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Introduction

Over the last years, ecotoxicology has gained increasing interest to assess the impact of anthropogenic contaminants on organisms and ecosystems. Among the tools developed for environmental risk assessment, biomarkers are of great interest, especially for their potential as early warning indicators of contamination [START_REF] Van Der Oost | Fish bioaccumulation and biomarkers in environmental risk assessment: a review[END_REF]. These tools are therefore increasingly developed on sentinel organisms to better characterize the potential effects of contaminants.

In conjunction with chemical and biocenotic analyses, biomarkers contribute to being aware of the global impact of this contamination on ecosystems.

However, this risk prediction requires a good knowledge of the biomarkers used as well as an explanation of the mechanical bases of xenobiotic effects on well-known sentinel species [START_REF] Forbes | The use and misuse of biomarkers in ecotoxicology[END_REF]. It is therefore essential to understand the modes of action of the various xenobiotics at infra-individual levels (cellular, molecular) before being able to extrapolate to the scale of the population or the community.

Among biomarkers, those linked to the immune system can reflect the state of health of an organism under stress. Indeed, the immune system is responsible for the integrity of organism, protects it against infections and parasitism and is linked to various other biological functions, such as nervous or endocrine systems [START_REF] Kouassi | Système immunitaire[END_REF][START_REF] Song | Bivalve immunity[END_REF][START_REF] Delves | The immune system[END_REF][START_REF] Su | Steroid binding at sigma receptors suggests a link between endocrine, nervous, and immune systems[END_REF]. These immune markers are often i) functional and assessed at the cellular level, such as the capacity or the efficiency of phagocytosis, ii) structural in terms of the integrity of the immune effector cells, or iii) linked to the expression of genes coding for immune proteins. They are therefore mainly assessed on two levels of biological organization: the cell and the molecule. The analysis of multi-level markers has several advantages. First, it allows a more complete diagnosis of contamination effects on an organism and can allow their extrapolation on a population [START_REF] Samanta | Ecological risk assessment of a contaminated stream using multi-level integrated biomarker response in Carassius auratus[END_REF][START_REF] Kim | Integration of multi-level biomarker responses to cadmium and benzo[k]fluoranthene in the pale chub (Zacco platypus)[END_REF]. Then, this multi-level analysis can provide information on the impact kinetics of a contamination within an organism [START_REF] Lebrun | Single and combined effects of insecticides on multi-level biomarkers in the non-target amphipod Gammarus fossarum exposed to environmentally realistic levels[END_REF]. Finally, it can be used to determine whether the responses are due to the exposure or only due to a homeostatic modification [START_REF] Damásio | Multi-biochemical responses of benthic macroinvertebrate species as a complementary tool to diagnose the cause of community impairment in polluted rivers[END_REF].

In this study, cellular and molecular analyses were combined to understand the effects of various stress on a sentinel species of freshwater invertebrate, the zebra mussel Dreissena polymorpha. This invasive species is known to have colonized several regions in the northern hemisphere (America, Europe) and to have negatively impacted the invaded ecosystems [START_REF] Quinn | Quantifying the ecological niche overlap between two interacting invasive species: the zebra mussel (Dreissena polymorpha) and the quagga mussel (Dreissena rostriformis bugensis)[END_REF]. Our objective was to understand the immune response capabilities of hemocytes of the zebra mussel to various stresses (chemical, physical and biological), via cellular and molecular markers. For this purpose, several parameters were set upstream of the study. First, bivalves were chosen because they have several advantages to be used in biomonitoring programs as sentinel species [START_REF] Besse | Relevance and applicability of active biomonitoring in continental waters under the Water Framework Directive[END_REF][START_REF] Salazar | Using caged bivalves to characterize exposure and effects associated with pulp and paper mill effluents[END_REF][START_REF] Bervoets | Use of transplanted zebra mussels (Dreissena polymorpha) to assess the bioavailability of microcontaminants in Flemish surface waters[END_REF][START_REF] Ladeiro | Mollusc bivalves as indicators of contamination of water bodies by protozoan parasites[END_REF]: i) these animals are directly in contact with the contamination (water and sediment) and can accumulate pollutants [START_REF] Palos-Ladeiro | Bioaccumulation of human waterborne protozoa by zebra mussel (Dreissena polymorpha): interest for water biomonitoring[END_REF]; ii) they are sessile, making possible a spatial and temporal assessment of surrounding contamination [START_REF] Salazar | Using caged bivalves to characterize exposure and effects associated with pulp and paper mill effluents[END_REF][START_REF] Bervoets | Use of transplanted zebra mussels (Dreissena polymorpha) to assess the bioavailability of microcontaminants in Flemish surface waters[END_REF][START_REF] Kraak | Biomonitoring of heavy metals in the Western European rivers Rhine and Meuse using the freshwater mussel Dreissena polymorpha[END_REF]. For freshwater biomonitoring, Dreissena polymorpha is a good sentinel species since it occupies a large geographical area, it resists to variations in external conditions and is considered to be the counterpart of Mytilus edulis for ecotoxicological studies [START_REF] Binelli | Does zebra mussel (Dreissena polymorpha) represent the freshwater counterpart of Mytilus in ecotoxicological studies? A critical review[END_REF][START_REF] Kerambrun | Zebra mussel as a new tool to show evidence of freshwater contamination by waterborne Toxoplasma gondii[END_REF][START_REF] Binelli | DDT contamination in Lake Maggiore (N. Italy) and effects on zebra mussel spawning[END_REF].

Second, cellular and molecular markers were evaluated on the same measurement scale, namely on hemocytes. In bivalves, hemocytes are the effector cells of immunity. Exposures to various stresses were conducted in ex vivo conditions to overcome the complexity of the whole organism and to minimize the exposure bias. Third, all analyses (cellular and molecular ones) were performed on the same samples to provide a better comprehension of stressors' modes of action. This criterion required to work with pools of hemolymph to obtain enough biological material for analysis. Finally, hemocytes from D. polymorpha were exposed to various stresses (chemical, physical and biological), whose expected effects are known. Hemocytes were exposed to i) cadmium, a cytotoxic metal [START_REF] Olabarrieta | In vitro effects of cadmium on two different animal cell models[END_REF]; ii) ionomycin, an antibiotic which induces apoptosis and alters immune functions [START_REF] Tennant | Innate recognition of apoptotic cells: novel apoptotic cell-associated molecular patterns revealed by crossreactivity of anti-LPS antibodies[END_REF][START_REF] Stankov | Expression analysis of genes involved in apoptosis, proliferation and endoplasmic reticulum stress in ionomycin/PMA treated Jurkat cells[END_REF]; iii) ultra-violet B (UVb) which are known to be cytotoxic and immune suppressor [START_REF] Steinert | Contribution of apoptosis to observed dna damage in mussel cells[END_REF][START_REF] Rana | Ultraviolet B suppresses immunity by inhibiting effector and memory T cells[END_REF]; and iv) two protozoa, Cryptosporidium parvum and Toxoplasma gondii, whose effects on the hemocytes of mussels have already been evaluated [START_REF] Guernic | Comparison of viability and phagocytic responses of hemocytes withdrawn from the bivalves Mytilus edulis and Dreissena polymorpha, and exposed to human parasitic protozoa[END_REF].

