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Successful germination is a critical step of plant life cycle that has dramatic impacts on plant performance in natural ecosystems and agrosystems. Paradoxically, seeds can retain viability even after long term exposure to extreme environmental conditions, whereas their germination is possibly modified by only tiny variations of their abiotic environment. Because of the ongoing climate changes that will bring frequent episodes of extreme temperature, rainfall and drought, seed germinating capacity will be dramatically modified, jeopardizing crop yield, plant spreading and survival.

Understanding the mechanisms regulating seed germination under abiotic constraints is therefore critical to develop strategies to mitigate the effects of global climate change.

During the last decade, the central function of redox processes in the control of seed traits, i.e. dormancy, germination or longevity, has been illustrated in both wild and cultivated species. So far, the investigations have essentially considered the role of reactive oxygen species (ROS), and, to a lesser extent, of nitric oxide (NO), in the regulation of seed biology. The emergence of hydrogen sulfide (H2S) as a new element of the cellular redox balance in plants has recently prompted research on this reactive species in the context of seed biology. This review will present and discuss the possible functions of H2S during seed germination, with an emphasis on the mechanisms through which H2S helps mitigate abiotic stress effects and maintain high germination efficiency under penalizing conditions.

Introduction

The emergence of seeds in Spermatophytes has constituted a major step in the evolution of the Green Lineage, and dramatically improved plant species conservation and dispersion. Indeed, the properties of seeds make them particularly adapted for longdistance spreading and long-lasting survival, two crucial traits for success in complex ecosystems. As plants generally produce huge, but also heterogeneous, seed progeny, seeds allow to evolve diversity and conserve the whole genetic information in temporal and spatial manners, even under changing environmental conditions [START_REF] Nonogaki | Seed dormancy and germination-emerging mechanisms and new hypotheses[END_REF].

Conversely, the emergence of a new plant generation is directly dependent upon the capacity of seeds to germinate and give rise to a robust plantlet. Beside seed longevity, seed germination efficiency is therefore a key determinant in competitive ecosystems.

Since the arrival of agriculture, seeds have also been the pillar of human nutrition and still constitute the primary basis of nutrition. Indeed, improving the production of crop seeds, both quantitatively and qualitatively, is a major economic concern for food industry. Moreover, even when they do not represent the outcome of crop production, seeds generally constitute their income. In this view, seeds are expected to germinate rapidly and homogeneously to give rise to robust seedlings.

Improving such seed traits (germination, vigor, and longevity) is therefore highly topical for seed industry and relies on a better understanding of the mechanisms controlling these different responses.

The undergoing deterioration of environmental conditions, including global warming, water scarcity and soil pollution, constitutes a major threat for plant development and growth and eventually for the survival of the less-adapted species within the ecosystems. Seed germination, as it constitutes the early stage of plant cycle, is particularly vulnerable and impacted by environmental stresses (Daszkowska-Golec 2011). On the one hand, stresses directly affect the capacity of seeds to germinate and the early survival of the emerging plantlets. On the other hand, the efficiency of germination, that depends on characteristics (desiccation tolerance, stored reserves, dormancy) acquired during seed development on the mother plant, are strongly modulated by the environmental conditions experienced by the mother plant itself. Seed germination therefore represents an original context to investigate the mechanisms underlying stress response in plants, as well as an important model to evaluate stress mitigation strategies.

Seed germination is a complex multi-step process that starts with the increase of seed water content upon imbibition and ends up with the protrusion of the embryonic radicle through the protective seed coat tissues [START_REF] Bewley | Seed germination and dormancy[END_REF]. In this timeframe, seed metabolism gets reactivated with the sequential resumption of respiration, mRNA translation and gene transcription, and embryonic axis growth operates via cell expansion [START_REF] Bewley | Seed germination and dormancy[END_REF]). Nevertheless, mature seeds are frequently released from mother plants in a dormant state, i.e. unable to germinate under favorable conditions because of blockage processes established during seed development and will properly germinate only after dormancy release [START_REF] Finch-Savage | Seed dormancy and the control of germination[END_REF]. The switch from dormancy to germination relies on the modification of the balance between abscisic acid (ABA) and gibberellins (GA), the former inhibiting germination when the later participates in its completion. Complex networks controlling ABA and GA metabolism and signaling are therefore at the heart of the regulation of seed germination and integrate environmental cues to trigger germination under appropriate conditions [START_REF] Vishal | Regulation of seed germination and abiotic stresses by gibberellins and abscisic acid[END_REF].

