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Enzymatic activity data allowed clarifying seed metabolism affected by temperature over imbibition time. Enzymatic profiling seems to be necessary to gain insights into molecular networks controlling seed dormancy and germination.
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Chapter 1 Introduction

In higher plants, the new individuals are generated by sexual reproduction. The physiological and biochemical features of the seed containing the embryo as the new plant in miniature, determine the subsequent plant survival. Thus, the seeds act a critical role in the plant life cycle by enabling the dispersal and survival of the species. In nature, most organisms live in unpredictable environments and typically experience conditions that are suboptimal for growth and reproduction. A very common response for some organisms to environmental stresses is to enter a reversible state of reduced metabolic activity, quiescence or dormancy.

By doing so, these organisms can drastically lower their energetic expenditures and evade unfavourable conditions that would otherwise reduce the fitness of the population.

Moreover, even plants have evolved many ways to disperse their offspring by dispersing their seeds, unlike animals, they are limited in their ability to seek out favourable conditions for survival and growth. Seed dormancy is an adaptive trait that enables seeds to overcome periods that are unfavourable for seedling establishments. It is defined as the inability of seeds to germinate under apparently favourable conditions so that to ensure that seed can germinate at the most appropriate moment (Finch-Savage and Leubner-Metzger, 2006;Bentsink and Koornneef, 2008). Indeed, the lack of dormancy at harvest in many cultivars of wheat results in the adverse effects of pre-harvest-sprouted wheat grains on end-product quality and led to serious worldwide economic losses (Bewley and Black 1994;[START_REF] Gubler | Dormancy release, ABA and pre-harvest sprouting[END_REF]Rodrigez et al., 2015). Moreover, seed dormancy allows the germination at the appropriate moment of environmental cues for seedlings establishment. Therefore, seed dormancy is important for plant ecology and agriculture. Dormancy is induced during seed development and is maintained during the late maturation phase in many species, which prevents pre-harvest sprouting. The transition from seed dormancy to germination is a complex process, it is influenced by some internal factors and multiple environmental factors such as light, temperature and humidity [START_REF] Finkelstein | Molecular aspects of seed dormancy[END_REF]. Among all these environmental factors, temperature is a primary factor in seasonal changes affecting seed dormancy status (Bewley et al., 2013;Footitt et al., 2013). Moreover, plants will be subjected to wide fluctuations of temperature with the global warming, which may significantly affect crops and ecosystems worldwide [START_REF] Long | More than taking the heat: crops and global change[END_REF]Franks et al., 2014). Therefore, it is acute to investigate the mechanism of seeds response to temperature under climate change scenarios and their impacts on dormancy and germination.

I Seed development and composition

Seed development in higher plants begins with a double fertilization process that occurs within the ovule and ends with a maturated seed primed to become the next plant generation (Goldberg et al., 1997). The major events that occur during seed development are shown in Fig. 1. Embryo development can be divided up into two phases, the first or "embryogenesis"

involves cell divisions associated with morphogenetic events which form the basic cellular pattern for the development of the shoot-root organs and the primary tissue layers, and it also programs the regions of meristematic tissue formation. (2010), developmental events were modified from [START_REF] Goldberg | Plant embryogenesis: zygote to seed[END_REF].

Following the cell division arrest at the end of the embryo growth phase, the seed enters the second phase, which is called "maturation phase", this process involves cell growth and the storage of reserves, such as proteins, starch and oils, required as 'food and energy supply' during germination and seedling growth [START_REF] Goldberg | Plant embryogenesis: zygote to seed[END_REF][START_REF] Holdsworth | Molecular networks regulating Arabidopsis seed maturation, after-ripening, dormancy and germination[END_REF]. It is also associated with a decrease in water content which reaches around 40-55 % FW at the end. The seeds enter then, into a metabolically quiescent state related to dehydration after dry maturation, which represents the normal terminal event in the development process of orthodox seeds. Genetic studies in Arabidopsis have identified genes that provide new insight into molecular event underlying plant development [START_REF] Le | Global analysis of gene activity during Arabidopsis seed development and identification of seed-specific transcription factors[END_REF]. Dormancy process is initiated during seed maturation and reached a maximum in harvest-ripe seeds [START_REF] Karssen | Induction of dormancy during seed development by endogenous abscisic acid: studies on abscisic acid deficient genotypes of Arabidopsis thaliana (L.) Heynh[END_REF]Ooms et al., 1993;[START_REF] Raz | Sequential steps for developmental arrest in Arabidopsis seeds[END_REF]. Seeds may remain in this dry dormant state from several days to many years and still retain their viability.

II Dormancy and control of germination

An internationally hierarchical system of classification for seed dormancy has been proposed by Baskin and Baskin (2004). The system has divided dormancy into five classes: ( 1 impermeable layers of palisade cells in the seed coat and it also can be released by mechanical or chemical scarification; and (5) combinational dormancy (PY + PD). However, inside all of these classifications, PD (non-deep level) is the most common kind of dormancy because it occurs in part of gymnosperms and in all major clades of angiosperms, and depending on the species, the dormancy alleviation correlated with stratification, scarification, a period of dry storage (after-ripening) or gibberellins (GAs) treatment. Recently, the works by Finch-Savage and Leubner-Metzger (2006) and Cadman et al. (2006) have provided insight into the molecular mechanisms of non-deep PD. Two terms of physiological seed dormancy have been distinguished; the intrinsic molecular mechanisms determined by seed components, namely embryo and coat dormancy. The latter corresponds to the case when the intact seed is dormant but the isolated embryo can germinate normally, therefore, the seed coat enclosing the embryo exerts a constraint that the embryo cannot overcome. By contrast, embryo dormancy is characterized by the inability of the embryo itself to germinate normally after removal of the seed coat. Sunflower seeds are characterized by an embryo covered by seedcoats and a pericarp easily removable, this can help us to deeply investigate the mechanism of embryo dormancy and eliminate the influence of coat dormancy.

The first dormancy and germination loci identified by mutations in Arabidopsis included those acting in GA and abscisic acid (ABA) biosynthesis and perception (Koornneef and Van der Veen, 1980;Koornneef et al., 1982). The molecular analyses and cloning of genes that affect dormancy and/or germination were published from the early 1990s, including ABSCISIC ACID INSENSITIVE 3 (ABI3), DIHYDROFLAVONOL-4-REDUCTASE (DFR; TT3), CHALCONE ISOMERASE (CHI; TT5) and FUSCA3 (FUS3) [START_REF] Giraudat | Isolation of the Arabidopsis ABI3 gene by positional cloning[END_REF]Bäumlein et al., 1994;Shirley et al., 1995).

Recently, Bentsink and Koornneef. (2008) have concluded the works by the first highthroughput, large scale-omics studies investigating seed dormancy and germination, including transcriptomics (Nakabayashi et al., 2005;Cadman et al., 2006;Finch-Savage et al., 2007;Carrera et al., 2008;Bassel et al., 2008), proteomics (Rajjou et al., 2004;Chibani et al., 2006) and metabolomics (Fait et al., 2006). These new approaches and derived data sets provide an unprecedented level of detail concerning genome expression associated with germination potential, which suggest that RNA translation or post-translation are the major levels of control for germination completion, by contrast, transcriptome changes might reflect alteration in dormancy status or enhancement of germination vigor and effects on postgermination functions that relate to seedling growth. When compared mutant and wild-type seeds, or the influence of developmental state (dormant and after-ripened) and environment on genome expression, similar observations of changes in gene expression have been made

at the transcriptome level in all cases [START_REF] Holdsworth | Molecular networks regulating Arabidopsis seed maturation, after-ripening, dormancy and germination[END_REF]. The comparison of dormant and after-ripened seeds during imbibition show large increase in RNAs encoding proteins associated with RNA translation, protein degradation and cell wall modification. The temporal analysis of germination shows that expression of these gene groups increases rapidly, within 1-3 h of imbibition (Nakabayashi et al., 2005). By contrast, the expression of genes which encoding functions associated with late seed maturation are increased in imbibed dormant seeds (Cadman et al., 2006;Carrera et al., 2008). Similar changes are also observed at the proteome level (Gallardo et al., 2002;Rajjou et al., 2004;Chibani et al., 2006). Moreover, Fait et al. (2006) conclude that seed maturation was associated with a significant reduction of most sugars, organic acids and amino acids, suggesting their incorporation into storage reserves.

Furthermore, it appeared that the transition from reserve accumulation to seed desiccation was associated with a major metabolic switch, resulting in the accumulation of distinct sugars, organic acids, nitrogen-rich amino acids, and shikimate-derived metabolites. Bewley and Black (1985).

Control of seed germination and growth is crucial to the survival of the next generation, there are several critical determinants for the transitions from dormancy to germination and from germination to growth (Fig. 2). At dispersal, the quiescent mature seed, when it encounters favourable environmental conditions, which can include light of a given wavelength, sufficient water availability, optimal temperatures, and adequate oxygen, germination after releases of dormancy and commences germination. Visible evidence of the completion of germination is usually radicle protrusion and elongation (Bewley and Black, 1994;Bewley, 1997). Some seeds must be exposed to environmental cues, such as periods of warm-dry conditions (afterripening), moist chilling, or even smoke, to release dormancy (Stephen et al., 1986;[START_REF] Egerton-Warburton | A smoke-induced alteration of the sub-testa cuticle in seeds of the post-fire recruiter, Emmenanthe penduliflora Benth. (Hydrophyllaceae)[END_REF]) (Fig. 2). The dormancy status reduces during after-ripening, consequently, seeds are able to complete germination in wide range of environmental conditions. Afterripening largely depends on environmental conditions during seed storage and germination conditions [START_REF] Donohue | Environmental and genetic influences on the germination of Arabidopsis thaliana in the field[END_REF], while seed covering structures, moisture and temperature are the main factors to decide the speed of after-ripening [START_REF] Manz | Water uptake and distribution in germinating tobacco seeds investigated in vivo by nuclear magnetic resonance imaging[END_REF]. However, these primary dormant seeds may enter into a second stage of dormancy, called secondary dormancy, during imbibition if the environmental conditions are unfavourable for germination (Fig. 2, Bewley and Black, 1994;[START_REF] Kermode | Role of Abscisic Acid in Seed Dormancy[END_REF]. Secondary dormancy is a safety mechanism that is implemented from the seed being exposed to adverse conditions once it falls from plant and function in imbibed seeds, it can be induced by anachronistic environmental conditions such as too low or high temperature, hypoxia and prolonged exposure to darkness or light [START_REF] Khan | Induction of Secondary Dormancy in Chenopodium bonus-henricus L. Seeds by Osmotic and High Temperature Treatments and Its Prevention by Light and Growth Regulators[END_REF][START_REF] Leymarie | Involvement of ABA in induction of secondary dormancy in barley (Hordeum vulgare L.) seeds[END_REF]Hoang et al., 2013Hoang et al., a, b, 2014)).

During storage, seed moisture contents should be maintained above a threshold value. A very high or too low air humidity affects the after-ripening. This threshold moisture content is species-specific, it requests lower value in oilseeds compared to starchy seeds because the oilseed contains less bound water when equilibrated at any given relative humidity [START_REF] Leubner-Metzger | beta-1,3-Glucanase gene expression in low-hydrated seeds as a mechanism for dormancy release during tobacco after-ripening[END_REF]. Bazin et al. (2011) has investigated the combination of temperature and relative humidity effect on dormancy release in sunflower seeds during dry after-ripening. This study demonstrated that the rate of dormancy alleviation depends on the interaction between temperature and embryo moisture content (MC), the rate of dormancy alleviation at low MC being was faster at a low temperature because it is associated with negative activation energy. By contrast, the rate of dormancy alleviation at high MC increased with temperature, and this positive correlation is dependent on biochemical processes (Fig. 3). 

III Cellular events during germination

The dehydrated state of mature seed helps to withstand drought and extreme temperatures.

Germination begins with water uptake by the dry seed during imbibition and ends with the embryonic axis or radicle elongation [START_REF] Finch-Savage | Seed dormancy and the control of germination[END_REF]. During this process, a sequence of cellular events is initiated following seed water uptake which ultimately leads to emergence of the radicle and complete germination successfully.

Metabolism commences in the seeds as soon as their cells are hydrated. Respiration and protein synthesis have been recorded within minutes of imbibition, using components conserved in the dry seed [START_REF] Black | The encyclopaedia of seeds: science, technology and uses[END_REF]Galland et al., 2014). This is followed by synthesis of RNA, and DNA repair and synthesis. Numerous enzymes are either activated or de novo synthesized during germination, including lipases, proteinases, phosphatases, hydrolases, calmodulin, carboxypeptidases and others that appear to be particularly associated with this process [START_REF] Mayer | The Germination of Seeds[END_REF]Bewley and Black, 1985;[START_REF] Cocucci | Calcium-calmodulin in germination of phaceliatanacetifolia seeds -effects of light, temperature, fusicoccin and calcium-calmodulin antagonists[END_REF][START_REF] Washio | Organ-specific and hormone-dependent expression of genes for serine carboxypeptidases during development and following germination of rice grains[END_REF].

III.1. Seed water uptake

Water uptake by a mature dry seed has been defined as triphasic (Fig. 4). Phase I is a rapid initial uptake, imbibition is probably very fast into the peripheral cells of the seed and small tissues such as radicle. Metabolism can be activated from this phase within minutes of imbibition. The phase I is followed by a plateau (phase II), also called germination sensu stricto, both of dormant and non-dormant seeds are metabolically active during this phase, and for non-dormant seeds, the major metabolic events that take place at this time is the preparation for radicle emergence. A further increase in water uptake in the phase III occurs only after the embryonic axes elongation. The dormant seeds are blocked in entering this phase because they cannot complete the germination process (Bewley, 1997). The duration of each of these phases depends on several factors, including inherent properties of the seed such as seed size, seed coat permeability and genotypes, and also some environment factors such as temperature, and the moisture content and composition of medium (Bewley and Black, 1985). Before imbibition, dry seeds have a low moisture content, 5 to 12%, depending on the species.

This low moisture content contributes to a remarkably low rate of metabolism. Marked changes in metabolism occur as soon as the seed imbibes [START_REF] Copeland | Seed Germination[END_REF]. As the dry seed starts to take up water during phase I, influx of water into the cells lead to temporary structural perturbations, especially on membranes accompanied by a massive leakage of cellular solutes and low molecular weight metabolites including ions, sugars and amino acid into the surrounding imbibition solution [START_REF] Powell | The damaging effect of water on dry Pea embryos during imbibition[END_REF]. This is a transition symptomatic of the membrane phospholipid components from the gel phase achieved by drying during seed maturation, to the normal and hydrated liquid-crystalline state [START_REF] Crowe | Anhydrobiosis: a strategy for survival[END_REF]. However, in order to deal with the damage imposed during dehydration, storage and rehydration, seeds activate a series of repair mechanisms during imbibition (Fig. 4), which include membrane repair and therefore the membranes return to more stable configuration and solute leakage is curtailed within a short time of rehydration.

Dry seeds contain mRNAs stored during maturation, also called long-lived transcripts to indicate that they survived desiccation (Rajjou et al., 2004). Over 10 000 different stored mRNAs have been identified in transcriptome analyses of Arabidopsis (Nakabayashi et al., 2005;[START_REF] Kimura | Stored and neosynthesized mRNA in Arabidopsis seeds: effects of cycloheximide and controlled deterioration treatment on the resumption of transcription during imbibition[END_REF]Okamoto et al., 2010). Similar numbers were found in barley and rice [START_REF] Howell | Mapping metabolic and transcript temporal switches during germination in rice highlights specific transcription factors and the role of RNA instability in the germination process[END_REF]Sreenivasulu et al., 2010). More transcripts (about 32 000) have been showed in sunflower (Meimoun et al., 2014). It has shown that important transcript and protein changes are happening in 'dry' seeds during storage and that these changes might be targeted to release dormancy as seeds after-ripe [START_REF] Holdsworth | Molecular networks regulating Arabidopsis seed maturation, after-ripening, dormancy and germination[END_REF]. The dry seed transcriptome mirrors the process of seed maturation as well as prepares the seed for the following germination (Weitbrecht et al., 2011). As showed by [START_REF] Kimura | Stored and neosynthesized mRNA in Arabidopsis seeds: effects of cycloheximide and controlled deterioration treatment on the resumption of transcription during imbibition[END_REF], the major portions of the dry seed transcriptomes are very similar between the non-dormant and the dormant seeds, and the majority of stored mRNAs are of the LEA ('late embryogenesis abundant') group or transcripts of storage proteins. Meimoun et al., (2014) also showed that there is no significant difference between D and ND at dry state in sunflower seeds. Weitbrecht et al. (2011) has reviewed the massive transcriptome changes occur very early upon imbibition, which are regulated by ambient temperature, light conditions, and plant hormones.

III.2. Respiration

Upon imbibition, the rise in water content induces a parallel rise in the rate of metabolism including respiration and O2 consumption. One of the first change upon imbibition is the resumption of respiratory activity, which can be detected within minutes. Three respiration pathways operate in a seed during germination: the glycolysis, the pentose phosphate pathway (PPP) and the citric acid cycle (TCA cycle or Krebs's cycle). They produce key intermediates in metabolism and energy in the form of adenosine triphosphate (ATP), and reducing power in the form of reduced pyridine nucleotides, the nicotine adenine dinucleotides (NADH and NADPH) [START_REF] Corbineau | Sunflower (Helianthus annuus L.) seed dormancy and its regulation by ethylene[END_REF][START_REF] Black | The encyclopaedia of seeds: science, technology and uses[END_REF]. Both of the glycolytic and PPP are restored during the phase I. Enzymes of the TCA cycle and the terminal oxidases are usually present in the dry seed and become activated or are resynthesized when oxygen is high enough in internal structures [START_REF] Nicolas | Activity of the pentose-phosphate pathway and changes in nicotinamide nucleotide content during germination of seeds of Cicer-arietinum-L[END_REF][START_REF] Salon | Quantification of carbon fluxes through the tricarboxylic-acid cycle in early germinating lettuce embryos[END_REF].

Germinating seeds frequently produce ethanol in many species (Morohashi and Shimokoriyama, 1972). This is often the result of an internal deficiency in oxygen that is caused by restrictions to gaseous diffusion by the structures that surround the seed and by the dense internal structure of most seeds. This oxygen deficiency may result in more pyruvate production than used for activities of the TCA cycle and electron transport chain. Application of inhibitors of respiration can break dormancy in several kinds of seeds including sunflower, lettuce, rice and barley [START_REF] Corbineau | Sunflower (Helianthus annuus L.) seed dormancy and its regulation by ethylene[END_REF]Bewley and Black, 1994). It has been demonstrated that cyanide and malonate, which can inhibit terminal oxidation and the citric acid cycle in the mitochondria, the glycolysis inhibitor, fluoride, and electron acceptors such as nitrate, nitrite and methylene blue can break seed dormancy of sunflower and Arabidopsis (Oracz et al., 2007;Arc et al., 2013). Consequently, the concept of the pentose phosphate pathway playing a unique role in dormancy breaking arises largely from these studies. Thus, the system is established as dormant seeds are deficient in an alternative oxygen-requiring process essential for germination, which is depleted of oxygen because of its lower affinity for this gas than the cytochrome pathway of respiration, so inhibitors of glycolysis, citric acid cycle and terminal oxidation reactions of the mitochondrial electron transport chain can broke dormancy by activating pentose phosphate pathway, suggested as the alternative oxygenrequiring process essential for germination (Fig. 5). Black (1985).

III.3. RNA and protein synthesis

Enzyme activation begins during Phases I and II of imbibition. Phase II which can vary widely in duration, is characterized by a stabilized water and oxygen uptake. The seed undergoes many processes essential for germination following Phase II of water uptake, including a sequential translation of mRNA related with antioxidant mechanisms, cell detoxification, protein fate, energy, and amino acids metabolism occurs [START_REF] Copeland | Seed Germination[END_REF]Galland and Rajjou, 2015). Proteomic approaches unveiled the main importance of protein synthesis during seed imbibition in order to meet the increasing demand for proteins for seedling growth (Rajjou et al., 2004;[START_REF] Kimura | Stored and neosynthesized mRNA in Arabidopsis seeds: effects of cycloheximide and controlled deterioration treatment on the resumption of transcription during imbibition[END_REF]. Dry mature seeds contain a large number of mRNA species, supposed to be ready for protein synthesis upon imbibition.

Transcription inhibitor did not prevent seed germination suggesting that transcription is not strictly requested for seed germination (Rajjou et al., 2004). Our previous studies have demonstrated that sunflower seed dormancy release by after-ripening is associated with oxidation of specific subsets of stored mRNAs and differential accumulation of polysomeassociated mRNAs but not related to transcriptomic changes, the translatome differs between germinating and non-germinating sunflower embryos (Bazin et al., 2011;Meimoun et al., 2014;Layat et al., 2014). In agreement with this, [START_REF] Basbouss-Serhal | Germination Potential of Dormant and Nondormant Arabidopsis Seeds Is Driven by Distinct Recruitment of Messenger RNAs to Polysomes[END_REF] show that there is no correlation between transcriptome and translatome in Arabidopsis, and that germination regulation is translational implying a selective and dynamic recruitment of messenger RNAs to polysomes in both dormant and nondormant seeds. By contrast, seed proteome appears quite unique and diverse when compared to other plant developmental stages. Seed proteins encompass several functional classes from primary and secondary metabolism to structural and antimicrobial defence. Recent studies unravelled the crucial importance of protein PTMs in seed dormancy. Proteomic investigations have highlighted that seed proteins are subjected to a large number of posttranslational modifications (PTMs), which may affect protein functions including localization, complex formation, stability and activity [START_REF] Arc | Reboot the system thanks to protein post-translational modifications and proteome diversity: How quiescent seeds restart their metabolism to prepare seedling establishment[END_REF].

Oxidative damages can occur due to reactive oxygen and nitrogen species produced by nonenzymatic reactions in the dry state. These reactive species can affect proteins by the oxidation of their amino acids in a post-translational manner. Furthermore, ABA and GA signaling elements seem to rely on several PTMs such as protein phosphorylation or ubiquitination [START_REF] Arc | Reboot the system thanks to protein post-translational modifications and proteome diversity: How quiescent seeds restart their metabolism to prepare seedling establishment[END_REF]Rajjou et al., 2012). Before entering to Phase III of water uptake, proteins involved in protein degradation and nitrogen remobilization are neosynthetized in preparation for the seedling growth. Therefore, it can be assumed that mRNA translation and protein PTMs constitute the main levels of control for germination completion. These processes are highly regulated in plants and represent rapid and efficient way to cope with environmental variations (Galland and Rajjou, 2015).

IV Hormonal regulation of seed dormancy and germination

The plant hormones are crucial signaling molecules that coordinate the regulation of seed dormancy and germination. Hormonal regulation may be a highly conserved mechanism of seed dormancy among seed plants [START_REF] Nonogaki | Seed dormancy and germination-emerging mechanisms and new hypotheses[END_REF]. ABA is a positive regulator of dormancy induction and maintenance, while GA release dormancy and promote the completion of germination by counteracting the effects of ABA (Bewley and Black, 1994). The balance of ABA and GA levels and sensitivity is a major regulator of dormancy status; environmental signals regulate this balance by modifying the expression of biosynthetic and catabolic enzymes to determine seed dormancy or germination outcomes (Fig. 6). Mediators of environmental and hormonal response include both positive and negative regulators. The net result is a slightly heterogeneous response, thereby providing more temporal options for successful germination [START_REF] Finkelstein | Molecular aspects of seed dormancy[END_REF]. 

IV.1. ABA metabolism and signaling

ABA plays a prominent role in seed dormancy maintaining [START_REF] Hilhorst | A critical update on seed dormancy. I. Primary dormancy[END_REF][START_REF] Kermode | Role of Abscisic Acid in Seed Dormancy[END_REF].

Since the discovery of ABA in the early 1960s, many efforts have been devoted to understanding of ABA regulation [START_REF] Xiong | Regulation of abscisic acid biosynthesis[END_REF]. During seed development, ABA is known to initiate the embryo maturation, synthesis of storage reserves and late embryogenesis-abundant (LEA) proteins, and initiation of seed dormancy [START_REF] Phillips | Seed-specific immunomodulation of abscisic acid activity induces a developmental switch[END_REF].

The level of ABA is determined by the rate of biosynthesis and catabolism. Key genes for the enzymes in the ABA biosynthesis and catabolism pathways have been identified through genetic and biochemical studies (Fig. 7a). In higher plant, ABA is formed by the cleavage of a C40 carotenoid precursor, xanthophylls, which are produced in plastids from C5 precursors (Ruiz-Sola and Rodrïguez-Concepción, 2012), followed by a two-step conversion of the intermediate xanthoxin to ABA via ABA-aldehyde [START_REF] Xiong | Regulation of abscisic acid biosynthesis[END_REF]. The first step that is more specific to the ABA biosynthesis pathway is the epoxidation of zeaxanthin and antheraxanthin to violaxanthin, which occurs in plastids. This step is catalyzed by a zeaxanthin epoxidase (ZEP), whose molecular identity was first revealed in tobacco [START_REF] Marin | Molecular identification of zeaxanthin epoxidase of Nicotiana plumbaginifolia, a gene involved in abscisic acid biosynthesis and corresponding to the ABA locus of Arabidopsis thaliana[END_REF], and it encoded by the ABA1 gene in Arabidopsis [START_REF] Audran | Localisation and expression of zeaxanthin epoxidase mRNA in Arabidopsis in response to drought stress and during seed development[END_REF][START_REF] Xiong | Regulation of osmotic stress-responsive gene expression by the LOS6/ABA1 locus in Arabidopsis[END_REF].

Violaxanthin is then converted into neoxanthin by neoxanthin synthase (NSY), which is likely encoded by the Arabidopsis ABA4 gene [START_REF] Dall'osto | The Arabidopsis aba4-1 mutant reveals a specific function for neoxanthin in protection against photooxidative stress[END_REF][START_REF] Dall'osto | The Arabidopsis aba4-1 mutant reveals a specific function for neoxanthin in protection against photooxidative stress[END_REF]. The aba4 mutant exhibits no obvious dormancy phenotype due to the formation of cis-violaxanthin by

an alternate pathway [START_REF] Dall'osto | The Arabidopsis aba4-1 mutant reveals a specific function for neoxanthin in protection against photooxidative stress[END_REF]. After a series of structural modifications, violaxanthin is converted to 9-cis-epoxycarotenoid. The ZmNCED (9-cis-epoxycarotenoid dioxygenase, NCED) gene, which was isolated using the maize vp14 mutant, catalyzes the oxidative cleavage of the major epoxycarotenoid 9-cis-neoxanthin yields a C15 intermediate, xanthoxin (Tan et al., 1997;Schwartz et al., 1997). In Arabidopsis, this gene family is composed of nine members, while five of them (NCED2, NCED3, NCED5, NCED6, and NCED9) encode xanthoxin-producing enzymes [START_REF] Iuchi | Regulation of drought tolerance by gene manipulation of 9-cis-epoxycarotenoid dioxygenase, a key enzyme in abscisic acid biosynthesis in Arabidopsis[END_REF][START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]. This step was considered as the first committed step in the ABA biosynthesis pathway. Then, xanthoxin is exported to the cytosol and converted to ABA through a two-step reaction via ABA-aldehyde. A short-chain alcohol dehydrogenase/reductase (SDR) encoded by the AtABA2 gene catalyzes the first step of this reaction and generates ABA aldehyde [START_REF] Rook | Impaired sucroseinduction mutants reveal the modulation of sugar-induced starch biosynthetic gene expression by abscisic acid signalling[END_REF][START_REF] Cheng | A unique short-chain dehydrogenase/reductase in Arabidopsis glucose signaling and abscisic acid biosynthesis and functions[END_REF][START_REF] Gonzalez-Guzman | The short-chain alcohol dehydrogenase ABA2 catalyzes the conversion of xanthoxin to abscisic aldehyde[END_REF]. ABA aldehyde oxidase (AAO) catalyzes the last step in the biosynthesis pathway. Meanwhile, ABA inactivation is a crucial mechanism to fine-tune ABA level, which occurs by either oxidation or conjugation. The 8′-hydroxylation of ABA is catalyzed by the CYP707A subfamily of P450 monooxygenases (Kushiro et al., 2004;Saito et al., 2004). In addition, ABA can be conjugated with glucose to form the ABA-glucose ester (ABA-GE)

catalyzed by an ABA glucosyltransferase. In Arabidopsis, only UGT71B6 exhibits a selective glucosylation activity toward the natural enantiomer (+)-ABA [START_REF] Lim | Resolution of (+)-abscisic acid using an Arabidopsis glycosyltransferase[END_REF][START_REF] Priest | Use of the glucosyltransferase UGT71B6 to disturb abscisic acid homeostasis in Arabidopsis thaliana[END_REF]. Subsequent hydrolysis of conjugates constitutes an alternative pathway for ABA production in response to dehydration stress. Two glucosidases BG1 and BG2, localizing respectively in the endoplasmic reticulum or the vacuole, have been identified [START_REF] Lee | Activation of glucosidase via stress-induced polymerization rapidly increases active pools of abscisic acid[END_REF][START_REF] Xu | A vacuolar beta-glucosidase homolog that possesses glucose-conjugated abscisic acid hydrolyzing activity plays an important role in osmotic stress responses in Arabidopsis[END_REF]Arc et al., 2013). ABA perception and signaling pathway occur through a central signaling module (Fig. 8), which is based on the interaction of PYR/PYL/RCAR-type ABA receptors with protein Phosphatase 2Cs (PP2Cs) and SNF1-related protein kinase 2 (SnRK2s). In this model, the PP2Cs act as negative regulators, while SnRK2s act as positive regulators of downstream signaling (Park et al., 2009;[START_REF] Ma | Regulators of PP2C phosphatase activity function as abscisic acid sensors[END_REF]. This establishing a double-negative regulatory system, whereby ABA-bound PYR/RCARs inhibit PP2C activity and PP2Cs inactivate SnRK2s (Park et al., 2009;[START_REF] Nakashima | Three Arabidopsis SnRK2 protein kinases, SRK2D/SnRK2.2, SRK2E/SnRK2.6/OST1 and SRK2I/SnRK2.3, involved in ABA signaling are essential for the control of seed development and dormancy[END_REF]Vlad et al., 2009). Thus, in the absence of ABA, the PP2Cs are active and then repress SnRK2s activity and downstream signaling. By contrast, in the presence of ABA, the receptor PYR/RCARs regulate and inhibit phosphatase activity of PP2Cs to allow SnRK2s activation and phosphorylation of target proteins. The ABI1 and ABI2 genes were identified as ABA-insensitive mutants and encode paralogous PP2Cs (Hirayama and Shinozaki, 2007). The abi1-1 and abi2-1 mutations are dominant and exhibit ABA insensitivity in various tissues and at various developmental stages [START_REF] Leung | Abscisic Acid Signal Transduction[END_REF][START_REF] Beaudoin | Interactions between abscisic acid and ethylene signaling cascades[END_REF][START_REF] Schweighofer | Plant PP2C phosphatases: emerging functions in stress signaling[END_REF]. In Arabidopsis, loss-of-function of alleles of ABI1 leads to an ABAhypersensitive response which indicates that the ABI1 is a negative regulator of ABA response [START_REF] Gosti | ABI1 protein phosphatase 2C is a negative regulator of abscisic acid signaling[END_REF]. As the critical role of ABA mediates seed dormancy induction, ABA-INSENSITIVE 5 (ABI5) was identified through genetic screening of ABA-insensitive for germination, it acts as the final common repressor of germination in response to changes in ABA and GA levels [START_REF] Brocard | Regulation and role of the Arabidopsis abscisic acid-insensitive 5 gene in abscisic acid, sugar, and stress response[END_REF]Piskurewicz et al., 2008). In addition to ABI5, three AREB/ABF-type bZIP proteins, AREB3, AtbZIP67/AtDPBF2 and EEL, are expressed in the nuclei of developing seeds and play important roles in seed development (Bensmihen et al., 2002(Bensmihen et al., , 2005)). 

