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EXECUTIVE SUMMARY
A UNEP/MAP/MED POL workshop entitled “Workshop on the MED POL Biological Effects
Programme: Achievements and Future Orientations” was organized on 20 and 21 December 2006,
at the Department of Environmental and Life Sciences (Dipartimento di Scienze dell’ Ambiente e
della Vita, DISAV) of the University of Alessandria, Italy. The workshop had as its aims:
(a) to review the work undertaken during Phase III. Under this item the participants had the
opportunity to present the work accomplished during the last decade within national monitoring
programmes and other comparable programmes;
(b) to discuss a proposal for the utilization of a 2-tier approach to rank the level of pollutant-induced
stress syndrome in sentinel organisms sampled along the Mediterranean coast; and
(c) to make recommendations for MED POL Phase IV and other pertinent issues.
The workshop was attended by 22 Mediterranean scientists, participants of the MED POL
biological effects programme, who also had the opportunity to present their work. Two outside
experts also attended. Discussions concentrated on the evaluation of the results, the assessment
criteria and the proposal for the use of a 2-tier approach.
The conclusions and recommendations of the workshop were the following:
The workshop:
1. Acknowledges with satisfaction the excellent work accomplished during MED POL Phase III
and the data presented, in particular, from countries of the southern and eastern
Mediterranean. The data presented during the workshop ranged from core biomarkers to
new developed omics (genomics and proteomics) approaches in natural and caged sentinel
organisms. Special achievements were obtained in data management and biomarker
interpretation.
2. Recognizes the need for harmonization of the assessment criteria with those of the
northern European organizations and Conventions. Harmonisation should include
biomarker selection, standard operating protocols and data management as well as
common inter-calibration exercises, training courses and databases.
3. Recognising that biological tools are useful for the evaluation of the impact of chemicals on
marine life, considers that biomarkers and bioassays could be utilised as indicators in the
European Marine Strategy and the ecosystem approach for the management of human
activities impacting on the marine environment.
4. Recommends that MED POL includes in Phase IV the application of a 2-tier approach with
caged molluscs: the first tier would include a single biomarker, namely, lysosomal
membrane stability, and mortality. The second tier would include a whole set of biomarkers
including lipofuscin accumulation, neutral lipid accumulation, micronuclei frequencies,
oxidative stress, metallothionein content, acetyl cholinesterase activity, peroxisome
proliferation, lysosome to cytoplasm ratio, and stress on stress.
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5. Recommends that MED POL promotes biomonitoring in all Mediterranean countries and
that it provides the necessary equipment, reagents, and training for the first tier to the
countries that are in need. MED POL should also promote inter-calibration exercises on a
Mediterranean scale.
6. Recommends to countries to include the 2-tier approach in their national monitoring
programmes.
7. Recommends that MED POL provide environmental managers with simple biomarker
integration indices (using the expert system or the multi-marker pollution index) to score
adverse biological reactions.
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RESUME EXECUTIF
Un atelier PNUE/PAM/MED POL, intitulé “Atelier sur le programme MED POL de surveillance des
effets biologiques: réalisations et orientations futures”, a été organisé les 20 et 21 décembre 2006
au Département de l’environnement et des sciences du vivant (Dipartimento di Scienze dell’
Ambiente e della Vita, DISAV) de l’Université d’ Alessandria (Italie). Cet atelier avait pour objet :
a) d’examiner les travaux entrepris au cours de la Phase III. Au titre de ce point de l’ordre du jour,
les participants ont eu l’occasion de présenter les travaux réalisés au cours des dix dernières
années dans le cadre des programmes de surveillance continue et d’autres programmes
comparables;
b) de débattre d’une proposition visant à utiliser une approche à deux paliers pour classer le
niveau du syndrome de stress induit par les polluants dans des organismes sentinelles prélevés le
long du littoral méditerranéen; et
c ) de formuler des recommandations pour MED POL-Phase IV et d’autres questions pertinentes.
L’atelier a réuni 22 scientifiques méditerranéens, participant au programme MED POL sur les
effets biologiques, qui ont eu aussi l’occasion de présenter leurs travaux. Deux experts extérieurs y
ont également pris part. Les débats ont été centrés sur l’évaluation des résultats, les critères
d’évaluation et la proposition d’utilisation de l’approche à deux paliers.
Les conclusions et recommandations de l’atelier ont été les suivantes:
L’atelier:
1. Prend acte avec satisfaction de l’excellent travail accompli au cours de MED POL-Phase III
et des données présentées, en particulier par les pays du Sud et de l’Est de la
Méditerranée. Les données présentées lors de l’atelier couvraient un vaste champ, depuis
les principaux biomarqueurs jusqu’aux nouvelles approches "omiques" mises au point
(génomique et protéomique) chez les organismes sentinelles à l’état naturel et en cage.
Des progrès ont, en particulier, été obtenus dans la gestion des données et l’interprétation
des biomarqueurs.
2. Reconnaît la nécessité d’harmonisation des critères d’évaluation avec ceux des
organisations et conventions d’Europe du Nord. L’harmonisation devrait porter notamment
sur la sélection des biomarqueurs, les protocoles opérationnels types et la gestion des
données, et comporter des exercices d’interétalonnage, des sessions de formation et des
bases de données réalisés en commun.
3. Reconnaissant que les outils biologiques sont utiles pour l’évaluation des impacts des
produits chimiques sur la flore et la faune marines, considère que les biomarqueurs et bioessais pourraient être utilisés comme indicateurs dans la Stratégie marine européenne et
l’approche écosystémique de la gestion des activités humaines affectant le milieu marin.
4. Recommande que le MED POL intègre dans sa Phase IV l’application d’une approche à
deux paliers avec des mollusques en cage; le premier palier comporterait un seul
biomarqueur, à savoir la stabilité de la membrane lysosomiale, et la mortalité. Le second
palier comporterait une batterie complète de biomarqueurs, dont l’accumulation de la
lipofuscine, l’accumulation de lipides neutres, les fréquences de micronoyaux, le stress
oxydant, la teneur en métallothionéines, l’activité acétylcholinestérasique, la prolifération
des peroxisomes , le rapport lysosome/cytoplasme, et le "stress sur stress".
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5. Recommande que le MED POL encourage la biosurveillance dans tous les pays
méditerranéens et qu”il fournisse le matériel, les réactifs et la formation nécessaires pour
le premier palier à tous les pays qui en ont besoin. Le MED POL devrait aussi promouvoir
des exercices d’interétalonnage à une échelle méditerranéenne.
6. Recommande que les pays intègrent l’approche à deux paliers dans leurs programmes
nationaux de surveillance continue.
7. Recommande que le MED POL fournisse aux gestionnaires de l’environnement des indices
simples d’intégration de biomarqueurs (en ayant recours au système expert ou à l’indice de
pollution multimarqueurs) pour noter les réactions biologiques défavorables.
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PAPERS PRESENTED

Predicting health of the environment – lysosomal biomarker responses in mussels
by
Michael Moore, David Lowe, Icarus Allen, Allan McVeigh & Paul Somerfield
Plymouth Marine Laboratory, Prospect Place, The Hoe, Plymouth, PL1 3DH, UK

ABSTRACT
Cellular changes, such as reduced lysosomal membrane stability, lipofuscin (age or stress
pigment) accumulation and other lysosomally related assays, are good indicators of cell injury and
animal health status. In a situation where exposure to environmental stressors is likely to be
sustained, lysosomal biomarkers can be used to predict that further pathological changes will
occur. Lysosomal and autophagic functional perturbations also appear to have potential as
measures of damage to ecological health. The potential prognostic use of lysosomal reactions to
environmental pollutants has been explored in relation to predicting animal health in marine
mussels and flatfish (dab and flounder), based on diagnostic biomarker data. Integration of multiple
biomarker data has been achieved using multivariate statistics and then mapped onto “health
status space” by using lysosomal membrane stability as a measure of cellular well-being. This is
viewed as a crucial step towards the derivation of explanatory frameworks for prediction of
pollutant impact on animal health; and has facilitated the development of a conceptual mechanistic
model linking lysosomal damage and autophagic dysfunction with injury to cells, tissues and the
whole animal. This model has also complemented the creation and use of cell-based bioenergetic
computational models of molluscan hepatopancreatic cells that simulate lysosomal and cellular
reactions to pollutants.
The use of coupled empirical measurements of biomarker reactions and modelling is proposed as
a practical approach to the development of an operational toolbox for predicting the health of the
environment. Current assessment methods are largely indicative of exposure to chemical
contamination but do not necessarily indicate harmful effects on the health of sentinel animals. In
contrast, we have clearly demonstrated a mechanistic link between responses of lysosomal and
autophagic biomarkers, oxidative stress and early onset pathology. The lysosomal stability
biomarker has also been shown to be significantly correlated with an indicator of ecological status.

INTRODUCTION
The current evolving ecosystem approach to marine environmental management requires that the
cumulative effect of all conceivably relevant impacting human activities are considered. Although
performance indicators play an important and essential role in environmental protection, these
indicators do not allow us to say with confidence that the coastal seas are in a healthy state (Defra,
2005). A further category of indicators are required that can demonstrate that ecosystems are
healthy. These are known as indicators of state (Defra, 2005).
Biomarkers include a variety of measures of specific molecular, cellular and physiological
responses of key species to contaminant exposure (Depledge, 1994, 1999; Depledge et al., 1993;
Moore et al., 2004). A response is generally indicative of either contaminant exposure or
compromised physiological fitness. The challenge is to integrate individual biomarker responses
into a set of tools and indices capable of detecting and monitoring the degradation in health of a
particular type of sentinel organism.
However, what we are currently lacking are integrated explanatory frameworks for evaluating
complex environmental information and predicting harmful biological effects and their subsequent
consequences for environmental health. And while it is clearly recognised that stress-induced
changes at the population / assemblage / ecosystem / human health levels of biological

7

organisation are the ultimate concern; they are generally too complex and far removed from the
causative events to be of much use in developing tools for the early detection and prediction of the
consequences of environmental stress (Depledge et al., 1993; Moore et al., 2004).
Consequently, it is only at the lower levels of biological organisation that we will have the
reasonable expectation of developing a basis of mechanistic understanding of how different
environmental conditions can modulate organismal function, which in turn will ultimately help in
linking causality with predictability of response (Livingstone et al., 2000; Marigomez & BaybayVillacorta, 2003). This is in part due to our ability to make certain generalisations about biological
organisation and function at the molecular and cellular level, which rapidly disappears as we
ascend the hierarchical ladder. Hence, distress signals at the molecular, cellular and physiological
levels of organisation should be capable of providing "early warning biomarkers” (molecular,
cellular, physiological and behavioural) indicating reduced performance; some of which may be
prognostic for impending pathology and severe damage to health of the animal (Depledge, 1994;
Depledge et al., 1993; Galloway et al., 2002, 2004; Moore, 2002).
Understandably, however, the concerns of environmental managers and regulators are largely
focused on the ecosystem level and not individual animals (Rice, 2003; Xu et al., 2003).
Unfortunately, the necessary epidemiological data for pollutant impact on sentinel animals that
should permit a more comprehensive understanding of possible causal links between animal and
ecosystem health is often limited or fragmentary, both spatially and temporally (Rice, 2003; Xu et
al., 2003). Consequently, alternative interdisciplinary approaches will be required to identify such
links and we are proposing that the health status of representative sentinel species (e.g., blue and
green mussels, oysters, clams, periwinkles, crabs, flatfish) be used in evaluating health of the
environment (Allen & Moore, 2004; Depledge, 1994, 1999; Depledge et al., 1993).
Coastal marine ecosystems are sensitive to exposure to toxic contaminants. Pollutants either
individually or in combination may have sub-lethal effects at the cellular, organ and individual level,
(e.g. causing changes in genetic, behavioural and reproductive activity). Key species have been
identified as indicators of this sensitivity including the edible mussel, periwinkles, crabs and several
species of fish (Bayne et al., 1988; Stebbing et al., 1992). Biomarkers include a variety of
measures of specific molecular, cellular and physiological responses of key species to contaminant
exposure. A response is generally indicative of either contaminant exposure or poor health. In
order to address the above mentioned challenge we propose Environmental Prognostics as a
branch of systems biology that is specific to the reactions of organisms to both natural and
anthropogenic stress (Allen & Moore, 2004; Moore et al., 2006a).
The key enabling concepts of environmental prognostics are:
1) Acknowledgement that reductionist science acts to disassemble ecotoxicological impacts into
constituent processes;
2) Acceptance that biology is a cross-disciplinary science involving mathematics, physics,
chemistry, engineering and information technology;
3) Moving towards the notion that biology is an information-based rather than a qualitative
science;
4) The process requires the assembly of systems by modelling followed by disassembly and
focused experimentation as an ongoing procedure.
The crux of the procedure is the definition and evaluation of models of the system in question. This
requires the use of the following heavily interdependent tools: conceptual, statistical and numerical
models, empirical experimental work and bioinformatics (Fig. 1). Many biomarkers only exhibit a
response in a part of the health status space (Allen & Moore, 2004; Moore et al., 2004, 2006a).
They indicate that the response has taken place and may even indicate health status within a
narrow range, or what has induced the response, but they do not indicate the health status of the
whole range from healthy to terminally ill. In terms of environmental prognostics, the first stage is to
relate biomarker responses to health status of individual organisms and then to derive integrated
explanatory frameworks (Allen & Moore, 2004; Moore et al., 2006a).
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Fig. 1.

Numerical
Modelling

Diagram showing a schematic of how the disciplines of environmental prognostics relate to each other for the
development of explanatory frameworks (adapted from Allen & Moore, 2004).

LYSOSOMAL BIOMARKERS
Lysosomal Reactions to Pollutants
Responses of the lysosomal-vacuolar system may provide a solution to the question of prognostic
biomarkers, since injurious lysosomal reactions frequently precede cell and tissue pathology.
Lysosomal perturbations have been widely used as early indicators of adverse effect to various
factors, including pollutant exposure (Galloway et al., 2004; Moore, 2002; Moore et al., 2004).
Consequently, lysosomal function can be used across a range of animals, including annelids,
molluscs, crustaceans and fish to detect responses to environmental stress (Cajaraville et al.,
2000; Galloway et al., 2004; Hankard et al., 2004; Hwang et al., 2003; Köhler, 1990; Köhler et al.,
1992, 2002; Lekube et al., 2000; Lowe et al., 1981, 1992, 1995; Svendseb & Weeks, 1995;
Wedderburn et al., 1998).
Lysosomes are highly conserved multi-functional cellular organelles present in almost all cells of
eukaryotic organisms from yeast to humans. Their function in the cellular economy includes the
degradation of redundant or damaged organelles (e.g., mitochondria and endoplasmic reticulum)
and longer-lived proteins as part of autophagic cellular turnover (Klionsky & Emr, 2000).
Lysosomes are also involved in the digestion of materials ingested by endocytosis and
phagocytosis (i.e., intracellular digestion) (Moore et al., 2006a).
Lysosomal reactions are involved in normal physiological responses as well as many cell injury
and disease processes: these include augmented sequestration and autophagy of organelles and
proteins (Cuervo, 2004; Klionsky & Emr, 2000; Moore, 1990, 2002). Stress-induced
macroautophagy, such as that triggered by nutrient deprivation, is regulated by the mTOR kinase
(mammalian target of rapomycin) in eukaryotic cells from yeast to mammals (Klionsky & Emr,
2000). Such reactions have been widely documented for many adaptive and developmental
physiological and disease processes; and lysosomal responses have been shown to be involved in
generalised reactions to environmental stress (Cajaraville et al., 1995; Köhler et al., 2002; Moore,
1985, 1990, 2002). The functional stability of the lysosomal membrane is a good indicator of
lysosomal integrity and has been used widely to measure responses to environmental perturbation
in fish and molluscs (Allen & Moore, 2004; Hwang et al., 2002; Köhler et al., 2002; Moore, 2002;
Moore et al., 2004).
Lysosomes are also remarkable for the vast and diverse array of chemicals and pharmaceuticals
that they can sequester and accumulate (De Duve et al., 1974; Moore, 1990, 2002; Moore et al.,
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2004; Rashid et al., 1991). These range from metal ions such as iron, copper and mercury,
transuranics, asbestos, polycyclic aromatic hydrocarbons (PAHs), heterocyclics, anti-psychotic
drugs to nanoparticles, to name but a few (De Duve et al., 1974; Gould, 2004; Howard, 2004;
Moore, 1985, 2006; Moore et al., 1985, 1997; Nott & Moore, 1987; Panyam & Labhasetwar, 2003;
Rashid et al., 1991).
Lysosomal functional integrity is a generic common target for environmental stressors in all
eukaryotic organisms from yeast and protozoans to humans (Cuervo, 2004), that is evolutionarily
highly conserved, and lysosomal membrane stability is a good diagnostic biomarker of individual
health status (Allen & Moore, 2004; Bayne & Moore, 1998; Broeg et al., in preparation; Burlando et
al., 2002; Cajaraville et al., 1995, 2000; Dondero et al., 2006a, b; Galloway et al., 2002, 2004;
Hankard et al., 2004; Klionsky & Emr, 2000; Köhler, 1991; Köhler & Pluta, 1995; Köhler et al.,
1992, 2002, 2004; Lehtonen et al., 2006; Lekube et al., 2000; Lowe, 1988; Lowe et al., 1982, 1992,
1995, 2006; Marigomez & Baybay-Villacorta, 2003; Moore, 1976, 1985, 1988, 1990, 2002; Moore
et al., 2004a; Moore et al., 2006a,b,c; Nicholson & Lam, 2005; Svendsen & Weeks, 1995;
Svendsen et al., 2004; Winston et al., 2002). Dysfunction of lysosomal processes has been
mechanistically linked with many aspects of pathology associated with toxicity and degenerative
diseases (Cuervo, 2004; Köhler, 1990; Köhler et al., 2002, 2004; Moore et al., 2006a, b). Recent
studies have shown that lysosomal autophagy provides a second line of defence against oxidative
stress (Cuervo, 2004; Moore et al., 2006c), and the capability to effectively up-regulate this
process is probably a significant factor contributing to the ability of some organisms to tolerate
stressful and polluted environments.
Lysosomal stability can also be used prognostically to predict liver damage and tumour
progression in the liver of various fish species (Broeg et al., 1999 a, b; Köhler et al., 2002; Köhler,
2004), and hepatopancreatic degeneration in molluscs (e.g., blue and green mussels, freshwater
bivalves and snails, periwinkles, oysters), coelomocyte damage in earthworms, as well as
enhanced protein turnover (i.e., lysosomal autophagy) as a result of radical attack on proteins; and
energetic status (i.e., scope for growth) as a predictive indicator of fitness of individuals within a
population (Allen & Moore, 2004; Kirchin et al., 1992; Köhler et al., 2002; Moore et al., 2004a,
2006a; Nicholson & Lam, 2005; Svendsen & Weeks, 1995; Svendsen et al., 2004).
Lysosomes are known to accumulate many metals and organic chemical xenobiotics as indicated
above. Adverse lysosomal reactions to xenobiotic pollutants include swelling, lipidosis (pathological
accumulation of lipid), lipofuscinosis (pathological accumulation of age/stress pigment) in
molluscs but not fish, and loss of membrane integrity (Köhler et al. 2002; Moore, 1988; Moore et
al., 2006a, b, 2007; Viarengo et al., 1985a). Metals such as copper, cadmium and mercury will also
induce lysosomal destabilisation in mussels (Viarengo et al., 1981, 1985a, b), and if oxyradicals
are generated then lipofuscinosis can also occur (Viarengo et al., 1985b).
Lysosomal stability and other lysosomal biomarkers such as lipofuscin are strongly correlated with
mussel tissue concentration of PAHs (Fig. 2), which are ubiquitous contaminants (Cajaraville et al.,
2000; Krishnakumar et al., 1994; Moore, 1990; Moore et al., 2006a, b, c; Viarengo et al., 1992), as
well as organochlorines and PCB congeners in liver of fish (Köhler et al., 2002).
Lysosomal stability of various species of mussel and fish from different climate zones clearly
reflects gradients of complex mixtures of chemicals in water and sediments (Da Ros et al., 2002;
Pisoni et al, 2004; Schiedek et al., 2006, Barsiene et al., 2006; Sturve et al., 2005), single pollution
events and accidents (Einsporn et al., 2005; Broeg et al., 2002, Nicholson & Lam, 2005) and also
serves for the discovery of new “Hot Spots” of pollution (Bressling, 2006; Moore et al., 1997,
1998a,b, 2004).
Pathology-Related Biomarkers and “Health Status” in Molluscs
Lysosomal membrane integrity or stability in blue mussels is correlated with oxygen and nitrogen
radical scavenging capacity (TOSC), protein synthesis, scope for growth and larval viability
(oysters – Crassostrea gigas); and inversely correlated with DNA damage (incidence of
micronuclei), lysosomal swelling, lipidosis and lipofuscinosis, which are characteristic of failed or
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incomplete autophagy (Dailianis et al., 2003; Domouhtsidou & Dimitriadis, 2001; Kalpaxis et al.,
2004; Krishnakumar et al., 1994; Moore et al., 2004a, b, 2006a; Regoli, 2000; Ringwood et al.,
2004). In fish liver, lysosomal membrane stability is strongly correlated with a suppression of the
activity of macrophage aggregates (Broeg, 2003; Broeg et al., 2005), lipidosis and lipofuscinosis
(Broeg et al., 1999 a,b; Broeg et al., in preparation; Köhler , 2004).
Furthermore, lysosomal stability is also directly correlated with diversity of macrobenthic animals
as demonstrated in an investigation in Langesundfjord in Norway (Fig. 3; Moore et al., 2006c).
Lysosomal
Lysosomal Stability
Stability &
& ΣPAH
ΣPAH
60
60
-2.2906
yy==72.481x
72.481x-2.2906
RR22==0.5867
0.5867
RR==0.7660
0.7660
PP<<0.001
0.001

Lysosomal Stability
Stability(min)
(min)
Lysosomal

50
50

40
40

30
30

20
20

10
10

00
00

11

22

33

44

55

66

-1
Log
Log ΣPAH
ΣPAH(ng.g
(ng.g-1 dry
dry wt)
wt)
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Fig. 3. The summed concentrations of selected polycyclic aromatic hydrocarbons (ΣPAH) in mussel tissues from four
sites in Langesundfjord Norway showing a gradient of contamination. The relationship between macrofaunal
diversity and lysosomal stability in mussel hepatopancreatic digestive cells from the 4 sites (1-4), shows that
they are directly correlated (Moore et al., 2006c).

11

Integration of multiple biomarker data is achieved using multivariate statistics and then mapped
onto “health status space” by using lysosomal membrane stability as a measure of cellular well
being (Allen & Moore, 2004; Moore et al., 2006a). This is viewed as a crucial step towards the
derivation of explanatory frameworks for prediction of pollutant impact on animal health; and has
facilitated the development of a conceptual mechanistic model linking lysosomal damage and
autophagic dysfunction with injury to cells, tissues and the whole animal (Moore et al., 2006a, b).
The subcellular pathological reactions induced by many contaminant treatments is known to be
linked to augmented autophagic sequestration of cellular components (e.g., bulk cytoplasmic
segregation and breakdown of organelles and proteins). Previous studies have shown that all of
the stressors used are capable of inducing cellular autophagy in the cells of the mussel
hepatopancreas (Moore et al., 2006a,b,c; 2007).
Based on these findings and previous investigations (see Moore et al., 2006a, b), a conceptual
mechanistic model has been developed, as stated above, linking lysosomal damage and
autophagic dysfunction with injury to cells, tissues and the whole animal. This conceptual model
has in turn facilitated complementary development and use of a cell-based bioenergetic
computational model of molluscan hepatopancreatic cells that simulates lysosomal and cellular
reactions to stress including pollutants (Fig. 4; Allen & McVeigh, 2004; McVeigh et al., 2006; Lowe,
1988; Moore et al., 2006a, b, c).
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role in in
cell
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injury
cell injury
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Radicals
ROS

Reduced
protein
synthesis

Lysosomes
Increased
autophagy
Increased
protein &
organelle
breakdown

Oxidative
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lysosomal
digestion

Radicals
ROS

Lysosomal
swelling

Increased
generation
of stress
pigment lipofuscin

Cell & tissue
dysfunction
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Fig. 4. Simplified conceptual model for interactions of pollutant induced oxidative stress with lysosomal and autophagic
processes leading to cell injury and pathology, based on empirical data where there is a reasonable mechanistic
basis for making assumptions about the linkages. Reactive oxygen species (ROS) are produced by normal
metabolism and enhanced by the action of many chemical toxins. ROS attack proteins and essential cellular
organelles, such as mitochondria, contributing to lipid peroxidation and the formation of protein carbonyls, protein
aggregates and stress or age pigment (lipofuscin), which is currently thought to produce further free-radicals and
may also inhibit autophagic breakdown of cell constituents. It is hypothesized that repeated stimulation of
augmented autophagy by various environmental factors that induce mild stress, will result in a more effective
recycling of cellular proteins and organelles, before major oxidative damage occurs, consequently reducing
lipofuscin formation and thus protecting the cell from further injury. Adapted from Moore et al. (2006a, b).
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The integration of biomarker data can be achieved using multivariate statistics and then mapped
onto a two dimensional representation of “health status space” by using lysosomal membrane
stability as a measure of cellular well-being (Fig. 5; Allen & Moore, 2004; Clarke, 1999; Dagnino et
al., 2007; Dondero et al., 2006a; Lowe, 1988; Moore, 1988; Moore et al., 2006a). This is viewed as
a crucial step towards the derivation of explanatory frameworks for prediction of pollutant impact on
animal health.
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Fig. 5. Idealised diagram of a putative tool for interpreting the probable adaptive or dysfunctional significance of
physiological and biomarker responses and pathological reactions in relation to health status. Lysosomal
stability is used as an indicator of physiological fitness (Allen & Moore, 2004; Moore et al., 2006a). CYPs
are cytochromes P-450 and MXR is multixenobiotic resistance protein (based on Minier & Moore, 1996).
Adapted from Moore et al. (2006a).

Autophagy as a Protective System
Changes in lysosomes have been used as biomarkers of ageing in a wide range of organisms
including nematodes, fruit flies, molluscs and mammals (Cuervo, 2004). In general there is a trend
for decreasing proteolytic capability with increased age that has been linked with a gradual decline
in the efficiency of the autophagic process (Bergamini et al., 2003; Moore et al., 2006b). However,
it has been proposed that repeated triggering of the autophagic system by diet or caloric restriction
will prevent the decline in proteolytic capacity and, hence, contribute to increased lifespan probably
through the maintenance of more efficient “cellular housekeeping” (Bergamini et al., 2003; Moore,
2004; Moore et al., 2006a, b, c, 2007) . This may parallel the situation of animals like mussels that
live in an environment where autophagy is repeatedly switched on and off, thus maintaining an
effective capacity for the removal of proteins, membranes and organelles that are damaged by
free-radicals (i.e., reactive nitrogen and oxygen species, RNOS). Further investigation of the role of
lysosomal autophagy in conferring resistance to stress is required but the possibility raises
provocative questions about the possible role of low levels of stress in the evolution of tolerance
(Moore et al., 2006b, c, 2007).
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Simulation Modelling of Pollutant Effects
The lysosomal system occupies a central and crucial role in cellular food degradation (intracellular
digestion), toxic responses and internal turnover (autophagy) of the hepatopancreatic digestive cell
of mussels and other molluscs (Moore et al., 2006a). Understanding the dynamic response of this
system requires factors affecting performance (conceived as a function of the throughput,
degradative efficiency and membrane stability) to be defined and quantified. A previous version of
the carbon/nitrogen flux model has been augmented by separately identifying lysosomal ‘target’
material (e.g., autophagocytosed or endocytosed proteins, carbohydrates and lipids) and ‘internal’
material (e.g., digestive enzymes & lipid membrane components) (Allan & McVeigh, 2004;
McVeigh et al., 2004, 2006). Additionally, the whole cell energetic costs for maintaining lysosomal
pH and productions of these internal components have been incorporated; as has the potentially
harmful effect of generation of lipofuscin on the transitory and semi-permanent lysosomal
constituents. Inclusion of the three classes of nutrient organic compounds at the whole cell level
allows for greater range in the simulated response, including deamination of amino acids to provide
molecules as a source of energy, as well as controlling nitrogen and carbon concentrations in the
cytosol. Coupled with a more functional framework of pollutant driven reactive oxygen and nitrogen
species (RNOS) production and antioxidant defence, the separate and combined effects of three
stressors (nutritional quality, nutrient quantity and a contaminant polycyclic aromatic hydrocarbon phenanthrene) on the digestive cell have been simulated and compared with real data (McVeigh et
al., 2004, 2006).
In tandem with this modelling effort, a new decision support system (expert system), able to
integrate biomarker data, has been developed by Dagnino et al. (2007) that integrates a suite of
biomarkers to interpret complex biological data by transforming it into a relatively simple, easy to
understand and objective evaluation of the changes in the organism physiology induced by
pollutants. This expert system is based on a classification scale that considers the various
characteristics of the biological responses to environmental stressors and can be used to
categorise harmful environmental impact. A feature of this system is that it incorporates an
indicator or biomarker of cellular or tissue health such as lysosomal stability (Dagnino et al., 2007).
CONCLUSIONS
Lysosomal membrane stability and accumulation of age pigment (lipofuscin) within lysosomes are
clearly good predictive indicators for cell injury and pathology; and supporting evidence indicates
that these parameters are probably generic in the animal kingdom (Moore et al. 2006a, b, c, 2007).
We have also addressed the complex problem of evaluating and predicting health of environmental
sentinel animals, such as blue mussels and the flatfish flounder and dab, through a coupled
biomarker testing and modelling approach in the wider context of forecasting risk (Fig. 6; Allen &
Moore, 2004, Moore et al, 2006a). The approach described above will facilitate the validation, and
further the essential new development of robust diagnostic and prognostic tools that can be used
along with other chemical, biological and ecological tools as indices of sustainability (Fig. 6). Efforts
must also focus on an integrated approach to the validation of biomarkers and relating these to
indices of ecological functional integrity that are prognostic for population, community and possibly
human endpoints (Moore et al., 2004, 2004a, c, 2007; Rice, 2003; Xu et al., 2003).
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Fig. 6. Proposed process-based synthesis for the evaluation of “health” of the environment and predicting the
consequences of future change (Moore et al., 2006a).

A key aim of environmental science is to derive robust, practical and relatively low cost procedures
for assessing risk to the health of the biosphere and to use this capability to predict the likely
consequences of exposure to potentially harmful toxic pollutants (Moore et al., 2004). Until
relatively recently, risk assessment procedures have been oriented towards protecting human
health. Now, it is widely acknowledged that such procedures must also ensure that complex biotic
communities in natural ecosystems are protected if the quality of the environment in which we live
is to be maintained. Environmental risk assessments are currently based on a suite of information
derived from studies on the physical chemical characteristics of compounds (the QSAR-based
approach), and from laboratory-based toxicity tests (see Moore et al., 2004). Although these
procedures constitute a relatively low cost, pragmatic means of ranking the toxicity of potentially
hazardous chemicals, they do not directly evaluate the sublethal toxicity, or other adverse effects
(e.g., disturbance of ecological relationships) on organisms exposed to complex mixtures of
pollutants in the highly fluctuating conditions that prevail in the environment (see Moore et al.,
2004).
There is therefore, a priority requirement to implement the use of robust but simple, easy to learn,
cost-effective test systems that can identify early diagnostic changes in biota, which can be linked
to ecologically relevant endpoints. The selected endpoints must be capable of facilitating a
predictive ranking of the condition of particular ecosystems, thus highlighting environmental
situations where a more detailed analysis is justified, as indicated by the use of lysosomal stability
(neutral red retention) in the Black Sea (Moore et al., 1997, 1998a, b), the Mediterranean Sea
(Cajaraville et al., 2000; Lowe et al., 1995; Viarengo et al., 2000), Southeast Asia (Nicholson &
Lam, 2005) and North America (Hwang et al., 2002).
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ABSTRACT
Mytilus galloprovincialis mussels from a clean area were transplanted to several stations in the Bay
of Cannes and Nice (North-Western Mediterranean Sea) including a site considered as reference,
for one month at the end of spring (May) or in autumn (September). Several biomarkers (AChE,
GST and CAT activities, TBARS and MT concentrations) were measured in the transplanted
organisms. The concentrations of metals (Cd, Cu and Zn) were determined in the transplanted
mussels, PAH and PCB analyses were performed in the mussels caged in 2004. The integrated
biomarker response (IBR) was calculated; pollutant concentrations in mussels were displayed as
star plots and compared to IBR star plots. Visualization was thus possible between sites for
comparison with exposure conditions. Results obtained in the bay of Cannes demonstrated that
the mussels from the old harbour site (VP) are characterized by elevated copper and PCB
concentrations, those from Canto harbour (PC) presented high PCB contents and those from the
mouth of the Siagne River (ES) high PAH concentrations compared to the animals transplanted in
the reference site (IL). The agreement between the copper gradient and the PCB gradient
measured in the caged mussels and the IBR variation was good whereas the PAH gradient did not
seem to contribute to the IBR demonstrating that the chosen biomarkers did not respond to PAHs.
In 2005, IBR showed that other contaminants, not measured, might be present in VP, PC and ES
compared to the reference station (IL). GST and catalase expression were evaluated using
western blotting and were correlated with enzyme activity in most cases demonstrating the
precision of the GST biomarker in particular.
Key words: Biomarkers; chemical pollutants; Mediterranean mussel; transplantation experiment

INTRODUCTION
Transplanting molluscs from a reference site to a polluted area can be a feasible strategy for biomonitoring the effects of environmental changes in coastal or estuarine zones (Da Ros et al., 2000
and 2002, Roméo et al., 2003 a and b). In these papers, biomarkers were used to evaluate the
effects of exposure to chemical contaminants and detect responses to environmental stress. The
present study aims at measuring a set of biomarkers in mussels transplanted in different places in
the North-Western Mediterranean Sea and at computing integrated biomarker response (IBR) as
defined by Beliaeff and Burgeot (2002). These authors have established a simple method
summarizing biomarker responses named “IBR“ that simplifies the interpretation in biomonitoring
programmes. In the present work, “active” biomonitoring experiments (De Kock and Kramer, 1994)
were conducted with mussels since these animals are of great value in terms of biomonitoring due
to their sedentary life and nutritional status (filter feeders). These organisms accumulate a wide
range of contaminants and reflect changes in the contaminant status of the environment.
Biomarkers associated with chemical analyses were measured in transplanted mussels. The
glutathione S-transferase (GST EC 2.5.1.18) activity was used as biomarker of organochlorine
compounds in bivalve molluscs (Fitzpatrick et al., 1997; Hoarau et al., 2001, 2004). Another
biomarker, the catalase activity (EC 1.11.1.6), although not responding specifically to a group of
contaminants but to oxidative stress, was measured, it is considered as the primary defence
against oxidative damage and has been studied in bivalve molluscs (Pellerin-Massicotte, 1997).
Moreover, a marker of oxidative stress, the thiobarbituric acid reactive substances, termed as
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TBARS, was also determined as reflecting the state of lipid peroxidation of the membranes (Knight
et al., 1988). Acetylcholinesterase (AChE E.C. 3.1.1.7.) is an enzyme involved in the synaptic
transmission of nerve impulses and is inhibited by neurotoxic compounds like organophosphate
and carbamate pesticides targeted to cause this mode of toxicity (Galgani and Bocquené, 1989).
The responsiveness of AChE to other chemicals such as heavy metals, detergents (Guilhermino et
al., 1998) and algal toxins (Lehtonen et al., 2003) has been also acknowledged. Metallothionein
(MT) measurements were also performed in transplanted mussels since they are useful indicators
of Cd, Hg and possibly Ag and Cu exposure (Cosson and Amiard, 2000). When possible, metals
(Cd, Cu and Zn), polycyclic aromatic hydrocarbons (PAHs) and polychlorobiphenyls (PCBs)
concentrations were determined in transplanted mussels. In some cases, immunoblotting
techniques were performed in caged mussels to determine the expression of GST and catalase
proteins using specific antisera. Cajaraville et al. (2000) underlined the interest in using
immunochemical techniques for biomarker measurement since these methods provide a significant
increase in the sensitivity and a reduction in the animals required for measurements. Moreover,
increased protein levels can be detected even though the enzyme activity has been lost (for
instance, in cases of complex mixture of other xenobiotics interfering with the biomarker-inducing
xenobiotic). Lastly, stress on stress response was also measured in caged mussels according to
Viarengo et al. (1995), since mortality in air would presumably occur more rapidly in pollutant
stressed animals than in animals collected from clean areas. The stress on stress response can be
integrated as a general stress index for the assessment of contaminated coastal areas.
The studied area, located in the North-Western Mediterranean Sea, has been surveyed; especially
the Bay of Cannes, where both pleasure and fishermen’s boats are present. In this area, the
French RNO (Réseau National d’Observation) already monitored spatial and temporal trends of
contaminant (metals, PAHs and PCBs) concentrations in sediments (RNO, 1998). Antifouling
paints with tributyltin (TBT) are banned for small boats, in compliance with the French legislation,
and copper is used in antifouling paints and is found in increasing concentrations in Mediterranean
harbours (Roméo et al., 2003 a).
In this paper, IBR was computed with biomarker measurements obtained in transplanted mussels.
The mussels originate from a relatively clean site of the coast (not enclosed bay) at Théoule-surmer, 10 kms from Cannes. The cages were located at different stations in the Bay of Cannes
shown in Fig. 1.
One was immersed directly from a pier of the “old” harbour (Vieux Port : VP), one was put outside
the pier of the “new” harbour (Port Canto : PC), one cage was placed at the mouth of the Siagne
River (Embouchure de la Siagne : ES), known for its contamination (R.N.O., 1998) and the last
cage was located 3 kms southwards from the old harbour, near the island Sainte-Marguerite
(Lérins Archipelago), considered as a relative pristine area, this station is called Ile de Lérins (IL).
Transplantation experiments were performed in 2004 and 2005 at the end of spring (May-June).
An autumn caging was realized in September 2005 where GST and catalase activities were
measured associated with their protein expression in the bay of Cannes (VP and IL) and in the Bay
of Nice (Fig. 1), located 30 kms to the East of Cannes, mussels were transplanted in the harbour of
Nice NH, at three stations near it called St. 4, St. 5 and St. 6 and at the mouth of the Paillon River
EP, a less polluted river than La Siagne due to efficient waste water treatments.
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Fig. 1. Location of the cages containing the transplanted mussels in the Bays of Cannes and Nice (NW Mediterranean).

MATERIALS AND METHODS
Wild mussels were collected from the same place at Théoule-sur-mer. Mussels of the same mean
shell length (45 ± 5 mm) were collected from the same population. Metal, PAH and PCB
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concentrations were measured in the whole soft tissues of mussels after collection (methods and
precision displayed below), giving the following results on a dry weight basis: 0.66 ± 0.07 µg Cd/g,
4.7 ± 0.3 µg Cu/g, 122 ± 15 µg Zn/g (n = 10 in each case), 0.089 mg ΣPAH/kg and 0.021 mg
CB153/kg (n = 2 pools of two mussels in each case). These results reveal a good “chemical
quality” of the mussels by comparison of the median values of chemicals determined in the
mussels along the French coasts (IFREMER, 2003).
After collection, mussels were transported in a cold container from Théoule-sur-mer to the boat.
Rectangular cages (20 x 30 x 50 cm) constituted by polyethylene netting and containing ca 120
mussels were used. Cages were immersed by scuba-diving at 5-10 m depth and maintained at
anchor for one month.
After one month, cages were collected and transported in cold containers to the laboratory.
Surviving animals were counted and compared to the initial number of mussels. Dead animals
were thrown away. Upon return to laboratory, soft tissues were cut out of the shells, then weighed
and frozen at – 80° C in polyethylene bags. For the stress on stress response, 10 x 4 animals from
each station were subjected to anoxia by air exposure at 15 ± 1° C in humidified chambers.
Survival was assessed daily. Death symptoms were considered to be open valves and absence of
muscular activity. Dead animals were recorded until 100% mortality was reached.
Biochemical analyses
All procedures were carried out at 4 °C. Soft tissues were homogenized in a TRIS buffer (TRIS 50
mM, NaCl 150 mM, pH 7.4), 0.1% antiprotease cocktail, 1 mM DTT (dithiothreitol) in a 1/4 ratio
(w/v) using a Potter-Elvehjem glass homogenizer fitted with a Teflon pestle. Homogenates were
then centrifuged at 4 °C for 25 min at 9000 g. Aliquots of the supernatant (called S9 fraction) were
frozen at – 80 °C until use. All determinations were performed on S9 fractions.
Each biochemical measurement was performed in ten individual mussels (whole soft body tissues).
Total proteins were determined according to Bradford (1976).
GST activities were measured spectrophotometrically at 340 nm by following conjugation of the
acceptor substrate 1-chloro-2,4-dinitrobenzene (CDNB) with reduced glutathione (Habig et al.,
1974). Catalase activities were assayed as described in Clairbone (1985): the variations in
absorbance at 240 nm caused by the dismutation of hydrogen peroxide were measured (ε= 40 M-1
.cm-1). Lipid peroxidation was estimated by the formation of thiobarbituric reactive substances
(TBARS). TBARS, considered as “malonedialdehyde (MDA)-like peroxide products”, were
quantified by reference to MDA absorbance (ε = 156.103 M-1.cm-1). Results are expressed as
TBARS levels. Acetylcholinesterase activity was determined using the method of Ellman et al.
(1961) adapted to microplate reader by Galgani and Bocquené (1991).
For MT, analyses according to Viarengo et al. (1997) could be carried out only in June 2005.
Digestive gland tissues from 10 individuals were pooled and one pool per station was considered.
Tissues were homogenized 1:3 (w/v) in reducing conditions (0.05 M sucrose TRIS buffer, pH 8.6,
containing 0.01% β-mercaptoethanol). Homogenates were centrifuged at 30,000 g at 4 °C for 20
min. Resulting supernatants were collected and ethanol/chloroform fractionation was used to
obtain a partially purified metalloprotein fraction. The concentration of MT was measured by
spectrophotometric determination of -SH groups using Ellman’s reagent (DTNB).
SDS - PAGE electrophoresis and Western blotting analysis for GST and CAT
SDS-PAGE was performed as described by Laemmli (1970) in S9 fractions of the gills of a pool of
four mussels using a Bio-Rad Mini-Protean II electrophoresis unit, with a 12% resolving gel and a
4% staking gel. Samples were submitted to denaturing agents: β-mercapto-ethanol (5%),
dithiothreitol D.T.T. (50 mM) and Laemmli buffer (5 fold concentrated). Samples were heated to
100°C for 8 min and immediately cooled in ice. A GST protein standard (GST from rat liver,
SIGMA) is prepared in the same manner. Samples (25 µg proteins) were then underlayed into the
wells. The electrodes were connected and electrophoresis was performed for 45 min at 150V and
25 mA. Proteins were then transferred on Immobilon-P membrane (Millipore) at 4 °C for 90 min at
100 mA. Non specific binding sites were saturated by incubation in 50 mM Tris-HCl, 150 mM NaCl,
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pH 7.4, 0.1% (v/v) Tween 20 (TBS-T), containing 5% (w/v) of skimmed dry milk for one hour at
room temperature. The blots were then incubated with a first antibody (dilution 1 : 500 in TBS-T +
1% skimmed milk) which was obtained from a rabbit immunized against the clam Ruditapes
decussatus’ GSTs by Hoarau et al. (2001).
The incubation lasted overnight under gentle agitation at 4°C. The membrane was then rinsed
three times with the buffer TBS-T for 10 min and incubated with peroxidase-conjugated goat antirabbit IgG from Bio-Rad diluted 1 : 2500 with TBS-T + 1% skimmed milk for one hour at room
temperature. The proteins that cross-reacted with the antibody were detected by
chemiluminescence (ECL) according to the Amersham protocole. For catalase, the conditions were
the same except that the resolving gel was at 10%. The protein standard was purchased from
Sigma (catalase from bovine liver). The first antibody was a commercial rabbit anti-catalase
polyclonal antibody (dilution 1: 1000 Chemicon), the incubation lasted overnight under gentle
agitation at 4°C. Incubation with the secondary antibody (sheep antirabbit IgG from IGN) lasted 1
h.
Metal determinations
Soft tissues were first thawed and dried at 50°C to a constant weight. The digestion of samples
(whole soft body, n = 6 for each station) was performed in a microwave oven (CEM-MDS 81D) in
high-pressure vessels with concentrated nitric acid. Cadmium, copper and zinc concentrations
were determined by atomic absorption spectrophotometry with flame for copper and zinc and with
a graphite furnace for cadmium. Deuterium background correction was used when necessary. The
analytical procedure was checked using Standard Reference Material (lobster hepatopancreas
TORT-2) provided by the National Research Council of Canada. Our results (in µg of metal per g
dry weight) are in good agreement with the certified values.
PAH analyses in mussels
Soft tissues were separated from the shell, freeze-dried and homogenized. Assay samples (1 - 2 g
dry weight) were extracted using microwave procedure with a 50:50 acetone:petroleum ether
mixture. The extract was cleaned up by passing it through a cyanopropyle/silica column (CN/SIOH
cartridge) and concentrated down to 1 ml. The considered PAHs were : naphthalene, anthracene,
phenanthrene, acenaphtene, fluorene, pyrene, chrysene, fluoranthene, benzo(b)fluoranthene,
benzo(k)fluoranthene,
benzo(a)anthracene,
dibenzo(a,h)anthracene,
benzo(a)pyrene,
benzo(g,h,i)perylene, indeno(1,2,3,cd)pyrene. PAHs were analyzed using high pressure liquid
chromatography HPLC 1100 (Agilent) combined with variable wavelength fluorometer
(HPLC/fluorometer). The quantification limit of the method was 0.001 ng. A standard reference
material IMR-109 purchased from the Commission of the European Communities was also
analysed and results are within the range given by the supplier.
PCB analyses
Preparation and extraction procedures are the same as for PAH determination. The extract is
purified on a sodium sulphate/silica impregnated with silver nitrate (NAN cartridge). PCBs were
analyzed as individual congeners, PCB 28, PCB 52, PCB 101, PCB 118, PCB 138, PCB 153, PCB
180. Samples are analysed on a gas chromatograph 6890 Agilent 5973 MSD equipped with an
63
Ni electron capture and mass spectrometry detection. The quantification limit was 0.001 ng. In
order to test the accuracy of the quantification method, the sediment (Harbour sediment 536),
provided by the International Atomic Energy Agency of Monaco (IAEA), was analyzed as a
standard reference material. Results are in good agreement with the range of values given by
IAEA.
IBR calculation
A method for combining all the measured biomarker responses into one general ‘‘stress index’’
termed ‘‘Integrated Biomarker Response’’ (IBR; Beliaeff and Burgeot, 2002) was applied for each
experiment (performed in 2003, 2004 and 2005). The basis of the calculation is described here
briefly. For each biomarker: (1) Calculation of mean and S.D. for each station. (2) Standardisation
of data for each station: xi’= (xi - mean x)/s, where: xi’ is the standardized value of the biomarker, xi
: the mean value of a biomarker from each station, mean x : the mean of the biomarker calculated
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for all the stations, and s : the standard deviation calculated for the station-specific values of each
biomarker. Result: variance=1, mean=0. (3) Using standardized data, Z was computed as + xi’ in
the case of an activation and - xi’ in the case of an inhibition, then the minimum value for all
stations for each biomarker was obtained and added to Z. Finally the score B was computed as B
= Z +lminl where B > 0 and lminl is the absolute value. For all the biomarkers treated this way:
calculation of star plot areas by multiplication of the obtained value of each biomarker (Bi) with the
value of the next biomarker, arranged as a set, dividing each calculation by 2 and summing-up of
all values. The corresponding IBR value is: {[(B1xB2)/2] + [(B2xB3)/2] +… [(Bn-1x Bn)/2] +
[(BnxB1)/2]}.
Statistical analyses
The variations of each biomarker were tested by one-way analysis of variance considering cage
site as a variable. When an ANOVA was significant, post-hoc pair comparisons between sites were
done using Student’s t test to determine which values differed significantly.

