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Hepatic metallothionein concentrations in the golden grey mullet (Liza aurata) -relationship with environmental metal concentrations in a metal-contaminated coastal system in Portugal
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This field survey was designed to assess the environmental metal contamination status of Ria de Aveiro (Portugal). To achieve that goal, the concentrations of Cd, Hg, Cu and Zn in the sediments and water were assessed and Liza aurata hepatic metallothionein (MT) determined. The relationships between MT and environmental metal concentrations and hydrological factors were examined. Results revealed a wide distribution of metals both in water and sediments throughout the lagoon, mainly at Rio Novo do Principe (RIO) and Laranjo (LAR), at concentrations that may affect biota. MT concentrations were higher at the sites with high metal content (RIO and LAR). A significant positive correlation was found between MT and Cd in the sediments as well as with MT and Hg and Cu in the water. Moreover, a negative correlation between MT and salinity was found. Thus, the current data support MT use as a biomarker of metal exposure emphasizing the importance of hydrological parameters in its concentrations. Results suggest the continued monitoring of this lagoon system.

Introduction

Metal contamination in aquatic systems is a critical environmental issue due to metal uptake and toxicity in many aquatic organisms, as well as the possibility of their trophic transfer along food chains, eventually reaching humans. Most of these compounds have high affinity for particulate matter and are readily adsorbed onto suspended particles eventually becoming part of sediments where they will remain even after input cessation. Nevertheless, metals may return to the water column or be transferred to biota through physical, chemical and/or biological processes [START_REF] Schneider | Sediment contaminants off the coast of Sydney, Australia: A model for their distribution[END_REF][START_REF] Bervoets | Use of transplanted zebra mussels (Dreissena polymorpha) to assess the bioavailability of microcontaminants in Flemish surface waters[END_REF].

Normal fish cellular metabolism requires essential metals (such as Cu and Zn) which may be taken up from water, food and/or sediment. However, non-essential ones (such as Cd and Hg) may also be absorbed and accumulated in tissues [START_REF] Canli | The relationships between heavy metal (Cd, Cr, Cu, Fe, Pb, Zn) levels and the size of six Mediterranean fish species[END_REF]. Thus, environmental pollution monitoring frequently includes assessment of metals in sediment, suspended particulate matter or biota. However, the quantification of environmental or tissue concentrations of a variety of metals does not take into account the biological response or significance of the accumulated metals [START_REF] Chan | Metallothionein: Potential biomarker for monitoring heavy metal pollution in fish around Hong Kong[END_REF] since metals can accumulate to high levels in organisms and yet be metabolically unavailable, thus unable to induce toxicological effects [START_REF] Vijver | Internal metal sequestration and its ecotoxicological relevance: a review[END_REF]Banni et al., 2007). Metal exposure generally increases total tissue concentrations of metals. However, the increase of essential metals in some tissues may not be significant due to their regulated accumulation (Atli and Canli, 2008).

