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Can the xanthophyll cycle help extract the essence of the microalgal functional response to a variable light

environment?

FAST REGULATION OF PHOTOSYNTHESIS AND 'THE PARADOX OF THE PLANKTON'

Phytoplankton live in a three-dimensional environment characterized by strong physical and chemical driving forces and a rapid attenuation of light with depth. In contrast, the terrestrial habitat is essentially two-dimensional, although it can be argued that forests put a lot of energy in catching that third dimension by forming support tissues to lift their photosynthetic tissues up towards the light and above the competition. A second important difference is that on land, higher plants have to invest a huge part of their organic products in unproductive support and transport tissues. Nonetheless, living in the plankton poses some problems that are arguably less relevant for higher land plants. Phytoplankton has to cope with a highly variable environment that continuously requires energy for maintenance of photosynthetic productivity and growth. This is 3 relevant in such aquatic ecosystems where biodiversity is high and competition for resources is strong. Indeed, in a few cubic millimeters of water, many phytoplankton species can grow together, sharing and competing for the same energy resources, especially light and nutrients [START_REF] Liess | Light, nutrients and grazing interact to determine diatom species richness via change to productivity, nutrient state and grazing activity[END_REF]. This is the 'paradox of the plankton' as discussed by [START_REF] Hutchinson | The paradox of the plankton[END_REF]. How does diversity persist in such a small spatial framework is still a matter of debate [START_REF] Bastow Wilson | Mechanisms of species coexistence: twelve explanations for Hutchinson's 'paradox of the plankton': evidence from New Zealand plant communities[END_REF]. High frequency variability of environmental cues can help in maintaining and even increasing phytoplankton biodiversity [START_REF] Sommer | An experimental test of the intermediate disturbance hypothesis using cultures of marine phytoplankton[END_REF][START_REF] Flöder | The influence of fluctuating light intensities on species composition and diversity of natural phytoplankton communities[END_REF]. Hence to be competitive, phytoplankton must be able to respond quickly to any kind of changes occurring in its habitat. The main abiotic driving forces are temperature, nutrients and light, the latter showing the highest variations in amplitude and frequency (McIntyre et al., 2000;[START_REF] Raven | Adaptation, acclimation and regulation in algal photosynthesis[END_REF][START_REF] Dubinsky | From the light to the darkness: Thriving at the light extremes in the oceans[END_REF]. Hence, the response of phytoplankton might be supported by at least one irradiance-dependent physiological process, which must be fast, flexible and efficient [START_REF] Li | Sensing and responding to excess light[END_REF][START_REF] Dubinsky | From the light to the darkness: Thriving at the light extremes in the oceans[END_REF]. [START_REF] Huisman | Towards a solution of the plankton paradox: the importance of physiology and life history[END_REF] proposed that the diversity of life history and of physiological abilities might promote the high biodiversity of phytoplankton. It has been proposed that the variability of physiological responses to light fluctuations would allow competitive exclusion and thus the spatial co-existence and/or the temporal succession of a multitude of species in both pelagic [START_REF] Meyer | Xanthophyll cycling in Phaeocystis globosa and Thalassiosira sp.: a possible mechanism for species succession[END_REF]Strzepek and Harrison, 2004;Dimier et al. 2007b;2009b;[START_REF] Lavaud | Photoprotection capacity differs among diatoms: possible consequences on the spatial distribution of diatoms related to fluctuations in the underwater light climate[END_REF] and benthic [START_REF] Serodio | Non-photochemical quenching of chlorophyll fluorescence and operation of the xanthophyll cycle in estuarine microphytobenthos[END_REF]van Leeuwe et al., 2008) ecosystems. Indeed, growth rate responds to fluctuating light in different ways as a function of groups/species of phytoplankton [START_REF] Litchman | Growth rate of phytoplankton under fluctuating light[END_REF][START_REF] Flöder | The influence of fluctuating light intensities on species composition and diversity of natural phytoplankton communities[END_REF][START_REF] Mitrovic | Unusual allometry between in situ growth of freshwater phytoplankton under static and fluctuating light environments: possible implications for dominance[END_REF]Wagner et al., 2006) and of the photoacclimation ability and light history of the cells [START_REF] Litchman | Competition of phytoplankton under fluctuating irradiance[END_REF]van Leeuwe et al., 2005;Wagner et al., 2006;van de Poll et al. 2007;[START_REF] Laurion | Growth and photoprotection in three dinoflagellates (including two strains of Alexandrium tamarense) and one diatom exposed to four weeks of natural and enhanced ultraviolet-B radiation[END_REF]. The photoresponse ultimately leading to a change in growth rate is thus a matter of both genomic plasticity and time scale [START_REF] Grobbelaar | Photosynthetic response and acclimation of microalgae to light fluctuations[END_REF][START_REF] Dubinsky | From the light to the darkness: Thriving at the light extremes in the oceans[END_REF]. In the short term (few seconds/minutes), the light fluctuations are mainly due to cloud movement, surface sunflecks and vertical mixing generating unpredictable changes.

