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Introduction

Phytoplankton is under constant biotic pressures (e.g. grazing, competition, parasitism, virus), however some species can form dense monospecific blooms, indicating the involvement of defensive strategies. Some species are capable of releasing secondary metabolites that directly affect the physiology of co-occurring protists with which they compete for nutrients and thus allow them to proliferate freely. This competitive strategy is called allelopathy [START_REF] Granéli | Allelopathy in harmful algae: a mechanism to compete for resources?[END_REF] and the mediating agents of these interactions are called allelochemicals.

Allelochemical interactions not only have the potential of inhibiting competitors [START_REF] Xu | Ability of the marine diatoms Pseudonitzschia multiseries and P. pungens to inhibit the growth of co-occurring phytoplankton via allelopathy[END_REF][START_REF] Driscoll | Eco-evolutionary feedbacks between private and public goods: evidence from toxic algal blooms[END_REF] but can also facilitate mixotrophic behavior [START_REF] Tillmann | Kill and eat your predator: a winning strategy of the planktonic flagellate Prymnesium parvum[END_REF][START_REF] Blossom | Toxic mucus traps: A novel mechanism that mediates prey uptake in the mixotrophic dinoflagellate Alexandrium pseudogonyaulax[END_REF] and mitigate grazing by heterotrophic dinoflagellates [START_REF] John | Intraspecific facilitation by allelochemical mediated grazing protection within a toxigenic dinoflagellate population[END_REF].

Allelochemicals are produced by various microalgal groups including cyanobacteria, dinoflagellates, prymnesiophytes, rapidophytes or diatoms [START_REF] Legrand | Allelopathy in phytoplanktonbiochemical, ecological and evolutionary aspects[END_REF], but they have mainly been reported in toxic species responsible for harmful algal blooms. The species responsible for these harmful blooms are particularly studied according to their negative effects on ecosystems, fisheries or human health. The harmful effects usually come from the production of paralytic, amnesic or diarrheic toxins. Understanding the factors that favor the establishment and the persistence of these harmful algal blooms is essential to predict them, and mitigate their consequences on the environment.

The understanding of allelochemical interactions is hindered by the poor knowledge of the chemical natures and modes of action of allelochemicals. Most allelochemicals remain uncharacterized. If some of the phycotoxins such as karlotoxins [START_REF] Place | Karlodinium veneficum-The little dinoflagellate with a big bite[END_REF] for example, can mediate allelochemical interactions, it is now accepted that the allelochemicals are not necessarily the phycotoxins produced by harmful species. The known phycotoxins are rarely responsible for the allelochemical potencies [START_REF] Granéli | Allelopathy in harmful algae: a mechanism to compete for resources?[END_REF]. Allelochemical interactions are usually reported by their negative effects, but the understanding of their mechanisms remains vague. The physiological outcomes of these interactions are reviewed in [START_REF] Granéli | Allelopathy in harmful algae: a mechanism to compete for resources?[END_REF], and include growth inhibition [START_REF] Pushparaj | Toxicological analysis of the marine cyanobacterium Nodularia harveyana[END_REF][START_REF] Paul | Diatom exudates influence metabolism and cell growth of co-cultured diatom species[END_REF][START_REF] Suikkanen | Allelopathic effects of Baltic Sea spring bloom dinoflagellates on co-occurring phytoplankton[END_REF][START_REF] Chen | Variability in the allelopathic action of the Alexandrium tamarense species complex along the coast of China[END_REF][START_REF] Wang | Allelopathic interactions between Skeletonema costatum and Alexandrium minutum[END_REF][START_REF] Ternon | Allelopathic interactions between the benthic toxic dinoflagellate Ostreopsis cf. ovata and a co-occurring diatom[END_REF], damages to cell membranes and cell lysis [START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF][START_REF] Prince | Effects of harmful algal blooms on competitors: Allelopathic mechanisms of the red tide dinoflagellate Karenia brevis[END_REF][START_REF] Ma | Preliminary characterization of extracellular allelochemicals of the toxic marine dinoflagellate Alexandrium tamarense using a Rhodomonas salina bioassay[END_REF][START_REF] Hakanen | Allelopathic activity of the toxic dinoflagellate Alexandrium ostenfeldii: Intra-population variability and response of co-occurring dinoflagellates[END_REF][START_REF] Poulin | Karenia brevis allelopathy compromises the lipidome, membrane integrity, and photosynthesis of competitors[END_REF] and inhibition of photosystem II (PSII) [START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF][START_REF] Gantar | Allelopathic activity among Cyanobacteria and microalgae isolated from Florida freshwater habitats[END_REF]Long et al., 2018a;[START_REF] Poulin | Karenia brevis allelopathy compromises the lipidome, membrane integrity, and photosynthesis of competitors[END_REF][START_REF] Prince | Effects of harmful algal blooms on competitors: Allelopathic mechanisms of the red tide dinoflagellate Karenia brevis[END_REF][START_REF] Ternon | Allelopathic interactions between the benthic toxic dinoflagellate Ostreopsis cf. ovata and a co-occurring diatom[END_REF]. Allelochemical interactions are not restricted to a producerdonor interaction, they can alter species composition of the whole community [START_REF] Hattenrath-Lehmann | Allelopathic inhibition of competing phytoplankton by North American strains of the toxic dinoflagellate, Alexandrium fundyense: Evidence from field experiments, laboratory experiments, and bloom events[END_REF].

The genus Alexandrium is well known for its potential to form dense blooms reaching more than 10 7 cells L -1 (Garcés et al., 2004 ; Chapelle et al., 2015) with deleterious effects on marine wildlife, resources or humans especially through the production of paralytic shellfish toxins [START_REF] Cembella | The toxigenic marine dinoflagellate Alexandrium tamarense as the probable cause of mortality of caged salmon in Nova Scotia[END_REF][START_REF] Anderson | The globally distributed genus Alexandrium: Multifaceted roles in marine ecosystems and impacts on human health[END_REF][START_REF] Álvarez | Paralytic Shellfish Toxins in surf clams Mesodesma donacium during a large bloom of Alexandrium catenella dinoflagellates associated to an intense shellfish mass mortality[END_REF]. This genus also displays allelochemical potency, which is probably amongst the most studied one within marine phytoplankton. Allelochemical interactions are not mediated by these phycotoxins nor cycloimines but by some unknown extracellular compounds [START_REF] Arzul | Comparison of allelopathic properties in three toxic Alexandrium species[END_REF][START_REF] Tillmann | Toxic effects of Alexandrium spp. on heterotrophic dinoflagellates: an allelochemical defence mechanism independent of PSP-toxin content[END_REF][START_REF] Fistarol | Allelopathy in Alexandrium spp.: effect on a natural plankton community and on algal monocultures[END_REF][START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF], Long et al 2018a, 2018b) that can also affect marine resource such as fish or shellfish [START_REF] Borcier | Effects of bioactive extracellular compounds and paralytic shellfish toxins produced by Alexandrium minutum on growth and behaviour of juvenile great scallops Pecten maximus[END_REF][START_REF] Bianchi | Separate and combined effects of neurotoxic and lytic compounds of Alexandrium strains on Mytilus edulis feeding activity and hemocyte function[END_REF][START_REF] Castrec | The toxic dinoflagellate Alexandrium minutum impairs the performance of oyster embryos and larvae[END_REF][START_REF] Castrec | The dinoflagellate Alexandrium minutum affects development of the oyster Crassostrea gigas, through parental or direct exposure[END_REF][START_REF] Castrec | Bioactive extracellular compounds produced by the dinoflagellate Alexandrium minutum are highly detrimental for oysters[END_REF]. The nature of allelochemicals remains mostly unknown. To date, only one putative compound has been identified [START_REF] Satake | Alexandrolide, a diatom growth inhibitor isolated from the dinoflagellate Alexandrium catenella[END_REF] but its activity still has to be confirmed.

