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The synthesis of metallothioneins (MTs) is often induced when organisms are exposed to heavy metals in the field. They are among the major ''specific'' biomarkers identified to date. With a view to include MTs in biomonitoring programs, the organisms most commonly studied are bivalves. Sponges present most of the characteristics researched in bioindicators of pollution and consequently have been proposed to constitute a ''Sponge Watch Program''. The detection of large quantities of metals in sponges suggests the existence of detoxification systems and indeed, the presence of metallothionein-like proteins (MTLPs) has been reported in two different species of sponges. In Spongia officinalis, the present study has demonstrated the presence of compounds exhibiting most of the characteristics of MTs: cytosolic, heat-stable, with apparent molecular mass of 4 to 15 kDa and binding (at least) Ag, Cu and Zn. Specimens have been collected along the French Mediterranean coast from three sites differing by their degree of contamination. Relationships between MTLP and metal concentrations have been established. For copper, mercury and zinc, the correlations were significantly positive.

Introduction

Among biomarkers which are currently used to monitor the quality of the marine environment, the induction of metallothioneins (MTs) has been proposed since this response to metal exposure is well documented (see reviews by [START_REF] Roesijadi | Metallothioneins in metal regulation and toxicity in aquatic animals[END_REF][START_REF] George | Metallothioneins as indicators of trace metal pollution[END_REF][START_REF] Cosson | Use of metallothioneins as biomarkers of exposure to metals[END_REF]. In invertebrates, tolerance to metals is mainly based on sequestration by a large range of cellular ligands such as MTs, lysosomes, mineralized or organicbased concretions [START_REF] Langston | Metal handling strategies in molluscs[END_REF][START_REF] Marigomez | Cellular and subcellular distribution of metals in molluscs[END_REF][START_REF] Wallace | Subcellular compartmentalization of Cd and Zn in two bivalves: I. Significance of metal-sensitive fractions (MSF) and biologically detoxified metal (BDM)[END_REF], contrary to vertebrates in which metal-binding to MTs is considered to be the major route for detoxification. Thus [START_REF] George | Metallothioneins as indicators of trace metal pollution[END_REF] have suggested that fish species would be better candidates for monitoring use based on the determination of MTs than invertebrates. However, due to the representativeness of sedentary invertebrates with regard to the local situation, the possible use of invertebrate MTs as a biomarker has given rise to a large number of studies which have been recently reviewed [START_REF] Langston | Metal handling strategies in molluscs[END_REF][START_REF] Cosson | Bivalve metallothionein as a biomarker of aquatic ecosystem pollution by trace metals: limits and perspectives[END_REF][START_REF] Isani | Metallothioneins (MTs) in marine molluscs[END_REF]. Mussels which have been widely used for chemical biomonitoring in Mussel Watch Programs [START_REF] Nas | The International Mussel Watch[END_REF][START_REF] Rno | Surveillance du milieu marin[END_REF] have been validated as a good biological matrix for the determination of MTs as a biomarker of response to metal contamination (Mourgaud et al., 2002 and literature cited therein).

