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Highlights

• Trophic transfer of Ag, 241 Am, Cd, Co, Mn and Zn was assessed in oysters fed on ciliates and diatoms.

• Assimilation of Ag and 241 Am in C. gigas differs in response to the different diets tested.

• Highest assimilation of Ag and 241 Am in C. gigas was observed when it is fed with ciliates.

Introduction

The ability of oysters to bioaccumulate trace elements has been studied intensively in laboratory experiments during the last decades. Several studies have indicated that food is generally the main accumulation pathway of trace elements in oysters (e.g., Hédouin et al., 2010b;[START_REF] Metian | Differential bioaccumulation of 134 Cs in tropical marine organisms and the relative importance of exposure pathways[END_REF]. Laboratory studies generally showed also that food quality and quantity affect trophic transfer of trace elements in bivalves (e.g., Hédouin et al., 2010a;[START_REF] Metian | Investigation of Ag in the king scallop Pecten maximus using field and laboratory approaches[END_REF][START_REF] Wang | Assimilation of trace elements and carbon by the mussel Mytilus edulis: effects of food composition[END_REF]. This is likely caused by the adjustment of feeding processes such as filtration rate in response to variations in the feeding environment [START_REF] Navarro | Infaunal filter-feeding bivalves and the physiological response to short-term fluctuations in food availability and composition[END_REF][START_REF] Widdows | Mussels and environmental contaminants: bioaccumulation and physiological aspects[END_REF] and the bioavailability of trace elements in the ingested food (e.g., [START_REF] Ng | Physicochemical form of trace metals accumulated by phytoplankton and their assimilation by filter-feeding invertebrates[END_REF][START_REF] Wang | Assimilation of trace elements and carbon by the mussel Mytilus edulis: effects of food composition[END_REF]. An overlook of the literature (see Table 1) indicates that assimilation efficiency (AE) of trace elements was shown to be highly dependent on the food type in seven oyster species. Most studies quantified trace element AE from phytoplankton exclusively [START_REF] Blackmore | The transfer of cadmium, mercury, methylmercury, and zinc in an intertidal rocky shore food chain[END_REF]Hédouin et al., 2010bHédouin et al., , 2010a;;[START_REF] Reinfelder | Assimilation efficiencies and turnover rates of trace elements in marine bivalves: A comparison of oysters, clams and mussels[END_REF] but some also included sediment [START_REF] Ke | Bioaccumulation of Cd, Se, and Zn in an estuarine oyster (Crassostrea rivularis) and a coastal oyster (Saccostrea glomerata)[END_REF][START_REF] Pan | Mercury accumulation in marine bivalves: Influences of biodynamics and feeding niche[END_REF], whereas other food items were rarely studied (see Table 1).

Wild oysters are filter-feeders ingesting a variety of food items, including phytoplankton, heterotrophic protists, large bacteria, fungi and detritus [START_REF] Dupuy | Retention of ciliates and flagellates by the oyster Crassostrea gigas in French Atlantic coastal ponds: protists as a trophic link between bacterioplankton and benthic suspension-feeders[END_REF][START_REF] Heral | Traditional oyster culture in France[END_REF]. For instance, Pacific cupped oyster Crassostrea gigas retains efficiently food particles between 4 and 72 µm of size [START_REF] Barillé | No influence of food quality, but rationdependent retention efficiencies in the Japanese oyster Crassostrea gigas[END_REF][START_REF] Dupuy | Retention of ciliates and flagellates by the oyster Crassostrea gigas in French Atlantic coastal ponds: protists as a trophic link between bacterioplankton and benthic suspension-feeders[END_REF]; heterotrophic protists (such as ciliates) can be a major food source for C. gigas and thus act as a trophic link between picoplankton and oysters [START_REF] Dupuy | Retention of ciliates and flagellates by the oyster Crassostrea gigas in French Atlantic coastal ponds: protists as a trophic link between bacterioplankton and benthic suspension-feeders[END_REF]. Nevertheless, to the best of our knowledge, trophic transfer of trace elements from ciliates to oysters has been poorly investigated. In a recent work, [START_REF] Metian | Influence of food (ciliate and phytoplankton) on the trophic transfer of inorganic and methyl-mercury in the Pacific cupped oyster Crassostrea gigas[END_REF] showed that oysters fed with ciliates Uronema marinum assimilated more efficiently methyl mercury and less efficiently inorganic mercury than oysters fed with diatoms Thalassiosira pseudonana.

