Changes in the immune response and metabolic fingerprint of the mussel, Mytilus edulis (Linnaeus) in response to lowered salinity and physical stress
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Abstract

Mussels, such as Mytilus edulis, are common keystone species on open coasts and in estuaries and are frequently used in environmental monitoring programmes. Mussels experience a wide range of environmental conditions at these locations, including rapid changes in salinity and physical disturbance (both natural and from aquaculture practices).

This paper addressed the hypothesis that reduced salinity will lower mussel blood immune function and influence mussel blood metabolic responses, and that this will in turn increase the susceptibility of mussels to other stresses such as physical disturbance. To test these hypotheses, experiments were conducted in controlled laboratory tank conditions and mussel blood was analysed using a combination of metabolic fingerprinting with FT-IR and immunological assay techniques.

Reducing seawater salinity to half that of normal caused a significant reduction in several measures of immune function, including the concentration of haemocytes, percentage of eosinophilic haemocytes and phagocytosis. Mechanical shaking of mussels for 10 min caused a reduction in the level of respiratory burst activity. However, there was no evidence of additive or interactive effects of lowered salinity with shaking on the immune response. Analysis of mussel blood metabolic fingerprints revealed differences in response to half salinity (vs. full salinity) but there were no detectable effects of shaking. Increasing frequency and magnitude of flood events at coastal sites due to climate change could lead to longer, and more frequent, periods of reduced salinity. The potential impact on the immune function of this keystone species within or near estuaries could have knock-on effects on the wider ecosystem including altered nutrient cycling, changes in biodiversity and aquaculture production.
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1. Introduction

Mussels, such as Mytilus edulis are common bivalve species in and around estuaries throughout the world and are an important food source for humans both in local populations (Kyle et al., 1997) and commercially. The worldwide catch of marine molluscs in 2004 was 2.05 million tons, 50% of which consisted of M. edulis representing 6% of all aquaculture production (FAO, 2006). Additionally, mussels also provide an important habitat for other invertebrates and algae (Seed, 1996) increasing local biodiversity as well as performing a range of other important ecosystem functions in their role as filter feeders (Ostroumov, 2005), by increasing primary productivity (Pfister, 2007) and nutrient cycling (Prins and Smaal, 1994). Their longevity, sessile nature, filter feeding activity, ability to accumulate toxins and global distribution has made them a popular organism for use in biomonitoring programmes ([Goldberg, 1986], [Widdows and Donkin, 1992] and [Beliaeff et al., 1997]).

Salinity is potentially a major environmental driver of mussel health. Reduced salinity is known to influence several metabolic and physiological parameters in mussels including heart rate ([Bakhmet et al., 2005] and [Braby and Somero, 2006]), respiration (Stickle and Sabourin, 1979), energy acquisition (Gardner and Thompson, 2001) and growth rate (Westerbom et al., 2002) leading to potentially important implications for the health of the animal (Oliver, 2007). For example, bivalve blood cells (haemocytes), which carry out immune defence principally by phagocytosis, are influenced by acute changes in salinity. Increased salinity has been shown to inhibit haemocyte circulation and locomotion (Fisher, 1988) while decreased salinity results in greater haemocyte mortality (Gagnaire et al., 2006).

Environmental stresses rarely occur in isolation and stress from natural and anthropogenic physical disturbance is also known to affect the immune function of bivalves. In aquaculture, physical stresses such as handling or shaking during relaying and sorting procedures significantly affect immunological responses ([Lacoste et al., 2001] and [Lacoste et al., 2002]). However, the effects of stress are frequently studied in isolation, while their combined effects are less well known, in particular whether reduced salinity increases the susceptibility of mussels to other forms of stress such as physical disturbance.

A range of techniques are available to determine the effects of stress on animals. Immunological studies of bivalves can provide information about short-term responses of animals to their environment, without having to wait for changes in growth or condition over long periods of time. Haemocytes perform key immune defence functions in bivalves therefore the ‘health’ of the animal can be assessed by measuring a suite of variables such as concentration and type of haemocytes (e.g. granular and agranular, basophils and eosinophils), phagocytic activity and respiratory burst activity (Pipe et al., 1995).