IV.2. GA metabolism and signaling

GAs are important during the early and the late phase of germination and counteract the ABA inhibition by regulating both of ABA metabolism and signaling [START_REF] Ogawa | Gibberellin biosynthesis and response during Arabidopsis seed germination[END_REF]. The GA metabolism pathway in plants has been studied for a long time, and a number of genes encoding the enzymes involved in this pathway have been identified (Frigerio et al, 2006).

Bioactive GAs control diverse aspects of plant growth and development, including seed germination, stem elongation, leaf expansion, and flower and seed development. Though a hundred GAs identified from plants, only few such as GA1 and GA4 among them, are thought to function as bioactive hormones [START_REF] Yamaguchi | Gibberellin metabolism and its regulation[END_REF]. The concentration of bioactive GAs in a given plant tissue are determined by the rates of their synthesis and deactivation. GAs are biosynthesized from geranyl diphosphate, a common C20 precursor for diterpenoids. GAs biosynthesis involves ent-copalyl diphosphate synthase (CPS), ent-kaurene synthase (KS), entkaurene oxidase (KO), ent-kaurenoic acid oxidase (KAO), GA 20-oxidase (GA20ox), GA 3oxidase (GA3ox), and GA 2-oxidase (GA2ox) [START_REF] Hedden | Gibberellin metabolism: new insights revealed by the genes[END_REF][START_REF] Yamaguchi | Gibberellin metabolism and its regulation[END_REF].

Among them, GA20ox and GA3ox are the major key regulatory enzymes for GA biosynthesis, while GA2 ox mediates GA degradation (Fig. 7b). Moreover, like ABA, GAs also can be converted into conjugates in plants [START_REF] Schneider | Hydrolysis and reconjugation of gibberellin A20 glucosyl ester by seedlings of Zea mays L[END_REF][START_REF] Schneider | Gibberellin conjugates: an overview[END_REF].

Conjugation of GAs to glucose occurs either through a hydroxyl group of GA to give a GA-Oglucosyl ether or via the 6-carboxyl group to give a GA-glucosyl ester. Although the formation of these GA conjugates may also serve to deactivate GAs, it remains unclear whether GA conjugations play any regulatory role in the control of bioactive GAs levels [START_REF] Yamaguchi | Gibberellin metabolism and its regulation[END_REF].

During last decades, key components of the GA signaling pathway including the GA receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1), the DELLA growth inhibitors (DELLAs) and the Fbox proteins SLEEPY1 (SLY1), SNEEZY (SNZ) have been identified [START_REF] Davière | Gibberellin signalling in plants[END_REF].

The current model (Fig. 9) based on GA signal promoting DELLA degradation to overcome DELLA-mediated seed development and growth restraint [START_REF] Harberd | Botany. Relieving DELLA restraint[END_REF][START_REF] Achard | Releasing the brakes of plant growth: how GAs shutdown DELLA proteins[END_REF]. GA signaling is inhibited by the action of the DELLA transcriptional regulators in the absence of GA. Five DELLA protein have been identified in Arabidopsis, REPRESSOR of GA1-3 (RGA), GIBBERELLIC ACID-INSENSITIVE (GAI), RGA-LIKE 1 (RGL1), RGL2 and RGL3, with RGL2 playing a predominant role in inhibition of seed germination [START_REF] Gazzarrini | Hormone cross-talk during seed germination[END_REF].

GA binds to the GID1 receptor and causes a conformational change that promotes GID1 binding to DELLA. GID1-DELLA complex can trigger DELLA degradation or inactivation to activate GA-responsive genes expression (Sun, 2011;[START_REF] Davière | Gibberellin signalling in plants[END_REF]. Because

DELLAs did not contain DNA-binding domains, so they rely on interactions with other transcriptional regulators to mediate GA responses by inhibiting their activity or DNA-binding capacity. However, DELLAs also act as transactivation factors and can induce GID expression directly, by this way to regulate GA biosynthesis positively [START_REF] Zentella | Global analysis of della direct targets in early gibberellin signaling in Arabidopsis[END_REF]. andRbx1). After DELLA protein polyubiquitinated by the SCFGID2/SLY1 complex, DELLA protein is degraded through the 26S proteasome pathway, and as a consequence GA action is activated. This consecutive reaction is predicted to occur in the nucleus. Adapted from [START_REF] Hirano | GID1-mediated gibberellin signaling in plants[END_REF].

IV.3. Ethylene metabolism and signaling

Ethylene plays an important role during the late phase of germination; it counteracts the ABA inhibition by interfering with ABA signaling (Linkies et al., 2009). Our previous studies have showed that sunflower seed is highly sensitive to ethylene during their dormancy alleviation and germination (Corbineau et al., 1990;Oracz et al., 2008). In higher plants, ethylene is produced from methionine through the Yang cycle (Fig. 7c) (Yang and Hoffman 1984;Lin et al. 2009). S-adenosyl-methionine (S-AdoMet) and 1-aminocyclopropane-1-carboxylic acid (ACC) are the main intermediates (Yang and Hoffman, 1984;Wang et al., 2002). The first step of ethylene biosynthesis is the conversion of S-adenosyl-methionine (SAM) to 1aminocyclopropane-1-carboxylic acid (ACC), catalyzed by ACC synthase (ACS). The by-product being 5′-methylthioadenosine (MTA) is recycled back to methionine through the Yang cycle (Yang and Hoffman, 1984;Kende, 1993). The last step is the conversion of ACC to the bioactive ethylene by ACC oxidase (ACO). Both ACS and ACO are encoded by a multigene family. ACO as the enzyme that mediates the final rate-limiting step in ethylene biosynthesis, it controls ethylene production in vivo and has fundamental contribution during seed germination (Kucera et al., 2005;Matilla and Matilla-Vázquez, 2008;Linkies et al., 2009). Accumulation of ACO and enhanced ethylene production are correlated to seed germination of several species (Chiwocha et al., 2005;Hermann et al., 2007;Leubner-Metzger et al., 1998;Petruzzelli et al., 2000;Linkies et al., 2009). The levels of ACO transcripts have been shown to be regulated by ethylene itself and other phytohormones (Lin et al., 2009).

As a gaseous hormone, ethylene readily diffuses across the plasma membrane. CTR1 encodes a Raf-like mitogen-activated protein kinase kinase kinase (MAPKKK). In the absence of ethylene, MAPKKK represses ethylene signaling by phosphorylating and inactivating the ER membrane protein EIN2. EIN3 and EIN3-like (EIL) are the transcription factors that act as positive regulators of the ethylene signaling pathway, they are degraded to prevent the transcription of ethylene-responsive genes [START_REF] Gazzarrini | Hormone cross-talk during seed germination[END_REF]. By contrast, in the presence of ethylene, ethylene binding to the receptors causes their inactivation, the subsequent CTR1 inhibition that results in EIN2 C-terminal domain cleavage and migration to the nucleus, where it stabilizes EIN3/EILs [START_REF] Merchante | Ethylene signaling: simple ligand, complex regulation[END_REF]. Then, EIN3/EILs bind to the promoter of ethylene target genes, including the ethylene response factors (ERFs) to trigger ethylene response. Meanwhile, they attenuate the ethylene response in a feedback loop by inducing ETR1 and CTR1 expression [START_REF] Chang | Temporal transcriptional response to ethylene gas drives growth hormone cross-regulation in Arabidopsis[END_REF].

V The effect of temperature in seed dormancy and germination

Plants can show remarkable responses to small changes in temperature. Previous studies have demonstrated that plants sense temperature by cellular responses. Thus, alterations in cellular equilibrium triggered by temperature changes, including membrane fluidity, protein conformation, cytoskeleton depolymerization, and metabolic reactions, act as networked thermostats to sense heat and cold (Fig. 10) [START_REF] Penfield | Temperature perception and signal transduction in plants[END_REF][START_REF] Ruelland | How plants sense temperature[END_REF].

Seeds can sense temperature accurately. For example, seed germination in lettuce seeds is strongly inhibited by the transition from 32°C to 33°C, a mere 1°C rise [START_REF] Argyris | Quantitative trait loci associated with seed and seedling traits in Lactuca. TAG. Theoretical and applied genetics[END_REF].

Temperature can act on seed germination directly or indirectly by affecting dormancy and viability. Each specie has a temperature range for germination which can be characterized by the minimum and the maximum temperatures below and above which the seeds cannot germinate. Temperature is a highly important factor affecting seed germination because it has a strong influence on all biochemical reactions. In addition, temperature not only controls the germination rate but also dormancy release. Dry after-ripening and stratification, both of which are the gradual loss of dormancy in dry seeds, is temperature determined. Moreover, secondary dormancy is induced by relatively low or high temperatures in mature seeds according to species. Oat (Avena sativa) and barley (Hordeum vulgare) acquire secondary dormancy after thermoinhibition, they fail to germinate even after transfer to an optimal temperature [START_REF] Corbineau | Induction of thermodormancy in Avena sativa seeds[END_REF][START_REF] Leymarie | Involvement of ABA in induction of secondary dormancy in barley (Hordeum vulgare L.) seeds[END_REF]Hoang et al., 2013a andb, 2014). 

V.1. Temperature action on dormancy release

Since dormancy reduces the range of external conditions under which germination can occur, removal of dormancy by after-ripening increases the temperature range over which seeds can germinate. Release from dormancy results in a widening of these conditions. As showed in Fig. 11 (a), freshly harvested seeds of cereals (oat) are dormant because they germinate poorly at 20°C or higher temperature, but they germinate well at lower temperature, the thermal optimum being around 10°C. A few months of after-ripening breaks their dormancy, thus their germination rate is enhanced at all temperatures (the temperature ranging extend from 0-10 to 0-35°C (Fig. 11a). By contrast, dormant sunflower seeds germinate much better at 20-30°C than at lower temperatures. Its temperature rang extended to 5-40°C after a dry storage at 20°C for 6 months (Fig. 11b). Previous data suggested that the inability of dormant seeds to germinate at relatively high temperatures may result from the presence in the seed coats of high amounts of phenolic compounds, the polyphenol oxidase-mediated oxidation of which limits the flux of oxygen reaching the embryo, and the higher the temperature the greater this limitation. Therefore, it has been assumed that the inability to germinate at the higher temperatures results principally from both of the coat-imposed and embryo dormancy, whereas poor germination at temperature below 25°C mainly results from embryo dormancy (Corbineau et al., 1990). Dry storage improves germination at temperatures ranging from 5 to 40°C by eliminating both coat-imposed and embryo dormancy. (1993) and Corbineau et al. (1990), respectively.

V.2. Temperature action on germination rates

The effect of temperature on dormancy breaking differs between dry and imbibed seeds.

Perhaps the most extreme cases of dormancy breaking by temperature in dry seeds are seen in the actions of fire on the coats of hard, water-impermeable seeds. But the dry seeds more commonly may experience gradual dormancy through dry after-ripening, and moreover, this process which is enhanced as temperature increases, is most obvious in species with short life cycles whose seeds often exhibit shallow dormancy, an attribute that allows rapid after ripening in warm summers enabling the production of more than one generation a season [START_REF] Black | The encyclopaedia of seeds: science, technology and uses[END_REF]. Sensitivity to temperature is correlated with depth of dormancy and is critical for winter and summer annuals to determine when they germinate. Seeds have an intrinsic upper limit temperature for germination, which is determined by environmental and genetic factors [START_REF] Baskin | Chapter 12 -Biogeographical and Evolutionary Aspects of Seed Dormancy[END_REF]. In imbibed mature seeds, dormancy is frequently broken by a relatively low temperature (chilling) or in some species by warm temperatures.

A thermal time approach can be used to normalize the time for germination at different suboptimal temperatures. The thermal time (ƟT (g)) for completion of germination at temperature T of percentage g of the seed population is calculated according to the equation

ƟT (g) = (T -Tb) tg,
where Tb is the minimum or base temperature that permits radicle protrusion, and tg is the time to completion of germination of percentage g of the seed population. In general, Tb is considered to be equal for all the seeds; the thermal time is then constant for a given percentage of germination. Figure 12(a) shows that there exists a linear relationship between germination rate (i.e. 1/tg) for a specific germination percentage g and the temperature, but the thermal time increases with increasing percentage of germination.

At supra-optimal temperatures, germination rate decreases linearly with temperature, but unlike Tb, the ceiling or maximum temperature allowing germination Tc varies in a normal distribution among individual seeds, resulting in a series of parallel lines with different intercepts on the temperature axis (Tc (g)). There exists a positive linear relationship between the germination rate and temperature up to the thermal optimum, and a linear negative relationship at higher temperature [START_REF] Covell | The influence of temperature on seed germination rate in grain legumes. I. A comparison of chickpea, lentil, soyabean, and cowpea at constant temperatures[END_REF][START_REF] Roberts | Temperature and seed germination[END_REF][START_REF] Black | The encyclopaedia of seeds: science, technology and uses[END_REF].

The time course of germination is usually represented by germination curves which correspond to the evolution of cumulated germination percentages over time, sometimes using a thermo gradient bar and measuring the time to reach 50% germination (t50). As showed in Fig. 12(b), the t50 is about 30 h for dormant sunflower seeds imbibed at 25°C, and about 45h and 96h when at 20°C and 15°C respectively, which is in agreement with the concept mentioned above, the rate of germination (reciprocal of the time taken to germinate)

shows a positive linear relation between the base temperature and the optimum temperature. Once seeds have lost dormancy, this positive relationship still exists, but all the germination rates are increased at these several temperatures (Fig. 12c). 

V.3. Temperature action on cellular events

Metabolism is governed by the activity of enzymes and enzymatic activities are temperature dependent. This is result in both changes in catalytic rate (Arrhenius' law) and to the unfolding/inactivation of enzymes (Ruelland and Zachowsk, 2010). Both temperature downshift and temperature up shift can lead to protein unfolding [START_REF] Pastore | Unbiased cold denaturation: low-and high-temperature unfolding of yeast frataxin under physiological conditions[END_REF]. The temperature effect on metabolic reactions also can be due to the temperature dependent protein conformation changed. Therefore, temperature switches on enzyme activities to regulate cell metabolism. Moreover, the state of cell membranes in relation to dormancy has received special attention. The conformation of membrane-embedded proteins could be affected by changes of membrane fluidity (Ruelland and Zachowsk, 2010). During imbibition, events that are known to occur in seed response to temperature are phase transitions of cell membranes, which undergo a sudden change from crystalline or gel phase at lower temperature to a fluid, liquid-crystalline phase at higher temperatures (Vigh et al., 2007).

Many properties of membrane are altered when this happens, possibly with profound effects on the physiology of the cells, which could interfere with processes necessary for germination.

In addition, leakage of amino acids from seeds, such as lettuce exhibiting thermoinhibition, occurs at the same temperature at which dormancy is expressed (Fig. 12) and a crude membrane fraction from temperature-sensitive seeds shows phase transition, all these supposed that high temperature (up to 25°C) induced dormancy may in reality be connected with membrane changes [START_REF] Black | The encyclopaedia of seeds: science, technology and uses[END_REF]. Rapids) there is a sharp drop in the percentage of germinated seeds in darkness beginning at 25-30°C. At these temperatures, amino acid leakage from the seed shows a sharp rise suggesting that a change in permeability of the plasma membrane of at least some embryo cells has occurred. From Hendricks and Taylorson (1979).

V.4. The crosstalk between temperature and hormonal dependent germination

Many reports have reviewed seed dormancy and germination, recently (Nambara et al., 2010;Weitbrecht et al., 2011;Graeber et al., 2012;Linkies and Leubner-Metzger 2012;Rajjou et al., 2012;Arc et al., 2013), however, relatively little is known about the mechanisms of how seeds sense temperature and transduce that signal into internal developmental events controlling germination [START_REF] Wigge | Ambient temperature signalling in plants[END_REF][START_REF] Penfield | Temperature sensing in plants[END_REF].

Hormonal regulation is a critical internal factor and highly conserved mechanism of seed dormancy and germination among plant species. Light has been demonstrated to control seed dormancy through hormone metabolism and signal transduction (Seo et al., 2009). ABA biosynthesis is an absolute requirement for cold acclimatization and for acquired thermotolerance at high temperatures [START_REF] Gilmour | Cold acclimation and cold-regulated gene expression in ABA mutants of Arabidopsis thaliana[END_REF][START_REF] Larkindale | Heat stress phenotypes of Arabidopsis mutants implicate multiple signaling pathways in the acquisition of thermotolerance[END_REF]. The endogenous ABA present in dry seeds rapidly declines when seeds are imbibed under favorable conditions such as optimum temperature and light requirements. In contrast, the endogenous ABA contents generally decline initially followed by accumulation and maintenance of elevated levels in dormant seeds or non-dormant seeds imbibed at a supra-optimal temperature (Argyris et al., 2008;Huo et al., 2013;[START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]. It is also known that low temperatures induce ABA catabolism in seeds (Bewley, 1997;Finch-Savage et al., 2007). Morover, the application of ABA biosynthesis inhibitors (e.g., fluridone) can relieve the inhibition of seed germination by thermoinhibition (Yoshioka et al., 1998;Gonai et al., 2004;Argyris et al., 2008;[START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]. All these results demonstrate the ABA involvement in response to temperature. In the other hand, temperature regulates the levels of GAmetabolizing genes in some species, such as GA3ox1 and GA20ox1 in Arabidopsis seeds when imbibed at lower temperatures (Yamauchi et al. 2004), while suppresses the expression of GA3ox and GA20ox genes in Arabidopsis and lettuce at high temperature (Gonai et al., 2004;Argyris et al., 2008;[START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]Huo et al., 2013). Increased levels of bioactive GAs are produced after a germination-promoting low-temperature treatment of Arabidopsis seeds, and this is mediated by upregulation of GA3ox gene expression, and concomitant downregulation of GA2ox (Yamauchi et al., 2004). Application of ethylene or its biosynthetic precursor ACC can rescue seed dormancy from thermoinhibition in lettuce, chickpea (Cicer arietinum), sunflower (Helianthus annuus) and tomato (Corbineau et al., 1988;[START_REF] Saini | Control processes in the induction and relief of thermoinhibition of lettuce seed germination: actions of phytochrome and endogenous ethylene[END_REF]Gallardo et al., 1991;Dutta and Bradford, 1994;[START_REF] Nascimento | Thermotolerance in lettuce seeds: Association with ethylene and endo-beta-mannanase[END_REF]Kepczynska et al., 2006). In addition, carrot (Daucus carota) seeds have a positive correlation among genotypes between the ethylene production and their capacity for germination at high temperatures [START_REF] Nascimento | Carrot seed germination at high temperature: Effect of genotype and association with ethylene production[END_REF], suggesting that ethylene biosynthesis is involved in regulation of temperature across different species. Furthermore, thermoinhibition in marigold (Tagetes minuta) seeds was alleviated by a combination of treatments that reduced ABA levels and increased ethylene levels, although ethylene alone was less effective (Taylor et al., 2005), which imply that there exist an interaction between ABA and ethylene in response to temperature.

VI Dormancy in Sunflower seed

Sunflower (Helianthus annuus L.) is one of the most important oilseed crops in the world. It represents a major renewable resource for food (oil), feed (meal), and green energy. France is a major sunflower producer (1.7Mt/year, 1st European producer) and sunflower production contributes significantly to the French economy. French breeders are ranked first in terms of sunflower seed production. Rapid and homogenous emergence and stand establishment are critical factors for sunflower production. Sunflower seeds provide an excellent system for studying dormancy because they are deeply dormant at harvest, and this dormancy is progressively lost during dry storage (Corbineau et al., 1990). Otherwise, sunflower seed has a small and simple forms, with one fruit containing a single seed and the seed envelops consists of the ovary wall (pericarp) and testa (Fig. 13a). Sunflower embryo is composed of two primary organ systems: the axis and cotyledon (Fig. 13b). Both of these two organs have distinct developmental fates; the axis corresponds to the hypocotyl-radicle region of the embryo. It contains the shoot and root meristems, which will grow into the mature plant after seed germination (Fig. 13c). The cotyledon, as a terminally differentiated organ, is involved in reserves supply for subsequent seed germination and seedling growth before photosynthetically active phase.

In order to fill the shortage of the study of seed dormancy/germination in sunflower, our group has contributed for a large part. The physiological dormancy concerns both of seed coat-and embryo in Sunflower. As described in Corbineau et al. (1990), the inability of freshly sunflower seed to germinate at high temperatures (25 to 40°C) resulted principally from a seed coat-imposed dormancy, whereas poor germination at temperatures below 25 °C was mainly due to an embryo dormancy. However, this embryo-imposed dormancy can be overcome during after-ripening or by applying exogenous ethylene. Unlike in Arabidopsis, exogenous GA has a limited effect on the stimulation of germination of dormant sunflower seeds, while the antagonistic interaction between ABA and ethylene play a critical role (Corbineau et al., 1990;Oracz et al., 2008;Arc et al., 2013;El-Maarouf-Bouteau et al., 2015). hypocotyl and radicle, which will grow into the part of the stem below the first node and primary root respectively. (c) The patterning of the sunflower embryonic axis. c, Cortex; p, pericycle; rc, root cap; qc, quiescent center; lrc, lateral root cap; v, vascular. Most cell division occurs in the meristem and subsequent growth depends upon cell enlargement, the embryonic axis containing the embryonic root and shoot meristems, which would give rise of the whole plant. Adapted from Oracz et al. (2009).

Despite the huge progress that has been made the last decade owing to the emergence of the -omics approaches, the molecular mechanisms regulating seed germination and dormancy are far from being resolved. For example, how a dormant seed acquires the ability to germinate during dry after-ripening or imbibition in optimal temperature is unknown. Reactive oxygen species (ROS) have been proposed to be key players in sunflower seed dormancy and germination (Oracz et al., 2007;Bailly et al., 2008;[START_REF] El-Maarouf-Bouteau | Oxidative signaling in seed germination and dormancy[END_REF]El-Maarouf-Bouteau et al., 2015). In fact, ROS-generating compound, methylviologen, and respiration inhibitor hydrogen cyanide (HCN) can alleviate sunflower embryo dormancy during imbibition. Moreover, sunflower seed dry after-ripening is associated with ROS accumulation, which induces selective protein oxidation in anhydrobiosis (Oracz et al., 2007(Oracz et al., , 2008)). Bazin et al. (2011) also reported that mRNA oxidation occurs during sunflower seed dry after-ripening, which highlights a potential mechanism of seed dormancy alleviation in which targeted mRNA oxidation can fine-tune the cell signaling pathway that controls germination by targeting mRNA decay and by regulating selective translation. Both of these studies clearly document that non-enzymatic processes leading to selective translation and selective protein degradation are probably key events occurring during after-ripening [START_REF] El-Maarouf-Bouteau | Role of protein and mRNA oxidation in seed dormancy and germination[END_REF].

In sunflower, after-ripening is not associated with transcriptomic changes, as no significant difference in transcripts has been recorded in comparison between dormant and nondormant dry seeds (Meimoun et al., 2014). Imbibed dormant (D) and non-dormant (ND) seeds and ABA and ethylene (ET) treated seeds were compared at the transcriptomic but also the Metabolomic studies shows that sugar metabolism and cell wall are likely to be the target of such hormone action.

Translatome analysis was performed to highlight differential accumulation of polysomeassociated mRNAs between dormant and non-dormant imbibed seeds. 194 polysomeassociated transcripts were specifically found in non-dormant but only 47 in dormant embryos after 15 h of imbibition, which represents the time point at which the association of transcripts with polysomes reached a maximum. In addition, the proteins corresponding to the polysomal mRNAs in non-dormant embryos appeared to be very pertinent for germination and were involved mainly in transport, regulation of transcription or cell wall modifications (Layat et al., 2014). Given the gap that could exist between transcriptome and translatome, it is important to characterize the proteome change, proteins being the effectors of metabolism change that trigger germination process. In fact, central metabolism related proteins has been shown to be regulated at the transcriptomic level or by oxidation. Nevertheless, little is known about seed metabolism change in dormancy alleviation and germination.

Objectives of the thesis

The objectives of this work were to characterize sunflower seed proteome change in order to complete the analysis of seed dormancy regulation. Moreover, targeted enzyme activity of major enzymes involved in central metabolism has been analyzed to integrate a supplemental level of regulation, such as post-translational modifications. We aimed to decipher such molecular events involved in the transduction of temperature signal, the most important environmental factor inducing dormancy breaking. In order to reveal the molecular mechanisms of temperature induced germination, two temperatures, 10°C and 20°C, which represent the non-permissive and permissive temperature for dormant sunflower seed germination, respectively, have been selected. The results obtained will presented in the second chapter of results of the manuscript.

The substantial influence of the environment factors is always mediated by the internal factors such as phytohormones. Thus, in the third chapter we investigate the cellular and molecular events of hormonal regulation in seed dormancy release by temperature as compared to after-ripening process, to achieve a higher level of cell signaling integration of temperature and hormone metabolism and signaling.

Chapter 2 Integrating proteomics and enzymatic profiling to decipher seed metabolism affected by temperature in seed dormancy and germination

Qiong Xia 1 , Gwendal Cueff 2 , Loïc Rajjou 2 , Duyen Prodhomme 3,4 , Yves Gibon 3,4 , Christophe Temperature affects the rate of dormancy loss and the pattern of dormancy change in moist seeds [START_REF] Roberts | Temperature and seed germination[END_REF]. The investigation of temperature action on dormancy alleviation is ecologically relevant to approximate natural conditions and to assess the effect of global warming. In the last decades, efforts have been placed in the understanding of the effect of after-ripening, a dry storage period, or stratification on dormancy alleviation. A number of high-throughput, large scale-omics studies have been performed to gain insight into molecular networks of seed dormancy and germination. They include analyses of seed transcriptomics (Nakabayashi et al. 2005;Cadman et al. 2006;Finch-Savage et al. 2007;Carrera et al. 2008, Meimoun et al. 2014;Layat et al. 2014), proteomics [START_REF] Gallardo | Proteomic analysis of arabidopsis seed germination and priming[END_REF](Gallardo et al. , 2002;;Job et al. 2005;Chibani et al. 2006;Oracz et al. 2007) and metabolomics (Fait et al. 2006). These studies pointed out the importance of the groups of storage proteins, stress response and detoxification in dormant state and energy, amino acid metabolism, folding and mRNA and protein metabolism in non-dormant state. However, they did not allow the understanding of metabolic change responsible for germination potential. Wang et al. (2015) have shown, by analyzing proteomic studies, that energy production is mainly activated in phase II during germination in several species and also during dormancy breaking by exogenous nitrate or stratification in Arabidopsis seeds (Arc et al. 2012). Galland et al. (2014) showed that members of energy category have been identified in de novo synthetized proteins. They also highlight the importance of post-translational modifications (PTMs) in proteome change as viewed by 2D-PAGE. Indeed, central metabolism pathways of rice seed germination were significantly modulated by lysine acetylation and succinylation [START_REF] He | Global Proteome Analyses of Lysine Acetylation and Succinylation Reveal the Widespread Involvement of both Modification in Metabolism in the Embryo of Germinating Rice Seed[END_REF]. Enzyme activity can provide integrated information about gene expression and PTMs [START_REF] Gibon | A Robot-based platform to measure multiple enzyme activities in Arabidopsis using a set of cycling assays: comparison of changes of enzyme activities and transcript levels during diurnal cycles and in prolonged darkness[END_REF]. Recently, the combination of high-throughput methods has greatly advanced our knowledge about developmental processes such as multilevel studies integrating transcriptomics and metabolomics to gain insights into the biochemical program that controls soybean seed development and its regulatory networks [START_REF] Li | A systems biology approach toward understanding seed composition in soybean[END_REF]. Transcriptomic and enzyme profiles coupling allowed the investigation of the correlation between metabolites and transcripts in Arabidopsis rosettes [START_REF] Gibon | Integration of metabolite with transcript and enzyme activity profiling during diurnal cycles in Arabidopsis rosettes[END_REF]. A more integrative study using transcriptomics, proteomics and metabolomics revealed multiple ethylene-associated events during tomato ripening (Osorio et al. 2011).

In this study, we integrated proteomic and enzyme profiling to investigate major cell metabolism affected by temperature in seed dormancy alleviation and germination in sunflower seeds. Dormant seeds were analyzed, during three imbibition time points (one in phase I and two in phase II of germination sensu stricto), comparing the action of two temperatures 10°C and 20°C, which can inhibit and promote germination, respectively.

Materials and Methods

Plant material and Germination test

Sunflower (Helianthus annuus cv LG5665) seeds were harvested in 2012 in the south of France (Drôme) and provided by Limagrain. Dormant seeds were stored at -30°C until use to maintain their dormancy after harvest. Germination tests were performed with seeds without pericarp (embryos) in darkness, in 9-cm petri dishes (30 seeds per dish and three replicates) on a layer of cotton wool moistened with deionized water at 10°C or 20°C. An embryo was considered as germinated when the radicle had elongated to 2 to 3 mm. Biochemical analyses were made on axes (embryos without cotyledons) from seeds imbibed during 6, 15 and 24 h. Table 1 showed that 6 h allowed about 60% of water uptake which increased to almost 70 % and remained stable up to 24 h. At 20°C, water content was higher at 24 h, but not significantly as shown by standard deviation suggesting however, that some seeds began their water uptake to exit the phase II. These times were chosen in order to study the changes that operate in phase I (6 h), phase II (15 h) and the end of phase II (24 h) of germination.

Total Soluble Protein Extraction and Two-Dimensional Gel Electrophoresis

Total soluble protein extract preparation from embryonic axes of imbibed seeds and subsequent separation by two-dimensional (2D) electrophoresis were carried out as previously described by Görg et al. (1987) and Job et al. (2005).

Protein Staining and 2D Gel Analysis

2D gels staining and analysis were performed according to Arc et al. (2012). Spot detection and quantification were achieved by the software Progenesis SameSpot (v3.2, NonLinear Dynamics). The spot volume ratios between the different conditions were calculated using the average spot normalized volume of the three biological replicates.

Spot Selection and protein identification

According to Arc et al. (2012), the SameSpot software was used to perform a one-way ANOVA for the selection of differentially abundant spots with a maximum fold change higher than 1.5 and a p-value lower than 0.05. Protein Identification was performed using the MASCOT (http://www.matrixscience.com; Matrix Science) with a peptide mass tolerance of ± 0.2 Da, one missed cleavage and cysteine carbamidomethylation and methionine oxidation allowed.

Spots of interest were excised from silver-stained 2D gels, digested with trypsin and identified by LC-MS/MS. Database search was performed using XTandem and XTandem Pipeline (http://pappso.inra.fr/bioinfo/xtandempipeline/).

Polysome Fractionation Assays

Polysomes were fractionated by sucrose density gradient centrifugation as described previously (Davies & Abe 1995, Layat et al. 2014). Approximately 160 mg fresh weight axes were pulverized in liquid nitrogen with a mortar and pestle. The resulting frozen powder was homogenized in 2 ml of polysome extraction buffer (200 mM Tris-HCl, pH 9.0; 200 mM KCl; 25 mM EGTA, pH 8.3; 36 mM MgCl2; 5 mM DTT; 50 mg ml -1 cycloheximide; 50 mg ml -1 chloramphenicol; 0.5 mg ml -1 heparin; 1%

[v/v] Triton X; 100% [v/v] Tween; 20% [w/v] Brij; 35% [v/v]
polyoxyethylene and 1% [w/v] deoxycholic acid) and centrifuged at 13,400 g for 20 min at 4°C. The supernatant was passed through a shredder column (Qiagen) to remove remaining cell debris. 1.2 ml purified extract was loaded on 4.2 ml of a 15-60 % sucrose density gradient and ultracentrifuged at 38,400 g for 2.5 h at 4°C. The gradient was collected from the bottom using a peristaltic pump with simultaneous recording of absorbance profiles at 254 nm using a UV monitor.

Proteasome Activity Profiling

Proteins were extracted by grinding 15 axes with 1.5 ml of 50 mM TRIS buffer (pH 7.4) and cleared by centrifugation (10 min at 16 000 g). The supernatant was filtred through a 0,22 µm filter (allsciences, http://www.allsciences.com/) to remove remaining cell debris. Labeling was done by incubating 15 µg protein in 1 μM MV151 (Verdoes et al. 2006) for 6 h. The labeled proteins separated on 12% SDS gels were visualized by in-gel fluorescence scanning using a Typhoon 8600 scanner (GE Healthcare Life Sciences, http://www.gelifesciences.com) with excitation and emission at 532 and 580 nm, respectively. Fluorescent signals were quantified with Image J.