Regarding mussel immunity, two processes have been studied via cellular and molecular markers, namely:

-Phagocytosis, through the internalization of microbeads (capacity, efficiency and avidity of phagocytosis) and the indirect stimulating action of nitric oxide (NO, [START_REF] Müllebner | Interaction between mitochondrial reactive oxygen species, heme oxygenase, and nitric oxide synthase stimulates phagocytosis in macrophages[END_REF]) for cellular markers, as well as by the expression of several genes involved in this response: the complex arp 2/3, involved in the regulation of cytoskeleton actin; cdc 42, involved in cell migration and endocytosis; and gal 2, a galactose-binding lectin, playing many roles including cell adhesion and signalling [START_REF] Machesky | The Arp2/3 complex: a multifunctional actin organizer[END_REF][START_REF] Almkvist | Galectins as inflammatory mediators[END_REF][START_REF] Hemalatha | Recent advances in clathrin-independent endocytosis[END_REF].

-Apoptosis, via the study of the cellular activation of an effector with cysteine effector, caspases 3/7, and the expression of its gene. Galectin-2 also plays a role in apoptosis by being part of anti-apoptotic molecules [START_REF] Villeneuve | Mitochondrial proteomic approach reveals galectin-7 as a novel BCL-2 binding protein in human cells[END_REF].

The molecular markers were selected in accordance with the work of Leprêtre et al. [START_REF] Leprêtre | The immune system of the freshwater zebra mussel, Dreissena polymorpha, decrypted by proteogenomics of hemocytes and plasma compartments[END_REF] who observed the involvement of the proteins encoded by these genes in the cell compartment of the hemolymph of the zebra mussel.

Cell necrosis marker, detoxification and antioxidant systems were also evaluated, by flow cytometry and droplet digital polymerase chain reaction (ddPCR). This latter technology is based on the massive fragmentation of the genetic material, which facilitates the analysis of low-expressed genes [START_REF] Sanders | Evaluation of digital PCR for absolute DNA quantification[END_REF][START_REF] Huggett | The digital MIQE guidelines: minimum information for publication of quantitative digital PCR experiments[END_REF]. ddPCR was preferred to other PCR techniques because of the low expression levels of certain genes such as cdc 42 or casp 3/7, as well as being able to express the absolute result in a number of copies per hemocyte. Thanks to the partitioning of the sample and Poisson's law, ddPCR makes possible to express the quantification results directly as the number of copies of the target DNA per µL, or in our case as the number of copies per cell. This technique improves the measurement accuracy without the need for a prior calibration curve [START_REF] Huggett | The digital MIQE guidelines: minimum information for publication of quantitative digital PCR experiments[END_REF][START_REF] Lievens | Measuring digital PCR quality: performance parameters and their optimization[END_REF]. This simplifies quantification and reduces the risk of error.

Compared to other PCR techniques, it offers other advantages such as high accuracy and an increase in the signal-to-noise ratio [START_REF] Huggett | The digital MIQE guidelines: minimum information for publication of quantitative digital PCR experiments[END_REF][START_REF] Miotke | High sensitivity detection and quantitation of DNA copy number and single nucleotide variants with single color droplet digital PCR[END_REF]. This strategy, developed and used in medicine, is pioneer in ecotoxicology. This opportunity to assess cellular and molecular markers on the same scale, namely the hemocyte, allows a better understanding of the response capacities of these cells to stress.

Materials and methods

Mussel and hemolymph collection

Zebra mussels (3. was changed every week, after assessment of nitrites (0.12 ± 0.02 mg/L), nitrates (34.32 ± 13.16 mg/L), and ammonium concentrations (0.03 ± 0.01 mg/L).

Hemolymph recovery was realised before feeding to not compromise cytometric analyses.

Hemolymph from ten mussels was withdrawn from adductor muscle with 0.3 mL syringes (30 G x 8 mm, Becton Dickinson, NJ, USA), kept on ice and pooled to obtain enough hemolymph volume for both flow cytometric and ddPCR analysis. Cell concentration was determined with KOVA slide (KOVA International, CA, USA), then adjusted to 375,000 cells per mL and samples were separated into microplate (U-bottom, VWR, PA, USA) for flow cytometry and into tubes for ddPCR. To discard cell debris and dead cells caused by sampling and starting with healthy samples, plasma was removed after 20 minutes of hemocyte sedimentation (16 °C, in the dark [START_REF] Barjhoux | A new protocol for the simultaneous flow cytometric analysis of cytotoxicity and immunotoxicity on zebra mussel (Dreissena polymorpha) hemocytes[END_REF]). Then, 190 µL (or 200 µL for UVb exposure) of modified Leibovitz 15 medium (L15, Sigma-Aldrich, MO, USA) were added for flow cytometry [START_REF] Quinn | Development of an in vitro culture method for cells and tissues from the zebra mussel (Dreissena polymorpha)[END_REF][START_REF] Evariste | Functional features of hemocyte subpopulations of the invasive mollusk species Dreissena polymorpha[END_REF]. For ddPCR analyses, samples were placed into three 1.5 mL tubes with phosphate buffer saline (Sigma-Aldrich) q.s. 500 µL per tube. 

Flow cytometric analyses

Analyses with flow cytometer were based on Barjhoux et al. [START_REF] Barjhoux | A new protocol for the simultaneous flow cytometric analysis of cytotoxicity and immunotoxicity on zebra mussel (Dreissena polymorpha) hemocytes[END_REF] protocol with minor modifications. Briefly, hemocyte samples were placed in nine wells (three stress conditions x three analyses), at 75.000 cells per well. After UVb exposure or immediately after adding other stressors, hemocytes were incubated four hours according to the following conditions: i) 2 μm diameter yellow-green fluorescent latex microbeads with a cell:bead ratio of 1:50 (16 °C, in the dark, Polysciences Inc., PA, USA, [START_REF] Barjhoux | A new protocol for the simultaneous flow cytometric analysis of cytotoxicity and immunotoxicity on zebra mussel (Dreissena polymorpha) hemocytes[END_REF]), ii) 0.5 µM caspases 3/7 green flow cytometric reagent (30 min, 16 °C, in the dark, Thermofisher Scientific), and iii) with 5 µM of 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate (DAF-fm, 30 min, 16 °C, in the dark, Thermofisher Scientific). Ten minutes before analyses, cells were removed into new wells with an anti-aggregate solution (Trypsin-EDTA solution, 0.0625 % final, Sigma-Aldrich [START_REF] Barjhoux | A new protocol for the simultaneous flow cytometric analysis of cytotoxicity and immunotoxicity on zebra mussel (Dreissena polymorpha) hemocytes[END_REF]). Just before flow cytometric analyses, propidium iodide (PI, 1 % final, Sigma-Aldrich) was added to mark dead cells in double labeling with microbeads. The oocysts were removed from flow cytometry analyses by their size, complexity and autofluorescence, different from those of hemocytes, as previously describes [START_REF] Guernic | Comparison of viability and phagocytic responses of hemocytes withdrawn from the bivalves Mytilus edulis and Dreissena polymorpha, and exposed to human parasitic protozoa[END_REF]. Flow cytometric data were evaluated with 10,000 cells counted for each suspension sample thanks to Accuri™ C6 SORP flow cytometer (Becton Dickinson, N.J., USA, with BD Accuri™ C6 software (v1.0.264.21)).