Allelochemicals produced by Alexandrium spp. induced membrane disruption, modification of membrane biochemistry, inhibition of photosynthesis and esterase activity, increased production of reactive oxygen species [START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF]Lelong et al., 2011a;[START_REF] Ma | Mode of action of membrane-disruptive lytic compounds from the marine dinoflagellate Alexandrium tamarense[END_REF][START_REF] Flores | Reactive oxygen species are linked to the toxicity of the dinoflagellate Alexandrium spp. to protists[END_REF]Long et al., 2018a) in co-occurring protists. However, the sequence of these physiological responses remains unknown, in part because of the use of different algal couples: Alexandrium minutum/Chaetoceros muelleri (Lelong et al., 2011a;Long et al., 2018aLong et al., , 2018b)), Alexandrium catenella (formerly group I of the A. tamarense/fundyense/catenella)/Rhodomonas salina [START_REF] Ma | Mode of action of membrane-disruptive lytic compounds from the marine dinoflagellate Alexandrium tamarense[END_REF], Alexandrium tamarense compex/Tiarina fusus; Alexandrium tamarense complex/Polykrikos kofoidii [START_REF] Flores | Reactive oxygen species are linked to the toxicity of the dinoflagellate Alexandrium spp. to protists[END_REF]. For instance, disruption of membranes was shown for A. catenella on a cryptophyte [START_REF] Ma | Mode of action of membrane-disruptive lytic compounds from the marine dinoflagellate Alexandrium tamarense[END_REF], but was not investigated for A. minutum. The inhibition of PSII in allelochemical interactions is probed in a quasi-routine manner simply because PSII activity is easy to measure with the very sensitive and widespread fluorescence techniques. A modification of the integrity of the PSII has been reported for diatoms in the presence of A. minutum filtrate (Lelong et al., 2011a;Long et al., 2018b), and in other allelochemical interactions [START_REF] Hagmann | Fischerellin A, a Novel Photosystem-ll-inhibiting allelochemical of the cyanobacterium Fischerella muscicola with antifungal and herbicidal activity[END_REF][START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF][START_REF] Prince | Effects of harmful algal blooms on competitors: Allelopathic mechanisms of the red tide dinoflagellate Karenia brevis[END_REF]. Allelochemicals could specifically target and inhibit PSII. Alternatively, the inhibition could be an indirect effect resulting from an inhibition elsewhere in the photosynthetic electron transfer chain (ETC) or outside of the plastid. Indeed, the inhibition of any step in the ETC leads to a more reduced ETC, which in turn increases the probability of PSII photo-inhibition.

From these observations, several questions arise regarding the mechanism and cellular targets of A. minutum allelochemicals. In this frame, this work aims at answering two questions: Do those allelochemicals target first and/or specifically thylakoid membranes and photosynthetic activity? Is the inhibition of photosynthesis a collateral damage following the disruption of cellular membranes including cytoplasmic ones? Therefore, the specific effects of allelochemicals produced by A. minutum were investigated on photosystems, photosynthesis activity and cytoplasmic membranes of the common diatom Chaetoceros muelleri, cooccurring in the field with A. minutum [START_REF] Chapelle | Étude sur la prolifération de la microalgue Alexandrium minutum en rade de Brest[END_REF]. Allelochemicals were isolated from A. minutum cultures by filtration to specifically focus on allelochemical interactions and avoid interference of cell-cell interactions. The short-term effects of a pulse of allelochemicals on photosynthetic and cytoplasmic membranes of C. muelleri were investigated by absorption and fluorescence spectroscopy and flow-cytometry, respectively.

Materials and methods

Microalgal cultures and reproducibility between laboratories

A strain of Alexandrium minutum (strain CCMI1002, isolated in Ireland and obtained from the Culture Collection of the Marine Institute of Galway), not producing paralytic shellfish toxins [START_REF] Castrec | Bioactive extracellular compounds produced by the dinoflagellate Alexandrium minutum are highly detrimental for oysters[END_REF], was selected according to its high allelochemical potency (Long et al., 2018a). A strain of Chaetoceros muelleri (strain CCAP 1010-3 obtained from the CCAP culture collection, formerly listed as Chaetoceros neogracile or Chaetoceros sp.) was selected because of its sensitivity to A. minutum allelochemicals [START_REF] Borcier | Effects of bioactive extracellular compounds and paralytic shellfish toxins produced by Alexandrium minutum on growth and behaviour of juvenile great scallops Pecten maximus[END_REF]Lelong et al., 2011a;Long et al., 2018a) and its co-occurrence in the field with A. minutum [START_REF] Chapelle | Étude sur la prolifération de la microalgue Alexandrium minutum en rade de Brest[END_REF]. Cells of A. minutum were grown in autoclaved synthetic ocean seawater [START_REF] Morel | Aquil: a chemically defined phytoplankton culture medium for trace metal studies[END_REF] supplemented with L1 (Guillard and Hargraves, 1993) medium (salinity = 35 psu, pH = 8.4).

Cultures of the diatom C. muelleri were grown in filtered (0.2 µm) natural seawater supplemented with L1 medium (salinity = 35 psu, pH = 8.4) and silicate (1.06 x 10 -4 M). The natural seawater used for culturing C. muelleri was filtered over a carbon filter to retain organic compounds that could possibly inhibit microalgal growth and interfere with A. minutum allelochemicals in this study. All cultures were maintained under exponential growth under a 12/12 h light/dark cycle in similar conditions: at 18°C at a light intensity of 30 µmol photon m - ² s -1 (LUMILUX T8 L 36W/965 BIOLUX) in Brest laboratory, and at 19°C at a light intensity of 38 µmol photons m -² s -1 (OSRAM L 30W/640) in Paris laboratory. Cultures were not axenic but were handled under sterile conditions to minimize additional bacterial contamination. Despite slight differences in the growth conditions, the reproducibility of the photosynthesis performances between the two laboratories was verified. Indeed, the light dependency of photosynthesis, with and without A. minutum filtrate, was measured both in Paris and in Brest.

No significant difference was observed, confirming that the effect of the supernatant of A. minutum on the photosynthetic physiology of C. muelleri was the same in both laboratories.