These fluctuations, and especially their extremes (darkness and excess light), can be harmful for the photosynthetic productivity of microalgae by promoting an imbalance 4 between the harvesting of light energy and its use for photochemical processes and carbon fixation [START_REF] Long | Photoinhibition of photosynthesis in nature[END_REF][START_REF] Raven | Adaptation, acclimation and regulation in algal photosynthesis[END_REF][START_REF] Dubinsky | From the light to the darkness: Thriving at the light extremes in the oceans[END_REF]. In order to regulate photosynthesis versus rapid light fluctuations, phytoplankton has evolved a number of physiological photoprotective mechanisms such as the photosystem II (PS II) and PS I electron cycles, the state-transitions, the fast repair of the D1 protein of the PS II reaction center, the scavenging of reactive oxygen species (see Falkowski and Raven, 2007;[START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF][START_REF] Ruban | Dynamics of higher plant photosystem cross-section associated with state-transitions[END_REF]. Among these processes, the XC and the dependent thermal dissipation of the excess light energy (NPQ for non-photochemical fluorescence quenching) play a central role [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF]Brunet et al., in press;[START_REF] Goss | Regulation and function of xanthophyll cycle-dependent photoprotection in algae[END_REF]. At longer time scales (hours to seasons), acclimation processes are supported by gene regulation which modifies the architecture of the photosynthetic apparatus as well as enzymatic reactions involved in photochemistry and metabolism [START_REF] Raven | Adaptation, acclimation and regulation in algal photosynthesis[END_REF][START_REF] Grobbelaar | Photosynthetic response and acclimation of microalgae to light fluctuations[END_REF][START_REF] Dubinsky | From the light to the darkness: Thriving at the light extremes in the oceans[END_REF]. These two types of responses, regulative and acclimative, are not mutually exclusive [START_REF] Lavaud | Photoprotection capacity differs among diatoms: possible consequences on the spatial distribution of diatoms related to fluctuations in the underwater light climate[END_REF]Brunet et al., in press). For instance, long-term acclimation to a prolonged light regime (low or high intensity, or intermittent light) modifies the amount of pigments involved in the XC leading to a modulation of the high light response via the kinetics and amplitude of NPQ [START_REF] Lavaud | Enrichment of the light-harvesting complex in diadinoxanthin and implications for the nonphotochemical quenching fluorescence quenching in diatoms[END_REF]van de Poll et al., 2007;[START_REF] Gundermann | The fluorescence yield of the trimeric fucoxanthin chlorophyll-protein FCPa in the diatom Cyclotella meneghiniana is dependent on the amount of bound diatoxanthin[END_REF]Dimier et al., 2009b).

