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Chapter I 

General introduction 

During the past 30 years, interest in environmental problems caused by pollution with 

xenobiotics has grown rapidly. Because of this interest, a new field in science has been 

developed, ecotoxicology. Xenobiotics are chemicals that are foreign, useless or even 

hazardous to biological systems and include industrial chemicals and pesticides. Natural 

compounds may also be toxic to aquatic life when too large quantities are introduced into the 

environment by disturbances of the ecological equilibrium. Politicians are continuously 

engaged to create a legislative and administrative body with the intention to protect the 

environment against increasing pollution by human activities. However, industries are 

generally some strides ahead of this legislative intention, and every year new chemicals 

appear in the environment with unknown effects on marine life. Facing this situation, the 

environmental manager needs rapid answers with respect to potential environmental impacts 

of a broad range of chemicals. 

A particularly difficult problem is the analysis of effects of thousands of chemicals in a 

complex environment and their interaction at different levels of the biological organisation. 

The introduction and application of biomarkers is a development in ecotoxicology which has 

the potential to solve at least some of the problems of the environmental manager. Biomarkers 

are defined as tools that are employed either to measure exposure to pollutants or to measure 

deleterious effects of environmental contamination in biological samples. Measurement of 

characteristic cellular responses in an organism to a specific change in its environment can 

provide the evidence necessary to identify the presence or absence of such a change. This 

approach is progressing rapidly because of the availability of novel techniques in molecular 

biology, cell biology and biochemistry to measure deleterious effects of chemicals in 

challenged marine biotopes. 

The presence of toxic compounds in the environment can be detected by chemical analysis of 

water and sediment samples, but this approach gives little information about the 

bioavailability and the effects on biological systems of these toxic chemicals. Analytical 

chemistry of water or sediments does not provide information on concentrations of pollutants 

in organisms. The use of biomarkers is a strategy that enables the detection of alterations in 

the metabolism of organisms in relation with accumulation of pollutants in the whole 

organism, its tissues and cells. The impact of this approach is also based on the fact that cells 

are an intermediate level of complexity in-between molecular events and events at the level of 
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Chapter I 

the organism. Consequently, changes in cells may reflect what occurs at higher levels of 

biological organisation. 

Metabolic changes in cells are considered to be early biomarkers of pollution (Shugart et al. 

1990, Shugart et al. 1992). Two types of biomarkers are distinguished: biomarkers of 

exposure and biomarkers of effects. Biomarkers of exposure indicate changes at the cellular 

or molecular level that reflect exposure of the organism to contaminants such as induction of 

biotransformation enzymes to protect the cells. Biomarkers of effects indicate changes at the 

cellular or molecular level that reflect pathological responses of the organism to a toxic 

contaminant. These biomarkers can both be specific (specific for one chemical) or general 

(non-specific within a range of chemicals). An important feature of these biomarkers is that 

they can be employed in a prognostic way, thus allowing the development of strategies before 

irreversible environmental damage takes place with ecological consequences at higher levels 

of the biological organisation (population, ecosystem). Therefore, validation of biomarkers 

under experimental conditions in the laboratory and in the field are necessary to define the 

impact of pollutants. 

The selection of appropriate sentinel species as bioindicators is of utmost importance in 

ecotoxicology. A sentinel species is an organism that accumulates pollutants in its tissues. At 

best the bioindicator is able to survive in its polluted habitat. Moreover, it should occupy an 

important position in an ecosystem and thus, it has to integrate the effects of contaminants on 

that ecosystem. 

Marine mussels are now widely used as sentinel organisms in the so-called "Mussel-Watch" 

biomonitoring programmes due to their ability to accumulate pollutants. Bivalves (oysters, 

clams and in particular mussels) have been found to be useful as indicators and integrators of 

exposure and effects of contaminants because of their: 

1.- wide geographic distribution, 

2.- presence in coastal and estuarine communities, 

3.- role in accumulating pollutants in their cells and tissues as filter-feeder, 

4.- ability to respond to environmental pollution whereas stress due to handling of 

bivalves can be easily controlled 

5,- economic importance as a protein source for humans, 

6.- sessile behaviour, reflecting directly the contaminant situation of their habitat, 

7.- high population density, and 

8- ease to be transplanted and maintained in cages at sites of interest. 
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Chapter I 

'White mouse' of the sea, the blue mussel. 

Mytilus edulis, the blue mussel, is often considered as the "white mouse" of marine biologists. 

Its geographic distribution includes the Mediterranean Sea, the North Pacific, the North 

Atlantic Ocean up to the Arctic. It is common in littoral to sublittoral zones down to 100 m 

depth but it is also found in deeper zones down to a depth of 500 m. It can easily be collected 

and maintained in the laboratory. The blue mussel is an active suspension feeder as 

planktotrophic larva and as adult, filtering mainly phytoplankton from the water. The blue 

mussel predominantly inhabits shores and estuarine environments. These habitats are the most 

complex habitats of all marine systems with respect to variations in temperature, salinity, 

duration of exposure to air and food supply. To cope with these stress factors, the blue mussel 

has developed a series of behavioural, physiological and metabolic adaptations. Blue mussels 

tolerate low temperatures for extended periods, for example, they are frozen in ice for up to 8 

months each year in Labrador (Seed 1976). The upper temperature limit is approx. 29 °C with 

a LD50 of 350 h. The blue mussel is an euryhaline species that can handle successfully both 

oceanic salinity (34 ppt) and mesohaline estuarine conditions (2-18 ppt). Blue mussels are 

osmoconforming, that means that the osmotic pressure of the intracellular fluids is kept iso-

osmotic with the environment by adjustment of the intracellular concentration of free amino 

acids (Bayne et al. 1976a, Bayne et al. 1976b, Bayne & Livingstone 1977, Bayne et al. 1977). 

They lack oxygen-transporting pigments in their blood. During periods of shell closure, 

tissues of the animal are subject to hypoxic conditions and energy is supplied by anaerobic 

metabolic pathways (Gabbott 1976). Joergensen has described the mussel as an autonomous 

unit, incapable of regulation of its metabolism, so that temporal variations of 'automatized' 

physiological processes occurs solely in direct response to environmental factors (Joergensen 

1990). However, a compelling body of evidence confirms that mussels act as homeostatic 

systems, responding to environmental changes by modulating their metabolism, physiology 

and/or morphology in order to compensate for reduction in performance (Shakhmatova et al. 

1991, Gainey 1992, Sukhotin & Poertner 2001). 

In the present study, we focus on four tissues of the blue mussel: the mantle, gills, the 

posterior adductor muscle and the digestive gland (Fig. 1 and 2). The mantle is 

multifunctional. The mantle contains the larger part of the gonads and the ventral mantle 

margin comprises the inner, middle and outer folds. The outer and middle folds are small, the 

outer fold is responsible for the production of shell and periostracum, the middle fold is 
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muscular and consists mainly of the pallial retractor muscle, that retracts the mantle margin 

when the shell valves are closed. The inner fold consists of mucus-secreting cells and the 

larger part of the gonads. In our studies, we focused on the large inner mantle fold. 

The gills, more correctly referred to as ctenidia, are typical of Mytiloideae. They are flat, 

homorhabdic, nonplicate and filibranch. The ctenidia function in both respiration and feeding. 

Ctenidia comprise of a pair of demibranches, an inner and an outer branch, which divide the 

pallial cavity into inhalant and exhalant chambers. 

The posterior adductor muscle enables the mussel to close the shell as a defence mechanism 

against predation and to withstand exposure to air during tidal cycles, to low salinities and to 

toxicant exposure. The muscle consists of 'fast' striated and 'slow' nonstriated fibres for 

phasic and sustained contraction. 

The digestive gland or digestive diverticula is the site of intracellular digestion. There are four 

openings of the digestive diverticula at the right side of the stomach, all separated from each 

other. In the stomach, food particles are selected for intracellular digestion in the digestive 

diverticula. Three ciliated sorting areas are located in the left pouch of the stomach. The food-

sorting caecum and the apertures of the digestive diverticula at the right side of the stomach 

form the gateways for food for intracellular digestion. 

Posterior adductor muscle 

Mantle 

Foot 

Digestive 'jland 

Gill filaments 

Foot retractor muscle 

Anterior adductor muscle 

Fig. 1. Blue mussel M. edulis. The posterior adductor muscle has been dissected to open the shells. 
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Mantle 
Digestive gland 

Gill 

Fig. 2. Open shells of a blue mussel with the gills and the foot being dislocated to demonstrate the mantle and 
the digestive gland. 

Molecular biology applied to unravel cellular processes in marine species. 

Molecular biology is a 'novel' tool, that may provide a new dimension to ecotoxicology. 

Molecular biology techniques offer the possibility to investigate the structure, functional 

organisation, and regulation of cellular processes and expression of nucleic acid and proteins. 

Molecular biology techniques enable characterisation of a species and delineates it from other 

species on the basis of its molecular adaptation to a specific environment. With the use of 

molecular biology, marine scientists can address questions such as: 

Do two or more morphologically-similar organisms belong to the same species, to different 

species or represent ecotypes? Does an organism contain genes encoding enzymes that are 

important to mediate biochemical transformation or detoxification of particular compounds? 

If so, are the genes constitutively expressed or are they inducible, and if the latter is the case, 

under which conditions? 

The pathway leading to the synthesis of a gene product is a multi-step process with many 

potential points of control, of which transcription rate has been viewed as the primary 

mechanism in both pro- and eukaryotes. Therefore, the reverse transcribtion-polychain 

reaction (RT-PCR) technique has been used in the studies described in this thesis to detect 

relative levels of a set of mRNA species occurring in tissue samples. Despite variation in 

RNA degradation during sample handling and storage, relative amounts of these templates 

can be expected to remain fairly constant. Homologous mRNA templates are likely to be 

subjected to similar variations in efficiency of RNA extraction and reverse transcription 

reactions. Thus, the ratio of cDNA templates in PCR reactions reflects that of mRNAs in 

samples analysed. This ratio can be accurately estimated as PCR products during exponential 

amplification cycles. Therefore, a standard curve should be part of every experiment. 
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Additionally, when using multiplex PCRs independence of every amplification step has to be 

proven. Results can be controlled by Northern blotting experiments. Using this technique, 

relative mRNA levels of a series of genes can be accurately determined even in tissue samples 

containing a heterogeneous mixture of cells of various origin and without knowledge of the 

exact amount of analysed cells. 

Established biomarkers. 

There are two major approaches in the application of biomarkers in ecotoxicology. The first is 

the analysis of individual organisms that live in a specific environment or at specific 

contaminated sites. Biomarkers used for this purpose are mainly of biochemical or 

physiological nature. The second approach is the analysis of the health of the ecosystem as a 

whole in which the organisms live. In the present thesis individuals are studied and therefore 

we will focus on biomarkers to analyse the condition of individuals. 

The most frequently applied and intercalibrated biomarkers are lysosomal membrane 

instability, induction of the cytochrome P450 (CYP450) system, induction of metallothioneins 

(MTs), peroxisomal proliferation, inhibition of acetylcholine esterase (AChE), occurrence of 

imposex, and various pollutant-specific and unspecific protein alterations (for review, see 

(Shugart et al. 1992). 

Biomarkers of exposure. 

Metals are major contaminants in the marine environment. In the late 1950s, MTs were 

detected in mammals by Margoshes & Vallee (1957). In M. edulis, MTs were found to act 

like cadmium-binding proteins (Noel-Lambot 1976). MTs in molluscs have a high glycine 

content, whereas mammalian MTs contain especially cystein. MTs have a low molecular 

weight, are heat stable and have a strong affinity for binding 6-12 class B metals such as 

silver, cadmium, copper, mercury and zinc. MTs are mainly present in the cytosol but have 

also been detected in the nucleus and lysosomes. MTs bind excess of cations such as metals 

and thus protect the organism against toxicity by limiting the availability of these cations at 

undesirable sites. Different methods are available to quantify the amount of MTs at the 

protein level or as a function of metals bound to MTs (differential pulse polarography, 

spectrophotometry, ELISA, and radioimmunoassays) (Roesijadi 1986, Roesijadi et al. 1988). 

Basal MT levels in M. edulis and M. galloprovincialis are in the range of 2-3 mg/g dry weight 

in soft tissues and levels of this biomarker appear to be comparable over a wide geographical 

range from the northern hemisphere to the mediterranean. Induction of MTs is most 
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significant in gills of mussels (Lemoine et al. 2000). MT concentrations have been positively 

correlated with concentrations of metals in many scientific studies (Roesijadi & Fellingham 

1987). 

Inhibition of AChE is directly linked with the toxic action of organophosphorus and 

carbamate insecticides by direct binding to the catalytic site of the enzyme. AChE hydrolyses 

acetylcholine into choline and acetic acid in nerve synapses after signal transduction. Only 

few studies deal with the effects of organophosphate insecticides in aquatic organisms 

(Ozretic & Krajnovic-Ozretic 1992). Field work has been carried out on mussels in the Ebro 

Delta (Spain) where these insecticides have been widely used. Seasonal variations in mussel 

gill AChE were found and the variations were correlated with the local use of insecticides in 

agricultural activities. 

CYP1 A, an inducible member of the CYP450 family of monooxygenases, is widely used in 

fish as biomarker of exposure in biomonitoring programmes because of its role in 

biotransformation of many foreign compounds such as dioxins, polychlorinated biphenyls 

(PCBs), polycyclic aromatic hydrocarbons (PAHs) and furans (Lindstrom-Seppa et al. 1994, 

Elliott et al. 1996, Amcoff et al. 1998, Fiedler et al. 1998, Aas et al. 2000). CYP1A catalyses 

the convertion of lipophilic xenobiotics to more water-soluble compounds and is thus 

considered as a first phase (phase I) of detoxification and biotransformation. However, some 

of its metabolites are highly reactive and may be even more toxic than the mother compound 

(Liu et al. 1995). Many studies have been carried out in fish where 7-ethoxyresorufin O-

deethylase (EROD) activities or CYP1A protein levels are correlated with environmental 

levels of CYPlA-inducing chemicals such as PAHs or PCBs (Beyer 1996, Beyer et al. 1996). 

Yet, CYP1A can only be used as biomarker of exposure in concert with other biomarkers of 

effect such as lysosomal instability. Furthermore, CYP1A levels in mussels are low. 

Therefore, this biomarker can not be applied to mussels. 

Another biomarker that has been used in the recent past is the diagnosis of 'imposex'. The 

imposition of male characteristics on female marine organisms known as 'imposex' has been 

identified in many aquatic invertebrates, but mainly in gastropods (Stewart et al. 1992, De 

Mora & Pelletier 1997). The organotin tributyltin (TBT), which is used in antifoulings, as 

stabilisers in plastic and as pesticides, has been identified as the main triggering factor of 

imposex in marine environments. Ecological and economical consequences of the use of 

organotin compounds as antifouling agents were first reported in the late 1970s after a shaip 

decline in oyster production in the Basin dArcachon, Fiance (Alzieu 1986. Alzieu et al. 1989. 

Chagot et al. 1990). Biological alterations that have been ascribed to orsanotins are death of 
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mollusk larvae (Horiguchi et al. 1998), (Axiak et al. 1995) and the occurrence of male sexual 

characteristics in female gastropods (Bryan et al. 1987, Gibbs et al. 1987, Ellis & Pattisina 

1990, Oehlmann et al. 1991). The latter effect was named imposex. Imposex was induced in 

gastropod species both in field studies and in laboratory studies at very low concentrations of 

TBT. These effects suggested that TBT and other organotins may also act as endocrine 

disruptors (Horiguchi et al. 1995, Bettin et al. 1996, Liu & Suen 1996, Oehlmann et al. 1996, 

Matthiessen & Gibbs 1998). 

Biomarkers of effect. 

Lysosomal enlargement in molluscan digestive cells and liver cells of fish is widely accepted 

as a marker of general stress (Lowe et al. 1993, Lowe & Moore 1993, Etxeberria et al. 1994, 

Cajaraville et al. 1995, Broeg et al. 1999) since it is induced in response to a variety of 

stressors including persistent organic and metal pollutants. Lysosomes contain acid hydrolases 

that are capable of degrading most biomolecules to low-molecular-weight products that can 

be used again in the synthesis of new macromolecules. Lysosomes in molluscan digestive 

cells accumulate both metal and organic contaminants that can not be degraded and provoke 

significant alterations in these organelles (Moore et al. 1980a, Moore et al. 1980b, Nott et al. 

1985, Viarengo et al. 1985, Sarasquete et al. 1992, Cajaraville et al. 1995). In general, 

contaminants of the environment cause a significant increase in size and number of lysosomes 

(Marigomez et al. 1989, Regoli et al. 1998). These alterations are often associated with a 

reduction in the stability of lysosomal membranes, which is a risk for the health of cells or 

individual organisms when hydrolytic enzymes are released into the cytoplasm by causing 

intracellular damage. Instability of lysosomal membranes may also induce apoptosis (Neuzil 

et al. 2002). 

Peroxisomal proliferation has been proposed as a specific marker of pollution by organic 

chemicals such as PAHs. Peroxisomes are ubiquitous cytoplasmic organelles involved in the 

metabolism of long-chain fatty acids and several metabolic processes involving oxidases. 

Peroxisomes in liver of rodents proliferate when treated with certain environmentally-relevant 

organic xenobiotics such as hypolipidemic drugs, phthalate ester plasticisers, petroleum 

products including PAHs, organic solvents and pesticides (Nemali et al. 1988, Nemali et al. 

1989, Espandiari et al. 1995, Holme & Dybing 2002). Peroxisomal proliferation is defined as 

an increase in volume and number of peroxisomes, which is often but not always 

accompanied by induction of peroxisomal enzymes, particularly those of the fatty acid beta-

oxidation pathway. Peroxisomes of marine organisms including bivalve molluscs and fish are 
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able to proliferate under experimental exposure to organic xenobiotics such as PAHs. 

Peroxisomal proliferation has been used recently in field studies to assess environmental 

pollution in coastal systems at the Iberian Peninsula (Regoli et al. 1998) and the Pacific coast 

of North America (Krishnakumar et al. 1995). 

The activities of enzymes other than those mentioned above have been used as indicators of 

toxicity. For example, aminolevulinic acid dehydratase (ALAD) activity is induced by the 

specific toxic metal lead (Hodson et al. 1980). 

Pollution-enhanced generation of oxyradicals or reactive oxygen intermediates (ROI) is often 

involved in cytotoxicity and carcinogenesis. Antioxidant defences, that are present in all 

aerobic organisms, include oxyradical scavangers (catalase, glutathione peroxidase, 

superoxide dismutase and vitamines) protecting organisms from oxidative stress. These 

antioxidant enzymes are most interesting because their inhibition has potential use as 

biomarker of pollution (Walker et al. 2000). 

MXR in aquatic organisms. 

The term MXR, multixenobiotic resistance, is used in marine ecotoxicology and is derived 

from the life science term MDR, multidrug resistance. MDR equips cancer cells with intrinsic 

or acquired cross resistance to diverse chemotherapeutic agents and hampers the effective 

treatment of cancer. Clinical drug resistance of tumors may be caused by different molecular 

mechanisms. Drug-modifying and efflux-mediating proteins are among the most-intensively 

studied proteins. Transmembrane efflux proteins, often in combination with drug-modifying 

or drug-tagging proteins, reduce intracellular accumulation or intratumoral retention of 

cytotoxic drugs below therapeutic thresholds. Moreover, these transmembrane efflux proteins 

may also prevent accumulation of drugs in specific organelles within cells, such as the 

nucleus to prevent DNA damage. 

Many aquatic species are able to survive in habitats which are endangered by high levels of 

multiple natural toxins or anthropogenic pollutants. Whereas intensive investigations in the 

medical sector aim to circumvent the MDR mechanism by resistance modulators to improve 

the therapeutic efficiency of cytotoxic drugs, resistance to cytotoxic substances is an essential 

cellular function in marine organisms to survive and successfully reproduce in contaminated 

habitats. 

Efflux of fluorescent dyes such as rhodamine and calcein AM from cells and organs of marine 

organisms has always been linked to P-glycoprotein (P-gp) activity. Additionally, 

immunohistological localisation of P-gp-like proteins was successful in many aquatic 
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organisms with the crossreacting human antibody C-219. However, other transporters may be 

involved as well. For example, clams freshly collected from a polluted Rhine river site 

accumulated 41% less vincristine than control clams held in clean aquaria for 6 weeks. 

Western blot analysis detected no difference in P-gp protein levels, suggesting that other 

transport systems may be responsible for the observed efflux of vincristine (Kurelec et al. 

1996). Because MDR/MXR prevents accumulation of xenobiotics inside cells, it is considered 

as the initial phase (phase 0) of detoxification and biotransformation and regarded as first line 

of defence. 

The most intensively studied proteins involved in MDR/MXR are P-gp, glutathione S-

transferase pi (GSTpi), heat shock proteins (HSP), lung resistance protein (LRP) which is the 

major vault protein (MVP) and the multidrug resistance-related (or associated) protein 

(MRP). Aquatic organisms that express one or more elements of MDR/MXR are listed in 

Table 1. For example, membrane vesicles isolated from the freshwater mussel A. cygnea 

(Kurelec & Pivcevic 1989), the clam C. fluminea (Waldmann et al. 1995), the marine mussel 

M. galloprovincialis (Kurelec & Pivcevic 1991), or the sponges T. aurantium (Kurelec & 

Pivcevic 1992), G. cydonium and V. aerophoba (Kurelec et al. 1992) possess a verapamil-

sensitive binding activity for xenobiotics such as 2-acetylaminofluorene and vincristine in a 

similar manner as that described for membrane vesicles isolated from male bovine adrenal 

cortex cells known to contain P-gp. Western blot studies of the sponges G. cydonium and V. 

aerophoba revealed that polyclonal antibodies raised against hamster P-gp crossreact with a 

sponge protein of Mr 125,000. A protein reacting with antibodies against mammalian MDR 

protein was identified as well in C. fluminea (Waldmann et al. 1995), embryos of the marine 

worm U. caupo (Toomey & Epel 1993), bile canaliculi and liver cancer in dab (Koehler et al. 

1992) and flounder (Kohier et al. 1998), Kohier et al. in press), phagocytic blood cells in 

mussels (Minier et al. 1993) and in lysosomes of hepatocytes of C. maenas (Koehler et al. 

1998). In addition, exposure of these organisms to different xenobiotics in the presence of 

verapamil induced accumulation of the xenobiotics in their organs (Minier & Moore 1996). 

These observations are considered to be an indication that an MDR-like system, called MXR, 

may be functional in these organisms in vivo as well. These observations were also made in 

specimens collected from pristine areas, i.e. specimens that have not been exposed previously 

to pollutants. This argues strongly that protective MDR-like mechanisms are inherent in these 

species and that its expression does not require induction. 
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Species 

Clam 

Crab 
Fish 

Mussel 

Oyster 

Shrimp 
Snail 

Common name 

Asiatic clam 
Freshwater clam 
Shore crab 
Slender cockcomb blenny 
High cockcomb blenny 
Sheep head minnow 
Carp 
Killifish 
Channel catfish 
Golden ide 
Dab 
Sea mullet 
Winter flounder 
Black pickleback 
Rock pickleback 
European flounder 
Guppy 
Gogfish shark 
Ealpout 
Swan mussel 
California mussel 
Blue mussel 
Bay mussel 

Brown mussel 
Pacific oyster 
American oyster 
Grass shrimp 

Scientific name 

Corbicula fluminea 
Dreissena polymorpha 
Carcinus maenas 
Anoplarchus insignis 
Anoplarchus purpurescens 
Cyprinodon variegatus 
Cyprinus carpio 
Fundulus heteroclitus 
Ictalurus punctatus 
Leuciscus idus melanotus 
Limanda limanda 
Mugil cephalus 
Pleuronectes americanus 
Xiphister atropurpureus 
Xiphister mucosus 
Platichthys flesus L. 
Poecilia reticulata 
Squalus acathias 
Thermaces cerberus 
Anodonta cygnea 
Mytilus californianus 
Mytilus edulis 
Mytilus galloprovincialis 

Perna perna 
Crassostrea gigas 
Crassostrea virginica 
Palaemonetes pugio 
Monodonta turbinata 

Tissue 

Gill 
Gill 
Hepatopancreas 
Liver 
Liver 
Liver, intestine, kidney 
Liver 
Liver, intestine, kidney 
Liver, intestine 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver 
Liver, inestine, kidney, Gill 
Rectal gland 
Liver 
Gill 
Gill 
Gill, mantle, digestive gland 
Gill 

Gill 
Gill 
Gill, embryo 
Intestine, embryo 
Gill 

Reference 

(Waldmann et al. 1995) 
(Smital 1997) 
(Koehleretal. 1998) 
(Bard 1998) 
(Bard 1998) 
(Hemmer 1998) 
(Kurelec 1995) 
(Cooper 1996) 
(Doi 1999) 
(Kurelec et al. 1992) 
(Smital 1998) 
(Smital 1998) 
(Chan 1992) 
Unpublished, Bard 
Unpublished, Bard 
(Kohier etal. 1998) 
(Hemmer 1995) 
(Miller 1998) 
Unpublished, Bard 
(Kurelec et al. 1992) 
(Cornwall 1995) 
Unpublished, Einsporn 
(Kurelec & Pivcevic 
1991) 
(Grimm 1999) 
(Minieretal. 1993) 
(Keppler et al. 1997) 
(Scott 1999) 
(Kurelec 1995) 

Table 1.'Marine and freshwater organisms that have been shown to express MDR/MXR 
mechanisms as detected in specific tissues using immunostaining, P-gp-like transport 
activity of model substrates, or genetic data (Bard 2000). 

P-glycoprotein (P-gp). 

P-gp belongs to the ABC superfamily of transporters and acts as an ATP-dependent efflux 

pump. It has been shown to reduce intracellular accumulation of drugs with unrelated 

chemical structure and different mechanisms of action (Juranka et al. 1989, Bradley & Ling 

1994, Saunaetal. 2001). 