Sponges have also most of the characteristics of good biomonitors as summarized by the US NAS (1980) and have been proposed for Sponge Watch Programs [START_REF] Patel | Sponge ''sentinel'' of heavy metals[END_REF][START_REF] Hansen | Accumulation of copper, zinc, cadmium and chromium by the marine sponge Halichondria panicea Pallas and implications for biomonitoring[END_REF]. As filter-feeders, they accumulate in their tissues a number of chemicals (hydrocarbons, organochlorinated compounds, metals) present in the water column both in the soluble and particulate phases [START_REF] Hansen | Accumulation of copper, zinc, cadmium and chromium by the marine sponge Halichondria panicea Pallas and implications for biomonitoring[END_REF][START_REF] Cebrian | Sublethal effects of contamination on the Mediterranean sponge Crambe crambe: metal accumulation and biological responses[END_REF][START_REF] Pe ´rez | Marine sponges as biomonitor of polychlorobiphenyls contamination: concentration and fate of 24 congeners[END_REF] and literature cited therein). Moreover, experimental studies have shown that accumulation of metals in sponges paralleled the concentrations of these contaminants in their medium [START_REF] Hansen | Accumulation of copper, zinc, cadmium and chromium by the marine sponge Halichondria panicea Pallas and implications for biomonitoring[END_REF][START_REF] Cebrian | Sublethal effects of contamination on the Mediterranean sponge Crambe crambe: metal accumulation and biological responses[END_REF]. The possible use of Spongia officinalis as an indicator of metal contamination has been assessed: twelve metals were surveyed at 9 sites, generating a pollution gradient around the conurbation of Marseille, France, and temporal trends were also examined considering samples collected before and 12 years after bringing into service a sewage treatment plant [START_REF] Pe ´rez | Effects of 12 years' operation of a sewage treatment plant on trace metal occurrence within a Mediterranean commercial sponge (Spongia officinalis, Demospongiae)[END_REF]. The overall contamination level registered provided a classification of the study sites which is congruent with that given by other studies on pollutant accumulation in neighbouring sandy-bottom or benthic assemblages (e.g. [START_REF] Bellan | Benthic ecosystem changes associated with wastewater treatment at Marseille: implications for the protection and restoration of the Mediterranean coastal shelf ecosystems[END_REF][START_REF] Muricy | Structure des peuplements de spongiaires autour de l'e ´gou ˆt de Cortiou (Marseille, France)[END_REF]. The significant decrease of metal concentrations (except for Ni) between 1984 and 1999 was consistent with an improvement of water quality due to the treatment of the effluents of Marseille. Thus this species seems a reliable indicator of metal bioavailabilities.

Metallothioneins or at least metallothionein-like proteins (MTLPs) are generally recognised to be ubiquitous in living beings [START_REF] Binz | Metallothionein: molecular evolution and classification[END_REF][START_REF] Cosson | Use of metallothioneins as biomarkers of exposure to metals[END_REF]. In the marine sponge Microciona prolifera, [START_REF] Philp | Cadmium content of the marine sponge Microciona prolifera, other sponges, water and sediment from the eastern Florida panhandle: possible effects on Microciona cell aggregation and potential roles of low pH and low salinity[END_REF] has described the presence of MTLP but had not plotted MTLP levels against metal contents. In Suberites domuncula, Schro ¨der et al. (2000) have carried out gene sequencing and have shown that MTLP contained about 32% of cysteine but neither histidine nor aromatic amino-acids. These authors consider that the MTLP of Suberites domuncula exhibits most of the characteristics of class 1-MT.

The objectives of the present work were to verify the existence of MTLP in Spongia officinalis and to compare MTLP induction in specimens originating from metal-rich and comparatively clean sites chosen from among those previously investigated by Pe ´rez et al. (2005).T h e ultimate aim is to propose a bioindicator of metal pollution for Mediterranean rocky communities complementary to mussels.

Materials and methods

Sampling

Sponges were collected from three sites along the French Mediterranean coast: Cortiou is located 300 m east of the discharge outlet of the sewage treatment plant of the conurbation of Marseille (1.5 million inhabitants, daily output of about 250,000 m 3 ). Niolon is located a few meters from an outlet responsible for a small input of domestic effluents (40 to 110 m 3 per day). Port-Cros is a control site, located in a National Park, 30 km off the coast, and 100 km east of Marseille.

The specimens were sampled at a depth about 10 m, on vertical rock-faces or on the ceiling of small caves where they are protected from sedimentation. Sponges of similar size were selected to avoid as far as possible variations of metal concentrations due to differences in age. Pieces were cut, kept in an isothermic container with seawater during the transport to the laboratory, then drained on absorbent paper, cut into pieces of about 2 g, then stored at À 80 -C.

Characterization of metal-binding compounds and MTLP determination

In order to characterize metal-binding compounds, sponge tissues were homogenized by hand with agate mortar and pestle in liquid nitrogen, allowing disruption of the dense net of spongine fibres. Then homogenization was completed in 20 mM TRIS, 150 mM NaCl solution adjusted to pH = 8.6 (4 mL/g soft tissue). h-Mercaptoethanol (10 mM) was added to limit oxidation as well as phenylmethanesulfonyl fluoride (PMSF) as an anti-protease (0.1 mM). Soluble (S1) and insoluble (P1) fractions were separated by centrifugation (25,000 Âg for 55 min at 4 -C). The cytosolic heat-stable thiolic compounds including MTLPs (S2) were isolated by centrifugation of the soluble fraction (15,000 Âg for 10 min at 4 -C) after heat treatment (70 -C for 15 min) (Fig. 1).