XANTHOPHYLL CYCLE FUNCTIONING AND VARIABILITY

The xanthophyll cycle (XC) is one of the main processes regulating excessive photon flux in the light-harvesting complexes of photosystems since it is responsible for most of NPQ (for recent reviews, see [START_REF] Demmig-Adams | Photoprotection in an ecological context: the remarkable complexity of thermal energy dissipation[END_REF][START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF][START_REF] Goss | Regulation and function of xanthophyll cycle-dependent photoprotection in algae[END_REF]. In microalgae, two main groups can be distinguished with regard to the pigments involved in the XC (Brunet et al., in press). The first group possesses the two-step de-epoxidation of violaxanthin (Vx) into zeaxanthin (Zx) via antheraxanthin (Ax) (a truncated Vx to Ax version also occurs in some primitive green algae). The second group shows a simpler conversion as the main XC, with only one step deepoxidation of diadinoxanthin (Dd) into diatoxanthin (Dt). Many specificities of the Dd- et al., 2006;[START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF][START_REF] Goss | Regulation and function of xanthophyll cycle-dependent photoprotection in algae[END_REF] might explain the rapid and effective synthesis of Dt in large amounts (Lavaud et al., 2002a;[START_REF] Lavaud | General features of photoprotection by energy dissipation in planktonic diatoms (Bacillariophyceae)[END_REF]. In other groups of phytoplankton, there is no (cyanobacteria) or a questionable (red algae) XC [START_REF] Goss | Regulation and function of xanthophyll cycle-dependent photoprotection in algae[END_REF] but the involvement of various de-epoxidized forms of xanthophylls (including Zx) in NPQ [START_REF] Kirilovsky | Photoprotection in cyanobacteria: the orange carotenoid protein (OCP)-related non-photochemical-quenching mechanism[END_REF].

The photoprotective NPQ process takes place into the light-harvesting complex of PS II. When irradiance exceeds the photosynthetic capacity of the cell, NPQ dissipates part of the light energy absorbed in excess, thus decreasing the excitation pressure on PS II [START_REF] Demmig-Adams | Photoprotection in an ecological context: the remarkable complexity of thermal energy dissipation[END_REF][START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF][START_REF] Li | Sensing and responding to excess light[END_REF]. NPQ is composed of three components (qE, qT and qI) whose respective importance varies among photosynthetic lineages, qE being essential for most of them. qE is the energy-dependent quenching which is regulated by the build-up of a transthylakoid ∆pH and the operation of the XC. qT refers to the part of the quenching which is due to state-transitions, while qI is due to photoinhibition. qT is relevant in phycobilisome-containing organisms (cyanobacteria and red algae) and green microalgae but it is not really significant in light conditions triggering maximal qE (i.e. high light; [START_REF] Mullineaux | State-transitions: an example of acclimation to low-light stress[END_REF][START_REF] Ruban | Dynamics of higher plant photosystem cross-section associated with state-transitions[END_REF]. The origin of qI is not clearly defined except for some higher plants (overwintering conifers and tropical evergreen species) and it requires special conditions (prolonged environmental stress) (Demming-Adams and Adams, 2006).

Although the relationship between qE and the accumulation of de-epoxidized xanthophylls has been reported in many algal groups [START_REF] Lavaud | Photoprotection capacity differs among diatoms: possible consequences on the spatial distribution of diatoms related to fluctuations in the underwater light climate[END_REF]Brunet et al., in press), there is still no clear picture of the functioning of qE in microalgae, although models have been proposed [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF][START_REF] Goss | Regulation and function of xanthophyll cycle-dependent photoprotection in algae[END_REF], with the exception of Chlamydomonas [START_REF] Peers | An ancient light-harvesting protein is critical for the regulation of algal photosynthesis[END_REF]. Even though qE has been investigated down to the molecular level in higher plants [START_REF] Cogdell | The structural basis of non-photochemical quenching is revealed?[END_REF], its level of complexity is still not fully understood in microalgae for two main reasons: 1) the joint partners of the XC for the regulation of qE and their interactions are not all identified, 2) the intricacy of qE/NPQ dependency on the light exposure (regime and duration) as well as on the light history of the cells, especially when simulated light field conditions are applied (Dimier et al., 2009a;Van de Poll et al., 2010), has been only been partially appreciated. In 6 cyanobacteria and red algae, although there is a qE quenching which is supported by the presence of xanthophylls and a ∆pH (for the red algae, [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF], the composition and organization of the antenna obviously support another type of qE mechanism (see [START_REF] Kirilovsky | Photoprotection in cyanobacteria: the orange carotenoid protein (OCP)-related non-photochemical-quenching mechanism[END_REF][START_REF] Bailey | Photoprotection in cyanobacteria: regulation of light harvesting[END_REF]. Nevertheless qE in cyanobacteria is not as powerful as in other phytoplankton taxa (see [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF] possibly because of the lack of a finely regulated XC. When necessary, cyanobacteria favour other photoprotective processes such as qT (described above) and the rapid repair of the D1 protein of the PS II reaction center [START_REF] Six | Light variability illuminates niche partitioning among marine picocyanobacteria[END_REF].