The photosynthesis (ETRPSI, ΦPSI, ETRPSII, ΦPSII, photochemical rate) versus intensity data presented in the manuscript are averages of measurements made in the two laboratories. Indepth photosynthesis analysis and flow cytometry investigation of cytoplasmic membranes were then performed in Paris and Brest, respectively. All the raw data used in this manuscript are available at http://www.ibpc.fr/UMR7141/

Counts of microalgal cells and preparation of filtrate

Counts of microalgal cells were performed using a cell counter (Beckman Coulter, Z2 Cell and Particle Counter) or a FACScalibur (BD Biosciences, San Jose, CA, USA) flow-cytometer equipped with a 488 nm argon laser, red (red emission filter long pass, 670 nm) and green (green emission filter band pass, 530/30nm) fluorescence detectors. Counts with the flowcytometer were estimated according to flowrate [START_REF] Marie | Enumeration of marine viruses in culture and natural samples by flow cytometry[END_REF]. Cell variables, e.g. forward scatter (Forward scatter, FSC), side scatter (Side scatter, SSC) and red auto-fluorescence were used to select microalgal populations.

Filtrates were prepared with 0.2 µm syringe filters (Minisart, 16534-K, Sartorius) with an acetate cellulose membrane to avoid any loss of allelochemicals on the membrane (Lelong et al., 2011a). The filtrate concentrations were expressed as cell concentration (cells ml -1 ) based on the initial culture concentration prior to filtration.

Inhibitors

To study the photosynthetic transient, several inhibitors were used. 3-(3,4-dichlorophenyl)-1,1dimethylurea (DCMU) is an inhibitor of the electron transfer to plastoquinone in the QB pocket of PSII, 2,5-dibromo-3-methyl-6-isopropyl benzoquinone (DBMIB) is a quinone analogue, which inhibits the cytochrome b6f by competitive inhibition at the Q0 site and carbonyl cyanide m-chlorophenyl hydrazone (CCCP) is an uncoupler that inhibit that suppress trans-thylakoidal proton motive force (pmf). DCMU, DBMIB and CCCP were obtained from Sigma-Aldrich and dissolved in ethanol. Hydroxylamine (HA) is an artificial electron donor to PSII, whereas methylviologen (MV) is an artificial PSI electron acceptor. Both HA and MV were dissolved in water. DCMU, DBMIB, MV and CCCP were used at a final concentration of 10 µM, 0.5 µM, 1 mM and 100 µM, respectively. The combination of 15 µM DCMU and 150 µM HA were used to fully suppress PSII activity [START_REF] Bailleul | Electrochromism: a useful probe to study algal photosynthesis[END_REF], because those concentrations suppressed all the variable fluorescence.

Photosynthesis measurements

For photosynthesis measurements, cultures of C. muelleri in exponential growth phase, at 1-2 10 6 cells mL -1 , were concentrated by centrifugation (4500 rpm, 4 min) and resuspended in its own supernatant to reach a final concentration in the range of 5 10 6 to 10 7 cells mL -1 . The centrifuged samples were then left ~30 minutes to allow the cells to recover from centrifugation.

The filtrate of A. minutum was obtained from an initial culture within the range of 18 10 3 to 22 10 3 cells mL -1 . After adding the filtrate of A. minutum (or the filtrate of C. muelleri for the control), flasks were incubated for 10 minutes prior to measurements (otherwise stated).

For measurements of photosynthetic parameters, a Joliot-type spectrophotometer (JTS-10, Biologic, Grenoble, France) equipped with a white probing LED (Luxeon; Lumileds) and a set of interference filters (3-8 nm bandwidth) was used. The device combines absorbance and fluorescence spectroscopy measurements, allowing us to study in the same conditions, on the same sample, the activities of the two photosystems independently, as well as the photochemical rate (which reflects the additive activities of both photosystems, see below), the redox changes of the electron carriers or the pmf. A schematic view of the photosynthetic measurements performed in this work are presented in (Fig. 1). The actinic light was provided by a crown of red-light emitting diodes (LED) (619 nm) or by a dye laser at 690 nm. The red actinic light was chosen to correspond to the minimum of absorption in diatoms and ensure homogeneous light condition in the cuvette. In the fluorescence spectroscopy mode, the JTS-10 was equipped with a white probing LED (Luxeon; Lumileds) and a blue filter (470 nm) for detecting pulses. The cut-off filter on the measuring photodiode is a LPF650 + RG 665 from Schott (Mainz, Germany) and on the reference side is a BG39 filter from Schott. In the absorption mode, the cut-off filters were the same on measure and reference photodiodes (BG39 for ECS measurements and a high pass RG695 for P700 measurements). In absorption mode, the absorption changes induced by the measuring flashes alone (in the absence of actinic light) were subtracted from those recorded in presence of actinic light for every trace to eliminate small artifacts due to measuring flashes.

Fluorescence spectroscopy. PSII parameters were calculated as described in [START_REF] Genty | The relationship between the quantum yield of photosynthetic electron transport and quenching of chlorophyll fluorescence[END_REF]. Maximum quantum yield of PSII was calculated as Fv / Fm = (Fm-F0)/ Fm, where F0 is the fluorescence of the dark-adapted (1 minute) sample and Fm the fluorescence when a saturating pulse is applied on dark-adapted sample. Quantum yield in light-adapted samples of PSII (ΦPSII) was calculated as ΦPSII= (Fm'-Fstat)/Fm', where Fstat is the fluorescence of the sample adapted to the actinic light and Fm' the fluorescence when a saturating pulse is applied on lightadapted sample. The electron transport rate through PSII (ETRPSII) was normalized to the maximal value in the control at 800 µmol photons m -2 s -1 to focus on filtrate-induced changes and corrected for variations in the initial photosynthetic physiology of C. muelleri. It was calculated as ETRPSII = ΦPSII * I / (ΦPSII-800 * 800), where I is the actinic light irradiance.

Fluorescence induction kinetic was performed at room temperature using a DeepGreen Fluorometer (JbeamBio, France) with samples that were dark-adapted for 1 minute before measurements [START_REF] Rappaport | On the advantages of using green light to study fluorescence yield changes in leaves[END_REF]. P700 measurements. For photosystem I (PSI) parameters, the redox state of the PSI primary donor (P700) was calculated as the difference between the absorption changes kinetic at 705 nm and 735 nm, to eliminate spectrally flat contributions due to diffusion. Properties of PSI were calculated from the measurements of the absorption changes in the dark (P0), in the lightadapted condition (Pstat) and after a saturating pulse (Psp). The quantum yield of PSI (ΦPSI), the donor side (Y(ND)) and acceptor side (Y(NA)) limitations were then calculated according to [START_REF] Klughammer | Saturation pulse method for assessment of energy conversion in PS I[END_REF].

ΦPSI = (Psp -Pstat) / (Pmax -P0) Y(ND) = (Pstat -P0) / (Pmax -P0) Y(NA) = (Pmax -Psp) / (Pmax -P0)
All data were normalized to Pmax -P0 (corresponding to 100% oxidized P700), Pmax being the absorption change after a saturating pulse in the presence of the PSII inhibitor DCMU. The electron transport rate through PSI (ETRPSI) was normalized to the maximal value of the control at 800 µmol photons m -2 s -1 (like for ETRPSII) and calculated as ETRPSI = ΦPSI * I/(ΦPSI-800 * 800), where I is the actinic light irradiance.

