activities. The understanding of the role of calcium as a secondary messenger is widely studied [START_REF] Liu | Primary nitrate responses mediated by calcium signalling and diverse protein phosphorylation[END_REF] , calcium channels were mostly activated or gated by posttranslational modifications or other second messengers due to the initial stress sensory. Those secondary messengers are various molecules including, cyclic nucleotides, amino acids, reactive oxygen species (ROS), and calcium itself. Moreover, it has been highlighted that calcium signalling plays a critical downstream role in the primary nitrate responses [START_REF] Aliniaeifard | Signaling and Communication in Plants[END_REF] , as well as in drought stress response [START_REF] Riveras | The Calcium Ion Is a Second Messenger in the Nitrate Signaling Pathway of Arabidopsis[END_REF] .

In the N signalling pathway, calcium also acts as a second messenger and works downstream of NRT1.1 [START_REF] Léran | Nitrate sensing and uptake in Arabidopsis are enhanced by ABI2, a phosphatase inactivated by the stress hormone abscisic acid[END_REF] . The formation of CALCINEURIN B-LIKE PROTEIN 9 (CBL 9) and its interacting protein kinase CIPK23 complex can phosphorylate NRT1.1 and activate nitrate uptake at a low-level nitrate primary response. Later, Léran et al. identified ABA INSENSITIVE 2 ( ABI2), a protein phosphatase 2C family member that was inhibited by the stress hormone abscisic acid, as a key positive regulator of the nitrate transporter NRT1.1 by interaction with and dephosphorylation of CBL1-CIPK23 complex to repress nitrate sensing [START_REF] Léran | Nitrate sensing and uptake in Arabidopsis are enhanced by ABI2, a phosphatase inactivated by the stress hormone abscisic acid[END_REF] . ABI2 mutants with enhanced nitrate transport, nitrate sensing, and N signalling provide the first evidence of co-regulation of Nitrate -ABA pathways. The subgroup III calcium-sensor protein kinases, CPK10/30/32, were identified as the regulators of calcium-signalling mediated primary nitrate response ( [START_REF] Liu | Discovery of nitrate-CPK-NLP signalling in central nutrient-growth networks[END_REF] . CPKs could phosphorylate NLP7 and subsequently promote the nuclear retention of NLP7 in the presence of nitrate, thereby bridging the Ca2+ signalling with the nitrate-induced transcriptional response [START_REF] Sheen | Ca2+-Dependent Protein Kinases and Stress Signal Transduction in Plants[END_REF][START_REF] Zou | / Arabidopsis calcium-dependent protein kinase CPK10 functions in abscisic acid-and Ca2+-mediated stomatal regulation in response to drought stress[END_REF] . Moreover, CALCIUM-DEPENDENT PROTEIN KINASEs (CPK10 and 30) (previously known as CDPK1 and CDPK1a) have been shown to be involved in ABA-responsive regulatory process [START_REF] Sheen | Ca2+-Dependent Protein Kinases and Stress Signal Transduction in Plants[END_REF][START_REF] Zou | / Arabidopsis calcium-dependent protein kinase CPK10 functions in abscisic acid-and Ca2+-mediated stomatal regulation in response to drought stress[END_REF] , CPK10 mutant showed the disrupted phenotype of ABA-mediated and Ca 2+ -mediated induction of stomatal closure and inhibition of stomatal opening [START_REF] Malamy | Environmental regulation of lateral root initiation in Arabidopsis[END_REF] providing another evidence of co-control of the NO 3 -and ABA pathways.

Crosstalk of ABA -Nitrate in regulating root growth:

In soil, the distribution of soil moisture content and nitrogen content is heterogeneous. The root structure is essential for water and nutrients foraging. Lateral root formation plays a critical role in determining the architecture and the spatial arrangement of the root system in plants [START_REF] Signora | ABA plays a central role in mediating the regulatory effects of nitrate on root branching in Arabidopsis: ABA mediates role of NO3 in root branching[END_REF] , which is shown to be highly correlated with ABA signalling. It is well demonstrated that ABA signalling inhibits lateral root development across the whole root under a higher concentration of external nitrate, including ABA-dependent signalling pathways that involve ABI4 and ABI5 [START_REF] Xu | A vacuolar β-glucosidase homolog that possesses glucose-conjugated abscisic acid hydrolyzing activity plays an important role in osmotic stress responses in Arabidopsis[END_REF] . Both osmotic stress signals / [START_REF] Ondzighi-Assoume | Environmental Nitrate Stimulates Abscisic Acid Accumulation in Arabidopsis Root Tips by Releasing It from Inactive Stores[END_REF] and nitrate treatment [START_REF] Priest | Use of the glucosyltransferase UGT71B6 to disturb abscisic acid homeostasis in Arabidopsis thaliana[END_REF] can increase ABA levels via β-glucosidase-mediated hydrolysis of Glc-conjugated ABA ( ABA-GE ). ABA can also be conjugated with glucosyl ester (GE) by the UDP-glycosyltransferases, UGT71B6 [START_REF] Liu | UDP-glucosyltransferase71c5, a major glucosyltransferase, mediates abscisic acid homeostasis in Arabidopsis[END_REF] and UGT71C5 [START_REF] Kanno | Identification of an abscisic acid transporter by functional screening using the receptor complex as a sensor[END_REF] , producing inactive storage form ABA-GE that is stored in vacuoles and translocate in the xylem (Fig. 8A). These findings demonstrate a mechanism for nitrate-regulated root growth via regulation of ABA accumulation in the root tip, providing insight into the environmental regulation of root system development, root growth and root architecture.

Moreover, two members of the NRT1/PTR family have proven to be candidates for ABA importers. The first case is NRT1.2 , established in Arabidopsis thaliana [START_REF] Kanno | Identification of an abscisic acid transporter by functional screening using the receptor complex as a sensor[END_REF] . Transport assays in yeast and insect cells demonstrated that the candidates ABA-importing transporter (AIT1), which had been characterized as the low-affinity nitrate transporter NRT1.2 , can mediate cellular ABA uptake [START_REF] Pellizzaro | The Nitrate Transporter MtNPF6.8 (MtNRT1.3) Transports Abscisic Acid and Mediates Nitrate Regulation of Primary Root / Growth in Medicago truncatula[END_REF] . Compared with WT, the AIT1/NRT1.2 mutants were less sensitive to ABA during seed germination and/or post-germination growth, whereas overexpression of AIT1/NRT1.2 resulted in ABA hypersensitivity in the same conditions. AIT1/NRT1.2 mutants exhibited a lower leaf temperature than those of the WT due to excess water loss from stomata opening in the inflorescence stem. These data suggest that AIT1/NRT1.2 as an ABA/nitrate importer is important for the regulation of stomatal aperture in inflorescence stems. The second case is Medicago truncatula NRT1.3. [START_REF] Fukushima | Integrated network analysis and effective tools in plant systems biology[END_REF] showed that the involvement of the nitrate transporter MtNRT1.3 expression was insensitive to auxin and was stimulated by ABA, which restored the inhibitory effect of nitrate in NRT1.3 knockdown lines. It is then proposed that ABA acts downstream of MtNRT1.3 in this N signalling pathway. Furthermore, MtNRT1.3 was shown to transport ABA in Xenopus spp. Oocytes , suggesting an additional role of MtNRT1.3 in ABA root-to-shoot translocation.

3. Systems Biology, an indispensable approach for investigating abiotic stress responses in plants.

multi-omics integration strategy used in plants research

Generally, integrative analysis of large-scale datasets obtained from high throughput experiments are served for two major purposes: First, using data-driven approaches to reveal tangled networks behind how plants acquire, transform and expend energy for adaptation and reproduction under stress conditions [START_REF] Zhao | The Difference of Physiological and Proteomic Changes in Maize Leaves Adaptation to Drought, Heat, and Combined Both Stresses[END_REF] . Second, to filter out key regulatory pathways or gene components that are important to plants' response to stress adaptation. Further interpretation with functional analysis, metabolic pathway enrichment, molecular interactions, can help to achieve a systematic understanding of the molecular functions and regulatory mechanisms of plant stress tolerance (Fig. 9). Large-scale transcriptional data have been used to decipher signalling pathways and regulatory networks in response to stress. For example, [START_REF] Krouk | Nitrate-Regulated Auxin Transport by NRT1.1 Defines a Mechanism for Nutrient Sensing in Plants[END_REF] use time-series transcriptome data to interpret gene relationships involved in Arabidopsis root adaptation to nitrate provision, consequently revealing a regulatory network hub encoding a transcription factor, SPL9 , which leads to the modification of the kinetic nitrate response of sentinel genes such as NIR, NIA2, and NRT1.1 , and several other transcription factors. Additionally, [START_REF] Rasmussen | Transcriptome responses to combinations of stresses in Arabidopsis[END_REF] conducted comparative transcriptome analysis in 10 Arabidopsis thaliana accessions using cold, heat, high-light, salt, and flagellin treatments as single stress factors as well as their double combinations and found significant differences in the transcriptional responses to different combinations of stresses. About 28% of the genes are specifically regulated by a single one of these stresses and are not affected by any other single stress. These genes are mainly involved in cyst-like membrane construction and high-light stress response, indicating that their regulatory pathways are mainly involved in photosynthetic processes.

/

Multi-dimensional analyses have been increasingly used to identify unique genes or metabolic markers involved in the response to combined stress. Proteins participate directly in the formation of new plant phenotypes by regulating physiological characteristics to adapt to changes in the environment. At proteome level, adaptive response of maize under heat and salt stress results in alterations of enzyme activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), and glutathione reductase (GR), leading to an establishment of new homeostasis [START_REF] Obata | Metabolite profiles of maize leaves in drought, heat and combined stress field trials reveal the relationship between metabolism and grain yield[END_REF] . While metabolites, as the final products of gene transcription and protein modification, play a tremendous regulatory role in cellular signal release, energy transfer, intercellular communication (Fig. 9). Metabolomic data in maize ( Zea mays ) under drought and high-temperature stress revealed myoinositol and raffinose-family oligosaccharides (RFO) as two promising metabolic markers that were correlated to grain yield under drought [START_REF] Fiehn | Extending the breadth of metabolite profiling by gas chromatography coupled to mass spectrometry[END_REF] . The results can reveal the landscape of phenotypes influenced by genetic or environmental factors, which is closer to the phenotype of organisms [START_REF] Ritchie | Methods of integrating data to uncover genotype-phenotype interactions[END_REF] .

/

Coordination of stress responses is accomplished through a multidimensional regulatory network; it is believed that integrating datasets can compensate for missing information or misinformation in any single data type [START_REF] Zander | Integrated multi-omics framework of the plant response to jasmonic acid[END_REF] . Plants integrate different signals (e.g. hormones, calcium ions, reactive oxygen species) and metabolism pathways (e.g. sugar, amino acids) in response to combined stress, as much elucidated in Arabidopsis and other crops. For example, to elucidate the molecular mechanisms of plant-pathogen interactions under multiple stresses, [START_REF] Prasch | Simultaneous Application of Heat, Drought, and Virus to Arabidopsis Plants Reveals Significant Shifts in Signaling Networks[END_REF] developed a comparative analysis of single, double, and triple stress responses at transcriptome and metabolome level, allowing identification of metabolic processes and functional networks involved in tripartite interactions than is not seen in single stress. In addition, Zander et al. [START_REF] Koussevitzky | Ascorbate Peroxidase 1 Plays a Key Role in the Response of Arabidopsis thaliana to Stress Combination[END_REF] use the integration of time-series transcriptome analysis with proteomic data to reconstruct JA regulatory network models and predict new mediators involved in cross-regulation of JA signalling pathways. Forty-five proteins in Arabidopsis thaliana specifically responding to combined drought and heat stress, were identified using multi-omics study, and these proteins are mainly involved in reactive oxygen species and malate metabolism and the Calvin cycle. Among which, the cytoplasmic APX1 is important for combined stress tolerance [START_REF] Großkinsky | Integration of multi-omics techniques and physiological phenotyping within a holistic phenomics approach to study senescence in model and crop plants[END_REF] .

In addition, the integration of omic data with physiological phenotype is essential to understand the intricate regulatory framework, including natural variation in shape responses to major stressors. The importance of building a holistic view by integrating physiological parameters and multi-omics studies has been demonstrated in dissecting the complex phenomenon of senescence [START_REF] Bazakos | New Strategies and Tools in Quantitative Genetics: How to Go from the Phenotype to the Genotype[END_REF] . Furthermore, non-destructive high-throughput phenotyping can help address the stage of individuals, providing valuable instruction for constructive omics study [START_REF] Argelaguet | Multi-Omics Factor Analysis-a framework for unsupervised integration of multi-omics data sets[END_REF] .

Together, integration of all knowledge is required to picture a cohesive view of plant adaptation to their environment in this post-genomic era. Large scale datasets, multidimensional omics, emergent quantitative, dynamic data-driven modelling, making multivariate analysis most commonly used to harness the complexity.

Multivariate analysis

Statistical aid is emerging for the tremendous amounts of -omics datasets that have been generated. Although the number of multi-omic studies is rapidly increasing, the diversity of approaches for data integration remains in two distinct categories: data-driven approaches and knowledge-driven approaches. Multivariate projection methodologies for the exploration of large biological datasets must be deployed based on the scientific purpose and dataset feature. Rather than relying on prior information such as component interaction, the most commonly used methods are data-driven approaches.

A typical integrative analysis scenario starts with simple statistical approaches such as correlation and enrichment analyses, network analysis, which leads to functional network construction. Correlation analysis is based on associations, which is indicated by a Pearson or Spearman correlation coefficient (r 2 ) to evaluate linear relationships among molecular abundances, between each pair of biological components (e.g., transcripts-transcripts and transcripts-metabolites). Enrichment analysis uses a given molecular group such as gene ontology and biochemical pathway, to gain mechanistic insight into gene lists generated from omics data. Interaction-based approaches such as topological analysis network module detection, correlation network analysis or enrichment analysis have been used to construct and analyze biological networks from omics data.

A higher level of data-driven analysis such as unsupervised and supervised methods, takes full advantage of high dimensional data instead of pairwise evaluation at a time. Unsupervised methods such as hierarchical clustering, dimension reduction techniques such as Principal Component Analysis (PCA), are emerging to reduce the dimension of -omics datasets by using instrumental variables to identify clusters on the basis or to highlight underlying factors within the data. As a variant of matrix factorisation, Multi-Omics Factor Analysis (MOFA), uncovers principal sources of variation and allows to infer low-dimensional factors that are representative [START_REF] Barker | Partial least squares for discrimination[END_REF] . Supervised machine learning method allows to label the dataset for statistical discrimination based on linear model regression. For example, Partial Least Squares regression -Discriminant Analysis (PLS-DA) [START_REF] Cao | Sparse PLS discriminant analysis: biologically relevant feature selection and graphical displays for multiclass problems[END_REF] is a linear classification model that is able to predict the class of new samples. Moreover, sparse PLS-DA (sPLS-DA) enables the selection of the most predictive or discriminative features in the data that help classify the samples [START_REF] Mueller | AraCyc: A Biochemical Pathway Database for Arabidopsis[END_REF] The major drawback is that statistical approaches hardly consider the existing biochemical knowledge, which in turn brings challenges to interpret the biological meaning behind highlighted features.

As opposed to data-driven analysis, knowledge-guided data mining and machine learning algorithms based on the prior information aggregated from previous knowledge are more urged to be developed. Large amounts of resources facilitate comparative analysis in Arabidopsis thaliana and can be used as a guideline to interpret featured components. Metabolic pathways can be visualised for public databases such as AraCyc [START_REF] Aoki | Using the KEGG Database Resource[END_REF] and KEGG [START_REF] Ashburner | Gene Ontology: tool for the unification of biology[END_REF] . GO (Tsesmetzis et al., 2008) is a description of gene functions according to the biological process, molecular function or cellular component of individual genes. In addition, Arabidopsis thaliana Reactome serves as an important source of information [START_REF] Palaniswamy | AGRIS and AtRegNet. A Platform to Link cis-Regulatory Elements and Transcription Factors into Regulatory Networks[END_REF] . To build regulatory networks, AGRIS contains all Arabidopsis thaliana promoter sequences, TFs, and their target genes and functions are valuable to refer to (Winter et al., 2007) . The Arabidopsis thaliana eFP browser [START_REF] Schmid | A gene expression map of Arabidopsis thaliana development[END_REF] provides a graphical representation of gene expression plotted on drawings of the different tissue and developmental stages based on data from AtGenExpress [START_REF] Han | iGraph: a framework for comparisons of disk-based graph indexing techniques[END_REF] and more.

Visualisation tools of biological networks, such as igraph [START_REF] Shannon | Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks[END_REF] and Cytoscape [START_REF] Horvath | Geometric Interpretation of Gene Coexpression Network Analysis[END_REF] have been developed for exploring co-expression networks, to identify nodes (i.e., genes or metabolite) that are "hubs", meaning these genes have large numbers of partners. These hub nodes may be analysed in conjunction with other data, for instance, the presence and absence of node genes or increased or decreased levels of expression under particular conditions to identify important hub genes [START_REF] Chan | Understanding the Evolution of Defense Metabolites in Arabidopsis thaliana Using Genome-wide Association Mapping[END_REF] .

Together, generation of high throughput datasets together with systematic analyses through carefully curated databases and integration of statistical and computational tools is necessary to enable accurate hypothesis building from these high-dimensional datasets. The challenge lies in gathering enough curated data to train the algorithm and interpret its meaning and carefully validate hypotheses in plants.

4. Systems genetics, exploiting natural variation as a source of phenotypic diversity : Stress responses discussed in the previous sections may vary not only among species but also among individuals of a species. To what extent these genetic variations are affecting the performances of a genotype against environmental factors, and leading to adaptation to various growing environments, are important questions in the context of evolution and breeding. In the following section, I will review this genetic and phenotypic diversity constrained by the environment, how A. thaliana is used as a model plant to decompose natural variation as well as the methodology we use to decompose this complexity.

Natural variation in stress response: GXE

Phenotypic plasticity is illustrated in Fig. 10: phenotypic plasticity is defined by environment effect on traits, in addition to genotype by environment interactions (G x E). To break genotype by environment interaction into its individual genetic components, the genetic complexity of the phenotypic responses to the environment should be dissected to understand the genetic control of underlying QTLs. Previous research has confirmed that many QTL identified are specific to a given condition. For example, metabolites QTLs are known to be associated with spatio-temporal regulation of a biochemical pathway response to environmental stimuli. Chan showed that glucosinolate-related could be environment-dependent as well as organ-dependent [START_REF] Prinzenberg | Relationships between Growth, Growth Response to Nutrient Supply, and Ion Content Using a Recombinant Inbred Line Population in Arabidopsis[END_REF][START_REF] Buescher | Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectrometry Method for Fast and Robust Quantification of Anionic and Aromatic Metabolites[END_REF] the same conclusions were reached in many studies corresponding to ionomic traits [START_REF] Loudet | Natural variation for sulfate content in Arabidopsis thaliana is highly controlled by APR2[END_REF] . Furthermore, growth and flowering QTLs are also environmentally-dependent even though pleiotropic QTL such as those corresponding to CRY2, FRI ... have been isolated under different environments. Even if QTLs are involved consistently in several environments, the magnitude of the QTL effect can be manipulated by genotype x environment interaction. For example, SO3.1 Locus increased its impact on sulphate under growth-limiting nitrogen conditions [START_REF] Tian | Genome-wide association study of leaf architecture in the maize nested association mapping population[END_REF][START_REF] Horton | Genome-wide patterns of genetic variation in worldwide Arabidopsis thaliana accessions from the RegMap panel[END_REF][START_REF] Yano | Genome-wide association study using whole-genome sequencing rapidly identifies new genes influencing agronomic traits in rice[END_REF][START_REF] Deja-Muylle | Exploiting natural variation in root system architecture via Genome Wide Association Studies[END_REF][START_REF] Baxter | A coastal cline in sodium accumulation in Arabidopsis thaliana is driven by natural variation of the sodium transporter AtHKT1;1[END_REF][START_REF] Li | Association mapping of local climate-sensitive quantitative trait loci in Arabidopsis thaliana[END_REF][START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF][START_REF] Lasky | Characterizing genomic variation of Arabidopsis thaliana : the roles of geography and climate: GEOGRAPHY, CLIMATE AND ARABIDOPSIS GENOMICS[END_REF][START_REF] Lasky | Natural Variation in Abiotic Stress Responsive Gene Expression and Local Adaptation to Climate in Arabidopsis thaliana[END_REF] . 

GWAS: as a tool to study natural variation

Genome-wide association study (GWAS) is a powerful approach to decipher the genetic variant underlying the intraspecific phenotypic variations, especially physiological and agricultural traits of plants [START_REF] Togninalli | AraPheno and the AraGWAS Catalog 2020: a major database update including RNA-Seq and knockout mutation data for Arabidopsis thaliana[END_REF][START_REF] Togninalli | The AraGWAS Catalog: a curated and standardized Arabidopsis thaliana GWAS catalog[END_REF] . Over the past decade, the use of GWAS in plant genetics for discovery and validation of quantitative trait loci has vastly increased. All the available resources in the Arabidopsis thaliana genome provide a perfect platform for GWAS [START_REF] Liu | Iterative Usage of Fixed and Random Effect Models for Powerful and Efficient Genome-Wide Association Studies[END_REF][START_REF] Abecasis | A General Test of Association for Quantitative Traits in Nuclear Families[END_REF][START_REF] Devlin | Genomic Control for Association Studies[END_REF] . In addition, recent progress in high-throughput phenotyping technologies have allowed us to acquire large scale phenotypic data among a large number of accessions. Usage of omics strategy (proteomics, transcriptomics, metabolomics...) allows to enhance the detection power by exploiting traits with different complexity, and dissect their underlying genetic architecture, for instance from rosette growth to molecular traits such as gene expression level and metabolite content. / 4.2.1 GWAS, a robust mapping method.

As opposed to linkage mapping, which is based on the use of experimental populations, GWAS is exploiting the natural accession shared ancestry to identify the variants responsible for phenotypic variation directly. In comparison to linkage mapping, GWAS has been proven to draw a much more refined association map between causal variants and the trait of interest, whereas maximising detection power of the genetic variants that are responsible for phenotypic variation.

In Arabidopsis thaliana, despite recombination density is enough to result in LD decay in the 10kb scale on average, low frequency of outcrossing in the wild eventually leads to structured populations. Population structure can raise false-positive discovery and hide the true genotype-phenotype link when performing association mapping. How to stratify population structure and unequal relatedness among individuals in statistical analysis to reduce spurious associations and false discoveries remains a challenge [START_REF] Begum | Genome-Wide Association Mapping for Yield and Other Agronomic Traits in an Elite Breeding Population of Tropical Rice (Oryza sativa)[END_REF][START_REF] Yano | Genome-wide association study using whole-genome sequencing rapidly identifies new genes influencing agronomic traits in rice[END_REF] . First it is important to prepare an appropriate population to be analysed when attempting to detect candidate genes using GWAS techniques. For example, to avoid potential false positives caused by population stratification/structure, a GWAS population should be selected that results in low stratification [START_REF] Korte | A mixed-model approach for genome-wide association studies of correlated traits in structured populations[END_REF][START_REF] Segura | An efficient multi-locus mixed-model approach for genome-wide association studies in structured populations[END_REF][START_REF] Loh | Efficient Bayesian mixed-model analysis increases association power in large cohorts[END_REF] . However, if such a population is selected as an analytical population for a GWAS, the sample size may be limited, and the detection power of the GWAS will decrease [START_REF] Korte | The advantages and limitations of trait analysis with GWAS: a review[END_REF]. Therefore, when designing an appropriate GWAS population, the trade-off relationship between population stratification and sample size should be considered.

The mixed linear models (MLM) method has become favoured for GWA analysis because artefacts such as inflation from many small genetic effects and bias of population stratification are considered and controlled when population structure is fitted as a fixed effect and kinship from individuals is considered as a random effect. Since then, a series of MLM-based models have been developed to raise the efficiency and accuracy in GWAS implementation [START_REF] Kerdaffrec | Multiple alleles at a single locus control seed dormancy in Swedish Arabidopsis[END_REF][START_REF] Sasaki | Missing" G x E Variation Controls Flowering Time in Arabidopsis thaliana[END_REF][START_REF] Wentzell | Linking Metabolic QTLs with Network and cis-eQTLs Controlling Biosynthetic Pathways[END_REF][START_REF] Fang | Metabolic GWAS-based dissection of genetic bases underlying the diversity of plant metabolism[END_REF][START_REF] Riedelsheimer | Genome-wide association mapping of leaf metabolic profiles for dissecting complex traits in maize[END_REF][START_REF] Angelovici | Genome-Wide Analysis of Branched-Chain Amino Acid Levels in Arabidopsis Seeds[END_REF][START_REF] Gonzalez-Jorge | CAROTENOID CLEAVAGE DIOXYGENASE4 Is a Negative Regulator of β-Carotene Content in Arabidopsis Seeds[END_REF][START_REF] Angelovici | Network-Guided GWAS Improves Identification of Genes Affecting Free Amino Acids[END_REF][START_REF] Wu | Combined Use of Genome-Wide Association Data and Correlation Networks Unravels Key Regulators of Primary Metabolism in Arabidopsis thaliana[END_REF][START_REF] Wu | Mapping the Arabidopsis Metabolic Landscape by Untargeted Metabolomics at Different Environmental Conditions[END_REF][START_REF] Verslues | Genome-wide association mapping combined with reverse genetics identifies new effectors of low water potential-induced proline accumulation in Arabidopsis[END_REF] . Generally, GWAS are carried out with a single-locus test to identify associations between each single polymorphism and traits. Providing high-density markers, GWAS is able to narrow down the high association to a few candidate genes.

However, GWAS do have some intrinsic limitations which must be considered. For specific traits that are underpinned by small effect QTLs or rare variants often show weak association signals in GWAS. In contrast, such cases can be decomposed by well-chosen populations with linkage mapping. Similarly reduced detection power arises in the case of allelic heterogeneity in GWAS [START_REF] Luo | Metabolite-based genome-wide association studies in plants[END_REF][START_REF] Yobi | The Complex Response of Free and Bound Amino Acids to Water Stress During the Seed Setting Stage in Arabidopsis[END_REF] .Theoretically, it's possible to identify epistatic interaction with GWAS, but a massive number of genotypes is required to have enough power and observe enough of the genotypic combinations. Collectively, GWAS has the potential to detect much more causal locus that underlying a phenotypic variance / and put them directly into the context of the species-scale variation. Still, linkage mapping can be a thoughtful complementary approach to confirm the association. 

Metabolite GWAS use molecular trait as a quantitative trait

In recent years, GWAS has facilitated the identification of many loci for both primary and secondary metabolites [START_REF] Angelovici | Network-Guided GWAS Improves Identification of Genes Affecting Free Amino Acids[END_REF][START_REF] Slaten | mGWAS Uncovers Gln-Glucosinolate Seed-Specific Interaction and its Role in Metabolic Homeostasis[END_REF][START_REF] Wentzell | Linking Metabolic QTLs with Network and cis-eQTLs Controlling Biosynthetic Pathways[END_REF] . Metabolic diversity in plants, as a readout of genomic evolution, genetic diversity and environmental stimuli, is highly developmental-specific species-specific and environment-specific [START_REF] Angelovici | Network-Guided GWAS Improves Identification of Genes Affecting Free Amino Acids[END_REF][START_REF] Slaten | mGWAS Uncovers Gln-Glucosinolate Seed-Specific Interaction and its Role in Metabolic Homeostasis[END_REF][START_REF] Wentzell | Linking Metabolic QTLs with Network and cis-eQTLs Controlling Biosynthetic Pathways[END_REF] Application of mGWAS can use absolute levels of metabolites as traits directly, or derived traits generated from sum of related metabolites or the ratio of two related compounds. GWAS have achieved success in dissecting genetic variants using the ratio of related compounds [START_REF] Slaten | mGWAS Uncovers Gln-Glucosinolate Seed-Specific Interaction and its Role in Metabolic Homeostasis[END_REF] , thanks to the co-regulation or relatedness in the same pathway, the same modification of structurally similar compounds, and the competition for substrates of different modifications. Genetic variants underlying such convergence regulation could provide insight into the convergent evolution of metabolic regulation pathways. Exploring the association of metabolic traits or derived traits can help to the dissection of metabolic pathways. For instance, a network-guided GWAS based on the derived traits uncovers additional novel amino acid metabolic interactions and a novel causative genetic variation affecting free amino acids [START_REF] Zhu | Rewiring of the Fruit Metabolome in Tomato Breeding[END_REF] . Moreover, the approach of derived traits can help complete the metabolic pathway information [START_REF] Verslues | Genome-wide association mapping combined with reverse genetics identifies new effectors of low water potential-induced proline accumulation in Arabidopsis[END_REF][START_REF] Kerdaffrec | Multiple alleles at a single locus control seed dormancy in Swedish Arabidopsis[END_REF][START_REF] Juenger | Natural variation and genetic constraints on drought tolerance[END_REF] uncovering a primary metabolism pathway that is regulated by secondary metabolites.

As indicated in Section 3, multiscaled or multidimensional analysis of genomes, transcriptomes, and metabolomes could provide new insights into metabolic diversity. For instance, a multi-dimensional analysis performed with large tomato populations revealed multiple overlapping mGWAS and eQTL results [START_REF] Bac-Molenaar | Genome-Wide Association Mapping of Fertility Reduction upon Heat Stress Reveals Developmental Stage-Specific QTLs in Arabidopsis thaliana[END_REF] , leading to the identification of key genetic determinants for metabolic diversity in tomato but also providing novel insights into the comprehension of how the domestication of tomato is shaping metabolic diversity.

Recent approaches to aid GWAS detection.

In recent years, a number of GWAS studies have been performed in Arabidopsis to identify candidate loci that are associated with abiotic stress tolerance, including various conditions such as low water potential [START_REF] Julkowska | Natural variation in rosette size under salt stress conditions corresponds to developmental differences between Arabidopsis accessions and allelic variation in the LRR-KISS gene[END_REF] , heat stress [START_REF] Aschard | Maximizing the Power of Principal-Component Analysis of Correlated Phenotypes in Genome-wide Association Studies[END_REF] or salt stress [START_REF] Yano | GWAS with principal component analysis identifies a gene comprehensively controlling rice architecture[END_REF] . However, complex traits determined by several small-effect loci, such as growth traits, may not be adequate for a single-locus GWAS approach. Many efforts have been made to extend the use of GWAS to decompose such traits.

Leveraging statistical methods to aid GWAS is one approach. For example, Aschard et al.

found that principal-component analysis (PCA)-based approaches could have the power to decompose correlated phenotypes [START_REF] Chan | Combining genome-wide association mapping and transcriptional networks to identify novel genes controlling glucosinolates in Arabidopsis thaliana[END_REF] . Yano et al. extended the usage of PC as dependent variants to isolate a major SPINDLY, that is responsible for a complex trait for rice architecture [START_REF] Wu | Combined Use of Genome-Wide Association Data and Correlation Networks Unravels Key Regulators of Primary Metabolism in Arabidopsis thaliana[END_REF] .

Another growing trend is to combine GWAS analysis with the integrative dataset to uncover molecular networks that used to be hidden by individual analysis. For example, by combining GWAS with co-expression networks, regulators of glucosinolates have been identified in Arabidopsis [START_REF] Angelovici | Network-Guided GWAS Improves Identification of Genes Affecting Free Amino Acids[END_REF] . Moreover, network-guided GWAS have been proven to identify regulators of core-metabolic pathways [START_REF] Segura | An efficient multi-locus mixed-model approach for genome-wide association studies in structured populations[END_REF] , and new candidate genes involved in regulating amino acid metabolism [START_REF] Thoen | Genetic architecture of plant stress resistance: multi-trait genome-wide association mapping[END_REF] . Also, GWAS models have been improved to identify genetic variants. The application of multi-locus mixed models could lead to the identification of new causative loci with promising performance [START_REF] Liang | Genome-phenome wide association in maize and Arabidopsis identifies a common molecular and evolutionary signature[END_REF] In addition, large-scale GWAS is performed in both individual stresses and combined stresses in Arabidopsis, using a multi-trait framework to characterise QTLs underlying the contrasts in stress responses [START_REF] Voichek | Identifying genetic variants underlying phenotypic variation in plants without complete genomes[END_REF] . A multi-marker and multi-trait test [START_REF] Spencer | Designing Genome-Wide Association Studies: Sample Size, Power, Imputation, and the Choice of Genotyping Chip[END_REF][START_REF] Pasaniuc | Dissecting the genetics of complex traits using summary association statistics[END_REF] that evaluates association between markers within a gene and many traits simultaneously, proven to be an effective strategy to identify genes in which loss-of-function alleles produce mutant phenotypes in maize.