The microalgal XC activity shows striking peculiarities with respect to higher plants. It includes a high degree of variation in its regulation among the different taxa/species (Lavaud et al., 2004, Goss and[START_REF] Goss | Regulation and function of xanthophyll cycle-dependent photoprotection in algae[END_REF][START_REF] Kropuenske | Photophysiology in two major Southern Ocean phytoplankton taxa: Photoprotection in Phaeocystis antarctica and Fragillariopsis cylindrus[END_REF]Van de Poll et al., 2010), together with the growth phase [START_REF] Arsalane | Influence of the pool size of the xanthophyll cycle on the effects of light stress in a diatom: Competition between photoprotection and photoinhibition[END_REF]Lavaud et al., 2002a[START_REF] Lavaud | Enrichment of the light-harvesting complex in diadinoxanthin and implications for the nonphotochemical quenching fluorescence quenching in diatoms[END_REF]Dimier et al. 2009b), the nutrient state (Staehr et al., 2002;van de Poll et al., 2005), and the light history with both visible and UV radiation (see [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF][START_REF] Laurion | Growth and photoprotection in three dinoflagellates (including two strains of Alexandrium tamarense) and one diatom exposed to four weeks of natural and enhanced ultraviolet-B radiation[END_REF]Van de Poll and Buma, 2009). Also recent reports demonstrated how the XC activity and efficiency might be influenced by niche adaptation and vice versa in both pelagic [START_REF] Meyer | Xanthophyll cycling in Phaeocystis globosa and Thalassiosira sp.: a possible mechanism for species succession[END_REF]Dimier et al. 2007bDimier et al. , 2009a;;[START_REF] Lavaud | General features of photoprotection by energy dissipation in planktonic diatoms (Bacillariophyceae)[END_REF][START_REF] Lavaud | Photoprotection capacity differs among diatoms: possible consequences on the spatial distribution of diatoms related to fluctuations in the underwater light climate[END_REF] and benthic [START_REF] Serodio | Non-photochemical quenching of chlorophyll fluorescence and operation of the xanthophyll cycle in estuarine microphytobenthos[END_REF]van Leeuwe et al., 2008) species, and how it could influence species succession [START_REF] Meyer | Xanthophyll cycling in Phaeocystis globosa and Thalassiosira sp.: a possible mechanism for species succession[END_REF][START_REF] Serodio | Non-photochemical quenching of chlorophyll fluorescence and operation of the xanthophyll cycle in estuarine microphytobenthos[END_REF]van Leeuwe et al., 2008). This functional trait is part of the overall adaptive photophysiological properties of PS II, as shown for the diatoms (Strepzeck and Harrison, 2004;Wagner et al., 2006;Wilhelm et al., 2006). It highlights the narrow functional relationship between the niche adaptation and the capacity for photo-regulation/acclimation which leads to the above discussed proposal that the fast regulation of photosynthesis might be a crucial functional trait for microalgal ecology. In that respect, diatoms are currently the most studied group probably because they appear to be the best XC/NPQ performers among microalgae [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF]. Nevertheless, diatoms show a large inter-species XC/NPQ diversity [START_REF] Lavaud | General features of photoprotection by energy dissipation in planktonic diatoms (Bacillariophyceae)[END_REF][START_REF] Lavaud | Photoprotection capacity differs among diatoms: possible consequences on the spatial distribution of diatoms related to fluctuations in the underwater light climate[END_REF]Dimier et al., 2007b) which might take its source in the special evolution of this group [START_REF] Armbrust | The life of diatoms in the world's oceans[END_REF] leading to its successful adaptation to all aquatic habitats driven by a switch from benthic to a pelagic way of life (Kooistra et al., 2006). Especially, the decrease of accessory for an opportunistic strategy (Dimier et al., 2009b) that might be related to the high plasticity of their PS II antennae function including the XC [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF].

