Interactive effects of temperature and copper on immunocompetence and disease susceptibility in mussels (Mytilus edulis)
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Abstract

The interactive effects of temperature and copper on immune function and consequently disease susceptibility of the marine mussel, Mytilus edulis were investigated. Two studies were carried out, the first involved sequential exposure to copper at 0.02 and 0.05 ppm followed by the bacterium Vibrio tubiashii. In the second study, mussels were simultaneously exposed to copper and V. tubiashii. Both studies were carried out at 10 and 15 °C, to ascertain whether temperature had an additional effect on immunocompetence. A multi-assay approach was used to obtain an overall view of immune function in the mussels. Assays carried out included total and differential haemocyte counts, production of intracellular superoxide and phagocytosis by haemocytes. Data are presented showing significant effects on immune parameters of sequential and simultaneous exposure to copper and V. tubiashii at 10 and 15 °C. Each of the factors considered were shown to have a significant effect on at least one of the immune parameters measured. There were also significant effects due to the interaction of these factors. The response of total and differential blood cell counts to copper were shown to alter, if mussels were exposed in a sequential manner as opposed to simultaneous exposure. The results confirmed that the immune system of M. edulis is susceptible to copper at relatively low concentrations. Furthermore, the effects of copper alter with environmental variables, including temperature and the presence of a potential pathogen. The complexity of the interactions demonstrate that extrapolation of data obtained from single stressor studies into field situations could give a misleading picture.
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1. Introduction

Coastal marine organisms are at risk of exposure to a wide variety of potentially toxic pollutants. Although natural constituents of seawater, metals can be present locally at high concentrations resulting from natural or anthropogenic sources. Concentrations of metals in coastal seas vary with season due to runoff fluctuations and also vacillate with tidal cycle and depth. The toxicity of heavy metals to marine organisms varies within, as well as, between species—depending upon local conditions, such as salinity, temperature and the presence of other contaminants (Maung Myint and Tyler, 1982). Toxicity can also alter with life history stages and the physicochemical form of the metal. Thus, as threshold toxicity alters with changes in environmental parameters, it is difficult to set a sub-lethal threshold exposure level. Some heavy metals, such as copper, are essential to the normal function of organisms, being components of several enzymes including tyrosinase and cytochrome oxidase ( Scott and Major, 1972). However, although essential for normal metabolism in all marine organisms, at elevated levels copper is one of the most toxic heavy metals. Reports of copper levels in relatively unpolluted UK coastal waters show wide variation, from as low as 1.4 up to 8 ppb (Davenport and Redpath, 1984) and in heavily polluted areas up to 3 ppm (Lewis and Cave, 1982). Copper enters marine and estuarine waters from municipal waste outfalls, mining and industrial effluents, sediment dredging and, of increasing importance, leaching form antifouling paints.

The sedentary nature and longevity of marine mussels, Mytilus edulis, together with their filter feeding and near-shore habitat combine to ensure that they have the potential for considerable exposure to pollutants. The organ system of molluscs is bathed with circulating haemolymph, this open system is continually exposed to environmental contaminants and bacteria. During feeding, bivalves may ingest many species of bacteria, which can provide a substantial proportion of carbon and nitrogen requirements in their diet (McHenery and Birbeck, 1986). However, some species of bacteria can be facultatively pathogenic to immunosuppressed animals. Species of Vibrio are an important cause of disease in cultured fish and juvenile shellfish, with reports of vibriosis in commercial operations referring almost entirely to infections of juvenile bivalves, indicating that spat become more resistant to infection as they grow older (Nottage and Birbeck, 1990). The decrease in Vibrio infection with age is thought to be due to development of the internal defence system; however, there is concern that environmental pollution may increase the susceptibility of adult bivalves. Sindermann (1990) found that high temperature stress (above 18 °C) accompanied by Vibrio infections caused mortalities of Crassostrea gigas. Myrand et al. (2000) demonstrated that summer mortality seen in M. edulis was related to weakened body condition after major spawning, these mass mortalities occurred at temperatures above 20 °C.