Another useful approach to investigate the biological effects of stress on animals is to analyse the complete biochemistry of a sample of biological material through metabolic fingerprinting using Fourier transform-infrared spectroscopy (FT-IR). FT-IR provides high throughput, rapid analysis of the metabolome, defined as the complete set of small-molecule metabolites such as metabolic intermediates, hormones and other signalling molecules, and secondary metabolites to be found within a biological sample (Oliver et al., 1998). This technique allows rapid classification of samples into groups through chemometrics (Dunn and Ellis, 2005) according to their origin or biological attribution (see [Fiehn, 2001], [Ellis et al., 2003], [Johnson et al., 2003], [Gidman et al., 2006] and [Gidman et al., 2007]). FT-IR works on the principle that when a sample is interrogated by light, chemical bonds absorb light and vibrate at specific wavelengths in a number of ways. These absorptions and vibrations correspond to single bonds or functional groups of molecules in the sample and produce spectra for each sample covering a range of wavelengths that is a snap-shot, or fingerprint, of that organism's biochemistry or metabolome. This method has been successfully employed in many fields such as disease diagnostics (Ellis and Goodacre, 2006), identification of biomarkers (Gorinstein et al., 2006) and in environmental monitoring (Gidman et al., 2006).

Estuaries are highly stressful environments, with the benefits brought by a riverine supply of inorganic and organic nutrients countered by the associated stress of reductions in salinity. Estuarine mussels typically experience conditions of lowered salinity on every tidal cycle. However, during flood events they are likely to experience much lower salinities than normal and for a longer duration. Furthermore, climate change scenarios for the UK predict increased frequency and intensity of high-flow events ([Booij, 2005] and [Kay et al., 2006]). This increased chronic stress is likely to reduce the immunological fitness of mussels and also increase their susceptibility to other stresses, with knock-on effects on the growth, abundance and distribution of this keystone species.

This paper employs a combination of metabolic fingerprinting (FT-IR) with immunological assays to test the following hypotheses: 1. That periods of lowered salinity comparable in duration to a moderate flood event will immunocompromise mussels; 2. That these conditions will induce biochemical changes in the mussel haemolymph detectable by metabolic fingerprinting; and 3. That reduced salinity increases the susceptibility of mussels to other stresses, such as disturbance, simulated here by mechanical shaking.

2. Materials and methods

2.1. Animal acquisition and haemolymph sampling

500 mussels of similar size (4–5 cm shell length) were collected from Anglesey, North Wales, UK (53.2542 N, 4.1044 W) and transported back to the laboratory, 5 km away, where they were allowed to acclimatise in four 140 l tanks filled with running sea water at ambient temperature (10–12 °C) for two days. Haemolymph samples were obtained by cutting a small notch in the shell posterior, drawing haemolymph from the adductor muscle using a syringe and then transferring to a 1.5 ml sterile micro-centrifuge tube.

2.2. Determining optimum time to sample after applying shaking stress

An initial experiment was carried out to determine the optimum time to sample after applying a shaking stress of short duration. Haemolymph was sampled from 15 mussels selected at random from 120 mussels in a large tank containing 140 l of running seawater. The remaining animals were then removed from the tank and shaken for 10 min on an IKA-Vibrax agitator at 2000 rpm, during which time a further 15 mussels were sampled for haemolymph. After 10 min of applied shaking stress the 90 un-sampled mussels were returned to the seawater. Further samples of haemolymph were collected at 30, 60, 90, 120, 150, and 180 min after the onset of shaking, each time from 15 previously un-sampled individuals. Total numbers of haemocytes for each mussel were counted on a Fuchs Rosenthal counting chamber after fixing in Alsever's formalin. The results were analysed using a one way analysis of variance (ANOVA) and homogeneity of variance was tested by Cochran's test. Post-hoc pair wise comparisons between different times were carried out by Student Newman–Keuls (SNK) tests.