The influence of the size and shape of cells on the capacity for regulation of photosynthesis and in particular via the XC operation merits more interest [START_REF] Key | Cell size trade-off govern light exploitation strategies in marine phytoplankton[END_REF]. We observed that the size of cells could significantly affect the XC functioning [START_REF] Lavaud | General features of photoprotection by energy dissipation in planktonic diatoms (Bacillariophyceae)[END_REF]Dimier et al. 2007b;2009b). Indeed, physiological acclimation to light changes is a costly process. Cell size determines the structure of the PS II antenna and therefore the pigment content which constrains the use of light resource as well as the cell energy requirement for physiological responses to light fluctuations [START_REF] Finkel | Light absorption and size scaling of light-limited metabolism in marine diatoms[END_REF][START_REF] Raven | New light on the scaling of metabolic rate with the size of algae[END_REF][START_REF] Litchman | Trait-based community ecology of phytoplankton[END_REF][START_REF] Key | Cell size trade-off govern light exploitation strategies in marine phytoplankton[END_REF]. The influence of cell size/shape on metabolism coupled with the Metabolic Theory of Ecology [START_REF] Brown | Toward a metabolic theory of ecology[END_REF]) applied to the fast regulation of photosynthesis versus light would bring interesting insights for studying the photoadaptative strategies versus niche properties in microalgae. It would provide a background to understand how the environmental conditions affect photoregulatory capacity and efficiency and what their impact is on cell metabolism. Picoeukaryotes turned out to be interesting models to further explore this hypothesis (Dimier et al., 2007a;2009a;[START_REF] Six | Contrasting photoacclimation costs in ecotypes of the marine eukaryote picoplankter Ostreococcus[END_REF][START_REF] Six | Photosystem II and pigment dynamics among ecotypes of the Green Alga Ostreococcus[END_REF]. Dimier et al. (2009a) suggested that the energy cost of enhanced photoregulation due to high light fluctuation could be responsible for the decrease of growth rate in the shadeadapted picoeukaryote Pelagomonas. Additionally in situ studies (Brunet et al. 2006, unpublished results) showed, in agreement with laboratory experiments (Dimier et al., 2007a;2009a), that picoeukaryotes have high plasticity of PS II photoregulatory responses. This is probably related to the fact that the main limiting resource for these organisms is light (Timmermans et al., 2005) since nutrient availability seems not to significantly determine their rate of primary productivity (Brunet et al., unpubl. results).