The isolation of mammalian cDNAs encoding P-gp enabled the analysis of the structure of the 

polypeptide. The sequences predicted that P-gps and related transporters are integral 

membrane glycoproteins with remarkably similar structures (Fig. 3). The length of the 

mammalian P-gps vary between 1276 and 1281 amino acids predicting a molecular weight of 
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approximately 140 kDa. This is consistent with the molecular weight of 130-180 kDa of 

purified P-gp. Approx. 10-15 kDa of the observed molecular weight is accounted for by re

linked glycosylation (Greenberger et al. 1988). Indeed, the amino acid structure of P-gp 

indicates 7-10 potential N-linked glycosylation sites. Insights into the structure of P-gp have 

recently been obtained by electron microscopy, single particle imaging and Fourier projection 

of 2D crystalline arrays. The data suggest that P-gp is a cylinder of approximately 10 nm in 

diameter with one half of the molecule inserted in biomembranes, the so-called membrane 

spanning domains (MSDs), whereas the remainder of the molecule is present intra- and 

extracellularly. A large central pore of approx. 5 nm in diameter is created by a roughly 

hexagonal array of the membrane-spanning segment. The pore is hydrophilic and larger than 

is required for the passage of known substrates. It is closed at the cytoplasmic side by two 

intracellular domains which contain nucleotide-binding domains (NBDs) (Croop 1993). 

Binding of drugs and ATP to P-gp induces conformational changes in the protein, and the 

drug-binding site is conformationally coupled to the NBDs. Evidence has accumulated that 

suggests that the transporter interacts directly with lipophilic substrates in the environment of 

the lipid bilayer, and may act as a drug flippase, moving drugs from the inner to the outer 

leaflet of the bilayer. Chemosensitizers that block the action of P-gp have been proposed to 

act as alternative substrates, that spontaneously flip-flop across the membrane at a high rate 

resulting in futile cycling of the transporter and thus in inhibition of the transport of other 

molecules (Cai & Gros 2003). 

12 



Chapter I 

A IMSDIHNBDÏHLÏHMS^HN1602! 

PHMSDI |--fN§DÏiïLÏ]-[MSD2H NBD2 [ 

CFTR 
MRP4 
MRP5 

[ M D Ö } - P H M S D 1 H NBD1 HLTHMSDÖ}—| NBD21 

Fig. 3. Schematic diagrams of ABC transporters as they are inserted in biological membranes. 
(A) Typical four-domain core structure (MSD1-NBD1-MSD2-NBD2) of P-gp. (B) 
Structure of members of the ABC subfamily that contain the core structure with an 
extra N-terminal cytoplasmic region, such as MRP4, MRP5, and cystic fibrosis 
transporter (CFTR). The regulatory "R" domain of CFTR is shown as dashed line. (C) 
Membrane topology of MRP1 and closely related transpoters contain the additional N-
terminal MSD domain. The orientation of the lipid membrane bilayer is indicated (Cai 
& Gros 2003). 

Major vault protein (MVP). 

MVP is a 110-kDa protein that forms the major part of the vault particle, a ribonucleoprotein 

complex. MVP is overexpressed in a wide variety of P-gp-negative multidrug-resistant cancer 

cell lines including MRP-negative cell lines (Izquierdo et al. 1996a, Izquierdo et al. 1996b). 

Vaults have an octagonal barrel-shaped structure with protruding caps and an invaginated 

waist. These structures are highly conserved among eukaryotes, suggesting that they are 

essential for cell function (Kedersha et al. 1990). Vaults are located in the cytoplasm, nuclear 

envelope and nuclear pore complexes. They mediate bidirectional nucleocytoplasmic 

MRP I 
MRP2 
MRP3 
MRP6 
SUR1 
SUR2 
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transport of a wide range of substrates, including cytotoxic drugs. Multidrug-resistant cell 

lines overexpressing mvp show decreased ratios of nuclear to cytoplasmic drug levels or show 

increased levels of drugs in cytoplasmic vesicles. The mechanism of resistance is complex 

and may be due to the redistribution of drugs within cells, thereby reducing exposure of the 

nucleus to cytotoxic agents (Izquierdo et al. 1996a, Izquierdo et al. 1996b). 

Multidrug resistance-related or associated protein (MRP). 

MRP, which is another transmembrane ABC transporter, with a molecular weight of 190 kDa, 

is overexpressed in most multidrug-resistance cell lines not expressing P-gp. MRP1 is a 

polypeptide of approx. 170 kDa which is consistent with the molecular mass of 177 kDa 

predicted from the mrp cDNA sequence. This immature form of the protein is rapidly 

processed posttranscriptionally to the larger 190 kDa mature form by N-linked glycosylation. 

MRP1 contains five, six and four transmembrane segments in MSD1, MSD2 and MSD3, 

respectively (Ishikawa et al. 1997, Keppleret al. 1997, Hipfner et al. 1999). Activity of MRP1 

(sometimes referred to as glutathione-X pump) is considered to be responsible for so-called 

phase III elimination of conjugated organic anions produced by phase I and phase II 

metabolism of many endo- and xenobiotics (Ishikawa 1992). Most organic anion substrates 

are conjugated with reduced glutathione (GSH), glucuronide, or sulfate in phase II of 

detoxification and biotransformation. MRPs mainly transport GSH-conjugated drugs and only 

for a small part untagged organic ions. Therefore, MRPs are linked with glutathione S-

transferases (GSTs) which catalyse the conjugation of GSH to electrophilic substances. MRP-

related transport of lipophilic drug is rather an enigma but it is somehow linked with the 

transport of free GSH (Ishikawa et al. 1996). 

Glutathione S-transferases (GSTs). 

GSTs form a group of isoenzymes that are involved in cellular detoxification of both 

xenobiotics and endobiotic metabolites. GSTs are divided into a number of subclasses, alpha, 

mu, pi, and theta. Classification is made on the basis of sequence similarity and 

immunological crossreactivity. GST isoenzymes represents approx. 1% of the total cellular 

protein content and are found in most aerobic eukaryotes. X-ray crystallography and site-

directed mutagenesis studies have elucidated structure and function of GSTs. Catalysis occurs 

by conjugation of hydrophobic compounds with GSH via a nucleophilic addition reaction. 

The less toxic and more hydrophilic products are partially metabolised and excreted. Levels 

of expression of different isoforms are tissue specific. GST expression is usually increased in 
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cancer cells after chemotherapy, and especially expression of GSTs of the pi class (Gajewska 

& Szczypka 1992, Daniel 1993, Shen et al. 1997). 

Heat shock protein 70 (HSP). 

HSPs are present in both prokaryotes and eukaryotes. Their highly-conserved structure 

suggests that they play a fundamental role in cellular processes. As the name suggests, HSPs 

are induced in cells exposed to heat. Heat is not the only stimulus that can induce expression 

of HSPs. Exposure of cells to amino acid analogs, heavy metals, sodium arsenite, microbial 

infections, hormones and antibodies can also induce expression of HSPs. Increased expression 

of HSPs has been shown to be protective in many cultured cells and animal tissues. Protection 

is likely due to the fact that HSPs can function as molecular chaperones to prevent 

inappropriate protein aggregation and to mediate transport of immature proteins to target 

organelles for final packaging, degradation, or repair (Fuqua et al. 1994, Kiang & Tsokos 

1998,Jaattela 1999). 

Fig. 2. Cellular localisation of proteins investigated in this thesis. 
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There are only few studies that characterise expression patterns and functional aspects of 

MXR-related proteins in wild populations of aquatic organisms especially those studies that 

determine how these genes may interact with xenobiotics, other detoxification enzymes or 

repair systems and/or metabolic pathways. Elucidation of induction and regulation mechanism 

in the expression of these genes in aquatic invertebrates may throw light onto their functions 

and the complex interactions with other detoxification systems. Identification of inducers and 

'chemosensitisers' of gene regulation of MXR-transporters may provide useful information 

for risk assessment in aquatic ecosystems since activation or inhibition of these proteins may 

be decisive whether a harmful chemical accumulates in critical concentrations in cells or 

organelles with fatal outcome for the organism. 
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Scope of the thesis 

Introduction. 

Accumulation of toxic chemical contaminants in marine organisms, including those consumed 

by humans, is a well-documented fact. The monitoring of hazardous levels of contaminants 

and variations in their geographic and temporal distribution is relevant for assessing and 

maintaining the health of the marine environment and the safety of seafood consumption. 

Chemical analysis in biota, water and sediments is sensitive and specific, but is expensive and 

provides little information on the biological effects of contaminants and their interactions. 

Furthermore, protocols of chemical analysis are limited to known chemicals. Newly-

introduced chemicals often remain undetected. Biomonitoring, on the other hand, can be used 

to establish effects of contaminants in marine animals irrespective of their identity. Therefore, 

biomonitoring has potential for routine monitoring of effects of contaminants on marine 

biotopes. Biomonitoring needs sentinel species as is described in Chapter I and the blue 

mussel is an excellent species for this purpose. 

Selection of relevant genes for biomonitoring. 

There is a need for new biomarkers to assess environmental quality. Commonly-used 

biomarkers such as lysosomal membrane stability, induction of CYP450 enzymes, MT levels, 

peroxisomal proliferation, inhibition of AChE, occurrence of imposex and altered levels of 

pollutant-specific and -unspecific proteins applied to mussels often show a narrow specificity 

for a class of pollutants such as MTs that indicate exposure to metal contaminants only. 

Imposex is not observed in mussels yet and levels of the members of CYP450 family (phase 

II of detoxification) are too low to be used as a biomarker in mussels. Lysosomal enlargement 

and destabilisation is a well-established biomarker in mussels but is an integrative marker of 

general cell dysfunction and pathology and is therefore only applied in concert with 

contamination-specific biomarkers. 

Implementation of new techniques may broaden the spectrum of the biomarker approach. 

Toxicogenomics, for example, could be a promising tool to improve assessment of potential 

toxicity at the genetic level. However, only few studies to date have used gene expression 

profiling in the field of marine invertebrate toxicology and were mainly focussed on the 

CYP450 system and MTs (Hahn et al. 1993, Wootton et al. 1996, Barsyte et al. 1999), the 

mussel byssal adhesive system (Coyne & Waite 1425, Inoue & Odo 1994, Coyne & Waite 

2000, Watabe et al. 2000, Waite & Qin 2001) or the nervous system (Favrel & Mathieu 1996, 
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Cadet et al. 2002). 

Several groups of genes encoding proteins such as DNA-repair proteins, heat shock proteins 

or proteins with physiological key functions may be used for a toxicogenetic approach. DNA 

microarrays for parallel detection of different genes can circumvent some of the conventional 

biomarker problems, but sequence data for the blue mussel are still rare. Therefore, the 

general practicability of toxicogenetics in the field of marine biomonitoring is doubtful before 

sequencing projects have been started. 

In the present thesis, studies of first-line-of-defense proteins are described. These so-called 

phase 0 proteins have a fundamental role in the protection of cells from accumulation of 

xenobiotics. Detoxification systems are highly conserved within the animal kingdom. In 

general, they consist of 4 phases. Phase 0 proteins hamper their substrates (contaminants) 

from accumulation in cells or organelles such as the nucleus. Phase I proteins that mainly 

consist of the CYP450 proteins chemically reduce their substrates. Reduction of lipophilic 

xenobiotics by CYP450 results either in more polar metabolites, which are easily excreted 

directly or converted into a chemically more reactive molecule which is a better substrate for 

phase II enzymes. Phase II enzyme activities catalyse the conjugation of xenobiotics to 

endogenous substrates such as GSH. The most prominent members of phase II proteins are 

GSTs. Subsequently, the conjugated compounds are substrate for phase III proteins that 

transports them out of the cells Following this definition P-gp and MVP can be considered as 

phase 0 enzymes while MRP is part of both phase 0 and phase III detoxification. GST pi is a 

member of phase II of detoxification. 

Products of the genes investigated in the present thesis protect cells against effects of different 

classes of chemicals before they can be destructive in cells. In contrast to repair enzymes, 

these proteins act before damage to the cell occurs. In other words, they provide an active 

barrier function such as for example the blood-brain barrier. Therefore, these proteins have a 

fundamental function in the homoeostasis of cellular metabolism. Like many other 

detoxification proteins and repair proteins, they are highly conserved, not only in their amino 

acid sequence but also with respect to their substrate specificity. For example, identical 

substrates and inhibitors are used in clinical chemistry and ecotoxicology for assays of the 

activity of these enzymes. This is not surprising since these proteins have maintained their 

function at the cellular level from bacteria to man. The present thesis describes a molecular 

biology approach to analyse expression of members of detoxification proteins in the blue 

mussel. M. edulis. M. edalis is considered to be a good model organism for ecotoxicological 

studies as described in Chapter 1 not only because marine molluscs are the second species-
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rich phylum after the arthropods but they can be used as well as sentinel for other marine 

phyla. Since mussels are located centrally in the marine food web, toxic substances that 

accumulate in mussel tissue also accumulate in higher organisms such as fish and birds. 

Therefore, the detoxification capacity of mussels is likely to have impact on accumulation of 

toxins in predator organisms including human consumers. 

Toxicogenetics as a new tool in ecotoxicology. 

The principle of toxicogenomics is based on the fact that patterns of gene expression are 

characteristic for particular classes of toxicants, for example PAHs versus peroxisomal 

proliferators. The approach of toxicogenomics is based on the assumption that responses to 

toxic chemicals are reflected by changes in gene expression. Thus, the analysis of altered gene 

expression in response to a toxicant may be a direct measure of toxicity. There are at least 

80.000 compounds that are currently used commercially such as drugs, cosmetics and other 

chemicals, but only a minor part has been tested for toxicity so far. This deficiency is due to 

the high costs and the time-consuming procedures of animal testing. Toxicogenetics may 

accelerate investigations of the biological effects of chemicals and keep up with the invention 

and release of new chemicals. The first step in this novel approach is to determine whether 

chemicals with unknown biological effects affect gene expression patterns in a similar way as 

known classes of toxicants. 

To investigate whether toxicogenetics is useful in marine ecotoxicological studies, we need to 

estimate the feasibility of toxicogenetic methods. Standards must be well-defined with respect 

to environmental factors and experimental conditions. Moreover, species-specific gene 

expression in the different tissues of an organism, sex-specific gene regulation, interfering 

effects such as reproductive cycles, environmental parameters and site-specific adaptations 

must be known because all these factors may interfere with the effects of pollutants or modify 

the effects at the level of gene expression. 

The aim of the present thesis was to determine whether toxicogenetics can play a role in 

biomarkers research in the future. M. edulis was used as a model organism and the study was 

focused in particular on yet unknown phase 0. I, II and III biotransformation proteins. 

Limitations of the toxicogenetic approach are described as well and recommendations are 

given for the direction of future research. Moreover, the usefulness of primary cell cultures in 

the toxicogenetic approach is discussed. 
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The approach to address the aim of the study was structured in the following way: 

1 Selection of an indicator organism (sentinel species) suitable for the toxicogenetic 

approach: Chapter 1 

2. Assessment of genes that are involved in detoxification and biotransformation 

processes in marine invertebrates: Chapters 1, 2 

3. Identification of genes of detoxification and biotransformation proteins that are 

transcriptionally active in M. edulis: Chapters 3, 4 

4. Verification of the identity and characterisation of relevant genes: Chapters 3, 4 

5. Determination of tissue-specific expression of the relevant genes and assembly of a 

multiplex RT-PCR: Chapters 3, 4 

6. Optimisation of total RNA isolations from different tissues of M. edulis: Chapters 3, 

4,5,6 

7. Determination of seasonal differences in expression of relevant genes: Chapters 3, 4 

8. Analysis of gene expression patterns in relation to the reproductive cycle: 

Chapter 3 

9. Use of explants as an alternative for cell culture-based applications: Chapter 3 

10. Determination of environmental parameters that may effect gene expression: 

Chapter 5 

11. Analysis of site-specific expression of genes in laboratory experiments and under field 

conditions: Chapter 6 

12. Analysis of the usefulness of toxicogenetics in environmental research using M. edulis 

as intact organism: Chapter 7 

Detailed presentation of the chapters. 

Bivalves are widely used as sentinels for monitoring effects of pollution of the environment. 

These sessile filter-feeding organisms take up and concentrate contaminants to levels well 

above those present in the environment, thus providing information on the specific local 

pollution situation. In 1975, a monitoring strategy, 'The Mussel Watch' programme, was 

proposed for four types of pollutants that challenge the quality of marine waters: artificial 

radionuclides, petroleum hydrocarbons, chlorinated hydrocarbons and metals (Goldberg 

1975). Since then, toxicological studies have focused on the blue mussel M. edulis and their 

subspecies. Since M. edulis is the best-investigated marine invertebrate to date, we have 

selected M. edulis as subject for our studies. 
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A large number of genes are involved or related to detoxification and biotransformation 

processes. Therefore, we focus on MXR-related genes because these genes are well studied in 

mammals due to their importance in the treatment of cancer. Furthermore, there are 

indications that these genes are involved in detoxification and biotransformation processes in 

aquatic organisms The aim of the thesis was to identify at least one member of each class of 

MXR-related genes that is inducible and therefore its expression may be regulated in response 

to exposure to xenobiotics. We selected 5 genes on the basis of reports in the literature: P-gp, 

MVP, MRP, GST pi and CYP450 4A. Additionally, we selected actin, TOPOII and HSP 70 

as putative internal standards. To identify transcripts of the genes in M edulis, we decided to 

apply a degenerated primer-based approach. Total RNA was isolated and different primer 

combinations were investigated with respect to their ability to amplify a defined fragment of 

the genes At least one member of each gene family was identified by this experimental 

design. Followed by a first characterisation of the genes in silico, Northern blots were used to 

evaluate the total length of the putative mRNAs. Afterwards, tissue-specific expression was 

investigated in muscle, gill, mantle tissue and digestive gland of M. edulis. 

Furthermore, we investigated the inducibility of expression of these genes since only genes 

which expression is regulated by toxicants can be used in gene-expression profiling related to 

toxicant exposure. Since a major aim of the present study was to set up a system that can also 

be used under field conditions, tissue-specific expression was determined and its variation in 

relation to sex as well as seasonal variations in the reproductive cycle (Chapters 3 and 4). 

We also analysed the option to replace animals by tissue explains in experiments in Chapter 

3. 

After characterisation of gene expression under standardised laboratory conditions, we 

analysed the effects of natural environmental factors (salinity, temperature and anaerobiosis) 

on gene expression which have to be taken into consideration before field studies can be 

performed. The open sea is a relatively stable system but considerable changes in temperature, 

salinity and oxygen levels occur especially in coastal regions as a result of the tidal cycle and 

seasonal changes. Previous studies that focussed on protein levels and their activity suggested 

that these parameters had effects on P-gp (Eufemia 2000, Keppler & Ringwood 2001), GST 

(Suteau et al. 1985, Vidal et al. 2002) and the CYP450 system (Sole et al. 1995). We limited 

our study to differences based on sampling sites rather than differences based on seasonal 

changes (Chapter 5). 

In addition to environmental parameters, the metabolic condition of mussels in a certain 

habitat may be the result of specific adaptations (Dietz & Somero 1992, Goldspink 1995, 
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Bucher et al. 1996, Lau et al. 2001). Especially, sessile organisms like the blue mussel are 

known to express a 'habitat-defined metabolic adaptation' to site-specific conditions such as 

mechanical stress due to their exposure to the impact of waves or anaerobiosis during the low 

tide (Sukhotin & Poertner 1999). To investigate possible toxic/environmental effects at the 

level of gene expression in response to chemical contaminants, we collected mussels from 

different sites that were exposed to the same water current but differed in the exposure to tidal 

cycles. Mussels were sampled in the so-called 'Felswatt', a typical intertidal rocky shore 

habitat around the German off-shore island Helgoland. Moreover, mussels were collected 

from traffic buoys around the island, which were positioned within 2 km from the 'Felswatt' 

sampling site. In contrast to mussels from the 'Felswatt', traffic buoy mussels are not exposed 

to anaerobic conditions and the impact of waves is low as the buoys follow water movements. 

Differences in inducibility of MRP-related protein and P-gp expression were investigated in 

these two habitats (Chapter 6). 

Furthermore, we performed field sampling at sites in a Norway Fjord system that addresses 

the question of the practicability of gene expression analysis in field samples. Aim of this 

approach was to investigate whether differences in expression levels of the genes that we 

selected were detectable at the level of individuals as a result of a specific contamination 

situation. Therefore, sampling sites were selected on the basis of known contaminant impact 

and uncontaminated sites as reference sites. Sites were strongly influenced by copper from 

closed mines or by actual input from an aluminium smelter and kelp factory (PAHs and 

formaldehyde). Gill and digestive gland were investigated for their use in field studies 

(Chapter 6). 

Finally, in Chapter 7 results are summarised and discussed with respect to the usefulness of 

MXR-related gene expression studies as a biomarker of environmental pollution. Based on 

our data, recommendations are given for future studies. 
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ABSTRACT 

Tissue-specific gene expression of the MXR (multixenobiotic resistance) and 

biotransformation- related gene homologs for the multidrug resistance protein 1 (Mdr 1), the 

multidrug resistance protein (Mrp), the major vault protein (Mvp, i.e. the lung resistance 

protein, Lrp), glutathione S-transferase (Gst pi), heat-shock protein 70 gene (Hsp70), and 

cytochrome P450 (CYP4A) was analysed in the blue mussel Mytilus edulis. Additionally, 

Topoisomerase II (TopoII) and actin were investigated as indicators for mitotic activity and as 

internal standards. We identified highly conserved regions in the corresponding genes of 

several other species, and synthesised degenerate olignucleotide primers designed to amplify 

these regions from M. edulis mRNA Resulting RT-PCR products were cloned into a T-tailed 

vector and DNA sequenced. The results were evaluated by computer-based sequence 

alignment with the known gene sequences of blueprint species PCR amplified fragments 

were used as probes for Northern blot hybridisation to identify transcript sizes. Specific 

oligonucleotide primers were designed from the M. edulis sequences for each gene and used 

for semi-quantitative multiplex RT-PCR to investigate tissue-specific gene expression. We 

have cloned and DNA-sequenced segments of the M. edulis P-gp, Mvp (Lrp), Gst pi, Hsp70, 

TopoII and actin genes. Semi-quantitative multiplex RT-PCR rapidly identified characteristic 

differential gene expression patterns in a range of mussel tissues, and is therefore a promising 

tool for comprehensive studies of gene regulation in marine invertebrates in adaptation to 

various physiological conditions, including responses to natural and anthropogenic stressors. 
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INTRODUCTION 

The term 'ecotoxicology' has been coined to describe the relationship between natural toxins, 

chemical pollutants, the environment into which they are released and the biota in that 

environment. Because of the diversity of this chemical threat, cells require defence 

mechanisms of considerable versatility. Although no 2 species of animals defend themselves 

against the complex mixture of toxic substances in exactly the same way, it is remarkable how 

uniform the adaptation of these strategies is across the living world (Sheehan et al. 1994). 

Mussels of the genus Mytilus are among the most common marine molluscs world-wide, and 

represent an important element in the ecology and economy of coastal waters due to their 

important role in the food net and in aquafarming. They are sessile filter-feeders and have 

been shown to be effective concentrators of toxic trace substances, thus reflecting the 

contamination state of their habitat. Therefore, mussels are now widely used as model 

organisms in toxicological experiments addressing questions of physiology and biochemistry 

as well as in monitoring programs. However, much less is known of the molecular adaptations 

that are made at the level of the regulation of gene transcription. We chose the blue mussel M. 

edulis to investigate the regulation of xenobiotic metabolism and elimination at the level of 

gene expression in order to solve the question to what degree observed changes in protein 

levels are the result of regulation at the transcriptional or translational levels, and to illuminate 

the specialisation or co-operation of the known detoxification and elimination mechanisms. 

Proteins involved in these processes may be divided into 3 main types or 'phases'. Phase I 

biotransformation enzymes consist mainly of the cytochrome P450 (CYP450) system, while 

only the CYP families 1 to 4 metabolise drugs. Reduction of lipophilic xenobiotics by 

CYP450 results either in more polar metabolites, which are easily excreted directly or 

converted into a chemically more reactive molecule which is a better substrate for Phase II 

enzymes. In M. edulis the CYP4A protein activity is upregulated at polluted sites (Peters et al. 

1998), and specific xenobiotic receptor proteins have now been identified in mammals that 

play a key role in induction of the Cyp4 genes (Waxman 1999). Phase II enzyme activities 

catalyse the conjugation of the xenobiotic to some endogenous substrates. In M. edulis, 

glutathione S-transferases (GST), which conjugates glutathione to xenobiotics, play a major 

role in Phase II reactions. The glutathione S-transferases are a family of enzymes that are 

mainly cytosolic and catalyse a range of conjugation reactions between glutathione (GSH) 
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and electrophilic substrates Analysis of mammalian GSTs showed that they also act as 

intracellular binding proteins, accepting a wide range of endogenous and xenobiotic ligands 

such as heme, bilirubin, bile acids, steroids and hormones (Litwack et al. 1971). P-

glycoprotein (P-gp), the multidrug resistance related protein (Mrp), 2 ATP-driven membrane 

pumps, and the lung resistance protein (Lrp), which is the major vault protein (Mvp), are 

members of the Phase III system. Yet, beside their transport ability of conjugated metabolites, 

these transporters act as a first line of defence by preventing drugs from entry into the 

cytoplasm or nucleus. They were first identified in cancer cells, where they provide resistance 

to a broad spectrum of structurally and functionally unrelated drugs, thus causing the 

phenomenon known as multidrug resistance (Mdr) (Endicott & Ling 1989). An Mdr like 

system called MXR (multixenobiotic resistance) has been identified in marine invertebrates 

(Kurelec et al. 2000, McFadzen et al. 2000). Beside these biotransformation and elimination 

systems, upregulated repair mechanisms like the HSP70 molecular chaperone can cause 

higher tolerance to general stress and xenobiotics (Tedengren et al. 1999) and HSP70 

induction is therefore a general marker often used in studies of stress-related effects. Changes 

in mitotic activity is a valuable index of the physiological status of individual organisms as it 

may indicate the absence of proliferating cells caused by xenobiotics, insufficient nutrient 

supply, as well as reproductive activity. We assayed the expression of Topoisomerase II 

(TopoII) as a marker of cell proliferation (Heck & Earnshaw 1986). TopoII is a ubiquitously 

expressed nuclear protein required for cell division in all organisms investigated so far. The 

primary role of TopoII is to disentangle (decatenate) intertwined chromosomes during 

anaphase to allow chromosome segregation to occur prior to cell division. Besides this, it also 

plays an important role in transcription and, possibly, DNA repair (Withoff et al. 1996). As 

these genes had not been sequenced in mussels, we first set out to isolate, clone and sequence 

complementary DNA fragments for this panel of genes. After characterisation of the clones, 

based on the sequence information we designed a multiplex-PCR system for fast and sensitive 

simultaneous analysis of tissue-specific changes in gene expression for potential use as 

biomarkers in further investigations. 

MATERIALS AND METHODS 

Tissue and cell preparation. 