Metallothioneins (MT) are low molecular weight cytosolic proteins rich in SH groups, known to be over-expressed in organisms from environments with high metal concentrations [START_REF] Sarkar | Molecular Biomarkers: Their significance and application in marine pollution monitoring[END_REF][START_REF] Viarengo | The use of biomarkers in biomonitoring: A 2-tier approach assessing the level of pollutantinduced stress syndrome in sentinel organisms[END_REF]. In fish, the large amount of MT induction occurs in liver [START_REF] Canli | The relationships between heavy metal (Cd, Cr, Cu, Fe, Pb, Zn) levels and the size of six Mediterranean fish species[END_REF], an organ playing a key role in the storage and inactivation of metals. Considering that MT induction is one of the first detectable signs of the presence of metals [START_REF] Filipovic | Metallothionein and metal levels in cytosol of liver, kidney and brain in relation to growth parameters of Mullus surmuletus and Liza aurata from the Eastern Adriatic Sea[END_REF][START_REF] Chesman | Hepatic metallothionein and total oxyradical scavenging capacity in Atlantic cod Gadus morhua caged in open sea contamination gradients[END_REF][START_REF] Van Campenhout | A field survey of metal binding to metallothionein and other cytosolic ligands in liver of eels using an on-line isotope dilution method in combination with size exclusion (SE) high pressure liquid chromatography (HPLC) coupled to Inductively Coupled Plasma time-of-flight Mass Spectrometry (ICP-TOFMS)[END_REF] and the relationship found between metal concentrations in the environment and MT concentrations in fish tissues [START_REF] Hylland | Hepatic metallothionein and heavy-metals in dab Limanda limanda from the German Bight[END_REF], they have been used to characterize metal contamination in the environment [START_REF] Chan | Metallothionein: Potential biomarker for monitoring heavy metal pollution in fish around Hong Kong[END_REF][START_REF] Linde | Metallothionein as bioindicator of freshwater metal pollution: European eel and brown trout[END_REF]. Ria de Aveiro (Portugal), a coastal lagoon, provides an important habitat for a number of fish species, including the golden grey mullet (Liza aurata). The feeding habits of this species include benthic organisms and detritus, making it particularly adapted to accumulate sediment-associated contaminants and thus an important bio-indicator species. Previous studies concerning this species, in this complex aquatic system, revealed the existence of critical sites within Ria de Aveiro, capable of inducing oxidative and genetic damage (Oliveira et al., 2009a,b,c) as well as endocrine disruption [START_REF] Oliveira | Fish thyroidal and stress responses in contamination monitoring -An integrated biomarker approach[END_REF]. High concentrations of metals have been detected in this aquatic system [START_REF] Coelho | Macroalgae response to a mercury contamination gradient in a temperate coastal lagoon (Ria de Aveiro, Portugal)[END_REF][START_REF] Monterroso | Metal-contaminated sediments in a semi-closed basin: Implications for recovery[END_REF] and MT inductions as well as inhibitions were observed in L. aurata gill, at some of those critical sites (Oliveira et al., 2009a).

Thus, the hepatic MT assessment is highly relevant due to liver central role in metal storage and inactivation. In this perspective, this study assessed the relation between metal concentrations found in water and sediment compartments of Ria de Aveiro and L. aurata hepatic MT. The influence of hydrological factors on MT concentrations was also studied.

Material and Methods

Study Area

Ria de Aveiro is a lagoon permanently connected to the ocean (Figure 1), about 45 km long and 8.5 km wide. Sampling sites were selected on a geographic distribution basis taking into account the known and supposed sources of metal contamination as well as the selection of a (theoretically) unpolluted reference point. Sampling sites were: Torreira (TOR), an intermediate region of the longest channel (S. Jacinto-Ovar channel), far from the main polluting sources and thus assumed as reference site; Barra (BAR), the initial part of the Mira channel close to the lagoon entrance and subject to considerable naval traffic; Gafanha (GAF) situated in the vicinity of a deep-sea fishing port and dry-docks, also connected with the main channel coming from Aveiro city carrying domestic discharges; Rio Novo do Principe (RIO), located at the terminal area of the Vouga River, 6.5 km distant from a pulp/paper mill effluent outlet, that discharged to this water course during nearly five decades (until the year 2000); Laranjo (LAR), close to a chlor-alkali plant (6 km), an important source of metal contamination (mainly mercury); Vagos (VAG), located at the terminal part of the Ílhavo channel, receiving municipal and domestic effluents with high concentrations of polycyclic aromatic hydrocarbons (PAHs).

Sampling:

Liza aurata was caught in October 2005, during low tide using a traditional beach-seine net named "chincha". Juvenile specimens were selected on the basis of their size, having an average length of 14.5±2.5 cm and weighing 21.6±3.7 g. Immediately after catching, fish was sacrificed, liver removed and frozen in liquid nitrogen. In the laboratory the samples were stored at -80º C until further treatments.

At each sampling site hydrological parameters were assessed (Table I) according APHA (1998) guidelines. Sediments were collected from the surface (15 cm deep) with a grab and stored at -20ºC until analysis. Sub-surface water samples were collected by hand, using polyethylene gloves and glass bottles of 1 L.