During the last decade, key roles played by reactive species derived from oxygen (ROS) or nitrogen (RNS) in the regulation of seed dormancy and germination have been evidenced (for review, [START_REF] Arc | Nitric oxide implication in the control of seed dormancy and germination[END_REF][START_REF] Bailly | The signalling role of ROS in the regulation of seed germination and dormancy[END_REF]. Interestingly, these compounds can exert opposite effects functioning as toxic molecules or positive cellular signals, in seeds but also when whole plants are exposed to environmental stresses [START_REF] Mittler | ROS are good[END_REF][START_REF] Bailly | The signalling role of ROS in the regulation of seed germination and dormancy[END_REF]. More recently, hydrogen sulfide (H2S) emerged as a new reactive species in plants that shares similar characteristics with ROS/RNS and functions in close interplay with these two classes [START_REF] Lisjak | Hydrogen sulfide: environmental factor or signalling molecule?[END_REF][START_REF] Hancock | Harnessing evolutionary toxins for signaling: reactive oxygen species, nitric oxide and hydrogen sulfide in plant cell regulation[END_REF].

The following paragraphs will review the current knowledge on the metabolism and functions of H2S in seeds. A special emphasis will be placed on the role of this molecule during seed germination under abiotic stress.

Hydrogen sulfide metabolism in seeds

As shown in Table 8.1, a series of studies carried out in a range of plant species have evidenced the presence of H2S in seeds [START_REF] Zhang | Hydrogen sulfide promotes wheat seed germination and alleviates oxidative damage against copper stress[END_REF](Zhang et al. , 2010b(Zhang et al. , 2010c;;[START_REF] Li | Hydrogen sulfide is a mediator in H2O2-induced seed germination in Jatropha curcas[END_REF][START_REF] Xie | Hydrogen sulfide delays GA-triggered programmed cell death in wheat aleurone layers by the modulation of glutathione homeostasis and heme oxygenase-1 expression[END_REF][START_REF] Baudouin | The significance of hydrogen sulfide for Arabidopsis seed germination[END_REF][START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. These reports indicate that H2S content varies in dry seeds between 0.1 and 1.5 µmol• g -1 DW. Two studies carried out in Arabidopsis thaliana evidenced that H2S content rapidly (within 3 to 6 h) increased upon imbibition leading to a high and steady level of H2S for up to 24-48 h [START_REF] Baudouin | The significance of hydrogen sulfide for Arabidopsis seed germination[END_REF][START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. Although the profiles of H2S production in these two studies were similar, the amplitude of the increase was different, i.e. 1.25 [START_REF] Baudouin | The significance of hydrogen sulfide for Arabidopsis seed germination[END_REF]) and 2.7 folds [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. This difference may reflect different experimental procedures for seed germination (15°C and 22°C, respectively). Although no detailed kinetics is available for wheat, an accumulation of H2S was also detected 12 h after imbibition (Zhang et al. 2010c;[START_REF] Zhang | Hydrogen sulfide promotes wheat seed germination and alleviates oxidative damage against copper stress[END_REF]. In contrast to these results, the increase observed in imbibed Jatropha seeds was only slight (1.16 fold) and delayed (after 3 days) [START_REF] Li | Hydrogen sulfide is a mediator in H2O2-induced seed germination in Jatropha curcas[END_REF]. Interestingly, although no increase of H2S content was observed in wheat aleurone layers under control conditions, it was modified upon hormonal treatment, with ABA promoting and GA repressing H2S synthesis [START_REF] Xie | Hydrogen sulfide delays GA-triggered programmed cell death in wheat aleurone layers by the modulation of glutathione homeostasis and heme oxygenase-1 expression[END_REF]). As a whole, these data support that H2S metabolism is modified during the early steps of seed germination, leading to enhanced H2S concentrations in seeds.

Remarkably, seed exposure to abiotic stresses during the time lapse of imbibition led to dramatic modifications of H2S content (Table 8.1). For instance, H2S content was 1.5 fold higher in wheat kernels exposed to copper stress compared to unstressed grains after 12 h imbibition [START_REF] Zhang | Hydrogen sulfide promotes wheat seed germination and alleviates oxidative damage against copper stress[END_REF]. A similar increase was also observed in wheat grains submitted to osmotic (Zhang et al. 2010c) or aluminum stress (Zhang et al. 2010b) and in Jatrophas curcas seeds exposed to oxidative stress [START_REF] Li | Hydrogen sulfide is a mediator in H2O2-induced seed germination in Jatropha curcas[END_REF]. In these different examples, the increase observed is transient and H2S concentrations progressively decreased back to that of unstressed seeds after 2-4 days of imbibition.