Blue mussels M. edulis of approximately 5 cm shell length were collected near the German 

island of Sylt Mussels were then cultured at 15°C prior to RNA extraction. Reverse 

transcriptase mMulv and desoxynucleotides were purchased from Peqlab (Erlangen, 
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Germany) and Taq polymerase (RedTaq) from Sigma (Taufkirchen, Germany). Oligo-dT-

primers and specific primers for multiplex PCR were obtained from Life Technologies 

(Karlsruhe, Germany). All other chemicals and supplies were of the purest grade available 

and were obtained from commercial sources. 

Primary cell culture. 

Cell culture was initiated with enzymatically fragmented mantle tissue by a solution of 400 

U/ml collagenase ml"1 in standard saline. Incubation was performed at 4°C for 6 h followed 

by a 30 min incubation at 30°C. Double-strength Leibowitz LI5 medium containing 10% 

ultroser and antibiotic and antimycotic solution (Life Technologies, Karlsruhe, Germany), 

with pH adjusted to 8.3 and osmolarity at 1100 mOsmol was used as basal medium under 

atmospheric conditions at 15°C. Nearly all cells adhered to the culture well within 3 to 5 d. 

Subsequently, the medium was changed twice a week and the cultures remained stable for up 

to 8 wk. 

Explants. 

To detect changes in the expression profiles of the genes of interest within 1 individual 

mussel, different tissues were segregated into small pieces of identical weight. To allow 

sufficient nutrient supply of cells by diffusion, the mantle tissue was cut into equal blocks of 1 

mm3, whereas the gills were dissected into similar-sized fragments of approximately 100 mg 

in weight. Fragments were rinsed twice in sterile seawater and cultured on 24-well plates. 

Explants were cultured in autoclaved and filtered seawater at pH 8.3 with HEPES, or in basic 

medium as described above. Explants showed a homogeneous expression pattern within any 

one tissue. 

Isolation of total RNA and RT-PCR. 

The foot, posterior adductor muscle, digestive gland, mantle and gills were isolated and total 

RNA was prepared from all samples immediately after isolation with 1 ml of RNApure 

reagent (peqlab, Erlangen, Germany), according to the manufacturer's specification. An 

additional purification step with RNAoptipure was used to remove remaining contamination 

with polysaccharides. For RT-PCR, reverse transcription was performed with 1 ug of DNase-

treated total RNA with 20 U mMulv reverse transcriptase, 50 pmol oligo-dT primer and 1 

raM of dATP, dGTP, dCTP and dTTP (dNTPs), each in a total volume of 30 til. 
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Degenerate primers and PCR. 

After cDNA synthesis, 10 ul of the reaction mixture were used as a template for subsequent 

PCR. A total volume of 50 ul contained 2.5 U of Redtaq and 0.2 mM each of dNTPs. To 

avoid contamination due to genomic DNA, all samples were treated with DNase I after RNA 

isolation prior to RT-PCR. After sequence alignment of MXR genes of all vertebrate and 

invertebrate species, highly conserved regions were identified and degenerate primer pairs 

were designed to amplify these regions from Mytilns edulis cDNAs. Sequences for the 

primers used were: Gst sense: CCI ACI YTIGTI TAY TTY CCI G/antisense: TGY TTI CCR 

TT1 CCR TTI ACI GG, 595 bp; Mvp (Lrp) sense: TTY CCI YTI TAY CCI GGI 

GAR/antisense: CRT AIA TIC CYT CRT TYT CRT CIA RIG G, 924 bp; Hsp70 sense: ATY 

AAY GAR CCI ACK GCI GCI GC/antisense: GCY TGI ACI GCW GCI CCR TAI GC, 612 

bp, P-gp sense: GTI GGI AGY AGI GGI TGI GG/antisense: TTY TGI ATI GTI GAI AGI 

CG, 446 bp; actin sense: GTC GGY GAY GAR GCW CAR AGC AA/antisense: GGR CAR 

CGG AAW CGY TCA TT, 611 bp; Topoisomerase II sense: ATG ATI ATG ACI GAY CAR 

GAI CAR GAY GG/antisense: CCI GTI CCI ATI CCY TCI GCI CCR TT, 998 bp; Cyp4A 

sense: GAY ACI TTY ATG TTY GAR GGI CAY G/antisense ATY TTY TGI CCI ATR 

CAR TCY TGR TCI GG, 436 bp. All primers were used in a concentration of 2 uM. Ten ul 

of each PCR product was taken for agarose gel electrophoresis (2% agarose, 1.0 M Tris, 0.9 

M boric acid, 0.01 M EDTA). After staining with ethidium bromide, bands of predicted sizes 

were isolated from the gels and cloned into the sequencing vector Topo 2.1 of Invitrogen 

(Grohningen, Netherlands). Both strands of at least 3 clones for every cDNA were DNA-

sequenced. Sequencing of the successfully cloned insert was performed by the GATC 

Company (Konstanz, Germany). 

Semi-quantitative multiplex RT-PCR. 

To perform semi-quantitative multiplex PCR, we measured the amount of isolated total RNA 

by UV-spectroscopy at 260 nm and also by non-denaturing gel electrophoresis by comparison 

with a molecular weight marker. Subsequently, the concentration was adjusted to 1 ug uP1 

followed by an additional quantification control by gel electrophoresis. PCR samples of 10 ul 

at cycles 24. 26 and 28 were analysed by gel electrophoresis to make sure that all genes 

investigated were still in the exponential phase of amplification. Experiments in which a 

single primer pair was omitted in the primer mix showed that the amplification of the genes 

investigated in the exponential phase of PCR was not affected by the others. Amplification 

was performed for 26 sequential cycles at 95°C for 30 s, 55°C for 60 s and 72°C for 60 s, 
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followed by a final 3 min extension at 72°C. Equal aliquots of each PCR reaction were 

separated on 2% agarose gel using TBE-buffer and photographed after ethidium bromide 

staining. Gels were analysed with Digital Science ID Image Analysis software (Kodak, 

Rochester, NY). For semi-quantitative multiplex RT-PCR, the following primer pairs were 

used: CYP4A sense: CGA CAC TAC AAC CAG TGC TAT ATC/antisense ATT GTC CTT 

TGA GAA GCG ATC TGG ATC, 352 bp, concentration in the PCR = 0.1 uM of each; P-gp 

sense: CAG AGG TTC TAT GAC CCA GAT GCA G/antisense GTT CTC ACT CTC AGA 

GTC TAA TGC AG, 381 bp, concentration in the PCR = 0.1 uM of each; Topoisomerase II 

sense: CTT CTC TGA TAT GGA CAA ACA TAA GAT TCC/antisense GGA CTG TGG 

GAC AAC AGG ACA ATA C, 664 bp, concentration in the PCR = 0.2 uM of each; Mvp 

(Lrp) sense: ACA GGT TGT AAC TCC CTT G/antisense CTT CAT GAT GAC CTC GAC 

C, 818 bp, concentration in the PCR = 0.1 uM of each; Gst sense: GTT AGA GGC CGA 

GCT GAA GC/antisense GGC ATA TTC TTG ACG TGG TC C, 545 bp, concentration in 

the PCR = 0.1 uM of each; actin sense: CTG AGA GTA GCA CCA GAG G/antisense TAG 

CGC CGA TGA TGA CGC C, 429 bp, concentration in the PCR = 0.2 uM of each; and 

Hsp70 sense: GAC TTG GGT GGT GGA AC/antisense GGC TAC AGC TTC ATC AGG G, 

516 bp, concentration in the PCR = 0.1 uM of each. Concentrations in the PCR as mentioned 

above belong to Primer Set B, while concentrations in Primer Set A were 0.1 uM for all 

primers. After determination of the tissue-specific expression patterns in gills, mantle, 

digestive gland and muscle using primer Set A, primer pair concentrations were modified in 

the subsequent experiments (Primer Set B). Composition of the primer concentrations was 

adapted to the tissue-specific abundance of expression for every gene under normal conditions 

in order to achieve an equal amplification of all genes at every given cycle of the PCR. 

Quantification of band intensities was measured by Digital Science ID Image analysis 

software (Kodak). We used the overall intensity of the investigated bands as 100% net 

intensity. 

Induction of P-gp by 2-acetylaminofluorene. 

Acetylaminofluorene (AAF), a well-known inducer of P-gp transport activity, was used to 

address the question of whether we isolated the inducible isoform or a steadystate expressed 

form. Therefore, gill explains were incubated in 24-well tissue-culture plates in the presence 

and absence of 2.5 ng/ml 2-AAF. To avoid problems arising from individual variability', 

explants were dissected from the same individual mussel for induced and control experiments. 

Time of induction was 24 h in standard saline. 
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Northern blot and transcript-size determination. 

For Northern blot analysis, 20 ug of total RNA obtained from different mussel tissues was 

separated by electrophoresis on a 0.8% agarose-formaldehyde gel in MOPS (3-[N-

morpholino]propanesulphonic acid) buffer at 60 V and 50 mA for 2 h. RNA was then 

transferred to a positively charged nylon membrane by capillary blotting for 4 h in 5x saline-

sodium citrate (SSC). RNA was baked on to the blot at 120°C for 30 min. After 

prehybridisation, hybridisation was performed using heat denatured digoxigenin-labelled PCR 

products (DIG labelling Kit; Roche, Mannheim, Germany) at 42°C for 16 h. The 

hybridisation buffer contained 5x SSPE buffer (0.75 M NaCl, 0.05 M NaH2P04, 0.005 M 

EDTA at pH 7.4), 50% formamide, 5* Denhardt's reagent and 0.5% SDS. Detection was 

carried out following the manufacturer's instructions. RNA I and II markers (Roche) were 

used to determine molecular weight. 

RESULTS 

Identification of 6 mRNA sequences in Mytihts edulis. 

Degenerate oligonucleotides were used to amplify sequences within conserved regions of 

MXR genes from Mytilus edulis cDNA by RT-PCR. Products of the predicted size were 

detected for P-glycoprotein (P-gp), lung resistance protein gene (Lrp; named the 'major vault 

protein gene' [Mvp] in the following text), topoisomerase II (TopoII), glutathione S-

transferase pi (Gst pi), heat shock protein 70 gene (Hsp70), cytochrome p450 4A (Cyp4A) 

and actin, while primers for the multidrug resistance related protein (Mrp) amplified non

specific products. After gel extraction all fragments were successfully cloned into the Topo 

2.1 sequencing vector. Insert length of the cloned fragments was Mvp: 942 bp; 

Topoisomerase II: 998 bp; Gst pi: 595 bp; Hsp70: 612 bp; actin: 611 bp, P-gp: 446 bp; 

Cyp4A 441 bp. In order to ensure that we had not amplified mRNAs from contaminating 

algae or parasites (often found in gill and mantle tissue) we used primary cell cultures of 

mantle cells. In such cultures it was possible to detect parasites by microscopy while 

contaminating algae were washed away by sequential media changes since they do not attach 

to the culture wells. RT-PCR was performed on parasite and algae-free cultures using specific 

primers (Primer Set B). As all fragments were detectable within the entire expression profile 

at the cell culture level, we exclude contamination as a factor in our previous RT-PCRs using 

whole tissue. DNA-sequencing revealed that the PCR products contained sequences 

complementary to the appropriate primers and also contained appropriate open reading 
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frames. Computer-based sequence analysis using the FASTA3 Internet service (Version 

3.3t07 September 19, 2000) of the European Molecular Biology Laboratories (EMBL) 

(Pearson & Lipman 1988) revealed high sequence homologies at the nucleotide level 

compared with other species (data not shown). Homologies at the protein level range from 44 

up to 96% (summarised in Table 1). Sequence data was then submitted to GenBank: 

AF172605 838 bp Mytilus ednlis major vault protein (Mvp) mRNA, partial coding sequence 

(cds); AF227976 678 bp M. edulis Topoisomerase II mRNA, partial cds; AF227977 540 bp 

M. edulis glutathione Stransferase Gst-pi mRNA, partial cds; AF 172607 570 bp M. edulis 

heat-shock protein HSP70 (Hsp70) mRNA, partial cds; AF 172606 575 bp M. edulis actin 

mRNA, partial cds; AF 159717 446 bp M. edulis p-glycoprotein mRNA, partial cds. Northern 

blots were used to identify each of the transcript sizes from Mytilus edulis tissue. Probes were 

generated and labelled by PCR using the cloned PCR products for each gene as templates and 

specific primers. Analysis of the blots indicated single bands (Fig. 1) for all the investigated 

mRNAs and were consistent with transcript sizes identified for a range of invertebrates and 

vertebrates (Table 2). The exception was Gst, for which a less intense second band occurred at 

1000 bp. This less intense band may code for the mu isoform of Gsts which shows a 13% 

lower similarity compared to the pi form (eg to mouse Gsts). Because of a 100% sequence 

identity at the protein and nucleotide level of M. edulis and M. galloprovincialis for CYP4, a 

Northern blot for transcript size determination was not necessary for the verification of this 

gene. 

Semi-quantitative multiplex RT-PCR and tissue-specific expression. 

Based on the sequencing information obtained, a semi-quantitative multiplex RT-PCR was 

designed to simultaneously assay, in multiple samples, the differential expression of the 7 

Mytilus edulis genes of interest (Fig. 2). Tissue-specific expression was investigated using 

whole tissues of intact mussels, explanted organs and primary cell culture. Under normal 

conditions (e.g. of temperature and salinity), explants and primary cultured mantle cells had 

gene-expression profiles consistent with those of directly dissected mantle tissue. Explants 

from the same tissue and individual still showed a stable expression profile after dissection 

and incubation in standard saline for up to 48 h, with the saline changed every 20 h (Fig. 3). 

Based on these data we used explants of the same gill, dissected from mussel, to provide a 

unique baseline of expression for induction experiments and controls. The expression profile 

of primary cell culture was stable for up to 8 wk, the maximum culture time used. 

Experiments using whole tissues of intact mussels and Primer Set A (Fig. 4) indicated that 
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Mvp mRNA is most abundant in gill and digestive gland tissue, but it was also detectable at a 

lower level in the mantle and muscle. For P-gp we found a similar expression pattern. A 

homogeneous expression among all tissues was found for Hsp70 and CYP4A. For TopoII we 

found a steady state expression in gills, digestive gland and muscle, while the expression in 

the mantle is tightly regulated. During the reproductive cycle, expression patterns change 

dramatically in the mantle tissue, which is the site of gonad development. At first, an 

induction in Topoisomerase II expression occurred, while expression of the other genes 

investigated was unaffected. Later, during oocyte and sperm maturation, actin expression 

increased significantly, while gene transcripts of the other genes were no longer detectable by 

our system using total RNA as the template (Fig. 5). In contrast to mantle tissue, the 

expression of all genes was unaffected in the other tissues analysed (authors' unpubl. data). 

Gst pi expression, as shown by investigation of individual gene-expression patterns of whole 

mussel tissues, was only expressed in some but not all individuals. In those cases in which it 

was detectable, all tissues were positive for Gst pi and vice versa. These findings were 

independent of sex and age of the individuals. In summary, differences in the expression of 

single genes involved in xenobiotic metabolism can now be identified. 

Induction of P-gp by 2-acetylaminofluorene. 

To determine whether we isolated the stress-inducible isoform of P-gp and Hsp70 mRNAs or 

the constitutively-expressed forms, we exposed explants of gill tissue to various kinds of 

physical or chemical stress followed by RT-PCR. These isoforms share a high homology with 

their inducible homologs and are, therefore, not distinguishable at the sequence level. We 

observed an apparent 3-fold increase in steady-state levels of P-gp mRNA when explants 

were incubated for 24 h in the presence of 2.5 ng/ml AAF, a well-known inducer of MXR-

mediated efflux rates of vinblastine (Fig. 6) (Schrenk et al. 1994). Consequently, we assigned 

the sequence to the multixenobiotic resistance-conferring isoform of P-gps. The induction is 

restricted to P-gp: no other gene transcript investigated showed a significant increase after 

exposure to 2-AAF, underlining the substrate-specific induction. 

Hsp70 induction by heat stress. 

Because mussel populations are exposed to large temperature fluctuations during the summer, 

gene regulation following heat stress is of interest Previous studies have shown upregulation 

of Hsp70 heat-inducible isoforms at the protein level in response to heat stress (Eufemia & 

Epel 2000). To distinguish between the heat-inducible isoforms of Hsp70 and the steady-state 
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expressed cognates, which share high sequence homology, we kept gill explants under heat-

stress conditions (30°C for 16 h). After this period there was a 2-fold increase in Hsp70 

expression compared to gill explants kept at the ambient temperature of 15°C (Fig. 7). This 

result agrees with protein data from other groups using Western blots (Eufemia & Epel 2000). 

DISCUSSION 

Using degenerate primer-based RT-PCR, we have identified previously uncharacterised 

mRNAs of 5 genes involved in biotransformation and elimination processes of the common 

mussel Mytilus edalis. The use of degenerate primers to conserved protein domains in PCR is 

a powerful approach for the identification of new expressed gene sequences from different 

gene families (Wilks et al. 1989). The results of our mRNA sequence studies of detoxification 

enzymes showed the highly homologous structure of the corresponding genes between 

species. Because sequence identities at the protein level are more informative than at the 

nucleotide level, we translated the cDNA sequences into amino acid (aa) sequences in silico 

prior to alignment. For the prediction of gene family affiliation, homologies at the protein 

level should achieve at least 40% identity, and even higher in similarity, compared to known 

sequences of other species. Aligned sequences should fit, without gaps larger than 8 to 12 aas, 

across the complete selected sequence range of the proteins with which they are compared. 

They should be at least 100 aa in length in order to deliver reliable results. Additionally, the 

mRNA transcript size should be in a similar range to that of other species. All sequences 

presented in this study fulfil these requirements. There was overall high homology in the aa 

sequences of all cloned cDNA products with the blueprint genes from other species, and they 

are, therefore, identified as members of the gene families and subfamilies described in the 

'Results'. In particular, homologies of Hsp70 were remarkably high, ranging from 90 to 94%. 

This underlines the importance and conservation of the chaperone function of Hsp70 among 

phyla (Tavara et al. 1996). Meanwhile, P-gp, Mvp, TopoII and Gst showed identities of 44 to 

75% within the bilateria. Homologies among Gst pi class genes are significantly lower than 

for the other genes investigated, ranging only from 32 to 53%. An explanation for this finding 

might be their specialisation within an isoform class and their selective substrate specificity in 

the various phyla due to evolutionary pressure (Whalen & Boyer 1998). Nevertheless, the 

homologous nature of stress-gene families and their widespread occurrence among various 

phyla implies fundamental functions in cellular stress responses. Our multiplex RT-PCR 

system proved to be a fast and sensitive tool for investigating differential expression of these 

genes. The system can be applied to all kinds of organs and their explants, as well as to 
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primary cultured cells. Therefore, it is an ideal system for comprehensive environmental 

xenobiotics testing, where problems arise from individual variability in gene expression of 

intact animals due to the alternative use of explants. Further studies are planned to substitute 

actin by another marker such as artificial RNA sequences (which are not expressed in mussel) 

to obtain a better determination of reverse transcription efficiency and amplification 

differences in PCR. This will also help to circumvent problems with mantle tissue during the 

reproductive cycle, when quantification of expression levels is impossible using our present 

system. Most of the genes investigated in this study, which play a role in cell protection, 

biotransformation, detoxification and elimination of xenobiotics, are generally transcribed at 

low levels, the only exception being Gst pi. Therefore, the transporter genes P-gp and Mvp, 

whose products prevent drugs from entering the cytoplasm or nucleus, are predominantly 

expressed in epithelia-rich tissues such as the gills and digestive gland. This again implies 

their function as the first line of defence against environmental xenobiotics. Expression of 

Gstpl, the human pi class homolog of M. ednlis Gst pi, has been associated with proliferating 

cells in mature tissues, as a variety of compounds regarded as growth-promoting factors have 

been positively tested for their abilities to induce the GST promotor (Terrier et al. 1990). 

Additionally, intracellular levels of this enzyme, which is found in most aerobic eukaryotes 

and some prokaryotes, may be co-ordinated by a master gene in response to oxidative stress 

(Salinas & Wong 1999). Because cell proliferation in mussels is dependent on their 

physiological status (e.g. aerobic and anaerobic metabolism), this might explain why 

expression of Gst pi was detectable in only about 75% of the mussels investigated. Further 

experiments on the turnover from aerobic to anaerobic metabolism and feeding behaviour 

during tidal cycles may answer this question. In intact animal studies, problems often arise 

with respect to the variability of individual expression patterns and the effects of external 

factors such as seasonal changes. Information from laboratory experiments, where effects of 

individual variability can be reduced to a minimum using explants or primary cell cultures, 

will give us a better understanding of the complexity of data obtained during field studies. 

The existence of the MXR mechanism has been confirmed in aquatic organisms by 

biochemical (Kurelec & Pivcevic 1989), molecular (immunohistochemical, Western blot) 

(Kurelec et al. 1992, Minier et al. 1993, Toomey & Epel 1993, Cornwall & Toomey 1995, 

Koehler et al. 1998a,b), physiological (verapamil sensitivity) (Kurelec & Pivcevic 1991, 

Galgani et al. 1996, Minier & Moore 1996) and toxicological (modulation of toxicity) 

(Waldmann et al. 1993) methods (for review see Bard 2000). Completing the list of 

approaches, the multiplex RT-PCR system enables us to investigate this important mechanism 
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in aquatic invertebrates at the gene regulatory level. Exposure to polluted water increases both 

MXR activity and protein titer in a concentration-dependent manner (Kurelec et at. 1996, 

Eufemia & Epel 1998). Knowledge of the whole set of detoxification and biotransformation 

genes may considerably improve the characterisation of exposure, a crucial segment in the 

process of environmental risk assessment. Based on the sequence data from this study, 

specific probes for in situ hybridisation and specific antibodies for immunohistochemistry 

should be synthesised. Additionally, it will be possible to screen cDNA banks of different 

tissues of M. ednlis to obtain full-length sequence information. Dependent on hybridisation 

stringency, it will be possible to isolate new isoforms of the corresponding gene families, 

which will allow deeper insights into different gene functions within one and the same gene 

family. Characterisation of the complete cDNA sequences of this panel of stress-response 

genes will provide a better understanding of the evolutionary context of gene structure 

conservation. 
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Species Protein Amino acid identity (%) 

Major vault protein 
Ictshtrvs pandatas 
Dtscopyge onwtata 
Homo sapiens 
Ratttts norwegiciis 
Mus muscuhts 
DictyostcJium discoideum 
Leislunania major 

Heat shock protein 70 
Crassostrea gigas 
Caenorhabditis elegans 
htus musculus 
Danio rerio 
Paralichthys olivaceus 
Rattus norwegiciis 
Homo sapiens 
TrichineBa britovi 
Orosophila melattogaster 

Glutathione S-transferase pi 
Homo sapiens 
Mus mifscuhis 
Caenorka bditis degens 
Danio rerio 
Ho* taiiru*; 
Escherichia coii 
Fasciola hepaiica 
Ditofilaria immitis 
Onchocerca volvulus 

Topoisoraerase II 
Homo sapiens 
\fus muscuhts 
Callus gallus 
Orosophila melanogasier 
C'aetiorhabditis elegans 
Plasmodium falciparum 
Saccharomyces lerevisiae 

P-glycoprotein 
Homo sapiens 
Mus mtiscuhis 
Entamoeba liistolytica 
DrosophUa melanogasier 
Gallus gailus 
Fundulus heterotlilus 
Solatium tuberosum 
CaenorhaMiti* elegans 
Rattus norwegicus 
Homo sapiens 

Ac tin 
Homo sapiens 
Mus musculus 
('aenorha hdiiis ol&gans 
DrosophUa meUiUogasler 
Renins norwegiciis 

Cytochrome P450-4A 
A lytiki* galioprovincialis 
Homo sapiens 
Oryctolagus runniculus 
Rattus nonvtHjicus 

(channel catfish| 
(electric ray) 
(human) 
(Norway rat) 
(house mouse) 
(slime mold) 
(leihshmania) 

(Pacific oyster) 
(nematode) 
(house mouse) 
(zebra fish) 
(bastard halibut) 
(Norway rat) 
(human) 
(nematode) 
(fruit fly) 

(human) 
(house mouse) 
(nematode) 
(zebra fish) 
(cow) 
(bacteria) 
(liver fluke) 
(nematode) 
(nematode) 

(human) 
(house mouse) 
(chicken) 
(fruit fly) 
(nematode) 
(malaria parasite) 
(baker's yeast) 

(human) 
(house mouse) 
(entamoeba) 
(fruit flyj 
(chicken) 
(kiUifish) 
(potato) 
(nematode) 
(Norway ral) 
(human) 

(human) 
(house mouse) 
(nematode) 
(fruit fly) 
(Norway rat) 

(Mediterranean mussel) 
(human) 
(rabbit J 
(Norway rat) 

Mvp 
MvplOO 
Mvp 
Mvp 
Mvp 
Mvp alpha/beta 
Mvp 

Hsp70 
Hsp70A 
HSC71/HspA2/H.spAl 
HSC70 
Hs P 70 
HspA2 
HSC71/HspA2/HspAl 
Hsp70 
HSC70 

Gst pi/ Gst mu 
Gst pi/ Gst mu 
Cst pi 
Gst pi 
Gst pi/GST mu 
Gst 
Gst 
Gst pi 
Gst pi 

TopoIIal pha/Topol Ibeta 
TopoIIalpha/TopoIIbeta 
Topollalpha/Topollbeta 
TopoII 
TopoII 
TopoII 
TopoII 

Mdrl/Mdi-3 
Mdr l /Mdi2/Mdr3 
P-gpl 
Mdi-50/49/65 
CMdrl 
Mdr 
Mdr 
Mdr I 
Sister of P-gp 
Sister of P-gp 

Act in beta 
Act in 
Actui2/Actl/Act4 
Actiu2/Actl 
Actm3 

Cyp4Y 
Cyp4Fl l /Cyp4F2 
Cyp4A4 
Cyp4A2/Cyp4Al 

61.5 
61.1 
58.4 
58.0 
58.0 
57.9/49.2 
3 1 2 

94,8 
84.7 
93.7/89.5/89.0 
92.1 
91,0 
90.1 
93.7/90.1/87.3 
88.4 
87.9 

44.0/30.0 
46.G/33.7 
5 3 2 
45 
47.1/33.5 
33.3 
32.3 
43.1 
43.4 

73.5/72.6 
73.0/72.6 
75/73.0 
74.3 
69.9 
55.7 
51.5 

69.2/69.1 
69.1/67.5/69.1 
69.8 
67.8/67.7/65.7 
66.4 
67.8 
68.4 
64.8 
66.4 bile sail export pump 
65.1 bile salt export pump 

96.3 
96.3 
96.7/95.8/95.8 
96.3/96.3 
95.3 

100 
51.9/50.7 
47.0 
47.7/45.0 

Table 1. Mytilus edulis. Percentage of sequence identity of isolated clones with known gene 

homologs of other species, revealed by sequence alignment using the FASTA3 Internet 

service. Database searched with SWALL. For abbreviations, see text. 
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mRNA size 

Mvp 

3200 bp 

Top oil 

4800 bp 

Gst pi 

800 bp 

Hsp70 

2400 bp 

actin P-gp 

1200 bp 4900 bp 

Table 2. Mytilus edulis. Transcript size determination by Northern blot hybridisation for Mvp 

(Lrp), TopoII, Gst pi, Hsp70, actin and P-gp in gill tissue using the molecular weight marker, 

RNA Marker I. 