Metal determination in the water and sediments

Total metal concentrations in the water samples were determined after liquid-liquid extraction with ammonium pyrrolidine dithiocarbamate (APDC) and methyl isobutyl ketone (MIBK) followed by graphite furnace atomic absorption spectrophotometry (PerkinElmer). This procedure was adopted to preconcentrate the metals present in the water. Certified standard freshwater reference material (SRM 1643d from NIST) was analyzed to check the accuracy of metal determinations in the water samples.

Total metal concentrations in the sediments were determined in the < 63 µm fraction, to minimize the effect of grain size on metal distribution. Samples were manually wet sieved using 63 µm nylon sieves and Milli-Q water. After that, this sediment fraction was dried at 40 ºC. For analysis, approximately 2 g of the sediment fraction were accurately weighed and placed into 50 ml digestion vessels. After the addition of 5 ml 69% nitric acid (HNO 3 ), the samples were digested for 2 hours at 80ºC. The digestion mixture was cooled to room temperature and 2 ml 30% hydrogen peroxide (H 2 O 2 ) and 3 ml Milli-Q water carefully added. The digestion vessels were heated for another hour. The residue was allowed to cool and diluted with Milli-Q water to a final volume of 50 ml. Then samples were allowed to settle down for 24 hours and quantitatively transferred to 50 ml vessels for analysis.

The concentrations of Cd, Cu, Hg and Zn were determined in the supernatant using a Perkin-Elmer atomic absorption spectrophotometer (AAS) model A Analyst 800. All metals except Cd and Hg were analyzed by flame atomic absorption spectrophotometry. Cadmium was analysed by an electrothermal atomic absorption spectrometry and mercury by cold vapour atomic spectrophotometry with an automatic hydride generator system.

Metallothionein (MT) content

After liver homogenization in 20 mM Tris buffer (pH 8.6) containing 150 mM of NaCl, the homogenates were centrifuged 45 minutes at 30000 g (4ºC). Supernatant aliquots were heat-treated at 80ºC for 10 minutes and recentrifuged at 30000 g for 45 minutes (4ºC). MT quantification was made by differential pulse polarography (DPP) according to [START_REF] Bebianno | Quantification of metallothioneins in marine invertebrates using differential pulse polarography[END_REF] using a 646VA Processor autolab type II and an ECO Chemie IME663 mercury drop electrode. Comparisons of peak heights with those of standard additions of purified rabbit MT enabled MT quantification. Accuracy of the DPP analytical method was obtained by internal calibration using commercial rabbit liver MT-I. Recovery studies of our cytosols spiked with the MT-I rabbit liver standards revealed recovery rate from 97 to 103%. Results were expressed as µg MT/g wet weight.

Statistical analysis:

Results were expressed as means ± SE (standard error) corresponding to experimental groups of six fish (n=6).

Statistical data analysis was done using Statistica software (StatSoft, Inc., Tulsa, OK, USA). Assumptions of normality and homogeneity of data were verified. One way ANOVA was performed in order to assess significant effects, followed by post-hoc Tukey test to signal significant differences between groups [START_REF] Zar | Biostatistical Analysis[END_REF]. The significance of results was ascertained at = 0.05. Describing factors were grouped using principal component analysis (PCA), reducing the number of axis without loosing relevant information. Principal components (PCs) having eigenvalues of less than one were discarded, and varimax rotation maximising the loading of a variable on one component was then applied on the retained PCs. The resulting components were then used as independent factors in multiple regression analyses taking MT as the dependent variable.

Results

Hydrological Parameters

The hydrological parameters, expressed in Table I, show differences in terms of turbidity and salinity. Thus, waters were more turbid at LAR and VAG (0.3 m) and less turbid at BAR (1.2 m). Salinity at RIO was 21 whereas the other sites displayed values between 29 (LAR) and 34 (GAF and BAR).

Metals in Water and Sediment

The water analyses revealed that RIO displayed significantly higher concentrations of Hg, Cu and Zn than TOR and the other studied sites (with the exception of Zn concentrations which were not different from VAG) (Table I).