RESULTS
In 2004, the experiment lasted from May 7th to June 8th, during this period water temperature
ranged from 15 ± 1 to 20 ± 1 °C for all caging sites. The second experiment in 2005 began later on
May 17th and lasted six weeks until June 27th with a temperature range of 17 ± 1 to 21 ± 1 °C. The
third experiment took place from September 1st to September 29th 2005 (temperature range 21 ± 1
°C to 20 ± 1 °C). During all the experiments, water salinity reached 37 ± 1 psu at all sites except at
ES and EP, where salinity decreased to 23 ± 1 psu. Mortality is negligible in the caging
experiments (less than 3%).
The mean lethal time of transplanted animals was evaluated (Table 1); it was always small in
animals placed in VP compared to the other sites.
Biomarker and contaminant results
Mean enzymatic activities and TBARS contents obtained in the June 2004 and the June 2005
transplanted mussels (whole soft bodies) are summarized in Fig. 2.
The mussels from VP are often different from the others with lower AChE activity (for instance in
2005: 6.44 ± 0.62 versus 9.10 ± 0.60 nmol/min/mg protein at IL), higher TBARS content (in 2004:
3.06 ± 0.18 versus 1.5 ± 0.06 nmol/mg protein at IL) and higher GST activity (in 2004: 450 ± 22
versus 226 ± 43 nmol/min/mg protein at IL). In 2004, high TBARS concentration was observed in
the mussels from PC (3.79 ± 0.5 nmol/mg protein). Catalase activities (Fig. 2) were generally
higher in 2005 compared to 2004. In 2004, the mussels caged at VP (18.91 ± 1.1 µmol/min/mg
protein) and PC (18.55 ± 3.9 µmol/min/mg protein) presented higher catalase activity than at the
other sites. In 2005, the mussels transplanted at PC and ES (56.07 ± 2.35 µmol/min/mg protein)
had higher catalase activities than those at VP and IL (33.34 ± 1.89 µmol/min/mg protein). MT
determinations were performed on a single pool of ten digestive glands (no standard deviation is
shown in Fig. 2), the mussels transplanted at PC showed lower concentrations (99 µg MT/g)
compared to those caged at other sites (ca 120 µg MT/g). Metal concentrations in the whole soft
bodies of mussels transplanted during the experiments of 2004 and 2005 are shown in Fig. 3.

Table 1. Stress on stress experiment: mean lethal time (in days) in mussels after transplantation
(n = 40 in each case) at the four sites (VP, PC, ES and IL) in the Bay of Cannes (NW
Mediterranean).
Cage location

VP

PC

ES

IL

2004
2005

6.05
10.39

8.05
14.87

8.22
13.83

8.75
14.44
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In 2005, the lowest cadmium concentrations were found in VP (for instance 0.36 ± 0.04 µg/g dry
weight) and the highest in PC (1.03 ± 0.07 µg/g in 2004) and in ES. The highest copper
concentrations in transplanted mussels were found in VP compared to the other sites. Moreover,
copper concentrations in the mussels caged at VP were higher in 2005 than in 2004. Zinc
concentrations ranged between 100 and 300 µg/g and did not show significant inter-site
differences in 2004 and 2005.
GST and Catalase expression
Western blots were performed in mussels caged in September 2005 in the Bay of Cannes (two
cages: at VP and IL) and in the Bay of Nice (EP, HN, St. 4, St. 5 and St. 6). Results are shown in
Fig. 7; proteins were visualized using Coomassie blue reagent.
The enzymatic activities are given below the western blots. In the case of catalase activity, the
mussels transplanted at HN (harbour of Nice) show a low expression whereas enzymatic catalase
activity was the highest observed among the stations, this may be due to interaction between
pollutants evoking induction of catalase. Moreover, the used antibody did not come from a marine
invertebrate organism. In the case of GST, the highest activity is found in mussels from VP which
present the most intense band and the lowest GST activity is found in mussels from IL which show
the less intense band. There is therefore a good agreement between GST protein expression and
enzymatic activity.
DISCUSSION
The translocation of sentinel species, mainly mussels from a clean site (Théoule-sur-mer in the
present paper) to the study areas has been demonstrated as a useful strategy for the assessment
of water quality in coastal and estuarine environments, either through accumulation or biomarker
analysis (De Kock and Kramer, 1994). Caged mussels facilitate the investigation of areas where
native specimens are absent, and/or, reduce the influence of genetic differences, which can
attenuate the capacity of biomonitoring to discriminate differences levels of environmental
disturbances.
PAHs are classified according to their molecular weight from the very light and soluble naphthalene
(two aromatic rings) to the heavy and insoluble benzo(g,h,i)perylene. The highest total PAH
concentration is found in the mussels from ES (ΣPAHs = 0.819 mg/kg dry weight) and the lowest
in those from IL (0.159 mg/kg); the sites VP and PC show a moderate PAH concentration (0.293
and 0.230 mg/kg, respectively). The predominant PAHs are phenanthrene (0.185 mg/kg at ES),
acenaphtene (0.156 mg/kg at VP) and naphthalene (0.351 mg/kg at ES) and benzo(b)fluoranthene
(0.045 mg/kg at PC). The results of the seven PCB congeners are displayed in Fig. 5.
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Fig. 2. AChE, GST and CAT activities and TBARS and MT concentrations in mussels
transplanted at the four sites (VP, PC, ES, IL) in the Bay of Cannes in June 2004 and June
2005. The bars with the same superscript (small letters in 2004 and capitals in 2005) are not
significantly different (p > 0.05).
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Fig. 3. Mean cadmium, copper and zinc concentrations in the mussels transplanted at the four sites (VP,
PC, ES, IL) in the Bay of Cannes in June 2004 and June 2005. The bars with the same superscript
(small letters in 2004 and capitals in 2005) are not significantly different (p > 0.05).
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The predominant PCB is CB 153 (0.104 mg/kg dry weight at PC and VP) followed by CB 138
(0.095 mg/kg at PC). The mussels from PC and VP present higher total PCB concentration (0.437
and 0.364 mg/kg dry weight, respectively) compared to ES (0.206) and IL (0.173 mg/kg).
Integrated biomarker response
The integrated biomarker responses were evaluated (MT concentrations were not taken into
account) and are shown in Fig 6 a, b for 2004 and 2005, respectively.
PAH concentrations in the June 2004 mussels transplanted are depicted in Fig. 4.

1
BaP
BkF
BbF
Phe
Ac
N

mg/kg dry wt

0.8
0.6
0.4
0.2
0
VP

PC

ES

IL

Fig. 4. Concentrations of individual PAHs in mussels transplanted in June 2004 (mean values of 2
determinations in mg/kg dry weight). Abbreviations are the following : Naphthalene: N; Acenaphtene:
Ac; Phenanthrene: Phe; Benzo(b)fluoranthène: BbF; Benzo(k)fluoranthène: BkF; Benzo(a)pyrene:
BaP. Nine PAHs were below the detection limit: Fluorene, Anthracene, Fluoranthene, Pyrene,
Benzo(a)anthracene, Chrysene, Dibenzo(a,h)anthracene, Benzo(g,h,i)perylene, Indeno(1,2,3-cd)
pyrene.
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Fig. 5. Concentrations of individual PCB congeners in mussels transplanted in June 2004 (mean
values of 2 determinations in mg/kg dry weight).
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Fig. 6. Integrated biomarker response (IBR) and pollutant star plots: a) IBR, copper (Cu in µg/g),
polycyclic aromatic hydrocarbons (PAHs in µg/g)) and polychlorobiphenyls (PCBs in µg/g) star
plots in mussels transplanted in spring 2004 at four sites in the Bay of Cannes : VP (Old
harbour), PC (Canto harbour), ES (mouth of the Siagne River) and IL (Lérins Island); b) IBR and
copper star plot (µg/g) measured in mussels transplanted in spring 2005 at four sites in the Bay
of Cannes.
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The area in black integrates the IBR for each transplantation site and is represented as star plot.
Copper star plot, expressed in µg/g, is shown as well as PAH and PCB star plots, expressed in
mg/kg, for 2004. In general, our IBR values show a large range of variation, in 2004 from 0.04 (IL)
to 4.85 (VP) and in 2005 from 0.1 (IL) to 1.7 (ES), 1.96 (PC) to 5.52 (VP).
The mussels caged in VP show the lowest survival time “stress on stress” (Table 1) indicating that
the physiological status of animals was reduced compared to mussels transplanted elsewhere.
In 2004, copper concentrations in transplanted mussels (65.2 µg/g, Fig. 3) are higher in VP
compared to those from the other sites (concentrations < 10 µg/g). This is likely due to the
antifouling paints containing copper since the banning of TBT. The variations of cadmium and zinc
concentrations are close to the median values reported in IFREMER (2003). Low molecular weight
PAHs (such as phenanthrene) found in oils and fuels (RNO, 2002) are accumulated in the
transplanted mussels (Fig. 4). High molecular weight PAHs such as benzo(b)fluoranthene and
benzo(k)fluoranthène, due to oil combustion coming from an intense maritime traffic (R.N.O., 2002),
are present only in the mussels transplanted in harbour areas (VP and PC, Fig. 4 ). The mussels
caged at ES are particularly submitted to oil and fuels, compared to the other mussels. The lowest
total PAH concentration is found in the mussels from IL, the “reference” site, this value is close to
the median value 0.140 mg/kg determined in the mussels collected from the French coasts
(IFREMER, 2003). Superficial sediments collected at ES present relatively high total PAH
concentrations: 0.76 mg/kg (Agence de l’Eau Rhône-Méditerranée-Corse: http://eaurmc.fr)
compared to the other sites of the Cannes Bay where the sediment concentrations reach ca 0.340
mg/kg (RNO, 1998). Fig. 5 clearly indicates that VP and PC are submitted to PCB contamination.
The mussels transplanted at ES and IL are characterized by PCB congeners present in almost
equal proportions whereas the distribution in the mussels from VP and PC is dominated by CB 153
followed by CB 138 (highly chlorinated congeners). IFREMER (2003) reported median CB 153
concentration of 0.0209 mg/kg in the mussels from the French coasts; this value is exceeded in the
mussels from VP and PC. RNO (1998) reported that the concentrations of total PCBs in superficial
sediments collected from the Bay of Cannes are higher than 0.005 mg/kg, concentration which is a
reference value for low to non-contaminated sediments (Marchand et al., 1990). As the higher
chlorinated congeners are specifically bound to the smaller fraction of the sediment (Piérard et al.,
1996), it is possible that this could be the source of PCBs for the water-column bivalves such as
mussels. The smaller particles of the sediment are more likely to be re-suspended by water
movements and other disturbances of the sediment floor and, thus, made available to the bivalves
in the water column (Thompson et al., 1999). According to RNO (1998), the pollution of sediments
by PCBs in the North-Western Mediterranean Sea seems to be caused by urban waste waters. In
the studied area, the Bay of Cannes, over 300,000 inhabitants are recorded.
In 2004, the biomarker response may be associated with the pollutant (metals, PAHs or PCBs)
contents in the mussels: the decrease of AChE was noted in VP and ES, likely due to copper in VP
and other pollutants in ES. AChE activity in mollusc bivalves was shown to increase when salinity
decreases (Bebianno et al., in press; Pfeifer et al., 2005). Salinity, which is lower in the mouth of
Siagne River (ES), has no impact on AChE activity measured in animals transplanted there. The
anti-oxidant enzyme catalase presents high activity in VP and PC due to oxidative stress which did
not prevent the peroxidation of lipid membranes since TBARS were especially elevated in VP and
PC. This oxidative stress may be due to copper or PCBs. Michel et al. (1998) observed a positive
relationship between PCB concentrations in sediments and TBARS levels in mussels collected
together with sediments along the North-Western Mediterranean coast. The suggested mechanism
of action implicates increased production of oxygenated radicals due to cytochrome P-450
induction (phase I enzymes) by PCBs (an endogenous source of active oxygen); subsequent
reactions involve phase II enzymes such as GSTs (Stegeman et al. 1992). On the other hand, GST
activities, higher in VP and ES than in the other sites, may be due to copper and hydrocarbons,
respectively. Nevertheless, Stegeman et al. (1992) observed that the inducibility of GST activity, in
various aquatic species, with PAH-type inducing agents gives inconsistent results. GST activity in
mollusc bivalves was also shown to increase when salinity decreases (Bebianno et al., in press),
the increase in GST activity in mussels from ES may also be assigned to salinity decrease.
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Fig. 7. Western blots of a) catalase and b)GST expressions in the gills of transplanted mussels in the Bay of
Cannes at VP (Old harbour), IL (Lérins Island) and the Bay of Nice at EP (mouth of Paillon River), HN (Nice
harbour), St. 4, St. 5 and St. 6 (stations located near HN). Samples were subjected to SDS PAGE and
immunoblotting with antibodies described in materials and methods. Protein standards (Sigma) came from
bovine liver for catalase and from rat liver for GST. Mean enzymatic activities are written below the blots,
catalase is expressed as µmol/min/mg proteins and GST as nmol/min/mg proteins.

Fig. 6 a shows a visual reasonable agreement between the copper gradient, the PCB gradient
measured in the encaged mussels and the IBR variation whereas the PAH gradient does not seem
to contribute to the IBR.
In 2005, the low AChE activitiy and the high GST activity, recorded in the mussels from VP, may
be related to copper influence. Copper concentrations are higher than those previously reported for
the same site confirming the presence of this metal in the harbour area; cadmium and zinc
concentrations are in the range reported by IFREMER (2003). Catalase activity is generally
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enhanced compared to 2004, particularly for the animals transplanted in PC and ES, two sites
likely impacted by contaminants inducing oxidative stress, the enzyme efficiently prevents lipid
peroxidation by neutralizing oxyradical leading to low TBARS concentration at PC and ES.
Moreover AChE activity is relatively high at PC and ES, demonstrating a good physiological state
(Leiniö and Lehtonen, 2005). Water temperature may also increase the catalase response as
suggested by Cancio et al. (1999) for Mytilus galloprovincialis. In June 2005, mussels were
transplanted later in the season and kept longer in the medium (six weeks) compared to 2004.
Metallothionein concentrations in the digestive gland of mussels are of the same order of
magnitude as those reported by Viarengo et al. (1997) for wild mussels collected in the NW
Mediterranean. MT concentrations are not especially high in mussels from VP with high copper
concentrations. It is well known that the induction of MT in mussels is not as good with copper as
with cadmium and copper excess may be eliminated by the formation of a Cu-MT insoluble
complex (Viarengo et al., 1988).
IBR for 2005 (Fig. 6 b) shows that, other contaminants, besides copper, are present in VP, PC and
ES compared to the “reference” station IL. Comparing IBR from 2004 (Fig. 6 a) and 2005 leads to
the same assumption. Bocquené et al. (2004) used the integrated biomarker response index to
combine four biomarkers (AChE, GST, CAT activities and MDA concentrations, this last biomarker
is termed TBARS in the present paper) and quantify the impact of “Erika” oil spill on the common
mussel (Mytilus edulis) collected at different sites of the coast of Brittany (France). The IBR was
found to be strongly related to MDA levels. Their results show that mussel populations were
affected by the oil spill during the first year after the event. Broeg and Lehtonen (2006), measuring
IBR in eelpout (Zoarces viviparous) and blue mussel (Mytilus sp.) populations of the Baltic Sea,
reported good accordance between IBR and tissue levels of organochlorine compounds.
In the present work, stress on stress responses identified the highest polluted transplantation
station but could not discriminate among other locations. IBR values allow a better discrimination
and are in good agreement with copper and PCB concentrations in transplanted mussels but not
with PAH concentrations. Beliaeff and Burgeot (2002) underlined that the selection of an
appropriate battery of biomarkers can avoid false–negative responses obtained with a single
biomarker and allow information to be summarized in the form of a multivariate data set. According
to Broeg and Lehtonen (2006), due to its mathematical basis, the IBR becomes more robust when
the number of biomarkers increases. The number of biomarkers included in the calculation of the
IBR plays an important role affecting the “relative weight” of each biomarker in the final index
value. When the set of biomarkers is relatively large, e.g. 6-8, the weight of one factor is markedly
reduced compared to cases when 3-4 biomarkers are used.
In future studies, other biomarkers could be measured together with those already taken into
consideration. Biomarkers responding to PAH exposure could be included in the set, EROD is the
most common response to PAHs in fish, but according to Cajaraville et al. (2000) this cytochrome
P450 enzyme is not as powerful in molluscs (and mussels in particular) as in fish. In this context,
MXR (multi-xenobiotic resistance) protein induction could be an interesting biomarker. These
proteins can be induced by polycyclic aromatic hydrocarbons such as benzo(a)pyrene BaP
(Kurelec et al., 1996). A MXR protein cDNA sequence was partially cloned from Mytilus
galloprovincialis in our laboratory (G. Damiens: MXR1 GenBank accession number bankit864536
EF137955). Semi-quantitative PCR experiments showed that the transcript expression (relative to
actin) of MXR1 was increased (two-fold compared to the control) in the digestive gland of M.
galloprovincialis exposed for one week at 100 µg BaP/L. Besides, laboratory and field experiments
demonstrated that GST-pi transcripts could also be used as biomarkers of organochlorine
substances in the digestive gland of M. galloprovincialis (Hoarau et al., 2006); a CDNA partial
sequence of a GST-pi protein from M. galloprovincialis was cloned in our laboratory (P. Hoarau:
GST-p GenBank accession number Gi:22094808 and AF527010). Nevertheless, working with
biomarker gene transcript is already a sophisticated approach to biomonitoring and more simple
tools such as stress on stress response and lysosomal membrane stability (Viarengo et al., 1995)
may be used in a biomonitoring approach together with the biomarkers used in this study.
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CONCLUSIONS
Integrated biomarker response was used in this study as one possible tool for visualization of
biological effects of contaminants on mussels transplanted at different sites. This integrated
approach takes the variations contained in the data set obtained in mussels transplanted in the
Bay of Cannes (NW Mediterranean Sea) into account. Nevertheless, our multi-biomarker approach
could not fully respond to PAHs. Combining more biomarker data may allow obtaining a higher
level of integration to obtain a compact means of representing data, which could be useful to
decision makers.
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Biomarkers in Biomonitoring programmes
The aim of using biomarkers is to relate toxic-chemical presence in the environment to
effects on living organisms. The hazard that chemicals pose to organisms is related to the toxicity
of the chemical (or suite of chemicals) involved, and the degree to which the organism has been
exposed (i.e. the dose which it has been subjected to over a period of time). The net result of
exposure and toxicity is an effect (i.e. an endpoint), which is measurable in the case of a
biomarker. Thus the most important potential function of biomarkers is to provide an early warning
to impending environmental problems. When challenged by an environmental stressor or a toxic
insult, organisms may respond, resulting in observable structural and/or functional changes.
Ideally, results of the biomarker responses should accurately reflect the differing status of the
organism, thus providing a detailed picture of its health and also the status of the surrounding
environment. It is obvious that more than one biomarker is needed to accurately monitor such a
situation and these data can be useful to scientists to evaluate the specificity of the responses to
natural or anthropogenic changes. However, it is very difficult for the environmental manager to
interpret rough results of biomarker measurements (such as increasing or decreasing enzymatic
activity), to discriminate among biomarkers of exposure and biomarkers of effects and to select
relevant biomarkers among a list of possible biomarkers arising from research labs. Except for
some examples in limited areas and time, the translation of biochemical data into environmental
information is limited, due to the difficulty to interpret the temporal and spatial extent of biomarker
variation.
Monitoring programmes have generally focused on traditional methodologies for assessing
contamination but biomarkers are used increasingly to assess the environment. Many studies
have, however, focused on single test organisms or limited arrays of biomarker responses and, in
particular, there is little published work documenting the systematic use of multiple biomarkers to
assess the health condition of complex ecosystems (Adams and Ryon, 1994). Thus, the multibiomarker approach may be considered to be similar to common procedures in human
epidemiology where many responses are interpreted to diagnose disease. Different data
management systems were developed in order to provide useful tools to environmental managers
and to integrate biomarkers in the routine methodology for environmental monitoring. Among
aquatic species, marine mussels are commonly used as sentinel organisms for the detection of
environmental pollution in coastal waters due to their capacity to accumulate several organic and
inorganic contaminants (Livingstone, 1991). Changes in biological parameters can be useful to
scientists to evaluate the specificity of the responses to natural or anthropogenic changes, but it is
very difficult for the environmental manager to interpret increasing or decreasing changes in
biomarker data. Except for some examples in limited areas and time (Bayne et al., 1988; McCarthy
et al., 1990), the translation of biochemical data into environmental information was limited.
Scientists from Plymouth University (UK), have developed a rapid assessment of marine
pollution (RAMP) programme (Wells et al., 2001). The assessment included biomarkers of cellular
(cell viability, lysosomal integrity) and physiological (heart rate, condition index) status, measures
of genotoxicity (micronucleus formation) and immunotoxicity (spontaneous cytotoxicity). The
relationships between biological responses and environmental data were investigated in Europe
and South America. The RAMP programme and its procedures have been disseminated to many
countries (Moore et al. 1999; Bui et al., 2000).
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A more sophisticated example of integrated biomarker data management is the utilisation of
the Expert System, recently developed at Di.S.A.V. (University of Alessandria, Italy) by Dagnino et
al. (in press) also in the framework of the BEEP (Biological Effects of Environmental Pollutants) EU
programme.
The function of the Expert System is to rank the level of the pollutant-induced stress syndrome by
integrating the data obtained from early warning biomarkers of stress, biomarkers of exposure and
biomarkers of toxic effects. Moreover, the expert system takes into account possible interferences
among the different biomarkers.
The MPI approach
The practical approach carried out by the official agencies in charge of environmental
surveys, is to establish indexes of environmental quality taking into account chemical or biological
criteria, in order to classify the sites being monitored in a scale from “clean” to “highly polluted”
(usually 4 for microbiological criteria, or 5 levels for chemical criteria, C.B.A.G. 1996). Rough set
analysis was first used to classify sites and identify important biomarkers for specific questions
(exposure, effects, environmental signification). This type of analysis is particularly useful since it is
a simple and efficient method for classifying multivariable biomarker data and, furthermore, it is
free from distributional assumptions. In order to standardize this approach and to give decision
makers enough information expressed in a simplified form, we have developed a scoring approach
(Multi Marker Pollution Index, MPI, Narbonne et al., 1999) for biomarkers of exposure. MPI for
field application was developed during the last twenty years, and specifically from the first
international workshop on integrated biomarker use (UNESCO-IOC/ICES Oslo GEEP Workshop
held in 1986). Design and validation of practical approaches were carried out during national or
international programmes in marine waters (BIOMAR, BEEP).
An innovative approach for the organization of biomonitoring programmes that utilizes
molluscs as sentinel species may be based on the use of caged organisms for a better
standardisation of the results and reduction in sample variability. Caged mussels should be
maintained for 4 weeks at about 4 m depth at selected sites. This period of time is sufficiently long
so that the biological effects of pollutants can be revealed, at the same time minimizing possible
differences in gonad development that may arise in animals maintained at different sites due to
exposure to local changes in environmental parameters, such as temperature and food availability.
A specific design was recently applied in the Loire river estuary.
The MPI approach is based on a simple scoring approach to provide a relative comparison among
sites that exhibited multiple biomarker responses. MPI for each site is calculated as the sum of
each Biomarker pollution index (BPI). Finally a pollution scale is established including five levels
(from lightly to highly contaminated). The MPI of each site is converted in pollution level and
associated to a colour (red, orange, yellow, green and blue for classes from 5 to 1). These colours
may be reported on the map of the collected sites in order to visualize easily hot spots and the
temporal changes in effects of pollution.
Biomarker selection was in part based on ANOVA analysis used to determine statistical
significance of the individual biochemical variables among sites. Tukey’s test was used to
determine significance for individual variables between sites to determine the integrated response
of mussel to the environmental conditions at each sampling site. All the individual biomarkers were
considered jointly within a multivariate context using a canonical discriminant analysis procedure
(Statistica software 6.0 StatSoft, Inc. Ed., 2002). A variable selection procedure (Adams et al.,
1999) was also used to identify and select those variables that contributed most to the
discrimination among the integrated biomarker response for each site. Moreover, a scale based on
biomarkers of response must be able to be sensitive to different types of pollution. Therefore five
biomarkers of exposure must be selected for the scoring approach, among 5 clusters.
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Contamination by Heavy metals: AChE, AOE, MT
Contamination by PAHs: EROD, BPH, GST
Contamination by Organic chemicals: GST, AOE
Contamination by Pesticides: AChE, GST, AOE
Non specific stress: NRR, Lysosomal parameters
From each cluster, biomarkers must be selected on the discriminatory power base. Thus, for each
biomarker a discriminatory power was calculated by ranking analysis. As a result of discriminatory
analysis, the first five powerful biomarkers GSTg, CATdg, AChEg, BPHdg, GSTdg were selected
for the MPI calculation.
In field studies, mussels were collected from coastal stations either by grab or by skin divers (in
water depth up to 40 m). For in situ field bioassays with caged bivalves, cages (500 mussels per
cage) were deployed at selected sites by use of boat facilities. From our experience, the optimal
exposure period was around one month.
Statistical procedure and indices calculation
Tukey’s test was used to determine significance for individual variables between sites to determine
the integrated response of mussels to the environmental conditions at each sampling site. All the
individual biomarkers were considered jointly within a multivariate context using a canonical
discriminant analysis procedure (Statistica software 6.0 StatSoft, Inc. Ed., 2002). A variable
selection procedure (Adams et al., 1999) was also used to identify and select those variables that
contributed most to the discrimination among the integrated biomarker responses for each site.
Multimarker pollution index (MPI) for each site is calculated as
MPIi = Σ BPI
j=i

Where i = site, j = biomarker, BPI=Biomarker pollution index from the table of conversion (Table 1)
for individual mean (Xi), related to discriminatory factor (DF) of the measure.
DF = Xmax – X min + CI / CI
Where Xmax = Mean max, Xmin = Mean min, CI = confidence interval given by Tukey’s test.
Finally a pollution scale was established including five levels (from lightly to highly contaminated).
The global biomarker index of each site and for each cruise was converted in pollution level and
associated to a colour (red, orange, yellow, green and blue for classes from 5 to 1). These colours
were reported on the map of the collected sites in order to visualize easily the temporal changes in
effects of pollution.
The MPI classification scale from 1 to 5 (Narbonne et al., 1999) was first applied in the European
programme BIOMAR.
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Table 1: Index given for each biomarker response according to their rank in a scale related to the
discriminatory factor.

Number of levels
Index
of
response

1

2

Discriminatory factors
3

4
3
2
1

10
6
4
2

12
7
4

4

5

12
8

14

Example of MPI calculations
The MPI classification scale from 1 to 5 (Narbonne et al., 1999) was first applied in the European
BIOMAR programme in the Mediterranean Sea (Greece, France, Italy and Spain) and the Baltic
Sea (Germany and Poland) (Narbonne et al. 2001), and validated during the BEEP EU programme
(Italian, French and Spanish working sites; Narbonne et al., 2005). MPI was also used for
monitoring the impact of ERIKA oil spill in Brittany coast during 3 years. Moreover this procedure
was applied to fresh water systems both in mesocosm and field conditions, by using both molluscs
(corbicula and dressenia) and in fish, in connection with Water Agencies in order to be applied in
the context of the Water Framework Directive (FISH BIO in France) (Basseres el al., 2004; Vidal et
al., 2001).
The MPI procedure has been now disseminated to other countries, especially from North
Africa (Morroco and Tunisia), by using different mollusc species (Ruditapes or Donax in beaches
ecosystems) or different biomarkers (stress on stress, lysosomal stability) (El Hamidi et al., 2003;
Banaoui et al., 2004; Moukrim et al., 2004; Banni et al., 2005).
In the same way, Beliaeff and Burgeot (2002) describe a simple method summarizing
biomarker responses, thereby aiding interpretation. These authors used star plots to display results
for a range of biomarkers and integrated response was computed as the star plot area. The
integrated response was then used to investigate spatial and temporal variation in contaminant
exposure. The approach was applied to Baltic Sea and English Channel sites and ERIKA oil spill
monitoring (Bocquene et al., 2004).
AQ1
Relationship between biomarker of exposure (MPI) and biocenotic indexes was recently studied in
fresh water mesocosms. Preliminary results indicated good correlation between early biomarker
responses (at 7th day of exposure) and changes in biocenotic indexes (i.e abundance of
invertebrates) at 30 days of exposure.
Practical applications
An important point in the organisation of a large biological “mussel watch” is the need to
reduce the cost of the programme. It is in fact not feasible to ask environmental agencies to utilize
a large number (10-20) of different biomarkers of exposure and effects on mussels sampled from
each site. Moreover, the periodicity of sampling should be taken into account. The profile and
number of biomarker measures may be different for weekly, monthly or annual frequency.
Therefore, a 3 tiers approach is suggested:
Tier 1 - Utilization, as a first screening approach, of mortality index and a sensitive and low-cost
stress biomarker such as lysosomal membrane stability and/or lysosomal lypofuscin accumulation.
Tier 2 - Utilization of a set of simple enzyme activities (AChE, GST, CAT, BPH), namely,
biomarkers of exposure, associated to a biomarker of general stress. This is the base for MPI
calculation.
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Tier 3 - Utilization of the full battery of 10-20 biomarkers, and quantification of the stress syndrome
by using the expert system. This battery includes biomarkers of exposure and biomarker of effects
in order to express the biological effects of pollutants related to the accumulation of toxic chemicals
in the organisms.
Conclusions and recommendations
The use of biomarkers is relatively new when compared to traditional chemical monitoring.
Even today in developed nations those biomarkers that are considered well understood often still
lack historic track records and simple data management adequate for routine risk assessment and
monitoring. Furthermore, despite the important principle underlying the biomarker concept (that is,
response should lead to ecological effects), there are still few examples where biomarker
measurements have been directly linked to community level responses.
Adequate data management is now available leading to an integrated approach for biomarker
selection and integration in site classification related to chemical stress, pollution level (MPI) and
pollution impact (Expert System). Thus, the MPI procedure appears to be particularly adequate for
monitoring trends in low or moderately polluted sites at monthly frequency. The integrated
approach by Expert System is able to integrate batteries of biomarkers of exposure and toxic
effects measured at different levels (from genes to tissues) and may constitute a general
methodology for multimarker data management in specific areas, hot spots and pollution gradients.
In the actual situation, biomarkers provide, in a monitoring programme, what other
methodologies, such as, the traditional measurement of chemicals in the environment or
organisms, cannot. By their very nature, many biomarkers give information on response to
pollution and this gives the environmental manager, tools for site classification related to biological
responses (i.e. classification from blue to red with MPI or from A to E with Expert System).
Moreover, biomarker measurements provide data that may help restrict chemical analysis only to
those contaminants of concern. New tools in data management may now be possible in biomarkerbased monitoring programmes and risk assessments, so that financial resources are used wisely
and cost effectively. These tools are not yet applied in the MED POL programme. Reference
laboratories were selected (Italy, France and Spain) for technology development and practical
training. Focus laboratories in southern Mediterranean countries (actually Morocco and Tunisia)
are able to perform such biomarker monitoring programmes.
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ABSTRACT

In the framework of the EU-funded BEEP project a biomonitoring programme was carried out along
the NW Mediterranean Sea using mussels and red mullets as sentinel organisms. A battery of
effect and exposure biomarkers were selected for the assessment of biological effects of pollution,
namely, lysosomal responses, metallothionein induction and peroxisome proliferation. Additionally,
gamete development stages and gonad index were determined with the aim of assessing possible
disturbances in reproduction. The purpose of the study was to evaluate the overall health status of
the organisms along three pollution gradients. As revealed by principal component analysis (PCA),
the use of selected biomarkers in mussels was able to discriminate polluted and reference
locations, providing an integrated view of pollutant effects. In red mullets, the reproductive status
explained most of the variations in biomarker responses. Additionally, biomarker data interpretation
for red mullets was more difficult than for mussels probably because mussels were collected closer
to pollution sources than red mullets and due to the migration capacity of red mullets. Therefore,
the use of fish caging strategies and collecting fish out of the spawning season are recommended
for future biomonitoring programmes. In conclusion, the biomarker approach followed by PCA
provided relevant information that can be incorporated into environmental impact assessment of
the NW Mediterranean Sea.

INTRODUCTION
The goal of the European BEEP project (Biological Effects of Environmental Pollution in marine
coastal ecosystems) was to evaluate the use of biomarkers in marine sentinel organisms for the
assessment of biological effects of environmental pollution. With this purpose, thirty cooperating
participants investigated three different types of coastal European environments (Baltic Sea, North
Atlantic Sea and Mediterranean Sea). In the NW Mediterranean Sea a biomonitoring programme
was carried out using Mediterranean mussels (Mytilus galloprovincialis) and red mullets (Mullus
barbatus) as sentinels. Different biomarkers were investigated in mussels, including
acetylcholinesterase activity (Beliaeff and Bocquené, 2004), CYP1A- and CYP3A-immunopositive
protein levels (Shaw et al., 2004), malondialdehyde and benzo(a)pyrene hydroxylase, catalase and
glutathione S-transferase activities (Narbonne et al., 2005) and responses of the immune system
(Auffret et al., 2006). In red mullets, endocrine disruption endpoints were assessed (Martin-Skilton
et al., 2006). In our laboratory, a battery of effect and exposure biomarkers recommended by
UNEP/MAP (2005) was applied both in mussels (Zorita et al., 2007a) and in red mullets (Zorita et
al., in press). Lysosomal membrane stability and lysosomal structural changes were measured as
effect biomarkers, metallothionein (MT) induction was selected as biomarker of metal exposure
and peroxisome proliferation, measured in terms of acyl-CoA oxidase (AOX) activity induction, was
evaluated as biomarker of exposure to organic xenobiotics. Additionally, gamete development
stage and gonad index (GI) were determined as supporting parameters with the aim of assessing
possible disturbances in reproduction. Quality assurance (QA) received special attention. First,
biomarker measurements were made using blind-labelled samples. Second, our research team
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participated in the preparation of well-defined protocols and standard operating procedures (SOP)
for biomarker measurements in the BEEP project (BEEP Final report, 2004). Third, different
methods available for MT determination were compared and intercalibrated (Zorita et al., 2005)
and we participated in several intercalibration exercises such as UNEP/MEDPOL intercalibration
exercise for MT levels, ethoxyresorufin-O-deethylase (EROD) activity, lysosomal membrane
stability, and neutral lipid and lipofuscin accumulation. In the present work we give an overview of
the results obtained in the BEEP monitoring programme along the NW Mediterranean Sea.
Further, with the aim of integrating results obtained with the different biomarkers, principal
component analysis (PCA) was applied.

STUDY AREA AND MONITORING PROGRAMME
Four sampling campaigns were carried out on the French oceanographic vessel “L’Europe” in
September 2001, May and September 2002 and May 2003 in three areas of the NW
Mediterranean Sea. The cruises followed a route starting from the Gulf of Fos/Marseille area in
France towards the Ligurian Sea in Italy and finishing in the Catalonian coast (Spain). Subtidal
mussels, M. galloprovincialis, were hand collected by scuba divers in 12 stations selected
according to an expected pollution gradient in France (Aragnon -reference site-, Lavera and Fos
harbour), Italy (Portofino -reference site-, Voltri and inside Genova harbour) and Spain (Cala
Montjoy -reference site-, Fangar, Alfacs and Barcelona harbour). In addition, Cortiou (which
receives sewage effluents from Marseille) in France and outside Genova harbour (site where the
oil tanker “The Haven” sank in 1991) in Italy were chosen as sites of special interest (Table 1). The
three pollution gradients were confirmed by chemical analysis (Zorita et al., 2007a). Red mullets,
M. barbatus, were collected by trawling in intervals of 15 min in 7 locations, being Portofino in Italy
and Roses in Spain selected as reference stations (Table 1). No fish were collected in the Spanish
area in May campaigns due to technical problems.

RESULTS OF MONITORING IN MUSSELS
Details of chemical and biomarker data obtained in mussels have been published recently (Zorita
et al., 2007a) and are given in Table 2. Briefly, for lysosomal responses no significant differences
were observed between May and September samplings. The differences recorded between
stations were consistent with the pollution gradients. In general, mussels from urban-related areas
like Fos, Genova and Barcelona harbours presented reduced labilization period (LP) values
accompanied by high lysosomal volume density (Vv) and low lysosomal surface to volume ratio
(S/V) values indicating disturbed health. Significant correlations were found between lysosomal Vv
and LP (R2 = -0.691, p < 0.01) and lysosomal Vv and size (R2 = -0.880, p < 0.01) and this
supported the idea that an increase in Vv, accompanied by the formation of pathologically enlarged
lysosomes, is associated with membrane destabilization (Lowe et al., 1981; Moore, 1988; Regoli,
1992; Domouhtsidou and Dimitriadis, 2001). Significant correlations were also found between
lysosomal responses and polychlorinated biphenyl (PCB), polycyclic aromatic hydrocarbon (PAH),
Cu and Pb concentrations measured in the whole soft tissue of mussels collected in the same
locations in May 2003 (Zorita et al., 2007a). In addition, lysosomal responses in mussels were
consistent with results obtained with other biomarkers measured in the BEEP project, namely,
CYP-immunopositive proteins (Shaw et al., 2004) and immunotoxic responses (Auffret et al.,
2006).
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Table 1: Description of sampling sites of mussels and red mullets in the NW Mediterranean Sea.