Fig. 1. 

3200 bp 

1200 bp 

I 2 3 

" 2400 bp 

1000 bp 
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I 2 3 I 2 3 1 2 3 
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Fig. 4 
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Fig. 7 
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Legends 

Fig. 1. Mytilus ednlis. Northern blot hybridisation of RNA extracted from tissues: 20 ug of 

total RNA were size-separated by gel electrophoresis on a 1 % agarose gel, transferred onto a 

positive charged nylon membrane, and hybridised with digoxigenin (DIG)-labelled PCR 

probes encoding the cloned regions. Molecular weight marker: RNA Marker I. (A) Mvp(Lrp); 

(B) P-gp; (C) Hsp70; (D) actin; (E) TopoII; (F) Gst pi; 1: gill; 2: mantle; 3: digestive gland. 

Bars indicate molecular weight RNA Marker I. 

Fig. 2. Mytilus ednlis. Semi-quantitative multiplex RT-PCR of P-gp (P-glycoprotein), Mvp 

(major vault protein), TopoII (Topoisomerase II), Gst pi (glutathion S-transferase, class pi), 

Hsp70 (heat-shock protein 70), actin and CYP4A (cytochrome P450 4A). Lanes 1 and 2: 

mantle tissue; lane 5: 100 bp marker; lanes 3 and 4: controls with RNA as template; primer 

concentration: set B. 

Fig. 3. Mytilus ednlis. Tissue-specific expression in 4 individual mussels using 

semiquantitative multiplex RT-PCR. lane 1: gill tissue; lane 2: mantle tissue; lane 3: digestive 

gland tissue; lane 4: foot tissue; M: 100 bp marker. Primer concentration: set A. 

Fig. 4. Mytilus ednlis. Gill explants kept under similar conditions for 24 h in standard saline. 

Lanes 1, 3, 5, 7 and 9: explant A at 0, 6, 12,18 and 24 h; lanes 2, 4, 6, 8 and 10: explant B at 

0,6, 12, 18 and 24 h. 

Fig. 5. Mytilus ednlis. Changes in the expression pattern of mantle tissue during the 

reproductive cycle. Lanes 1, 2 and 3: expression pattern before changes in mantle tissue are 

visible; lanes 4, 5 and 6: expression pattern of mantle tissue before sperming. 

Fig. 6 Mytilus edulis. Induction of P-gp gene expression by AAF as measured by semi

quantitative RT-PCR. Lanes 1 and 2: gill explants exposed to AAF; lanes 3 and 4: controls 

without AAF; P-gp band is indicated. Marker = 100 bp. Net intensity of the P-gp band in 

percentage (%) of the overall net fluorescence. 
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Fig. 7. Mytihis edidis. Induction of Hsp70 gene expression due to exposure to heat stress as 

measured by semi-quantitative RT-PCR. Gill explants were kept at 30°C for 16 h (lanes 1, 3 

and 5), while control explants were kept at 15°C (lanes 2, 4 and 6). The Hsp70 band is 

indicated. Marker = 100 bp. Net intensity of the Hsp70 band in percentage (%) of the overall 

net fluorescence. 
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Identification and characterisation of a multidrug resistance-related 
protein mRNA in the blue mussel Mytilus edulis 

Alexander Luedeking1, Cornells J.F. Van Noorden2 and Angela Koehler1 

'Biologische Anstalt Helgoland in the Foundation of the Alfred Wegener Institute for Polar 
and Marine Research, Department of Ecophysiology and Ecotoxicology, Am Handelshafen 

12, 27570 Bremerhaven, Federal Republic of Germany;2Academic Medical Center, 
Department of Cell Biology and Histology, Univerity of Amsterdam, The Netherlands 

ABSTRACT 

Membrane-associated transport proteins were discovered in the seventies of last century in 

mammals and were considered to be expressed in response to chemotherapy during cancer 

treatment. Prominent members of this class of proteins are multidrug resistance-related or -

associated proteins (MRPs). Besides their expression in cancer cells, MRPs are ubiquitously 

expressed in normal tissues and are active transporters of reduced glutathione, glucuronate 

and organic anions of toxicological relevance, either conjugated or unconjugated with sulfate. 

MRPs may also provide resistance to aquatic organisms in a polluted environment by binding 

xenobiotics and excreting them from cells in an energy-dependent manner. The present study 

investigated expression of MRPs as part of the multixenobiotic resistance (MXR) system in 

the blue mussel Mytilus edulis. We isolated and characterised two putative mrp cDNA 

fragments mrpl and mrpl which showed 50-70% homology on the protein level with MRPs 

of other species. The mrpl fragment could not be linked with any mRNA in Nothern blots of 

M. edulis tissues whereas the mrp2 fragment hybridised with a mRNA of approx. 4.6 kb. 

Mrp2 showed tissue-specific expression patterns. Highest expression was found in digestive 

gland and gill. Its expression showed to be inducible 2-fold by the model carcinogen 2-

acetylaminofluorene (AAF) whereas mrpl expression was unaffected by exposure to AAF. 

The cDN A fragment of the inducible form was then integrated in a multiplex PCR system for 

the analysis of MXR in the blue mussel in concert with other detoxification and 

biotransformation genes. 

KEYWORDS: Multixenobiotic resistance (MXR), multidrug resistance-related protein (MRP), multiplex PCR, 
Mytilus edulis 
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INTRODUCTION 

MRPs are members of the ATP-binding cassette (ABC) superfamily of transport proteins. 

This superfamily is among the largest and most widespread protein family known so far and 

its members are responsible for the transport across biological membranes of a wide variety of 

compounds including phospholipids, ions, peptides, steroids, polysaccharides, amino acids, 

organic anions, drugs and other xenobiotics (Higgins 1992, Cole & Deeley 1998, Borst et al. 

1999, Klein et al. 1999, Borst et al. 2000). MRPs are highly conserved among species from 

microorganisms to man. MRP-mediated xenobiotic transport processes have been extensively 

studied in mammals but far fewer data are available for marine organisms, despite the fact 

that function and regulation of expression of xenobiotic transporters in marine organisms and 

especially in marine invertebrates are important issues in ecotoxicology. 

After the discovery of P-glycoprotein (P-gp)-mediated drug resistance, it was widely believed 

that P-gpl, encoded by the multidrug resistance gene mdrl, is the exclusive transporter 

involved in multidrug resistance (MDR) (Roninson 1987). However, evidence was provided 

in the second half of the 1980s that this was not the case (Baas et al. 1990, Nygren et al. 1991, 

Eijdems et al. 1992). Several cell lines were characterised that displayed a MDR phenotype 

without detectable expression of P-gp. One of these cell lines was H69AR, a doxorubicin-

selected human cancer cell line expressing non-P-gp MDR (Slovak et al. 1993). MRP1 was 

discovered in 1992 by differential hybridisation of this cell line. The human cDNA encoding 

MRP1 was first cloned from a drug-selected lung cancer cell line resistant to a variety of 

natural products that were used as chemotherapeutic agents (Cole et al. 1992). ABC 

transporters typically contain two types of structural domains: hydrophobic polytopic 

membrane-spanning domains (MSDs), and hydrophilic cytosolic nucleotide-binding domains 

(NBDs). MSDs are highly conserved among ABC (super)family members showing 30-40% 

identity whereas NBDs generally show little sequence identity with one another which is 

consistent with the notion that MSDs are the major determinants of substrate specificity of 

ABC transporters (Hipfner et al. 1999). 

Mussels of the genius Mytihts are one of the most common marine molluscs and are an 

important element in the ecology of coastal waters. They are sessile filter feeders and 

effectively concentrate trace toxic substances. Therefore, mussels are now widely used as 

model organisms to study physiological, biochemical, genetic and toxicological responses to 

environmental changes including pollution. Therefore, we selected the blue mussel Mytilus 

edulis to investigate transcriptional regulation of MDR-related detoxification. Proteins 

involved are the so-called phase 0 or phase III proteins (Koehler et al. 1998). These proteins 
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can act as a first line of defence by clearing directly xenobiotics from the cytoplasm and/or 

the nucleus of cells (phase 0) beside their capacity to remove components after conjugation by 

phase II enzymes (phase III reactions). MXR is a MDR-like system in marine invertebrates 

(McFadzen et al. 2000, Smital et al. 2000). The relevance of MXR has been shown by its 

potential to protect aquatic organisms from nuclear damage (Waldmann et al. 1995) and 

deleterious effects during cell division in embryonic development (Toomey & Epel 1993). 

The expression of MXR proteins is inducible by exposure to toxic compounds (Minier & 

Moore 1996) and levels of MXR proteins in organisms vary strongly in differently-polluted 

sites (Minier et al. 1999). Accordingly, the MXR phenotype may serve as an index of 

exposure to toxic compounds (Minier et al. 1999). 

The relevance of the MXR system for aquatic organisms is illustrated by the impact of MXR 

inhibitors, the so-called chemosensitisers, that can inhibit MXR-dependent defence 

mechanisms of marine organisms and so alter processes such as uptake, intracellular 

accumulation, response, synergism and toxicity of xenobiotics. For example, MXR inhibitors 

can enhance accumulation of carcinogenic aromatic amines in mussel (Smital & Kurelec 

1998). The property to inhibit defence mechanisms of organisms against xenobiotics classifies 

MXR inhibitors as top-hazardous environmental chemicals. 

Recently, we have identified mRNA sequences of some of the most prominent MXR-related 

transporter genes like the P-gp gene (pgp) and the major vault protein (mvp) gene in the blue 

mussel (Luedeking & Koehler 2002). From field sampling studies we know that pgp gene 

expression can be inhibited at polluted sites (unpublished data). The study of Lin et al. (2002) 

with mouse knock-out mouse fibroblast cell lines suggested the existence of a compensatory 

mechanism of P-gp- and MRP-mediated resistance by which the loss of one transporter can be 

compensated by (over)-expression of another in the transport of substrates like calcein. As a 

consequence, expression of P-gp and MRPs may be considered as a functional network. 

Understanding of the functioning of such a network may contribute to improve our 

understanding of ecologically relevant issues. So far, pgp and mvp are the only mRNA 

sequences of MXR-related transporter genes of M. edulis available. Therefore, we applied 

degenerated primers in RT-PCR reactions to amplify defined fragments of a putative »«p-like 

gene of M. edulis. Based on sequence information, we subsequently integrated an inducible 

form of mrp into our multiplex PCR system that is used to determine coordinated expression 

of MXR- and biotransformation-related genes in M. edulis. RT-PCR techniques enable the 

analysis of regulation of expression and/or inhibition of expression of these genes at the 

transcriptional level in response to xenobiotics. The identification of two putative MRP 
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isoforms in M. edulis may serve as the basis for further studies to analyse whether and under 

which conditions a functional network of MXR-related transporters may exist in marine 

invertebrates. 

MATERIAL AND METHODS 

Materials. 

For RT-PCR, antisense transcription was performed with 2 ug of total RNA, 50 units mMulv 

antisense transcriptase, 50 pmol oligo-dT primer and ImM of each of dATP, dGTP, dCTP 

and dTTP (dNTP's) in a total volume of 20 ul at 40°C for 60 min. Antisense transcriptase 

mMulV, deoxynucleotides and Taq polymerase were purchased from Sigma (Taufkirchen, 

Germany). Oligo-dVT primers and specific primers for multiplex PCR were obtained from 

Life Technologies (Karlsruhe, Germany). Northern blot equipment was purchased from 

Roche (Mannheim, Germany). All other chemicals and supplies were of the purest grade 

available and were obtained from commercial sources. 

Animal handling. 

Mussels (M edulis), that were approx. 5 cm in shell length were collected in the 

neighbourhood of the German islands Sylt and Helgoland. Mussels were then kept at 15°C in 

a current water flow system without feeding for minimal 3 and maximal 10 days until RNA 

extraction. 

Isolation of total RNA. 

The posterior adductor muscle, digestive gland, mantle and gills were isolated from the 

mussels and washed twice in sterile saline. Total RNA was prepared from all samples 

immediately after isolation with 1 ml of RNApure reagent (peqlab, Erlangen, Germany), 

according to the manufacturer's specification. An additional purification step with the High 

Pure RNA Tissue Kit (Roche) was necessary to remove remaining contamination of 

polysaccharides and DNA. Concentrations of total RNA were determined by UV 

spectroscopy and quality of RNA was checked by non-denaturing gel electrophoresis. Ratios 

of absorbance values at 230 nm and 260 nm and at 260 nm and 280 nm had to be at least 2.0 

for good-quality RNA batches when determined with a Biophotometer (Eppendorf, Hamburg, 

Germany). 

Degenerated primers and PCR. 
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After cDNA synthesis, 1 pi of the reaction mixture was used as template for subsequent PCR. 

In a total volume of 50 jil, 2.5 units of Taq polymerase and 0.2 mM of each of the dNTPs 

were used. 

MXR gene-specific primer pairs were selected for highly conserved regions of the mRNA 

after sequence alignment of all so far known vertebrate and invertebrate species (Luedeking & 

Koehler 2002). Sequences for the primers used were: mrpl270 antisense TCI ACI GCI ACI 

ATR TTI GTY TC; mrpl396 antisense GGR TCI AGR TTC ATI CG; mrpl531 antisense 

GCR TCY TTI GCC ATI CC; mrpl396 sense CGI ATG AAR CTI GAR CCI TT; mrpl270 

sense GAR ACI AAY ATI GTI GCI GT and mrp730 sense GAY IGI ACI GAR ATI GGI 

GAR AAR GG All primers were used in PCR at a final concentration of 2 pM. 

Agarose gel electrophoresis (2% agarose, and TBE buffer consisting of 1.0 M Tris, 0.9 M 

boric acid, 0.01 M EDTA) was performed with 10 pi of each sample. After staining with 

ethidium bromide, bands of predicted sizes were isolated from the gels and cloned into the 

sequencing vector Topo 2.1 (Invitrogen, Karlsruhe, Germany). Both strands of at least 3 

clones for every cDNA were sequenced. Sequencing of the successfully-cloned inserts was 

performed by GATC (Konstanz, Germany). Blast (sequence similarity) searches were 

performed using the FASTA3 internet service (version 3.3t07 Sept. 19, 2000) of the European 

Molecular Biology Laboratories (Pearson 1988). 

Multiplex PCR. 

For multiplex RT-PCR, the following primer pairs and concentrations were used: mrp2 sense 

AAA GAC GGA CTG GAT CAC CA and antisense AAA TTG GTC GGT GAG TCG AA, 

296 bp, concentrations in PCR 0.2 pM each; USE. sense CAG AGG TTC TAT GAC CCA 

GAT GCA G and antisense GTT CTC ACT CTC AGA GTC TAA TGC AG, 381 bp, 

concentrations in PCR 0.3 pM each; topoisomerase II sense CTT CTC TGA TAT GGA CAA 

ACA TAA GAT TCC and antisense GGA CTG TGG GAC AAC AGG ACA ATA C, 664 bp, 

concentrations in PCR 0.2 pM each; mv£_ (Irp) sense ACA GGT TGT AAC TCC CTT G and 

antisense CTT CAT GAT GAC CTC GAC C, 818 bp, concentrations in PCR 0.3 pM each; 

est-pi sense GTT AGA GGC CGA GCT GAA GC and antisense GGC ATA TTC TTG ACG 

TGG TC C, 545 bp, concentrations in PCR 0.1 pM each; actin sense CTG AGA GTA GCA 

CCA GAG G and antisense TAG CGC CGA TGA TGA CGC C, 429 bp, concentrations in 

PCR 0.1 pM each; hsp70 sense GAC TTG GGT GGT GGA AC and antisense GGC TAC 

AGC TTC ATC AGG G, 516 bp, concentrations in PCR 0.1 pM each. Single-target PCR for 

hsp70 and mrp2 was performed with the same primers that were used in multiplex PCR. 
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Mrpl primers were used as follows: mrpl sense GGT GGC GGT TGA A AG AGT A A and 

antisense CCG AAA TAT AGC TTG GGA CAA, concentrations in PCR 0.2 uM each. 

Amplification was performed by 29 sequential cycles at 95°C for 45 sec, at 58°C for 60 sec, 

at 70°C for 60 sec followed by a final 2-min extension at 72°C. Equal aliquots of each PCR 

reaction were separated on a 2% agarose gel using TBE-buffer and gels were photographed 

following ethidium bromide staining. Gels were analysed with ID Image analysis software 

(Kodak Digital Science, Jahnsdorf, Germany). After determination of tissue-specific 

expression in gills, mantel, digestive gland and muscle using primer concentrations in PCR of 

0.1 pM, primer pair concentrations were modified in the subsequent experiments in order to 

obtain similar amplification of all genes in every PCR cycle. 

Northern blotting and transcript size determination. 

For Northern blot analysis, 10 |jg of total RNA obtained from the different mussel tissues was 

separated by electrophoresis on a 0.8% agarose-formaldehyde gel in MOPS (3-[N-

morpholino]propanesulphonic acid) buffer at 60 V and 50 mA for 2 h. RNA was then 

transferred to a positively-charged nylon membrane by capillary blotting overnight in lOx 

saline-sodium citrate (SSC). RNA was baked to the blot at 120°C for 30 min. After 

prehybridisation, denatured digoxigenin (DIG)-labeled probe of mrp2 was added. 

Hybridisation was performed with PCR fragments at 40°C for 16 h. The hybridisation buffer 

contained 5x SSPE buffer (0.75 M NaCl, 0.05 M NaH2P04, 0.005 M EDTA), 50% formamid, 

5x Denhardt's reagent (50 mg Ficoll, 50 mg polyvinylpyrrolidone (PVP), 50 mg RNase-free 

bovine serum albumin) and 0.5% SDS. Detection was carried out with the DIG Detection Kit 

(Roche) according to the manufacturer's instructions. As molecular weight markers, RNA I 

and II markers (Roche) were used to determine molecular weights. PCR-labeled fragments 

amplified with primers, that were also used in PCR, gave acceptable results as probes in 

hybridisation procedures. 

Exposure to 2-acetylaminofluorene (AAF). 

Animals were kept in groups of 6 mussels in a volume of 5 litre seawater for 3 days at 15CC 

with constant oxygenation. Induction of gene expression was initiated with a single dose of 

200 pM AAR Since AAF is water insoluble, emulsions of AAF in vegetable oil were used. 

Lethal effects were not observed for up to 10 days of incubation. 

RESULTS 

Identification of 2 fragments of mrp homologs in M. edulis. 
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Various pairs of degenerated oligonucleotides were designed in silico to clone fragments of 

homologs of mrp genes of other species in M. edulis. Conserved regions of the mRNA of mrp 

genes of R. norwegicus, H. sapiens, D. melanogasta and C. elegans were taken as basis for 

the primer sequences. These oligonucleotides were used to amplify sequences from mantle 

tissue of M.edulis in RT-PCR. Mantle tissue was used to avoid contamination of gill and 

digestive gland tissue by nutrient particles such as plankton and thus amplification of plankton 

RNA. The primer-annealing step of the PCR reaction was performed at 45°C. As a 

consequence, a short first elongation step at 60°C was used to stabilise the primer-template 

binding before final elongation at 70°C. Fragments of the predicted size that contained the 

correct primer sequences and open reading frames were detected for 2 primer pair 

combinations: mrpl531 antisense GCR TCY TTI GCC ATI CC and mrpl396 sense CGI 

ATG AAR CTI GAR CCI TT resulting in a 414 bp fragment, referred to as mrp2, as well as 

mrp 1396 antisense GGR TCI AGR TTC ATI CG and mrp 1270 sense GAR ACI A AY ATI 

GTI GCI GT resulting in a 360 bp fragment, referred to as mrpl. Both fragments were 

isolated from the gel and cloned into the Topo2.1 vector. Computer-based sequence analysis 

using the FASTA3 internet service revealed high sequence homologies at the nucleotide level 

with other species (data not shown). Homologies at the protein level with other species are 

summarised in Table 1 and specified for human MRP1 protein in Fig. 1. Sequence data were 

then submitted to gene bank: mrpl with accession number AF397142 and mrpl with 

accession number AF 397143. 

Tissue distribution patterns of mrp2 expression in M. edulis. 

Based on the sequence information, specific nested primers for the sequences of mrpl and 

mrp2 were synthesised for their use in multiplex PCR and as probes for Northern blot 

experiments. Only mrpl was used in multiplex PCR. The mrpl fragment appeared as a 296 bp 

band in the multiplex PCR. Comparison of the amplification behaviour of the mrpl fragment 

alone and as part of the multiplex reaction shows that mrpl and the other fragments of the 

system did not affect each other due to parallel amplification (Fig. 2). Fig. 2 also shows the 

tissue-specific expression of mrp2 in gill, mantle, digestive gland and posterior adductor 

muscle. Highest expression levels were found in digestive gland. In gill, expression was lower 

but well detectable. Lowest expression occurred in mantle and muscle at a similar level. 

Interestingly, similar tissue-specific expression profiles were found for pgp and gst-pi 

(Luedeking & Koehler 2002). 
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Transcript-size determination by Northern blotting. 

The fragment of mrpl that was amplified in the multiplex PCR reaction, was used as a probe 

in Northern blot experiments. It gave a weak but single band of approx. 4.6 kb in gill and 

digestive gland tissue preparations (Fig. 3). This appeared to be in agreement with the average 

size found in other species (data not shown). Tissue-specific detection of mrpl in Nothern 

blots (Fig. 3) are in line with the results of the tissue-specific RT-PCR experiments (Fig. 2). 

For mrpl, a signal was not detectable under the experimental conditions applied. 

Inter-individual variation of mrpl and mrpl expression. 

We investigated inter-individual variation of mrpl and mrp2 expression in a mussel 

population under laboratory conditions. Expression of both genes varied for approx. 50% 

around the mean value (Fig. 4). 

Induction of mrpl expression. 

For toxicogenomics, particularly inducible forms of detoxification genes are relevant. As a 

putative inducer of mrp, we tested the model carcinogenic compound AAF which induces 

MRP1 expression in primary human hepatocytes (Kauffmann et al. 1997, Schrenk et al. 

2001). After incubation for 3 days in seawater containing 200 pM AAF, mrp2 expression 

increased 2-fold on average in gill tissue as compared with gill tissue of control animals (Fig. 

5). The level of induction is higher than inter-individual variations. A change in the 

expression level of mrpl was not detectable (data not shown). 

DISCUSSION 

When endogenous and xenobiotic lipophilic substances enter cells, oxidation, conjugation 

with GSH or alternative anionic groups, and ATP-dependent excretion by a member of the 

MRP family is of vital importance in detoxification and cellular homeostasis (Sharma et al. 

2003). Conjugate-transporting members of the MRP family with related sequences and 

similar functions have been detected recently. In addition to several MRP isoforms (MRP1-6) 

and orthologs in mammals (human, rat, rabbit, mouse), MRP-family members have been 

identified in the nematode Caenorhabditis elegans (Broeks et al. 1996), yeast Saccharomyces 

cerevisiae (Szczypka et al. 1994), and plant Arabidopsis thaliana (Lu et al. 1997, Marin et al. 

1998). These conjugate-export pumps of the MRP family play a significant role in 

detoxification, drug resistance, and, because of the role in the export of glutathione disulfides 

by MRP1 and MRP2, in the defence against oxidative stress. Most of the in vitro data indicate 
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that MRP has a role in the removal of toxins from cells conjugated to GSH, glucuronide or 

sulphate (Suzuki et al. 1997, Hipfner et al. 1999). However, some unmodified toxins and 

drugs have been shown to be transported by MRP1 as well but their transport requires the 

presence of GSH. Substrates for MRPs include lipid peroxidation products, herbicides, 

tobacco-specific nitrosamines, mycotoxins, heavy metals, natural compounds and antifolate 

anti-cancer agents (Loe et al. 1998, Renes et al. 2000),(Evers et al. 2000). 

Besides other transporters and biotransformation systems, MRP transmembrane transporters 

may serve as essential proteins that allow M. edulis to survive and successfully reproduce in a 

polluted environment. However, little information is available yet with regard to substrate or 

inhibitor specificity of MXR proteins in general and MRP proteins in particular in marine 

invertebrates. Therefore, differentiation of the classes of transporters at the activity level is 

difficult. In the present study, we aimed to proof the existence of putative MRP 

transmembrane transporters in M. edulis at the mRNA level. With the use of degenerated 

primers, we demonstrated the existence of 2 fragments of putative mrp mRNAs. The mrpl 

and mrpl cDNA fragments appeared to be located in the predicted regions of closely-related 

genes of other species (Cole et al. 1992, Taniguchi et al. 1996). 

Our first amplification strategy for mrp was to amplify the region spanning the sequence that 

is now divided into the 2 parts mrpl and mrp2. This strategy did not allow to amplify a 

fragment of predicted size. Therefore, the sequence was split into 2 parts. This was achieved 

by the finding of 2 new primers that were designed to bind a conserved internal sequence and 

to amplify upstream and downstream from that sequence. This resulted in 2 fragments of the 

predicted size. On the basis of their sequencing, they were named mrpl and mrpl. Since mrpl 

and mrp2 are consecutively located within the predicted cDNA sequence (Fig. 1), we 

addressed the question whether they belong to the same mRNA or are parts of different 

isoforms. It appeared to be impossible to amplify the entire sequence by using outer primers 

of mrpl and mrp2. Therefore, we conclude that the 2 fragments belong to different members 

of the mrp gene family. Another indication for the correctness of this conclusion is the finding 

that mrpl and mrp2 expression ratios differ within individuals (Fig. 4). It indicates that this 

expression is regulated independently. As final indication of this assumption serves our 

finding that only mrp2 is inducible by AAF whereas mrpl expression seems to be unaffected 

by AAF. In further experiments, DNA libraries can be screened with mrpl and mrp2 probes 

to further characterise the identified isoforms with regard to their substrate specificity and 

their relation to MRPs of other species. 
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Northern blotting experiments indicated one weak single band of the predicted size for mrpl 

whereas no bands were detectable for mrpl. The absence of a defined band in the case of 

mrpl may be due to low expression levels of mrpl in M. edulis tissues as was also indicated 

by RT-PCR experiments. Because mrpl detection in Northern blot experiments failed, proof 

beyond doubt of its membership of the MRP protein family was not possible. Therefore, only 

mrpl was added to the multiplex PCR for further studies of regulatory processes in 

detoxification and biotransformation in M. edulis. 