Concerning Cd, the highest concentrations in water were found at LAR (significantly higher than in all other sites). BAR displayed lower concentrations of Cd, Hg, Cu and Zn when compared to TOR (though not significantly in the case of Cd). The metal concentrations in water at GAF were only significantly different (higher) from TOR in the case of Hg. At LAR, the concentrations of all the analysed metals were significantly higher than TOR whereas VAG displayed lower Hg and Cu and higher Zn concentrations in water.

Concerning the concentrations of metals in the sediments (Table I), the highest concentrations of Hg, Cu and Zn were found at LAR (significantly higher than all other studied sites). Concerning Cd, the highest concentrations in the sediments were found at RIO (significantly higher than all other studied sites) and LAR (significantly higher than TOR, BAR, GAF and VAG). Hg concentrations in sediments at BAR and RIO were also higher than in TOR, GAF and VAG. The concentrations of Cu in sediments at RIO were also significantly higher than TOR whereas Zn concentrations at BAR, GAF and VAG were significantly lower than TOR.

Metallothionein

RIO displayed significantly higher MT concentration when compared to all studied sites (Figure 2). Thus, compared to TOR, MT concentration was 256% higher at RIO. LAR also displayed significantly higher MT concentration than TOR (107%), BAR, GAF, and VAG. At VAG, MT concentration was significantly lower than TOR (74%).

Principal Component Analysis and Linear Multiple Regression

Three principal components were defined as explaining the major amount of total variance (89.97%) of the assessed parameters (except MT) (Table II). Thus, the first component which includes salinity, temperature, Cd in the sediments, Hg, Cu and Zn in the water explains 36.19% of total variance.

The second component including Hg, Zn and Cu in the sediments and Cd in the water, explains 28.84%. The third components including turbidity, pH and dissolved oxygen explain 24.93% of variance. According to the multiple regression analyses the first two factors account for 98.2 % of MT variability and the first factor alone is responsible for 77%. Cd in the sediments, Hg and Cu in the water and salinity displayed the strongest (significant) correlations with MT (Figure 3).

Discussion

Biological factors such as age, sex, reproductive status as well as hormone levels may influence MT induction, increasing response variability [START_REF] Hamza-Chaffai | Physicochemical forms of storage of metals (Cd, Cu and Zn) and metallothionein-like proteins in gills and liver of marine fish from the Tunisian coast: ecotoxicological consequences[END_REF]. Moreover, it was demonstrated in L. aurata that total length, body weight and age are biometric parameters correlated with MT [START_REF] Filipovic | Metallothionein and metal levels in cytosol of liver, kidney and brain in relation to growth parameters of Mullus surmuletus and Liza aurata from the Eastern Adriatic Sea[END_REF]. In this perspective, L. aurata specimens selected for the current study were juvenile with the same age and reproductively quiescent and the stress of capture and handling was reduced as much as possible.

