In plants, carbon (C) molecules provide building blocks for biomass production, fuel for • energy and exert signalling roles to shape development and metabolism. Accordingly,

• limitation. In this paper, these points are questioned by combining literature review with

• experimental and modelling illustrations in various plant organs and species. First,

• converging evidence is gathered from the literature that water deficit generally

• increases C concentration in plant organs. The hypothesis is raised that this could be • due to organ expansion (as major C sink) being affected earlier and more intensively

• than photosynthesis (C source) and metabolism. How such increase is likely to interact

• with C signalling is not known. Hence, literature is reviewed on possible links between

•

C and stress signalling that could take part in this interaction. Finally, the possible

• impact of water deficit induced C accumulation on growth is questioned for various sink

• organs of several species by combining published as well as new experimental data or

• data generated using a modelling approach. To this aim, robust correlations between C

• availability and sink organ growth are reported in the absence of water deficit. Under Plant growth and carbon (C) metabolism are intimately connected, as carbohydrates • generated by photosynthesis provide building blocks and energy for the production and • maintenance of biomass. Furthermore, carbohydrates are known to exert a tight control • over a wide range of processes including transcriptional, post-transcriptional and post-• translational mechanisms [START_REF] Koch | Carbohydrate-modulated gene expression in plants[END_REF][START_REF] Rolland | Sugar sensing and signaling in plants: conserved and novel mechanisms[END_REF]. At a much broader • scale, biomass accumulation in a crop is a linear and remarkably stable function of • intercepted light by the canopy and its transformation into dry matter through • photosynthesis [START_REF] Monteith | Light distribution and photosynthesis in field crops[END_REF], which implies that plant growth relies on C fluxes. • Because water deficit induces stomatal closure and thus reduces photosynthesis, it has • been suggested that it negatively affects plant C status by impairing C metabolism (e.g. [START_REF] Chaves | Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell[END_REF], ultimately promoting growth failure due to C starvation [START_REF] Boyle | Stem infusion of liquid culture medium prevents reproductive failure of maize at low water potential[END_REF]. This paper thus aims at questioning the impact of water deficits on the C • status of plant organs and the consequences of these alterations on C signalling and sink • organ growth that, in the absence of stress, strongly depends on C supply. reported in several species, various plant parts, and for different (i.e. soluble or • structural) C forms. Soluble carbohydrate concentrations increase under water deficit in • the leaves of maize [START_REF] Kim | A maize vacuolar invertase, IVR2, is induced by water stress. Organ/tissue specificity and diurnal modulation of expression[END_REF], cotton [START_REF] Timpa | Effects of water stress on the organic acid and carbohydrate compositions of cotton plants[END_REF], barley (Teulat et al., • Comment citer ce document : Muller, B., Pantin, F., Génard, M., Turc, O., Freixes, S., Piques, M., Gibon, Y. (2011). Water deficits uncouple growth from photosynthesis, increase C content, and modify the relationships between C and growth in sink organs. Journal of Experimental Botany, 62 (6), 1715-1729. DOI : 10.1093/jxb/erq438
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Version définitive du manuscrit publié dans / Final version of the manuscript published in : Journal of Experimental Botany, 2011, vol.62, no.6, 1715-1729, DOI: 10.1093 [START_REF] Turner | Osmotic adjustment of sorghum and sunflower crops in response to water deficits and its influence on the water potential at which stomata close[END_REF], lupin and eucalypt [START_REF] Quick | The effect of water stress on photosynthetic carbon metabolism in four species grown under field conditions[END_REF], pine [START_REF] Marron | Impact of successive drought and re-watering cycles on growth and specific leaf area of two Populus canadensis clones: 'Dorskamp' and 'Luisa_Avanzo[END_REF]), poplar (Bogeat-Triboulot et al., 2007) or grapevine • [START_REF] Cramer | Water and salinity stress in grapevines, early and late changes in transcript and metabolite profiles[END_REF]. Carbohydrates also accumulate in stems [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], flowers and fruits [START_REF] Liu | Drought stress effect on carbohydrate concentration in soybean leaves and pods during early reproductive development, its implication in altering pod set[END_REF][START_REF] Mclaughlin | Sugar-responsive gene expression, invertase activity, and senescence in aborting maize ovaries at low water potentials[END_REF][START_REF] Mercier | Effects of different irrigation regimes applied during the final stage of rapid growth on an early maturing peach cultivar[END_REF], as well as in roots [START_REF] Sharp | growth of the maize primary root at low water potentials 1 ii. role of growth and deposition of hexose and potassium in osmotic adjustment[END_REF][START_REF] Jiang | Osmotic adjustment and root growth associated with drought preconditioning-enhanced heat tolerance in Kentucky bluegrass[END_REF][START_REF] Freixes | Root elongation and branching is related to local hexose concentration in Arabidopsis thaliana seedlings[END_REF]. Accumulation occurs both after rapid osmotic shocks, e.g. using PEG or • mannitol [START_REF] Zrenner | Comparison of the effect of rapidly and gradually developing water-stress on carbohydrate metabolism in spinach leaves[END_REF], and during slowly developing water deficits [START_REF] Cramer | Water and salinity stress in grapevines, early and late changes in transcript and metabolite profiles[END_REF][START_REF] Hummel | Arabidopsis thaliana plants adapt to water deficit at low cost through changes of C usage; an integrated perspective using growth, metabolite, enzyme and gene expression analysis[END_REF]. •