The multiplex PCR was used to investigate tissue-specific expression of mrpl which appeared 

to be highest in digestive gland and gills and underlines its predicted function as a membrane-

spanning export pump like P-gp, which shows similar tissue-specific expression patterns in 

M. edulis. The discovery of a cDNA fragment of the mrp gene family, expression of which 

can be induced together with the identification of pgp and mvp mRNAs in a marine 

invertebrate may cast light onto the complex regulation of MXR-related detoxification 

processes in marine invertebrates. For example, efflux of fluorescent dyes from cells under 

experimental conditions was always considered to be a consequence of P-gp activity, but 

other transporters such as MRPs may be involved as well. It was recently found that clams 

freshly collected from a polluted Rhine river site accumulated 41% less vincristine than in 

control clams held in clean aquaria for 6 weeks. Western blot analysis detected no differences 

in P-gp protein levels, suggesting that other transport systems were responsible for the efflux 

of vincristine (Kurelec et al. 1996). Additionally, discrimination between P-gp- and MRP-

mediated resistance will be of special interest with respect to chemosensitizers. Inhibition of 

P-gp or MRP alone may be tolerable for aquatic organisms but inhibition of both defence 

mechanisms may lead to enhanced sensitivity to toxic agents (Lin et al. 2002). 

In conclusion, we were able to demonstrate the existence of MRPs in the blue mussel but 

further work is necessary to understand the complex function, regulation and substrate 

specificity of MXR mechanisms in marine invertebrates. 
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Table 1 

Species Protein Percentage of homology 

Fragment 1 (mrpl) 

Homo sapiens 

Homo sapiens 

Rattus norwegicus 

Homo sapiens 

Caenorhabditis elegans 

Fragment 2 (mrp2) 

Homo sapiens 

Homo sapiens 

Rattus norwegicus 

Homo sapiens 

Caenorhabditis elegans 

MRP1 

MRP2 

MRP3 

MRP3 

MRP 

MRP1 

MRP3 

MRP3 

MRP2 

MRP 

55.6 

55.2 

54.1 

51.8 

53.3 

71.7 

71.0 

71.0 

67.9 

65.9 

Table 1. Percentage of homology of MRP1 and MRP2 fragments of M. edulis at the protein 

level with MRP forms from other species 
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Fig. 1 
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Fig. 2 
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Fig. 1. Comparison of the amino acid (aa) sequence encoded by 2 isolated mRNA fragments 

of putative MRP proteins of M. edulis with the sequence of the human MRP1 protein. 

Homologies are indicated in the consensus (majority). The M. edulis MRP2 fragment spans 

the region from aa 1255 to aa 1375 and the MRP1 fragment spans the region from aa 1385 to 

aa 1522. Sequence alignment was performed using sequence alignment software 

CLUSTALW. 

Fig. 2. Multiplex PCR of 6 MXR- and biotransformation-related genes in tissues of M. edulis. 

E, display of multiplex genes; M. 100-bp markers; C, expression patterns in 2 mantle samples 

from one individual; 1, mrp2 expression in gill tissue; 2, mrp2 expression in mantle tissue; 3, 

mrp2 expression in digestive gland; 4, mrpl expression in the posterior adductor muscle; 5, 

multiplex PCR expression pattern in gill tissue; 6, multiplex PCR expression pattern in mantle 

tissue; 7, multiplex PCR expression pattern in digestive gland; 8, multiplex PCR expression 

pattern in posterior adductor muscle. 

Fig. 3. Size determination of mrp2 mRNA in tissues of M. edulis (mantle, muscle, gill and 

digestive gland) using Northern blot analysis. Marker, dig-labeled RNA molecular weight 

markers. 

Fig. 4. A. Inter-individual variation in mrpl and mrp2 expression in gill tissue of 12 unrelated 

individual mussels (M. edulis). Control, hsp70 expression in the gills of the same individuals. 

Variation in mrpl (B) and mrp2 (C) expression as shown in histograms as derivation from the 

average value band intensity. 
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Fig. 5. A. Induction of mrp2 expression in gill tissue by exposure of M. edulis to 200 p.M 

AAF during 3 days. B. Mrp2 gene expression as shown in histogram as derivation from the 

average value band intensity of control animals. 
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Mytilus edulis 
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Biologische Anstalt Helgoland in the Foundation of the Alfred Wegener Institute for Polar 

and Marine Research, Department of Ecophysiology and Ecotoxicology, Am Handelshafen 

12, 27570 Bremerhaven, Germany 

ABSTRACT 

Marine organisms and especially those living in tidal zones are confronted with dramatic 

changes in their environment on a daily and/or seasonal basis such as temperature 

fluctuations. In the present study, we investigated whether these parameters affect expression 

of multixenobiotic resistance (MXR)-related genes which serve as a first line of defense 

against a broad spectrum of natural and man-made toxicants. Expression of MXR-related 

genes seems to be an appropriate biomarker to determine hazardous effects of chemicals in 

contaminated marine habitats. An important issue with respect to the use of biomarkers in 

monitoring biological effects of pollutants is the interference of natural environmental factors 

in the expression of biomarkers, making interpretations rather difficult. In order to 

differentiate between pollution-induced stress and responses to natural environmental 

variations, we studied the effects of temperature, salinity and oxygen supply (anaerobiosis) on 

expression of MXR-related genes in gills and digestive gland of the blue mussel M. edulis. 

Changes in expression levels of P-glycoprotein (pgp), major vault protein (mvp), 

topoisomerase II (topoll), heat shock protein 70 (hsp70) but not of the multidrug resistance-

related protein (mrp2) genes were found in laboratory experiments in relation to high but not 

low temperature, low salinity and anaerobiosis. These effects of environmental factors have to 
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be considered in sampling strategies for monitoring programmes to prevent false 

interpretation of results. 

KEYWORDS: Multixenobiotic resistance (MXR), environmental parameter, P-glycoprotein (P-gp), major vault 

protein (MVP), multidrug resistance-related protein (MRP), heat shock protein 70 (HSP70), topoisomerase II 

(TOPOII), Mytilus edulis 

INTRODUCTION 

Mussels of the genus Mytilus are one of the most common marine molluscs and are important 

components of coastal ecosystems. In addition, they are commercially important for human 

food production by wild catches and aquafarming. Their distribution spans the moderately-

tempered waters of the northern and southern hemisphere. Joergensen (1990) considers the 

mussel as an autonomous unit, incapable of regulating metabolic processes, so that temporal 

variations in physiological processes occur solely in direct response to environmental factors 

(Joergensen 1990). Yet, a compelling body of evidence indicates that mussels act as 

homeostatic systems, responding to the 'direct' effects of environmental changes by 

modulating their metabolism, physiology and/or morphology to adapt to changing conditions. 

Due to their capacity to adapt, mussels are able to colonise extreme habitats. Mussels are 

sessile filter feeders and thus effective concentrators of toxic substances. Therefore, mussels 

are now widely used as model organisms in physiological, biochemical, genetic and 

toxicological studies as well as indicator species in monitoring the effects of marine pollution. 

We have selected the blue mussel Mytilus edulis as a model to investigate the regulation of 

multixenobiotic resistance (MXR)-related detoxification processes at the level of gene 

expression (Luedeking & Koehler 2002). The sensitivity of physiological responses of 

mussels to environmental toxicants such as hydrocarbons (Donkin et al. 1989), copper 

(Davenport & Redpath 1984) and the antifouling paint tributyltin (Page & Widdows 1991) is 

high when compared to other aquatic animals. 

Aim of the present study was to analyse to what extent natural environmental parameters 

affect expression of detoxification and biotransformation proteins and, thus, may interfere 

with the diagnostic and prognostic values of gene expression patterns in biomonitoring. 

Transcriptional regulation is reflected by phenotypic changes due to modulation of mRNA 

synthesis and hence changes in expression of individual proteins. Temporal variations in 

environmental factors, such as temperature, salinity and .oxygen levels, induce changes in the 

physiology of bivalves. Adaptational adjustments help to maintain their physiology 
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independently of environmental changes. These adjustments may include regulation of 

expression of biotransformation and detoxification genes in a direct or indirect way. 

We have cloned and sequenced fragments of genes that encode proteins involved in the 

various phases of detoxification processes (Luedeking & Koehler 2002). In the present study, 

we investigated expression of the genes of P-glycoprotein (pgp), multidrug resistance-related 

protein (mrp2), major vault protein (mvp), heat shock protein 70 (hsp70) and topoisomerase II 

(topoll). 

Proteins involved in detoxification processes may be divided into three or four types or 

'phases', respectively. Phase I biotransformation is mainly performed by members of the 

cytochrome P450 (CYP450) family. Chemical reduction of lipophilic xenobiotics by CYP450 

results in either more polar metabolites, that can be excreted directly, or chemically more 

reactive molecules which are then better substrates for phase II enzymes. Phase II enzymes 

catalyse conjugation of xenobiotics. In M. edulis, glutathione S-transferases (GSTs) play a 

major role in phase II reactions. GSTs are a family of enzymes that are mainly cytosolic and 

catalyse a range of conjugation reactions between reduced glutathione (GSH) and 

electrophilic substrates. P-glycoprotein (P-gp), multidrug resistance-related protein (MRP), 

two ATP-driven membrane pumps, and the lung resistance protein (LRP) which is the major 

vault protein (MVP) are members of the phase III system and are involved in excretion of 

conjugated metabolites. However, these transporters can also act as a first line of defense 

referred to as phase 0 by preventing intracellular accumulation of toxicants by direct binding 

and excretion of xenobiotics. Phase 0 and phase III transporters have been identified at first in 

cancer, cells, where they provide resistance to a broad spectrum of structurally- and 

functionally-unrelated drugs, thus causing the phenomenon known as multidrug resistance 

(MDR) (Endicott & Ling 1989). MXR is a MDR-like system which has been identified in 

marine invertebrates (McFadzen et al. 2000, Smital et al. 2000). The relevance of MXR has 

been shown by its potential to protect aquatic organisms from DNA damage (Waldmann et al. 

1995) and during embryonal development (Toomey & Epel 1993). Expression of MXR 

proteins is inducible by toxic compounds (Minier & Moore 1996) and levels of MXR proteins 

vary strongly between organisms living in differentially-polluted sites (Minier et al. 1999). 

Accordingly, the MXR phenotype may serve as an index of exposure to toxic compounds 

(Minieretal. 1999). 

Besides these biotransformation and elimination systems, repair mechanisms such as the heat 

shock protein 70 (HSP70) molecular chaperone can induce higher tolerance to general stress 

and exposure to xenobiotics (Tedengren et al. 1999). Therefore, induction of HSP70 is often 
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used as a general marker in studies of stress-related effects. Changes in mitotic activity is a 

valuable index of the physiological status of individual organisms because reduction in cell 

proliferation may be caused by exposure to xenobiotics or insufficient nutrient supply. 

Therefore, we assayed expression of toposisomerase II (TOPOII) as marker of cell 

proliferation (Heck & Earnshaw 1986). TOPOII is an ubiquitously-expressed nuclear protein 

required for cell division. The primary role of TOPOII is to disentangle (decatenate) 

intertwined chromosomes during anaphase to allow chromosome segregation prior to cell 

division. Besides, it plays an important role in transcription and probably DNA repair 

(Withoffetal. 1996). 

In the present study, effects of physiological adaptation to environmental changes on gene 

expression has been investigated as a baseline for the interpretation of gene expression 

patterns of biomarkers of exposure to pollutants. 

MATERIAL AND METHODS 

Tissue preparation. 

Mussels (Mytilus edulis) of approx. 5 cm in shell length were collected near the German 

island of Sylt. Mussels were maintained in seawater (salinity 32 ppt) at 15°C for 3 days prior 

to use without feeding. Six immature mussels were kept under each of the environmental 

conditions tested. Anaerobic conditions were established by exposure of mussels to air for 24 

h at 15°C. Temperature experiments were performed in 10 1 seawater basins by gradually 

changing the temperature from 15°C to 4°C or 30°C, respectively, during a period of 12 h to 

avoid any heat shock. After 12 h, the desired temperature was reached in both basins. Salinity 

experiments were performed in 20 1 seawater basins with salinity adjusted to 16 ppt as low 

salinity and 45 ppt as high salinity. Low salinity was obtained by dilution of seawater with 

doubly-distilled sterile filtered water whereas high salinity was obtained by the addition of 

sodium chloride. Mussels were kept for 24 h at the selected salinities. Control animals were 

maintained at 15°C in a steady-flow seawater basin. None of the parameters was lethal to any 

of the individuals analysed. Individuals were numbered from 1 to 36. Individuals 1-6: control 

animals; 7-12: 4°C ambient temperature; 13-18: 30°C ambient temperature; 19-24: 

anaerobiosis; 25-30: low salinity; 31-36: high salinity. 

RNA extraction was performed after homogenisation with a rotor homogeniser. MMulv 

reverse transcriptase and desoxynucleotides were purchased from Peqlab (Erlangen, 

Germany) and Taq polymerase (RedTaq) from Sigma (Taufkirchen, Germany). Oligo-dT-

primers and specific primers for multiplex PCR were obtained from Life Technologies 
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(Karlsruhe, Germany). All other chemicals and supplies were of the purest grade available 

and were obtained from commercial sources. 

Isolation of total RNA. 

The digestive gland and gills were isolated from the mussels and total RNA was prepared 

from all samples immediately after isolation using 1 ml of RNApure reagent (Peqlab, 

Erlangen, Germany) according to the manufacturer's specifications. An additional purification 

step with the High Pure RNA Tissue Kit (Roche, Mannheim, Germany) was performed to 

remove any remaining contamination of polysaccharides and to improve RNA quality. The 

amount of total RNA was determined by UV spectroscopy. Contamination with 

polysaccharides or proteins was undetectable on the basis of absorbance values at 260, 280 

and 320 nm. Integrity of RNA was investigated on 1.5% agarose gels. 

RT-PCR. 

The amount of isolated total RNA was measured by UV spectroscopy at 260 nm and by non-

denaturing gel electrophoresis in comparison with molecular weight markers. Subsequently, 

the total RNA concentration was adjusted to 0.5 ug/|il followed by an additional 

quantification control using nondenaturing gel electrophoresis. For RT-PCR, reverse 

transcription was performed with 1 ug of DNase-treated total RNA with 20 U mMulv reverse 

transcriptase, 50 pmol oligo-dT primer and 1 mM of dATP, dGTP, dCTP and dTTP each in a 

total volume of 30 jul. 

PCR samples (10 ul) were analysed at cycle 26, 28 and 30 by gel electrophoresis to ensure 

that all mRNAs investigated were still in the exponential phase of amplification. 

Amplification was performed for 28 sequential cycles at 95 °C for 30 sec, at 60°C for 60 sec 

and at 70 °C for 60 sec followed by a final 3-min extension at 72 °C Equal aliquots of each 

PCR reaction were separated on 2% agarose gels using Tris-borate buffer containing 1.0 M 

Tris, 0.9 M boric acid and 0.01 M EDTA and photographed after ethidium bromide staining. 

Gels were analysed with ID Image analysis software (Kodak Digital Science, Jahnsdorf, 

Germany). For semi-quantitative RT-PCR, the following primer pairs were used: mrpl sense 

AAA GAC GGA CTG GAT CAC CA and antisense AAA TTG GTC GGT GAG TCG AA, 

296 bp, concentrations in PCR, 0.1 uM each; pgp sense CAG AGG TTC TAT GAC CCA 

GAT GCA G and antisense GTT CTC ACT CTC AGA GTC TAA TGC AG, 381 bp, 

concentrations in PCR, 0.1 uM each; topoll sense CTT CTC TGA TAT GGA CAA ACA 

TAA GAT TCC and antisense GGA CTG TGG GAC AAC AGG ACA ATA C, 664 bp, 
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concentrations in PCR, 0.2 uM each; mvp (Irp) sense ACA GGT TGT AAC TCC CTT G and 

antisense CTT CAT GAT GAC CTC GAC C, 818 bp, concentrations in PCR, 0.1 pM each; 

hsp70 sense GAC TTG GGT GGT GGA AC and antisense GGC TAC AGC TTC ATC AGG 

G, 516 bp, concentrations in the PCR, 0.1 |iM each. 

We selected genes that did not express a difference between control and test experiments as 

internal controls in the gels. Histograms were made semiquantitative on the basis of net band 

intensities and intensities were calculated as deviation from the average value of control 

animals. 

RESULTS 

The effects of various natural parameters on expression modulation of selected genes are 

summarised in Table 1. Expression of pgp, mvp, hsp70 and topoll genes was altered by 

environmental parameters at the transcriptional level. Mrp2 gene expression was not affected 

by any of the natural environmental parameters investigated. 

Pgp gene expression in digestive gland was inhibited by low osmolality (16 ppt) in 

comparison to control osmolality of 32 ppt after 24 h of exposure (Fig. 1). High osmolality 

seawater (45 ppt) and control osmolality (32 ppt) induced high inter-individual variability. 

Expression of pgp in all individuals at high osmolality varied above the mean of the control 

values although the increase was not statistically significant in comparison to controls. 

Anaerobiosis due to air exposure for 24 h induced increased gene expression of pgp by a 

factor 2 in digestive gland (Fig. 2). Inter-individual differences in pgp expression was high in 

control animals whereas air exposure lead to a more uniform and elevated expression pattern 

with low inter-individual variability. Changes in pgp gene expression were not detectable in 

gill tissue under the experimental conditions. 

Mvp gene expression was affected in digestive gland following anaerobiosis. Its expression 

was distinctly inceased in 5 individuals. Data were not available of mussel number 19. Inter-

individual differences were rather low both in control mussels and mussels exposed to 

anaerobiosis as is shown in Fig. 3. Changes in mvp gene expression were not detected in gill 

tissue under the experimental conditions. 

The gradual temperature increase (not heat shock) from 15°C to 30°C over a period of 12 h 

clearly induced an increase in hsp70 expression in gill tissue (Fig. 4). Expression of hsp70 

was not affected in digestive gland under the experimental conditions. 

Topoll expression was affected in digestive gland following a change in osmolality. Low 

salinity (16 ppt) resulted in inhibition of topoll gene expression (Fig. 5) except for one 
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individual that even showed a somewhat higher expression level than control animals. 

Changes in topoll gene expression were not detected in gill tissue under the experimental 

conditions. 

Mrp2 gene expression showed a unique expression pattern with low inter-individual 

variability that was not affected by natural environmental parameters in both gills and 

digestive gland. 

DISCUSSION 

M. edulis lives in tidal and shallow waters which are characterised by large fluctuations in 

temperature, salinity and the availability of oxygen. The present study demonstrates the 

relevance of taking into consideration the effects of natural environmental factors on 

regulation of gene expression in mussels when expression levels of these genes are used as 

biomarkers of pollution. When interfering natural environmental parameters have been 

characterised, sampling strategy and animal handling have to be rigidly controlled to 

circumvent effects of these factors. 

Natural environmental parameters may affect regulation of transcription of genes of phase 0 

or phase III detoxification proteins, their endogenous functions such as osmoregulation or 

excretion of metabolic products, their protective value and thereby the resistance of mussels 

against (anthropogenic) pollution. This can be due to either a primary effect such as activation 

of receptors or a secondary effect such as changes in metabolism like reduced ATP supply or 

pH shifts. 

Mussels are facultatively anaerobic. They live either aerobically or anaerobically but prefer to 

use oxygen respiration when it is available. Mytilidae are also called euryoxic, because they 

tolerate a wide range of oxygen levels, including total anaerobiosis. The LD50 in the absence 

of oxygen is 35 days for M. edulis at 10°C (Theede et al. 1969). Fluctuations in oxygen 

supply may induce an anaerobic type of metabolism. In sessile bivalves, ATP consumption 

under anaerobic conditions is less then 10% of resting aerobic rates (Widdows et al. 1979). In 

the present study, we show effects of anaerobiosis on expression patterns of pgp and mvp. 

Anaerobiosis causes induction of expression of both genes in the digestive gland. Moreover, 

inter-individual variability is reduced by anaerobiosis. Reduced inter-individual variability is 

also found after exposure to high concentrations of xenobiotics (Luedeking et al. submitted). 

Therefore, we recommend a strategy to sample mussels at high tide and thus with an aerobic 

metabolism or even better to sample subtidal mussel populations for biomonitoring to 

circumvent false-positive results. In the context of endogenous functions of pgp and mvp, 
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these transporters may be overexpressed as a result of increasing concentrations of metabolic 

end-products in tissues and the shell interspace of mussels during shell closure. These 

mechanisms protect mussel tissues against toxic effects of lipophilic compounds and bacterial 

end-products in analogy with the blood-brain barrier where phase 0 proteins are expressed at 

high levels. Temperature has a direct effect on metabolic rates in poikilotherms, so that 

compensatory adaptation is important for maintaining ATP production within thermally-

unstable environments. M. edulis has a sustained thermal tolerance limit of approx. 29°C 

(Widdows 1976, Almada-Villelaet al. 1982). 

In our experiments, we used a continuous but slow decrease of temperature from 15°C to 4°C 

and increase from 15°C to 30°C over a period of 12 h in order to simulate natural fluctuations 

more closely than heat shocks would do. Eufemia (2000) reported higher P-gp levels and 

activity following heat shock in M. californianus. In our experiments, only hsp70 gene 

expression was increased in gill tissue at elevated temperatures whereas expression of the 

other genes investigated was not affected. Gene expression in digestive gland was not affected 

at all by temperature. At 4°C, expression of all genes investigated was not affected in gills and 

digestive gland. The results underline the high tolerance of M. edulis towards temperature 

fluctuations. For seasonal biomonitoring, we recommend a temperature range of 4-15°C 

which is the most common temperature range under field conditions in the North Sea and 

North Atlantic. Our results indicate that phase 0 and phase III genes are not very much 

involved in temperature-related stress responses. 

Changes in external salinity disrupt the steady-state balance in cells between influx and efflux 

of water and ions. In order to avoid associated changes in cell volume, mussels and other 

bivalves respond immediately to fluctuations in external salinity by closing the shell and 

maintain intracellular iso-osmosis by adjusting intracellular concentrations of ions, amino 

acids and other small molecules to maintain the volume of cells relatively constant. Almada-

Villela (1984) reported strongly reduced shell growth due to exposure to low salinity of 16 ppt 

for a period of up to a month in comparison with 32 ppt, whereas exposure to 22 ppt caused 

only minor reduction in growth rate. On the other hand, M. edulis is able to adapt well to low 

salinities in the longer term (in the order of weeks) (Bohle 1972, Almada-Villela 1984). 

Almada-Villela (1984) also found that the growth rate of shells of individuals exposed to 13 

ppt recovered after one month from almost zero to over 80% of the rate of control animals in 

32 ppt. The effect of low salinity on growth rates is reflected in our study by the finding that 

topoll expression is reduced by low salinity to nearly zero in 5 out of 6 individuals. The data 

may also reflect the fact that mussels from the Baltic Sea with salinities of 7 ppt grow slower 
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and reach a maximum size that is only one-third of that of mussels in the North Sea (32 ppt). 

The small size of Baltic sea mussels is likely a plastic trait caused by salinity stress, since 

Baltic Sea mussels grow to a large size when transplanted to the North Sea (Kautsky 1982, 

Kautskyetal. 1990). 

The changes in expression of pgp caused by low salinity but not so much by high salinity 

need further investigation to answer the question to which extent changes in pgp expression 

may be interpreted as a physiological response or an active regulation of cell volume control. 

The finding that only topoll and pgp gene expression is reduced by low salinities suggests that 

this expression pattern is not due to a passive metabolic event such as reduction in 

transcription rate caused by reduced ATP levels. Recent studies suggest that in addition to the 

elimination of toxicants, P-gp is also involved in transport of endogenous molecules such as 

phospholipids and steroids, as well as cell-volume control (Ernest & Bello-Reuss 1998, 

Stieger & Meier 1998, Frijters et al. 1999, Gupta et al. 2000). The cystic fibrosis transporter 

(CFTR), an ABC transporter chloride channel that is also involved in the transport of 

phospolipids and steroids and cell volume control and Mdrl (P-gp) show complementary 

tissue distribution patterns in vivo. This phenomenon has been used as evidence that CFTR 

and P-gp may have similar roles in epithelial cells (Trezise et al. 1992). Studies on cftr-

knockout mice have demonstrated that a 4-fold decrease in intestinal cftr expression in 

homozygote knockouts is accompanied by a four-fold increase in intestinal mdrl mRNA 

levels. These findings indicate a role of P-gp in cell volume control (Trezise et al. 1997). 

Whether this is also the case in mussels has to be investigated in further studies. 

In summary, we conclude that environmental parameters has to be considered in gene-

expression studies. The question to what degree endogenous functions and their influence on 

gene regulation may interfere with the transport abilities of the investigated proteins for 

contaminants needs further investigation. 

ACKNOWLEDGEMENTS 

The authors thank Prof. Dr. Cornelis J.F. Van Noorden (Academic Medical Centre, 

Department of Cell Biology and Histology, University of Amsterdam, The Netherlands) for 

the advice and comments on the manuscript. This study is implemented into the BEEP project 

"Biological Effects of Environmental Pollution in Marine Coastal Ecosystems" (contract 

EVK3-CT2000-00025). BEEP project is part of the EC IMPACTS cluster. The manuscript is 

part of a PhD thesis of Alexander Luedeking and financed by the Alfred Wegener Institute for 

Polar and Marine Research. 