Description
France

Italy

Spain

Aragnon

Mussel

Lavera

Mussel

Fos
harbour
Cortiou

Mussel

Fos-surmer
Cortiou

Red mullet
Red mullet

Portofino

Mussel

Voltri

Mussel

Genova
inside
Genova
outside
Portofino

Mussel

Red mullet

Arenzano

Red mullet

Cala
Montjoy
Fangar

Mussel
Mussel

Alfacs

Mussel

Barcelona
harbour
Altafulla

Mussel

Delta
Ebro
Roses

Mussel

Mussel

Red mullet

of Red mullet
Red mullet

43º18’70 N
5º04’26 E
43º25’00 N
4º53’25 E
43º25’00 N
4º53’25 E
43º11’50 N
5º23’00 E
43º19’50 N
4º57’70 E
43º11’76 N
5º23’24
44º18’62 N
9º12’80 E
44º25’12 N
8º46’65 E
44º24’73 N
8º54’99 E
44º23’44 N
8º55’83 E
44º18’36 N
9º15’93 E
44º23’93 N
8º42’74 E
42º15’00 N
3º14’50 E
40º46’40 N
0º45’60 E
40º36’70 N
0º36’30 E
41º22’55 N
2º11’80 E
41º06’48 N
1º20’61 E
40º31’18 N
0º36’50 E
42º13’47 N
3º09’94 E

Clean seawater, reference station
Moderately
polluted,
near
oil
refineries
Polluted, refineries and oil tankers
Sewage effluents from Marseille
Oil refineries, shipping traffic
Sewage effluents from Marseille
Marine reserve park
Moderate industrial input, oil tankers
Harbour. Intense maritime traffic,
industrial effluents
Shipwreck of oil tanker “The Haven”
in 1991
Marine reserve park
Petrochemical activities
Clean seawater, touristic area in
summer
Rice agriculture, marine farms,
fishing
Rice agriculture, marine farms,
fishing
Intense maritime traffic, industrial
effluents
Agrochemical run-off
Agriculture and aquaculture activities
Slightly urbanized, leisure area

In agreement with previous studies in the NW Mediterranean Sea, MT levels did not reveal
significant differences between urban-related and clean areas possibly due to the generally low
concentrations of metals in these coastal waters (Viarengo et al., 1997; Stien et al., 1998;
Mourgaud et al., 2002). The most remarkable metal pollutants in some stations were lead and
copper (Zorita et al., 2007a) but the inducibility of MT expression by these two metals is
questionable (Raspor and Pavicic, 1991; Mourgaud et al., 2002; Dondero et al., 2005; Zorita et al.,
2007b). The lack of differences in MT levels may be partly due to physiological changes caused by
gamete development and food abundance in spring which contribute more to changes in MT levels
than the bioavailable metal concentrations (Raspor Table 2: Results of selected biomarkers in
mussels (M. galloprovincialis) for each station at each of the three sites during the campaigns in
the Mediterranean Sea between 2001 and 2003. Data from Zorita et al. (2007a).
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Sep 2001 21.75 ± 5.7

3.83 ± 1.9

May 2002 19.75 ± 1.8

3.39 ± 1.1

Sep 2002 18.25 ± 1.9

3.37 ± 1.1

May 2003 15.25 ± 2.1

4.66 ± 2

Sep 2001 13.75 ± 1.2
May 2002 9.2 ± 2.1

3.25 ± 0.7
1.77 ± 0.8

MT
(µg/mg
prot)
Mean ±
SD
31.5 ±
20.3
122 ±
50.9
30.2 ±
1.6
50.1 ±
4.5
32.3 ±
11.1
49 ± 18

Sep 2002 11.25 ± 2.8

4.3 ± 1.4

26 ± 2.6

May 2003

8.5 ± 2.2

4.9 ± 2.2

Sep 2001

7.75 ± 2.4

3.55 ± 0.8

May 2002

6.55 ± 0.9

3.67 ± 2.6

Sep 2002

6.05 ± 1.9

8.67 ± 2.4

May 2003

4.3 ± 1.8

11.5 ± 2.2

Sep 2001

15.75 ± 3

1.57 ± 0.3

20 ± 7.9
24.1 ±
6.1
52.6 ±
39.4
24.2 ±
2.9
29.5 ±
20.5
42.9 ±
27.1

LP (min)

Site

Station

FRANCE Aragnon

Lavera

Fos
harbour

Cortiou

ITALY

Portofino

Voltri

Genova
inside

VvL x 103
(µm3 x
µm3)

Campaign Mean ± SD Mean ± SD

May 2002 12.25 ± 2.5

1.66 ± 0.5

Sep 2002
May 2003

12.5 ± 3.1
nd

2.57 ± 1.1
nd

Sep 2001 14.75 ± 5.7

3.23 ± 1.1

May 2002

20.5 ± 2.8

2.75 ± 0.5

Sep 2002

20 ± 1.5

1.47 ± 0.6

May 2003

18 ± 3.1

2.27 ± 0.3

Sep 2001

9.75 ± 1

3.32 ± 0.9

May 2002 15.25 ± 2.7

3.43 ± 1.2

Sep 2002

7.25 ± 3.3

6.98 ± 5.7

May 2003 10.25 ± 3.2

5.94 ± 1.8

Sep 2001 10.75 ± 3.6

7.04 ± 2.4

May 2002

3.44 ± 1.5

7.15 ± 1.1
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nd
34.9 ±
3.7
nd

AOX
(mU/mg
prot)
Mean ±
SD
0.97 ± 0.3
3.26 ± 0.4
1.87 ± 0.6
1.82 ± 0.5
0.96 ± 0.1
1.92 ± 0.4
0.65 ±
0.09
0.65 ±
0.09
0.61 ± 0.3
1.72 ±0.1
0.96 ± 0.1
0.96 ± 0.1
1.48 ± 0.6

Mean ±
SD
1.38 ±
0.7
2.13 ±
1.8
0.86 ±
0.6
3.13 ±
0.6
1 ± 0.5
3 ± 1.4
1.38 ±
0.9
4.44 ± 1
1.88 ±
0.3
3.7 ±0.6
1.78 ±
0.6
3.56 ±
0.7
2±0
4.22 ±
1.6

2.81 ± 0.3
2.08 ±
0.09
0.2 ± 0.4
nd
nd

23 ± 11.6 0.91 ± 0.3
nd
23.7 ±
3.9
90.1 ±
10.4
23.1 ±
5.3
41.2 ±
27.3
35.2 ±
2.6
54.4 ±
9.2
40.6 ±
21.7
30.3 ±
5.7

GI (a.u.)

2.95 ± 0.4

0.75 ±
0.8
4.89 ±
0.3

1.87 ± 0.2 0.1 ± 0.3
1.87 ± 0.3 3.4 ± 0.5
0.64 ± 0.1 0.4 ± 0.5
3.33 ±
2.51 ± 0.7
0.5
0.75 ±
0.7
1.19 ± 0.1
1.19 ± 0.2 3.8 ± 0.6
0.76 ± 0.2

1.44 ± 1

1.81 ± 0.5

4 ± 0.8

Genova
outside

SPAIN

Cala
Montjoy

Fangar

Alfacs

Sep 2002

6.75 ± 3

8.42 ± 3.5

May 2003

5.25 ± 2

6.82 ± 3.8

30.8 ±
15.2
62.2 ±
26.4
35.5 ±
13.5
48 ± 17.3
36.6 ±
3.3

0.79 ± 0.1

1 ± 1.2

0.79 ± 0.1 4.2 ± 0.7
0.42 ±
0.63 ±
0.04
0.5
3.46 ±0.5 4.3 ± 0.8

Sep 2001 16.25 ± 3.6
May 2002
14 ± 3.4

2.54 ± 1.1
2.84 ± 0.4

Sep 2002

11 ± 3.8

3.97 ± 1.2

May 2003

10 ± 3

2.85 ± 0.7

1.15 ± 0.2 0.6 ± 0.7
3.78 ±
76 ± 45.6 1.15 ± 0.2
0.8

Sep 2001 29.25 ± 7.6
May 2002
nd

1.97 ± 0.7
nd

40 ± 1.3
nd

Sep 2002

27.1 ± 4.4

1.2 ± 0.2

May 2003 18.25 ± 1.8

1.41 ± 0.4

Sep 2001 17.25 ± 1.8
May 2002
nd

2.26 ± 1.1
nd

Sep 2002

3.11 ± 1.2

25 ± 3.4
51.6 ±
8.4
46.2 ±
3.7
nd
24.5 ±
3.3
127 ±
105

20 ± 2.9

May 2003 18.25 ± 2.4

2.18 ± 0.5

Sep 2001 14.25 ± 2.5
May 2002
nd

1.83 ± 1
nd

Sep 2002

13.5 ± 2.4

4.77 ± 1.1

May 2003 16.75 ± 2.2
Barcelona
harbour
Sep 2001 8.25 ± 1.8
May 2002
nd

2.1 ± 0.4
5.39 ± 2
nd

Sep 2002

5 ± 2.8

6.97 ± 3.7

May 2003

5.7 ± 1.3

6 ± 1.4

0.95 ±
0.09
nd
1.93 ± 0.5
1.93 ± 0.6

nd
nd
1.22 ±
0.4
4.22 ±
0.6
0.57 ±
0.7
nd
1.86 ±
0.3

0.99 ± 0.1
nd
0.59 ±
0.07
0.59 ±
0.07
4.7 ± 0.4
0.89 ±
32 ± 21.4 0.86 ± 0.2
0.6
nd
nd
nd
25.7 ±
0.67 ±
4.6
0.79 ± 0.2
0.8
78.8 ±
17.5
0.79 ± 0.2 4.6 ± 0.5
35.6 ±
0.73 ±
0.88 ±
11.1
0.09
0.8
nd
nd
nd
36.5 ±
2.6
0.81 ± 0.1 0.5 ±0.8
33.3 ±
17.6
0.81 ± 0.1 4.7 ± 0.4

LP: labilization period, VvL: lysosomal volume density, MT: metallothionein content, AOX: acyl-CoA oxidase
activity, GI: gonad index, a.u.: arbitrary units, nd: not determined, SD: standard deviation

53

et al., 2004). Accordingly, MT levels were significantly correlated with gonad index (R2 = 0.454, p <
0.01) indicating that MT levels fluctuated following the same pattern as gamete development. The
analysis of expression of specific MT isoforms could give rise to more reliable data as it is known
that specific MT isoforms may accomplish distinct functions and may be differentially regulated in
presence of different metals (Zorita et al., 2007b).
Peroxisomal AOX activity did not significantly differ between May and September samplings
although a clear seasonal fluctuation with maximum values in spring was observed in mussels
from the Gulf of Biscay (Cancio et al., 1999). The highest levels of AOX activity were found in the
reference sites and in Cortiou (Table 2) whereas the lowest AOX activities were recorded in
stations with moderate/high concentrations of PAHs and PCBs, such as Fos, Genova and
Barcelona harbours. Interestingly, AOX values were negatively correlated with Cu (R2 = -0.750, p <
0.05) and Hg (R2 = -0.718, p < 0.05) levels measured in mussels collected in May 2003, which may
suggest that metals found in polluted stations might inhibit the activity of peroxisomal AOX (Zorita
et al., in 2007a). Alike, these two metals are known to produce inhibitory effects on EROD activity
(Oliveira et al., 2004). Similarly, Narbonne et al. (2005) reported decreases in several enzyme
activities in most polluted stations. Thus, the observed inhibition of AOX activity in polluted stations
could be due to complex interactions occurring in the Mediterranean environment among mixtures
of pollutants.
As to gamete development stages, mussels sampled in May showed mature-spawning-postspawning gonads while mussels collected in September showed gonads in resting and
gametogenesis stages (Zorita et al., 2007a). No gross gonad alterations were observed suggesting
undisturbed reproductive potential of mussels in the studied areas.

RESULTS OF MONITORING IN RED MULLETS
Results obtained in red mullets have been described in detail (Zorita et al., in press) and are given
in Table 3. Lysosomal membrane LP values did not differ between May and September samplings
but significant differences were recorded among stations. In general, fish collected in Fos-sur-mer,
Cortiou, Arenzano and Delta of Ebro showed reduced LP values indicating disturbed health (Table
3). The low LP values in Fos-sur-mer, Cortiou and Arenzano could be attributed to the impact of
pollutants from urban and industrial activities common in the area (Burgeot et al., 1996; Piccardo et
al., 2001; Bodin et al., 2004), while the low values recorded in Delta of Ebro could be linked to
agricultural and aquaculture activities (Burgeot et al., 1996; Baumard et al., 1999). In the case of
fish from Portofino, considered a reference area, a significant decrease of the lysosomal
membrane stability was observed in the last two samplings suggesting signs of cellular damage
(Zorita et al., in press).
MT levels did not differ significantly in organisms sampled in different stations (Table 3). Except for
the high MT values found in Portofino in May 2003, MT levels could be considered low. Generally,
MT values obtained in May were higher and more variable than in September (Table 3). The
higher MT concentrations observed in May could be linked to the drastic increase in hepatic Zn
levels during vitellogenesis, which is followed by the up-regulation of MT transcription (Olsson et
al., 1987; Werner et al., 2003) suggesting that the protein is involved in Zn regulation during
vitellogenesis (Olsson et al., 1989). This hypothesis is further supported by the significant
correlation observed between MT levels and GI (R2 = 0.628, p < 0.01).
AOX activity was generally higher in May than in September in all stations except in Cortiou, which
showed high values all along the study indicating a high bioavailability of organic xenobiotics in red
mullets from this station (Burgeot et al., 1996; Porte et al., 2002; Martin-Skilton et al., 2006). AOX
activity was significantly correlated with GI (R2 = 0.534, p < 0.05) suggesting that peroxisomal AOX
activity fluctuated according to the reproductive status of
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Table 3: Results of selected biomarkers in red mullets (M. barbatus) for each station at each of the
three sites during the campaigns in the Mediterranean Sea between 2001 and 2003. Data from
Zorita et al. (in press).

Site
Station
FRANCE Fos

Cortiou

ITALY

Portofino

Arenzano

SPAIN

Altafulla
Delta of
Ebro
Roses

LP (min)

MT (µg/mg
prot)

AOX
(mU/mg prot)

GI (a.u.)

Campaign
Sep 2001
May 2002
Sep 2002
May 2003
Sep 2001
May 2002
Sep 2002
May 2003

Mean ± SD
nd
11 ± 3.8
15.75 ± 3
nd
14 ± 3.8
9 ± 1.6
9.75 ± 2.9
4.75 ± 1.2

Mean ± SD
6.32 ± 5.6
15.9 ± 7.9
6.75 ± 2.2
nd
5.81 ± 4.4
10.9 ± 2.72
7.96 ± 1.1
17.1 ± 10

Mean ± SD
2.49 ± 0.5
3.53 ± 0.6
3.22 ± 0.4
nd
6.64 ± 1.8
5.89 ± 0.1
6.21 ± 0.6
5.35 ± 1.4

Mean ± SD
3 ± 1.1
3.33 ± 0.5
3.42 ± 0.9
nd
3.11 ± 1
4.14 ± 0.6
2.44 ± 1
3.25 ± 0.4

Sep 2001
May 2002
Sep 2002

18.75 ± 1.9
24 ± 5.1
7.5 ± 0.8

3.50 ± 0.7
6.77 ± 1.6
4.28 ± 0.2

2.66 ± 0.8
4±0
2.1 ± 0.3

May 2003
Sep 2001
May 2002
Sep 2002
May 2003

10.5 ± 1.4
nd
9.5 ± 1.4
14.25 ± 4.2
9.5 ± 2.1

3.81 ± 1.9
36.6 ± 24.2
5.63 ± 1.3
108.48 ±
69.5
4.17 ± 2.6
34.5 ± 25.8
4.38 ± 0.5
34.0 ± 18.8

5.36 ± 0.5
2.82 ± 0.3
6.41 ± 0.8
4.78 ± 0.3
5.69 ± 1

3.68 ± 0.2
2.87 ± 0.6
4±0
2.5 ± 0.8
3.5 ± 0.2

Sep 2001
Sep 2002

21 ± 4.2
25.25 ± 6.8

3.99 ± 1.1
8.25 ± 0.4

2.62 ± 0.1
4.68 ± 0.4

2.33 ± 0.5
2.44 ± 0.8

Sep 2001
Sep 2002
Sep 2001
Sep 2002

12.5 ± 2.6
9.75 ± 1.6
nd
25.25 ± 5.4

3.60 ± 1.2
6.20 ± 1.4
3.72 ± 2.4
6.12 ± 0.6

2.39 ± 0.2
3.29 ± 0.4
3.04 ± 0.4
3.15 ± 0.4

2.85 ± 0.3
2±0
nd
2.2 ± 0.6

LP: labilization period, MT: metallothionein content, AOX: acyl-CoA oxidase activity, GI: gonad index, a.u.:
arbitrary units, nd: not determined, SD: standard deviation

fish. Season related variations in the peroxisomal compartment have been detected in fish and
have been attributed to variations in the reproductive cycle and food availability (Rocha et al.,
1999).
Delayed gamete maturation in females and high prevalence of melanomacrophage centers in male
testis was observed in fish from Cortiou and Fos-sur-mer (Zorita et al., in press). These results are
in agreement with those of Martin-Skilton et al. (2006) who partly attributed these changes to the
high levels of alkylphenols, PCBs and other organochlorinated compounds measured in red
mullets (Porte et al., 2002; Martin-Skilton et al., 2006).
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PRINCIPAL COMPONENT ANALYSIS
With the aim of integrating results obtained with the different biomarkers and to discriminate
between the studied stations, principal component analysis (PCA) was applied using the SPSS
statistical package (SPSS Inc., Chicago, IL, USA). Mean values for each variable (biomarker) and
experimental group were used in the analysis. Eight variables were taken into consideration for
mussels: GI, MT, lysosomal Vv, Sv, S/V, and Nv, LP and AOX whereas for fish 4 variables were
examined: GI, MT, LP and AOX. Since the unit rank of measurements of the variables differed,
data were standardized using the Z score method prior to the analysis.
For mussels, the first two components from PCA explained 66.72% of the total variance as shown
in Fig. 1. Component 1 explained 42.13% of total variance and was characterized mainly by high
factorial weight of lysosomal Vv, Sv, size and membrane stability (Table 4). Component 2
explained 24.59% of total variance and was characterized by high factorial weight of GI and
lysosomal Nv (Table 4). Overall, component 1 appeared to indicate health condition of musssels
and distributed the studied stations according to the pollution gradient (Fig. 1). Indeed, most of the
lysosomal responses followed the pollution gradient and were significantly correlated with PAH,
PCB, Cu and Pb concentrations determined in mussel tissues (Zorita et al., 2007a). Component 2
appeared to indicate reproductive condition of mussels and separated the localities according to
the sampling season, mussels collected in May campaigns being easily separated from those
sampled in September campaigns (Fig. 1).
Thus, PCA was a powerful tool able to discriminate impacted sites from reference sites, as
previously shown by other studies (Pampanin et al., 2005; Kopecka et al., 2006). On the other
hand, PCA indicated that lysosomal responses (lysosomal Vv, Sv, S/V and lysosomal membrane
stability) were the most discriminating among selected biomarkers. Beliaeff and Boquené (2004)
reached the same conclusion in a study including data on acetylcholinesterase activity,
malondialdehyde and our data on lysosomal membrane stability. Similarly, in the 2-tier biomarker
approach proposed recently for ranking of environmental health status, lysosomal membrane
stability is given a central role as first screening tool to obtain general health information (Viarengo
et al., 2000; Broeg et al., 2005). In this respect, our results support the use of indexes based on
lysosomal responses since they are able to discriminate the stations according to the pollution
gradient indicating disturbed health at the most impacted sites.

Table 4. Factor analysis: component matrix for mussel data.
Biomarker
GI
MT
Vv
Sv
S/V
Nv
LP
AOX

Component
1
0.035
0.380
-0.939
-0.887
0.807
-0.096
0.802
0.503

Component
2
-0.823
-0.547
-0.124
0.244
0.476
0.801
0.141
-0.166

GI: gonad index, MT: metallothionein content, Vv: lysosomal volume density, Sv: lysosomal surface density,
S/V: lysosomal surface to volume ratio, Nv: lysosomal numerical density, LP: lysosomal membrane
labilization
period,
AOX:
acyl-CoA
oxidase
activity
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Fig. 1: Principal component analysis of the biomarker data set for mussels. The factorial weights of the
biomarkers are plotted against the first two components which explain 66.72% of the total variance. Note that
reference and polluted stations are well separated along component 2. Component 1 appears to discriminate
May and September samplings. S01: September 2001, M02: May 2002, S02: September 2002, M03: May
2003.

When data on red mullets were analysed only one component was extracted from the PCA and
therefore component plots were not produced. This component explained 52.45% of the total
variance and GI was the variable producing the highest factorial weight (Table 5). This result
indicated that biomarkers in red mullets were more affected by the reproductive status than by the
pollution gradient suggesting that more reliable data could have been obtained by collecting fish in
other periods. In this sense, it has been proposed to collect fish out of the spawning season and if
possible with gender discrimination (Zorita et al., in press) because these physiological variables
may affect biomarker responses (Rocha et al., 1999; Marijic and Raspor, 2006). Thus, comparing
mussel and fish results, it appears that biomarker data is more difficult to interpret in fish than in
mussels. This could be partly explained by the fact that mussels were collected closer to pollution
sources whereas red mullets were sampled in open coastal waters, where pollutant concentrations
could be diluted. In addition, the migratory capacity of fish needs also to be taken into
consideration. Overall, there is a need for further studies on the assessment of biological effects of
contaminants in coastal marine ecosystems with the use of caging strategies. These strategies are
a general trend in the design of biomonitoring programmes in the last years not only for fish (Teles
et al., 2004; Vermeirssen et al., 2005) but also for mussels (Stien et al., 1998; Regoli et al., 2004;
Orbea and Cajaraville, 2006).
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CONCLUSIONS
In this study carried out along the NW Mediterranean Sea, differences observed in a battery of
biomarkers in mussels were caused mainly by differential exposure to pollutants among locations.
Lysosomal responses were the most discriminating biomarkers and indicated disturbed health at
the most polluted sites. Seasonal variations, especially those related to
Table 5. Factor analysis: component matrix for fish data.
Biomarker
GI
MT
LP
AOX

Component 1
0.848
0.743
-0.454
0.788

GI: gonad index, MT: metallothionein content, LP: lysosomal membrane labilization period, AOX: acyl-CoA
oxidase activity.

gamete development, also contributed partly to observed differences in biomarker data. For red
mullets, biomarkers were influenced more by the reproductive status than by the pollution gradient.
These differences between mussels and red mullets probably reflect that mussels were collected
closer to pollution sources than red mullets and could be also due to the migration capacity of fish.
This, in addition to difficulties for native fish sampling, makes it recommendable the use of fish
caging strategies and collecting fish out of the spawning season for future biomonitoring
programmes. Finally, PCA constitutes an easy and useful tool to integrate biomarker results and to
identify main sources of variability in studied data.
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Lessons learned from Beep and MED POL on the biomarker use:
application on the Adriatic and Algerian coasts
by
Elena Fabbri
Laboratory of Environmental Physiology and Biochemistry, Interdepartmental Centre for
Environmental Sciences Research (CIRSA) University of Bologna, Ravenna, Italy.

INTRODUCTION
The health status of coastal marine environments and transitional waters, exposed more than
others to the consequences of domestic and industrial discharges, is a major concern at
international level. At the same time, the monitoring of these ecosystems is rather difficult because
of the high variability of chemical and physical parameters that also limits the powerness of
chemical and ecotoxicological analysis. For these and other reasons, the scientific community
suggests new tools for environmental monitoring, addressed to as biomarkers. These are
biochemical, physiological or histological indices that, measured in sentinel organisms exposed to
a contaminated environment, reflect the exposure or the effects of pollutants at the molecular,
cellular or organism level. Biomarkers do not substitute but integrate the more conventional
analysis, providing an early warning of environmental contamination. Moreover, they give a specific
contribution for the identification of toxicity due to a mixture of contaminants, although each present
at very low concentration.
Scientific research contributed to the identification of biomarkers and sentinel organisms. The
lessons learned from international environmental biomonitoring programmes such as MED-POL
(UNEP/MAP, 1997; http://www.unepmap.gr/) and BEEP [http://www.lptc.u-bordeaux.fr/beep]
indicated that different animals have different sensitivity to the same stress stimuli, and that not all
of the observed alterations are consistent with the extent of environmental contamination. As a
consequence, some animals better than others can be used as sentinel organisms; similarly, only
a number of selected biochemical, physiological or histological alterations can be addressed to as
biomarkers.
As a result of many years of research and application, biomonitoring through biomarkers has
become a reliable tool for the systematic evaluation of environmental health (Cajaraville et al.,
2000). The Expert System for data interpretation recently developed (Viarengo et al., 2000;
Viarengo et al., 2007 in press) has contributed towards this.
The Adriatic coast experience
Many reports are indeed available which confirm the successful application of biomarkers in fresh
and seawaters. However, their suitability in changeable environments such as coastal lagoons is
poorly documented (Nasci et al., 2002). Therefore, a battery of biomarkers selected from those
suggested by the BEEP and MED-POL experience was applied to evaluate the quality of a coastal
lagoon, the Pialassa Baiona.
The Pialassa Baiona is a brackish marsh located in the north-eastern part of Ravenna (Italy). It
consists of small, shallow ponds and deeper artificial channels connected to the North Adriatic Sea
through the Candiano Channel (Fig. 1). The basin receives fresh waters from five main channels
draining agricultural run off and effluents from industrial and municipal treatment plants. Generally,
deposition and remobilisation of pelitic material are promoted by weak water dynamics. The actual
geomorphology of this lagoon is mainly the result of anthropogenic activity and its survival depends
on a delicate balance between preservation issues (e.g., Ramsar Convention) and human impacts
on the area (Amorosi et al., 2002). During the period 1957-1977 about 100-200 t of mercury were
delivered in this area, coming from an industrial discharge channel which inflows in the southern
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part of the lagoon. Previous investigations (Miserocchi et al., 1994; Fabbri et al., 1998; Trombini et
al., 2003) showed the presence of high levels of mercury in surface and suspended sediments,
despite the expected burial of the toxic element based on a crude estimation of sediment
accumulation rate. High levels of polycyclic aromatic hydrocarbons (PAH) and heavy metals are
also found in the sediments (Fabbri D et al., 2006; Matteucci et al., 2005).

Figure 1: The Pialassa Baiona (Ravenna, Italy). White stars identify the sites of sampling.

Mussels (Mytilus spp.) have been employed for biomonitoring purposes for many years (Viarengo
and Canesi, 1991; Romeo et al., 2003) but it was interesting to test their suitability within the
peculiar environment of the Pialassa Baiona, even though resident mussels are present only in
selected areas of the lagoon. On the other hand, Manila clams Tapes philippinarum are widely
distributed within the lagoon, and partially exploited for commercial purposes; the possibility that
these clams could be used as sentinel organisms for biosurveillance programmes was also
investigated. Furthermore, the biomarker response was assessed in the clam Chamalea gallina.
Three surveys have been carried out every two years since 2000; partial results have already been
reported in Caselli et al. (2003b) and Caselli and Fabbri (2006). Transplanted organisms (M.
galloprovincialis and C. gallina) were exposed to the lagoon environment for 4 weeks in a total of
12 sites along the main channels. Mussels collected along the coast of the North-Western Adriatic
Sea by professional fishermen were selected on a size basis (5 – 6 cm length) and transferred into
cages. Cages were built for the purpose with steel and plastic nets and had two levels, one to keep
clams in contact with the sediments, another one to keep mussels at a distance of about 50 cm
from the sediments.
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The digestive glands and gills of reference organisms were excised immediately after their
collection at sea for M. galloprovincialis and C. gallina, then stored at –80°C until analysed. T.
philippinarum were resident in the lagoon. From previous surveys, no clean site was identified
within the lagoon to be used as internal reference site.
The battery of biomarkers selected was composed as follows: two biomarkers were selected
according to specific problems affecting the lagoon, i.e. metallothioneins, induced by heavy metals
(Viarengo et al., 1997) and acethylcholinesterase (AChE) activity, inhibited by pesticides
(Valbonesi et al., 2003). Three further biomarkers were chosen among the most sensitive
responses to generic stress factors i.e. not induced by a specific class of contaminants: lysosomal
membrane stability, lipofuscin and unsaturated neutral lipid accumulation (Domouhtsidou and
Dimitriadis, 2001; Marigomez et al., 2005). To contribute to a question recently posed within the
BEEP Project regarding the possible relationship between the cAMP levels and the environmental
pollution (Dailianis et al., 2003), we also evaluated the adenylyl cyclase activity in the gills of the
bivalves used as potential sentinel organisms. The methodologies for biomarker analysis were in
general those recommended by the MED POL Programme for the biomonitoring of Mediterranean
coastal
areas
(Manual
UNEP/RAMOGE,
1999).
AChE
activity
was
assessed
spectrophotometrically as reported by Valbonesi et al. (2003). The adenylyl cycase activity was
assessed as recently reported (Fabbri and Capuzzo, 2006).
According to Miserocchi et al. (1990, 1994) contamination by mercury is widely distributed within
the lagoon, with maximum levels of about 160 mg/kg of superficial sediments, and up to about
1100 mg/kg at 80 cm of depth, in the southern area (Magni channel). A north – south pollution
gradient was described by several authors (Fabbri et al., 1998; Trombini et al., 2003). Various
studies reported the sediment distribution of other heavy metals such as As, Pb, Cd, Cr, Cu, and
Zn (Ballardini et al., 1994), and the presence of polycyclic aromatic hydrocarbons (Fabbri et al.,
2006).
As an overall, the battery of biomarkers analysed in M. galloprovincialis transplanted for four weeks
in different sites of the Pialassa Baiona provided evidence for the low environmental quality of the
lagoon. In particular, mussels from the surveys performed in different years highlighted the critical
health status of the southern part of the lagoon, namely Canale Magni.
Lysosomal membrane stability was lower in transplanted mussels with respect to reference
mussels, and in particular the value decreased in agreement with the north-south increasing
pollution gradient (Hg, PAH) measured in previous surveys (Fabbri et al., 1998; Trombini et al.,
2003), reaching minimum values of 3-5 min vs reference values of 20-25 minutes. Neutral lipid
and lipofuscin accumulation showed similar trends, with a higher accumulation in the southern
sites. Animals transplanted along the Magni Channel showed a high percentage of mortality up to
100% in the sampling of September 2003. These responses were not surprising, since this channel
collects and carries to the Pialassa wastewaters from the industrial area of the town of Ravenna.
On the other hand, metallothionein levels in the digestive glands of transplanted mussels were
generally higher than those found in reference mussels apparently without a direct correlation with
the reported north-south pollution gradient. Recent data on sediment geochemistry indicated that
heavy metals (Al, Cu, Cr, Mn, Mg, Ni, Pb, Zn, etc.) are diffused throughout the lagoon without
following a specific gradient (Donnini et al., submitted). Levels of AChE activity were in general
lower during the late spring samplings, however, more data are needed to establish a true
correlation between the enzyme inhibition and the possible pesticide discharge (Caselli et al.,
2003a).
As to the use of T. philippinarum as a sentinel organisms, the same suite of biomarkers was
utilized, and resident clams were collected from four sites within the lagoon. Unexpectedly, AChE
activity of T. philippinarum was very low, ranging from 0.3 to 0.8 nmol min-1 mg-1 at the average
concentration of acetylthiocholine tested, 1 mM. This low activity was reported by our laboratory in
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different tissues of T. philippinarum (gills, adductor muscle, digestive gland, mantle and
haemolymph), in the presence of different concentrations of three substrates (acethylthiocholine,
butyrylthiocoline and propionylthiocholine), and assessed at various protein concentrations, pH
values and incubation times (Valbonesi et al., 2003; Caselli and Fabbri, 2006). A maximum ChE
activity of 2 nmol min-1 mg-1 protein was detected in extracts from the adductor muscle (Valbonesi
et al., 2003). Considering that the effect of pesticides on this enzyme is inhibitory, a well detectable
basal activity is essential for this biomarker. So, from these data it appears that AChE activity
cannot be used as a biomarker in a hypothetical survey using T. philippinarum as sentinel
organism. Among the biomarkers related to the lysosome activity, T. philippinarum digestive glands
did not display accumulation of neutral lipids, other important biomarker not suitable in this case;
the content of lipofuscin appeared instead in the average. The levels of metallothioneins did not
change among samples from different sites, from north to south; however. digestive glands of T.
philippinarum resident in the lagoon showed an average content of metallothionein of about 70
µg/g tissue, while individuals collected at sea showed levels of about 40 µg/g tissue (Caselli at al.,
2003b). The areas being rather different, the increase in metallothionein content cannot be
ascribed to the heavy metals present in the lagoon. Taken together, these results led to the
conclusion that the use of T. philippinarum for biomonitoring programmes is indeed limited by the
low or ungraduated responses to certain stimuli, at least when employing the present battery of
biomarkers.
Searching for another potential sentinel organism living in direct contact with the sediments, we
studied the responses of C. gallina exposed to the lagoon environment. Only one paper to our
knowledge deals with the use of C. gallina for biomonitoring (Viarengo et al., 1998). In agreement
with the suggestions from MED-POL and BEEP, animals were collected at sea, caged and
exposed to the lagoon for four weeks. Metallothioneins levels did not increase significantly with
respect to the reference clams (not exposed to the lagoon). This result was unexpected since high
levels of contaminants were reported in the lagoon sediments, in particular in the southern area.
The basal AChE activity was about 2 nmol min-1 mg-1 therefore lower than that of other bivalves
such as mussels or oysters (Valbonesi et al., 2003), although higher than that evaluated in T.
philippinarum (Caselli and Fabbri, 2006); individuals transplanted in different sites did not show
different activities when compared to the reference organisms. Neutral lipid and lipofuscin
accumulation measured in digestive glands of C. gallina transplanted in the lagoon were
significantly reduced with respect to the reference animals. In particular, it seemed that the
response was the opposite of that of mussels, i.e. in those sites where the mussels showed
significant accumulation of neutral lipids and lipofuscins with respect to reference mussels, C.
gallina showed a significant reduction of their content.
A great number of studies reported that lysosomal membrane stability is the biomarker that better
accounts for the quality of the environment. Also in this case, the responses of mussels and clams
were not in agreement, in particular the lysosomal membrane stability evaluated in the digestive
glands of clams was medium-high (15 min) in sites where the LMS of mussels was low (5 min). It is
not surprising that the response of the two species is different since clams mostly reflect the
sediment quality and mussels the water quality. We also have to keep in mind that the two species
utilize different feeding mechanisms and display a number of other physiological and behavioral
differences. However, we observed that according to the diagnosis based on the C. gallina
responses the Pialassa Baiona environment would appear to be of a better quality than that
indicated by the mussels, and not so related to the situation indicated by numerous chemical and
geochemical surveys carried out in the lagoon.
Adenylate cyclase activity was measured in the gills of mussels and clams, exposed or not
exposed to the lagoon (see Table I). It was observed that the enzyme activity was similar in
exposed and reference organisms and that exposing organisms to different sites of the lagoon did
not significantly modify it. The intracellular levels of cAMP are the result of equilibrium between
synthesis (adenylyl cyclase) and degradation (phosphodiesterase) enzymes. Therefore, the
present data are not in disagreement with those reported along the Greek coast (Dailianis et al.,
2003) since we cannot exclude that cAMP levels are influenced by environmental stress factors
independently from adenylyl cyclase. Since cAMP has an important role in several physiological
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processes in bivalves, especially in the modulation of energetic resources for gonad development
(Diaz Enrich et al., 2003), the possible impairment of its levels in contaminated environments
deserves further investigations.

Species

Tissue

5.3 ± 0.8
n=20
9.8 ± 1.1
n=20
8.3 ± 0.7
n=20

M. galloprovincialis Gills
T. philippinarum

Gills

C. gallina

Gills

Basal

Average in
exposed
organisms
4.8 ± 0.7
n=40
9.6 ± 1.9
n=40
9.0 ± 1.8
n=40

Table I - The adenylate cyclase activity in bivalves exposed to the Pialassa Baiona environment.
(Adenylate cylcase activity is expressed as pmoles cAMP formed/10 min /mg protein)

The present data, integrated with those from chemical and geochemical surveys carried out in the
lagoon, indicate that the mussel M. galloprovincialis is a suitable sentinel organism that may
provide information in a rapid and clear manner about the quality of a brackish coastal lagoon, as it
does in marine waters (Romeo et al., 2003). In particular, lysosomal membrane stability decreased
following the well demonstrated increasing north-south levels of organic pollutants, reaching the
minimum values in the southern part of the lagoon where also episodes of thermal stress have
been registered. The Pialassa Baiona is in fact the site of discharge of industrial cooling water
(500-600 million cubic meters per year) from two power plants. Temperatures as high as 35°C
have been reported in the southern part of the lagoon (Bazzi, 1991) along the Magni channel, and
recent surveys demonstrated that the average temperature in the southern area is maintained up
to 10°C higher than in the surrounding areas of the lagoon (Donnini et al., 2003).
Due to the scanty information about the use of T. philippinarum as sentinel organism for biomarker
analysis, it can only be assumed that this species has a low sensitivity to the environmental
contamination. This clam is an allochthonous bivalve species that rapidly expanded along the
North Adriatic Sea (Italy). Among other reasons, its rapid development has been ascribed to a high
tolerance to environmental changes, resistance to parasites and to pollutants (Sorokin and
Giovanardi, 1995). It may be hypothesised that some adaptive mechanisms may reduce the
environmental effects on biochemical and cytological responses of this organism. However, only
limited attention has been given to the understanding of the regulation of physiological functions
possibly related to the ecological success of the clam T. philippinarum, and therefore more work is
needed in this regard.
As to C. gallina, more information is needed before this organism can be used for the
biomonitoring of coastal lagoons. A previous report (Viarengo et al., 1998) highlighted the
suitability of C. gallina for analysing the environmental quality of marine environment; but on the
basis of our data it can be speculated that the peculiar features of the brackish lagoon influence
the responses of this organism so as to be inconsistent with the contamination reality.
These results fully support the conclusions reached by the BEEP and MED POL Programmes, i.e.
that caged mussels represent the most suitable sentinel organisms and that the reduction of
lysosomal membrane stability is indeed the biomarker to take into consideration as the first
evidence of environmental degradation.
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The Algerian coast experience
Some laboratories of CIRSA (University of Bologna, Italy) are presently involved in the Project
AMIS (Algerian coast Management through Integration and Sustainability) financed by the
European Union within the framework of the Short and Medium term Action Programmes (SMAP)
for the protection of the Mediterranean Environment. The SMAP Programme ideally started at the
Conference of Barcelona (1995) when a new Partenariat was established between the European
Community and 12 East/South Mediterranean Countries (Algeria, Cyprus, Egypt, Israel, Jordan,
Lebanon, Malta, Morocco, Syria, Tunisia, Turkey, Palestine Authority) recognizing the importance
of matching the economical development with the environmental protection. Definitively approved
at the Euro-Mediterranean Conference on the Environment held in Helsinki (1997), the SMAP
Programme led so far to three calls for funding, SMAP I, II and III. Five action priorities are
identified within the SMAP Programme, which represent some of the most important environmental
challenges, namely Water management; Waste management; Hot spots, Integrated Management
of Coastal Zones and Desertification. SMAP I and II Projects were addressed to all the above
priorities; differently the SMAP III Projects are focused entirely on the Integrated Management of
Coastal Zones (ICZM) to take advantages from the simultaneous action carried out by the 8
Projects financed by the EU on the east-southern Mediterranean coast, strengthening the EuroMediterranean collaboration and the cross-fertilization among projects, and hopefully the capacity
building at the regional scale.
The overall objective of the action of the Project AMIS is to contribute to the protection of the
natural environment, to a sounder use of resources, and a more sustainable development of
coastal zones in the Mediterranean through the development of an ICZM plan for the Wilaya
d’Alger. The development of an ICZM plan is a complicated issue that involves several
components of the environment (Fig. 2) that are indeed explored in the AMIS Project
implementation.

Figure 2 – Example of Coastal Management Policy framework (from State Coastal Management Plan –
Queensland’s Coastal Policy; http://www.epa.qld.au/environmental_management/)
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One of the aspects concerns the availability of environmental quality data, either from pre-existing
sources as well as from newly developed monitoring strategies. Plans and methodologies for
assessing Posidonia oceanica distribution, phytoplankton and toxic phytoplankton, and invasive
species have been developed and applied through the first-year project in collaboration with the
local partner (A.P.P.L., Algiers). Furthermore, a biomonitoring strategy through sentinel organisms
and biomarkers started. According to the lessons learned from BEEP and MED-POL, caged
mussels are used as sentinel organisms and exposed to the selected sites on the Wilaya d’Alger
coast for 4 weeks. The battery of biomarker includes:
1) lysosomal membrane stability measured through Neutral Red Retention assay in mussel
haemocytes
2) stress on stress
3) percent mortality
4) acethylcholinesterase activity
5) catalase activity
6) glutathione S- transferase activity
7) metallothionein levels
The biomarkers were selected from the list suggested by MED-POL; however the choice of the
biomarkers included in the battery mainly depends on the availability of the required appropriate
equipment locally. The lack of cryostat made impossible the use of the set of biomarkers tested on
tissue slices; as to the metallothioneins, the lack of a high-speed centrifuge (30.000xg) required an
adjustment of the original method lowering the speed of centrifugation. However, a laboratory
collaborating with the MED-POL programme has recently observed that a lower speed of
centrifugation for a higher time allows obtaining supernatants suitable for the metallothionein
determination (Lazo P, oral communication at the 2006 MED-POL Meeting, Italy).

Figure 3. Cage for mussels transplantation to biomonitoring sites. Cages (marine steel,
43x48x25cm) have been built by La.Met., Lucca, Italy.

Marine steel cages were constructed (Fig. 3) and fixed to the substrate in two sites of study area.
More sites of sampling are foreseen in the next future. A 10-day training course on Biomarker
Analysis has been performed at CIRSA in November 2006 to transfer to the Algerian collaborators
the theoretical knowledge and practical methodologies on the biomarker use, including those with
the use of cryostat. The Manual UNEP-RAMOGE (1999) and the related video were used, and the
most important papers on the same topics distributed. The concept behind monitoring through
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biomarkers as disseminated by BEEP and MED-POL has been used by the Project AMIS as well.
Italian personnel from CIRSA worked at the Laboratory of Biology and Animal Physiology of the
Ecole Normal Superior de Kouba to transfer the methodologies and the basic concepts also to the
personnel of the Institution.
The first survey was carried out from October 21 to November 20, 2006. Eighty mussels selected
by size (5-6 cm length) were collected from a Mussel Culture Centre and transplanted in the same
area (Wilaya de Tipaza, reference site) and in a polluted site (Wilaya d’Alger, Algiers’ Harbour)
(Fig. 4). Mussels were collected and immediately transported to the laboratory in aerated cold
seawater. Resident mussels were also collected from the Algiers’ Harbour. The size of these
individuals was much lower (maximum 3 cm) than the farmed mussels. We noticed also that their
valves were closed in a much tighter manner, and the fluids collected contained parasites that
were apparently absent in the mussels transplanted from the reference to the same polluted site.
The percentage mortality of caged mussels was about 10% of the initial amount in the polluted site.

Ain Tagourait,
Wilaya de Tipaza

Figure 4. Two biomonitoring
sites selected along the Algerian
seacoast within the AMIS-SMAP
III Project funded by the EU.

Algiers’ harbour ,
Wilaya d’Alger

As to the biomarker responses, only the lysosomal membrane stability was assessed so far, mainly
because some chemical reagents needed for the enzymes and metallothionein analysis are
difficult to find on the Algerian market. Lysosomal membrane stability was measured in reference,
transplanted and resident mussels collected at the same polluted site. The microscope slides were
prepared as indicated in the Manual UNEP-RAMOGE (1999) and observed under the microscope
(Axiocam 100 Zeiss equipped with videocamera). The NRRT was about 120 min in reference
mussels and 45 min in transplanted and resident mussels from the Algiers’ Harbour. These
preliminary results confirm once again the validity of this biomarker to highlight the low
environmental quality. Further biomarker analysis will be performed in tissues kept frozen in liquid
nitrogen, and further samplings are planned seasonally for 2007.
In conclusion, the problems faced are those encountered by MED POL when disseminating these
methodologies in countries where such approaches were not utilized, i.e. the limited availability of
specific instruments or reagents. The present experience fully supports the conclusions of the
recent MED POL Meeting (December 2006, Alessandria, Italy). A two-tier approach was suggested
for the future biomonitoring approaches, where the first step is performed on caged mussels
analysed as to the NRRT, the % mortality and the stress on stress response. These indices can
easily be determined at low cost and can be applied in less equipped laboratories.
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The Venice lagoon (Italy) is the largest lagoon in the Mediterranean basin, covering an area of
about 550 km2 with an average depth of about 0.5 m. It is a complex system characterized by a
network of channels and shallow water flats, which are influenced by tidal flows, coming from the
three inlets (Lido, Malamocco and Chioggia) that connect it to the Adriatic Sea (Fig. 1). Due to its
position between the land and the sea, the lagoon of Venice has been subject to anthropogenic
inputs of nutrients and pollutants that have increased with industrial and agricultural development.
Inorganic and organic micropollutants enter the lagoon from industrial point sources (Porto
Marghera industrial area), municipal wastewater discharges (Venice and Mestre urban areas), oil
tanker traffic, agricultural drainage, atmospheric deposition and illegal dumping (UNESCO, 2000).