Recently, K-mers, short sequences derived directly from raw resequencing data, instead of SNP, were used to be associated with published phenotypes to increase statistical power to detect genetic variants [START_REF] Wang | Genome-wide association studies: theoretical and practical concerns[END_REF][START_REF] Korte | The advantages and limitations of trait analysis with GWAS: a review[END_REF] .

Validation of causal genes and polymorphisms

Due to the complexity of genetic architecture, the power of GWAS is limited not only by the confounding effects of population structure, but also in the case of extensive linkage disequilibrium (LD) with associated SNPs, resulting in false positive and false negative discovery, respectively [START_REF] Ristova | Natural genetic variation shapes root system responses to phytohormones in Arabidopsis[END_REF] . Epistasis interaction and lack of natural variation can also lead to false-negative discovery, resulting in no significant associations [START_REF] Bouain | Natural allelic variation of the AZI1 gene controls root growth under zinc-limiting condition[END_REF] . Thus, it is necessary to validate the association signal using available genetic and molecular approaches.

Candidate loci are first chosen to confirm based on 'a prior' functional information; afterwards, their specific effects on the phenotype have to be tested and validated. First of all, linkage mapping of bi-parental populations (F2, RIL, NIL, HIF) will be used to rule out the false positive genotype-phenotype associations because of the confounding effects of population structure in GWAS, especially for the case of pleiotropic locus. As for functional validation (illustrated in Fig. 11; and a summary for previous studies in Tab.3), the phenotypic consequences will be examined with null-alleles for the candidate genes in the Col-0 background by using for instance the numerous T-DNA lines available in stock centres, or CRISPR. Once the mutant phenotype is confirmed, quantitative complementation and knockdown approaches can be used to check whether the QTL is allelic to this candidate gene or not. Quantitative complementation will compare the phenotype of the two QTL alleles against the mutant allele in a heterozygous background (F1); if the two alleles differentially complements the mutant phenotype then the candidate gene is potentially responsible for the QTL, or at least interacting with it. Quantitative knockdown tests will examine whether the inactivation of one allele by gene silencing differentially affects the phenotype compared to the inactivation of the second allele. 

Arabidopsis thaliana as a model to study natural variation :

Arabidopsis thaliana , mouse-ear cress or arabidopsis, has been proven to be an ideal plant to study genetics and molecular biology because of its short life cycle, small size and high seed production, hence driving the focus of hundreds of labs coordinately. Moreover, continued self-fertilisation as inbred lines ensure the repeatable phenotyping of genetically identical individuals in an infinity of environment. Further, the numerous mutant lines available and the high transformation efficiency make this species strongly favourable when it comes to functional confirmation of candidate loci of interest.

From phenotypic variation to genotypic diversity Phenotypic variation :

A. thaliana originated from Eurasia and is now naturalised in the whole northern hemisphere, mostly found in open and disturbed habitats varying in humidity, temperature, light, and altitude (Cao et al., 2011a) . The term 'accession', is commonly used to refer to those individuals collected at distinct locales, which are considered natural inbred lines [START_REF] Bandillo | Multi-parent advanced generation inter-cross (MAGIC) populations in rice: progress and potential for genetics research and breeding[END_REF] . Given unpredictable or highly heterogeneous habitats, A. thaliana has apparently evolved a distinct phenotype from one provenance to another, ranging from visible phenotypes such as life history, rosette growth, root structure to molecular phenotypes such as transcripts expression, metabolite accumulation and protein levels. Conversely, the patterns of inheritance for quantitative traits are usually polygenic, which means they are characterized as continuous phenotypic variation explained by several loci, named quantitative trait loci (QTL) that can contribute positively or negatively to the trait of interest and result in complex epistatic interactions. Besides, quantitative traits have high plasticity that often interacts with the environment. Flowering time is the perfect example for a quantitative trait governed by multiple genes ( FLC, FRI, DOG1 ) whose action is strongly influenced by the temperature, day length, and biotic or abiotic constraints the plant is facing.

Genetic variation and epigenetic variation :

Since the nineties, genetic diversity in A. thaliana nuclear, chloroplastic and mitochondrial genomes has been investigated by using a variety of genetic makers. To date, the advanced sequencing technologies expand our knowledge of genome-wide polymorphism in A. thaliana . Large scale insertions/deletions (>100bp) also segregate in population and significantly contribute to genetic diversity including genome size variation observed among accessions, for example through copy-number variants (CNVs) (Pascual et al., 2015) . In addition, modifications of epigenetic marks such as post-translational histone modifications, histone variants, small or long non-coding RNAs and DNA methylation result in variation of chromatin condensation and accessibility, transcription and genome stability. Furthermore, both variants can respond to the environment and can be transmitted during mitosis and meiosis and overall presents a high nuclear genetic and epigenetic diversity.

Bridge the genotypic variation with phenotypic variants.

Linkage mapping has been proved to be a useful tool to connect genotypic variation with phenotypic variants. Linkage mapping is based on the principle that causal locus that is responsible for the phenotypic variation segregated by chromosome recombination in progenies. Linkage mapping uses the mapping populations derived from genotypically contrasted parental lines. Then, a genetic linkage map using genetic markers genotyped in the whole population, and recombination rates between them are used to connect with a screen of the phenotype of a relatively large number of individuals from the population. Linkage mapping is conducted by statistical analysis to identify the loci underlying the genetic architecture of the trait. Most of the case, mapping populations are derived from the cross of two parental lines, such as a population of F2 or F3 plants, back-cross plants, or Recombinant Inbred Lines (RILs; as illustrated in Fig. 12). The advantage of the RIL population is that each line is nearly homozygous and can be easily propagated by selfing. In comparison, the major drawback of linkage mapping is a poor mapping resolution due to limited recombination density during the creation of the population. To overcome the limited recombination density, intercrossed RILs have been proposed (Balasubramanian et al., 2008). To extend the number of alleles segregating in a population, the multiple parent populations such as the Multiple Advanced Generation Inter-Cross (MAGIC) populations were proposed in arabidopsis, as well as in rice [START_REF] Buckler | The Genetic Architecture of Maize Flowering Time[END_REF][START_REF] Mcmullen | Genetic Properties of the Maize Nested Association Mapping Population[END_REF] and tomato [START_REF] Huang | Analysis of natural allelic variation in Arabidopsis using a multiparent recombinant inbred line population[END_REF] . Also, the multiparent RIL (AMPRIL) populations were proposed with a different crossing scheme [START_REF] Raychaudhuri | Mapping rare and common causal alleles for complex human diseases[END_REF] . In Maize, Nested Association Mapping panels (NAM) were developed to study the segregation of several alleles in many RIL progenies connected by one parent [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF][START_REF] Shindo | Natural Genetic Variation in Arabidopsis: Tools, Traits and Prospects for Evolutionary Ecology[END_REF][START_REF] Lempe | Diversity of Flowering Responses in Wild Arabidopsis thaliana Strains[END_REF][START_REF] Werner | FRIGIDA -Independent Variation in Flowering Time of Natural Arabidopsis thaliana Accessions[END_REF][START_REF] Corre | DNA Polymorphism at the FRIGIDA Gene in Arabidopsis thaliana: Extensive Nonsynonymous Variation Is Consistent with Local Selection for Flowering Time[END_REF] to further increase the number of alleles and number of recombinations, and also made to use in association mapping. /

The complexity of traits' genetic architecture

To raise the statistical power of association mapping, it is necessary to consider the complexity of genetic architecture. Genetic architecture is a term to describe the number, identity, frequency and effect of the polymorphisms affecting a trait, as well as the epistatic interactions. The complexity of the genetic architecture underlying the variation observed in a trait is the major challenge to decompose and identify the gene variant.

A range of features contributing to the genetic architecture of a trait have consequences on our ability to decompose the underlying genetic basis of trait's variation, some of which are described below:

Rare alleles: is the term to describe that the polymorphic allele that occurred is of less than 0.01 frequency [START_REF] Marchadier | The complex genetic architecture of shoot growth natural variation in Arabidopsis thaliana[END_REF] . However, in practice, the limited sample size in association mapping often results in ineffectual detection of rare variants, in some cases rare variants having minor allele frequency (MAF) < 5 %. This is a problem in both linkage and association mapping: limited sample size in GWAS is the number of accessions, or the number of regional sets used; in linkage and NAM it is the number of parents involved in the RILs studied (either multiple independent RIL sets or multi-parent RIL). The detection of rare alleles would require increased sample size, which in turn obscure the linkage signal at other loci. But, rare alleles of large effect size may point to important pathways in the genetic regulation of a phenotype of interest.

Allelic heterogeneity is observed when different mutations in the same gene lead to similar phenotypic variation in association mapping. It is reported that low-frequency mutations appeared independently in the same gene in different accessions and that they all contribute significantly to phenotypic variation at the species scale, for example, major flowering time regulators FRI and FLC that independently accumulated several non-synonymous mutations, premature stop-codons, deletions, insertions and non-coding mutations [START_REF] Phillips | Epistasis -the essential role of gene interactions in the structure and evolution of genetic systems[END_REF] .

The localisation of the loci: in association and linkage mapping, phenotypic traits are not completely independent from one to another, these correlations may reflect common genetic bases within species-for example, a pleiotropic locus, or reflecting true independent effects of one locus on distinct traits.

Small-effect QTLs: if the variation of a trait is mainly explained by many QTLs of small effect, they will almost be undetectable in association mapping due to the dilution of each QTL effect. Given the difficulties, a recent study reveals that raising mapping resolution through targeted linkage mapping can improve the detection power [START_REF] Phillips | Epistasis -the essential role of gene interactions in the structure and evolution of genetic systems[END_REF][START_REF] Nordborg | Linkage disequilibrium: what history has to tell us[END_REF] , but the generation of a higher mapping population requires a great effort and they are specific (region, cross...).

Epistatic interaction: the term epistasis interaction is used in the field of population and quantitative geneticists refer to any statistical interaction between the segregating variants [START_REF] Nordborg | The Pattern of Polymorphism in Arabidopsis thaliana[END_REF] . They participate in complexifying the genotype to phenotype relationship, hence limiting the mapping power.

Available resource

Recently, the advanced progress in high-throughput genotyping and sequencing technologies allowed researchers to expand our knowledge of genetic variation in A. thaliana . After a systematic description of genome wide-polymorphisms, genetic diversity starts to show the tip of the iceberg. Linkage disequilibrium [START_REF] Clark | Common Sequence Polymorphisms Shaping Genetic Diversity in Arabidopsis thaliana[END_REF] and population structure in 96 accessions [START_REF] Kim | Recombination and linkage disequilibrium in Arabidopsis thaliana[END_REF] shed light on the genotypic structure of A. thaliana . Next comes a whole-genome map of deletions and SNPs in 20 diverse strains [START_REF] Horton | Genome-wide patterns of genetic variation in worldwide Arabidopsis thaliana accessions from the RegMap panel[END_REF] , which sets the basis of a high-density 250k SNP array (Cao et al., 2011a;[START_REF] Gan | Multiple reference genomes and transcriptomes for Arabidopsis thaliana[END_REF][START_REF] Long | Massive genomic variation and strong selection in Arabidopsis thaliana lines from Sweden[END_REF][START_REF] Schmitz | Patterns of population epigenomic diversity[END_REF][START_REF] Ossowski | Sequencing of natural strains of Arabidopsis thaliana with short reads[END_REF] which later was used for genotyping the RegMap collection [START_REF] Consortium | 1,135 Genomes Reveal the Global Pattern of Polymorphism in Arabidopsis thaliana[END_REF][START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF] . A. thaliana accessions' genomes were defined and resequenced [START_REF] Simon | DNA fingerprinting and new tools for fine-scale discrimination of Arabidopsis thaliana accessions[END_REF] thanks to the advance of sequencing technology (Illumina). A worldwide hierarchical collection of 1,135 A. thaliana accessions extend the understanding of genome variation based on a larger and more representative sample of accessions . All this progress provides the opportunity for full exploitation of A. thaliana natural variation through the integration of genomes and epigenomes with molecular and non-molecular phenotypes. The future will see real complete genome sequencing with long reads and de novo assembly to capture all structural variation (Indels, TEs, copy number variants, duplications, transpositions, inversions...) as well.

/ 5 Objective of my thesis:

5.1 Identify specific stress response features/pathways in combined stress

How is the pattern of the transcriptomic response to single and combined stress? How is the metabolite accumulation pattern in response to single and combined stress?

Identify the core components that are responsible for single and combined stress response.

Describe the genetic of their interaction with the environment (G x E)

Describe variation in core components that are responsible for single and combined stress response in 5 accessions.

Identify the shared response patterns as well as specific ones that are responsible for single and combined stress in 5 accessions.

Decompose quantitative variation at different levels of complexity (growth, metabolite)

What are the key metabolic interactions that occur in vegetative growth?

How can we decompose the genetic architecture of growth traits and metabolic traits?

In this project, we will use rosette growth phenotypes, transcriptomes and metabolomes to reveal plant acclimation in response to mild drought (W-N+) and Nitrogen (N) deficiency (W+N-), as well as their combination (W-N-). The molecular profile (transcriptomes and metabolomes) of Col-0 plants will be first studied to reveal the global stress response pattern in single (W-N+, W+N-) and combined stress response (W-N-). Comparisons of transcriptomic and metabolomic profile between other four other accessions (Cvi-0, Shahdara, Tsu-0, Bur-0) and Col-0 will be used to reveal both shared and accession-specific stress responses among different genotypes. The stress and genotype interaction reflected by the distinct physiological status in response to single stress and combined stress will allow us to uncover common and accession-specific stress acclimation transcriptome and metabolome features, and also the overall stress response strategy to N-deficiency when conjugated to drought stress.

2.1 Phenotypic plasticity among five accessions subjected to N deficiency, mild drought and their combination :

To assess the stress limitation on plant growth, a total number of 127 visible growth traits (multiple timepoints) and physiological traits of five representative accessions (Col-0, Cvi-0, Shahdara, Tsu-0, Bur-0) were systematically evaluated. The five accessions were selected on the basis of their highly diverse geographic origin (see material and methods) and genetic diversity [START_REF] Leister | Large-scale evaluation of plant growth in Arabidopsis thaliana by non-invasive image analysis[END_REF] . Growth traits derived from the images were extracted across time on Phenoscope platforms, such as projected rosette area (PRA), relative expansion rate over the whole exponential growth phase (RER), relative expansion rate over shorter time windows (RERi3, namely relative expansion rate integrated over successive 3-days time windows), rosette compactness, rosette colour parameters (Hue, Saturation, Value).

Growth traits can either be observed as dynamic traits that reflect timely interaction with stress (RERi3) or be observed as cumulative traits (PRA) at the terminal time points of stress treatments. Meanwhile, physiological traits such as water content (%), rosette nitrate content, rosette total N content (N%) and carbon content (C%), as well as C isotope discrimination (δ13C) were determined at the terminal day of the experiment to estimate the physiological status of the plants after acclimation to stress.

2.1.1 N deficiency as well as water deficit affects plant biomass accumulation.

To study the stress response on rosette growth, Col-0, Cvi-0, Shahdara, Tsu-0 and Bur-0 were grown under three maintained stress conditions during the vegetative stage, namely W-N+ , W+N-and W-N-(see material and methods). The cumulative growth response was determined by measuring the projected rosette area (PRA) that was extracted from daily pictures recorded by the Phenoscope robot. PRA has been long recognised as a good proxy for biomass accumulation for younger plants (fresh weight < 0.1 g) [START_REF] Neumann | Dissecting spatiotemporal biomass accumulation in barley under different water regimes using high-throughput image analysis: Biomass accumulation in barley[END_REF] . Similarly, a strong positive correlation (R 2 > 0.9, see Fig. S2) between rosette biomass (DW)

and PRA for all accessions under different conditions allows the use of PRA as a representative biomass cumulative trait till the end of Phenoscope observation, which lies prior to bolting (flower stem initiation). As expected, plants under well-watered conditions (W+N+) continuously accumulated biomass, while plants under mild drought conditions (W-N+) or N deficiency conditions (W+N-) showed impaired rosette size. On average, rosette areas of plants grown under W-N+ were ~29% smaller than those grown under control conditions at 31 days after sowing (DAS), compared to ~49% reduction under W+Nconditions (Fig. 1A &1B). In combined stress conditions (W-N-), final biomass accumulation essentially resembles W+N-, suggesting that N deficiency dominated W deficit in terms of PRA penalties (Fig. 1A). Larger rosette accessions under control conditions were more sensitive to stress: final rosette size of Cvi-0, Tsu-0 and Bur-0 were more affected than Col-0 and Shahdara in W-N+, W+N-and W-N-. Despite that, larger accessions such as Tsu-0 still formed significantly larger rosettes (4.45 ± 0.68 cm 2 ) than other four accessions (e.g. in Col-0, 3.19 ± 0.41 cm 2 ) (Fig. 1B) under combined stress. In conclusion, the overall output of limitations in growth due to water and nutrient availability were significantly different. Larger accessions are more limited in terms of plants size and growth rate upon stresses, especially in W-N-. Dynamic parameter RER, namely the integrated relative expansion rate across a selected time period, represents the overall rate of biomass accumulation, independent of absolute plant size (Fig. 1D). In this study, the relative expansion rate was integrated first between 16 DAS and 31 DAS. Similar to PRA, reduced RER was expected under all 3 stress conditions in Col-0, Cvi-0, Shahdara, Tsu-0 and Bur-0. RER was more significantly reduced by N-than by W-over time, indicating that the stress level in water limitations and N limitations to RER was different in this respect. On the other hand, RER in combined stress was reduced to a similar level as in W+N-, however, whether N limitation plays a dominant role in RER penalties remains to be determined more finely through time.

To uncover the dynamic interaction of RER with time, RER can also be integrated into sharper time windows. RERi3, namely RER integrated within 3-day windows, was normalised with respect to W+N+. Starting from 11DAS, RERi3 revealed significantly different time x condition interactions (P < 0.01) among the accessions (Fig. 1C; lower panel). W-N+ induced transient decreases of RERi3 at 17DAS (when plants were actually first exposed to mild drought as the soil reaches 30% soil water content). Yet, restored RERi3 at later phase indicated a relatively similar growth rate in W-N+ compared to W+N+ (but plants are still cumulatively smaller under stress). Unlike W-N+, W+N-resulted in significant gradual decreases in RERi3 with no recovery in all accessions. Interestingly, shared patterns with W-N-can be found with each single stress condition (W-N+ or W+N-), such as transient decreases at an early phase typical of W-and gradual decrease at the later phase typical of N-, although with different extent. T o sum up, the dynamics of RERi3 reveals that the limitation of N deficiency and mild drought on growth rate is very different. One hypothesis is that for soil-grown plants, the limitations of W for early-stage plants was less than the level of N limitations. To better estimate the growth reduction , more morphological traits were analysed.

Morphological rosette parameters and colour parameters

To better qualify the morphological changes during and after the exposure to the treatment, derived traits compactness gives additional information for plant growth through rosette architecture. Overall plasticity of compactness through time was found among five accessions, especially for Cvi-0 (Fig. 2). When exposed to W-N+, rosette compactness significantly increased around 17DAS in smaller accessions such as Col-0, Cvi-0 and Shahdara, which was not the case for Bur-0 and Tsu-0. HSV (Hue, Saturation and Value) colour parameters were applied to describe rosette colour, rosette colour intensity, and rosette colour brightness of the accessions subjected to different conditions. HSV has proven to be a promising early estimator of change in rosette state and physiology. Rosette Hue decreases under drought translating the drought-induced yellowing of plant surface [START_REF] Majer | Leaf hue measurements offer a fast, high-throughput initial screening of photosynthesis in leaves[END_REF][START_REF] Sass | Methods in Molecular Biology[END_REF][START_REF] Faragó | PlantSize Offers an Affordable, Non-destructive Method to Measure Plant Size and Color in Vitro[END_REF] . Particularly, hue values were proved to correlate with chlorophyll content and were also proportional to the photochemical yield of photosystem II, offering an initial non-destructive estimation of photosynthesis especially under stress conditions accompanied by chlorophyll loss [START_REF] Marais | Variation in MPK12 affects water use efficiency in Arabidopsis and reveals a pleiotropic link between guard cell size and ABA response[END_REF] . In this study, the global drift found in hue value from 0.21 (yellowish-green hue) at 10DAS to 0.24 (green hue) at 31 DAS was perturbed by mild drought at 15DAS, but resulting in no significant differences at 31DAS. However, enhanced hue deviation was discovered under nitrogen deficiency in Tsu-0, indicating drastic adjustments in rosette pigmentation in older plants. Significant genotype x condition interactions through time were also observed in Saturation and Value (Fig. S2), while genotype factor was more prone to affect Value as Cvi-0 presented less affected saturation phenotypes and significantly brighter Value measurements than other four accessions overall (Fig. 3, Fig. S2). For all these dynamic traits, the two-way ANOVA tests revealed that the genotype factor had always been the major one to control phenotypic variation, while the significance of the condition factor grew over time (Fig. S2). Most interestingly, the significance of GxE interaction grows over time for the traits PRA, Hue and Saturation. RERi3 is an exception, as for RERi3 the condition factor was always more significant while the significance of the genotype factor decreases over time. Taken together, RERi3 is an interesting indicator more independent from intrinsic plant size differences and reflecting stress-response progress and plant recovery through time.

2.1.3 Physiological parameters are less affected under combined stress than under N deficiency alone.

To evaluate the physiological status of plants subjected to stress, relative water content, Carbon isotope discrimination (δ13C), carbon content (C%), N content (N%), total N stored per plant and nitrate content were determined from the rosettes at 31DAS. Relative water content represents water status. After 23 days of stress exposure, N deficiency significantly influenced the relative water contents in all 5 accessions compared to the control condition, indicating concomitant osmotic constraints. However, the impact of drought was less significant, as relative water contents weren't very significantly affected under the mild drought (Fig. 4A). Carbon isotope discrimination (δ13C), primarily controlled by the ratio of intercellular to ambient CO2 concentrations, is known as a good proxy for estimating Water Use Efficiency (WUE) in plants [START_REF] Farquhar | Isotopic Composition of Plant Carbon Correlates With Water-Use Efficiency of Wheat Genotypes[END_REF] . Under W-conditions, δ13C significantly increased in Col-0 and Shahdara (Fig. 4B). However, Cvi-0 has a natural mutation in MITOGEN-ACTIVATED PROTEIN KINASE 12 (MPK12 ), which leads to constitutively larger stomata and higher stomatal conductance [START_REF] Mcdowell | Mechanisms of plant survival and mortality during drought: why do some plants survive while others succumb to drought?[END_REF] , thus less responsive in δ13C.

Carbon content (C%) was maintained at a steady level, no significant difference was observed under single stress or combined stress (Fig. 4C). For Col-0, less amount of carbon in rosette was expected, as imposing water deficit resulted in stomatal closure, which in turn resulted in long-term drops in photosynthesis, and ultimately C starvation [START_REF] Peng | Genome-wide analysis of Arabidopsis responsive transcriptome to nitrogen limitation and its regulation by the ubiquitin ligase gene NLA[END_REF] .

Nitrogen content (N% as mg of nitrogen/100 mg DW) in rosette was expectedly significantly decreased under two N-deficiency conditions (W+N-and W-N-) for all 5 accessions (Fig. 4D). In addition, plants subjected to W-N-accumulated more nitrogen in rosettes than in W+N-over the whole experiment. Nitrate content was significantly and similarly decreased under two N-deficiency conditions (W+N-and W-N-) for all accessions compared to control condition (Fig. 4E). Nitrogen content consists of the N storage pool and N metabolic pool, including the free nitrate pool stored in the vacuole, while nitrate content reflects the level of free nitrate pool in the rosette. Thus, plants depleted nitrate content under W+N-, indicating strong N deficiency state for plants. For plants under combined stress, the level of nitrate contents was still slightly higher than those of plants under single stress. Plants were smaller under W-N-compared to the plants under W+N-, so they were probably able to store more nitrate (especially during transient growth rate decrease due to water limitation) for later use.

When taking plant size into account, each plant under W+N-accumulated the same total quantity of N as under W-N-.

ANOVA tests for physiological traits were performed keeping W factor, N factor and genotype (G; accession) as the main effects with the potential interaction of GxWxN and WxN (Tab. 1). Among all physiological traits and final growth traits, G and N factors have significant effects on all traits, with a different level of significance depending upon traits. The W factor only has effects on PRA, RER, CompactnessPC and Total N. Interactions between W and N effects were significant for most traits, except colour parameters (H, S, V). Interactions between Genotype, W and N were significant for PRA, RER and Total N content. A lower number of traits were affected by W than N, indicating that the level of N limitation is stronger than the level of water limitation, which is as we expected based on the growth and physiological traits observed. Trait with a Significance value less than P < 0.05 was highlighted by red.

In conclusion, apart from plant size and growth rate, nitrate content and water content are two important indicators for the stress intensities and the status of the plants in combined stress with respect to single stress. Based on these two indicators we can speculate that the level of N limitation was still similar in W-N-as in W+N-.

Transcriptome changes in plants subjected to N deficiency, mild drought and combined stress :

To further unravel the transcriptional mechanisms that regulate response to stress, the rosette was harvested at the maturity stage of rosette area (31 DAS), when the W and N deficiencies are stabilised and plants have adjusted to it. RNA was extracted, and gene expression was determined through RNA sequencing across 120 samples (5 genotypes x 4 treatments x 2 experiments x 3 technical replicates). An overview showed (Fig. 5A) genotype factors were predominant to shape the transcript profile, as each accession showed an overall different transcriptional profile, most likely due to a specific combination of cis-acting regulations known to strongly shape the transcriptome of individual accessions ( Cubillos et al., 2012[START_REF] Cubillos | Extensive cis -Regulatory Variation Robust to Environmental Perturbation in Arabidopsis[END_REF]. To dissect variance components of transcript changes, a violin plot presents the respective contributions of genotype, W, N effects and their interactions (Fig. 5B) among all genes significantly differentially expressed at least in one condition (with respect to the control condition) at least in one accession (= the 'DEG' genes; P.adj < 0.05, abs(log2FC)>1). Overall, 24% of the total variance was explained by the Genotype factor whereas N factor explains 21% of the variance. The interaction of W and N, and GxWxN interactions accounted for 6% and 3%, respectively. W factor alone only explains 2% of total transcriptomic variation.

57 A principal component analysis (PCA) was performed using the genes that were differentially expressed (P. adj < 0.05) at least in one accession (Fig. 6A). The first axis (Dim1) explained a major part (43%) of the total variance, discriminating essentially N-group and N+ group individuals through the transcripts of ROXYs ( ROXY8,11-16 ) and unknown genes ( AT1G49500 , AT3G36850 ). ROXYs ( ROXY11-16 ) and AT1G49500 , AT3G36850 showed negative loading on axis 1, while ROXY8 showed positive loading on axis 1. TTs ( TT3/DFR , TT8 , TT9, TT18) , UGT798B1 and unknown genes ( AT5G15500, AT4G13575 ) mainly positively contributed to the second axis, while GLUTATHIONE S-TRANSFERASE TAU 15 (GSTU15) n egatively contributed to the loading. Only 12.1% of the total variance was explained by the second axis and 8% by the third axis . RADIALIS-LIKE SANT/MYB1 (RSM2) and RECEPTOR LIKE PROTEIN 6 (RLP6) were mainly contributing along the third axis. The individual projection showed that the first axis separates the individuals according to the conditions (along axis 1, from left to right: W+N+, W-N+, W-N-, W+N-) while the axes 2 and 3 represented genotypic effects, differentiating Cvi-0 (Fig. 6B axis 2,3) and Shahdara (Fig. 6 B axis 3) from the other accessions. However, the genotype effect strongly influenced the distribution of individuals along the axis1, confirming natural variation in transcriptome responses to conditions.

General features in Col-0

We first investigated the transcriptomic analysis of Col-0 to reveal its response pattern to drought (W-N+), N deficiency (W+N-) and combined stress (W-N-) with respect to control conditions (W+N+). In total, 34, 663 and 373 transcripts were significantly upregulated (P.adj < 0.05, log2Foldchange >1) in response to drought stress, N deficiency, or combined stress, respectively. A high proportion of the N deficiency-induced transcripts were associated with flavonoid biosynthetic process (anthocyanin containing process) and photosynthesis (light reaction). In addition, 194, 713 and 635 transcripts were significantly downregulated (P.adj < 0.05, log2Foldchange < -1) in response to drought stress, N deficiency and combined stress, respectively (Fig. 7). Of the 373 transcripts significantly upregulated in response to combined stress, 232 transcripts (62%) were shared with N deficiency-induced transcripts and those are enriched for genes in the photosynthetic processes (light reaction), while 30 transcripts (8%) were shared with drought stress-induced transcripts, and 126 transcripts (33%) were found to be specifically upregulated by the combined stress. Among 635 transcripts significantly decreased in response to combined stress, 317 transcripts (49%) were common with N deficiency-induced transcripts, 170 transcripts (26%) were common with drought stress-induced transcripts, and 229 transcripts (36%) were found to be specifically downregulated by the combined stress. These results suggest that a significant proportion of the transcriptomic changes in plants subjected to combined stress is specific for this condition. According to gene ontology (GO) term enrichment analysis (not shown), combined stress-specific upregulated transcripts are involved in different biological processes including oxidation-reduction processes, response to water deprivation, response to wounding, response to jasmonic acid, response to oxidative stress, response to reactive oxygen species, while downregulated transcripts were involved in defense response.

To confirm the results obtained from RNAseq, the expression patterns of nine genes ( CER1, ROXY16, NRT2.5, NIGT1.1/HHO3, TAR4, ROXY9, PYL6, ROXY4 and ROXY13 ) were selected for RT-qPCR validation, using ACTIN8 as r eference gene (Fig. S3). As expected, qRT-PCR results of nine selected DEGs were overall similar in magnitude to those obtained by RNA-seq in response to mild drought, N-deficiency and combined stress. For example, for W-responsive transcripts, PYL6 were down-regulated by W-stress and combined stress. For N-responsive transcripts, ROXY4, ROXY13, ROXY16 were downregulated in N-deficiency stress. However, the relative expression in stress/control ratio in qRT-PCR results was not always identical to the log2FoldChange(stress/control) (log2FC) obtained in RNAseq data; with this respect it is noteworthy that for qRT-PCR we have used samples from an independent Phenoscope experiment with a slightly adjusted N-deficiency protocol compared to previous experiments.