81 



Chapter V 

Cited literature 

Almada-Villela PC (1984) The effects of reduced salinity on the shell growth of small Mytilus 
edulis. Journal of the Marine Biological Association of the United Kingdom 64:171-
182 

Almada-Villela PC, Davenport J, Gruffydd LD (1982) The effects of temperature on the shell 
growth of young Mytilus edulis L. Journal of Experimental Marine Biology and 
Ecology 59:275-288 

Bohle B (1972) Effects of adaptation to reduced salinity on filtration activity and growth of 
mussels (Mytilus edulis L.). Journal of Experimental Marine Biology and Ecology 
10:41-47 

Davenport J, Redpath KJ (eds) (1984) Copper and the mussel Mytilus edulis L. Proceedings in 
Life Sciences 60:176-189 

Donkin P, Widdows J, Evans SV, Worrall CM, Carr M (1989) Quantitative structure-activity 
relationships for the effect of hydrophobic organic chemicals on rate of feeding by 
mussels (Mytilus edulis). Aquatic Toxicology 14:277-294 

Endicott JA, Ling V (1989) The biochemistry of P-glycoprotein-mediated multidrug 
resistance. Annual Reviews in Biochemistry 58:137-171 

Ernest S, Bello-Reuss E (1998) P-glycoprotein functions and substrates: possible roles of 
MDR1 gene in the kidney. Kidney International Supplement 65:11-17 

Frijters CM, Tuijn CJ, Ottenhoff R, Zegers BN, Groen AK, Elferink RP (1999) The role of 
different P-glycoproteins in hepatobiliary secretion of fluorescently labeled short-
chain phospholipids. Journal of Lipid Research 40:1950-1958 

Gupta S, Todd Stravitz R, Pandak WM, Muller M, Reno Vlahcevic Z, Hylemon PB (2000) 
Regulation of multidrug resistance 2 P-glycoprotein expression by bile salts in rats and 
in primary cultures of rat hepatocytes. Hepatology 32:341-347 

Heck MM, Eamshaw WC (1986) Topoisomerase II: A specific marker for cell proliferation. 
Journal of Cell Biology 103:2569-2581 

Joergensen CB (1990) Bivalve filter feeding: Hydrodynamics, bioenergetics, physiology and 
ecology. Olsen & Olsen, Fredensborg (Denmark) 

Kautsky N (1982) Growth and size structure in a Baltic Mytilus edulis population. Marine 
Biology 68:117-133 

Kautsky N, Johannesson K, Tedengren M (1990) Genotypic and phenotypic differences 
between Baltic and North Sea populations of Mytilus edulis evaluated through 
reciprocal transplantations. 1. Growth and morphology. Marine Ecology Progress 
Series 59:203-210 

Luedeking A, Koehler A (2002) Indentification of six mRNA sequences of gens related to 
multixenobiotic resistance (MXR) and biotransformation in Mytilis edulis. Marine 
Ecology Progress Series 238:115-124 

Luedeking A, Van Noorden JF, Koehler A Identification and characterisation of a multidrug 
resistance-related protein mRNA in the blue mussel Mytilus edulis. Submitted to 
Marine Ecology Progress Series 

McFadzen I, Eufemia N, Heath C, Epel D, Moore M, Lowe D (2000) Multidrug resistance in 
the embryos and larvae of the mussel Mytilus edulis. Marine Environmental Research 
50:1 -5 

Minier C, Eufemia N, Epel D (1999) The multi-xenobiotic resistance phenotype as a tool to 
biomonitor the environment. Report No. CUIMR-R-99-036 

Minier C, Moore MN (1996) Rhodamine B accumulation and MXR protein expression in 
mussel blood cells: Effects of exposure to vincristine. Marine Ecology Progress Series 
142:165-173 

82 



Chapter V 

Page DS, Widdows J (1991) Temporal and spatial variation in levels of alkyltins in mussel 
tissues: A toxicological interpretation of field data. Marine Environmental Research 
32:113-129 

Smital T, Sauerborn R, Pivcevic B, Krca S, Kurelec B (2000) Interspecies differences in P-
glycoprotein mediated activity of multixenobiotic resistance mechanism in several 
marine and freshwater invertebrates. Comparative Biochemistry and Physiology, C 
126:175-186 

Stieger B, Meier PJ (1998) Bile acid and xenobiotic transporters in liver. Current Opinion in 
Cell Biology 10:462-467 

Tedengren M, Olsson B, Bradley B, Zhou L (1999) Heavy metal uptake, physiological 
response and survival of the blue mussel (Mytilus edulis) from marine and brackish 
waters in relation to the induction of heat-shock protein 70. Hydrobiologia 393:1-3 

Theede H, Ponat A, Hiroki K, Schlieper C (1969) Studies on the resistance of of marine 
bottom invertebrates to oxygen deficiency and hydrogen sulphide. Marine Biology 
2:325-337 

Toomey BH, Epel D (1993) Multixenobiotic resistance in Urechis caupo embryos: Protection 
from environmental toxins. Biological Bulletin, Marine Biological Laboratory, Woods 
Hole 185:355-364 

Trezise AE, Ratcliff R, Hawkins TE, Evans MJ, Freeman TC, Romano PR, Higgins CF, 
Colledge WH (1997) Co-ordinate regulation of the cystic fibrosis and multidrug 
resistance genes in cystic fibrosis knockout mice. Human Molecular Genetics 6:527-
537 

Trezise AE, Romano PR, Gill DR, Hyde SC, Sepulveda FV, Buchwald M, Higgins CF (1992) 
The multidrug resistance and cystic fibrosis genes have complementary patterns of 
epithelial expression. EMBO Journal 11:4291-4303 

Waldmann P, Pivcevic B, Mueller WEG, Zahn RK, Kurelec B (1995) Increased genotoxicity 
of acetylaminofluorene by modulators of multixenobiotic resistance mechanism: 
Studies with the fresh water clam Corbicula fluminea. Mutation Research 342:113-
123 

Widdows J (1976) Physiological adaptation of Mytilus edulis to cyclic temperatures. Journal 
of Comparative Physiology 105:115-128 

Widdows J, Bayne BL, Livingstone DR, Newell RIE, Donkin P (1979) Physiological and 
biochemical responses of bivalve molluscs to exposure to air. Comparative 
Biochemistry and Physiology 62A:301-308 

Withoff S, De Jong S, De Vries EG, Mulder NH (1996) Human DNA topoisomerase II: 
biochemistry and role in chemotherapy resistance (review). Anticancer Research 
16:1867-1880 

83 



Chapter V 

Gill/digestive 

gland 

4°C 

30°C 

Anaerobiosis 

High osmo. 

Low osmo. 

Pgp 

../.. 

../.. 

-n 
- - / t ? 

- / i 

Mvp 

../.. 

../.. 

-n 
../.. 

../.. 

TopoII 

../.. 

../.. 

../.. 

../.. 

- - / I 

Hsp70 

../.. 

V-

../.. 

../.. 

../.. 

Mrp2 

../.. 

../.. 

../.. 

../.. 

../.. 

Table 1. Effects of natural environmental parameters on gene expression of pgp, mvp, topoll, 

hsp70, and mrp2 in gills and digestive gland of M. edulis in comparison to controls: low (4CC) 

and high (30°C) temperatures in comparison with control temperature (15°C), anaerobiosis, 

high (45 ppt) and low (16 ppt) osmolarity versus control osmolality (32 ppt). --, No 

alterations; \, elevated expression, | , decreased expression and |? , not significant, in 

gill/digestive gland, respectively. 
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Fig. 3 
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Fig. 5 
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Legends 

Fig. 1. Expression of pgp in digestive gland of mussels and the effect of osmolarity of the 

seawater. A. Bands of pgp in mussels 25-30 that were exposed to low osmolarity sea water 

and mussels 31 -36 that were exposed to high osmolarity sea water. For pgp expression at 

control osmolarity of 32 ppt see Fig. 2. Mvp expression of each individual was used as 

internal control. B. Pgp gene expression in digestive gland expressed semi-quantitatively as 

deviation from the average value band intensity of control animals incubated in control sea 

water. 

Fig. 2. Expression of pgp in digestive gland of mussels and the effects of anaerobiosis. A. 

Bands of pgp in mussels 1-6 that were used as control mussels kept at 15°C with current 

water flow and mussels 19-24 that were exposed to anaerobiosis by air exposure. Mrp2 

expression of each individual was used as internal control. B. Pgp gene expression in 

digestive gland expressed semi-quantitatively as deviation from the average value band 

intensity of control animals. 

Fig. 3. Expression of mvp in digestive gland of mussels and the effect of anaerobiosis. Data of 

individual no. 19 are missing. A. Bands of mvp in mussels 1-6 that were used as control 

mussels kept at 15°C with current water flow and mussels 19-24 that were exposed to 

anaerobiosis by air exposure. Hsp70 gene expression of the same individuals was used as 

internal control. B. Mvp gene expression in digestive gland expressed semi-quantitatively as 

deviation from the average value band intensity of control animals. 

Fig. 4. Expression of hsp70 in gills of mussels and the effect of an elevated environmental 

temperature. A. Bands of hsp70 in mussels 1-6 that were used as control mussels kept at 15°C 

with current water flow and mussels 13-18 that were exposed to a steady temperature increase 

from 15°C to 30°C. Mrp2 expression of each individual was used as internal control. B. 

Hsp70 gene expression in gills expressed semi-quantitatively as deviation from the average 

value band intensity of control animals. 

Fig. 5. Expression of topoll in digestive gland of mussels and the effect of low osmolarity. A. 

Bands of topoll in mussels 1-6 that were used as control mussels at 15°C with current water 

flow and mussels 25-30 that were exposed to low osmolarity. Mvp gene expression of each 
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individual was used as internal control. B. TopoII gene expression in digestive gland 

expressed semi-quantitatively as deviation from the average value band intensity of control 

animals. : 
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ABSTRACT 

Multixenobiotic resistance (MXR) -related proteins form a first line of defense in marine 

organisms (phase 0 detoxification) by the elimination of xenobiotics to prevent their 

accumulation in cytoplasm and organelles such as the nucleus. Expression of MXR-related 

genes were examined in the blue mussel, Mytilus edulis, in habitats of different structure 

(rocky shore, free water column) to analyse whether differences in ecotypes affect gene-

expression responses to hazardous substances (benzo[a]pyrene, cycloheximide, rifampicine 

and 2-acetylaminofluorene). Furthermore, the value of MXR-related gene expression as 

biomarker of pollution effects was investigated in various fjord sites in Norway. Expression 

of P-glycoprotein, major vault protein and multidrug resistance-related protein as phase 0 

proteins, heat shock protein 70 as general stress protein and topoisomerase II as indicator of 

cell proliferation were analysed in gill and digestive gland at the transcriptional level. The 

phase O/III genes showed specific inducibility by chemicals during experimental exposure in 

relation to habitat structure. Mussels from the rocky shore appeared to be less responsive as 

reflected by low inducibility of MXR transcripts than mussels attached to buoys living under 

more constant conditions. During the Norwegian field campaign, site-specific differences in 

the expression of MXR-related genes were detected. It appeared that in non-tidal habitats, 

contamination with polyaromatic hydrocarbons inhibited MXR-related protection in digestive 

glands whereas contamination with copper induced MXR-related mechanisms. Our study 

indicates that regulation patterns of MXR-related gene expression, either inhibition or 

induction, can be used as biomarker of pollution effects. However, sampling strategies for 

biomonitoring programs must take into account differences in sensitivity of mussel 

populations in relation to habitat-specific adaptations to obtain comparable sets of data. 
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INTRODUCTION 

Blue mussel (M. edulis) and other marine filter-feeding molluscs are widely used in 

laboratory and field experiments as sensitive indicators for anthropogenic contamination. On 

the basis of their capacity to accumulate xenobiotics and toxic compounds and their wide 

geographic distribution over coastal marine environments, mussels are useful sentinel 

organisms for biomonitoring effects of chemical contamination. Moreover, mussels are 

commercially-important organisms as wild catches and in aquafarming. Mussels living in 

habitats of different ecological conditions display distinct physiological adaptations. Some 

physiological parameters, such as growth rate, respiration, and clearance rate (Dickie et al. 

1984, Stirling & Okumus 1994, Sukhotin & Maximovich 1994, Labarta et al. 1997, Reimer & 

Harms-Ringdahl 2001) are determined by specific environmental conditions and are reversed 

when these environmental conditions change. Other adaptations, such as assimilation 

efficiency, energy partitioning and ammonia excretion (Dickie et al. 1984, Rodhouse et al. 

1984, Mallet et al. 1990, Stirling & Okumus 1994, Labarta et al. 1997) are maintained for 

prolonged periods after changes in the environment. This suggests genetic differences 

between populations or an 'ecological memory' of individuals with respect to pre-

experimental conditions driven by circadian rhythms, for example. 

The aim of the present study was to investigate whether site- and habitat-specific differences 

are detectable by RT-PCR at the level of gene expression in tissues of M. edulis. On the basis 

of these results, recommendations for the application of RT-PCR studies in biological effect 

monitoring are made. We selected 3 genes for our study, P-glycoprotein (P-gp), an ATP-

driven transmembrane efflux pump of 170 kDa, the multidrug resistance-related protein 

(MRP), a 190 kDa protein, and the lung resistance protein (LRP) which is the major vault 

protein (MVP), that has a molecular weight of 110 kDa. P-gp is a transmembrane protein 

mainly present in the plasma membrane, with a secondary localisation in the Golgi apparatus 

(Molinari et al. 2002). It is involved in excretion of many types of lipophilic compounds 

across biological membranes. P-gp acts in normal tissues as a protective mechanism against 

xenobiotics and as transporter of endogenous substrates. 

MRP contains 2 ATP-binding domains and 3 membrane-spanning domains. It is expressed at 

a basal level in a wide variety of tissues, including epithelial cells and hematopoietic cells, 

suggesting a function common to most cell types. As plasma-membrane drug-efflux pump, 
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MRP contributes to a multidrug resistance (MDR) phenotype (Zaman et al. 1994, Barrand et 

al. 1997). 

MVP is associated with 2 high-molecular weight proteins p240 and pl93 around a small 140 

nucleotides-long RNA species located in the cytoplasm in nucleoprotein complexes, called 

vaults. A small fraction (approx. 5%) is located in the nuclear envelope and nuclear pores. 

Vaults mediate bidirectional nucleocytoplasmic transport of a wide range of substrates, 

including cytotoxic drugs. Vaults may be involved in both vesicular and cytosolic transport of 

molecules (Izquierdoetal. 1996). 

These 3 proteins are members of the phase 0 or phase 111 detoxification system. Besides their 

capacity to export conjugated metabolites (phase III), these transporters can act as a first line 

of defence by preventing drugs and xenobiotics from accumulation in the cytoplasm or 

nucleus (phase 0). The proteins have been identified in cancer cells, where they provide 

resistance to a broad spectrum of structurally- and functionally-unrelated drugs, thus causing 

the phenomenon known as multidrug resistance (MDR) (Endicott & Ling 1989, Gottesman et 

al. 1996). A MDR-like system called MXR (multixenobiotic resistance) has been identified in 

marine invertebrates which protects organisms against a large variety of xenobiotics (Galgani 

et al. 1996, Eufemia & Epel 1998, Britvic & Kurelec 1999, Bard 2000, Eufemia 2000, Smital 

et al. 2000) thus enabling survival in polluted environments. 

In the present study, we investigated the effects of habitat structure and life history of mussel 

populations on MXR-related gene expression induced by anthropogenic chemicals. In a series 

of experiments, we compared regulation of transcription of MXR-related genes in mussels 

obtained from different habitats, a rocky shore and traffic buoys, to investigate the effects of 

prolonged exposure to variations in environmental factors related to the tide such as oxygen 

supply, nutrient supply, temperature fluctuations, wave impacts and predator pressure. On the 

basis of the results of the habitat-specific responses, sampling protocols were defined. 

Mussels were also investigated in Norwegian fjords at differently-contaminated sites and at 

reference sites. On the basis of these experiments, the usefulness of MXR-related gene 

expression as biomarker was established. 

MATERIAL AND METHODS 

Animal handling. 

Mussels of the species M. edidis were collected on or near the German off-shore island 

Helgoland and along the Norwegian south west coast near Stavanger (Fig. 1). All mussels 

were approx. 5 cm in shell length. Mussels from Helgoland were kept in a seawater circuit at 
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15°C for 3 days without feeding before RNA extraction. Tissues of Norwegian mussels were 

dissected directly after harvesting the mussels, frozen in liquid nitrogen and stored at -80°C 

until RNA extraction. 

Isolation of total RNA. 

The digestive gland and gills were isolated from the mussels and total RNA was prepared 

from all samples immediately after isolation using 1 ml of RNApure reagent (peqlab, 

Erlangen, Germany) according to the manufacturer's specification. An additional purification 

step with the High Pure RNA Tissue Kit (Roche, Mannheim, Germany) was performed to 

remove any remaining contamination of polysaccharides and to improve RNA quality. The 

amount of total RNA was determined by UV spectroscopy. Contamination with 

polysaccharides or proteins was detected on the basis of absorbance values at 260, 280 and 

320 nm. Integrity of RNA was investigated on 1.5% agarose gels. 

RT-PCR. 

Total RNA concentrations were adjusted to 0.5 ug/ul followed by an additional quantification 

control using non-denaturing gel electrophoresis. For RT-PCR, reverse transcription was 

performed with 1 ug of DNase-treated total RNA with 20 U mMulv reverse transcriptase 

(Life Technologies, Karlsruhe, Germany), 50 pmol oligo-dT primer and ImM of dATP, 

dGTP, dCTP and dTTP (dNTPs) (Sigma, Taufkirchen, Germany) each in a total volume of 30 

Hi. 

PCR samples (10 ul) were analysed at cycle 26, 28 and 30 by gel electrophoresis to ensure 

that all mRNAs investigated were still in the exponential phase of amplification. 

Amplification was performed for 28 sequential cycles at 95 °C for 30 sec, at 60 CC for 60 sec, 

at 72 °C for 60 sec followed by a final 3-min extension at 72 °C Equal aliquots of each PCR 

reaction were separated on 2% agarose gels using Tris-borate buffer and photographed after 

ethidium bromide staining. Gels were analysed with Digital Science ID Image analysis 

software (Kodak, Rochester NY, USA). Band net intensity was measured for gene expression 

level analysis. For semi-quantitative RT-PCR, the following primer pairs were used: mrp2 

sense AAA GAC GGA CTG GAT CAC CA and antisense AAA TTG GTC GGT GAG TCG 

AA, 296 bp, concentrations in PCR, 0.1 uM each; pgp sense CAG AGG TTC TAT GAC 

CCA GAT GCA G and antisense GTT CTC ACT CTC AGA GTC TAA TGC AG, 381 bp, 

concentrations in PCR, 0.1 uM each; topoll sense CTT CTC TGA TAT GGA CAA ACA 

TAA GAT TCC and antisense GGA CTG TGG GAC AAC AGG ACA ATA C, 664 bp, 
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concentrations in PCR, 0.2 uM each; mvp (Irp) sense ACA GGT TGT AAC TCC CTT G and 

antisense CTT CAT GAT GAC CTC GAC C, 818 bp, concentrations in PCR, 0.1 uM each; 

hsp70 sense GAC TTG GGT GGT GGA AC and antisense GGC TAC AGC TTC ATC AGG 

G, 516 bp, concentrations in the PCR, 0.1 uM each. 

We selected genes that did not express a difference between control and test experiments or 

exposed sites and reference sites as internal controls in the gels. The histograms are based on 

absorbance measurements of net band intensity. Bars were calculated as derivation from the 

average value of control animals. 

Sampling at Helgoland. 

Site A: traffic buoys -Hogstean, -Sellebrun-W, -Nathurn-N; sampling date: 15.01.03. Mussels 

from these three buoys were pooled in the experiments. Site B: tidal area called 'Felswatt', 

sampling date: 15.01.03. Salinity (33 ppt) and water temperature (3.2°C) was similar at all 

sites. 

Biometric data. 

Thickness, length, width and height of the shells were measured using a 0.1 mm precision 

calliper. After the biometric measurements, the wet weight of meat and shells were 

determined as a measure of fitness of mussels (MWW and SWW, respectively). Condition 

index was calculated as: CI = (MWW/SWW) x 10. 

Habitat-specific gene induction. 

Exposure,to a mixture of 3 chemicals. 

Benzoralpvrene (B(a)P) is a polycyclic aromatic hydrocarbon (PAH) and occurs generally as 

a complex mixture and not as a single compound. PAHs are primarily by-products of 

incomplete combustion. B(a)P, along with other PAHs, is suspected to cause cancer in 

humans and rodents. Because of its lipophilicity and volatility it is bioaccumulative, it is not 

degraded easily in the environment, and can be spread by air (Sticha et al. 2002, Boysen & 

Hecht 2003). 

Cvcloheximide is an odorless white crystalline powder used in hospitals and research 

laboratories as antibiotic, inhibitor of protein synthesis, or plant-growth regulator. 

Furthermore, cycloheximide has had a broad agricultural use as fungicide, but this has been 

prohibited because cycloheximide cause birth defects in animal (Morgan 1982) 

Rifampicin is an antibiotic that is used primarily for prophylaxis or treatment of tuberculosis. 

However, it interacts with contraceptive steroids. Irregular bleeding and pregnancies have 
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been reported among women concurrently using rifampicin and oral contraceptives (Bolt et al. 

1974, Bolt etal. 1977). 

Exposure to single inducers 

2-Acetvlaminofluorene (AAF) is frequently used by biochemists as a positive control in the 

study of liver detoxifying enzymes and in studies of carcinogenic and mutagenic effects of 

aromatic amines (Sparfel et al. 2002). Exposure of rats to AAF in their diet induces tumors in 

the liver, bladder, zymbal gland (in the ear canal), colon, lung, pancreas, and testis. 

Experimental conditions of induction experiments. 

In the first experiment, dimethylsulfoxide (DMSO) was used as solvent for the mixture of 

chemicals whereas AAF was dissolved in vegetable oil since its solubility in DMSO was too 

low. The exposure time was 3 days at a temperature of 15°C in seawater without water 

exchange. Mussels from both sites were incubated together in one aquarium with constant air 

supply. Total concentrations of the chemicals were 0.25 mM B[a]P, 25 uM cycloheximide, 20 

uM rifampicine and 200 uM AAF. 

Sites and dates of sampling in fjords near Stavanger (Norway). 

Mussels for the field study in Norwegian fjords were sampled at non-tidal sites similar to the 

mussels collected from buoys near Helgoland. For a geographical map of the sampling sites, 

see Fig. 1. Site NA: Salvoy (reference), 17.09.01; site NB: Visnes (metal), 18.09.01; site NC: 

Ferlandsfjorden (reference), 20.09.01; site ND: Alvestad (reference), 19.09.01; site NE: 

Hogevarde (PAH), 21.09.01; site NF: Bukk0v (organic), 22.09.01. Salinity at all sites was 

29.70-33.05 ppt and water temperature ranged between 14.2°C and 15.4°C. 

Description of sampling sites. 

NA (Salv0y) is an outer reference site on the west side of Karmoy. The site has a very good 

water circulation and exchange with the North Atlantic. The site is slightly affected by small 

fishing boat traffic, and there is a small cod farm close to the site. NB (Visnes) is a very 

exposed site on the west side of Karmoy. The site is affected by an old copper mine which 

was in production from 1865 to 1894, and was reopened for a few years until 1965. Both, 

tailings and slag was dumped into the sea. Mainly copper, zinc and iron were introduced to 

the seawater and sediment from fillings and the run off from land. No sign of marine life was 

evident in areas close to the old mine. NC (F0rlandfjorden) is an extremely sheltered fjord in 
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the inner part of the fjord system. There is hardly any human activity in the fjord, except for 

some minor boat traffic and some small farms that drain to the fjord. However, there is a 

mussel farm located in the fjord, and the production of mussels was high along the shores of 

the fjord ND (Alvestad) is a reference site in the exposed part of the fjord system with 

appropriate water exchange. It is not affected directly, but ship traffic and salmon farms are 

present at distance of the site. NE (Hegevarde) is the site just north of the discharge point 

from an aluminium smelter in Karmsund. Karmsund is a sheltered straight with appropriate 

water exchange. Karmsund is affected by heavy ship traffic and it has been exposed to 

tributyltin (TBT). The volume of PAHs discharges from the aluminium smelter into the sea 

was 0.6 tons in 2001. The factory also discharges 19 tons per year of biocide (C-Treat 6 = N-

trimethylendiamine acetate) used in the seawater pipe system to prevent fouling. NF 

(Buktey) is north of Ifegevarde in Karmsund and is close to a factory that produces alginates 

from kelp. The site has the same general environmental conditions as ftegevarde, and is 

seriously affected by PAHs. The factory discharged into the sea 6700 tons of kelp residues 

and 90 tons of formaldehyde in 2001. 

RESULTS 

Induction experiments. 

Mussels from buoys showed a distinctly-different morphological phenotype than mussels 

from the rocky shore. Mussels from the rocky shore 'Felswatt' had a 7-fold thicker shell than 

mussels from the buoys. The condition index of buoy mussels was 4.5+1.1 and that of 

mussels from the 'Felswatt' 2.7±0.9 (Table 1). Mussels from the rocky shore had a 58% 

higher meat content but due to a 20% increased height it results in a similar free intra-shell 

volume in the mussels from both sites. 

During the first induction experiment, we used a mixture of 3 chemicals, B[a]P (0.25 mM), 

cycloheximide (25 uM) and rifampicine (20 uM) as a single dosage. After a 3-day incubation 

period, pgp gene expression was induced in digestive glands of mussels from buoys whereas 

mussels from the rocky shore showed no response under these experimental conditions (Fig. 

2). Alterations in gene expression levels of the other genes (mrp2, hsp70 and topoll) were not 

detected. 

In a second experiment, a single dosage of 200 uM AAF was used. Again, site-specific 

inducibility of gene expression was observed. Mrp2 expression was induced in mussels from 

the buoys. They showed induction of mrp2 gene expression in digestive glands by a factor of 

2.5 and in gill by a factor of 3 following incubation with AAF, whereas mrp2 gene expression 

was not significantly induced in digestive gland and gill of mussels from the rocky shore. 
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Alterations in gene expression levels of the other genes (pgp, hsp70 and topoll) were not 

detected. In gill, inter-individual variance in mrp2 gene expression levels was high in mussels 

from the rocky shore, as compared with mussels from buoys (Fig. 3). 

As marker of mitotic activity, topoll gene expression was compared in control mussels from 

both sites. Expression of topoll gene was significantly different in the two sites. Mussels from 

the traffic buoys showed a higher topoll expression and a lower inter-individual variance than 

mussels from the rocky shore (Fig. 4). 

Gene expression in mussels in differently-contaminated fjord sites. 