In Arabidopsis, the exposure of seeds to high temperature during imbibition did not affect H2S accumulation during the first 12h, but led to a dramatic decrease thereafter, whereas it remained at highest in unstressed seeds [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. Temperature is a major determinant of seed capacity to germinate and the response to temperature is intimately dependent on seed dormancy status that either restricts (high dormancy) or widen (low dormancy) the temperature window allowing proper germination [START_REF] Finch-Savage | Seed dormancy and the control of germination[END_REF]. Conversely, high temperature induces secondary dormancy in Arabidopsis and inhibits germination (thermoinhibition) (Finch-Savage and Footitt 2017). The different patterns of H2S production reported in seeds imbibed at optimal or high temperature may therefore be a cause or a consequence of different levels of dormancy. Based on these seminal works, H2S appears widely produced in plants seeds during normal germination process and under abiotic constraints. A step forward now requires systematic comparisons of H2S level in i) a large sampling of distant botanical families/species, ii) covering a variety of seed biology types (orthodox/recalcitrant seeds, primary/secondary dormant with different dormancy types, ecotypes), and iii) subjected to a panel of abiotic stress conditions (type, intensity, duration, combination). Several metabolic pathways leading to H2S production have been described in plants (Fig. 8.1). On the one hand, H2S is formed as an intermediate during sulfate assimilation by sulfite reductase (SiR), a ferredoxin-dependent enzyme that catalyzes sulfite reduction [START_REF] Gotor | Signaling by hydrogen sulfide and cyanide through post-translational modification[END_REF]. Then, H2S is essentially used as a substrate by Oacetyl-serine thiol lyase (OAS-TL) to synthesize L-cysteine from O-acetyl-L-serine (OAS) [START_REF] Wirtz | O-acetylserine (thiol) lyase: an enigmatic enzyme of plant cysteine biosynthesis revisited in Arabidopsis thaliana[END_REF]). On the other hand, H2S is generated from L-cysteine by Lcysteine desulfhydrase (L-CDes), together with the formation of pyruvate and ammonia [START_REF] Romero | Cysteine and cysteinerelated signaling pathways in Arabidopsis thaliana[END_REF]. It can also be released from D-cysteine in a similar reaction catalyzed by D-cysteine desulfhydrase (D-CDes) [START_REF] Riemenschneider | Isolation and characterization of a D-cysteine desulfhydrase protein from Arabidopsis thaliana[END_REF]. H2S is also formed during the biosynthesis of cyanoalanine from cyanide and cysteine catalyzed by -cyanoalanine synthase (-CAS) [START_REF] García | Mitochondrial beta-cyanoalanine synthase is essential for root hair formation in Arabidopsis thaliana[END_REF]. Finally, OAS-TL possibly catalyzes a reverse reaction, generating H2S and OAS from D-cysteine. As H2S is highly toxic, catabolic pathways also exist that control H2S cellular content. In particular, H2S easily reacts with glutathione disulfide (GSSG) to form glutathione persulfide (GSSH) that is subsequently oxidized to sulfite by the sulfur dioxygenase ETHE1 (Fig. 8.1) [START_REF] Holdorf | Arabidopsis ETHE1 encodes a sulfur dioxygenase that is essential for embryo and endosperm development[END_REF][START_REF] Krüßel | The mitochondrial sulfur dioxygenase ETHYLMALONIC ENCEPHALOPATHY PROTEIN1 is required for amino acid catabolism during carbohydrate starvation and embryo development in Arabidopsis[END_REF].

The activities of the enzymes of H2S metabolism have been analyzed in seeds of different species. Early work by [START_REF] Taylorson | Promotion of seed germination by cyanide[END_REF] evidenced the increase of -CAS activity in imbibed seeds of pigweed (Amaranthus albus) and lettuce (Lactuca sativa). Whereas cytoplasmic -CAS activity remained unchanged upon imbibition, increases of mitochondrial -CAS activity was also observed in imbibed seeds of cocklebur (Xanthium pennsylvanicum), cucumber (Cucumis sativus), barley (Hordeum vulgare) and rice (Oryza sativa) [START_REF] Hasegawa | The presence of two types of βcyanoalanine synthase in germinating seeds and their responses to ethylene[END_REF]. Furthermore, this activity was stimulated by treatment with ethylene in cocklebur seeds [START_REF] Hasegawa | The presence of two types of βcyanoalanine synthase in germinating seeds and their responses to ethylene[END_REF]. In A. thaliana, -CAS activity was rapidly stimulated after imbibition and remained high for 24h [START_REF] Baudouin | The significance of hydrogen sulfide for Arabidopsis seed germination[END_REF]. Despite the modulation of -CAS activity during imbibition, it may not be related to the increase of H2S production. Indeed, the main function of -CAS is the detoxification of cyanide [START_REF] Machingura | The β-cyanoalanine synthase pathway: beyond cyanide detoxification[END_REF]. A rapid increase of cyanide production is observed during germination that may participate in dormancy release and promote germination and cyanide burst might be dissipated by -CAS activation [START_REF] Oracz | Release of sunflower seed dormancy by cyanide: cross-talk with ethylene signalling pathway[END_REF]. Further investigations are therefore required to evaluate if and to which extent -CAS activity may participate in the overall increase of H2S content. More convincingly, CDes appear as a major source of H2S in seeds. Both L-CDes and D-CDes activities have been detected in dry Arabidopsis seeds and strongly increased following imbibition [START_REF] Baudouin | The significance of hydrogen sulfide for Arabidopsis seed germination[END_REF][START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF].