All immune markers and their corresponding method of analysis are described in Table 2. After thawing, chloroform (VWR) was added and vortexed with samples and then incubated 15 minutes at room temperature. The following steps have been carried out on ice to better preserve the integrity of the biological material. The aqueous phase containing the nucleic material was recovered after centrifugation (12,000 g, 8 min, 4 °C). Total RNA was precipitated using isopropanol (10 minutes on ice, VWR) and the supernatant was kept after centrifugation (12,000 g, 8 min, 4 °C). RNA was washed with 70 % ethanol (Charbonneaux-Brabant Chimie, Reims, France), removed from the sample by centrifugation (7,500 g, 5 min, 4 °C). To remove ethanol, the pellet was air-dried on ice for about thirty minutes and was then mixed with RNAse free water (40 μL, United States Biological, MA, USA). A water bath step was then respected (15 min, 57 °C) to dissolve RNA in water. RNA quantification was assessed using Genova Nano spectrophotometer (Jenway, Staffordshire, United Kingdom), and samples were homogenized at 100 ng RNA / µL. Quality index (absorbance ratio OD260/OD280) was checked and samples that did not meet quality standards were removed from the analyses. RNA purity was observed after electrophoresis and UV revelation (1.5 % agarose gel and TBE buffer (0.5 X, Euromedex, Souffelweyersheim, France)). RNA samples were frozen (-20 °C) until reverse transcription polymerase chain reaction.

Reverse transcription polymerase chain reaction

The reverse transcription was performed with 400 ng of total RNA using Verso cDNA Synthesis Kit (ThermoFisher Scientific). The reaction was conducted at 42 °C for 30 min followed by 2 minutes at 95 °C (Eppendorf Mastercycler EP Gradient S, Eppendorf France, Montesson, France). Reverse transcription polymerase chain reaction was not coupled with PCR to reduce final variability [START_REF] Lievens | Measuring digital PCR quality: performance parameters and their optimization[END_REF].

Droplet digital polymerase chain reaction analyses

All primers were obtained from Eurogentec (Liège, Belgium). All characteristics concerning the primers are present in table 3. cDNA samples, diluted to the tenth, were combined according to the manufacturer's instructions on ice with a mix of primers (final concentration of 150 nM), Eva Green solution (QX200 ddPCR EvaGreen Supermix RXN, BioRad, CA, USA) and osmosed water. Droplet formation was then automatized with BioRad apparatus. PCR was then performed within 40 cycles (BioRad thermocycler). All reads with less than 13,000 accepted droplets were removed from results [START_REF] Lievens | Measuring digital PCR quality: performance parameters and their optimization[END_REF]. The results are then expressed in gene copies per hemocyte, with reference to the count carried out on each pool.

SOD -F100 GACAGCATGGCTTCCATGTG

SOD -R100 AGATTCTGGGCCAGTCAGAG CAT -F100 ACGGCTATGGAAGCCACACG CAT -R100 AGGTCGCGCATCGCATAGTC Se -GPx -F100 TAGACCGCCGCTCGGTAATC Se -GPx -R100 CACTCCCAGCACCTGGAAAC GST -pi -F100 TCCGCTATATCTGCCTGGAC GST -pi -R100 GCTCCTTCAGACCTGCTTTC MT -F200 GCGTTGAAACCGGTGATTGC MT -R200 GCCACAACAGTTGGGTTTGC Casp3/7 -F CTCCGTCTAACATACAGGCCC Casp3/7 -R GCGTTGACAGAATTCAGTTGC Arp 2/3 -F GCCCAAAAGAATTACTGACA Apr 2/3 -R GGGTATTCGGATGTGTGACA Cdc 42 -F GCCTAGTGTGGGCACTACAG Cdc 42 -R ACCCACCACTGTCAACGGAC Gal 2 -F GGAGTCATCATCCACCGTGA Gal 2 -R CAACGCGGGGCGGAAGCAGA
According to the Lievens et al. [START_REF] Lievens | Measuring digital PCR quality: performance parameters and their optimization[END_REF] study, many criteria for validating ddPCR data have been taken into account and are presented in annex 1 (the number of accepted partition; the number of outliers; the results of NTC, the mean number of copies per partition; the percentage of "rain" and the maximum threshold).

Statistical analysis

Statistical analyses were performed using R 3.4.1 software. An analysis of variance (ANOVA) was performed and normality and variance homogeneity were tested on its residuals thanks to Shapiro-Wilk and Levene tests respectively (α ≤ 5 %). If normality and homoscedasticity were respected, results from ANOVA were kept and followed by a post-hoc test to discriminate significant differences inside each group (TukeyHSD with Holm correction, α ≤ 5 %). If one of these criteria was not respected, ANOVA was replaced by a Kruskal-Wallis test followed by Nemenyi post-hoc test (α ≤ 5 %). Statistics were performed on ten biological replicas (pool).

Results

Chemical stress (cadmium and ionomycin)

Both chemical stresses were cytotoxic. While cadmium induced hemocyte necrosis from medium intensity, only the highest concentration of ionomycin was cytotoxic (Table 4).

Contrary to cadmium exposure, ionomycin induced other effects. First, a significant increase of 3/7 caspases activation was observed when the hemocytes were exposed to 10 µM ionomycin compared to the control condition (evolution rate on means: +118.0 %, p-value = 8.40 x 10 -3 , Table 4). Then, at this concentration, ionomycin also induced a decrease in all cell markers linked to phagocytosis (the capacity (-23.7 %), efficiency (-56.6 %) and avidity (-51.7 %) of this immune process, p-value = 4.30 x 10 -2 ; p-value = 1.00 x 10 -2 ; p-value = 1.00 x 10 -2 , respectively, Table 4). The intermediate concentration of cadmium chloride induced a higher sod gene expression compared to the control condition (evolution rate: -62.8 %, pvalue = 1.67 x 10 -2 , Table 5) while no significant change was observed for the highest concentration. No significant effect on gene expression was observed after ionomycin exposure. Nonetheless, both chemical stressors tended to modify some gene expressions (Figure 1). At the highest concentrations, opposite effects on gene expression were observed between cadmium and ionomycin exposures compared to their control. While cadmium would tend to decrease the gene expression of sod (-49.8 %), gst (-34.0 %), and arp 2/3 (-56.5 %), ionomycin would increase it (sod (+163.7 %), gst (+152.3 %), casp 3/7 (+141.2 %) and arp 2/3 (+1075.7 %)). This is also observable when the ratios of the two stress intensities is carried out with respect to the control condition for each pool (Figure 1). 