Site-specific expression of 3 MXR-related genes pgp, mvp and mrp2 was studied in mussels 

collected in Norway. Sampling sites were within an area of 30 km2 where salinity and water 

temperature were similar (Fig. 1). The mussels were not exposed to the tide and experienced 

water exchange as mussels collected from buoys in the induction experiment. The sites were 

selected because of their specific point source contamination. The 3 genes investigated 

showed site-specific expression patterns at 3 sites. Expression levels of pgp in digestive gland 

were virtually abolished at sites Hogevarde (PAH) and Bukkev (organic) (Fig. 5). Mvp 

expression was reduced in digestive gland at the same sites (Fig. 6). Alterations in pgp and 

mvp expression levels were not found in gill tissue in these sites. Mrp2 expression was 

increased by a factor 2 in digestive gland tissue of mussels sampled at sites Visnes (metal) and 

Alvestad (reference) (Fig. 7). In gill, mrp2 expression was elevated in Visnes by a factor 2 but 

not in Alvestad (data not shown). In reference sites Salvey and Ferlandsfjorden, expression of 

the investigated genes was similar in both gills and digestive glands. 

As control for the specificity of gene induction, we investigated hsp70 as general marker of 

cellular stress. No significant induction or repression of expression of hsp70 was detectable in 

any site. Expression of hsp70 showed a low inter-individual variation that ranged between 

14% and 38% within individuals and sites (data not shown). 

DISCUSSION 

Within any particular region, mussel patch structure and dynamics differ among habitat types 

because of environmental differences influencing the intensity and outcome of biological 

interactions and metabolic pathways. The aim of the present study was to evaluate the use of 

the expression of MXR-related genes as biomarker in field studies. Habitat conditions are 

well-known as a factor which influence physiological responses like assimilation efficiency, 

mortality rate, energy partitioning, ammonia excretion, respiration rate, clearance rate, growth 
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rate and anaerobiosis (Seed & Suchanek 1992, Sukhotin & Poertner 1999). In this context, 

information is essential whether differences in expression levels of genes in mussel 

populations at different sampling sites are primarily modulated by habitat conditions such as 

substrate availability, food acquisition and periodical anaerobiosis or whether these 

expression levels are exclusively responses to acute contamination in the habitat of mussels. 

In order to answer the question whether inducibility of gene expression is an effect of site-

specific environmental parameters, we investigated the inducibility of genes encoding the 

major drug transporter proteins, pgp and mrp2, in mussels from two habitats near the German 

island Helgoland. These experiments demonstrate that levels of transcriptional activity of 

'first line of defense' genes of the investigated mussel population in response to specific 

chemicals may strongly depend on the environmental conditions of a specific habitat. For 

identification of these habitat-specific populations in future experiments, we investigated 

morphological data of the mussels. These data showed that mussels from the rocky shore 

develop a different phenotype as compared with buoy mussels. Rocky shore mussels develop 

a stronger shell and have a higher meat content. Although mussels from the rocky shore 

display an increased mantle volume, intra-shell free volume is identical in both populations 

due to a different shape of the shell. Free intra-shell volume is an important issue since this 

volume serves as a reservoir for oxygen and for metabolic end-products during shell closure. 

In the field, mussels of these two populations can easily be identified on the basis of their 

morphological parameters. 

Exposure of the two morphologically-different ecotypes to various inducers of xenobiotic 

transport resulted in habitat-specific transcriptional activation of MXR-genes Pgp gene 

expression in mussels from the buoy habitat was inducible in digestive gland by a mixture of 

3 chemicals within 3 days of exposure whereas mussels from the tidal habitat showed no 

induction. A comparable result of mrp2 gene expression was obtained with AAF. AAF 

exposure induced gene expression in gill tissue and digestive gland, especially in buoy 

mussels. In order to analyse the observed effect in more detail a general marker of mitotic 

activity, the expression of topoll, was measured in the digestive gland of control mussels from 

both habitats. Mussels from buoys showed significantly higher expression of this gene as 

compared with animals that were exposed to the tide. 

The habitat-specific inducibility of gene expression may be caused by the availability of ATP 

in mussels from these habitats. In mussels, ATP generation during anaerobiosis is reduced to 

10% as compared with aerobic conditions. Protein synthesis which forms the basis of 

metabolic adaptations is energetically expensive. Mussels from a non-tidal habitat are able to 
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generate ATP constantly since prolonged shell closure is not necessary. Therefore, they can 

afford to respond more sensitively to changes in the environment because of the availability 

of ATP (Branch et al. 1979). Mussels in a tidal habitat express a reduced cellular metabolism 

and protein turnover because of the limited availability of ATP (Brown et al. 1976, Hawkins 

et al. 1989, Hawkins & Day 1996). These physiological conditions may result in a limited 

ability to adapt to environmental changes. Extended periods of anaerobic metabolism, the 

increased need for byssus threats to cope with wave impacts (Raubenheimer & Cook 1990), 

elevated ATP demands for muscle exercise (foot movement, shell closure) and the need for a 

thicker shell due to predator pressure may have induced these metabolic adaptations. 

Mechanisms like this may affect ecological adaptation or selection processes by differences in 

transcriptional activity in response to external stimuli as observed in the two ecotypes of 

mussel in the present study. Whether this is also the case in other habitats such as the Wadden 

Sea or in estuaries has to be investigated in further studies. Results from our induction 

experiments indicate that sampling in identical habitats only allows comparison of the effects 

of contamination at the level of gene expression. For valid analysis of habitat-specific 

adaptation or selection, and therefore site-specific gene expression responses to pollution in 

different habitat types, a strategy using additionally caged mussels rather than using local 

catches from the wild population alone is advised. 

The observed differences in transcriptional activity of genes related with detoxification and/or 

biotransformation may have consequences when mussels at different habitats are exposed to 

toxic compounds In mussels with low inducibility of MXR genes, chemicals may accumulate 

in tissues and induce damage to cells such as DNA damage or protein inactivation before the 

barrier function of MXR-related proteins is effective. 

On the basis of the data obtained with the use of mussels from buoys and rocky shore, the 

strategy for a sampling expedition in Norway was defined. All mussels tested in the field 

study in Norway were not affected by the tide or the impact of waves and, therefore, are 

considered to be responsive with respect to gene expression of the MXR system. In the 

context of biomonitoring, these mussels are in general recommended as better indicators of 

pollution for gene expression-based studies. The applicability of the RT-PCR-based analysis 

of gene expression was investigated in a field study at differently-contaminated sites and 

reference sites within the south-west Norway fjords. Our results demonstrate that expression 

levels of the investigated MXR-related genes are detectable. We found reduced levels of pgp 

gene expression in digestive gland at contaminated sites Hogevarde (PAH) and Bukkav 

(organic). Reduced mvp expression was also found in digestive gland at these sites. Both sites 
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are exposed to comparable contamination as they are located in the same area and water 

exchange occur between the 2 sites. Therefore, it is not surprising that gene expression at 

these sites is affected in a similar manner Extracts of river water from polluted sites were 

found to inhibit P-gp activity at the protein level in a culture of NIH 3T3 mouse fibroblasts 

and in some marine invertebrates (Smital & Kurelec 1997, 1998). Besides posttranslational 

down-regulation, reduced phase 0 activity can be the consequence of inhibitor}' effects at the 

transcriptional level. Chemicals like PAHs causing such an effect are known as 

'chemosensitizers' because they inhibit the defence mechanisms of marine organisms against a 

broad spectrum of chemicals (Kurelec 1995). 

The digestive gland is the main site of biotransformation in M. edalis and hepatic metabolic 

activation of carcinogens, such as B[a]P, lead to increased toxcicity and the production of 

reactive metabolites (Prescott 1983). This might explain the tissue-specific gene expression 

pattern of pgp and mvp at sites Hegevarde and Bukkov. In contrast to the inhibition ofpgp and 

mvp at the PAH-affected site, induction of mrp2 gene expression was detectable at the sites 

Visnes (metal) and Alvestad (reference). Alvestad was considered originally as a reference 

site and data of a specific contamination are not available but during sampling a thin oil layer 

on the water surface was observed in this site. Therefore, Alvestad cannot be considered as 

reference site. Visnes is highly contaminated by heavy metals as described in material and 

methods part. A protective effect of a mrp homologue to metals has been described in the 

literature in the nematode C. elegans (Broeks et al. 1996). In this study, targeted inactivation 

of mrp-l in C. elegans resulted in increased sensitivity to heavy metal ions to which wild-type 

worms are highly tolerant. The most pronounced effect of the mrp-l mutation affects the 

ability of animals to recover from temporary exposure to high concentrations of heavy metals 

(Broeks et al. 1996). Whether this mechanism also accounts for M edulis has to be verified in 

further experiments. Mrp2 gene induction was tissue specific in the two sites. Elevated levels 

of mrp2 mRNA were detected in both tissues investigated at the site Visnes, but gene 

expression only occurred in digestive gland at the site Alvestad. This implies two different 

ways of action of the toxic chemicals. At Visnes (heavy metals), the regulatory effect may be 

exerted directly by the contaminant whereas at Alvestad (doubted reference site) hepatic 

biotransformation may occur in digestive gland that produces reactive metabolites causing the 

observed effects. 

On the basis of our data, we conclude that toxicogenetic analysis is practicable in principle in 

field studies. This conclusion is made because, first, gene expression was detectable with our 

approach, and some genes showed similar expression levels within all sites, second, two 
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reference sites showed average expression of the genes investigated and, third, gene 

expression of pgp, mvp and mrp was significantly altered at some of the point source 

contaminated sites whereas sites with similar contamination showed similar gene expression 

patterns. 

Our findings of pollution-related responses of expression levels of MXR-related genes at 

different sampling sites with individual contamination status demonstrate the future 

applications of gene expression arrays in the assessment of biological effects of pollution even 

in marine field situations. 
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Biometric data 

Shell wet weight (g) 
Meat wet weight (g) 

Length (cm) 
Width (cm) 

Height (cm) 
Volume (ml) 

Shell thickness (mm) 

Condition index 

Rocky 
shore 

7.2 
1.9 

4.3 
2 

2 
4.4 

1.4 

2.7±0.9 

Traffic 
buoys 

2.5 
1.2 

4.3 
2.2 

1.65 
4.4 

0.2 

4.5±1.1 

Table. 1. Biometric data of mussels collected in two habitats at the German off-shore island 

Helgoland, rocky shore and traffic buoys. Mussels from the rocky shore underwent tidal 

variations (n=20) and those from the traffic buoys (n=20) did not. Inter-individual variation in 

the two groups was less than 20%. The condition index is a measure of meat weight versus 

shell weight. 
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Fig. 2 
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Fig. 4 

A. Mussels from buoys B. Mussels from rocky shore 
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Legends 

Fig. 1. Geographical map of sampling sites of M. edidis in the field study in Norwegian 

fjords 

Fig. 2. Habitat-specific inducibility ofpgp gene expression in digestive gland of M. edidis. 

Mussels were sampled from buoys (A) or rocky shore (B). Numbers indicate individual 

mussels within the two habitats (sampling code). 1-4, Control, 5-8, mussels exposed to a 

mixture of 3 chemicals. M, molecular weight marker. 

Fig. 3. Habitat-specific inducibility of mrp2 gene expression in gill (A) and digestive gland 

(B) of M. edidis. Mussels were sampled from buoys or rocky shore. Box-wisker graphs (C-F) 

were calculated on the basis of deviations in individual gene expression levels from the mean 

value of control animals. Significant differences with p<0.05 are marked with *. 

Fig. 4. Expression of topoll gene in control mussels from buoys (A) and rocky shore (B). As 

control, hsp70 gene expression was selected. Numbers indicate individual mussels: 1-10, from 

buoys thus not affected by tidal changes and 11-20, mussels from rocky shore affected by 

tidal changes. Box-wisker graphs (C) were calculated on the basis of deviations in individual 

gene expression levels from the mean value of control animals. Significant differences with 

p<0.05 are marked with *. 

Fig 5. Site-specific expression of the pgp gene. A. Site NA: Salvay (reference); site NE: 

Hegevarde (PAH); site NF: Bukkev (organic). Numbers represent individual mussels 

(sampling code). B. Diagram showing deviations in gene expression in individual mussels 

from the mean value of control animals. 

Fig. 6. Site-specific expression of the mvp gene. A. Site NA: Salv0y (reference); site NE: 

Hegevarde (PAH); site NF: Bukkeiv (organic). Numbers represent individual mussels 

(sampling code). B. Diagram showing deviations in gene expression in individual mussels 

from the mean value of control animals. 

Fig. 7. Site-specific expression of mrp2 gene. A. Site NA: Salvey (reference); site NB: Visnes 

(metal); site ND: Alvestad ('reference'). Numbers represent individual mussels (sampling 
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code). B. Diagram showing deviations in gene expression in individual mussels from the 

mean value of control animals. 
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Synthesis 

Aim of the present thesis was to examine the value of gene expression as biomarker to 

analyse responses to environmental pollution in Mytihis edalis. We selected genes with 

known functions in detoxification processes, that belong to the so-called multixenobiotic 

resistance (MXR)-mediating genes (Kurelec 1995). Detailed examination of regulation of 

gene expression by RT-PCR showed distinct responses to experimental chemical stimuli in 

laboratory experiments, chemical exposure in the field as well as variations in natural 

environmental parameters such as anaerobiosis, salinity and environmental temperature 

(Chapters III-VI). Levels of mRNA of a specific metallothionein have been suggested as 

biomarker of heavy-metal contamination (Lemoine et al. 2000, Soazig & Marc 2003) 

Therefore, analysis of expression of a series of genes is a promising tool for further 

evaluation. The results of the present study may serve as a first step towards future 

applications such as microarray analysis of gene expression patterns, frequently used in 

human toxicology, to identify hazardous effects of chemicals in a high-throughput approach. 

For developments into this direction, detailed information is essential with respect to 

inducibility of genes, expression levels in different tissues, interference of natural 

environmental parameters and population-specific gene expression dynamics. 

The presence of xenobiotics in the environment always represents a risk for marine 

organisms. One of the most promising and worldwidely-applied approaches to quantify the 

impact on organisms is biological-effect monitoring with the use of biomarkers. Biomarkers 

can provide information on exposure, toxic effects and the individual susceptibility to 

anthropogenic chemical compounds and help to assess and predict the risk of long-term 

effects of exposure to xenobiotics such as heavy metals, aromatic hydrocarbons, pesticides 

and polychlorinated biphenyls (PCBs). Proteins of MXR-mediating genes play a key role in 

the first line defence of aquatic organisms against environmental xenobiotics. The mixed 

function monooxigenase (MFO) system is the main detoxification system for xenobiotics in 

vertebrates but MFO activity and inducibility in molluscs is low (Livingstone 1998, Table 1). 

Moreover, an aryl hydrocarbon receptor (AHR) which is closely linked to CYP1A regulation 

has not been detected in mussel yet (Hahn et al. 1992, Stegeman 1994). Therefore, the MXR 

system of detoxification is of vital importance for marine invertebrates to survive and 

reproduce successfully in polluted areas since the family of proteins involved hampers 

xenobiotics to accumulate in cells before damage occurs. 
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Species 

Fish 

Crustacean 

Mollusc 

Total CYP' 

322 

415 

73 

GST2 

776 

1202 

4230 

Rate of hydrocarbon 
uptake 

__* 

5.8 

8.4 

Rate of 
hydrocarbon 
metabolism 

__* 

0.4 

0.0 

EROD3 

486 

0-29 

0-53 

Table 1. Comparison of phase I1 (mixed oxygenase system or total cytochrome P450 (CYP) activity expressed as 

pmol mg"1 microsomal protein), phase II2 (glutathione S-transferases (GST) expressed as nmol min"1 mg"1 

cytosolic protein) systems in aquatic animals. Rat total CYP = 920 pmol mg"1. Rates of uptake and metabolism 

of hydrocarbons in crustacean and molluscs are compared (calculated for a tissue hydrocarbon concentration of 

10 nmol g"1 body wet weight as rates in pmol"1 g"1 body wet wt. EROD (7-ethoxyresorufin O-deethylase) 

activity expressed as pmol min"1 mg"1 microsomal protein. Mean values are shown only. -,data are not available. 

* Fish metabolise hydrocarbons so fast that rates of uptake and metabolism cannot be measured. 

With respect to 'seafood quality control', these biomarkers may be used to monitor human 

health care in relation to sea food consumption. For example, chemosensitizers, as described 

in chapter VI, may accumulate and/or be generated by biotransformation of originally inert 

substances in mussel tissue. Consumption of these substances may lead to a reduction of 

protective barrier functions (e.g. blood/brain barrier) in humans and cause an additional, and 

until now, less regarded risk by the disruption of inherent resistance against xenobiotics 

(Schinkel 1997, Abu-Qare et al. 2003, Eisenblatter et al. 2003). Recently, the site investigated 

during the Norway expedition (Chapter VI) that was identified as highly affected by PAHs 

and organic contamination was closed down by the Norwegian government for human 

activities. This decision was made on the basis of data of the early biomarkers investigated as 

part of the BEEP project (Biological Effects of Environmental Pollutants in Coastal Areas, 

EU, Fifth Framework). This is of special interest, since routinely-used monitoring methods 

such as chemical analysis and analysis of changes in the composition of the marine 

community at this site failed to identify the highly-negative impact on marine life and marine 

food safety in this site. 

Identification of detoxification and biotransformation genes in M. edulis. 
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Based on the information available, the marine invertebrate M. edulis was identified as one of 

the most suitable organisms for the present study. The selection was made on the basis of the 

use of blue mussel in a broad range of scientific studies that provide basic information on the 

physiology of this species, because of its use in the 'Mussel Watch' program (Galloway et al. 

1983, Beliaeff et al. 1997). Moreover, MXR-like mechanisms are known to exist in M. edulis 

on the basis of transport activity assays (Kurelec 1992). 

Since the present study is mainly based on RNA isolation, it was essential to optimise the 

species-specific isolation procedures of RNA. It is known that molluscs contain high amounts 

of polysaccharides with RNA-like behaviour in phase separation-based isolation procedures 

that interfere with the quantification of RNA concentrations since the amount of 

polysaccharides may vary greatly between individuals. Furthermore, polysaccharides can 

block columns that are used as an alternative for RNA isolation. This problem was solved by 

the sequential use of phase separation and column-based RNA isolation. Together with 

improvements in purification of RNA from polysaccharides and proteins, columns were used 

to remove residual DNA that often is a contaminant in PCR procedures. Quality of the 

starting RNA material appeared to be a critical factor in the reproducibility of RT-PCR 

results. Only the combination of both methods resulted in sufficient quality and 

reproducibility. The use of this isolation procedure ensured a reproducibility of RT-PCR in 

the range of 20%. 

Chapter III and IV show that MXR genes and biotransformation genes are present and 

detectable in M. edulis Partial cDNA sequences of the selected genes pgp, mrp, mvp, gst-pi, 

hsp70, CYP4A, topoll and actin were amplified by degenerate primers which were designed 

to bind to conserved regions in the cDNA. Degenerate primers are single-stranded synthetic 

oligonucleotides designed to hybridise to DNA encoding a particular protein sequence (for 

technical reviews see von Eggeling & Spielvogel 1995, Mitsuhashi 1996). Degenerate primers 

are widely used for screening DNA libraries and in degenerate PCR to identify homologues of 

genes in animals (Wechselberger 1998, Kobayashi et al. 1999), plants (Schmidt et al. 1994, 

Hertzberg & Olsson 1998, van Tegelen et al. 1999), bacteria (Laging et al. 2001) and fungi 

(Record et al. 1999). In our experience, this method is fast and effective to identify genes in 

evolutionary-distinct species. The obtained sequence information can be used in PCR-based 

approaches or for probe synthesis. Promising fragments were cloned into a plasmid vector and 

sequenced Further characterisation by Northern blots and PCR with specific primers affirmed 

the predicted identity of the genes. 
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Partial sequence homologies of the identified genes varied between 44% and 96% as 

compared with the homologue in H. sapiens. Sequence homologies for the MXR-related 

genes ranges from 44-70%. In our study, we used DNA sequence information to set up a 

multiplex PCR for semi-quantitative RT-PCR and investigated tissue-specific expression and 

regulatory mechanisms. The multiplex system enabled us to investigate expression levels of 

genes of interest in a single PCR reaction, saving time and money. 

Actin expression was taken as internal standard, but basal actin expression was relatively low 

in gill and muscle. As a consequence, actin cannot be recommended as internal standard. 

Additionally, expression of actin appeared to be regulated in relation to the reproductive cycle 

in mantle tissue. During egg and sperm development, high levels of actin expression inhibited 

expression of other genes in the multiplex PCR as described in Chapter III. Identification of 

the developmental status of mantle tissue is difficult and therefore, mantle tissue cannot be 

recommended in gene expression studies as biomarker. 

We selected hsp70 expression as an alternative for actin as an internal standard in our 

experiments. Hsp70 expression was detectable in all tissues investigated and showed to be 

constant in individuals within one experiment. Therefore, hsplO was used as internal standard 

to calculate expression levels of pgp, mrp, mvp, topoll and gstpi. The decision whether hsp70 

could be used as internal standard was made for every experiment on the basis of the 

identification of a similar expression level in control and treated organisms. Hsp70 could be 

used as internal standard for all our studies except for those on temperature effects (Chapter 

V). In that case, hsp70 was substituted by mvp as internal standard. 

CYP4A expression was not further investigated after tissue-specific expression experiments. 

Induction 'or repression were not detectable and tissue-specific differences were low. After the 

discovery of the mrp genes (Chapter IV), cyp4A was replaced in the multiplex PCR by mrp2. 

The late discovery of mrp2 illustrates the difficulties with the degenerate primer-based 

approach. Application of this approach depends on the degree of evolutionary conservation of 

amino acid sequences of the protein of interest. Additionally, the approach is limited by the 

availability of sequence information from other species. For example, when information is 

only available for Homo sapiens, Mas musculus and Rattus nonvegicas, which is often the 

case, the evolutionary boundary may not be sufficient to successfully design degenerate 

primers. 

Our study revealed a tissue-specific expression pattern for pgp, mrp2 and mvp with high 

expression in epithelial tissues such as gill and digestive gland This is not surprising as pgp 

and mrp2 encode transmembrane transporters and mvp encodes for a transport protein 
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involved in removal of xenobiotics from the nucleus (Juranka et al. 1989, Barrand et al. 

1997). Epithelia form a major barrier and are predominantly exposed to xenobiotics and these 

genes are usually highly expressed (Thomas et al. 1994, Kavallaris et al. 1996, Lehmann et al. 

2001). 

Gstpi expression was highly regulated at the individual level. Expression was detectable in all 

or in none of the tissues of an individual. In individuals, that expressed gst pi, it was 

predominantly found in digestive gland. In Northern blot experiments, we detected a second 

band for gstpi which appeared at approx. 1000 bp. This band was dedicated first to a GST of 

the mu class because of high sequence similarity of GST pi and GST mu class proteins. In 

further experiments, we showed that this band is of an isoform of GST pi. By screening a 

cDNA library, we identified an isoform of gst pi that explains the appearance of the second 

band in Northern blot experiments. It was named gst pi2. Sequencing of gst pi2 revealed a 

1116 bp mRNA with an extended 3' region as compared with the gst pil. Gst pi2 is currently 

under further investigation. 

TopoII showed to be a useful marker for mitotic activity. During the reproductive cycle, 

elevated mRNA levels were detectable in the reproductive mantle tissue. Since TopoII is a 

useful marker for cellular turnover, it was considered as an indicator of animal fitness as 

mussels do not stop to grow. Additionally, it may be a useful tool to estimate aquaculture 

stock quality and breeding efficiency. 

In summary, our experiments showed that it is possible to identify evolutionary highly-

conserved genes at the mRNA level by the degenerate primer approach in Mytilus edulis. All 

genes showed tissue-specific expression patterns. Hsp70 was identified as a suitable internal 

standard whereas actin expression showed to be regulated in relation to the reproductive 

cycle. Furthermore, a correlation was found between mitotic activity and topoll expression. 

Environmental parameters that influence gene expression. 

After implementation of the method, we analysed whether RT-PCR-based analysis of gene 

expression can be applied in field studies for implementation in monitoring programmes. 

However, fluctuations of parameters such as temperature, salinity and anaerobiosis often 

occur within sampling sites. Estuaries, endangered by high loads of xenobiotics, are especially 

subject to fluctuations of salinity due to the tide. Fluctuations in temperature and oxygen 
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availability (anaerobiosis) in relation to the tidal rhythm should be taken into account for 

biomarker application in costal areas. 

In the present thesis, the effects of environmental parameters on gene expression patterns 

were analysed in detail in laboratory experiments. The experiments were designed to identify 

regulation mechanisms by naturally-occurring factors in the North Sea. Changes in expression 

levels were detectable for all investigated parameters and were gene-specific. P-gp showed to 

be affected by different salinities and anaerobiosis. Expression levels at low salinity were 

decreased to nearly zero in all individuals while anaerobiosis increases expression levels. For 

mvp, an increase in gene expression levels was observed after anaerobiosis. The question 

remains open whether the observed differences in gene expression levels of pgp and mvp are 

directly regulated or are a consequence of physiological changes in the metabolism of the 

organisms. Decreased expression levels of topoll was observed at low salinity. Thus, we 

conclude that growth efficiency of M. edulis is suppressed at low salinity. The ecological 

consequence of growth suppression by reduced salinity is clearly demonstrated by the small 

size of mussels in the Baltic Sea as compared with mussels of the North Sea at similar age as 

salinity is much lower in the Baltic sea. 

Additionally, the effects of environmental parameters showed to be tissue-specific. None of 

the regulatory effects occurred in parallel in gill and digestive gland. Since our experiments 

indicated that environmental parameters may affect expression patterns and definitely do not 

cover all parameters that occur in the marine environment, further research in this direction is 

necessary. For example, food availability may be considered to be an important factor. 

Sampling strategies should be designed to eliminate as many variables as possible. In the 

context of field studies, sampling or caging strategies have to be considered in order to avoid 

these effects interfering with biomarker responses to contamination. 

Environmental parameters affect gene expression of MXR-related genes in M. edulis. To 

avoid false positive or negative results in field sampling, the sampling strategy should take 

these effects into consideration. Ecological consequences of decreased expression of 

detoxification genes due to fluctuations in environmental factors should be further 

investigated. 

Predisposition as a consequence of life history. 