Strikingly, no increase of H2S content was observed in imbibed mutant seeds for LCD (At3g62130) and DES1 (At5g28030), the major L-CDes, which indicates that these enzymes play crucial role in H2S synthesis in seeds [START_REF] Baudouin | The significance of hydrogen sulfide for Arabidopsis seed germination[END_REF][START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. In agreement, seeds overexpressing DES1 presented a constitutively high level of H2S [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. As the increase of DES1 and LCD enzymatic activities correlated with enhanced transcript levels, it is likely that both activities are at least in part regulated at the transcriptional level [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. Finally, high temperature modified DES1 and LCD activities in agreement with the differences in H2S content observed in heat-stressed seeds [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. Likewise, ABA and GA treatments modulated LCD activity in a similar way as H2S content in wheat aleurone layers [START_REF] Xie | Hydrogen sulfide delays GA-triggered programmed cell death in wheat aleurone layers by the modulation of glutathione homeostasis and heme oxygenase-1 expression[END_REF]. It is therefore likely that L-CDes activities account for H2S synthesis during seed germinating in optimal or stressing conditions. 

Hydrogen sulfide and germination capacity

Numerous studies have investigated how germination is impacted when H2S content is modulated in seeds (Table 8.2). For this purpose, different strategies can be carried out including treatments with H2S-releasing molecules (NaHS or GYY4137), treatments with H2S scavenger such as hypotaurine (HT) or H2S synthesis inhibitor such as aminooxyacetic acid (AOA) or propargylglycine (PG), and genetic approaches using mutants or overexpressing lines for enzymes of H2S metabolism. These strategies have been widely used to investigate the role of H2S during seed germination under optimal conditions and to examine the capacity of H2S to alleviate abiotic stress effects during this developmental stage. Several lines of evidence support a role for H2S produced endogenously during germination under optimal conditions. On the one hand, HT, PG and AOA treatments, that decrease H2S concentration, partially inhibited germination in Arabidopsis and Jatropha curcas [START_REF] Li | Hydrogen sulfide is a mediator in H2O2-induced seed germination in Jatropha curcas[END_REF][START_REF] Baudouin | The significance of hydrogen sulfide for Arabidopsis seed germination[END_REF][START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]). On the other hand, des1 and lcd mutant seeds also exhibited a lower germination rate compared to WT [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]). des1 seed defect was efficiently reverted by the treatment with H2S donor NaSH and was therefore linked to the modification of H2S content. On the other, such phenotype of des1 seeds was hardly observed in freshly harvested dormant treatment appears to mitigate the impact of diverse stress in a same species as illustrated in wheat (Zhang et al. 2010b(Zhang et al. , 2010c;;[START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF]. Conversely, the effect of high temperature is partially reversed by H2S in different species, i.e. maize and Arabidopsis [START_REF] Li | Hydrogen sulfide donor sodium hydrosulfideimproved heat tolerance in maize and involvement of proline[END_REF][START_REF] Zhou | Signaling molecule hydrogen sulfide improves seed germination and seedling growth of maize (Zea mays L.) under high temperature by inducing antioxidant system and osmolyte biosynthesis[END_REF][START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. These observations suggest that mechanisms underlying H2S effect control generic aspects of plant response to stress conserved among plant species that will be presented in the next paragraph. When different doses of H2S donors have been assayed, an optimal effect has generally been observed at around 0.5 mM NaSH (Zhang et al. 2010c;[START_REF] Wang | Hydrogen sulfide enhances alfalfa (Medicago sativa) tolerance against salinity during seed germination by nitric oxide pathway[END_REF][START_REF] Li | Hydrogen sulfide donor sodium hydrosulfideimproved heat tolerance in maize and involvement of proline[END_REF][START_REF] Zhou | Signaling molecule hydrogen sulfide improves seed germination and seedling growth of maize (Zea mays L.) under high temperature by inducing antioxidant system and osmolyte biosynthesis[END_REF]), but it may also be found at concentrations up to 1.5 mM (Zhang et al. 2010b;[START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF]. Interestingly, seed priming with NaHS not only alleviated stress during germination, but it may also ameliorate seedling performance under stress, with important outcome for seed industry and farming [START_REF] Zanganeh | Impacts of seed priming with salicylic acid and sodium hydrosulfide on possible metabolic pathway of two amino acids in maize plant under lead stress[END_REF][START_REF] Valivand | Seed priming with H2S and Ca 2+ trigger signal memory that induces cross-adaptation against nickel stress in zucchini seedlings[END_REF].