THE XANTHOPHYLL CYCLE IN THE FIELD: A MATTER OF SCALE

Several studies have explored the response of the microalgal XC to the underwater light climate in coastal areas [START_REF] Brunet | In situ variations of the xanthophylls diadinoxanthin and diatoxanthin: photoadaptation and relationships with an hydrodynamical system of the Eastern English Channel[END_REF](Brunet et al., , 2003[START_REF] Brunet | Phytoplankton diel and vertical variability in photobiological responses at a coastal station in the Mediterranean Sea[END_REF][START_REF] Moline | Photoadaptative response during the development of a coastal Antarctic diatom bloom and relationship to water column stability[END_REF]; et al., 2003;[START_REF] Fujiki | Photoprotective response of xanthophyll pigments during phytoplankton blooms in Sagami Bay, Japan[END_REF][START_REF] Müller | Photophysiology of surface phytoplankton communities in a transect from the mouth of the Peene-strom to the Arkona Sea (Baltic)[END_REF], frontal systems [START_REF] Claustre | Phytoplankton photoadaptation related to some frontal physical processes[END_REF][START_REF] Brunet | Tidal and diel periodicities of size fractioned phytoplankton pigment signatures at an offshore station in South-Eastern English Channel[END_REF] and offshore areas (Bidigare et al., 1987;[START_REF] Olaizola | Pigment analysis of phytoplankton during a subarctic bloom: xanthophyll cycling[END_REF][START_REF] Kashino | Strategies of phytoplankton to perform effective photosynthesis in the North water[END_REF][START_REF] Brunet | Picophytoplankton diversity and photophysiology in the Strait of Sicily (Mediterranean Sea) in summer. I. Mesoscale variations[END_REF][START_REF] Brunet | Vertical variability and diel dynamics of picophytoplankton in the Strait of Sicily (Mediterranean Sea) in summer[END_REF]. Because the activation of the XC in reaction to the in situ changes in irradiance is fast, it can bring useful information on the physical properties and especially the mixing of water bodies at different time scales [START_REF] Lewis | Relationships between vertical mixing and photoadaptation of phytoplankton: similarity criteria[END_REF]. Indeed, the XC is well adapted for studying the physical-biological coupling of photosynthesis response to hydrodynamics. This is especially true for the surface mixed layer and the coastal zone. At short time scales (below an hour), the relative amount of photoprotective pigments, mainly Dt, is closely related to the light fluctuations especially due to hydrodynamics. For instance, it is possible to relate the shape of the vertical distribution of the XC pigments with light distribution and depth to highlight the mixing velocity cells have been exposed to (Brunet et al., 2003[START_REF] Brunet | Phytoplankton diel and vertical variability in photobiological responses at a coastal station in the Mediterranean Sea[END_REF][START_REF] Griffith | An algal photoprotection index and vertical mixing in the Southern Ocean[END_REF]. At longer time scales, variations of the pool size of Dd bring information on the 'average' light climate to which the cells have been exposed in the past hours/days. The amounts of Dt versus Dd can be used as tracers for microalgal cell movement within the euphotic zone, and in some cases the past light history of the phytoplankton can be extrapolated (Welschmeyer and Hoepffner, 1986;[START_REF] Moline | Photoadaptative response during the development of a coastal Antarctic diatom bloom and relationship to water column stability[END_REF]Brunet et al., 2003). Generalization from a given ecosystem/water body is impossible due the variety of biotic and abiotic driving forces acting on the XC functioning. Obviously, the impact of latitude and/or of the seasons is important, both directly through climatology and indirectly by shaping the algal community composition, structure and functioning. For instance, in coastal ecosystems, the phytoplankton community is dominated by cells of larger size whose activity is seasonally dependent thus largely modulating their photoadaptative strategy and sensitivity to light stress.

Additionally, there is a clear response of the XC to the diurnal cycle, which also depends on season and latitude [START_REF] Brunet | Vertical variability and diel dynamics of picophytoplankton in the Strait of Sicily (Mediterranean Sea) in summer[END_REF]2008). On a daily scale, the XC is a good indicator of light stress responsible for the noon decline of photosynthesis [START_REF] Long | Photoinhibition of photosynthesis in nature[END_REF]. XC operation has also been investigated in benthic estuarine systems, where diatom dominated microphytobenthos forming a dense biofilm at the surface of intertidal mudflats during emersion [START_REF] Serodio | Non-photochemical quenching of chlorophyll fluorescence and operation of the xanthophyll cycle in estuarine microphytobenthos[END_REF]van Leeuwe et al., 2008;Chevalier et al., 2010). In this special case, the dynamics of the XC can also provide information on the (van Leeuwe et al., 2008;Chevalier et al., 2010).