Current investigations often fail to take 'predispositions' into consideration as a result of 

genetic differences or the ecological 'habitat memory' that makes organisms more sensitive or 
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resistant to exogenous exposure and endogenous processes. In our study, we focussed on two 

habitats that differ with respect to their ecological conditions and were considered to be 

relatively clean but were estimated to be equally contaminated. It is generally accepted that 

organisms exposed to different environmental parameters may differ in their metabolism as 

described in Chapter VI. These differences can be distinguished into those effects which are 

reversible and those which are irreversible. In the case of irreversible differences it is still 

unclear whether this is due to a selection or an adaptation process. 

In the present thesis, results are presented that indicate differences in the inducibility of 

expression of the investigated genes as a result of different life histories. Mussels from traffic 

buoys around the island Helgoland and mussels from the so-called Felswatt, a rocky shore 

habitat, were incubated in the presence of chemicals with known effects on gene expression. 

The Felswatt represents an extreme habitat as it is strongly exposed to tidal influences e.g. 

wave impact, anaerobiosis, temperature and salinity fluctuations and predation by seabirds. In 

contrast, mussels from the buoys are constantly in the water column with optimal food supply 

and less predation pressure. Mussels from the two sites showed different condition indexes 

(CI). Meys et al. (2003, unpublished data) found a direct correlation between CI and energy 

reserves and energy turnover measuring the CI and the protein, lipid and glycogen contents. 

This is supported by our finding that mussels at the Felswatt have to use a considerable 

amount of energy to build up a thick shell whereas mussels from buoys have thin shells and 

faster growth rates. This different allocation of energy is a well-known mechanism also found 

in caging and aquaculture experiments. It is a well known mechanism that mussels use 

increased amounts of energy for basic metabolism in polluted areas at the cost of growth and 

reproduction (Stiven & Gardner 1992, Sukhotin & Kulakowski 1992, Feinstein et al. 1996). 

Our experiments indicate that different habitats also result in differences in inducibility oïpgp 

and mrp2 gene expression. Mussels from buoys showed a higher inducibility in our 

experiments than mussels from the Felswatt. The biochemical background of this effect has to 

be investigated in more detail in future studies. A possible interpretation is that non-tidal 

mussels, as collected from the buoys, express higher protein turnover rates as compared to 

tidal mussels. This enables these animals to adapt faster to changes in the environment. 

Another indicator for this explanation is that mussels from tidal habitats, like the rocky shores 

around Helgoland, suffer from prolonged times of shell closure as compared to mussels from 

non-tidal habitats At the conference 'Biological effects of polutants, environmental 

proteomics and genomics' of the European Society for Comparative Physiology and 

Biochemistry in Allessandria December 2003 (ESCPB-meeting), Meys et al. (2003) presented 
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unpublished data on the effects of general condition and sampling location of mussels on 

induction of metallothionein (MT). They evaluated the impact of these factors during a field 

study in the Scheldt-delta in Belgium. A strong gradient in metal pollution exists in the 

estuarine part. Mussels were collected at three sites along the metal gradient in the estuary and 

at one less polluted site in a nearby marine bay (Eastern Scheldt) that is less exposed to tidal 

impacts. The MT levels in the Western Scheldt reflected the pollution gradient and a 

significant difference was found in induction of MT expression between mussels from Eastern 

and Western Scheldt. Results of the field study were evaluated by laboratory experiments. 

Multiple regression revealed a significant relation between the CI and induction of MT. In 

summary, these considerations indicate two general strategies: fast adaptation versus sitting 

the crisis out dependent on the general condition of the mussel. These results would also 

imply different risk potentials within populations living in different habitats and may affect 

the abundance of mussels at high risk habitats under pollution pressure. 

Mussel beds never consist of a homogenous community. Individual variance at the level of 

gene expression is relatively high and represents another difficulty for the use of biomarkers. 

Data on the effects of environmental parameters and life history of mussels demonstrate that 

further research is needed to identify and eliminate as many interfering parameters as 

possible. However, even then changes in gene expression levels due to anthropogenic 

xenobiotics may be a result of biological adaptation processes. Lipophilic chemicals 

accumulate preferably in sediment sinks from where they are remobilised and released into 

the water column even after years after their release into the environment. Chronic exposure 

to contamination may lead to a selection process at the habitats under study as has been 

shown ibr the estuarine fish Fimdithts heteroclitus. This population that was resident in a 

PCB-contaminated site became resistant against those PCB congeners categorized as dioxin-

like compounds (DLCs) that act via the aryl hydrocarbon receptor (AHR) pathway (Nacci et 

al. 2002). In response to DLC exposure, DLC-resistant F, heteroclitus showed poor 

inducibility of enzymes such as CYP450 known to be regulated by the AHR pathway. In this 

way, these fish protected themselves against biotransformation-derived toxic metabolites of 

DLC compounds. In contrast to mussels investigated in our experiment, adaptations in these 

fish were not easily distinguished by morphological characteristics or their CI. Transferring 

this phenomenon to our experiments, these adaptation responses would falsify the 

interpretation of the data. 

As a solution for these possible interfering factors, we suggest a combinational approach by 

caging experiments and field studies in which one-year-old mussels from aquaculture are 
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combined with natural field habitat mussels in short term caging experiments In this case 

caged mussels will serve as an internal standard to calibrate data obtained from mussels 

growing in the natural habitat. First experiments toward this strategy are underway in our 

laboratory. 

Besides fluctuating environmental parameters, different life histories and habitat structure 

effects have to be taken into consideration with respect to the general metabolism of 

xenobiotics in mussels. Differences in protein turnover rate and energy household may 

affect expression levels of detoxification genes in response to stress. Consequences of these 

results for monitoring programs are obvious. Beside wild catches, caged mussels obtained 

from aquaculture or a clean site have to be used as internal controls when different habitats 

are investigated. 

Site-specific expression. 

In the marine ecosystem we are confronted with the multiple effects of a broad mixture of 

xenobiotics rather than specific point source contamination. When interactions occur, they 

appear to be toxicokinetic in nature and often two or more toxic substances compete for the 

same biotransformation enzymes. A threshold is frequently observed for such interactions, so 

that it may affect the relationship between the bioaccumulated levels and the value of the 

relevant biomarker response. The extent of the interactions between cocktails of chemicals 

also depends on the extent of biotransformation of each compound. As a result, measurements 

of the parent compound or its metabolite are affected by the presence of interfering chemicals. 

Since laboratory experiments often fail to simulate the complex situation in the field, a 

potential biomarker has to be tested under field conditions to evaluate its value and 

applicability during exposure to a broad mixture of chemicals including interfering factors. 

Therefore, we sampled mussels along the Norwegian South West coast line. The sampling 

sites were selected on the basis of their contamination either by heavy metals or 

hydrocarbons. Each site was characterised by a discrete point source input of specific 

contaminants as investigated by chemical analysis of sediment and water samples. 

Site-specific expression levels were detectable for the genes pgp, mvp and mrp2. For pgp and 

mvp, decreased expression was observed at two sites that were exposed to PAHs, kelp 

residues and biocides. The two sites are geographically close to each other and influenced by 

the same water current. Therefore, it is not surprising that gene expression patterns were 
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identical at both sides. Decreased expression of the two genes was detectable in the digestive 

gland but not in gill as compared with reference sites A link between regulation of mvp gene 

expression and toxicological interactions with known chemicals has not yet been shown in 

marine organisms. Recently, Stegeman et al. reported at the ESCPB-meeting in Alessandria in 

December 2003 a 2-fold induction of mvp in zebrafish as a result of exposure to 0.5-5 nM 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). This indicates a role of MVP in detoxification 

of dioxin-like substances in the marine environment and therefore a potential protective 

function in marine organisms. 

Chemicals causing inhibition of detoxification pathways are also known as 'chemosensitizers' 

because they inhibit defence mechanisms of organisms against a broad spectrum of chemicals 

(Kurelec 1995). This effect seems to be tissue-specific since no such effect was observed in 

gill in our study. The digestive gland is the main organ of biotransformation in M. edulis and, 

therefore, first line of defence proteins are especially important in this organ. 

Biotransformation of some chemicals is known to lead to increased toxicity by the production 

of reactive metabolites. This may explain tissue-specific transcriptional inactivation of pgp 

and mvp at the two sites. 

Additionally, we found an increased expression of mrp2 gene expression in the digestive 

gland at two other sites. One site is highly contaminated with copper whereas the other site 

was considered to be a reference site. Recent results of Viarengo et al., presented at the 

ESCPB-meeting in Alessandria, December 2003, confirmed our results with respect to the 

induction of gene expression of mrp2 in the presence of copper in M. galloprovincialis. A low 

density microarray was developed, partly based on our sequence data. The array contained 

sequences of mrpJ, mrpl, actin, gst pi, hsp70 and mvp besides 19 other genes. After a 3 day 

exposure of mussels to copper, mrp2 gene expression was induced 2-fold. In agreement with 

our data, other genes, investigated by us, were not affected by experimental treatment. Based 

on results of long-term and short-term exposure, further investigations of a putative function 

of mrp2 in heavy-metal resistance in the blue mussel seems to be promising. We suggest a 

protective effect of mrp2 by elimination of oxyradicals during copper exposure. At the so-

called reference site, induction of gene expression was limited to the digestive gland. We 

concluded that this site is affected by contamination of unknown origin, since no induction or 

repression of gene expression was detectable at the two other reference sites. The thin oil 

layer that was observed at the doubtful reference site may have played a role here. 

On the basis of our results, we conclude that toxicogenetic analysis is, in principle, applicable 

in field sampling. This conclusion was made on the basis of the fact that expression of all 
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genes was detectable with our approach. Some genes showed similar expression patterns in all 

sites. The two reference sites showed an average expression of the investigated genes. 

Expression of specific genes was significantly altered at some of the contaminated sites 

whereas sites with similar contamination showed similar gene expression patterns. 

Sampling of point-source contaminated sites in comparison with clean reference sites at a 

Norway fjord system affirmed the usefulness of MXR-related gene expression analysis for 

environmental biomonitoring to detect effects of PAHs and heavy metals. Sampling at two 

sites, exposed to similar contamination, gave similar results and proved the reliability of 

MXR-related gene expression analysis in field situations. On the basis of gene expression, we 

were able to identify an until now unknown contaminated site, formerly used as reference 

site. 

Perspectives. 

The data in this thesis demonstrate that gene expression analysis can be applied as biomarkers 

in monitoring biological effects of contaminants. However, the studies also showed problems 

that are either specific for the genetic approach or characteristic for biomarker research in 

general. Specific problems of the genetic approach start with the relatively few genetic data of 

marine invertebrates that are available. Genebank lists 743 entries for the search term Mytilns 

edalis in Mai 2003. Eliminating all entries that consist of ribosomal or mitochondrial 

information, 135 entries remain that are informative only for phylogeny, such as satellite 

DNA sequences or anonymous length polymorphism loci. By a search entry of: Mytilus edulis 

NOT spacer NOT ribosomal NOT mitochondrial NOT precursor NOT length NOT satellite 

NOT Lambda NOT Vibrio NOT PCR, a list of 47 entries was obtained. This fact 

demonstrates that little information is yet available for M edulis. 

In general, there are two promising strategies for application of gene expression analysis in 

the field of biomarkers that will cover a broad range of contaminants: 'Shotgun versus 

microscope'. One application is gene expression-pattern screening (shotgun). In this 

approach, expression patterns of a large number of genes in a particular experimental 

conditions are compared with expression patterns that result from known chemical or 

environmental condition with a known negative outcome for the organism. This implies a 

high number of genes to be investigated which are only available of species already used for 

DNA arrays, for example mouse and rat. In M. edulis, this approach is not feasible yet, due to 
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little sequence information available. An estimated number of approx. 150 open reading 

frames are necessary to generate reproducible and significant data for a set of chemicals. For 

such an approach, future research has to concentrate on the identification and sequencing of 

additional expressed genes, for example, expressed sequence tag (EST) sequencing. 

Another promising way is to focus on key points in the metabolism of the mussel 

(microscopy). This approach produces specific information on disturbances of the 

physiological balance as a result of a (toxic) stimulus. Therefore, less genes deliver sufficient 

information to predict a detrimental consequence of exposure to toxic compounds. In this 

case, the number of genes needed is lower but the degree of characterisation of the genes and 

proteins has to be higher. For this purpose, endogenous functions, physiological regulation, 

putative receptors, substrate specificity and the putative existence of isoforms have to be 

investigated. 

As finances and manpower will not be available in sufficient amounts in this field of research 

in the future, a compromise may be possible by the use of substractive hybridisation to 

identify a list of candidate genes that are up- or downregulated as a result of incubations of 

explants with crude extracts of contaminated sediments and water samples. In a further 

itemisation, individual toxic candidates may then be determined by subfractionation of 

extracts or by purification of single compounds. This approach can be easily combined with 

further degenerate primer-based identification of expressed genes which is limited to highly 

conserved proteins. This approach is recommendable since rare transcripts may remain 

undetectable by substractive hybridisation and/or are not inducible or repressible by specific 

stimuli. Combinations of these two approaches may enable us to identify a sufficient number 

of relevant genes and may be the method of choice. 

Finally, a 'Bacterial Artificial Chromosome' library of mussel would be a useful tool to 

investigate regulatory regions of genes, screening for isoforms and improve access to 

sequence information. 

Primary cell cultures as a future tool in ecotoxicology. 

Responses to xenobiotics depend on numerous events, each presumably controlled by 

different gene products. Multiple genes may interact with environmental factors to result in a 

large variation in toxic effects. Pharmacogenetic and toxicogenetic factors rarely act 

separately; they produce a phenotype in concert with other variant genes influenced by 

environmental factors. Environmental factors may affect gene expression in many ways For 

instance, numerous drugs not only induce their own but also the metabolism of other 
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xenobiotics by interacting with nuclear receptors such as aryl hydrocarbon receptor (AhR), 

peroxisome proliferator-activated receptor (PPAR) and pregnane X receptor (PXR) (Waxman 

1999, Handschinetal. 2000). 

Genomics provide the information and technology to analyse these complex situations in 

order to obtain species-specific genotypic and gene expression information to assess the risk 

of toxicity. Of course, knowledge of changes in gene expression profiles in the presence of 

toxicants alone is only of limited value. A correlation of these changes with cellular processes 

in a dose- and time-dependent manner is of basic interest. Commonly-used tools are cell 

culture-based applications. Cell cultures can be tightly controlled and provide a broad 

spectrum of in vitro methods that are essential to characterise the physiological functions of 

proteins and their regulation. Cell culture serves as an effective model for in vivo research, 

and gene transfer in cell cultures is useful for screening promoters and genes in a larger scale 

than it is possible with individual organisms. Since a cell line from marine bivalve molluscs 

has not been established, yet, we are restricted to primary cell cultures. 

Until recently, primary cultures were only available to heart and mantle cells of M. ednlis on a 

time scale and quality, necessary for transient expression studies The proof of principle of in 

vitro gene delivery in bivalve cells was demonstrated with the Pacific oyster Crassostrea 

gigas. Transient expression of the luciferase gene under transcriptional control of several 

heterologous promoters was obtained in heart primary cell cultures of C. gigas. Drosophila 

heat shock protein 70 promoter, cytomegalovirus, and simian virus early promoters, 

controlling the luciferase gene, were transfected into the cell cultures using liposomes (Boulo 

et al. 1995, Delsert & Cancela da Fonseca 1998). Cells were transfected after two days of 

culture. Highest expression rates were obtained at 16-24 hours after transfection. In contrast to 

mantle cells, our improved primary cell culture of toxicologically more relevant gill cells 

enables us to obtain high amounts of intact cells independent of the season (Luedeking et al. 

in preparation). The isolation and culture methodology may serve as the basis for 

immortalisation experiments towards steady cell lines of marine invertebrates. 
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Summary 

In order to clarify the role of MXR and biotransformation proteins in Mytilus edulis and their 

potential use as biomarkers, several gene sequences were partly identified and characterised. 

Environmental parameters were identified that affect expression levels of these genes and the 

relevance of the application of expression patterns of these genes was investigated in field 

studies with respect to habitat-specific predisposition and site-specific responses to point 

source contamination. 

Tissue-specific gene expression of the multidrug resistance protein 1 (P-gp), the major vault 

protein (MVP, i.e. the lung resistance protein, LRP), glutathione S-transferase pi (GST pi), 

heat-shock protein 70 (HSP70), and cytochrome P450 4A (CYP4A) was analysed. 

Additionally, topoisomerase II (TopoII) and actin expression was investigated as indicators 

for mitotic activity and internal standards. We identified highly-conserved regions in genes in 

a wide range of species, and synthesised degenerate olignucleotide primers designed to 

amplify these regions from M. edulis mRNA. PCR-amplified fragments were used as probes 

for Northern blot hybridisation to identify transcript sizes. Specific oligonucleotide primers 

were designed from sequences for each gene and used for semi-quantitative multiplex RT-

PCR. 

Other prominent members of the MXR family are MRPs. MRPs may also provide xenobiotic 

resistance in aquatic organisms in a polluted environment by binding xenobiotics and 

excreting them from cells in an energy-dependent manner. We investigated expression of 

MRPs as part of the multixenobiotic resistance (MXR) system to analyse whether there is a 

link between P-gp, MVP and MRP expression in M. edulis. We isolated and characterised two 

putative mrp cDNAs. The mrpl fragment could not be associated with any mRNA in Nothern 

blots whereas the mrp2 fragment hybridised with a mRNA of approx. 4.6 kb. Mrp2 showed 

tissue-specific expression patterns. Highest expression was found in digestive gland and gill 

in M. edulis. Its expression showed to be inducible 2-fold by the model carcinogen 2-

acetylaminofluorene (AAF) whereas mrpl expression was unaffected by exposure to AAF. 

The cDNA fragment of the inducible form was then integrated in a multiplex PCR system for 

the analysis of MXR in the blue mussel in concert with the other detoxification and 

biotransformation genes. 

Marine organisms and especially those living in tidal zones are confronted with dramatic 

changes in their environment on a daily and/or seasonal basis such as fluctuations in 

temperature and oxygen availability. An important issue with respect to the use of biomarkers 
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in monitoring biological effects of pollutants is the interference of natural environmental 

factors in the expression of biomarkers, that can complicate valid interpretation of data. In 

order to differentiate between pollution-induced stress and responses to natural environmental 

variations, we studied the effects of temperature, salinity and oxygen supply (anaerobiosis) on 

expression of MXR-related genes in gills and digestive gland of the blue mussel M. ednlis. 

Changes in expression levels of P-gp, MVP, TopoII, HSP 70 but not of MRP2 were found in 

laboratory experiments in relation to high but not low temperature, low salinity and 

anaerobiosis. These effects of environmental factors have to be taken into account in sampling 

strategies for monitoring programmes to prevent false negative or positive results. 

To further study effects of natural environmental factors on gene-expression biomarkers, we 

examined mussels from habitats of different structure (rocky shore, free water column) to 

analyse whether differences in ecotypes affect gene-expression responses to hazardous 

substances (benzo[a]pyrene, cycloheximide, rifampicine and 2-acetylaminofluorene). 

Furthermore, the value of MXR-related gene expression as biomarkers of pollution was 

investigated in various fjord sites in Norway that were contaminated in various ways. 

Expression of P-gp, MVP and MRP2 as phase 0 proteins, HSP 70 as general stress protein 

and TopoII as indicator of cell proliferation were analysed in gill and digestive gland. Specific 

inducibility by chemical inducers during experimental exposure was demonstrated in relation 

to habitat structure. Mussels from the rocky shore appeared to be less responsive as reflected 

by lack of induction of the MXR transcripts of p-gp and mrp2 genes than mussel attached to 

buoys living under more constant conditions. During the Norwegian field campaign, site-

specific differences in expression of MXR-related genes were detected. It appeared that in 

non-tidal habitats, contamination with polyaromatic hydrocarbons inhibited P-gp-related 

protection in digestive glands whereas contamination with copper induced MRP-related 

mechanisms. Our study indicates that expression of MXR-related genes, either inhibition or 

induction, can serve as an appropriate biomarker to determine hazardous effects of chemicals 

in contaminated marine habitats when natural environmental factors are taken into account. 

Therefore, sampling strategies for biomonitoring programs must include controls to establish 

interfering effects of natural environmental variations and differences in sensitivity of mussel 

populations as part of habitat-specific adaptations to obtain comparable sets of biomarker 

data. 
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Samenvatting 

Om de rol van MXR en biotransformatie in Mytilus edulis op te helderen, alsmede hun 
eventuele gebruik als biomarkers, werden enkele gensequenties gedeeltelijk geïdentificeerd en 
gekarakteriseerd. Bovendien werden omgevingsparameters die het expressieniveau van de 
genen beinvloeden geïdentificeerd, en de relevantie van expressie van deze genen als 
biomarkers in veldstudies met betrekking tot habitat-specifieke predispositie alsmede de 
specifieke respons op contaminatie van puntbronnen onderzocht. 
Weefsel-specifieke expressie van gen-homologen van multidrug resistance protein 1 (P-gp), 
major vault protein (MVP, het lung resistance protein, LRP), glutathione S-transferase pi 
(GST pi), heat-shock protein 70 (HSP70), en cytochrome P450 4A (CYP4A) werden 
geanalyseerd. Bovendien werden topoisomerase II (TopoII) en actine onderzocht voor het 
gebruik als indicators voor mitotische activiteit en als interne standaards. Sterk 
geconserveerde gebieden werden geïdentificeerd in genen die in andere diersoorten zijn 
gevonden, en gedegenereerde oligonucleotide primers werden gesynthetiseerd om deze 
gebieden in het mRNA van M. edulis te amplificeren. Fragmenten, die geamplificeerd zijn 
door middel van PCR werden gebruikt als probes voor Northern blot hybridisatie om de 
gebieden te identificeren voor transcriptie. Van sequenties van elk gen werden specifieke 
oligonucleotide primers ontwikkeld en gebruikt voor semi-kwantitatieve multiplex RT-PCR. 
Andere prominente leden van de MXR familie zijn de MRPs. MRPs zouden ook voor 
resistentie tegen xenobiotica van aquatische organismen in een vervuilde omgeving kunnen 
zorgen door energie-afhankelijke binding en uitscheiding van xenobiotica uit de cel. Om uit te 
zoeken of expressie van P-gp, MVP en MRP in M. edulis gekoppeld is, onderzochten we 
expressie van MRPs als onderdeel van het multixenobiotic resistance (MXR) systeem. We 
hebben twee mogelijke tnrp cDNAs geisoleerd en gekarakteriseerd. Het mrpl fragment kwam 
met geen enkel mRNA overeen op Northern blots, terwijl het mrp2 fragment met een mRNA 
van ca. 4.6 kb hybridiseerde. Mrp2 vertoonde weefsel-specifieke expressiepatronen. De 
hoogste expressie werd gevonden in de spijsverteringsklier en kieuwen. Expressie werd 
tweevoudig geinduceerd door het model carcinogen 2-acetylaminofluorene (AAF), terwijl 
mrpl expressie niet induceerbaar was door AAF. Samen met de andere detoxificatie en 
biotransformatie genen werd het cDNA fragment van de induceerbare vorm geintegreerd in 
het multiplex PCR systeem voor analyse van MXR expressie in M. edulis.. 
Mariene organismen, en vooral die in getijdenzones leven, worden in cycli van dagen of jaren 
geconfronteerd met dramatische veranderingen in hun leefomgeving, zoals fluctuaties in 
temperatuur en zuurstofconcentraties. Een belangrijk aspect met betrekking tot het gebruik 
van biomarkers voor het monitoren van biologische effecten van vervuiling van de zee is 
interferentie van natuurlijke factoren in de expressie van biomarkers, die een betrouwbare 
interpretatie van data kan bemoeilijken. Om te kunnen onderscheiden tussen stress 
geinduceerd door vervuiling en adaptaties aan natuurlijke variaties, bestudeerden we effecten 
van temperatuur, zoutgehalte en zuurstofconcentraties op de expressie van MXR-gerelateerde 
genen in kieuwen en de spijsverteringsklier van M. edulis. Veranderingen in 
expressiepatronen werden gevonden bij hoge maar niet lage temperatuur, laag zoutgehalte en 
lage zuurstofconcentraties van pgp, mvp), topoll) en hsp70, doch niet van mrp2. Om vals 
positieve en/of vals negatieve interpretaties te voorkomen, moeten deze effecten van 
omgevingsfactoren mee worden genomen bij bemonsteringsstrategieen voor 
monitoringsprogrammas. 
Om effecten van natuurlijke omgevingsfactoren bij toepassing van genexpressie als biomarker 
nader te onderzoeken, werden mosselen uit habitats met een verschillende structuur (rotskust, 
waterkolom) geanalyseerd, om vast te stellen of verschillen in ecotype de respons in 
genexpressie op schadelijke stoffen (benzo[a]pyrene, cycloheximide, rifampicine and 2-
acetylaminofluorene) beinvloeden. Verder werd de waarde van MXR-gerelateerde gen 
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expressie als biomarker voor vervuiling onderzocht in een aantal fjorden in Noorwegen, die 
met verschillende xenobiotica waren verontreinigd. In kieuwen en spijsverteringsklier van M. 
edulis werd op transcriptioneel niveau de expressie van P-gp, MVP en MDR-related protein 
als fase 0 eiwitten, HSP70 als algemeen stresseiwit en TopoII als indicator voor celproliferatie 
geanalyseerd. Tijdens experimentele blootstelling werd specifieke induceerbaarheid door 
xenobiotica in relatie tot de habitatstructuur worden aangetoond. Mosselen van de rotskust 
vertoonden een geringere response respons in induceerbaarheid van MXR-gerelateerde 
transcripten van -gp en mrp te vertonen dan mosselen die zich aan boeien onder stabielere 
condities hadden ontwikkeld Tijdens de campagne in Noorwegen werden plaats-specifieke 
verschillen in expressie van MXR-gerelateerde genen vastgesteld. Het bleek dat in niet-
getijden habitats contaminatie met polyaromatische koolwaterstoffen P-gp-gerelateerde 
expressie in de spijsverteringsklier remden, terwijl contaminatie niet koper MRP-gerelateerde 
beschermingsmechanismen induceerde. Onze studie duidt erop dat geremde of geinduceerde 
expressie van MXR-gerelateerde genen goede biomarkers kunnen zijn voor het opsporen van 
schadelijke effecten van chemicaliën in vervuilde mariene habitats mits rekening wordt 
gehouden met natuurlijke omgevingsfactoren. Derhalve moet gecorrigeerd worden voor 
verschillen ten gevolge van de natuurlijke omgeving en verschillen in gevoeligheid van 
mosselpopulaties asls gevolg van habitat-specifieke adaptaties. 
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