Comparison with previous studies

To make comparisons with our soil growth study, we chose two previous studies (Fig. 9). The study of Peng et al. (Luo et al., 2020) imposing N deficiency stress on soil-grown plants was selected. However, the intensity and the timing of stress is not exactly what we performed in our study. Still, an hypergeometric test showed that the significance of the overlap between [START_REF] Peng | Genome-wide analysis of Arabidopsis responsive transcriptome to nitrogen limitation and its regulation by the ubiquitin ligase gene NLA[END_REF] and our study was 1.004591e-26. Second, is a recent study of performing chronic N deficiency stress (60 days of treatment) on fine sand [START_REF] Cubillos | Extensive cis -Regulatory Variation Robust to Environmental Perturbation in Arabidopsis[END_REF][START_REF] Clauw | Leaf Responses to Mild Drought Stress in Natural Variants of Arabidopsis[END_REF] , which means the stress plants were much older than in our study. The significance of the overlap between Luo et al. (2007) and our study was 8.176116e-11. Among those transcripts that are shared with this study, 12 transcription factors (e.g. bZIP ) were up-regulated while 40 transcription factors (e.g., MYB s, ZINC FINGERs ) were downregulated. 39 cell wall modifications related transcripts (e.g., XTHs , EXPs ) were down-regulated, 22 hormone synthesis and hormone response-related transcripts (e.g., Auxin Response Factors , SMALL AUXIN UPREGULATED RNAs (SAURs) ) were up-regulated. 34 energy-related transcripts were down-regulated (e.g., ROXYs , CHLs , HEMEs ). 18 proteolytic degradation genes (eg: autophagy protein: ATG8s and cysteine proteinase) were upregulated, so as 15 transporter genes (such as GLUCOSE-6-PHOSPHATE/PHOSPHATE TRANSLOCATOR 2 ( GPT2 )) and 16 stress-responsive genes (e.g., glycosyltransferase family and glutaredoxin family genes). Subsequently, we analysed the shared pattern of DEGs in soil-grown Arabidopsis plants exposed to mild drought (Fig. 10). Two previous studies with comparable (but definitely not identical) experimental conditions were taken as references [START_REF] Yoshida | ABA-dependent and ABA-independent signaling in response to osmotic stress in plants[END_REF][START_REF] Yoshida | AREB1, AREB2, and ABF3 are master transcription factors that cooperatively regulate ABRE-dependent ABA signaling involved in drought stress tolerance and require ABA for full activation[END_REF] . [START_REF] Cubillos | Extensive cis -Regulatory Variation Robust to Environmental Perturbation in Arabidopsis[END_REF] applied RNA-seq to study transcriptional responses in F1 hybrids of Col-0 and Cvi-0 in response to mild drought (which is the same mild drought growth condition as we used, although the plants had been collected at a younger stage under different light conditions, and the RNAseq design lacked power -hence a limited number of DEG was detected in this study), whereas [START_REF] Clauw | Leaf Responses to Mild Drought Stress in Natural Variants of Arabidopsis[END_REF] revealed a set of 283 co-occurring mild-drought responsive genes that define the inferred high accuracy expression profile in leaves across 6 accessions (so this is also a very limited core set of genes due to the intersection between distinct accessions). Comparisons of the Col-0 drought DEG described in our study with the above-listed experiments showed that 15 and 13 of DEG were differentially expressed in the same direction as in [START_REF] Cubillos | Extensive cis -Regulatory Variation Robust to Environmental Perturbation in Arabidopsis[END_REF] and [START_REF] Clauw | Leaf Responses to Mild Drought Stress in Natural Variants of Arabidopsis[END_REF], respectively. The significance of overlap were 0.004856274 and 8.60e-05, respectively. Among which, 5 related to pectin lyases ( AT1G67750, AT1G48100, AT1G60590, AT1G10640, AT3G61490, AT4G19410 ), and 3 were ABA receptor protein family PYR/PYL/RCARs ( PYL4, PYL5, PYL6 ). 

Specificities of other accessions

We then studied the transcriptomic response in the four other accessions to compare with Col-0 (Tab. 2). In Cvi-0, in terms of the amplitude of the responses to stress, the global pattern was similar as in Col-0 (Fig. S4). In total, 11, 850 and 228 transcripts were significantly enhanced (P.adj < 0.05; log2FC >1) in response to drought stress, N deficiency or combined stress respectively. These N deficiency-induced transcripts were associated with response to organic nitrogen and hormone related pathways (ethylene metabolic process, response to jasmonic acid). Drought-induced transcripts were related to water response and flavonoid biosynthetic process (anthocyanin containing process), and ABA-signalling pathway. In combined stress, upregulated transcripts were enriched in the GOs oxidation stress (detoxification, response to superoxide radical, response to reactive oxygen species) and lipid transport. In addition, 32, 602 and 336 transcripts were significantly downregulated (P.adj < 0.05, log2FC < -1) in response to drought (W-N+), N deficiency (W+N-) or combined stress (W-N-) respectively. These N deficiency-repressed transcripts were associated with photosynthesis (light reaction), defense response and hormone related pathways (response to auxin). Drought-repressed transcripts were related to water response and defense response. In combined stress, regulated transcripts were enriched toward nitrate response and lipid transport. Of the 228 transcripts significantly upregulated in response to combined stress, 177 transcripts (77%) were common with N deficiency-induced transcripts and those are enriched for the flavonoid biosynthetic process and response to auxin, 6 transcripts (4%) were common with drought stress-induced transcripts, and 51 transcripts (22%) were found to be specifically upregulated by the combined stress. For example, a negative regulator of ABA signaling, SENESCENCE-ASSOCIATED GENE 113/ HIGHLY ABA-INDUCED PP2C GENE 1 (SAG113/HAI1) and an ABA-responsive gene LIPID TRANSFER PROTEIN 3 (LTP3) , specifically upregulated in combined stress (Fig. 11A). In Shahdara (Fig. S5), 38, 870 and 234 transcripts were significantly enhanced in response to drought, N deficiency or combined stress respectively. These N deficiency-induced transcripts were associated with flavonoid biosynthetic processes, stress transduction, and hormone-related pathways (ethylene metabolic process, response to salicylic acid). Drought-induced transcripts were related to flavonoid biosynthetic processes (anthocyanin containing biosynthetic process), water response and cell wall macromolecule metabolic process. Whereas in combined stress, upregulated transcripts were related to flavonoid biosynthetic processes and water deprivation response. In addition, 32, 400 and 153 transcripts were significantly downregulated in response to drought (W-N+), N deficiency (W+N-) or combined stress (W-N-) respectively. N-downregulated transcripts were enriched for hormone-related response (auxin, gibberellin, jasmonic acid), and nitrate response. Drought-downregulated transcripts were enriched for defense response and nitrate response. For combined stress, downregulated transcripts were related to lipid biosynthetic process and response to nutrients. Of the 234 transcripts significantly upregulated in response to combined stress, 176 transcripts (75%) were common with N deficiency-induced transcripts and those are enriched for the flavonoid biosynthetic process and response to carbohydrate, 31 transcripts (13%) were common with drought stress-induced transcripts, and 49 transcripts (33%) were found to be specifically upregulated by the combined stress.

For example, an chloroplast-localized sulfate transporter SULFATE TRANSPORTER 3.1 ( SULTR3.1) and a cell wall related gene EXPANSIN 16 (EXP16) specifically upregulated in combined stress (Fig. 11B).

In Tsu-0, compared to the other accessions, much more transcripts were differentially expressed under stress. 94, 1422, and 673 transcripts were significantly enhanced in response to drought, N deficiency or combined stress, respectively (Fig. S6). These N deficiency-induced transcripts were associated with flavonoid biosynthetic process (anthocyanin containing process), chlorophyll catabolic process and responsive to auxin. Winduced transcripts were related to water response and flavonoid biosynthetic processes (anthocyanin containing compound biosynthetic processes). In combined stress, upregulated transcripts were related to cellular response to nutrient levels. In addition, 147, 897, 519 transcripts were significantly downregulated in response to drought (W-N+), N deficiency (W+N-) and combined stress (W-N-), respectively. These N deficiency-repressed transcripts were associated with energy-related pathways (glyceraldehyde-3-phosphate metabolic process). While in drought and combined stress, downregulated transcripts were related to defense pathways. Of the 673 transcripts significantly upregulated in response to combined stress, 560 transcripts (83%) were common with N deficiency-induced transcripts and they are enriched for the flavonoid biosynthetic process and response to carbohydrate, 45 transcripts (6%) were common with drought stress-induced transcripts, and 101 transcripts (15%) were found to be specifically upregulated by the combined stress. DEGs, namely MYROSINASE-BINDING PROTEIN ( MBP1) and TSK (TONSOKU)-ASSOCIATING PROTEIN (TSA1) were specifically upregulated in combined stress (Fig. 11C).

In Bur-0, 87, 847, and 553 transcripts were significantly upregulated in response to drought, N deficiency or combined stress, respectively (Fig. S7). In N deficiency, these upregulated transcripts were mostly associated with the flavonoid biosynthetic process. While in drought and in combined stress, upregulated transcripts were related specifically to anthocyanin-containing compound biosynthetic processes and water deprivation response.

In addition, 107, 668 and 336 transcripts were significantly downregulated in response to drought stress, N deficiency and combined stress respectively. In N deficiency, these downregulated transcripts were mostly associated with the auxin response. While in drought and in combined stress, downregulated transcripts were related to defense response in plants. Of the 553 transcripts significantly upregulated in response to combined stress, 378 transcripts (68%) were common with N deficiency-induced transcripts and they are enriched for the flavonoid biosynthetic process and response to auxin, 65 transcripts (12%) were common with drought stress-induced transcripts, and 142 transcripts (26%) were found to be specifically upregulated by the combined stress and these transcripts was associated with response to water and defense response. DEGs, such as GolS1 and HSP70 , are specifically upregulated in combined stress (Fig. 11D).

In conclusion, the response patterns to drought (W-N+), N deficiency (W+N-) and combined stress (W-N-) in other accessions were overall similar as in Col-0 in terms of relative number of genes, as shown in summary table (Tab. 2). Within each accession, when compared to control condition, N deficiency caused much more differentially-expressed transcripts than drought at the stabilised stage (31DAS) that we sampled. Less significantly differentially expressed genes were found in response to combined stress compared to N deficiency. In addition, for DEGs responding to combined stress, although a large number of them were shared with N deficiency-induced transcripts, overall they are actually enriched in DEGs shared with the mild drought response; this suggests that the drought response, although minimal at this stabilised stage, is more conserved than the N-deficiency response when both stress are combined. In addition, there are accession-specificities of transcriptomic response for other accessions. In the case of Tsu-0, an accession with larger rosette size at 31 DAS and higher RER 16-31 DAS, the applied N-deficiency condition led to an increase in the level of transcriptional response (1.69 fold compared to Col-0 ), possibly suggesting that larger plants were more limited by a same level of N-availability than smaller plants.

Alternatively, Tsu-0 has a different intrinsic basal N physiology.

Conserved responses between accessions

To gain insights into the common and accession-specific responses to stress response, we then investigated the overlap between differentially accumulated transcripts among the 5 accessions in response to drought stress (W-N+), N deficiency (W+N-) or combined stress (W-N-) (Fig. 12). Shared DEGs as well as their GO categories (P < 0.05) among all the accessions were studied. N deficiency induced 210 (146) transcripts that were significantly upregulated (downregulated) among all 5 accessions which represents 31% (20%) of N deficiency regulated genes in Col-0. For combined stress, only 47 (37) differentially upregulated (downregulated) transcripts were in common among all 5 accessions corresponding to 12% (5%) of the genes differentially expressed in Col-0 under combined stress. Drought stress induced only 3 transcripts that were commonly differentially-expressed among all 5 accessions. After excluding just Cvi-0 known for a contrasted transcriptomic signature), this number triples. Pairwise comparison showed the overlap between stress-induced DEGs (W-N+,W-N-, W-N-) in Tsu-0 and Bur-0 was much more than other accession pairs, the second most shared DEGs were found in pariswisd comparison in Col-0 and Tsu-0 (Tab. 3) Many more DEGs can be detected as shared between accessions as you lower the number of compared accessions. Hence, shared genes in response to drought stress were obtained among 3 or 4 accessions , the enriched GO categories of the up-regulated genes were found to be water response metabolism, whereas for the down-regulated genes it was found to be nitrate response. For example, PYR/PYL/RCARs ( PYL4, PYL5, PYL6 ) were significantly down-regulated in all accessions and several protein phosphatase 2Cs (EGRs in accession Col-0 and Bur-0) were upregulated. LATE EMBRYOGENESIS ABUNDANT (LEA) genes ( LEA7 in Col-0, LEA5 in Bur-0) were induced by drought stress. The ABF target gene, RD20 [START_REF] Medici | AtNIGT1/HRS1 integrates nitrate and phosphate signals at the Arabidopsis root tip[END_REF] were up-regulated in Cvi-0, Shahdara, Bur-0, Tsu-0. Also, W-N+ condition induced highly accession-dependent transcriptional responses. The GO terms enriched among these genes encompassed a wide range of GO categories. These were mostly associated with upregulation of anthocyanin-containing compound biosynthetic processes, response to nutrients, response to water deprivation and carbohydrates and down regulation of defence response, response to salicylic acid. This indicates specific transcriptional regulation associated with these stress responses that were activated accession-specifically.

When imposed with W+N-, many known N metabolism genes were commonly differentially expressed in five accessions (for example: GLUTAMINE SYNTHETASE (GLN1;1 and GLN1;4), NRT2.5) . Shared N-deficiency response genes were obtained across 4 or 5 accessions. Common overrepresented processes in response to W+N-in all or several accessions were related to the down-regulation of photosynthesis (chlorophyll biosynthetic process), hormone-related and signal transduction (response to auxin, response to brassinosteroid, response to nitrate), energy-related pathways (glyceraldehyde-3-phosphate metabolic process, tetrapyrrole metabolic process), which was as expected. Under N deficiency, N assimilation and the levels of N containing compounds (chlorophyll, Rubisco and highly abundant proteins/enzymes such as GAPDH) were limited, leading to less need for organic carbon intermediates. Moreover, chlorophyll catabolic process, anthocyanin-containing compound biosynthetic process synthesis, response to carbohydrate, detoxification, the response to nutrient and flavonoid biosynthetic process were further overrepresented among the up-regulated genes in all accessions. For example, nitrate deficit responsive transcription factors such as LOB DOMAIN-CONTAINING PROTEINs ( LBD37, LBD38, LBD39 ) and NIN-LIKE PROTEINs ( NLP2, NLP3, NLP8, NLP9, NLP5 ) were upregulated upon W+N-stress. Among AP2/ERF FAMILY TRANSCRIPTION FACTORS, SHN was upregulated whereas ETHYLENE AND SALT INDUCIBLE 3 was downregulated. In addition, CBL-INTERACTING PROTEIN KINASE 25/SNF1-RELATED PROTEIN KINASE 3.25 (CIPK25/SnRK3.25) , WRKYs ( WRKY2, WRKY23 ) were also upregulated. The HYPERSENSITIVE TO LOW PI-ELICITED PRIMARY ROOT SHORTENING HOMOLOGs ( HHO2 , HHO3/NIGT1.1 , HHO5 ) that may play a role in a pathway at the intersection of N and P signalling [START_REF] Lezhneva | The Arabidopsis nitrate transporter NRT2.5 plays a role in nitrate acquisition and remobilization in nitrogen-starved plants[END_REF] were down-regulated. Moreover, a higher expression level of NRT2.5 was observed, which is a well-known marker of nitrate starvation [START_REF] Angeli | The nitrate/proton antiporter AtCLCa mediates nitrate accumulation in plant vacuoles[END_REF] , whereas CHLORIDE CHANNEL CLCs ( CLC-A and CLC-E ) were down-regulated. CLC-A functions as nitrate/proton exchangers at the tonoplast to mediate nitrate accumulation in plant vacuoles [START_REF] Marmagne | Two members of the Arabidopsis CLC (chloride channel) family, AtCLCe and AtCLCf, are associated with thylakoid and Golgi membranes, respectively[END_REF] . While CLC-E situated in the thylakoid membranes or in chloroplasts [START_REF] Herdean | A voltage-dependent chloride channel fine-tunes photosynthesis in plants[END_REF] , is related to photosynthesis activity through its Cl-transport activity [START_REF] Konishi | Cytosolic glutamine synthetase isozymes play redundant roles in ammonium assimilation under low-ammonium conditions in roots of Arabidopsis thaliana[END_REF] GLN1;1 and GLN1;4 involved in N-remobilization [START_REF] O'leary | Increased β-Cyanoalanine Nitrilase Activity Improves Cyanide Tolerance and Assimilation in Arabidopsis[END_REF][START_REF] Howden | A conserved mechanism for nitrile metabolism in bacteria and plants[END_REF] were up-regulated. The transcripts of N-remobilization peptidases SAGs ( SAG113, SAG21, SAG14 ) were more abundant. NIT4 was up-regulated, which is involved in β-Cyanoalanine Nitrilase Activity and suggested to be important for nitrogen compound detoxification [START_REF] Avila-Ospina | Autophagy, plant senescence, and nutrient recycling[END_REF] . As reported [START_REF] Ohkubo | Shoot-to-root mobile polypeptides involved in systemic regulation of nitrogen acquisition[END_REF][START_REF] Ruffel | Nutrient-related Long-Distance Signals: common players and possible crosstalk[END_REF][START_REF] Ota | Shoot-to-root mobile CEPD-like 2 integrates shoot nitrogen status to systemically regulate nitrate uptake in Arabidopsis[END_REF] , upon N limitation, autophagy-related genes AUTOPHAGY 8 (ATG8G, ATG8A, ATG8C) genes are upregulated. Interestingly, almost all ROXY family genes were strongly induced under N limitations, such as polypeptide encoding gene CEP DOWNSTREAM 2 (CEPD2) , which indicate an active shoot to root systemic N-limitation signalling [START_REF] Kesari | Intron-mediated alternative splicing of Arabidopsis P5CS1 and its association with natural variation in proline and climate adaptation[END_REF] . On the other hand, it is expected that ABA pathway-related DEGs occurred during W+N-stress, as shown on transcriptional changes. For example, 2 PROTEIN PHOSPHATASE 2Cs ( ABA INSENSITIVE 5 ( ABI5 ), HIGHLY ABA-INDUCED PP2C GENEs ( HAI1/SAG113, HAI2 )), and ABF target genes (ABI FIVE BINDING PROTEIN 3 ( AFP3 ), 3-KETOACYL-COA SYNTHASE 2 (KCS2) ) were upregulated, whereas the expression of P5CS1 was downregulated. In addition, two ACC OXIDASEs ( ACO1 and ACO4 ) were up-regulated. Generally, several above-described N responsive and W responsive DEGs were also differentially regulated under the combined stress W-N-, with less intensive levels of differential expression. For example, PYL6 , ABF target gene ( AFP3 , KCS2 ) were upregulated. Similarly, N-responsive genes LBD39 , CEPD (CEPD1, CEPD2) , HHOs, SAGs, NLPs were upregulated, of which less condition-specific transcriptional regulators were found to be shared among all five accessions (Fig. 13). Overall, several similar categories of significantly enriched GO terms were identified for W-N-stress, with respect to W-N+ and W+N-. The enriched GO terms of up-regulated genes among five accessions included water response metabolism, chlorophyll metabolism, flavonoids metabolism and enriched GO terms of the down-regulated gene included photosynthetic, and nitrogen metabolism. On the other hand, a wide range of accession-dependent GO categories was observed in enrichment analysis. These were mostly associated with carbohydrate metabolic processes and hormone-related pathways. For example, in Col-0, the expression of genes involved in energy derivation by oxidation of organic compounds were upregulated while genes involved in antibiotic biosynthetic process and response were downregulated under combined stress. In combined stress, in Shahdara, the expression of genes from the phenylpropanoid biosynthetic process were upregulated, while in Bur-0, genes enriched in chlorophyll catabolic process were upregulated. These specific combined stress GO categories are essentially a signature of each accession. Interesting examples of combined stress-specific genes were identified. For instance, ABA-induced genes were upregulated upon combined stress, such as RD20 . Genes related to signalling pathways of growth-promoting plant hormone auxin were repressed, such as SAURs (SAUR16, SAUR78). Cell wall modification genes were significantly differentially regulated, including cell wall-loosening expansion gene ( EXPANSIN 16 ). Moreover, the expression of SUBTILISIN-LIKE PROTEASE 5.3 (SBT5.3) located in the cell wall was upregulated, which is known for stomatal regulation (Serrano et al., 2016) . Some combined-stress specific transcripts were illustrated in Fig. 14, such as FUCOSYLTRANSFERASE 8 (FUT8) , an accession-specific gene that was induced specifically by combined stress in Col-0 and shows no differential expressed pattern in Tsu-0 for instance (Fig. 14-A). Another combined stress-specific transcript in Col-0, LIPID X C2 (LpxC2) , seems constitutively induced in Tsu-0 (Fig. 14-B). Fig14-C and -D illustrated two unknown genes that show specific differential expressions only in Col-0. To better investigate the overlap in different stress responses among accessions, the W-N-log2FC for all identified DEGs was plotted against each single-stress log2FC of all five accessions (Fig. 15A&B). The strong positive correlations (r= 0.33~0.53, p<0.0001) showed that the transcriptional adjustments between combined stress and single stress in all accessions were similar for the genes in common (Fig. 15). For a DEG, if a lower log2FC in combined stress than in single stress was found, the transcriptional response of this DEG was considered as attenuated by combined stress. In contrast, if a higher log2FC in combined stress than in single stress was found, the transcriptional response of this DEG was considered as strengthened by combined stress. Interestingly, the relationships slope between combined stress and N-deficiency (Log2FC of W-N-compared to W+N-) for five accessions was significantly less than 1 (Fig. 15), indicating that N-effect attenuation (W-Ncompared to W+N-) is a general pattern for all accessions. This suggested that the N-deficiency response was mitigated by its combination to drought stress. However, to what extent the combined stress imposed such attenuation effect on single stress varies among accessions. For the comparison between W-N-and W+N-, two accessions, Cvi-0 and Shahdara showed significant deviations from the other three accessions, as reflected in the much lower slopes (Cvi-0: 0.68; Shahdara: 0.66; Col-0: 0.85; Tsu-0: 0.81; Bur-0: 0.83). Such N-effect attenuation could either be a real effect of the interaction between stresses, or an indirect effect due to the size of the plant, as we didn't adjust N-availability to the size of the plants for instance. The substantial alteration of the expression of genes involved in metabolic pathways as identified by the transcriptomic analyses presses us to extend our knowledge to metabolomics. By assaying in all the genotypes, a subset of 137 identified metabolites (Amino acids (AA), Fatty acids (FA), Organic acids (OA), Sugar (SUG), phosphorylated metabolites (PHOSPHO)...) primarily associated with central metabolism, of which 90% accumulated differentially among the 5 tested genotypes in response to stress (P genotype*condition < 0.05). The contents of metabolites were normalised by internal standard ribitol and expressed with respect to mgFW (instead of total mg accumulated per plant), which then does not take into account the variation in plant size.

An overview in the form of a heatmap after hierarchical clustering (Fig. 16) showed that genotype factors were predominant to shape the metabolite profile, as Cvi-0 shows a different overall metabolic profile, whereas N was a dominant factor in leading metabolic alteration among the other four accessions. W factor only comes last for determining the metabolite profiles under our conditions. To dissect variance components of metabolic changes, a violin plot was presented to show that the different metabolites show variable contributions from Genotype, W and N effects and their interactions (Fig. 16B). In total , 22% of the total variance was explained by the G factor whereas N factor explains 20% of the variance. The WxN and GxNxW interactions accounted for 5 % and 3%, respectively. W factor alone only explains 3% of the total variance of metabolic changes. Moreover, the analysis of DAM levels in the form of a hierarchical clustered heatmap highlighted some interesting metabolic profiles, such as stress-responsive metabolites and accession-specific metabolites. As illustrated in Fig. 17A, a known amino-acid for nitrogen storage and transport, Asparagine was significantly depleted in both N-conditions (W+N-and W-N-), in all 5 accessions. Whereas another metabolite Digalactosyl-glycerol showed accession-specific pattern: Digalactosyl-glycerol accumulated significantly only under W+Ncondition for Col-0 plants while in other four accessions, an overall N-deficiency stress response was found with however a similar tendency in all accessons (Fig. 17B). Ribulose-5-phosphate accumulated significantly under W+N-n Col-0, Shahdara, Tsu-0 and Bur-0, whereas in Cvi-0 the Ribulose-5-phosphate levels were much higher than in the other accessions without stress, and decreased under W-and N-W-conditions (Fig. 17C) More accession-specific patterns can be found in (D) Caffeate, (E) Sinigrin and (F) Aconitate. Interestingly, for these metabolites (Digalactosyl-glycerol, Caffeate, Sinigrin, Aconitate) that showed variation among 5 accessions, GWA analysis has also revealed significant peaks that are associated with their accumulation (see General Discussion). 

/

We also investigated the metabolite accumulation of Col-0 to reveal the response pattern to drought (W-N+), N-deficiency (W+N-) and their combination (W-N-). Compared to single N-deficiency, combined stress evoked relatively little specific metabolic response in Col-0 (Fig. 18). In total, 43, 90 and 76 metabolites were significantly differentially accumulated (P.adj < 0.05) in response to drought, N-deficiency or combined stress, respectively. Of these significant metabolites in response to combined stress, 66% were common with N deficiency-induced DAMs, 38% were common with drought stress-induced DAMs, and 13% were found to be specific for the combined stress condition. When comparing the metabolic profile of other 4 accessions with Col-0 (Fig. 19A), only 4 metabolites were shared by all 5 accessions in response to drought stress, with a much larger number of other DAMs (50 in total) responding specifically in only 1 accession. The response to N-deficiency was much less accession-specific, with 57 metabolites shared by all genotypes in response to single N deficiency stress. For combined stress, 25 metabolites were found to be shared by all genotypes, including 23 of the 57 above-mentioned N-deficiency shared DAMs and 2 of 4 drought-stress induced shared metabolites. Several accession-specific combined stress-specific responses are highlighted (Fig. 19). For example in Tsu-0, the abundance of the sugar Rhamnose and the organic acid Shikimate increased specifically in combined stress, a different response pattern than other accessions. To better depict the relative differential accumulation of 5 accessions imposed with W-N+, W+N-, W-N-conditions, metabolite accumulations were normalised with the control condition and presented in fold change(stress/control). This identifies shared and accession-specific differentially-accumulated metabolite profiles in response to the W-N+ condition, W+Ncondition and combined stress.

As an example, we first examined the intermediates of the energy related pathways (pentose phosphate pathway), finding the expected coherent accumulation in all five accessions grown under N-limiting conditions (Fig. 20A). To the contrary, in W-N+ plants, we found an overall reduced pentose phosphate pathway intermediates. With respect to this, the pentose phosphate pathway response to the combined stress is more variable among the 5 accessions with accessions showing more of a W+N-like response (Tsu-0) and others more of a W-N+ like response (especially Col-0). Additional pronounced alterations to central metabolism were in the tricarboxylic acid (TCA) cycle (Fig. 20B) and sugar metabolism (Fig. 20C). Plants under N deficiency showed an overall-buildup of TCA cycle intermediates while pyruvate as end product of glycolysis and source of AcetylCoA to fuel the TCA cycle pyruvate levels was not differentially accumulated. An overall accumulation of soluble sugars (Glucose and Sucrose) was observed as described before. In drought stressed plants, as expected, levels of organic acids in the rosettes were maintained at a similar level as control conditions while some soluble sugars (Glucose and Sucrose) slightly accumulated possibly due to the osmoregulation. Accumulations in sugars may affect sugar signalling pathways. In combined stress, moderate (intermediate) accumulations of organic acids and sugars were observed, indicating an attenuation effect of N-deficiency when combined to drought.

In addition, the abundances of amino acids drastically and systematically decrease under N deficiency as expected, especially for the primary metabolites of N assimilation (Glutamate, Glutamine, Aspartate, and Asparagine) (Fig. 20D). In drought stressed plants, the levels of amino acids in the rosettes were maintained or mildly decreased. In combined stress, intermediate depletions of amino acids were observed, interpreted again as an attenuation of N-deficiency intensity by concomitant drought. However the accumulations of amino acids under combined stress were not only shaped by the response to N and W stress but also determined by the genotype, see Threonine in Cvi-0, Aminoadipic acid in Shahdara, or Isoleucine in Bur-0 and Shahdara, for instance. As a known osmolyte, proline accumulates under mild drought in five accessions, but to a lesser extent in Shahdara. Shahdara has the non-functional exon 3-skip splice variant of P5CS1 [START_REF] Taji | Important roles of drought-and cold-inducible genes for galactinol synthase in stress tolerance in Arabidopsis thaliana[END_REF] which leads to less drought-induced proline accumulation than that of other genotypes.

As known drought stress-induced osmoprotectants, Raffinose showed overall significant accumulations in N-deficiency and combined stress, as its precursor galactinol and my-inositol (Fig. 20C). Galactinol and Raffinose are known to be involved in the plants abiotic stress tolerance such as water deficit and salt stress [START_REF] Taji | Important roles of drought-and cold-inducible genes for galactinol synthase in stress tolerance in Arabidopsis thaliana[END_REF] and also slightly induced in mild drought in our study. During the stress response process, Galactinol synthase ( GolS ) is induced by drought and cold stress, galactosylating myo-inositol to produce galactinol [START_REF] Argelaguet | Multi-Omics Factor Analysis-a framework for unsupervised integration of multi-omics data sets[END_REF] . Interestingly, the expression of GolS1 was specifically upregulated in combined stress for Bur-0 (Fig. 11D) while GolS2 was specifically up-regulated in drought in Cvi-0 (not shown), indicating GolSs is involved in accession-specific abiotic stress response.

In general, metabolite alterations were conserved upon stresses among accessions with exceptions, indicating accession-dependent specific stress response. These variations may contribute to phenotypic alteration upon stress in different accessions, or be a secondary consequence of a singular response of an accession. To integrate multiple modalities of omics data in an unsupervised fashion, we applied MOFA to observe joint plasticity in the transcriptome and the metabolome under 3 different stress contexts: W-N+, W+N-and W-N-(with respect to control W+N+). All samples used in our study were profiled on multidimensional views of growth and physiological measurements, transcriptome profiling and metabolome profiling, which provides parallel information of these phenotypic layers (Fig. 21). MOFA connected the transcriptomic changes to coordinated changes in the growth and metabolite levels across all genomic contexts. This allows us to draw connections among phenotypic layers from the condition-based and genotype-based sources of variation affecting traits at different scales. MOFA identified 7 'latent factors' (LF; minimum explained variance 2% in at least one data type; likelihood models: gaussian; see Materials and Methods). These factors were largely orthogonal, capturing independent sources of variation (Jung et al., 2018) . Among these, LF1 was more active in most trait views, indicating broad roles in multiple phenotypes (Fig. 21B). LF2 was specific to two data modalities (transcriptome and metabolome), and LF3-7 were active in transcriptome modality only. Cumulatively, the 7 factors explained ~60% of the variation in growth trait views, ~66% in the transcriptome view, ~40% in the metabolome view (Fig. 21A). Loading space revealed that LF1 essentially captured the variation in response to N-(W+N-and, to a lesser extent, W-N-, with respect to W+N+)(Fig. 21C). LF2 and LF3 captured the second axis of differentiation of genotype groups, with LF2 essentially separating Cvi-0 from Shahdara (and the other three accessions), and LF3 differentiating Bur-0, Col-0 and Tsu-0 from Shahdara and Cvi-0 (Fig. 21C).

