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1.INTRODUCTION

Proliferation of microalgae is recognized as a major threat for marine ecosystems. Harmful algal blooms can be responsible for toxic impacts on marine organisms and ecosystems and can also be toxic to human. This involves public health risks (e.g. intoxications) and socio-economics issues (e.g. loss of fisheries stock, fisheries closure). Dinoflagellates from the genus Alexandrium have the potential to produce paralytic shellfish toxins but also to release uncharacterized bioactive extracellular compounds (BECs) exhibiting allelochemical [START_REF] Arzul | Comparison of allelopathic properties in 3 toxic Alexandrium species[END_REF][START_REF] Lelong | A new insight into allelopathic effects of Alexandrium minutum on photosynthesis and respiration of the diatom Chaetoceros neogracile revealed by photosynthetic-performance analysis and flow cytometry[END_REF][START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF], cytotoxic [START_REF] Goïc | Flow cytometric assessment of morphology, viability, and production of reactive oxygen species of Crassostrea gigas oocytes. Application to Toxic dinoflagellate (Alexandrium minutum) exposure[END_REF], hemolytic [START_REF] Arzul | Comparison of allelopathic properties in 3 toxic Alexandrium species[END_REF][START_REF] Emura | Evidence for the production of a novel proteinaceous hemolytic exotoxin by dinoflagellate Alexandrium taylori[END_REF], and ichtyotoxic activities [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] Castrec | Bioactive extracellular compounds produced by the dinoflagellate Alexandrium minutum are highly detrimental for oysters[END_REF][START_REF] Mardones | Fish gill damage by the dinoflagellate Alexandrium catenella from Chilean fjords: Synergistic action of ROS and PUFA[END_REF].

BECs from the genus Alexandrium affect a large range of marine protists including autotrophic and heterotrophic organisms [START_REF] Fistarol | Allelopathy in Alexandrium spp.: Effect on a natural plankton community and on algal monocultures[END_REF][START_REF] Tillmann | Allelochemical interactions and shortterm effects of the dinoflagellate Alexandrium on selected photoautotrophic and heterotrophic protists[END_REF][START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF][START_REF] Tillmann | Allelopathic effects of Alexandrium tamarense on other algae: Evidence from mixed growth experiments[END_REF] by inducing cell lysis within hours.

Negative allelochemical interactions can be defined as the chemical release of compounds by a protists that causes adverse effects on the physiology of other competing protists and predators, thus giving the allelopathic species a competitive advantage. These negative interactions allow protists to outcompete for resources (e.g. nutrient, light), induce prey immobilization, defend against grazers and therefore are a key factor structuring plankton ecosystems [START_REF] Legrand | Allelopathy in phytoplanktonbiochemical, ecological and evolutionary aspects[END_REF]. Allelochemical interactions are mediated by the production of BECs, named as allelochemicals, released into the surrounding environment. BECs are poorly described (e.g. chemical nature, mode of action) because of methodological and analytical difficulties, but are mainly characterized by their activity spectra and effects on target cells: growth inhibition, death, lysis, paralysis, inhibition of photosystem II etc. [START_REF] Legrand | Allelopathy in phytoplanktonbiochemical, ecological and evolutionary aspects[END_REF]. Short-term (minutes to hour) deleterious effects were observed on the photosystem II of several phytoplankton species exposed to the genus Alexandrium [START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF] including the globally distributed diatom Chaetoceros muelleri [START_REF] Lelong | A new insight into allelopathic effects of Alexandrium minutum on photosynthesis and respiration of the diatom Chaetoceros neogracile revealed by photosynthetic-performance analysis and flow cytometry[END_REF], formerly named as Chaetoceros neogracile).