Molecular mechanisms controlled by H2S in germinating seeds

Although it seems now established that H2S participates in the regulation of seed germination and that the modulation of H2S content is a promising tool for coping with the effects of abiotic stresses during this developmental process, the mechanisms underlying H2S function in seeds are far from being elucidated. In particular, because molecular analyses have been carried out essentially in stressed plants, the mechanisms controlled by H2S during the germination of unstressed seeds can only be speculated by reference to those modulated in seeds germinating under stress. Moreover, evidences are generally correlative and rarely demonstrate a direct effect of H2S, not to speak of the mechanisms involved. The following paragraphs address the most illustrative examples of H2S function described to date, but also more elusive mechanisms that may represent important routes for future investigations.

Interplay with ROS, nitric oxide, and antioxidant defense

The exposure of plants to environmental stresses generally leads to the elevation of ROS level due to the enhanced ROS formation, in particular H 2 O 2 , that are not fully eliminated by the cellular antioxidant machinery. An elevation of H 2 O 2 content has been observed in seeds germinated under penalizing conditions such as excess Cu, Cd, Al or osmotic stresses [START_REF] Zhang | Hydrogen sulfide promotes wheat seed germination and alleviates oxidative damage against copper stress[END_REF](Zhang et al. , 2010b(Zhang et al. , 2010c;;[START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF]. A similar increase in superoxide (O2 ⦁ -) content can also be observed (Zhang et al. 2010b;[START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF]. In these experiments, treatments with NaSH strongly lowered H 2 O 2 and O2 ⦁ -accumulation. H2S treatment limited the impact of oxidative stress as it helped restricting lipid peroxidation and maintaining membrane integrity [START_REF] Zhang | Hydrogen sulfide promotes wheat seed germination and alleviates oxidative damage against copper stress[END_REF](Zhang et al. , 2010b(Zhang et al. , 2010c;;[START_REF] Wang | Hydrogen sulfide enhances alfalfa (Medicago sativa) tolerance against salinity during seed germination by nitric oxide pathway[END_REF][START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF]. The major effect of NaSH treatment is the stimulation of a range of antioxidant enzymatic activities (superoxide dismutase, catalase and/or ascorbate and guaiacol peroxidases) that account for ROS detoxification [START_REF] Zhang | Hydrogen sulfide promotes wheat seed germination and alleviates oxidative damage against copper stress[END_REF](Zhang et al. , 2010b(Zhang et al. , 2010c;;[START_REF] Wang | Hydrogen sulfide enhances alfalfa (Medicago sativa) tolerance against salinity during seed germination by nitric oxide pathway[END_REF][START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF].

Such induction might include the transcriptional regulation of the corresponding genes [START_REF] Wang | Hydrogen sulfide enhances alfalfa (Medicago sativa) tolerance against salinity during seed germination by nitric oxide pathway[END_REF]). In addition, Arabidopsis isoform of catalase CAT3 and ascorbate peroxidase APX1 have been identified as direct targets for S-sulfhydration, an H2Sbased post-translational modification of cysteine residues [START_REF] Aroca | S-sulfhydration: a cysteine posttranslational modification in plant systems[END_REF].

Interestingly, the S-sulfhydration of APX1 led to the reversible stimulation of the enzyme activity, therefore providing a direct mechanism of regulation for APX1 by H2S [START_REF] Aroca | S-sulfhydration: a cysteine posttranslational modification in plant systems[END_REF]. Whether this mechanism is operative in seeds is unknown and no information on the S-sulfhydration status of oxidant/antioxidant enzymes is currently available in seeds. In addition to ROS, connections between H2S and nitric oxide (NO), another reactive species, have been proposed [START_REF] Wang | Hydrogen sulfide enhances alfalfa (Medicago sativa) tolerance against salinity during seed germination by nitric oxide pathway[END_REF]. The authors evidenced that NaSH treatment enhanced NO production in unstressed and salt stressed-imbibed alfalfa seeds. Treatments with the NO scavenger cPTIO impaired the positive effects of NaSH treatment on seed germination and oxidative stress alleviation in salt-stressed seeds [START_REF] Wang | Hydrogen sulfide enhances alfalfa (Medicago sativa) tolerance against salinity during seed germination by nitric oxide pathway[END_REF].