MOFA identified two major axes of phenotypic plasticity and aligned them with the most important loadings in condition and genotype modalities. According to feature loading in LF1, rosette nitrate content is clearly differentiated among the plants in each four conditions, which makes it a perfect marker for the condition categories. In the transcriptomic view (Fig. 22A), LF1 was associated with some known nitrate-inducible genes that was consistent with a large weight on the rosette N status, such as ROXY family genes ( ROXY8, ROXY11 to ROXY16; CC-type glutaredoxins (ROXYs) which are known to be involved in nutrient sensing through the regulation of chlorophyll content [START_REF] Lezhneva | The Arabidopsis nitrate transporter NRT2.5 plays a role in nitrate acquisition and remobilization in nitrogen-starved plants[END_REF] , GLN1;4 (a cytosolic glutamine synthetase encoding gene), BRANCHED-CHAIN AMINO ACID TRANSAMINASE 2 (BCAT2) (an osmotic stress-responsive gene that is involved in cell wall development), and NRT2.5 (a nitrate transporter that is essential to nitrate acquisition in long-term starvation [START_REF] Zhao | Involvement of miR169 in the nitrogen-starvation responses in Arabidopsis[END_REF] . Variance decomposition also showed the relevance of this factor with respect to metabolome traits, e.g. the top weight features Fumarate and Sucrose, but also Glutamine in the opposite direction. As for feature loading in LF2 , δ 13 C was the top feature that differentiates the drought stress response among accessions, anticorrelated with final plant size (PRAD23; Fig. 22A). Cvi-0 has constitutively larger stomata and higher stomatal conductance, because of a single amino acid substitution in MPK12 (M arais et al., 20 14) . Among transcriptome traits view, LF2 was highly associated with RLP families ( RLP42, RLP1, RLP34 ), GLUTAMATE RECEPTOR 2.7 , CPK41, IAA-LEUCINE RESISTANT 2 (ILR2), TRANS-ACTING SIRNA1B (TAS1B) , indicating accession-specific signal transduction that differentiates stress response among accessions. Variance decomposition also showed the relevance of this factor with metabolome modality. Together, LF1 and LF2 captured the entire differentiation trajectory of cumulative biomass for contrasted conditions among five accessions (Fig. 21). To observe the correlative response pattern of top 20 significant features of LF1 and LF2 in each trait view (growth parameters, metabolites, transcripts), a heatmap was plotted using the mean value of each genotype x condition modality (Fig. 23), with relative abundance stress/control in Fig. S9. Differentially accumulated features were divided into clusters with similar trends in different conditions to facilitate the visualisation of complex response dynamics. The hierarchical clustering confirmed the existence of groups of traits commonly regulated by N-availability and water provision (Fig. 23: clusters 1, 2 and 6-9), while others are specifically depleted in Cvi-0 (Fig. 23: clusters 5) or in Shahdara (Fig. 23: clusters 3). Natural depletion of accession-specific gene clusters are mainly involved in oxidative stress response and ROS signalling pathways (Fig. 23: clusters 3-5). In Cvi-0, lower expression levels were found in oxidative response genes (for example GLUTATHIONE

S-TRANSFERASE 19/GLUTATHIONE S-TRANSFERASE TAU 1, MEMBRANE-ANCHORED UBIQUITIN-FOLD PROTEIN 5 PRECURSOR (MUB5), MIR850A, TAS1B, HISTONE H1-3/HON3, SUCCINATE DEHYDROGENASE 2-3, RLP34, ILR2)

. Shahdara expressed at lower levels genes such as CAT3/ROG1/SEN2 ( a gene that catalyzes the breakdown of hydrogen peroxide into water and oxygen), NEUTRAL CERAMIDASE 1 (NCER1) (an oxidative stress response gene), SULFUR E2 (SUFE2) (Fe-S assembly-related gene that functions as a positive regulator in sulfur metabolic process), 2A6 . Interestingly, Cvi-0 and Shahdara shared some common features (cluster 4) such as a lower accumulation in t-Sinapic acid and lower Carbon content, and a relatively lower expression in genes such as PURPLE ACID PHOSPHATASE 3 (PAP3), AITR1/DIG-LIKE4 (DIL4), CYSTM8, PLANT U-BOX 19 (PUB19), SUBTILASE 3.13. Still, common N-responsive features were identified among accessions. In N deficit conditions, down-regulation of clusters 8 and 9 were found, including glutaredoxin family gene ROXY3 and ROXY11 to ROXY16, MIR169 , which were linked to lower N content of the whole rosette. This is in line with the previous study that these ROXYs (Jung et al., 2018) and MIR169 [START_REF] Joshi | Two Arabidopsis Threonine Aldolases Are Nonredundant and Compete with Threonine Deaminase for a Common Substrate Pool[END_REF] were repressed in response to N-starvation. In contrast, feature cluster 1 was found up-regulated under N deficit condition, including increased transcript levels of ROXY8 and ROXY9 (Jung et al., 2018), THREONINE ALDOLASE (THA1) [START_REF] Liu | UDP-glucosyltransferase71c5, a major glucosyltransferase, mediates abscisic acid homeostasis in Arabidopsis[END_REF] ) , BCAT2, GLN1;4, NRT2.5, TRYPTOPHAN AMINOTRANSFERASE RELATED 4 (TAR4), GLR2.7, RLP42, together with Digalactosyldiacylglycerol, fumarate and fructose accumulation going up. However, this analysis highlighted no drought stress-responsive features in all five accessions, underlying the genotype-specific responses. Together, our results demonstrated that N and W have diverse effects on long-term rosette growth in different accessions at the molecular and physiological level.

In order to study the accession-specific response patterns, we examined the trait profiles of the predicted features of MOFA selections for each accession individually, which also encompassed growth traits, metabolite traits and the transcriptomic profile. Generally, all genotypes shared some common features such as down-regulation of ROXY11 to ROXY15, PAP2/MYB90, ROXY8, THA1, BCAT2, GLN1;4, in response to W-N-condition and W+Ncondition.

Meanwhile, complex transcriptional expression patterns enabled accession-specific stress response processes to occur. As expected, more accession-specific feature clusters were discriminated in individual analysis, such as the expression of NRT2.5 which was upregulated in combined stress for all accessions except for Col-0 (compare Fig. 8 andS3); UGT76D1 was specifically downregulated in Col-0 under both N-conditions; SAG13 was explicitly upregulated in Cvi-0 in both N-conditions ( Fig. 24 ). In each accession we detected the high relative accumulation of molecular features, as well as of correlated growth traits. In Col-0 ( Fig. 24A ), cluster 1 gathers traits which response pattern is characterised by a strong increase in single N-deficiency, mitigated when combined to drought; this includes for instance CYP75B1/TT7( required for flavonoid 3' hydroxylase activity ) , carbon allocation related gene SAQR, SDH 2-3, THA1, UGT71C ( (Li et al., 2008b) , CYP722A1 and NUDX24 ; A similar attenuation effect was found in cluster 3 features, including an essential drought-responsive gene NF-YA5 [START_REF] Ábrahám | Light-dependent induction of proline biosynthesis by abscisic acid and salt stress is inhibited by brassinosteroid in Arabidopsis[END_REF][START_REF] Yoshiba | Stress-Responsive and Developmental Regulation of Δ1-Pyrroline-5-carboxylate Synthetase 1 (P5CS1) Gene Expression in Arabidopsis thaliana[END_REF] , compounds such as myo-inositol (a cyclitol that is important for signal transduction, cell wall formation, regulation of tissue growth, osmotic adjustment and membrane transport) and carbohydrates (Fructose and Glucose). Cluster 4 was found up-regulated in both drought stress and combined stress while downregulated in N-deficiency, among which, P5CS1 (encodes a delta 1-pyrroline-5-carboxylate synthase that catalyses the rate-limiting step in the biosynthesis of proline, (Li et al., 2008a) ) and WSD1 (related to wax synthase [START_REF] Besnard | UMAMIT14 is an amino acid exporter involved in phloem unloading in Arabidopsis roots[END_REF] ) showing a positive correlation relationship with Anhydroglucose, Threonine, δ13C and the morphology trait CompactnessD10. Conversely, cluster 5 features were found upregulated in W+N-while down-regulated in W-N+ and W-N-, including the toxic intermediate of sulphur assimilation, sulfite and transcripts of PLA2A/PLP2 , SIB1, PEM12, TN13, ERD6, PYL4, JUNGBRUNNEN1/NAC DOMAIN CONTAINING PROTEIN 42 (JUB1/NAC042), CWIN6, FUT4 ; Moreover, antagonistic interactions were found in expression pattern in cluster 2 features, NIT4 was induced in W+N-condition while down-regulated in W-N+ condition, and showing a attenuated upregulation in combined stress, so as carbohydrates (Glucopyranose), glycerophospholipids (Glycerol-3-phosphate), growth trait (Compactness D23) and C content; Interestingly, synergistic expression patterns were found for the gene UMAMIT14 (amino acid exporter involved in phloem unloading; [START_REF] Teng | Sucrose-Specific Induction of Anthocyanin Biosynthesis in Arabidopsis Requires the MYB75/PAP1 Gene[END_REF] ) and GNS3 (glycosyl hydrolase), indicating enhanced activity for carbohydrate degradation and amino acid transport.

Compared to Col-0, some specific N-responsive traits were highlighted by MOFA selection in Cvi-0 (Fig. 24B). Cluster 1 features were generally up-regulated in W+N-and this increase was mitigated when combined to drought in W-N-, including the transcripts of TTs (TT19, TT18, TT7, TT3), JUB1/NAC042 , UDP-glucosyl transferase (UGT79B1, UGT76D1), MYB DOMAIN PROTEIN 75/SUC-INDUCED ANTHOCYANIN ACCUMULATION 1 (Suc-induced anthocyanin accumulation, [START_REF] Gray | The REVEILLE Clock Genes Inhibit Growth of Juvenile and Adult Plants by Control of Cell Size[END_REF] ), BCAT2 (encoding an enzyme of branched chain amino acid metabolism that is regulated by osmotic stress and involved in cell wall development), (ZUSAMMEN-CA)-ENHANCED 1/MLP-LIKE PROTEIN 328 ; Additional shared stress-responsive clusters were found, cluster 2 gathers increased features in all stress conditions including 8 genes ( HON , RD20 , Late Embryogenesis abundant protein LEA7 and LEA4-5 , REVEILLE 3 (REV3) (a MYB transcription factor involved in cell size control; [START_REF] Frelet-Barrand | Comparative Mutant Analysis of Arabidopsis ABCC-Type ABC Transporters: AtMRP2 Contributes to Detoxification, Vacuolar Organic Anion Transport and Chlorophyll Degradation[END_REF] ); COLD-REGULATED 15A COR15A , AFL1 , as well as in Cluster3, SUFE2 involved in iron-sulfur cluster assembly ), %C and fumarate, Threonine and CompactnessD10. In contrast to cluster 2, cluster 6 features were downregulated in all stress conditions when compared to control. This cluster is composed of 4 genes ( RCAR8, LAC8, PORA, XTH33 ), growth and rosette colour related traits (RERinstantD15, SaturationD23, PRAD15), physiological traits (Total C, N content, δ15N), and metabolites (Aspartate, Glutamine); Moreover, synergistic expression patterns were found for the gene XTH33 in combined stress, indicating enhanced arrest of cell wall metabolism. In addition, in cluster 3, 4 features (δ13C, SAG113/ HAI1 , ABA-induced transcription repressor AITR1/DIL4 , RD29B ) were found downregulated in response to W+N-condition while upregulated in W-N+ condition, and even more upregulated in W-N-condition; In contrast, cluster 4 (including metabolites t-Sinapinate, Sucrose, Glycerol 3-phosphate, Glucose, Myo-inositol 1-phosphate, Digalactosyl-glycerol and Fructose) and Cluster 5 (including (z)-Phytol, SaturationD10, Sedoheptulose-7-phosphate, Glucose-6-phosphate, PYL4/RCAR10 as well as PYL6/RCAR9 in cluster 6) were upregulated in W+N-condition but down-regulated in W-N+ and combined stress condition.

In Shahdara (Fig. 24C), similar response patterns upon stresses were found in cluster 3, cluster 5, cluster 7 and cluster 9. Trait levels of features in cluster 3 were decreased upon all stress conditions with respect to control condition, such as transcripts DEGP2 PROTEASE DEG2/EMB3117, DNAJ PROTEIN ERDJ2B, and growth traits (PRAD15, SaturationD23, SaturationD10, SaturationD15, RER, RERinstantD15). In contrast, features in group 5, group 7 and group 9 are induced upon all stresses, including genes ( receptor protein kinase-like protein ZYGOTIC ARREST 1, P-COUMARYL ALCOHOL EXPORTER PDR1, NLP2, ATP-BINDING CASSETTE C2/ MULTIDRUG RESISTANCE-ASSOCIATED PROTEIN 2 (an ABCC-type ABC transporters thats is involved in detoxification, vacuolar organic anion transport and chlorophyll degradation; [START_REF] Langfelder | WGCNA: an R package for weighted correlation network analysis[END_REF] , GRR1-LIKE PROTEIN 1 (GRH1) , Auxin transport protein UMBRELLA 1 (UMB1/BIG), GLUCAN SYNTHASE-LIKE 3 (GSL03), DExH-box ATP-dependent RNA helicase (BRR2B ), carbohydrates (Sucrose, Glucose), organic acids (t-Sinapinate, Maleate) and growth traits (CompactnessD15, CompactnessD23). Features among cluster 1, 6, 8 were highly upregulated in response to N-deficiency and downregulated in response to drought, with lower levels of upregulation in combined stress, such as NRT2.5, NIT4, SAQR, ROXY21, and NF-YA10 with a similar accumulation profile as carbohydrates (Glucopyranose, Digalactosyl-glycerol) and phosphorylated intermediates (Myo-inositol-1-phosphate, Glycerol-3-phosphate).

In Tsu-0 (Fig. 24D), upregulation was found for features in group 1,3,4, including BOR5, CYP722A1, PAP2, ROXY8, IRM1, DCL3, CYCB1;5 as well as LBD39 (in group 2), %C, carbohydrates (Glucose, Glucopyranose, Fructose), Myo-inositol, and Malate. Group 6 was found down-regulated upon stresses, including NOXY7, TRM2B, HSP93-III, RPF7, EMB3117 and growth traits (ValueD10, Saturation 15, RERinstantD15, RERinstantD23, PRAD10, PRAD23, PRAD15); Group 2 and 5 features exhibited reversed response patterns in single W-N+ and W+N-condition. In Group 2, 2 genes NIGT1.1/HHO3 and ROXY10 , were downregulated in W+N-while upregulated in W-N+ and showing mitigated downregulation in combined stress. In group 5, similar levels of upregulation in combined stress and W+Ncondition were found for several genes (CYSTEINE-RICH RLK (RECEPTOR-LIKE PROTEIN KINASE) 6 ( CRK6 ) , ALPHA CARBONIC ANHYDRASE 2 (ACA2), GLUCAN SYNTHASE-LIKE4 (GSL4), PUMILIO 4,APETALA 2,GALACTURONOSYLTRANSFERASE 15 ) and metabolites (Dehydroascorbate, Succinate, Sucrose, Glycerol-3-phosphate, Glucose-6-phosphate, Sulfite), while these traits are decreased under drought stress.

In Bur-0 ( Fig. 24E ), opposite response patterns in response to W+N-condition and W-N+ condition were commonly found for group 1, 2, 4 and 6, and the levels of expression were mostly mitigated in response to combined stress in comparison to W+N-condition. Those groups included genes ( LBD39, ASPGB1, AHL2, with DEFECTIVELY ORGANIZED TRIBUTARIES 1 (DOT1), E GROWTH-REGULATING 1(EGR1), LIPOXYGENASE 2 (LOX2) , PYRIMIDINE 4 (PYD4), GLN1;4,NRT2.5,BCAT2,NIT4,, AMMONIUM TRANSPORTER 1;4 (AMT1;4), BETA-GLUCOSIDASE 47 ( BGLU47 )), carbohydrates (Anhydroglucose, Sucrose, Digalactosyl-glycerol, Fructose, Glucopyranose), Alanine, phosphorylated intermediates (Myo-inositol-1-phosphate, Glycerol-3-phosphate), the organic acid Maleate, Beta-indole-3-acetonitrile (IAN, candidate precursor of the plant growth hormone IAA) and δ13C. Group 5 consisted of growth and physiological traits (PRAD23, PRAD15, TotalC, N content, Total N) and metabolite traits (Threonine) which were generally reduced upon stresses; In Group 3, features were upregulated upon stress conditions. Interestingly, additive effects in combined stress were found for TT8, ACYL ACTIVATING ENZYME (AAE12), MBP1, HYDROPEROXIDE LYASE 1 (HPL1/CYP74B2), SERINE CARBOXYPEPTIDASE-LIKE 9 (SCPL9), AITR1/DIL4, FLAVIN-MONOOXYGENASE GLUCOSINOLATE S-OXYGENASE 2 (FMO GS-OX2), TSA1, RD20 , and also for NUDX24 in group 6 and CYP81F2 in cluster 5.

These results supported chiefly the importance of the genotype factor in shaping transcriptional networks to modulate stress responses, leading to metabolism alterations and contrasted phenotypic responses.

Correlation network analysis (WGCNA) failed to identify the most consensual module among accessions

To further characterise the gene and metabolite categories constituting the relationships identified above, we grouped genes and metabolites that were coexpressed and correlated as potential members of similarly regulated pathways. We used Weighted Correlation Network Analysis (WGCNA; [START_REF] Angeli | The nitrate/proton antiporter AtCLCa mediates nitrate accumulation in plant vacuoles[END_REF] ) to perform a comparative analysis of gene networks among the four conditions (W+N+, W+N-, W-N+, W-N-) in 5 accessions. Co-expression modules were identified, where each module consists of molecular traits (transcripts and metabolites) that show broadly similar accumulation patterns across the different accessions and conditions. To study the module-phenotype (physiological and growth-related traits) relationship, each correlation between module and trait was calculated (Fig. 25) both across five accessions, and for each accession. For most traits, only one or a few modules were highly associated. Both positive and negative correlations were considered when analysing a trait. Most significant gene coexpression modules were identified for within 5 accessions under different conditions, namely M01, M02, M03, M04. M01 (turquoise), a module where top significance genes are enriched in protein glycosylation pathways, was moderately correlated with growth and physiological traits (N content : r= -0.47, p=1e-07; Saturation: r= -0.48, p=6e-08; RER : r= -0.34, p=2e-14; Hue: r= 0.36, p=9e-15). M02 (grey) and M04 (brown) were highly correlated with rosette colour and morphological traits, M02 (grey) with valueD15 (r= 0.71, p=6E-19), M04 (brown) with CompactnessD15 (r= 0.83,2e-34) and valueD15 (r= -0.84, p=2e-34). Overrepresentation of M02 significant genes were enriched in chlorophyll metabolic while that of M04 were enriched in galactose metabolic process. In addition, M03 (blue) was highly correlated with RERinstantD23 (r= -0.95, p=2E-57) and N content (r= -0.94, p=5E-56). GO enrichment of M03 was related to porphyrin-containing compound metabolism and tetrapyrrole metabolic processes. In general, the expressions of top ranked genes in each module served for similar purposes, oxidative and energy metabolism. Modules with high correlations with rosette nitrate content and water content were identified. MEblue (r= -0.73, p= 6E-21) module with 3.153 genes, and MEmidnightblue (r= -0.63, p= 4e-14) with 202 genes were highly correlated with these two physiological markers of stress conditions. Among these co-expression genes, 300 and 20 hub genes that connected with at least one gene or metabolite were identified in MEblue and MEmidnightblue modules, respectively. These hub genes have high connectivity in the module, indicating they play key roles in regulating the traits that are highly correlated with a given module. For example, we found that rosette nitrate content-correlated hub genes with better connectivity in the hub networks were significantly enriched in Chlorophyll metabolism, including BIFUNCTIONAL NUCLEASE IN BASAL DEFENCE RESPONSE 2 (BBD2), TAR4, NLP5, VACUOLAR PROTEIN SORTING-ASSOCIATED PROTEIN 32 (VPS32), SK1, BRZ-INSENSITIVE-PALE GREEN 3/RETICULATA-RELATED 5 (BPG3/RER5), ROXY13, SKP1-LIKE 13, and PHOS32. This enriched pathway might be a potential N deficiency-response mechanism. For water content, correlated hub genes were known for their role in the response to desiccation and water deprivation, such as UBQ3, RD29A, AALP, ALP and SAG2 . However, this approach is less powerful to identify the most consensus module among accessions due to the high redundancy of metabolite profiles (strong correlation can be found between one given module and multiple traits) and accession-specificity of transcriptional alteration (less transcriptional overlap essentially due to Cvi-0).

Coexpression networks by Mixomics

Next, we used the Mixomics tools to seek for common information across different data types through the selection of a subset of molecular features (transcripts, metabolites), while discriminating between multiple phenotypic groups. Identification of multi-omics molecular signatures such as differentially expressed genes and differentially accumulated metabolites were tested among different accession data sets and resulted in a network of 231 coexpressed features (in total; Fig. 26). Mixomics selected the most discriminative feature that was highly specific among the genotypes and conditions groups. In addition, regulatory networks were constructed to get a view on the regulatory interactions between the coexpressed features. Compared to the two previously presented integrative methods (which essentially highlight any coherent pattern of correlation/co-expression across the data), mixomics highlights the most significantly discriminative features between stress conditions and control conditions. Many known signalling components were present in the most important identified components of the accession-wise networks (for example, CSLG3 in drought stress, CLCA in N-deficiency and SnRK3.3/CIPK4 in response to combined stress). Some discriminative physiological traits were shared between the three conditions (Raffinose, N and nitrate contents, growth), but in general, the combination of N-deficiency and drought imposed on the five accessions provoked a reorganisation of the network. Still, some transcription nodes were shared between W-N-and each single stress, for example the BPG3/RER5 centered network is shared with W+N-, and the CELLULOSE SYNTHASE LIKE G3 (CSLG3) and NUDX24 centered network is shared with W-N+ (Fig. 26).

Among the five genotypes altogether, hub components such as ROXY13 and CLCA presented similar mechanisms to adapt metabolism and growth in response to W+Ncondition (Fig. 26A). CLCA functioned as a NO 3 -/H + exchanger that serves to accumulate nitrate in vacuoles (Jung et al., 2018;[START_REF] Patterson | Nitrate-Regulated Glutaredoxins Control Arabidopsis Primary Root Growth[END_REF] , which might positively affect rosette nitrate content, the concentration of nitrogen containing compounds (Agmatine and Alanine, Asparagine, Glycine), and total N content while affecting negatively the concentration of raffinose. On the other hand, a gain-of-function approach showed that ROXY13 might be involved in nutrient sensing through the regulation of chlorophyll content, root hair growth, and expression of nitrate-related genes such as NRT2.1 under low nitrate conditions (Suzuki et al., 2016) . These transcriptional and metabolic alterations may contribute to increased biomass (PRAD23), growth rate at some time points (RERinstant) and plant colour (SaturationD23) likely translating increased chlorophyll content. More subnetwork hub components such as NLP3, DREB AND EAR MOTIF PROTEIN 1 (DEAR1), BPG3/RER5, ROXY14/GRXS7, WRKY45, PMEI13 were also identified.

However, in drought stress, hub components such as AT1G17830 and INDOLE GLUCOSINOLATE O-METHYLTRANSFERASE 3 ( IGMT3) were identified (Fig. 26C). As expected, upregulation of IGMT3 was predicted to increase the abundance of N-storage molecules (Proline, Glutamate), phosphorylated intermediates (Phosphate, Bis-glyceryl-phosphate), rosette nitrate content and total N content while decreasing the content of Raffinose, 2-oxoglutarate and Galactinol, which facilitated biomass accumulation (PRA) and changed rosette colour toward darker and greener plants (Value, Hue). In contrast, AT1G17830 was predicted to function in the opposite way as IGMT3 . More subnetwork hub components were activated by drought such as PROTEIN AFFECTED TRAFFICKING 2 (PAT2) and CSLGs .

In combined stress, hub components ELF4 and SnRK3.3 / CIPK4 were identified (Fig. 26B). The upregulation of these hub genes repressed the accumulation of amino acids (Arginine, Asparagine, Glycine), and rosette nitrate content, total C content, total N content and negatively coordinated growth parameters (PRAD23, Value).

Moreover, the genotype is a major factor driving stress-responsive network signatures. To investigate the accession-specific stress-responsive manner, an condition-specific analysis was performed for each accession. An overview was presented to show the stress-responsive network signatures were highly dependent on the genotype (Fig. 27), in a shared background layout. In Col-0, Mixomics identified two features as key components of the N response and W responses (Fig. 28). For drought stress, the PATL2 subnetwork was highlighted, which is consistent with the known role of PATL2 in establishing negative feedback to MPK4 , included activation of ABA-mediated stomatal movement through MPK4 to alleviate drought stress in Arabidopsis thaliana (Pozo et al., 1999;[START_REF] Cheng | Characterization of the Arabidopsis glycerophosphodiester phosphodiesterase (GDPD) family reveals a role of the plastid-localized AtGDPD1 in maintaining cellular phosphate homeostasis under phosphate starvation: Role of AtGDPD1 in phosphate starvation[END_REF] . In N-deficiency, a subnetwork of PHOTOSYSTEM II REACTION CENTER PROTEIN E (PSBE) was activated. PSBE acted as a negative regulator of amino acid accumulation (Asparagine, Glycine) and growth parameters, while positive with Scylla-inositol, Raffinose, Gluconate, and Citramalate under W+N-condition. In Cvi-0, co-expression of hub components ORP4B and MES20 were found in response to W+N-condition (Fig. 29). Upregulation of these hub genes can increase the accumulation of 2-oxoglutarate, Malate, Raffinose, Galactinol, but decreased amino acids (Asparagine, Glutamine) content and probably nitrogen uptake (increase in %N and total N), which result in decreases in PRAD23 and RERD23, and positive regulation of Value (darker plants). More subnetwork hub components were activated by W+N-condition such as DIG2, ROXYs , LEG gamma . However, in drought stress, hub components such as GDPD1/SRG3 and ACP5/PAP17 were identified. GDPD1/SRG3 and ACP5/PAP17 are known targets of the phosphate-regulated MYB transcription factor PHR1 [START_REF] Ma | Auxin biosynthetic gene TAR2 is involved in low nitrogen-mediated reprogramming of root architecture in Arabidopsis[END_REF] , suggesting that the systemic response in the maintenance of the cellular phosphate homoeostasis was activated in water deficiency. The expressions of GDPD1/SRG3 and ACP5/PAP17 were positively correlated with the abundance of amino acids (Glutamine, Isoleucine) and decrease in phosphorylated intermediates (Inositol-P-glycerol, Glycerol-3-phosphate, Phosphate, Sedoheptulose-7-phosphate), and Sulfite. These changes were also correlated with the decrease of PRAD23 and the increase in rosette colour (Hue). In combined stress, hub components MUCILAGE-RELATED 21 (MUCI21) were identified. The upregulation of MUCI21 was negatively correlated with the concentration of several amino acids (Glycine, Serine, Asparagine, Homoserine), the organic acid (trans-Sinapinate), total N and positively regulated Raffinose accumulation. In Tsu-0, hub components such as TAR4 and TZF2/OZF1 showed similar co-expression mechanisms in response to W+N-stress (Fig. 30). TAR4 is an auxin biosynthesis-related gene also displaying differential patterns of expression under low N treatment [START_REF] Maghiaoui | The Arabidopsis NRT1.1 transceptor coordinately controls auxin biosynthesis and transport to regulate root branching in response to nitrate[END_REF] . TZF2/OZF1 , encoding a plasma membrane protein involved in oxidative stress, is known to be induced by multiple stress conditions (ABA, salt, sugar and nitrogen deficiency). Upregulation of TZF2/OZF1 was positively correlated with the accumulation of TCA cycle intermediates (citrate, aconitate). Moreover, expression of TZF2/OZF1 and TAR4 was negatively correlated with the accumulation of rosette nitrate content, amino acids content (Glycine, Agmatine, Alanine, Putrescine, and homoserine) and positively correlated with accumulation of carbohydrate metabolites (Galactinol, Gluconate and Galactonate). Indeed, the nitrate transceptor NRT1.1 controls several auxin-associated processes that regulate the nitrate response of the root system including negative regulation of the TAR2 auxin biosynthetic gene [START_REF] Cheng | The Arabidopsis ETHYLENE RESPONSE FACTOR1 Regulates Abiotic Stress-Responsive Gene Expression by Binding to Different cis-Acting Elements in Response to Different Stress Signals[END_REF] . TAR4 might be central to nitrate-regulated auxin biosynthesis in shoots. In drought stress, hub components such as EXP16 and AT1G79170 were activated. Upregulation of EXP16 was identified to increase the abundance of organic acids involved in the TCA cycle (Citrate, Malate), sugar related compounds (Galactinol, Gluconate), Glycine, phosphorylated intermediates (Inositol-P-glycerol, Phosphate). In addition, more subnetwork hub components were activated by combined stress such as ERF1/ERF1B and SnRK3.5/CIPK19 . ERF1 was known as a positive regulator in salt, drought, and heat stress tolerance which integrates jasmonic acid, ethylene, and abscisic acid signals. The overexpressing lines of ERF1 displayed a constitutively smaller stomatal aperture and less transpirational water loss which lead to more relative tolerance to drought and salt stress [START_REF] Hrabak | The Arabidopsis CDPK-SnRK Superfamily of Protein Kinases[END_REF] . SnRK3.5/CIPK19 encodes a serine-threonine protein kinase which is involved in sugar and ABA signalling [START_REF] Schomburg | Overexpression of a Novel Class of Gibberellin 2-Oxidases Decreases Gibberellin Levels and Creates / Dwarf Plants[END_REF] but also in Ca 2+ influx modulation to maintain Ca 2+ homeostasis. The upregulation of these hub genes has a negative impact on metabolism (Amino acids (Homoserine, Glycine, Alanine, Arginine), Water Content, Carbon Content) and growth (PRAD23, RERiD23), rosette colour (Saturation) and rosette architecture (Compactness), and act positively toward an accumulation of carbohydrates (Gluconate, Galactonate, Galactinol) and TCA cycle intermediates (Aconitate, Citrate). In Bur-0, hub components such as UEV1B, AT2G42955 and AT5G51795 were activated under N-deficiency (Fig. 31). AT2G42955 and AT5G51795 showed co-expression mechanisms with similar metabolite and growth parameters in response to N-deficiency, while UEV1B presented different co-expression mechanisms. AT2G42955 and AT5G51795 negatively correlated to Kaempferol, Galactinol, Raffinose, Water Vontent, RERinstantD10, value, and positive related to carbohydrates and amino acids (Glucopyranose, Glycine, Agmatine), Rosette Nitrate Content, PRAD23. Moreover, in drought stress, hub components such as MBP2 , RD20 were identified. In combined stress, similar hub components as for Tsu-0 were identified ( SnRK3.5/CIPK19 and ERF1/ERF1B) , indicating a similar regulatory mechanism that was activated by combined stress in Bur-0 and Tsu-0. Last but not least, Mixomics pointed out unknown roles of known features that were activated for specific accessions, or some novel features that were activated by stress conditions. For example, in Shahdara, hub components such as GIBBERELLIN 2-OXIDASE 8 ( GA2OX8) and GLYCINE-RICH PROTEIN 3 SHORT ISOFORM (GRP3S) showed similar regulatory mechanisms of metabolite and growth parameters in drought. GA2OX8 belongs to the hormone gibberellin pathway, which plays an essential role in many aspects of plant growth and development [START_REF] Flexas | Decreased Rubisco activity during water stress is not induced by decreased relative water content but related to conditions of low stomatal conductance and chloroplast CO2 concentration[END_REF][START_REF] Bogeat-Triboulot | Gradual Soil Water Depletion Results in Reversible Changes of Gene Expression, Protein Profiles, Ecophysiology, and Growth Performance in Populus euphratica, a Poplar Growing in Arid Regions[END_REF] . Upregulations of GA2OX8 and GRP3S in drought are identified together with increased abundance of Bis-Glycerol-phosphate and 2-Oxoglutarate and decreased accumulation of carbohydrates (Galactinol, Raffinose). Hub components such as DRM2 and AT4G15270 showed similar regulatory mechanisms of metabolite and growth parameters in response to N-deficiency . In combined stress, hub components UGT74E2 and unknown gene AT1G80130 were identified as a pair of antagonistic regulators. Together they regulated the accumulation of amino acids (Asparagine, Alanine, Glycine) and carbohydrates (Galactinol, Raffinose) in combined stress.