The central role of the immune system is recognition of self and discrimination against non-self elements. The primary mechanism of internal defence for mussels involves phagocytosis, incorporating the release of reactive oxygen metabolites and degradative enzymes, as well as, the secretion of cytotoxic molecules (Pipe and Coles, 1995; Charlet et al., 1996 and Hubert et al., 1996). Although the immune system was long considered to be autonomous in both regulation and action, recent data suggests that a reciprocal interaction occurs between the nervous, endocrine and immune system ( Koller, 1990). These links serve to increase the complexity of the immune system and make it potentially more sensitive to environmental stressors. Exposure to environmental chemicals or their metabolites may result in suppression or enhancement of the immune system.

Pipe and Coles (1995) reviewed the effects of contaminants on immune function and disease susceptibility in bivalves. This review also presented a preliminary study investigating the effect on immune parameters in mussels of exposure to Vibrio tubiashii following pre-exposure to copper and cadmium and indicated this pre-exposure caused increased mortalities and immune suppression. The aim of the present study was to investigate the interactive effects of both temperature and copper on immune function and consequent disease susceptibility in the marine mussel, M. edulis. The exposure levels of copper were close to published data for environmental levels. A multi-assay approach was used to obtain an overall view of immune competence in the mussels.

2. Materials and methods

Two studies were carried out examining interactive effects, the first involving a 3-day exposure to the bacterial pathogen V. tubiashii following 7-day pre-exposure to copper. The second study exposed the mussels to V. tubiashii in conjunction with copper for 7 days, followed by either 3 days of depuration or an additional 3 days of Vibrio exposure. The studies were carried out at two temperatures to ascertain whether this had an additional effect on immune function and disease susceptibility.

Specimens of M. edulis, 4–5 cm in length, were collected from Whitsand Bay, Cornwall in June and July 1997. Epiphytes and other encrusting organisms were removed from the shells. For each study, 80 mussels were allocated to each of six seawater conditioned polypropylene tanks (28 cm × 45 cm × 15 cm) containing 8 l of aerated filtered seawater, which was changed daily. For the duration of the experiments, the mussels were fed 1 l of Isochrysis galbana per tank per day, 1 h prior to water renewal.

2.1. Exposure to Vibrio following pre-exposure to copper

Mussels were dosed with copper, as aqueous copper sulphate (Aldrich volumetric standard) at concentrations of 0.02 and 0.05 ppm, together with a control tank to which no copper was added. The copper was added to the tanks daily when the seawater was renewed. The study was carried out in constant temperature rooms at 10 and 15 °C. After 7 days, the mussels were transferred to smaller tanks (to maintain the ratio of mussels to seawater), the copper dosing continued as for the previous 7 days; however, for the final 3 days, mussels in one tank of each copper treatment were also exposed to V. tubiashii. The bacteria were added to obtain a final concentration of 1 × 107 cells per millilitre of seawater, 4 h after the seawater had been renewed.

2.2. Simultaneous exposure to copper and Vibrio

Conditions were as previously described. However, for the first 7 days, all the tanks were also dosed with V. tubiashii to obtain a final concentration of 4.5 × 106 cells per millilitre of seawater, 4 h after the water had been changed. On day 7, mussels in each treatment were transferred to smaller tanks, mussels in one tank of each copper treatment continued to be exposed to V. tubiashii whilst those in the other tank were not dosed with Vibrio.

2.3. Assays

Haemolymph (0.5 ml) was extracted from the posterior adductor muscle (from 12 mussels per treatment per assay) using a 2.5 ml syringe with a 21-gauge needle.

2.3.1. Total and differential counts

Samples of haemolymph were withdrawn into an equal volume of Baker’s formol calcium, containing 2% sodium chloride. Total cell counts were performed using a haemacytometer (improved Neubauer). Blood cells were prepared for differential counts using a cytocentrifuge (Shandon, UK) with 100 μl of haemolymph. Cells were then post-fixed in methanol for 3 min, stained with Wrights stain (diluted 1:4 with 0.05 M Tris-buffered saline (TBS), pH 7.6) for 5 min, rinsed in water, air dried and mounted in Canada balsam. Relative numbers of eosinophils and basophils were calculated by counting 200 blood cells from each animal.