The cytosol before (S1) or after (S2) heat-denaturation was fractionated by gel chromatography using a Sepharose CL 6B (Pharmacia) column (870 Â 16 mm) or a Sephadex G75SF (Pharmacia) column (700 Â 16 mm) equilibrated with the buffer used for elution (20 mM TRIS, 150 mM NaCl, pH = 8.6). Two replicates of S1 or S2 were used for each type of chromatography. An aliquot of S1 or S2 was applied to the column, eluted with buffer (48 mL h À 1 for CL6B, 18 mL h À 1 for G75SF) and collected as 2.4 mL fractions. The Sepharose CL6B column was calibrated for molecular mass estimations using standard markers (ribonuclease, chymotrypsinogen, thyroglobulin, ferritin). The Sephadex G75SF column was calibrated using ribonuclease, chymotrypsinogen, ovalbumin, and bovine serum albumin. The molecular mass of the different metalbinding compounds was derived from the calibration curve.

The amount of MTLPs was determined by differential pulse polarography, a technique based on-SH compound determination according to the Brdicka reaction [START_REF] Brdicka | Polarographic studies with the dropping mercury method. A new test for proteins in the presence of cobalt salts in ammoniacal solution of ammonium chloride[END_REF] as described by [START_REF] Geffard | Use of metallothionein in gills of oysters (Crassostrea gigas) as a biomarker: seasonal and intersites fluctuations[END_REF] according to [START_REF] Thompson | An improved electrochemical method for the quantification of metallothionein in marine organisms[END_REF]. This method has been validated in the framework of BEQUALM (Biological Effects Quality Assurance in Monitoring Programmes, [START_REF] Allen | Biological effects quality assurance in monitoring programmes (BEQUALM)[END_REF]. Sulfhydryl groups were quantified in the chromatographic fractions obtained from the heat-denatured cytosol (S2). The results were expressed in Agm L À 1 of eluent in chromatographic fractions, and in mg g À 1 of dry mass of sponge for total amounts.

Metal analysis

For the determination of metals in the sponge tissues as a whole, samples were firstly freeze-dried. The pretreatment of samples was carried out using procedures designed to avoid contamination. All laboratory ware was soaked in 10% HCl, rinsed three times with deionised water and dried in a dessicator. Metal (Cd, Cu, Hg, Zn) analysis of sponge tissues as a whole has been described previously by Pe ´rez et al. ( 2005) and validated through internal and external calibrations (Quality Assurance and Quality Control approved by the French Ministry of Environment). In summary, lyophilized samples were individually mineralised with 10 mL of nitric acid 65% in microwave oven and analysed for Cu and Zn by flame atomic absorption spectrophotometry (AAS), for Cd by a graphite furnace AAS and for Hg, by X-ray fluorescence. Results are expressed in Agg À 1 of dry mass.

The analytical method for determinations in chromatographic fractions has been previously described by [START_REF] Berthet | Accumulation and soluble binding of Cd, Cu and Zn in the polychaete Hediste diversicolor from coastal sites with different trace metal bioavailabilities[END_REF]. Determination of Ag, Cu and Zn by atomic absorption spectrophotometry was carried out for each chromatographic fraction obtained from the total cytosol (S1). This procedure has been adopted for it has been shown that heat treatment of the total cytosol can induce translocation of metals between compounds, particularly an enrichment of MTLP [START_REF] Bragigand | Some methodological aspects of metallothionein evaluation[END_REF]. Results were expressed in ng metal mL À 1 of eluent in chromatographic fractions.

Statistics

Comparisons between data sets were carried out using Tukey's test after the normality of the sample data has been verified. These comparisons, together with linear regression analysis, were carried out using Statgraphic Plus 4.0.
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Fig. 1. Experimental protocol of sample treatment for the characterization of metal-binding compounds.