No standard and rapid methodology is available for the study of allelochemical interactions in marine environments [START_REF] Legrand | Allelopathy in phytoplanktonbiochemical, ecological and evolutionary aspects[END_REF]. Development of bioassays would benefit the allelochemical interactions research field by enabling the rapid confirmation and quantification of allelochemical interactions. This would help to assess the role and relevance of these interactions in plankton ecology. It would also greatly ease the isolation and characterization of unknown BECs through bio-guided purification. Population growth inhibition [START_REF] Chan | Algal plating as a tool for investigating allelopathy among marine microalgae[END_REF][START_REF] Paul | Diatom exudates influence metabolism and cell growth of co-cultured diatom species[END_REF][START_REF] Pushparaj | Toxicological analysis of the marine cyanobacterium Nodularia harveyana[END_REF] or enumeration of lysed cells [START_REF] Hakanen | Allelopathic activity of the toxic dinoflagellate Alexandrium ostenfeldii: Intra-population variability and response of co-occurring dinoflagellates[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] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF] are the most common parameters used in bioassays to demonstrate allelochemical interactions but such techniques are time-consuming. According to the OECD (2011) guidelines for testing chemicals, a growth inhibition test should be long enough to obtain a 16-fold population growth in control treatments (from few days to weeks depending on the target species growth rate). Moreover, microscopic observations cannot be performed in every field situation and distinction between viable and non-viable cells can be subjective because of a lack of consensus on a microalgal death definition [START_REF] Garvey | Applicability of the FDA assay to determine the viability of marine phytoplankton under different environmental conditions[END_REF]. This is compounded by the fact that the enumeration of lysed cells is based on lethal effects, although allelochemical interactions in marine environments may not automatically imply cell lysis. Therefore, new rapid, quantitative and sensitive methods are worth exploring to study allelochemical interactions.

Pulse amplitude modulatory (PAM) fluorometry is a method based on chlorophyll a fluorescence that allows studying photosynthetic processes. PAM is frequently used to assess the impact of environmental stressors [START_REF] Barranguet | Development of photosynthetic biofilms affected by dissolved and sorbed copper in a eutrophic river[END_REF][START_REF] Juneau | Effects of viral infection on photosynthetic processes in the bloom-forming alga Heterosigma akashiwo[END_REF][START_REF] Lippemeier | Direct impact of silicate on the photosynthetic performance of the diatom Thalassiosira weissflogii assessed by on-and off-line PAM fluorescence measurements[END_REF][START_REF] Miao | COmparison OF Cd , Cu , and Zn toxic effects on four marine phytoplankton by pulse-amplitude-modulated fluorometry[END_REF], pollutants (see review from [START_REF] Ralph | Use of fluorescence-based ecotoxicological bioassays in monitoring toxicants and pollution in aquatic systems: Review[END_REF] or algicidal compounds [START_REF] Yang | The algicidal mechanism of prodigiosin from Hahella sp. KA22 against Microcystis aeruginosa[END_REF] on phytoplankton physiology, as it provides insights into phytoplankton "health". Maximum photosystem II quantum yield (Fv/Fm) is the optimal photosynthetic efficiency and is one of the most popular and easiest parameter to interpret. PAM has the advantage of being a rapid non-invasive and non-destructive method that can detect sub-lethal effects on photosystems.

Some devices can be portable, allowing rapid measurements useful in many situations. However, only few studies report the measurement of chlorophyll a fluorescence to demonstrate allelochemical interactions (Blossom et al., 2014a;[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] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF]. The lack of homogeneity in methods and summary parameters (e.g. single concentration measurement, EC10, EC50: the effect concentrations inhibiting 10 or 50 % of a physiologic parameter) prevent comparisons between studies, highlighting the need of standardized bioassays.

The aim for this study was to assess the use of pulse amplitude modulation (PAM) fluorometry in detecting allelochemical activity from A. minutum and to establish a rapid and reliable fluorescence-based bioassay to quantify allelochemical activity from A. minutum samples.