Measurement of linear and quadratic ECS spectra. To obtain the spectra of the linear and quadratic Electro-Chromic Shift (ECS) signals in C. muelleri, a strong electric field was generated by shining a 10 ms saturating pulse (red light, 619 nm, 6000 µmol photons m -2 s -1 ).

Then the approach described in [START_REF] Bailleul | Energetic coupling between plastids and mitochondria drives CO2 assimilation in diatoms[END_REF] was used to deconvolute the two ECS components during the relaxation of the electric field. In brief, the kinetics of the absorption changes following the pulse was followed, removing the first 50 ms after the pulse (additional signals like the ones associated to the redox changes of the c-type cytochromes are then relaxed). The ECS decay kinetics was then fitted as a sum of a linear and a quadratic component, which allowed to reconstruct the two spectra. Cells were treated with 100µM of the uncoupler CCCP to ensure that no trans-thylakoidal electric field was present in the dark-adapted sample, prior to the pulse.

Determination of the appropriate wavelengths for measurements. The linear and quadratic ECS spectra revealed that 520 nm and 564 nm are convenient wavelengths, where only linear and quadratic signals contribute to ECS, respectively. On that basis, a three wavelengths deconvolution was performed to obtain contributions from linear ECS, quadratic ECS and ctype cytochromes (Cyt c). The latter was calculated as: Flash-induced ECS kinetics. The ECS kinetics following a single turnover of both photosystems were measured using a 6 ns saturating laser flash provided by a dye laser at 690 nm. Then the kinetics of flash-induced ECS and cytochromes redox changes were calculated using the deconvolution procedure described above. The linear ECS signal at the first point (measured shortly -160 μsafter the flash) provides the contribution to the electric field of 1 charge separation per photosystem (used for normalization, see below). The rate of re-reduction of c-type cytochromes and the rate of ECS decay were calculated as the time constant of the monoexponential extrapolation of the c-type cytochromes and ECS relaxation kinetics, respectively.

Photochemical rates. The photochemical rate (rate at which PSI and PSII perform charge separations) was calculated from ECS measurements as described in [START_REF] Bailleul | Electrochromism: a useful probe to study algal photosynthesis[END_REF].

Briefly, under steady-state illumination, the ECS signal results from positive contributions to the transmembrane potential from PSII, the cytochrome b6f complex and PSI (which contribute to the net movement of positive charges from the stroma to the lumen, increasing the electric field), as well as the negative one by the chloroplastic ATP synthase (moving protons out of the lumen). Because only PSI and PSII use light as a substrate, the change of slope of the ECS immediately after turning off the light is a direct measurement of the photochemical rate, i.e. the rate at which PSI and PSII were performing charge separations under illumination. The slope of ECS was measured for the first 5 ms after light offset and then normalized by the laser flash induced ECS increase, providing an expression of the photochemical rate in charge separations per photosystem per second (charge sep. PS -1 s -1 ). Like for ETRPSII and ETRPSI, data were normalized to the maximal value in the control at 800 µmol photons m -2 s -1 .

Flow-cytometric (FCM) measurements

The A. minutum filtrate (from a culture at 20 000 ± 2 000 cells mL -1 ) used for flow-cytometry was checked for some photosynthesis measurements in parallel, to ensure that those experiments were made in the same conditions of inhibition than the ones focusing on the mechanism of photosynthetic inhibition. For FCM measurements, cultures of C. muelleri were diluted 10 times with their own filtrate to reach a final concentration around 200 000 cells mL - 1 .

Cytoplasmic membrane potential.

Modifications of the cytoplasmic membrane potential were assessed using an EasyCyte Plus cytometer (Guava Technologies, Millipore, Billerica, MA, USA) equipped with a 488-nm argon laser and red (680, 30 nm bandwith) and green (525 nm, 30 nm bandwidth) fluorescence detectors. To estimate the relative depolarization of cytoplasmic membranes, cells were stained with Bis-(1,3-Dibutylbarbituric Acid) Trimethine Oxonol, DiBAC4(3) (Molecular Probes, Eugene, OR, USA) for 10 min at a final concentration of 0.97 µM. DiBAC4(3) is a fluorescent probe emitting at 516 nm that can enter cells with depolarized cytoplasmic membranes [START_REF] Seoane | Flow cytometric assay to assess short-term effects of personal care products on the marine microalga Tetraselmis suecica[END_REF]. Once inside the cells, DiBAC4(3) binds to intracellular proteins and membranes. The amount of protein-bound DiBAC4(3) is dependent on the cytoplasmic membrane potential [START_REF] Bräuner | Comparative measurements of membrane potentials with microelectrodes and voltage-sensitive dyes[END_REF]. Cells with an increased depolarization (increase in the membrane potential) of their cytoplasmic membrane exhibit an increase in their internal fluorescence (proportional to the accumulation of dye within the cell). To obtain a positive control (cells with depolarized membranes), C. muelleri cell membranes were depolarized with digitonin (30 min incubation, final concentration of 40 µg mL -1 ), a weak non-ionic detergent [START_REF] Prado | Screening acute cytotoxicity biomarkers using a microalga as test organism[END_REF]. The relative depolarization of membranes was expressed as the mean fluorescence value of the cell population. After checking the homoscedasticity and the normality of data, the significant differences in the DiBAC4(3) fluorescence between C. muelleri from the control or exposed to the filtrate, for 10 min or 30 min, were compared with a Student t-test.

Membrane permeability. Measurements of membrane permeability were performed on a

FACSCalibur flow-cytometer. The membrane permeability was assessed with SYTOXGreen (Molecular Probes, Eugene, OR, USA), a fluorescent probe (523 nm) that cannot cross cell membranes unless membrane integrity is compromised according to manufacturer and several studies [START_REF] Brussaard | Flow cytometric analysis of phytoplankton viability following viral infection[END_REF]Lelong et al., 2011b;[START_REF] Naghdi | Lipid extraction from wet Chaetoceros muelleri culture and evaluation of remaining defatted biomass[END_REF]. Once inside the cell, the probe binds to DNA and forms a fluorescent dye. Thus, only cells that lost their membrane integrity (i.e. became permeable) become fluorescent. Samples were stained with SYTOXGreen for at least 10 min at a final concentration of 0.05 µM [START_REF] Koppel | Chronic toxicity of five metals to the polar marine microalga Cryothecomonas armigera -Application of a new bioassay[END_REF].

Membrane permeabilization was expressed as the percentage of fluorescent cells. After checking for homoscedasticity and normality of data, the significant differences in the percentage of cells permeable to SYTOXGreen between C. muelleri from the control or exposed to the filtrate were compared with a Student t-test.