Physical stress (UVb)

From the intermediate intensity (3 min), ultraviolet B induced significant necrosis and apoptosis (via the activation of 3/7 caspases, Table 4). These effects persisted at the highest intensity (10 min). The phagocytic avidity can be impaired by UVb exposure, after 3 (-26.9 %) and 10 minutes (-34.3 %) exposure (p-value = 3.04 x 10 -2 and p-value = 8.36 x 10 -3 compared to control, respectively, Table 4).

Biological stress (C. parvum and T. gondii)

Contrary to C. parvum, oocysts of T. gondii did not induce hemocyte necrosis (Table 4).

These two protozoa, at the highest stress intensity, disrupted phagocytic parameters: for T. gondii and -29.0 %, p-value = 3.47 x 10 -2 for C. parvum compared to control, Table 4).

Finally, exposure to both biological stress at the highest stress intensity induced higher NO basal production than without stress (evolution rate: +126.8 %, p-value = 2.50 x 10 -3 and +41.5 %, p-value = 1.24 x 10 -2 , for T. gondii and C. parvum respectively, Table 4).

In addition to cellular effects, exposure to C. parvum oocysts, at the highest stress intensity, induced increase of caspases 3/7 gene expression (+282.3 %, p-value = 3.50 x 10 -2 compared to control, Table 5). No effect on gene expression was observed after T. gondii oocyst exposure. 

Discussion

Chemical stress induced different effects

Many authors have investigated the effects of cadmium on animals, including bivalves.

These organisms are known to accumulate high doses of this metal, and thus are used as sentinel species for metallic biomonitoring [START_REF] Marie | Cadmium and zinc bioaccumulation and metallothionein response in two freshwater bivalves (Corbicula fluminea and Dreissena polymorpha) transplanted along a polymetallic gradient[END_REF][START_REF] Roseman | Absorption of cadmium from water by North American zebra and quagga mussels (Bivalvia: Dreissenidae)[END_REF]. The effects of Cd on mussel physiology are numerous and complex, depending on the dose and bioavailability of metal as well as the size and reproductive status of mussels [START_REF] Roseman | Absorption of cadmium from water by North American zebra and quagga mussels (Bivalvia: Dreissenidae)[END_REF][START_REF] Amiard-Triquet | Contribution to the ecotoxicological study of cadmium, copper and zinc in the mussel Mytilus edulis[END_REF]. Nonetheless, several effects on bivalve hemocytes are often highlighted by authors. Cadmium has deleterious effects on hemocyte viability, on the one hand being pro-apoptotic, and on the other hand by inducing necrosis [START_REF] Sokolova | Cadmium-induced apoptosis in oyster hemocytes involves disturbance of cellular energy balance but no mitochondrial permeability transition[END_REF][START_REF] Gómez-Mendikute | Comparative effects of cadmium, copper, paraquat and benzo[a]pyrene on the actin cytoskeleton and production of reactive oxygen species (ROS) in mussel haemocytes[END_REF][START_REF] Qin | Immune responses and ultrastructural changes of hemocytes in freshwater crab Sinopotamon henanense exposed to elevated cadmium[END_REF]. This impact was observed in this study with an increase in necrosis following hemocyte exposure to 25 µg/L Cd and more, but no effect on hemocyte apoptosis (assessed by activation of caspases 3/7) was reported contrary to the literature [START_REF] Sokolova | Cadmium-induced apoptosis in oyster hemocytes involves disturbance of cellular energy balance but no mitochondrial permeability transition[END_REF][START_REF] Gómez-Mendikute | Comparative effects of cadmium, copper, paraquat and benzo[a]pyrene on the actin cytoskeleton and production of reactive oxygen species (ROS) in mussel haemocytes[END_REF][START_REF] Qin | Immune responses and ultrastructural changes of hemocytes in freshwater crab Sinopotamon henanense exposed to elevated cadmium[END_REF]. Nevertheless, the conditions for exposing cells to cadmium were different. Also, Sokolova et al. [START_REF] Sokolova | Cadmium-induced apoptosis in oyster hemocytes involves disturbance of cellular energy balance but no mitochondrial permeability transition[END_REF] have reported the induction of apoptosis after exposure to Cd without caspase activation. Cd 2+ would induce apoptosis in a caspase-independent manner [START_REF] Kiss | Apoptosis and its functional significance in molluscs[END_REF]. Disturbance of SOD production after exposure to Cd is a common feature, highlighted in our study and by several authors [START_REF] Gómez-Mendikute | Comparative effects of cadmium, copper, paraquat and benzo[a]pyrene on the actin cytoskeleton and production of reactive oxygen species (ROS) in mussel haemocytes[END_REF][START_REF] Qin | Immune responses and ultrastructural changes of hemocytes in freshwater crab Sinopotamon henanense exposed to elevated cadmium[END_REF][START_REF] Fang | Metallothionein and superoxide dismutase responses to sublethal cadmium exposure in the clam Mactra veneriformis[END_REF]. Cadmium can also alter immune functions in bivalves. Indeed, this metal can disturb cytoskeletal actin and thus modify adhesion and phagocytic process, leading sometimes to immune suppression [START_REF] Bouilly | Effects of cadmium on aneuploidy and hemocyte parameters in the Pacific oyster, Crassostrea gigas[END_REF][START_REF] Ivanina | Immunomodulation by the interactive effects of cadmium and hypercapnia in marine bivalves Crassostrea virginica and Mercenaria mercenaria[END_REF][START_REF] Rocha | Immunocytotoxicity, cytogenotoxicity and genotoxicity of cadmium-based quantum dots in the marine mussel Mytilus galloprovincialis[END_REF]. No significant effect of Cd on D. polymorpha immune function was reported in this study, probably explained by several factors. First, Cd concentrations were higher than those of other studies with effects on immune functions [START_REF] Bouilly | Effects of cadmium on aneuploidy and hemocyte parameters in the Pacific oyster, Crassostrea gigas[END_REF][START_REF] Rocha | Immunocytotoxicity, cytogenotoxicity and genotoxicity of cadmium-based quantum dots in the marine mussel Mytilus galloprovincialis[END_REF]. Then, exposure conditions and duration were different (ex vivo versus in vivo), and finally the necrosis and phagocytosis double-labelling allowed to remove dead cells for phagocytic parameters. It should be noted that despite the importance of inter-pool variations, the highest concentration of cadmium seemed to decrease the expression of part of the genes studied. The expression levels of sod, gpx, gst, arp 2/3 and gal2 decreased at the highest concentration of Cd.