The genus Chaetoceros was selected as a target species based on its known sensitivity to Alexandrium spp. BECs [START_REF] Arzul | Comparison of allelopathic properties in 3 toxic Alexandrium species[END_REF][START_REF] Lelong | A new insight into allelopathic effects of Alexandrium minutum on photosynthesis and respiration of the diatom Chaetoceros neogracile revealed by photosynthetic-performance analysis and flow cytometry[END_REF][START_REF] Weissbach | Allelopathic potential of the dinoflagellate Alexandrium tamarense on marine microbial communities[END_REF], its ubiquity in phytoplankton communities [START_REF] Dalsgaard | Fatty acid trophic markers in the pelagic marine environment[END_REF] and its co-occurrence with A. minutum blooms [START_REF] Chapelle | Étude sur la prolifération de la microalgue Alexandrium minutum en rade de Brest 61[END_REF]Klein et al., in prep). Moreover the genus Chaetoceros is a microalgal model commonly used in ecotoxicological studies [START_REF] Desai | Genotoxicity of cadmium in marine diatom Chaetoceros tenuissimus using the alkaline Comet assay[END_REF][START_REF] Hii | Physiological responses of Chaetoceros sp. and Nannochloropsis sp to short-term 2, 4-D, dimethylamine and endosulfan exposure[END_REF][START_REF] Hourmant | Effect of bentazon on growth and physiological responses of marine diatom: Chaetoceros gracilis[END_REF]. The bioassay was conceived to be applied to microalgal cultures, extracts or field samples.

MATERIALS AND METHODS

Algal culture

Three strains of the toxic dinoflagellate Alexandrium minutum were selected based upon their different allelochemical activity. The strains AM89BM (isolated from a bloom in the Bay of Morlaix, France) and CCMI1002 (isolated from a bloom in Ireland; [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] were chosen according to their cytotoxic potency [START_REF] Arzul | Comparison of allelopathic properties in 3 toxic Alexandrium species[END_REF][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] Lelong | A new insight into allelopathic effects of Alexandrium minutum on photosynthesis and respiration of the diatom Chaetoceros neogracile revealed by photosynthetic-performance analysis and flow cytometry[END_REF]. The strain Da1257 (isolated from a bloom in the Bay of Daoulas, France; [START_REF] Pousse | Sources of paralytic shellfish toxin accumulation variability in the Pacific oyster Crassostrea gigas[END_REF] was selected according to its low allelochemical potency. The cultures were grown in natural filtered (0.2 µm) seawater (collected in Argenton, France) supplemented with L1 medium [START_REF] Guillard | Stichochrysis immobilis is a diatom, not a chrysophyte[END_REF] and maintained in exponential growth phase. The diatom Chaetoceros muelleri (strain CCAP 1010-3, formerly named Chaetoceros neogracile or Chaetoceros sp.) was cultured in filtered (0.2 µm) artificial seawater (synthetic ocean water: [START_REF] Morel | Aquil: a chemically defined phytoplankton culture medium for trace metal tudies[END_REF][START_REF] Price | Preparation and Chemistry of the Artificial Algal Culture Medium Aquil[END_REF] supplemented with L1 medium [START_REF] Guillard | Stichochrysis immobilis is a diatom, not a chrysophyte[END_REF] and silica (1.06 x 10 -4 M final concentration). Both media were autoclaved. Microalgal cultures were maintained at 17 ± 1°C

under continuous light (100 -110 µmol photons m -² s -1 ).

For each experiment, cultures of C. muelleri in exponential growth phase were used.

Diatoms were diluted with filtered artificial seawater to achieve 2 x 10 5 cells ml -1 [START_REF] Lelong | A new insight into allelopathic effects of Alexandrium minutum on photosynthesis and respiration of the diatom Chaetoceros neogracile revealed by photosynthetic-performance analysis and flow cytometry[END_REF] in the experiments and bioassays. Microalgal cells were counted and algal growth was monitored using a FACSCalibur flow cytometer (Becton Dickinson, San Diego, CA, USA) equipped with a blue laser (excitation 488 nm). Concentrations (cells mL -1 ) were calculated from the number of events per unit of time and the estimate of the FACSCalibur flow rate measured according to [START_REF] Marie | Enumeration of marine viruses in culture and natural samples by flow cytometry[END_REF].

BECs extraction

BECs were separated from culture by filtration (0.2 µm, acetate cellulose membrane, 16534-K, Sartorius) according to [START_REF] Lelong | A new insight into allelopathic effects of Alexandrium minutum on photosynthesis and respiration of the diatom Chaetoceros neogracile revealed by photosynthetic-performance analysis and flow cytometry[END_REF]. Filtrates were prepared fresh in glass tubes to avoid any loss to plastic during storage [START_REF] Ma | Preliminary characterization of extracellular allelochemicals of the toxic marine dinoflagellate Alexandrium tamarense using a Rhodomonas salina bioassay[END_REF]. The initial A. minutum culture concentration, prior to filtration, was used to describe the potential allelochemical concentration of each filtrate. Serial dilutions of this filtrate with filtered natural seawater were performed to obtain various concentrations. In the following text, the theoretical allelochemical concentration of each filtrate is given by the concentration in A. minutum (cell mL -1 ) of the culture used to obtain the filtrate.