Metal concentrations

Metals mobility and reactivity in estuaries are highly influenced by the organic matter content, salinity, redox conditions and pH [START_REF] Sauve | Solid-solution partitioning of metals in contaminated soils: Dependence on pH, total metal burden, and organic matter[END_REF][START_REF] Liang | Spatial and temporal organic and heavy metal pollution at Mai Po Marshes Nature Reserve, Hong Kong[END_REF]. Sediment metal concentrations usually exceed those in the water column. However, metals bound to the sediment may enrich interstitial and overlying waters with metals [START_REF] Bryan | Bioavailability, accumulation and effects of heavy metals in sediments with special reference to United Kingdom estuaries -a review[END_REF] upon changes in the environment. In the current study, the concentrations of two of the most dangerous metals to aquatic organisms, Cd and Hg, listed in the priority substances of EU Directive 2008/105/EC, as well as two essential metals, Cu and Zn, that in high concentrations may also induce toxic effects in aquatic organisms [START_REF] Oliveira | Glutathione protects heavy metalinduced inhibition of hepatic microsomal ethoxyresorufin O-deethylase activity in Dicentrarchus labrax L[END_REF] were quantified in the water and sediments of Ria de Aveiro. The studied metals displayed a distribution throughout the lagoon. Zn displayed the highest concentrations in sediments, followed by Cu, Cd and Hg. The highest concentrations of metals in the sediments were found in LAR (for Zn, Cu and Hg) and RIO (for Cd). At RIO, LAR and BAR Hg was higher than the defined Water Framework Directive environmental quality standard for sediments (0.36 µg.g -1 ). Most of the available studies on metals concentrations in Ria de Aveiro focused on Hg contamination in LAR, due to the emission history of a chlor-alkali plant [START_REF] Ramalhosa | Distribution of mercury in the upper sediments from a polluted area (Ria de aveiro, Portugal)[END_REF]. Thus, at LAR area, the concentration of Hg detected in the sediments reached values as high as 51.7 µg.g -1 [START_REF] Coelho | Macroalgae response to a mercury contamination gradient in a temperate coastal lagoon (Ria de Aveiro, Portugal)[END_REF]. In the current study, the highest concentration of Hg in the sediments was found in LAR (2.33 µg.g -1 )

and was within the same order of magnitude of other studies [START_REF] Pereira | Seasonal fluctuations of tissue mercury contents in the European shore crab Carcinus maenas from low and high contamination areas (Ria de Aveiro, Portugal)[END_REF][START_REF] Ramalhosa | Accumulation versus remobilization of mercury in sediments of a contaminated lagoon[END_REF]. The present data also revealed considerable Hg in the sediments of BAR and RIO (0.88 and 0.86 µg.g -1 respectively), probably due to tidal export from Laranjo area [START_REF] Pereira | An estimation of industrial mercury stored in sediments of a confined area of the Lagoon of Aveiro (Portugal)[END_REF] and/or from nonpoint sources. Despite most studies on metal concentrations at LAR focused on Hg, elevated concentrations of other metals were also found there by [START_REF] Monterroso | Metal-contaminated sediments in a semi-closed basin: Implications for recovery[END_REF]. The concentrations of Cd, Cu and Zn found in the current study at LAR sediments were similar to those found by [START_REF] Monterroso | Metal-contaminated sediments in a semi-closed basin: Implications for recovery[END_REF].

The metal concentrations in water reported in the current study can only be compared with other studies in Ria de Aveiro in terms of Hg in LAR, being in the same order of magnitude of previously reported concentrations [START_REF] Ramalhosa | Accumulation versus remobilization of mercury in sediments of a contaminated lagoon[END_REF][START_REF] Guilherme | Erythrocytic nuclear abnormalities in wild and caged fish (Liza aurata) along an environmental mercury contamination gradient[END_REF]. Unlike sediments which displayed higher Hg, Cu and Zn concentrations at LAR, in water, RIO displayed the highest concentrations of Hg, Cu and Zn. Another clear difference to sediments was found in BAR that displayed very low Hg concentrations in water (below detection limit). Moreover, Cd concentrations at all studied sites were above the defined environmental quality standard for water of Water Framework Directive (0.21 µg.g -1 ).

One of the outstanding difficulties encountered in environmental impact assessments is to determine the biological significance of contaminants [START_REF] Langston | Metallothionein in liver of eels Anguilla anguilla from the Thames Estuary: an indicator of environmental quality?[END_REF]. In this perspective numerical quality guidelines have been developed, identifying concentrations of chemicals of potential concern that may cause or contribute to adverse effects [START_REF] Macdonald | Development and evaluation of consensus-based sediment quality guidelines for freshwater ecosystems[END_REF].