3 3. Results

Metal distribution between soluble and insoluble fractions

The influence of increasing concentrations of total accumulated metals on their distribution between soluble and insoluble fractions has been observed in specimens originating from the reference site (Port-Cros) and one of the contaminated sites (Niolon) (Fig. 2). In the case of copper, the insoluble fraction was generally more important than the soluble fraction throughout the range of total Cu concentration (Fig. 2a). With increasing concentrations of total Zn and Ag, these metals were nearly equally distributed between soluble and insoluble fractions (Fig. 2b andc). 

Distribution of SH compounds and metals in the soluble fraction

To investigate the possible presence of SH-rich high molecular mass (MM) compounds, a large MM determination range gel (Sepharose CL 6B, 10 to 4.10 3 kDa) was used. The concentrations of SH compounds were determined in each chromatographic fraction separated from the heat-denaturated cytosol (S2) obtained from specimens collected from the reference site (Port-Cros) and one of the contaminated sites (Niolon). The mean of SH concentrations in the different chromatography fractions obtained from two (Port-Cros) or three (Niolon) replicates are shown in Fig. 3. In sponges from both of the studied sites, no heatstable SH compounds were detected in high MM fractions. Only one peak of SH compounds was observed, corresponding to a maximum MM about 5-6 kDa.

In order to obtain better precision over this range of MM, the heat-denaturated cytosol (S2) was applied to a Sephadex G75SF chromatography column. The repeatability of chromatography profiles has been verified on specimens from Port-Cros and Niolon (two replicates for each site). Concentrations of SH compounds and metals (Ag, Cu, Zn) in sponges from the clean site are shown in Fig. 4. Thiolic compounds were mainly present in fractions corresponding to MM between 3 and 15 kDa with a maximum at 6 kDa. Cu was principally present in fractions with MM of 6 and 15 kDa, Ag in fractions with MM of 7 kDa whereas Zn was mainly present in fractions with MM <3kDa and in the void volume. Ag and Cu binding to cytosolic heat-stable thiolic compounds with MM of 6 -7 and 15 kDa is in agreement with the presence of metallothionein-like proteins (MTLPs), whereas the major fraction of Zn was linked with compounds with MM higher or lower than those of MTLPs.

Relationship between MT and metal levels

MTLP and metal levels in sponges are shown in Table 1. Mean MTLP concentrations determined in specimens from Cortiou and Niolon were similar and higher than the one determined in sponges from the reference site Port-Cros but the difference was significant only with the mean determined in specimens from Cortiou. For metal concentrations, the lowest means were always determined in sponges from the reference site even if no significant differences exist with Ag, Cd and Hg mean concentrations determined in specimens from impacted sites. Sponges from Niolon showed high Cu and Zn mean concentrations compared to slightly lower concentrations in Cortiou and the lowest concen-trations in Port-Cros. However, some of these differences are only trends since they were not statistically significant (Table 1).

The correlations between MTLP and metal concentrations have been examined considering specimens originating from the reference site and one (Hg, Fig. 5b) or two (Cu, Zn, Fig. 5a andc) contaminated sites (Cortiou, Niolon). Positive correlations were shown for Cu ( p < 0.01), Zn ( p < 0.05) and Hg ( p < 0.01) whereas no significant correlations were observed for Ag or Cd (not shown).