Results

A strong inhibition of photosynthetic activity by A. minutum filtrate

In order to assess the effect of A. minutum filtrate on the photosynthetic activity of C. muelleri, the overall activity of photosynthesis was first measured at different irradiances. This was performed using the electro-chromic shift (ECS) of photosynthetic pigments [START_REF] Witt | Energy conversion in the functionnal membrane of photosynthesis. Analysis by light pulse and electric pulse methods[END_REF]. In C. muelleri, like in other diatoms [START_REF] Bailleul | Energetic coupling between plastids and mitochondria drives CO2 assimilation in diatoms[END_REF] and pinguiophytes [START_REF] Berne | The peculiar NPQ regulation in the stramenopile Phaeomonas sp. challenges the xanthophyll cycle dogma[END_REF], the ECS is the sum of a linear and a quadratic component, which have been deconvoluted as described in the Methods section (Fig. 2A andB). The deconvolution allowed the extraction of pure linear and quadratic components, as demonstrated in (Fig. 2C).

The linear ECS is proportional to the electric field generated by the photosynthetic process and can be used to measure the overall photosynthetic activity [START_REF] Bailleul | Electrochromism: a useful probe to study algal photosynthesis[END_REF]. Indeed, the change of slope of the ECS immediately after turning off the light (Fig. 3A) was a direct measurement of the photochemical rate (see Material and Methods, 2.4). In the control, the photochemical rate increased with light irradiance (Fig. 3B), as expected, and did not reach saturation at 800 µmol photons m -² s -1 in agreement with the spectral characteristics of the illumination (low light absorption by diatoms, see Material and Methods, 2.4). In the presence of A. minutum filtrate, the slope of the ECS after turning off the light was drastically reduced (Fig. 3A), resulting in an almost full inhibition of C. muelleri photochemical rates at all light intensities (Fig. 3B).

The very strong inhibition of the photochemical rate by the filtrate of A. minutum suggested that both the activities of the linear electron flow (from water to PSI acceptors) and the cyclic electron flow around PSI ( [START_REF] Shikanai | Cyclic Electron Transport Around Photosystem I: Genetic Approaches[END_REF] and see Fig. 1), a process whose extent is still debated in diatoms [START_REF] Falciatore | Diatom molecular research comes of age: model species for studying phytoplankton biology and diversity[END_REF], were suppressed by the allelochemicals of A. minutum. To further confirm this hypothesis, the activities of PSII and PSI in the diatom (Fig. 4) were measured under the same illumination conditions. The activity of PSII reflects the efficiency of the linear process only, whereas PSI activity is the sum of the linear and cyclic pathways. The quantum yield of PSII (ΦPSII) was measured with fluorescence spectroscopy and the quantum yield of PSI (ΦPSI) with P700 absorption measurements (Fig. 4A andB, see Methods). As expected, both the quantum yields of PSII (Fig. 4C) and PSI (Fig. 4D) decreased with light irradiance in the control sample, because of the progressive reduction of PSII acceptors and oxidation of PSI donors with increasing light [START_REF] Falkowski | Aquatic photosynthesis[END_REF].

However, at all light irradiances, the quantum yields of both photosystems were significantly lower in the presence of A. minutum filtrate (Fig. 4C andD). In the control, the light dependence of the electron transfer rate through PSII (ETRPSII, Fig. 4E) and photochemical rate (Fig. 3B) were very similar. The filtrate of A. minutum almost fully inhibited ETRPSII, which confirmed that it hampered the linear electron flow. PSI electron flow rate (ETRPSI) was also almost fully suppressed in the presence of filtrate of A. minutum allelochemicals (Fig. 4F). This confirmed that both linear and cyclic electron flow rates were very low in the presence of A. minutum filtrate.

The first target of A. minutum was a non-photochemical step of photosynthesis.

Such a complete suppression of photosynthetic activity under steady state illumination could be due to the specific inhibition of any of the photosynthetic steps, i.e. at the level of photosynthetic complexes (PSII, PSI, cytochrome b6f, ATPase), or an impairment of the diffusion of the electron carriers transferring electrons from one photosynthetic complex to another (e.g. plastoquinones or cytochrome c6) or an inhibition of the Calvin-Benson-Bassham cycle. One could imagine that the photosystems themselves were inhibited by the allelochemicals. Indeed, an inhibition of the maximal quantum yield of PSII (Fv/Fm) was shown to occur within 30 minutes in these conditions (Long et al., 2018b) and this inhibition was even proposed as a bioassay for these allelopathic interactions (Long et al., 2018a). In agreement with that, a strong inhibition of both PSII and PSI activities was observed at the end of the measurements, in the exposed samples only. The Fv/Fm decreased by ~50 % and the total amount of photo-oxidizable P700 (Pmax) decreased by ~75 % at the end of the experiment (Sup Fig. 1). However, neither PSI nor PSII activities were inhibited at the beginning of the experiment (highlighted by the similar yields of PSII and PSI in the dark in absence or presence of A. minutum filtrate; Fig. 4C andD), whereas the inhibition of the photosynthetic activity in the light occurred immediately, from the first light step, as observed for the photochemical rate, ETRPSII or ETRPSI (Fig. 4E andF). In order to confirm that the suppression of the photosynthetic activity was not due to photosystems inhibition, another experiment was performed to measure the quantum yield of both PSI and PSII in the dark and in moderate light, with the two measurements performed in close succession. This experiment showed that the activities of both PSI and PSII in the presence of light were already suppressed in the presence of A. minutum filtrate (Fig. 5A) in conditions where PSI and PSII integrity (maximal efficiencies) were unaffected (Fig 5B), demonstrating that the A. minutum filtrate inhibited photosynthetic activity by targeting a non-photochemical step first.

The photosynthetic inhibition occurred between PSII and PSI

Our results lead to two possibilities. The allelochemicals could have affected the electron transfer from QA, the first quinone acceptor in PSII, to P700 at the PSI level -this part of the photosynthetic chain provides electrons to PSI and is therefore usually referred to as the donor side of PSI. Alternatively, they could have modified the electron transfer from ferredoxins to the carbon fixation in the Calvin-Benson-Bassham cycle and other alternative pathways -this part of the photosynthetic chain is fueled by electrons from PSI and is therefore usually referred to as the acceptor side of PSI. To distinguish between these two possibilities, the acceptor (Y(NA)) and donor (Y(ND)) side limitation of PSI (see Methods) were measured under the same illumination. The data clearly showed that the decrease of PSI quantum yield (ΦPSI) was due to an increase in the donor side limitation in the treated sample (Fig. 5A). In other terms, a lower proportion of PSI centers was open (and participating to electron transfer) because of a higher percentage of oxidized P700 in the light (P700 + , ~70% in the treated sample vs ~20% in the control at the highest intensity). This indicated that the inhibition occurred between PSII and PSI, and not on the acceptor side of PSI. To further confirm this, the artificial PSI electron acceptor, methylviologen (MV, or paraquat), was used to release acceptor side limitation by providing an efficient sink to electrons from PSI. In agreement with the Y(ND) and Y(NA) measurements, the addition of 1 mM MV did not modify the activities of PSII or PSI, neither in the control nor in the treated sample (Fig. 5A). Together, these results indicated that the first site of inhibition of the photosynthetic electron transfer chain took place between QA and P700.