2.3. Salinity and shaking stress

Ten mussels were transferred into each of ten 2.5 l tanks, which were held in larger temperature controlled tanks that acted as a water bath. Five of the small tanks were filled with 2 l of filtered seawater, at an ambient salinity of 32‰, and five were filled with 1 l filtered seawater and 1 l fresh distilled water in order to reduce the salinity to 16‰. Salinity in each small tank was measured regularly with a refractometer. The tanks received constant aeration and water temperature was kept constant at 10–12 °C to match environmental conditions. Complete water changes were carried out once after 24 h. Mussels were left under these conditions for two days before initial sampling of haemolymph. A shaking stress lasting 10 min was then applied to the remaining mussels after which they were returned to their tanks. Haemolymph was sampled for a second time 30 min after the onset of shaking (see Section 2.2). Three separate runs of the experiment were carried out on the 10th March, 6th April and 4th May 2006.

Haemolymph was pooled from three mussels in each small tank to ensure there was sufficient volume for running the immunology assays. Assays were run to determine the total number of haemocytes, percentage of eosinophilic haemocytes (granulocytes), phagocytic activity and respiratory burst activity. Counts of circulating haemocytes were carried out as described in Section 2.2 above.

Differential counts were carried out to determine the percentage of eosinophilic haemocytes (granulocytes) as these are important for carrying out immune functions such as phagocytosis and respiratory burst activity ([Pipe et al., 1995] and [Parry and Pipe, 2004]). 30 µl of haemolymph was smeared onto a glass slide which was then placed in a humid incubation chamber and left for 30 min. Blood cells were then fixed by placing the slide in methanol for 4 min, stained in a 50:50 solution of phosphate buffered saline (PBS) and Wright's stain for a further 4 min and then rinsed in distilled water and left to dry. The percentage of eosinophils (stained pink) to basophils (stained blue/purple) was calculated by counting at least 200 cells in at least three fields of view under a compound microscope. This method does not control for potential bias in the results caused by the agranular basophilic cells not adhering to slides as readily as eosinophilic cells. However, as all slides were treated identically in this study any observed differences between treatments are not artefacts of the methodology.

Phagocytosis was estimated as previously described (Malham et al., 2002) with some alterations. 50 µl of haemolymph was placed on a glass slide in a humid incubation chamber. The haemocytes were allowed to adhere to the slide for 20 min before addition of 50 µl of fluorescein 5-isothiocyanate Isomer 1 (FITC) labelled Vibrio anguillarum Bergeman. Slides were then returned to the humid incubation chamber and placed in the dark for a further 20 min. Slides were then rinsed carefully with PBS and 40 µl of ethidium bromide (Sigma) was added to the slide for a further minute and then rinsed with PBS. The percentage of haemocytes (orange) containing phagocytosed bacteria (green) was estimated using a 488 nm emission filter on a Zeiss microscope counting at least 200 cells in at least three fields of view.

Respiratory burst activity was measured as previously described ([Pipe, 1992] and [Malham et al., 2002]) with some alterations. 100 µl of haemolymph suspension and 100 µl nitroblue tetrazolium (NBT) (Sigma) (2 mg ml− 1 in Tris/HCl buffer containing 2% NaCl (pH 7.6) was added to triplicate wells of a 96 well plate. The remaining wells were filled with 100 µl of Tris/HCl and 100 µl of NBT as negative controls. The plate was incubated in the dark for 1 h before centrifugation at 120 ×g for 10 min. The supernatant was carefully removed by inversion of the plate and the cells were washed by re-suspension in Tris/HCl followed by further centrifugation at 120 ×g. The cells were washed twice before fixing the cells in each well with 100 µl of methanol for 10 min. After fixation the plate was centrifuged at 300 ×g, the supernatant removed and the cells air-dried. Once dry the cells were then carefully rinsed five times with 100 µl of 50% methanol before the addition of 120 µl of potassium hydroxide (KOH) (2 M) and 140 µl of dimethylsulphoxide (DMSO). The optical density (OD) value at 620 nm was measured on a micro-plate reader spectrophotometer and the results expressed as OD values/106 cells ml− 1.

2.4. Metabolic fingerprinting

Mussel blood was sampled for FT−IR at the same time as immunology samples and animals from four full salinity and four half salinity tanks were studied. As only a small volume of haemolymph was required for FT-IR pooling samples was not undertaken and each individual sample could therefore be measured separately.