Surface area 550 km2
Littoral 60 km
Average depth 1.2 m

Porto
Marghera Venice

Tide height average range 70 cm
High variability

Oil
terminal

Adriatic
Sea

small islands 50
salt marshes 70 km2
Fish farms 90 km2
Drainage basin 2000 km2

Chioggia
2.8 million m3 water/day
1.500.000 inhabitants

Fig. 1. Venice lagoon (satellite image) and its main features (Barbanti et al., in press)

The contamination of the Lagoon has been studied and described in several studies and with
different approaches integrating chemical and biological measurements.
Since the 1970s, indicator organisms have proved to be useful tools in identifying spatial and
temporal variations of chemical contamination in coastal waters. Molluscs of the genus Mytilus
have been widely used as sentinel organisms for water monitoring to assess contamination of
coastal or estuarine systems by trace metals and organic micropollutants both in national and
international programmes such as the International Mussel Watch and MED POL biomonitoring
programme (Goldberg et al., 1978).
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The sessile filter-feeding mussel, Mytilus galloprovincialis, is an autochthonous species widely
distributed in the Venice lagoon both as wild and cultured populations supporting a commercial
fishery producing about 2500 t annually (Da Ros et al., 2000). It grows on pilings and rocks in the
upper water layer and it is able to bioaccumulate different kinds of substances in its tissues from
water and through ingestion of food and suspended particulate materials.
Starting from the 1970s, within the framework of local ‘mussel watch’ investigations, several
studies based on chemical analysis have investigated the distribution and the level of contaminants
in mussels of the Venice lagoon (Fossato and Siviero, 1974; Fossato and Craboledda, 1979;
Campesan et al., 1980; Nasci et al., 1989; Zatta et al., 1992; Lowe et al., 1995; Nasci et al., 1998;
Lowe and Fossato, 2000; Fossato et al., 2000; Giusti and Zhang, 2002; Wetzel and Van Vleet,
2004). The primary objective of these studies (chemical monitoring) was to assess the level of
organic (PAHs, PCBs, AH, DDTs) and inorganic (metals) micropollutants in mussels’ tissues, as
index of lagoon environment quality (Table 1).
Table 1. Temporal comparisons of hydrocarbon and chlorinated hydrocarbon content in mussels. Mean ±
SD in ng/g wet weight (from Fossato et al., 2000).
Platform (Adriatic Sea)

1974-1976

1977-1980

1986-1988

1991-1993

6.5 ± 2.3
2.4 ± 1.7
9.5 ± 5.7
56 ± 24

–
1.2 ± 1.0
13.0 ± 7.0
41 ± 27

–
0.4 ± 0.1
2.8 ± 0.9
22 ± 6

58 ± 39
0.6 ± 0.5
1.4 ± 0.6
13.8 ± 5.2

Salute (Venice urban area)

1974-1976

1977-1980

1986-1988

1991-1993

AH*103
ΣHCH
ΣDDT
ΣPCB

45 ± 19
2.9 ± 1.0
11.2 ± 4.7
130 ± 52

109 ± 50
5.0 ± 2.3
31 ± 14
268 ± 99

CVE (Industrial area)

1974-1976

1977-1980

AH*103
ΣHCH
ΣDDT
ΣPCB

33 ± 14
2.5 ± 0.9
12.2 ± 6.4
107 ± 25

–
3.0 ± 1.5
21 ± 10
100 ± 35

AH*103
ΣHCH
ΣDDT
ΣPCB

151 ± 82
1.0 ± 0.8
6.6 ± 3.7
141 ± 101
1986-1988

1991-1993
133 ± 54
2.0 ± 1.3
5.6 ± 2.1
121 ± 49

It has been generally accepted that the assessment of ecosystem “health” should be performed
adopting a combination of physico-chemical and biological measurements in order to couple cause
and effect. Starting from the 1980s the so-called “biomarker approach” has been proposed to
evaluate the level of the stress syndrome induced by pollutants in sentinel organisms, integrating
chemical and biological markers in ecotoxicological monitoring. An important issue of this approach
is the selection of the most appropriate set of biomarkers to be determined at different degrees of
biological organization from biochemical to physiological levels.
In the ‘90s this approach has been applied within the framework of a large research programme
(UNESCO-MURST Venice Lagoon Ecosystem Project) to study the structure and the functions of
the Venice lagoon ecosystem. In this context, the concentrations of pollutants originating from
anthropogenic activities and their effects at different levels of biological organization have been
studied on indigenous mussels (Livingstone et al., 1995; Fossato et al., 2000; Livingstone and
Nasci, 2000; Lowe and Da Ros, 2000; Widdows and Nasci, 2000).
Biochemical (antioxidant enzymes, MFO system), cellular (lysosomal membrane stability, digestive
cell lysosomal enzyme activities, atrophy and lipidosis in digestive tubules) and physiological
(scope for growth; Fig.2) biomarkers were determined in mussels occurring naturally (passive
biomonitoring) in sites of the Venice lagoon characterized by different levels of anthropogenic
inputs. The results were in agreement with sediment, water and tissue chemistry, indicating that
the animals from the “positive control sites” were the most impacted and confirming the use of
mussels as good sentinel organisms in ecosystem “health” monitoring programmes.
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Fig. 2. A) Scope for growth (SFG; J g-1 h-1) of mussels (M. galloprovincialis) collected from 6 sites in the
Venice lagoon. Mean ± 95% C.I. n = 16. Sites: 6 – Canale Vittorio Emanuele (industrial area); 5 – Punta
Salute (Venice urban area); 8 – Alberoni (Malamocco inlet); 2 – Isola di Crevan (northern lagoon); 1 – Lio
Grande (near Lido inlet); 9 – Chioggia (urban area) (from Widdows et al., 1997). B) Relationship between
Scope for Growth (SFG, J g-1 h-1) and hexachlorocyclohexane (HCH) accumulated in the tissues of mussels
(Mytilus galloprovincialis) (from Widdows and Nasci, 2000).

Transplanting mussels from a reference site to polluted areas (active biomonitoring) can be a more
feasible strategy for biomonitoring the effects of pollution impact and environmental changes in
coastal zones (de Kock and Kramer, 1994; Nasci et al., 2002; Romeo et al., 2003; Damiens et al.,
2007). The active biomonitoring approach is based on the comparison of parameters in organisms
from a single population exposed to different environmental conditions. This strategy provides the
advantage of ensuring comparable biological samples, reducing the variability of results usually
encountered in field sampling programmes (Dame, 1996).
The comparison between passive and active biomonitoring approaches has been performed in the
framework of “Orizzonte 2023”project (MAV-CVN, 1998-2000) and CORILA project (2000-2003).
The results of the active biomonitoring highlighted more significant correlations between chemical
and biological markers and a better discrimination between reference site and polluted areas. In
particular, NADPH-cytochrome c reduttase and lysosomal membrane stability showed positive
significant correlations with organic pollutants (DDT, PAHs, PCBs, HCB) accumulated by mussels.
These studies demonstrated the need to apply a battery of biomarkers in order to correctly define
animals’ stress syndrome and the importance of the transplantation approach in marine coastal
monitoring (Da Ros et al., 2002; Nasci et al., 2002).
The effects of anthropogenic pollution in Venice historical centre were studied using passive and
active biomonitoring strategies (WATERS project, CORILA, 2002). In this context, a spatial and
temporal survey was undertaken to evaluate estrogenic and general stress syndrome in
indigenous mussels. Animals were collected at a reference area (Treporti) and at various sites
located in the ‘canals’ of Venice historical centre (S. Tomà, Salute, Tre Archi), where urban
wastewaters are discharged directly into the canals (Pampanin et al., 2005a). At the same time,
mussels were transplanted at one location in the main canal (S.Tomà) and at reference site
(Treporti) for 30 days. The applied battery of biomarkers included the evaluation of: micronuclei
frequency, metallothionein content, survival in air, condition index, total oxyradical scavenging
capacity (TOSC assay), alkali-labile phosphate levels. The Principal Component Analysis (PCA) of
biomarkers and chemical data measured in indigenous mussels produced a two dimensional
pattern which explained 73% of the total variance and showed a spatial and seasonal separation of
sampling sites (Fig.3).
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Fig. 3. The Principal Component Analysis (PCA) of biomarkers and chemical data. Spatial and seasonal separation of sampling sites is
shown. Data referred to passive biomonitoring (from Pampanin et al., 2005a).

The results of transplantation experiments highlighted a gradient in bioaccumulation and stress
syndrome advancement during the time frame of exposure (1, 2 up to 4 weeks). In addition to this,
relationships between biological parameters and pollutants concentrations allowed to link exposure
to stress effects.
In both biomonitoring strategies, biomarker results showed an impairment of the general health
condition in mussels from the urban area, in agreement with organic and inorganic micropollutants
accumulated in animals’ tissues.
More recently the active monitoring strategy has been adopted in the ICSEL project, ‘Monitoring
water and sediment pollution in the Venice Lagoon integrating chemical and biological approaches’
(MAV-CVN, 2003-2006). The project focused on the evaluation of the ecotoxicological impact of
water and sediment pollution in the Venice lagoon in order to: develop tools for monitoring
programmes of environmental quality; support interventions of environmental recovery with
experimental and site specific evaluations (e.g. site-specific sediment quality criteria); address
further investigation and studies on specific issues, matrices, contaminants, organisms. To achieve
these objectives, chemical and ecotoxicological monitoring strategies have been integrated.
During the three year monitoring activities, transplantation experiments of caged mussels were
performed at different lagoon locations and biological and chemical markers evaluated in exposed
organisms. In order to follow a cost-effective biomonitoring strategy, a two-tier approach has been
adopted. In the initial screening (Tier 1) a reduced set of biomarkers, based on the evaluation of
the lysosomal membrane stability, survival in air (stress on stress) and lipofuscin content, has been
applied in mussels transplanted in selected sites (10 locations). In Tier 2 the level of stress
syndrome has been quantified by means of a full battery of biomarkers (metallothionein content,
lipofuscin lysosomal content and neutral lipid accumulation, lysosome/cytoplasm ratio, Ca+2ATPase activity, condition index, total oxyradical scavenging capacity assay, catalase activity,
malondialdehyde content) in mussels transplanted in a reduced number of sites (5 locations),
where an alteration of animals’ health has been established in the screening phase.
The overall data, obtained from the full battery of biomarkers, have been integrated by an “ expert
system”, a tool for biomarker data integration and interpretation, developed within the 2001-2004
EU BEEP framework to obtain a mussel stress syndrome classification (Viarengo et al., 2000;
Dagnino et al., 2007). The application of this approach has demonstrated a good site ranking,
highlighting the development of a stress syndrome in mussels transplanted at most impacted sites.
Moreover, biomarkers and pollutant bioaccumulation results have been integrated with chemical,
toxicological and benthic community structure data into a weight of evidence approach, providing
more information on the possible classes of contaminants which cause adverse biological effects.
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In conclusion, the overall biomonitoring studies undertaken in the Venice lagoon indicate the active
biomonitoring by transplanting caged mussels as the most suitable strategy, making it easier to
standardize the results and allowing a better discrimination among differently impacted sites. It is
important to emphasize the need of a good reference site as a “clean site” in the lagoon has not
yet been adequately identified and the variability of environmental conditions in the lagoon makes it
difficult to define. As a final point, it is crucial the choice of the suitable biomarkers to be utilized in
molluscs in order to provide a clear insight in the pollutant-induced stress syndrome advancement
and to make the biomonitoring tool a cost-effective strategy.
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ABSTRACT
The aim of the research was to bio-monitor the Israeli Mediterranean coast through the evaluation
of the physiological status of local fish and limpet by determining the values of selected biological
parameters (biomarkers) that are known to respond to the toxic effects of pollutants. Time course
of cytochrome CYP1A1 induction was characterized in liver of the mullet Mugil capio after
treatment with Aroclor 1254. The induction of CYP1A1 in the Mugil was a slow process, noticeable
in the liver only five days after treatment and reaching maximal level only 10 days after treatment
with Aroclor 1254. EROD activity in the liver of Aroclor 1254 treated Mugil followed well CYP1A1
induction, but was much more pronounced. The highest induction of CYP1A1 and EROD activity
was detected in Mugil sampled from Ashdod in the south and Qiryat Yam near Haifa; both
locations are in the vicinity of harbour and heavy industry including refineries and power plants.

Significant metallothionein induction in the hepatopancreas of Patella caerulea from Haifa-Shemen
beach indicated the presence of pollution with heavy metals in those sites. GST activity in
haemolymph of the Patella (D-GST) was tested as a novel biomarker of exposure to heavy metal
ions in sampling sites along the Israeli Mediterranean coast. The biomarker D-GST was not
dependent on the reproductive cycle of the Patella. High D-GST activities were detected in Patella
from Qiryat Yam and Shemen beach confirmed that Haifa–Shemen site suffers from chronic
pollution. The appearance of GST protein in haemolymph was an additional support to the kinetic
results. GST protein was detected in haemolymph of Patella from Haifa-Shemen, Shikmona and
Hadera sites that are close to coal power plants. The relatively low AChE activity recorded in
samples of Patella from Haifa–Shemen and Shikmona may be a result of nonspecific anti
acetylcholinesterase action of pollutants such as heavy metal ions apart from low levels of residues
of OP and CB compounds.

INTRODUCTION
Cytochrome P450-dependent monooxygenases (CYP) have been studied in one or more species in
over 10 families of fish (Miranda et al., 1990; Klotz et al., 1986; Goksoyr, 1985; Zhang et al., 1991).
Many of CYP proteins bio-transform hydrophobic chemicals often present as pollutants in the
environment. Lipophilic organic xenobiotics that were found as marine pollutants, such as
polynuclear aromatic hydrocarbons (PAH) and polychlorinated biphenyls (PCBs), are metabolized by
the CYP1A1 gene subfamily (Nebert and Gonzalez, 1987). Two different CYP1A1 genes, CYP1A1
and CYP1A12, are found in mammals (Gonzalez, 1989) and are thought to have originated by gene
duplication event perhaps 250 million years ago (Nebert and Gonzalez, 1987). In lower vertebrates
such as reptile and birds two CYP1A1 genes have been immunodetected (Yawetz et al., 1998). In
fish, only a single gene has been identified in some species (Morrison et al., 1995) while in others
multiple CYP1A1s occur (Berndtson and Chen, 1994), the result of a very recent divergence.
CYP1A1 in fish are apparently induced by Ah receptor-dependent mechanisms similar to those in
mammals (Whitlock, 1990; Stegeman and Hahn, 1994). The regulation and function of this CYP may
determine effects of chemicals on organisms. Induction of ethoxyresorufin O-deethylase (EROD)
activity in vertebrates is generally accepted as an indicator of CYP1A1 induction and is largely
specific to CYP1A1.
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The polychlorinated biphenyls are industrial chemicals and major environmental pollutants, their
residues abundant in tissues of fish, birds and humans. They are known to induce hepatocellular
carcinoma in rats and birds, and are suspected of being carcinogenic to humans (Dubois et al.,
1995). The coplanar polychlorinated biphenyl congeners, that are present in trace amounts in the
commercial preparations - Aroclors, are responsible for much of the biological activity of these
chemicals.
The glutathione s-transferases (GST) are a group of enzymes whose main function is to convert
endogenous, and xenobiotic electrophilic compounds to water-soluble intermediates that may be
eliminated. Soluble glutathione S-transferases (GSTs) are proteins with typical molecular masses
of around 50 kDa, each composed of two polypeptide subunits. GSTs catalyze the transfer of the
tripeptide glutathione to substrate containing a reactive electrophilic centre to form a polar Sglutathionylated reaction product (R-SG). Each soluble GST is a dimmer of approximately 26 kDa
subunits, typically forming a hydrophobic 50-kDa protein with an iso-electric point in the pH range
4-5.
The glutathione S-transferases (GST) represent a major group of detoxification enzymes. All
eukaryotic species and many bacteria possess multiple cytosolic and membrane-bound GST
isoenzymes, The cytosolic enzymes are encoded by at least five distantly related gene families
designated as class alpha, µ (mu), π (pi), σ (sigma), and θ (theta) GST. The biological control of
these families is complex as they exhibit sex-, age-, tissue-, species-, and tumor-specific patterns
of expression. In addition, GST are regulated by a structurally diverse range of xenobiotics and, to
date, at least 100 chemicals have been identified that induce GST.
Many of the compounds that induce GST are themselves substrates for these enzymes, or are
metabolized (by cytochrome P-450 monooxygenases) to compounds that can serve as GST
substrates, suggesting that GST induction represents part of an adaptive response mechanism to
chemical stress caused by electrophiles. It also appears probable that GST are regulated in vivo by
reactive oxygen species (ROS), because not only are some of the most potent inducers capable of
generating free radicals by redox-cycling, but H2O2 has been shown to induce GST in plant and
mammalian cells induction of GST by ROS would appear to represent an adaptive response as
these enzymes detoxify some of the toxic carbonyl-, peroxide-, and epoxide-containing metabolites
produced within the cell by oxidative stress.
Many environmental contaminants including certain metals and organic xenobiotics are
sequestered in lysosomes under certain conditions (Moore, 1985). These may in some
circumstances be accompanied by lysosomal damage. One category of lysosomal disturbance
involves membrane permeability that can be investigated cytochemically. Time course of retention
of the cationic probe neutral red within the lysosomal compartment was used, for mussel’s blood
cells, as a measure of damage to the lysosomal membrane (Lowe, Soverchia and Moore, 1995).
The hypothesis that led us in developing the novel biomarker – D-GST - Displaced Glutathione S
Transferase activity in haemolymph is close to that of the biomarker, Lysosomal Stability. The
instability found for the lysosomal membrane, after exposure to xenobiotic pollutants, may very well
be exemplified also by cell membranes in various tissues. Cytosolic enzyme such as GST may, in
molluscs exposed to pollutants, leak into the haemolymph. Presence of displaced GST activity in
haemolymph may indicate exposure of the mollusc to pollutants, as this enzymatic activity is not
normally found in the haemolymph of unexposed molluscs. The method was tested with heavy
metals and chlorinated hydrocarbons.
Displaced GST activity (D-GST) in haemolymph of Patella caerulea was found to be an extremely
sensitive index of cellular condition. D-GST in haemolymph was very low in untreated Patella.
Upon exposure of the Patella to heavy metal ions D-GST activity appeared in haemolymph of
treated limpets. The dose-response was not linear but polynomial, indicating that the cell
membrane structure changed gradually up to a given ion concentration where the membrane
underwent massive disruption and the cytosolic enzyme was poured to the haemolymph. The first
stage of the impact of metal ions on cell membrane, resulting in moderate permeability changes,
was probably mediated by active oxygen species causing lipid peroxidation cascade or modulation
of the activities of enzymes and ion transporters contained in membranes by oxidization of
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sulfhydryl groups of these proteins. The permeability changes of the plasma membrane developed
to subsequent extensive breakage of the membranes. The displaced GST activity leakage from
tissue cells to haemolymph may thus be metal-ions-induced membrane disintegration that resulted
in enzyme leakage and finally death of cells in the limpet organs.
The response was selective and dependent on the metal ion to which the limpet was exposed.
Thus, the response to the highly toxic Hg+2 and to Cu+2 ions appeared at very low concentrations
while the reaction to Ni+2 and Pb+2 was moderate. The response to Cd+2 was more pronounced and
thus this metal served as a model stressor in this work. The biomarker D-GST activity in
haemolymph did not compel killing of the test animal and it was possible to draw haemolymph from
each individual several times. Study of the response of the D-GST biomarker in other mollusc
species included, till now, only the limpet Cellana rota, where D-GST activity in haemolymph of
Cellana exposed to 2 ppm Cd+2 ions was about 73% of the value recorded for exposed Patella.
The response of the biomarker to chlorinated hydrocarbons in the form of Aroclor 1254 was very
low. Metallothioneins are low molecular mass (6-7kDa) non-enzymatic proteins with biological
functions ranging from homeostatic regulation of essential metal ions (Cu, Zn) and detoxification of
heavy metals (Cd, Hg) to free radicals scavenging. The metallothionein was found to be effective
antioxidant agent and thus have defensive role in the protection of the cells against oxidative stress
(Viarengo et al, 2000). The metallothionein content represents a biomarker of exposure that is
often used for evaluating the effects of heavy metals such as Cu, Hg, Cd, and Ag. Metallothioneins
are metal-inducible proteins whose synthesis increases in the cells of organisms that accumulate
high concentrations of contaminant metals. Metallothioneins are usually considered as a specific
stress index for heavy metal contamination, but recent studies on fish have demonstrated that the
de novo synthesis of these metalloproteins is not only induced by heavy metal accumulation, but
also by different agents such as hormones and reactive oxygen species, whose levels were shown
to be enhanced by inorganic and organic pollutants.
We are using a simple and inexpensive technique for the detection of organophosphorus (OP) and
carbamate (CB) residues in water. Acetylcholinesterase enzymes from different organs of various
fish species were dialyzed, for a defined period of time, against buffer containing known
concentrations of the inhibitors. The reduction in gills and brain-AChE activity in exposed fish
correlated well with the sum of OP and CB residues detected in the gill tissue using gaschromatography-mass-spectroscopy. The range of concentrations needed to inhibit half of the
activity of any of the enzymes tested by each of the inhibitors were determined and used for the
establishment of a model ranking the risk associated with the presence of this nerve poisons in
drinking water. Using the criteria supplied by the model for fish mass mortality events, we were
able to define cases where there was no apparent exposure to OP or CB, cases with exposure to
sub-lethal levels of OP or CB and cases where mortality was definitely caused by OP or CB
intoxication. This bio-monitoring technique provides information concerning the extent of
penetration of OP and CB pesticides into the aquatic ecosystem in Israel. The AChE biomonitoring technique was found to be more sensitive than the conventional analytical-chemical
method in its capacity to detect minute amounts of OP and CB residues in fresh water.
The aim of the research was to bio-monitor the Israeli Mediterranean coast through the evaluation
of the physiological status of local fish and limpet by determining the values of selected biological
parameters (biomarkers) that are known to respond to the toxic effects of pollutants. The use of a
battery of biomarkers is more advantageous than the use of a single biomarker as it offers an
effective early warning system. The biomarkers derive from cell biochemistry and can detect prepathological alterations within the cells of the exposed organism before toxicological changes may
occur and lead to mortality, population decline and impairment of the ecosystem.
METHODS
Chemicals: Aroclor 1254 was from AccuStandard (Campro Scientific, Veenedaal, NL).
Ethoxyresorufin and other biochemicals were from Sigma (Axel. NL). Universal Immunoperoxidase
Staining Kit (Murine) was purchased from Sigment Laboratories, Dedham, MA, USA. General
chemicals were from Merck (Darmstadt, Germany).
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Sampling sites:
Area

Sign

Site

Site description

Mugil

Patella

Haifa

Q.Y.

Qiryat-Yam

Petrochemical industry

+

+

Haifa-Shemen

Harbour

+

Shikmona

Recreation site

+

Sdot-Yam

Recreation site

+

Michmoret

Recreation site

+

CSR

Caesarea

Recreation site

+

+

HED

Hadera

Power plant

+

+

Alexander

River

+

S.Ali

Sydney-Ali

Recreation site

+

RID

Riding

Power plant

+

YRQ

Yarqon

River

+

YFO

Jaffa

Recreation site

+

ASD

Ashdod

Harbour, petrochemical +

Sharon

Tel Aviv

South

industry

Methods for CYP1A1 and EROD determination in the Mugil
Animals and Treatments: Mullets for exposure experiments were from commercial rearing ponds.
The dose-response studies were carried out by interperitoneal injections (ip) of Aroclor 1254
dissolved in corn oil. The total doses used for Aroclor 1254 were: 25, 50 and 100 mg/Kg. Each
dose was administered by five ip injections and an interval of 3-4 days was set between
consecutive injections. Fish were sacrificed 10 days after the last treatment with Aroclor 1254. The
volume of the corn oil that was used as carrier did not exceed 0.5 ml per injection. Control fish,
treated with carrier alone and examined fish were kept in the laboratory in aquaria with aerated and
biologically filtered water and fed ad libitum.
Preparation of microsomes: All procedures were carried out at 0-4oC. Livers removed from
freshly killed fish, homogenized in 5-10 volumes of 50 mM Tris (tris[hydroxymethyl]aminomethane) buffer, pH 7.4 containing 0.15 M KCl. The homogenate was centrifuged for 20 min
at 10,000 x g. The resulting supernatant was then centrifuged for 20 min at 105,000 x g and the
microsomal pellet was carefully scraped from the glycogen that precipitated beneath it and was
resuspended in 50 mM Tris buffer, pH 7.4 containing 20% glycerol, 1 mM EDTA
(ethylenediaminetetra-aceticacid), and 1 mM DTT (dithiothreitol), at a volume of 1 ml per
microsomes derived from 1 g of liver. Microsomal suspensions were kept in liquid nitrogen until
used.
Fluorometric analysis of 7-ethoxyresorufin O-deethylase (EROD) activity: The microsomal
EROD activity was determined fluorometrically as described by Burke and Mayer, 1974 with some
modifications. The substrate 7-ethoxyresorufin dissolved in hot methanol, was added to 7.2 mM
KH2PO4, 35 mM Na2HPO4 buffer, pH 7.4 containing 2.5 mM glucose-6-phosphate and 0.25 mM
NADP. The 7-ethoxyresorufin concentration was adjusted to 2 µM by monitoring the absorbance
of the solution at 482 nm using extinction coefficient of 22.5 mM-1cm-1. The microsomal protein, 50100 µg in 0.1 ml of 8 mM HEPES buffer, pH 7.4 containing 200 mM sucrose and 20% glycerol,
was added to 0.9 ml of the buffered substrate solution. After 2-3 min equilibration at 25oC the
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reaction was initiated by the addition of 1 unit of Glucose-6-Phosphate dehydrogenase. The
reaction was carried out for 5 min at 25oC and terminated by the addition of 2 ml cold acetone.
After centrifugation (5min, 9000 X g), fluorescence of the supernatant was determined using
spectrofluorimeter with an excitation wavelength of 537 nm and an emission wavelength of 583
nm. The standard contained 100 pmol of resorufin in 7.2 mM KH2PO4, 35 mM Na2HPO4 buffer, pH
7.4, containing 2 ml acetone. Blank was made by the addition of 2 ml acetone to 1 ml of reaction
mixture at 0 time.
Immonoblot assay: Monoclonal antibodies (Mab 1-12-3) against cytochrome CYP1A1 (scup
CYP1A1) were a donation of Prof. John Stegeman, WHOI, Woods Hole, MA. USA. The antibodies
were obtained by conventional hybridoma techniques 8 mM HEPES buffer, pH 7.4, containing 200
mM sucrose and 20% glycerol and their preparation and characterization have been described
(Kloepper-Sams et al., 1987). Immunoblotting was carried out essentially by the method of
Burnette (1981), with some modifications as previously described (Yawetz et al., 1993). The
densitometric data for the staining of CYP1A1 were done by scanning the nitrocellulose sheets and
analyzing with a computerized densitometric programme based on comparison with the staining of
purified scup CYP1A1. Content was expressed as pmoles of CYP1A1 per mg microsomal protein
assuming molar equivalency of reaction between scup CYP1A1 and the mullet CYP1A1.
Neutral Red Retention assay (NRR) of the haemocyte lysosomes: The procedure is performed
according to (Lowe et al., 1995) with slight modifications. Haemolymph is withdrawn from the
posterior adductor muscle of 10 mussels in physiological saline so as to obtain a 50/50 of
cell/physiological saline suspension. The physiological saline, pH 7.3 contained 4.77 g/l HEPES,
25.48 g/l NaCl, 13.06 g/l MgSO4, 0.75 g/l KCl, 1.47 g/l CaCl2. Suspensions are spread on slides,
transferred to a lightproof humidity chamber, and allowed to attach. Then, 40µl of the neutral red
(NR) probe are added to the cell monolayer. After a 15-min incubation period, slides are examined
systematically under a light microscope every 15 min. The time after the NR probe application,
where there is evidence of dye loss from the lysosomes to the cytosol or of other lysosomal
abnormalities in at least 50% of the examined cells, belonging to the granular haemocytes,
represented the NRR time for the mussel. The mean NRR times of the 10 mussels corresponded
to the NRR time for the sampling station.
Displaced Haemolymph GST Activity (DH-GST)” determination: Suction of small amount
(about 100µl) of haemolymph is done by careful insertion of the needle to the mollusc and suction
of the haemolymph from the cephalopedal blood sinus surroundings without hurting the adjacent
tissues. Spectrophotometric determinations of reduced glutathione S-transferase (GST) activity
were made using Jasco UVIDEC 675 double beam computerized spectrophotometer (Japan). GST
activity with 1-chloro-2, 4-dinitrobenzene (CDNB) was followed by monitoring changes in
absorbance at 340 nm, using 1.0 ml capacity cuvettes with 1.0 cm light path. A complete assay
mixture without enzyme served as control. Assays were done at pH 7.0 and at 25OC in 100 mM
KH2PO4 buffer. The concentration of CDNB was 0.2 mM and reduced glutathione (GSH) 5 mM.
Protein concentration in reaction mixture was 10-20 µg of hepatopancreas 105,00 x g cytosol. An
extinction coefficient of 9.6 mM-1cm-1 was used (Habig et al., 1974).
Evaluation of metallothioneins: The procedure will be the one described by a modification of the
method of Viarengo et al. (1999). The digestive glands of mussels is rapidly removed and
homogenized in 3 vol. of 0.5 M sucrose, 20 mM Tris–HCl buffer, pH 8.6, containing protease
inhibitors 6 µM leupeptine, 0.5 mM PMSF and 0.01% β-mercaptoethanol. Aliquots of the
homogenate (3 ml) are stored at −80°C until use. The homogenate is centrifuged at 30000xg for
20 min, and followed by the addition of 1.05 ml cold (−20°C), absolute ethanol and 80 µl of
chloroform per 1 ml of the resulting supernatant. Subsequently, the samples are centrifuged at
6000xg for 10 min at 0–4°C. The supernatants are added to 3 vol. of cold ethanol, stored at −20°C
for 1 h and centrifuged in a swinging rotor at 6000xg for 10 min. The pellets are washed with
ethanol–chloroform–homogenization buffer (87:1:12), centrifuged again at 6000xg for 10 min, dried
under a nitrogen gas stream and resuspended in 300 µl of 5 mM Tris–HCl, 1 mM EDTA, pH 7. The
re-suspended metallothionein fraction is added to 4.2 ml of 0.43 mM DTNB in 0.2 M phosphate
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buffer, pH 8 and after 30 min the concentration of reduced sulfhydryls was evaluated by reading
the absorbance at 412 nm, utilizing GSH as a reference standard.
Protein determination: The protein concentration is determined with the Bradford (Bradford,
1976) method using BSA fraction V as a standard.
Data processing and statistical analysis: Statistical analysis was done by analysis of variance,
Student - Newman-Keuls aposteriori test for multiple comparisons among means of unequal
sample size, the non parametric Kruskal-Wallis test, and test of significance of the product-moment
correlation coefficient (Sokal and Rohlf, 1969).
RESULTS
A. Monitoring exposure to petrochemical contamination in several sites along the Israeli
Mediterranean using the biomarkers CYP1A1 and EROD induction in the Mugil hepatic
tissue
Induction of cytochrome CYP1A1 and EROD activity was characterized in liver of Mugil capio after
treatment with Aroclor 1254 (Fig. 1). A significant correlation (Rval=0.823, P<0.01) was found
between CYP1A1 content and EROD activity in the hepatic microsomes from Mugils treated with
various doses of Aroclor 1254 (Fig. 1). The Mugils that were used for the induction experiments
were not exposed before to CYP1A1 inducers, as there was almost no CYP1A1 protein or EROD
activity that could be detected in their hepatic microsomes. At low inducer concentrations there
was a lag between the appearance of the protein to the manifestation of its catalytic activity EROD.
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Figure 1. The correlation between EROD activity and CYP1A1 content in the microsomal fraction of Mugil
treated with different doses of Aroclor 1254.
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As can be seen in Fig. 2 the induction of CYP1A1 in the Mugil was a slow process. Induction
appeared in the liver only five days after the fish were treated with Aroclor 1254, a procedure that
took by itself two weeks. Even then induction of CYP1A1 was hardly noticed in the Mugil that were
treated with 50 mg/Kg while very pronounced in those that were treated with 100 mg/Kg. The time
course of induction of CYP1A1 was very different in animals treated with the different doses. In
liver of Mugil that were treated with the maximal dose of Aroclor 1254 induction reached much
higher levels than in those treated with the lower doses. In higher doses CYP1A1 induction
reached maximal level in 10 days after treatment and declined thereafter while in the fish treated
with the lower doses induction increased gradually and reached maximal levels 60 days after
treatment. Time course of EROD activity (Fig.3) in the liver of Mugil treated with Aroclor 1254 was
very much the same as exemplified by the CYP1A1 induction but the difference between the level
of EROD induction in the fish that received the 100 mg/Kg dose to that in the fish that received the
lower doses was much more pronounced than that exemplified by the CYP1A1 induction.
Furthermore, in the fish treated with the lower dose EROD activity was hardly detected till 60 days
after treatment. Determination of EROD alone as a biomarker in the Mugil was much less sensitive
than that of CYP1A1 content. In order to monitor the contamination of the Israeli Mediterranean
shores with Mugil as a test animal it was necessary to apply both biomarkers CYP1A1 content as
well as EROD activity.

Time course of CYP1A content in mugils after
treatment with various doses of Aroclor
CYP1A CONTENT (pmol/mg)
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Figure 2. Time course for the induction of CYP1A1 in Mugil by interperitoneal injections (ip) of Aroclor 1254
dissolved in corn oil. The total doses used for Aroclor 1254 were: 25, 50 and 100 mg/Kg. Results are mean ±
SD for about 6 determinations.

The biomonitoring results for the Israeli Mediterranean coast are presented in Figure 4. Members
of the genus Mugil are euryhaline, and thus able to enter estuarine and marine waters where they
may be exposed to a variety of foreign compounds that include CYP1A1 inducers. Ashdod in the
south and Qiryat Yam near Haifa represent locations that are placed in the vicinity to harbour and
heavy industry including refineries and power plants. The highest induction of CYP1A1 and EROD
activity was detected in Mugil sampled from those sites. The levels of induction of CYP1A1 and
EROD in the Mugil from Qiryat Yam were as high or even higher then that recorded in the Mugils

89

that were treated with the highest dose of Aroclor 1254 in the laboratory (Fig. 2,3). Riding and
Hadera are located very close to power plants and in the liver of Mugils sampled from those sites a
moderate exposure to petrochemical was detected. Jaffa (YFO), Yarqon river estuary and Sydni Ali
with the relatively low levels of CYP1A1 and EROD induction represent, very probably, the general
pollution background that may be typical to locations with defused and unclear sources of
pollutants. We considered Caesaria as a clean site. Yet, the low induction of the biomarkers in the
Mugils liver may indicate some petrochemical pollution that may originate from the power plant
located about 8 Km to the south.
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Figure 3. Time course for the induction of EROD activity in Mugil. by interperitoneal injections (i.p.) of
Aroclor 1254 dissolved in corn oil. The total doses used for Aroclor 1254 were: 25, 50 and 100 mg/Kg.
Results are mean ± SD for about 6 determinations.

The correlation found between CYP1A1 content and EROD activity in the microsomal fraction of
Mugil sampled at indicated locations along the Israeli coastline (Fig. 5) was highly significant
(Rval=0.726, P<0.01). As expected the significance was somewhat lower than that of Mugil
exposed by injection of Aroclor 1254 under controlled conditions (Fig. 1).
B. Metallothionein determination in the limpet Patella caerulea as a biomarker of exposure
to heavy metals ions in sampling sites along the Israeli Mediterranean in the spring.
Metallothionein induction in the hepatopancreas of the Patella was used as a biomarker to monitor
exposure to heavy metal ions in selected sites of the marine environment along the Mediterranean
coast of Israel. According to the results obtained (Fig. 6) Shikmona and Caesarea were relatively
unpolluted with heavy metals ions while some pollution was evident in Hadera and significant
pollution with heavy metals was detected in Haifa-Shemen beach (P<0.05). The results obtained
were as expected and thus MT appears to be a useful and reliable biomarker.
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Fig. 4: CYP1A1 content and EROD activity in hepatic microsomes from Mugil sampled at indicated locations
along the Israeli coastline. Sampling sites: Ashdod (ASD); Jaffa (YFO); Yarqon (YRQ); Riding (RID), Sydni
Ali (S.ALI), Hadera (HDR); Caesaria (CSR); Qiryat Yam (Q.Y.).

C. Displaced Haemolymph GST Activity (D-GST) in the limpet Patella caerulea as biomarker
of exposure to heavy metals ions in sampling sites along the Israeli Mediterranean
Displaced GST activity (D-GST) in the Patella Haemolymph was applied as a novel biomarker of
exposure to heavy metals ions in sampling sites along the Israeli Mediterranean. Summer and
winter results are presented in Fig. 7.
The biomarker D-GST was not dependent on the reproductive cycle of the Patella. The results
obtained were in good agreement with the expected pollution of the sampling sites. In specimens
from Sdot-Yam and Michmoret D-GST activities in haemolymph of the Patella were low as
expected to be in clean resort sites (Fig. 7). In Patella sampled from Shemen-beach in Haifa DGST activities were much higher (P<0.01) compared to all other sites. Shemen-beach is located
very near to Haifa harbour at the estuary of the Kishon River that carries petrochemical sludge. DGST activity in Patella sampled from the clean sites Shikmona, Sdot-Yam and Michmoret were low
as expected. Qiryat Yam and Shemen beach are located very near to Haifa harbour at the estuary
of the Kishon River that carries petrochemical sludge.

91

EROD ACTIVITY (pmol/min/mg)

1500

Control
YFO

1200

Correlation coefficient = 0.726

ASD
Q.Y.

900
YRQ
RiD

600

CSR
300

S.ALI
HDR

0
0

140

280

420

560

700

CYP1A CONTENT (pmol/mg)

Fig. 5: Correlation between EROD activity and CYP1A1 content in the microsomal fraction of Mugil sampled
at indicated locations along the Israeli coastline. Sampling sites: Ashdod (ASD); Jaffa (YFO); Yarqon (YRQ);
Riding (RID), Sydni Ali (S.ALI), Hadera (HDR); Caesaria (CSR); Qiryat Yam (Q.Y.).

Sampling of Patella in the spring (Fig. 8) reconfirmed that Haifa–Shemen site is a polluted site as
D-GST activity in the Patella haemolymph was significantly higher (P<0.01) than that recorded in
Patella from the clean site Caesarea as well as Patella from Hadera, site located near a power
plant (Figure 8). In Shikmona D-GST activities were found to be high and probably, this site may
be subjected occasionally to increased level of pollution. The two sites, Shikmona and Qiryat Yam
suffer from incidental exposure to pollution. The source of this pollution in unclear but it may very
well be from Ships discharging their balance water before entering Haifa harbour.
Plate I represents typical immunoblot of haemolymph taken from Patella from the main sampling
sites. The appearance of GST protein in haemolymph is an additional support to the kinetic results.
As can be seen in the immunoblot there was no indication for D-GST in haemolymph of the Patella
from Caesarea. As expected D-GST protein appeared in Patella from Haifa-Shemen. D-GST
appeared also in Patella from Shikmona as could be expected from the kinetic results (Fig. 8).
Hadera site is close to a coal power plant and is also subjected to occasional increased levels of
pollution as was exemplified also by the increasing induction of CYP1A1 and EROD in mullets
sampled from this area (Fig. 4).
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Figure 6. Metallothionein content in hepatopancreas of Patella from different sites along the Israeli
Mediterranean coast (n= about 20 specimens from each site).

D. Lysosomal stability as a biomarker in the Patella.
The stability of lysosomes from Patella blood cells was determined in samples of the limpet taken
from several sites along the Israeli Mediterranean coastline at different seasons. The results
obtained confirmed our early findings that Patella caerulea lysosomes were able to retain the dye
only between August and October when the gonadal index of the limpet was of a very small value
(Fig 7). The rest of the year the gonadal index increased and reached its highest value in March,
just before sprawling. The hormonal activity associated with the gonads gross probably decreased
the stability of the lysosomal membranes to the point that it was impossible to use the lysosomal
stability as biomarker of exposure to pollutants.
E. Inhibition of acetylcholinesterase activity in the gills of the limpet Patella caerulea as a
biomarker of exposure to organophosphates and carbamate residues in sampling sites
along the Israeli Mediterranean coast
Acetylcholinesterase activities were determined in the gills of Patella collected from four sampling
sites during the spring (Fig. 9). Mean AChE activities recorded in Caesarea and Hadera were
higher than those recorded in Haifa–Shemen and Shikmona but with no statistical significance.
The decline in Ache activities recorded in Patella from Haifa–Shemen and Shikmona may be a
result of nonspecific anti acetylcholinesterase action of pollutants such as heavy metal ions apart
from low levels of residues of OP and CB compounds.

93

GST activity (nmol/min/5µl)

0.25

45

0.20

36

0.15

27

0.10

18

0.05

9

0.00

Qir
yat
Ya
m

Ha
ifa

Shi
km
on
a

Sd
ot
Ya
m

Ha
de
ra

Mi
ch
m
or
et

0

Lysosomal Disruption (% after 2h)

Lysosomal stability

Displaced GST activity
in haemolymph

SAMPLING SITES
Figure 7.
D-GST activity and lysosomal stability in haemolymph of Patella caerulea sampled from various sampling
sites along the Israeli Mediterranean coast in September. Gonadal index was 1.

D-GST activity (nmole/min/gr tissue)

D is p la c e d -G S T a c tiv ity in h a e m o lym p h
5

4

3

2

1

0
H a ifa -S h e m e n

S h ik m o n a

C a e s a ria

H a d e ra

S a m p lin g s ite

Figure 8. D-GST determination in the limpet Patella caerulea as biomarker of exposure to heavy metal ions
in sampling sites along the Israeli Mediterranean in the spring Gonadal index was 12.