2.3.2. Reduction of nitroblue tetrazolium (NBT)

Mussel haemolymph was withdrawn into an equal volume of 0.05 M TBS, pH 7.6 containing 2% sodium chloride. Aliquots of 100 μl were pipetted into microplate wells in replicates of six. An equal volume of nitroblue tetrazolium salt, 2 mg ml−1 TBS, was added to three replicate wells of each of the haemolymph samples. NBT containing 300 units per millilitre of superoxide dismutase (SOD) from horseradish was added to the remaining three wells. NBT (100 μl) with 100 μl TBS and NBT plus SOD (100 μl) with 100 μl TBS were pipetted into replicates of three wells to act as blank control samples. The foil-covered plates were incubated at room temperature for 30 min after which they were centrifuged at 120 × g for 10 min, washed twice in 100 μl TBS and fixed in methanol for 10 min. The plates were then spun at 300 × g for a further 10 min, the supernatant discarded and the wells air dried. After a further five washes in 50% methanol, the cells were solubilised for 15 min using 140 μl of dimethyl sulphoxide (DMSO) (Sigma Chem. Co.) and 120 μl of 2 M KOH. The plates were read using a 620 nm filter and the results expressed as SOD inhibitable intracellular superoxide per milligram haemocyte protein. Duplicate microplates were analysed to assess protein content of the haemolymph samples so that results could be expressed with respect to protein levels.

2.3.3. Phagocytosis

Haemolymph was withdrawn into an equal volume of TBS buffer, aliquots of 50 μl of each sample were pipetted into four replicate microplate wells. An equal volume of neutral red stained, heat-stabilised zymosan (Sigma Chem. Co.) suspension (Pipe et al., 1995a), containing 1 × 107 particles per millilitre in buffer, was added to each well. Aliquots of zymosan suspension in TBS alone, were used as controls and aliquots of fixed cells in zymosan suspension were used as blanks. The microplates were incubated for 30 min at 20 °C, and the process was stopped by adding 100 μl aliquots of Baker’s formol calcium, containing 2% NaCl, to each well. The plates were then centrifuged at 70 × g for 5 min and washed several times in buffer. Suspensions of known zymosan concentrations were aliquoted (50 μl) to duplicate wells just prior to the last centrifugation to provide a standard curve. Acetic acid (1%) in 50% ethanol (100 μl) was added to each well to solubilise the haemocytes, and the plate incubated at 20 °C for 30 min, the OD was then read at 550 nm. Duplicate microplates were analysed to assess protein content of the haemolymph samples so that the results could be expressed with respect to protein levels. The results were expressed as zymosan concentration phagocytosed per milligram of haemocyte protein.

2.3.4. Protein content analysis

The protein content of haemolymph samples was analysed using a bicinchoninic acid (BCA) protein assay (Pierce Chem. Co). In these assays, haemolymph was withdrawn into an equal volume of TBS buffer, aliquots of 50 μl of each sample were pipetted into a microplate well. An equal volume of 1% CHAPS was added to each well and the plates incubated at 30 °C for 30 min. Aliquots (10 μl) of each digested sample were then transferred into three replicate wells. A standard curve was prepared using bovine serum albumin. Aliquots of TBS alone were used as blanks and 200 μl of the BCA working reagent added to every well. Plates were incubated at 30 °C for 30 min, after which the OD was read at 550 nm.

2.3.5. Statistical analysis

Results of all assays were analysed using the three-way analysis of variance (SYSTAT) and interactions were analysed using Tukey multiple comparison tests. Data were expressed throughout as the mean ± 1 standard error. Significant differences were observed using alpha levels of 0.05 or below.

3. Results

3.1. Exposure to Vibrio following pre-exposure to copper

3.1.1. Total blood cell counts

When the results from the copper and Vibrio exposure were pooled, it was shown that mussels exposed at 10 °C had significantly (P < 0.000) fewer circulating haemocytes (2.68 × 106 ± 1.00 × 105) compared with those exposed at 15 °C (3.21 × 106 ± 1.18 × 105) (values are means n = 72 ± 1 standard error). When the results from the different temperatures and Vibrio treatments were pooled (Fig. 1a), exposure to low levels of copper (0.02 ppm) was shown to significantly increase the number of circulating haemocytes but exposure to higher levels (0.05 ppm) decreased the numbers (P < 0.000). When the results from the different copper treatments and temperatures were pooled no statistically significant difference was seen between Vibrio treatments.
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Fig. 1. (a) The effect of exposure to copper on the number of circulating haemocytes in mussels, M. edulis. Values are means (n = 48) with 1 standard error. (b) The effects of exposure to copper and V. tubiashii on the number of circulating haemocytes in mussels, M. edulis. Values are means (n = 24) with 1 standard error.