Pulse amplitude modulatory (PAM) fluorometry

Maximum photosystem II (PSII) quantum yield (Fv/Fm), which is a proxy of PSII photochemical efficiency, was measured by pulse amplitude modulation (PAM) fluorometry with a handheld AquaPen-C AP-C 100 (Photon Systems Instruments, Drassov, Czech Republic) equipped with a blue light (455 nm). In each experiment, algal samples were dark-adapted for at least 20 minutes before measurement of fluorescence variables (F0, Fm). F0 is the initial fluorescence intensity, Fm the maximal intensity under saturating light conditions (0.5 to 1s at 1500 µmol photon m -² s -1 ), and Fv = Fm -F0. Maximum quantum yield of photosystem II was then calculated as followed: Fv/Fm [START_REF] Strasser | The fluorescence transient as a tool to characterize and screen photosynthetic samples[END_REF].

Optimization of protocol

Sensitivity of Fv/Fm to filtrate

In a first experiment, the kinetic impact of BECs upon the diatom's photosystem was studied. Cells of C. muelleri (2 x 10 5 cells mL -1 ) were exposed to A. minutum (strain CCMI1002) filtrate dilutions in filtered natural seawater, with final filtrate concentrations equivalent to 0, 50, 500, 5000 and 50 000 cells mL -1 . Fv/Fm was then measured every 30 min for the first 120 min of exposure then every 60 min until 360 min of exposure. Results are expressed as the percentage of Fv/Fm inhibition compared to seawater control (see section 2.6).

Fv/Fm and FDA inhibition assay

The second experiment was performed to confirm that Fv/Fm is a good proxy of microalgal metabolism in the bioassay. Fv/Fm was compared to another proxy of primary metabolism, the fluorescein diacetate-activity assay [START_REF] Brookes | Use of FDA and flow cytometry to assess metabolic activity as an indicator of nutrient status in phytoplankton[END_REF][START_REF] Franklin | Development of an improved rapid enzyme inhibition bioassay with marine and freshwater microalgae using flow cytometry[END_REF][START_REF] Garvey | Applicability of the FDA assay to determine the viability of marine phytoplankton under different environmental conditions[END_REF].

Fluorescein diacetate (FDA, Molecular probes, Invitrogen, Eugene, OR, USA) is a hydrophobic fluorescent dye that permeates and stains cells exhibiting esterase activity, i.e. viable cells. Inside the cells, FDA is cleaved by esterases and releases a fluorescent by-product (fluorescein; emission 525 nm) which is retained within the cells. Cells that are not stained in the presence of FDA do not exhibit esterase activity and are considered as metabolically inactive (Supplementary figure 1).

FDA fluorescence in the diatoms was measured by flow cytometry (FACSCalibur) equipped with a blue laser (excitation 488 nm) through the detector of fluorescence FL1 (green emission filter band pass, 530/30 nm). FDA staining protocol was optimized (Supplementary figures 2 and 3) for C. muelleri and samples were stained (final concentration = 1.5 µM) for 10 min in dark prior to flow-cytometric measurement, while samples for Fv/Fm measurement were put in the dark 20 min before measurement. C. muelleri (2 x 10 5 cells mL -1 ) was exposed to A. minutum exudate filtrate (strain CCMI1002) at concentrations (theoretical concentrations) equivalent to 500, 5000 and 50 000 cells mL -1 . Fv/Fm and FDA fluorescence were measured after 120 min of exposure.

Bioassay procedure: comparison of A. minutum strains 2.5.1 Algal culturing

To compare allelochemical activity from three different A. minutum strains, cultures in exponential growth phase were centrifuged (280 g, 5 min, 17°C) and re-suspended in new L1 medium to reach final cell concentrations of 3 x 10 4 cells mL -1 . These cultures were left to equilibrate (release BECs) for 24 h prior to the commencement of bioassays.