The first photosynthetic target of A. minutum was the thylakoid membrane (electron transfer from PSII to b6f)

To determine the primary target of the unknown secondary metabolite(s) produced by A. minutum, the ECS kinetics following a saturating laser flash (Fig. 6) was used to probe the activity of each photosynthetic complex (PSI, PSII, b6f, ATPase). Indeed, the photosystems and cyt b6f participate in the generation of the electric field, by moving protons (positive charges) inside the lumen, whereas the ATPase neutralizes this electric field by moving the protons back to the stroma [START_REF] Bailleul | Electrochromism: a useful probe to study algal photosynthesis[END_REF]. The redox changes of the c-type cytochromes (cytochrome f and cytochrome c6) were also measured as described in Methods. The results are shown in (Fig. 6) for diatom cells alone or 10 min after adding A. minutum filtrate. After a saturating laser flash, three distinct phases are typically observed [START_REF] Joliot | Flash-induced 519 nm absorption change in green algae[END_REF].

i)

Right after the flash (here 160µs) all photosystems I and II perform one (and only one) charge separation (Fig. 6A), increasing the electric field by as much ("a phase"). The similar "a phase" in control and exposed cells confirmed that the photochemical events at PSII and PSI level were not the direct targets of the allelopathic compound(s) (first time point after the flash, panel A). These charge separations corresponded to the electron transfer from water to the QA pocket in PSII and from P700 to ferredoxins at the PSI level. At the same time point, a similar oxidation of the c-type cytochromes (cytochromes c6 in the lumen and cytochrome f) was observed in control and exposed cells (panel B). This means that regardless of the exposure to the filtrate or not, the transfer from c-type cytochromes to P700 was faster than 160 µs.

ii)

The second phase ("b phase", ~10 ms) corresponds to the electron transfer from plastoquinols to c-type cytochromes catalyzed by the cytochrome b6f (Fig. 6B). The filtrate did not affect this phase, since the re-reduction of c-type cytochromes was not significantly modified by the filtrate. The proton pumping activity of the cytochrome b6f, the "b phase" should have given a second rise of the electric field [START_REF] Joliot | Flash-induced 519 nm absorption change in green algae[END_REF] but here this phase was partly hidden by the fast activity of the ATPase.

iii)

The last phase of ECS kinetics ("c phase") corresponds to the consumption of the flash-induced proton motive force (pmf) by the ATPase, resulting in the relaxation of the ECS (Fig. 6C). This phase did not seem to be affected by A. minutum filtrate.

The quadratic ECS increase right after the flash was significantly reduced in the exposed cells, suggesting that the pmf in the dark was affected by A. minutum filtrate. This aspect will be discussed later (see Discussion). The unaffected oxidation and reduction of c-type cytochromes revealed together a normal electron transfer from the plastoquinol in the QO pocket of the cytochrome b6f to P700. These results, together with the previous results indicating that the limitation occurred between QA and P700, pointed to a limitation of the electron flow between the QA pocket in PSII and the QO pocket in b6f.

To confirm this and get further insight into the mechanism of inhibition, the fluorescence induction and relaxation kinetics were measured (see Methods). The protocol consisted in the measurement of the F0 parameter in the dark, followed by 500 ms of low light illumination (fluorescence reaches Fstat). Then a saturating pulse was applied to reduce all plastoquinones and quinone pockets (Fm is measured) and the kinetics of relaxation of the fluorescence is measured in subsequent darkness. The latter phase of fluorescence relaxation (from Fm to F0) reflected the re-oxidation of QA, i.e. the electron transfer from this quinone pocket in PSII to the oxidized components of the ETC at the end of the saturating pulse, i.e. cofactors in the cytochrome b6f, cytochromes c6 or P700. The slowing down of this phase after exposition to the filtrate therefore confirmed that the treatment with A. minutum supernatant impaired the electron transfer from QA to PSI donors (Fig. 7A). The phase of fluorescence increase was more informative. When the light was turned on in the control, fluorescence increased in <100 ms and reached a steady state value before the saturating pulse was applied. In the presence of the filtrate, after a first increase, which was similar to the one observed in the control, a second increase of fluorescence occurred in the 100 to 400 ms time range, which reflected an oversaturation of the ETC (Fig. 7A). The increase kinetics could be compared to the one of the control with DCMU (10 µM), an inhibitor of QB pocket of PSII, and DBMIB (0.5 µM), an inhibitor of the cytochrome b6f. In both cases, a strong increase of the stationary fluorescence was observed, but the kinetics were different: in DCMU conditions, PSII can perform only one charge separation before QA is fully reduced and reaches Fm very fast, whereas in DBMIB conditions, QB and the whole plastoquinol pool must be reduced before QA becomes fully reduced and fluorescence reaches Fm with a slower kinetics. The comparison between the fluorescence induction curve in the presence of the filtrate and in the presence of DCMU indicated that the inhibition of photosynthesis was not at the QB level; the effect of the filtrate is indeed closer to the one of DBMIB (Fig. 7B). This experiment ruled out the possibility that the inhibition step is in vicinity to PSII and therefore points towards an inhibition at the level of the PQ pool and/or its interaction with the cytochrome b6f.

Altogether, at short time of exposure (10 min) with A. minutum filtrate, PSII and PSI were fully functional (Fig. 4 and Fig. 5) and the electron transfer from Q0 in the b6f to P700 was unaffected (Fig. 5). Simultaneously, the overall photosynthetic activity (measured via three different techniques: fluorescence P700 or ECS measurements) was decreased by 80-90%. These results pointed out a primary target of A. minutum on the photosynthetic apparatus of C. muelleri at the level of the electron transfer between QB in PSII and QO in b6f, i.e. the diffusion of the plastoquinol/plastoquinone in the thylakoid membrane or its docking to/release from the cytochrome b6f. This conclusion is in agreement with the rise of fluorescence kinetics at the onset of light, as well as the re-oxidation of QA kinetics.

A degradation of the whole photosynthetic apparatus was observed at longer incubation times

To get a more complete view of the time response of the photosynthetic apparatus to the exposure to A. minutum filtrate, the flash-induced ECS and c-type cytochrome redox kinetics were measured at different exposure times (10, 40 and 90 minutes), in parallel to photochemical rate measurements (Fig. 8). In the control cells, the flash-induced ECS kinetics and the photochemical rate were the same at the three time points, which indicated that the overall photosynthetic characteristics and performance were constant over time. Again, 10 min exposure did not affect the photosystem capacities (« a phase » of ECS, Fig. 8E), the oxidation and reduction of c-type cytochromes (Fig. 8B andC) or the activity of the ATPase (ECS relaxation, Fig. 8F). Only the photochemical rate (Fig. 8A) and the quadratic-to-linear ratio (Fig. 8D, see Discussion) were strongly reduced. At longer time of exposure (40 and 90 min), the photochemical rate (Fig. 8A) and quadratic-to-linear ratio (Fig. 8D) remained lower in the treated cells, whereas a decrease of PSI and PSII efficiencies (Fig. 8C andE) appeared, in agreement with previous results based on fluorescence and P700 measurements (Sup Fig. 1).