94

Plate I. Imunoblots of Patella caerulea haemolymph from specimens collected from various sites along the
Israeli Mediterranean coast in August 2005. Primary antibody was a rabbit anti-α GST polyclonal antibody.
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DISCUSSION
The aim of the research was to bio-monitor the Israeli Mediterranean coast through the evaluation
of the physiological status of local fish and limpet by determining the values of selected biological
parameters (biomarkers) that are known to respond to the toxic effects of pollutants. The use of a
battery of biomarkers is more advantageous than the use of a single biomarker as it offers an
effective early warning system. The biomarkers derive from cell-biochemistry can detect prepathological alterations within the cells of the exposed organism before toxicological changes may
occur and lead to mortality, population decline and impairment of the ecosystem.
Abundant information concerning CYP1A1 protein is available for some fish species but the effects
of pollutant exposure on many other fish species that potentially may be candidates for
biomonitoring programmes, has not been established. Among fish and other vertebrate groups
there are marked species differences in response to inducers. Such differences could result from
differences in properties of the Ah receptor, or response of the CYP1A1 gene(s) to activated
receptor.
Time course of cytochrome CYP1A1 induction was characterized in liver of the mullet Mugil capio
after treatment with Aroclor 1254. There was good correlation between CYP1A1 content and
EROD activity. The induction of CYP1A1 in the Mugil was a slow process. Induction appeared in
the liver only five days after fish were treated with Aroclor 1254, a procedure that took by itself two
weeks. Even then induction of CYP1A1 was hardly noticed in Mugils that were treated with 50
mg/Kg while very pronounced in those that were treated with 100 mg/Kg. In higher doses CYP1A1
induction reached maximal level in 10 days after treatment and declined thereafter while in the fish
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treated with the lower doses induction increased gradually and reached maximal levels 60 days
after treatment.
Time course of induction of EROD activity in the liver of Aroclor-1254 treated Mugil followed well
CYP1A1 induction, but the difference between the level of EROD induction in the fish that received
the high dose (100 mg/Kg) to that in the fish that received the lower doses was much more
pronounced than that exemplified by CYP1A1 induction. Furthermore, in the fish treated with the
lower dose, EROD activity was hardly detected till 60 days after treatment.
High Acolor 1254 concentrations were needed to induce CYP1A1 protein in the mullet. This
property of low sensitivity to CYP1A1 inducers, although uncommon in other fish species, was
reported for other organisms including humans, where analysis of the kinetics and congeners
selectivity for PCB metabolism showed that PCB concentration required for the induction of
CYP1A1 and the associated toxic effects were greater than 600 mg/Kg (Brown et al., 1944).
Determination of EROD alone as a biomarker in the Mugil was less sensitive than that of CYP1A1
content. In order to monitor the contamination of the Israeli Mediterranean shores, using Mugil as
test animal, it was necessary to apply both biomarkers CYP1A1 content as well as EROD activity.
Several inducers or substrates of CYP1A1 synthesis can inhibit CYP1A1 catalytic activity. Such
inhibition of CYP1A1 catalysis was recorded for EROD or AHH (aryl hydrocarbon hydroxylase)
activities in microsomes from fish receiving high doses of benzo[a]pyrene (BaP) (Goddard et al.,
1987), β-naphthoflavone (BNF) (Haasch et al, 1993), or planar chlorobiphenyls (Gooch et al.,
1989; Miranda et al 1990b; Hahn et al., 1993), even though CYP1A1 protein and/or mRNA levels
may remain elevated at those same high doses. There is evidence that inhibition of CYP1A1
catalytic activities occur in fish from sites highly contaminated by polychlorinated biphenyls. The
inhibition of P450 catalytic activities may be competitive (Haasch et al, 1993), but other
mechanisms such as alkylation of the heme by metabolites of nitrogen heterocyclic compounds
(Ortiz de Montellano and Reich, 1986) or thiono-sulfur compounds (Neal, 1980) may also be
involved.
Members of the genus Mugil are euryhaline, and thus able to enter estuarine and marine waters
where were they may be exposed to a variety of foreign compounds that include CYP1A1
inducers. Ashdod in the south and Qiryat Yam near Haifa represent locations that are in the vicinity
to harbour and heavy industry including refineries and power plants.
The highest induction of CYP1A1 and EROD activity was detected in Mugils sampled from those
sites. The levels of induction of CYP1A1 and EROD in the Mugil from Qiryat Yam were as high or
even higher than that recorded in Mugil that were treated with the highest dose of Aroclor 1254 in
the laboratory. Riding and Hadera are located very close to power plants and a moderate exposure
to petrochemical waste was detected in livers of Mugil sampled from those sites. Levels of
CYP1A1 and EROD induction in Mugil from Jaffa (YFO), Yarqon river estuary and Sydni Ali were
relatively low, representing very probably the general background typical to locations where the
sources of pollutants are unclear and defused. Caesarea was expected to be a clean site. Yet, the
low induction of the biomarkers in the liver of Mugils that were sampled there may indicate that
some petrochemical pollution, that probably originate from the power plant located about 8 Km to
the south, may casually contaminate this site. The correlation between CYP1A1 content and
EROD activity in the microsomal fraction of Mugils sampled from the sampling sites Rval=0.726
was significant (P<0.01) but somewhat lower than that recorded for Mugil exposed at the
laboratory by injection of Aroclor 1254 under controlled conditions Rval=0.823.
Metallothionein induction in the hepatopancreas of the Patella was used as a biomarker to monitor
exposure to heavy metal ions in the marine environment along the Mediterranean coast of Israel.
According to the results obtained, Shikmona and Caesarea were relatively unpolluted with heavy
metal ions while some pollution was evident in Hadera and significant pollution in heavy metals
was detected in Haifa-Shemen beach (P<0.05). The results obtained were as expected and thus
MT appears to be a useful and reliable biomarker.
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Displaced GST activity (D-GST) in the Patella Haemolymph was applied as a novel biomarker of
exposure to heavy metals ions in sampling sites along the Israeli Mediterranean. The biomarker DGST was not dependent on the reproductive cycle of the Patella. The results obtained were in
good agreement with the expected pollution of the sampling sites. In specimens from Sdot-Yam
and Michmoret, D-GST activities in haemolymph of the Patella were low as expected to be in clean
resort sites. In Patella sampled from Shemen beach in Haifa D-GST activities were much higher
(P<0.01) compared to all other sites. D-GST activity in Patella sampled from the clean sites
Shikmona, Sdot-Yam and Michmoret were low as expected. Qiryat Yam and Shemen beach are
located very near to Haifa harbour at the estuary of the Kishon River that carries petrochemical
sludge.
Sampling of Patella in the spring reconfirmed that Haifa–Shemen site is a polluted site as D-GST
activity in the Patella haemolymph was significantly higher (P<0.01) than that recorded in Patella
from the clean site Caesarea as well as Patella from Hadera site located near a power plant. In
Shikmona, D-GST activities were found to be high and probably, this site may be subjected
occasionally to increased level of pollution. The two sites, Shikmona and Qiryat Yam suffer from
incidental exposure to pollution. The source of this pollution in unclear but it may very well be from
ships discharging their ballast water before entering Haifa harbour. In immunoblot of haemolymph
taken from Patella from the main sampling sites gave an additional support to the kinetic results. In
the immunoblot of Patella from Caesarea there was no indication for D-GST in haemolymph.
As expected, D-GST protein appeared in immunoblot of Patella from Haifa-Shemen. D-GST
appeared also in Patella from Shikmona as could be expected from the kinetic results. Hadera site
is close to a coal power plant and is also subjected to occasional increased levels of pollution as
was exemplified also by the increasing induction of CYP1A1 and EROD in mullets sampled from
this area.
The lysosomal stability in Patella blood cells was determined in samples of the limpet taken from
several sites along the Israeli Mediterranean coastline at different seasons. The results obtained
confirmed our earlier findings that Patella caerulea lysosomes were able to retain the dye only
between August and October when the gonadal index value for the limpet was very small. The rest
of the year, the gonadal index increases and reaches its highest value in March, just before
sprawling. The hormonal activity associated with the gonads gross probably decreases the stability
of the lysosomal membranes to the point that it was impossible to use the lysosomal stability in
Patella caerulea as biomarker of exposure to pollutants.
Acetylcholinesterase activities were determined in the gills of Patella collected from four sampling
sites during the Spring. Mean AChE activities recorded in Caesarea and Hadera were higher than
those recorded in Haifa–Shemen and Sikmona but with no statistical significance. The decrease in
AChE activities in Haifa–Shemen and Sikmona could be a result of non-specific antiacetylcholinesteratic action of pollutants such as heavy metal ions apart from the existence of low
level of OP and CB residues in the seawater in those sites.
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ABSTRACT
The use of mussels (Mytilus sp) as bio-indicators of the quality of the marine environment is a
valuable approach to monitor pollution and its biological effects. In the framework of the integrated
monitoring carried out by the Spanish Institute of Oceanography (IEO) along the Iberian
Mediterranean coast, a set of biomarkers were measured in mussels (Mytilus galloprovincialis)
collected from 19 sites in May-June 2003. Metallothioneins (MTs), lysosomal membrane stability
(LMS) and micronucleus (MN) frequency were the biomarkers selected. MT levels showed
significant differences between stations and were significantly correlated with Cd and Zn body
burdens.
The neutral red retention time assay method (NRRT), used to evaluate the LMS in twelve mussel
populations, always showed mean retention times (RT) lower than the RT minimum optimum
established to consider that the mussel populations from this coast are healthy. The MN
frequencies in gills of the mussels varied ranging from 1.9 to 11.4 MN/1000 cells. The lowest MN
values were found in mussels from the reference site, while the highest levels of MN were
registered in stations polluted by organic contaminants and metals, indicating genotoxic effects in
mussels from these sites.
Thus, the results obtained demonstrate pollution effects in the Iberian Mediterranean coast, and
the utility of a battery of biomarkers in the identification of areas where pollution is relevant.

INTRODUCTION
The Mediterranean coastline of Spain, 1.660 km long, has a population of 16 million, representing
more than 39 % of the country's population, and urbanization affects the most valuable and fragile
coastal biotopes, such as dunes, coastal forests, wetlands and beaches. As the population
changes from season to season, due to tourism, and it increases considerably in the summer, the
pressure from tourism and the urban development is affecting the coastal area that is still in
pristine conditions. Another important economical activity of environmental concern is agriculture.
In this coastal area, several pollution hot spots and areas of major environmental concern have
been identified near the big cities (Barcelona, Tarragona, Valencia, Benidorm, Palma de Mallorca,
Cartagena, Málaga and Algeciras), harbours with industrial areas and river mouths (Ebro, Segura
and Jucar) (EEA, 2006). Thus, the costal area under study is mostly affected by land-based
pollution sources (urban, industrial and agriculture wastewater) through direct disposal, continental
runoff and atmospheric transport. Bivalve molluscs, and in particular mussels, are widely used as
sentinels for pollution monitoring in coastal environments. These filter-feeding sedentary species
are known to accumulate high levels of contaminants in their tissues, reflecting the environmental
conditions. Following the Mussel Watch concept (Goldberg et al., 1978), concentrations of organic
pollutants and heavy metals have been determined regularly along the Iberian Mediterranean
coast by the Spanish Oceanography Institute (IEO). This monitoring programme covers largely the
Mediterranean coastline of Spain with different types of sampling stations: Protected areas,
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shellfish waters, river mouths, hot spots, reference zones, etc. Since 1990, monitoring identified
the areas contaminated by heavy metals, polycyclic aromatic hydrocarbon (PAHs) and
polychlorinated biphenyls (PCBs), and detected the temporal trends of these concentrations.
However, from this chemical monitoring little was concluded about the biological effects of the
pollutants considered.
In order to fill in this gap, the IEO Chemical Monitoring was improved incorporating, since 2000, a
biological effects study that includes the use of biomarkers as an early warning system.
Biomarkers consist of biochemical and physiological changes in organisms exposed to
contaminants, and represent initial response to environmental perturbations and contamination
(Shugart et al., 1992). In contrast to the simple measurement of contaminants accumulating in
body tissues, biomarkers can offer a more complete and biologically more relevant information on
the potential impact of toxic pollutants on the health of organisms (Van der Oost et al., 1996).
Mussels are very suitable organisms to study the biological effects of pollutants. In this context,
several biomarkers, recommended in the framework of the MED POL Programme
(UNEP/RAMOGE 1999), have been applied and tested in the network monitoring carried out by the
IEO to assess deleterious effects in biological systems. This study of biological effects was focused
to evaluate specific stress (metallothionein content) and general stress (lysosomal membrane
stability and micronuclei frequency) biomarkers.
Metallothioneins (MTs) constitute a family of low molecular weight cysteine rich proteins induced
by a variety of metal ions. MT levels represent a specific biochemical indicator for the early
detection of potential impact of heavy metals in the aquatic environment (George and Olsson,
1994). MTs play a primary role in the homeostasis of the essential metals Cu and Zn, and are
involved in the detoxification of non-essential metals like Cd and Hg (Roesijadi, 1992).
Micronucleus (MN) cell frequency demonstrates objectively the level of genotoxic damage in
response to the presence of mutagenic substances. Genotoxic biomarkers represent the primary
event of the animal response after environmental exposure to toxic carcinogen and mutagenic
compounds (UNEP/RAMOGE, 1999). The MN test has been successfully applied in organisms
from marine and estuarine ecosystems.
Lysosomal membrane stability (LMS) is an indicator of general stress, because this biomarker
responds to a wide range of environmental impacts, reflecting tissue concentrations of the main
classes of organic and inorganic contaminants (Regoli 1992; Lowe and Pipe, 1994; Fernley et al.,
2000; Viarengo et al., 2000; Domouhtsidou and Dimitriadis, 2001).
The main objective of the present work was to study the levels of MTs, MN frequency and LMS in
mussels from the Iberian Mediterranean coast, in order to assess the quality of the marine
environment. The results reported here were obtained in coastal areas under investigation through
the chemical monitoring programme from the IEO during 2003. Thus, we have integrated the
measurement of the biological effects in the monitoring network of the IEO to identify the exposure
and toxic effects of the environmental contaminants.

MATERIALS AND METHODS
Mussels (30 - 42 mm shell length) were collected along the Iberian Mediterranean coast in MayJune 2003, in the framework of the annual integrated monitoring programme performed by the IEO
(Benedicto et al., 2004; Campillo et al., 2004). These native mussel populations were collected to
study the concentrations of organochlorinated compounds, aromatic hydrocarbons and heavy
metals in whole soft tissues, and at 19 sites for biomarker analysis (Figure 1). These samples were
used to study the response of MTs, LMS and MN frequency.
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Figure 1. Map of the sites sampled in 2003 along the Iberian Mediterranean coast for the
determination of the selected biomarkers.

Mussel digestive glands were rapidly dissected and stored in liquid nitrogen until processed for MT
analyses. The mussels used for LMS and MN determinations were transported in refrigerated
humid thermo-insulated containers to the laboratory. The mussels used for the LMS were kept
overnight in clean aerated seawater (with the same temperature and salinity conditions as the
original sampling sites) before testing started.
Metallothioneins
MT concentrations in mussel digestive gland were determined by the spectrophotometric method
described by Viarengo et al. (1997). Digestive tissue was homogenized in three volumes of buffer
(0.5 M sucrose, 50 mM Tris-HCl, pH= 8.9) containing 0.01% β-mercaptoethanol, 0.5 mM PMSF
(phenylmethylsulphonilfluoride) and 3µg/ml leupeptin in a teflon glass potter homogenizer at 4 ºC.
The homogenate was then centrifuged at 30.000 g for 20 minutes at 4ºC. To precipitate the highmolecular weight proteins, 1.05 ml of cold (-20 ºC) absolute ethanol and 80 µl of chloroform were
added to aliquots of 1 ml of supernatant. The samples were then centrifuged at 6000 g for 10
minutes at 4ºC and the collected supernatant was combined with RNA (1 mg/10 µl) and 40 µl of 37
% HCl and three volumes of cold ethanol (to a final concentration of 87 %). The samples were
maintained at –20 ºC for 1 hour and centrifuged at 6000 g for 10 minutes. The MT-containing
pellets were washed with ethanol/choloform/homogeneization buffer (87/1/12), centrifuged at 6000
g for 10 minutes and dried under nitrogen gas stream. The pellet was resuspended in acid solution
with 0.25 M NaCl, 1N HCl and 4 mM EDTA and 4.2 ml of the DTNB reagent (0.43 mM DTNB, 2 M
NaCl, 0.2 M phosphate buffer, pH 8) was added. The sample was finally centrifuged at 4000 g for 5
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minutes and the supernatant absorbance was evaluated at 412 nm utilizing reduced glutathione as
a reference standard. The concentration of MT protein was expressed in µg/g tissue (wet wt.) and
calculated assuming a cysteine content in a mussel MT molecule of 21 residues and a molecular
weight of 8600 Da (Mackay et al., 1993). The MT analysis was performed on 6-8 pools of five
digestive glands per station.
Micronuclei frequency
The micronucleus test was done in gills of mussels immediately dissected after their arrival to the
laboratory. The gills were removed and cut in small pieces with scissors and digested for 10 min a
37 ºC in modified Hank`s Balanced Salt Solution containing a 0.1 mg/ml Dispase I (neutral
protease, grade I). The cellular suspension was filtered and after centrifugation at 400 rpm for 10
minutes, aliquots of cellular pellet were fixed in methanol/acetic acid (3:1) for 20 minutes, dropped
onto clean glass slides, air-dried and then stained with 3% Giemsa. Before counting cells the slides
were coded and scored blind. We analyzed MN in the subpopulation of cells prevailing in gill
tissue, the main gill cells (Venier et al., 1997), and at least one thousand cells with preserved
cytoplasm per mussel were scored under oil immersion at 1000 x magnification. The criteria for
micronuclei identification were the following: not touching the main nucleus, similar or weaker
staining than the main nucleus, size <1/3 of the main nucleus, on the same optical plane as the
main nucleus, round or oval and not fragmented. MN frequency was measured in six organisms
per station and expressed per 1000 cells.
Lysosomal membrane stability
LMS was tested by the neutral red retention time assay method (NRR), described in the
biomarkers manual of the MED POL Biomonitoring Programme (UNEP/RAMOGE, 1999) and also
recommended by ICES (2004), with minor modifications. A stock of neutral red solution was
prepared by dissolving 20 mg of dye in 1 ml of DMSO and a working solution then prepared by
diluting 3 µl of the dye stock solution with 997 µl of physiological saline. The NRR assay was made
on small granulocytes. 0.2 ml of haemolymph was withdrawn from the anterior adductor muscle
into a 1.0 ml hypodermic syringe fitted with a 25-gauge needle and containing 0.2 ml of
physiological saline. The suspension, obtained from each mussel, was spread on a slide,
transferred to a lightproof humidity chamber to allow the cells to attach. Then, the neutral red
working solution was added and after a 15 minutes incubation period, slides were examined
systematically under a light microscope every 15 minutes (x 400 magnification). The test for an
individual sample was terminated when the lysosomal dye loss was evident in 50% (numerically
assessed per field of views and counting 250-300 cells, using a hand counter) of the small granular
haemocytes, and the time recorded. Fifteen specimens from each site were taken for the NRR
assay.
Data analysis
One-way analysis of variance (ANOVA) was applied to test differences in MT concentrations
between the sampling stations. When significant differences were detected (p< 0.05), Tukey-b’s
test was used to determine which locations were significantly different from each other. The
relation between metal concentrations and MT levels was tested using Spearman correlation
analysis. Differences in MN frequencies were evaluated with the Mann-Whitney U-test.
Once the normality of the NRR data was assumed, the equality of group variances was tested
using the Levene statistic (Levene, 1960). Comparisons of NRR mean values between areas were
performed by one-way ANOVA. When significant differences were found, Tukey´s test was also
applied.
All significance tests were performed at the significance level of p< 0.05. Statistical analysis was
performed using the SPSS programme (v 11.0).
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RESULTS AND DISCUSSION
Metallothioneins
MT induction has been proved in mussels after the experimental exposure to Cd, Cu, Zn and Hg
(Bebianno and Langston, 1991; Pavicic et al., 1993; Bolognesi et al., 1999; Viarengo et al., 2001).
Low levels of these proteins are present under natural environmental conditions in bivalves’
tissues, but anthropogenic changes of trace metal concentrations in seawater induce increases in
MT concentrations (Bebiano and Langston, 1991). Field investigations have shown that MTs can
be used as a biomarker of exposure for certain metals in mussels (Bebianno and Machado, 1997;
Stien et al., 1997; Viarengo et al., 1999; de Lafontaine et al., 2000; Lionetto et al. 2001). More
precisely, the digestive gland of mussels has been proposed as the best biological matrix for MT
determination (Pavicic et al., 1993; Amiard et al., 1998; Mourgaud et al., 2002).
MT concentrations were measured in indigenous mussels in order to assess the spatial variation of
exposure to heavy metals along the Iberian Mediterranean coast. MT levels measured in the
digestive gland of mussels, collected from nineteen stations, are shown in Fig. 2. The
concentrations of MTs were fluctuating within the range of 70-280 µg/g ww and were similar to the
levels measured in mussels collected from other Mediterranean sea areas using the same
spectrophotometric method (Pavicic et al., 1993; Stien et al., 1997; Viarengo et al., 1997; Cotou et
al., 1998; Bolognesi et al., 1999; Ivankovic et al., 2003; Kalpaxis et al., 2004; Domouhtsidou, et al.,
2004) or the Baltic sea (Leiniö and Lehtonen, 2005; Barsiene et al., 2006; Kopecka et al., 2006).
Significant differences in MT expression were observed among stations. Concentrations were
significantly higher than at Valencia at four sites (Portman, Palos Cape, Manilva and Columbretes
Islands). The higher levels of MTs found in these areas can represent an early warning of possible
toxic effects by heavy metals on marine organisms. Among these four sites showing the highest
MT concentrations, three also showed the highest concentrations of Cd from the Iberian
Mediterranean coast (Columbretes Islands, Portman and Palos Cape). The concentrations of Cd in
the whole soft tissues of mussels from these stations ranged from 1.45-1.65 mg/kg dw (data from
the IEO chemical monitoring programme).
Two of these sampling stations, Portman and Palos Cape, are located near Portman Bay (Murcia),
southeast Spain. The bay was filed up with tailings from 1958 to 1991 and the surroundings
contain the most seriously metal-contaminated sediments of the Mediterranean Sea (Cesar et al.,
2003). The high level of Cd found at Columbretes Islands Marine Reserve is probably related to
the pollution derived from the industrial and urban area of Castellón.
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Figure 2. MT concentrations (mean ± S.E.) in digestive glands of mussels. Stations with a common letter
subscript were not significant different in a Tukey-b’s test following a 1-way ANOVA.

The correlation studies between MT levels and metal concentrations in the whole soft tissues of
mussels showed significant relationship with Zn (R= 0.500, p<0.05, N=19) and Cd (R=0.679, p <
0.01, N= 19) , metals which are considered as potential inducers of MT and/or are able to bind this
protein. In contrast, no significant correlations were found for Hg (R= 0.278, p=0.250, N=19) and
Cu (R=0.248, p=0.305, N=19), two metals which are also able to induce MT expression. These
results are in agreement with other field studied, which have demonstrated the relationship
between the environmental exposure to heavy metals and MT levels. Bebianno and Machado
(1997) found that MT concentrations in whole soft tissues of native mussel collected from the
Algarve coast (Portugal) were related with Cu and Cd concentrations, whereas Mourgaud et al.
(2002) demonstrated significant correlations between MT levels and the accumulation of Cd, Cu,
Ni and Zn in transplanted mussels from the French Mediterranean coast.
These results indicate that MTs can give a biological meaning to the chemical concentration
values, thus providing a suitable monitoring procedure to assess biological availability and early
impact of heavy metals on marine organisms.
Micronuclei frequency
MN test has been applied for assessing genotoxic effects of environmental contaminants in
mussels in both laboratory (Mersch et al., 1996; Mersh et al., 1997; Venier et al., 1997; Bolognesi
et al., 1999; Bolognesi et al., 2004; Siu et al., 2004) and field studies (Brunetti et al., 1988;
Bolognesi et al., 1992; Burgeot et al., 1996; Dolcetti and Venier, 2002; Dailianis et al., 2003;
Izquierdo et al., 2003; Barsiene et al., 2004; Venier and Zampieron, 2005). Although MN frequency
can be conducted in different tissues, we selected gills to apply this test as brachial epithelium
represents the primary target for water-borne and tends to have higher MN frequencies than
haemocytes (Venier et al., 1997; Bolognesi et al., 1999; Dailianis et al., 2003).
The frequency of MN in gills of the mussels from the Iberian Mediterranean coast varied in a range
from 1.9 to 11.4 ‰ (Figure 3). The lowest frequency was found in the reference station of
Cadaqués (1.9 ‰), an unpolluted area located in the northeast Spain. The temperature
recorded in this station during the survey was 17 ºC. Water temperature is also known to have
an influence on MN frequency as reported for mussels (Brunetti et al., 1992). Thus, MN
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frequency measured at this reference station was similar to the spontaneous gill MN frequency
recorded on M. galloprovincialis from unpolluted areas of the Mediterranean Sea within the
temperature range of 15 to 20 ºC (Brunetti et al., 1992).
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Figure 3. Mean (± S.E.) micronuclei frequency (‰) in gill cells. Levels significantly higher than at the control
site (Cadaqués) are indicated: * p <0.05, ** p<0.01 (Mann-Whitney U-test).

The statistical analysis showed significantly higher MN frequencies in Algeciras1-Punta Carnero,
Algeciras 2-Gudarranque, Manilva, Almuñecar, Portman, Palos Cape and Vallcarca than in
Cadaqués. MN frequency levels in these sampling stations ranged between 5-12 ‰.
The results from the chemical monitoring point out that the mussels collected from Cartagena,
Portman, Algeciras 2, Tarragona and Vallcarca presented high concentrations of PAHs, PCBs,
DDTs or metals. These chemical pollutants may explain the high MN frequencies found in these
sampling stations. The low extent of genotoxic effects observed in Barcelona was clearly in
contrast with the high levels of organic contaminants found in mussels from this hot spot. The low
MN frequency found at Barcelona might be related to adaptation phenomena: it is known that
animals subjected to long-term exposure to genotoxic compounds may reduce their MN
frequencies (Majone et al., 1988; Scarpato et al., 1990). Similarly, Bolognesi and Degan (2001)
found in mussels from La Spezia harbour (Ligurian coast), an area with a high degree of pollution,
a low MN frequency level in contrast with the chemical analysis results.
MN frequencies reported in this work were not always consistent with the pattern of pollution of
some sampling stations. Almuñecar and Manilva presented high MN frequency levels, which
cannot be explained by the concentration of contaminants found by the chemical monitoring.
These results could be partly attributed to the fact that the contaminants studied by the chemical
monitoring are a fraction of the total bulk of the toxic agents present in the marine environment.
Thus, these results showed the feasibility of MN test on mussel gill cells as a tool to detect the
presence of genotoxic pollutants in the marine environment and to complement the chemical
monitoring programme as another means of evaluating water quality.
Lysosomal membrane stability
Mean retention times (RTs) are shown in Figure 4. NRR times showed significant differences
between specimens collected from different sampling sites. Results showed two homogenous
subsets and significant differences were found between Manilva and Portman (p = 0.002),
Cartagena (p = 0.007), Columbretes Islands (p = 0.007), and Barcelona (p = 0.013) (Figure 4). The
highest mean values in NRR times obtained were observed in mussel populations from Manilva
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(54.0 ± 26.7 minutes) and Medas Islands (41.10 ± 7.81 minutes) as these areas could be
characterized as control sites as far as chemical monitoring is concerned (Unpublished data, IEO).
In contrast, mussel populations from Cartagena (18.0 ± 5.0 minutes), Portman (15.00 ± 7.02),
Barcelona (19.7 ± 3.6 minutes in 2003) and Columbretes Islands (18.0 ± 4.1 minutes in 2003)
showed lower capacity to retain the dye.
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Figure 4. Mean (± S.E.) neutral retention times (minutes) obtained in samples from each
station (n = 15). Stations with a common letter subscript were not significant different in a
Tukey’s test following a 1-way ANOVA.

Portman, Cartagena and Barcelona are highly contaminated sites (urban and industrial activities).
In the case of Columbretes Islands, declared as a marine reserve, trace metal levels in mussels
are not particularly high, though Cd levels indicate contamination by this metal. Probably these low
RTs observed in these samples could be due to pollution derived from the industrial and urban
area of Castellón. Similar RT values have been reported in mussels from impacted zones of the
Venice Lagoon (Lowe et al., 1995) and the Portuguese coast (Castro et al., 2004). In our study,
mean RT values measured at all stations were lower than the minimum optimum established to
consider that mussel populations are healthy (WGBEC, 2005). Following these assessment
thresholds for NRR assay, mussel populations of all sampling sites selected along the Iberian
Mediterranean coast in our study should be considered severely stressed, except Manilva the only
station that might be considered stressed but compensating.

CONCLUSIONS
Overall, the biomarker results obtained clearly indicate the existence of biological effects in the
Iberian Mediterranean coast due to pollution and provide the baseline levels of these biomarkers
(MTs, MN frequency and LMS) in mussels from this sensitive Mediterranean Sea coast. The
biomarker responses obtained appeared to be related mainly to the chemical pollutant levels,
although the complexity of environmental contaminants can induce varieties of responses in
organisms that are not necessarily correlated (Viarengo et al., 2000).
Thus NRR assay, biomarker related with the exposure to organic and inorganic pollutants, showed
an important degree of general stress in the mussels collected from Portman and Columbretes
Islands. MT levels found in these stations suggest that the concentrations of bioavailable heavy
metals are responsible for the biological effects. This latter point appears to be also confirmed by
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some of the high levels of cadmium detected in mussels from these locations. These results are in
accordance with the significant negative correlation between LMS and MT content reported by
Domouhtsidou et al. (2004) in mussels collected from the Eastern Mediterranean Sea. The high
MN frequencies and low NRR times found in mussels from Cartagena appear to be more related to
the existence of biological significant levels of organic pollutants. This station is located near an
important urban and industrial area, and the mussels have high levels of PAHs and PCBs.
However, the biomarker responses were not always consistent with the pattern of pollution
indicated by the chemical analyses.
Thus, the biomarkers used in this work appear to be useful for application in regular monitoring
activities, and reinforce previous studies about the utility of a battery of biomarkers as an early
warning signal with a capacity to identify areas where inorganic and organic pollution is relevant.
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ABSTRACT
The pollution levels of Thermaikos Gulf-northern Greece were estimated using four pollution
biomarkers (‘lysosomal membrane stability in cryosections’, ‘lysosomal membrane stability-neutral
red retention assay’, ‘metallothionein content’ and ‘acetyl-cholinesterase activity’). The biomarker
values were estimated in ten 6-monthly samplings from 2001 to 2005. Even though there were
significant differences in each biomarker between sampling stations in the same sampling period,
the overview of the four biomarkers in the ten 6-monthly samplings showed an ‘homogenous’ state
of the pollution in the gulf, since the pollution levels estimated by the four biomarkers were
comparable. The results of the last years should be regarded as significant for the levels of
pollution in Thermaikos Gulf, since former measurements of our laboratory (period 1996-1998)
using lysosomal membrane stability test, had shown pollution much lower levels, as well a clear
differentiation of the pollution levels between the eastern and western coasts of Therrmaikos Gulf.
MATERIALS AND METHODS
Mussels (Mytilus galloprovincialis) were collected from 4 stations in Thermaikos Gulf and one
station in Strymonikos Gulf in ten six-monthly sampling periods from 2001-2005. Mussels were
sampled in early June and late October from Aggelochorion (1) cultured population, Peraia (2)
natural population, from a natural population located near the outlet tube of the sewage treatment
plant of Kalohori (3), as well as from cultured populations in Halastra (4). Mussels were also
sampled from a cultured population in Olympiada (5) located in Strymonikos Gulf, which was
selected as a reference station (Fig. 1).

Figure 1. Map of the
sampling stations in
Thermaikos Gulf.
Aggelochorion (1), Peraia
(2), Outlet tube (3) and
Halastra (4). Reference
station, Olympiada (6) is
placed in Strimonikos Gulf.
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Biomarkers used
The biomarker “lysosomal membrane stability” in cryosections (LMS) is based on the cytochemical
detection of the lysosomal enzyme N-acetyl-β-hexosaminidase and on the time of acid labilization
treatment required to produce lysosomal maximum staining intensity (Fig. 2). The test of
“lysosomal membrane stability” is carried out on digestive gland cryosections and minor values are
investigative of relatively polluted marine areas, while higher values are investigative of less
polluted areas. This procedure was performed according to Moore (1976) and UNEP/RAMOGE
(1999).

Figure 2. The time of the maximum staining intensity of the lysosomes characterizes the examined area.

The biomarker ‘lysosomal membrane stability-neutral red retention assay’ (NRR) is a rapid and
sensitive test for determining the lysosomal membrane stability against environmental toxic factors.
The NRR measures the retention of neutral red (a weak base dye) within the lysosomal
compartment (Fig. 3). According to the test carried out on haemocytes, lower values correspond to
mussels from polluted areas, while higher values to mussels from clean ones. The procedure was
performed according to Lowe and Pipe (1994), with slight modifications.

Figure 3. Various stages of the sequestration of the dye neutral red inside the mussel haemocytes (arrows).

Metallothionein (MT) determination in tissues of organisms exposed to heavy metals is regarded
as a significant biomarker of environmental stress. The procedure was done according to Viarengo
et al. (1997) and UNEP/RAMOGE (1999) and is based on the determination of the sulphyhydryl (SH) residues content. The metallothionein content was analysed in the digestive gland of mussels
Mytilus galloprovincialis. High amounts of -SH groups in samples tested represent a good
biomarker of heavy metal pollution.
Inhibition of acetyl-cholinesterase (AChE) activity has been demonstrated as a good procedure
evaluating the presence of organophosphates and organic pollutants in the marine environment.
For the measurement of AChE activity, a modification of the method of Ellman et al. (1961),
proposed by Galgani and Bocquene (1988) and UNEP (1993) was used. Acetylthiocholine iodide
(21.67 mg/ml) was added as substrate to initiate the enzymatic reaction with the use of DTNB
(Ellman et al. 1961). The enzymatic activity of acetylocholinesterase was tested in gills and
digestive gland of mussels Mytilus galloprovincialis.
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Statistical methods used
Data on the LMS, AChE activity and metallothionein content was tested using non-parametric
statistics (Mann–Whitney U-test, p<0.05), while data on NRR assay, was tested using Duncan’s
test (p<0.05, breakdown and one way ANOVA). The analyses were carried out using the
STATISTICA statistical package (STATISTICA, Microsoft Co.).
RESULTS AND DISCUSSION
Evaluation of lysosomal membrane stability in cryosections
The results, as well as their statistical interpretation (Domouhtsidou et al., 2003; Koukouzika and
Dimitriadis, 2005) for the ten 6-monthly samplings from 2001-2005 are summarized in Fig. 4. A
simplifying representation of the levels of pollution using the values of this biomarker is presented
in Fig. 5. According to them, the ‘lysosomal membrane stability’ values for the Olympiada station
were statistically higher (lower levels of pollution) compared to the values of the sampling stations
in Thermaikos Gulf. Even though there were differences among sampling stations in Thermaikos
Gulf in each sampling period, as an overview the pollution levels showed an ‘homogenous’ status,
since the values of this bomarker at all stations and in all sampling periods were more or less
comparable.
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Figure 4: Values of lysosomal membrane stability from the sampling stations in Thermaikos and
Strymonikos Gulfs in the 10 six months sampling period from 2001-2005. Statistical signification was
based on Mann- Whitney U-test (p< 0.05).
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Figure 5. Simplified representation of the levels of pollution using the values of the biomarker ‘lysosomal
membrane stability’. The cycles from the base to the top or from left to the right represent the ten sixmonthly sampling periods from 2001-2005 for Aggelochorion (1), Peraia (2), Outlet tube (3) and Halastra
(4). On the lower right, there is the evaluation for reference station (Olympiada), while on the upper right
is the scale of values.

Evaluation of ‘Lysosomal membrane stability-neutral red retention assay’
According to the results, their statistical interpretation ((Dailianis et al., 2003; Koukouzika and
Dimitriadis, 2005), as well as the simplified representation of the levels of pollution using the
values of this biomarker (not shown), the “neutral red retention assay” values for the Olympiada
station was statistically higher (lower level of pollution), in relation to the values of the sampling
stations in Thermaikos Gulf. Similar to the biomarker LMS, the pollution levels using neutral red
retention assay show a ‘homogenous’ status. Even though there were differences of the biomarker
between sampling stations in the same sampling period, the overview of this biomarker for the 10
six monthly sampling periods show comparable values. The only station presenting lower level of
pollution in general according to this biomarker was the station of Halastra.
Evaluation of ‘Metallothionein content’ and ‘Acetyl-cholinesterase activity’
According to the results, their statistical interpretation (Dailianis et al., 2003; Domouhtsidou et al.
2003), as well as the simplified representation (not shown), the pollution levels estimated by these
biomarkers were statistically lower in Olympiada station, compared to the levels in Thermaikos
Gulf. Even thought there were differences among sampling stations of Thermaikos Gulf in the
same sampling period, the general view of both biomarker in all stations and in all periods was
more or less comparable. However, the overall pollution levels evaluated by these biomarkers
(affected mainly by heavy metals and pesticides, respectively) were relatively lower compared to
those estimated by the former biomarkers used, i.e. LMS and NNR.
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Evaluation of the levels of pollution using a combination of all biomarkers used
The evaluation of the levels of pollution using a combination of the values of all biomarkers used by
summing them up is still under investigation (Raftopoulou, et al., 2006). However, the preliminary
results are shown in the figure below (Fig. 6). According to this, the pollution levels estimated by
the combination of the four biomarkers in the 10 six month sampling periods (2001-2005) are,
more or less, comparable in the whole gulf, showing in that way an ‘homogenous’ state of the
pollution. The results of the last years should be regarded as significant for the levels of pollution in
Thermaikos Gulf, since former measurements of our laboratory for the period 1996-1998
(Domouhtsidou and Dimitriadis, 2001) using lysosomal membrane stability test, had shown
pollution levels much lower, as well a clear differentiation of the pollution levels between the
eastern and western coasts of Thermaikos Gulf ( Fig. 7).
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25,5 - 35
15,5 - 25
10-15

4 3 2
1
OLYMPIAD A

Figure 6. Simplified representation of the levels of pollution using preliminary results of a
combination of the values of all biomarkers used. The colored cycles from the base to the top or
from left to the right represent the two sampling periods on 2005 for Aggelochorion (1), Peraia (2),
Outlet tube (3) and Halastra (4). On the lowest right, there is the evaluation for reference station
(Olympiada), while on the upper right is the scale of values.
Comparing the results of physical and chemical contaminants from other studies
In the final report of ∆ΕΠΕΘ (Laboratory Network of the Environmental Quality Monitoring of the
Hellenic Seas), which refers to results of 2004 and 2005 in Thermaikos Gulf, it is reported that the
overall concentration levels of pollutants, mainly DDTs, PCBs and PAHs were found to be not
particularly high in the water and in mussels of Thermaikos Gulf.
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(Domouhtsidou and Dimitriadis,
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of 2001-2005. Mikro Emvolo (2),
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Moreover, the report of the Hellenic Center for Marine Research (HCMR) includes data from
Thermaikos Gulf for the year 2000 on a number of chemical and physical parameters including
heavy metals, nitrates, dissolved oxygen etc. In the report, the overall concentration levels of
most of the contaminants were below the maximum permitted limits, while relatively high
concentrations were recorded for Fe and Mn. It was concluded that there is a need to remove
nitrates and phosphates from the wastes of the wastewater treatment plant of the city of
Thessaloniki. In addition, in mussel cultures, an oxygen demand was recorded, which was
attributed to the organic pollutants in these areas.
Comparing the results of the present report with those above mentioned, it could be supported that
the relatively high specific and general stress on mussels reported in the Thermaikos Gulf
(Dailianis et al., 2003; Domouhtsidou et al., 2003; Koukouzika and Dimitriadis, 2005), is probably
related to the increased levels of nitrates and phosphates recorded in the Gulf, as well as to the
low levels of oxygen close to mussels cultures. In any case, the crucial point is the following:
according to chemical monitoring, a close estuary system such as Thermaikos Gulf (located near
a big city and its industrial zone) polluted by a huge number of chemicals could be characterized
as a system that feels the ‘environmental quality standards’ (since the majority of the pollutants are
under the maximum permitted limits); however, its water quality is quite inappropriate and harmful
for the physiology of the living organisms and that is showing by the ecotoxicological methods.
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ABSTRACT

The Gulf of Patras is located in Northern Peloponnese, Greece. Despite the fact that most of
the industries have been transferred to other regions and a sewage treatment plant has been
in operation for five years, some pollution sources, like Glafkos River and a local harbour
continue polluting the gulf. Five years ago, a long-term field study was initiated in the
framework of the UNEP/MAP/MED POL Biomonitoring programme. Specimens of Mytilus
galloprovincialis were placed in bow nets and immersed at 3-10 m depth in Itea, a clean
coastal region (reference area), and in two marine stations along the Gulf of Patras. Heavy
metals in the surrounding waters and a battery of biomarkers in the digestive gland and gill
cells isolated from caged mussels were assessed. In addition, the polysome content and the
efficiency of ribosomes from digestive gland cells at initiating protein synthesis were estimated.
Covering a 5-years period, the whole set of data suggests that the degree of pollution in the
Gulf of Patras differs between different sites and depends on agricultural, urban and industrial
influences. Although, a progressive decrease of pollution is observed in the Gulf of Patras
during the last two years, the continuation of the biomonitoring programme seems to be
necessary in order to arrive at more concrete conclusions. In addition, the results support the
notion that downregulation of the global protein synthesis is an important component of the
cellular stress response and may be exploited to monitor biological effects of pollution.
MATERIALS AND METHODS
Mussels and area descriptions
Mussels, (5-7 cm shell length, 7-9 g soft tissue wet wt), never exposed to growth stimulants, were
provided by a marine farm. Specimens of these mussels were placed in bow nets and immersed at
3-10 m depth, in a site near Itea region, far from pollution sources (reference area). Another
sample of mussels was transplanted by the same system in two coastal stations along the Gulf of
Patras. Station 1 (38o 12΄ 48" N, 21o 42´ 42" E) was in front of the estuaries of Glafkos River,
which crosses several intensive agricultural areas and also receives domestic and industrial
effluents. Station 2 was in a less contaminated area, 20 Km east of Patras town, with little organic
pollution, but enriched in metals, particularly in Zn and Cr. After exposure for 1 month, the caged
mussels were collected and their soft parts were dissected into gills and digestive glands, within
3h.
Physicochemical analysis of seawater, sediments, and mussel digestive glands
Heavy meals in seawater and sediments, except for mercury, were measured by flameless atomic
absorption spectrophotometry (AAS), according to Jan & Young (1978). Mercury was determined
by the cold vapor AAS method (Freimann & Schmidt, 1984). Metal were also analyzed in a
composite sample of digestive glands excised from 10 mussel specimens and digested with nitric
acid according to Stein et al (1998). Dissolved oxygen (DO), salinity and biological oxygen demand
during 5 days (BOD5) in seawater were analyzed according to Franson (1995).
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Biomarker analysis
Micronucleus frequency was measured in gill cells, as indicated by Bolognesi et al. (2004).
Metallothioneins were partially purified from digestive gland extracts and determined as described
by Viarengo et al. (1997). Lysosomal membrane stability assay was performed according to Regoli
(1992).
Isolation of ribosomes from digestive gland cells and estimation of polysome content
Digestive gland pools (3 g) were homogenized in 9 ml of buffer A (20 mM Tris-HCl pH 7.6, 150 mM
NH4Cl, 10 mM magnesium acetate, 0.5 mM EDTA, 58 µg/ml PMSF, 250 mM sucrose and 6 mM βmercaptoethanol) at 4oC. The homogenate was adjusted to 0.5% deoxycholate and 200 µΜ
cycloheximide, and then was centrifuged twice at 13,000×g for 20 min. The final supernatant was
centrifuged at 120,000×g for 6 h at 4oC. The pellet was resuspended in 10 ml of buffer B (50 mM
Tris-HCl pH 7.6, 150 mM NH4Cl, 10 mM magnesium acetate 200 µM cycloheximide, 6 mM βmercaptoethanol) and recentrifuged as above. Finally, the pellet was resuspended in 2 ml of buffer
B, diluted against the same buffer, and stored at –70oC until analysis. To obtain the sedimentation
profile of ribosomal particles, 10 A260 units of ribosomal material were loaded on a 15-40% linear
sucrose gradient in buffer B, centrifuged at 37,000×g for 6 h at 4oC in a SW60 rotor (Beckman),
and analyzed by optical scanning at 260 nm.
Protein-synthesis initiation test

Runoff ribosomes, that are ribosomes stripped of endogenous mRNAs and peptidyl and/or
aminoacyl-tRNAs, were prepared by incubating the ribosomal suspension (10 A260 units of
ribosomes per ml) with 0.5 mM puromycin, at 30oC for 30 min (Ferreras et al., 2004). Crude
acetyl[3H]phenylalanyl-tRNA (Ac[3H]Phe-tRNA) charged with 15 pmol of [3H]Phe per A260 unit,
and partially purified translation factors were prepared from digestive gland extracts, as
described previously (Kalpaxis et al., 2003). To test the efficiency of ribosomes to initiate
protein synthesis, runoff ribosomes (32 A260 units per ml) were incubated at 25oC for specified
time intervals, with 13.4 A260 units/ml Ac[3H]Phe-tRNA in buffer 50 mM Tris-HCl pH 7.2
containing 50 µM spermine, 2 mM spermidine, 50 mM NH4Cl, 10 mM MgCl2, 0.4 mM GTP,
320 µg /ml poly(U), 400 µg/ml translation factors and 6 mM β-mercaptoethanol. The ternary
ribosomal complex (Ac[3H]Phe-tRNA·poly(U)·ribosome) formed, was purified through
adsorption on cellulose nitrate filters. The amount of the ternary complex formed was
calculated by measuring the trapped radioactivity on the filters.
RESULTS
Chemical characterization of the mussel sampling sites and bioaccumulation of metals in digestive
gland cells
The concentrations of heavy metals in digestive glands of mussels were higher in Stations 1 and 2
than at the reference area. This implies that both stations represent areas polluted by metals.
Heavy metal analysis of sediments and seawater from the same regions confirmed that Station 1
was seriously polluted by Cu and Pb, while Station 2 was polluted by Zn and Cr. BOD5 analysis
and the somewhat lower values of pH and DO in seawater of Station 1 hind an impact of organic
contamination. Nevertheless, aromatic hydrocarbons (PAHs) or organochlorine pesticides (OCPs)
were never found in high concentrations. The degree of bioaccumulation varied among the tested
metals, being higher for Cd, Cu, and Zn. In addition bio-accumulation varied seasonally, reaching
the lowest values in autumn (Fig. 1).
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Standard-biomarker determinations
Metallothionein content in digestive glands was less in samples from the reference area than that
found in samples from Stations 1 and 2. Also, metallothionein content was found lower in mussels
from Station 2 than that measured in specimens from Station 1, except for the first year (Fig. 2).
Generally, fluctuations in metallothioneins were related to fluctuations in heavy metal content of
mussel digestive glands. This was verified by statistical analysis on data for each of the sampling
campaign, regardless of the sampling site of mussels.