Once collected, haemolymph samples were immediately frozen in liquid nitrogen then transferred to − 80 °C for storage until analysis by FT-IR. Machine analysis of samples occurred following the procedure described by Gidman et al. (2007). Aliquots (7 µl) of haemolymph sample were applied to the wells of an FT-IR silicon sample carrier plate. The carrier plate was then dried at 40 °C for 0.5 h in order to remove extraneous moisture prior to FT-IR analysis. Spectral collection was fully automated using a Vertex 70 FT-IR instrument connected to a high throughput stage, both supplied by Bruker (Coventry, UK). Spectral collection occurred at a resolution of 4 cm− 1 and a scanner velocity of 10 kHz, with an aperture setting of 3 mm. The detector used was deuterium tryglycine sulphate, allowing transmission measurements to be obtained. All sample spectra obtained were the result of 32 co-added and averaged scans, allowing good signal to noise ratios in the collected data. The instrumentation was controlled using a PC running OPUS software (Version 5.5).

2.5. Data analysis

For the immunology salinity experiments a 3 factor ANOVA was used. The first factor, time, had three levels (each date the experiment was run), was random and a blocking factor. The second factor was salinity with two levels (high and low), orthogonal and fixed and the third factor was shaking with two levels (before and after), orthogonal and fixed. The overall immunological response was investigated by collating the results from the three runs of the experiment and performing principal components analysis (PCA) (Jolliffe, 1986).

The experimental design for the metabolic fingerprinting of the salinity experiment was a four factorial nested design. The main-plot contained the factors of salinity and time. These, and their interaction, were then assessed by the factor of small tank, which was summed up with its own relevant interactions (df =18). The sub-plot contained the factor of shaking, and the relevant interactions between this factor, salinity and date. These, in turn, were assessed by the summed interactions between shaking and individual small tank (df = 18).

Statistical analyses of the metabolomic spectra were carried out by reducing the dimensionality of sample spectra by PCA, while retaining the useful biochemical information. The minimum number of PCs that accounted for over 95% of the variation of the original data set were then retained and subjected to multivariate analysis of variance (MANOVA) (Chatfield and Collins, 1980). Wilk's Λ-statistic (Λ) (Rao, 1951) was used to determine which factors, or factor interactions, had significant statistical differences between levels. Canonical variates analysis (CVA) (Chatfield and Collins, 1980) was then used to examine which levels were significantly different from each other. CVA works by maximising and minimising between and within group variance respectively, and can be considered to be a form of multivariate multiple range test.

3. Results

3.1. Immunology

3.1.1. Determining optimum time to sample after applying shaking stress

There was a significant increase in the number of circulating haemocytes per ml haemolymph (F(7, 112) = 2.75, p < 0.05) reaching the highest value 30 min after the onset of stress (Fig. 1). SNK tests revealed the number of haemocytes at 30 min after shaking to be significantly higher than either before shaking or 10 min after the onset of shaking (i.e. immediately at the end of the shaking period) with no other significant differences. This result indicated that the maximum haemocyte response to the stress of shaking in mussels occurred approximately 30 min after the onset. Similar stress studies have shown that other immunological variables vary in a similar manner to haemocytes ([Lacoste et al., 2002] and [King et al., 2006]). Therefore, in the subsequent experiment combining salinity and shaking, immunological assays were carried out before shaking and 30 min after the onset of shaking.
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Fig. 1. Mean number of circulating haemocytes per ml haemolymph in Mytilus edulis before, during and after application of mechanical stress n = 15). Error bars represent 95% confidence intervals, *denotes significantly different from before shaking.