Exposure

Triplicate cultures of C. muelleri in exponential growth phase (7 days old) were diluted with filtered (0.2 µm) synthetic ocean water to reach 2 x 10 5 cells mL -1 in the bioassay. Diatoms were then exposed to dilutions of A. minutum culture filtrate (concentration 3 x 10 4 cells mL -1 ) dilutions (in artificial seawater) in flow cytometry tubes (3 mL final volume), with filtrate concentrations equivalent to 0, 50, 100, 300, 500, 1000, 2500, 5000, 10 000, 15 000 and 25 000 cells mL -1 . Bioassay tubes were then incubated for 120 min: the first 100 min under light and the last 20 min in the dark, before Fv/Fm measurements. General bioassays procedures and test conditions are summarized in Table 1.

Calculations and graphics

The percentage of inhibition of maximum quantum yield was calculated as follow:

𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 𝐹𝑣/𝐹𝑚 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 -𝐹𝑣/𝐹𝑚 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒 𝐹𝑣/𝐹𝑚 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 × 100
Where Fv/Fmcontrol and Fv/Fmfiltrate were the maximum quantum yield of the diatom in artificial seawater and exposed to A. minutum filtrate, respectively. All graphics were performed using R software (R Foundation for Statistical Computing, Vienna, 2011). The effective concentration inhibiting 10 % (EC10), 50 % (EC50) and 90 % (EC90) of the Fv/Fm as compared to the control, were calculated from the dose-response curve based on the required A. minutum cell density to achieve a filtrate toxicity to inhibit Fv/Fm. To calculate the effective concentrations, the "Dose-Response Curve" package of R statistical analysis software was used [START_REF] Gerhard | Estimating marginal properties of quantitative real-time PCR data using nonlinear mixed models[END_REF].

The "Akaike's Information Criterion" was used to determine model suitability where multiple models were tested [START_REF] Koppel | Chronic toxicity of five metals to the polar marine microalga Cryothecomonas armigera -Application of a new bioassay[END_REF][START_REF] Pinheiro | Mixed-effects Models in S and S-PLUS[END_REF]. In all cases, a log-logistic model with 3 parameters was favored. While inhibition data will be given in the manuscript, the Fv/Fm data are available in the supplementary files.

RESULTS AND DISCUSSION

Sensitivity of Fv/Fm to filtrate

When C. muelleri was exposed to the lowest concentration of A. minutum filtrate (50 cells mL -1 ), Fv/Fm was not affected (Figure 1). For C. muelleri exposed to higher filtrate concentrations, Fv/Fm was inhibited within the first 30 min corroborating the rapid toxicity mechanisms reported by [START_REF] Lelong | A new insight into allelopathic effects of Alexandrium minutum on photosynthesis and respiration of the diatom Chaetoceros neogracile revealed by photosynthetic-performance analysis and flow cytometry[END_REF][START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF]. At a concentration of 500 cells mL -1 , C. muelleri Fv/Fm inhibition varied between 6 ± 2 % and 24 ± 6 % during the six hours exposure. For filtrate concentrations above 500 cells mL -1 , Fv/Fm inhibition in C. muelleri increased quickly within the first 120 min then reached a plateau. When exposed to a theoretical cell concentration of 5 000 cells mL -1 , Fv/Fm inhibition was 21 ± 3 % at 30 min and increased to a 100 ± 0 % inhibition at 120 min. With the highest filtrate concentration tested (50 000 cells mL -1 ), Fv/Fm inhibition was as high as 62 ± 4 % after only 30 min of exposure and reached 100 ± 0 % inhibition within 90 min.

For all tested concentration, the maximum inhibition and a plateau were reached within the first 120 minutes. For the two highest concentrations, the complete inhibition was maintained for the duration of the experiment (6 hours). Thus the following experiments (and bioassays) were performed with an incubation time of 120 minutes. The measurement of an EC50 after only 120 minutes is of interest because the bioassay should be sufficiently short to avoid any loss of allelochemical activity which can occur within a short time.