Subnetwork view :

/ 2.5 Discussion:

Growth and physiological behaviours under single and combined stress in five accessions

Phenotypic diversity is often of high complexity. In this study, we investigated genotypic variation and dynamic stress-responsiveness of vegetative growth upon the effect of stable mild drought and N deficiency. Phenoscope robots were exploited to impose distinct stress conditions and also to acquire information on phenotypic adjustment at the dynamic and cumulative levels, as an evaluation of the imposed stress. To observe W and N interplay in a long-term soil-base environment, the intensity of W and N deficiency in combined stress were adjusted to have the same overall limiting amount of water volume and N moles with respect to single stress (see material and methods). This was intended to compare different accessions in the same conditions, because it would be very difficult anyway to adjust the stress intensity to each accession's metabolism (e.g. contrasted plant size, intrinsic N-physiology or WUE differences …).

During our long-term stress treatments, growth traits were less affected by W-N+ than by W+N-due to the nature of the stress responses under our conditions, which allows stress adjustment and consequent growth recovery under mild drought but not N-deficiency: for all accessions, growth rate (RERinstant) was transiently reduced and recovered to similar relative level as in W+N+ for plants imposed with W-N+, while it decreased continuously for plants imposed with W+N-(Fig. 1C). Moreover, plant biomass and rosette C content, rosette compactness, rosette colour were less affected by drought than by N deficiency at least at the later time points. In metabolomic view , the central carbon metabolism was being maintained under water deficit, probably due to the fact that the key steps and pathways such as Rubisco activity [START_REF] Riccardi | Protein Changes in Response to Progressive Water Deficit in Maize Quantitative Variation and Polypeptide Identification[END_REF] , glycolysis and the TCA cycle [START_REF] Pinheiro | Photosynthesis and drought: can we make metabolic connections from available data?[END_REF] , sugar synthase and fatty acid invertase [START_REF] Moore | Adaptations of higher plant cell walls to water loss: drought vs desiccation[END_REF] were activated or upregulated during the mild drought response. To maintain their growth under drought episode, transcriptional response involving cell wall modifications genes was upregulated to maintain cell integrity [START_REF] Ren | Water absorption is affected by the nitrogen supply to rice plants[END_REF][START_REF] Hatfield | Managing Soils to Achieve Greater Water Use Efficiency[END_REF] . Similar expression profiles of key mild drought-responsive genes ( PYLs , pectin lyases , P5CS1 ...) were confirmed compared to previous studies in comparable stress conditions [START_REF] Cubillos | Extensive cis -Regulatory Variation Robust to Environmental Perturbation in Arabidopsis[END_REF][START_REF] Clauw | Leaf Responses to Mild Drought Stress in Natural Variants of Arabidopsis[END_REF]. Hence, we confirm that the restriction of water availability for five accessions in drought stress was physiologically mild, which was our intention.

During acclimation to N-deficiency, the source/sink balance was disturbed to increase N acquisition and reduce plant growth, as reflected by physiological traits and growth traits in five accessions. Our results confirmed the similar effect of chronic N limitation as in previous transcriptome analyses [START_REF] Peng | Genome-wide analysis of Arabidopsis responsive transcriptome to nitrogen limitation and its regulation by the ubiquitin ligase gene NLA[END_REF][START_REF] Luo | Integrating multiple omics to dissect the common and specific molecular changes occurring in Arabidopsis thaliana (L.) under nitrate and sulfate chronic limitations[END_REF] . As expected, to salvage necessary nutrients for maintaining essential cellular functions under N limitation, the rate of photosynthesis was adjusted to balance the needs of photosynthesis and carbon utilisation. Genes involved in carbohydrates metabolism, autophagy pathways, flavonoid biosynthetic metabolisms, TCA cycles, stress responses were up-regulated, which explains the observed decreasing content in amino-acids and the increasing content in carbohydrates that were transported to the vacuole for plant cell reuse. Moreover, the expression of genes involved in anthocyanin synthesis was enhanced to reduce photodamage caused by N limitation.

When combined, the interconnections of drought and N-deficiency were more complex. The opening and closing of stomata regulate the amount of W released from rosette tissue, which also impacts the ability to uptake N. On the other hand, increased N availability can lead to higher transpiration rates in leaves [START_REF] Ding | Is Nitrogen a Key Determinant of Water Transport and Photosynthesis in Higher Plants Upon Drought Stress?[END_REF] . This is not only because increased N availability can stimulate more W uptake, but also because it allows for increased photosynthesis and carbon fixation activity [START_REF] Chardon | Natural variation of nitrate uptake and nitrogen use efficiency in Arabidopsis thaliana cultivated with limiting and ample nitrogen supply[END_REF] . Here in our study, less W volume and fewer N-moles didn't result in less nitrate content in W-N-than W+N-in 4 accessions (except Tsu-0). One possibility could be that plants consumed less N at the vegetative stage, allowing nitrate storage in the vacuoles of the smaller rosettes (or left in the soil) for subsequent use when subjected to W-N-. This possibility is supported by our recent time-course nitrate content assay, where we observed that plants consumed less N early from 27DAS when subjected to W-N-(data not shown). Moreover, the dynamics of RERi also indicated that the dynamics of limitations of W and N was different, plants in W-Nseem first stressed with drought (as indicated by the universal transient growth decrease) and hence have less needs for N. In our soil-based study, N was applied by nutrient solution with a fixed quantity of N which might allow nitrate storage in soil when the plant stops growing. Thus, N availability was less limiting for smaller plants such as Col-0 than larger plants such as Tsu-0, which is different from hydroponic-based studies. Whether such storage is due to the limiting role of water deficit on N uptake, or the synergistic interaction of N and W limitations, remains to be studied. Hence, we speculate that drought can mitigate N deficiency, leading to long-term acclimation to water and N deficiency. To what extent drought can attenuate the effect of N-deficiency varied between accessions, indicating genotype-specific responses to combined stress or intrinsic differences in their basal metabolism.

Genotype factor, main determinant of transcriptional responses under combined stress.

Natural variation of NUE and WUE in selected five accessions was expected, which can together contribute to the variation of the combined stress response. [START_REF] Chardon | Natural variation of nitrate uptake and nitrogen use efficiency in Arabidopsis thaliana cultivated with limiting and ample nitrogen supply[END_REF] studied the nitrate uptake and NUE in Arabidopsis thaliana accessions with limiting and ample N supply. They found Tsu-0 and Col-0 were two clearly distinguishable genotypes that appeared significantly differently in NUE, N%, and biomass [START_REF] Farquhar | Isotopic Composition of Plant Carbon Correlates With Water-Use Efficiency of Wheat Genotypes[END_REF] . Col-0 was poorly sensitive to an increase of nitrate supply while Bur-0 and Tsu-0 were highly efficient for carbon fixation and growth under N-limiting conditions [START_REF] Chardon | Natural variation of nitrate uptake and nitrogen use efficiency in Arabidopsis thaliana cultivated with limiting and ample nitrogen supply[END_REF] , which is in line with our discovery, although our N-deficiency protocol and growth conditions were very different. In addition, Cvi-0 and Shahdara are known for lower WUE due to different reasons. Cvi-0 has constitutively larger stomata and higher stomatal conductance, especially because of a single amino-acid substitution in MPK12 [START_REF] Marais | Variation in MPK12 affects water use efficiency in Arabidopsis and reveals a pleiotropic link between guard cell size and ABA response[END_REF] , which typically explains the lack of drought-response for δ13C trait. Carbon isotope discrimination (δ13C), primarily controlled by the ratio of intercellular to ambient CO2 concentrations, is known as a good proxy for estimating WUE in plants [START_REF] Kesari | Intron-mediated alternative splicing of Arabidopsis P5CS1 and its association with natural variation in proline and climate adaptation[END_REF] . (Shahdara differs from other accessions in its responses to drought and low water potential, particularly in its lower level of proline accumulation resulting from the reduced function of Proline synthesis enzyme Δ(1)-pyrroline-5-carboxylate synthetase1 ( P5CS1 ) (He et al., 2017) .

The omics data presented in this study demonstrated a comprehensive overview of the transcriptome/metabolome response in Arabidopsis plants. The first conclusions that could be reached is that genetic variation sets contrasted bases for the transcriptional landscape between accessions, which may be expected considering the amount of cis-acting differential regulation among contrasted accessions [START_REF] Cubillos | Extensive cis -Regulatory Variation Robust to Environmental Perturbation in Arabidopsis[END_REF] ) . Among five accessions, Tsu-0 and Cvi-0 showed notably different transcriptional responses to N-deficiency and drought, compared to Col-0, in that the assembled responsive DEGs were different. W+N-treatment induced much more accession-specific DEGs in Tsu-0, such as NPFs (NPF5.12, NPF5.16, NPF2.7, NPF4.1) and NLPs (NLP5, NLP7), which may explain a better NUE under chronic N-deficiency. Tonoplast-located nitrate transporter NPF5.12 , and NPF5.16 , were proposed to modulate nitrate redistribution between roots and shoots by mediating nitrate efflux from vacuoles to the cytosol [START_REF] Marchive | Nuclear retention of the transcription factor NLP7 orchestrates the early response to nitrate in plants[END_REF][START_REF] Rubin | Members of the LBD Family of Transcription Factors Repress Anthocyanin Synthesis and Affect Additional Nitrogen Responses in Arabidopsis[END_REF][START_REF] Hu | AtCIPK8, a CBL-interacting protein kinase, regulates the low-affinity phase of the primary nitrate response[END_REF] . As a master regulator, NLP7 could regulate the expression of other transcription factors and regulatory proteins to broadly influence nitrate signalling, such as ANR1, LBD37/38/39, CIPK8 and NRT1.1 [START_REF] Taji | Important roles of drought-and cold-inducible genes for galactinol synthase in stress tolerance in Arabidopsis thaliana[END_REF] . The expressions of GolS2 and PLDzeta2 were specifically up-regulated by drought in Cvi-0, but not the standard dehydration markers P5CS1 . Overexpression of Galactinol synthase GolS2 was proven to increase endogenous galactinol and raffinose abundance thus increasing the drought stress tolerance [START_REF] Taniguchi | Involvement of Arabidopsis thaliana phospholipase Dζ2 in root hydrotropism through the suppression of root gravitropism[END_REF] . PLDzeta2 was proven to respond to drought through ABA signalling in the root cap [START_REF] Zandalinas | Systemic signaling during abiotic stress combination in plants[END_REF] . Although derived from the study of only 5 accessions, this suggests that a unique transcriptomic response is to be expected at least from geographically and ecologically distant accessions.

It is also believed that the unique transcriptional responses induced by the stress combination were highly dependent on the stress combination [START_REF] Chao | Activation of the Ethylene Gas Response Pathway in Arabidopsis by the Nuclear Protein ETHYLENE-INSENSITIVE3 and Related Proteins[END_REF][START_REF] Ent | MYB72 Is Required in Early Signaling Steps of Rhizobacteria-Induced Systemic Resistance in Arabidopsis[END_REF][START_REF] Binder | The Arabidopsis EIN3 Binding F-Box Proteins EBF1 and EBF2 Have Distinct but Overlapping Roles in Ethylene Signaling[END_REF] . In our study, stress combination-specific transcripts were not commonly shared among accessions. In other words, condition-specific transcriptional responses also depended on the particular genotype that experienced stress. If not at the gene level, commonalities could be searched at the gene family level. For instance, transcription factor families are thought to be involved in many more complex and different functions that include responses to stress and regulation of development. At least one transcription factor family gene was represented as accession-wise stress combination-specific transcript: EIL2 in Col-0; NLP3 in Cvi-0; REM2 in Shahdara; ERF1 in Tsu-0; AT1G62370 in Bur-0. As key ethylene response regulators, EIL2 is the closest functional homologues of EIN3 , which has been demonstrated to function as key transcription factors of ethylene-regulated gene expression and to act as positive regulators of ethylene signalling [START_REF] Mao | Arabidopsis ERF1 Mediates Cross-Talk between Ethylene and Auxin Biosynthesis during Primary Root Elongation by Regulating ASA1 Expression[END_REF][START_REF] Cheng | The Arabidopsis ETHYLENE RESPONSE FACTOR1 Regulates Abiotic Stress-Responsive Gene Expression by Binding to Different cis-Acting Elements in Response to Different Stress Signals[END_REF] . Meanwhile, ERF1 belongs to ethylene-responsive AP2 transcription factor family that can directly lead to auxin accumulation and ethylene-induced inhibition of root growth [START_REF] Maeda | A NIGT1-centred transcriptional cascade regulates nitrate signalling and incorporates phosphorus starvation signals in Arabidopsis[END_REF][START_REF] Yan | NIN-like protein 8 is a master regulator of nitrate-promoted seed germination in Arabidopsis[END_REF] . This uniqueness of condition-specific transcripts might explain less overlapping of DEGs that respond to combined stress, indicating that different accessions may use similar pathways, but exploiting different actors at the transcriptional level.

Overall, this relativizes the definition of stress response when studied from a single genotype background (often Col-0 in the litterature). Mutants in key stress-response genes are also likely to provide specific responses depending on the genetic background it is studied from.

WxN interaction is scarce and drought stress essentially mitigates the N-deficiency syndrome.

Generally, W x N interactions was not the general case for our metabolic and transcriptional changes. Variance component analysis showed that the influence of W x N interaction to metabolic and transcriptional changes only accounted for 5-6% of total variance while the GxWxN interaction only accounted for 3%. For metabolites, Digalactosyl-glycerol, Sedoheptulose-7-phosphate were found to be influenced by WxN interaction. For transcripts, CATION EXCHANGER 1 ( CAX1), USUALLY MULTIPLE ACIDS MOVE IN AND OUT TRANSPORTERS 38 (UMAMIT38) were found to be influenced by WxN. In addition, each accession has some combined stress-specific responses, as some of them were highlighted in integration analysis for their key function in stress response. For Col-0, AIP1 and PUB19 were specifically upregulated in W-N-. In Cvi-0 and Bur-0, genes that related to drought were specifically induced by W-N-included LEA4, AFP1 , RD20/CLO-3, CORs (COR15,COR78), MYB74, RD29B, SAG113/HAI1, LTP3 . Combined stress-specific transcripts in Shahdara were related to anthocyanin metabolite biosynthesis including AT5MAT, TT8, NF-YA10, CYP75B1, DFR/TT3, UF3GT. Accumulation pattern of these metabolites and transcripts influenced by WxN interaction showing an intermediate accumulation compared to Ndeficiency and drought stress response, indicating drought essentially mitigates the N-deficiency syndrome.

Although the core responsive genes (DEG) among five accessions to the same stress were distinct, coherent adaptive responses were mounted through similar pathways, such as the downregulation of N-consuming pathways and upregulation of N-salvaging pathways to increase NUE under N deficiency, and overall-upregulation of water responsive pathways to adjust WUE upon water limitations. The metabolic accumulation and transcriptional response in combined stress were essentially shaped by the response to N-deficiency but also somewhat influenced by W limitation.

Among the five accessions, overall attenuated DEG response intensity was observed when comparing W-N-to W+N-, especially those genes involved in chronic N-deficiency response. As a known nitrate-responsive gene, NLP8 [START_REF] Maeda | A NIGT1-centred transcriptional cascade regulates nitrate signalling and incorporates phosphorus starvation signals in Arabidopsis[END_REF] response was attenuated when N-deficiency was combined to drought. NIGT1.1 is a negative regulator of the nitrate transporter gene NRT2.1 and shows antagonistic regulation by NLP primary transcription factors for nitrate signalling and the NLP-NIGT1 transcriptional cascade-mediated repression [START_REF] Rubin | Members of the LBD Family of Transcription Factors Repress Anthocyanin Synthesis and Affect Additional Nitrogen Responses in Arabidopsis[END_REF] . In addition, anthocyanin biosynthetic related genes also showed intermediate response in combined stress compared to single N deficiency. For example, LBD39 is a well known nitrate-inducible gene that can suppress the critical regulators of anthocyanin synthesis PAP1 and PAP2 (also attenuated in combined stress), anthocyanin-specific part of flavonoid synthesis [START_REF] Song | Auxin distribution is differentially affected by nitrate in roots of two rice cultivars differing in responsiveness to nitrogen[END_REF][START_REF] Krouk | Nitrate-Regulated Auxin Transport by NRT1.1 Defines a Mechanism for Nutrient Sensing in Plants[END_REF][START_REF] Vidal | Systems approaches map regulatory networks downstream of the auxin receptor AFB3 in the nitrate response of Arabidopsis thaliana roots[END_REF] .

Hormone metabolism is another evidence that the response to N-deficiency was mitigated by its combination to drought. The availability of N communicates with multiple hormones in their biosynthesis, transport, and signalling, including auxin [START_REF] Poitout | Responses to Systemic Nitrogen Signaling in Arabidopsis Roots Involve trans-Zeatin in Shoots[END_REF][START_REF] Landrein | Nitrate modulates stem cell dynamics in Arabidopsis shoot meristems through cytokinins[END_REF] , cytokinins [START_REF] Tian | Ethylene is involved in nitrate-dependent root growth and branching in Arabidopsis thaliana[END_REF][START_REF] Zheng | The nitrate transporter NRT2.1 functions in the ethylene response to nitrate deficiency in Arabidopsis[END_REF]) , ethylene (Ondzighi-Assoume et al., 2016;[START_REF] Signora | ABA plays a central role in mediating the regulatory effects of nitrate on root branching in Arabidopsis: ABA mediates role of NO3 in root branching[END_REF] and ABA [START_REF] Stepanova | TAA1-Mediated Auxin Biosynthesis Is Essential for Hormone Crosstalk and Plant Development[END_REF] . Through the transcriptomic profile, nitrate-induced auxin metabolism was found attenuated by drought in the five accessions. Expression induction of TAR4 and PILS4 were attenuated. TAR4 is a close homolog of TAR2 [START_REF] Ma | Auxin biosynthetic gene TAR2 is involved in low nitrogen-mediated reprogramming of root architecture in Arabidopsis[END_REF] , that is important for maintaining auxin biosynthesis under N deficiency [START_REF] Mravec | Subcellular homeostasis of phytohormone auxin is mediated by the ER-localized PIN5 transporter[END_REF] . Concerning auxin transport, ER-located PIN5 , an intracellular auxin carrier stimulating the formation of auxin amino and ester conjugates and their transport to the endoplasmic reticulum [START_REF] Sherp | Arabidopsis thaliana GH3.15 acyl acid amido synthetase has a highly specific substrate preference for the auxin precursor indole-3-butyric acid[END_REF] was also attenuated. GHs and SAURs were strongly induced by N-limiting conditions in five accessions. GRETCHEN HAGEN 3.15 ( GH3.15) plays a role in auxin homeostasis by modulating the levels of IBA for peroxisomal conversion to IAA [START_REF] Gil | Characterization of the Auxin-Inducible SAUR-AC1 Gene for Use as a Molecular Genetic Tool in Arabidopsis[END_REF][START_REF] Roig-Villanova | Interaction of shade avoidance and auxin responses: a role for two novel atypical bHLH proteins[END_REF][START_REF] Yin | SAUR15 promotes lateral and adventitious root development via activating H+-ATPases and auxin biosynthesis1[END_REF] . As known auxin-induced genes, expressions of SAUR genes (SAUR15, SAUR26, SAUR27, SAUR28) were mitigated. Among these, SAUR15 is known to be a marker for auxin-inducible gene expression [START_REF] Takei | AtIPT3 is a Key Determinant of Nitrate-Dependent Cytokinin Biosynthesis in Arabidopsis[END_REF] . In addition, N deprivation initiates root-to-shoot signalling involving CK biosynthesis and translocation. NLP transcription factors act as positive regulators of IPTs gene expression, whereas NIGT1 transcription factors act as negative regulators [START_REF] Maeda | A NIGT1-centred transcriptional cascade regulates nitrate signalling and incorporates phosphorus starvation signals in Arabidopsis[END_REF]. ISOPENTENYLTRANSFERASE 3 (IPT3) is rapidly induced in the accompanying accumulation of cytokinins under N-limiting conditions [START_REF] Hill | Functional Characterization of Type-B Response Regulators in the Arabidopsis Cytokinin Response[END_REF] Moreover, N activates the type-B Arabidopsis response regulator ( ARRs ) factors in response to cytokinines [START_REF] Wang | Cytokinin antagonizes ABA suppression to seed germination of Arabidopsis by downregulating ABI5 expression[END_REF][START_REF] Guan | Cytokinin Antagonizes Abscisic Acid-Mediated Inhibition of Cotyledon Greening by Promoting the Degradation of ABSCISIC ACID INSENSITIVE5 Protein in Arabidopsis[END_REF] . RESPONSE REGULATOR 6 (ARR6) , a response regulator from Arabidopsis, is differentially regulated by plant N status (Coello and Polacco, 1999) . Interestingly, ARR6 negatively regulates ABI5 expression levels and therefore suppresses the ABA signalling [START_REF] Lampugnani | Cellulose Synthesis -Central Components and Their Evolutionary Relationships[END_REF] . Such interaction gives a hint of hormone crosstalk underpinning drought and N signalling for plant growth and development.

Concerning growth traits, down-regulation of plant cell wall structures-related genes was consistent with the limited biomass and retarded growth rates observed in single and combined stress conditions. Expressions of CSLG3 (involved in cellulose synthesis) and EXP8 exerted an antagonistic pattern in response to W+N-stress and were both attenuated in combined stress. The importance of cellulose biosynthesis and expansion activity for plant growth can not be overestimated, as cellulose biosynthesis is critical in maintaining the size, shape, division pattern and ultimately the direction of cell growth, while expansion activity is necessary for normal cell expansion during organ growth [START_REF] Gaudinier | Transcriptional regulation of nitrogen-associated metabolism and growth[END_REF] . The consistency between physiological and molecular profiles allows us to observe stress responses among these accessions in an integrated view.

Combinational effect of N and W in the metabolite profile was coherent with what we observed from physiological parameters and growth parameters. Combined stress imposed at the early vegetative stage induced an overall moderate response compared to single N-deficiency of the same level (in terms of available nitrate). Similarly, an intermediate response was also noticed in protein accumulation when compared to single stressed plants, indicating mitigation effects of drought under S deficiency in pea [START_REF] Henriet | Water stress combined with sulfur deficiency in pea affects yield components but mitigates the effect of deficiency on seed globulin composition[END_REF] .

WxN project highlights the genetic factor that is underpinning plants' adaptive stress response. Growth trait, as an integrative trait that is controlled by many genes, is the readout of stress adaptation and fitness optimisation. Moreover, many studies have illustrated that natural variation in metabolism within a species is much more considerable than we already expected, which reflects genetic diversity determining naturally-occurring variation in metabolites. Thus, dissection of the genetic bases for growth and metabolic diversity has attracted increasing research attention. In this project, the individual and integrative GWAS approaches were developed to offer some experiences to address this question. This combined strategy can be applied for the identification of genetic variants involved in the growth regulation and central metabolism at different scales, and further in other plant species such as crops.

Species-wide natural variation in metabolism and growth parameters

To study the genetic variants underlying plant metabolism and growth parameters at the species' scale, and/or at least regional scale, multiple GWAS approaches were applied to increase our chance to detect relevant variants. Using a mapping population of 355 diverse Arabidopsis accessions selected previously from the 1001 Genomes Project [START_REF] Consortium | 1,135 Genomes Reveal the Global Pattern of Polymorphism in Arabidopsis thaliana[END_REF][START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF] , we performed two independent biological replicates (i.e. Phenoscope experiments: Exp1 and Exp2) under similar growth conditions. Plants were grown in an 8h photoperiod under our control condition and harvested at 30 DAS. We investigated a total of 105 metabolite traits, six growth traits (observed both dynamically and cumulatively) across 355 accessions. 105 metabolic features, including 24 amino acids, 29 organic acids, 15 sugars, four fatty acids and other known metabolites, were obtained reproducibly in rosette materials.

Phenotypic traits, especially metabolic traits, are highly plastic. To first evaluate the effect of experimental conditions, comparisons between 2 independent Phenoscope experiments were made for all the traits. For all traits, the values are positively correlated between the two experiments. The correlation coefficient between Exp1 and Exp2 was overall about 0.98 (Fig. 1A; P < 2.2e-16). The highest correlation was found for growth traits (PRA -Projected Rosette Area-: r = 0.99 p < 0.001; CompactnessPC: r = 0.98,p < 0.001; RERinstant r = 0.98, P< 0.001), which indicates that the variations in growth phenotypes are highly reproducible. However, metabolite traits have more plasticity between replicates, but we need to take into account that some metabolic traits variation may not be driven by any genetic variation. Two-factor ANOVA using metabolic phenotypes and growth traits indicated that for most of the traits, the differences between accessions (P .(Genotype) < 0.05 for 98 traits, leaving especially 38 metabolic traits with no significant genotypic effect ) and replicates (P .(Experiment) < 0.05 for 20 traits) were significant (Tab.S1-2). The significant effect of 'genotype' factor on phenotypic variation suggested the existence of genetic factors that lead to phenotypic adaptation between accessions. It is also important to note that the Experiment effect includes a batch effect from the GC-MS assay as the independent experiments were also passed independently on the GC-MS, so this certainly maximizes the variance. The distribution plots are skewed to the right in some metabolites profile (Tryptophan and Sucrose ; data not shown), indicating that trait values are higher in the first experiment (P3ID36). In contrast, trait values for Flavonoids such as Kaempferol were higher in the second experiment (P4ID27). However, the moderate to strong positive correlations (r= 0.2-0.9) between the two experiments for these traits indicate that the genotypes are robust in their response to the two experimental conditions. Moreover, most traits exhibited a high level of variation. The variation usually formed a normal-shaped distribution, with nine metabolic traits failing the normality test. Citrate and Glucose failed in both Experiments, seven only failed in Experiment 1 (Fumarate, Glucose, Glutamate, Glycine, (z)-Phytol, Pyruvate, and an unknown metabolite); Aspartate only failed in Experiment 2 (P > 0.05, Shapiro-Wilk test). Thus, to increase the robustness of association , the values of Exp1 and Exp2 were averaged to perform subsequent GWAS analysis.

Population structure can be decisive to trait value, as we observed from the differences of trait distributions between subpopulations. As shown in Fig. 2, the differences of trait distributions between Swedish (SWE) panel and Spanish (ESP) panel can be distinct, especially for metabolic traits. For growth traits, the differences of PRA distributions between SWE panel and ESP panel was less obvious compared to the differences of RERinstant, indicating different genetic architectures of the two growth parameters (the cumulative PRA and the dynamic RER). Moreover, ESP accessions accumulated relatively more trehalose and less tyramine than the SWE accessions. The non-uniform distribution of different subpopulations (SWE, ESP ) suggested that large-scale population structure was associated with different metabolite profiling and growth in Arabidopsis rosette. (more information in Figures S1-4 ).

Trait variation was quantified by calculating their coefficient of variation (CV), especially among subpopulation. Low CV (<= 10%) was observed for RER instant (D10 to D22 in both experiments and all subpopulations) and CompactnessPC for Swedish population. For the PRA, CV was around 20% in both tests among all the populations. Among the metabolites, some metabolites displayed remarkably high CV ranging from 65% to 90% (Aminoadipic acid, caffeate, Gluconate, Sulfuric acid, Maltose, Pipecolate, Proline, Sinapoyl-Malate, Sinigrin, Urate). Previous studies in Arabidopsis also detected an overall normal distribution of trait values, suggesting quantitative regulation, moderate to high CVs for metabolites [START_REF] Fusari | Genome-wide Association Mapping Reveals that Specific and Pleiotropic Regulatory Mechanisms Fine-tune Central / Metabolism and Growth in Arabidopsis[END_REF] .

To identify traits that vary in observational level, we performed Spearman rank correlation tests (Fig. 3). There were many highly significant correlations within a given experiment, especially the metabolites from the same cluster (AA, APO, SUG, FA). Moreover, most correlations between the different metabolites abundance were positive and strong, including metabolites involved in the TCA cycle, sucrose synthesis, photosynthesis and nitrogen metabolism (0.10 < r 2 < 0.96, P < 0.001). Such correlation indicated a coordinated regulation of metabolite abundance in these pathways. Correlations among growth traits were moderate to strong (0.20 < r 2 < 0.60, p < 0.001). However, between growth traits and metabolites, the correlation was less strong and mostly negative. For example, RERinstant correlated negatively with most of the metabolites, especially with a-Aminoadipate (r= -0.39, P < 0.001), Isoleucine (r= -0.31, P < 0.001), pipecolate (r= -0.31, P < 0.001), 2-Oxoglutarate ( r= -0.30, P < 0.001) and Mannose (r= -0.30, P < 0.001) and only positively correlated with Linoleic acid (r= 0.19, P < 0.001) and Linolenic acid ( r= 0.19, P < 0.001). PRA correlated positively with 2 Organic acids (Fumarate: r= 0.22; Succinate: r= 0.19), and negatively with Isoleucine, Pipecolate, a-Aminoadipate and Campesterol. 

Genome-Wide Association analysis of growth traits and primary metabolism

We performed genome-wide association (GWA) with several mapping models that differed in the approaches used to control for the confounding effects (especially that of population structure) as a cofactor. With GWA-Portal, we tested a nonparametric Wilcoxon rank-sum test (KW) (Wilcoxon, 1945) , a simple linear regression (LM), and an accelerated mixed model AMM [START_REF] Kang | PDR-type ABC transporter mediates cellular uptake of the phytohormone abscisic acid[END_REF]Zhang et al., 2010 ). With easyGWAS portal (Grimm et al., 2016) , we tested the performance of EMMAX [START_REF] Kang | PDR-type ABC transporter mediates cellular uptake of the phytohormone abscisic acid[END_REF] and FaST-LMM (Lippert et al., 2011) . For all traits, we performed GWAS independently for the 2 regional panels and the whole panel, and compared the results to identify associations that were robust across the populations or specific. For most traits, model AMM gave significantly lower scores, probably because it estimated the P-values using exact inference that re-estimates the variance components with the SNP in the model as a cofactor [START_REF] Korte | A mixed-model approach for genome-wide association studies of correlated traits in structured populations[END_REF]. In general, KW and LM gave inflated scores, while FaST-LMM, EMMAX and AMM model gave similar results with reduced inflation. These models provide variance-explained estimates of when using linear mixed models. Quantile-quantile (QQ) plots were generated for all the traits under analysis to test if the AMM model has well accounted for population structure and familial relatedness. In the QQ plots, most of the points for traits were located on the diagonal, indicating that AMM model corrected spurious associations due to population structure and familial relatedness. For subsequent analyses, we used the AMM results as the representative model.

The separate analyses of the whole panel detected 4,382 SNPs at a significance threshold of -log 10 P = 7.5 (false discovery rate [FDR] < 0.05), and Minor Alleles Frequency (MAF > 0.05). In Swedish (SWE) and Spanish (ESP) panel, the separate analyses detected respectively 7,219 and 4,609 SNPs at a significance threshold of -log 10 (P) = 7 (false discovery rate [FDR] < 0.05) (Fig. 4). Although the lower threshold will introduce more false-positive associations, earlier studies have demonstrated large-effect loci can be weakly but causally associated with quantitative trait variation [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF][START_REF] Wu | Combined Use of Genome-Wide Association Data and Correlation Networks Unravels Key Regulators of Primary Metabolism in Arabidopsis thaliana[END_REF] . We therefore chose -log 10 P = 7 as a threshold to search for associations in non-conservative mode, before to evaluate the relevance of our results.

The metabolic profiles of the accessions revealed that 2/3 (65.8%) of all annotated metabolites were associated with at least one locus at a genome-wide significance level of -log 10 P = 7 in the whole WW (Worldwide) panel (Swedish panel: 40%; Spanish panel: 

GWAS failed to identify associations with most of the growth traits

We then perform GWAS to analyse the rosette growth integrative traits that vary from day to day, namely PRA, leaf temperature, Hue (colour). However, no significant association with PRA (Fig. 6A) or leaf temperature traits (Fig. 6B) was identified by GWAS. Failure of these associations could indicate a lower mapping power of GWAS than the QTL mapping when decomposing complex traits which genetic architecture could be too complex at the species scale, such as growth traits, as mentioned by a previous study [START_REF] Marchadier | The complex genetic architecture of shoot growth natural variation in Arabidopsis thaliana[END_REF] .