•

Carbohydrates often accumulate in the form of abundant sugars such as hexoses and • sucrose (references above). However, a wider range of C-rich compounds may also • accumulate in response to soil water deficit. These include minor sugars such as • trehalose [START_REF] Farías-Rodríguez | The accumulation of trehalose in nodules of several cultivars of common bean (Phaseolus vulgaris) and its correlation with resistance to drought stress[END_REF] or mannitol (Guicherd et al., 1997), amino • acids [START_REF] Morgan | Osmotic components and properties associated with genotypic differences in osmoregulation in wheat[END_REF], in particular those with a high C/N ratio such as proline [START_REF] Hare | Metabolic implications of stress-induced proline accumulation in plants[END_REF] or pipecolic acid [START_REF] Barnett | Amino acid and protein metabolism in Bermuda grass during water stress[END_REF]. Organic acids such as • malate [START_REF] Franco | Differential effects of drought and light levels on accumulation of citric and malic acids during CAM in Clusia[END_REF], fumarate [START_REF] Hummel | Arabidopsis thaliana plants adapt to water deficit at low cost through changes of C usage; an integrated perspective using growth, metabolite, enzyme and gene expression analysis[END_REF] or citrate [START_REF] Timpa | Effects of water stress on the organic acid and carbohydrate compositions of cotton plants[END_REF]) also accumulate in response to water deficit in a range of species including • Arabidopsis [START_REF] Hummel | Arabidopsis thaliana plants adapt to water deficit at low cost through changes of C usage; an integrated perspective using growth, metabolite, enzyme and gene expression analysis[END_REF]. Quaternary ammonium compounds such as glycine • betaine, which accumulate in particular species or families [START_REF] Ashraf | Roles of glycine betaine and proline in improving plant abiotic stress resistance[END_REF][START_REF] Gagneul | A reassessment of the function of the so-called compatible solutes in the halophytic Plumbaginaceae Limonium latifolium[END_REF] may also be seen as C-rich compounds, as a quaternary • ammonium results from the substitution of 3 protons with 3 alkyl groups on an amine • residual [START_REF] Rhodes | Quaternary ammonium and tertiary sulfonium compounds in higher-plants[END_REF]. Many of such compounds are considered as • 'compatible solutes', as they can accumulate in large amounts without perturbing the • cell functions, and are thought to protect sub-cellular structures against deleterious • effects of cell water loss. This has triggered considerable research, in particular through [START_REF] Bohnert | Strategies for engineering water-stress tolerance in plants[END_REF][START_REF] Sakamoto | Genetic engineering of glycine betaine synthesis in plants, current status and implications for enhancement of stress tolerance[END_REF][START_REF] Rathinasabapathi | Metabolic engineering for stress tolerance, installing osmoprotectant synthesis pathways[END_REF]. However, because most of these compounds accumulate under • extreme stresses leading to desiccation, the relevance of this strategy has been • questioned for agricultural situations where it is not crop survival but crop productivity • that is critical (e.g. [START_REF] Tardieu | Drought perception by plants: Do cells of droughted plants experience water stress ?[END_REF][START_REF] Serraj | Osmolyte accumulation, can it really help increase crop yield under drought conditions?[END_REF]. • • Structural C-rich compounds such as cellulose and lignin also accumulate under water • deficit. Indeed, water deficit accelerates lignification [START_REF] Timpa | Effects of water stress on the organic acid and carbohydrate compositions of cotton plants[END_REF][START_REF] Vincent | Water deficits affect caffeate O-methyltransferase, lignification, and related enzymes in maize leaves. A proteomic investigation[END_REF], decreases leaf intercellular air spaces [START_REF] Hsiao | Plant responses to water deficits, efficiency, and drought resistance[END_REF], and increases • leaf thickness [START_REF] Hummel | Arabidopsis thaliana plants adapt to water deficit at low cost through changes of C usage; an integrated perspective using growth, metabolite, enzyme and gene expression analysis[END_REF]. All these responses contribute to the widely • reported increase in specific leaf mass occurring under water deficit (see Tardieu et al., • 1999 and references therein). •

•

Soil water deficits uncouple photosynthesis and growth while C

• metabolism is often maintained or increased

• •

The increase in C concentration in organs of plants under water deficit must originate • from some uncoupling between C supply and demand. Accordingly, the photosynthesis • (C supply) of the Arabidopsis rosette is resilient to even severe water deficit while leaf • expansion (accounting for a major part of C demand) is strongly reduced by stress, as • quantitatively argued by [START_REF] Hummel | Arabidopsis thaliana plants adapt to water deficit at low cost through changes of C usage; an integrated perspective using growth, metabolite, enzyme and gene expression analysis[END_REF]. The maintenance of photosynthesis • under water deficit has been repeatedly reported (Boyer, 1970b;[START_REF] Quick | The effect of water stress on photosynthetic carbon metabolism in four species grown under field conditions[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]. The mesophylic component of CO 2 capture is • particularly resilient to water deficit [START_REF] Kaiser | Effects of water deficit on photosynthetic capacity[END_REF][START_REF] Cornic | Drought stress inhibits photosynthesis by decreasing stomatal aperture -not by affecting ATP synthesis[END_REF]Flexas and Medrano ). For instance, Rubisco activity is maintained even when leaf relative water • content drops to 50% while stomata are already 75% closed [START_REF] Kaiser | Effects of water deficit on photosynthetic capacity[END_REF][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 contrast, water deficit strongly reduces leaf or shoot expansion rates (Boyer, • 1970a;[START_REF] Hsiao | Plant Responses to Water Stress[END_REF][START_REF] Haj Salah | Control of leaf expansion rate of droughted maize plants under fluctuating evaporative demand. A superposition of hydraulic and chemical messages?[END_REF][START_REF] Tardieu | Modelling leaf expansion in a fluctuating environment, are changes in specific leaf area a consequence of changes in expansion rate?[END_REF][START_REF] Tardieu | Spatial distributions of expansion rate, cell division rate and cell size in maize leaves, a synthesis of the effects of soil water status, evaporative demand and temperature[END_REF].