The three-way ANOVA demonstrated an interactive effect of copper and bacteria on the total number of circulating haemocytes when the results from the two temperatures were pooled (Fig. 1b). Mussels exposed to 0.02 ppm copper for 7 days, and then exposed to Vibrio had a significantly (P < 0.05) higher number of circulating haemocytes compared with mussels in all the other treatments. Control mussels, without Vibrio exposure, had a significantly (P < 0.05) higher number of haemocytes compared with all other treatments except for the 0.02 ppm copper treatment followed by Vibrio. The general trend for this interaction, with the exception of 0.02 ppm copper dosage followed by 3 days of Vibrio exposure, was for a significant dose dependant decrease in number of circulating haemocytes with increasing copper dosage.

A significant (P < 0.004) interaction (three-way ANOVA) between copper levels, temperature and bacterial dosing regime was also observed (Fig. 2). Mussels exposed at 15 °C to 0.02 ppm copper and subsequently Vibrio showed the highest number of circulating haemocytes. The levels were significantly (P < 0.05) higher than mussels exposed at 10 °C to 0.02 and 0.05 ppm copper for 10 days with no Vibrio, control mussels only exposed to Vibrio for 3 days and mussels exposed to 0.05 ppm copper (15 °C) followed by Vibrio. Mussels exposed at 15 °C to 0.05 ppm copper, and then Vibrio also had significantly (P < 0.05) fewer circulating haemocytes compared with both the mussels exposed to 0.02 ppm copper at 15 °C, and the control mussels not exposed to Vibrio and kept at 10 °C.
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Fig. 2. The effect of exposure to copper, V. tubiashii and temperature on the number of circulating haemocytes in mussels, M. edulis. Values are means (n = 12) with 1 standard error.

3.1.2. Differential blood cell counts

The three-way ANOVA demonstrated that there was a significant (P < 0.000) effect of copper alone, when the temperature and Vibrio effects were combined. The percentage of basophilic haemocytes in mussels exposed to 0.02 ppm of copper showed a significant reduction compared with the controls (Fig. 3a), exposure to 0.05 ppm of copper resulted in an increase in the percentage (P < 0.000) of basophils. When the Vibrio treatments were pooled, there was also a significant (P < 0.000) interaction between copper levels and temperature (Fig. 3b). Mussels exposed to 0.05 ppm copper at 10 °C had a significantly (P < 0.05) higher percentage of circulating basophils than mussels in any other treatment. Control mussels at 10 °C had a significantly lower percentage of basophils than control mussels at 15 °C, and mussels exposed to 0.05 ppm copper at both 10 and 15 °C.
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Fig. 3. (a) The effects of exposure to copper on the percentage of basophilic staining haemocytes from mussels, M. edulis. Values are means (n = 48) with 1 standard error. (b) The effects of exposure to copper and V. tubiashii on the percentage of basophilic staining haemocytes from mussels, M. edulis. Values are means (n = 24) with 1 standard error.

3.1.3. Reduction of nitroblue tetrazolium

The three-way ANOVA demonstrated that when the Vibrio dosing regimes were pooled there was a significant (P < 0.017) interaction between exposure to copper and temperature, on the level of intracellular superoxide produced by mussel haemocytes (Fig. 4). Control mussels at 10 °C showed significantly (P < 0.05) higher production of superoxide than control mussels at 15 °C.
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Fig. 4. The effect of temperature and exposure to copper on the levels of SOD inhibitable superoxide produced by haemocytes of mussels, M. edulis. Values are means (n = 24) with 1 standard error.