Determination of Protein-bound Carbonyls

Carbonyl contents in soluble protein extracts from 15 axes of each sample were quantified by reaction with dinitrophenylhydrazine (DNPH) according to [START_REF] Wehr | Quantification of protein carbonylation[END_REF]. 1 mg proteins were reacted with 500 μl of 0.2% DNPH (in 2 M HCl) or 2 M HCl (control) for 15 min at 25 °C.

For each determination, three replicates and their respective blanks were used. Proteins were precipitated with 20% (w/v) TCA, centrifuged, and washed three times with ethanol/ethyl acetate (1:1 (v/v)). The protein pellets were finally dissolved in 6 M guanidine hydrochloride 500 mM KCl buffer (pH 2.5). Carbonyl was measured at 370 nm and protein at 276 nm.

Carbonyl content was calculated using a molar absorption coefficient of 22,000 m -1 cm -1 .

MDA Content

Malondialdehyde (MDA) content was determined according to [START_REF] Hagege | Malondialdehyde titration with thiobarbiturate in plant extracts: Avoidance of pigment interference[END_REF]. 10 axes were ground in 5 ml distilled water and homogenized with an equal volume of 0.5% (w/v) 2thiobarbituric acid in 20 % (w/v) trichloroacetic acid. The homogenate was incubated for 30 min at 95°C in a water bath and then cooled quickly on ice and centrifuged at 16,000 g for 30 min. The supernatant was used for MDA determination by calculating the difference in absorbance at 532 and 600 nm using an extinction coefficient of 155 mM -1 cm -1 . Results are expressed as nmol MDA /g DW and represent the mean of four replicates ± SD.

Enzyme Activity Measurements

Proteins were extracted from embryonic axes of imbibed seeds (10 mg FW) and enzyme activities were assayed using a robotized platform as described in [START_REF] Steinhauser | Enzyme activity profiles during fruit development in tomato cultivars and Solanum pennellii[END_REF][START_REF] Biais | Remarkable reproducibility of enzyme activity profiles in tomato fruits grown under contrasting environments provides a roadmap for studies of fruit metabolism[END_REF]. Enzyme activity results are expressed as nmol per mg of total protein per min.

Results

Effect of temperature on seed germination

Dormancy reduces the range of external conditions under which seed germination can occur.

In sunflower, it has been reported in previous studies that dormant seeds are not able to germinate at low temperature (Corbineau et al. 1990;Oracz et al. 2007). In this study, we assessed the germination of dormant embryos in darkness at 10°C and 20°C, which are poor and suboptimal temperature for germination, respectively. As shown in Figure 1, the germination rate reached only 10% after 7 days of imbibition at 10°C, whereas nearly 96% of dormant seeds were able to germinate after 7 days at 20°C.

Changes of protein abundance of temperature-induced sunflower seed germination

To explore changes in the proteome during temperature regulation of germination, we performed 2D protein patterns of total soluble proteins from dormant embryos after 6, 15 

Protein synthesis and degradation assessment

Because major changes in protein abundance were observed between 15 and 24 h imbibition time point, they were chosen for polysome profile analysis in dormant embryos at 10°C and 20°C (Fig. 3 (a) and (b)). The overall polysome profile showed a significant increase at 20°C compared to 10°C. The decrease of 60/80S at 20°C also reveals the recruitment of RNAs to form polysomes. Polysome fraction was more important at 24 h comparing to 15 h in both conditions of temperature. These results suggest that protein synthesis is activated during seed imbibition, being more active at 20°C comparing to 10°C.

Proteasome activity was also assessed at 10°C and 20°C by using activity-based protein profiling (ABPP). The proteasome inhibitor, MV151 was chosen as the activity-based probe, which also contains a Bodipy fluorescent group for fluorescent imaging (Verdoes et al. 2006).

As shown in figure 3 (c), the proteasome activity detected in seeds imbibed at 20°C is increased by 3 folds compared to 10°C at 6 and 15 h of imbibition. The proteasome activity decreased drastically after 24 h at 20°C while it remained stable at 10°C. To complete these data, the level of protein carbonylation was investigated during imbibition at 10°C and 20°C. Figure 3 (d) shows that during the phase I and II (from 0 to 15 h of imbibition), there is no difference in carbonyl content between 10°C and 20°C. By the end of phase II (after 24 h of imbibition), a significant increase of carbonyl amount was noted at 20°C compared to 10°C. In addition, the lipid peroxidation product, malondialdehyde (MDA), which is known to react with lysine residues to form carbonyl derivatives (Burcham & Kuhan, 1996;[START_REF] Liu | Modifications of protein by polyunsaturated fatty acid ester peroxidation products[END_REF], has been detected under the same conditions. Interestingly, MDA content increased between 15 and 24 h of imbibition at 20°C (Fig. 3(e)). In sum, these results showed that 20°C induced the activation of both protein synthesis and degradation processes, the latter being probably more active tipping the balance towards a decrease in protein abundance.

Ontological classification of the altered proteins in proteome analysis

To explore the function of the altered proteome, we have selected and sequenced the altered spots. Spots selection was based on statistical test of SameSpots Stats software using 80-90% as relevant threshold. 95 spots corresponding to the most marked changes during imbibition were selected to be sequenced and identified by MS/MS. They included 16, 28, and 51 spots changed at 6, 15 and 24 h, respectively. Therefore, 94 spots were successfully assigned to proteins that were then categorized in ontological classes based on MapMan software analysis and the ontological classification of [START_REF] Bevan | Analysis of 1.9 Mb of contiguous sequence from chromosome 4 of Arabidopsis thaliana[END_REF] (Fig. 4 & Table S1).

Ontological classification of the differentially expressed proteins showed that proteins related to metabolism and energy were represented since 6 h of imbibition suggesting that they could represent an early level of regulation. They were more-abundant at 6 h while they were lessabundant at 15 and 24 h at 20°C. Proteolysis related proteins were more represented in down regulated proteins at 20°C. Stress response and detoxification functional categories are represented at the three imbibition times, particularly at 15 h (Fig. 4). Seed storage proteins correspond to a high proportion of down-regulated proteins at 15 and 24 h at 20°C (Fig. 4).

Changes in enzyme activities related to altered proteins involved in central metabolism

To explore in deep seed metabolism, enzymatic profiling has been performed on 10 enzymes involved in sucrose metabolism, glycolysis, Perl's pathway and TCA cycle. The analyzed enzymes are part of the metabolic pathways in which proteomic analysis shows protein abundance changes between 10°C and 20°C at 6 and 24 h (Table S1). Figure 5 shows that, at the exception of UDP-Glc pyrophosphorylase (UGPase, EC 2.7.7.9), all enzymes had higher activities at 10°C compared to 20°C after 6h of imbibition. At 15 h, most activities were comparable between the two treatments due to an increase of enzymatic activities at 20°C. S1). The opposite was observed for ADH and FBP Aldolase at 24h. Enolase, UGPase, AlaT, PGK and PGM decreased in abundance at 20°C at 24 h but there was no change in their activity comparing to 10°C.

Aconitase and MDH abundance and activities increased both at 24 h at 20°C.

Discussion

Germination occurs when dormancy-breaking is followed by exposure to suitable conditions of embryo growth. Temperature regulation of germination can occur at the level of gene transcription, protein synthesis or post-translational modification. The involvement of gene transcription in seed germination is debated as it has been shown that seed contains all RNA species needed for germination, ready to be used upon imbibition (Rajjou et al. 2004). We have also shown that in sunflower seeds at dry state, almost all RNA species exist in germinating and non-germinating seeds (Meimoun et al. 2014) and RNA oxidation could be a determinant post-transcriptional regulation in seed germination (Bazin et al. 2011). Proteins being the result of the translation of genes expressed de novo or stored transcripts, we investigate proteome change in dormant embryos imbibed at 10°C and 20°C. The main trend in protein change was a significant decrease at 20°C as compared to 10°C (Fig. 2 (d)). Polysome profiling and proteasome assessment showed that 20°C activates both protein synthesis and degradation processes. Previous data have suggested that polysomes are absent in dry seeds, but rapidly increase when cells become hydrated (Bewley 1997, Layat et al. 2014). Several proteins related to protein translation have been identified in the present proteome analysis, such as eIF5A (Eukaryotic translation initiation factor 5A; n°3899), Poly (A)-binding proteins (n° 1604, n°1476) and Ribosomal proteins (n° 1030; n° 3716, table S1). Previous proteomic studies showed that seed germination is associated with a dynamic regulation of protein synthesis in rice and wheat [START_REF] Sano | Proteomic analysis of embryonic proteins synthesized from longlived mRNAs during germination of rice seeds[END_REF][START_REF] Gao | Integrated analysis of seed proteome and mRNA oxidation reveals distinct post-transcriptional features regulating dormancy in wheat (Triticum aestivum L.)[END_REF]). It may be noted that disulfide isomerase (table S1, n°2138), which is involved in the synthesis and deposition of storage proteins (Kim et al. 2012) and accumulated in developing seeds of Arabidopsis [START_REF] Hajduch | Systems analysis of seed filling in Arabidopsis: using general linear modeling to assess concordance of transcript and protein expression[END_REF], M. truncatula [START_REF] Gallardo | Proteomics of Medicago truncatula seed development establishes the time frame of diverse metabolic processes related to reserve accumulation[END_REF] and Agrostis grass species [START_REF] Xu | Root proteomic responses to heat stress in two Agrostis grass species contrasting in heat tolerance[END_REF], decreased in abundance during imbibition. This suggests that enzymes that have served in seed development stage are degraded during germination. Accordingly, seed storage proteins (SSP) are highly represented in less abundant proteins at 15 and 24 h at 20°C (table S1). This is consistent with the activation of protein degradation processes at the phase II of germination which prepares to elongation. SSP degradation is known to be due to proteases activity [START_REF] Shutov | Degradation of storage proteins in germinating-seeds[END_REF]). Since we have shown that proteasome activity was high in the phase I of germination and decreased by the end of phase II (24 h, Fig. 3), we can suggest that proteasome is important in the phase I and that other degradation processes, such as those involving proteases, take place in phase II to prepare for elongation. In fact, several proteinases such as aspartic proteinase and carboxypeptidases were found to target storage protein breakdown in seeds (Muntz et al. 2001). It is worth noting that the increase in abundance of the 26S proteasome component RPT5A could be related to the highest proteasome activity at 20°C (n°1985, n°2004; Fig 3(c)). Numerous metabolic enzymes such as PPDK, GADPH, PGK, enloase, IDH, FBP-aldolase, ADH and ALDH are known to be targeted to ubiquitinylation [START_REF] Igawa | Isolation and identification of ubiquitin-related proteins from Arabidopsis seedlings[END_REF][START_REF] Saracco | Tandem affinity purification and mass spectrometric analysis of ubiquitylated proteins in Arabidopsis[END_REF]Maor et al. 2007;Manzano et al. 2008).

This suggests importance of the ubiquitin (Ub)-proteasome pathway in temperature-induced seed germination. A number of these proteins, such as Enolase, UGPase, FBP aldolase, GAPDH, IDH and ADH translation factor elongation factor 1-gamma (n°e75 & e215) and several molecular chaperones such as protein disulfide isomerase (n°2138) and alpha/beta-Hydrolases superfamily protein (n°1091, Table S1) characterized in our proteomic analysis were shown to be carbonylated during germination of Arabidopsis and sunflower seeds (Job et al. 2005;Oracz et al. 2007).

Enzyme profiling was also performed to clarify seed metabolism regulation during imbibition at 10°C and 20°C. UGPase, PGM, FBP-Aldolase, Enolase, GAPDH, PGK, AlaAT, ADH, MDH and Aconitase activities were assessed during imbibition. The low concordance between protein content and enzyme activity observed for a set of enzymes could be due to PTMs such as carbonylation, S-nitrosylation and glycosylation which supposed to be involved in the regulation of seed germination (Berger et al. 1996;Job et al. 2005;Bethke et al. 2006;Oracz et al. 2007;Zhao et al. 2007). Phosphorylation-dephosphorylation may represent another PTM playing an important role in seeds as UGPase, PGM, enloase, MDH, FBP-Aldolase, GADPH and PGK have been revealed as putative phosphoproteins in developing Arabidopsis, rice and Brassica seeds [START_REF] Agrawal | Large scale identification and quantitative profiling of phosphoproteins expressed during seed filling in oilseed rape[END_REF][START_REF] Irar | Towards the identification of late-embryogenicabundant phosphoproteome in Arabidopsis by 2-DE and MS[END_REF][START_REF] Han | Quantitative proteomics reveals the role of protein phosphorylation in rice embryos during early stages of germination[END_REF].

According to enzyme activity results, the phase I (6 h) is characterized by a lower activity of enzymes involved in glycolysis and TCA cycle and sucrose synthesis in germinating seeds (imbibed at 20°C, fig. 6). It has been demonstrated that respiratory inhibitors such as cyanide can release sunflower seeds dormancy (Oracz et al. 2008(Oracz et al. , 2009)). Inhibitors of glycolysis, TCA cycle and terminal oxidation reactions of the mitochondrial electron transport chain can break dormancy probably by activating the pentose phosphate pathway (Bewley & Black 1994). In

agreement with this hypothesis, our data provide the evidence that temperature can promote dormancy break by decreasing glycolysis and TCA cycle and increasing sucrose metabolism.

Moreover, our data also suggest that the regulation of these enzymes could occur at the posttranslational level. Further investigation of the PTMs regulation of the glycolysis, TCA, pentose phosphate and sucrose metabolism related enzymes seems to be relevant to address the question of seed dormancy release. This study point out also the importance of the integration of proteomic and enzymatic activity studies. The investigation at the level of the enzyme activity seems to be relevant in the understanding of metabolic regulation in seed dormancy and germination. More importance should be given to such aspects in the future in combination with -omics analysis to decipher signaling networks induced by environmental factors on seed metabolism towards germination. 

Aknowledgment

Introduction

Seed dormancy and germination are complex adaptive traits of higher plants, it is determined by a combination of the degree of dormancy and environmental factors (temperature, light, and oxygen availability) (Bewley 1997;Koornneef et al., 2002). Temperature is a primary factor regulating seed dormancy and germination. At harvest, dry seeds are dormant and may experience gradual dormancy loss through a dry after-ripening. After-ripening is a time and environment regulated process occurring in the dry seed, as the process by which these dormant seeds become non-dormant, it determines the germination potential of seeds [START_REF] Probert | The role of temperature in the regulation of seed dormancy and germination[END_REF][START_REF] Finch-Savage | Seed dormancy and the control of germination[END_REF]. As dormancy reduces the range of external conditions under which germination can occur, removal of dormancy by afterripening enlarges the temperature range under which seeds can germinate. The freshly harvested mature seeds of sunflower (Helianthus annuus L.) are regards as being deeply dormant because they germinate poorly at 10°C or lower temperature, but they germinate well at higher temperature, the thermal optimum being around 25°C. A few months of afterripening in dry storage breaks their dormancy, seeds become able to germinate at temperature ranging from 20 -30 to 5 -40°C, and their germination rate is enhanced at all temperatures (Corbineau et al., 1990).

The mechanism of endogenous plant hormonal regulation is likely to be highly conserved in seed dormancy and germination process. Many of the environment factor controlled responses are mediated via the regulation of hormonal levels and/or signal transduction (Heggie and Halliday, 2005). Genetic and physiological studies have shown the important roles of the plant hormones abscisic acid (ABA) and gibberellins (GAs), ABA is a positive regulator of dormancy while GAs release dormancy and promote the completion of germination by counteracting the effects of ABA (Koornneef et al., 2002). Alterations in the ABA biosynthetic pathway can greatly influence seed dormancy and germination [START_REF] Holdsworth | Molecular networks regulating Arabidopsis seed maturation, after-ripening, dormancy and germination[END_REF][START_REF] Martinez-Andujar | Induction of 9-cis-epoxycarotenoid dioxygenase in Arabidopsis thaliana seeds enhances seed dormancy[END_REF]Nambara et al. 2010), several key genes/enzymes have been characterized in its biosynthesis and catabolism (Nambara et al. 2010). In Arabidopsis, mutations of ABA biosynthetic genes, including ZEP/ABA1 (Koornneef et al. 1982), NCEDs [START_REF] Frey | Epoxycarotenoid cleavage by NCED5 fine-tunes ABA accumulation and affects seed dormancy and drought tolerance with other NCED family members[END_REF][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], ABA2/GIN1/SDR1 [START_REF] Gonzalez-Guzman | The short-chain alcohol dehydrogenase ABA2 catalyzes the conversion of xanthoxin to abscisic aldehyde[END_REF][START_REF] Leon-Kloosterziel | Isolation and characterization of abscisic aciddeficient Arabidopsis mutants at two new loci[END_REF], result in reduced dormancy, whereas overexpression of ABA biosynthetic enzymes enhances dormancy (Lin et al. 2007;[START_REF] Martinez-Andujar | Induction of 9-cis-epoxycarotenoid dioxygenase in Arabidopsis thaliana seeds enhances seed dormancy[END_REF].

Mutant of the CYP707A2, the gene that encodes the enzyme catalyzing ABA catabolism, presents a strong seed dormancy phenotype (Kushiro et al. 2004;[START_REF] Okamoto | CYP707A1 and CYP707A2, which encode abscisic acid 8'hydroxylases, are indispensable for proper control of seed dormancy and germination in Arabidopsis[END_REF]. By contrast, loss of function in gibberellic acid (GA) biosynthetic genes such as ent-Copalyl diphosphate synthase (CPS/GA1), ent-kaurene synthase (KS/GA2), ent-kaurene oxidase (KO/GA3) and gibberellin-3-oxidases (GA3ox1 and GA3ox2) are caused to fail germination (Koornneef and van der Veen 1980;[START_REF] Mitchum | Distinct and overlapping roles of two gibberellin 3oxidases in Arabidopsis development[END_REF]Yamauchi et al. 2004). Moreover, the signaling pathways of ABA and GA are interconnected at several levels. A basic domain/leucine zipper transcription factor ABI5 (ABA-INSENSITIVE 5) acts as key regulator in ABA signaling, while DELLA protein RGL2 (RGA-LIKE2), which repress germination, is considered to be the main negative regulating factor of GA signaling (Lee et al., 2002;Tyler et al., 2004). ABA induces ABI5 expression to repress germination, and GA promotes seed germination by enhancing the proteasome-mediated destruction of RGL2. Experimental evidence has provided that decrease in endogenous GA content leads to an increase in ABA synthesis through a stabilized RGL2, meanwhile, the transcript and protein levels of both of ABI5 and RGL2 are induced by an increased endogenous ABA content. The low expression of ABI5 in sleepy1 mutant counteracting the effect of the overaccumulated RGL2 to induce seed germination, which given a notion that ABI5 acts as the final common repressor of germination in response to changes in ABA and GA levels (Piskurewicz et al., 2008). In addition, other hormones such as ethylene and brassinosteroids, which both influence the ABA-GA balance by counteracting ABA effects, promote germination (Kucera et al., 2005). In sunflower, ethylene strongly stimulates the germination of dormant seeds while GA and cold stratification have less effect on the breaking of sunflower seed dormancy, meanwhile, ABA were also found to inhibit germination of seeds in this species (Corbineau et al., 1988(Corbineau et al., , 1990)).

There is evidence linking hormonal changes with dormancy breaking. A decline in ABA content, decreased sensitivity to ABA and increased sensitivity to GA are involved in the afterripening mediated transition from the dormant to the non-dormant state of many species [START_REF] Hilhorst | A critical update on seed dormancy. I. Primary dormancy[END_REF][START_REF] Li | Genetic and molecular control of seed dormancy[END_REF][START_REF] Debeaujon | Gibberellin requirement for Arabidopsis seed germination is determined both by testa characteristics and embryonic abscisic acid[END_REF]Grappin et al., 2000). ABA content decreases during after-ripening in dormant seeds of tomato (Groot and Karssen, 1992) and Nicotiana plumbaginifolia (Grappin et al., 2000). Exogenous GA supply can substitute for the after-ripening requirement in many species, and after-ripening mediated dormancy release is correlated with a GA requirement [START_REF] Jana | Dormancy studies in seed of Avena fatua. 10. On the inheritance of germination behaviour[END_REF][START_REF] Leubner-Metzger | Seed after-ripening and over-expression of class I beta-1,3glucanase confer maternal effects on tobacco testa rupture and dormancy release[END_REF]. Otherwise, ethylene and its immediate precursor (1-aminocyclopropane-1-carboxylic acid, (ACC)) completely break seed dormancy and improve seed germination (Corbineau et al., 1990).

The links between temperature and hormones also have been demonstrated. Plant hormones, particularly ABA, GA and ethylene, are known to be involved in regulating thermoinhibition of germination [START_REF] Huo | Molecular and Hormonal Regulation of Thermoinhibition of Seed Germination[END_REF]. A decrease in ABA content is suppressed and de novo ABA biosynthesis is required during lettuce (Lactuca sativa) seeds imbibition at supraoptimal temperature (Yoshioka et al., 1998), but this thermoinhibition could be alleviated by application of ABA biosynthesis inhibitor like fluridone (Argyris et al. 2008;Gonai et al. 2004;[START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]). Since GA is generally required for seed germination, alleviation of thermoinhibition by exogenous GA has been reported on several plant species [START_REF] Madakadze | Seed-germination of 3 flower species following matriconditioning under various environments[END_REF]Dutta and Bradford, 1994;Gonai et al., 2004). In Arabidopsis, the expression of GA biosynthetic genes GA3ox and GA20ox can be suppressed by thermoinhibition while they were induced by lower temperatures [START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]Yamauchi et al., 2004). On the other hand, ethylene promotes seed germination in many species (Arc et al., 2013;Corbineau et al., 2014), it is also known that application of ethylene or ACC, the ethylene precursor, can relieve the thermoinhibition in lettuce, chickpea (Cicer arietinum), sunflower and tomato seeds (Corbineau et al., 1988;Dutta and Bradford, 1994;Gallardo et al., 1991;Kepczynska et al., 2006). All of these reports suggest that ABA, GA and ethylene are involved in the regulation of seed germination by temperature, but how these hormones mediate the optimal temperature signal during dormancy release remains unknown.

Although the phytohormones involved in dormancy and germination have been largely 

Materials and methods

Plant material

Sunflower 

Germination tests and hormones treatment

Germination tests and hormone treatments were performed with naked seeds (seeds without pericarp) imbibed on a layer of cotton wool moistened with deionized water or with various solutions (100 µM ABA, 10 µM fluridone, 100 µM GA3, 100 µM PAC, 1 mM AOA, 1 mM AIB) in 9 cm Petri dishes under darkness at 10°C or 20°C. Treatment with ethylene was carried out by placing Petri dishes in a tightly closed glass jar continuously in the presence of 100 ppm gaseous ethylene. An embryo was considered as germinated when the radicle had elongated to 2 to 3 mm. The results presented were obtained with 30 seeds per dish and three replicates.

Quantification of GA and ABA

GA and ABA were extracted from 15 embryonic axes of imbibed seeds (100 mg DW). The purification and measurement were performed by GC-MS based analysis as described in [START_REF] Okamoto | Measurement of abscisic acid and gibberellins by gas chromatography/mass spectrometry[END_REF]. Results are expressed as ng /g DW and represent the mean of three replicates ± SD.

Quantification of ethylene

To measure the ethylene production, 5 naked seeds were placed in 10 ml flasks containing Milli-Q water after air-dry.

Design of primers and real-time qRT-PCR analysis

The oligonucleotide primer sets used for real-time qPCR analysis were designed on the basis of sunflower gene sequences (https://www.heliagene.org). ACO primers were tacked from Oracz et al. (2008).

Two µg total RNA was reverse-transcribed and amplified, and the relative expression was calculated with three reference genes as described by Layat et al. (2014). All the genes used and the related heliagene accession number, amplified probe length and primer sequences are listed in Supplemental Table S1.

Immunolocalization of ABI5, RGL2, ACO and ABA

For immunolocalization studies, sections at a thickness of 25 μm were obtained by using vibratome (LEICA, VT 1200S) from 15 h imbibed seeds, and then were fixed overnight at 8% (w/v) paraformaldehyde in 0.1 M PBS (pH 7.4). To allow fixation of ABA in situ (De Diego et al., 2013), all sections were fixed for 24 h with 3% (w/v) paraformaldehyde in 4% (w/v) 1-ethyl-3- 

Results

Seed responsiveness to exogenous GA, ABA, Ethylene and their inhibitors upon dormancy release by temperature or after-ripening treatments

We analyzed germination responses upon treatment with exogenous GA and its biosynthesis inhibitor paclobutrazol (PAC). As showed in Figure 1, dormant seeds are sensitive to GA as germination percentage increased from 10 to 50 % at 10°C. At 20°C, GA effect appears less important, probably due to the fact that dormant seeds germinate at higher percentage. PAC has a negative effect on the germination of D seeds at 20°C but not on ND ones at 10°C (Fig. 1b,c). Figure 1 showed also that dormant seeds are sensitive to exogenous ABA as germination percentage at 10 and 20°C was reduced to 0. ND seeds seem to be less sensitive as ABA reduced germination percentage only by 40% (Fig. 1). The same sensitivity has been observed with fluridone treatment (Fig. 1). The effects of ethylene and the inhibitors of its biosynthesis have also been analyzed. Ethylene induces a complete dormancy release (Fig. 1a,b). It is worth to note that the ACC oxidase (ACO) inhibitor, α-aminoisobutyric acid (AIB), strongly prevents seed germination at 20°C but the ACC synthase activity inhibitor aminooxyacetic acid (AOA) was less efficient (Fig. 1b).

Temperature and after-ripening effects on hormones contents

To explore changes in endogenous hormones during temperature-induced dormancy alleviation and after-ripening, ABA, GA and ethylene were quantified in axes isolated from D 10°C, ND 10°C and D 20°C. Five imbibition time points were chosen for quantification, 0, 3, 6, 15 and 24 h (the latter imbibition time was not analyzed for D 20°C as 30% of the seed population germinate (Fig. 1b). GA1 is the main active GA component in sunflower embryo axes, it was accumulated in D seeds since 6 h but increased more significantly at 15 and 24 h (phase II, Fig. 2a). GA1 content was higher in germinating seeds, at 15 h for D 20°C and at 24 h for ND 10°C (Fig. 2a). GA20, the GA1 precursor, did not show significant differences between germinating and non-germinating seeds but its content decreased at 24 h of imbibition (Fig. 2b). ABA content was about 7.2 to 7.5 ng g -1 DW in the embryos of dry seeds, and there was no significant change during the phase I (3 and 6 h). ABA content increased at 24 h for D 10°C while it decreased for non-dormant seeds (Fig. 2c). Surprisingly, ABA content increased markedly at 15 h of imbibition for D 20°C even the seeds can germinate. Ethylene measurement showed a slight increase in dormant seeds at 20°C after 6 h of imbibition while no change was noted at 10°C for both D and ND seeds (Table 1).

Temperature and after-ripening affect gene expression of hormone metabolism and signaling

To elucidate the molecular basis of hormone involvement in temperature as compared to after-ripening regulation of germination, we investigated the gene expression of key enzymes of ABA metabolism and signaling and GA and ethylene metabolism. was more induced than HaNED4 in the contrary to D 10°C (Fig. 3a). Concerning ABA oxidation related genes, HaCYP707A2 did not show significant change while HaCYP707A1, HaCYP707A3

gene expressions was up regulated in the three conditions (Fig. 3b). For HaCYP707A1, the increase occurred since 3 h in all conditions but at a lesser manner for ND 10°C. More importantly, at 6 h, its gene expression decreased in D 20°C while it increased by about 3 times in D 10°C and ND 10°C (Fig. 3b). HaCYP707A3 seems to be important in D 20°C as it was induced since 3 h. The three genes were down regulated at 15 h (Fig. 3b). The expression of seven genes (HaSnRKs1,HaSnRKs2,HaHAB1,HaHAB2,HaABI2,HaABI3,HaABI5), involved in ABA signaling pathway has also been analyzed (Fig. 3c). Their corresponding expression level is too low compared to that of metabolism related genes. Considering a threshold change fold of 2, HaSnRK2s1 and HaABI2 were up regulated in D 20°C during imbibition. They were increased also at 6 h and more importantly at 15 h in D 10°C and ND 10°C (Fig. 3c).

HaGA3ox1 and HaGA2ox, corresponding to GA3-oxidases (GA3ox) and GA2-oxidases (GA2ox) involved in synthesis and degradation of bioactive GAs respectively, both showed an increased gene expression in the different conditions during imbibition (Fig. 3d). This increase occurred since 3 h in D and 6 h for ND seeds. Gene expression remains stable for HaGA2ox during imbibition but decreased at 15 h for HaGA3ox1 in D 20°C, while it increases gradually during imbibition for D and ND at 10°C, except at 15 h in D 10°C for HaGA2ox. However, it is noted that the level of expression of HaGA3ox1 was higher (about 8 fold) than that of HaGA2ox (Fig. 3d). HaACO transcripts amount increased significantly at 3 h in D 20°C (Fig. 3d). Subsequent increase occurred in D and ND at 10°C at 6 h to reach a comparable level to that of D 20°C. At 15 h, HaACO gene expression decreased more importantly in D 20°C than in D and ND 10°C.

All these results suggest that the time course of gene expression is important in hormone interaction and subsequent signaling. To explore if there is also a special control of hormone action, we investigate the immunolocalization of ABA, GA and ethylene related proteins.

Immunolocalization for ABA, ABI5, RGL2 and ACO

A spatial localization of hormones regulators were studied by immunocytolocalization, using antibodies anti-ABA, ABI5, RGL2 and ACO as probes. As the major change in hormone contents occurred at 15 h, immunolocalization have been performed at this time point in our three conditions. As showed in Figure 4, ABA is mainly localized in the nucleus of cells in the axis (Fig. 4a), the meristem (Fig. 4b) and cotyledon (data not shown) of D 10°C, while it is localized in the cytoplasm in the seeds that can germinate (D 20°C and ND 10°C). ABI5 was only observed in nucleus for the whole section of D 10°C (as shown for the axis in the Fig. 4c) and in both of the nucleus and the cytosol for D 20°C, however, less fluorescence has been observed in the nucleus. In ND 10°C, its major localization was observed in the cytoplasm (Fig. 4c). RGL2 exhibits similar pattern of localization as for ABI5 (Fig. 4c,d). ACO, unlike ABI5 and RGL2, is localized in the cytoplasm, but interestingly, it was undetected in the meristem of D 10°C (Fig. 4e,f).

Discussion

Regulation of ABA response by temperature and after-ripening in dormancy alleviation

Since ABA is well known to be responsible for dormancy induction and maintenance, the capacity of seed to germinate is normally associated with a low amount of ABA. As demonstrated by previous studies in several species, the endogenous ABA content rapidly declines upon imbibition in ND and D seeds during the early phase of germination, this decrease continues in ND seeds while subsequent de novo ABA synthesis in the imbibed D seeds occurs leading to the higher ABA content required for dormancy maintenance (Chiwocha et al., 2005;Nakabayashi et al., 2005;Hermann et al., 2007;Linkies et al., 2009;[START_REF] Preston | Temporal expression patterns of hormone metabolism genes during imbibition of Arabidopsis thaliana seeds: a comparative study on dormant and non-dormant accessions[END_REF], Nambara et al., 2010). Accordingly, a decrease in ABA content was observed in D and ND seeds till 15 h of imbibition when a high level of ABA content was recorded in D seeds at 10°C (Fig. 2c). Surprisingly, at 20°C, ABA content increases also in D seeds even they are able to germinate. Moreover, exogenous ABA did not drastically reduce ND seed germination at 10°C but completely inhibit the germination of D 20°C. These results suggest that dormant seeds are sensitive to ABA, whatever the temperature applied, allowing germination or not. Thus after-ripening increase germination potential by a decrease in ABA content and sensitivity.