However, its use should be carefully interpreted since factors like organic matter, grain size and percentage of clay may be confounding elements for direct comparison. Nevertheless, the comparison of the present metal data with some quality guidelines [START_REF] Long | Incidence of adverse biological effects within ranges of chemical concentrations in marine and estuarine sediments[END_REF][START_REF] Macdonald | Development and evaluation of sediment quality guidelines for Florida coastal waters[END_REF] reveals that the concentrations detected in the sediments mainly at LAR and RIO and BAR may lead to frequent adverse effects in aquatic organisms. The concentrations of metals in the water are highly dynamic, being influenced by abiotic factors among which the water flow. Nevertheless, the water concentrations of Hg at RIO as well as Cu at RIO, LAR and GAF, can lead to damage in aquatic species considering they were higher than the US EPA (2006) estimated highest concentration to which an aquatic community can be exposed indefinitely without resulting in an unacceptable effect.

The bioavailability of a metal does not necessarily lead to harmful effects in organisms since they evolved defence mechanisms which allow them to decrease metal reactivity in cells. Among those defences, MT are considered as the most suitable biomarker for Cd, Cu, Zn and Hg exposure [START_REF] Hylland | Natural modulation of hepatic metallothionein and cytochrome P4501A in flounder, Platichthys flesus[END_REF], reflecting bioavailability and tissue pharmacokinetics of metal uptake [START_REF] Handy | A proposal for the use of biomarkers for the assessment of chronic pollution and in regulatory toxicology[END_REF]. In this perspective, the study of L. aurata liver MT becomes highly relevant, taking into account that liver is the main metal accumulating organ in this species [START_REF] Usero | Heavy metals in fish (Solea vulgaris, Anguilla anguilla and Liza aurata) from salt marshes on the southern Atlantic coast of Spain[END_REF]. However, despite the known presence of metals in Ria de Aveiro and the suitability of fish MT as biomarkers of exposure to metals, the studies focusing on environmental metal concentrations and fish MT concentrations are very scarce.

Measurable (constitutive) concentrations of MT are always expected even in uncontaminated sites, due to MT homeostatic role in transferring essential elements to and from metalloproteins. The observed MT concentrations ranged from 45.6 to 627.7 (µg.g -1 wet weight), being in the same order of magnitude of the MT concentrations found in other species. For example, [START_REF] Zorita | Assessment of biological effects of environmental pollution along the NW Mediterranean Sea using red mullets as sentinel organisms[END_REF] found MT concentrations in red mullets (Mullus barbatus) between 100 and 710 (µg.g -1 wet weight). However, the current hepatic MT concentrations were much lower than in L. aurata from Eastern Adriatic coastal zone (2320 µg.g -1 wet weight) [START_REF] Filipovic | Metallothionein and metal levels in cytosol of liver, kidney and brain in relation to growth parameters of Mullus surmuletus and Liza aurata from the Eastern Adriatic Sea[END_REF].

Differences may be linked with different age, weight and size of the surveyed specimens. Supporting this hypothesis, a positive and statistically significant correlation between L. aurata total length and body weight with MT and metals in liver cytosol was found by the authors [START_REF] Filipovic | Metallothionein and metal levels in cytosol of liver, kidney and brain in relation to growth parameters of Mullus surmuletus and Liza aurata from the Eastern Adriatic Sea[END_REF].