We then perform GWAS to analyse the Hue trait that varies from day to day. A strong association (P-value = 1.255433e-08) between SNP 1-4565022 at the AT1G13320 locus and the Hue trait at 16DAS was detected. Gene AT1G13320 encodes a protein phosphatase PP2AA3 , whose function in altering PP2A activities involved in hormone homeostasis, signalling and defence responses, can be regulated and masked by ROOTS CURL IN NAPHTHYLPHTHALAMIC ACID gene RCN1 ( DeLong et al., 2006;Zhou et al., 2004) . However, the molecular link between PP2AA3 and Hue is unclear since the loss-of-function mutant of PP2AA3 does not form any abnormal phenotype (Zhou et al., 2004) . 

GWAS revealed specific metabolic biosynthesis pathways: examples

Several metabolite QTL mapped to genes from the pathway that uses the metabolite as a substrate or product, providing on obvious causal link for this association. To study the genetic basis of each metabolite trait, an individual GWAS was applied to each panel: Worldwide (WW), Spanish (ESP) and Swedish (SWE). Gene variants associated with metabolite traits will be speculated by known functions described in the literature. Structured population sets (SWE, ESP) shed light to the genetic architecture of those gene variants, for example the presence/absence of the gene variants in subpopulations.

For each successful GWAS analysis below, a Manhattan plot is presented to visualise the association study results, in which each data point represents the significance of the association of a genotyped SNP and given metabolite traits, ordered across the five chromosomes. Meanwhile, we show an LD plot to illustrate the LD structure around candidate SNPs (at least in 10kb windows). To prove that our GWAS model has well accounted for population structure, an inspection of Q-Q plots is presented in Fig. S5. SNP polymorphisms organised by haplotype are presented if there's an obvious association between haplotypes and trait value.

The first presented case was a cross-validated QTL for tyramine content (Fig. 7; Snp 4-14157380; P-Value = 7.43E-11) that mapped to the tyramine decarboxylase ( TyrDc ) gene across the panel. The same locus was identified in a previous association study [START_REF] Wu | Combined Use of Genome-Wide Association Data and Correlation Networks Unravels Key Regulators of Primary Metabolism in Arabidopsis thaliana[END_REF] , suggesting the genetic architecture of the trait is adequate for GWAS. The most significant SNPs were linked together, located in the intron and promoter of the gene, showing significant LD with other SNPs in the TyrDc genomic region. Therefore, we took the ten linked SNP markers in TyrDc to conduct haplotype analysis. Haplotype with linked SNP in the TyrDc genomic region showed less tyramine abundance, suggesting TyrDc is the causal locus for modulating tyramine abundance (Fig. 8). The second QTL shown here to illustrate our results was associated with trehalose (Fig. 9; Snp 4-14157380; P-Value = 6.44e-08). It is mapped to the TRE1 gene, the only specific trehalase in Arabidopsis which specifically hydrolyse trehalose into glucose (Houtte et al., 2013b(Houtte et al., , 2013a) ) . The most strongly associated SNPs are located in the promoter region of the gene, showing LD with less significantly-associated SNPs in the TRE1 coding region. TRE1 -overexpressing lines are known for decreased trehalose contents, whereas tre1 mutants accumulate trehalose and exhibit a drought-susceptible phenotype ( Houtte et al., 2013b ), suggesting TRE1 is the causal locus for modulating trehalose abundance. Another SNP hotspot (Fig. 10; Snp 4-8189268; P-Value = 6.44e-08) identified for gamma-tocopherol content mapped to the VTE4 (AT1G64970) gene, encoding gamma-tocopherol methyltransferase. The most two strongly associated SNPs are located in the promoter region of the VTE4 gene, in LD with less significantly-associated SNPs in the VTE4 genomic region (Fig. 10). However, the haplotype does not show a coherent SNP pattern. The vte4 mutant accumulates gamma-tocopherol instead of α -tocopherol, suggesting vte4 as the causative locus (Ellouzi et al., 2013) . Interestingly, cis-acting regulatory allelic variation was found in VTE4 Locus using F1 hybrids of Cvi-0 x Col-0 population [START_REF] Cubillos | Extensive cis -Regulatory Variation Robust to Environmental Perturbation in Arabidopsis[END_REF] , in which corresponding metabolite QTL were detected by our collaborator (J. Jimenez-Gomez, unpublished data). The allelic effect for these SNPs predicts higher gamma-tocopherol methyltransferase activity with higher levels of gamma-tocopherol, and lower levels of gamma-tocopherol for accessions carrying the Cvi-0 allele. In agreement, the Col-0 haplotype displayed slightly higher trait values (not significant) than the Cvi-0 haplotype in the association mapping population. However, the gamma-tocopherol content of these two haplotypes (Col-0, Cvi-0) remained at a low level among tested accessions (Fig. 11), which might explain the relatively low power to detect this QTL in the association mapping population compared with the biparental inbred population. In any case the mapping of a QTL in a RIL population segregating for the candidate polymorphisms is an excellent confirmation of the association signal, at least excluding a false-positive association due to population structure. Furthermore, a QTL for Nicotinate content (Fig. 12; Snp 5-4767938; P-Value = 1.42e-11) that mapped to the AO (AT5G14760) gene encodes the chloroplastic enzyme (AO), which catalyses the first irreversible step in the de novo biosynthesis of NAD (Fig. 12). A QTL for caffeate (Fig. 13; Snp 1-10051874; P-Value = 5.93E-21) mapped in the coding region of GELP (AT1G28600) gene, a putative enzyme encoding gene that may catalyse acyl transfer or hydrolase reactions with lipid and non-lipid substrates. A local eQTL (= a transcript accumulation QTL, potentially a cis-acting transcriptional regulation) was found in the GELP locus segregating in the Bay x Sha population (West et al., 2006) , indicating naturally occurring variation is responsible for the differential regulation of a GELP expression among accessions. Several metabolite QTLs mapped to genes that are involved in growth or signalling pathways. A QTL for Glucuronate content (Snp 2-15455357; P Value= 2.23E-09) mapped to the intron region of GSL8 , a member of the Glucan Synthase-Like (GSL) family that is involved in the synthesis of the cell wall component callose (Chen et al., 2009) . A QTL for unknown metabolite UGlucosinolatebreakdown140_1 (Snp 3-5670893; P Value=1.51e-08) mapped to the promoter region of TCTP1 (AT3G16640) gene that encodes a protein that functions in long-distance movement of phloem proteins and mediation of TOR activity, an essential regulator of growth in plants (Brioudes et al., 2010;Berkowitz et al., 2008) . Besides, a QTL for Aconitate content (Snp 4-154583; P Value=1.85E-08) mapped to ATI2 (AT4G00355), encoding an Atg8 -interacting protein that is partially associated with the endoplasmic reticulum (ER) network and is induced under carbon starvation (Honig et al., 2012) . There are of course many more examples across our dataset.

Colocalized QTL indicates pleiotropic hub controlling central metabolism

The high connectivity between metabolic traits led us to search for QTLs shared between individual metabolic traits. 701 SNPs associated with two or more metabolic traits. In Swedish panel, a major QTL associated with 2-Oxoglutarate (P-value= 8.22e-08), Aconitate (P-value= 5.84e-08), Fructose-6-phosphate (P-value= 6.84e-08), Glucose-6-phosphate (P-value= 4.20e-08), Glucuronic ( P-value = 8.31e-10) and phosphate (P-value = 1.77e-08) pointed to HB30 (Fig. 14A), which encodes for a zinc finger protein. Moreover, allele-specific expression study focused on F1 hybrids to study how variants from two Arabidopsis thaliana accessions affect gene expression (lab's unpublished data, extension study of [START_REF] Cubillos | Extensive cis -Regulatory Variation Robust to Environmental Perturbation in Arabidopsis[END_REF], indicates that HB30 shows a differential transcript accumulation regulated in cis when comparing Bur with Cvi-0 or Tsu-0 with Cvi-0. Haplotype analysis showed that the respective alleles differentiated metabolite abundance in our panel. On average, accessions carrying the major Col-like allele (frequency = 0.86) show significantly lower levels of all six metabolite abundance compared to accessions carrying the minor alternative allele (non-Col) (Fig. 14B &C). Interestingly, these 6 specific metabolites belonged to tricarboxylic acid (TCA) cycle intermediates (2-Oxoglutarate, Aconitate, Glucuronic) and pentose phosphate pathway intermediates (Fructose-6-phosphate, Glucose-6-phosphate, Phosphate), indicating the coordinated regulation of metabolism by environmental and developmental cues, as the growth condition of Phenoscope robot was quite different from the environmental condition of the origins of this diverse set of accessions. 

GWAS with metabolite ratio identifies genes controlling metabolic architecture

Some metabolites remain at a reduced association signal, such as fumarate and malate (Fig. 15A&B). To study the natural variation of interaction between these metabolites and other metabolic processes, we performed GWAS based on diversity panels using, for instance, all potential ratios between Fumarate and the other members of the OA family as traits. This approach yielded strong associations to a candidate gene FUM2 (Fig. 15C) that altered fumarate levels and functions in carbon assimilation and nitrogen use (Dyson et al., 2016) , which was not revealed by GWAS for individual traits. Moreover, previous studies had already associated the same gene with changes in the fumarate/malate ratio in recombinant inbred lines of Col-0 and C24 accessions and a worldwide population of 174 natural accessions ( Riewe et al., 2016) . This finding confirmed that both independent GWAS mapping and statistical analysis of the relationships between the metabolite traits could uncover key associations with primary metabolism, which is agreed in previous study [START_REF] Slaten | mGWAS Uncovers Gln-Glucosinolate Seed-Specific Interaction and its Role in Metabolic Homeostasis[END_REF] . 

GWAS on principal component traits failed to identify genes comprehensively controlling metabolic architecture and growth

The complexity of the growth trait makes it challenging to elucidate the underlying genetic variants. We thus applied a strategy to use principal components as dependent variables for GWAS analysis, with the hope to increase GWAS power by taking advantage of the enhanced phenotypic information gathered in principal components as determined by diverse methods. Available methods such as Principal Component Analysis (PCA), Partial Least Squares Discriminant Analysis (PLS-DA), Sparse PLS-DA (sPLS-DA), were tested to explain most of the variance/covariance structure of the data using linear combinations of the original variables. Both individual analysis and integrative PLS-DA analysis of metabolite and growth traits were conducted for selection of components. Nevertheless, the results were not always successful. A PLS-DA analysis was applied to maximise the power of principal components of correlated phenotypes (Rohart et al., 2017) . The PLS-DA components, Comp1 and Comp2 of growth traits explain 32% and 25% of the total variance. Comp2 identified several peaks, most significant SNPs was mapped to the promoter region of an unknown gene AT3G01323, encoding ECA1 gametogenesis related family protein. The second identified peak was a strong peak containing 2 cyclic nucleotide-gated channel (CNGC) family genes encoding putative non-selective ion channels, CNGC3 (AT2G46430) and CNGC11 (AT2G46440) (Fig. 16). However, GWAS based on Comp1 and Comp2 of metabolite traits failed to reveal any significant associations (Fig. S6). Furthermore, a sPLS-DA analysis was applied to combine both integration and variable selection to maximise the covariance between growth traits and metabolic traits and to identify latent variables (Rohart et al., 2017) . The sPLS-DA components (Comp1, Comp2) of growth traits and metabolic traits displayed a normal distribution, indicating that sPLS-DA can transform skewed data to a normal distribution which consequently improves the detection power of GWAS. The sPLS-DA components, Comp1 and Comp2, explain 27% and 7% of the total variance for growth traits, 32% and 42% of the total variance for metabolite traits, respectively. Using the AMM model, a significant SNP (P-value = 1e-07; Fig. 17) associated with integrative Comp1 (variation explained: 0.08) was mapped to the coding region of disease resistance protein (CC-NBS-LRR class) (AT1G63350). A local eQTL was found by a previous study (Cubillos et al., 2012) at AT1G63350 locus, emphasising its potential to drive trait values to answer environmental or developmental cues. No significant SNP was found associated with Comp2. These results supported our hypothesis that principal components could be good indicators for complex traits and integrative traits. 
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/ Unknown candidate genes revealed by GWAS Moreover, some unknown genes were identified by significant associations. For example, the most significant QTL for pipecolate content (Snp 5-13371785; P-Value = 1.41e-12) is mapped to an unknown gene AT5G35113, which is in strong LD with unknown gene AT5G35110 (Fig. 18). P-Value: 9.50E-14) was mapped to an unknown gene AT4G19820 (Fig. 19). However, we 137 / lack functional and biological information for these QTLs. Hence they will require further investigation. / Analysis of KO and HIF Lines for selected candidate genes

We next analysed the metabolic phenotypes of homozygous T-DNA insertion lines (KO lines) for selected candidate genes. Analysis of KO lines is widely used to confirm gene-trait associations. In comparison, analysis of recombinant inbred lines derived from accessions (HIFs) is another powerful approach to confirm the QTL-trait link, providing that the causal polymorphism is segregating in the chosen RIL set, which is not always easy to predict because the causal polymorphisms can sometimes remain elusive from the haplotype analysis at a GWAS peak. We exploited this approach for 5 KO lines as a preliminary confirmation (Fig. 20). In the preliminary confirmation, the phenotypes of KO lines targeting candidate genes supported that the mutation of genes can contribute to variation in metabolite levels (Fig. 20). For candidate gene AO, KO lines displayed a significant increase in nicotinate level compared to wild type. For candidate gene TRE1 , OE lines ( TRE1-3 , TRE1-3 ) confirmed that the mutation of Trehalase could contribute to variation in trehalose levels. For candidate gene TyrDc (AT4G28680), the analyses of KO lines ( tyrdc-1 and tyrdc-2 ) also supported the association of TyrDc with Tyramine content, tyrdc-1 and tyrdc-2 displayed significantly lower levels of Tyramine. For VTE4 , targeted KO lines ( vte4-1, vte4-2 ) exhibited a significant increase in gamma-tocopherol level.

Available HIFs that are segregating in the targeted regions were used to validate if the natural allelic variation of candidate locus can affect their levels of metabolite accumulation. For candidate gene AO , HIFs with the Bay allele (33HV157-10, 33HV214-10) resulted in a higher level of nicotinate accumulation and enhanced biomass production compared to the Sha allele (33HV157-13, 33HV214-13). For candidate GELP , HIFs with the Bay allele (33HV074-1, 33HV397-1) resulted in a higher level of caffeate accumulation and enhanced biomass production compared to the Sha allele (33HV074-2, 33HV397-2). For case VTE4 , HIFs with the Col-0 allele (8HV056-1) resulted in no significant difference in caffeate accumulation compared to the HIFs with Cvi-0 allele, due to the fact that the difference between Col-0 and Cvi-0 in caffeate accumulation and biomass accumulation was less significant. However, for other candidate gene TRE , no available HIFs could be used.

Further work is underway to prove the QTL-trait link between the observed phenotypic variation and these candidate genes. Apart from the functional confirmation of T-DNA lines analysis with segregating populations, quantitative complementation will be used to confirm the contribution of allelic difference at one locus to the observed phenotypic variation. Ongoing work is to cross six accessions (with different alleles for the gene involved) to a T-DNA mutant targeting the candidate gene in the Col-0 background, as well as to the Col-0 wild type. The resulting F1 plants, carrying different allelic combinations, will be used to evaluate different abilities of wild alleles to complement the KO mutant phenotype and confirm the initial GWAS results. /

Discussion

GWAS has become a popular method for dissecting complex genetic traits, with proven success in plants [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF][START_REF] Meijón | Genome-wide association study using cellular traits identifies a new regulator of root development in Arabidopsis[END_REF][START_REF] Kawakatsu | Epigenomic Diversity in a Global Collection of Arabidopsis thaliana Accessions[END_REF] , and has been applied to plant primary metabolism [START_REF] Wu | Combined Use of Genome-Wide Association Data and Correlation Networks Unravels Key Regulators of Primary Metabolism in Arabidopsis thaliana[END_REF]Field et al., 2004;[START_REF] Zhang | Differences and commonalities of plant responses to single and combined stresses[END_REF] and growth traits ( [START_REF] Bac-Molenaar | Genome-Wide Association Mapping of Fertility Reduction upon Heat Stress Reveals Developmental Stage-Specific QTLs in Arabidopsis thaliana[END_REF][START_REF] Verslues | Genome-wide association mapping combined with reverse genetics identifies new effectors of low water potential-induced proline accumulation in Arabidopsis[END_REF] . Here, we generated an integrative dataset combining plant vegetative growth parameters and central metabolism profile in order to explore the species-wide diversity and its genetic architecture under control conditions.

Many traits are polygenic with small effect size of individual loci. GWAS with worldwide populations is expected to improve the detection power of novel genes due to the increase of the sample size. Nevertheless, the effect of increasing population size depends on the genetic architecture of the trait, the frequency of the different variants and their specificity to a population subset, etc. Including geographically distant accessions is one way to maximise the genetic variance within the sample; however, local adaptation may introduce different variants that underlie a trait in samples collected from different locations (Fournier-Level et al., 2011) . This genetic heterogeneity will weaken the correlation between the phenotype and any specific variant, resulting in reduced detecting power of any causal variant. On the other hand, increasing the sample size by increasing regional accession set can minimize genetic heterogeneity. However, the influence of population structure is a concern, due to which the variants related to global phenotypic diversity may remain at low frequency or even completely absent. In this study, we combined Central Europe populations with Swedish populations and Spanish populations to get higher genetic diversities. These were 112 Swedish accessions, 159 Spanish accessions, and 80 Central Europe accessions with various genetic backgrounds. Here, our results showed that the GWAS power with the worldwide population (at least 102 QTLs were identified in total for 71 metabolite among 105 target metabolite) was generally higher than with the Swedish population (at least 86 QTLs were identified in total for 42 detected/105 target metabolite), and Spanish population (at least 92 QTLs were identified in total for 71 detected/105 target metabolite). Some QTLs can only be detected in specific subpopulation panels or in WW panel (e.g. Snp 5-1296534 for Raffinose in ESP panel; Snp 5-7606302 for Ribose in SWE panel; Snp 4-12485820 for Trehalose in WW panel), which we believe it's due to the population structure. Some QTLs, we identify them for a trait in both WW and ESP panels (Snp 4-14157380 for Tyramine) with a reduced signal in WW panels compared to in ESP panels and a slight mismatch in the position of causal variant (Snp 4-10768051 for Phenylalanine in ESP and Snp 4-10780565 for Phenylalanine in WW), could be due to a combination of population structure and genetic heterogeneity. That's to say, when the QTNs are polymorphic in a target population, increasing the population size by adding available genotypes to the target population is advantageous to improve the detection power, but the mapping panel should be well-designed.

Association mapping requires a highly refined phenotyping dataset, especially for vegetative growth parameters that are controlled by numerous small-effect factors [START_REF] Marchadier | The complex genetic architecture of shoot growth natural variation in Arabidopsis thaliana[END_REF] . Phenoscope is a high-throughput phenotyping robot that provides estimates of vegetative growth parameters from 8 to 30 DAS with high accuracy. Growth parameters consist of rosette size (PRA), relative growth rate (RER), compactness, colour (mainly Hue) and leaf temperature. PRA represents digital rosette size that is highly correlated with cumulative biomass accumulation. Relative growth rate (RER) represents the dynamic growth rate that is integrated within a specific time window and is independent of plant size. Compactness represents the ratio of PRA to rosette convex hull area, which depicts the rosette morphology through time. Colour parameter, mainly Hue, represents the dominant color of the leaf. Leaf temperature represents the average rosette temperature across time. In our study, we were able to identify rosette-related QTLs that occurred at a specific time point, for instance, PP2AA3 controls Hue in an association detected at 16DAS, which might correspond to the Hue shift phenomenon observed at this stage in the WxN project. In maize [START_REF] Gao | Nitrate increases ethylene production and aerenchyma formation in roots of lowland rice plants under water stress[END_REF] and Arabidopsis [START_REF] Marchadier | The complex genetic architecture of shoot growth natural variation in Arabidopsis thaliana[END_REF] , it has previously been shown that growth-related traits present different genetic architectures throughout time. However, most of the time, GWAS failed to detect any significant signals for complex growth-related traits. The reasons will be discussed below.

Plant metabolism is highly developmental stage-and accession-dependent, the level of metabolite abundance is the profile of cellular regulatory processes that show high plasticity in response to environmental changes in a given genetic background (Luo et al., 2016). Thus the metabolite profile of a plant can serve as a link between genetic variants and visible phenotypes to illustrate the synchronised regulatory pathways that are controlled by multiple factors, genotypic and environmental factors. In our study, a total of 355 accessions was used to observe subtle metabolite profile changes, consisting of ~⅓ of Swedish populations and ~⅓ Spanish accessions. Our work was performed under well-watered conditions, given that the growth condition imposed by the Phenoscope robot is already representing a significant difference from each accessions' original geographic environment, hence ensuring enough variation to be observed. In our study, we identified associations between metabolites and enzyme encoding genes that were previously reported to be involved in the biosynthesis of the respective metabolites. For example, the associations between nicotinic acid and AO (AT5G14760) supported by GWAS ( Katoh et al., 2006) ; gamma-tocopherol and VTE4 (AT1G64970) supported by QTL mapping and previous study (Cela et al., 2011) ; tyramine and TyrDC (AT4G28680) supported by GWAS and QTL mapping [START_REF] Wu | Combined Use of Genome-Wide Association Data and Correlation Networks Unravels Key Regulators of Primary Metabolism in Arabidopsis thaliana[END_REF] ; and trehalose and TRE1(AT4G24040) supported by mutant study (Houtte et al., 2013b) . However, some of the metabolites, such as sugar (Maltose), glucosinolates (5-(methylthio)pentanenitrile), Sinigrin, Sulfamate showed high diversity but no significant associations, probably due the centrality and complexity of its role in plant metabolism as indicated before [START_REF] Chan | Combining genome-wide association mapping and transcriptional networks to identify novel genes controlling glucosinolates in Arabidopsis thaliana[END_REF]. Nevertheless, we were able to identify a total of 701 robust SNPs shared across the genetic accessions using a threshold of -log 10 P > 7 in each panel, many of which were associated with several individual metabolite traits. These results indicated that coordinated responses are more likely to drive metabolic trait values to answer environmental or developmental cues. Presumably, these SNPs showed genotype-phenotype relationships that are relatively robust against the adaptive process. This might be a main difference with growth traits where individual causal variants are less likely to account for a large proportion of the variation and, hence, are less likely to be detected in GWAS.

Here, our single GWAS studies suggest polygenic and pleiotropic regulation of central metabolism in Arabidopsis, given that multiple metabolite traits mapped to multiple loci and the shared loci associated with multiple metabolite traits, which is in line with previous studies [START_REF] Fusari | Genome-wide Association Mapping Reveals that Specific and Pleiotropic Regulatory Mechanisms Fine-tune Central / Metabolism and Growth in Arabidopsis[END_REF]Keurentjes et al., 2006) . The centrality and complexity of central metabolism make it difficult to detect the genetic-metabolic relationships for some metabolites. Thus, we extend the use of multiple statistical approaches to aid the detection of association mapping. For example, independent association mapping for Fumarate and Malate failed to uncover the underlying genetic variants although these traits are subject to significant variation of genotypic origin. Still, the statistical analysis of the fumarate/malate ratio could point to FUM2 . This key association is agreed by previous functional and QTL mapping studies (Riewe et al., 2016) . By leveraging the multivariate approaches, we were able to identify 2 genes from the CYCLIC NUCLEOTIDE-GATED CHANNELs (CNGC) based on the component #2 of metabolite multivariate analysis, that are associated with metabolic components, one disease resistance protein ( CC-NBS-LRR class ) encoding gene that is associated with integrative components.

Lacking the power to detect QTL for the remaining traits resembling earlier studies [START_REF] Fusari | Genome-wide Association Mapping Reveals that Specific and Pleiotropic Regulatory Mechanisms Fine-tune Central / Metabolism and Growth in Arabidopsis[END_REF][START_REF] Meijón | Genome-wide association study using cellular traits identifies a new regulator of root development in Arabidopsis[END_REF][START_REF] Clauw | Leaf Responses to Mild Drought Stress in Natural Variants of Arabidopsis[END_REF] , GWAS failed to decompose the features most likely mainly due to the overall complexity of genetic architecture underlying the traits. For example, polymorphisms in FRI are known to affect flowering time partly through their effect on expression of FLOWERING LOCUS C (FLC) , however, the study of [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF] illustrated that association mapping for FLC expression pointed to the FRI locus , but the signal was diffused. Such cases probably due to a dual confounding effects of Linkage Disequilibrium (LD) and population structure.

Besides, some traits are controlled by many small effects QTLs, such as growth-related traits [START_REF] Marchadier | The complex genetic architecture of shoot growth natural variation in Arabidopsis thaliana[END_REF] . Only a few studies have been successfully identifying major QTL that are causal for trait complexity, such as root development [START_REF] Rosas | Integration of responses within and across Arabidopsis natural accessions uncovers loci controlling root systems architecture[END_REF] and rosette growth [START_REF] Bac-Molenaar | Genome-Wide Association Mapping of Fertility Reduction upon Heat Stress Reveals Developmental Stage-Specific QTLs in Arabidopsis thaliana[END_REF] . Most of the case, GWAS study of targeted growth rarely declared significant association with a given threshold as -log 10 Pvalue > 7, even when the phenotyping of the traits is precise. For instance, Meijón performed GWAS combined with high-throughput confocal microscopy imaging to study (and decompose) root growth traits at the cellular level. However, the analysis did not detect any significant signal above the threshold, although the most significant peak just below the threshold identified a true causal gene. Similarly, GWAS for the leaf cell proliferation growth failed to deliver more significant associations, although high heritabilities of observed traits suggest a strong genetic component determining the observed phenotypic variability [START_REF] Clauw | Leaf Responses to Mild Drought Stress in Natural Variants of Arabidopsis[END_REF] .

Allele frequency (including the extreme case of rare alleles) and allelic heterogeneity are strong determinants of the success of GWAS, especially when comparing GWAS results under the context of structured sets. In our case, for some QTLs we can only detect associations in specific subpopulation panels (Snp 5-1296534 for Raffinose in ESP panel; Snp 5-7606302 for Ribose in SWE panel), which we believe such variants are specific to a population subset; thus combining multi-regional set cannot increase the allele frequency. While for some QTLs, we can only detect them in the WW panel (Snp 4-12485820 for Trehalose in WW panel), probably due to the fact that the genetic variance is absent in population subsets (or too rare in each subpopulation, and hence excluded by our minor-allele frequency threshold). In addition, GWAS case for a-Aminoadipate is particularly interesting: 2 QTLs were identified in each individual subsets (Snp 1-7782210 for ESP panel and Snp 1-8207522 for SWE panel; Snp 4-11676007 for ESP panel and Snp 4-11743126 for SWE panel) while neither of them were identified when combining the sets. In this case, combining the multi-regional sets could not increase the allele frequency and has the risk of introducing allelic heterogeneity, hence, reducing the power of GWAS because the detection of each allele is perturbed by the segregation of the other allele. Similar explanations related to the number and frequency of alleles in each subpopulation could explain the change in significance for QTLs identified for a given trait in both WW and ESP panels for instance (Tyramine, Phenylalanine...).

Moreover, individual QTLs with low variance explained may be due to additional factors such as pleiotropy, epistatic interactions [START_REF] Wang | Genome-wide association studies: theoretical and practical concerns[END_REF], extensive linkage disequilibrium (LD) [START_REF] Pasaniuc | Dissecting the genetics of complex traits using summary association statistics[END_REF] and even the precision of the phenotypic data. The power of GWAS is limited not only by the confounding effects of population structure [START_REF] Spencer | Designing Genome-Wide Association Studies: Sample Size, Power, Imputation, and the Choice of Genotyping Chip[END_REF] . Epistasis interaction can also lead to false-negative discovery, resulting in no significant associations [START_REF] Wang | Genome-wide association studies: theoretical and practical concerns[END_REF][START_REF] Korte | The advantages and limitations of trait analysis with GWAS: a review[END_REF] . Thus, an increasing number of studies have combined GWAS analysis with bi-parental segregating populations to reveal the genetic nature of metabolite traits (Riewe et al., 2016) .

It is well accepted that GWAS studies and linkage mapping are complementary methods in the loci that they are able to reveal, depending on the genetic architecture of the trait in the population considered [START_REF] Bazakos | New Strategies and Tools in Quantitative Genetics: How to Go from the Phenotype to the Genotype[END_REF] . RIL populations are powerful to confirm the signal of initial GWAS. Without population structure by construction, mapping with RIL populations results in no false-positive associations. Heterogeneous Inbred Families (HIFs) are like near-isogenic lines, i.e. only segregating at specific portions of a chromosome (usually 2-3Mb) in a fixed genetic background (Loudet et al., 2005) . Phenotyping HIFs targeted regions confirmed the QTL-trait associations for candidate gene AO and GELP , with unexpected variation when performing the second experiment, indicating a robust genetic x environment interaction.

Our selection of candidate loci for quantitative validation were anticipated by previous studies, as mentioned above. However, one might wonder if the candidate selection is biased by 'a prior' information. Metabolism response is tightly connected with growth. In our study, Glucuronate is associated with a cell wall-related gene, GSL8 (AT2G36850, Chen et al., 2009) . Additionally, GWAS with an unknown Glucosinolates mapped to TCTP1 (AT3G16640) gene that functions as a long-distance transporter and mediator of TOR activity (Brioudes et al., 2010;Berkowitz et al., 2008) . Besides, Aconitate, an intermediate in TCA cycle, mapped to an Atg8 -interacting protein-encoding gene that is induced under carbon starvation (Honig et al., 2012) . Digalactosyl-glycerol, the sugar that showed WxN interaction in accumulation pattern in WxN project, mapped to a type-B response regulator, PR21 (AT5G07210) that is involved in cytokinine signaling pathways. Moreover, a pleiotropic variant was identified by several traits, located at the HB30 locus, associated with 5 metabolic traits. HB30 is predicted to interact with transcription factors and promoters of genes that were associated with nitrogen metabolism, signalling and nitrogen-associated processes by omics study [START_REF] Perrella | ZINC-FINGER interactions mediate transcriptional regulation of hypocotyl growth in Arabidopsis[END_REF] , yet the function of HB30 remains elusive. Previous studies highlighted another HB gene family member, HB23 , functioning as a transcriptional regulator to shape plant development in response to environmental stimuli [START_REF] Bolger | Trimmomatic: a flexible trimmer for Illumina sequence data[END_REF] . In addition, the integrative GWA based on statistical analysis raises the possibility of QTL detection, revealing the existence of mQTL FUM2 and growth-related QTL CNGC1 and CNGC2 . These results support the hypothesis that coordinated genetic regulation contributes to the strong correlation network.

In conclusion, we present here several strategies based on the combined use of individual GWAS and statistical analysis, linkage mapping using RIL populations, facilitating candidate association selection and providing functional and biological insight into Arabidopsis central metabolism regulation and vegetative growth variation. We identified large numbers of metabolite QTL by combining two independent experiments and validated some candidate loci with both KO mutants and HIF lines. We shortlisted 5 candidate metabolite QTLs that were mapped to the enzymes using related metabolites as substrate, but we also found many metabolite QTL that mapped to a wide range of gene categories. Second, we found several colocalised QTLs (pleiotropic hub) for different traits among different association panels, pointing to a highly coordinated genetic regulation of central metabolism that will also likely contribute to physiological adjustments to the environment. Furthermore, the quantitative complementation remains ongoing work to validate the hypotheses generated by all these strategies and even further work is needed to cautiously confirm more elusive associations, like those involving genes with unknown function.