Fv/Fm and FDA inhibition assay

In a second experiment, the filtrate-induced inhibition of Fv/Fm was compared to another proxy of metabolic activity. The fluorescein diacetate (FDA) assay measures esterase activity, is commonly used to determine phytoplankton viability [START_REF] Agusti | Cell variability in natural phytoplankton communities quantified by a membrane permeability probe[END_REF][START_REF] Gentien | Motility and autotoxicity in Karenia mikimotoi (Dinophyceae)[END_REF] and has been proven to be efficient with the genus Chaetoceros [START_REF] Garvey | Applicability of the FDA assay to determine the viability of marine phytoplankton under different environmental conditions[END_REF]. Results

showed that C. muelleri esterase activity was inhibited by the allelochemical filtrate, as the proportion of metabolically inactive cells increased. This was observed by flow cytometry with a decrease in the green (FL1) fluorescence (Supplementary figure 1). Three of the filtrate concentrations (500, 5 000 and 50 000 cells mL -1 ) induced a loss in metabolic activity as measured by both FDA staining and inhibition of Fv/Fm (Figure 2). No increase in the proportion of metabolically inactive cells or decrease in Fv/Fm (compared to control) was observed when the diatom was exposed to the filtrate concentration of 50 cells mL -1 . When exposed to higher filtrate concentrations, the inhibition of Fv/Fm was always higher than the percentage of metabolically inactive cells measured with FDA staining. At a filtrate concentration of 500 cells mL -1 , the percentage of metabolically inactive cells was 11.5 ± 0.2 %, while inhibition of Fv/Fm was of 19 ± 4 %. Once exposed to filtrate concentrations of 5 000 and 50 000 cells mL -1 , the proportion of metabolically inactive cells and inhibition of Fv/Fm were close to 88 and 100 %, respectively.

While the use of FDA allows an estimation of the percentage of metabolically active cells, Fv/Fm is a measurement of the maximum photosystem II quantum yield (proxy of photosynthetic metabolism), and both are good proxies as metabolic responses to A. minutum BECs with similar dose-response behaviour (dynamic/trend).

Bioassay: comparison of A. minutum strains

Inhibition of Fv/Fm in C. muelleri exposed to A. minutum culture filtrates was highly dependent on the A. minutum strain. In addition Fv/Fm inhibition was also related to theoretical cell concentration for the strains CCMI1002 and AM89BM. For those two strains, the relationship between Fv/Fm inhibition and the (logarithmic) theoretical cell concentration was a sigmoidal dose-response pattern (Figure 3). This dose-response curve enabled the calculation of the effective concentrations inhibiting Fv/Fm by 10 % (EC10), 50 % (EC50) and 90 % (EC90) in the C. muelleri populations (Table 2). The strain CCMI1002 induced the most adverse effects with an EC10 = 1350 ± 210 cells mL -1 and an EC50 = 4220 ± 480 cells mL -1 . In comparison, to obtain a similar inhibition of Fv/Fm of the marine diatom Skeletonema costatum, a concentration of 13 µg mL -1 of the herbicide bentazon is necessary [START_REF] Macedo | Effects of the herbicide bentazon on growth and photosystem II maximum quantum yield of the marine diatom Skeletonema costatum[END_REF]. The strain AM89BM was four times less toxic than the strain CCMI1002, with an EC10 = 7710 ± 349 and an EC50 = 16500 ± 1700 cells mL - 1 . These cell concentrations are well within the range of environmental A. minutum bloom concentrations, with reported densities as high as 41 000 cells mL -1 in the bay of Brest, France [START_REF] Chapelle | The Bay of Brest (France), a new risky site for toxic Alexandrium minutum blooms and PSP shellfish contamination[END_REF] highlighting that A. minutum blooms may impact plankton communities.