In the present study, we investigated the influence of the diet quality on the AE of six essential (Co, Mn and Zn) and non-essential (Ag, 241 Am and Cd) trace elements in the Pacific cupped oysters C. gigas, using pulse-chase feeding method and radiolabeled diatom T. pseudonana (2.5-15 µm diameter) and ciliate protozoan U. marinum, 20 µm length). Both protists are components of the oyster natural diet (Le Gall et al., 1997;[START_REF] Dupuy | Retention of ciliates and flagellates by the oyster Crassostrea gigas in French Atlantic coastal ponds: protists as a trophic link between bacterioplankton and benthic suspension-feeders[END_REF].

Materials and Methods

Origin and acclimation of organisms

Pacific cupped oysters C. gigas were purchased from a shellfish farm in La Rochelle, France.

They were transported to IAEA-EL premises in the Principality of Monaco, and were acclimated to laboratory conditions (constantly aerated, open-circuit aquarium; salinity: 36 ± 1; temperature: 19 ± 1°C; pH: 8; light/dark cycle: 12h/12h) for 4 weeks. During acclimation, bivalves were fed with Prymnesiophyceae Isochrysis galbana (10 4 cells mL -1 ).

Radiotracers and counting

Depuration kinetics of trace elements in oysters were determined using high-specific activity radiotracers (see Table S1 for details). Exposed oysters were whole-body counted using a highresolution γ-spectrometer system composed of three Germanium (N-or P-type) detectors Canberra® and Eurysis®) connected to a multi-channel analyzer and a computer equipped with a spectra analysis software (Interwinner® 4). The radioactivity was determined by comparison with standards of known activity and of appropriate geometry [START_REF] Cresswell | Aquatic live animal radiotracing studies for ecotoxicological applications: Addressing fundamental methodological deficiencies[END_REF], and corrected for counting efficiency and physical radioactive decay.

The counting time was adjusted to obtain a propagated counting error less than 5% [START_REF] Warnau | Biokinetics of selected heavy metals and radionuclides in the common Mediterranean echinoid Paracentrotus lividus: Sea water and food exposures[END_REF][START_REF] Warnau | Cadmium bioconcentration in the echinoid Paracentrotus lividus: influence of the cadmium concentration in seawater[END_REF].

Dietary exposure

Trophic transfer of trace elements to oysters was studied using protozoan and phytoplankton as diets. Ciliate (Uronema marinum) and phytoplankton (Thalassiosira pseudonana, clone 3H) cells were maintained, respectively, in FAG medium (e.g. [START_REF] Lépinay | First insight on interactions between bacteria and the marine diatom Haslea ostrearia: Algal growth and metabolomic fingerprinting[END_REF] and in modified F/2 medium (without EDTA; e.g. [START_REF] Guillard | Culture of phytoplankton for feeding marine invertebrates[END_REF][START_REF] Guillard | Studies of marine planktonic diatoms. I. Cyclotella nana Hustedt and Detonula confervacea Cleve[END_REF]. Cultures were handled axenically throughout the experimentation and were spiked with 1 kBq L -1 for 241 Am, 2 kBq L -1 for 110m Ag, 57 Co, 54 Mn and 65 Zn and 3 kBq L -1 for 109 Cd during their exponential growing phase. The diatom culture was centrifuged (2500 g for 25 min) whereas the protozoan culture was filtered (25-µm mesh size; Osmonic® filters) and the resulting filtrate centrifuged (1000 g for 15 min). Twenty oysters (68.6 ± 3.4 g wet wt, 8-10 cm shell length) were randomly distributed in two 13-L aquaria 2 weeks prior to the experiment (n = 10 per treatment). An experimental treatment was assigned to each aquarium. Oysters were single-fed (pulse-chase feeding method; Wang and Fisher, 1999a) for 2 h in closed circuit with radiolabeled food by resuspension of the centrifuged pellets (density of 10 5 cells mL -1 for both food items) to avoid pseudofeces production by the bivalves [START_REF] Beninger | Principles of pseudofeces rejection on the bivalve mantle: integration in particle processing[END_REF]. After the feeding period (2 h), all oysters were whole-body γ-counted, flow was restored in the aquaria (~40 L h -1 ) and organisms were put back in their respective, now open circuit, aquaria. The same counting procedure was regularly repeated for all individuals over a 50-d period in order to determine the whole-body depuration kinetics of the radiotracers ingested with food. Oyster shells were placed as control in each aquarium to check for any possible radiotracer recycling from food during the feeding period. These control shells were radioanalyzed at regular intervals of time.