In the current study, MT concentrations were higher at the sites displaying the highest metal concentrations, supporting its usefulness in environmental monitoring even in complex environments where interference of other xenobiotics can be found. MT use as biomarker of response to metals exposure is more sensitive to metals such Cd and Hg and to a much lower extent to essential metals [START_REF] Olsvik | Brown trout (Salmo trutta) metallothioneins as biomarkers for metal exposure in two Norwegian rivers[END_REF]Banni et al., 2007;Atli and Canli, 2008;) which have their cytosolic concentrations closely regulated through homeostatic mechanisms often binding to structures other than MT [START_REF] Laflamme | Interrenal metallothionein and cortisol secretion in relation to Cd, Cu, and Zn exposure in yellow perch, Perca flavescens, from Abitibi lakes[END_REF][START_REF] Langston | Metallothionein in liver of eels Anguilla anguilla from the Thames Estuary: an indicator of environmental quality?[END_REF][START_REF] Linde | Phenomenon of hepatic overload of copper in Mugil cephalus: Role of metallothionein and patterns of copper cellular distribution[END_REF]. In this perspective, other sulfhydryl group containing substances such as GSH may also play an important role in cellular protection against metal cytotoxicity [START_REF] Viarengo | Mechanisms of heavy metal cation homeostasis in marine invertebrates[END_REF][START_REF] Oliveira | Glutathione protects heavy metalinduced inhibition of hepatic microsomal ethoxyresorufin O-deethylase activity in Dicentrarchus labrax L[END_REF]. Nevertheless, a high positive correlation of MT and Cu cytosolic concentrations was found in liver of L. aurata [START_REF] Filipovic | Metallothionein and metal levels in cytosol of liver, kidney and brain in relation to growth parameters of Mullus surmuletus and Liza aurata from the Eastern Adriatic Sea[END_REF]. Moreover, considering the complex environment that is an estuary, the combined effects of other xenobiotics should also be considered as demonstrated by [START_REF] Romeo | Metallothionein determination in the liver of the sea bass Dicentrarchus labrax treated with copper and B(a)P[END_REF] and [START_REF] Van Den Hurk | Interactive effects of cadmium and benzo[a]pyrene on metallothionein induction in mummichog (Fundulus heteroclitus)[END_REF]. Despite the demonstration that simultaneous exposure to metals such as Cd and PAHs may yield higher MT concentrations than metal exposure alone, our study clearly shows MT induction in environments with high metal concentrations (RIO and LAR) and low concentrations in sites with low metal concentrations (TOR, BAR and VAG). The previous (and only available study) on MT concentrations of L. aurata caught at Ria de Aveiro (Oliveira et al., 2009a), showed higher gill MT concentrations at LAR and suggested that this site was the most contaminated with metals. Moreover, no significant differences to TOR were found in that study in MT concentrations from RIO. These results seem to confirm that the hepatic MT concentrations are more reliable to the environmental metal contamination assessment than gill MT.

Relation between MTs and abiotic factors

The multiple regression analyses showed that the assessed metals and hydrological parameters grouped in components 1 and 2 could explain 98.2 % of the variability of MTs. Thus, salinity, temperature, Cd in the sediments Hg, Cu and Zn in water were responsible for 77% of MT variability.

Of these parameters, linear regression analyses signalled as more correlated Cd in the sediments, Cu and Hg in water and salinity (inversely). It has been generally accepted that the toxicity of certain metals to aquatic animals is influenced by ambient salinity. Thus, metals are usually more toxic at low salinities probably associated with increased uptake rates, as a result of an increase in free metal ion concentrations. In this perspective, a highly significant negative correlation between MT and salinity was also found in the Brazilian flounder (Paralichthys orbignyanus) collected from an estuary (Amado et al., 2006). Thus, a determinant role of salinity in the metal bioavailability can be on the basis of the negative correlation currently found between that abiotic parameter and hepatic MT. However, a definitive linkage between these variables is complicated by the occurrence of different patterns of contamination and salinity levels in the sites under comparison.

Thus, the usefulness of L. aurata hepatic MT as biomarkers of metal exposure was demonstrated in fish caught at Ria de Aveiro despite the known ability of other xenobiotics to interfere in MT concentrations and the known existence of different type of xenobiotics in Ria de Aveiro.

Conclusions

High concentrations of metals can be found in the sediments and water of Ria de Aveiro which may result in pernicious effects to aquatic organisms.

The highest concentrations of metals in the sediments and water were found in LAR and RIO. Thus, in sediments, LAR for Zn, Cu and Hg and RIO for Cd The results of the current study suggest continued monitoring of Ria de Aveiro. 
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 1 Figure 1 -Map of the sampling sites ( ) in the Ria de Aveiro. The respective coordinates (latitude, longitude) are: reference site -Torreira (TOR)
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 23 Figure 2 -Hepatic metallothionein (MT) of L. aurata collected at different sites in Ria de Aveiro. Values represent mean ± standard error (n=6). Distinct
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 I Environmental characterization: hydrological parameters and metals concentrations in water and sediments. Distinct letters indicate significant differences between sites (p<0.05).