Results obtained after exposure of hemocytes to ionomycin are consistent with those of the literature. Ionomycin is a Ca 2+ ionophore that increases intracellular Ca 2+ , leading to pH modifications inside cells, such as hemocytes [START_REF] Yamada | Effect of ionomycin on cell pH in isolated renal proximal tubules[END_REF][START_REF] Gil-Parrado | Ionomycin-activated calpain triggers apoptosis: a probable role for Bcl-2 family members[END_REF][START_REF] Park | Effect of intracellular acidity and ionomycin on apoptosis in HL-60 cells[END_REF][START_REF] Opper | Calcium is required for coelomocyte activation in earthworms[END_REF]. These effects induce the phenomenon of programmed death, named apoptosis. This was revealed in our study, with a dosedependent activation of caspases 3/7 inside hemocytes and with an increase of casp 3/7 gene expression, as revealed in several studies [START_REF] Yamada | Effect of ionomycin on cell pH in isolated renal proximal tubules[END_REF][START_REF] Gil-Parrado | Ionomycin-activated calpain triggers apoptosis: a probable role for Bcl-2 family members[END_REF][START_REF] Park | Effect of intracellular acidity and ionomycin on apoptosis in HL-60 cells[END_REF]. Ionomycin induces the intrinsic pathway of apoptosis by stimulating the activation of the initiator caspase 9 and executor caspases (caspases 3 and 7) as well as the release of cytochrome c from mitochondria, thus limiting the anti-apoptotic factors [START_REF] Gil-Parrado | Ionomycin-activated calpain triggers apoptosis: a probable role for Bcl-2 family members[END_REF]. These authors highlighted that three hours after ionomycin exposure is enough to induce apoptosis and necrosis, as compared to our results [START_REF] Gil-Parrado | Ionomycin-activated calpain triggers apoptosis: a probable role for Bcl-2 family members[END_REF][START_REF] Hirt | Phagocytosis of nonapoptotic cells dying by caspase-independent mechanisms[END_REF]. Few studies, however, have observed a decrease in phagocytosis after cell exposure to this antibiotic, contrary to our results. These decreases of phagocytic parameters assessed in mussel hemocyte can be explained by several hypotheses. First, it has been noticed that a part of phagocytosis can be Ca 2+ -dependent, at least in human neutrophils [START_REF] Lew | Ca 2+ -dependent and Ca 2+independent phagocytosis in human neutrophils[END_REF][START_REF] Jaconi | Cytosolic free calcium elevation mediates the phagosome-lysosome fusion during phagocytosis in human neutrophils[END_REF][START_REF] Sawyer | Intracellular free calcium localization in neutrophils during phagocytosis[END_REF]. Ca 2+ would act as a second messenger for phagocytosis and superoxide anion formation [START_REF] Finkel | Priming of neutrophils and macrophages for enhanced release of superoxide anion by the calcium ionophore ionomycin. Implications for regulation of the respiratory burst[END_REF]. The disruption in intracellular transport caused by ionomycin may thus alter this immune function. Secondly, apoptotic hemocytes, rapidly ingested after ionomycin exposure [START_REF] Hirt | Phagocytosis of nonapoptotic cells dying by caspase-independent mechanisms[END_REF], can be preferred to microbeads by viable hemocytes. Finally, although propidium iodide-labelled hemocytes (in necrosis) are removed from the phagocytosis assay, those labelled with caspase 3/7 reagent are not. The increase of apoptotic cells after exposure to ionomycin may directly lead to a decrease in phagocytosis of the microbeads.

This hypothesis was supported by a tendency to increase the expression level of caspases 3/7 when the ionomycin concentration rises up. This was also observed with other genes under study, such as sod, gst, arp 2/3 and gal2, with induction factor compared to control condition from 2 to 11 for arp 2/3.

Cellular activities are coordinated by the information contained in genetic material. This creates a close link between gene expression and protein activity. However, many stages of gene regulation exist. In eukaryotes, they are found at the level of chromatin structure, transcription, maturation of mRNAs and their temporal stability, at the level of translation and post-translational modifications that can also impact the activity of encoded protein [START_REF] De Nadal | Controlling gene expression in response to stress[END_REF]. In this study, no significant correlation between gene expression (casp 3/7 on one side and arp 2/3, cdc 42 and gal 2 on the other) and protein or cellular activity (activation of caspases 3/7 and phagocytosis, respectively) had been observed. However, the comparison of the results obtained by flow cytometry and by ddPCR can provide information on the synergy of action of different studied stress. Indeed, the higher mortality rate (necrosis and apoptosis analysed by flow cytometry), caused by high concentrations of cadmium and ionomycin, could explain the modifications, although not significant, of the gene expressions (sod [p-value = 1.67 x 10 - 2 ], gst and arp 2/3 for cadmium at 250 µg/L; sod, gst, casp 3/7, and arp 2/3 for ionomycin at 10 µM). Both stress, at the highest intensities, had opposite effects. Cadmium tends to decrease gene expression while ionomycin would increase it (Figure 1). Despite a similar cytotoxic effect, this suggests that these two chemical stressors do not have the same modes of action. Cadmium is known to induce oxidative stress in cells and this oxidative stress would certainly impair the integrity of hemocytes. This could be the cause of the insignificance of the results in gene expression for the highest concentration of cadmium.

Otherwise, activation of calcium channels ultimately leads to cell apoptosis by ionomycin further impacts immune cell functions and could induce the expression of genes linked to phagocytosis. Nevertheless, arp 2/3, cdc 42 and gal 2 have other functions than those related to phagocytosis. cdc 42 and arp 2/3 play roles in the cellular cycle and maintaining cellular integrity, while Gal 2 regulates the inflammation, cell homeostasis and cell growth processes [START_REF] Machesky | The Arp2/3 complex: a multifunctional actin organizer[END_REF][START_REF] Liu | Regulatory roles of galectins in the immune response[END_REF][START_REF] Erickson | Multiple roles for Cdc42 in cell regulation[END_REF].

Regarding caspases 3/7, no similarity of effect was observed between the results obtained in cytometry and in ddPCR. It is likely that the stress exerted on the hemocytes only influenced the inactive procaspases already present in the hemocytes without inducing modulation of their gene expression. Ionomycin, which induced significant activation of 3/7 caspases at the highest concentration, also seemed to induce the gene expression of these caspases.

However, this induction was just a trend. A larger number of biological replicas could improve the discernment of these effects.