The rate of re-reduction of c-type cytochromes, which reflected the rate of b6f turnover, also decreased after 40 min of exposure to A. minutum filtrate (Fig. 8C). These results highlighted an overall degradation of the photosynthetic apparatus (PSI, PSII, b6f) as time of exposure increases.

A modification of membranes

The inhibition of the electron transfer chain was due to a problem in the quinone-mediated electron transfer between QB to the quinone-binding site QO in the cytochrome b6f in the thylakoid membrane. Given that allelochemicals from A. catenella caused the disruption of membranes that led to lytic activity [START_REF] Ma | Mode of action of membrane-disruptive lytic compounds from the marine dinoflagellate Alexandrium tamarense[END_REF], a disruption of membranes could also take place with A. minutum allelochemicals. In other words, are A. minutum allelochemicals disrupting all cellular membranes? Flow-cytometry analysis revealed that A. minutum filtrate induced a strong depolarization of cytoplasmic membranes of more than 95% of C. muelleri cells within only 10 min (Fig. 9A). Only metabolically active cells with no damages to membranes can maintain a normal membrane potential [START_REF] Jepras | Rapid assessment of antibiotic effects on Escherichia coli by flow cytometry[END_REF][START_REF] Prado | Screening acute cytotoxicity biomarkers using a microalga as test organism[END_REF].

Depolarization of membranes can originate from membrane permeabilization or from an inhibition of the energy metabolism. This strongly suggests that the depolarization of membranes represents an early signal of membrane disruption as the uncoupling agent eliminated the proton gradient. Simultaneously, a significant, but small increase in the percentage of cells with permeable cytoplasmic membranes as compared to the control could be observed at 10 min (Fig. 9B). This was later confirmed by the strong increase in the percentage of cells with permeable membranes after 30 minutes of exposure (Fig. 9B).

Discussion

This study reveals that the (thylakoid and cytoplasmic) membranes are amongst the first physiological targets of allelochemicals from A. minutum. Two distinct phases were observed, allowing us to identify "primary" targets from the side effects of filtrate exposure, and to hypothesize the cascades of events occurring within the different membranes of C. muelleri.

In the first phase (within the first 10 min), a general depolarization of cytoplasmic membranes and permeabilization of external membranes from few cells were induced in agreement with the mode of action of A. catenella allelochemicals on other protists [START_REF] Ma | Mode of action of membrane-disruptive lytic compounds from the marine dinoflagellate Alexandrium tamarense[END_REF]. A direct effect of A. minutum filtrate was also observed on membranes of oyster hemocytes causing membrane permeability [START_REF] Hégaret | In vitro interactions between several species of harmful algae and haemocytes of bivalve molluscs[END_REF]. Concomitantly, an inhibition of electron flow between PSII and b6f was measured. This resulted in a quasi-complete arrest of the photosynthetic electron transfer chain, illustrated by the strong inhibition of the activities of PSII and PSI in the light. It is to note that the inhibition of PSI seemed slightly stronger than the one of PSII. This could reflect the presence of some cyclic electron flow in the control conditions and its full suppression in the presence of A. minutum filtrate. Another fast response of photosynthesis to the allelochemicals was the suppression of the quadratic ECS increase right after the flash. This parameter is difficult to interpret, as it depends both on the electric field generated by PSII and PSI charge separations and on the pre-existing electric field [START_REF] Joliot | Comparative study of the fluorescence yield and of the C550 absorption change at room temperature[END_REF][START_REF] Bailleul | Electrochromism: a useful probe to study algal photosynthesis[END_REF]. In contrast, the linear ECS increase only depends on the electric field generated by PSII and PSI after the saturating laser flash. Theoretically, the ratio of the quadratic-to-linear ECS is a direct measurement of the pre-existing electric field, the electric component of the pmf [START_REF] Bailleul | Electrochromism: a useful probe to study algal photosynthesis[END_REF][START_REF] Bailleul | Energetic coupling between plastids and mitochondria drives CO2 assimilation in diatoms[END_REF][START_REF] Dow | The multifaceted inhibitory effects of an alkylquinolone on the diatom Phaeodactylum tricornutum[END_REF]. This ratio was significantly reduced in the exposed cells, suggesting that the pmf in the dark was affected by A. minutum filtrate. This can be due to an inhibition of mitochondrial respiration or to an uncoupling effect of the secondary metabolites that affect mitochondria, the chloroplast, or both [START_REF] Bailleul | Energetic coupling between plastids and mitochondria drives CO2 assimilation in diatoms[END_REF]. A partial inhibition of C. muelleri respiratory activity in response to A. minutum filtrate was observed before (Lelong et al., 2011a), but this inhibition developed slowly, compared to the fast suppression of the pmf measured in this work. For this reason, the hypothesis of an uncoupler effect seems more plausible and should be tested in future investigations.

After longer times of exposure, the membranes of C. muelleri seemed to become much more affected by A. minutum allelochemicals. Cytoplasmic membranes appeared more permeable, suggesting that the loss of membrane polarization could be attributed to pores in the membranes that became larger or more numerous with longer exposure time. Meanwhile, in the photosynthetic membranes, strong inhibitions of PSI and PSII, and the reduced turnover of the cytochrome b6f occurred. Results also highlighted that, while PSII can be probed to measure allelochemical potency (Long et al., 2018a), it is not a specific target. These alterations of photosynthetic complexes may be a consequence of the dysfunction of the diffusion of the quinones between QB and cytochrome b6f, leading to the suppression of the photosynthetic electron transport. The overall deleterious effects on the photosynthetic apparatus induced photoprotection mechanisms previously measured in C. muelleri exposed to A. minutum filtrate (Long et al., 2018b). These defense mechanisms are, however, likely insufficient to counteract the severe damages to the membranes at the A. minutum concentration we chose for this study.

The nature of allelochemicals of A. minutum still eludes us, but our results provide new insights into the physico-chemical properties expected for candidate molecules. Indeed, the three main consequences of the allelochemicals here (Fig. 10) were 1) the disruption of cytoplasmic membranes, 2) the decrease of the plastoquinone diffusion and 3) the suppression of the electric component of the pmf in the dark-adapted cells. Overall, the mode of action of A. minutum allelochemicals is very similar to that of Karenia brevis, which alter the membrane integrity, modify the lipidome and compromise photosynthesis of the competing species [START_REF] Poulin | Karenia brevis allelopathy compromises the lipidome, membrane integrity, and photosynthesis of competitors[END_REF]. Membrane biochemical composition varies greatly among eukaryotes. As membranes are amongst the first targets for A. minutum allelochemicals, it can be hypothesized that their biochemical composition might drive, at least partially, the sensitivity of species to A. minutum.

The composition of membranes was already suggested to be an important factor in some allelochemical interactions [START_REF] Deeds | Sterol-specific membrane interactions with the toxins from Karlodinium micrum (Dinophyceae)a strategy for self-protection?[END_REF]Morsy et al., 2008aMorsy et al., , 2008b;;[START_REF] Ma | Mode of action of membrane-disruptive lytic compounds from the marine dinoflagellate Alexandrium tamarense[END_REF].