The results confirmed the difference in allelochemical potency of the strains observed by [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] in a single-concentration bioassay, and also allowed us to precisely quantify the allelochemical potency of each strain. The strain Da1257 had minimal effects on maximum photosystem II quantum yield, with the highest cell concentration tested (27 400 cells mL -1 ) only inducing an Fv/Fm inhibition of 7 ± 3 % in C. muelleri., therefore effective concentrations (EC10, EC50, EC90) could not be calculated. While this study validate the used of PAM fluorometry to quantify allelopathic potency from A. minutum, the proposed bioassay may be applied to other species of the genus Alexandrium. Many species from the genus Alexandrium induce lytic effects and therefore could inhibit photosynthesis. For instance the species A. ostenfeldii inhibits Fv/Fm [START_REF] Tillmann | On the allelochemical potency of the marine dinoflagellate Alexandrium ostenfeldii against heterotrophic and autotrophic protists[END_REF]. This bioassay could also be applied to other genus producing allelochemicals such as the dinoflagellate Karlodinium venificum which BECs also inhibits photosystem II quantum yield [START_REF] Sheng | A dinoflagellate exploits toxins to immobilize prey prior to ingestion[END_REF]. Moreover the variability in the sensitivity of target species that has already been highlighted [START_REF] Tillmann | Allelochemical interactions and shortterm effects of the dinoflagellate Alexandrium on selected photoautotrophic and heterotrophic protists[END_REF] could precisely be quantified and compared with this bioassay.

Precautions

This study provides important information on how to properly assess a microagal bioassay using PAM fluorometry. Fv/Fm is a sensitive physiologic parameter that responds to many different environmental parameters (e.g. physiological state, light, temperature, various stress; [START_REF] Ralph | Use of fluorescence-based ecotoxicological bioassays in monitoring toxicants and pollution in aquatic systems: Review[END_REF] that can modify bioassay outcomes. Indeed, it is essential to be consistent in the protocol (Table 1) and to perform controls to ensure that the inhibition is attributable to allelochemical interactions. Alexandrium spp. BECs chemical features were partially described in previous studies and special care must be taken as the test conditions may greatly influence the outcomes of the bioassay. To maintain biological activity of the BECs over time, plastics should be avoided, especially for filtrate storage [START_REF] Ma | Preliminary characterization of extracellular allelochemicals of the toxic marine dinoflagellate Alexandrium tamarense using a Rhodomonas salina bioassay[END_REF]. When stored in glassware at a cool temperature (≈ 5°C), allelochemical activity can be maintained for several weeks (Supplementary figure 4), and up to 4 months when stored at -30°C [START_REF] Martens | Salinity effects on growth and toxin production in Alexandrium ostenfeldii from The Netherlands[END_REF]. Similarly, the choice of the filter composition is important, because most filter membranes retained allelochemical activity (unpublished data). Here we recommend the use of acetate cellulose or asymmetric polyethersulfone (aPES) membrane filters.

Bioassay applications

The ease of use and the rapid response of this bioassay makes it convenient for various experiments. PAM techniques have many logistical advantages as they only require small sample volumes (2 to 3 mL), they are cheap, they can be used with environmentally relevant chlorophyll concentrations and they are rapid (a few seconds per sample) compared to a classic growth inhibition test or a lytic bioassay. Moreover the handled devices are practical, and allow the bioassays to be performed in-situ. This enables a fast quantification of allelochemical potency from various A. minutum samples: cultures, bio-guided purification of BECs, and field samples.

This bioassay can also be used for the purification of uncharacterized BECs (in prep.) produced by the genus A. minutum. The choice of the bioassay used to identify BECs during fraction purification is essential. During characterization of allelochemicals from A. catenella, [START_REF] Ma | Isolation of activity and partial characterization of large non-proteinaceous lytic allelochemicals produced by the marine dinoflagellate Alexandrium tamarense[END_REF][START_REF] Ma | Preliminary characterization of extracellular allelochemicals of the toxic marine dinoflagellate Alexandrium tamarense using a Rhodomonas salina bioassay[END_REF] preferred a phytoplankton (Rhodomonas salina) based bioassay rather than the usual bioassay with brine shrimp and red blood cells [START_REF] Arzul | Comparison of allelopathic properties in 3 toxic Alexandrium species[END_REF][START_REF] Emura | Evidence for the production of a novel proteinaceous hemolytic exotoxin by dinoflagellate Alexandrium taylori[END_REF]. [START_REF] Ma | Isolation of activity and partial characterization of large non-proteinaceous lytic allelochemicals produced by the marine dinoflagellate Alexandrium tamarense[END_REF][START_REF] Ma | Preliminary characterization of extracellular allelochemicals of the toxic marine dinoflagellate Alexandrium tamarense using a Rhodomonas salina bioassay[END_REF] quantified allelochemical activity through microscopy counts of lysed R. salina cells, however the present study highlights an easier and faster bioassay to follow bioactivity during purification of these chemicals.