3.1.2. Salinity and shaking stress

The immunology results are summarised in Fig. 2. Reducing salinity to half that of normal seawater caused a significant reduction in the number of haemocytes (full salinity: x¯ = 1.83 × 106cells ml− 1 ± 2.13 × 105; half salinity: x¯ =9.54 ×105cells ml− 1 ± 9.09 × 104) percentage of eosinophils (full: x¯ =11.91 ± 1.39; half: x¯ = 6.03 ± 1.04) and the percentage of phagocytic activity (full: x¯ = 58.50 ± 3.90; half: x¯ = 44.60 ±3.73) of the mussels (Table 1). The shaking treatment caused a significant reduction in the respiratory burst activity (before shaking: x¯OD = 0.2886 ± 0.289; after shaking: x¯OD = 0.2052 ±0.0231) but there was no effect of salinity (Table 1). The blocked factor time had a significant effect on the total number of haemocytes, percentage of eosinophils and the respiratory burst activity indicating that these variables were not constant in different runs of the experiment. There were no significant interactions between salinity and shaking in any of the immunological parameters measured. Principal component analysis (PCA) of the combined immunology data set from all three experimental runs captured 67.8% of the variation in the first two principal components (PCs) with 36.4% explained by the first PC. Over the three runs of the experiment there is a good separation of the overall immunology between full and half salinity, but not between before and after shaking (Fig. 3). The Eigenvector plot for the PCA indicated that separation between full and half salinity was influenced primarily by the higher phagocytosis in the full salinity treatment.

Table 1.

ANOVA from three repeated experiments of immune variables associated with mussels from normal and half ambient marine salinity and then subject to a 10 min period of mechanical stress

	
	df
	MS
	F

	THC (ln)

	Time
	2
	1.8233
	7.17

	Salinity
	1
	7.0922
	27.88

	Shaking
	1
	0.0651
	0.26 ns

	Salinity × shaking
	1
	0.1768
	0.69 ns

	Residual
	54
	0.2544
	

	

	Differential counts

	Time
	2
	10,184.9
	115.22

	Salinity
	1
	2898.2
	35.79

	Shaking
	1
	183.7
	2.08 ns

	Salinity × shaking
	1
	2.0
	0.02 ns

	Residual
	54
	88.4
	

	

	Phagocytosis (arc sin)

	Time
	2
	0.0020
	0.42 ns

	Salinity
	1
	0.0525
	11.14

	Shaking
	1
	0.0094
	1.99 ns

	Salinity × shaking
	1
	0.0006
	0.14 ns

	Residual
	54
	0.0047
	

	

	Respiratory burst

	Time
	2
	0.3527
	39.71

	Salinity
	1
	0.0054
	0.61 ns

	Shaking
	1
	0.1043
	11.75

	Salinity × shaking
	1
	0.0005
	0.05 ns

	Residual
	54
	0.0089
	


For data where variances were not homogenous the relevant transformations are given in parentheses. p < 0.01, p < 0.001, ns—not significant.
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Fig. 3. Principal component analysis and Eigenvector plot of all immunological variables, number of circulating haemocytes (THC), percentage phagocytosis (Phag), percentage eosinophils (Eos) and respiratory burst activity (RB) in haemolymph of Mytilus edulis at full (32‰) and half (16‰) salinity and before and after application of 10 min mechanical stress. ● — Full salinity, ▲— half salinity, black symbols are before shaking and grey symbols after shaking. The Eigenvector plot indicates the contribution and direction of each variable to the first two PCs while the length of each vector represents the contribution of that variable to the remaining PCs.

3.2. Metabolic fingerprinting (FT-IR)

Fig. 4 shows typical spectra for mussels from the normal and half salinity experiments. PCA analysis of the spectral data gave four PCs that explained 99.2% of the total variation (PC1 =91.7% and PC2 = 5.5% of the total variation). MANOVA analysis on these retained PCs showed that the main-plot of the design gave statistically significant F-ratios for both salinity and date (Λ = 0.057467; F = 61.51[4, 15]; P = < 0.001 and Λ =0.3255342; F = 2.82[8, 30]; P = 0.018), with a significant interaction between these two factors (Λ = 0.2246853; F = 4.16[8, 30]; P = 0.002) (Table 2). None of the other factors including shaking were significant.

	
	Full-size image (15K)


Fig. 4. Example of typical FT-IR spectral measurements of Mytilus edulis adductor muscle haemolymph taken from normal (solid line) and half (broken line) salinities.

Table 2.