Fig.1. Cu concentration in mussel digestive glands from the reference area (Itea) and two stations
in the Gulf of Patras.

Fig. 2. Metallothionein content in mussel digestive glands from the reference area (Itea) and two
stations in the Gulf of Patras.
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Spatial and seasonal variability in the stability of lysosomal membranes in digestive glands of
caged mussels is shown in Fig. 3. LP values in samples from Stations 1 were always lower than
those measured in samples from Station 2 or the reference area. Moreover, LP exhibited seasonal
variability, achieving low values in winter and autumn, except for samples collected in Station 1
during the autumn sampling campaign, in 2004. Such variability may be related to the reproductive
cycle of mussels. This biological function beginning in October, results in severe lysosomal
perturbations leading to unstable lysosomal membranes. Despite seasonal variability, with some
exceptions, LP values were significantly correlated to metallothionein content and cytosolic metal
concentrations (negative correlation).

Fig. 3. LP values in mussel digestive glands from the reference area (Itea) and two stations in the
Gulf of Patras. Labilization period (LP) is the average pre-incubation time of cryotome sections of
digestive glands at pH 4.5 and 37oC that is required to artificially destabilize the lysosomal
membranes.
Higher values of micronucleus frequency were recorded in gill cells of mussels transplanted to
Station 1, compared to those measured in samples from Station 2 or the reference area,
regardless of the sampling time (Fig. 4). Generally, micronucleus frequency was lower in autumn
than in other sampling seasons. Nevertheless, some exceptions of this rule are obvious (Fig. 4),
and may be related to non-canonical climatic or metabolic changes modulating the bio-availability
of pollutants and/or the efficiency of the cellular defense mechanisms.
Downregulation of global protein synthesis by pollutants
When exposed to environmental stresses, organisms downregulate protein synthesis, by storing
inactive ribosomes, which recover when conditions improve.
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Fig.4. Micronucleus frequency in mussel gills from the reference area (Itea) and two stations in the
Gulf of Patras.
Therefore, an effective way to reveal responses to pollution stress is to measure the subpopulation
of aggregated ribosomes, which serve as an indicator of the translation efficiency status. Following
this approach, ribosomes were isolated from the post mitochondrial supernatant of digestive gland
extracts and analyzed by sucrose gradient centrifugation. Representative sedimentation profiles of
ribosomal particles are shown in Fig.5 (Pytharopoulou et al., 2006). As illustrated in this figure,
the isolated ribosomal material contains polysomes as well as 80S monomers and ribosomal
subunits. Compared to profiles obtained from samples collected either from Station 2 or from the
reference area, the polysome peak in extracts from Station 1 shifts towards a lower density,
suggesting a disaggregation of polysomes to monosomes and ribosomal subunits. This was valid,
regardless of the sampling campaign. In addition, seasonal variations in polysome profile were
observed for each sampling site. Namely, the polysome content was lower in winter and summer
than in either spring or autumn (Table 1).

Fig. 5. Sucrose gradient analysis of ribosomal material isolated from digestive gland cells of caged
mussels collected from a reference area (Itea) and two stations in the Gulf of Patras during the
winter sampling, in 2005. The gradients were calibrated with 80S monosomes and ribosomal
subunits prepared from yeast cells (From Pytharopoulou et al., 2006).
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Table 1. Seasonal variations in the polysome proportion (%) in ribosomal material isolated from
digestive gland cells of caged mussels from a reference area (Itea) and two stations in the Gulf of
Patras.
Sampling
Campaign*
2001
SP
SU
AU
2002
SP
SU
AU
2003
SP
SU
AU
2004
SP
AU
2005
WI
SP
AU
2006
WI
SP

Sampling station
Station 1
Station 2
Ref.
area
14.4 ± 0.7
13.8 ± 0.7
13.5 ± 0.7

20.4 ± 1.0
17.5 ± 0.5
21.1 ± 1.0

29.8 ± 1.5
23.8 ± 0.9
27.3 ± 1.2

19.5 ± 0.9
14.2 ± 0.7
20.9 ± 1.0

27.8 ± 1.2
16.1 ± 1.0
29.5 ± 1.2

30.5 ± 1.5
18.4 ± 1.1
32.8 ± 1.3

23.4 ± 0.9
8.9 ± 0.7
30.0 ± 1.0

34.0 ± 1.7
15.8 ± 0.9
37.9 ±1.8

31.2 ± 1.1
12.8 ± 0.6
38.0 ±1.9

21.7 ± 1.1
32.3 ± 1.2

38.0 ± 1.5
41.3 ± 1.1

31.6 ± 1.5
32.6 ± 1.2

18.6 ± 1.2
26.3 ± 1.2
30.2 ± 1.9

31.3 ± 2.0
33.6 ± 0.9
36.1 ± 2.0

28.9 ± 1.0
31.7 ± 1.3
33.8 ± 1.8

21.4 ± 1.1
30.2
±
1.0

29.7 ± 1.2
36.2 ± 1.2

32.0 ± 1.3
33.6 ± 1.1

* WI, SP, SU and AU, winter, spring, summer and autumn sampling, respectively
Changes in the level and composition of the environmental pollution seem to be the main reason of
such variations. Nevertheless, other exogenous and endogenous factors must be regarded with
caution. For instance, hypoxia and low temperature shift marine organisms to reduced translational
rate (Larade & Storey, 2002; Fraser et al., 2002). On the other hand, increased temperature, which
elevates in summer by 7oC, may be detrimental to cells protein-synthesizing under conditions of
food limitation (Kalpaxis et al., 2004). Moreover, degenerative processes occurring during the
spawning season may also activate anabolic pathways, and subsequently translation rate. The
latter hypothesis can also explain the fact that polysome content and LP values are not significantly
correlated in autumn. On the contrary, polysome content was always found negatively correlated
with micronucleus frequency, metallothionein content and certain metals (Cu and Hg).
Analysis of ribosomal capacity to initiate protein synthesis revealed marked deviations among
weakly contaminated and highly contaminated samples (Fig. 6, see also Kalpaxis et al. 2003,
2004). Therefore, it was reasonable to suggest that pollution stress may downregulate global
protein synthesis via induction of translational checkpoints at the level of the initiation step.
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Fig. 6. Time course of Ac[3H]Phe-tRNA binding to M. galloprovincialis poly(U)-programmed
ribosomes. The values of radioactivity have been corrected for the nonspecific binding
downregulate global protein synthesis via induction of translational checkpoints at the level of the
initiation step.
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ABSTRACT
Chemical contaminant monitoring in the French Mediterranean is based on two national networks.
Routine chemical monitoring has been conducted on native or farmed mussels (Mytilus
galloprovincialis) by the national RNO network since 1978. This “passive biomonitoring” approach
assesses the trends of chemical contaminants bioaccumulated in mussel tissues collected along
the Mediterranean coasts. A more recent “active biomonitoring” approach was implemented on
caged mussels deployed in the median geographical area and a standard protocol was developed
and validated by Ifremer in 1996 (Andral et al., 2004) in order to reduce variability of the results
due to various trophic conditions. Since 2000 the bioindicator network (RINBIO) deployed 100
stations along the French Mediterranean coast (1,800 km) in sea and in lagoon every three years,
using man-made cages containing mussels (Mytilus galloprovincialis). Heavy metals, persistent
organic compounds and radionuclides were analysed in mussel tissues. The field methodology and
data management has been thought in order to limit interferences with the effects of trophic level
on the bioaccumulation.

INTRODUCTION
Several European and national projects have supported the development of biomonitoring in the
Mediterranean Sea. The first programme (BEEP - Biological Effects of Environmental Pollution in
marine coastal ecosystem), launched in 2005, studied several biological markers of response to
chemical stresses in marine organisms dispersed along the coasts of the Baltic Sea, the North
Atlantic Sea and the Mediterranean Sea. Specific campaigns along the Greek, French, Spanish
and Italian Mediterranean coasts were conducted to validate the use of selected core biomarkers
at specific sites for both routine assessment of chemical contamination and in the aim of improving
national and international monitoring programmes. Data collected from the majority of biomarkers
analysed in mussels (Mytilus galloprovincialis) revealed a strong station / campaign interaction and
high natural variability (Beliaeff and Bocquené, 2004). A series of practical biomarkers / endpoint
recommendations were drawn up (Garrigues et al., 2005) for the application of core biomarkers to
biomonitoring (lysosomal stability, acetycholinesterase, metallothionein, 7-ethoxyresorufin-Odeethylase, mincronuclei frequency, catalase and glutathione-S-transferase). Secondly, a French
national programme backed by the RNO and RINBIO networks studied seasonal variations in six
mussel biomarkers at two sites in the French Mediterranean Sea. Physiological indicators,
environmental parameters and chemical contamination levels were compared at two sites (La
Fourcade and Carteau). Background levels were determined for six biomarkers
(acetycholinesterase, DNA adducts, benzo(a)pyrene hydroxylase, heat shock proteins,
metallothionein and multixenobitic resistance) at the Carteau native site and the La Fourcade
transplanted site (Tab1).
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Cohort 1

Cohort 2

apr-99
may-99
jun-99
jul-99
aug-99
sept-99
oct-99
dec-99
jan-00
feb-00
mar-00
apr-00
jun-00
jul-00
aug-00
sept-00
oct-00
nov-00
dec-00
jan-01
feb-01
mar-01

Mean level

CV (%)

DNA adducts

AChE

BPH

HSP70

MT

MXR

(Number/109 DNTPs)

(nmol/min/mg prot)

(pmol/min/mg prot)

(mg/g prot)

(mg/g prot)

(arbritary unit)

C

F

C

F

C

F

C

F

C

F

C

F

18.6+/-9.1
33+/-3.7
9.5+/-5.3
19+/-16.9
24.3+/-1.7
27.9+/-3.3
18.2+/-15.7
10.5+/-12
3+/-2.6
44.6+/-12
8.8+/-7.2
17.3+/-2.4
18.1+/-8.1
44.7+/-23.9
54.1+/-0.8
6.1+/-6.5

37.7+/-3.2
40.8+/-14.6
12.6+/-4.1
5+/-2.6
9.3+/-5.3
23+/-9.2

54.4+/-7.4
37.5+/-8.3
41.2+/-8.5
39.1+/-4.7
43.5+/-9
27.6+/-6.8
34.9+/-4.8
42+/-6.9
47.6+/-16.6
44.1+/-8.7
44.2+/-8.2
52.6+/-8.9
42.4+/-8.9
44.2+/-20.1
37.1+/-5.8
38.7+/-9
36.7+/-7.2

41.7+/-7.7
50.5+/-6.2
53.8+/-6.3
39.1+/-7.7
38.7+/-5.6
28.1+/-7.3
43.5+/-2.7
48.1+/-4.4

12.1+/-10.2
8.3+/-5.7
1.4+/-0.2
5.4+/-3
16.9+/-12.8
29.2+/-21
35.4+/-25.7
48.6+/-19.7
46.6+/-22.4
23+/-18.4
12.2+/-5.8
5.6+/-4.2
2.5+/-1.4
24.5+/-2.8
21.5+/-1.3
25.9+/-27.8
38.2+/-12.9

12.5+/-7.6
2.6+/-1.3
1.7+/-0.2
3.2+/-1.3
31.5+/-12.4
21.8+/-8.6
43.1+/-20.9
33.7+/-8.5

40.4+/-11.2
48.1+/-9.3
34.2+/-9.3
28.3+/-4.6
38.4+/-8.6
23.4+/-1.3
24.9+/-4.5
27.2+/-9.5
27.1+/-6.9
32.8+/-4.1
17+/-0.8
24.1+/-4.8
30.8+/-6.1
24.7+/-2.7
21.9+/-5.6
35.9+/-3
21.9+/-5.9

42.6+/-6.8
44.2+/-6.8
32.8+/-6.8
40.8+/-3.5
37.3+/-5.4
30.6+/-4.3

0.022+/-0.007
0.018+/-0.006
0.013+/-0.004
0.01+/-0.003
0.011+/-0.004
0.01+/-0.004
0.008+/-0.003
0.007+/-0.002
0.013+/-0.007
0.013+/-0.003
0.009+/-0.004
0.011+/-0.005
0.012+/-0.006
0.01+/-0.004
0.054+/-0.024
0.015+/-0.004
0.055+/-0.015

0.024+/-0.011
0.019+/-0.009
0.018+/-0.002
0.016+/-0.002
0.022+/-0.006
0.01+/-0.004

3.5+/-0.8
0.1+/-0.1
0.7+/-0.6
4.3+/-1.2
6.6+/-0.9
5.8+/-1.6
1+/-0.1
4.8+/-2.5
9.8+/-5.2
9.1+/-3.1
2.7+/-3.1
6.4+/-2.6
3.2+/-1.9

ND

ND

32+/-10.1
ND

ND

ND

ND

32.3+/-3.4
ND

ND

0.017+/-0.007
ND

48.5+/-44.4
50.8+/-14.3
55.2+/-21.8
29.8+/-4.9
0.011+/-0.003
12.9+/-0.5
35+/-5.5
18.7+/-10.4
33.6+/-5.9
0.02+/-0.007
18+/-8.4
56.7+/-8.1
0.8+/-0.3
30.6+/-4.8
0.014+/-0.005
22.9+/-26.6
43.5+/-11.2
13.1+/-8
34+/-4.4
0.016+/-0.007
ND
ND
9.8+/-4.8
37.6+/-10.1
28.5+/-11
17.2+/-13.4
36.4+/-6.2
28.9+/-10.4
39+/-6.6
0.016+/-0.006
38.3+/-7.7
51.9+/-17.6
84.3+/-24.3
36.6+/-7.7
0.016+/-0.004
ND
17.5+/-0.1
53+/-8.5
30.8+/-23.4
34.3+/-4.7
0.012+/-0.005
ND
ND
ND
ND
ND
15+/-15.2
54.9+/-8.8
79.1+/-13.7
38.3+/-6.5
0.019+/-0.004
ND
ND
37.1+/-5.6
0.02+/-0.008
29.5+/-10.4 12.1+/-4.4 34.2+/-11.5 57.6+/-16.8 78.6+/-7 14.9+/-7.2
17.1+/-0.7 9+/-6.2
35+/-9.9 58.5+/-11.8 33.1+/-14.4 11.9+/-16.2 23.3+/-4.3 24.8+/-6.8 0.065+/-0.018 0.045+/-0.017
ND
ND
ND
ND
ND
38+/-8.4
71.1+/-23.1
33.3+/-5.1
0.052+/-0.012
7.6+/-2.9
ND
24.6+/-10.4 33+/-6.8 34.1+/-5.2 23.4+/-5.4 59.3+/-9.7 24.4+/-5.6 32+/-11.8 0.054+/-0.015 0.05+/-0.012

21.7
65.6

21.4
58.4

40.4
15.7

45.7
19.8

26.8
78.2

28.8
85.2

29.1
26.0

35.0
14.0

0.023
86.3

0.02
52.2

ND

12.1+/-3.6
9.1+/-1.9
2+/-1.9
ND

0.4+/-0.4
0.1+/-0.4
0.1+/-0.2
14.9+/-1.4

4.8
88.8

2.6+/-0.8
2.5+/-1.2
0.8+/-0.6
8.4+/-2
4.7+/-1
ND

3.1+/-2.6
ND

5.4+/-4.2
5.8+/-1.6
2.9+/-3.6
8.8+/-3.1
10.7+/-2.2
6.3+/-2
0.1+/-0.3
0.6+/-0.2
0.7+/-0.8
0.1+/-0.2
7.5+/-1.8
ND
ND

4.2
79.3

Table 1: Biomarkers values in Mytilus galloprovincialis collected at Carteau ( C) and La Fourcade (F) (Bodin
et al., 2004)

Evaluation of the seasonal variations of biomarkers showed comparable base levels for the two
sites. The coefficients of variation for each biomarker, except AChE and BPH, were slightly higher
at Carteau, the most contaminated area with PAH and PCB. Findings from these two pilot sites
demonstrated the suitability of transplanted mussels for use as biomarkers and for establishing
physiological endpoints for chemical exposure. Lastly, the MYTILOS and MYTIMED European
projects (backed by the INTERREG IIIB MEDOCC programme) were initiated with the aim of
developing studies on caged mussels (on the basis of RINBIO protocol), improving current
knowledge on inputs and fate, and reducing chemical contamination in the Mediterranean Sea.
The MYTILOS programme (2004-2006) was implemented throughout the Western Mediterranean
(120 mussel cage stations) in France, Italy, Spain, Morocco, Algeria and Tunisia (Fig 1).

CONCLUSIONS
Chemical contaminant monitoring in the French Mediterranean focuses on the active monitoring of
caged mussels and the passive monitoring of native or farmed mussels. An integrated programme
incorporating both chemical and biological approaches is necessary, but French biomonitoring is
still in the experimental phase. A clearly-structured approach must now be developed within
MEDPOL for efficient integrated chemical and biological monitoring along the Mediterranean
coasts. Assessment criteria must also be harmonised with those of Northern European
organizations and the OSPAR Conventions. Harmonisation should encompass biomarker
selection, specific pilot sites, standard operating protocols and data management, as well as
common inter-calibration exercises, training courses and databases.
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Legend

MYTILOS 2004-2006

Fig 1 : Mytilos campaign using man-made cages containing mussels (Mytilus galloprovincialis).

The bioaccumulation level of CB 153 in mussel tissues demonstrated a high variation levels
between Italy France and Spain (Fig 2). With the support of MAP/MEDPOL, the MYTIMED
programme (2007-2008) will be implemented along Eastern Mediterranean coastal waters (about
120 stations).

Campagne Mytilos 2004
Concentrations ajustées en CB 153 (en ng /g p.s)

CB 153 ng/g w.w.

Huveaune

50,00

Cortiou

45,00

40,00

35,00

30,00

Giannutri

0,00

Spain

France

Italy

Fig 2: Chemical concentration of the CB 153 congener bioaccumulated in caged mussels along the Spanish, French and Italian
Mediterranean coasts
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The present report is a summary of the work undertaken aiming at the assessment of the quality of
the marine environment along the Tunisian coasts using biochemical and cellular markers. Clams,
Ruditapes decussatus were collected during four seasons on seven different sites from the
Tunisian coasts. Oxidative stress was evaluated in the digestive gland using catalase activity (Cat),
neutral lipids, lipofuscine and malonedialdehyde (MDA) accumulation. Glutathion-S-Transferase
activity (GST) is related to the conjugation of organic compounds and was evaluated in both gills
and digestive glands. Acetylcholinesterase activity (AChE) was evaluated as biomarker of
exposure to organophosphorous and carbamate pesticides. Total metallothionein protein was
evaluated in the clam’s digestive gland as biomarker of exposure to heavy metals. Furthermore,
levels of the oxidative DNA damage 7, 8-dihydro-8-oxo-2’-deoxyguanosine (8-oxodG) and catalase
(CAT) activity were measured in the digestive gland and gills.
The specific sampling sites were chosen because of their proximity to urban, industrial and
agricultural areas. Faroua (site1) and Menzel Jemil (site 2) are located in the north of Tunisia in the
Bizerta lagoon (BL) which is a Mediterranean lagoon covering nearly 15 Km2. The lagoon is subject
to urban and agricultural pollution. Wastes of agricultural origin may reach the lagoon as a result of
leaching from inland activities devoted to the cultivation of cereals and thus the lagoon is subject to
eutrophication during the summer (Dellali et al. 2001). Rass Dimass (site 3), is located in the middle
of the Tunisian coastal area, this site is highly subject to urban pollution, especially because of the
presence of used water depuration station. The other 4 sites belong to the south region and are
represented by Luza (site 4) which is 50 km from Sfax, Aouebed (site 5) 20km farther and Gargour
(site 6) and Mahres (site 7) as shown in the Figure 1. Sfax is the most important industrial pole in
Tunisia, causing important pollution problems in the region. Control clams were purchased from a
local mussel farm and acclimated in aquaria containing re-circulating clean seawater (1L/animal).
The application of statistical analysis shows significant differences between sites and seasons
compared to control samples. Faroua (sites1) and Menzel Jemile (site2) seem to be the less
polluted in respect to the other sites for all seasons. Gargour (site 6) shows the highest
contamination level.
Among the different sites, clams sampled at Menzel Jemilee and Mahres (see Fig. 1 for spot
locations) showed the highest heavy metal accumulation rate (Fig. 2). In fact, clams from the latter
two sites showed the highest content of Cd, Cu and Zn with values of 0.19, 2.13, and 23.58 µg/ g
wet weight (ww) respectively in the clams digestive glands from Menzel Jemile, and 0.24, 2.42 and
32.47µg/ g ww in the clams from Mahres. Cd concentration was about two fold lower in sites Chaara
and Gargour with respective values of 0.11 and 0.09 µg/g ww. Conversely, no Cd accumulation was
registered in Rass Dimes, Luza, and Aouebed. the latter two sites displayed also the lowest copper
content (0.29 and 0.49 µg/g ww respectively), while Ras Dimes and Chaara showed copper loads
comparable to Menzel Jemile and Mahres (respectively around 1.5 and over 2 µg/g ww). In general,
zinc amounts were comparable in all sites, except Mahres where a significant higher content was
found.

135

Fig.1. Location of sampling sites along Tunisian coastal areas. Chaara (Ch), Menzel Jemile (MJ),
Rass Dimass (RD), Luza (L), Aouebed (A), Gargour (G) and Mahres (M).
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As Luza showed the lowest heavy metals amounts, it was chosen as the reference site for further
biomarker analysis (Banni et al., 2007).

A discriminant analysis applied to the set of biomarkers shows a significant difference between
several sites. The more effective biomarkers in inter-site discrimination are AChE and neutral lipid
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Figure 2. Heavy metals contents (µg/g wet weight) in the digestive gland of M. galloprovincialis from the different sites after 45
days caging experiment. Shown are, Zn concentration (A), Cu concentration (B) and Cd concentration (C). Analyses were
performed by means of atomic absorption spectrophotometry. * Significantly different, Holm-Sidak ANOVA Multiple Comparison
test versus Luza (n= 5; p<0.05). Luza was used as control site because of the lowest values for heavy metals.

accumulation measured respectively in gills and digestive gland. MDA and GST activities in
digestive gland contribute less frequently in site discriminations (Banni et al 2005).
The use of a biomarker index facilitates the comparison between sites and sampling periods.
Index calculation was performed as described by Narbonne et al. (2001). Biomarkers data were
analysed by carrying out a one-way ANOVA and Tukey test. For each parameter at each site the
mean (average) was calculated. A mean confidence interval (CI) for each parameter is determined
at the desired significance level (traditionally 0.05) for each site and season. The response factor
(RF) is the ratio between the higher and the lower mean, the response range (RR) is the arithmetic
difference between the higher and the lower mean. A discriminatory factor is calculated as DF =
RR+CI/CI. This factor serves to determine the theoretical number of significant differences among
the sites being compared. This DF is converted in discriminatory level (DL), integral number from
analysis of significant differences between means. By using this scale, each biomarker response
must be ranked ‘’1’ or ‘’2’’ when there are two levels from ‘’1’’ to ‘’5’’ when there are five CI places
between lower and higher mean. In order to standardise the biomarker response a biomarker
pollution index (BPI) is attributed at each result according to their rank position. For each site an
MPI is calculated as the sum of five individual biomarkers related to drug metabolising enzymes,
oxidative stress and cholinesterase activity.
Most polluted sites reflected by a higher MPI are sites 6 and 7. Thus, a higher pollution level (5)
may be attributed to these sites corresponding to “highly contaminated environment”. The results
confirm the pollution state of Sfax city coasted area, due essentially to the presence of continuous
discharge of heavy metals and also of organic compounds from local industrial activities as
described by Smaoui-Damak et al (2004). Moreover, other studies performed on sites
neighbouring Sfax city showed an increase of total metallotioneins protein levels in the tissue of
clam Ruditapes decussatus (Hamza-Chaffai et al, 2003; Banni et al, 2003).
Different profiles were observed for 8-oxodG levels in the two tissues analyzed, between the
different sites. Digestive glands of clams from sites Menzel Jemile, Aouabed, Gargour and
Mahress presented levels of 8-oxodG significantly higher than control clams, with the animals from
site Gargour presenting the highest values. In gills, significant differences were observed between
8-oxodG values from control animals and those from sites Chaara, Luzza and Gargour, presenting
higher values (Jebali et al 2007).
The quality of marine coastal environments can be assessed by means of several methods. Various
early warning biological methods have been assembled for detecting, quantifying and identifying
spatial and temporal changes in the quality of marine coastal environments. However, no single
method can satisfy all these objectives.
Over the past decade, molecular, biochemical and cellular markers have been extensively used in
pollution monitoring of aquatic environments. Biochemical markers have been selected among
early molecular events occurring in the toxicological mechanisms of main contaminants.
Biomarkers are useful descriptors of field situations that may allow the identification of chemical
stressors and their potential ecological risk. They give additional information that cannot be
obtained from chemical analysis of pollutant concentrations alone, and they may integrate effects
of mixtures of chemicals over long exposure periods.
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ABSTRACT
The work was performed in the framework of the MED-POL III (MAP/UNEP) programme during the
years 2001 – 2005 in two “hot spot” areas of the Albanian coast, located in Durres and Vlora Bays.
Butrinti Lagoon is used as a background station.
The objective of this study is the determination of heavy metals and metallothionein (MT) levels in
mussels to provide evidence that MTs are involved in responses to heavy metals pollution. The
concentration of heavy metals in homogeneous mass of different size of mussels, mussel’s tissue,
as well as digestive gland of mussels collected in Durres, Vlora and Butrinti stations are analysed
by AAS and ICP. Some comparisons of the levels of heavy metals in each system were carried
out. The highest concentrations of heavy metals were found in the digestive gland of the mussels.
Digestive gland has been selected as the most appropriate tissue for monitoring of metallothionein
(MT) level because of their highest induction capacity and extraction efficiency.
A spectrophotomeric method is optimised to assess the concentration of MTs in the digestive gland
of marine organisms. The procedure takes into account precautions to obtain a complete
metallothionein precipitation and to avoid the oxidation of sulphydryl groups (SH), the
contamination by soluble low molecular weight thiols and enzymatic protein degradation that can
occur during sample preparation in our laboratory conditions. MT levels reflect better than total HM
contents the pollution impact of HM in marine environments.
Keywords: metallothionein, heavy metals, mussel, mussel tissue, digestive gland, biomarker of
exposure

INTRODUCTION
Mussels are generally used as indicator organisms for marine pollution control owing to their
geographical wide spreading as well as to their large capacity for accumulation and storage of
trace metals, like heavy metals (HM), so they could be considered as a biomarker of exposure to
heavy metal pollution, (Duka, 2005).
Metallothionein (MT) was discovered in 1957 when Margoshes and Vallee identified in equine
kidney a cadmium-binding protein responsible for the natural accumulation of cadmium in this
tissue. MTs are still the only biological compounds known to naturally contain this metal, (Viarengo
et al., 1997). MTs show particular biochemical features; they are of low molecular weight (about
6000-8000 Da), soluble, sulphydryl-rich proteins (about 30% cysteine content mammal MTs), with
a peculiar aminoacid (characteristic distribution of cysteinyl residues such as: Cys-X-Cys, Cys-Cys,
Cys-XY-Cys, where X and Y are aminoacids different from cysteine). They are thought to play
roles in both the intracellular fixation of the essential trace elements zinc and copper and in
controlling the concentration of the free ions of these elements regulating their flow to their cellular
destination, and in neutralising the harmful influences of exposure to toxic elements such as
cadmium and mercury and in the protection from a variety of stress conditions (Viarengo et al.,
1999).
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MT are metal binding proteins whose neosynthesis represents a specific response of the
organisms to pollution by heavy metals such as Cu, Zn, Cd and Hg, (Talbot and Magee, 1978). MT
levels are utilized as an early indicator of the biological effects of heavy metals which represent an
important source of pollution in the coastal areas of industrialized zones, (Viarengo et al., 1999;
Roesijadi, 1996), and it is recommended in MED POL III Programme as sensitive biomarker of
marine environment contamination by heavy metals, (Manual on the Biomarkers UNEP/MAP,
Athens 1999).
Determination of MTs presents a challenge for every chemical and biochemical laboratory,
because various methods as UV spectrophotometry, polarography, AAS, capillary zone
electrophoresis, and others are referred in the literature (Dabrio and Rodriguez, 2000; Lecoeur et
al., 2004; Minami et al., 2002). A modified variant of Viarengo’s spectrophotometric method is
used in this study (Viarengo et al., 1997; Duka, 2005).

MATERIALS AND METHODS
1. Sampling area
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Durrës, with more than 150,000 inhabitants, is the main
harbour of the country, located in the central-western
part of Albania at the Adriatic Sea coast. At the beach
of Porto Romano, about 6.5 km north of the city centre,
is located a former chemical plant, extending on an
overall surface of about 50 ha. This plant produced,
until 1990, sodium dichromate, pesticides, such as
Lindane (gamma-HCH), and other chemicals. All
production processes have been idle since that time
and the plant’s buildings have been totally destroyed.
East of the site a drainage system leads the drainage
water from the plain, but also the sewage from Durrës
city, through a main channel into the Adriatic Sea by
means of the pumping station in Porto Romano. Fishing
in the Adriatic Sea is practiced near the discharge point
of this channel. At present, this area represents a “hot
spot”, comprising the remains of the Lindane and
dichromate factory, a dumpsite nearby and a chemical
waste storage site. The Cape of Bishti Palles and Lalzi
Bay located 2 km north of the site are considered to be
one of the areas, which could be used for the
development
of
a
tourist
industry
in
Central Albania.

Fig.1. Map of Albania; Sampling sites

Vlora, with a population of about 120,000 habitants is found in the Southwest part of Albania; it is
located in the gulf having the same name, Vlora Bay and presents the natural boundary between
the Adriatic Sea and Ionian Seas. Four kilometres north of the city, at the beach, it’s the site of a
former chemical complex including a chlorine-alkali plant. During its operation (1967-1992) liquid
wastes (about 500 m3/hr) containing 1.1 mg Hg/L were discharged directly into the sea. Soda –
PVC plant lie down in an area of about 20 ha; another area of 25 ha, positioned between the Plant
and the coast, was used as a technological dump’s disposal. The plant was closed in 1992, and its
buildings have been completely destroyed. Mercury used in Electrolysis Plant and PVC Plant was
spread around on the territory of the plant. From former investigations, drops of metallic mercury in
the area of the electrolysis plant and in all of its drainage canals were observed. Mercury content
levels > 10,000 mg/kg (6th European Framework Programme (2004-2007) in the soil samples are
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found exceeding more than 1,000 times typical EU thresholds. In July 2002, a mission of
UNEP/MAP (GEF Project GF/ME/6030-00-08) had identified this area as a “hot spot”.
Butrinti Lagoon is situated in Saranda district, opposite the island of Corfu and close to the
Greek-Albanian border. The area is largely a wetland site with saline lakes and dissected by two
rivers, the Bistrica to the north and Pavllo to the south. To the east, Mile Mountain (824 m)
separates the wetland complex from the interior of Albania. The area has an outstanding
landscape value with a high variety of natural, semi-natural and artificial habitats. This site was
used as a reference area.
2. Sample preparation
Mussels (M. galloprovincialis) collected from Durres and Vlora were grown in wild natural conditions,
whereas mussels from Butrinti came from a farm. Preparations of the composite samples for
determination of HMs were carried out following the UNEP procedure, (UNEP(OCA)/MED WG.128/2,
1997). Four to five pools of samples each composed of 20 mussel specimens were mixed. Composite
analytical samples were prepared for each station, homogenized and kept in a refrigerator at -20 0C
until chemical analysis.
For the determination of HMs in soft tissues and digestive glands, the mussels were dissected,
damp dried to minimise differences in water content, homogenized and frozen at -20 0C. The same
procedure was followed for the preparation of the gland samples for the determination of MTs.
2.1 Total metal analysis
-Reagents
Nitric acid (69.5%) was obtained from Ridel de Haen, H2O2 30% from Fluka and standard solutions
for Cd, Cr, Cu, Fe, Mn, Hg, Ni, Pb, and Zn were prepared from 1000 mg/L (2% HNO3) standards of
Merck.
- Analytical procedure and apparatus
1. Samples for chemical analysis by AAS were digested with nitric acid and H2O2 into Teflon
vessels for 2 h at 2400 C, and then processed for analysis. An Atomic Absorption Spectrometer
Varian SpectrAA 10/20 is used: flame technique for determination of Cu, Ni, Mn, Fe and Zn,
graphite furnace for Pb, Cd and Cr and cold-vapour system for Hg determinations. Instrumental
parameters were optimised using validation procedures and manual instructions. The accuracy
was tested by analysing SRM-2976 (mussel tissue) from NIST.
2. Metal concentration in digestive gland samples were analysed also using an Inductively Coupled
Plasma Mass Spectrometer HP4500 (Agilent, Waldbronn, Germany). A portion of 500±1 mg of
sample was digested with 5 ml HNO3, using a microwave oven (UltraCLAVE 2TM EMLS, Leutkirch,
Germany) and then diluted to 25 mL with distilled water. The accuracy of this method was tested
by analysing a certified reference material DORM-2 (dogfish muscle) obtained from the National
Research Council of Canada.

2.2 Metallothionein analysis
- Reagents
Sucrose, Trizma hydrochloride, Leupeptine, Phenylmetylsulfonyl fluoride (PMSF), Ellman’s
reagent, 5,5’-dithio-bis (2-nitrobenzoic acid), Glutathione (reduced form) and Ribonucleic acid
(RNA) were purchased from SIGMA Chemicals. Ethanol absolute was obtained by Riede-deHaen
and β-mercaptoethanol was obtained by Fluka.

- Determination of metallothionein content
MT concentrations in digestive gland cells were determined according to the method published by
Viarengo et al. (1997). Some modifications were applied based on our laboratory conditions: first
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separation was performed using lower speed of centrifugation, 10 000 x g for 30 min at 0-40C
(instead of 30 000 x g for 10 min), and measurements of final absorbance were carried out after a
constant time of 2 min (due to instability of the absorbance) (Duka, 2005). An UV-VIS
Spectrophotometer Shimadzu 2401 PC is used for absorbance measurements. A refrigerated
centrifuge type Z323 from Hermle is used for all separations.
2.3 Identification of metals binding metallothioneins
Digestive gland samples were homogenized with 4 ml solution which contains 1 mM dithiothreitol
and 10 µM PMSF. The suspension was sonicated for 60 seconds and then centrifuged at 5000
rpm for 120 minutes at 40C (Duka, 2005). The clear supernatant was used for size-exclusion
chromatography (SEC) measurements. The high-performance liquid chromatography system was
a Hewlett-Packard (Waldbronn, Germany) equipped with a quaternary pump, a vacuum degasser
column oven, and an autosampler with a variable 100 mm3 injection loop. For data evaluation the
chromatographic software G1824C Version C.01.00 was used. The column eluent first entered the
UV detection cell and then was split into two directions: the main part of the eluent (approx.
1mL/min) was directed to the fraction collector, the minor part (approx. 0.2 mL/min) was transferred
to the spray chamber of the ICP-MS. The specific element determinations were performed on an
Agilent 7500C ICP-MS.
3. Results and Discussion
3.1 Total Heavy Metal levels in mussels
Concentrations of heavy metals in mussel samples from Durres and Vlora stations found during
the years 2001 to 2005 are presented in Table 1 and Figure 2 (data obtained in the framework of
MED POL III Programme for Albania, (UNEP, MED POL – Phase III 2002).
Although the compatibility of the data present some shortcomings because of the variability in time
of sampling and in mussel parameters (length and weight) during these years, the following can be
noted on the results obtained:
Table 1. Concentrations of heavy metals in mussel samples from Durres and Vlora “hot spots” (during years
2001- 2005)
Sampl.
station
C 1.2
(Durres
)
C 2.2
(Vlora)

Year
(month)
2001 (7)
2003 (10)
2004 (10)
2005 (12)
2001 (7)
2003 (10)
2004 (8)
2005 (12)

Cd

Pb

Hg

721
269
366
624
288
771
285
424

1388
1640
3856
5662
4031
2380
2618
5694

152
219
195
83.1
242
421
418
381

Concentration, µg/kg DW
Cu
Zn
Cr
Ni
11515
8360
10044
28908
10366
6740
4612
13308
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177515
80500
59800
217840
121675
244600
64500
198640

3970
3930
4332
8994
12484
1630
1438
9718

Mn

4480
2194

181300
22890
53550

3940
6180

139300
12338
46168

Fe
808667
309200
438800
1579380
1214188
293900
191400
1336900
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cr
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ra
m/
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kg
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Figure 2. Changes in HMs concentrations (µg/kg,
DW) in mussel samples in Durres (C1.2) and Vlora
(C2.2) stations during years 2001 – 2005

Ye ar

(a)

The levels of most heavy metals are higher in 2005 than in previous years. It is related
mostly with bioaccumulation process of heavy metals, when the concentrations of HM are
increased with the size of mussels.
(b)
Levels of Cd, Cu, Fe and Mn found in the station C1.2 (Durres) are higher than those found
in the station C2.2 (Vlora). It is related mainly with the geology of the area. The geological
formation of Durres Bay consists mainly of silicate sandy mixed with clay, and that of Vlora Bay
consists mainly of Ca+Mg carbonates (more than 90%). The same findings result also in the
previous monitoring programmes (Cullaj et al., 2000; Celo et al., 1999; Babi et al., 1998).
(c)
Mercury levels in samples of Vlora Bay are more than four times higher than those of
Durres Bay. The same conclusion resulted also in the previous years, caused from the impact
of the former discharges from a PVC plant (Lazo and Cullaj, 2002; Cullaj et al., 2004; Lazo,
2003).
(d)
Use of the wild mussel samples for trend monitoring in our programme has an important
shortcoming resulting from the natural variability between years. To overcome this problem,
caged mussel sampling, as well as the mussels of the same class, with similar dimensions and
weight, should be used.
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The analyses are carried out in mussel samples of the years 2003 and 2004. Results are
presented in Table 2 and Figure 3.
Table 2. HM levels in mussel tissue and digestive gland from different stations of Albania (mg/kg DW)
HM

Cu
Zn
Fe
Ni
Cr
Cd
Pb

Vlora
Digestive
Tissue
gland
14.60
4.30
163
180
666.1
197
47.57
9.5
6.72
15.3
0.518
0.506
4.05
2.24

Durres
Digestive
gland
8.85
81.84
1077
71.65
14.86
1.417
3.02

1.6

6.37
81.83
262.2
25.2
19.67
0.166
1.80

4.5

Cd dig. gland
1.2

3.5

Cd Tissue

0.8
0.4

Butrinti
Digestive
gland
7.43
38.47
327
10.16
1.25
0.60

Tissue
5.43
44.09
160.7
22.13
1.35
0.58

Pb dig. gland
Pb tissue

4

Conc. mg\kg

Conc. mg/kg
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3
2.5
2
1.5
1
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Figure 3. HM in digestive gland and tissue of mussel samples taken from three different stations (in mg/kg
DW)

Because the digestive gland is a good bioaccumulator of HMs, the concentration of HMs in
digestive gland is generally higher than in respective soft tissue of mussels. Enrichment rate of
HMs in digestive gland relative the tissue is very different for various metals and various
sampling areas. Moreover, for zinc and chromium (not presented in Figure 2) we didn’t find any
bioaccumulation of these metals in gland relative to tissue. This indicate that: (i) MT have not the
same affinity to different HMs, due the different affinity of thiolic groups -SH; (ii) levels of HMs in
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water milieu, but also the size and weight of mussels have a strong influence on bioaccumulation
of HMs in digestive gland of mussels.
(iii) From the results found, it is derived that the enrichment factor of HMs in the digestive gland to
the tissue is higher in Vlora samples than in Durres samples. Lower enrichment factor (except Cd)
is found for the samples taken from lagoon Butrinti.
3.3. Metallothionein spectrophotometric analysis
3.3.1 Calibration procedure
MT concentration in the sample is quantified by evaluating the SH-residues content by a
spectrophotometric method, using Ellmans reagent. The reaction produced stoichiometric amounts
of thionitrobenzoat, a yellowish compound with maximum absorbance at 412 nm. We use reduced
glutathione as a reference standard to construct the calibration curve.
The chemical composition of standard calibration solutions is shown in Table 3, and calibration
curve is shown in Figure 4. We found very good linear relationship (r = 0.998) between absorbance
in 412 nm measured after 2 minutes and concentration of glutathione (reduced form).

Table 3. Composition of calibration solutions
Calibration
standard
Blank
Standard
1
Standard
2
Standard
3

Conc. of
MT
nmol/ml
0
14.4

Conc. of
MT
(µg/ml)
0
4.44

GSH
µl

28.8
43.2

HCl 1N +
EDTA 4N, µl

D.T.N.B.
ml

20

NaCl
0.25M
µl
150
130

150
150

4.2
4.2

Final
volume
ml
4.5
4.5

8.88

40

110

150

4.2

4.5

13.32

60

90

150

4.2

4.5

0.6
y = 0.0087x - 0.0082

Absorbance

0.5

R

2

= 0.998

Figure 4. Standard calibration curve obtained by
spectrophotometric evaluation of equimolar –SH
concentration of GSH from rabbit liver.
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As it is shown in Figure 4, this procedure allowed the determination of nmolar levels of MT. To
quantify exactly the absolute value of metallothionein content in mollusc tissues, a homologous
metallothionein standard, not yet commercially available, should be used. However, due to the low
cost of the standard GSH (in respect to metallothionein), this compound have to be preferred for
routine analyses in biomonitoring programmes where variations of metallothionein levels in
different samples, rather than absolute amount determinations, are pursued.
3.3.2 Optimising the time of photometric measurements
During our measurements we found that the absorbance was unstable with time. The changes of
the absorbance at 412 nm for a period 0 to 1000 seconds after adding the last reagent (DTNB) for
two standard solutions are given graphically in Figure 4.
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Figure 4. Change of absorbance at 412 nm with time of measurements for standard 30.0 nmol/ml and 60
nmol/ml GSH

As it is shown in Figure 4, the absorbance of the final product decreased nearly linearly with time,
so the absorbance of standards and samples should be measured as soon as possible, and at the
same time. As it is shown in Figure 4, the rate of change of absorbance value does not depend on
the concentration. The measurements done within 2 minutes do not affect the results (the variance
of absorbance is only 2%), so the time of measurements is chosen within this interval.
3.3.3 MT in digestive gland of mussel’s
The analyses are performed in mussel samples taken in the years 2003 and 2004. The results are
presented in Figure 5 (Duka and Cullaj, 2006).

microgram/g FW

The levels of most MTs in 2004 result are than in previous years. It is related mostly to the
bioaccumulation process of heavy metals (see Figure 2). MT concentrations in mussels of Durres
and Vlora stations are higher than of Butrinti Lagoon, used as background station. Our results of
MT levels are comparable with the reported results for the region: the levels of Vlora and Durres
samples are comparable with those of Patras Gulf, Greece (148-150 µg/g FW) (Kalpaxis et al.,
2004), but lower than those reported for three Italian seacoast sites (140-202 µg/g FW) (Viarengo
and Canezi, 1999). The levels of Butrinti samples are lower than those of other stations.
160
140
120
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80
60
40
20
0

Durres
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Figure 5. MT in the digestive gland of mussels (mg/kg,
Fresh Weight) for years 2003 and 2004 in three
Albanian stations

Butrinti

2003

2004

3.4 Identification of metal-binding metallothioneins
This analysis has been performed at the Institute of Analytical Chemistry at the Karl-FranzensUniversity, Graz (October 2005). In order to find the HMs that are bound to metallothionein, we
used a separation procedure by size-exclusion chromatography, determining the bound metals in
the effluent of the column by using ICP-MS as a element-selective detector.
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Figure 6. Chromatogram of a mussel sample
from Butrinti lagoon, digestive gland.
Chromatographic
conditions:
Column:
Superdex 75 pg; 16/60, Mobile phase: 100
mM NH4HCO3; 1mM DTT, Flow rate 1.2
ml/min.