•

Synthesis of published work on different plant species in which plant growth and • photosynthesis were measured under a range of water deficits is shown in Fig. 1. The • common feature in all species is that C demand (growth) always decays before C supply • (photosynthesis) is affected by water deficit. Though this analysis does not consider • other C demands such as respiration or root growth, it clearly illustrates the large • domain of water deficits in which C may be present in excess in the plant. •

•

The impact of water deficit on C metabolism has been the matter of numerous studies. • They reports in some cases that enzymes involved show signs of down-regulation • [START_REF] Chaves | Photosynthesis under drought and salt stress: regulation mechanisms from whole plant to cell[END_REF] but more often support the view of a maintained or increased • metabolic activity. For instance, sucrose cleaving enzymes increase their activity upon • water deficit in source leaves of cereals [START_REF] Kim | A maize vacuolar invertase, IVR2, is induced by water stress. Organ/tissue specificity and diurnal modulation of expression[END_REF], in pace with an increased • need for osmotic adjustment in these leaves [START_REF] Mccree | Carbon balance of sorghum plants during osmotic adjustment to water stress[END_REF] and a higher C • demand by the seeds [START_REF] Yang | Activities of key enzymes in sucrose-to-starch conversion in wheat grains subjected to water deficit during grain filling[END_REF]. In the growing zone of maize leaves, the • activities of several enzymes involved in glycolysis and TCA cycle increase [START_REF] Riccardi | Protein changes in response to progressive water deficit in maize. Quantitative variation and polypeptide identification[END_REF]. In perennials such as poplar [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] or grapevine • [START_REF] Cramer | Water and salinity stress in grapevines, early and late changes in transcript and metabolite profiles[END_REF], the triggering of particular metabolic pathways including C • metabolism has been observed under moderate to severe water deficit. The activome of • Arabidopsis plants subjected to various levels of water stress has recently been • investigated by profiling a set of 30 enzymes from central C and N metabolism across • rosette development [START_REF] Hummel | Arabidopsis thaliana plants adapt to water deficit at low cost through changes of C usage; an integrated perspective using growth, metabolite, enzyme and gene expression analysis[END_REF]. In most cases, enzyme activities were water deficit has been reported in most studies, there are also some cases where the • opposite is observed. This is notably the case when water deficit is so severe and • prolonged that photosynthesis becomes inhibited over a long period. An important co-• factor in that case is the elevated temperature, which is usually associated with water • deficit in nature and results in increased respiration, thereby negatively affecting the C • status. This extreme scenario has been proposed to be responsible, along with hydraulic • failure, for tree mortality under severe water deficit [START_REF] Mcdowell | Mechanisms of plant survival and mortality during drought, why do some plants survive while others succumb to drought?[END_REF][START_REF] Mcdowell | The mechanisms of carbon starvation, how, when, or does it even occur at all?[END_REF]. Besides their roles as bricks for structures and fuel for energy production, soluble C • compounds such as glucose and sucrose [START_REF] Chiou | Sucrose is a signal molecule in assimilate partitioning[END_REF][START_REF] Laby | The Arabidopsis sugarinsensitive mutants sis4 and sis5 are defective in abscisic acid synthesis and response[END_REF][START_REF] Moore | Role of the Arabidopsis glucose sensor HXK1 in nutrient, light, and hormonal signaling[END_REF][START_REF] Huang | Identification, cloning and characterization of sis7 and sis10 sugar-insensitive mutants of Arabidopsis[END_REF], but also phosphorylated intermediates (e.g. • glucose-6-phosphate or trehalose-6-phosphate, [START_REF] Paul | Trehalose 6-phosphate[END_REF][START_REF] Zhang | Inhibition of SNF1-Related Protein Kinase1 activity and regulation of metabolic pathways by trehalose-6-phosphate[END_REF], are • playing key signalling roles in the overall shaping of the metabolic and developmental • machinery, through both gene expression or post-translational regulations. Because • water deficits are likely to alter the concentration of these metabolites, it is important to • understand how C-and stress-signalling are integrated. Original support for signalling roles of sugars came from single gene expression • analysis, pointing towards genes coding for enzymes directly involved in the utilisation • of C, such as sucrose synthase and invertase [START_REF] Koch | Sugar levels modulate differential expression of maize sucrose synthase genes[END_REF][START_REF] Ciereszko | Glucose and mannose regulate the expression of a major sucrose synthase gene in Arabidopsis via hexokinase-dependent mechanisms[END_REF]. Later, microarrays have revealed that sugars influence the • expression of hundreds of genes involved in a wide range of processes [START_REF] Contento | Transcriptome profiling of the response of Arabidopsis suspension culture cells to Suc starvation[END_REF][START_REF] Price | Global transcription profiling reveals multiple sugar signal transduction mechanisms in Arabidopsis[END_REF][START_REF] Thimm | MAPMAN, a user-driven tool to display genomics data sets onto diagrams of metabolic pathways and other biological processes[END_REF][START_REF] Thum | Genome-wide investigation of light and carbon signaling interactions in Arabidopsis[END_REF][START_REF] Bläsing | Sugars and circadian regulation make major contributions to the global regulation of diurnal gene expression in Arabidopsis[END_REF][START_REF] Li | Establishing glucose-and ABA-regulated transcription networks in Arabidopsis by microarray analysis and promoter classification using a Relevance Vector Machine[END_REF]. The cell cycle machinery is a key target of this control [START_REF] Webster | Dependence on energy and aerobic metabolism of initiation and DNA synthesis and mitosis by G1 and G2 cells[END_REF]Van't • Hof, 1969, Riou-Khamlichi et al., 2000). Furthermore, ribosomal proteins and genes • involved in tRNA metabolism are among the functional categories that respond the • most consistently, at the transcriptional level, to fluctuations in the C resource [START_REF] Thimm | MAPMAN, a user-driven tool to display genomics data sets onto diagrams of metabolic pathways and other biological processes[END_REF][START_REF] Bläsing | Sugars and circadian regulation make major contributions to the global regulation of diurnal gene expression in Arabidopsis[END_REF][START_REF] Osuna | Temporal responses of transcripts, enzyme activities and metabolites after adding sucrose to carbon-deprived Arabidopsis seedlings[END_REF]. The fact that protein synthesis • represents a major sink for energy (Penning de [START_REF] De Vries | The cost of maintenance processes in plant cells[END_REF] strengthens the idea that a • tight link between C metabolism and protein synthesis is necessary to prevent acute C • starvation [START_REF] Smith | Coordination of carbon supply and plant growth[END_REF], especially in growing tissues where most of the • protein synthesis contributes to building new biomass [START_REF] Piques | Ribosome and transcript copy numbers, polysome occupancy and enzyme dynamics in Arabidopsis[END_REF]. In line with • this, considerably more genes have been found to respond to low sugar than to high • sugar [START_REF] Bläsing | Sugars and circadian regulation make major contributions to the global regulation of diurnal gene expression in Arabidopsis[END_REF]. It has then been proposed that sugar sensing and signalling • enable the avoidance of acute C starvation under a wide range of environmental • conditions, thus maintaining the ability to grow under any circumstances [START_REF] Smith | Coordination of carbon supply and plant growth[END_REF]. Strikingly, experiments that led to these conclusions were performed under • conditions where light (and thus C) was actually the only factor limiting growth, while • environmental stresses were absent. involving hexokinase (HXK1), which has been found to interact with abscisic acid • (ABA)-, ethylene-, auxin-and cytokinin-signalling pathways, suggesting a central role • in linking C-status to stress responses [START_REF] Rolland | Sugar sensing and signaling in plants: conserved and novel mechanisms[END_REF]. Another glucose sensor, • which is located at the plasma membrane and coupled to a G protein complex, has • recently been found in Arabidopsis (Grigston et al., 2008). G protein signalling is also • known to be involved in responses to various biotic and abiotic stresses (e.g. [START_REF] Nilson | Heterotrimeric G proteins regulate reproductive trait plasticity in response to water availability[END_REF]. A further pathway, which is thought to sense various sugars including • glucose-6-phosphate [START_REF] Toroser | Regulation of a plant SNF1-related protein kinase by glucose-6-phosphate[END_REF] and trehalose-6-phosphate [START_REF] Schluepmann | Trehalose mediated growth inhibition of Arabidopsis seedlings is due to trehalose-6-phosphate accumulation[END_REF][START_REF] Zhang | Inhibition of SNF1-Related Protein Kinase1 activity and regulation of metabolic pathways by trehalose-6-phosphate[END_REF], involves SnRK1 protein kinases, which can act on both • gene expression and enzyme activity (Halford, 2006) and are also involved in hormone • (in particular ABA) signalling. Finally, while no sucrose receptor has been found so far • in plants, there is a sucrose-specific pathway, also involving SnRK1, leading to • translational control of a basic leucine zipper (bZIP) type transcription factor [START_REF] Wiese | A conserved upstream open reading frame mediates sucrose-induced repression of translation[END_REF], by which sucrose represses the expression of various enzymes including • proline dehydrogenase (Hanson et al., 2008), which is also repressed under osmotic • stress [START_REF] Yoshiba | Regulation of levels of proline as an osmolyte in plants under water stress[END_REF] and induced upon rehydration [START_REF] Oono | Monitoring expression profiles of Arabidopsis gene expression during rehydration process after dehydration using ca. 7000 full-length cDNA microarray[END_REF]. • • Together, these results are indicative of a variety of means by which C and stress • signalling could be integrated. Such a deep integration has been interpreted as resulting • from the fact that most stresses would negatively affect the overall C and energy status • of the plant [START_REF] Baena-Gonzalez | Convergent energy and stress signaling[END_REF]. However, the analysis developed in the • former sections tends to contradict this interpretation. One hypothesis is that such • crosstalk could contribute to bypass critical signalling pathways, as an increase in sugar • availability provoked by water stress might otherwise be misleading. In line with this, • initial mutant screens revealing such shared signalling pathways have been conducted [START_REF] Arenas-Huertero | Analysis of Arabidopsis glucose insensitive mutants, gin5 and gin6, reveals a central role of the plant hormone ABA in the regulation of plant vegetative development by sugar[END_REF][START_REF] Huijser | The Arabidopsis SUCROSE UNCOUPLED-6 gene is identical to ABSCISIC ACID INSENSITIVE-4: involvement of abscisic acid in sugar responses[END_REF][START_REF] Laby | The Arabidopsis sugarinsensitive mutants sis4 and sis5 are defective in abscisic acid synthesis and response[END_REF][START_REF] Rook | Impaired sucrose-induction mutants reveal the modulation of sugar-induced starch biosynthetic gene expression by abscisic acid signalling[END_REF]. Understanding the way water deficit modulates C-sensing and • -signalling therefore appears as an important topic towards the understanding of plant • performance under stressing conditions. •