Endogenous ABA concentrations are regulated through the coordinated action of numerous genes involved in ABA metabolism (Nambara and Marion-Poll, 2005). Several key genes/enzymes have been characterized for their roles during this process. NCEDs and CYP707As are the key regulatory enzymes for ABA biosynthesis and degradation, respectively (Schwartz et al., 1997;Kushiro et al., 2004;Saito et al., 2004;Weitbrecht et al., 2011). NCEDs and CYP707As are encoded by multigene families, and differential combination of these members determines the ABA contents that contribute to tissue-and environment specific regulation [START_REF] Seo | Regulation of hormone metabolism in Arabidopsis seeds: phytochrome regulation of abscisic acid metabolism and abscisic acid regulation of gibberellin metabolism[END_REF][START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]. NCED9, NCED5 and NCED2 are involved in the inhibition of Arabidopsis germination at high temperatures [START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF], and NCED4

expression is required for thermoinhibition of lettuce seeds as it plays role in plant response to elevated temperature (Huo et al., 2013). Moreover, HvABA8'OH-1, HvNCED1 and HvNCED2

play key role to regulate endogenous ABA at transcriptional level in barley [START_REF] Millar | Seed dormancy and ABA metabolism in Arabidopsis and barley: the role of ABA 8'-hydroxylase[END_REF][START_REF] Chono | Field studies on the regulation of abscisic acid content and germinability during grain development of barley: molecular and chemical analysis of pre-harvest sprouting[END_REF], whereas a down regulation of HvABA8'OH-1 expression and an up regulation of HvNCED 1 and HvNCED2 are correlated with the secondary dormancy due to high temperature (Hoang et al., 2013).In the current study, expressions of HaNCED2 and HaNCED4 are induced upon earlier time of imbibition in D seeds suggesting that they play major roles in ABA biosynthesis in dormancy in sunflower (Fig. 3a). In agreement with previous studies, HaNCED4 is induced by elevated temperature as it increased immediately when seeds are imbibed at 20°C compared to 10°C. In addition, HaABA2, which encodes an enzyme catalyzing the last two steps in ABA biosynthesis, was also up-regulated in D 20°C indicating that it is induced by temperature (Fig. 3a). The higher expression of this key enzyme may explain the increase in ABA content for D seeds in general and at 20°C in particular. Indeed, HaNCED4 was induced more importantly in D 10°C especially at 6 h, suggesting that temperature and after-ripening may use different genes to regulate ABA content. Genes involved in ABA degradation show also different gene expression pattern when comparing after-ripening (comparison between D and ND at 10°C) and temperature effect (comparison between D at 10°C and D at 20°C). Transcripts of CYP707A1 and CYP707A3 were induced upon imbibition for all conditions (Fig. 3b). CYP707A2 was up-regulated in the early phase of imbibition (3-6 h) in D 20°C and then down regulated after 15 h of imbibition, while it was upregulated in D 10°C and ND 10°C at 15h. Reverse-genetic studies show that CYP707A2 plays a key role in the rapid decrease in ABA levels prior to seed germination, whereas CYP707A1 and CYP707A3 might be triggered by germination events rather than a prerequisite for germination [START_REF] Okamoto | CYP707A1 and CYP707A2, which encode abscisic acid 8'hydroxylases, are indispensable for proper control of seed dormancy and germination in Arabidopsis[END_REF]. These results suggest that, the lower level of ABA in afterripened seeds (ND 10°C) could be due to the low level of genes involved in ABA synthesis at 3 and 6 h and the higher level of CYP707A at 15 h compared to D 10°C and D 20°C. It is important to note that genes involved in ABA degradation were induced in D 20°C since 3h which can be important in hormonal balance between ABA and the other hormones.

Recently, genetic and molecular analyses revealed many important regulators for ABA signaling. The major ABA signaling for ABA-dependent gene expression including AREB/ABF regulon, SnRK2 protein kinase, group A (or clade A), 2C-type protein phosphatases (PP2Cs)

and ABA receptors have been proposed [START_REF] Nakashima | ABA signaling in stress-response and seed development[END_REF]. In our study, no significant difference was observed during the early stage of imbibition, but after 15 h, the expression of PP2Cs, HaHAB1 and HaHAB2 genes were induced in ND 10°C, which is in accordance with the decrease of sensitivity to exogenous ABA as they act as negative regulator of ABA signaling [START_REF] Saez | Gain-of-function and loss-of-function phenotypes of the protein phosphatase 2C HAB1 reveal its role as a negative regulator of abscisic acid signalling[END_REF]. Plant basic leucine zipper (bZIP) transcription factor ABI5 has been revealed to be a key regulator in the ABA signaling pathway controlling seed dormancy and germination. In the current study, no change in its transcripts level has been revealed, neither by after-ripening or temperature (Fig. 3c). ABI5, as an ABA responsive transcription factor, is localized in nuclear and mainly expressed in the seed germination stage [START_REF] Yu | Precise protein post-translational modifications modulate ABI5 activity[END_REF]. Interestingly, our cytological analysis showed that ABI5 is detected in all condition but localized only in the nucleus for D 10°C while it is localized mainly in the cytoplasm but also in the nucleus for ND 10°C and D 20°C (Fig. 4c). Recent study has shown that ABI5 can shuttle between the cytosol and nucleus, and cytoplasmic degradation prevents nuclear accumulation of ABI5 so as to prohibit ABA signaling [START_REF] Liu | Cytoplasmic degradation of the Arabidopsis transcription factor abscisic acid insensitive 5 is mediated by the RING-type E3 ligase KEEP ON GOING[END_REF]. Our results confirm this phenomenon by the nuclear accumulation of ABI5 in dormant seeds at 10°C, the decline of ABI5 in the nucleus in favor of the cytoplasm observed in D 20°C and the exclusive localization of ABI5 in the cytosol in ND 10°C which suggests the activation of ABI5 degradation. Moreover, the degradation of ABI5 is dependent on the ubiquitin proteasome system (UPS) [START_REF] Lopez-Molina | ABI5 acts downstream of ABI3 to execute an ABA-dependent growth arrest during germination[END_REF][START_REF] Brocard | Regulation and role of the Arabidopsis abscisic acid-insensitive 5 gene in abscisic acid, sugar, and stress response[END_REF]. A higher proteasome activity has been observed in dormant seeds imbibed at 20°C compared to 10°C after 15 h which can corroborate the instability of ABI5 in response to temperature (Xia et al.,chapter 2). It has been demonstrated that ABI5 is regulated at the transcriptional and the translational levels by endogenous and environmental factors [START_REF] Antoni | News on ABA transport, protein degradation, and ABFs/WRKYs in ABA signaling[END_REF]Wang et al., 2015). Based on our results, ABI5 does not seem to be regulated at the transcriptional level in sunflower but at the post-translational level, probably by oxidation and/or ubiquitination. ABI5 degradation can explain the decrease in sensitivity to ABA observed in ND 10°C.

Regulation of GA response by temperature and after-ripening in dormancy alleviation

ABA is a positive regulator of dormancy while GAs release dormancy and promote the completion of germination by counteracting the effects of ABA (Bewley and Black, 1994). The antagonistic function between ABA and GAs in seed has been extensively reviewed [START_REF] Nicolas | The expression of an abscisic acid-responsive glycine-rich protein coincides with the level of seed dormancy in Fagus sylvatica[END_REF][START_REF] Lorenzo | A new protein phosphatase 2C (FsPP2C1) induced by abscisic acid is specifically expressed in dormant beechnut seeds[END_REF]Takeru et al., 2003;Gonai et al., 2004;[START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]. To date, the change of endogenous ABA level can be induced by thermoinhibition while there was no significant temperature-dependent change in endogenous GA contents [START_REF] Toh | High temperature-induced abscisic acid biosynthesis and its role in the inhibition of gibberellin action in Arabidopsis seeds[END_REF]. In contrast to this, GA showed temperature-induced increase in sunflower, but not ABA, during temperature promotion of germination, as GA1 was induced by the increase of temperature, which from 10°C to 20°C (Fig. 2a). GA3ox and GA2ox involved in synthesis and degradation, respectively showed significant change in expression level at 3 h for D 20°C and 15 h for ND that is high at 10°C, synthesis being induced several folds more than degradation to tip the balance to GA1 increased content observed at 6 and 15 h (Figs 2a & 3d). Thus, afterripening treatment involves a network increased GA biosynthesis, which together with ABA degradation described above, resulting in low ABA/GA ratio.

Moreover, GA promotes seed germination by enhancing the proteasome-mediated destruction of RGL2 (for RGA-LIKE2), a key DELLA factor repressing germination (Lee et al., 2002). As showed in Figure 4, the localization of RGL2 target in the same cellular components as ABI5 under the different conditions. A previous study has demonstrated that RGL2 inhibits seed germination by stimulating ABA synthesis and ABI5 activity in Arabidopsis (Piskurewicz et al., 2008). As decreased GA synthesis leads to an increase in endogenous ABA content via stabilized RGL2, by contrast, increased endogenous ABA synthesis is necessary to elevate not only RNA and protein levels of ABI5 but also those of RGL2. Our result agree with this notion and propose that RGL2 together with ABI5 act as the final common repressor of germination in response to changes in ABA and GA levels.

Regulation of ethylene response by temperature and after-ripening in dormancy alleviation

The hormonal balance between ABA and GA has been shown to act as an integrator of environmental cues to maintain dormancy or activate germination. However, ethylene, as an important gaseous plant hormone, alleviates dormancy and promotes germination in sunflower seeds (Corbineau et al., 1988;Corbineau et al., 1990) and many other species (Corbineau et al., 2014). Ethylene or its precursor (ACC) influences the ABA-GA balance by counteracting ABA effects and promoting germination (Ghassemian et al., 2000;Brady and McCourt, 2003;Kucera et al., 2005;Arc et al., 2013;Corbineau et al., 2014). In the current study, the dormant seeds are more sensitive to ethylene than to GA or fluridone (ABA inhibitor) (Figs 1a &b). In contrast, compared to after-ripened seeds, dormant seeds imbibed at 20°C exhibit high responsiveness to AIB (the ACO inhibitor), which propose that ethylene play an important role in temperature dependent germination.

Ethylene production is higher in ND compared to D seeds (Esashi, 1991;[START_REF] Kepczynski | Ethylene in seed dormancy and germination[END_REF]Matilla, 2000), and is positively correlated with the germination rate of non-dormant pea seeds [START_REF] Gorecki | Ethylene production in pea and cocklebur seeds of differing vigour[END_REF]. However, the major peak of ethylene production coincides with the completion of germination even ethylene production happened very early during imbibition and before radicle protrusion (Kucera et al., 2005;Linkies et al., 2009). Our previous studies have confirmed the occurrence of an ethylene peak upon radicle protrusion in sunflower seeds [START_REF] El-Maarouf-Bouteau | Reactive oxygen species, abscisic acid and ethylene interact to regulate sunflower seed germination[END_REF]. In this study, we show that ethylene can be detected at very low level only in D 20°C (0.067 ± 0.013 nl h -1 per seed) but not in D 10°C and ND 10°C after 6 h of imbibition. In fact, the amount of ethylene production could be too low to be detected before radicle protrusion. Accordingly, the gene expression of ACO, which converts ACC to ethylene [START_REF] Peiser | Formation of cyanide from carbon 1 of 1-aminocyclopropane-1-carboxylic acid during its conversion to ethylene[END_REF], was induced at 3 h in D 20°C (Fig. 3d). All these data indicate that ethylene biosynthesis is stimulated to improve seed dormancy alleviation and germination at 20°C.

In addition, as showed in Figures 4e &f, the immunolocalization of ACO, unlike ABI5 and RGL2, is predominantly present in the cytoplasm for all the three conditions, whereas cytosolic ACO constitutively expressed in the meristematic cells of the germinating seeds (D 20°C and ND 10°C) but not in the non-germinating seeds (D 10°C). The localization study of ACO has been reported in other species such as leafy spurge (Euphorbia esula) and Douglas fir [START_REF] Hudgins | Ethylene in induced conifer defense: cDNA cloning, protein expression, and cellular and subcellular localization of 1-aminocyclopropane-1-carboxylate oxidase in resin duct and phenolic parenchyma cells[END_REF][START_REF] Chao | Increase in ACC oxidase levels and activities during paradormancy release of leafy spurge (Euphorbia esula) buds[END_REF]. However, very little is known about the temporal and spatial patterns of the expression of ACO in seeds. Our study provides a deeply proof for temporal and spatial regulation of ethylene production in temperature and after-ripening-induced dormancy alleviation.

Temperature and after-ripening pathways to induce dormancy alleviation

To date, after-ripening mediated release of seed dormancy is correlated with a decline in ABA content, decreased sensitivity to ABA and an increased GA content. However, for temperature dependent manners, no information was available. We showed in the present study that decreased ABA content is not a prerequisite for temperature-induced germination in sunflower. However, both of the processes of temperature and after-ripening appear to be associated with increased in GA and ethylene content but also localization of ethylene signal in the meristematic zone. The decrease of sensitivity to ABA in after-ripened seeds was more important than in temperature treated seeds due probably to a more active ABI5 degradation showed by its cytological localization.

Given these new findings, seed dormancy release is often correlated with changes in seed hormone content and signaling pathway, the balance between (Ethylene + GA) / ABA is the predominant factor in sunflower seed dormancy alleviation and germination. The spatial and time course of hormone production and signaling expression is of high importance in the dormancy maintenance or germination. 
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Chapter 4 General Conclusion

Dormancy and germination are very complex traits. Temperature is an important environmental factor affecting seed dormancy and germination, however, the mechanism by which it operates is still largely unclear. The present work gives novel insights into the regulation of temperature in seed biology and reveals molecular mechanisms of crosstalk between temperature and hormones during seed dormancy and germination.

Several large-scale-omics including transcriptomic, proteomic, and metabolomic methods were used to investigate the mechanisms involved in seed germination [START_REF] Holdsworth | Molecular networks regulating Arabidopsis seed maturation, after-ripening, dormancy and germination[END_REF]. With huge available data of genome information and the development of mass spectrometry (MS) technology, proteomics is exerting great influence in analyzing the dynamic of diverse biological processes. Proteins have numerous biological functions, they met increasing demand for the events of protein synthesis and modification concomitant with germination and seedling growth. In the first part of the current study, we decipher seed metabolism affected by the germination of seeds response to temperature by integrating proteomics and enzymatic profiling. Proteomic analysis highlight the change of proteins including universal stress proteins (USP), late embryogenesis abundant (LEA) proteins, which are accumulated during seed development, they can also be regarded as having a role in response to ROS and redox change upon imbibition differently in dormant and after-ripened seeds (Oracz et al., 2007). Seed storage proteins or proteases were detected in relation to protein metabolism activation. At last, several key enzymes of central metabolism were characterized showing that there is a regulation of TCA cycle, glycolysis and pentose phosphate pathway activities, which can explain the change in sugar observed in metabolomics study between D and ND. These pathways provide the energy for cell elongation but also all the co-factors and intermediates for biological reactions, such as PTMs and reserves or hormones metabolism. Indeed, enzymatic profiles demonstrate that there has no correlation between protein abundance and activities of these enzymes, suggesting that PTMs such as oxidation, ubiquitination and phosphorylation play a critical role in temperature dependent germination potential. PTMs as a critical role has to be considered, by regulating the mobilization of reserves such as central carbon metabolism pathways which is relevant to address the question of seed dormancy release and supply the energy for subsequent germination events. Proteomic study was completed by polysome and proteasome activity assessment and enzymatic profiling on several altered proteins mainly involved in metabolism and energy. The absorbance profile of ribosome complexes obtained from dormant embryonic axes imbibed for 15 h and 24 h at 10°C and 20°C showed that a suitable higher temperature was associated with a less amount of ribosomal subunits (40S and 60S), 80S

monosomes and a marked increase in polysome level, indicating the recruitment of RNAs to polysomes and initiating de novo proteins prerequisite for seed germination. A higher content of protein oxidation and proteasome activities were also recorded at 20°C. All these events are likely to be related to hormone metabolism regulation showed in our analysis. Hormone involvement in seed dormancy and germination was the most characterized and conserved mechanism among plant species. For a better understanding of temperature effect on hormones we used after-ripening, as the well described process, to compare hormone regulation in our study. We showed, for the first time, molecular and cellular events of ABA, GA, ethylene regulation induced by temperature in sunflower. Considering the deep embryo dormancy of sunflower, hormonal change recorded was in accordance of that described in other species, which reinforces hormonal pattern in this process. In fact, after-ripening results in a decrease in endogenous ABA level and embryo sensitivity to exogenous ABA, and in an increase in GA sensitivity and content. By contrast, temperature did not induce ABA decrease but endogenous GA and ethylene increase. Low amount of ethylene was first detected in the seeds imbibed at a suitable temperature, while it was undetectable in after-ripened seeds.

The increase in ACO transcripts in germinating seeds in the early time of imbibition was in accordance of ethylene production. Our cytological study showed that ACO localized in meristematic zone in germinating seeds suggesting that ethylene is targeted in this limited zone which can explain the low amount of ethylene measured in sunflower or other species before germination and growth occurred. ABA action seems also to be targeted but at the level of cell compartment. ABA and ABI5 mainly localized in nucleus for non-germinating seeds and in cytosol for germinating seeds, all of these also indicating that the compartmentation/decompartmentation was already observed in seeds during germination.

Moreover, we showed a selective recruitment of ABA synthesis genes by temperature as

HaABA2 was highly induced while HaNCED2 and HaNCED4 predominate for after-ripening.

These results point out the importance of the so called hormone sensitivity which can include degradation speed, redirection or perception at the level of cell or seed compartment.

Attention should be paid in the future to cytological characterization of seed germination.

To date, no relationship has been described between environment, hormones and seed metabolism in seed germination process. To address this question, a perspective hypothetic model based on our results is proposed in Figure 14. 

Introduction

Seed dormancy is a fundamental adaptive trait that enables species persistence, by blocking mature seed germination until conditions become favorable for seedlings establishment. Seed dormancy is alleviated during a period of dry storage called after-ripening after which dormant seeds become able to germinate. Germination begins with water uptake by the seed and ends with the start of embryonic axis elongation. After-ripening depends on environmental factors such as temperature, light, oxygen and moisture that affect seed hormonal balance determining dormancy alleviation. Hormonal regulation of dormancy and germination is well established (for review [START_REF] North | Arabidopsis seed secrets unravelled after a decade of genetic and omics-driven research[END_REF]. Abscissic acid (ABA) is involved in the induction and the maintenance of seed dormancy while other hormones as gibberellic acid (GA), ethylene or brassinosteroides are positive regulators of seed germination [START_REF] Finkelstein | Molecular aspects of seed dormancy[END_REF].

Ethylene regulation of germination and dormancy has been demonstrated using physiological studies or mutants affected in ethylene synthesis and signaling. This regulation was related to direct ethylene action but also to ABA sensitivity change. In fact, ethylene overcomes the inhibitory action of ABA on germination in numerous species (for review Corbineau et al., 2014). In sunflower, ethylene supply breaks dormancy and endogenous ethylene is increased by dormancy alleviation treatments as methylviologen, a reactive oxygen species (ROS)generating compound, or cyanide (HCN) (Corbineau et al., 1990;Oracz et al., 2008Oracz et al., , 2009;;El-Maarouf-Bouteau et al., 2015). After-ripening did not trigger ethylene increase before the end of germination sensu stricto in sunflower (El-Maarouf-Bouteau et al., 2015). It was shown that a peak of ethylene emission was concomitant with radicle protrusion through the seed coat in different species (reviewed in Corbineau et al., 2014). However, Ethylene Responsive Factor (ERF1) gene expression was fivefold higher in non-dormant than in dormant embryos, and markedly stimulated by HCN in sunflower (Oracz et al., 2008) suggesting that ethylene signaling is acting before the peak recorded during radicle protrusion probably due to ethylene production below the detectable level.

Global analyses have been used in the last few years in order to discover and connect the mechanisms involved in dormancy alleviation process. Transcriptional studies showed that genes related to ABA and stress response as late embryogenesis or heat-shock proteins are over represented in dormant (D) seeds while genes associated with protein synthesis including RNA translation, protein degradation and also cell wall modification were reduced compared to after-ripened, non-dormant (ND) seeds (Cadman et al., 2006;Carrera et al., 2008). The same protein families have been identified in proteomic analyses of seed dormancy and germination. Stress related proteins were more abundant in D seeds while proteins related to protein metabolism and folding, energy and glycolysis are up-regulated in germinating seeds [START_REF] Yang | Proteomic analysis of rice (Oryza sativa) seeds during germination[END_REF]Arc et al., 2012). Fait et al. (2006) showed that TCA-cycle intermediates, 2oxoglutarate and isocitrate, as well as dehydroascorbate, 3-phosphoglycerate, fructose-6phosphate (Fru6P) and glucose-6-phosphate (Glc6P) increased, while numerous amino-acids and sugars were reduced during seed vernalization and germination sensu stricto. However, the relationship between hormones and seed metabolism associated with germination and the way by which hormonal balance and sensitivity change during imbibition after dormancy alleviation, are still unclear. To answer these questions, we performed transcriptomic and metabolomic analyses during imbibition comparing germinating seeds, ND and D/ET (D treated with ethylene) and non-germinating seeds D and ND/ABA (ND treated with ABA).

Imbibition times were chosen in order to be prior to the end of germination sensu stricto (between 0 to 24h) to target processes that induce germination and not elongation and growth which happened at 48h of imbibition. In this paper, we show a high similarity between ethylene and after-ripening treatments and a determinant cross-talk with ABA signaling in the induction of germination.

Results

Seed physiology

Figure 1 shows that sunflower seeds are deeply dormant at harvest as only 25 % of seeds can germinate after 7 days of imbibition at 10°C. After-ripening alleviates this dormancy as ND seeds germinate at 97 % (Fig. 1). Ethylene treatment is efficient in dormancy breaking; it allows the germination of D seeds at 100 % (Fig. 1). The proportion of seeds which germinate in D or ND was halved by ethylene synthesis inhibitors, AIB and CoCl2, and ABA treatments. AIB and CoCl2 inhibit 1-aminocyclopropane 1-carboxylic acid (ACC)-oxidase, the enzyme that produces ethylene from the oxidation of ACC [START_REF] Lau | Inhibition of ethylene production by cobaltous ion[END_REF]. These results suggest that ethylene synthesis is important for sunflower seed germination to counteract ABA induced dormancy (Fig. 1). ABA being responsible for dormancy maintenance during imbibition, ABA content has been quantified in order to characterize the kinetics of dormancy breaking during the chosen imbibition times. Figure 2 shows that in D seeds, ABA content is reduced at 15 h and then increased at 24h of imbibition while in ND seeds, ABA decreased continuously during imbibition. The largest variation between D and ND seeds occurred thus at 24h of imbibition (24ng/mg DW and 5ng/mg DW, in D and ND, respectively, Fig. 2).

Metabolome analysis

Non-targeted metabolome analysis was performed on D and ND dry seeds, D and ND seeds imbibed on water, ethylene-treated D (D/ET) and ABA-treated ND (ND/ABA) seeds for 3, 15 and 24h at 10°C. Principal component analysis (PCA) using Pearson correlation (p<0,005) of metabolites content showed sample differentiation in 3 groups (Fig. 3 and Supplemental Table S1). One group contains dry D and ND seeds in addition to imbibed D and ND seeds on water, D/ET and ND/ABA for 3h; demonstrating that no significant change in metabolites happened in the 3 first hours of imbibition. A second group contains imbibed seeds for 15h for all treatments but also D imbibed on water and ND/ABA at 24h indicating that metabolite profile at 15h cannot discriminate between germinating and non-germinating seeds and that the metabolism of non-germinating seeds (D and ND/ABA) did not changed between 15 and 24h.

Interestingly, only ND and D/ET for 24h are represented in the last group, suggesting that the differentiation between germinating and non-germinating seeds occurred between 15 and 24h of imbibition. In fact, ABA treatment on ND seeds maintained their metabolism at 24h close to that of the second group (Fig. 3). Thus, based on this analysis we can conclude that imbibition has an influence on the change of the entire metabolism between 3 and 15h whatever the physiological state but that metabolic changes related to germination potential occur at 24h. Therefore, altered metabolites were analyzed at 24h of imbibition comparing ND and D/ET to D; and also ND/ABA to ND seeds. It is worth noting that among the 86 metabolites detected (Supplemental Table S1), significant changes between the different conditions (> 2 fold at p < 0.05) concerned only few metabolites. In fact, only glucose, fructose and xylose contents changed between D and ND metabolite profiles (Fig. 4A). They were accumulated more than 3 fold in ND and D/ET. ABA treatment of ND seeds did not allow this accumulation; sugar content being comparable to that of D (Fig. 4C). Slight accumulation of some amino acids was observed in ethylene treatment (Fig. 4B) and sorbitol was upaccumulated in D/ET and in ND/ABA (Fig. 4B and4C). These results showed that hexose content seems to be associated to germination potential.

activators in ABA-inducible gene expression under drought stress in plants [START_REF] Abe | Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function as transcriptional activators in abscisic acid signaling[END_REF] and as a negative regulator of the JA/ET-dependent anti-fungal defense program [START_REF] Zander | Arabidopsis thaliana class-II TGA transcription factors are essential activators of jasmonic acid/ethylene-induced defense responses[END_REF]. These results confirm that ethylene and ABA cross-talk in germination execution in sunflower seeds.

Discussion

Sunflower seeds are dormant at harvest and exogenous ethylene application improved efficiently their germination (Fig. 1). The involvement of endogenous ethylene in the regulation of sunflower seed dormancy and germination has been assessed by using inhibitors of ethylene synthesis. Figure 1 showed that ethylene inhibitors reduced germination of ND seeds which clearly demonstrates that ethylene evolved by the seeds plays an important role in breaking embryo dormancy. Ethylene is important in germination promotion in several species (Linkies and Leubner-Metzger, 2012). Other hormones such as GA, auxin or brassinosteroides or small molecules like ROS and NO can break dormancy depending on species [START_REF] Brocard | Regulation and role of the Arabidopsis abscisic acid-insensitive 5 gene in abscisic acid, sugar, and stress response[END_REF]. Dormancy release process may be specific to each specie due to seed structure or composition, environment or crop selection, whereas, dormancy induction and maintenance is common as ABA has a conserved role in these processes across species (Nambara and Marion-Poll, 2005;Linkies and Leubner-Metzger, 2012). Therefore, it is important when studying dormancy related mechanisms to characterize seed physiological state by quantifying ABA during imbibition times as dormancy depends on seed lots and environmental conditions as related to ABA content (Finch-Savage and Leubner-Metzger, 2006). In sunflower seeds, ABA content decreased similarly in D and ND seeds upon imbibition till 15 h, and then it increased only in D seeds at 24h (Fig. 2). This pattern has been observed in several species due to the regulation of both ABA catabolism and neo-synthesis (for review, Arc et al., 2013). Seed imbibition time 24h was also the time that allows the differentiation between the metabolism of germinating seeds (D/ET and ND) and non-germinating seeds (D and ND/ABA). Furthermore, ABA treatment on ND seeds maintained their metabolism close to that of D seeds (Fig. 3). ABA seems to represent the key regulator of metabolism remodeling to determine seed germination capacity.

Metabolites comparison at 24 h of imbibition showed that only fructose, glucose and xylose increased in ND seeds when compared to D (Fig. 4A). They also increased in D/ET and decreased upon ABA treatment as ND/ABA hexoses content is similar to that of D (Fig. 4; Supplemental Table S1). Glucose and fructose are the products of sucrose degradation. In our samples, sucrose content did not change significantly between D and ND or D/ET (Supplemental Table S1). It can be explained by an alteration in both sucrose generation and degradation processes. Sucrose synthase 3 (SUS3) gene expression is down-regulated in germinating seeds while it was induced in ABA treated seeds (Table 2). Sucrose synthase catalyzes the reversible cleavage of sucrose into UDP-glucose and fructose. SUS is supposed to be important in the rate of seed development by the influence of the sucrose/hexose ratio on the pattern of storage compounds in Arabidopsis (Angeles-Nunez and Tiessen, 2010).

AtSUS3 transcripts were induced in mid seed development, increased in abundance in the mature seed, and decreased to undetectable levels in germinating seed in Arabidopsis [START_REF] Bieniawska | Analysis of the sucrose synthase gene family in Arabidopsis[END_REF]. Our results suggest that the sucrose/hexose ratio may be determinant in metabolism of seed germination.

Hexoses can also be generated by cellulose and hemicellulose depolymerization. In accordance, β-xylosidase 2 and 4 transcripts were shown to be up-regulated in ND and D/ET and down-regulated in ND/ABA (Table 1); they are involved in the conversion of ( 1 S2). These proteins modify cell wall to make it more extensible, thereby facilitating cellular expansion [START_REF] Sasidharan | Cell wall modification involving XTHs controls phytochromemediated petiole elongation in Arabidopsis thaliana[END_REF]. XTH and xylosidase are induced by GA and ethylene, respectively (Jan et al., 2004;[START_REF] Hayama | Ethylene-regulation of fruit softening and softening-related genes in peach[END_REF]. In D/ET, glucose 6P and fructose 6P were significantly overaccumulated (Fig. 4B) suggesting the activation of glycolysis and TCA is also activated by ethylene as oxalic acid content decreased and that of malic acid increased (Fig. 4B). The accumulation of hexose phosphates and TCA cycle intermediates has been reported during Arabidopsis seed stratification (Fait et al., 2006). These results indicate that ethylene induces comparable metabolic changes to that of seed stratification.

Principal component analysis of altered gene expression showed that ND and D/ET are highly similar (Fig. 6). ND/ABA is however distinct from D whereas their metabolism was comparable at 24h (Fig. 3; 4). Previous works argued that ABA treated seeds are not close to dormant ones at the metabolic and physiological level [START_REF] Pritchard | Germination and storage reserve mobilization are regulated independently in Arabidopsis[END_REF]Müller et al., 2006;Carrera et al., 2008). In sunflower, exogenous application of ABA can inhibit germination but not efficiently in all seeds as germination percentage of ND/ABA remains 2 fold higher than that of D (Fig. 1). ND/ABA seed population is therefore enriched by germinating seeds. However, we show here that a significant proportion of genes were altered oppositely in ND and D/ET compared to ND/ABA (Table 1). They correspond to almost all genes altered in ND/ABA condition (Table 1; Supplemental Table S2). In addition to sugar and cell wall related genes discussed in metabolic part, genes related to hormone response were represented in upregulated in germinating seeds and down-regulated in non-germinating seeds, such as gibberellin-regulated protein GASA4 which promotes GA responses and exhibits redox activity, S-adenosylmethionine decarboxylases (SAMDCs) involved in polyamine biosynthetic pathway, Myb and AP2/EREBP transcription factors (TFs) and MKKK20 (Table 1; Supplemental Table S2). Some Myb TFs might function as key mediators of stress responses and can be regulated by hormones as ABA and JA (Fujita et al. 2006;2009;[START_REF] Lewak | Metabolic control of embryonic dormancy in apple seed: seven decades of research[END_REF]. It has been shown that a Myb TF, DUO1 is targeted by MKKK20 pathway [START_REF] Borg | The R2R3 MYB transcription factor DUO1 activates a male germline-specific regulon essential for sperm cell differentiation in Arabidopsis[END_REF]. AP2/EREBP transcription factors have been implicated in hormone, sugar and redox signaling in the context of abiotic stresses such as cold and drought [START_REF] Dietz | AP2/EREBP transcription factors are part of gene regulatory networks and integrate metabolic, hormonal and environmental signals in stress acclimation and retrograde signalling[END_REF]. RAP2.6, an Arabidopsis AP2/ERF family member, can function in multiple abiotic stresses during seed germination, including salt, osmotic, and cold stress [START_REF] Zhu | Derivatization solution: 0.2 % DNPH in 2 M HCl ( see Note 1 ). 4. Derivatization blank solution: 2 M HCl. 5. 100 % (w/v) trichloroacetic acid. 6. Absolute ethanol-ethyl acetate[END_REF]. On the other hand, ABA responsive genes such as ABI2 and ABI five binding protein 3 and stress related genes (dehydrin and LEA) were represented in down-regulated genes in germinating seeds that are up-regulated in nongerminating seeds (Table 2). These elements are likely to be the target of hormone cross-talk signaling pathway.