Discussion

The present work on Spongia officinalis has shown the presence of cytosolic, heat-stable, thiol-rich compounds, with apparent molecular masses (MM) of 6 and 15 kDa, binding Cu and Ag. These characteristics are consistent with the presence of a monomer and a dimer of metallothionein. Monomeric and dimeric forms (apparent MM 10 and 20 kDa) are present in several invertebrate (molluscan) species [START_REF] Langston | Metal handling strategies in molluscs[END_REF]. The procedure to isolate metallothioneins, particularly the use of mercaptoethanol for its protective role of MT structure can explain these small differences in MM reported by different authors [START_REF] Carpene | Metallothionein in marine molluscs[END_REF][START_REF] Bragigand | Some methodological aspects of metallothionein evaluation[END_REF]. In the marine sponge Suberites domuncula, Schro ¨der et al. (2000) have shown the presence of a cadmium-binding protein with an apparent size of 24 kDa based on gel-permeation using Sephacryl. On the other hand, these authors isolated a cDNA which potentially encodes a calculated polypeptide with a size of about 17 kDa, very near of the dimeric form shown in the present study. The presence of a MT-like protein has also been reported in another sponge species, Microciona prolifera [START_REF] Philp | Cadmium content of the marine sponge Microciona prolifera, other sponges, water and sediment from the eastern Florida panhandle: possible effects on Microciona cell aggregation and potential roles of low pH and low salinity[END_REF]. These three different works using complementary approaches and species from three distinct orders are good assumptions for the existence of MTs in the phylum of Porifera and give an additional argument to confirm the ubiquity of MTs in living beings. [START_REF] Roesijadi | Metallothionein and its role in toxic metal regulation[END_REF] has proposed a model for MT induction. According to this author, Zn would be the primary inducer of MT induction. Other elements such as Cd, Cu and Hg, for example, have greater affinity for MT, and would be expected to displace Zn, the displaced Zn being then available to initiate again MT expression. According to [START_REF] Otvos | Dynamic aspect of metallothionein structure[END_REF] the affinity of Ag for thiols in MT is Table 1 Mean concentrations of metallothionein-like proteins (MTLPs) and metals (standard deviations between brackets) expressed respectively in mg g À 1 dry mass and Agg À 1 dry mass for sponges Spongia officinalis originating from a reference (Port-Cros) and contaminated sites (Cortiou, Niolon) intermediate between that of Hg and Cd and then this metal may be also able to displace Zn. This process would be responsible for the increase of MT concentrations observed in organisms exposed to enhanced levels of metals. In sponges, the present study has shown that Cu, Zn and Ag concentrations in the soluble fraction of tissues increased with increasing total concentrations. In the case of Zn and Ag, the soluble fraction represented about half of total metal. This is important because the cytosol is the metabolically active compartment. Spongia officinalis has a well-developed organic skeleton of spongine fibres, which includes a variable amount of sand and other foreign material. Iron accumulates strongly on the spongine fibres within lepidocrocit grains that could represent up to 7.5% of dry weight in polluted stations of the area of Marseille before the effluents were treated [START_REF] Vacelet | The iron mineralization of Spongia officinalis L. (Porifera, Dictyoceratida) and its relationships with collagen skeleton[END_REF][START_REF] Verdenal | Pollutant levels in Mediterranean commercial sponges[END_REF]. V, Pb, Cr and Zn also accumulate preferentially in the skeleton whereas Mn, Ni, Cd and Hg were more abundant in the living tissues, and Cu was equally concentrated in the fibres and the living tissues [START_REF] Verdenal | Pollutant levels in Mediterranean commercial sponges[END_REF]. These previous findings are quite inconsistent with our demonstration of higher Cu concentrations in the insoluble fraction. This difference might be explained by our consideration within the insoluble fraction of the skeleton and the cellular debris of living tissues whereas [START_REF] Verdenal | Pollutant levels in Mediterranean commercial sponges[END_REF] had only determined metal contents of the denuded spongine skeleton and compared them to contents recorded in the sponge as a whole.

MTLP

Despite different technical approaches, the present study and the work by [START_REF] Verdenal | Pollutant levels in Mediterranean commercial sponges[END_REF] demonstrate the storage of at least a proportion of several metals of interest (Ag, Cd, Cu, Hg, Zn) in a metabolically active compartment. Positive correlations between MTLP concentrations on the one hand and Cu, Zn and Hg (not Ag) concentrations on the other hand have been established. However, the biological significance of these relationships is difficult to appreciate because all of these metals are potential inducers of MT and applying the procedure here-followed, it is impossible to distinguish the relative importance of each element. So, it has been proposed to plot the relationship between MT and metal concentrations taking into account the sum of metals known as MT inducers (see for instance [START_REF] Geffard | Use of metallothionein in gills of oysters (Crassostrea gigas) as a biomarker: seasonal and intersites fluctuations[END_REF][START_REF] Mourgaud | Metallothionein concentration in the mussel Mytilus galloprovincialis as a biomarker of response to metal contamination: validation in the field[END_REF].