MT shows typical absorbance spectra due to the particular interaction of different cations in metal
thiolate clusters. These metallotetrathiolate clusters provide the protein with a highly stable
structure that renders it heat stable. In the chromatogram obtained by SEC-ICP-MS (Fig. 6) we
have identified quantitatively metal binding protein in digestive gland. It is clearly shown in these
chromatograms that soluble metals, Zn and Cu are associated with metallothionein fraction.
CONCLUSIONS
1) The content of heavy metals in mussel samples strongly depend on the level of contaminants in
the water system. Mercury levels in samples from Vlora Bay are more than four times higher than
those from Durres Bay due to the impact of former discharges from a PVC plant. At the same time,
however, levels of Cd, Cu, Fe and Mn found in the station Durres are higher than those found in
the station Vlora. This is related mainly with the geology of the area, but also with the impact of
anthropogenic sources.
2) The content of heavy metals in mussel samples varies from one year to another. It is believed
that this results from the natural variability of size and weight of mussels grown in natural wild
conditions. To overcome this problem, the caged mussel sampling, as well as mussels of the same
maturity, with similar dimensions and weight, should be used.
3) The concentration of HMs in the digestive gland is generally higher than in the respective soft
tissue of mussels, but enrichment rate is very different for various metals and various sampling
areas. This indicates that: (i) MTs do not have the same affinity to different HMs; (ii) the
concentration levels of HMs in the water, but also the size and weight of mussels have a strong
influence on the bioaccumulation of HMs in the digestive gland. The enrichment factor of HMs in
the digestive gland to the tissue is higher in Vlora samples than in Durres samples. Lower
enrichment factor (except Cd) is found for the samples taken from lagoon Butrinti. Our results show
that the digestive gland is a better bioindicator of HM than the mussel’s tissue.
4) The spectrophotometric method for the determination of MT as modified on the basis of our
laboratory conditions gives relatively good results; calibration curves are reproducible and show a
good linearity.
The spectrophotometric method allows simple, reproducible and relatively low cost detection of low
concentrations (nmol) of metallothionein in biological samples and therefore it can be used as a
tool for MT quantification in biomonitoring programmes. MTs seem particularly involved in
responses to heavy metals like Zn and Cu, and they should therefore be considered a biomarker of
exposure to heavy metal pollution. High levels of MT would generally indicate the presence of a
metal pollution stress in the animals at the sampling location.

5) MT concentrations in mussels of Durres and Vlora stations are higher than those of Butrinti
Lagoon, used as background station. Our results of MT levels are comparable to those reported for
Patras Gulf, Greece and Italian seacoast sites.
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ABSTRACT
According to the Agreement between the United Nations Environment Programme –
Mediterranean Action Plan (UNEP-MAP) and the Government of Slovenia, the National Monitoring
Programme was established and implemented in Slovenia in 1999, in order to fulfil the demands of
the Barcelona Convention and national legislation. The National Monitoring Programme is part of
the Programme for the Assessment and Control of Pollution in the Mediterranean Region (MED
POL) carried out within UNEP-MAP. This programme also involves monitoring the contaminant
levels in biota and sediments, including trend monitoring and biomonitoring (Turk et al., 2000).

INTRODUCTION
The Slovenian coastline is located in the southeastern part of the Gulf of Trieste in the northern
Adriatic. Pollution hot spots and sensitive areas were identified along the Slovenian coast
according to the recent data and UNEP/WHO recommendations (Turk & Potočnik, 2001). The gulf
is affected by land-based pollution sources like sewage discharge, urban runoff and drainage of
agricultural areas, as well as nautical tourism and intensive maritime traffic to the ports of Trieste,
Monfalcone and Koper. As a consequence, increased concentrations of hydrocarbons were
detected in the upper sediment layer in the marinas and municipal ports (Bajt, 2000). The principal
industries in coastal regions in the past were metal manufacturing, chemical production and food
industry. Main pollution inputs to the Bay of Koper include primarily and secondarily treated urban
and industrial wastewater from the town of Koper and inland agglomerations along the river Rižana
and Badaševica. The Dragonja River carries agricultural discharges into the inner part of the Bay
of Piran. Moreover, tourism, aquaculture activities and a wastewater treatment plant also contribute
to the pollution of the Bay of Piran. No major pollution source was detected in the Bay of Strunjan
(Turk & Potočnik, 2001). Few studies on surface sediments in the Gulf of Trieste, particularly in its
industrialized area, were devoted to the detection and characterization of the sources of persistent
organic pollutants, such as polycyclic aromatic hydrocarbons (PAHs) (Bajt, 2000). The PAHs
content in the sediments of the Gulf of Trieste was estimated to be between 30 and 600 ng g-1 dry
weight, rapidly decreasing with increased distance from the shore (Notar et al., 2001).
Contamination of sediments with PAHs should be declared as low to moderate. The Soča River
continuously washed away cinnabar deposits into the Gulf of Trieste, which is substantially polluted
by mercury, thus making it one of the most polluted areas in the Mediterranean. However, since
1995, acquisition of the cinnabar deposits has been abandoned, and mercury pollution in the gulf
decreased (Horvat et al., 1999, Faganeli et al., 2003). The estimated gross flux of heavy metals
from wastewater treatment plants and industry at the Slovenian coast was 3492 kg in the year
2000 (Turk & Potočnik, 2001).
MATERIALS AND METHODS
The biomonitoring programme was established in 1999, and two biomarkers of exposure were
utilised: genotoxicity and metallothionein content, as recommended by UNEP (UNEP/RAMOGE,
1999). The sentinel organism was the blue mussel (Mytilus galloprovincialis) and was collected at
permanent sampling stations in the Bay of Koper, Bay of Piran and Bay of Strunjan, the last as a
reference station (Figure 1.). Mussels were collected twice per year (March and September)
starting in September 1999. The station in the Bay of Koper is located in the vicinity of the marina
and Port of Koper. Blue mussels were collected from their natural beds in the Bay of Koper and
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from shellfish farms at the stations in the Bay of Strunjan and at the Bay of Piran. Related
environmental parameters such as temperature of seawater, salinity and oxygen saturation were
measured at 2 m depth in the proximity of the sampling stations. Genotoxic effects were measured
in haemolymph using the alkaline filter elution method (UNEP/RAMOGE, 1999) and
metallothionein concentrations in hepatopancreas (Viarengo et al., 1997). The biomonitoring
process also included chemical analyses of mercury, cadmium as well as PAHs in the mussel
tissue. The results of biomonitoring are regularly published in the yearly reports in the series of
reports, National Monitoring Programme of Slovenia, from 1999 onwards.

Figure 1. Sampling Stations for the Biomonitoring Programme in Slovene Coastal Waters

The effects of genotoxic agents in the seawater were evaluated in mussel haemolymph and
expressed as SSF (strand scission factor). In years 2001 and 2002, calculated SSF values were
positive (spans from 0.0215 to 0.0228). From 2003 onwards, SSF values were negative in all
sampling stations during late winter sampling. Moreover, the station in the Bay of Koper also
showed permanent negative SSF, based on samples taken in the late summer period. Meanwhile,
sampling stations in the Bay of Strunjan and the Bay of Piran had revealed negative SSF values in
the late winter and positive SSF in the late summer period. During the monitoring period SSF
values did not indicate sites of bad DNA integrity in the mussels.
Metallothionein content was evaluated in the hepatopancreas of the blue mussels at the same
sampling stations. Generally, metallothionein concentrations in the samples were slightly lower in
late summer compared to late winter. No significant differences were found between sampling
stations or between years. The level of metallothioneins spans from 53 to 163 µg/g wet tissue
during late winter sampling and from 46 to 138µg/g wet tissue in late summer. The amount of
mercury and cadmium in the mussel tissue spans from 70 ng/g d. w. to 240 ng/g d. w. and from
680 ng/g d. w. to 1270 ng/g d. w., respectively (Turk et al., 2005). In conclusion, the evaluated
content of metallothioneins in mussels indicates that there was no site highly polluted with metals
that induce metallothioneins in Slovenian coastal waters.
In order to employ a battery of biomarkers the activity of hepatic ethoxyresorufin-O-deethylase
(EROD) was measured in black gobies (Gobius niger) collected from seven sampling sites along
the Slovenian coast during spring and winter. EROD activity was generally in good correlation with
increased total PAHs content in sediments and sediment toxicity, and was significantly higher
during the non-spawning period in winter than during the spawning period in spring. Sediments
from the same sites were tested for their toxicity and for total content of polycyclic aromatic
hydrocarbons (PAHs) (Ramšak et al., 2004).
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ABSTRACT
The absence of urban and/or industrial sewages treatment stations and the industrial development
in the Algerian western area, resulted in the coastal marine environment becoming the main
receptor of several forms of pollution with a consequent contamination of this biotope. This work
concerns the impact assessment of this coastal pollution by using a suite of recommended marine
biomarkers including lysosomal membrane stability in living cells by the Neutral Red Retention
Time (NRRT) method and the evaluation of micronucleus (MN) frequency in the mussels Mytilus
galloprovincialis, the most used sentinel organism in Mediterranean marine environment
biomonitoring programmes sampled from the large Oran polluted harbour (OH) (Oran bay, Algerian
west coast) and a reference non-urban area of Maârouf (Mrf) (marine mussel farm, extreme north
of Algerian west coast) between July 2005 and April 2006. The difference of the annual physical
parameters variations between OH and the Mrf site corresponds to the influence of the domestic
and industrial wastewater released by the city of Oran without any treatment. The mussels’
biological data (condition index, protein content) recorded of both sites were related to their natural
reproductive cycle. This implied that intrinsic variation between sites due to a different mussel
development phases was minimal. The higher NRRT recorded in the granular haemocytes during
the autumn and spring in the Mrf mussels compared with those of the OH are rather dependent on
the quality of the biotope and the levels of chemical contamination but also on the generic factors
of stress. Moreover, the variation of MN frequency, overall reflecting non-significant seasonal and
spatial genotoxic effect of the two sampling sites’ contamination requires further investigations
related to the biotic and abiotic variations.
Key words: Biomarkers, Algerian west coast, Mytilus galloprovincialis, lysosomal membrane
stability, micronucleus, Oran harbour, Maârouf
INTRODUCTION
The concept of biomonitoring belongs to the indicators of the environment global change. This
predictive approach of the biological effects of the contaminants is currently used through many
scientific programmes in various Mediterranean countries with an aim of promoting a common and
integrated strategy of using marine biomarkers in recommended species sentinels (UNEP, 1993;
1997; Viarengo et al., 1997; UNEP/RAMOGE, 1999; Cajaraville et al., 2000; Viarengo et al.,
2000a; Viarengo et al., 2000b; ICES, 2004). Biomarkers are early warning biological tools able to
detect pre-pathological alterations or disturbances as responses to environment pollutants at
cellular and organism level such as the mussels Mytilus spp (Moore, 1985; Amiard et al., 1986;
Viarengo et al., 1990; Lionetto et al., 2003; Regoli et al., 2004; Gravato et al., 2005).
The increase in the human population (the Algerian littoral zone concentrates more than 40% of
the population), the absence of urban and/or industrial sewage treatment stations and the industrial
development in the Algerian western zone, made the coastal marine environment the main
receptor of several forms of pollution. The assessment of marine pollution developed by our
research laboratory this last decade on various pollutants bioaccumulated by some marine species
(mussels, sea urchins, crustaceans, fishes and cetaceans) from several sites of the Algerian
western coast revealed high concentrations of heavy metals (Hg, Cd, Pb, Zn, Cu, Mn, Ni, Mg),
organochlorinated compounds (PCB and chlorinated pesticides) and polyaromatic hydrocarbons
(chrysene, phenanthrene) (Taleb, 1997; Taleb et al., 1997; Taleb & Boutiba, 1999; Boutiba et al.,
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2003).
In accordance with the actual national priorities of the environmental policy (National Actions Plan
for the Environment and Sustainable Development, 2002, PNAE-DD; Algerian Ministry of the
Environment; http://www.ambalgott.com/download/algerie-paned.pdf), our laboratory recently
developed the first regional marine biomonitoring project entitled: “Use of the biomarkers for the
assessment of marine pollution impacts in western Algerian coastal area” in which some
recommended marine biomarkers (UNEP, 1997; UNEP/RAMOGE, 1999) were introduced in
Algeria for the determination of lysosomal membrane stability in living cells by the Neutral Red
Retention Time (NRRT) method (general stress) and the evaluation of micronucleus (MN)
frequency (genotoxic effects) in the mussels Mytilus galloprovincialis, the most used sentinel
organism in Mediterranean marine environment biomonitoring programmes.
MATERIALS AND METHODS
Sampling sites
Mussels (M. galloprovincialis) were collected from the large Oran harbour (OH) where 90 million
m3 of wastewaters are released annually by the Oran metropolis and many industrial units without
any treatment. High levels of heavy metals, polyaromatic hydrocarbons and bacterial density were
recorded in the tissues of M. galloprovincialis at this site (Boutiba et al., 2003). The second
sampling site was a marine mussel farm located in the non-urban area of Maârouf (Mrf) at the
extreme north west of Algeria and at approximately 200 km away from of the first site (Fig. 1).

SPAIN

MEDITERRANEAN

●
Oran harbour

ALGERIA
●
Maârouf

MOROCCO

0

100 Km

Fig. 1: Sampling sites located along the Algerian west coast.

To assess the seasonal pattern of naturally (physical and biological) induced stress response,
water dissolved oxygen, pH, temperature and salinity were monitored in situ and in the laboratory
the food supply (chlorophyll a) (Lorenzen, 1967), protein contents (Bradford, 1976) in some organs
and mussels condition index calculated as follows: CI = tissue wt (g)/shell length (mm) x 100. The
sampling sites were geo-referenced with Garmin GPS 12 (Table 1).
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Table 1: Data of Oran harbour (OH) and Maârouf (Mrf) sampling sites
Samplin
g site

Sampling
date

Position

July 2005
October 2005

(OH)
January 2006

N35°42'663'' ;
W 000°39'320''

April 2006

(Mrf)

November
2005
March 2006

N35°04'249";
W 002°03'790"

Temp.
(°C)

Salinity
(‰)

Turbidity
(NTU)

Dissolved
O2 (mg/l)

Chl a
(mg/m3)

27.3

34.5

4.5

3.6

2.60

22.4

36.5

2.5

3.9

0.51

13.0

37.5

1.7

4.4

0.57

24.0

37.0

1.5

6.8

1.88

20.7

39.5

1.5

6.3

0.62

21.7

38.5

1.0

6.2

1.05

Mussels collection and handling
Mussels comprised both male and female and were collected randomly each season from mussel
stocks and shipped in coolers with ice packs to the laboratory where they were maintained in flow
through raceway systems of seawater at ambient temperature and salinity for at least 2 days prior
to experimental use. Depuration of mussels facilitates the removal of any residual sediment in the
soft tissues or body cavity.
Evaluation of NRRT in haemolymph
The analytical method was performed according to Lowe et al. (1992) and Lowe et al. (1995) and
proposed by UNEP/RAMOGE (1999), with slight modifications.
Haemolymph was withdrawn from the posterior adductor muscle of ten mussels in physiological
saline so as to obtain a 1:1 v/v of cell/physiological saline suspension. The suspension, obtained
from each mussel, was spread on Poly-L-Lysine (1/10) prepared slides and transferred to light
proof humidity chamber for 15 min to allow the cells to attach. After incubation, 40 µl NR working
solution were dropped onto each slide. At the end of 15 min, the slides were quickly examined at
x400 magnification and images are digitalized using computer-enhanced automatic image
analysis. The system included a charged couple device (CCD) Sony colour camera mounted on a
Zeiss light microscope. Image software (Pinnacle Studio, v. 8) electronically captured the
microscopic images displayed on a television screen (Sony Trinitron) and stored them on a
personal computer. The time after the NR probe application, where there was evidence of dye loss
from the lysosomes to the cytosol in at least 50% of the examined cells, belonging to the granular
haemocytes, represented the NRRT for the mussel.
MN in the haemolymph and gill tissue
The determination of micronuclei frequency was applied according to the procedure proposed by
UNEP/RAMOGE (1999). Then, haemolymph was withdrawn from the posterior adductor muscle of
ten mussels in physiological saline so as to obtain a 1:1 v/v of cell/physiological saline suspension.
Suspensions were spread on slides, transferred to a lightproof humidity chamber, and allowed to
attach. Cells were then fixed in methanol:acetic acid (3:1), stained with 3% Giemsa, and mounted
in Eukitt. Gill cells were isolated by enzymatic digestion with a solution of Dispase I (Neutral
protease, Boehringer Mannheim, Germany). The cellular suspension obtained by filtration was
centrifuged, and aliquots of the re-suspended pellet were fixed in methanol: acetic acid (3:1)
overnight, spread on slides, stained with 3% Giemsa, and mounted in Eukitt. The stained slides
were analysed under the same Zeiss light microscope at a final magnification of 1000x under oil
immersion. The scoring of slides comprised the examination of more than 1000 agranular
haemocytes and epithelial-like gill cells. The criteria used for the identification of micronuclei are
referred in UNEP/RAMOGE (1999).

Statistical analysis
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Statistical analysis of data on condition index, protein content, NRR of the haemocytes and the MN
frequency of the haemocytes and the gill cells were based on Duncan’s test for multiple
comparison and Student t-test between pairs of mean values using Microsoft STATISTICA (v 6.0)
statistical software. The significance level for all statistical tests was set at p < 0.05.
RESULTS AND DISCUSSION
1. Physical parameters and chlorophyll a
Shell length, tissue weight and condition index are of mussels from OH are summarized in Table 1.
They reflect the influence of the domestic and industrial wastewater released by the city of Oran
without any treatment, mainly in July marked by the lowest salinity and dissolved oxygen and by
the higher temperature and turbidity. However, in (Mrf) station, all the physical parameters
remained relatively constant during the two months of sampling except for the Chl a corresponding
to the seasonal bloom of phytoplankton.
2. Biological parameters
The length of collected mussels did not vary markedly over the sampling, lengths for natural
mussels population from (OH) ranged from 50 to 82 mm and 55 to 84 mm in cultural mussels
population of (Mrf) site (Table 2). However, there was an increase in somatic weight during July
and April compared to the other months (October and January) for the mussels of (OH) and
between November and March for those of (Mrf) (Table 2). The condition index reflects significantly
this seasonal change of the somatic weight from period (Table 2).
Table 2: Shell length (mm), tissue weight complex (g) and condition index of mussels, Mytilus
galloprovincialis (value are mean± SD; n = 10 per month, per site) sampled from Oran harbour (OH) and
Maârouf (Mrf) station.
Shell length (mm)

Somatic weight (g)

Condition index

66.7 ± 6

7.16 ± 2.17

26.38 ± 7.06

October 2005

64.9 ± 9.8

6.33 ± 3.2

24.20 ± 10.88

January 2006

69.8 ± 5.4

6.24 ± 1.76

13.76 ± 6.79

April 2006

68.2 ± 5.5

7.3 ± 2.34

19.95 ± 7.52

November
2005

65.2 ± 6.2

4.06 ± 1.16

8.63 ± 2.20

74.8 ± 6

8.58 ± 1.9

22.41 ± 7.89

July 2005

(OH)

(Mrf)

March 2006

The protein level in the digestive gland, haemolymph, gills and mantle/gonad complex of (OH)
mussels showed significant variation throughout the sampling periods except between April and
October in the digestive gland and between April and January in the haemolymph.
The protein content of (OH) mussels peaked in July (summer) in the digestive gland and the
haemolymph and in April (spring) in the gills and the mantle/gonad complex (Fig. 2). For the (Mrf)
mussels cultured population, proteins concentration was statistically higher in March (spring)
compared with November in all the tissues (Fig. 2). This annual seasonal variation in the protein
concentration of both sites was related to their natural reproductive cycle. Protein concentrations
usually decrease just after the period of spawning and increase in the resting stage.
The annual seasonal variation of the protein content that reaches, in general, the highest level
during April and July, reflects the periods of rest (development) and spawning. The protein level is
thus a general indicator that reflects the resting-spawning cycle (Lee, 1986; Mohan & Kalyani,
1989); indeed, the proteins are accumulated and stored for the period of rest in preparation of the
phase of spawning, and will decrease after the spawning, which allows us according to the
biological data recorded for the (OH) mussels to suppose that the spawning periods are October
and January corresponding to the autumn and the winter.
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Fig. 2: Seasonal variation of the protein content (mg.g ) in tissues of Oran harbour (OH) and Maârouf (Mrf) M.
galloprovincialis (mean±SD, n = 5). Statistical signification is based on Duncan’s test for multiple comparison
in different seasons at (OH) and Student t-test at (Mrf). * indicates statistical signification at p<0.05

3. Evaluation of NRRT
The NRR times recorded in the granular haemocytes of (OH) and (Mrf) mussels showed that the
seasonal variation of this biomarker (Fig. 3) did not follow a clear pattern. The labilisation time of
the haemocytes lysosomal membrane of the (OH) mussels was significantly less low during July
compared to October and January, whereas for the other periods of sampling, no significant
difference was noted in this site and even between the NRRT of the two sampling periods of the
(Mrf) mussels.
During the autumn and spring, the NRRT were statistically higher in the (Mrf) mussels compared
with those of the (OH) (Fig. 3).
July 2005
January 2006
November 2005

80

October 2005
April 2006
M arch 2006

NRRT (Min)

60
*

40

20

0
(OH)

(Mrf)

Fig. 3: Neutral red retention times (min) in M. galloprovincialis of Oran harbour (OH) and Maârouf (Mrf) site expressed
as mean±SD from ten mussels. Statistical signification is based on Duncan’s test for multiple comparison and Student
t-test between pairs of mean values, * indicates statistical signification at p<0.05

The results of the evaluation of the NRRT, indicating the general stress in relation to the seasonal
and environmental conditions in mussels collected from an aquaculture farm (Harding et al., 2004),
reflect a seasonal variation model of the membrane lysosomal destabilization, correlated with the
reproductive cycle of the species and consequently with its condition index. Nevertheless, we
noticed in our (OH) samples that for the two periods of spawning (October and January), NRR
times are significantly higher compared to those noted during July that represents a period of postspawning with the highest condition index (Table 2).
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The NRRT variations in (OH) mussels compared to those of (Mrf) showed that the lysosomal
membrane stability is rather dependent on the quality of the biotope and the levels of chemical
contamination. Data of Boutiba et al. (2003) reflect significantly the chemical stress caused in
particular by heavy metals in M. galloprovincialis of Oran harbour. The potentially toxic impact of
this general stress on the mussel populations of the Oran bay was reported following the low
temporal values of the lysosomal membrane stability (Taleb et al., 2003).
It was mentioned, for this purpose a reduction of the lysosomal membrane stability associated with
the exposure of the mussels (M. galloprovincialis), clams (Slaps philippinarum) and oysters
(Crassostrea gigas, Crassostrea virginica) to the pollutants such as heavy metals and polyaromatic
hydrocarbons (Moore, 1991; Lowe et al., 1995; Ringwood et al., 1998; Low & Fossato, 2000;
Viarengo et al., 2000c; Woo-Geon & Sang-Man, 2005).
The level of mussels’ contamination is proportional to the degree of pollution of the surrounding
waters, in particular by the polyaromatic hydrocarbons (Nott & Moore, 1987), which tend to
bioaccumulate in some organelles such as lysosomes inducing a continual destabilization of the
lysosomal membrane (Woo-Geon & Sang-Man, 2005).
The results of many investigations indicated that the physicochemical factors of the biotope, such
as the variations in temperature, the hypoxia and the hyposalinity (Moore et al., 1979; Bayne et al.,
1981; Hauton et al., 1998) can influence the integrity of the haemocytes lysosomes. Other studies
affirmed that the increase in the water temperature during the summer cause a reduction in the
stability of the lysosomal membrane (Tremblay et al., 1998), which could explain also the
significantly lowest NRRT in July in the (OH) mussels and where we noted 27.3°C of a water
temperature and a low oxygen saturation (Table 1).
Times of the lysosomal membrane destabilization ranging between 40-56.25 min for (OH) mussels
and between 56.25-75 min for (Mrf) specimens are comparable with those noted in the same
species of the Greek northern coasts (Dailianis et al., 2003) not exceeding 50 min for populations
exposed to the anthropogenic pollution and the 65 min at a cultured population (Koukouzika &
Dimitriadis, 2005). It is, thus possible to admit, respectively the level of the stress exposure of the
mussels populations used in our study and consequently the quality of their biotope.
4. Determination of the MN frequency
The results of the MN test applied in the haemolymph and gill cells of (OH) M. galloprovincialis,
indicated annual frequency varying respectively from 0.99 to 3.3‰ and 1 to 4.75‰ with a peak of
genotoxicity during January, whereas at (Mrf) mussels, MN was ranging between 0.99 and 1.67‰
in the haemocytes and 0.76 to 1‰ in gill cells (Fig. 4). Nevertheless, the Duncan’s test did not
reveal any significant difference of the annual seasonal variation of the MN frequency in these
tissues of (OH) mussels. The same report is noted for the (Mrf) mussels between the two periods
of sampling.
In addition, the comparison of the MN induction noted at the (OH) mussels and these of (Mrf)
during the autumn and spring reveal significant difference only in the haemocytes.
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(M rf) M arch 2006
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Fig. 4: MN frequencies (‰) in the gills and the haemolymph of (OH) and (Mrf) mussels expressed as mean
values±S.D. from five mussels. Statistical signification is based on Duncan’s test for multiple comparison and
Student t-test between pairs of mean values, * indicates statistical signification at p<0.05

The experimental results indicated higher MN frequency in the gill cells compared to the
haemocytes in the (OH) mussels. The same result was reported by Bolognesi et al. (1999),
Baršienė et al. (2003) and Dailianis et al. (2003). Nevertheless, the agranulocyte haemocytes and
the gill cells remain suitable for the genotoxic evaluation for M. galloprovincialis (Venier et al.,
1997).
The appearance of MN is obvious after exposure of the mussels to chemical contaminants such as
heavy metals and organic pollutants (Mersh & Beauvais, 1997; Venier et al., 1997; Bolognesi et al.,
1999). However, MN frequency found in the present study showed a significant variation within the
same experimental mussel groups (Fig. 4). This internal individual variability of the (OH) M.
galloprovincialis has also been reported in the same species (Koukouzika & Dimitriadis, 2005) and
other bivalves (Wrisberg et al., 1992; Mersh & Beauvais, 1997). Moreover, the variation of MN
frequency, overall reflect non-significant seasonal and spatial genotoxic effect of the two sampling
sites contamination, knowing that other factors can have a great influence in the formation of the
MN such as high death rates cell (Brunetti et al., 1988) and deteriorations on the cell division
(Wrisberg et al., 1992). It was even mentioned that the MN induction in gill cells of M.
galloprovincialis can decrease following a long exposure to a polluted environment (Scarpato et al.,
1990).
Thus, the evaluation of genotoxic stress using the MN test seems to require further investigations
related to the biotic variations (age, sex, development cycle), and environmental parameters
(Dixon et al., 2002; Koukouzika & Dimitriadis, 2005) for its routinely use in biomonitoring
programmes of marine pollution.

CONCLUSION
The damage caused to the lysosomal membrane and ADN appears to be universal markers to
evaluate the effects of stress on the marine organisms in bivalves. Indeed, results of the NRRT
indicating responses to the environmental stress showed that the variation of the destabilization of
the lysosomal membrane of the M. galloprovincialis haemocytes is dependent on the level of
pollution. However, additional research of the MN test is needed to reflect significantly the
genotoxic effect of marine water quality.
The results of this study highlighting the environment stress through recommended biomarkers
(UNEP, 1997; Ringwood et al., 1999; UNEP/RAMOGE, 1999) will contribute to fill the gaps in
terms of ecotoxicology data of the Algerian coastal marine pollution.
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ABSTRACT
This paper presents some results of EROD activities in two Syrian fish species: Chelon labrosus
and Siganus rivulatus from two field stations (Wadi Kandil and Almina). The first station is regarded
as a clean, reference station, and the second one is polluted.
We made some laboratory tests and observed EROD differences in relation to temperature and pH
changes, and in the presence of aromatic compounds complexes at three different concentrations.
The study was undertaken during the year 2004 as part of a Ph.D. thesis, and continued during the
year 2006 for the Mediterranean project.

INTRODUCTION
Many oxidation processes are accompanied with stress (proteins, enzymatic, peptides, vitamins),
and they can be formed in cell organs to decrease stress (Melancon, 1995). We determined
induced enzyme in many ways (Anderson et al., 1988a,b; Larson, 1987). We can use EROD and
P-450 as biomarker (Huggett et al., 1992).
We followed Hodson et al. (1991) in measuring EROD activity, which presents the ability of using
enzymatic complex cytP-450 in fish liver as a biomarker response to organic toxins in the aquatic
environment.
Some morphological data of the fish, such as body weight, liver weight, age and sex were
recorded. In addition, some environmental data such as temperature, salinity, conductivity,
turbidity, oxygen and primary production were measured. Liquid nitrogen was used to prevent any
changes in the enzymatic activity P-450 (Forline & Anderson, 1985).
Fish were identified according to Whitehead et al. (1986); the benthic species Chelon labrosus and
the pelagic Siganus rivulatus were selected.
In the laboratory tests, the fish were injected under the skin with standard liquid of aromatic
compound under various degrees of temperature, pH, using three different concentrations of
standard complex that may give an idea about the lethal doses.
MATERIALS AND METHODS
For this study we chose two regions (see Fig. 1):
a) Wadi Kandil region WK.: it's sited to the north of Ras Albasite near Omm Altior area (35˚ 42, ̀
35˚ 45 ̀). It is extended from Ras Alkanzir to Borg Eslam north of Lattakia city. The depth of the
water column ranged from 30-50 m; it is an open station that is exposed to marine currents all the
year round, and a recipient of Wadi Kandil river discharges.
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b) Almina Altigary MT: We sampled the places where the sewer is discharging near Alsaid and
Alnozha ports. This station (35˚ 30 and 35˚ 34) spreads over 3km. The depth of the water column
ranged from 5-15 m.

MT2
WK2

MT1

WK1
W river

Lattakia Port
Wadi kandil river

Lattakia City

Alkaber-Alshemali River

Fig. 1. The Syrian coast and the locations of the two sampling stations

Liver samples were kept with liquid nitrogen for EROD analysis. Another procedure is followed for
temperatures 1-4º C. We determined protein concentration according to Bradford (1976) and
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Lowery et al. (1957), where Bovine Serum Albumin was used as in Galgani and Bocquene (1988).
Standard rizorufine was prepared as described in Klotz et al. (1984). (See Fig.2)

Fig 2: The analysis of EROD activity

RESULTS AND DISCUSSION
a) EROD activity in female and male Chelon labrosus of Wadi Kandil
EROD activity ranged from 9.35-163.51 nmol/min/nmol P-450. 37% from EROD activity samples
were more than 50 nmol/min/nmol P-450, and 50% were less than 20 nmol/min/nmol P-450 (Fig.
3).
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Fig. 3: EROD activity in female Chelon labrosus of Wadi Kandil

b) EROD activity in male Chelon labrosus of Wadi Kandil
Differences between 95% of samples are so small ranging from 0.04-1.02 nmol/min/nmol P-450
(Fig. 4)
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Fig. 4: EROD activity in male Chelon labrosus of Wadi Kandil

c) EROD activity in female Chelon labrosus in Almina Altigary

Female Chelon
labrosus from MT.

It ranges between 1.508-87.113 nmol/min/nmol P-450. About 33% of the samples ranged from
36.17-59.57 nmol/min/nmol P-450, and 22% of the samples differed between 74.86-87.11
nmol/min/nmol P-450 (Fig. 5).
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Fig. 5 : EROD ACTIVITY IN FEMALE CHELON LABROSUS in Almina Altigary

d) EROD activity in male Chelon labrosus in Almina Altigary. It ranges between 4.34-542.41
nmol/min/nmol P-450; only about 8.7% ranged between 318.95-385.53 nmol/min/nmol P-450, and
21% ranged between 122.56-164.98 nmol/min/nmol P-450 (Fig. 6).
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Male Chelon
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Fig. 6:EROD activity in male Chelon labrosus in Almina Altigary

e) EROD activity in male Siganus rivulatus (Wadi Kandil)
During 2004 two samples were analysed and the results were 36.892 and 23.8746 nmol/min/nmol
P-450.
f) EROD in male Siganus rivulatus (Almina Altigary )
During 2004 the results of the four analyzed samples were 33.648, 55.466,65.7356 , 135.684
nmol/min/nmol P-450.
g) EROD activity in male Chelon labrosus (2006)
EROD activity during September, 2006 doesn’t reach 90 nmol/min/nmol P-450, whereas it doesn't
reach 0.03 nmol/min/nmol P-450 during May, 2006 in Almina Altigary (Fig. 7).
In Wadi Kandil, it doesn’t reach 0.009 nmol/min/nmol P-450 during September 2006.
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Fig. 7 :EROD activity in male Chelon labrosus in Almina Altigary (May 2006).
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h) EROD activity in male Chelon labrosus in Almina Altigary (September 2006) (Results of
Mediterranean project) (Fig. 8)

Fig 8:EROD activity in male Chelon labrosus in Almina Altigary (September 2006)

i) EROD activity in the males of Chelon labrosus of Wadi Kandil September 2006 (we made this
analysis for Mediterranean project). (Fig. 9)
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Fig 9. EROD activity in male Chelon labrosus in Wadi Kandil (September 2006) .

There was a significant relationship of EROD activity with each of total and standard length of fish
(69-70%), and with weight (75-75%). In addition, we observed many negative relationships
between P-450 and length (-54%, -86%) between weight of liver and total weight. Other
relationships were observed between Cytop450 and liver weight, reaching to (70)%. These
relationships indicate that EROD activities increase with age and with pollutant concentrations.
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LABORATORY STUDIES

We injected the test fish with 10 µL of standard mixture compound (concentration C); diluted 10
times solution (concentration B), and diluted 20 times (concentration A) (see Table 1 for
concentrations). The aim of our study was to see how aromatic compounds bio-accumulate in liver
under different environmental conditions (Fig 10).
We chose three degrees of temperature (18,20 and 30 ºC), and three levels of pH (6.85,7.5 and
8.2). The fishes were acclimatized for 1, 3 and 5 hours in natural marine water (natural pH).
Chelon labrosus were injected under the skin of the abdomen.
We chose the fish that are similar in morphology (length, weight) and health while individual fish
was marked by tags for differentiation.

Fig. 10: the aquarium with different degree of temperature,
p H, and concentrations (A,B,C).
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Table 1: Concentrations of aromatic compounds in the standards used

Concentration
اﻟﻤﺮآﺒﺎت
C (ng/µL)
C10
15
Naphthalene
31.61
C12
15.4
1Methyl naphthalene
19.02
1 Ethyl naphthalene
16.71
C-14
15.2
Acenaphythylene
34.05
Acenaphythene
24.52
2,3,6,Trimethyl naphthalene
17.38
Fluorene
38
C-16
15
C-17
15.2
Pristane
15
Phenanthrene
36.67
Anthracene
33.34
n-Octadecene
15.4
C-18
15
Phytane
12.8
2Methyl Phenanthrene
11.38
1Methyl naphthalene
2.59
3.6Dimethyl phenanthrene
16.76
C-20
15
Fluoranthene
20.86
Pyrene
30.35
C-21
15
C-22
14.95
1Methyl Pyrene
12.86
C-24
15
Chrysene
28.04
C-26
15
Squalane
15.4
C-28
15
Perylene
17.9
C-30
15
C-32
30
C-34
30

Concentration B
(ng/µL)
1.5
3.161
1.54
1.902
1.671
1.52
3.405
2.452
1.738
3.8
1.5
1.52
1.5
3.667
3.334
1.54
1.5
1.28
1.138
0.259
1.676
1.5
2.086
3.035
1.5
1.495
1.286
1.5
2.804
1.5
1.54
1.5
1.79
1.5
3
3

Concentration A
(ng/µL)
0.75
1.5805
0.77
0.951
0.8355
0.76
1.7025
1.226
0.869
1.9
0.75
0.76
0.75
1.8335
1.667
0.77
0.75
0.64
0.569
0.1295
0.838
0.75
1.043
1.5175
0.75
0.7475
0.643
0.75
1.402
0.75
0.77
0.75
0.895
0.75
1.5
1.5

From the plots below it can be seen that:
a) The effect of temperature is not obvious in samples that were injected with low
concentrations, whereas the effects were very obvious in samples that were injected with high
concentrations.
b) The form of our equation varies with pH and increases with time under high concentration.
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EROD activity changed with pH after 1,3,5 hour
and with three concentration

EROD activity changed with temperature of
water after 1,3,5 hour and with three
concentration

c) *EROD activity changed with temperature, with concentration of Naphthalene (A, B, C and
the Blank) and with time.
d) *The concentration of aromatic compound increases with EROD, as median after 3 hour of
injection.
e) *EROD activity reached its maximum after 5 to 6 hours
From the plots below it can be seen the effect of temperature and the concentration of
pollutants.
• *the results are similar at pH 6.85 and 7.5 with the changes of naphthalene concentrations
and EROD after 1, 3 and 5 hours, whereas in pH=8.2, the effect was noticed clearly after 1
hour.
• * there is a similarity in the results after 1, 3 and 5 hours with different temperatures.
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EROD activity with changed pH ,time, and EROD activity with changed temperature, time
naphthalene concentration
and naphthalene concentration

•

•

*EROD activity increased at 18 & 20º C with changes of concentration of pyrene, whereas it
decreased at 30º C.
*In general, we can say that EROD activity increases continuously at pH=6.85, whereas it
decreases continuously at pH= 7.5 with changing time.
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EROD activity with changed temperature, time
and pyrene concentration
EROD 30C = 22.525x + 98.088
R2 = 0.9997

1h

EROD 20C = 11.07x + 85.565
R2 = 0.9912

EROD activity with changed pH ,time, and
pyrene concentration
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* EROD activity continuously increases with the concentration of perylene at 18 and 20º C,
whereas it decreases at 30º C.
* At pH 7.5 and 8.2 there is a continuous increase but it is very different in pH = 6.85 with
time.
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EROD activity with changed temperature, time
and perylene concentration
EROD 30C = 38.42x + 94.095
900
R2 = 0.9999
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300
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5
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EROD activity with changed pH ,time, and
perylene concentration
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*EROD activity increased for different concentrations of phenanthrene with pH in1 and 3 hours, but
the effect was stable after 5 hours.
* EROD activity increased with temperature after 1, 3 and 5 hours.
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EROD activity with changed temperature, time
and phenananthrene concentration
EROD 30C = 18.754x + 94.095
R2 = 0.9999

1H

EROD 20C = 9.2256x + 83.515
900
R2 = 0.9932
800
EROD 18C = 8.0726x + 74.218 700
R2 = 0.981
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EROD activity with changed pH ,time, and
phenananthrene concentration
EROD PH 8.2 = 10.196x + 96.299
R2 = 0.9907

1H

500
400
300
200
100
0
40

35

30

25

20

15

10

5

0

40

35

PHENANANTHRENE
EROD 20C = 9.7988x + 96.162
R2 = 0.9856
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EROD activity varied with changing the concentration of 1 methylpyrene at 18-20˚C. There
was a continuous increase after 1 and 3 hours, a decrease after 5 hours, and a continuous
decrease at 30C˚.