As mentioned, ROS also have signaling functions and as so, play a critical role in the regulation of seed ability to germinate [START_REF] Bailly | The signalling role of ROS in the regulation of seed germination and dormancy[END_REF]. Indeed, germination can occur only when the H2O2 content in the seed fall into a restricted range referred as the "Oxidative Window", outside of which seeds remain dormant (too low H2O2 concentration) or undergo rapid ageing (too high H2O2 concentration) [START_REF] Bailly | From intracellular signaling networks to cell death: the dual role of reactive oxygen species in seed physiology[END_REF]. Studies carried out in Vigna radiata and Jatropha curcas suggest that H2S could modulate the germination of unstressed seeds through their effect on H2O2 content [START_REF] Li | Hydrogen sulfide is a mediator in H2O2-induced seed germination in Jatropha curcas[END_REF][START_REF] Li | Hydrogen peroxide might be a downstream signal molecule of hydrogen sulfide in seed germination of mung bean (Vigna radiata)[END_REF]. On the one hand, NaSH treatment increased H2O2 content and NaSH and H2O2 treatments stimulated seed germination. On the other hand, impairing endogenous H2O2 formation abolished the stimulation of germination following NaSH treatment, whereas the stimulation of germination by H2O2 was not affected by H2S depletion. So far, the mechanisms underlying this H2S/H2O2 interplay are unknown, so as its possible physiological relevance for the regulation of seed germination capacity.

Although additional investigations are needed to fully establish the relationship between ROS and H2S in germinating seeds and the mechanisms at work, these different examples speak for opposite effects in unstressed and stressed seeds. In the former case, H2S would participate in the lowering of ROS content via stimulation of the antioxidant defense system. In the latter case, it would promote the formation of signaling ROS through mechanisms to be unraveled. Such dual function is reminiscent of that of NO in which it can also promote or decrease ROS accumulation in plants in different physiological contexts [START_REF] Niu | Hydrogen peroxide signaling in plant development and abiotic responses: crosstalk with nitric oxide and calcium[END_REF]. In this view, the H2S/ROS/NO interplay likely constitute a key determinant of seed germination as evidenced in other processes such as stomatal closure (García-Mata and Lamattina 2010).

H2S and seed metabolism

The transition from dry to germinating seeds is achieved during imbibition and includes the rapid resumption of an active metabolism in a finely orchestrated sequence order [START_REF] Bewley | Seed germination and dormancy[END_REF]. At the end of the germination process sensu stricto, the substrates for fueling energetic metabolism and the precursors for macromolecule biosynthesis are provided by the degradation of reserves (starch, triglycerides, proteins) accumulated during seed formation. Therefore, the efficiency of reserve degradation is crucial for seedling establishment before the transition from a heterotrophic to autotrophic metabolism. A series of studies have addressed the effect of H2S treatment on reserve mobilization in unstressed and stressed wheat grains [START_REF] Zhang | Hydrogen sulfide promotes wheat seed germination and alleviates oxidative damage against copper stress[END_REF](Zhang et al. , 2010a, b, c;, b, c;[START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF]. In this absence of stress, H2S treatment stimulated amylase activities, but not that of esterases [START_REF] Zhang | Hydrogen sulfide promotes wheat seed germination and alleviates oxidative damage against copper stress[END_REF](Zhang et al. , 2010b(Zhang et al. , 2010c;;[START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF]. Zhang et al. (2010a) further evidenced the rapid stimulation of -amylase activity by H2S and suggested that this activation might rely on the capacity of H2S to reduce S-S bonds and thereby to release bound -amylase to a free and active form. Interestingly, an -amylase-like protein was identified as persulfilated in Arabidopsis which may constitutes another mechanism for the direct regulation of amylase activities by H2S [START_REF] Aroca | Persulfidation proteome reveals the regulation of protein function by hydrogen sulfide in diverse biological processes in Arabidopsis[END_REF]. Under excess Cu, Cd, Al, and osmotic stress, the amylase activities measured in NaSH-pretreated grains are always higher which indicates that the maintenance of a high reserve mobilization capacity might explain part of the better germination observed in these conditions [START_REF] Zhang | Hydrogen sulfide promotes wheat seed germination and alleviates oxidative damage against copper stress[END_REF](Zhang et al. , 2010b(Zhang et al. , 2010c;;[START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF]. In contrast, esterase activities were hardly modified by H2S treatment in the absence of stress, but stimulated by H2S under Cu, Cd and Al stress. The stimulation of hydrolytic activities by H2S treatment is also evidenced by an increase of free reducing sugars and contents of most free amino acid [START_REF] Huang | Hydrogen sulfide promotes wheat grain germination under cadmium stress[END_REF].