3.1.4. Phagocytosis

When the other parameters were pooled, the three-way ANOVA demonstrated that temperature alone significantly (P < 0.000) altered the level of phagocytosis (Fig. 5a). There was a significantly (P < 0.000) higher level of phagocytosis at 15 °C compared with mussels kept at 10 °C. The concentration of copper was shown to significantly (P < 0.000) affect phagocytosis when the results of Vibrio exposure and temperature were combined (Fig. 5b). Exposure to 0.02 ppm copper resulted in increased levels of phagocytosis whilst mussels exposed to 0.05 ppm showed reduced levels. The ANOVA also demonstrated a significant (P < 0.000) interaction effect of copper and bacterial dosing regime (Fig. 5c). Mussels exposed to 0.02 ppm copper and Vibrio had significantly (P < 0.05) higher levels of phagocytosis than all other treatments whereas mussels exposed to 0.05 ppm copper and Vibrio had a significantly reduced level of phagocytosis than all other treatments except for the control mussels not exposed to Vibrio. Significant (P < 0.023) interaction effects also occurred between all three parameters, copper, temperature and Vibrio dosing regime (Fig. 6). Mussels treated with 0.02 ppm copper and Vibrio at 15 °C had a significantly (P < 0.05) higher level of phagocytosis than mussels exposed to any other treatment, at both temperatures. Mussels treated with 0.02 ppm copper and Vibrio at 10 °C, as well as, mussels treated at 15 °C with 0.05 ppm copper but no Vibrio had significantly (P < 0.05) higher levels of phagocytosis compared with control mussels at 10 °C. Mussels exposed at 15 °C to 0.05 ppm copper but not to Vibrio had a significantly (P < 0.05) higher level of phagocytosis than those exposed to Vibrio.
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Fig. 5. (a) The effect of temperature on the level of phagocytosis of zymosan particles by haemocytes from mussels, M. edulis. Values are means (n = 72) with 1 standard error. (b) The effects of exposure to copper on the levels of phagocytosis of zymosan particles by haemocytes from mussels, M. edulis. Values are means (n = 48) with 1 standard error. (c) The effects of exposure to copper and V. tubiashii on the levels of phagocytosis of zymosan particles by haemocytes from mussels, M. edulis. Values are means (n = 24) with 1 standard error.

	
	Full-size image (10K)


Fig. 6. The effects of exposure to copper, V. tubiashii and temperature on the phagocytosis of zymosan particles by haemocytes from mussels, M. edulis. Values are means (n = 12) with 1 standard error.

3.2. Simultaneous exposure to copper and Vibrio

3.2.1. Total blood cell counts

When the other parameters were pooled, copper alone was shown to have a significant (P < 0.002) effect (three-way ANOVA) on the number of circulating haemocytes (Fig. 7a) with 0.02 ppm, resulting in lower numbers of blood cells and 0.05 ppm increasing the numbers. The ANOVA also demonstrated a significant (P < 0.005) interaction effect between copper and temperature, when the Vibrio treatments were pooled (Fig. 7b). Mussels exposed to 0.02 ppm copper at both 10 and 15 °C had significantly (P < 0.05) lower total blood cell counts compared with mussels exposed to 0.05 ppm copper at 10 °C and control mussels at 15 °C.
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Fig. 7. (a) The effects of exposure to copper on the number of circulating haemocytes in mussels, M. edulis. Values are means (n = 48) with 1 standard error. (b) The effects of temperature and exposure to copper on the levels of circulating haemocytes in mussels, M. edulis. Values are means (n = 24) with 1 standard error.

3.2.2. Differential blood cell counts

The three-way ANOVA demonstrated that there was a significant (P < 0.000) effect of temperature alone (Fig. 8a). When the effects of copper and Vibrio were pooled, the relative percentages of basophils in mussel haemolymph was significantly (P < 0.000) lower in mussels exposed at 15 °C compared with those exposed at 10 °C. Exposure to copper resulted in significant (P < 0.001) changes in the percentage of circulating basophils (Fig. 8b). Exposure to 0.02 ppm copper decreased the relative proportions of basophils, but exposure to 0.05 ppm increased the levels.
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Fig. 8. (a) The effects of temperature on the percentage of basophilic staining haemocytes from mussels, M. edulis. Values are means (n = 72) with 1 standard error. (b) The effects of exposure to copper on the percentage of basophilic staining haemocytes from mussels, M. edulis. Values are means (n = 48) with 1 standard error.

3.2.3. Reduction of nitroblue tetrazolium

When copper and Vibrio treatments were pooled, temperature alone was shown to have a significant (P < 0.004) effect on intracellular superoxide production. The level of intracellular superoxide produced by mussel haemocytes was significantly higher at 15 °C compared with mussels exposed at 10 °C (Fig. 9).