Throughout the 50-d depuration period, oysters were fed daily for 1 h with non-radiolabeled Prymnesiophyceae I. galbana (10 4 cells mL -1 ). Feeding was carried out in the same aquaria placed in closed system for 1 h, then the water flow was open back. Volumes were adjusted depending on the algae culture concentrations to keep feeding densities constant throughout the experiment.

Data analysis

Depuration kinetics were fitted using nonlinear regression routines and iterative adjustment.

The depuration kinetics of the radiotracers were best fitted using either a single-component or a double-component exponential model [START_REF] Warnau | Biokinetics of selected heavy metals and radionuclides in the common Mediterranean echinoid Paracentrotus lividus: Sea water and food exposures[END_REF]. The decision was based on F test and ANOVA tables for two fitted model objects. Kinetic parameters were determined using the R freeware 3.5.2 (R Development Core Team, 2018). They are considered significantly different when 95% of their confidence intervals do not overlap [START_REF] Payton | Overlapping confidence intervals or standard error intervals: What do they mean in terms of statistical significance[END_REF].

Results and Discussion

During the last three decades, dietary pathway has been increasingly recognized as the main source of trace element bioaccumulation in bivalves (e.g., Hédouin et al., 2010b;[START_REF] Metian | Delineation of heavy metal uptake pathways (seawater and food) in the variegated scallop Chlamys varia, using radiotracer techniques[END_REF][START_REF] Reinfelder | Trace element trophic transfer in aquatic organisms: A critique of the kinetic model approach[END_REF]Wang and Fisher, 1999b;[START_REF] Wang | Assimilation of trace elements and carbon by the mussel Mytilus edulis: effects of food composition[END_REF]. The assimilation efficiency (AE) is among the critical parameters to assess the dietary uptake of trace elements in aquatic organisms [START_REF] Pouil | Overview of trace element trophic transfer in fish through the concept of assimilation efficiency[END_REF]Wang and Fisher, 1999a) and numerous studies have been devoted to determine experimentally trace element AEs in different oyster species, including Crassostrea sp., Isognomon sp., Malleus sp. and Saccostrea sp. (e.g., [START_REF] Blackmore | The transfer of cadmium, mercury, methylmercury, and zinc in an intertidal rocky shore food chain[END_REF]Hédouin et al., 2010a;[START_REF] Ke | Bioaccumulation of Cd, Se, and Zn in an estuarine oyster (Crassostrea rivularis) and a coastal oyster (Saccostrea glomerata)[END_REF][START_REF] Pan | Mercury accumulation in marine bivalves: Influences of biodynamics and feeding niche[END_REF]. However, as shown in Table 1, most of these studies used phytoplankton species as food to assess trophic transfer of trace elements, which does not reflect the diversity of the natural diet of these bivalves [START_REF] Barillé | No influence of food quality, but rationdependent retention efficiencies in the Japanese oyster Crassostrea gigas[END_REF][START_REF] Dupuy | Retention of ciliates and flagellates by the oyster Crassostrea gigas in French Atlantic coastal ponds: protists as a trophic link between bacterioplankton and benthic suspension-feeders[END_REF][START_REF] Heral | Traditional oyster culture in France[END_REF].