Genes involved in organelle functioning have been identified in up-regulated genes in germinating seeds, such as Seed Imbibition 1 (SIP1), B12D and pentapeptide. SIP1.1 and SIP1.2 may function as water channels in the ER [START_REF] Ishikawa | Novel type aquaporin SIPs are mainly localized to the ER membrane and show cell-specific expression in Arabidopsis thaliana[END_REF]. B12D1 was identified in the mitochondrion in rice seeds and was proposed to enhance electron transport through mediating Fe and oxygen availability under flooded conditions during germination [START_REF] He | The mitochondrion-located protein OsB12D1 enhances flooding tolerance during seed germination and early seedling growth in rice[END_REF]. Pentapeptide is targeted to mitochondria or chloroplasts, binds one or several organellar transcripts, and influences their expression by altering RNA sequence, turnover, processing or translation. Their combined action has profound effects on organelle biogenesis and function and, consequently, on photosynthesis, respiration, plant development, and environmental responses (for review [START_REF] Barkan | Pentatricopeptide repeat proteins in plants[END_REF]. These genes may be involved in organelles functioning resumption necessary for germination.

Cytochrome P450 and glutathione peroxidase (GPX) were characterized in down-regulated genes in germinating seeds that are up-regulated in non-germinating seeds (Table 2). GPXs catalyze the reduction of lipid peroxides and other organic peroxides to the corresponding alcohols using thioredoxins as preferred electron donors [START_REF] Herbette | Two GPX-like proteins from Lycopersicon esculentum and Helianthus annuus are antioxidant enzymes with phospholipid hydroperoxide glutathione peroxidase and thioredoxin peroxidase activities[END_REF][START_REF] Navrot | Plant glutathione peroxidases are functional peroxiredoxins distributed in several subcellular compartments and regulated during biotic and abiotic stresses[END_REF]. The major function of GPXs in plants is the scavenging of phospholipid hydroperoxides and thereby the protection of cell membranes from peroxidative damage (Gueta-Dahan et al., 1997). On the other hand, recent data emphasized the role of GPXs in redox signal transduction under stressful conditions [START_REF] Miao | An Arabidopsis glutathione peroxidase functions as both a redox transducer and a scavenger in abscisic acid and drought stress responses[END_REF]. Redox responsive genes such as RD21 and Pap15 that are up-regulated in D/ET, have been associated with sunflower seed dormancy alleviation induced by methylviologen (MV), a ROS generating compound (El- -Bouteau et al., 2015). Similarly, ABA signaling elements were down-regulated by MV, suggesting a cross-talk between ROS and hormones in sunflower seed germination (El-Maarouf-Bouteau et al., 2015). The common underlying mechanism may be redox signaling as several redox genes were altered in ND and D/ET, e.g. glutathione S-transferase which represent an important component of redox system (Supplemental Table S2). Cross-talk between ROS and hormones regulates many metabolic and developmental processes in plants (for review, [START_REF] Kocsy | Redox control of plant growth and development[END_REF]. In the event that the germination is a conserved mechanism, after-ripening may trigger a redox potential change following ROS amplification that determines hormone signaling. Ethylene treatment may induce redox potential change by its action on ROS production evidenced in El-Maarouf-Bouteau et al. ( 2015) and cross-talks with ABA signaling towards germination processes by reducing sucrose/hexose ratio which activates TCA cycle, glycolysis and organellar function.

Maarouf

Conclusion

This study evidenced that ethylene treatment triggers comparable molecular change to afterripening treatment suggesting that dormancy alleviation is based on a unique execution program. Moreover, ABA treatment induces opposite regulation of genes and metabolites compared to ND and D/ET. It further provides a strong indication that sucrose/hexoses ratio could be determinant in cell metabolism activation towards radicle elongation. Furthermore, transcriptomic data provides accurate information about ABA and ethylene responsive genes in seeds that will help to unravel the signaling network as a whole. to focus on embryo dormancy. Embryonic axis (Oracz et al., 2008) were isolated, frozen in liquid nitrogen and stored at -80 °C until use for ABA quantification and omics analysis.

Material and methods

Seeds and treatments

Germination tests

Germination assays were carried out on 25 sunflower embryos (4 replicates) in 9 cm Petri dishes on water or with various solutions in the darkness at 10°C. Germination was counted daily and an embryo was considered as germinated when the radicle starts to elongate.

ABA quantification

100 mg of freeze-dried axes were ground in 7 or 1.5 ml of extraction solvent, respectively (acetone:water:acetic acid, 80:19:1, v:v:v) containing 50 ng of deuterated ABA (purchased from Irina Zaharia, Plant Biotechnology Institute, National Research Council Canada, http://www.nrc-cnrc.gc.ca) as internal standard. Samples were analyzed as previously described [START_REF] Plessis | New ABA-hypersensitive Arabidopsis mutants are affected in loci mediating responses to water deficit and Dickeya dadantii infection[END_REF]. ABA was quantified using an LC-ESI-MS-MS system (Quattro LC; Waters, http://www.waters.com).

Metabolite extraction, identification and GC-TOF analyses

Metabolites were extracted from lyophilized samples using methanol/water mixture (80/20 v/v). Metabolite derivatization, GC (gas chromatography)-TOF (time-offlight)-MS, data processing and profile analyses were performed as described in [START_REF] Noctor | Mitochondrial redox biology and homeostasis in plants[END_REF]. Each metabolite was identified by comparison of spectra with those obtained using the corresponding pure metabolite and its relative amount was calculated on the basis of the corresponding peak area compared with an internal standard (ribitol). The analysis was performed using a on a LECO Pegasus III with an Agilent (Massy, France) 6890N GC system and an Agilent 7683 automatic liquid sampler. The column was an RTX-5 w/integra-Guard 

(

RNA extraction, microarray hybridization and analysis

Total RNA was extracted as previously described by Oracz et al. (2009). RNA hybridization (two biological and two technical repetitions) was performed using Affymetrix Sunflower Gene WT Chip at the affymetrix platform (INRA-URGV) and the protocol developed on sunflower seeds (Bazin et al., 2011;Meimoun et al., 2014;[START_REF] El-Maarouf-Bouteau | Role of protein and mRNA oxidation in seed dormancy and germination[END_REF]. Statistical analysis were based on t-test adjusted with Bonferoni method (Bazin et al. 2011;Meimoun et al., 2014;[START_REF] El-Maarouf-Bouteau | Role of protein and mRNA oxidation in seed dormancy and germination[END_REF]. A Bonferroni P-Value less than 0.05 was required for significant variation in gene expression. Data are available on gene expression omnibus (GEO) repository of the national center for biotechnology information (NCBI) at the accession number of GSE44165.

Real-time quantitative RT-PCR

Quantitative PCR was performed according to Meimoun et al. (2014). 

Supplemental data

Supplemental Table S1. Metabolites content at 24 h of imbibition of three replicates (1, 2 and 3) 

Annexe 2 Determination of Protein Carbonylation and Proteasome

Activity in Seeds 1 Introduction

Reactive oxygen species (ROS) , such as hydrogen peroxide or superoxide anion , are known to be toxic but can also act as signaling molecules in cells. In seeds, ROS, which can be produced during both dry storage and imbibition , have been shown to be involved in seed dormancy alleviation, germination, and aging [ 1 -3 ]. ROS can act by oxidizing macromolecules in cell as lipids, nucleic acids, and proteins. The oxidation of specifi c proteins or mRNAs, thus preventing their translation, has been proposed as being a key mechanism regulating seed dormancy alleviation and germination [ 4 -6 ]. ROS are considered as being the signal between environmental factors, such as temperature or oxygen, and internal determinants of dormancy and germination, such as hormones [ 7 ].

Proteins are major determinants of seed germination since seeds contain all RNA species needed for germination [ 8 ] and that de novo transcription is not necessary for germination [ 9 ]. Protein abundance, location, degradation, and modulation of their activity are regulated at different levels, during transcription, translation, and by post-translational modifi cations (PTMs) . It has been shown that PTMs, including S-nitrosylation , carbonylation, and glycosylation , are also involved in the regulation of seed germination [ 4 , 10 -13 ]. Protein oxidation is often associated with change in function, stability, localization, or degradation [START_REF] Davies | The oxidative environment and protein damage[END_REF], and it also interacts with other PTMs such as phosphorylation [START_REF] Hardin | Coupling oxidative signals to protein phosphorylation via methionine oxidation in Arabidopsis[END_REF]. Oxidative modifi cation of enzymes has been shown to inhibit a wide array of enzyme activities thus leading to either mild or severe effects on cellular or systemic metabolism [START_REF] Shacter | Quantifi cation and significance of protein oxidation in biological samples[END_REF]. Among oxidative modifi cations, the involvement of protein carbonylation has been demonstrated in seed, from dormancy breaking to aging, in different species [ 4 , 6 ]. Oxidative attack of exposed residues, such as Lys, Arg, Pro, and Thr, induces the formation of carbonyl groups [START_REF] Nystrom | Role of oxidative carbonylation in protein quality control and senescence[END_REF]. Carbonylation of proteins is irreversible and not repairable [START_REF] Dalle-Donne | Protein carbonylation in human diseases[END_REF].

To avoid their accumulation that could lead to aggregation of oxidized proteins and to a toxic effect in cell, carbonylated proteins are degraded through the action of the 20S proteasome in the cytosol [START_REF] Nystrom | Role of oxidative carbonylation in protein quality control and senescence[END_REF]. In seeds, the role of proteasome in dormancy and germination is not completely understood. The involvement of the 20S proteasome was suggested during germination of spinach, Arabidopsis, and wheat seeds [ 11 , 19 , 20 ].

The study of protein carbonyls relies on many tests developed for several decades. They are often based on derivatization of the carbonyl group by 2,4-dinitrophenylhydrazine (DNPH) , which leads to the formation of a stable 2,4-dinitrophenyl (DNP) hydrazone product [START_REF] Levine | Determination of carbonyl content in oxidatively modifi ed proteins[END_REF], thus allowing the detection of protein carbonyls. One of the techniques presented here is the quantifi cation of protein carbonyls in a complex protein sample. This technique, routinely used in the laboratory, is based on the spectral property of DNP at 370 nm. The second technique, complementary to the fi rst one, is an in gel activity-based protein profi ling (ABPP) using MV151, a proteasome inhibitor , containing a Bodipy fl uorescent group for fl uorescent imaging that allow the proteasome activity investigation [START_REF] Verdoes | A fl uorescent broadspectrum proteasome inhibitor for labeling proteasomes in vitro and in vivo[END_REF]. These two techniques allow to obtain robust, reliable, and rapid results about protein oxidative modifi cations and proteolytic events that can be involved in any seed developmental process.

Materials

1. Protein extraction buffer: 10 mM Hepes-NaOH buffer pH 7.5 containing 0.1 % protease inhibitor cocktail (Sigma-Aldrich) and 0.07 % (v/v) β-mercaptoethanol.

2. Protein Assay Dye Reagent Concentrate (Bio-Rad).

Determination of Protein

Carbonylation by Spectrophotometry

Methods

Protein carbonylation is a type of protein oxidation that can be promoted by reactive oxygen species [START_REF] Wong | Proposed role of primary protein carbonylation in cell signaling[END_REF]. Detection and quantification of carbonylated proteins is accomplished after derivatization of the carbonyl groups. It usually refers to a process that forms reactive ketones or aldehydes that can be reacted by 2,4-dinitrophenylhydrazine (DNPH) to form hydrazones (Fig. 1 ). Carbonyl concentration in mol carbonyl/l is the sample absorbance at 370 nm divided by the molar absorptivity of the hydrazone (22,000 mol -1 cm -1 ). 2. Add 0.5 ml of 2 M HCl in the control and 0.5 ml of 0.2 % DNPH in the derivatization tube respectively, vortex to suspend the sample.

3. Incubate tubes 15 min at room temperature in the dark, vortex occasionally.

4. Precipitate proteins in 10 % (v/v) TCA and incubate 15 min on ice.

5. Concentrate the extract using a slow-speed centrifugation for 2 min at 3,000 × g which is adequate to form a loose, easily dispersed pellet.

6. Discard the supernatant carefully, wash the pellet with 1 ml ethanol-ethyl acetate 1:1 three times, and every time shake smoothly to disperse the pellet and centrifuge for 2 min at no more than 5,000 × g to avoid compacting the pellet ( see Note 5 ).

7. Dry the pellet thoroughly, and dissolve it in 1.2 ml 6 M guanidine pH 2.3 (at 37 °C for 1 h), and then centrifuge at 10,000 × g for 5 min to remove insoluble material ( see Note 6 ).

8. Take 1 ml supernatant to measure carbonyl at the absorbance of 370 nm, and read spectra against a blank of the related control. 10. An example of the results obtained is presented in Fig. 2 .

Activity-based protein profi ling (ABPP) has emerged as a powerful chemical proteomic strategy to characterize enzyme function directly in native biological systems at a global scale [START_REF] Cravatt | Activity-based protein profi ling: from enzyme chemistry to proteomic chemistry[END_REF]. In this approach, probe-treated proteomes are fi rst resolved by polyacrylamide gel electrophoresis (PAGE), and the labeled enzymes then are visualized by either in-gel fl uorescence scanning (for fl uorescent probes) or avidin blotting (for biotinylated probes) (Fig. 3a,b ).

Recently, the fl uorescent and cell-permeable proteasome inhibitor probe Bodipy TMR-Ahx 3 L 3 VS (MV151) has been synthesized (Fig. 3c ). It specifi cally targets all active subunits of the proteasome and immunoproteasome in living cells, allowing a rapid and sensitive in-gel detection [ 23 , 25 ]. 2. Centrifuge for 20 min at 16,000 × g , 4 °C.

3. Filter the supernatant with Miracloth to remove remaining cell debris.

4. Determine protein concentration by Bradford protein assay.

1. Incubate 15 μg protein in 1 μM MV151 ( see Note 8 ) for 3-6 h at related temperature ( see Note 9 ) in the dark.

2. Load the labeled proteins on 12 % precast gels (Bio-Rad).

Electrophoresis can be performed in a Mini Protean III (Bio-Rad) by using a Tris-Glycine-SDS running buffer (Bio-Rad), at 200 V and 40 mA for 45 min.

3. Visualize activity by revealing fl uorescence using for example a Typhoon 8600 scanner (GE Healthcare Life Sciences) with excitation and emission wavelengths at 532 nm and 580 nm respectively (Fig. 4 ).

Notes

1. When preparing 0.2 % DNPH in 2 M HCl, please take into account the actual content of DNPH in the reagent as most manufactures supply DNPH with at least 30 % of water As showed on the gel, ND seeds exhibited higher proteasome activity for each catalytic subunits compared to dormant seeds at all tested imbibition times (VS)-based probe MV151 can react with the active site of these three catalytic subunits [START_REF] Verdoes | A fl uorescent broadspectrum proteasome inhibitor for labeling proteasomes in vitro and in vivo[END_REF].

4. Nucleic acids are carbonyl positive, thus nucleic acid contamination of extracts in the spectrophotometric carbonyl assay can cause artifactual elevation in protein carbonyl measurements.

In order to remove nucleic acids after protein extraction, add streptomycin sulfate to a fi nal concentration of 1 % (v/v), then incubate 30 min at room temperature and centrifuge at 6,000 × g for 10 min at 4 °C.

5. If the pellet still look yellow after three times washing, more washes are needed to remove all free DNPH .

6. The time of pellet solubilization can be shortened, but not less than 15 min, and centrifugation of the samples is recommended to avoid light scatter.

7. A part of proteins may be lost during the washing process, so an accurate protein concentration must be obtained. Considering the low amount of proteins fi nally dissolved in guanidine pH 2.3, the 2-D Quant Kit is proposed for quantifi cation .

8. A fl uorochrome (MV151) reacts with the active site of catalytic subunits of the proteasome in an activity-dependent manner [START_REF] Verdoes | A fl uorescent broadspectrum proteasome inhibitor for labeling proteasomes in vitro and in vivo[END_REF].

9. Concerning the MV151 incubation temperature, room temperature is normally used, but the proteasome activity is very sensitive to temperature, so if the samples are treated under different temperatures, the incubation also should be made at the same temperature. In order to obtain a good profi ling, the incubation time should be extended when temperature decreases.

INTRODUCTION

In soil, seeds are exposed to various environmental factors including temperature, moisture, oxygen and light, which regulate seed germination, and subsequent seedling growth. Phase I of the germination process is initiated by imbibition, which is required to activate the respiratory metabolism, and transcriptional and translational activities. In phase II called germination sensu stricto, water uptake ceases and reserve mobilization starts. Phase III is characterized by radicle protrusion (Bewley and Black, 1994;Bewley, 1997;[START_REF] Nonogaki | Germination -Still a mystery[END_REF]Weitbrecht et al., 2011). Germination requires specific temperatures, oxygen levels and light, the exact proportions being species specific. However, the seeds of species (or even within species) do not germinate, or do so with difficulty, even when incubated under apparently favorable conditions; these are considered as dormant and cannot germinate in the same conditions (i.e., water, air, temperature) under which non-dormant seeds do (Bewley and Black, 1994;[START_REF] Corbineau | Control of seed germination and dormancy by gaseous environment[END_REF]Bewley, 1997). Dormancy is a heritable trait, but its intensity at harvest and its maintenance after harvest is highly modulated by the environmental conditions throughout seed development and ripening on the plant, and during seed storage (Bewley, 1997). Factors inhibiting germination can reside within the embryo itself (embryo dormancy) or can result from an inhibitory action of the covering structures (seed coat imposed dormancy; Bewley and Black, 1994;[START_REF] Hilhorst | Definitions and hypotheses of seed dormancy[END_REF]. Primary dormancy sets during seed development, but a secondary dormancy can develop in mature seeds with some degree of primary dormancy or in non-dormant seeds in response to unfavorable conditions for germination [START_REF] Hilhorst | Definitions and hypotheses of seed dormancy[END_REF][START_REF] Hilhorst | Dormancy in plant seeds[END_REF]. The involvement of the hormonal balance between abscisic acid (ABA) and gibberellins (GAs) in the regulation of seed germination and dormancy in response to environmental signals is well documented and discussed in recent reviews [START_REF] Finkelstein | Molecular aspects of seed dormancy[END_REF]Nambara et al., 2010;[START_REF] Nonogaki | Germination -Still a mystery[END_REF]Weitbrecht et al., 2011;Graeber et al., 2012;Rajjou et al., 2012;Arc et al., 2013;[START_REF] Miransari | Plant hormones and seed germination[END_REF]. ABA is well known to play a crucial role in induction of dormancy in the developing seeds and in maintenance of dormancy during seed imbibition, while GAs are involved in dormancy release and/or germination [START_REF] Finkelstein | Molecular aspects of seed dormancy[END_REF][START_REF] Cutler | Abscisic acid: emergence of a core signaling network[END_REF]Nambara et al., 2010;[START_REF] Miransari | Plant hormones and seed germination[END_REF]. In addition to GAs and ABA, other hormones (ethylene, jasmonates, auxins) also play a role in the control of seed germination (Linkies and Leubner-Metzger, 2012;Arc et al., 2013;[START_REF] Miransari | Plant hormones and seed germination[END_REF]. Ethylene (C 2 H 4 ) in particular regulates germination and dormancy of numerous species via a complex hormonal signaling network (Matilla, 2000;Brady and McCourt, 2003;[START_REF] Feurtado | A merging of paths: abscisic acid and hormonal cross-talk in the control of seed dormancy maintenance and alleviation[END_REF]Matilla and Matilla-Vazquez, 2008;Arc et al., 2013).

The role of reactive oxygen species (ROS) in seed biology has progressively emerged and evolved this last decade. Originally considered as harmful compounds, causing deleterious reactions toward a wide range of biomolecules and thus to seeds, ROS are now widely acknowledged as signaling compounds regulating the germination process through an hormonal network (Bailly et al., 2008;[START_REF] Diaz-Vivancos | Elucidating hormonal/ROS networks during germination: insights and perspectives[END_REF][START_REF] El-Maarouf-Bouteau | Reactive oxygen species, abscisic acid and ethylene interact to regulate sunflower seed germination[END_REF].

In this review, we describe how ethylene interacts with other plant hormones in regulation of germination and dormancy, concentrating on its interactions with ABA, GAs, and ROS.

ETHYLENE BIOSYNTHESIS DURING GERMINATION

Ethylene production by seeds begins immediately after the onset of imbibition and increases with time of germination. There is, however, a peak in ethylene emission concomitant with the radicle protrusion through the seed coat [START_REF] Ketring | Ethylene as a component of the emanations from germinating peanut seeds and its effect on dormant Virginia-type seeds[END_REF][START_REF] Fu | Release of heat pretreatment-induced dormancy in lettuce seeds by ethylene or cytokinin in relation to the production of ethylene and the synthesis of 1-aminocyclopropane-1-carboxylic acid during germination[END_REF][START_REF] Satoh | Ethylene production, 1-aminocyclopropane-1carboxylic acid content and its conversion to ethylene in axial segments of dormant and nondormant cocklebur seeds[END_REF]Gallardo et al., 1991;[START_REF] Gorecki | Ethylene production in pea and cocklebur seeds of differing vigour[END_REF][START_REF] Siriwitayawan | Seed germination of ethylene perception mutants of tomato and Arabidopsis[END_REF][START_REF] El-Maarouf-Bouteau | Reactive oxygen species, abscisic acid and ethylene interact to regulate sunflower seed germination[END_REF]. Seed ethylene production is species dependent [START_REF] Kepczynski | Ethylene in seed dormancy and germination[END_REF]Matilla, 2000), but is generally below levels detectable by gas chromatography during imbibition. Using a high sensitivity laser photo acoustic spectroscopy [START_REF] Cristescu | Laserbased systems for trace gas detection in life sciences[END_REF], El-Maarouf-Bouteau et al. ( 2014) have confirmed the occurrence of an ethylene peak at the end of the germination process in sunflower (Helianthus annuus) seeds. Interestingly, a close relationship between the ability to produce ethylene and seed vigor has been reported in various species including rape (Brassica napus; [START_REF] Takayanagi | Enhancement of germination rate of aged seeds by ethylene[END_REF], cotton (Gossypium spp.; [START_REF] Ketring | Relations of ethylene production to germinability and growth of two oil seeds, cotton and peanuts[END_REF], peanut (Arachis hypogaea; [START_REF] Ketring | Relations of ethylene production to germinability and growth of two oil seeds, cotton and peanuts[END_REF], cocklebur (Xanthium pennsylvanicum; [START_REF] Gorecki | Ethylene production in pea and cocklebur seeds of differing vigour[END_REF], snap bean (Phaseolus vulgaris; [START_REF] Samimy | Influence of seed quality on ethylene production of germinating snap bean seeds[END_REF], sunflower [START_REF] Chonowski | Physiological and biochemical changes induced in sunflower seeds by osmopriming and subsequent drying, storage and aging[END_REF] and pea (Pisum sativum; [START_REF] Gorecki | Ethylene production in pea and cocklebur seeds of differing vigour[END_REF], and 1-aminocyclopropane 1-carboxylic acid (ACC)-dependent C 2 H 4 production was proposed as a marker of seed quality [START_REF] Khan | ACC-derived ethylene production, a sensitive test for seed vigor[END_REF][START_REF] Corbineau | Markers of seed quality: from present to future[END_REF].

The pathway of ethylene biosynthesis in seeds is the same as that described for other plant organs, in which S-adenosylmethionine (S-AdoMet) and ACC are the main intermediates (Yang and Hoffman, 1984;Wang et al., 2002;[START_REF] Rzewuski | Ethylene biosynthesis and signaling in rice[END_REF]; Figure 1). S-AdoMet synthesized from methionine by the S-AdoMet synthetase (or SAM synthetase), is converted to ACC, the direct precursor of ethylene, by ACC synthase (S-adenosyl-L-methionine methylthioadenosine-lyase, ACS). The by-product 5 ′ -methylthioadenosine (MTA) is recycled back to methionine through the Yang Cycle (Yang and Hoffman, 1984;Kende, 1993). S-AdoMet is also the precursor of the biosynthesis of polyamines, which can also play a role in seed germination [START_REF] Matilla | Polyamines and seed germination[END_REF]. Ethylene production results from the oxidation of ACC by ACC oxidase (ACO), which also generates CO 2 and hydrogen cyanide (HCN; Figure 1). Autocatalytic synthesis of ethylene via induction of ACC and ACO transcription is well known in fruit ripening (Lin et al., 2009), ethylene also regulates ACO expression in pea (Petruzzelli et al., 2000[START_REF] Petruzzelli | Calcium requirement for ethylene-dependent responses involving 1-aminocyclopropane-1-carboxylic acid oxidase in radicle tissues of germinated pea seeds[END_REF], beechnut (Fagus sylvatica; Calvo et al., 2004b), and turnip (Brassica rapa;[START_REF] Puga-Hermida | The heterogeneity of turnip-tops (Brassica rapa) seeds inside the silique affects germination, the activity of the final step of the ethylene pathway, and abscisic acid and polyamine content[END_REF]. In contrast, ethylene or ACC does not affect the abundance of ACO transcript in sugar beet (Beta vulgaris; Hermann et al., 2007) and, expression of SoACS7 in Sisymbrium officinale and PsAC1 in pea (Petruzzelli et al., 2000[START_REF] Petruzzelli | Calcium requirement for ethylene-dependent responses involving 1-aminocyclopropane-1-carboxylic acid oxidase in radicle tissues of germinated pea seeds[END_REF][START_REF] Iglesias-Fernandez | Genes involved in ethylene and gibberellins metabolism are required for endosperm-limited germination of Sisymbrium officinale L. seeds[END_REF].

Increased ethylene production during germination is associated with an increase in ACO activity, as well as a progressive accumulation of ACS and ACO transcripts (Gomez- [START_REF] Gomez-Jimenez | Isolation and characterization of a cDNA encoding an ACC oxidase from Cicer arietinum and its expression during embryogenesis and seed germination[END_REF]Matilla and Matilla-Vazquez, 2008;Linkies et al., 2009;[START_REF] Iglesias-Fernandez | Genes involved in ethylene and gibberellins metabolism are required for endosperm-limited germination of Sisymbrium officinale L. seeds[END_REF]Linkies and Leubner-Metzger, 2012). Although ACS is considered to be a key enzyme in the regulation of ethylene production in most plant responses to abiotic and biotic stresses (Wang et al., 2002), it was demonstrated in seeds that ACO activity plays a fundamental role during germination (Matilla and Matilla-Vazquez, 2008;Linkies and Leubner-Metzger, 2012). Both ACS and ACO are encoded by a multigene family, and the regulation of particular ACS and ACO genes differ among each other (Wang et al., 2002[START_REF] Wang | The GUS reporter-aided analysis of the promoter activities of Arabidopsis ACC synthase genes AtACS4, AtACS5, and AtACS7 induced by hormones and stresses[END_REF][START_REF] Yamagami | Biochemical diversity among the 1aminocyclopropane-1-carboxylate synthase isozymes encoded by the Arabidopsis gene family[END_REF]. In both Arabidopsis and cress (Lepidium sativum), ACO1 and ACO2 have been demonstrated to be the major ACOs involved in ethylene synthesis (Linkies et al., 2009;Linkies and Leubner-Metzger, 2012), and the correlation between the abundance of ACO transcripts and the ACO activity suggests its regulation at a transcriptional level during germination.

Ethylene is involved in various developmental processes and responses to biotic and abiotic stresses in plants [START_REF] Bleecker | Ethylene: a gaseous signal molecule in plants[END_REF]Wang et al., 2002). The key components in its signaling pathway have been identified using a molecular dissection of ethylene responsiveness in Arabidopsis (Wang et al., 2002;[START_REF] Stepanova | Ethylene signaling and response: where different regulatory modules meet[END_REF][START_REF] Yoo | Emerging connections in the ethylene signaling network[END_REF]. Five membrane-localized ethylene receptors, ethylene resistant 1 (ETR1), ETR2, ethylene response sensor 1 (ERS1), ERS2, and ethylene insensitive 4 (EIN4) exist in Arabidopsis (Wang et al., 2002). Among them, ETR1 and ERS1 contain three transmembrane domains in the N-terminus and a histidine kinase domain in the C-terminus, when ETR2, EIN4, and ERS2 present four transmembrane regions and a serine-threonine kinase domain in the C-terminus [START_REF] Wang | Identification of important regions for ethylene binding and signaling in the transmembrane domain of the ETR1 ethylene receptor of Arabidopsis[END_REF][START_REF] Kendrick | Ethylene signaling: new levels of complexity and regulation[END_REF]. Binding of ethylene to its receptors results in inactivation of CTR1 (constitutive triple response 1) protein kinase, which in turn activates the kinase cascade controlling EIN2 and its transcription factors in the nucleus. These, such as EIN3, EILs, ethylene response element binding proteins (EREBPs)/ethylene responsive factors (ERFs) activate the transcription of ethylene response genes (Wang et al., 2002;[START_REF] Liu | Ethylene signal transduction in Arabidopsis[END_REF][START_REF] Hall | Ethylene receptors: ethylene perception and signal transduction[END_REF][START_REF] Rzewuski | Ethylene biosynthesis and signaling in rice[END_REF]Yoo et al., 2008[START_REF] Yoo | Emerging connections in the ethylene signaling network[END_REF][START_REF] Stepanova | Ethylene signaling and response: where different regulatory modules meet[END_REF]; Figure 1). Recently, it was demonstrated that EIN2 is phosphorylated by CTR1 kinase in the absence of ethylene, and that EIN2 protein level is regulated through its degradation by the proteasome [START_REF] Qiao | Interplay between ethylene, ETP1/ETP2 F-box proteins, and degradation of EIN2 triggers ethylene responses in Arabidopsis[END_REF][START_REF] Qiao | Processing and subcellular trafficking of ER-tethered EIN2 control response to ethylene gas[END_REF][START_REF] Ju | CTR1 phosphorylates the central regulator EIN2 to control ethylene hormone signaling from the ER membrane to the nucleus in Arabidopsis[END_REF].