A cytotoxic physical stress

The physical stress, ultraviolet B, induced hemocyte necrosis and apoptosis as well as decrease of phagocytic avidity. These effects are in agreement with those reported by several studies. Clydesdale et al. [START_REF] Clydesdale | Ultraviolet light induced injury: immunological and inflammatory effects[END_REF] have synthetized effects of ultraviolet on human cells, such as apoptosis and necrosis induction and immunomodulatory effects. These effects have been also reported on aquatic invertebrates, such as crustaceans [START_REF] Schramm | Effect of UVB radiation exposure in the expression of genes and proteins related to apoptosis in freshwater prawn embryos[END_REF][START_REF] Gouveia | Antioxidant defenses and DNA damage Induced by UV-A and UV-B radiation in the crab Chasmagnathus granulata (Decapoda, Brachyura)[END_REF], and bivalves [START_REF] Gervais | Induction of apoptosis by UV in the flat oyster, Ostrea edulis[END_REF][START_REF] Estevez-Calvar | Genes of the mitochondrial apoptotic pathway in Mytilus galloprovincialis[END_REF]. Apoptosis caused by UVb light seems to be activated by the intrinsic way, via DNA fragmentation, caspases activation, modulation of cytoplasmic calcium, increase in mitochondrial membrane potential, and modifications of pro-and anti-apoptotic gene expression [START_REF] Schramm | Effect of UVB radiation exposure in the expression of genes and proteins related to apoptosis in freshwater prawn embryos[END_REF][START_REF] Gouveia | Antioxidant defenses and DNA damage Induced by UV-A and UV-B radiation in the crab Chasmagnathus granulata (Decapoda, Brachyura)[END_REF][START_REF] Gervais | Induction of apoptosis by UV in the flat oyster, Ostrea edulis[END_REF][START_REF] Estevez-Calvar | Genes of the mitochondrial apoptotic pathway in Mytilus galloprovincialis[END_REF]. UV are thus immune toxic as well as genotoxic, as observed by Rank

and Jensen [START_REF] Rank | Comet assay on gill cells and hemocytes from the blue mussel Mytilus edulis[END_REF] on hemocytes of Mytilus edulis with the same emission wave length (254 nm).

Different protozoa, different interactions?

Few studies are looking at protozoan:hemocyte interaction when the host is paratenic.

Previously, we have described the effects of C. parvum and T. gondii oocysts on hemocytes of two bivalves, D. polymorpha and M. edulis [START_REF] Guernic | Comparison of viability and phagocytic responses of hemocytes withdrawn from the bivalves Mytilus edulis and Dreissena polymorpha, and exposed to human parasitic protozoa[END_REF]. The vast majority of effects previously observed have been also reported in this study. We observed a decrease of phagocytic parameters after exposure to both protozoa and an increase of basal NO production after exposure to C. parvum oocysts [START_REF] Guernic | Comparison of viability and phagocytic responses of hemocytes withdrawn from the bivalves Mytilus edulis and Dreissena polymorpha, and exposed to human parasitic protozoa[END_REF].

Decreases of phagocytosis can be explained by the establishment of immune process by hemocytes. Palos Ladeiro et al. [START_REF] Ladeiro | Mollusc bivalves as indicators of contamination of water bodies by protozoan parasites[END_REF] have reported that hemocytes of zebra mussels are able to engulf C. parvum oocysts. This protozoan has been used as a marker of phagocytosis for

Crassostrea virginica [START_REF] Chalew | Pilot study on effects of nanoparticle exposure on Crassostrea virginica hemocyte phagocytosis[END_REF]. The T. gondii oocyst being about twice the size of that of C. parvum, it seems unlikely that it can be ingested. Nevertheless, immune cells of zebra mussels can aggregate around the oocysts to realize the phenomenon of encapsulation [START_REF] Guernic | First evidence of cytotoxic effects of human protozoan parasites on zebra mussel (Dreissena polymorpha) hemocytes[END_REF].

These immune functions are accompanied by an overproduction of NO, which can be produced against microorganisms [START_REF] Xian | Flow cytometic analysis of Penaeus monodon haemocyte responses to poly I:C[END_REF]. Not observed in previous studies [START_REF] Guernic | Comparison of viability and phagocytic responses of hemocytes withdrawn from the bivalves Mytilus edulis and Dreissena polymorpha, and exposed to human parasitic protozoa[END_REF][START_REF] Guernic | First evidence of cytotoxic effects of human protozoan parasites on zebra mussel (Dreissena polymorpha) hemocytes[END_REF], oocysts of C. parvum induced hemocyte necrosis. Although the number of activated caspases 3/7 did not differ among the condition of C. parvum exposure, this protozoan induced gene expression of these enzymes. Terahara and Takahashi [START_REF] Terahara | Mechanisms and immunological roles of apoptosis in molluscs[END_REF] have reported an overexpression of caspase genes as an immune response of mollusc host against parasite infection. Induction of apoptosis with parasitic exposure was often highlighted in edible bivalves [START_REF] Carella | Comparative pathology in bivalves: Aetiological agents and disease processes[END_REF][START_REF] Yee | Apoptosis of the protozoan oyster pathogen Perkinsus marinus in vivo and in vitro in the Chesapeake Bay and the Long Island Sound[END_REF][START_REF] Roberts | Immune response and mechanical stress susceptibility in diseased oysters, Crassostrea virginica[END_REF]. If this exposure is prolonged, apoptosis can even be suppressed [START_REF] Roberts | Immune response and mechanical stress susceptibility in diseased oysters, Crassostrea virginica[END_REF][START_REF] Soudant | Host-parasite interactions: Marine bivalve molluscs and protozoan parasites, Perkinsus species[END_REF].