On a methodological level, such observation must be considered for improving the sampling strategy of phytoplankton and the evaluation of its productivity at the mesoscale as well as for larger scale studies. Indeed, the information extracted from the XC dynamics at different time scales has been shown to be useful for regional field studies of the dynamics of phytoplankton photosynthetic productivity (e.g., Brunet et al., 2003). It might be as well an additional tool for larger scale studies especially in the framework of the impact of climatology on the mixed layer and its potential effect on marine primary productivity [START_REF] Rost | Coccolithophores and the biological pump: responses to environmental changes[END_REF][START_REF] Iudicone | Seasonal variability of the mixed layer depth in the Mediterranean Sea as derived from in situ profiles[END_REF].

Recently, in the context of a trans-Mediterranean sampling program, a significant relationship between mixed layer depth, the distribution of light and the variations in XC pigments as well as the related NPQ extent was determined (Brunet et al., unpubl. results). Additionally, the impact of cell size on this relationship was demonstrated with a significant discrimination between picoeukaryotes and the rest of the phytoplankton community. Obviously further field investigations are needed in order to increase the available data set from marine areas with both different trophic status and hydrodynamic conditions. Also, there is a significant lack of modeling exercises on physical-biological coupling based on the XC as a marker for photoregulatory physiological processes. There are already enough data to begin such approach which would be a good alternative to in situ regional and large scale systematic investigations. It would help in answering the question of how far the XC is relevant for the fast regulation of photosynthetic productivity and carbon fluxes in the upper layer of the water column, and if so, in which context [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF][START_REF] Alderkamp | Can photoinhibition control phytoplankton abundance in deeply mixed water columns of the Southern Ocean ?[END_REF].

NEXT STEPS TOWARDS ILLUMINATION

In this paragraph, we report some gaps in understanding, in our opinion, on XC eco-physiology and its use for a better understanding of in situ microalgal ecology. (1) At a functional level, there is a need to increase the data-set on XC characteristics in as many as possible different microalgal species/groups. Especially, it is essential to increase the diversity of biological models, taking into account different functional traits (e.g., size, shape, niche occupancy) together with investigating the feedback of the photoacclimative strategy (sigma-or n-type, [START_REF] Six | Contrasting photoacclimation costs in ecotypes of the marine eukaryote picoplankter Ostreococcus[END_REF] of the taxa on the light-dependent XC responses. For instance, one relevant question in the productive lineage of the Heterokontophyta is the role of the secondary XC (the Vx cycle) in the photoregulatory response of cells: is it involved in fast regulation by increasing the capacity for NPQ and/or prevention of lipid peroxidation, and/or is it involved in long term acclimative response by increasing the pool size of precursors for Dt de novo synthesis under prolonged excess light exposure?

(2) A conceptual model of photoprotection in phytoplankton is still lacking.

Through the recent highlighting of the peculiarities of diatoms [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF], green microalgae [START_REF] Peers | An ancient light-harvesting protein is critical for the regulation of algal photosynthesis[END_REF] and cyanobacteria [START_REF] Kirilovsky | Photoprotection in cyanobacteria: the orange carotenoid protein (OCP)-related non-photochemical-quenching mechanism[END_REF], it appears that the fast regulation of photosynthesis and the interplay between the photoprotective processes involved is much more complex and diverse than previously thought compared to higher plants. Obviously the post-genomic era our field of research has now entered thanks to the recent publication of genomes from several eukaryotic groups in addition to the ones of photosynthetic bacteria (see http://www.jgi.doe.gov/) will strongly push forward the detailed examination of the photoprotective processes at the molecular level. It will help understanding their diversity and evolution among phytoplankton lineages [START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF]. For instance, in diatoms, such functional investigations have already started focusing on the light-dependent regulation of photosynthetic genes [START_REF] Nymark | An integrated analysis of molecular acclimation to high light in marine diatom Phaeodactylum tricornutum[END_REF] and the production of photosynthetic mutants [START_REF] Materna | First induced plastid genome mutations in an alga with secondary plastids: psbA mutations in the diatom Phaeodactylum tricornutum (Bacillariophyceae) reveal consequences on the regulation of photosynthesis[END_REF]. [START_REF] Coesel | Evolutionary origins and functions of the carotenoid biosynthetic pathway in marine diatoms[END_REF] showed that the number of genes encoding the enzymes involved in the XC is different in Phaeodactylum tricornutm and Thalassiosira pseudonana. Is this feature functionally relevant? Could it have implications for the ecophysiology of these species? Also by manipulating the gene encoding the Dd de-epoxidase (which ensures the conversion of Dd into Dt under excess light exposure) we could highlight specific regulatory properties of the XC, i.e. the Dd de-epoxidase concentration appears to be finely regulated in order to provide fast and efficient photoprotection concomitant with the light intensity (Lavaud (Lavaud et al., 2002b;[START_REF] Lavaud | In diatoms, the transthylakoid proton gradient regulates the photoprotective non-photochemical fluorescence quenching beyond its control on the xanthophyll cycle[END_REF] could not achieve such a fine level of understanding.