•

Water deficit differentially tunes the relationship between C

• availability and growth in sink organs

• •

Growth and development of sink organs is known to be at least partly under the control • of C availability. This has been repeatedly reported for roots [START_REF] Aguirrezabal | Root elongation rate is accounted for by intercepted PPFD and source-sink relations in field and laboratory-grown sunflower[END_REF][START_REF] Thaler | Root apical diameter and root elongation rate of rubber seedlings (Hevea brasiliensis) show parallel responses to photoassimilate availability[END_REF][START_REF] Willaume | How periodic growth pattern and source/sink relations affect root growth in oak tree seedlings[END_REF][START_REF] Freixes | Root elongation and branching is related to local hexose concentration in Arabidopsis thaliana seedlings[END_REF], young leaves • [START_REF] Muller | The elongation rate at the base of a maize leaf shows an invariant pattern during both the steady-state elongation and the establishment of the elongation zone[END_REF][START_REF] Tardieu | Modelling leaf expansion in a fluctuating environment, are changes in specific leaf area a consequence of changes in expansion rate?[END_REF], flowers (Guilioni et al., 1997;[START_REF] Smith | Coordination of carbon supply and plant growth[END_REF], fruits [START_REF] Liu | Drought stress effect on carbohydrate concentration in soybean leaves and pods during early reproductive development, its implication in altering pod set[END_REF][START_REF] Borisjuk | Differentiation of legume cotyledons as related to metabolic gradients and assimilate transport into seeds[END_REF][START_REF] Wu | Peach fruit growth in relation to the leaf-to-fruit ratio, early fruit size and fruit position[END_REF] or seeds • (Munier-Jolain and [START_REF] Munier-Jolain | Seed growth rate in grain legumes II. Seed growth rate depends on cotyledon cell number[END_REF][START_REF] Munier-Jolain | Can sucrose content in the phloem sap reaching field pea seeds (Pisum sativum L.) be an accurate indicator of seed growth potential?[END_REF]. Because water deficit • increases concentration of C and thus possibly C availability in plant tissues, it is • important to understand the consequences for organ growth. The analysis performed in • the next paragraphs is based on the occurrence of tight relationships between C • availability and the expansion or the development of different sink organs. The rationale • followed is to use the modification of these relationships as a diagnostic of an alteration • of C dependency of growth. •