MANOVA table for four derived PCs (explaining 99.2% of the total variation) taken from FT-IR spectral measurements of haemolymph from mussels held at normal and half ambient marine salinity and then subject to a 10 min period of mechanical stress

	
	df
	Λ
	F

	Main-plot

	Salinity (S)
	1
	0.0575
	61.51

	Time (T)
	2
	0.3255
	2.82

	S × T
	2
	0.2247
	4.16

	Small tank (St)
	18
	0.5520
	0.83 ns

	

	Sub-plot

	Shaking (Sh)
	1
	0.8353
	0.74 ns

	Sh × S
	1
	0.8392
	0.72 ns

	Sh × T
	2
	0.6602
	0.87 ns

	Sh × S × T
	2
	0.7050
	0.72 ns

	St × Sh
	18
	0.4600
	1.12 ns

	Error
	96
	
	

	Total
	143
	
	


The test statistic Lambda (Λ) is given along with the approximated transformation to F. (p < 0.05, p < 0.01, p < 0.001, ns—not significant).

In order to examine the significant salinity × date interaction, a canonical variates analysis (CVA) analysis (Fig. 5) was performed. This showed that the first canonical variate (CV1) had 77.33% of the derived PC variation and the second canonical variate (CV2) had 20.48%. The factor of salinity separated out clearly on CV1 and along this axis the most notable loadings belonged to PC1 (0.0270) and PC2 (0.0185). However, subsequent analysis of loading plots did not reveal any particular regions of the spectra that were strongly responsible for differences between salinity treatments.
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Fig. 5. Canonical variates analysis ordination plot for analysis performed on 4 derived PCs (explaining 99.20% of the total original variation) taken from data collected by FT-IR analysis of Mytilus edulis haemolymph. Each point represents population means along the CV axis. Labels on each point correspond to time (a = 10th March 2006, b = 6th April 2006, and c = 4th May 2006. Circles correspond to 95% confidence limits for each population mean. Of the variation within the presented PCs, CV1 accounts for 77.3% and CV2 for 20.5%.

4. Discussion

This study showed that a period of reduced salinity comparable to a moderate flood event negatively affected the immune function of M. edulis and caused significant changes in the metabolic fingerprint of mussel blood. Circulating haemocyte concentration, percentage of eosinophilic haemocytes and level of phagocytosis were reduced in seawater with a salinity that was held for two days at half that of ambient conditions. The metabolic fingerprint of mussel haemolymph was also strongly influenced by the lower salinity treatment, and this was matched by the combined immunological response.

Changes in immunological variables in response to reduced salinity could be a consequence of many processes including reduced movement of the haemocytes due to osmotic effects (Pipe and Coles, 1995) or enhanced infiltration of haemocytes into the connective tissue of various organs (Cajaraville et al., 1996). Alternatively, at reduced salinity, mussels show an isolation response by closing their valves (Davenport, 1979) that coupled with the energetic cost of adaptation may cause an increase in autophagy (Sadok et al., 1997). For example, Gagnaire et al. (2006) found that a 70% decrease in phagocytosis activity was caused by an acute decrease in salinity.

Previous studies with mussels have shown that an increase in total number of circulating haemocytes is a common response to stress (Pipe and Coles, 1995) while decreases have been caused by chronic exposure to pollutants ([McCormick-Ray, 1987] and [Parry and Pipe, 2004]). The duration of stress also elicits different effects; an increase in the level of phagocytosis is a common response to short-term low levels of stress by contaminants (Pipe and Coles, 1995). However, more prolonged, and higher levels of contaminants can cause phagocytic indices to decline (Pipe and Coles, 1995). In other molluscs, Cheng et al. (2004) observed lower numbers of haemocytes at lower salinities and lower phagocytic ability at both reduced, and elevated, salinity in the abalone Haliotis diversicolor Reeve. Conversely, Hauton et al. (2000) saw only an increase in the number of haemocytes in the oyster Ostrea edulis Linnaeus at a higher salinity which coincided with the optimum salinity for growth of the pathogen Listonella anguillarum (Bergeman). Periods of immunosuppression caused by stress in bivalves can lead to increased levels of bacterial infection which may affect the survival of the organism (Lacoste et al., 2001). Thus it seems that mussels experiencing reduced salinities would be more susceptible to infection especially considering other physiological changes they experience (e. g. [Davenport, 1979] and [Sadok et al., 1997]).