Although reserve mobilization represents a key process for early seedling growth, it constitutes a late event in the germination program. So far, no information is available on the possible impact of H2S on metabolic process rapidly restarted after imbibition, such as respiration, primary metabolism, translation or transcription, neither under unstressed nor stressed conditions. As many proteins operating in these processes have recently been identified as direct target for H2S [START_REF] Aroca | Persulfidation proteome reveals the regulation of protein function by hydrogen sulfide in diverse biological processes in Arabidopsis[END_REF], it is likely that the elevation of H2S content in seeds should impact these processes.

H2S and hormone signaling in the regulation of seed germination

The hormonal balance between ABA and GA content and signaling plays a central role in the decision for a seed to germinate. As ABA is also a key regulator of plant response to abiotic stress, interference or interplay between H2S signaling and ABA signaling is strongly expected when considering the regulation of seed germination under stressing conditions. The H2S/ABA connection has been clearly evidenced for other processes regulated by ABA such as stomatal closure [START_REF] García-Mata | Hydrogen sulphide, a novel gasotransmitter involved in guard cell signalling[END_REF]. Genetic tools have been used to modify H2S formation and analyzed for response to ABA [START_REF] Baudouin | The significance of hydrogen sulfide for Arabidopsis seed germination[END_REF][START_REF] Li | Identification of wheat D-cysteine desulfhydrase (TaD-CDes) required for abscisic acid regulation of seed germination, root growth, and stomatal closure in Arabidopsis[END_REF]. No difference of ABA sensitivity during germination was observed in Arabidopsis des1 mutant seeds [START_REF] Baudouin | The significance of hydrogen sulfide for Arabidopsis seed germination[END_REF]. In contrast, the overexpression of wheat D-CDes in Arabidopsis led to an increased sensitivity to ABA and a stronger inhibition of seed germination in transformed lines [START_REF] Li | Identification of wheat D-cysteine desulfhydrase (TaD-CDes) required for abscisic acid regulation of seed germination, root growth, and stomatal closure in Arabidopsis[END_REF], which suggests that H2S could function as an intermediate in ABA signaling in seeds. Further investigations using mutants deficient for ABA synthesis or response should provide additional information on the precise relationship between ABA and H2S signaling in seeds. These data contrast with another report recently published by [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. Indeed, the authors observed that ABA treatment impaired H2S formation, at least partially by repressing DES1 and L-CDes gene transcription. These evidences are in good agreement with a role of H2S in promoting seed germination.

The study by [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF] also brings a new perspective on the possible interconnection between H2S and ABA signaling. The authors evidenced that H2S was required for seed thermotolerance and that the mechanism at work implied the repression of ABA Insensitive 5 (ABI5) transcription [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. ABI5 is a key transcription factor of ABA signaling and a target for multiple post-translational modifications modifying ABA response [START_REF] Yu | Precise protein post-translational modifications modulate ABI5 activity[END_REF]. Under high temperature, the transcriptional regulator HY5 is stabilized in the nucleus, interacts with ABI5 promoter, leading to ABI5 transcription and the repression of seed germination [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF]. This is achieved by the partitioning of the E3 ligase COP1 that is preferentially retained in the cytosol and therefore does not participate in HY5 degradation. In the presence of H2S, COP1 is preferentially located in the nucleus, brings HY5 to degradation, leading to the repression of ABI5 transcription and allowing germination [START_REF] Chen | The hydrogen sulfide signal enhances seed germination tolerance to high temperatures by retaining nuclear COP1 for HY5 degradation[END_REF].

Under high temperature, H2S signaling would therefore counteract ABA signaling at the level of ABI5 transcription and the equilibrium between H2S and ABA contents could represent a new balance for seed germination regulation. Whereas the interplay between ABA and H2S becomes increasingly clear, the possible connections between H2S and GA have been poorly addressed. So far, the only system in which this question has been studied is the GA-triggered cell death occurring in cereal aleurone layer occurring at the later stages of grain germination [START_REF] Fath | Programmed cell death in cereal aleurone[END_REF]. In this context, NaSH treatment was found to delay and partially prevent GA-triggered cell death in wheat and barley aleurone layers, suggesting an antagonistic function between H2S and GA [START_REF] Xie | Hydrogen sulfide delays GA-triggered programmed cell death in wheat aleurone layers by the modulation of glutathione homeostasis and heme oxygenase-1 expression[END_REF][START_REF] Zhang | The hydrogen sulfide donor NaHS delays programmed cell death in barley aleurone layers by acting as an antioxidant[END_REF]. This is further supported by the fact that H2S functioned synergistically with ABA in preventing aleurone cell death [START_REF] Xie | Hydrogen sulfide delays GA-triggered programmed cell death in wheat aleurone layers by the modulation of glutathione homeostasis and heme oxygenase-1 expression[END_REF].