Our results illustrate that the individual and integrative approaches described here offers an invaluable experience for advancing our understanding of association analyses. This strategy can be applied to other plant species for the identification of candidate associations involved in the central metabolism and shed light to the genetic variation underlying growth and development. For WxN project:

Arabidopsis thaliana ( A. thaliana ) plants of accessions Col-0, Cvi-0, Shahdara, Tsu-0, Bur-0 used in this project were selected based on their genetic and ecological distance (Simon et al., 2011;[START_REF] Consortium | 1,135 Genomes Reveal the Global Pattern of Polymorphism in Arabidopsis thaliana[END_REF] . Col-0 likely descends from genotypes isolated in Central Europe (Germany or Poland). Cvi-0 grows naturally on the Cape Verde Islands. Shahdara comes from the high Pamir mountains in Tajikistan. Tsu-0 was isolated in Japan. Bur-0 originates from Ireland(Fig. 1).

Figure 1: Geographic distribution of 5 accessions used in this study Seeds were treated with 0.1% agarose and stratified at 4°C in darkness for three days to break residual dormancy and homogeneize germination. Seeds were then sown on unfertilised peat moss soil plugs and transferred to a short-day culture chamber, where, after 8 days, they were installed on a Phenoscope robot (https://phenoscope.versailles.inra.fr/) for 23 days' culture under 4 different growth conditions. As described in a previous study (Tisné et al., 2013) , Phenoscope is a high throughput phenotyping robot equipped with automatic watering / weighing stations that allow watering plants with specified nutrient solutions according to specified protocols, as well as cameras to extract vegetative growth parameters on a daily basis. We applied a combination of soil water content (SWC; adjusted with respect to complete soil saturation) and nutrient solution (adjusted to provide a specific amount of nitrate over the course of the experiment; Tab.1) to perform the following condition treatment: W-N-condition: Plugs are kept at 30% SWC by watering nutrient solution with 1.5mM Nitrate.

Watering at 30% SWC has been determined to correspond to mild drought conditions slightly limiting plant growth. Watering with either 0,5mM nitrate in combination with 60% SWC or 1,5mM nitrate in combination with 30% SWC has been determined to provide the same limiting amount of N overall. Any watering with 5mM nitrate is non-limiting with respect to N. 

GWAS part :

For the initial experiment:

A total of 355 A. thaliana accessions used in this project were selected from the previous study with available SNP data inducing 179 spanish accessions and 114 swedish accessions [START_REF] Consortium | 1,135 Genomes Reveal the Global Pattern of Polymorphism in Arabidopsis thaliana[END_REF]. A small subset collection of 5 accessions selected on the basis of genetic variability to make a link with a WxN project (Col-0, Cvi-0, Shahdara, Tsu-0, Bur-0) is also included as these accessions are the parental lines for recombinant inbred line (RIL) populations available at the Versailles Arabidopsis Stock Center.

For complementary and confirmation experiment:

Knockout mutant lines: selection, genotyping and growth conditions.

A. thaliana Col-0 (wild-type) plants were used as control throughout the experiment. We obtained three SALK lines from the Arabidopsis Stock Center (Alonso et al., 2003) , with T-DNA insertions in each of the candidate genes. Homozygous lines were kept on plates supplemented with kanamycin and genotyped with a primer designed by using the Primer Design Tool provided by the Salk Institute Genomic Analysis Laboratory (http://signal.salk.edu/tdnaprimers.2.html). PCR was used to confirm the presence of the T-DNA and zygosity in the offspring of the delivered seeds. For WxN project:

One aliquot of fresh frozen material (100mg) was used to estimate relative water content. Fresh weight was immediately measured at cold after the aliquotation. Dry weight measurements were taken after drying in an oven over 3 days to constant weight. Relative water content (%) is the ratio of water content and fresh weight (mg).

Total N, Total C

For WxN project: Oven-dried powder (2 mg) were weighed in tin capsules and sealed, N%, C%, Carbon isotope discrimination δ13C was measured by a FLASH 2000 Organic Elemental Analyzer (Thermo Fisher Scientific) coupled to a Delta V Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific).

Nitrate analysis:

For WxN project:

One aliquot of the frozen samples (5mg) was extracted and the following method used as described. The reactant was prepared by dissolving vanadium III chloride (0.5 g), N-(1-naphthyl)ethylenediamine (0.01 g), and sulphanilamide (0.1 g) in HCl (0.5 M), 1 mM NaNO 3 was used as standard. An equal volume of reactant and samples (100 μl) was added to each well of a 96 plate, the reaction was carried out at room temperature for 5-6 h in the dark. The absorbance at 540 nm was measured using a spectrophotometer (Lab system iEMS Reader MF) and used to estimate the nitrate content in μmol g-1 fresh matter (μmol /gFW).

Metabolites Measurements:

The ground frozen samples (25 mg) were resuspended in 1 ml of frozen (-20°C) Water:Acetonitrile: Isopropanol (2:3:3) containing Ribitol at 4 µg/ml and extracted for 10 min at 4°C with shaking at 1400 rpm in an Eppendorf Thermomixer. Insoluble material was removed by centrifugation at 20000g for 5 min. 100 µl of sample extraction was collected and dried overnight at 35°C in a Speed-Vac and stored at -80°C Three Blank tubes underwent the same steps as the samples. Derivatization: Samples were taken out of -80°C, warmed 15 min before opening and speed-vac dried again for 1.5 hours at 35°C before adding 10 µl of 20 mg/ml methoxyamine in pyridine to the samples and the reaction was performed for 90 min at 28°C under continuous shaking in an Eppendorf thermomixer. 90µl of N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) (Aldrich 394866-10x1ml) were then added and the reaction continued for 30 min at 37°C. 45 µl were transferred after cooling to an Agilent vial for injection. 4 hours after derivatization 1 µl of samples were injected in splitless mode on an Agilent 7890A gas chromatograph coupled to an Agilent 5977B mass spectrometer. The column was a Rxi-5SilMS from Restek. The liner (Restek # 20994) was changed before each series of 24 samples analysis. Oven temperature ramp was 70°C for 7 min then 10°C/min to 330°C for 5 min (run-length 38 min). Helium constant flow was 0.7 mL/min. Temperatures were the following: injector: 250°C, transfer line: 290°C, source: 250°C and quadripole 150°C. 5 scans per second were acquired spanning a 50 to 600 Da range. The instrument was tuned with PFTBA with the 69 m/z and 219 m/z of equal intensities. Samples were randomized. Four different quality controls were injected at the beginning and end of the analysis for monitoring of the derivatization stability. An alkane mix (C10, C12, C15, C19, C22, C28, C32, C36) was injected in the middle of the queue for external RI calibration. 5 scans per second were acquired. An injection in split mode with a ratio of 1:30 was systematically performed with the following conditions: 70°C for 2 min then 30°C per min to 330°C for 5 min. Helium constant flow of 1 mL/min.

Data processing: Raw Agilent data files were converted in NetCDF format and analyzed with AMDIS http://chemdata.nist.gov/mass-spc/amdis/ . A home retention indices/ mass spectra library built from the NIST, Golm, http://gmd.mpimp-golm.mpg.de/ and Fiehn databases and standard compounds were used for metabolites identification. Peak areas were also determined with the Targetlynx software (Waters) after conversion of the NetCDF file in masslynx format. AMDIS, Target Lynx in splitless and split 30 modes were compiled in one single Excel File for comparison. After blank mean subtraction peak areas were normalized to Ribitol and Fresh Weight. The statistical analyses were performed in R. The different metabolite concentrations were expressed relatively to fresh matter (ug/mg FW)

RNA Extraction and Complementary DNA Synthesis:

Depending on the amount needed, total RNAs were isolated either with TRIzol reagent (Life Technologies) or the RNeasy Plant Mini kit (Qiagen) following the manufacturer's recommendations.

qPCR Depending on the amount needed, total RNAs were isolated either with TRIzol reagent (Life Technologies) or the RNeasy Plant Mini kit (Qiagen) following the manufacturer's recommendations.

From RNA extracted with the RNeasy Plant RNA Isolation Kit (Qiagen) and treated with DNase (Qiagen), complementary DNA was made by reverse transcription (SuperScript III Reverse Transcriptase; Invitrogen) with random hexamers and including RNase inhibitor (ThermoScientific). qRT-PCR was performed in a Viia7 Real/Time PCR system (ThermoScientific) using iTaq Universal SYBR Green Supermix (Bio-Rad) in 5-mL reaction mixtures with gene-specific primers and five reference genes (Tab. 2). For WxN:

Sequencing technology used an Illumina NextSeq500 (IPS2 POPS platform). RNA-seq libraries were performed by TruSeq Stranded protocol (Illumina®, California, U.S.A.). The RNA-seq samples have been sequenced in single-end (SE) aiming at 150bp reads length. A total of 120 samples by lane of NextSeq500 using individual bar-coded adapters. RNA-Seq preprocessing includes trimming library adapters and performing quality controls. The raw data were trimmed with Trimmomatic tool for Phred Quality Score Q score > 20, read length > 0 bases [START_REF] Kopylova | SortMeRNA: fast and accurate filtering of ribosomal RNAs in metatranscriptomic data[END_REF] , and ribosome sequences were removed with tool sortMeRNA [START_REF] Luna | snp.plotter: an R-based SNP/haplotype association and linkage disequilibrium plotting package[END_REF] .

The pipeline combined with hisat2 and feature count was used to align reads against the Arabidopsis thaliana transcriptome Araport11 ( Cheng et al., 2017) . The abundance of each gene was calculated by a feature count using the default function. The percentages of the reads that are successfully mapped to only a single genomic location of the Col-0 genome ranged from 82.19% to 91.92% among accessions. All samples were sequenced and processed in the same procedure. 1 outlier out of 120 samples was removed for further differential analysis after the application of sPLS-DA with R package Mixomics.

Differential analysis followed the procedure described, genes were filtered based on lower expression counts <10. Library size was normalized using the quantile normalization. Method and count distribution were modelled with a negative binomial generalized linear model where the environment factor. DEG was estimated by Deseq2 in R (Love et al., 2014) . Expressional differences were compared between each stress condition (3 modalities: 2 single stress, 1 combined stress) and control conditions using likelihood ratio test, and p values were adjusted by the Benjamini-Hochberg procedure to control False Discovery Rate (FDR > 0.05). A gene was declared differentially expressed if its adjusted p-value < 0.05. DEG lists of Col-0 were used to compare the overlap with previous publications. Significance of overlap between lists was tested by using the Hypergeometric test.

Differential Analysis and multivariate analysis:

GO overrepresentation and KEGG enrichment analysis were assessed with Clusterprofiler R Package [START_REF] Yu | FERONIA receptor kinase pathway suppresses abscisic acid signaling in Arabidopsis by activating ABI2 phosphatase[END_REF] . To perform integration analysis, WGCNA was used to calculate and identify gene modules [START_REF] Langfelder | WGCNA: an R package for weighted correlation network analysis[END_REF] . The clustering was performed with default settings, and soft thresholds are predicted as 12. The relationship between one gene and all other ones in the analysis was incorporated, and the adjacency matrix was transformed into the topological matrix (TOM) ( Yip and Horvath, 2007 ). The genes demonstrated hierarchical clustering using the flashClust function, according to the TOM-based dissimilarity (1-TOM) measure. After hierarchical clustering, highly interconnected genes were assigned to the same module ( Ravasz et al., 2002 ). Hub genes with high correlation in candidate modules and high connectivity was selected, high connectivity means that the connectivity ranked at top 10%. Moreover, the hub gene has to meet the absolute value of the geneModuleMembership >0.80 and geneTraitSignificance >0.20.

The MOFA package was used to identify latent factors that can better explain the variance in multi-omics view [START_REF] Argelaguet | Multi-Omics Factor Analysis-a framework for unsupervised integration of multi-omics data sets[END_REF] . In the analyses presented, we initialized the models respectively with K = 60 and 20 factors for overall 5 accessions analysis and individual accession analysis and they were pruned during training using a threshold of explained variance of 2%. Diablo in Mixomic package (Rohart et al., 2017) was used to identify a subset of correlated gene-metabolite-growth features with the default setting. Since gene expression shows distinct patterns in different accessions, they were analysed both simultaneously to achieve an overview across the accessions and independently to rule out the genetic bias.

Genome-wide association mapping

Growth traits (PRA, RER, RERi, H, S, V) were obtained during the culture process as described above. Metabolic profiling was performed using GC-MS as described above. The genotypic data used was obtained by combining genotype data from two different sources, 214k SNPs [START_REF] Horton | Genome-wide patterns of genetic variation in worldwide Arabidopsis thaliana accessions from the RegMap panel[END_REF] and 80 A. thaliana accessions that were sequenced using next-generation sequencing [START_REF] Cao | Whole-genome sequencing of multiple Arabidopsis thaliana populations[END_REF] . Mapping analysis was applied first with web portals implemented with different mapping methods, namely easyGWAS (Grimm et al., 2016) and GWA-portal (Seren, 2018) . Mapping analysis was applied in the R script implemented with an AMM [START_REF] Kang | PDR-type ABC transporter mediates cellular uptake of the phytohormone abscisic acid[END_REF]Zhang et al., 2010 ) method. The Pairwise LD heatmap was drawn using the R package 'snp.plotter' [START_REF] Taji | Important roles of drought-and cold-inducible genes for galactinol synthase in stress tolerance in Arabidopsis thaliana[END_REF] .

For multivariate-GWAS :

Principal Component Analysis (PCA) was performed using the correlation matrix of all trait values (growth and metabolomic) with the built-in R function prcomp. Sparse version of the PLS for discrimination purposes (sPLS-Discriminant Analysis) was also performed by using Mixomics to choose the optimal number of components in both growth and metabolites. GWAS was performed based on both PCs and PLS-DA values as previously described. A total of 137 Metabolite traits (from a single final time point) and 129 growth traits (from multiple time points) were used to compute the principal components (PC).

Locus identification.

The following procedure was applied to identify QTLs associated with growth and metabolite traits. First, we extracted all SNPs displaying a Bonferroni corrected p-value < 0.05 in any of the association peaks (-logPvalue > 7) obtained for the 105 primary metabolites. If the genomic distance between selected SNP was less than 10 kb, they were assigned to the same locus. Next, all the genes around or within the same locus were taken into account as putative candidates. Candidate genes were chosen first by manual inspection for functional annotations or categories before to consider subsequent confirmations with mutants.

My PhD work focused on understanding how genetic diversity is shaping phenotypic variation in natural accessions of A. thaliana under various environmental conditions, especially when stress constraints combine.

Through the 'WxN project', the -omics data advanced our knowledge of the molecular responses of developing rosette to long-term N deficiency occurring either with or without drought stress. To reveal the plant response to mild drought (W-N+), N deficiency (W+N-) and combined stress (W-N-), I investigated the phenotypic variation at a multi-omics level, including rosette growth phenotypes, transcriptomes and metabolomes among 5 highly divergent Arabidopsis accessions. First, I studied the general accumulation pattern of metabolites and transcripts in Col-0 to reveal the principal response to stress and compare it to the literature. Through multi-omics comparisons, both shared and specific stress responses to N and W deficiency, and their combination in Col-0 plants were studied. I then studied the accumulation patterns of other four accessions to investigate accession-wise and accession-specific stress responses. The Genotype x N x W interactions reflected by the different physiological status in response to single stress and combined stress, allows us to uncover metabolic and transcriptional interactions that contributed to growth alteration.

Moreover, integration of omics data pointed out some interesting features (genes and metabolites) that are responsible for (or markers of) fine-tuning water and nitrate use efficiency under stress conditions; some of them were confirmed by previous studies such as N-deficiency feature ROXY11 to ROXY16, NRT2.5, GLN1;4 . In addition, two known drought stress-induced metabolites, Galactinol and Raffinose [START_REF] Ding | Divergent functions of the myotubularin (MTM) homologs AtMTM1 and AtMTM2 in Arabidopsis thaliana: evolution of the plant MTM family[END_REF] were significantly induced in N-deficiency stress and combined stress. Interestingly, the expression of GolS , encoding for a key enzyme in the biosynthetic pathway of galactinol (from UDP-Gal and myoinositol) to form raffinose, showed accession-specific stress response patterns. GolS1 was specifically up-regulated in combined stress in Bur-0 while GolS2 was specifically up-regulated in drought stress in Cvi-0.

The adaptive responses of N-deprived plants facing water limitation episodes are more than simple additional answers, especially under diverse genetic context. The combined stresses induced shared and accession-specific responses that result in different N use efficiency and water use efficiency, explicitly leading to photosynthesis and energy-related pathways. Rosette growth as the result of a trade-off between biomass accumulation and stress response, showing a high correlation with the transcriptome and metabolome. In general, combined stress mitigated the impact of N deficiency on the molecular profiles (reducing the intensity of the response and/or significance), while the responsive signalling pathways and critical metabolites under different genetic contexts varied. This highlights the difficulty to define universal stress response taking into account the interaction with other environmental constraints and the variation of the pathways exploited by diverse genetic backgrounds.

However, whether such WxN or GxWxN effects are an artefactual outcome of our stress protocols (N-supply is not adjusted to intrinsic variation in plant size) or a real attenuation effect due to drought should be well investigated. As a soil-based study, N-deficiency was applied by nutrient solution with a fixed quantity of N, which might allow excessive nitrate storage in soil depending on the dynamics of plant use. For the smaller plant, plants consumed less N at the early vegetative stage, allowing excess nitrate storage in the vacuoles of the smaller rosettes (or left in the soil) for subsequent use when subjected to W-N-. Such stress response strategies have been confirmed by our recent dynamic nitrate content assay, showing that plants consumed less N at least one week before the final time point of our experiment at 30DAS (data not shown). On the other hand, RERi serves as a dynamic stress indicator illustrating that temporal limitations of W and N deficiency were different, under combined stress plants are first stressed with drought which probably reduces the need for N, but at the same time also the ability to uptake N.

The WxN project highlighted the importance of the genetic factor underpinning plants' adaptive stress response, putting in question the universality of the conclusions usually made from solely Col-0. However, five accessions only allow us to observe this diversity; other approaches are needed to explain its origins. The interesting variation captured in the metabolite profiles have led us to study this natural variation in large scale populations amenable to the mapping of its genetic bases (Fig. 1234). Hence I studied natural variation in plant primary metabolism and growth traits on a larger scale, with worldwide population sets.

For most of the growth-related/metabolic traits in the WxN project, natural variation was revealed already in control condition. I thus started the GWAS project in the control condition, with the hope that those plants with high geographical/ecological diversity adjust to the growth condition on the Phenoscope robot by already showing some level of environmental response. Several interesting metabolites from WxN study show some impressive result from GWAS, for instance for metabolites prone to WxN interactions (e.g. Digalactosyl-glycerol in Fig. 1) or GxWxN interactions, in other words, accession-specific WxN interactions (e.g. Sinigrin in Fig. 2; Aconitate in Fig. 3; Caffeate in Fig. 4). Digalactosyl-glycerol shows three very highly significant associations segregating at the worldwide scale and additional minor peaks, among which the GA2OX3 locus was pointed out. For metabolites showing GxWxN interactions, the association with Sinigrin revealed a major significant associations segregating on Chromosome 5 at both the worldwide scale and Spanish scale, among which METHYLTHIOALKYLMALATE SYNTHASE (MAM1) locus is considered responsible for the biosynthesis of methionine-derived glucosinolates (Fig. 2); the association with Aconitate among worldwide accessions identified an AP2/B3 family candidate gene ( Fig. 3); Caffeate-based association was discussed in the GWAS part, candidate GELP locus was pointed out by GWA mapping in worldwide, spanish, and swedish panels. Most interestingly, the association with an accession-specific stress-responsive metabolite Raffinose (Fig. 5) among Spanish accessions identified MTM2 , encoding enzymatically active phosphatases. The expression level of MTM2 decreaseated under dehydration stress [START_REF] Nagpal | Myotubularins, PtdIns5P, and ROS in ABA-mediated stomatal movements in dehydrated Arabidopsis seedlings[END_REF] . Moreover, it's suggested that MTM2 can stimulate stomatal closure via enhanced ROS levels in drought-stressed seedlings [START_REF] Bazakos | New Strategies and Tools in Quantitative Genetics: How to Go from the Phenotype to the Genotype[END_REF] . Here in GWAS project, I generated an integrative dataset combining plant vegetative growth parameters and central metabolism profile to explore the species-wide diversity and its genetic architecture. Individual and integrative GWAS approaches were applied to offer some experiences to address this question. In this study, I have shown that the power of GWAS depended on the genetic architecture of the trait, the frequency of the different variants and their specificity to a population subset, etc. I have shortlisted five candidate metabolite QTLs that were anticipated from the previous knowledge. For example, the associations between nicotinic acid and AO (AT5G14760); gamma-tocopherol and VTE4 (AT1G64970); tyramine and TyrDC (AT4G28680) and trehalose and TRE1 (AT4G24040). It is well accepted that GWAS studies and linkage mapping are complementary methods in the loci that they can reveal, depending on the genetic architecture of the trait in the population considered . After using bi-parental segregating populations to confirm the signal of initial GWAS, even more relevant candidates, including unknown genes, will be subject to further investigations. The ongoing step will be to perform quantitative complementation to validate the hypotheses generated by all these strategies. Nitrogen and water are crucial for plant survival as well as for crop yield, however the molecular mechanisms that plants mobilise to respond to Nitrogen (N) or Water (W) deficiency and their combination still remain partly unknown. The interconnections between water status and N availability have drawn much attention. Given their critical impact, it is of great importance to dissect the role of each stress in the combined stress. We here address the question of how mild drought and nitrogen stress responses are integrated and how they impaired rosette growth and plant metabolism.

In this thesis, a systematic investigation was performed to understand how the N deficiency and drought conjugate to shape dynamic rosette growth in Arabidopsis. We integrated transcriptome and metabolomic data to draw a holistic view of drought x N-deficiency interactions. Moreover, as a case study, 5 highly divergent accessions were used to investigate how genetic components regulate stress responses, in other words, GxWxN interactions. Evaluation of drought, N deficiency and combined stress transcriptomes and metabolomes revealed shared and stress-specific response signatures that were conserved primarily across genotypes, although many more genotype-specific responses also were uncovered. The accession-specific transcriptome adjustments and metabolic profile reflected distinct physiological basal status, such as those of Col-0 and Tsu-0. We also found a subset of stress-responsive genes that are responsible for fine-tuning combined stress response, such as ROXYs, TAR4, NRT2.5, GLN1;4.

In addition, we integrated transcriptomic and metabolomic data to construct a multi-omics regulatory network. Two drought stress-responsive metabolites, Raffinose and Myoinositol were highlighted by integrative analysis showing shared N-deficiency patterns in 5 accessions. This study provides molecular resolution of genetic variation in combined stress responses involving interactions between Ndeficiency and drought stress and illustrates respective transcriptome and metabolome plasticity. Moreover, large-scale GWA analysis using worldwide populations was conducted to decipher the genetic architecture at the metabolic level and provide links between the metabolomic plasticity and phenotypic diversity behind local adaptation. In addition, this extends our vision of the diversity at the species scale. The comparison of GWA analysis based on regional-scale population and species-wide population also sheds light on how genetic architecture can impact the detection power of GWA analysis.
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Figure 1 .

 1 Figure 1. Calcium (Ca 2+ ) and reactive oxygen species (ROS) signalling under stress in plant cells. Salinity stress causes osmotic shock to trigger the activation of Ca 2+ influx. Elevated [Ca 2+ ]cyt leads to activation of various Ca 2+ sensor proteins including CaMs , CMLs , CBLs , CDPKs as well as the ROS-producing enzyme, Noxs/Rbohs that are synergistically activated by Ca 2+ binding and phosphorylation by Ca 2+ -dependent protein kinases such as CDPKs and CBL-CIPK complexes. Elevated apoplastic ROS activates ROS-activated PM Ca 2+ -permeable channels to trigger further Ca 2+ influx, while Ca 2+ -permeable endomembrane channels/transporters may also be activated to sustain further Ca 2+ mobilisation. They are thereby promoting redox signalling to regulate gene expression. Broken arrows indicate hypothetical links. ACA, autoinhibited Ca 2+ -ATPase; PA, polyamine; PAO, polyamine oxidase. Abbreviations: CBL1 , calcineurin B-like protein 1; CBL9 , calcineurin B-like protein 9; CIPK26 , calcineurin B-like interacting protein 26; CPK5 , calmodulin domain protein kinase 5; BIK1 , botrytis-induced kinase 1; FAD, flavin adenine dinucleotide; NAD, nicotinamide adenine dinucleotide; PA, phosphatidic acid. (Adapted from (Kurusu et al., 2015) )

Figure. 2

 2 Figure. 2 Transcription factors and molecular responses network during abiotic stress (drought, salinity and cold). Transcription factor-modifying enzymes are shown in squares. Blue squares represent ABA-dependent pathway transcription factors, and orange represent ABA-independent pathway transcription factors. The green boxes represent the cis-elements present in stress-responsive genes. (Modified f rom (Xie et al., 2019) )

Figure 3 .

 3 Figure 3. An overview of plant hormone signalling networks and their crosstalk in stress responses. ABA, SA, JA and ET are major players in stress response, with ABA mainly regulating osmotic stresses. SA, JA and ET control biotic stress responses. ABA and GA signalling pathways interact, with DELLAs serving as a crosstalk point, to influence the balance between seed dormancy and germination. SA and JA pathways are antagonistically regulated by several transcription factors. JA-ET crosstalk synergistically. Auxins, GAs and CKs participate in biotic stress responses via the SA signalling pathway. CKs also crosstalk with ABA and function in drought and salinity stress responses. Arrows represent positive regulation (accumulation of transcripts, proteins or hormones), and dotted arrows represent negative regulation. (Adapted f rom(Verma et al., 2016) ) 

Figure 4 :

 4 Figure 4: Principal processes involved in the response of crop N nutrition to water availability. Dotted arrows indicate fluxes, while plain arrows indicate direct causal relationships. (Modified from Victoria et al., 2010)

Figure 7 .

 7 Figure 7. Drought conditions negatively impact N uptake and N metabolism gene expression (red arrows) (modified from Araus et al., 2020).

Figure 8 .

 8 Figure 8. Possible crosstalk of ABA -Nitrate to impact plant physiology and gene regulation. A) N signalling stimulates the release of bioactive ABA from the inactive storage form, ABA-glucose ester (ABA-GE)(Xu et al., 2010). (B) ABI involved in ABA signal transduction is a positive regulator of the nitrate transporter NRT1.1 (Liu et al., 2017) (C) Calcium-Dependent Protein Kinase CPK10 Functions in ABA-Stomatal Regulation in Response to Drought Stress (Léran et al., 2015) )
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 9 Figure 9: Relationship among genome, environment and plant phenome. When environmental factors affect the phenome traits.

Figure 10 .

 10 Figure 10. Illustration of the effects of genotype and environment, including G x E interactions, each graphe representing two genotypes (colour) in two environments (x axes). (A) No phenotypic plasticity and no G x E. (B) Phenotypic plasticity but no G x E. (C) Phenotypic plasticity and G x E with an interaction effect. (D) Phenotypic plasticity and G x E with genotype re-ranking across environments. Blue and yellow colours indicate two different genotypes. The X-axis indicates the changing of environments. Y-axis indicated changing phenotype E) real case (from this study); Arabidopsis accessions under four condition: drought (W-N+), N deficiency (W+N-), N deficiency and drought condition (W-N-) and control conditions (W+N+); accessions differ in rosette size depending on the environment in which they developed.

Fig. 11 .

 11 Fig. 11. Validation of a candidate quantitative trait gene. Representation of the phenotypic values expected in F1 after crossing a heterozygous HIF/natural accession with an heterozygous mutant of the candidate gene in Col-0 background. In this theoretical example, a recessive mutation in the HIF[B] and a recessive T-DNA insertion are responsible for a decreased value of the phenotypic trait. Overall, A)The candidate gene tested is responsible for the phenotypic difference observed between Col-0 and T-DNA mutant if a significant decrease is observed (TDNA validation). B) The candidate gene is responsible for the phenotypic difference observed between Col-0 and T-DNA because a significant interaction is observed between the QTL allele and the candidate natural allele (Quantitative confirmation). In this case, the candidate gene tested is responsible for the QTL. More complicated scenarios are possible.

Figure 12 .

 12 Figure 12. Illustration of Segregating populations for quantitative mapping in A. thaliana. (capture by : Bazakos et al., 2020). The different colours represent genetic diversity among accessions; darker regions represent methylated alleles, and lighter ones represent unmethylated alleles. This scheme has been simplified to allow the representation of all mapping populations; AMPRIL and MAGIC lines actually have only two founders in common. Abbreviations: AI-RIL, advanced intercross recombinant inbred line; AMPRIL, Arabidopsis multiparent recombinant inbred line; Col-0, Columbia 0; DDM1, DECREASED DNA METHYLATION 1; HIF, heterogeneous inbred family; MAGIC, multiparent advanced generation intercross; MET1, METHYLTRANSFERASE 1; NAM, nested association mapping; NIL, near-isogenic line.
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 1 Figure 1: Rosette Size Adjustments in 5 accessions. A) Cumulative growth trajectory (Projected rosette area (PRA) in cm²) extracted from the daily image (Upper panel) and stress/control ratio of PRA (Lower panel). B) final projected rosette area (cm²) extracted at 31 days after sowing (DAS). C) upper panel: Dynamics of Relative expansion rate integrated over successive 3-day windows (RERi3) and normalised by control condition; lower panel: Significance of the difference with respect to the control condition through time; the dotted line represents the level of significance, p=0.05; p=0.01; p=0.001. D): Relative expansion rate (RER) integrated between 16DAS and 31DAS. Blue: "W+N+" = control condition; Orange: "W-N+" = mild drought;Purple: "W+N-" = N deficiency, Red: "W-N-" = combined drought and N deficiency. After applying two-way ANOVA with post-hoc Tukey HSD test, rosette PRA and RER were indicated by different letters when significantly different (P < 0.05).

Figure 2 .

 2 Figure 2. Compactness Through Time. A). Upper panel shows the dynamics of compactness derived with respect to control condition through time; Lower panel shows the -log10 ratio of the significance of the difference with respect to control condition through time derived through time, the dotted line represents the level of significance, p=0.05; p=0.01; p=0.001, respectively; B). Final Compactness values at 31DAS. After applying two-way ANOVA with post-hoc Tukey HSD test, compactness was indicated by different letters when significantly different (P < 0.05).

Figure 3 .

 3 Figure 3. HSV-based Color Space Information Derived Through Time. Left: Values of HSV-based Color Space Information Hue (A), Saturation (B), Values (C) derived over time in scale[0,1]; Right; Dynamics of Hue (D), Saturation (E), Values (F) normalised by control condition; lower panel: Significance of the difference with respect to control condition through time; dotted line represents the level of significance, p=0.05; p=0.01; p=0.001

Figure 4 .

 4 Figure 4. Physiological parameters in rosettes at 31DAS. A) Relative water content (%); B) δ13C; C) carbon content (C%); D) total N content (N%); E) total nitrogen (mg) stored per rosette; F) Nitrate content (µmol/g FW) in rosette; After applying two-way ANOVA with post-hoc Tukey HSD test, parameter values were indicated by different letters when significantly different (P < 0.05).

Figure 5 .

 5 Figure 5. Overview of transcriptomic variation among 5 accessions : A) Hierarchical clustering of the transcripts accumulation profiles across 4 conditions, with 6 replicates. B) Violin plot showing the distribution of the % of total variance explained for individual DEGs between different variables: Genotype, W factor, N factor, Experiment factor (Exp) and their interactions.

Figure. 6 .

 6 Figure. 6. PCA for consensus genes that are differential expressed among five accessions. (A) Loading plot of PC1 and PC2. (B) Loading plot of PC2 and PC3. Colour indicated classification of each accession and condition group modality. Components of the top 20 contributions of axis 1 and 2 were projected, with boldness indicating the strength of contributions.

Figure 7 :

 7 Figure 7: Transcriptomic response and gene ontology classification of Col-0 plants. A) Venn diagrams showing the overlap between the different conditions' DEGs. Gene Ontology enrichment of transcripts that accumulate differentially in response to (B) N deficiency (W+N-), C) Combined stress (W-N-) and (D) Drought (W-N+). The P-value for enrichment compared with the genome distribution from Fisher's Exact with FDR multiple test correction is provided for each GO term using the indicated color scale.