In our initial experiment, application of a shaking stress on mussels showed an immune system response of increased circulating haemocyte concentration after a period of thirty min. This response is similar to that observed in other molluscs ([Lacoste et al., 2001], [Lacoste et al., 2002], [Malham et al., 2002] and [Malham et al., 2003]) where a period of immunosuppression is followed by a period of immunostimulation. However, unlike in previous studies there was no period of reduced haemocytes during the period of stress. Also, levels of respiratory burst activity were reduced after shaking whereas in other molluscs this variable has been seen to increase ([Lacoste et al., 2002] and [Malham et al., 2002]). One possible explanation is that mussels exhibit a greater degree of immunological vigour than similar molluscs, for example in surviving oil spills where other bivalves perish (Wootton et al., 2003). Therefore, despite no apparent period of immunosuppression while undergoing a mechanical stress for mussels, the immune system retains the potential to respond after the stress, e.g. by increasing haemocyte concentration, if this is a required response. This would explain why the increase in the number of haemocytes is not consistently observed, however, it does not explain why the respiratory burst activity was negatively influenced by shaking. It will be interesting in future work to investigate the effect of mechanical stress on mussels in comparison to other bivalves (e.g. Sauvé et al., 2002).

Previous research has shown the application of metabolic fingerprinting using FT-IR as a rapid and reliable tool for the screening of M. edulis haemolymph in order to characterise environmental characteristics (Gidman et al., 2007). In the current study we tested the hypothesis that reduced salinity and an applied shaking stress would induce biochemical changes in mussel haemolymph, detectable by FT-IR. The metabolic fingerprinting clearly differentiated between the effects of normal and low salinities, although there was no discernible effect from the shorter duration shaking experiment.

In the current study it was not possible to identify particular regions of the FT-IR spectra responsible for the salinity effect. However, the differences identified would justify employing more targeted metabolite profiling including mass spectrometry approaches. Gorinstein et al. (2006) suggested that small changes in bands of amides in M. galloprovincialis could be important in relation to environmental perturbation. They combined metabolic fingerprinting (FT-IR) fluorescence and differential scanning calorimetry.

Both reduced salinity and shaking stress caused changes in some or most of the immunological parameters and the reduced salinity induced clear biochemical changes in the mussel haemolymph. Other studies have shown that mussels in lower salinities are more susceptible to stress from diesel oil pollution perhaps due to its effects on catabolic substrate (Tedengren and Kautsky, 1987). Also, the application of a shaking stress has been used to demonstrate immunosuppression in bivalves from aquaculture sites (King et al., 2006). It was, therefore, expected that the addition of shaking stress would cause responses in mussel immunology additional to those experienced at lower salinities. However, the lack of any significant salinity × shaking interactions in the immunological assays and the absence of any detectable metabolic response to the shaking suggest that the effects were not additive and that lowered salinity did not increase susceptibility of the mussels to an additional shaking stress.

This research shows that even moderate durations of reduced salinity negatively affect immune function in mussels, and that they induce measurable changes in mussel biochemistry, although the evidence presented here suggests that reduced salinity does not increase susceptibility to physical stresses. There is concern about future alterations to salinity regimes in estuary and coastal waters under the predicted effects of climate change ([Booij, 2005] and [Kay et al., 2006]). Increasing frequency and magnitude of flood events could lead to longer periods or increased frequency of reduced salinity extending over a wider area than the immediate estuary. Since mussels are a keystone species, the potential impact on the immune function and therefore the health of mussel beds within or near estuaries could have significant effects on the wider ecosystem. Such effects might include altered nutrient cycling (Prins and Smaal, 1994), biodiversity (Seed, 1996) and aquaculture production (Laing and Spencer, 1997). For example, changes in the abundance, distribution and complexity of mussel beds caused by increased susceptibility to disease could result in significant changes in the biodiversity of the communities they support (Seed, 1996).
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