Our study demonstrates that allelochemicals from A. minutum have the potential to inhibit photosynthesis and quickly lyse co-occurring protists at environmentally relevant cell densities.

Indeed, the concentration of A. minutum used in this study (~20 000 cells mL -1 ) was higher than the half maximal effective concentration inhibiting Fv/Fm of a culture by 50 % measured in previous study (~4 000 cells mL -1 ; Long et al., 2018) but lower than the maximal concentrations of A. minutum measured in the field, which can reach 40 000 cells mL -1 [START_REF] Chapelle | The Bay of Brest (France), a new risky site for toxic Alexandrium minutum blooms and PSP shellfish contamination[END_REF] or more (Garcés et al., 2004). The allelochemical potency would favor the establishment of A.

minutum monospecific bloom by eliminating other microalgae competing for nutrients, by facilitating mixotrophic behavior (already evidenced in this species by [START_REF] Meng | Transcriptomic profile and sexual reproduction-relevant genes of Alexandrium minutum in response to nutritional deficiency[END_REF]) and potentially decreasing the grazing by other dinoflagellates as observed for A. fundyense [START_REF] John | Intraspecific facilitation by allelochemical mediated grazing protection within a toxigenic dinoflagellate population[END_REF]. A better description of the biochemistry of planktonic membranes, the chemical elucidation of allelochemicals and a precise identification of their specific targets is essential to identify the potential marine species (not only planktonic) affected by these metabolites.

Eventually, these results will help predicting the potential structuring effects of allelochemical interactions on planktonic communities. 

  Cyt c= [554] -0.35* [520] -0.5 * [564], where [554], [520] and [564] are the absorption difference signals at 554 nm, 52 0 nm and 564 nm, respectively. Then, the linear ECS (ECSlin) was calculated as ECSlin = [520] -0.25 * Cyt c, and the quadratic ECS (ECSquad) was calculated as ECSquad = [554] + 0.15 * Cyt c.
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 3 Figure 3: Effect of A. minutum supernatant on the overall photosynthesis activity. A) Linear ECS changes after turning off the light in the absence (black dots/lines) and presence (red dots/lines) of A. minutum filtrate. White bar represents the light phase (here, 800 µmol photons m -2 s -1 ), dark bar the period of darkness. The arc of circles represents the change of slope at the light offset. B. Light dependency of photochemical rates of C. muelleri with (red dots/lines) or without (black dots/lines) A. minutum filtrate. Data were normalized to the maximal value at 800 µmol photons m -² s -1 in the untreated sample (see Methods). Results are expressed in relative unit (r.u.). Error bars represent standard deviation (n = 4).
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 4 Figure 4: Effects of A. minutum filtrate on the activity of PSII (A, C, E) and PSI (B, D, F) of C. muelleri. Dark: control, red: in the presence of A. minutum filtrate. A/B: The fluorescence and P700 measurements for the calculation of PSII (A) and PSI (B) quantum yields (see Methods for explanations of the different parameters). In panel B, the dashed lines and rectangles show the absorption changes in the control with DCMU. Grey bars above the panels represent the light phase (here, 340 µmol photons m -2 s -1 ), dark bar is the period of darkness and white "SP" phase shows the saturating pulse phase. Data in panels A and B were obtained under 340 µmol photons m - 2 s -1 actinic light. C/D: Light dependencies of the quantum yields of PSII (C) and PSI (D). E/F: Light dependency of the electron transfer rates through PSII (ETRPSII, E) and through PSI (ETRPSI, F). Results are normalized to the value at the highest intensity (see Methods). Error bars represent standard deviation (n = 3 for the right panels (B, D, F), n=6 for the left panels (A, C, E)).
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 5 Figure 5 Short-term effect of A. minutum supernatant on the PSI and PSII activities of C. muelleri. A: The quantum yields of PSII and PSI, as well as the donor-side (Y(ND)) and acceptor-side (Y(NA)) limitations are shown for the control (white bars) and in the presence of A. minutum filtrate (red bars), with (hatched) and without (plain) the PSI acceptor methylviologen (1mM). All experiments were performed at 340 µmol photons m -2 s -1 actinic light. Error bars represent standard deviation (n = 3). B: Fv/Fm for the control (black dots/lines) and filtrate (red dots/lines) exposed samples were 0.66 ± 0.02 and 0.69 ± 0.03, respectively. A saturating pulse (white rectangle) is applied on dark-adapted (black rectangle) samples to measure Fv/Fm. Results are normalized to the Fm.
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 6 Figure 6. Kinetic of the linear ECS.(A), c-type cytochromes oxidation (B) and quadratic ECS (C) after a saturating laser flash. Dark: control diatom cells. Red: After 10 min of incubation with the filtrate of A. minutum. The linear and quadratic ECS and c-type cytochrome are calculated from absorption changes at 520, 554, 564 nm (see Methods). Error bars represent standard deviation (n = 4).

Figure 8 .

 8 Figure 8. Effect of the filtrate of A. minutum on photosynthetic complexes and overall photosynthesis at different times of exposure (10, 40 and 90 minutes). Black: control. Red: cells treated with the filtrate of A. minutum. A: photochemical rate measured after 3 minutes illumination at 800 µmol photons m -2 s -1 . B: ratio of the quadraticto-linear ECS increase 160 µs after the saturating laser flash. C/D: Extent of oxidation (C) and rate of re-reduction (D) of c-type cytochromes. E/F: fast rise (a phase, 160 µs after the saturating laser flash, E) and rate of decay of linear ECS (F). The linear and quadratic ECS and c-type cytochrome oxidation are calculated from absorption changes at 520, 554, 564 nm (see Methods). The ECS and c-type cytochromes signals become too small after 90 minutes exposure to allow measurements of the quadratic-to-linear ECS, or b6f and ATPase rate constants. Error bars represent standard deviation (n = 3-5).

Figure 9 :

 9 Figure 9: Effect of A. minutum filtrate on C. muelleri cytoplasmic membranes. A) Variation in the proportion of cells with a depolarized membrane after 10 min of exposure to the filtrate (labelled with DiBAC4(3)). B) Variation in the proportion of cells with a permeable membrane after 10 and 30 min of exposure to the filtrate (labelled with SytoxGreen). Cells in the control are shown in dark grey and cells in the presence of A. minutum filtrate are shown in light grey. *** indicate a level of significance < 0.001. Results are expressed as the mean ± standard error (n = 3).

Figure 10 :

 10 Figure 10: Schematic figure of the cascade of events occurring to the cytoplasmic (top) and photosynthetic membranes (bottom) following the exposure to A. minutum filtrate. The red circles represent the membrane components affected by allelochemicals. The blue arrow represents the linear electron flow and the red arrows represent the cyclic electron flow around PSI. PSI and PSII: Photosystems I and II, QA and QB: Quinones A and B, PQ : Plastoquinone, Cyt b6f : Cytochrome b6f, c6 : Cytochrome 6, P700: PSI reaction center, Fd: Ferredoxin.
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