SEED RESPONSIVENESS TO EXOGENOUS ETHYLENE

Exogenous ethylene or ethephon, an ethylene releasing compound, improves germination in numerous species (Esashi, 1991;[START_REF] Corbineau | Control of seed germination and dormancy by gaseous environment[END_REF][START_REF] Kepczynski | Ethylene in seed dormancy and germination[END_REF]Matilla, 2000;Matilla and Matilla-Vazquez, 2008;Arc et al., 2013). It stimulates germination of non-dormant seeds incubated in non-optimal environmental conditions such as too high temperatures [START_REF] Rao | Additive and synergistic effects of kinetin and ethrel on germination, thermodormancy, and polyribosome formation in lettuce seeds[END_REF][START_REF] Abeles | Role of ethylene in Lactuca sativa cv Grand Rapids seed germination[END_REF]Gallardo et al., 1991), osmotic stress [START_REF] Negm | Effects of ethylene and carbon dioxide on the germination of osmotically inhibited lettuce seeds[END_REF][START_REF] Kepczynski | Inhibition of Amaranthus caudatus seed germination by polyethylene glycol-6000 and abscisic acid and its reversal by ethephon or aminocyclopropane-1-carboxylic acid[END_REF][START_REF] Khan | Dormancy and germination responses of halophyte seeds to the application of ethylene[END_REF], hypoxia [START_REF] Esashi | Germination of cocklebur seeds and growth of their axial and cotyledonary tissues in response to C 2 H 4 , CO 2 and/or O 2 under water stress[END_REF][START_REF] Corbineau | Germination of sunflower seeds and its regulation by ethylene[END_REF], and salinity [START_REF] Zapata | Changes in ethylene evolution and polyamine profiles of seedlings of nine cultivars of Lactuca sativa L. in response to salt stress during germination[END_REF][START_REF] Wang | Ameliorative effect of brassinosteroid and ethylene on germination of cucumber seeds in the presence of sodium chloride[END_REF][START_REF] Lin | Ethylene promotes germination of Arabidopsis seed under salinity by decreasing reactive oxygen species: evidence for the involvement of nitric oxide simulated by sodium niroprusside[END_REF][START_REF] Silva | Germination of salt-stressed seeds as related to ethylene biosynthesis ability in three Stylosanthes species[END_REF]. It can also break primary and secondary dormancy (Table 1). It breaks the embryo dormancy in apple (Malus domestica; [START_REF] Kepczynski | Ethylene requirement for germination of partly after-ripened apple embryo[END_REF][START_REF] Sinska | Ethylene and the removal of embryonal apple seed dormancy[END_REF][START_REF] Sinska | Polyamines and ethylene in the removal of embryonal dormancy in apple seeds[END_REF] and beechnut (Calvo et al., 2004a), the dormancy of which is usually broken by chilling, and in sunflower (Corbineau et al., 1990), the dormancy of which is progressively alleviated during dry storage (after-ripening). It also promotes the germination of seeds exhibiting a seed coat imposed dormancy in various species such as cocklebur [START_REF] Katoh | Dormancy and impotency of cocklebur seeds. I. CO 2 , C 2 H 4 , O 2 and high temperature[END_REF][START_REF] Esashi | Control of the germination of secondary dormant cocklebur seeds by various germination stimulants[END_REF], subterranean clover (Trifolium subterraneum; [START_REF] Esashi | Dormancy regulation in subterranean clover seeds by ethylene[END_REF], Rumex crispus [START_REF] Taylorson | Response of weed seeds to ethylene and related hydrocarbons[END_REF], and Arabidopsis [START_REF] Siriwitayawan | Seed germination of ethylene perception mutants of tomato and Arabidopsis[END_REF]. In particular, it can also overcome the secondary dormancy induced by high temperatures in lettuce (Lactuca sativa; [START_REF] Speer | Effects of germination promoting substances given in conjunction with red light on the phytochrome-mediated germination of dormant lettuce seeds (Lactuca sativa L.)[END_REF][START_REF] Abeles | Role of ethylene in Lactuca sativa cv Grand Rapids seed germination[END_REF], sunflower (Corbineau et al., 1988), Amaranthus caudatus (Kepczynski et al., 1996a) and Amaranthus paniculatus [START_REF] Kepczynski | The effect of putrescine, ethephon and ACC on germination of thermodormant Amaranthus paniculatus L. seed[END_REF]. In Rhus coriaria, a post-fire pioneer, low ethylene concentrations (0.03-0.10 µL L -1 ) released by wet ash stimulates germination [START_REF] Ne'eman | Regulation of the germination of Rhus coriaria, a post-fire pioneer, by heat, ash, pH, waterpotential and ethylene[END_REF], although it does not improve that of many other species in which germination is smoke-induced [START_REF] Brown | Smoke as a germination cue: a review[END_REF]. Ethylene also improves germination of seeds from parasitic plants such as Striga asiatica, Striga lutea and Striga hermonthica [START_REF] Egley | Ethylene, 2-chloroethylphosphonic acid and witchweed germination[END_REF][START_REF] Bebawi | Efficacy of ethylene as a germination stimulant of Striga hermonthica[END_REF].

The stimulatory effect of ethylene is dose dependent, the hormone being efficient when applied at concentration ranging from 0.1 to 200 µL L -1 depending on the species, the depth of dormancy and the environmental conditions. Breaking of dormancy either during chilling in apple [START_REF] Sinska | Interaction of ethephon with cytokinin and gibberellin during the removal of apple seed dormancy and germination of embryos[END_REF] or dry storage in sunflower [START_REF] Corbineau | Germination of sunflower seeds as related to ethylene synthesis and sensitivity -an overview[END_REF], Amaranthus retroflexus [START_REF] Kepczynski | Participation of GA3, ethylene, NO and HCN in germination of Amaranthus retroflexus L. seeds with various dormancy levels[END_REF] and Stylosanthes humilis [START_REF] Ribeiro | Sensitivity to ethylene as a major component in the germination of seeds of Stylosanthes humilis[END_REF] is associated with an increasing sensitivity to ethylene. At harvest, dormant sunflower seeds require 50 µL L -1 ethylene in order to germinate at 15 • C, but only 10 and 3 µL L -1 after 8 and 15 weeks of dry-storage at 5 • C, respectively [START_REF] Corbineau | Germination of sunflower seeds as related to ethylene synthesis and sensitivity -an overview[END_REF]. In contrast, the responsiveness to the hormone decreases progressively during seed incubation under environmental conditions that induce a secondary dormancy [START_REF] Negm | The role of phytochrome in an interaction with ethylene and carbon dioxide in overcoming lettuce seed thermodormancy[END_REF][START_REF] Speer | Effects of germination promoting substances given in conjunction with red light on the phytochrome-mediated germination of dormant lettuce seeds (Lactuca sativa L.)[END_REF][START_REF] Esashi | Control of the germination of secondary dormant cocklebur seeds by various germination stimulants[END_REF][START_REF] Jones | Studies on the requirement for carbon dioxide and ethylene for germination of Spergula arvensis L. seeds[END_REF][START_REF] Corbineau | Germination of sunflower seeds as related to ethylene synthesis and sensitivity -an overview[END_REF].

Although ethylene stimulates the germination of numerous light sensitive seeds, it does not overcome the light requirement in Amaranthus retroflexus [START_REF] Schönbeck | Phase-sequence of redroot pigweed seed germination responses to ethylene and other stimuli[END_REF], celery (Apium graveolens; [START_REF] Thomas | Growth regulators and the phytochrome-mediated dormancy of celery seeds[END_REF], lettuce [START_REF] Burdett | Synergistic action of ethylene with gibberellin or red light in germinating lettuce seeds[END_REF], and Spergula arvensis [START_REF] Olatoye | Interaction of ethylene and light on dormant weed seeds[END_REF]. Recently, Wilson et al. (2014b) demonstrate that loss of ETR1 reduces the inhibitory effect of far-red on the germination of Arabidopsis seeds through expression of genes involved in ABA and GAs metabolism. An epistasis analysis performed by the same authors also suggests that ETR1 may interact with phytochromes to control seed germination.

An additive or synergistic effect of CO 2 and ethylene has also been demonstrated in seeds of peanut [START_REF] Ketring | Physiology of oil seeds. IV. Role of endogenous ethylene and inhibitory regulators during natural and induced afterripening of dormant Virginia-type peanut seeds[END_REF], Spergula arvensis [START_REF] Jones | Studies on the requirement for carbon dioxide and ethylene for germination of Spergula arvensis L. seeds[END_REF], cocklebur [START_REF] Katoh | Dormancy and impotency of cocklebur seeds. I. CO 2 , C 2 H 4 , O 2 and high temperature[END_REF], and lettuce [START_REF] Negm | Effects of ethylene and carbon dioxide on the germination of osmotically inhibited lettuce seeds[END_REF][START_REF] Saini | Requirement for ethylene synthesis and action during relief of thermoinhibition of lettuce seed germination by combinations of gibberellic acid, kinetin, and carbon dioxide[END_REF]. In the case of cocklebur [START_REF] Esashi | CO 2 -enhanced C 2 H 4 production in tissues of imbibed cocklebur seeds[END_REF] and sunflower (Corbineau et al., 1990) seeds, it was suggested that the improving effect of CO 2 results from an enhancement of C 2 H 4 biosynthesis, since it is suppressed in the presence of inhibitors of ethylene synthesis.

INVOLVEMENT OF ETHYLENE IN SEED GERMINATION AND DORMANCY

Numerous studies demonstrate that the ability to germinate correlates with ethylene production, suggesting that ethylene is involved in the regulation of seed germination and dormancy (reviewed in [START_REF] Kepczynski | Ethylene in seed dormancy and germination[END_REF]Matilla and Matilla-Vazquez, 2008;Arc et al., 2013). For example, induction of thermodormancy at high temperatures is associated with a reduced ethylene production in chickpea (Cicer arietinum; Gallardo et al., 1991), sunflower (Corbineau et al., 1988), and lettuce [START_REF] Prusinski | Relationship of ethylene production to stress alleviation in seeds of lettuce cultivars[END_REF]. This decrease in C 2 H 4 production may result from an increase in ACC-malonyltransferase activity, thus from a decrease in ACC content as demonstrated in chickpea [START_REF] Martinez-Reina | Biochemical properties of 1-aminocyclopropane-1-carboxylate N -malonyl transferase activity from early growing embryonic axes of chickpea (Cicer arietinum L.) seeds[END_REF], an inhibition of ACO activity (Corbineau et al., 1988;Gallardo et al., 1991), or a reduced expression of ACS and ACO (Argyris et al., 2008). In contrast, breaking of dormancy by various treatments (e.g., chilling, GAs, NO, HCN) leads to an increase in ethylene production Frontiers in Plant Science | Plant Physiology [START_REF] Kepczynski | Ethylene in seed dormancy and germination[END_REF]Arc et al., 2013). In Arabidopsis, the inductive effect of chilling is associated with a reduced expression of ACO, but in a transient induction of ACS [START_REF] Narsai | In depth temporal transcriptome profiling reveals a crucial developmental switch with roles for RNA processing and organelle metabolism that are essential for germination in Arabidopsis thaliana[END_REF]Linkies and Leubner-Metzger, 2012). However, after-ripening of Sisymbrium officinale seeds inhibits expression of SoACS7 and SoACO2 which are involved in ethylene biosynthesis, during early seed incubation, but stimulates that of SoGA20ox2, SoGA3ox2, and SoGA2ox6 involved in GA metabolism [START_REF] Iglesias-Fernandez | After-ripening alters the gene expression pattern of oxidases involved in the ethylene and gibberellin pathways during early imbibition of Sisymbrium officinale L. seeds[END_REF].

Data obtained using inhibitors of ethylene biosynthesis pathway or mutants altered in ethylene biosynthesis and signaling pathways demonstrated that endogenous ethylene plays a key role in the regulation of germination and dormancy. Incubation of seeds in the presence of aminoethoxyvinylglycine (AVG) and aminooxyacetic acid (AOA), inhibitors of ACS activity, CoCl 2 and α-aminoisobutyric acid (α-AIB), inhibitors of ACO activity, or 2,5-norbornadiene (2,5 NBD) and silver thiosulfate (STS), inhibitors of ethylene action, allowed demonstration of the involvement of endogenous ethylene in germination and dormancy breakage [START_REF] Kepczynski | Ethylene requirement for germination of partly after-ripened apple embryo[END_REF][START_REF] Kepczynski | The release of secondary dormancy by ethylene in Amaranthus caudatus L. seeds[END_REF][START_REF] Sinska | Effects of inhibitors of synthesis and action of ethylene on apple seed stratification and embryo germination[END_REF]Corbineau et al., 1990;[START_REF] Longan | Germination of the seeds of parasitic angiosperms[END_REF][START_REF] Gallardo | Inhibition of polyamine synthesis by cyclohexylamine stimulates the ethylene pathway and accelerates the germination of Cicer arietinum seeds[END_REF]Hermann et al., 2007). In contrast, seed incubation in the presence of ACC, the direct precursor of ethylene, improves seed germination in numerous species such as lettuce [START_REF] Fu | Release of heat pretreatment-induced dormancy in lettuce seeds by ethylene or cytokinin in relation to the production of ethylene and the synthesis of 1-aminocyclopropane-1-carboxylic acid during germination[END_REF], sunflower (Corbineau et al., 1990), cocklebur [START_REF] Satoh | Dormancy and impotency of cocklebur seeds. IX. Changes in ACC-ethylene conversion activity and ACC content of dormant and non-dormant seeds during soaking[END_REF], Amaranthus sp. [START_REF] Kepczynski | Inhibition of Amaranthus caudatus seed germination by polyethylene glycol-6000 and abscisic acid and its reversal by ethephon or aminocyclopropane-1-carboxylic acid[END_REF][START_REF] Kepczynski | Responsiveness of Amaranthus retroflexus seeds to ethephon, 1-aminocyclopropane-1-carboxylic acid and gibberellic acid in relation to temperature and dormancy[END_REF], chickpea [START_REF] Gallardo | Inhibition of polyamine synthesis by cyclohexylamine stimulates the ethylene pathway and accelerates the germination of Cicer arietinum seeds[END_REF], and sugar beet (Hermann et al., 2007). This effect of ACC suggests that ACO is potentially active, and that dormancy might result from insufficient ACC level due to low ACS activity.

It is important to notice that HCN, a co-product of ACC oxidation, can also break seed dormancy in apple [START_REF] Perino | Effets du cyanure de potassium et de l'acide salicylhydroxamique sur la levée de dormance et l'activité respiratoire des embryons de Pommier (Pirus malus L.)[END_REF][START_REF] Lewak | Metabolic control of embryonic dormancy in apple seed: seven decades of research[END_REF][START_REF] Krasuska | Nitric oxide and hydrogen cyanide as regulating factors of enzymatic antioxidant system in germinating apple embryos[END_REF][START_REF] Krasuska | Dormancy alleviation by NO or HCN leading to decline of protein carbonylation levels in apple (Malus domestica Borkh.) embryos[END_REF], sunflower (Oracz et al., 2008) and Amaranthus retroflexus [START_REF] Kepczynski | Participation of GA3, ethylene, NO and HCN in germination of Amaranthus retroflexus L. seeds with various dormancy levels[END_REF].

Using Arabidopsis lines altered in ethylene biosynthesis and signaling allowed to characterize the regulation of dormancy by ethylene (Table 2). Seeds of ethylene insensitive etr1 (ethylene resistant) as well as ein2 (ethylene insensitive 2) mutants display enhanced primary dormancy relative to wild type, probably due to high ABA sensitivity, whereas ctr1 (constitutive triple responses) mutant have a slightly enhanced rate of germination [START_REF] Bleecker | Insensitivity to ethylene conferred by a dominant mutation in Arabidopsis thaliana[END_REF]Leubner-Metzger et al., 1998;[START_REF] Beaudoin | Interactions between abscisic acid and ethylene signaling cascades[END_REF]Ghassemian et al., 2000;[START_REF] Hall | Ethylene signal perception and transduction: multiple paradigms?[END_REF]Chiwocha et al., 2005;[START_REF] Subbiah | Interactions between ethylene, abscisisc acid and cytokinin during germination and seedling establishment in Arabidopsis[END_REF]. EIN2 plays a key role in the ethylene signaling pathway, and loss of its function results in a hypersensitivy to salt and osmotic stress during germination and early seedling development in Arabidopsis [START_REF] Wang | Arabidopsis EIN2 modulates stress response through abscisic acid response pathway[END_REF]. ERFs genes might also play a pivotal role in ethylene responsiveness and regulation of germination (Leubner-Metzger et al., 1998;[START_REF] Pirrello | Sl-ERF2, a tomato ethylene response factor involved in ethylene response and seed germination[END_REF]. FsERF1 expression is minimal in dormant beechnut embryo, but increases during moist chilling which breaks dormancy [START_REF] Jimenez | Expression of a transcription factor (FsERF1) involved in ethylene signaling during the breaking of dormancy in Fagus sylvatica seeds[END_REF]. In sunflower, ERF1 expression is fivefold higher in non-dormant than in dormant embryos, and expression is markedly stimulated by HCN, which breaks dormancy (Oracz et al., 2008). In tomato (Solanum lycopersicon), SlERF2 transcript abundance is higher in germinating seeds than in non-germinating ones, and its overexpression [START_REF] Beaudoin | Interactions between abscisic acid and ethylene signaling cascades[END_REF]; ( 2) [START_REF] Bleecker | Insensitivity to ethylene conferred by a dominant mutation in Arabidopsis thaliana[END_REF]; (3) Cheng et al. (2009); ( 4) Chiwocha et al. (2005); ( 5) [START_REF] Dong | Loss of ACS7 confers abiotic stress tolerance by modulating ABA sensitivity and accumulation in Arabidopsis[END_REF]; ( 6) Ghassemian et al. (2000); (7) Hall et al. (2001); (8) Leubner-Metzger et al. (1998); (9) Ouaked et al. (2003); [START_REF] Berger | Regulation of De-N-glycosylation enzymes in germinating radish seeds[END_REF] [START_REF] Siriwitayawan | Seed germination of ethylene perception mutants of tomato and Arabidopsis[END_REF]; [START_REF] Job | Patterns of protein oxidation in Arabidopsis seeds and during germination[END_REF] [START_REF] Subbiah | Interactions between ethylene, abscisisc acid and cytokinin during germination and seedling establishment in Arabidopsis[END_REF]; ( 12) [START_REF] Wang | Arabidopsis EIN2 modulates stress response through abscisic acid response pathway[END_REF]; [START_REF] Zhao | Nitric oxide synthase-dependent nitric oxide production is associated with salt tolerance in Arabidopsis[END_REF] Wilson et al. (2014a). in transgenic lines results in premature seed germination [START_REF] Pirrello | Sl-ERF2, a tomato ethylene response factor involved in ethylene response and seed germination[END_REF].

Transcriptional arrays have been used to draw a global view of gene expression in germinating and non-germinating seeds and core sets of genes were analyzed with respect to hormone responsive elements. The analysis of transcriptome data of dormant and after-ripened states in Arabidopsis performed by Cadman et al. (2006) showed that ACS2 gene expression was up-regulated in the dormant state and AtERF5 was up-regulated in germinating state. In lettuce, Argyris et al. (2008) have shown that ethylene responsive genes are regulated by thermo-inhibition; ACO and ACS gene expression is reduced while CTR1, EIN2, ETR1 expression is increased at high temperature. These results point out the gap that exists between hormone metabolism and signaling regulation at the level of gene expression. In wheat seeds, 78 probesets annotated as ethylene metabolism and signaling genes have been differentially expressed between dormant and after-ripened seeds [START_REF] Chitnis | After-ripening induced transcriptional changes of hormonal genes in wheat seeds: the cases of brassinosteroids, ethylene, cytokinin and salicylic acid[END_REF]. ACO is represented by four probesets that are up-regulated in after-ripened wheat seeds but no ACS corresponding probeset has been found. Ethylene signaling element as reversion to ethylene sensitivity 1, ERS1, EBF1 (EIN3 binding box protein1), prohibitin 3 or ERF have been shown to be up-regulated in after-ripened seeds at 12 or 24 h of imbibition. The number of genes related to ethylene involved in germination is underestimated since only direct known ethylene signaling components are targeted for analysis in omic studies. It has been shown that treatment with ACC of 7 days germinated seedlings triggers change in expression of 544 genes, among them 244 were common to seeds given an ABA treatment [START_REF] Nemhauser | Different plant hormones regulate similar processes through largely nonoverlapping transcriptional responses[END_REF]. These results have been used to compare genes regulated in Lepidium seed tissues during germination (Linkies et al., 2009). Pectate Lyase 1, Argos-like, Expansin A2, B-1,3-glucanase and chitinase B which play an important role in endosperm weakening and/or radicle growth in germination of Lepidium seeds, are proposed as putative ethylene response down-stream genes. Cell wall loosening enzymes expressed in endosperm are also controlled by both ABA and GA [START_REF] Groot | Gibberellin-induced hydrolysis of endosperm cell walls in gibberellin-deficient tomato seeds prior to radicle protrusion[END_REF][START_REF] Toorop | The second step of the biphasic endosperm cap weakening that mediates tomato (Lycopersicon esculentum) seed germination is under control of ABA[END_REF].

ETHYLENE CROSSTALK WITH ABA/GAs AND SEED GERMINATION INTERRELATIONSHIP BETWEEN ETHYLENE AND ABA

The antagonistic effects of ABA and ethylene in the regulation of seed germination and dormancy have been extensively studied (Leubner-Metzger et al., 1998;[START_REF] Beaudoin | Interactions between abscisic acid and ethylene signaling cascades[END_REF]Kucera et al., 2005;Matilla and Matilla-Vazquez, 2008;Linkies et al., 2009;Arc et al., 2013). Ethylene overcomes the inhibitory action of ABA on germination of numerous species among which are Amaranthus caudatus [START_REF] Kepczynski | Inhibition of Amaranthus caudatus seed germination by polyethylene glycol-6000 and abscisic acid and its reversal by ethephon or aminocyclopropane-1-carboxylic acid[END_REF], Chenopodium album [START_REF] Karssen | Two sites of hormonal action during germination of Chenopodium album seeds[END_REF], cotton [START_REF] Halloin | Inhibition of cotton seed germination with abscisic acid and its reversal[END_REF], tobacco (Nicotiana tabacum), and Arabidopsis (Leubner-Metzger et al., 1998). In Arabidopsis and Lepidium sativum, ethylene also counteracts the inhibition by ABA of endosperm cap weakening and rupture (Linkies et al., 2009). On the contrary, ABA increases the ethylene requirement in order to release dormancy in sunflower [START_REF] Corbineau | Markers of seed quality: from present to future[END_REF]Côme, 1995, 2003) and Amaranthus caudatus [START_REF] Kepczynski | The release of secondary dormancy by ethylene in Amaranthus caudatus L. seeds[END_REF]. The negative interaction between ABA and ethylene is also supported by data obtained with various mutants affected in the signaling pathway of both hormones. Ethylene insensitive mutants (etr1, ein2, and ein6) are hypersensitive to ABA, whereas seeds of ein3, ein4, ein5, and ein7 germinate normally. Conversely, eto1, eto3, and ctr1 mutants (characterized by an increase in C 2 H 4 production) exhibit a reduced sensitivity to ABA (Table 2; [START_REF] Beaudoin | Interactions between abscisic acid and ethylene signaling cascades[END_REF]Ghassemian et al., 2000;[START_REF] Subbiah | Interactions between ethylene, abscisisc acid and cytokinin during germination and seedling establishment in Arabidopsis[END_REF]. Loss of function of CRT1 enhances the tolerance to ABA of abi1-1 seeds [START_REF] Beaudoin | Interactions between abscisic acid and ethylene signaling cascades[END_REF]. Genetic approaches, using double mutants obtained by crossing ethylene insensitive mutants (ctr1, ein1, ein3, and ein6) with aba2 mutant, demonstrate that ABA and C 2 H 4 may also act in parallel, since they exibit phenotypes resulting from both ABA deficiency and altered ethylene sensitivity [START_REF] Cheng | Antagonism between abscisic acid and ethylene in Arabidopsis acts in parallel with the reciprocal regulation of their metabolism and signaling pathways[END_REF].

Although ACC and exogenous ethylene do not affect ABA content in Lepidium sativum (Linkies et al., 2009) and sugar beet (Hermann et al., 2007), Arabidopsis seeds from ethylene insensitive mutants, etr1 and ein2, have a higher ABA content than that of wild type seeds [START_REF] Kende | Deepwater rice: a model plant to study stem elongation[END_REF][START_REF] Beaudoin | Interactions between abscisic acid and ethylene signaling cascades[END_REF]Ghassemian et al., 2000;Chiwocha et al., 2005;[START_REF] Wang | Arabidopsis EIN2 modulates stress response through abscisic acid response pathway[END_REF]. For example, mutation in ETR1 results in an 8-fold higher ABA content in mature seeds than in wild type, probably due to a decrease in ABA conjugation (Chiwocha et al., 2005). Loss of function of ACS7, one of type 3 ACS with a very short C-terminus and no phosphorylation site, results in reduced C 2 H 4 emission and hypersensitivity to ABA, consequently conferring abiotic stress tolerance to Arabidopsis seeds [START_REF] Dong | Loss of ACS7 confers abiotic stress tolerance by modulating ABA sensitivity and accumulation in Arabidopsis[END_REF]. ABA accumulation is also associated with stimulation of ABA biosynthesis through an upregulation of NCED and a down-regulation of CYP707A2 in seeds of the etr1 mutant [START_REF] Cheng | Antagonism between abscisic acid and ethylene in Arabidopsis acts in parallel with the reciprocal regulation of their metabolism and signaling pathways[END_REF], or an up-regulation of NCED3 associated with an up-regulation of ABA1 in ein2 seeds [START_REF] Wang | Arabidopsis EIN2 modulates stress response through abscisic acid response pathway[END_REF].

Inhibition of germination by ABA is associated with an inhibition of in vivo ACO activity and is correlated with a reduction in ACO transcript accumulation [START_REF] Bailly | The effects of abscisic acid and methyl jasmonate on 1-aminocyclopropane 1-carboxylic acid conversion to ethylene in hypocotyl segments of sunflower seedlings, and their control by calcium and calmodulin[END_REF]Petruzzelli et al., 2000[START_REF] Petruzzelli | Calcium requirement for ethylene-dependent responses involving 1-aminocyclopropane-1-carboxylic acid oxidase in radicle tissues of germinated pea seeds[END_REF]Linkies et al., 2009), leading to a reduction of ethylene production [START_REF] Kepczynski | Ethylene in seed dormancy and germination[END_REF]Matilla, 2000). In Arabidopsis, accumulation of ACO1 and ACO2 transcripts during germination is inhibited by ABA, and the high level of ACO1 transcript in ABA-insensitive mutants suggest a tight regulation of ACO expression by ABA [START_REF] Penfield | Arabidopsis ABA INSENSITIVE4 regulates lipid mobilization in the embryo and reveals repression of seed germination by the endosperm[END_REF]Carrera et al., 2008;Linkies et al., 2009). In Lepidium sativum, ABA inhibits expression of both ACO1 and ACO2 in the endosperm cap (Linkies et al., 2009). Upregulation of ACO transcript has also been detected by microarray analysis in the aba2 mutant in Arabidopsis [START_REF] Cheng | Antagonism between abscisic acid and ethylene in Arabidopsis acts in parallel with the reciprocal regulation of their metabolism and signaling pathways[END_REF]. In contrast, there is an ABA-mediated up-regulation of ACC accumulation and ACO expression in sugar beet seeds (Hermann et al., 2007).

INTERRELATIONSHIP BETWEEN ETHYLENE AND GAs

Gibberellins improve the germination of dormant seeds in numerous species whose dormancy is broken by ethylene, ethephon, or ACC (c.f. Table 1). Both hormones promote the germination of primary dormant seeds of Arabidopsis [START_REF] Ogawa | Gibberellin biosynthesis and response during Arabidopsis seed germination[END_REF][START_REF] Siriwitayawan | Seed germination of ethylene perception mutants of tomato and Arabidopsis[END_REF], Amaranthus retroflexus [START_REF] Kepczynski | Responsiveness of Amaranthus retroflexus seeds to ethephon, 1-aminocyclopropane-1-carboxylic acid and gibberellic acid in relation to temperature and dormancy[END_REF][START_REF] Kepczynski | Participation of GA3, ethylene, NO and HCN in germination of Amaranthus retroflexus L. seeds with various dormancy levels[END_REF], beechnut (Calvo Frontiers in Plant Science | Plant Physiology et al., 2004a,b), apple [START_REF] Kepczynski | Ethylene requirement for germination of partly after-ripened apple embryo[END_REF][START_REF] Sinska | Ethylene and the removal of embryonal apple seed dormancy[END_REF][START_REF] Sinska | Interaction of ethephon with cytokinin and gibberellin during the removal of apple seed dormancy and germination of embryos[END_REF][START_REF] Lewak | Metabolic control of embryonic dormancy in apple seed: seven decades of research[END_REF], and Sisymbrium officinale [START_REF] Iglesias-Fernandez | Genes involved in ethylene and gibberellins metabolism are required for endosperm-limited germination of Sisymbrium officinale L. seeds[END_REF]. They also break secondary dormancy in Rumex crispus [START_REF] Samimy | Secondary dormancy, growth-regulator effects, and embryo growth potential in curly dock (Rumex crispus) seeds[END_REF]) and cocklebur seeds [START_REF] Esashi | Germination of cocklebur seeds: interactions between gibberellic acid, benzyladenine, thiourea, KNO3 and gaseous factors[END_REF], and thermodormancy in lettuce achenes [START_REF] Keys | Effect of gibberellic acid, kinetin, and ethylene plus carbon dioxide on the thermodormancy of lettuce seed (Lactuca sativa L. cv Mesa 659)[END_REF]. In Arabidopsis, C 2 H 4 restores the germination of the GA-deficient mutant ga1-3 [START_REF] Karssen | Key role for endogenous gibberellins in the control of seed germination[END_REF], and GA 3 stimulates that of the etr1 mutant [START_REF] Bleecker | Insensitivity to ethylene conferred by a dominant mutation in Arabidopsis thaliana[END_REF], while no stimulatory effect is noted on the germination of the GAdeficient gib-1 mutant in tomato [START_REF] Groot | Gibberellins regulate seed germination in tomato by endosperm weakening: a study with gibberellin-deficient mutants[END_REF]. All these data suggest that GAs and ethylene pathways interact (Brady and McCourt, 2003;[START_REF] Feurtado | A merging of paths: abscisic acid and hormonal cross-talk in the control of seed dormancy maintenance and alleviation[END_REF]Matilla and Matilla-Vazquez, 2008;[START_REF] Miransari | Plant hormones and seed germination[END_REF].

In beechnut, incubation of embryos in the presence of GA 3 results in an accumulation of ACC and an increase in ACC oxidase activity and C 2 H 4 production, concomitant with an increased expression of FsACO1 (Calvo et al., 2004a). Similarly, the improving effect of GA 4 on the germination of Arabidopsis ga1-3 mutant seeds is associated with an increase in AtACO [START_REF] Ogawa | Gibberellin biosynthesis and response during Arabidopsis seed germination[END_REF]. Decrease of the expression of FsACO1 in the presence of paclobutrazol, a GAs biosynthesis inhibitor, confirms that GAs activates the ethylene biosynthesis pathway (Calvo et al., 2004a,b). However, in Sisymbrium officinale, [START_REF] Iglesias-Fernandez | Genes involved in ethylene and gibberellins metabolism are required for endosperm-limited germination of Sisymbrium officinale L. seeds[END_REF] demonstrate that expression of SoACS7 and SoACO2 during germination is inhibited by paclobutrazol, but is not affected by application of either ethrel or GA 4+7 . In addition, the up-regulation of AtERS1 (ETHYLENE RESPONSE SENSOR encoding a member of ethylene receptor family) in Arabidopsis in the presence of GA 4 [START_REF] Ogawa | Gibberellin biosynthesis and response during Arabidopsis seed germination[END_REF] and of an EIN-3 like in beechnut in the presence of GA 3 [START_REF] Lorenzo | Characterization and expression of two protein kinase and an EIN3-like genes, which are regulated by ABA and GA3 in dormant Fagus sylvatica seeds[END_REF] suggest an effect of GAs on ethylene response.

Numerous data also suggest that ethylene stimulates seed germination by affecting the GAs biosynthesis or signaling pathway. GA 1 , GA 4 , and GA 7 strongly accumulate in dry mature seeds of the etr1-2 Arabidopsis mutant relative to wild type, and both GA 4 and GA 7 contents remain higher than in wild type during the two first days of imbibition (Chiwocha et al., 2005). The changes in GA content during germination suggest that lack of ETR1, i.e., of ethylene signaling pathway, results (i) in alteration of GAs biosynthesis pathway, and (ii) in a requirement for higher levels of GAs than wild type, to promote germination (Chiwocha et al., 2005). In beechnut, expression of FsGA20ox1, which is involved in the synthesis of active GAs, remains low in stratified seeds (i.e., non-dormant seeds) and seeds treated with GA 3 or ethephon, but inhibition of ethylene biosynthesis by AOA (2-aminoxyacetic acid) results in an increase in this transcript indicating the involvement of ethylene in the regulation of GA biosynthesis [START_REF] Calvo | Evidence of a crosstalk regulation of a GA 20-oxidase (FsGA20ox1) by gibberellins and ethylene during the breaking of dormancy in Fagus sylvatica seeds[END_REF]. Studies of expression of genes involved in GA synthesis (SoGA3ox2 and SoGA20ox2) and degradation (SoGA2ox6) during imbibition of Sisymbrium officinale seeds in the presence of GA 4+7 , ethylene, and inhibitors of GA synthesis or ethylene synthesis and signaling, indicate that GA biosynthesis is strongly regulated by GA and ethylene (Iglesias-Fernandez and Matilla, 2010).