(3) At an ecophysiological level, there are many in situ and experimental observations raising intriguing questions. The first point concerns the effects of UV radiation on XC which is still under debate due to opposite conclusions from different studies (see Lavaud, 2007, Laurion andRoy, 2009;van de Poll and Buma, 2009;van de Poll, 2010). It is now urgent to clarify this aspect regarding the expected growing impact of UV radiation in the upper layer of the water column due its enhanced stratification by global warming [START_REF] Rost | Coccolithophores and the biological pump: responses to environmental changes[END_REF]. The influence of nutrient depletion on the synthesis of xanthophylls (Staehr et al., 2002) and the XC functioning (van de Poll et al., 2005) will also need a deeper investigation in order to assess potential differences in the photoprotective behaviour of phytoplankton in oligo/-meso-/eutrophic waters. For instance, Dd/Dt synthesis and NPQ have been reported to dramatically increase in iron depleted coastal diatoms [START_REF] Allen | Whole-cell response of the pennate diatom Phaeodactylum tricornutum to iron starvation[END_REF] while oceanic species have adapted to low iron concentrations by sacrificing their ability for NPQ response to irradiance changes (Strzepek and Harrisson, 2004;[START_REF] Lavaud | Photoprotection capacity differs among diatoms: possible consequences on the spatial distribution of diatoms related to fluctuations in the underwater light climate[END_REF]. In this framework, the Antarctic / Arctic habitats are of special interest to better understand the environmental driving forces of XC and NPQ [START_REF] Mangoni | Photoacclimation in Antarctic bottom ice algae: an experimental approach[END_REF][START_REF] Alderkamp | Can photoinhibition control phytoplankton abundance in deeply mixed water columns of the Southern Ocean ?[END_REF]. Indeed, they allow investigation of special light features (increased UV radiations and/or prolonged continuous light and dark periods) in combination with other strongly influencing environmental cues such as nutrients (van de Poll et al., 2005;van Leeuwe et al., 2005).

The role of temperature on the enzymatic regulation of XC has additionally been only scarcely explored. The synthesis and role of Dt in habitats where the cells never experience high light is obviously relevant, as for instance in the deep-chlorophyll maximum, where Dt has been reported [START_REF] Brunet | Picophytoplankton diversity and photophysiology in the Strait of Sicily (Mediterranean Sea) in summer. I. Mesoscale variations[END_REF][START_REF] Brunet | Vertical variability and diel dynamics of picophytoplankton in the Strait of Sicily (Mediterranean Sea) in summer[END_REF]. Such observations support the finding that not all Dt molecules are involved in NPQ-driven photoprotection [START_REF] Lavaud | General features of photoprotection by energy dissipation in planktonic diatoms (Bacillariophyceae)[END_REF][START_REF] Schumann | Investigations on the quenching efficiency of diatoxanthin in cells of Phaeodactylum tricornutum (Bacillariophyceae) with different pool sizes of xanthophylls cycle pigments[END_REF]Dimier et al. 2009a); some of them might play a role as antioxidants (Casotti et al., 2005;[START_REF] Lavaud | Fast regulation of photosynthesis in diatoms: Mechanisms, evolution and ecophysiology[END_REF]. The deployment of mesocosms under different environmental conditions (trophic status, light quantity and 
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