We explored the possible influence of the diatom T. pseudonana and the ciliate U. marinum on the trophic transfer of 6 trace elements in the present study. Depuration kinetics of Ag, Cd, Co, Mn and Zn ingested by C. gigas fed with ciliates and diatoms were best described by a double-exponential model (R 2 : 0.44-0.67 for ciliates and 0.39-0.63 for diatoms, see Table 2 and Figure 1). 241 Am is the only element for which both depuration kinetics were best fitted using a singleexponential model (R 2 : 0.31 for ciliates and 0.32 for diatoms). Overall AEs in oysters fed with ciliates ranked as follows: Cd < Ag ≤ Mn < Co ≤ < Zn whereas, when fed with diatoms, they ranked as: Cd < Co < Zn < Ag ≤ Mn < Am (Table 2). The AEs estimated were in accordance with previous observations reported for oysters fed with phytoplankton species (e.g., Hédouin et al., 2010a;[START_REF] Ke | Bioaccumulation of Cd, Se, and Zn in an estuarine oyster (Crassostrea rivularis) and a coastal oyster (Saccostrea glomerata)[END_REF][START_REF] Reinfelder | Assimilation efficiencies and turnover rates of trace elements in marine bivalves: A comparison of oysters, clams and mussels[END_REF]; Table 1).

Significant differences were found for Ag and 241 Am, with lower AEs observed when oysters were fed with ciliates than with diatoms (Ag: 53.77 ± 3.29% vs. 67.02 ± 4.30% and 241 Am: 62.33 ± 4.04% vs. 75.63 ± 3.80%; Figure 2). Similar observations were recently reported for Hg(II) by [START_REF] Metian | Influence of food (ciliate and phytoplankton) on the trophic transfer of inorganic and methyl-mercury in the Pacific cupped oyster Crassostrea gigas[END_REF]. For the four other tested trace elements, no significance difference was found in AEs between oysters fed on ciliates and the one fed on diatoms (Figure 2).

In the first instance, we could assume that the lower Ag and 241 Am AEs in oysters fed with ciliates than in those fed with diatoms could be attributed to a lower bioavailability of these elements in the ciliates compared to diatoms. [START_REF] Reinfelder | The assimilation of elements ingested by marine copepods[END_REF] reported that Ag and 241 Am were the less abundant elements in the cytoplasm of T. pseudonana (i.e. fraction the most bioavailable) among 10 different trace elements tested.

Our study is among the first ones to use ciliates as food to assess the trophic transfer of trace elements in bivalves. Among the few previous studies on trophic transfer from ciliates, [START_REF] Twining | Trophic transfer of trace metals from protozoa to mesozooplankton[END_REF] found that AEs of Ag, Cd, Fe, and Zn in copepods fed with ciliates were higher than when fed with dinoflagellates or diatoms. The authors correlated this observation with the higher percentage of trace elements located in the cytoplasm of ciliates, which is considered as being more bioavailable. Such contrasting findings between the study of [START_REF] Twining | Trophic transfer of trace metals from protozoa to mesozooplankton[END_REF] and ours may be explained by difference in culture conditions of the prey, which are known to affect the bioavailability of trace elements in phytoplankton species [START_REF] Lee | Methylmercury uptake by diverse marine phytoplankton[END_REF], or by difference in digestive strategies between predators (copepods vs oysters) that can have a substantial influence on metal assimilation (Wang and Fisher, 1999a).

Further investigations are needed to assess whether the difference in AE of Ag and 241 Am observed between copepods and oysters is due to difference in subcellular partitioning (see [START_REF] Wallace | Subcellular compartmentalization of Cd and Zn in two bivalves. II. Significance of trophically available metal (TAM)[END_REF] in ciliate U. marinum and diatom T. pseudonana or to specific digestive metabolism in the Pacific cupped oyster C. gigas and in the copepods (Acartia tonsa, A. hudsonica, and Temora longicornis). Our study confirmed that trace element AE in oysters can be affected by the food ingested and demonstrated that protozoan ciliates can act as vectors in the trophic transfer of trace elements in aquatic food chains.

Our experimental results are complementary to previous studies as they expand the available knowledge regarding trophic transfer of trace elements in oysters feeding on protozoan ciliates.

Because of the major importance of the dietary contribution to trace element bioaccumulation in oysters, it is recommended to pay great attention to the influence of diet on AE and to the dietary composition of the natural food in the field. This would help refining both bioaccumulation model predictions and interpretation of data from field surveys and biomonitoring programs. 
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