Nonetheless, these results were reported with specific hosts (i.e. Crassostrea virginica for Perkinsus marinus) and not for paratenic hosts. We previously evidenced that T. gondii was able to activate caspases 3/7 in hemocytes of the blue mussel [START_REF] Guernic | Comparison of viability and phagocytic responses of hemocytes withdrawn from the bivalves Mytilus edulis and Dreissena polymorpha, and exposed to human parasitic protozoa[END_REF]. Functional changes in the immunity of Dreissena polymorpha after exposure to both protozoa were more numerous than changes in the expression of genes linked to the immune system. T. gondii and C. parvum oocysts did not significantly impact immune gene expression in hemocytes of zebra mussels. Many authors have reported over-expression of genes following the exposure of molluscs to parasites, particularly lectins MTs or GSTs [START_REF] Perrigault | Identification and expression of differentially expressed genes in the hard clam, Mercenaria mercenaria, in response to quahog parasite unknown (QPX)[END_REF][START_REF] Guillou | Identification and expression of gene transcripts generated during an anti-parasitic response in Biomphalaria glabrata[END_REF][START_REF] Desclaux-Marchand | Metallothionein gene identification and expression in the cockle (Cerastoderma edule) under parasitism (trematodes) and cadmium contaminations[END_REF][START_REF] Morga | Cellular and molecular responses of haemocytes from Ostrea edulis during in vitro infection by the parasite Bonamia ostreae[END_REF][START_REF] Kang | Analysis of EST and lectin expressions in hemocytes of Manila clams (Ruditapes philippinarum)(Bivalvia: Mollusca) infected with Perkinsus olseni[END_REF]. However, a big difference between these results and ours is that all of these studies were focused on a specific host, which could be subject to infection by the parasite. Recently, Leprêtre et al. [START_REF] Leprêtre | Identification of immune-related proteins of Dreissena polymorpha hemocytes and plasma involved in hostmicrobe interactions by differential proteomics[END_REF] compared the protein expression profiles on the hemolymphatic compartments of zebra mussels between unexposed samples and others exposed to C. parvum. The changes in protein expression after exposure to this protozoan were mainly located at the cell level, and included proteins linked to cell motility, to the internalization and destruction of pathogens, apoptosis, and immune signalization, including an up-regulation of arp 2/3 complex, cdc 42 and a galectin proteins, confirming our results obtained in flow cytometry. Nonetheless, Leprêtre et al. [START_REF] Leprêtre | Identification of immune-related proteins of Dreissena polymorpha hemocytes and plasma involved in hostmicrobe interactions by differential proteomics[END_REF] emphasized the importance of the plasma compartment in the immune responses of the zebra mussel. Some immune proteins have been up or down modulated after a 4-hour exposure to C. parvum, including arp 2/3, galectin, serine, clathrin and complement-like proteins. In our study, no correlation between the disturbances of phagocytosis by hemocytes exposed to both biological stressors and the expression of genes potentially linked to this process (arp 2/3, cdc 42, gal 2) has been reported. This can be explained by the fact that phagocytosis included several immune processes, such as vesicle transport, cell motility, cell adhesion, cytoskeleton organisation, etc., and by a large number of genes and proteins involved in this defence system [START_REF] Leprêtre | The immune system of the freshwater zebra mussel, Dreissena polymorpha, decrypted by proteogenomics of hemocytes and plasma compartments[END_REF][START_REF] Groves | Molecular mechanisms of phagocytic uptake in mammalian cells[END_REF]. The complementarity between the two hemolymphatic compartments (plasma and hemocytes) is significant. Thus, the exposure to the various stresses carried out without plasma may block this complementarity, in particular for the recognition of pathogens [START_REF] Leprêtre | The immune system of the freshwater zebra mussel, Dreissena polymorpha, decrypted by proteogenomics of hemocytes and plasma compartments[END_REF]. It would be interesting to expose the hemolymph of the zebra mussels as a whole before separating plasma and cells.

The cellular and molecular markers studied on hemocytes after this protocol may be different from those analysed without the plasma-hemocyte complementarity.

Improvements and future tracks

It is important to note the high variability of gene expression among pools. This variability was reported between pools inside a condition (SEM) and between stress conditions (Table 5). This variability was not identical according to the studied genes. Comparing gene expression for control conditions of each exposure, ratio of 2 (cat) to 30 (arp 2/3) were reported. Expression levels of casp 3/7, cat, gal 2 and mt seemed to be less variable than those of sod, gpx, gst, arp 2/3 and cdc 42 genes. This strong variability can be explained by three hypotheses. The main reason for explaining this variation would be linked to interactions between hemocytes from different individuals within the same pool. We decided to work with pool to have enough hemocytes to expose the same sample and analyse all the markers on the same group. Barjhoux et al. [START_REF] Barjhoux | A new protocol for the simultaneous flow cytometric analysis of cytotoxicity and immunotoxicity on zebra mussel (Dreissena polymorpha) hemocytes[END_REF] have observed a reduction in the variability of the immune markers analysed by flow cytometry in this species. However, the interaction between hemocytes from different individuals may have caused this strong variability in molecular markers. Volume improvements on the hemolymph sample for this species would make it possible to analyse the expression of several genes individually.

Although the production of proteins in response to external stimuli comes from a rapid expression of genes, the regulatory steps induce a strong variation in the kinetics between gene expression and expression of the protein formed [START_REF] Weake | Inducible gene expression: diverse regulatory mechanisms[END_REF]. This is especially important when studying a biological process (i.e. phagocytosis), involving a large number of molecules [START_REF] Moore | An integrated biomarker-based strategy for ecotoxicological evaluation of risk in environmental management[END_REF].

Thus, after exposure to a xenobiotic, the expression profiles vary depending on the postexposure period at which analyses are carried out [START_REF] Huang | Genome-wide scan of the gene expression kinetics of Salmonella enterica serovar Typhi during hyperosmotic stress[END_REF]. The kinetics of analysis can also modify our gene expression results. In our study, hemocytes were exposed for four hours before genetic material extraction. However, this duration may be too long to observe a modulation of gene expression. Morga et al. [START_REF] Morga | Cellular and molecular responses of haemocytes from Ostrea edulis during in vitro infection by the parasite Bonamia ostreae[END_REF] highlighted over-expression of several genes (gst, p450 cytochrome, galectin and lysozyme) in hemocytes of Ostrea edulis after one hour in vitro exposure to Bonamia ostreae. These expressions were returned to basic levels 2 or 4 hours after exposure [START_REF] Morga | Cellular and molecular responses of haemocytes from Ostrea edulis during in vitro infection by the parasite Bonamia ostreae[END_REF]. The kinetics of exposure (four hours exposure) could explain that the stress had more effects on the hemocyte functions than on the gene expression. On the other hand, this modulation of gene expression can appear later than four hours post-stress. Indeed, Farcy et al. [START_REF] Farcy | Transcriptional expression levels of cell stress marker genes in the Pacific oyster Crassostrea gigas exposed to acute thermal stress[END_REF] reported, in C. gigas, an over-expression of genes coding for stress proteins 4 to 8 hours after heat shock, this expression returning to basic levels after 48 hours. Correlatively, the expression of immune genes from the same bivalve (C. gigas) was stimulated after 24 to 48 hours after exposure to a virus (Ostreid herpesvirus 1 mVar), and the return to baseline levels took place after 120 hours [START_REF] He | Transcriptome analysis reveals strong and complex antiviral response in a mollusc[END_REF]. Nonetheless, these two studies were conducted in vivo. Although the 4-hours post-stress exposure period was established in previous work [START_REF] Guernic | Comparison of viability and phagocytic responses of hemocytes withdrawn from the bivalves Mytilus edulis and Dreissena polymorpha, and exposed to human parasitic protozoa[END_REF], this sampling time is ideal for cytometric analyses and to keep healthy cells. However, for the analysis of gene expression, it would be interesting to follow the kinetics of post-exposure expression over several hours to confirm our results.