•

In roots, sucrose unloaded from the phloem is rapidly cleaved by invertase [START_REF] Hellebust | The invertase of the corn radicle and its activity in successive stages of growth[END_REF]Giaquinta et al., 1983) and/or by sucrose synthase [START_REF] Martin | Expression of an Arabidopsis sucrose synthase gene indicates a role in metabolization of sucrose both during phloem loading and in sink organs[END_REF], which are highly abundant at the site of intense phloem unloading located in the [START_REF] Oparka | Real-time imaging of phloem unloading in the root tip of Arabidopsis[END_REF]. This leads to very low sucrose • concentrations in the root zone showing rapid expansion [START_REF] Sharp | growth of the maize primary root at low water potentials 1 ii. role of growth and deposition of hexose and potassium in osmotic adjustment[END_REF][START_REF] Muller | Spatial distributions of tissue expansion and cell division rates are related to irradiance and to sugar content in the growing zone of maize roots[END_REF]. Concentrations of hexose released from sucrose in the growing zone are • therefore a good estimate of local C availability, as they depend on the balance between • C-inflow and -utilization. Following this rationale, hexose concentration was evaluated • in growing zones of single roots whose elongation rate had been measured during 24h • prior to sampling. In well-watered Arabidopsis plants exposed to various light • intensities or supplied with external sugars, quantitative relationships between root • elongation rate and hexoses concentration were found, for both primary and secondary • roots (Freixes et al., 2002 and Fig. 2). Remarkably, these relationships were robust • enough to account for the variation among primary roots of different plants, as well as • for the variation among secondary roots of the same plant [START_REF] Freixes | Root elongation and branching is related to local hexose concentration in Arabidopsis thaliana seedlings[END_REF]. • • When plants were subjected to a moderate (Ψ medium = -0.3 MPa) or severe (Ψ medium = -• 0.5 MPa) water deficit by adding PEG in the root medium, root elongation rate was • reduced (Fig. 2). Furthermore, hexoses content increased dramatically in response to • stress, i.e. up to four times at the lowest water potential when compared to controls • supplied or not with sugars. Hence, the positive correlation between root elongation rate • and hexoses content loosened at moderate stress and totally vanished or became • negative at severe stress. This loosening can be interpreted as the result of root • elongation (and hence C utilization) being more reduced that C inflow. It is thus • indicative of some uncoupling between C availability and root elongation. [START_REF] Tardieu | Modelling leaf expansion in a fluctuating environment, are changes in specific leaf area a consequence of changes in expansion rate?[END_REF][START_REF] Muller | The elongation rate at the base of a maize leaf shows an invariant pattern during both the steady-state elongation and the establishment of the elongation zone[END_REF]. Moreover, C-• dependency of leaf growth is different between the day and the night. Grimmer and • Komor (1999) suggested that, leaf growth in Ricinus is sink-limited during the day but • source-limited at night. In Arabidopsis, the starchless mutant pgm shows a two-fold • reduction in leaf relative expansion rate (RER) at night as compared to the wild-type, • but there is only a little difference during the day [START_REF] Wiese | Spatio-temporal leaf growth patterns of Arabidopsis thaliana and evidence for sugar control of the diel leaf growth cycle[END_REF]. •