Figure 8 .

 8 Figure 8. Transcript levels for genes showing strong condition-specific expression patterns in Col-0 (data are given as boxplot with n=6; * =P< 0.05, ** = P< 0.01, ns = non significant).

Figure 9 .

 9 Figure 9. Venn diagram showing the overlap between our study (W+N-_Col-0) and two previous studies (left : Peng et al., 2007 ; right: Luo et al., 2020) for up and down-regulated (P< 0.05, abs(log2FC) > 1) DEG in response to N-deficiency. Venn diagram overlaps were subjected to hypergeometric testing to test the significance of the overlap.

Figure 10 .

 10 Figure 10. Venn diagram showing the overlap between our study and two previous studies (left : Cubillos et al., 2014; P< 0.01; and right (Clauw et al., 2015; P< 0.001) for up and down-regulated (P< 0.05, abs(log2FC) > 1) genes in mild drought studies. Venn diagram overlaps were subjected to hypergeometric testing.

Figure 11 .

 11 Figure 11. Transcript levels for genes showing strong condition-specific expression patterns in the other 4 accessions (data are given as boxplot with n=6; * =P< 0.05, ** = P< 0.01, ns = non significant).

Figure 12 :

 12 Figure 12: Overlap of transcriptomic responses among different accessions. Venn diagrams showing the overlap in DEGs detected in the different conditions. A) W+N-_up regulated DEGs. B) W-N-up regulated DEGs. C) W-N+_up regulated DEGs; D) W+N-_down regulated DEGs. E) W-N-down regulated DEGs. F) W-N+_down regulated DEGs.

  Moreover, the DELTA1-PYRROLINE-5-CARBOXYLATE SYNTHASE 1 ( P5CS1 in Col-0) was upregulated while Proline dehydrogenase encoding gene ( PROLINE OXIDASE (PoX )), and sugar transporter EARLY RESPONSIVE TO DEHYDRATION ( ERD6 ) were down-regulated (in Col-0 and Tsu-0). Accordingly, ETHYLENE RESPONSE FACTORs (ERF6, ERF107) were down-regulated in Col-0 and Tsu-0 as well. For cell wall modifications, the cell wall-loosening expansins genes (EXP16 in Col-0, Tsu-0, Bur-0), pectin lyases ( POLYGALACTURONASE INVOLVED IN EXPANSION ( PGX3 in Col-0 and Tsu-0), CELLULOSE SYNTHASE-LIKE G3 , and pectin methylesterase inhibitors ( PME12 , PME19 in Col-0 and Tsu-0) were up-regulated, whereas cell elongation related GAST1 PROTEIN HOMOLOG 1 and cell wall-bound peroxidase ( PEROXIDASE 71 ( PRX71 )) were downregulated. In addition, genes encoding cell wall-strengthening enzymes, XYLOGLUCAN ENDOTRANSGLUCOSYLASES/HYDROLASES ( XTH22 in Col-0; XTH33 , XTH25 and XTH18 in Tsu-0) and FASCICLIN-LIKE ARABINOGALACTANs ( FLA9 in Col-0) were downregulated.

Figure 13 :

 13 Figure 13: Transcript levels for genes showing essentially uniform response patterns across accessions, where the combined stress response is essentially similar to one of the single stress (data are given as boxplot with n=6; * =P< 0.05, ** = P< 0.01, ns = non significant).

Figure 14 :

 14 Figure 14: Transcript levels for genes showing the strongest combined stress specific signature (data are given as boxplot with n=6; * =P< 0.05, ** = P< 0.01, ns = non significant).

Figure 15 .

 15 Figure 15. Overall transcriptional response to single and combined stress among five accessions. log2foldchange comparison of W-N-and W+N-(A) or W-N+ (B) shared DEGs. Black indicates the first diagonal slope =1.

Figure 16 .

 16 Figure 16. Overview: A).Hierarchical clustering of the accumulation profiles of 135 metabolites across 4 conditions and among 5 accessions, with 6 replicates. B). Violin plot showing the distribution of the % of total variance explained for individual DAMs between different variables: Genotype, W factor, N factor, Experiment factor and some of their interactions.

Figure 17 :

 17 Figure 17 : Accumulation profile of selected metabolites in response to N-deficiency, drought and their combination. (A) Asparagine. (B) Digalactosyldiacylglycerol. (C) Ribulose-5-phosphate (D) Caffeate. (E) Sinigrin. (F) Aconitate. (data are given as boxplot with n=6; * =P< 0.05, ** = P< 0.01, ns = non significant).

Figure 18 .

 18 Figure 18. Overlap of differential metabolite accumulation between the different conditions in Col-0.

Figure 19 :

 19 Figure 19 : Overlap of metabolite accumulation between the different accessions in response to (A) N-deficiency, (B) Combined stress and (C) Drought; (D) Examples of accession-specific combined stress-specific DAMs (data are given as boxplot with n=6; * =P< 0.05, ** = P< 0.01, ns = non significant).

Figure 20 .

 20 Figure 20. Selected metabolic alteration in response to stress. Selected metabolite sets accumulating differentially across conditions in the displayed genotypes, represented normalised by control condition. (A) Phosphorylated intermediates. (B) Tricarboxylic acid (TCA) cycle intermediates (C) Sugar metabolism intermediates (D) Amino acids. Shading represents fold change (Stress/Control) of each metabolite (rows) for each modality of genotype x condition (columns). The remaining information of other metabolites can be found in (Fig. S8).

Figure 21 .

 21 Figure 21. Cumulative proportion of total variance explained for each trait view and proportion of total variance explained (R 2; ; A) by individual latent factors (B: LF, y-axes) for each view. C)Visualisation of the samples (genotype x condition) in the factor space.

Figure 22 :

 22 Figure 22: Loadings of Factor 1 (A) or Factor 2 (B) for associated growth traits view (left), transcript accumulation view (center) and metabolite accumulation view (right).

Figure 23 .

 23 Figure 23. Heat maps showing the expression pattern of selected features that discriminate all modalities (genotype x condition). All values were averaged with ~ 18 plants per genotype x condition modality (P.adj <0.05). Relative comparison between each stress condition and control condition can be found in supplementary Fig. S9.

Figure 24 .

 24 Figure 24. Response pattern of selected features that discriminate the conditions in each accession individually (A: Col-0; B: Cvi-0; C: Shahdara; D: Tsu-0; E: Bur-0). All values were averaged with ~18 plants per condition modality (P.adj <0.05). Shading represents fold change (Stress/Control) of each metabolite (rows) for each modality of genotype x condition (columns).-blue shows decreasing trait tendency in response to stress, while red represents increasing trait tendency in response to stress.

Figure 25 :

 25 Figure 25: Correlation plot of molecular (transcripts/metabolites) coexpression modules identified among five accessions with other phenotypes (physiology, growth-related traits).

Figure 26 .

 26 Figure 26. Multi-omics regulatory networks identified by Mixomics across 5 accessions showing A) N-deficiency response B) Combined stress response and (C) Drought stress response patterns. The background layout is shared between the 3 graphs across all the accessions.

Figure 27 .

 27 Figure 27. Multi-omics regulatory subnetworks identified by Mixomics in each accession showing A) N-deficiency response B) Combined stress response and (C) Drought stress response patterns. The background layout is shared between all the graphs.

Figure 28 .

 28 Figure 28. Multi-omics regulatory subnetworks identified by Mixomics in Col-0 showing A) N-deficiency response B) Combined stress response and (C) Drought stress response patterns. The background layout is shared between the 3 graphs.

/

  Figure 29. Multi-omics regulatory subnetworks identified by Mixomics in Cvi-0 showing A) N-deficiency response B) Combined stress response and (C) Drought stress response patterns. The background layout is shared between the 3 graphs.

Figure 30 .

 30 Figure 30. Multi-omics regulatory subnetworks identified by Mixomics in Tsu-0 showing A) N-deficiency response B) Combined stress response and (C) Drought stress response patterns. The background layout is shared between the 3 graphs.

/

  Figure 31. Multi-omics regulatory subnetworks identified by Mixomics in Bur-0 showing A) N-deficiency response B) Combined stress response and (C) Drought stress response patterns. The background layout is shared between the 3 graphs.

Figure 1 .

 1 Figure 1. Correlation relationship between growth and metabolite traits. A) General Correlation between 2 experiments (Exp1: P3ID36 and Exp2: P4ID27). B) Distribution of main phenotype in log10 scale of 355 Arabidopsis accessions for two experiments (Exp1: P3ID36 and Exp2: P4ID27).

Figure 2 .

 2 Figure 2. Distributions of growth parameter PRA (A), RERinstant (B), metabolic trait tyramine abundance (C) and trehalose abundance (D) in subpopulation accession (SWE; ESP; Other = other worldwide accessions) at 31DAS

Figure 3 .

 3 Figure 3. The pattern of Spearman Rank Correlation Matrices for primary metabolic traits and growth parameters. A correlation scale is included to the right: positive correlations are shown in shades of blue and negative correlations in shades of red. Coefficients are filtered according to Bonferroni correction (P< 0.001).

Figure 5 .

 5 Figure 5. Manhattan plot (left) of significance of association between genotype and flowering time . P values are shown on a -log 10 scale; the x-axis shows the physical positions on five chromosomes in Arabidopsis; the red line is the significance threshold. A QQ plot (right) is presented to show how the GWAS model has accounted for population structure.C)The genomic region surrounding the significant GWA peak showing Gene models in the region.

Figure 6 .

 6 Figure 6. Manhattan plot for the growth trait PRA_D16: PRA at 16DAS (A), Leaf Temperature_D16: leaf Temperature at 16DAS (B) and Hue_D16: rosette Hue at 16DAS (C) and significant association signals. P values are shown on a log10 scale; the x-axis shows the physical positions on five chromosomes in Arabidopsis.

Figure 7 .

 7 Figure 7. GWAS of Tyramine content. (A) Manhattan plots for the SNP associations to tyramine accumulation in WW, SWE, and ESP panels. Chromosomes are depicted in different colours. The horizontal dash-dot line corresponds to the threshold of significance. (B) The genomic region surrounding the significant GWA peak showing Gene models in the region. (C) Log10 P-values of association of the SNPs (aligned with B). Heat map of LD between the SNPs called in (A) measured as the partial coefficient of correlation (R 2 , scale included in the panel).

Figure 8 .

 8 Figure 8. SNP polymorphisms around the TyrDC locus in accessions from distinct haplotype groups and their corresponding tyramine accumulation phenotype. Representative accessions of each group are shown, together with 5 accessions from the WxN project (bottom 5). Only genomes that were available on the SALK 1,001 genomes browser (http://signal.salk.edu/atg1001/3.0/gebrowser.php) as of September 2016 were presented here.

Figure 9 .

 9 Figure 9. GWAS of Trehalose content. (A) Manhattan plots for the SNP associations to Trehalose accumulation in WW panel. Chromosomes are depicted in different colours. The horizontal dash-dot line corresponds to the threshold of significance. (B) The genomic region surrounding the significant GWA peak showing gene models in the region. (C) Log10 P-values of association of the SNPs (aligned with B). Heat map of LD between the SNPs called in (A) measured as the partial coefficient of correlation (R 2 , scale included in the panel).

Figure 10 .

 10 Figure 10. GWAS of gamma-tocopherol content. (A) Manhattan plots for the SNP associations to gamma-tocopherol accumulation in WW panel. Chromosomes are depicted in different colours. The horizontal dash-dot line corresponds to the threshold of significance. (B) The genomic region surrounding the significant GWA peak showing gene models in the region. (C) Log10 P-values of association of the SNPs (aligned with B).

Figure 11 .

 11 Figure 11. SNP polymorphisms around the VTE4 locus in accessions from distinct haplotype groups and their corresponding gamma-tocopherol accumulation phenotype. Representative accessions of each group are shown, together with 5 accessions from the WxN project (bottom 5). Only genomes that were available on the SALK 1,001 genomes browser (http://signal.salk.edu/atg1001/3.0/gebrowser.php) as of September 2016 were presented here.

Figure 12 .

 12 Figure 12. GWAS of Nicotinate content. (A) Manhattan plots for the SNP associations to Nicotinate accumulation in WW panel. Chromosomes are depicted in different colours. The horizontal dash-dot line corresponds to the threshold of significance. (B) The genomic region surrounding the significant GWA peak showing gene models in the region. (C) Log10 P-values of association of the SNPs (aligned with B). Heat map of LD between the SNPs called in (A) measured as the partial coefficient of correlation (R 2 , scale included in the panel).

Figure 13 .

 13 Figure 13. GWAS of caffeate content. (A) Manhattan plots for the SNP associations to caffeate accumulation in WW panel. Chromosomes are depicted in different colours. The horizontal dash-dot line corresponds to the threshold of significance. (B) The genomic region surrounding the significant GWA peak showing gene models in the region. (C) Log10 P-values of association of the SNPs (aligned with B). Heat map of LD between the SNPs called in (A) measured as the partial coefficient of correlation (R 2 , scale included in the panel).

Figure 14 .

 14 Figure 14. Identification of a pleiotropic QTL at HB30 in the SWE panel. A) Manhattan plot of a regional-set GWAS for traits including 2-Oxoglutarate, Aconitate, Fructose 6-phosphate, Glucose 6-phosphate, Glucuronic and Phosphate. The chromosomes are depicted in different colours, and the x-axis represents the chromosome number and position. Bonferroni corrected significance threshold at α = 0.05 is indicated by the horizontal dashed line. B) The nine polymorphisms selected for further analysis are projected onto a schematic representation of HB30 ( AT5G15210 ) gene structure, and nearby unknown gene ( AT5G15200 ). C) Distribution of metabolite abundance across accessions harbouring each haplotype (value in µg/mg FW).

Figure 15 .

 15 Figure 15. Identification of FUM2 locus in the worldwide panel. Manhattan plot of GWAS for traits. A) Fumarate , B) Malate, C ) ratios of Fumarate and Malate. The chromosomes are depicted in different colours, and the x-axis represents the chromosome number and position. Bonferroni corrected significance threshold at α = 0.05 is indicated by the horizontal dashed line. D) Top: The genomic region surrounding the significant GWA peak showing gene models in the region. Middle: Log10 P-values of association of the SNPs (aligned with B). Bottom: Heat map of LD between the SNPs called in (C) measured as the partial coefficient of correlation (R 2 , scale included in the panel).

Figure 16 .

 16 Figure 16. GWAS based on Comp2 of growth traits. (A) Manhattan plots for the SNP associations to Comp2 in WW panels. Chromosomes are depicted in different colours. The horizontal dash-dot line corresponds to the threshold of significance. B) The genomic region surrounding the significant GWA peak showing gene models in the region. C) Log10 P-values of association of the SNPs (aligned with B). Heat map of LD between the SNPs called in (A) measured as the partial coefficient of correlation (R 2 , scale included in the panel).

Figure 17 .

 17 Figure 17. GWAS based on Comp1 of sPLS-DA analysis of all traits. (A) Manhattan plots for the SNP associations to Comp1 in WW panels. Chromosomes are depicted in different colours. The horizontal dash-dot line corresponds to the threshold of significance. B) The genomic region surrounding the significant GWA peak showing gene models in the region. C) Log10 P-values of association of the SNPs (aligned with B). Heat map of LD between the SNPs called in (A) measured as the partial coefficient of correlation (R 2 , scale included in the panel).

Figure 18 .

 18 Figure 18. GWAS based on Pipecolate content. (A) Manhattan plots for the SNP associations to ipecolate accumulation in WW panels. Chromosomes are depicted in different colours. The horizontal dash-dot line corresponds to the threshold of significance. B) The genomic region surrounding the significant GWA peak showing gene models in the region. C) Log10 P-values of association of the SNPs (aligned with B). Heat map of LD between the SNPs called in (A) measured as the partial coefficient of correlation (R 2 , scale included in the panel).

Figure 19 .

 19 Figure 19. GWAS based on Phenylalanine content. (A) Manhattan plots for the SNP associations to Phenylalanine accumulation in WW and ESP panels. Chromosomes are depicted in different colours. The horizontal dash-dot line corresponds to the threshold of significance. B) The genomic region surrounding the significant GWA peak showing gene models in the region. C) Log10 P-values of association of the SNPs (aligned with B). Heat map of LD between the SNPs called in (A) measured as the partial coefficient of correlation (R 2 , scale included in the panel).

Figure 20 :

 20 Figure 20: Abundance of target metabolite in wild-type plants (Col-0 genotype used in the lab [Col-labo], and WT [Gene_WT] if available), T-DNA insertion lines and available HIFs for candidate genes (indicated by headline). Preliminary experiments (Rep1 & Rep2) were performed twice to optimise the experimental design and to choose

  W+N+ condition: Plugs are kept at 60% SWC by watering nutrient solution with 5mM Nitrate. W-N+ condition: Plugs are kept at 30% SWC by watering nutrient solution with 5mM Nitrate. W+N-condition: Plugs are kept at 60% SWC by watering nutrient solution with 0.5mM Nitrate.

Figure 2 :

 2 Figure 2: Natural variation of plant size at final Phenoscope experiment day (31 DAS ) in each condition for 5 accessions

Figure 1 .

 1 Figure 1. Natural variation behind genotype x environment interactions at different scales. A) From WxN project Digalactosyl-glycerol abundance subject to WxN interaction (data are given as boxplot with n=6; * =P< 0.05; ** = P< 0.01; ns = non significant) B) From GWAS project, natural variation behind Digalactosyl-glycerol abundance from different mapping panels (Worldwide, Swedish, Spanish)

Figure 4 .

 4 Figure 4. Natural variation behind genotype x environment interactions at different scales. A) From WxN project Caffeate abundance subject to GxWxN interaction (data are given as boxplot with n=6; * =P< 0.05; ** = P< 0.01; ns = non significant). B) From GWAS project, natural variation behind Caffeate abundance from different mapping panels (Worldwide, Swedish, Spanish)
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 1 Summary of stress response study
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Table 2 :

 2 comparison between linkage mapping and GWAS

  . Natural variation of metabolic diversity within species has provided a new insight to elucidate corresponding genetic determinants and uncover a metabolic network.

	Comparison		linkage mapping	GWAS
	Typical population	Mapping	2 parents recombinant inbred lines	Natural accessions
	Detection power		2 alleles / locus	multiple alleles per locus
	LD extent		Linkage disequilibrium from ~2 meiosis	The extent of LD (5kb -10kb) appropriate for genome-wide mapping with a limited number of markers
	Advantage		-Complex genetic architecture uncovered -Rare alleles -Epistasis -Genetic Heterogeneity -less false positive or false negative due	-High SNP densities allow high mapping resolution -Potential power to identify more variants -Relevance of the uncovered variation at the species scale
	Disadvantage		-Low mapping resolution -lack of allelic variants comparing to GWAS if a small number of RIL sets are studied	-Population structure -Genetic Heterogeneity -Sensitive to rare alleles (MAF < 0.01) and minor alleles (MAF < 0.05) -Complex genetic architecture is a problem -high false positive or negative
				38

Table 3 : Summary of validating candidate 41

 3 

	category	Species	study	traits	treatment	panel	candidate	confirmation
			(Bac-Molenaar et	projected leaf				
	growth traits Arabidopsis	al.,2015)	area (PLA	/	324	/	/
			(Bac-Molenaar et	projected leaf	moderate drought			
		Arabidopsis	al.,2015)	area (PLA	stress	324	/	/
					Auxin, cytokinin and			
		Arabidopsis	(Bouain et al., 2019)	Root	abscisic acid (ABA) i	192	multiple QTLS	/
							LRR-KISS (At4g08850), flowering	
							locus KH-domain containing protein	Gene validation with
		Arabidopsis	(Julkowska 2016)	shoot growth	salt stress	160	and a DUF1639-containing protein	TDNA lines
		Arabidopsis	(Clauw et al., 2016)	shoot growth	mild drought	91	multiple QTLS	/
								transgenic
		Arabidopsis (Julkowska et al., 2017) Root growth	nutrient stress	231	AZI	complementation
								Gene validation with
		Arabidopsis	(Kawa et al., 2016)	Root growth combination P,Zn,Fe	277	multiple QTLS	TDNA lines
			(Kawa et al., 2016;					Gene validation with
		Arabidopsis	Kobayashi et al., 2016) Root growth	Salt Stress	347	HKT,CYP79B2,CYP79B3	TDNA lines
		Arabidopsis (Waidmann et al., 2019) Root growth salt or Pi starvation	330	multiple QTLS	/
								transgenic
								complementation et al;
		Arabidopsis	(Meijón et al., 2013)	Root growth	NaCl tolerance	200	RABA 1c.VHA-A2	linkage mapping
								transgenic
		Arabidopsis	(Rosas et al., 2013)	Root growth	/	210	CKX2	complementation
								Transgenic
		Arabidopsis	(Slovak et al., 2019)	Root growth	/	201	kuk	complementation
			(Slovak et al., 2019;					Transgenic
		Arabidopsis	Wieters et al., 2020)	Root growth	potassium	69	PHO1 and RSA1	complementation
								Transgenic
		Arabidopsis	(Tang et al., 2018)	Root growth	/	252	AAK6	complementation
	category	Species	study	traits	treatment	panel	candidate	confirmation

  given population which means it's relatively easier to map because the loci follow a clear mendelian segregation together with the phenotype in the progeny of crosses.

	gene in a		rosette growth rate	high light (HL) and low light (LL)	278	NIP1	Loss of function GWAS
								Transgenic
		Arabidopsis (Verslues et al., 2013)	root hydraulic conductivity	143	XND1	complementation
								Gene validation with
		Arabidopsis	(Zhou et al., 2019)	root length	iron-limited	134	FRO2	TDNAlines
							LON1, RPL24A, pp2AA3, a MADS box	
	metabolite			metabolite			protein, and a nucleoside triphosphate	Gene validation with
	traits	Arabidopsis	(Wu et al., 2016)	Proline	low water potential	180	hydrolase	TDNA lines
				metabolite				linkage mapping and
		maize	(Wu et al., 2018)	profile	/	282	citrate synthase-like gene	Progeny test
				primary				linkage mapping ; Gene validation with
		Arabidopsis	(Chen et al., 2016)	metabolism	/	314	multiple QTLS	TDNA lines
				secondary				Transgenic
		Arabidopsis	(Slaten et al., 2020)	metabolism	Abiotic stress	309	multiple QTLS	complementation
			(Slaten et al., 2020;					Transgenic
		rice	Fusari et al., 2017)	grain growth;metabolic features	502	multiple QTLS	complementation
				Gln-Glucosinol				Gene validation with
		Arabidopsis (Kalladan et al., 2017)	ate	/	133	Aop, MAM3 Bsu1	TDNAlines
			(Al-Shehbaz and					Gene validation with
		Arabidopsis	O'Kane, 2002)	metabolite	/	349	ACD6,VACINV,UGP1	TDNAlines
				ABA			Plasma Membrane Proteins; RING	Gene validation with
		Arabidopsis	(Shindo et al., 2007)	accumulation	drought	298	U-box protein	TDNA lines

Such phenotypes are usually considered as quantitative traits. A qualitative trait is usually influenced by a single 42 Arabidopsis

[START_REF] Satbhai | Natural allelic variation of FRO2 modulates Arabidopsis root growth under iron deficiency[END_REF] 

Table 1 :

 1 ANOVA Results for the following traits: final PRA, RER, Compactness, Hue, Saturation, Value, Water content, N content (N%), C content( C%), Nitrate content, Total N stored per rosette .

Table . 2

 . DEGs summary in each accessionG enes were classified as DE when p.adj < 0.05, abs(log2FC) > 1.

	Genotype	Col.0			Cvi.0		Sha	Tsu.0	Bur.0		shared
		up	down	up	down	up	down	up	down	up	down	up	down
	W+N-	663	713	850	602	870	400	1422	897	847	668	210	146
	W-N+	34	194	11	23	38	32	94	147	87	107	1	2
	W-N-	373	635	228	196	234	153	673	519	553	336	47	37
	common	15	81	6	9	23	12	33	61	32	26		
													65

Table 1

 1 

	: Average total volume of W (ml) and N (nmoles) over the course of the experiment
	for each condition
	*Number indicated median ± SD, n > 30
	The projected rosette area (PRA) was determined by imaging individual plants each day
	against a black background (Fig. 2), while the relative expansion rate (RER) is calculated as
	an average relative growth rate. Instant relative expansion rate (RERi3) is counted as an
	average growth rate within a 3-days window that is normalized by the size of the plant.
	Compactness PC is the ratio between PRA and the area of the convex polygon
	encompassing the whole rosette. Colour measurements (R, G, B) were extracted on the
	same images from all plant pixels and calculated as an averaged pixel, then transformed to
	HSV model (Hue, Saturation, Value) as an alternative representation of colour scales .

Table 1 .

 1 Primers designed for each mutant lines HIF lines: selection, genotyping and growth conditions. HIF (Heterogeneous Inbred Families) are derived from heterozygous RILs detected in the RIL set and only segregates at the locus of interest(Loudet et al., 2005;[START_REF] Marchadier | The complex genetic architecture of shoot growth natural variation in Arabidopsis thaliana[END_REF] . Usage of HIF lines allows us to confirm the effect of the detected causal locus with less noise in the genetic background. The complete HIF lines list were selected based on the candidate SNP region of GWAS, and seeds are obtained from the Versailles Arabidopsis Stock Center ( http://publiclines.versailles.inra.fr/ ).

	Accessions, mutants, HIFs lines and their parental control lines, along with control plants
	(Col-0) were grown on Phenoscope (Tisné et al., 2013) as described above specifically
	under control conditions (W+N+) for 22 days. The rosettes of all plants were harvested and
	frozen in liquid nitrogen, then stored at -80°C until subsequent metabolomic measurement.
	159

Table 2 :

 2 qRT-PCR primer list

	Statistical Analysis:

  Intégrations de données phénomiques et génomiques pour explorer la variabilité naturelle chez ArabidopsisMots clés : génétique quantitative, Arabidopsis, croissance, réponse au stress, phénotypage haut-débit, bioinformatique L'azote et l'eau sont essentiels à la survie des plantes ainsi qu'au rendement des cultures, mais les mécanismes moléculaires que les plantes mobilisent en réponse à une déficience en azote (N) en eau (W) et à leur combinaison restent en partie à élucider. Les interconnexions entre l'état hydrique des plantes et la disponibilité de l'azote ont attiré beaucoup d'attention. Étant donné leur impact crucial, il est très important de disséquer le rôle de chaque stress dans le stress combiné. Nous abordons ici la question de l'intégration des réponses aux stress sécheresse et azoté modérés et de la manière dont ils entravent la croissance des rosettes et le métabolisme des plantes.Dans cette thèse, une investigation systématique a été effectuée pour comprendre comment la carence en azote et en eau se conjuguent pour agir sur la croissance de la rosette chez Arabidopsis. Nous avons intégré des données transcriptomiques et métabolomiques pour obtenir une vue globale des interactions entre sécheresse et stress azoté. De plus, 5 accessions divergentes ont été utilisées pour étudier comment les composants génétiques régulent les réponses au stress, en d'autres termes, les interactions GxWxN. L'évaluation de la déficience en eau, en N et de leur combinaison au niveau transcriptome et métabolome a révélé des signatures de réponse au stress communes et spécifiques qui peuvent être conservées principalement à travers les génotypes, bien que de nombreuses autres réponses spécifiques au génotype aient également été découvertes. Les ajustements des transcriptomes et le profil métabolique spécifiques à l'accession reflètent le niveau physiologique de base distinct de chaque fond génétique, comme Col-0 et Tsu-0. Nous avons également trouvé un sous-ensemble de gènes sensibles au stress qui sont responsables du réglage fin de la réponse combinée au stress, tels que les ROXY, TAR4, NRT2.5, GLN1;4.En outre, nous avons intégré les données transcriptomiques et métabolomiques pour construire un réseau de régulation multiomique. Deux métabolites réagissant au stress hydrique, le Raffinose et le Myoinositol, ont été mis en évidence par une analyse intégrée montrant des schémas de réponse à la carence en N partagés dans 5 accessions. Cette étude fournit une résolution moléculaire de la variation génétique dans les réponses combinées impliquant des interactions entre la carence en N et le stress hydrique et démontre cette plasticité transcriptomique et métabolomique. En outre, une analyse GWA à grande échelle utilisant un set d'accession mondial a été menée pour déchiffrer l'architecture génétique au niveau métabolique afin de rapprocher la compréhension de la plasticité métabolomique et de la diversité phénotypique et d'étendre notre vision de cette diversité à l'échelle des espèces. La comparaison de l'analyse GWA entre populations régionales et mondiale met en lumière la façon dont la structure de la population peut limiter le pouvoir de détection de l'analyse GWA.

	Résumé :
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/ Supplementary Figure 9: Heat maps showing the response pattern of selected features that discriminate all modalities genotype x condition (P.adj <0.05). Shading represents fold change (Stress/Control) of each metabolite (rows), decreasing trait tendency in response to stress was indicated by a negative value highlighted in blue while increasing trait tendency was indicated by a positive number highlighted in red.

/ 67.6%), calculated by AMM model. The QQ plots for the metabolite traits selected for further discussion here are shown in the following figures along with manhattan plots.

Between accession panels, some shared significant SNPs were associated for instance with Sinapoyl-Malate and Caffeate abundance. Overall, 251 robust SNPs were shared in at least two different panels among the three panels (WW, ESP, SWE). These SNPs were associated with 21 metabolites including 6 Organic acids (caffeate, 2-Isopropylmalate, Glucuronate, Lyxonate, Nicotinate, Pipecolate), Sugars (Digalactosyl-glycerol, Maltose), 5 Glucosinolates

(5-(methylthio)pentanenitrile, Sinigrin, Sulfamate, UGlucosinolatebreakdown140-1, UGlucosinolatebreakdown140-5), 2 Amino Acids (Glycine, Phenylalanine), 1 Fatty Acid (Oleic acid), and three other metabolites (Sinapoyl-Malate, Tyramine). Multiple significant SNPs were contiguous, Linkage Disequilibrium (LD) analysis further revealed that these SNPs were linked, so they were assigned to a single locus. Five SNPs were retained per locus based on the position of the SNP(s) with the highest significant score, complemented by manual inspection for prominent functional annotations for further quantitative confirmation.

In the following, representative examples of these associations will be described in more detail to illustrate either interesting cases or limitations of the approach (or why it all depends on the genetic architecture of the trait).

Test Case: Flowering Time analysis confirms that the DOG1 locus modulates time to flowering We first analysed Flowering Time (FT) as a preliminary experiment (this was not performed on the same plants as the Phenoscope experiments), conducting association study among 399 Arabidopsis accession panels. Upon receiving the seeds from our collaborator, Author Korte. Seeds were bulked in the greenhouse under long-day conditions; meanwhile, a visual estimation of time to bolting (flower stem 1cm tall) for each accession was obtained as variables for the first GWAS trial. The highest peak, on chromosome 5 revealed an association with DELAY OF GERMINATION 1 (DOG1), a key regulator of seed dormancy (Vidigal et al., 2016;Martínez-Berdeja et al., 2020;[START_REF] Kerdaffrec | Multiple alleles at a single locus control seed dormancy in Swedish Arabidopsis[END_REF] , and an important candidate gene for natural variation in germination traits (Fig. 5). The SNPs in the upper right section of the QQ plot deviating from the diagonal were most likely associated with the FT traits in the study. A loss-of-function mutant of DOG1 results in delayed flowering, which is in line with the observation described here (Huo et al., 2016) . GWAS also identified strong DOG1 associations in a global population with flowering time variation [START_REF] Atwell | Genome-wide association study of 107 phenotypes in Arabidopsis thaliana inbred lines[END_REF][START_REF] Consortium | 1,135 Genomes Reveal the Global Pattern of Polymorphism in Arabidopsis thaliana[END_REF] , indicating that DOG1 is playing an evolutionary 'master switch' role for modulating environmental dependent life-history variation.

Supplementary file:

Supplementary Table 1. Anova-test for growth related traits