	
	Full-size image (4K)


Fig. 9. The effects of temperature on the levels of SOD inhibitable superoxide production by haemocytes from mussels, M. edulis. Values are means (n = 72) with 1 standard error.

3.2.4. Phagocytosis

No significant differences in phagocytic ability of the mussel haemocytes were detected in the different treatments.

3.2.5. Mortalities

There were three mortalities in mussels exposed to Vibrio for the entire duration of the experiment, and two in those exposed to Vibrio after pre-exposure to copper.

4. Discussion

The results obtained lend support to the view that a relationship exists between pollution and immunomodulation in aquatic invertebrates. The present study demonstrates that natural environmental variables, such as temperature and the presence of an opportunistic pathogen, can affect defence-related activities of blood cells. It has been shown previously that particular contaminants have different effects on specific aspects of cellular and humoral immune function (Coles et al., 1994 and Coles et al., 1995; Fisher and Tamplin, 1988; Grundy et al., 1996; McCormick-Ray, 1987; Oliver et al., 2001 and Pipe and Coles, 1995). Different contaminants or even different concentrations of the same contaminant can provoke diverse haemocyte responses, which can be further modified by environmental factors or concurrence with other chemicals ( Cajaraville et al., 1996).

Although the number of circulating haemocytes in mussels fluctuates greatly, a positive correlation with stress levels has been demonstrated (Renwrantz, 1990). The numbers of circulating haemocytes in bivalves may change during the reproductive cycle, as well as, resulting from changes in salinity, temperature or food availability ( Cajaraville et al., 1996 and McCormick-Ray, 1987). The blood cells of mussels can be divided into sub-populations on the basis of morphology and staining characteristics, and contaminants have been shown to alter the relative proportions of the different haemocyte types in bivalve molluscs ( Pipe et al., 1995b). The sub-populations have different functions in M. edulis, the eosinophils are largely responsible for phagocytosing particulate matter and for the release of degradative enzymes or reactive oxygen metabolites. Previous studies have shown that an increase in the number of circulating haemocytes, in response to exposure to environmental toxicants, is one of the most commonly observed changes (Pipe and Coles, 1995). A study on mussels in the Venice Lagoon provided some indication that high levels of heavy metals in mussels correlated with raised blood cell counts ( Pipe et al., 1995b). In contrast, exposure of M. edulis to cadmium decreased the total level of blood cells, although there was no effect on the relative proportions of eosinophilic to basophilic cells (Coles et al., 1995). Novoa et al. (1998) found that inoculation of carpet-shell (Ruditapes decussates) and manila clams (R. philippinarum) with Vibrio tapetis resulted in an increase in haemocyte numbers. An initial investigation by Pipe and Coles (1995) found pre-exposure to copper followed by exposure to V. tubiashii led to an increase in the number of circulating haemocytes compared with mussels not exposed to Vibrio, and the proportion of eosinophils in the circulating haemolymph was also depressed. In the present study, a 5 °C rise in temperature caused an increase in the total number of circulating haemocytes when mussels were pre-exposed to copper, and then to Vibrio, and in addition to this the percentage of basophils also increased. In both the studies, mussels exposed at each temperature showed an elevated number of circulating haemocytes when exposed to low levels of copper, but exposure to higher levels lead to a decrease. The relatively rapid response of increased haemocyte numbers to low levels of the contaminant, suggests that the bacterial challenge caused a release of haemocytes from the tissues, rather than stimulating proliferation of the blood cells (Pipe and Coles, 1995). However, when the mussels were simultaneously exposed to Vibrio and 0.02 ppm copper, the number of circulating haemocytes decreased and then increased again at 0.05 ppm copper. The decrease in haemocyte numbers may be due to reduced haemopoeisis or migration of haemocytes from the circulatory system into the tissues. Enhanced infiltration of haemocytes in to connective tissue of various organs has been described in several marine molluscs under stress conditions (Cajaraville et al., 1996).