A unique bioassay for other cytotoxic activities ?

Exudates of A. minutum with allelochemical activity can have other toxic features. In a recent study, [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] were able to distinguish between the contrasting effects of paralytic shellfish toxins versus allelochemical exudates from A. minutum cultures over the great scallop Pecten maximus thanks to a similar but single-concentration bioassay. Delayed shell growth, reduced gill filtration, tissue damages and impaired escape behaviour when exposed to a predator were specifically attributed to the allelochemical exudates. This research highlights the importance of screening allelochemicals and studying the relationship between allelochemical interactions and other cytotoxic activities. Other studies have revealed that allelochemical activity may be related to other toxins [START_REF] Arzul | Comparison of allelopathic properties in 3 toxic Alexandrium species[END_REF][START_REF] Castrec | Bioactive extracellular compounds produced by the dinoflagellate Alexandrium minutum are highly detrimental for oysters[END_REF][START_REF] Goïc | Flow cytometric assessment of morphology, viability, and production of reactive oxygen species of Crassostrea gigas oocytes. Application to Toxic dinoflagellate (Alexandrium minutum) exposure[END_REF]. This bioassay could be used to investigate the links between allelochemical activity and other cytotoxic (e.g. haemolytic, ichtyotoxic) activities through dose-response curves as performed by Blossom et al.

(2014b) to, for example, establish the relationship between allelochemical activity and ichtyotoxicity from the prymnesiophyceae Prymnesium parvum.

Potential for field application

Allelochemical interactions research has been mainly based on laboratory experiments and lacks field reports to evaluate its role in plankton ecology. The bioassay developed here would be a useful tool during A. minutum blooms to measure/quantify allelochemical activity within an environmental matrix on a selected microalgal sample. The bioassay could be performed on in-situ samples when monitoring a bloom directly or under laboratory conditions following an appropriate sample storage (cooled glass container) to avoid any loss of activity. Moreover, measurement of a non-lethal parameter, such as photosystem II quantum yield, would allow the detection of mild effects. Indeed, non-lethal effects may reduce a cells ability to cope with other stress and indeed to compete with other species. 

CONCLUSION

FIGURESFigure 1 :
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 2 Figure 2: Effects of A. minutum (CCMI1002) filtrate on A) the percentage of metabolically inactive cells (FDA) and B) the percentage of inhibition of Fv/Fm of the diatom C. muelleri at different theoretical cell concentrations (0, 50, 500, 5 000 and 50 000 cells mL -1 ) after 120 min of exposure. Results are expressed as mean ± standard deviation. N= 3.

Figure 3 :

 3 Figure3: Inhibition of C. muelleri maximum photosystem II quantum yield (Fv/Fm) by A. minutum filtrates from different strains. Dots represent the percentage of inhibition of Fv/Fm as compared to controls, as a function of filtrate dilution. The diatoms were exposed to strain CCMI1002 (red triangle), strain AM89BM (yellow circle) and strain Da1257 (green squares) (n=3). For both curves, the ribbon represents the 95 % confidence interval from the log-logistic model. EC50 are indicated by the dotted lines.

  

  

  

  

Table 1 :

 1 TABLES Culturing and allelochemical interaction test conditions

	Allelopathic sample

Table 2 :

 2 Effective filtrate concentrations (cells mL-1) inhibiting 10 % (EC10), 50 % (EC50) and 90 % (EC90) of C. muelleri Fv/Fm for three different A. minutum strains. "NC" indicate that no value could be calculated. Results are expressed as mean ± standard error (n=3).

	Strain	EC10	EC50	EC90
	CCMI1002 1350 ± 210	4220 ± 480	13160 ± 3980
	AM89BM 7710 ± 340	16510 ± 1690	38020 ± 7780
	Da1257	NC	NC	NC
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