•

In leaves, the amount of C available for growth is the result of the balance between net • photosynthesis, the accumulation of starch and various C-containing metabolites such as • organic acids during the day and their remobilisation at night, and C export to sink • organs [START_REF] Kerr | Changes in nonstructural carbohydrates in different parts of soybean. Glycine max (L.) Merr. plants during a light/dark cycle and in extended darkness[END_REF][START_REF] Hendrix | Diurnal fluctuations in cotton leaf carbon export, carbohydrate content, and sucrose synthesizing enzymes[END_REF]. Starch turnover, defined as the • variation of starch content between the end of the day and the end of the night, provides • a good estimate of C availability, especially for night growth [START_REF] Sulpice | Starch as a major integrator in the regulation of plant growth[END_REF]. • Indeed, starch production proceeds at a stable rate throughout the photoperiod, and the • maximum concentration reached at the end of the day is well related to C availability • under a range of photoperiods (Gibon et al., 2009), light intensities or CO 2 levels • [START_REF] Sharkey | Starch and sucrose synthesis in Phaseolus vulgaris as affected by light, CO 2 , and abscisic acid[END_REF]. In order to establish links between C availability and leaf growth, • a set of mutants affected in starch production or utilization (pgm, sex1, mex1 and dpe2) • was used. Diurnal RER of well-watered plants (Fig. 3A) showed slight negative • correlations with starch turnover, which may be suggestive of a trade-off between • expansion and storage during the day [START_REF] Walter | Restriction of nyctinastic movements and application of tensile forces to leaves affects diurnal patterns of expansion growth[END_REF]. The correlation was • moderately affected by water deficit (i.e. steeper slope and lower p-value) although no • significant difference was found between slopes. By contrast and as expected, well-• watered genotypes displayed a large variability in starch turnover, which was positively [START_REF] Cantagallo | Seed number in sunflower as affected by light stress during the floret differentiation interval[END_REF], depends on the rate and duration of tissue expansion in the meristem • [START_REF] Dosio | How does the meristem of sunflower capitulum cope with tissue expansion and floret initiation? A quantitative analysis[END_REF]. The duration depends on the balance between the rate of centripetal • progression of the generative front where florets initiate and the expansion rate of the • central meristematic zone [START_REF] Palmer | The generative area as the site of floret initiation in the sunflower capitulum and its integration to predict floret number[END_REF] and Fig. 4A). A low value of the • expansion rate leads to accelerated meristem exhaustion, low number of initiated • primordia and low yield [START_REF] Dosio | How does the meristem of sunflower capitulum cope with tissue expansion and floret initiation? A quantitative analysis[END_REF]. In order to evaluate the dependency of • meristem expansion on C availability, sunflower plants were grown in field and • greenhouse, at high or low plant density [START_REF] Dosio | How does the meristem of sunflower capitulum cope with tissue expansion and floret initiation? A quantitative analysis[END_REF]. Plants were also subjected • or not to a period of shading or of soil water deficit. Soluble sugar content was • measured in synchrony with capitulum expansion rate [START_REF] Dosio | Floret initiation, tissue expansion and carbon availability at the meristem of the sunflower capitulum as affected by water or light deficits[END_REF] [START_REF] Ho | Metabolism and compartmentation of imported sugars in sink organs in relation to sink strength[END_REF][START_REF] Lebon | Sugars and flowering in the grapevine (Vitis vinifera L.)[END_REF]. Both fruit load and • leaf shading have a considerable impact on carbohydrate partitioning and fruit size • [START_REF] Baldet | Contrasted responses to carbohydrate limitation in tomato fruit at two stages of development[END_REF], possibly through the regulation of genes related to cell • proliferation at very early stages of flower development [START_REF] Baldet | The expression of cell proliferation-related genes in early developing flowers is affected by a fruit load reduction in tomato plants[END_REF]. C • starvation is also known to provoke the abortion of flowers or fruits at early stages of • their development [START_REF] Boyle | Stem infusion of liquid culture medium prevents reproductive failure of maize at low water potential[END_REF]Guilioni et al., 1997Guilioni et al., , 2003;;[START_REF] Smith | Coordination of carbon supply and plant growth[END_REF]. Interestingly, kernel abortion provoked by an extreme water stress in maize can • be strongly reduced when stems are infused with sucrose [START_REF] Mclaughlin | Sugar-responsive gene expression, invertase activity, and senescence in aborting maize ovaries at low water potentials[END_REF] suggesting that water deficit impairs phloem and thus sugar transport into the • ovaries [START_REF] Makela | Imaging and quantifying carbohydrate transport to the developing ovaries of maize[END_REF]. In peach, water deficit decreases fruit growth whatever • the fruit load and thus C availability [START_REF] Berman | Water stress and crop load effects on fruit fresh and dry weights in peach (Prunus persica)[END_REF]. •

•

Beyond these examples, only a few studies have questioned how water deficit modifies • the dependency of fruit growth on C. To address this question, a modelling approach • was performed, enabling the simulation of a wide range of environmental scenarios. The • model used was developed for peach fruits, and validated under various situations • [START_REF] Fishman | Model of fruit growth based on biophysical description of main contributing processes. Simulation of seasonal and diurnal dynamics of weight[END_REF][START_REF] Lescourret | A virtual peach fruit model simulating changes in fruit quality during the final stage of fruit growth[END_REF]. This model (details can be • found as supplemental material) predicts dry matter accumulation as the balance • between phloem sugar unloading and fruit respiration, fresh matter (dry matter plus • water) accumulation, as the result of water fluxes driven by water potential gradients, • and volumetric fruit expansion by using the [START_REF] Lockhart | An analysis of irreversible plant cell elongation[END_REF] and severe water deficit). For well-watered plants, final fruit fresh weight was around • 250 g at high and intermediate sucrose concentrations, but was reduced to 90 g at low • sucrose (Fig. 5A) and fruit relative growth rate (RGR) computed from fresh weight • variations (Fig. 5B) reduced accordingly (Fig. 5B). This result fits well with • experimental data obtained by changing fruit load vs. leaf surface ratio in tomato [START_REF] Ho | Metabolism and compartmentation of imported sugars in sink organs in relation to sink strength[END_REF], coffee [START_REF] Vaast | Modeling the effects of fruit load, shade and plant water status on coffee berry growth and carbon partitioning at the branch level[END_REF] or peach [START_REF] Berman | Water stress and crop load effects on fruit fresh and dry weights in peach (Prunus persica)[END_REF]. In plants • subjected to a severe water deficit, the model also predicted that fruit expansion would • be reduced, resulting in a final fresh weight of 90, 60 and 20 g at high, intermediate or • low sucrose concentration in the phloem sap, respectively (Fig. 5A). However, while • water deficit had a negative influence on fruit RGR during the first 20 days of fruit • growth, RGR remained after this time essentially driven by the phloem sugar content, • independently of the xylem water potential (Fig. 5B). This was confirmed for a larger • range of sugar supply in Fig. 5C where the shape of the saturating relationship between • phloem sugar concentrations and fruit RGR (averaged during the rapid growth phase) • was only marginally altered, even at low xylem water potential. Strikingly, due to • higher fruit transpiration under well watered conditions (Fig 5E), RGR was not higher • than under moderate stress conditions (Fig. 5C), probably in relation with higher • cuticular conductance (Gibert et al., 2005) strongly increased fruit sugar content, because passive concentration occurred due to • reduced fruit expansion. However, the slope of the relationship between RGR and sugar • content was not strongly altered, still indicating no interaction between water and sugar • availability (Fig. 5D). This result differs from those found in leaves, roots and • reproductive meristem. The reason for such a discrepancy is not known but could be • linked to the dominant role of sugars in fleshy fruits in which very high sugar • concentrations are essential contributors to lowering the osmotic potential and thus • maintaining high turgor. This role is likely to be shared among more actors in other • organs [START_REF] Sharp | growth of the maize primary root at low water potentials 1 ii. role of growth and deposition of hexose and potassium in osmotic adjustment[END_REF][START_REF] Hummel | Arabidopsis thaliana plants adapt to water deficit at low cost through changes of C usage; an integrated perspective using growth, metabolite, enzyme and gene expression analysis[END_REF]. For instance, in the maize root • growing zone, hexoses, together with K + , strongly contribute to this role [START_REF] Sharp | growth of the maize primary root at low water potentials 1 ii. role of growth and deposition of hexose and potassium in osmotic adjustment[END_REF]. By contrast, in the Arabidopsis rosette, other C rich compounds (mainly organic • acids and proline) contribute to more than 40% of osmotic adjustment whereas sugars • contribute to less than 10% [START_REF] Hummel | Arabidopsis thaliana plants adapt to water deficit at low cost through changes of C usage; an integrated perspective using growth, metabolite, enzyme and gene expression analysis[END_REF]. • • Does this imply that fruit water relations do not interfere in the relationships between C • availability and growth ? Model outputs also suggest that at later stages of development, • rapidly expanding well-watered fruits showed strong fluctuations in RGR (Fig. 5B) due • to fruit shrinkage during days under high evaporative demand (days 131 and 139 in Fig • 5B) and subsequent growth boost when air becomes wetter again, a situation commonly • observed in natural conditions [START_REF] Johnson | Water relations of the tomato during fruit growth[END_REF]. These natural climatic variations • were used to evaluate the effect of evaporative demand on the relationships between C • availability and fruit growth. From the well-watered situation, days were grouped • according to the mean vapour pressure deficit (VPD) occurring these days (either high • (> 1.25 kPa), intermediate (1.25 kPa > VPD > 0.75 kPa) or low (< 0.75 kPa) • evaporative demand) and fruit RGR were averaged for each of these groups. Remarkably, increasing VPD in well-watered plants reduced the slope of the • relationship between phloem or fruit sugar content and fruit RGR (Fig. 5F and5G). In • the model, VPD reduces the amount of water in the fruit by increasing transpiration • according to a physical law describing the mass flow between air filled space of the fruit • and the ambient atmosphere. Fig. 5H shows to what extent high VPD increased • transpiration in the well-watered plants. However, it did not alter the fruit sugar content • (Fig. 5G). This fits with the view that increasing sink limitation, here by a purely • hydraulic process, leads to uncouple growth from C availability. •