These biases are mainly due to a narrow vision of the complex processes involved in the response to stress. In the last decade, the omics approaches (from genomics to interactomics) permit to obtain the entire toxicological signature of a xenobiotic. These approaches would allow a larger view of the interaction between chemical, physical and biological stress and hemocytes. Even if the mechanisms which govern remains unclear, they are mainly controlled at the protein level (i.e. cytokines, immune recognition factors, etc.). The proteomic approach would answer several questions: i) do the reductions in phagocytosis parameters following exposure to biological stress and ionomycin have the same mechanisms? and ii) despite fairly similar cellular effects, are the oocysts of T. gondii and C. parvum managed in the same way by cell (recognition, destruction, etc.)? Finally, proteomics, flow cytometry and ddPCR could be performed jointly on proteins, activities and genes of interest previously chosen, during post-exposure kinetics to characterize the links between the different levels of organization.

Conclusion

One of the challenges of ecotoxicology today is to be able to link molecular biomarkers, cellular biomarkers and pathophysiological 'endpoints' with higher level ecological consequences [START_REF] Moore | Biocomplexity: the post-genome challenge in ecotoxicology[END_REF]. This requires a good understanding of the effects of various xenobiotics as well as the responses of the organisms subjected to them. This study aimed to understand the immune response capabilities of zebra mussel hemocytes to various stresses (chemical, physical and biological), via cellular and molecular markers. Ultraviolet b are cytotoxic since they induced necrosis, apoptosis and reduced the phagocytosis of hemocytes. The oocysts from both protozoa induced nitric oxide production by exposed hemocytes and phagocytic parameters decreases, as already reported. Nonetheless, hemocytes appear to be more affected by oocysts of C. parvum, suggesting a difference in the management of these two protozoa. New gene sequences related to the immune system of zebra mussels were obtained in connection with apoptosis and cell motility and phagocytosis. Omics approaches could provide more details on the links between gene expression and cellular activity, particularly for complex processes such as phagocytosis. It would be interesting to encompass the entire immune system by taking into account the plasma compartment. Indeed, plasma contains immune proteins which can play an important role in defence against xenobiotics [START_REF] Fernández-Boo | Protein expression profiling in haemocytes and plasma of the Manila clam Ruditapes philippinarum in response to infection with Perkinsus olseni[END_REF][START_REF] Hartman | Identification of clam plasma proteins that bind its pathogen Quahog Parasite Unknown[END_REF]. These two compartments could work together to eliminate some microorganisms [START_REF] Allam | Bivalve immunity and response to infections: Are we looking at the right place? Fish & shellfish immunology[END_REF]. The responses obtained on the entire hemolymphatic compartment may be different than those assessed exclusively at the cellular level.
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Figure 1 :

 1 Figure 1: Ratio to control (log base 2) for medium and high stresses intensities for each pool (mean ± SEM) submitted: A to cadmium and B to ionomycin. The light gray bars correspond to the ratio of medium intensity, and the dark gray ones correspond to the ratios of high intensity compared to the control. PI+: percentage of cells labelled with propidium iodide; Casp+: percentage of cells labelled

  i) phagocytic capacity (evolution rate: -20.3 %, p-value = 2.26 x 10 -3 for T. gondii and -27.5 %, p-value = 1.20 x 10 -2 for C. parvum compared to control), ii) efficiency (-41.0 %, p-value = 2.10 x 10 -2 for C. parvum compared to control), and iii) avidity (-24.2 %, p-value = 7.78 x 10 -3

Table 1 :

 1 Nature and intensities of each stress imposed on zebra mussel hemocytes.

	Stress nature	Stress intensity null medium	high	Reference		
	Cadmium chloride µg/L	0	25	250	Sokolova et al. (2004) Fang et al. (2010)
	Ionomycin µM	0	1	10	Opper et al. (2010)	
	Ultraviolet B min	0	3	10	Estevez-Calvar (2013)	et	al.
	Toxoplasma gondii protozoa:cell ratio	0:1	1:25	1:5	Le Guernic et al. (2020)	
	Cryptosporidium parvum 0:1 protozoa:cell ratio	1:1	5:1	Le Guernic et al. (2020)	

Table 2 :

 2 List of immune markers used in this study with corresponding method of analysis by flow

	mean of fluorescence	495/515

cytometry, units, excitation wavelength (Ex), and emission wavelength (Em) used. DAF-FM is modified to benzotriazole derivative (fluorescent) by the presence of nitric oxide in hemocytes

2.4. Gene expression analysis

2.4.1. RNA extraction and quantification

After exposure, the supernatant was removed from the sample after centrifugation (3,000 g, 5 min, 4 °C), and hemocytes were lysed with trizol reagent (Molecular Research Center Inc., OH, USA). At this stage, samples were frozen (-80 °C) for several weeks until resumption of RNA extraction.

Table 3 :

 3 List and characteristics of primers used for ddPCR analyses. SOD: superoxide dismutase;

CAT: catalase; GPx: glutathione peroxidase; GST: glutathione-S-transferase; Casp3/7: capases 3/7; Arp 2/3: actin-related protein 2/3; Cdc 42: cell division control 42; Gal 2: galectin 2. Primers were defined via the zebra mussel transcriptome compared to the sequences of the genes of interest in other bivalves of the databases.

Table 4 :

 4 Immune marker responses after exposure to different stress at three conditions. Values are means ± standard deviations (N = 10). For each immune 317 parameter, and inside each stress, the difference between conditions is indicated by different letters with a > b > c (α = 5 %). Absence of letter means that no 318 significant difference has been observed between these conditions. PI+: percentage of cells labelled with propidium iodide; Casp+: percentage of cells 319 labelled with caspases 3/7 reagent; P.cap: percentage of cells that have ingested at least one microbead (phagocytic capacity); P.eff: percentage of cells that 320 have ingested at least three microbeads (phagocytic efficiency); P.nb: mean number of ingested microbeads (phagocytic avidity); NO+: NO basal production.

	321
	322

2 copies/hemocyte) Molecular marker Ultraviolet B Toxoplasma gondii gal 2 Toxoplasma gondii Cryptosporidium parvum casp 3/7 arp 2/3 cdc 42 Stress Cadmium chloride Ionomycin Ultraviolet B Molecular marker (10-2 copies/hemocyte) (10-2 copies/hemocyte) (10-2 copies/hemocyte) (10-2 copies/hemocyte)

  

Table 5 :

 5 ddPCR results after exposure of hemocytes to different stress at three conditions. Values are means ± standard error of the mean (N = between 8

and 10). For each measured parameter, and inside each stress, the difference between conditions is indicated by different letters with a > b > c (α = 5 %).

Absence of letter means that no significant difference has been observed between these conditions. sod: superoxide dismutase; cat: catalase; gpx:

glutathione peroxidase; gst: glutathione-S-transferase; casp 3/7: capases 3/7; arp 2/3: actin-related protein 2/3; cdc 42: cell division control 42; gal 2: galectin
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