Gibberellin signaling pathways depend on DELLA proteins including GAI (GA INSENSITIVE), RGA (REPRESSOR OF ga1-3), RGL1 (RGA LIKE1), RGL2 and RGL3 [START_REF] Sun | Molecular mechanism of gibberellin in plants[END_REF][START_REF] Davière | Gibberellin signalling in plants[END_REF]. GAs destabilizes the DELLA proteins, which act as growth repressors by targeting GAs for ubiquitination and degradation [START_REF] Dill | The Arabidopsis F-box protein SLEEPY1 targets gibberellin signaling repressors for gibberellin-induced degradation[END_REF]. In Arabidopsis, [START_REF] Achard | Ethylene regulates Arabidopsis development via the modulation of DELLA protein growth repressor function[END_REF][START_REF] Achard | The plant stress hormone ethylene controls floral transition via DELLA-dependent regulation of floral meristem-identity genes[END_REF] reported that a part of ethylene action on hypocotyl growth and floral transition was mediated via its effects on the DELLA proteins. This may be true too in the control of germination since DELLA proteins seem to play a key role in the regulation of seed germination (Lee et al., 2002;Tyler et al., 2004;[START_REF] Cao | Gibberellin mobilizes distinct DELLA-dependent transcriptomes to regulate seed germination and floral development in Arabidopsis[END_REF][START_REF] Steber | De-repression of seed germination by GA signaling[END_REF]Piskurewicz et al., 2008;[START_REF] Schwechheimer | Understanding gibberellic acid signaling-are we there yet?[END_REF]. Thus, the seed GA content and responsiveness may result from a regulation of DELLA accumulation by ethylene.

ROS AND ETHYLENE INTERACT TO REGULATE SEED GERMINATION

It has been shown in various seed species (Oracz et al., 2007;[START_REF] Ishibashi | Hydrogen peroxide scavenging regulates germination ability during wheat (Triticum aestivum L.) seed maturation[END_REF][START_REF] Ishibashi | Regulation of soybean seed germination through ethylene production in response to reactive oxygen species[END_REF][START_REF] Müller | In vivo cell wall loosening by hydroxyl radicals during cress (Lepidium sativum L.) seed germination and elongation growth[END_REF][START_REF] Bahin | Crosstalk between reactive oxygen species and hormonal signaling pathways regulates grain dormancy in barley[END_REF], including Arabidopsis [START_REF] Liu | H 2 O 2 mediates the regulation of ABA catabolism and GA biosynthesis in Arabidopsis seed dormancy and germination[END_REF][START_REF] Leymarie | Role of reactive oxygen species in the regulation of Arabidopsis seed dormancy[END_REF], that radicle protrusion is associated with and/or required a controlled accumulation of ROS. Regarding the role of plant hormones in seed germination and dormancy, several studies have investigated the possible relationship between metabolic and signaling pathways of these hormones, mainly ABA and GAs, and ROS homeostasis (Bailly et al., 2008). Up-to-date, however, the relationship between ROS and ethylene has been scarcely studied within the context of seed germination, although this is well documented in other contexts such as plant pathogen interactions [START_REF] Mersmann | Ethylene signaling regulates accumulation of the FLS2 receptor and is required for the oxidative burst contributing to plant immunity[END_REF] or cell death regulation [START_REF] Overmyer | Reactive oxygen species and hormonal control of cell death[END_REF].

In sunflower embryos, whose dormancy is released by exogenous ethylene (Corbineau et al., 1990), it has been recently demonstrated that ethylene markedly enhanced ROS accumulation within dormant embryonic axes, probably through the activation of NADPH oxidase [START_REF] El-Maarouf-Bouteau | Reactive oxygen species, abscisic acid and ethylene interact to regulate sunflower seed germination[END_REF]. Whether ethylene produced in response to ROS has a direct effect on cell wall properties and cell elongation or if it stimulates cell signaling pathways related to germination, is however not known. Contrasting results obtained by [START_REF] Lin | Ethylene antagonizes the inhibition of germination in Arabidopsis induced by salinity by modulating the concentration of hydrogen peroxide[END_REF][START_REF] Lin | Ethylene promotes germination of Arabidopsis seed under salinity by decreasing reactive oxygen species: evidence for the involvement of nitric oxide simulated by sodium niroprusside[END_REF] demonstrates that ethylene decreases ROS content in Arabidopsis seeds germinating under salinity stress. In the case of the former species, ethylene has an antagonistic effect to ROS that are detrimental for germination, probably because their production increases to excessive levels in response to stress. This highlights the plasticity of seed responses to ROS but also the complexity of their interaction with ethylene (Bailly et al., 2008).

Several authors have also studied the effect of ROS on ethylene production during seed germination. Dormant sunflower embryos treated by methylviologen, a ROS generating compound, germinate rapidly at temperatures that would otherwise prevent their germination (Oracz et al., 2007). However, this improving effect is not associated with an increase in ethylene production which peaks at the time radicle elongates, and which therefore must be considered as a post-germinative event [START_REF] El-Maarouf-Bouteau | Reactive oxygen species, abscisic acid and ethylene interact to regulate sunflower seed germination[END_REF]. These authors propose that ethylene might participate in association with ROS to facilitate the initiation of cell elongation, the first visible symptom of germination. In dormant apple embryos, [START_REF] Gniazdowska | Dormancy removal in apple embryos by nitric oxide or cyanide involves modifications in ethylene biosynthetic pathway[END_REF] that the improving effect of NO and HCN results from a transient ROS production leading to an ethylene production required in termination of the sensu stricto germination process before radicle elongation and propose that this might result from a nonenzymatic oxidation of ACC. [START_REF] Ishibashi | Regulation of soybean seed germination through ethylene production in response to reactive oxygen species[END_REF] have proposed that ROS produced in soybean (Glycine max) embryonic axes during imbibition induces ethylene production, which promotes cell elongation in the radicle. However, in that case, ethylene was measured after the onset of radicle protrusion, and this production was probably more related to the kinetics of seedling elongation than on a direct effect of H 2 O 2 . In contrast, in pea, which germination is not strongly regulated by ethylene, [START_REF] Barba-Espin | Understanding the role of H 2 O 2 during pea seed germination: a combined proteomic and hormone profiling approach[END_REF] demonstrate that H 2 O 2 treatment results in a reduction in PsACS2 transcript abundance consistent with a decrease in ACC content. These results suggest that ROS and ethylene probably do not interact directly, but rather through a complex hormonal network [START_REF] Diaz-Vivancos | Elucidating hormonal/ROS networks during germination: insights and perspectives[END_REF].

All together these data suggest that the interaction between ROS and ethylene in seeds can operate in both directions, depending on the physiological context of germination, i.e., on the environmental conditions prevailing during imbibition, and is highly species related. One can predict that the use of seeds of the plant model Arabidopsis will help decipher the molecular bases of this interaction. In particular it will be interesting to determine whether ROS can trigger expression of the ethylene signaling pathway components and vice versa. For example, Oracz et al. (2009) has demonstrated the occurrence of such a cross talk, since the treatment of dormant sunflower embryos by methylviologen induced the expression of ETR2 and of the transcription factor ERF1. The involvement of ethylene transcription factors in response to ROS appears to be worth investigating since studies with other plant systems have also implicated such a relationship [START_REF] Sewelam | Ethylene response factor 6 is a regulator of reactive oxygen species signaling in Arabidopsis[END_REF].

CONCLUSION: NETWORK BETWEEN ETHYLENE, PLANT HORMONES, AND ROS

Seed germination is regulated by ethylene in a complex signaling network, which is also operational in numerous developmental processes, including vegetative growth, flowering timing, fruit ripening and organ senescence and abscission [START_REF] Yoo | Emerging connections in the ethylene signaling network[END_REF][START_REF] Muday | Auxin and ethylene: collaborators or competitors?[END_REF]Arc et al., 2013). As mentioned above, ethylene interacts with ABA and GAs, both hormones being essential regulators of germination and dormancy [START_REF] Feurtado | A merging of paths: abscisic acid and hormonal cross-talk in the control of seed dormancy maintenance and alleviation[END_REF]Nambara et al., 2010;[START_REF] Nonogaki | Germination -Still a mystery[END_REF][START_REF] Miransari | Plant hormones and seed germination[END_REF]. Thus, the improving effect of ethylene may occur via the involvement of C 2 H 4 -GAs-ABA crosstalk but whether its action is direct or indirect needs clarification. Research on the effect of ABA and GAs on C 2 H 4 biosynthesis and signaling pathways, especially in seeds, would then require further investigation, specifically in relation with ROS. Figure 2 summarizes the current data concerning ABA-GAs-C 2 H 4 networks based on genetic analyses, microarray data, and physiological studies. ABA inhibits the C 2 H 4 biosynthesis pathway via an inhibitory action on ACO activity and on the ACO transcript accumulation. On the contrary, C 2 H 4 counteracts both ABA synthesis and signaling, ETR1 having a key role. In addition, C 2 H 4 affects the synthesis of GAs via modification of expression of genes (GA3ox and GA20ox) involved in GAs synthesis. Ethylene also probably modifies the GAs signaling pathway via a regulation of DELLA proteins, as demonstrated in growth processes [START_REF] Achard | Ethylene regulates Arabidopsis development via the modulation of DELLA protein growth repressor function[END_REF][START_REF] Achard | The plant stress hormone ethylene controls floral transition via DELLA-dependent regulation of floral meristem-identity genes[END_REF]. To add to the complexity of the ABA-GAs-C 2 H 4 network, there are antagonistic interactions between ABA and GAs, C 2 H 4 and brassinosteroids, jasmonates and auxins (Wang et al., 2002;Brady and McCourt, 2003;[START_REF] Weiss | Mechanisms of cross talk between gibberellin and other hormones[END_REF][START_REF] Finkelstein | Molecular aspects of seed dormancy[END_REF]Matilla and Matilla-Vazquez, 2008;[START_REF] Cheng | Antagonism between abscisic acid and ethylene in Arabidopsis acts in parallel with the reciprocal regulation of their metabolism and signaling pathways[END_REF][START_REF] Divi | Brassinosteroid-mediated stress tolerance in Arabidopsis shows interactions with abscisic acid, ethylene and salicylic acid pathways[END_REF]Linkies and Leubner-Metzger, 2012). ROS also regulate seed germination through hormonal networks, in particular with ABA and GAs [START_REF] Bethke | Nitric oxide in seed dormancy and germination[END_REF][START_REF] Liu | H 2 O 2 mediates the regulation of ABA catabolism and GA biosynthesis in Arabidopsis seed dormancy and germination[END_REF][START_REF] Diaz-Vivancos | Elucidating hormonal/ROS networks during germination: insights and perspectives[END_REF]. It would be then important to discriminate the hierarchy of the different signaling pathways, and their role as sensor of environmental signals.

Omics studies are now available in the field of seed germination but efforts to develop transcriptomic analysis of ethylene action are required to understand ethylene involvement in seed germination. Analysis of the effects of ethylene on specific cellular processes highlighted by dormancy and germination studies such as transcription regulation, cell cycle activity and endosperm weakening Frontiers in Plant Science | Plant Physiology should help to understand the regulatory network of germination process in seeds. Moreover, although hormonal signaling network share common components, they may work in specific territories in seeds.
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 1 Fig. 1. A generalized overview of seed development and stages of the life cycle. OV, unfertilized ovule; Postfertilization, also called proembryo, this stage involved in terminal and basal cell differentiation, formation of suspensor and embryo proper; Globular-heart transition, differentiation of major tissue-type primordia at this stage, including establishment of radial (tissue-type) axis, visible appearance of shoot-root, hypocotyl-radicle development and differentiation of root meristem; Organ expansion and maturation, enlargement of cotyledons and axis by cell division and expansion before seed maturation, and following seed maturation storage reserves such as RNA, proteins and lipids are accumulated, and then after maturation involve in loss of water (dehydration) and dormancy status formed to inhibit precocious germination. Schematic adapted from le et al.

  ) is physiological dormancy (PD), which contains three depth levels: deep, intermediate and nondeep. Moreover, depending on the PD depth level, dormancy can be released by different stratification treatments or GA treatment; (2) morphological dormancy (MD), which caused by a delay of embryo development; (3) morphophysiological dormancy (MPD), it is a combinational dormancy (PD + MD); (4) physical dormancy (PY) is due to the existing of water-

Fig. 2 .

 2 Fig. 2. Relationship between dormancy and germination. The control of germination exists at the state of seed dormancy and the operation of environmental factors such as light, temperature and air humidity effect both dormancy and germination. The diagram is fromBewley and Black (1985).

Fig. 3 .

 3 Fig. 3. The effect of the environment factors on after-ripening. Sunflower seed germination after storage at variable temperatures and relative humidities for 3 weeks. Germination was performed with embryo imbibed at 10 °C after 7 days (d). From Bazin et al. (2011).

Fig. 4 .

 4 Fig. 4. Triphasic pattern of water uptake and time course of major events involved in germination and subsequent postgermination. The time for events to be completed varies from several hours to many weeks, depending on the plant species and germination conditions. Red dot line represents seed that cannot complete germination and enter into Phase III, Green arrow marks the time of occurrence of the first signs of radicle protrusion. Adapted from Bewley (1997).

Fig. 5 .

 5 Fig. 5. The pentose phosphate pathway and dormancy breakage. The consumption of oxygen by conventional respiration is blocked by the inhibitors, and oxygen then become available for other processes, meanwhile, the pentose phosphate pathway requires oxygen for the oxidation of reduced NADP (NADPH). From Bewley and
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 6 Fig. 6. Model for the regulation of dormancy and germination by abscisic acid (ABA) and gibberellins (GA) in response to the environment. ABA synthesis and signaling (GA catabolism) dominate the dormant maintains, whereas GA synthesis and signaling (ABA catabolism) dominate the transition to germination. The complex interplay among hormone synthesis, degradation and sensitivities in response to ambient environmental conditions can result in dormancy cycling. Adapted from Finch-Savage and Leubner-Metzger (2006).

Fig. 7 .

 7 Fig.7. Metabolism pathways of three major hormones in regulating seed dormancy and germination. (a) ABA metabolism pathway; (b) GAs metabolism pathway; (c) Ethylene metabolism pathway, also called 'Yang cycle'. (a) and (b) from Weitbrecht et al. (2011); (c) from Arc et al. (2013).

Fig. 8 .

 8 Fig. 8. The core ABA signaling pathway. Recent progress in understanding early ABA signal transduction has led to the construction of a PYR/RCAR-PP2C-SnRK2 signal transduction model. In the absence of ABA, PP2Cs inhibit protein kinase (SnRK2) activity through removal of activating phosphates. ABA is bound by intracellular PYR/PYL dimers, which dissociate to form ABA receptor-PP2C complexes. Complex formation therefore inhibits the activity of the PP2C in an ABA-dependent manner, allowing activation of SnRK2s. Directly from Hubbard et al. (2010).

Fig. 9 .

 9 Fig. 9. Model of GA signaling pathway. GA action is repressed by DELLA protein when GA is absent. However, in the presence of GA, it bands to the GID1 receptor, then the GID1-GA complex interacts with the DELLA and TVHYNP motifs of the DELLA protein, resulting in the recognition of DELLA protein by the SCFGID2/SLY1 complex (consisting of Skp1, Cullin, F-box protein,

Fig. 10 .

 10 Fig. 10. Schematic representation of the temperature ranges of the major characterized plant responses to ambient temperature. Temperature compensation refers to the circadian clock. From Penfield (2008).

Fig. 11 .

 11 Fig. 11. Temperature regulation of seed dormancy release and germination in oat (a) and sunflower (b). (a) Influence of temperature on the germination percentages obtained after 7 days of freshly harvested (dormant) Avena sativa (cv Moyencourt) seeds (•), and with seeds stored dry at 20°C for 3 weeks (○), 2 months ( ), 6 months (□) and 12 months ( ). All seeds germinate at temperature below 10°C, but the germination rate was reduced and 100% germination was not obtained within 7 days (not shown in the figure). (b) Germination percentages obtained after 7 days of freshly harvested (dormant) Helianthus annuus (cv Mirasol) seeds (•) and with seeds stored dry at 20°C for 1 month (○), 2 months ( ) and 6 months (□). (a) and (b) are adapted from Corbineau et al.

Fig. 12 .

 12 Fig. 12. The influence of temperature on seed germination rates. (a) Relationships of germination rates for specific percentages (1/tg) to germination temperature (theoretical curves). Tb, base (minimum) temperature allowing germination; Tc (g), ceiling (maximum) temperature alowing germination of percentage g (10, 50 or 90%) in the seed population; ƟT (g), thermal time to completion of germination of percentage g (10, 50 or 90%) in the seed population. From Bradford, K.J. (1995), adapted from Black et al. (2006); (b) Germination of dormant sunflower embryos (i.e. naked seeds without pericarp) at various temperatures; (c) After 2 months of dry storage, sunflower seed dormancy is released and became non-dormant, the curve showed the germination rate of nondormant embryos at various temperature. (b) and (c) from Oracz et al. (2007).
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 12 Fig. 12. Temperature effect on dormancy and amino acid leakage. In this batch of lettuce seeds (cv. Grand

Fig. 13 .

 13 Fig. 13. Structure of sunflower seed. (a) Sunflower fruit, which is composed of an embryo surrounded by covering seed coat derived from the walls of the ovule; (b) Sunflower seed dissection after removal of the fruit pericarp. the plumule made up of two embryonic leaves and a terminal (apical) bud, the two embryonic leaves will become the first true leaves of the seedling, and the terminal bud contains the meristem at which later growth of the stem takes place; two cotyledons involved in food supplying for the germinating seedling;

  metabolic level. Transcriptomic and metabolomic were used to compare germinating seeds (ND and D/ET) and non-germinating seeds (D and ND/ABA). Interestingly, the high similarity showed in ND and D/ET transcriptome suggesting ethylene involvement in dormancy alleviation in sunflower. Moreover, a large number of genes were altered oppositely in germinating as compared to non-germinating seeds, most of them were involved in ABA or ET signaling, cell wall, redox metabolism, oxidation, transport or cell signaling (Xia et al., annexe 1). Metabolic changes associated to germination capacity occurred at 24 h, no change recorded at 3 or 15 h of imbibition. Metabolic change concerned only hexoses (glucose, fructose and xylose) (Xia et al., annexe 1). These results showed that after-ripening, ET and ABA treatment induced comparable underlying mechanism in seed dormancy regulation.
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  and 24 h of imbibition at 10°C and 20°C. After samples comparison by image analysis with the Progenesis SameSpot software(Arc et al. 2012), 170 significant differentially accumulated protein spots have been selected based on Anova statistical analysis at a p-value < 0.05 for fold change up to 1.5. Interestingly, few changes in protein abundance have been recorded at 6 or 15 h (phase I and II of germination sensu stricto) comparing to 24 h of imbibition (the end of phase II of germination sensu stricto, Fig.2(a), (b) and (c)). Only 12 spots were more abundant and 4 spots less abundant in embryos at 20°C comparing to 10°C after 6 h of imbibition. After 15 h, 8 and 25 spots were more or less abundant, respectively, in embryos at 20°C compared to 10°C. Conversely, we note important change after 24 h of imbibition, 19 and 102 spots were more or less abundant, respectively, in embryos at 20°C compared to 10°C. It is important to note that the major change at this time point is the decrease of protein abundance at the temperature which permits germination (Fig.2 (d)). It could be due to increased protein synthesis at 10°C and/or increased protein degradation at 20°C. To answer this question, polysome profiles, protein oxidation and degradation have been investigated.

Figure 1 .

 1 Figure 1. Germination curves of sunflower seeds under different temperatures. Dormant embryos were imbibed with distilled water at 10°C and 20°C in darkness, an embryo was considered as germinated when the radicle had elongated to 2 to 3 mm. Data are means of three replicates ± SD.

Figure 2 .

 2 Figure 2. Proteome analysis for dormant seeds imbibed at 10°C and 20°C. The position of the spots which showed more abundance on 2D gels of dormant seeds at 10°C (red zones) or 20°C (green zones) is represented for 6 (a), 15 (b) and 24 h (c). Clusters of protein accumulation patterns established by applying the correlation analysis module of SameSpot software for spot selection for each time point. (d) Represents the general trend of all the 170 differentially abundant protein spots. Each line corresponds to a spot and each point corresponds to the spot normalized volume of one biological replicate in the given condition.

Figure 3 .

 3 Figure 3. Analysis of polysome and proteasome profiles at 10°C and 20°C. (a) and (b) Comparison of the polysome profiles obtained from seeds imbibed after 15 and 24 h, respectively, dashed line represents D at 10°C and continuous line D at 20°C; (c) Quantification of activity-based protein profiling (ABPP) at 6, 15 and 24 h imbibition time points; (d) Change in protein carbonylation at 6, 15 and 24 h imbibition time points. Data are means ± SD from three independent biological replicates; (e) MDA quantification in D at 10 and 20°C during imbibition for 6, 15 and 24 h, Data are means ± SD from four independent biological replicates.

Figure 4 .

 4 Figure 4. Ontological classification of protein abundance changes at 20°C. More or lessabundant proteins at 20°C compared with 10°C at 6, 15 and 24 h of imbibition. Proteins were classified according to the classification established by Bevan et al. (1998).

Figure 5 .

 5 Figure 5. Specific activities of 10 enzymes of central energy/metabolism. Activities are expressed as nmoles per minute per mg of total proteins ± SD (n = 9). UGPase, UDP-glucose pyrophosphorylase; PGM, Phosphoglucomutase; FBP-Aldolase, Fructose-bisphosphate aldolase; Enolase; NAD-MDH, NAD-malate dehydrogenase; Aconitase; NAD-GAPDH, NADglyceraldehyde 3-phosphate dehydrogenase; NADP-GAPDH, NADP-glyceraldehyde 3phosphate dehydrogenase; PGK, phosphoglycerate kinase; AlaAT, alanine aminotransferase; ADH, alcohol dehydrogenase.

Figure 6 ,

 6 Figure 6, Activity change of central metabolism during germination sensu stricto. The evolution of enzyme activities in sunflower dormant seeds during temperature induced germination (20°C) was represented by a grayscale, black being the highest activity. UGPase, UDP-glucose pyrophosphorylase; PGM, Phosphoglucomutase; FBP-Aldolase, Fructosebisphosphate aldolase; Enolase; MDH, malate dehydrogenase; Aconitase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PGK, phosphoglycerate kinase.
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  identified, the questions about their mechanisms of interaction by external factors and how dormancy is broken under different condition, are more elusive. This paper describes the effects of ABA, GA and ethylene during seed dormancy release in sunflower by temperature and after-ripening. The effect of temperature was investigated in dormant (D) seeds imbibed at 10°C (D 10°C) (suboptimal temperature for germination) and D seeds imbibed at 20°C (D 20°C) (temperature permitting the germination of dormant seeds). After-ripening has been applied by dry storage at 20°C during 3 months of D seeds to become non dormant (ND), able to germinate at 10°C (ND 10°C). Dormancy loss by an optimal imbibition temperature and after-ripening were studied, during the germination sensu stricto phase, at the level of hormone regulation, by hormone quantification, gene expression analysis of key actors in hormone metabolism and signaling and spatial localization of hormone action in sunflower embryos.

  (Helianthus annuus cv LG5662) seeds were produced in open fields in the south of France by Valgrain (26740 Les Tourrettes, France) in 2013 and 2014. Dormant seeds were stored at -20°C until use to maintain their dormancy after harvest, and non-dormant seeds were obtained by release dormancy at 20°C and 75% relative humidity for 3 months.

  200 μl ACC solution (1 mM). Flasks were tightly closed with serum caps and placed at 10°C and 20 °C respectively. After 3 or 6 h, 1 ml gas sample was taken from each flask and injected into a gas chromatograph (Hewlett Packard 5890 series II) equipped with a flame ionization detector and an activated alumina column for ethylene determination. Results are the means of five measurements ± SD and are expressed as nl ethylene h -1 per seed.Total RNA extractionTotal RNA was extracted by an improved procedure according to Onate-Sanchez and Vicente-Carbajosa(2008). Fifteen isolated embryonic axes were ground to a fine powder in liquid nitrogen, and then transferred to a cooled 2 ml tube which contain 550 µl of extraction buffer (0.4 M LiCl, 0.2 M Tris pH 8, 25 mM EDTA, 1% (v/v) SDS) and 550 µl of chloroform. Suspensions was vortexed for 2 min and centrifuged for 5 min at 13 000 rpm. The supernatant was transferred to a new 2 ml tube and 500 µl of phenol were added. After using vortex thoroughly, 200 µl of chloroform/ CIA 24:1 was added and extract was centrifuged for 5 min at 13000 rpm. Then 1 volume of 4 M LiCl was added in the supernatant and mixed. After precipitation at 4°C for overnight and centrifugation for 45 min at 13000 rpm, the pellet was dissolved in 250 µl Milli-Q water and precipitated once again with 25 µl 2.5 M NaAc and 500 µl ethanol. After washing the pellet with 70% EtOH three times, RNA was resuspended in 100µl

( 3 -

 3 dimethylaminopropyl) carbodiimide (Sigma-Aldrich Co., St Louis, MO, USA) diluted in PBS at 4 °C. After fixation step, the sections were transferred to the normal goat serum diluted to 1:30 in PBST (PBS containing 0.1% (v/v) Tween 20) for 20 min. They were washed in PBST and incubated overnight at 4 °C with the 1:200 dilution primary antibodies (anti-ABI5 provided by Dr Luis Lopez-Molina, Depart. of Plant Biology, University of Geneva, Switzerland; anti-RGL2 was supplied by Dr Eiji Nambara, Department of Cell and Systems Biology, University of Toronto, Canada; and anti-ACO was obtained from Dr Chao Wen S, USDA-ARS, Fargo, ND, 58102, USA; Anti-ABA was purchased from Agrisera AB (AS09 446)). After washing three times in PBST for 10 min, sections were incubated with Alexa 488 conjugated anti-rabbit secondary antibody (Molecular Probes, Invitrogen, Germany) for 1 h in darkness. Then, the sections were washed three times for 10 min in PBST and were observed with a fluorescence Zeiss microscope (excitation filter 450-490 nm). Nucleus were visualized with DAPI co-staining.

Four

  ABA biosynthesis related genes (HaNCED2, HaNCED4, HaABA2 and HaABA1) have been analyzed during imbibition of D 10°C, D 20°C and ND 10°C (Fig. 3a). HaABA1 gene expression did not show significant change in any condition. HaNED2 showed significant increase only in D 10°C at 3 and 6 h. The most drastic increase in gene expression concerns HaNCED4 and HaABA2, more importantly in D 10 and 20°C than in ND 10°C. Interestingly, in D 20°C, HaABA2

Fig. 1 .

 1 Fig. 1. Germination of naked sunflower seeds on water or in the presence of ABA and its inhibitor fluridone, GA and its inhibitor pacolobatrazol (PAC), gaseous ethylene and its inhibitors α-aminoisobutyric acid (AIB) and amino-oxyacetic acid (AOA). (a) Dormant seeds incubated at 10°C; (b) Dormant seeds incubated at 20°C and (c) Non-dormant seeds incubated at 10°C. Values are means of three replicates ± standard deviation.

Fig. 2 .

 2 Fig. 2. GA and ABA content in dormant (D) and non-dormant (ND) axes isolated from sunflower seeds incubated on water at 10°C and 20°C. (a) Endogenous content of bioactive GA1; (b) Quantification of GA20, the precursor of GA1; (c) Endogenous content of ABA. Values are means of three replicates ± standard deviation.

Fig. 3 .

 3 Fig. 3. Transcript expression of genes involved in the hormone (ABA, GA and ethylene) metabolism and ABA signaling in axes isolated from dormant (D) and non-dormant (ND) sunflower embryos during imbibition (0, 3, 6, 15 h) at 10°C and 20°C. Line (a), (b) and (c) present the transcript expression of genes involved in ABA biosynthesis, degradation and signaling, respectively; (d) Expression of genes involve in GA and ethylene metabolism. Data from real-time RT-PCR are expressed in arbitrary units, and are means of three biological replicates ± standard deviation.

Fig. 4 .

 4 Fig. 4. Immunolocalization of ABA, and protein ABI5, RGL2 and ACO in sunflower seeds. Sections were prepared from naked seeds imbibed after 15 h on water. Green label indicates the interaction of different antibodies and their antigen. (a), (b), (c) ABA observed in axis and meristem and ABI5 in axis, respectively; (d) RGL2 observed in axis; (e) , (f) ACO observed in axis and meristem, respectively; (g) blue label shows the nuclei that were stained with DAPI (4',6-diamidino-2-phenylindole) and green label indicates the distribution of ABI5 in axis, and merged image also showed below; (f) negative control, as the sections observed under the red fluorescence.
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  Temperature acts via induced PTMs to regulate central carbon metabolism activated by imbibition. PTMs can be intensified by cofactors like NAD or gluthation intermediates which regulate proteins involved in gene transcription, protein synthesis and degradation via the proteasome, hormone metabolism, perception and trafficking and cell wall modification.

Fig. 14 .Frigerio

 14 Fig. 14. Hypothetic model showing temperature regulation of sunflower seed germination.

  ->4)-β-Dxylan oligosaccharide to β-D-xylopyranose which generates D-xylulose. Furthermore, xyloglucan endotransglucosylase/hydrolase (XTH) which cleaves and relegates xyloglucan polymers is also up-regulated in ND and D/ET (Supplemental Table

  Sunflower seeds (Helianthus annuus L) cultivar LG5665 were grown by Valgrain in open field in South of France in 2010. Mature seeds were stored at -20°C to preserve dormancy (dormant seeds, D) and at 20°C for 2 months to release dormancy (non-dormant seeds, ND). Treatment with ethylene was carried out by placing D embryos on water in the presence of 100 ppm of gaseous ethylene in closed Petri dishes as described by Corbineau et al. (1990) (D/ET). ABA and GA treatment consisted in ND seed imbibition with ABA solution at 10 -5 M (ND/ABA) and GA solution at 10 -4 M. Ethylene synthesis inhibitors treatment was done by imbibing seeds with 1 mM solution of inhibitors of ACC oxidase activity, α-aminoisobutyric acid (AIB) and cobalt chloride (CoCl2). All treatments were performed on embryos (seeds without pericarp)
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Figure 1 .

 1 Figure 1. Germination percentage of sunflower dormant and non-dormant embryos after 7 days of imbibition in the dark at 10°C on water (D and ND), or in presence of ethylene (D/ET and ND/ET), ethylene inhibitors α-aminoisobutyric acid (D/AIB) and cobalt chloride (D/CoCl2), and ABA (D/ABA and ND/ABA). Values are means of three replicates of 50 embryos ± standard deviation.

Figure 2 .

 2 Figure 2. ABA content in embryonic axis of dormant (D) and non-dormant (ND) during imbibition at 10 °C. Values are means of four replicates ± standard deviation.

Figure 3 .

 3 Figure 3. PCA of metabolite content in dry dormant (D); dry non-dormant (ND); D imbibed on water for 3h (D 3h), 15h (D 15h), 24h(D 24h); ND imbibed on water for 3h (ND 3h), 15h (ND 3h), 24h (ND 24h); D treated with ethylene for 3h (D/ET 3h), 15h (D/ET 15h), 24h (D/ET 24h) and ND treated with ABA for 3h (ND/ABA 3h), 15h (ND/ABA 15h), 24h(ND/ABA 24h). Results are means of three biological repelicaions.

Figure 4 .

 4 Figure 4. Main relative metabolite content change expressed as log2 (fold change) of (A) nondormant compared to dormant seeds (ND vs D); (B) dormant treated with ethylene compared to dormant (D/ET vs D); (C) non-dormant treated with ABA compared to dormant (ND/ABA vs D). A-Ala: α-alanine; B-Ala: β-alanine; Gln: glutamine; Thr: threonine; malic ac: malic acid; oxalic ac: oxalic acid; p-Ohbenzoic: p-hydroxybenzoic acid.

Figure 5 .

 5 Figure 5. GO classification based on MapMan software and Ashburner et al. (2000) of genes altered in non-dormant compared to dormant seeds (ND vs D); dormant treated with ethylene compared to dormant (D/ET vs D); and non-dormant treated with ABA compared to nondormant (ND/ABA vs ND).

Figure 6 .