•

Significance of the relationships between C availability and

• growth, and possible reasons for their modification under water

• deficit • •
C is suspected to promote organ growth through a variety of mechanisms: (i) the supply • of energy to highly consuming meristematic regions [START_REF] Bidel | Mapping meristem respiration of Prunus persica (L.) Batsch seedlings: potential respiration of the meristems, O2 diffusional constraints and combined effects on root growth[END_REF][START_REF] Farrar | The control of carbon acquisition by roots[END_REF], (ii) the generation of turgor in expanding cells via the accumulation of • osmotically active C compounds [START_REF] Sharp | growth of the maize primary root at low water potentials 1 ii. role of growth and deposition of hexose and potassium in osmotic adjustment[END_REF], (iii) the supply of C bricks to the • cell wall [START_REF] Baskin | Auxin stimulates both deposition and breakdown of material in the pea outer epidermal cell wall, as measured interferometrically[END_REF] and (iv) the triggering of developmental or metabolic • processes via C-signalling [START_REF] Rolland | Sugar sensing and signaling in plants: conserved and novel mechanisms[END_REF]. The positive relationships illustrated • in the previous section certainly integrate some if not all of these mechanisms. Their • loosening or more generally their modification may have at least two significations. • First, it is possible that bulk tissue concentrations may be less relevant as an estimate of • C availability under water deficit than under well watered conditions. Thus, the • importance of the vacuolar pool of C soluble compounds is likely to increase with water • deficit [START_REF] Kim | A maize vacuolar invertase, IVR2, is induced by water stress. Organ/tissue specificity and diurnal modulation of expression[END_REF] whereas the cytosolic sugars are probably more important for (Munier-Jollain and Salon, 2003;[START_REF] Borisjuk | Differentiation of legume cotyledons as related to metabolic gradients and assimilate transport into seeds[END_REF][START_REF] Makela | Imaging and quantifying carbohydrate transport to the developing ovaries of maize[END_REF], • than to their concentrations (see Fig. 5). Another possibility is that water deficit mainly • reduces growth through C-independent mechanisms, thus uncoupling growth from C • availability. These C-independent mechanisms are likely to be related to water flux to • growing cells, that is reduced under soil water deficit [START_REF] Tang | Growth-induced water potentials and the growth of maize leaves[END_REF], or to • mechanical properties of growing cell walls possibly under the influence of hormones • or pH [START_REF] Fan | The spatially variable inhibition by water deficit of maize root growth correlates with altered profiles of proton flux and cell wall pH[END_REF]. Accordingly, it was recently shown that the cell wall • loosening proteins expansins are intimately coupled, at the transcriptional level, with • local expansion in maize leaves [START_REF] Muller | Association of specific expansins with growth in maize leaves is maintained under environmental, genetic, and developmental sources of variation[END_REF]. This suggest that the modification • 2011, vol.62, no.6, 1715-1729, DOI: 10.1093 survey performed by [START_REF] Sadras | Soil-water thresholds for the responses of leaf expansion and gas exchange: A review[END_REF]. They modelled leaf expansion and photosynthesis response as a function of water deficit using a bilinear model with a threshold defined as the fraction of available soil water (FTSW) at which each of these variables start to decline. Original references are found in [START_REF] Sadras | Soil-water thresholds for the responses of leaf expansion and gas exchange: A review[END_REF] ) and were supplied with different sucrose concentrations in the root medium (0, 0.5 or 2% w/v) as in [START_REF] Freixes | Root elongation and branching is related to local hexose concentration in Arabidopsis thaliana seedlings[END_REF].