Despite the fact that only a small quantity of Zn was present in MT-containing fractions, a significant correlation between MTLP and Zn levels was shown. This feature is not specific for sponges since in oysters (Crassostrea virginica and Ostrea edulis) [START_REF] Roesijadi | Behavior of metallothionein-bound metals in a natural population of an estuarine mollusc[END_REF] has shown that only 0.3% of Zn amount was bound to MT. This apparent discrepancy may be probably explained taking into account the model of MT induction mentioned above [START_REF] Roesijadi | Metallothionein and its role in toxic metal regulation[END_REF], in which Zn is transiently linked to MT before being replaced by metals with higher affinities such as Ag, Cd, Cu and Hg. Surprisingly, concentrations of Ag, a metal which has been shown as a MT inducer in bivalves [START_REF] George | Biochemical and ultrastructural observations of long-term silver accumulation in the mussel, Mytilus edulis[END_REF][START_REF] Mouneyrac | Metallothionein-like proteins in Macoma balthica: effects of metal exposure and natural factors[END_REF][START_REF] Ng | Detoxification and effects of Ag, Cd, and Zn pre-exposure on metal uptake kinetics in the clam Ruditapes philippinarum[END_REF]) and a crustacean [START_REF] Barka | Influence of essential and non-essential metals on MTLP levels in the Copepod Tigriopus brevicornis[END_REF], were not correlated at all with MTLP concentrations in sponges. Thus it is necessary to take care not to over interpret correlations with individual metals.

Each MT molecule can bind a large number of metal atoms [START_REF] Cosson | Use of metallothioneins as biomarkers of exposure to metals[END_REF] so that MT concentrations may never increase in the same proportion as metal concentrations. This constitutes a limit of the use of MT concentrations as a biomarker of metal contamination when sites are moderately impacted. Nevertheless, in the present study, significant differences between MT concentrations have been shown in sponges, despite the fact that the studied sites were not strongly contaminated since the ratio between maximum and minimum metal concentrations (Table 1) was generally lower than 2. Consequently, sponges appear as an interesting tool to reveal global metal contamination.

These organisms offer a number of advantages that might make them an ideal complement of the traditional mussel watch. Because of their feeding habits, with no other selection of the nutrient particles than the size of the inhalant pores, these actively pumping organisms can be considered as ''biological particle traps'' [START_REF] Pe ´rez | Effects of 12 years' operation of a sewage treatment plant on trace metal occurrence within a Mediterranean commercial sponge (Spongia officinalis, Demospongiae)[END_REF]. Previous studies have already demonstrated the suitability of Spongia officinalis for studying the contamination carried out with fine particles: <2 Am, that is to say the main source of pollutants introduced in the marine environment after sewage treatments [START_REF] Pe ´rez | Marine sponges as biomonitor of polychlorobiphenyls contamination: concentration and fate of 24 congeners[END_REF][START_REF] Pe ´rez | In situ comparative study of several Mediterranean sponges as potential biomonitors of heavy metals[END_REF][START_REF] Pe ´rez | Effects of 12 years' operation of a sewage treatment plant on trace metal occurrence within a Mediterranean commercial sponge (Spongia officinalis, Demospongiae)[END_REF]. This species has some other fundamental characteristics of the ideal biomonitor proposed by [START_REF] Rainbow | Cosmopolitan biomonitors of trace metals[END_REF]: it is sedentary, well distributed both in polluted and clean waters, easy to identify and collect. In addition this species is characteristic of several communities, which are hotspots of biodiversity (coralligenous cliffs, overhangs, and caves) threatened by many perturbations and not regularly surveyed. Finally its very simple body plan allows a homogenous distribution of contaminants in the whole tissue and homogenous expression of biomarkers as well.
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 2 Fig. 2. Relationship between total metal concentrations and metal concentrations under soluble (opened symbols and broken lines) or insoluble forms (filled symbols and continuous lines). Port-Cros: squares; Niolon: triangles. * Correlation significant at the 95% level; ** at the 99% level.
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 34 Fig.3. Distribution of sulfhydryl groups according to their molecular masses using a Sepharose CL 6 B gel. Mean concentrations obtained from two replicates from Port-Cros (squares) and three replicates from Niolon (triangles).

Fig. 5 .

 5 Fig. 5. Relationship between MTLP and metal concentrations in sponges from Port-Cros (squares), Niolon (triangles) and Cortiou (circles). * Correlation significant at the 95% level; ** at the 99% level.
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