 6 Figure 6. PCA of transcriptomic changes of dormant (D) imbibed on water or in presence of ethylene (D/ET) and non-dormant (ND) imbibed on water or in presence of abscisic acid (ND/ABA) during 24h at 10 °C.
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Fig. 1

 1 Fig. 1 Carbonyl group reaction with 2,4-dinitrophenylhydrazine (DNPH) to form hydrazones

1 .

 1 Grind approximately 0.1 g dry weight seeds or tissue in an ice-cold mortar and homogenize with 1 ml 50 mM Tris-HCl pH 7.4 extraction buffer.
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 234 Fig.2Changes in protein oxidation in dormant and non-dormant sunfl ower seeds during their imbibition at 10 °C. Dormant (D) seeds: freshly harvested, unable to germinate under favorable conditions; non-dormant (ND) seeds: able to germinate after a dry storage period called after ripening. As showed in the graph, ND seeds exhibited higher protein carbonylation level compared to dormant seeds at all tested imbibition times. Data are mean ± SD of three independent biological replicates
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FIGURE 1 |

 1 FIGURE 1 | Ethylene biosynthesis and signaling pathways. S-adenosyl methionine (S-AdoMet) is synthesized from methionine by the SAM synthetase, it is then converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by the ACC synthase (ACS), 5-methylthioadenosine (MTA) being a by-product. MTA is recycled to methionine through the Yang Cycle by successive enzymatic reactions involving different intermediates among which 5-methylthioribose (MTR) and 2-keto-4-methylthiobutyrate (KMB). S-AdoMet is also the precursor of the spermidine/spermine biosynthesis pathway. Ethylene production results from the ACC oxidation catalyzed by the ACC oxidase (ACO) that also generates carbon dioxide and cyanide. Malonylation of ACC to malonyl-ACC (MACC) reduces ACC content and consequently ethylene production. Ethylene can stimulate its own biosynthesis, by improving ACC synthesis catalyzed by ACS, and conversion to ethylene by ACO. Ethylene binds to receptors (among which ethylene receptor 1, ETR1) located in the endoplasmic reticulum, which leads to the deactivation of the receptors that become able to recruit CTR1 (constitutive triple response). Release of CTR1 inhibition allows EIN2 to act as a positive regulator of ethylene signaling pathway. EIN2 acts upstream of nuclear transcription factors, such as EIN3 (ethylene insensitive), EILs (EIN3-like), ERBPs (ethylene responsive element binding protein), and ERFs (ethylene response factor). -→ and -• arrows indicate positive and negative interactions between the different elements of the signaling cascade, respectively.

FIGURE 2 |

 2 FIGURE 2 | Interactions between ethylene, abscisic acid, gibberellins, and ROS in the regulation of seed germination and dormancy. This scheme is based on genetic analyses, microarray data, and physiological studies on seed responsiveness to ethylene, ABA, GAs, or ROS cited in the text. Ethylene down-regulates ABA accumulation by both inhibiting its synthesis and promoting its inactivation or catabolism, and also negatively regulates ABA signaling. ABA inhibits ethylene biosynthesis through ACS and ACO activities. Ethylene also improves the GAs metabolism, and GAs signaling, and vice versa. ROS enhance ABA catabolism and both C 2 H 4 and GAs signaling. Whether ROS are signals induced by environmental factors to modulate the hormonal network toward germination is to be investigated. → and -• arrows indicate positive and negative interactions between the different elements of the signaling cascade, respectively.

  

  

  

  

  At 24 h, several activities such as malate dehydrogenase(MDH, EC 1.1.1.82), fructosebisphosphate aldolase(FBP, EC 4.1.2.13), aconitase(EC 4.2.1.3) and alcohol dehydrogenase (ADH, EC 1.1.1.1), became higher at 20°C. The comparison between proteome change and enzyme activity showed low concordance, as GAPDH and PGK increased in abundance at 20°C but they showed high activity at 10°C at 6 h (fig.5 and table
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Table 1 .

 1 Water content (% of DW) in dormant embryo axes during imbibition at 10°C and 20°C.

	Data are means of five replicates ± SD			
	Incubate		Imbibition time (h)	
	temperature	0	6	15	24
	10°C	5.86 ± 1.9	58.7 ± 2.6	68.1 ± 2.2	69 ± 5.2
	20°C	5.86 ± 1.9	62 ± 5.89	70 ± 4.71	89,5 ± 12.68

Table S1 :

 S1 Protein spots displaying change in abundance induced by temperature on dormant seeds. Spot n°: spot number on proteome reference maps. Protein name: identification by BLASTP. MW Th (kDa): theoretical

	molecular weight; MW Exp (kDa): experimental molecular weight, pI Th: theoretical isoelectric point, pI Exp:
	experimental isoelectric point, ANOVA p-values obtained with the Progenesis SameSpot software (NonLinear
	Dynamics) when comparing the indicated groups of biological replicates.		
	Protein Spots Displaying an Increased Abundance Following Temperature-induced Dormancy
				Release		
	Time	Spot n°	Accession	Protein name	MW(kDa)&pI	Anova (p)

MWTh MWExp pITh pIExp 6h Stress response and detoxification-related proteins

  

		1030 A7PWR8	LOS1 | Ribosomal protein S5/Elongation factor G/III/V family protein	93,89	93,90	6,16	5,9	4,5E-02
		Cell structure and growth				
		2227 A0FH76	EBP1	42,82	43,10	6,26 5,98	6,0E-03
		Proteolysis					
		1985 Q9AYS9	RPT5A, Regulatory Particle triple-A ATPase 5A 47,48	58,80	4,91 4,75	2,2E-02
		2004 Q9AYS9	RPT5A, Regulatory Particle triple-A ATPase 5A 47,48	58,70	4,91 4,81	7,0E-03
		Protein folding and stability				
		1315 A7R822	FKBP-type peptidyl-prolyl cis-trans isomerase family protein	62,91	81,50	5,23 4,85	5,0E-03
		Stress response and detoxification-related proteins				
		3134 A7P1J2	Aluminium induced protein with YGL and LRDR motifs	27,62	30,40	5,65 5,42	9,0E-03
		metabolism					
		3766 P30693 1518 Q9LM03	Heat shock protein 17.6 kDa Methionine synthase	17,56 84,67	18,60 68,00	5,25 5,93 5,66 7,00E-02 4,9 3,3E-02
		Metabolism energy					
		2573 Q84VQ7 1334 Q9M6B3	Alpha-galactosidase Malate dehydrogenase	47,12 36,88	44,60 70,00	5,9 8,79 5,94 5,9	6,0E-03 1,6E-02
		2941 Q8W3X8 992 A7P0Q1	RmlC-like cupins superfamily protein Aconitase	81,59 98,15	31,50 93,80	5,02 4,18 6,36 5,79	3,8E-02 3,4E-02
		e100 A7P1Y5 mRNA metabolism 1476 Q9AT32	Glutamine amidotransferase-like superfamily protein Poly(A)-binding protein	46,99 71,93	47,10 70,00	7,95 6,94 6,45 5,3	3,1E-02 3,1E-02
		Energy protein synthesis					
	24h						
		760 3716 A7P6L8 Q42736 Transporters	Pyruvate, phosphate dikinase, chloroplast PGY2 | Ribosomal protein L6 family precursor	104,6 21,97	98,50 20,90	5,94 10,2	5,1 9,5	6,0E-03 4,5E-02
		e153 Q6RUQ2 1229 A1Y2J9 2778 A7NXT0	Glyceraldehyde 3-phosphate dehydrogenase Phosphoglycerate kinase KAB1, KV-BETA1 | potassium channel beta subunit 1	36,62 42,3 36,54	43,20 93,00 41,90	7,06 6,51 5,82 5,57 6,97 6,04	3,3E-02 1,0E-03 2,1E-02
		1194 Q43644 Cell structure and growth NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial precursor 889 A7QVD5 SKU5 | Cupredoxin superfamily protein	79,97 65,64	90,80 95,50	5,87 5,63 9,46 6,78	2,0E-03 4,0E-02
		Transporters Seed storage protein					
		e734 P18260 4957 Q9AUD0	F1 ATPase [Helianthus annuus] 7S globulin	55,49 67,07	61,80 16,60	6,02 5,69 7,55 8,05	4,8E-02 2,0E-03
		miscellaneous 3403 Q9SE84	Legumin-like protein	52,74	23,20	6,8	5,37	5,8E-04
		e268 A7Q9J9 3009 Q9SE84	Protein of unknown function (DUF1264) Legumin-like protein	27,29 52,74	30,80 36,00	6,7 6,8	5,6 5,86	4,7E-02 3,0E-03
		3134 Q2XSW6	11S globulin isoform 4	52,68	30,40	8.20 5,42	9,0E-03
		metabolism					
		1241 A8QKE9	Phenylalanine ammonia-lyase	77,77	77,90	6,07 5,79	7,0E-03
		energy					
	15h	e652 Q42736	Pyruvate, phosphate dikinase, chloroplast precursor	104,6	53,00	5,94 4,74	3,0E-03
		mRNA metabolism					

Protein Spots Displaying an decreased Abundance Following Temperature-induced Dormancy Release

  

		e35 3779 P19084 A7Q8P6 e566 Q38M52 e340 P19084 1091 A7NTQ5	Adenine nucleotide alpha hydrolases-like 11S globulin seed storage protein G3 Proteasome subunit alpha type superfamily protein 11S globulin seed storage protein G3 alpha/beta-Hydrolases superfamily protein	17,78 55,69 25,67 55,69 81,3	18,30 19,60 30,50 18,90 90,00	6,93 5,62 5,8 8.22 5,36 5,02 8,22 5,33 5,51 5,16	2,8E-02 1,0E-02 2,1E-02 3,1E-02 3,0E-03
		Protein synthesis 2715 Q9SE84 Cell structure and growth Legumin-like protein		52,74	41,50	6,8	5,68	5,3E-02
		3899 Q9SC12 e358 A1E0W1 e536 Q7XZJ2	Eukaryotic translation initiation factor 5A 7S globulin Actin	17,27 56,73 41,71	19,60 41,80 52,00	5,6 8,22 5,31 5,16 5,34 5	4,1E-02 3,7E-02 5,0E-03
		Seed storage protein Seed storage protein					
		e15 Stress response and detoxification-related proteins P19084 11S globulin seed storage protein G3 precursor (Helianthinin-G3) e624 Q9SE84 Legumin-like protein	55,69 52,74	30,50 23,80	8,22 5,94 6,8 5,67	9,0E-03 1,1E-02
		3355 Q15CJ5 e555 Q9SE84	Glutathione peroxidase Legumin-like protein		21,98 52,74	26,00 25,80	6,58 6,13 6,8 5,66	2,0E-03 5,0E-03
		Stress response and detoxification-related proteins Metabolism 2726 Q2XSW6 11S globulin isoform 4	52,68	37,00	8,2	4,9	3,0E-03
		e664 A7QFG4 e603 Q84P54 2749 Q2XSW6 2332 Q9AUD0	NAD(P)-linked oxidoreductase superfamily protein Gamma aminobutyrate transaminase 1, 11S globulin isoform 4 mitochondrial 7S globulin	39,65 56,75 52,68 67,07	41,80 60,20 36,00 50,80	7,62 5,55 7,65 5,86 8,2 5,02 7,55 5,7	1,2E-02 9,0E-03 2,2E-04 3,0E-03
	2715 A7QFG4 1802a A7P6B0 2221 Q9AUD0 3852 A3FPF4 2171 A7QV99 1802b Q19TV8 2082 Q9AUD0 845 Q9AUD0 Chapter 3	NAD(P)-linked oxidoreductase superfamily protein ALAAT2 | alanine aminotransferase 2 7S globulin Thioredoxin-dependent peroxidase Glycine cleavage T-protein family UDP-glucose pyrophosphorylase 7S globulin 7S globulin Regulation	39,65 61,03 67,07 17,51 43,53 52,06 67,07 67,07	41,50 61,50 55,10 18,20 55,00 61,00 60,20 96,00	7,62 5,68 6,88 5,22 7,55 5,7 5,34 5,1 6,69 5,25 6,69 5,22 7,55 5,92 7,55 5,42	8,4E-04 6,6E-04 5,3E-02 2,6E-02 1,0E-02 8,4E-04 4,0E-03 4,0E-03
		Metabolism e292 Q1AFF6 e603 Q9AUD0	Aldehyde dehydrogenase 7S globulin		58,53 67,07	61,50 60,20	8,04 5,56 7,55 5,86	1,0E-03 2,2E-04
		3912 A7P396 e663 P25141 e215 Q9AUD0	Adenine nucleotide alpha hydrolases-like superfamily Alcohol dehydrogenase 7S globulin	17,33 41,57 67,07	17,80 46,00 55,00	5,71 6,19 5,62 5 7,55 5,62	4,0E-03 1,0E-03 5,9E-05
		2493 Q8W1A0 Energy e596 Q9AUD0	Cysteine synthase 7S globulin		34,27 67,07	43,50 60,20	5.69 5,02 7,55 5,72	4,0E-03 4,1E-04
		e42 e831 Q2WFK8 A2C554 e76 Q9AUD0 2691 Q43130 e633 A1E0W1	Glutamine--fructose-6-phosphate aminotransferase [isomerizing] Fructose-bisphosphate aldolase 7S globulin Enolase 7S globulin	70,11 38,16 67,07 48,35 67,07	63,50 44,00 56,50 43,90 40,80	6,44 4,78 6,47 5,96 7,55 5,55 5,62 6,06 7,55 4,48	3,0E-03 4,1E-04 4,6E-02 8,0E-03 3,0E-03
		e648b Q8W3X8 1802a Q43130 miscellaneous	RmlC-like cupins superfamily protein Enolase	81,59 48,35	25,50 61,50	5,02 5,58 5,62 5,22	3,0E-03 8,4E-04
		e648c Q8W3X8 1802b Q43130 e270 A7Q9J9	RmlC-like cupins superfamily protein Enolase Protein of unknown function (DUF1264)	81,59 48,35 27,29	24,00 61,00 30,00	5,02 5,58 5,62 5,22 6,7 5,6	3,0E-03 8,4E-04 7,0E-03
		Proteolysis 2701 Q6RUQ2	Glyceraldehyde 3-phosphate dehydrogenase	36,62	43,50	7,06	6,4	4,0E-03
		2700 Q9SSZ1 2382 A1Y2J9	Aspartic proteinase Phosphoglycerate kinase		55,33 42,3	40,80 48,00	5,78 5,32 5,82 5,57	3,0E-03 5,4E-04
	24h	e345 A7PRY6 1692 Q9M4G4	alpha/beta-Hydrolases superfamily protein Phosphoglucomutase, cytoplasmic	37,2 63,47	39,80 64,50	5,41 5,52 6,01 5,6	1,3E-02 8,0E-03
	15h	Protein folding and stability e76 O22111 6-phosphogluconate decarboxylating	dehydrogenase,	56,37	56,50	5,55 5,55	2,0E-03
		3273 Q42539 1917 A7NVV2	PIMT1 methyltransferase 1 | mtLPD2 | lipoamide dehydrogenase 2 protein-l-isoaspartate	24,61 53,99	28,50 62,00	5.47 5,77 7,04 5,95	1,1E-02 8,0E-03
		2138 A9CPA7 2332 Q2WFI2	Protein disulfide isomerase family Isocitrate dehydrogenase [NADP]	47,65 46,63	57,50 50,80	5,41 5,41 6.35 5,7	3,1E-02 3,0E-03
		Cell structure and growth Protein folding and stability				
		e36 1348 A7QS95 Q5KTS8	ECP31 protein MTHSC70-2, HSC70-5 | mitochondrial HSC70	26,18 72,99	57,50 70,00	4,79 5,45	4,6 5,2	1,5E-02 8,0E-03
		Seed storage protein 1740 A7PW56	TCP-1/cpn60 chaperonin family protein	58,94	63,50	5,01 5,25	2,0E-03
		e664 Q9SE84 Protein synthesis	Legumin-like protein		52,74	41,80	6,8	5,55	1,2E-02
		e648a Q2XSW6 e75 Q9FUM1	11S globulin isoform 4 Elongation factor 1-gamma		52,68 47,99	27,00 54,00	8,2 6,11 5,53 5,58	3,0E-03 2,0E-03
		e648b Q9SE84 e215 Q9FUM1	Legumin-like protein Elongation factor 1-gamma		52,74 47,99	25,50 55,00	6,8 6,11 5,62 5,58	3,0E-03 5,9E-05
		e354a Q2XSW6 Proteolysis	Legumin-like protein		52,74	26,00	6,8	5,86	8,0E-03
	Time	Spot n° e354b Q2XSW6 Accession 1962 Q9XH61 3342 Q9SE84 e683 Q9XH61	11S globulin isoform 4 Serine carboxypeptidase Protein name Legumin-like protein Serine carboxypeptidase	MW(kDa)&pI 26,00 8,2 58,00 4,98 4,47 5,88 MWTh MWExp pITh pIExp 52,68 55,97 52,74 25,50 6,8 5,5 55,97 56,00 4,98 4,6	8,0E-03 2,0E-03 Anova (p) 2,3E-02 3,0E-03
		Stress response and detoxification-related proteins e667 Q9SE84 Legumin-like protein e266 P31542 ATP-dependent Clp protease ATP-binding subunit clpA homolog CD4B, chloroplastic	52,74 102,2	41,50 31,20	6,8 5,86 5,59 5,57	6,6E-04 7,0E-03
	6h	4366 A7NZ40 e369b P19084 e369a Q9SE84 3111 Q9SSZ1	DSI-1VOC -dessication-induced 1VOC 11S globulin seed storage protein G3 superfamily protein Legumin-like protein Aspartic proteinase	55,69 15,39 52,74 55,33	20,30 17,20 20,60 32,50	8,22 5,49 6,68 5,71 6,8 5,49 5,78 5,75	2,0E-02 2,0E-02 1,9E-02 3,0E-03
		3545 P19084 Metabolism e296 Q9SSZ1	11S globulin seed storage protein G3 Aspartic proteinase	55,69 55,33	19,60 33,80	8,22 5,25 5,78 5,59	3,2E-02 6,0E-03
		e633 Q9SSZ1	Aspartic proteinase		55,33	40,80	5,78 4,48	7,0E-03
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Table 1 .

 1 Ethylene emission by D and ND sunflower embryos imbibed on 1 mM ACC for 3 and 6 h at 10°C or 20°C; nd, non-detectable. Values are means of three replicates ± standard deviation.

	Seeds imbibed in 1mM ACC	C2H4 (nl h -1 per seed)
		D 10°C	nd
	3h	D 20°C	nd
		ND 10°C	nd
		D 10°C	nd
	6h	D 20°C	0.067 ± 0.013

  30m_0.25mm internal diameter + 10m integrated guard column) (Restek, Evry, France). The combination of chromatography retention time (t) and parent mass pattern was used to selectively monitor the different metabolites. The different samples were spiked with internal standard molecule (ribitol) to evaluate the level of analysis reproducibility. 86 among 144

metabolites (listed in table

S2

) from the different samples were quantified by reporting MS peak areas to calibration curves made with standard molecules of lactate, fructose and urea at different concentrations.

Table 1 .

 1 MapMan classification (http://bar.utoronto.ca) of sunflower genes (https://www.heliagene.org/) upregulated in germinating, ND and D/ET as compared to D, and down-regulated in non-germinating, ND/ABA as compared to ND.

	Affymetrix gene chip annotation	Heliagene Accession number (www.heliagene.o rg)	HaT131 ID	Annotation (TAIR Accession number or IPR)	Biological Process	Log2 Ratio ND vs D	Log2 Ratio D/Et vs D	Log2 Ratio ND/AB A vs ND
				cell wall				
	Heli005917_st	HuCL00926C002	HaT13l008346	AT2G28110 Exostosin family protein	1,65	2,72	-1,73
	Heli024944_st	HuCL09512C001	HaT13l011542	AT1G02640 beta-xylosidase 2(BXL2)	2,15	3,29	-2,52
	Heli030585_st	HuCL11891C001	HaT13l017099	AT5G64570 beta-D-xylosidase 4(XYL4)	1,49	2,43	-2,00
	Heli009082_st	HuCL12520C001	HaT13l004701	AT5G63180 pectate lyases and polygalacturonases	1,42	1,42	-1,95
	Heli054183_x_s t	HuCL00144C005		AT4G03210	xyloglucan es (XTHs) endotransglucosylase/hydrolas	2,87	4,06	-2,65
				cell				
	Heli006622_st	HuCL00145C001	HaT13l001013	AT1G50010 tubulin alpha-2 chain(TUA2)	1,49	2,31	-1,59
	Heli059476_st	HuCL06382C001	HaT13l021515	AT1G74790	carbohydrate metabolic process	1,54	1,70	-1,99
				secondary metabolism			
	Heli000031_st	HuCL01414C001	HaT13l030038	AT4G15560	Deoxyxylulose-5-phosphate synthase	2,10	1,63	-1,70
	Heli006291_st	HuCL12958C001	HaT13l012178	AT1G18590 sulfotransferase 17(SOT17)	1,63	1,87	-1,72
				hormone metabolism			
	Heli001834_st	HuCL04379C001	HaT13l016180	AT5G15230	GAST1 protein homolog 4	2,22	2,88	-2,50
			polyamine metabolism			
	Heli007531_st	HuCL00106C002	HaT13l001132	AT3G02470	S-adenosylmethionine decarboxylase(SAMDC)	2,17	2,20	-2,03
			minor CHO metabolism			
	Heli002812_st	HuCL03745C001	HaT13l003267	AT1G55740 seed imbibition 1(SIP1)	2,12	1,46	-1,79
			RNA regulation of transcription			
	Heli012022_st	HuCL08506C001	HaT13l014951	AT2G38090	MYB-related transcription factor family	2,50	2,38	-2,23
			protein postranslational modification			
					mitogen-activated protein			
	Heli094295_st	HuAJ827835	HaT13l017219	AT3G50310	kinase kinase kinase	2,53	2,17	-2,44
					20(MAPKKK20)			
				development				

Table 2 .

 2 MapMan classification (http://bar.utoronto.ca) of sunflower genes

	(https://www.heliagene.org/) down-regulated in germinating seeds, ND and D/ET, and up-
	regulated in non-germinating seeds, ND/ABA.				
	Affymetrix gene chip annotation	Heliagene Accession number (www.heliagene.o rg)	HaT131 ID	Annotation (TAIR Accession number or IPR)	Biological Process	Log2 Ratio ND vs D	Log2 Ratio D/Et vs D	Log2 Ratio ND/AB A vs ND
				cell wall				
	Heli005917_st	HuCL00926C002	HaT13l008346	AT2G28110 Exostosin family protein	1,65	2,72	-1,73
	Heli024944_st	HuCL09512C001	HaT13l011542	AT1G02640 beta-xylosidase 2(BXL2)	2,15	3,29	-2,52
	Heli030585_st	HuCL11891C001	HaT13l017099	AT5G64570 beta-D-xylosidase 4(XYL4)	1,49	2,43	-2,00
	Heli009082_st	HuCL12520C001	HaT13l004701	AT5G63180 pectate lyases and polygalacturonases	1,42	1,42	-1,95
	Heli054183_x_s t	HuCL00144C005		AT4G03210	xyloglucan es (XTHs) endotransglucosylase/hydrolas	2,87	4,06	-2,65
				cell				
	Heli006622_st	HuCL00145C001	HaT13l001013	AT1G50010 tubulin alpha-2 chain(TUA2)	1,49	2,31	-1,59
	Heli059476_st	HuCL06382C001	HaT13l021515	AT1G74790	carbohydrate metabolic process	1,54	1,70	-1,99

Table 1 | Plant species whose seed dormancy is broken by ethylene, ethephon, an ethylene releasing compound, or 1-aminocyclopropane- 1-carboxylic acid, the direct precursor of ethylene. Type of dormancy Species Reference

 1 

	Primary dormancy	Amaranthus caudatus	Kepczynski and Karssen (1985)
		Amaranthus retroflexus	Kepczynski et al. (1996b)
		Arabidopsis thaliana	Siriwitayawan et al. (2003)
		Arachis hypogaea	Ketring and Morgan (1969)
		Chenopodium album	Machabée and Saini (1991)
		Fagus sylvatica	Calvo et al. (2004a)
		Helianthus annuus	Corbineau et al. (1990)
		Pyrus malus	Kepczynski et al. (1977)
			Sinska and Gladon (1984)
		Rhus coriaria	Ne'eman et al. (1999)
		Rumex crispus	Taylorson (1979)
		Stylosanthes humilis	Ribeiro and Barros (2006)
		Trifolium subterraneum	Esashi and Leopold (1969)
		Xanthium pennsylvanicum	Katoh and Esashi (1975)
	Thermo-dormancy	Lactuca sativa	Speer et al. (1974)
	Secondary dormancy	Amaranthus caudatus	Kepczynski and Karssen (1985)
		Amaranthus paniculatus	Kepczynski and Kepczynska (1993)
		Helianthus annuus	Corbineau et al. (1988)
		Lactuca sativa	Abeles (1986)
		Rumex crispus	Samimy and Khan (1983)
		Xanthium pennsylvanicum	Esashi et al. (1978)

Table 2 | Dormancy and ABA sensitivity of various mutants of Arabidopsis thaliana affected in ethylene biosynthesis or signaling pathway. Mutant or transgenic lines a Gene/locus Seed dormancy Hormone sensitivity and content Reference b

 2 

	etr1-1	ETR1	Enhanced	C 2 H 4 insensitive and ABA hypersensitive	1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 12
	etr1-2			Higher ABA content	
	etr1-3	ETR1	Enhanced	Reduced C 2 H 4 sensitivity	10
	etr1-6	ETR1	Slightly enhanced More sensitive to ABA	10, 13
	etr1-8	ETR1	Enhanced	-	10
	ein2-1, ein2-5, ein2-49	EIN2	Enhanced	ABA hypersensitivity	1, 3, 4, 7, 11, 12
				Higher ABA content	
	ein4-4	EIN4	Enhanced	-	10
	ein6	EIN6	Enhanced	ABA hypersensitivity	11
	ctr1-1, ctr1-10	CTR1	Early germination Reduced ABA sensitivity	1, 3, 7, 9, 11, 12
	acs7	ACS	Early germination ABA hypersensitivity	5
	eto3		Early germination Reduced ABA sensitivity	3, 11

a mutant abbreviations: acs7 = ACC synthetase7; ctr1 = constitutive triple response1; ein2, ein4, ein6 = ethylene insensitive1,

4, 6; etr1 = ethylene resistant1; eto3 = ethylene overproducer3. b 

references:

(1) 
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Abstract

Temperature is the primary factor that affects seed dormancy and germination. However, the molecular mechanism that underlies its effect on dormancy alleviation remained largely unknown. In this study, we investigate hormone involvement in temperature induced dormancy alleviation. Hormonal response to temperature was compared to that of afterripening. Dormant (D) sunflower seeds cannot germinate at 10°C but fully germinate at 20°C.

After-ripened seeds become non-dormant (ND), i.e. able to germinate at 10°C. We showed that after-ripening is mediated by a decline in both ABA content and sensitivity while ABA content is increased in D seeds treated at 10 or 20°C, suggesting that ABA decrease is not a prerequisite for temperature induced dormancy alleviation. GA and ethylene contents were in accordance with germination potential of the three conditions (D 10°C, D 20°C and ND 10°C). Transcripts analysis of the key genes involved in ABA metabolism and signaling and GA and ethylene metabolism revealed similar expression regulation in germinating seeds (D 20°C and ND 10°C), at the exception of some genes involved in ABA synthesis. However, the most important hormone regulation was found in their localization which was different between non-germinating seeds (D 10°C) and germinating ones (D 20°C and ND 10°C), at level of the seed compartments but also seed cell. Our results reveal the importance of hormone trafficking in the cell and their regulation in specialized tissue such as the meristem in dormancy alleviation and germination.

Key words: ABA, After-Ripening, Ethylene, GA, Temperature

Supporting Information

Table S1. Sequences of primers used for qRT-PCR experiments. Heliagene accession number for each gene was determined by https://www.heliagene.org and the sequence of primer by Primer6. ACO primers were tacked from Oracz et al. (2008). The internal standard gene primers, EFR, Tubulin and S19, are derived from Layat et al. (2014). 

Transcriptome analysis

Transcriptomic changes between germinating and non-germinating seeds were studied by microarray analysis using the same conditions as in metabolomic analysis (D, ND, D/ET, ND/ABA at 24h). Gene ontology (GO) annotations based on MapMan software and [START_REF] Ashburner | Gene ontology: tool for the unification of biology. The Gene Ontology Consortium[END_REF] showed that altered transcripts in all treatments belong to the same classes (Fig. 5). Transcriptome analysis by PCA confirmed that in ND and D/ET, the gene variation is similar at a high extent as PCA axes F1 and F2 can explain variability at the score of 83,78 % (Fig. 6).

ABA treatment on ND seeds (ND/ABA) induced important change in gene expression as compared to ND but did not reverse gene expression to that of D seeds (Fig. 6). Interestingly, all altered genes in ND/ABA as compared to D were altered oppositely in ND and D/ET, thus they could represent good candidates for germination induction (Table 1). Up-regulated genes in germinating seeds and down-regulated genes in non-germinating seeds are members of reduction metabolism, LEA family, and also hormones metabolism regulators (Table 2;

Supplemental Table S2). Nine genes belonging to the two categories have been used for qPCR validation (Supplemental Fig. S1). Microarray and qPCR values correlated at a high coefficient of 0, 83.

The first version of sunflower genome annotation (https://www.heliagene.org/HA412.v1.1.bronze.20141015/) allowed us to analyze the ciselements present in the 500 bp promoter regions of these common genes. Thirty six percent (8 out of 22 sequences) of up-regulated genes in ND and D/ET and down-regulated in ND/ABA contained an homeodomain binding site ATHB6, a target of ABI1, a negative regulator of ABA signaling [START_REF] Himmelbach | Homeodomain protein ATHB6 is a target of the protein phosphatase ABI1 and regulates hormone responses in Arabidopsis[END_REF]. Sixteen percent (4 of 24 sequences) of down-regulated genes in ND and D/ET and up-regulated in ND/ABA contained a Z-box motif (Ha and An, 1988).

Z-box is recognized by AtMYC2 and AtMYB2 biding factors shown to be transcriptional reference genes [START_REF] El-Maarouf-Bouteau | Role of protein and mRNA oxidation in seed dormancy and germination[END_REF][START_REF] El-Maarouf-Bouteau | Reactive oxygen species, abscisic acid and ethylene interact to regulate sunflower seed germination[END_REF]. Gene names and corresponding primers used are listed in supplemental Table 3. An arbitrary value of 100 was assigned to dormant seed samples, which were used as control samples for normalization [START_REF] Pfaffl | A new mathematical model for relative quantification in real-time RT-PCR[END_REF]. Results presented are the means of three biological replicates ± SD. Supplemental Table S3. Gene names and primer sequences used for qPCR validation. Ethylene is an important component of the gaseous environment, and regulates numerous plant developmental processes including seed germination and seedling establishment. Dormancy, the inability to germinate in apparently favorable conditions, has been demonstrated to be regulated by the hormonal balance between abscisic acid (ABA) and gibberellins (GAs). Ethylene plays a key role in dormancy release in numerous species, the effective concentrations allowing the germination of dormant seeds ranging between 0.1 and 200 1 µL L -. Studies using inhibitors of ethylene biosynthesis or of ethylene action and analysis of mutant lines altered in genes involved in the ethylene signaling pathway (etr1, ein2, ain1, etr1, and erf1) demonstrate the involvement of ethylene in the regulation of germination and dormancy. Ethylene counteracts ABA effects through a regulation of ABA metabolism and signaling pathways. Moreover, ethylene insensitive mutants in Arabidopsis are more sensitive to ABA and the seeds are more dormant. Numerous data also show an interaction between ABA, GAs and ethylene metabolism and signaling pathways. It has been increasingly demonstrated that reactive oxygen species (ROS) may play a significant role in the regulation of seed germination interacting with hormonal signaling pathways. In the present review the responsiveness of seeds to ethylene will be described, and the key role of ethylene in the regulation of seed dormancy via a crosstalk between hormones and other signals will be discussed.
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