Plants were grown under well-watered conditions (open circle) or under moderate (grey circle, solute Ψ w = -0.3MPa) or severe (black circle, solute Ψ w = -0.5MPa) water deficit induced by PEG that was poured at the surface of agar medium before sowing. Elongation of primary (A -left panel) or secondary (B -right panel) roots was monitored during three consecutive days. The 3 mm apical region of individual primary and secondary roots encompassing the growing zone was harvested and soluble sugar content was determined as in [START_REF] Freixes | Root elongation and branching is related to local hexose concentration in Arabidopsis thaliana seedlings[END_REF]. Results were normalized using sample volume. A linear model was fitted to each dataset. Note that the positive correlation found between root elongation rate and hexose content loosened at moderate stress and totally vanished or became negative under severe stress. The statistical significance of this loss of correlation was given by an analysis of covariance (ANCOVA) performed with the R software (R Development Core Team, 2008), using the water potential as factor and the apical hexose content as continuous variable. The interaction term between water potential and hexose content was high enough (p < 10 -8 and p < 10 -4 for the primary and secondary roots, respectively) to indicate that the effect of sugar content on growth was dependent on the water potential. Symbols '***', '**', '*', '•', and 'ns' indicate that the p-value of a Pearson's correlation test was lower than 10 -3 , 10 -2 , 0.05, 10 -1 , or non significant, respectively.

Fig. 3. Relationship between starch turnover and day or night leaf expansion in

Arabidopsis thaliana. Nine Arabidopsis genotypes (incl. accessions and mutants)

were grown at three levels of soil water content as in [START_REF] Hummel | Arabidopsis thaliana plants adapt to water deficit at low cost through changes of C usage; an integrated perspective using growth, metabolite, enzyme and gene expression analysis[END_REF]. In brief, Genotypes included two wild-types: Col-0 (replicated twice) and Ws; four starchrelated mutants: pgm [START_REF] Caspar | Alterations in growth, photosynthesis, and respiration in a starchless mutant of Arabidopsis thaliana deficient in chloroplast phosphoglucomutase activity[END_REF], mex1 [START_REF] Niittylä | A previously unknown maltose transporter essential for starch degradation in leaves[END_REF], sex1 [START_REF] Caspar | Mutants of Arabidopsis with altered regulation of starch degradation[END_REF], and dpe2 [START_REF] Chia | A cytosolic glucosyltransferase is required for conversion of starch to sucrose in Arabidopsis leaves at night[END_REF][START_REF] Lu | The role of amylomaltase in maltose metabolism in the cytosol of photosynthetic cells[END_REF]; and two ABArelated genotypes : aba4 KO mutant [START_REF] North | The Arabidopsis ABA-deficient mutant aba4 demonstrates that the major route for stress-induced ABA accumulation is via neoxanthin isomers[END_REF] and NCED6 overexpressing line [START_REF] Lefebvre | Functional analysis of Arabidopsis NCED6 and NCED9 genes indicates that ABA synthesized in the endosperm is involved in the induction of seed dormancy[END_REF]. At 45 days after sowing, the plants displayed steady-state rates of leaf production and successive leaves showed comparable behaviour (Pantin, et al., unpublished). Zenithal images of 8 plants were taken twice a day during 3 days, at the end of both the dark and the light period. The interaction term between water potential and starch turnover indicated that the effect of starch turnover on night growth was dependent on the water potential (p < 10 -1 ). By contrast, no significant interaction was detected for the correlations for day growth indicating that water deficit did not alter 2011, vol.62, no.6, 1715-1729, DOI: 10.1093 
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  photosynthesis, increase C content and modify

•••

  water deficit, relationships loosen or are modified suggesting a release of the influence • of C availability on sink organ growth. These results are interpreted as the signature of • a transition from source to sink growth limitation under water deficit. • Key words : C metabolism, water deficit, growth, C signalling, sugar, starch, sink • limitation, source limitation, model • Comment citer ce document : Muller, B., Pantin, F., Génard, M., Turc, O., Freixes, S., Piques, M., Gibon, Y. (2011). Water deficits uncouple growth from photosynthesis, increase C content, and modify the relationships between C and growth in sink organs. Journal of Experimental Botany, 62 (6), 1715-1729. DOI : 10.1093/jxb/erq438 Introduction • •

  prediction raised that water deficit would induce C starvation, literature • converges to support the conclusion that C compounds most often accumulate in organs • resulting in increased C concentrations. Such accumulation under water deficit has been •

  . In the • absence of soil water deficit, the changes in RER of the capitulum paralleled the • changes in soluble sugars induced by the treatments affecting light supply (Fig. 4B), • suggesting a strong role for C availability in the expanding activity of the capitulum • meristematic zone. When soil water deficit developed, soluble sugars accumulated in • the capitulum, while the rate of tissue expansion in the meristem decreased. The • maximum sugar concentrations were measured at the end of the late water deficit. • Remarkably, re-irrigation increased meristem expansion and decreased sugar content in • a way that corresponding points fit on the same relationship than in the absence of • Comment citer ce document : Muller, B., Pantin, F., Génard, M., Turc, O., Freixes, S., Piques, M., Gibon, Y. (2011). Water deficits uncouple growth from photosynthesis, increase C content, and modify the relationships between C and growth in sink organs. Journal of Experimental Botany, 62 (6), 1715-1729. DOI : 10.1093/jxb/erq438

E

  Figures 5A and 5B give the simulated outputs for three sugar concentrations in the • phloem (low, intermediate and high) at three watering regimes (well-watered, moderate •

(•E

  photosynthesis and metabolism. This leads to increased concentrations in various C • molecular forms in several plant parts, ruling out the idea that a stress-induced energy • deprivation would be the usual cause of growth reduction under water deficit. Elevated • C concentrations under water deficit are also likely to interfere with C signalling in a • manner that will deserve further attention. Under well-watered conditions, tight • relationships linking C availability and growth illustrate the source-limitation of growth •

Halford NG. 2006 .EFig. 1 .

 20061 Figures legends

  A semi-automated program developed on ImageJ software (http://rsb.info.nih.gov/ij/) was used to extract the area of individual leaves. Day and night relative expansion rates (RER) were computed from several individual leaves and averaged to obtain a single representative value. Four samples of actively growing leaves were then harvested at the end of day and at the end of night for evaluation of starch turnover. The day (A -left panels) or night (B -right panels) relative expansion rate was plotted against starch turnover. A linear model was fitted to each dataset. Note that the positive correlation between night RER and starch turnover loosened under severe water deficit as shown by an analysis of covariance (ANCOVA) performed with the R software (R Development Core Team, 2008), using the water potential as factor and the starch turnover as continuous variable.
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