The alleviation of cell death relied on the capacity of H2S to lower oxidative stress, in particular, by preventing the collapse of the antioxidant defense [START_REF] Xie | Hydrogen sulfide delays GA-triggered programmed cell death in wheat aleurone layers by the modulation of glutathione homeostasis and heme oxygenase-1 expression[END_REF][START_REF] Zhang | The hydrogen sulfide donor NaHS delays programmed cell death in barley aleurone layers by acting as an antioxidant[END_REF]. Intriguingly, H2S also stimulated -amylase secretion in barley, a mechanism activated by GA and required for reserve mobilization in the starchy endosperm, suggesting that H2S and GA could also function synergistically [START_REF] Zhang | The hydrogen sulfide donor NaHS delays programmed cell death in barley aleurone layers by acting as an antioxidant[END_REF]. Additional molecular and genetic studies on this system, and more generally on interference between GA and H2S outside of cereal models, are clearly required for supporting whether and understand how these two pathways could be interlinked.

Concluding remarks and open questions

Many studies carried out during the last decade support the strong potential of H2S for stress mitigation during seed germination, and therefore its possible use for translational research in seed science. As the species and stresses that have been analyzed so far remain limited, the coming step will be to evaluate how global H2S effect can be when considering a large range of plant/stress combinations. This is particularly topical as the variable physical and physiological properties of seeds might significantly influence H2S availability when exogenous treatments with H2S are to be used, so as the seed sensitivity towards particular stresses.

Beyond seed stress physiology, the participation of H2S in the regulation of the germination process itself remains underexplored, although it might bring valuable information on the fundamental mechanisms regulating this process. Moreover, it is still unclear or even unknown if and how H2S takes part in processes such as seed development, seed dormancy establishment and release, seed vigor and/or seed longevity. Future approaches are therefore expected to clarify the ins and outs of H2S in seed biology and require intensive efforts towards the unraveling of the mode of action of this compound at the molecular level in seeds. The use of pharmacological and genetic tools, together with the many molecular markers available for model species and the new probes for H2S detection in leaving tissues, should help address these issues. Noteworthy, seed represents a particularly appropriate playground to investigate H2S interplay with other signaling molecules such as hormones or ROS/NO.

Although the interplay between H2S and ABA evidenced in other physiological contexts is probably also operating in seeds, nothing is known for other hormones such as GA, ethylene, auxins or brassinosteroids that all constitute key regulators of seed biology. Together with information from dedicated studies in seeds, more indirect evidence is probably to come from large scale-approaches that have been recently initiated. For instance, the identification of hundreds of proteins directly modified by persulfidation constitutes a reservoir of potential targets, some of which possibly regulated during germination [START_REF] Aroca | Persulfidation proteome reveals the regulation of protein function by hydrogen sulfide in diverse biological processes in Arabidopsis[END_REF]. In addition to proteomic data, the identification of H2S-regulated genes by transcriptomic approaches would help to further unravel the cellular and biochemical processes controlled by H2S signaling in general and seeds in particular.
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 81 Fig. 8.1 Schematic representation of H2S metabolism in plants. CAS: b-cyanoalanine synthase; D-CDes: D-cysteine desulfhydrase; L-CDes: L-cysteine desulfhydrase; ETHE1: ethylmalonic encephalopathy protein1; GSSH: glutathione persulfide; GSSG: oxidized glutathione; OAS: Oacetylserine; OAS-TL: O-acetyl-L-serine(thiol)lyase; SiR: sulfite reductase.
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	.1 Detection of H2S in seeds during imbibition
	a Highest [H2S] observed in seeds and corresponding time. b Experiments realized on isolated
	aleurone layers. ABA, abscisic acid; GA, gibberellins; FW, fresh weight; DW, dry weight.
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 8 Effect of the modulation of H2S on seed germination

AOA: aminoacetic acid; des1: Arabidopsis thaliana L-cysteine desulfhydrase 1 mutant (At5g28030; Salk_103855); DES1-OE: Arabidopsis thaliana L-cysteine desulfhydrase 1 overexpressor; GYY: GYY4137; HT: hypotaurine; lcd: Arabidopsis thaliana L-cysteine desulfhydrase (At3g62130; Salk_082099); NaSH: sodium hydrosulfide; PG: propargylglycine.
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