One of the mechanisms available to bivalve molluscs for killing invading pathogens involves the release of highly reactive oxygen metabolites (Pipe, 1992). The haemocytes of a number of molluscan species have been shown to produce reactive oxygen metabolites including superoxide anion radicals (O2−) and hydrogen peroxide (H2O2) (Pipe et al., 1993). The nitroblue tetrazolium assay measures and quantifies the intracellular production of SOD inhibitable reactive oxygen metabolites by mussel haemocytes. Coles et al. (1994) demonstrated a dose-dependent increase in the release of the superoxide anion by M. edulis haemocytes in response to fluroanthene exposure. Cajaraville et al. (1996) also found that production of reactive oxygen metabolites was higher in mussels collected from polluted sites compared with those collected from clean sites. However, exposure of M. edulis to cadmium did not significantly alter the production of superoxide radicals by immune cells (Coles et al., 1995). Similarly, pre-exposure to copper at 10 °C, in the present study, did not significantly affect the levels of superoxide anion produced by mussel haemocytes. Mussels exposed at 15 °C to copper and Vibrio simultaneously showed increased levels of SOD inhibitable superoxide production. Mussels which were pre-exposed to copper for 7 weeks, and then challenged with Vibrio showed lower levels of NBT reduction by the haemocytes (Pipe and Coles, 1995). This indicates that there is a stimulation of production of intracellular superoxide after prolonged exposure to Vibrio and exposure at elevated temperatures.

Phagocytosis is the principal mechanism of bacterial clearance in molluscs. Inhibitory effects of pollutants on phagocytosis have also been recorded, Grundy et al. (1996) found that exposure to polycyclic aromatic hydrocarbons (PAHs) inhibited phagocytosis by M. edulis haemocytes and suggested that the change was due to altered membrane permeability. Cheng (1989) found that in vivo exposure to copper reduced the phagocytic index of Crassostrea virginica haemocytes. In general, laboratory experiments have demonstrated increased phagocytic indices following short term, low level, contaminant exposure but values have tended to decline with higher concentrations or prolonged exposure (Pipe and Coles, 1995). Dyrynda et al. (1998) found no significant alterations in levels of phagocytosis in mussels collected from sites with histories of severe contaminant problems compared with relatively clean reference sites. In the present study when considering each parameter independently at both 10 and 15 °C, mussels in the pre-exposure study control groups, which were exposed to Vibrio demonstrated increased phagocytosis of zymosan. This response was increased by exposure to 0.02 ppm copper and further increased again by subsequently exposing these mussels to Vibrio. However, pooling the Vibrio and temperature data clearly showed that when the mussels were exposed to the higher level of copper, then phagocytosis was reduced. There was also a temperature effect on phagocytosis with a significant increase at the higher temperature. Carballal et al. (1997) also demonstrated that the phagocytic ability of Mytilus galloprovincialis was depressed at 10 °C, this was thought to be due to decreased haemocyte locomotion. Fisher and Tamplin (1988) and Chu and La Peyre (1993) also showed this to be the case for the haemocytes of C. virginica. Mussels incubated with Vibrio throughout the exposures showed no significant differences in phagocytosis between treatments, levels generally being low, again supporting the findings of Pipe and Coles (1995).

5. Conclusion

In the present study, only three environmental parameters have been considered, in field situations there are many more parameters, which may be interacting at any one time. Each stressor altered some aspect of immune function and in combination the effects on immunomodulation become rather complex. It does not necessarily follow that an increase in the percentage of circulating phagocytic eosinophilic cells results in a concurrent rise in the level of phagocytosis or release of superoxide radicals. The relative proportion of eosinophilic cells was reduced following exposure to high temperatures; however, the levels of SOD inhibitable intracellular superoxide produced by haemocytes was increased following exposure to copper and Vibrio at the higher temperature. Phagocytosis was stimulated at lower levels of copper exposure and inhibited at higher exposure levels, a pattern also seen in the number of circulating haemocytes. These results demonstrate the need for a multi-assay approach when studying immune function, since extrapolation of results could portray a misleading picture of immune competence.

The study demonstrates that the immune system of mussels is susceptible to copper concentrations at relatively low levels. The effects of the copper vary according to other environmental variables; in this case, temperature and the presence of a potential pathogen. The results show that interpretation of sub-lethal effects of contaminants obtained from single stressor studies needs to be done with care as the conditions of the contaminant exposure can affect the results significantly.
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