*There was a continuous increase at pH of 7.5 & 8.2 but it varied with time under pH of 6.85.
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EROD activity with changed temperature, time
and 1methylpyrene concentration
EROD 18C = 23.019x + 74.218
R2 = 0.981

EROD 30C = 53.478x + 94.095
R2 = 0.9999

1H

900

EROD PH 8.2 = 29.073x + 96.299
R2 = 0.9907
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EROD activity with changed pH ,time, and
1methylpyrene concentration
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*EROD activity changed with different concentrations of 2methylphenanthrene in two
different degrees of temperatures 18 &20º C whereas it increased with time, and decreased
at 30º C.
*At pH 7.5 and 8.2 it continuously increased, whereas it varied with time at pH 6.85.
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EROD activity with changed temperature, time
and 2methylphenananthrene concentration
EROD 20C = 29.728x + 83.515
R2 = 0.9932

EROD activity with changed pH ,time, and
2methylphenananthrene concentration
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ABSTRACT
The paper outlines a 2-tier approach for wide-scale biomonitoring programmes. To obtain a high
level of standardization, we suggest the use of caged organisms (mussels or fish). An “early
warning”, highly sensitive, low-cost biomarker is employed in tier 1 (i.e. lysosomal membrane
stability and survival rate, a marker for highly polluted sites). Tier 2 is used only for animals
sampled at sites in which LMS changes are evident and there is no mortality, with a complete
battery of biomarkers assessing the levels of pollutant-induced stress syndrome. Possible
approaches for integrating biomarker data in a synthetic index are discussed, along with our
proposal to use a recently developed Expert System. The latter system allows a correct selection
of biomarkers at different levels of biological organisation (molecular/cellular/tissue/organism)
taking into account trends in pollutant-induced biomarker changes (increasing, decreasing, bellshape). A selection of biomarkers of stress, genotoxicity and exposure usually employed in
biomonitoring programmes is presented, together with a brief overview of new biomolecular
approaches.
Thanks to the rapid advancement of the field of aquatic toxicology in recent years, we now have a
greater understanding of the effects of pollutants on marine organisms at a molecular, cellular,
tissue / organ, and organism level. Within the framework of the 2001-2004 EU Biological Effects of
Environmental Pollution Program (BEEP), additional emphasis has been put on the importance of
assessing physiological responses suitable for evaluating the reproductive performance of the
animals of interest, linking observed changes in biomarker activity to putative contaminant effects
at a population level.
Molluscs (mainly mussels, Mytilus sp.) and fish (Mullus sp., Platichthys flesus L., Zoarces
viviparus, Perca sp.) have both been employed as sentinel organisms in routine biomonitoring
programs, both at a national and an international level (Med Pol, UNEP Mediterranean
Biomonitoring Program; OSPAR Convention, RAMOGE., etc.). As a result, molluscs are now
taken as the bioindicators of choice on the basis of their wide geographic distribution, their
straightforward availability in the field and through aquaculture, and their suitability for caging
experiments along coastlines. At the same time, the use of fish in monitoring programs is believed
to be of importance despite logistic problems (the cost of sampling, caging, transportation, etc.)
because of the key position of these organisms in the trophic chain and their high commercial
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value. Therefore, protecting fish populations from the adverse effects of sea pollution is not only an
issue of conservation ecology but it is of great economic value.
In this paper, we focus on low-cost biomonitoring strategies that employ sentinel organisms and
biomarkers while taking into account the recent advances in the field of aquatic toxicology. It
should be noted here that an approach that makes use of biomarkers does not replace chemical
and ecotoxicological monitoring strategies, but it integrates them providing an unique contribution
in determining the toxicity of pollutants (even when they are present at low, sub-lethal
concentrations).
Thus, this review attempts to describe in some detail the use of molluscs as sentinel organisms
while providing some basic information for developing monitoring strategies that analyse pollutant
effects on fish the latter being mainly studied as wild organisms for investigating the physiological
status of natural populations.
The first two important issues to be considered are the means through which sentinel organisms
are exposed to the pollutants and the choice of the biomarkers.
Molluscs, and mussels (Mytilus sp.) in particular, can be easily caged in adequate steel containers
usually positioned 3-4 meters under the sea surface. They have been proved to be
suitable sentinel organisms for biomonitoring coastal sea waters (Cajaraville et al., 2000; Viarengo
et al., in press), lagoons and estuaries (Nasci et al., 2002). Caging the organisms as described for
3-4 weeks allows physiological parameters not to be affected by differential changes in the
reproductive cycle although slight variations in temperature, food availability and salinity may take
place at each site.
Under these conditions, observed changes in organism physiology are believed to be related to the
effects of toxic chemicals present in water that are accumulated in the tissues of these filterfeeding molluscs.
Using caged organisms in biomonitoring studies, as well as in related research, makes it easier to
standardize the results and to compare control organisms to animals collected from potentially
polluted sites, making it possible to correctly measure the differential accumulation of chemicals in
the tissues of control individuals and individuals caged in polluted areas. In fact, a relationship
between biological effects and pollutant concentrations cannot be inferred utilising wild animals
since harmful compounds may have a very different biological half-life in mussels: from days
(copper and pesticides) to months (cadmium) and years (Viarengo et al., 1985; Poremski and
Wiandt, 2000). Moreover, pollutants may be partially stored in the cells in non-toxic forms
(Viarengo and Nott, 1993). For this reason, they are found in different amounts in individuals of
different ages (Koehler, 1989).
In addition to this, animals from wild populations may be at different stages of gonadal maturity and
therefore may show different biological responses and pollutant accumulation patterns in the
various tissues; typical examples are polycyclic aromatic hydrocarbons (PAHs) and coplanar
polychlorinated biphenyls (PCBs) contents in the egg lipidic envelop. It should be noted that the
use of wild mussels can always integrate mussel watching with caged organisms. This is the case,
in particular, when studying pollutant long-term effects that may be emphasized in mussels from
natural populations. However, as mentioned above, the requirements concerning mussel sampling
conditions should be always carefully satisfied (same specie sampled along the coast, similar age
and similar gonad developmental stage, etc.).
It is important to point out that different tools for biomarker data integration and interpretation have
been developed in recent years, aimed at drawing up indices to rank the different stages of
pollutant-induced stress syndrome (Schmolke et al. 1999; Broeg et al., 2005). In particular, an
"expert system" for mussel stress syndrome classification was developed within the BEEP
framework (Viarengo et al., 2000; Dagnino et al., 2007). This approach is an important contribution
in the attempt to sort out what biomarkers are useful to assess the organisms' health. Indeed, this
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system assesses the development of pollutant-induced stress syndrome, "ranking" the different
stages. To do so, some requirements need to be fulfilled. The suite of biomarkers must include:
1. biomarkers that are sensitive to stress at a molecular and a cellular level. These, being rapidly
activated, should give early warning signals of toxic chemical effects on the animals.
2. biomarkers assessing pollutant damage at the tissue level.
3. biomarkers assessing stress at the organism level, giving indication of the potential survival
capacity of the animals as well as their reproductive performance. These are essential to relate the
effects of pollutants on individuals to the possible changes at the population level.
Using cellular biomarkers that can integrate input from different environmental stressors during the
3 - 4 week period of exposure would provide a clear insight in the development of the stress
syndrome.
Among others, biomarkers currently employed that fulfil these requirements are the following:
lysosomal membrane stability, lipofuscin and neutral lipid accumulation in lysosomes, and
micronuclei frequency. These biological parameters have often been utilized in biomonitoring
programs in the past years. In the light of recent advances, however, they have acquired a new
relevance. It is important to point out that the above mentioned "expert system" takes into account
the fact that the changes in individual biomarker values over a stress gradient show characteristic
trends (i.e. increasing, decreasing, or bell-shaped response profiles). On the basis of this
information and of the physiological significance of the different biomarkers employed, the system
described takes into consideration the possible mutual interferences that may occur among various
biological factors in a stress condition.
Another very important point to be addressed here regards the setting up of a “biological mussel
watch”. It would be very expensive to make use of a full biomarker battery (at least 6-8 indices) to
verify the potential effects of pollutants in tens or hundreds of sites along a sea coast.
Thus, to make the biomonitoring tool suitable for application purposes, we propose a two-tier
approach aimed at developing a cost-effective strategy which Environmental Agencies can afford.
Tier 1. Screening: For the initial screening, we propose the use of a highly sensitive, low-cost
biomarker such as lysosomal membrane stability. Mussel mortality rates will indicate areas
characterized by high levels of pollution.
Tier 2. In sites where an alteration in lysosomal stability has been established, the level of the
stress syndrome is then to be assessed by utilizing the full battery of biomarkers. The data
collected should be then run through an appropriate approach of data integration (including the
“expert system”) to obtain an objective assessment of the pollutant induced stress syndrome.
In the dataset of stressed animals, sampled in the polluted areas, biological effects are predicted to
be related to the amount of toxic chemical compounds accumulated in their tissues during the
caging period. The selection of biomarkers represents therefore a crucial issue in obtaining an
integrated index for ranking the stages of stress syndrome advancement.
The present review describes in some detail a number of biomarkers of stress and exposure that
can be measured in mussels and fish (both caged or wild), to render easier the selection of the
tests to be utilized in a two tiers biomonitoring program.
Examples of suitable biomarkers to be utilized on bivalves or fish as sentinel organisms are listed
in Table I and Table II, respectively.
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Biomarkers of stress

Lysosome membrane stability
In the field of aquatic toxicology lysosomes have attracted considerable attention in recent years
because they i) were shown to be the target for a wide range of contaminants, ii) are easy to
visualize in blood cells and in reacted tissue cryosections, and iii) are present in all nucleated cells
and therefore are not species-specific. Lysosomes are subcellular organelles surrounded by a
semipermeable membrane that contains numerous hydrolytic enzymes involved in a range of
cellular processes including digestion, defense, and reproduction (Moore, 1976; Pipe, 1993;
Ferreira and Dolder, 2003). Enhanced catabolic activity and lysosomal damage can provoke, as an
ultimate effect, the leakage of acidic hydrolases in the cytosol, possibly leading to a more severe
damage and to cell death (Koehler et al., 2002). Recent findings suggest that toxic chemicals may
affect these organelles not only by acting directly on the membrane, but also by activating (or
downregulating) calcium- and tyrosine kinase-dependent cell signaling pathways (Burlando et al.,
2002; Canesi et al., 2004; Marchi et al., 2004).
Initial studies about the toxic effects of contaminants on lysosomes were carried out to determine
lysosomal membrane stability by using histochemical procedures applied on frozen tissue sections
of fish liver or mussel hepatopancreas (Moore, 1976; Koehler, 1991). This methodology is currently
chosen by many researchers; for example it was utilized in the BEEP EU project in the Baltic Sea
as well as in the MARS project (Broeg et al., 1999a, 1999b, 2002; Koehler et al., 2002; for a review
dealing with both fish and mollusc procedures see Moore et al., 2004).
In the cytochemical assay, serial sections of the tissue containing the lysosomes are exposed
to a series of artificial labilisation periods in acid buffer. At the point when the lysosomal membrane
is destabilized the substrate enters the lysosome and is then visualized by aid of a coupling
reaction with an azo dye (such as fast violet B). In this method, animals are considered to be
healthy if the lysosomal stability is >20 minutes; stressed but compensating if <20 but >10 minutes
and severely stressed and exhibiting pathology if <10 minutes.
The advantage of the cytochemical approach using frozen sections is related to its potential to
analyse a number of other parameters in parallel, such as lipofuscin and unsaturated neutral lipids
contents, enzyme altered preneoplastic foci, and any protein of interest for which specific
antibodies and/or cytochemical stain are available.
In fish, two peaks of lysosomal membrane destabilisation have been identified. The first peak
corresponds to aged secondary cell lysosomes loaded with undegradable material (including
chemicals as well as injured cell organelles). This first peak at <10 minutes clearly indicates the
onset and progression of liver histopathologies (Koehler et al., 2002). The second peak is related
to younger and more stable lysosomes and is reached at < 30 minutes. Among other things, it is
also indicative for an assessment of liver damage. It correlates significantly with accumulated
chemicals (POPs, heavy metals), thus reflecting the actual contamination (Diamant et al., 1999).
Values for the second peak between ≤ 30 – 20 minutes indicate compensating stress and > 40
minutes reflect a healthy, unaffected state.
However, Lowe and Pipe (1994) developed an in vitro method that was originally set up for fish
hepatocytes and subsequently further developed for blood cells of a range of invertebrate species
living in water or soil (Weeks and Svendsen, 1996). This method, usually referred to as neutral red
retention time (NRR or NRRT), uses the fact that damaged lysosomes showing membrane
destabilization are an indication of a critical health status of the cells.
According to the in vitro methodology, the dye is sequestered into the lysosomal compartment
when living cells are preloaded with neutral red (NR); if the lysosome membranes are damaged
NR leaks out into the cytosol where it can be visualized under the microscope. The time taken for
the dye to leak out into the cytosol is related to the degree of membrane damage. In case
lysosome membranes are severely damaged the dye will leak out within 15 minutes of incubation,
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whereas healthy lysosomes retain it for up to 180 minutes (Lowe and Pipe, 1994). The NRR assay
has to be considered "a stress on stress test", in that neutral red is itself toxic for the cells and
therefore further damages lysosomal membranes that are potentially already damaged. The
additional damage caused by the dye results in a total membrane failure in the case of severely
impacted cells, and also in membrane failure and leakage in healthy cells but in this case only after
150-180 minutes.
NRR as well as the cytochemical approach to measure lysosomal membrane stability was one of
the core biomarkers selected for the biomonitoring approach within the BEEP program (EU VI
Framework Program), that examined the usefulness and robustness of a range of biomarkers in
studies carried out in different sites along the North Atlantic, Baltic and Mediterranean coasts, as
well as in series of experimental exposure studies undertaken at the mesocosm facility at
Rogaland Research in Stavanger (Norway) (see Aquatic Toxicology Vol. 78, Supplement 1, 2006).
Lysosomal membrane stability assays were carried out accordingly to what reported by Moore et
al. (2004), and the analysis of results demonstrated a good negative correlation between lysosome
membrane damage and contaminant burdens at the different sites. Interestingly, samples taken
from sites in the Baltic region indicated the need for appropriate saline solutions when working with
mussels pre-adapted to a low salinity regime, i.e. 12-15 ppt. Therefore, the studies at the Baltic
sites were carried out by replacing the usual physiological saline with 0.2 -filtered local sea-water
(4 weeks being an adequate period of time for caged mussels to adapt to the different salinity
environmental conditions).
As a good indicator of contaminant-induced lysosomal membrane damage, lysosomal membrane
stability assays were employed in a number of other field studies with successful results using
mussels (Lowe et al., 1995; Fernley et al., 2000; Castro et al., 2004; Einsporn et al., 2005;
Schiedek et al., 2006) and also other invertebrate species including oysters (Hauton et al., 2001;
Ringwood et al., 2002), scallops (Hauton et al., 2001), limpets (Brown et al. 2004), and crabs
(Wedderburn et al., 1998) and fish (Koehler et al., 1992, 2002). The high sensitivity of this assay
was confirmed during experimental studies within the BEEP program (EU VI Framework Program),
by the fact that in some exposure experiments the levels of contaminants used were at
concentrations lower than 1% of their published LC50 values. Nevertheless, they provoked a
damaging effect on the lysosomal membranes of blood cells as well as in fish liver (Lowe and
Koehler, unpublished result) that was clearly identified by NRR assay.
Reduced lysosomal membrane stability has to be considered as an indicator of a general
physiological stress, i.e. non-specific. As such, it was used in a variety of other studies where a
measure of stress was required; however, in a recent study by Harding et al. (2004) the effect of
transportation of cultivated mussels was assessed using lysosomal damage as a biomarker of
effect; moreover, the effect of temperature and salinity (Hauton et al., 1998, 2001) were also
investigated in combination with other stress variables using this assay.
In conclusion, the lysosomal membrane stability, assessed either by NRR or by the histochemical
technique, provides a robust Tier 1 screening biomarker for Environmental Impact Assessments
(EIAs).

Oxidative stress biomarkers and lipofuscin lysosomal content
Toxic effects of pollutants often depend on their capacity to increase the cellular levels of reactive
oxygen species (ROS). This can happen either by the straighforward activation of processes that
lead to their synthesis or indirectly acting on enzymes (including superoxide dismutase, catalase,
etc.) and scavengers (both hydrophilic such as GSH, ascorbate and MT, as well as lipophilic such
as vitamin E and carotenoids), and thus decreasing cell defences. When ROS levels production
exceeds antioxidant defences, cells experience oxidative stress which causes, among others,
membrane lipid peroxidation (Viarengo, 1989).
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The peroxidation end-products are accumulated in lysosomes as insoluble granules containing
autofluorescent pigments and are usually referred to as lipofuscins. The bulk of lipofuscin granules
is constituted by oxidatively modified proteins and lipid degradation products, along with
carbohydrates and metals (George and Viarengo, 1985; Viarengo and Nott, 1993; Terman and
Brunk, 2004). Although lipofuscin composition may be variable, all lipofuscin pigments are not
degradable, probably because of the presence of peptides that are cross-linked by aldehydes into
plastic-like, insoluble structures (Kikugawa et al., 1989).
The accumulation of these pigments in the lysosome vacuolar system of fish hepatocytes or in
digestive gland cells of molluscs represents an indication of the oxidative stress level in the cells
and it is related to the level of membrane lipid peroxidation (Viarengo and Nott, 1993).
During the exposure of mussels to pollutants, this biomarker typically shows a continuously
increasing trend , which reaches a maximum level that is determined by the rate of secretion of
lipofuscin-rich residual bodies into the external fluids. This rate is characteristically different for
each tissue in different animal species (George and Viarengo, 1985; Viarengo and Nott, 1993).
Overall, the use of lipofuscins as a cellular biomarker of oxidative stress seems to be more
appropriate than the use of the malondialdehyde (MDA) or thiobarbituric acid (TBA) reactive
compounds. In fact, these compounds are intermediate products of lipid peroxidation and, as
reactive toxic metabolites, they are usually rapidly degraded (Esterbauer, 1985). On the other
hand, lipofuscins represent an end point in the lipid peroxidation process and their accumulation is
easily detectable in cells of stressed organisms. Recent studies by Moore (personal
communication) indicated that lipofuscin levels are strongly correlated to lysosomal damage.
The method proposed for the determination of lipofuscin levels in molluscs and fish is simple and
inexpensive although it requires a cryostat for obtaining 10 m sections of frozen tissue. Sections
are stained by Schmorl´s reaction (Moore, 1988) and observed under a microscope. Lipofuscin
content is then usually quantified by image analysis.
The mechanism underlying most assays employing biomarkers of oxidative stress that are in use is
related to the change in the activity of the ROS defences system. Catalase, superoxide dismutase
(SOD) and GSH transferase activities (GST) are often modified in response to cellular oxidative
stress (Viarengo et al., 1988; Orbea et al., 2002b; Regoli et al., 2002; Geret et al., 2003; Orbea and
Cajaraville, 2006).
In particular the assessment of catalase and GST activities, easily carried out by a low-cost
enzymatic test, has often been used in laboratory studies and biomonitoring programmes for both
fish (Romeo et al., 2000) and mussels (Romeo et al., 2003a, 2003b). These enzymatic tests have
been proved to be suitable for monitoring the effects of pollutants on sentinel organisms. The
enzyme response to toxic chemicals shows however a bell-shaped trend, with an initial increase
due to the activation of enzyme synthesis followed by a decrease in enzymatic activity (due to the
enhanced catabolic rate and/or a direct inhibitory action of toxic chemicals on the enzyme
molecules). For this reason, enzyme assays should be used in association with other biomarkers
such as the lysosomal membrane stability and lipofuscin accumulation assays, which follow the
development of the pollutant-induced stress syndrome and therefore may help to correctly interpret
the “physiological meaning” of changes observed in antioxidative enzymatic activities.
Similarly, the concentration of scavengers such as GSH, can be utilized per se as a biomarker of
oxidative stress. In this case, a decrease in GSH concentration is usually associated to enhanced
peroxidation processes in the cell membrane (Ziegler, 1985; Viarengo et al., 1990). It is important
to mention that cells tend to maintain a constant level of reduced glutathione. For this reason, this
biomarker is considered not sufficiently sensitive and thus it is not utilized routinely in biomonitoring
programs. On the other hand, it is important to point out that protein oxidation, often under
investigation in proteomic studies, has been recently proposed as a biomarker of oxidative stress
(Sheehan, 2006). Because of the importance of this biochemical change in relation to cell
physiology alterations, this stress biomarker should be considered for future large-scale
biomonitoring applications.
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As mentioned above, changes in the activity of the antioxidants present in cells provide information
on organism responses to prooxidant pollutants. On the other hand, this is not sufficient to assess
the overall efficiency of the antioxidant system. A measurement of the total oxyradical scavenging
capacity (TOSC) may be utilized to quantify cellular resistance to different oxyradicals (Regoli and
Winston, 1999; Regoli, 2000). TOSC provides therefore a useful indication of the contribution
levels of oxidative stress to the pollutant induced alteration of the organisms’ physiological status.
This biomarker was recently employed both in laboratory and field studies (Gorbi and Regoli,
2003).
Neutral lipid accumulation
The effects of pollutants are often associated with an unbalanced fatty acid metabolism and with
the accumulation of neutral lipids in the lysosomal vacuolar system (Lüllman-Rauch, 1979). The
lysosomal storage of neutral lipids in mussel digestive glands and fish hepatocytes has been found
to be a useful indicator of a change in the physiology of the cells (Koehler et al., 1992, 2002;
Koehler, 2004).
As reported by Moore (Moore, 1988), a build-up of these substances in mussel digestive gland
cells may be described as a form of lipidosis induced by toxic chemicals. In fact, cytochemical data
clearly indicate an initial stockpiling of neutral lipids in the cytoplasm of cells of pollutant-exposed
organisms. Lipids (probably in form of droplets) are then internalised into the lysosomes by
autophagic uptake. It is important to note that such increase in the lysosomal storage of neutral
lipids may be related to an increase in the cytosolic lipids content or to a decrease in fatty acid
processing.
As with lipofuscins, an assay assessing the build-up of neutral lipids is a simple and low-cost
biomarker, which also requires a cryostat to prepare 10 m sections of frozen tissue. Fatty acids
are then specifically stained, observed under a microscope (Moore, 1988; Dondero et al., 2006a),
and finally, they are quantified by image analysis.
Biomarkers of genotoxicity

DNA damage
Marine pollutants produce multiple consequences at the organism, population and ecosystem
levels, affecting organ function, reproductive status, species survival, population size and ultimately
biodiversity. Among these, carcinogenic compounds are of particular interest, and tumours have
indeed been described in marine fish and shellfish (Mix, 1986; Malins et al., 1988; Bolognesi, 1990;
Gopal and Pathak, 1993).
Recently, a concern about persistent organic pollutants (POPs) has been proved to be
substantiated (Siu et al., 2004). These substances are usually present in the sea at very low
concentrations. However, because of their persistance, they are accumulated in tissues of marine
organisms at high concentrations, which are several orders of magnitude higher than that of their
environment.
POPs bring about not only general toxic effects, but they are also known to be genotoxic, i.e. they
can alter the integrity of the DNA structure, either directly or through their metabolites (Shugart,
1995). Genotoxic compounds such as POPs may cause mutagenesis (Siu et al., 2004). It should
be noted that POPs chronic effects can be studied more appropriately when employing wild
mussels in the tissue of which these persistent pollutants can accumulate and act for years. In this
case, pollutants will affect the physiology of the organisms in the long term.
DNA alterations induced by chemical and physical agents include single and double strand
breakages, modified bases, DNA-DNA crosslinks, and DNA-protein crosslinks.
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Strand breakages may also be induced indirectly by an interaction with oxygen radicals, or by the
action of excision repair enzymes, and finally as a consequence of the apoptosis or necrosis
processes (Eastman and Barry, 1992; Speit and Hartmann, 1995).
Direct evidence of the genotoxic effects induced by different classes of pollutants is DNA adduct
formation, detectable by using the 32P-postlabeling technique (Malins et al., 1990; Stein et al.,
1992; Venier and Canova, 1996; Harvey et al., 1999; Ericson et al., 2002). However, this powerful
technique is rather complex and is not usually employed in large biomonitoring programs.
Among the methods usually adopted in biomonitoring programs to detect DNA damage, three tests
seem to stand out. The first to be discussed here is alkaline elution, based on the evidence that the
rate at which DNA single strand fragments pass through a membrane filter under alkaline
conditions is related to the length of the DNA strand itself (Kohn et al., 1976). This method has
been successfully employed to evaluate genotoxic effects of pollutants in fish and molluscs
exposed to chemical compounds (Batel et al., 1994; Bolognesi et al., 1996, 1999, 2004, 2006).
Another technique is the COMET assay, now widely used to assess the genotoxic effects of
pollutants. In this technique, individual cells are directly embedded in agarose, where the nuclear
DNA is then electrophorized through the gel, in which the cleaved DNA fragments migrate away
from the residual chromatin nucleosomal core structure. The DNA stained with a fluorescent dye
shows a “comet” in which the distance of DNA migration from the core (i.e. the comet tail length)
reflects the level of double strand DNA breakage (Siu et al., 2004). This technique has been
successfully employed with DNA extracted from fish and mollusc cells (Lee and Steinert, 2003;
Frenzilli et al., 2004; Regoli et al., 2004; Siu et al., 2004).
A third method employed to assess DNA strand breakages monitors the rate of DNA unfolding
under alkaline conditions by measuring the rate at which a fluorescent dye is incorporated in the
double stranded DNA. Recently, a "micromethod" estimating DNA damage in fish and invertebrate
cells and tissues has been developed (Batel et al., 1999). In this technique, a fluorescent dye,
Picogreen binds to the intact double stranded DNA with an high affinity and the fluorescence
response is monitored, while little background activity is picked up since the unbound dye has
virtually no fluorescence allows estimation of minimal levels of DNA fragmentation caused by
genotoxic compounds. The characteristics of this not very used methodology should allow an
accurate assessment of the levels of DNA fragmentation caused by genotoxic compounds, even at
low levels. Experimental conditions, such as the time set for allowing the DNA to unfold and the pH
of the denaturation media have to be established on the basis of the complexity of the DNA
molecule, which differs considerably among different taxa (Jaksic and Batel, 2003). The analysis of
data on DNA damage may show a bell shape trend depending on the level of pollutant
contamination and on the time of exposure.
Chromosomal damage: Micronucleus Test
The micronucleus test is a well known cytogenetic technique commonly used for the assessment
of genotoxic effects caused by environmental stressors. Micronuclei appear when cells fail to
incorporate complete or fragment chromosomes in the daughter nuclei during cell division. These
are instead incorporated in small additional nuclei where they remain throughout the life of the cell .
The presence of micronuclei is an indicator of chromatin breakage which may be caused by
clastogens or spindle dysfunctions, ultimately caused by toxic compounds (Heddle et al., 1983;
Carrano and Natarajan, 1988).
The test consists in the scoring of cells containing one or more cytoplasmic micronuclei in addition
to the main nucleus; this procedure is technically easier and more rapid than the analysis of
chromosomal aberrations during metaphase This is one of the reasons why this biomarker is
widely utilized in biomonitoring programs. The micronuclei assay just requires a microscope: no
fancy equipment. The assay is however time-consuming, involving the scoring of a high number of
cells in each sample.
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Micronuclei frequency can be considered a good indicator of genetic damage accumulated during
the cell life span. Taking into account the life span of each cell type and their mitotic rate in a
particular tissue, micronuclei frequency may provide an indication of what is the extent of the
genotoxic effects of pollutants.
The micronucleus test has been widely applied in wild and caged marine invertebrates (Majone et
al., 1990; Scarpato et al., 1990; Bolognesi et al., 1999, 2004; Siu et al., 2004). Caged mussels
exposed to sea water polluted by aromatic hydrocarbons (such as the Petroleum Harbour in
Genoa) displayed a continuous increase of micronuclei frequency in gill cells reaching a plateau
after a month of caging (Bolognesi et al., 1996).
Micronuclei in fish can be visualized in different cell types such as gill, kidney, hepatic cells and fins
(Al-Sabti and Metcalfe, 1995; Arkhipchuk and Garanko, 2005; Barsiene et al., 2006). At any rate, to
assess cytogenetic damage in fish, the use of peripheral erythrocytes is more widespread because
it avoids the complex procedures of cell preparation and the killing of animals (Al-Sabti, 1986a,
1986b; Grisolia and Starling, 2001; Llorente et al., 2002; Bolognesi et al., 2006). In mussels,
micronuclei are usually assessed both in hemolymph and gill cells. However, gill cells seem to be
the best target tissue for micronuclei determination in caged as well as in free-roaming mussels.
This biomarker assay shows a typically continuously increasing trend in animals exposed to
increasing pollutant concentrations and/or times of exposure.
Biomarkers of exposure

Tissue levels of metallothioneins
The battery of biomarkers used for environmental biomonitoring programs usually includes
biomarkers of exposure, i.e. parameters whose changes can be related to the organism exposure
to a specific class of pollutants.
Metallothioneins (MTs) are low-molecular-weight cytosolic proteins rich in SH groups, with a high
affinity for IB and IIB metal ions, known to be involved in heavy metal homeostasis and overexpressed in organisms experiencing high metal concentrations in their environment (Viarengo et
al., 1989, 1999b). They show a peculiar aminoacid composition characterized by high levels of
cystein (up to 30% of total aminoacid content) and the absence of aromatic aminoacids and
histidine. These metalloproteins are normally expressed in animal tissues, and are highly
upregulated as a consequence of heavy metal exposure both in fish as well as in mussels
(Bremner, 1987; Webb, 1987; Viarengo et al., 1999b). Their expression in tissues is therefore
regarded as an indicator of metal contamination and widely used as a tool for biomonitoring
programs (Viarengo et al., 1999b).
Several methods quantifying MT concentration have been developed. Different methodological
approaches have thus been used: for example, spectrophotometric evaluation (Viarengo et al.,
1997a), metal substitution assays (Piotrowski et al., 1973; Eaton and Toal, 1982; Scheuhammer
and Cherian, 1986; Lobel and Payne, 1987; Martinez et al., 1993), electrochemical analyses
(Olafson and Sim, 1979; Thompson and Cosson, 1984), and radioimmunological techniques
(Nolan and Shaikh, 1986; Roesijadi et al., 1988; Hogstrand and Haux, 1990). In addition to these,
chromatographic separations of soluble cytosolic MT-containing fractions have been utilized
together with an assessment of metal concentrations, HPLC-AAS (Suzuky, 1980; Lehman and
Klaassen, 1986) and HPLC-ICP (Sunaga et al., 1987; Mason et al., 1990; Mazzucotelli et al.,
1991).
It has however been pointed out that MTs play a number of functions in relation to heavy metal
cation homeostasis (Bremner, 1987). Moreover, they display ROS scavenger activity as part of the
antioxidant defence system of the cells (Sato and Bremner, 1993; Viarengo and Nott, 1993;
Viarengo et al., 1999a), and act as regulators of the activity of Zn finger proteins in modulating
gene expression (Zeng et al., 1991; Roesjadi et al., 1998). At the same time, it is important to note
that a number of studies also indicated that MTs are induced not only by heavy metals but also by
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organic aromatic compounds able to cause oxidative stress in fish cells (Pedrajas et al., 1995;
Kling et al., 1996). Therefore, when considering fish, the tissue level of MTs may be used as a
biomarker of general stress responses to environmental pollutants, notwithstanding their
expression being highly upregulated by heavy metals. Studies on the MT gene structure further
support this: the MT promoter of the A gene coding MTs in trout indeed contains AP1 sequences
typical of oxidative stress regulation, and also contains other sequences typical of heavy metal and
hormone regulation (Bonham et al.,1987; Olsson et al.,1995).
Studies focussing on the structure of the promoters of MT genes in mussels indicated the presence
of nucleotide sequences with a high homology to the AP1, GRE and MRE sequences previously
identified in fish (Dondero et al., unpublished results). Further studies using real-time Q-PCR
utilizing specific probes for the MT10 and MT20 genes suggested that MT10 is a constitutively
activated gene (activated mainly by Zn and Cu), while MT20 is expressed at low levels in control
conditions (and is typically induced by Cd, Hg, to a lower extent by Cu, and minimally by Zn)
(Dondero et al., 2005). The MT20 gene is also activated by the synthesis of oxyradicals (Dondero
et al., 2005). On the basis of this information, MTs could mistakenly considered biomarkers of
general stress responses for studies in mussels too. In these organisms, however, organic
aromatic chemicals are weak MFO inducers (Ade et al., 1984; Livingstone et al., 1989) and thus
they only give rise to a low-level cytosolic ROS production, which is not sufficient to activate MT20
expression. This hypothesis is supported by the fact that no increase in MT levels was observed in
digestive glands of mussels caged for 30 days in the Petroleum Harbour of Genoa, which is
highly polluted by PAHs. Mussels exposed to millimolar concentrations of paraquat in laboratory
experiments did not show a significant increase of MT (Viarengo, unpublished data).
As a final point, recent studies (Dondero et al., 2006b; Banni et al., in press) clearly showed that
the use of quantitative RT-PCR provides more specific information about mussel responses to
heavy metal contamination than quantifying metallothioneins. Thus, assessing mRNA levels of the
mussel MT10 and MT20 genes may be important for integrating the information on MT content as
a biomarker of exposure in mussels.
Inhibition of cholinesterase activity
Cholinesterases (ChEs) represent a well-known class of serine hydrolases (Walker and
Thompson, 1991). They are considered ubiquitous enzymes whose physiological function is to
remove acetylcholine from synaptic clefts. Increasing use of organophosphate (OP) and carbamate
pesticides (two classes of compounds that are well-known inhibitors of ChE activity even at very
low concentrations) has posed the problem of the possible effects of these neurotoxic compounds
on wildlife (Weiss, 1964; Bocquené et al., 1990; Sturm et al., 1999).
Pesticides enter waterways along with agricultural and urban waste, thus reaching estuaries and
marine coastal waters. These toxic compounds are known to be hydrolyzed quite rapidly in the
environment, their half-life being in the range of hours or days (Barron and Woodburn, 1995). In
spite of this, because of the increase of pesticide concentrations found in the wild, there is a need
for an evaluation of their potential toxic effects on organisms living in marine coastal environment.
In the attempt to do this, ChE inhibition seems the appropriate choice for a biomarker.
Two ChE isoforms have been identified in vertebrates: acetylcholinesterase (AChE, which
preferentially hydrolyses acetyl esters such as acetylcholine), and butyrycholinesterase (BChE,
which preferential acts on butyrylcholine) (Chang and Opperman, 1991; Massouliè et al 1993).
AChE is thought to be mainly involved in neurotransmitter hydrolysis. On the other hand, no
specific physiological substrate has been identified so far for BChE, which can however hydrolyze
acethylcholine. This enzyme is thought to be involved in detoxification of natural compounds
(Massouliè et al., 1993).
ChEs have often been found as polymorphic enzymes in invertebrates (Talesa et al., 2001). Two
forms of ChEs have been identified in Ostrea edulis and Mytilus spp., namely AChE and BChE
(Bocquené et al., 1997), while AChE and propionylcholinesterase (PChE) have been found in
Corbicula fluminea (Mora et al., 1999). Biochemical characterizaton of O. edulis AChE, BChE and

194

PChe has recently been reported (Valbonesi et al., 2003). ChEs with different substrate
preferences and sensitivities to pesticides are present in molluscs. Thus it has been suggested that
in these organisms enzymatic activity can be assessed by calculating the difference between total
AChE activity and activity following incubation in the presence of 1 mM paraoxon, a well known
AChE inhibitor (Bocquené et al., 1997).
An assessment of AChE activity can be achieved with the simple and low-cost use of a
specrophotometer. The analysis is usually performed on the gills or the whole body as reported for
mussels (Mora et al., 1999; Galloway et al., 2002; Rickwood and Galloway, 2004), O. edulis
(Valbonesi et al., 2003) and Crassostrea gigas (Bocquené et al., 1997). At any rate, certain bivalve
species are thought to have a minimal AChE activity. This is the case for Tapes philippinarum,
where AChE activity has proved to be undetectable when utilizing the usual methodologies
(Valbonesi et al., 2003).
Several reports have been published addressing the use of this biomarker of exposure in different
vertebrates from fish to mammals (Sturm et al., 1999; Sanchez-Hernandez and Moreno-Sanchez,
2002; Rodriguez-Fuentes and Gold-Bouchot, 2004).
While vertebrate AChE activity is extremely sensitive to neurotoxic pesticides, in the Mytilus sp.
(and generally in molluscs) this biomarker can be employed for exposures to high concentrations
of pesticides. Recent reports (Galloway et al., 2002; Rickwood and Galloway, 2004) pointed out
that AChE activity in marine mussels is significantly reduced by pesticides only at high
concentrations. It has been suggested, therefore, that a typical biomarker of stress (for example
lysosome membrane stability) should be used as the first step for assessing the cumulative effects
of pesticides and of the other environmental pollutants. Unless further evidence is put forward,
AChE has to be considered, for the time being, a low-sensitivity biomarker of stress in bivalve
molluscs, whose variation in activity is to be related to neurotoxic effects at the organism level (e.g.
changes in valve closure cycle, gill beating, muscle movements, and so on), and as a highsensitivity biomarker of exposure in vertebrates.
Mixed function oxygenases (MFO) and EROD activity
In most animal groups examined to date the presence of an enzymatic system whose activity is
related to the oxidative metabolism of endogenous lipophilic compounds such as steroids has been
demonstrated (Goksøyr and Förlin, 1992; Stegeman et al., 1992; Goeptar et al., 1995). This
enzymatic mixed function oxygenase (MFO) system is associated with the membranes of the
smooth endoplasmic reticulum (Stegeman et al., 1992; Bucheli and Fent, 1995), where it catalyzes
the oxidation of lipophilic substrates by utilizing O2 and NADPH. The MFO activity is usually found
at a low level, since it is related to the metabolism of endogenous lipophilic compounds; however,
in organisms exposed to polycyclic aromatic hydrocarbons (PAHs) or coplanar polychlorinated
biphenyls (PCBs) certain iso-enzymes may be enhanced 10-100 fold (Payne, 1976, 1984;
Stegeman and Hahn, 1994; Bucheli and Fent, 1995; Goeptar et al., 1995).
Cytochrome P450 is the terminal component of the MFO system. It exists in many isoforms having
different functions in the metabolism of endogenous and xenobiotic compounds (Goksøyr and
Förlin, 1992; Stegeman et al., 1992). Among these, the CYP1A1 isoform has been studied in a
number of fish species using immunoblotting, while its expression has been confirmed by the
corresponding mRNA and DNA coding sequences (Stegeman and Hahn, 1994). Early studies
measured CYP1A1 induction through the increase of benzo[a]pyrene (BaP) hydroxylase activity
(Payne, 1976). The most widely used parameter now is the quantification by 7-ethoxyresorufin-odeethylase (EROD) activity, easier to carry out and not requiring the use of the carcinogenic BaP
substrate (Stegeman et al., 1988; Stegeman and Lech, 1991; Gorbi et al., 2005).
CYP1A activity is greatly upregulated by the presence of organic xenobiotics, so an assessment of
BaP hydroxylase and/or EROD activities in fish liver has usually been reported as a biomarker
capable of detecting the biological effects of many aromatic xenobiotic compounds present in
water and accumulated in the organism tissues (Payne, 1976; Sijm and Opperhuizen, 1989;
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Stegeman and Lech, 1991; Stegeman et al., 1992; Stegeman and Hahn, 1994; Bucheli and Fent,
1995).
Although an assessment of EROD activity is the simplest way to investigate the biological
response of fish to organic aromatic xenobiotic pollutants, it has also been demonstrated that the
protein amount (quantified by using specific antibodies) (Stegeman et al., 1988) or the level of
mRNA coding for CYP1A1 are extremely powerful tools for biomonitoring activity (Goksøyr and
Förlin, 1992; Goksøyr, 1995).
Biological factors (including animal age and sex) and environmental parameters such as sea water
temperature are believed to affect EROD activity (Goksøyr, 1995). Moreover, heavy metals
(including Cd, Cu and Hg) (Viarengo et al., 1997b), oxidative stress (Barouki and Morel, 2001), and
excess of substrate/contaminants (Goksøyr, 1995), significantly inhibit MFO activity (Omura and
Sato, 1964; Viarengo et al., 1997b). Finally, different pollutants that activate the lysosomal vacuolar
system have been reported to indirectly affect EROD activity (Koehler and Pluta, 1995). This
biomarker, like others related to protein expression, shows a characteristic bell-shaped response to
increasing concentrations and times of exposure. This situation limits the possibility of assessing
biological responses to a certain range of contamination levels (Koehler and Pluta, 1995).
At any rate, EROD activity remains one of the most powerful biomarkers for detecting the effects of
aromatic xenobiotic compounds in fish. All the same, this biomarker of exposure should always be
used together with a battery of biomarkers of stress. They would thus more likely help uncover all
possible changes in liver physiology, even those masking specific effects induced by aromatic
pollutants.
Despite intensive research carried out during the last two decades, no CYP1A gene has been
identified in the nuclear DNA of mussel cells. On the other hand, no single CYP iso-protein has
been isolated from mussel tissues. Various attempts to purify endoplasmic reticulum cytochromes
from mussel digestive glands and produce antibodies against them did not give the expected
results, e.g. the expression of proteins cross-reacting with antibodies raised against CYP2 and
CYP4-peptides has not been affected by exposure to PCBs (Jonsson et al., 2004) or crude oil or
PAHs (Jonsson et al., 2006). Furthermore, EROD activity is not detectable in mussel preparations
and BaP hydroxylase activity is often near the detectable limits (Livingstone, 1994; Michel et al.,
1995a, 1995b). This parameter has been found to be weakly affected by organic pollutants such as
PCBs and PAHs only in a few studies (Suteau et al., 1988; Michel et al., 1995a, 1995b).
In summary, the use of MFO parameters as biomarkers of exposure to organic chemicals is not
recommended for studies focussing on mussels. Recent investigations have suggested that the
assessment of peroxisome proliferation and multixenobiotic resistance (MXR) may be more
appropriate as biomarkers of exposure to organic xenobiotic compounds in molluscs. In
experiments using fish as sentinel organisms the use of a combination of biomarkers is an
appropriate method for monitoring both the organism response to organic xenobiotics and pollutant
genotoxic effects.
The levels of aromatic fluorescent metabolites eventually accumulated in the bile of organisms can
also be measured (Hellou and Payne, 1987; Lin et al., 1996; Stagg, 1998; Endre et al., 2000). This
gives a clear indication of whether or not organic xenobiotics have been metabolized by the MFO
system. In addition to this, as mentioned above, the amount of DNA adducts (i.e. the amount of
organic chemicals that are biotransformed and become able to bind the DNA molecule affecting its
integrity ) can be quantified at the nuclear level.
Peroxisome proliferation
Peroxisomes are membrane-bound organelles involved in a range of cellular functions including
lipid metabolism and ROS homeostasis (Mannaerts and Van Veldhoven, 1993; Singh, 1996). In
vertebrate and mollusc cells these organelles contain antioxidant enzymes including catalase,
SOD and glutathione peroxidase (GPX) (Dhaunsi et al., 1992; Singh, 1997; Orbea et al., 2000).
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Different toxic organic compounds stimulate peroxisome proliferation in vertebrates (Beier and
Fahimi, 1991; Gibson and Lake, 1993; Reddy and Mannaerts, 1994; Ortiz-Zarragoitia and
Cajaraville, 2005). Similarly, chemical-induced peroxisome proliferation has been found to occur in
various invertebrate species (Fahimi and Cajaraville, 1995; Cajaraville et al., 1997; Krishnakumar
et al., 1997; Cancio et al., 1998; Orbea et al., 2002a, 2002b; Ortiz-Zarragoitia and Cajaraville,
2006).
Recent transplant studies have demonstrated that peroxisome proliferation is a rapid (i.e. two
days) and reversible response to pollution by PAHs and PCBs in mussels (Cajaraville et al., 2003;
Orbea and Cajaraville, 2006).
When organisms are exposed to organic xenobiotics, an increase in volume and number of
peroxisomes is observed. These changes are often associated to an increase of enzyme activities
involved in fatty acid oxidation, such as acyl-Co A oxidase (AOX). All evidence seems to suggest
that peroxisome proliferation is an important biomarker that can assess the effects of exposure of
both fish and mussels to organic xenobiotics (such as PAHs and oil derivatives, PCBs, phthalate
ester plasticizers, polybrominated flame retardants, certain pesticides, bleached kraft pulp and
paper mill effluents, alkylphenols and estrogens) (Cajaraville et al., 2003; Cajaraville and OrtizZarragoitia, 2006). The fact that metals such as Cd (Orbea et al., 2002a) or Cu (Cajaraville and
Ortiz-Zarragoitia, 2006) do not elicit peroxisome proliferation in mussels is believed to imply that
this response is specific for organic xenobiotics.
Assessments of peroxisome proliferation have long been carried out by measuring peroxisomal
volume density after cytochemical staining of catalase activity in cryostat sections (Cajaraville et
al., 1997; Orbea et al., 2002a, 2002b). Analysis of recent data collected within the BEEP
framework seem to suggest that the assessment of AOX activity usually carried out in whole
homogenates of mussel digestive glands (Cajaraville et al., 2003) represents a simple approach for
quantifying peroxisome proliferation. In spite of this, since changes in peroxisomal volume and
peroxisomal enzyme activities do not always follow a parallel pattern, the best way to go is to
perform the two complementary methods simultaneously. Very recently, new tools to assess
peroxisome proliferation in mussels based on proteomic (Mi et al., 2005) and genomic (Bilbao et
al., 2006) approaches have been developed.
MXR transport activity
P-glycoproteins (P-gps) are ATP-dependent drug efflux pumps that transport a wide variety
of compounds through the cell membranes and mediate the processes of “multidrug resistance” or
“multixenobiotic resistance" (MDR/MXR), originally discovered in human cancer cells (for a review
see Sauna et al., 2001).
P-gps are members of the ABC transporter gene family along with the bile salt export pump
(BSEP) and the multidrug resistance-related protein (MRP), both of which contribute to MDR.
Transporters of drugs or xenobiotics have been found in aquatic invertebrates (mussel, oyster,
shore crab, sea urchins) and fish (flatfish, blenny, mummichog) (Bard, 2000; Smital et al., 2000;
Koehler et al., 2004). A large number of anthropogenic pollutants such as PAHs, PCBs, DDT and
their metabolites can either induce or inhibit the expression of these transporters in fish,
invertebrates and mammals (Minier et al., 1993; Luedeking and Koehler, 2002, 2004). In the case
of inhibition, they are referred to as chemosensitisers (Cornwall et al., 1995; Wadkins and
Houghton, 1995; Waldmann et al., 1995; Smital et al., 2003).
During the Norwegian field campaign of the BEEP program, site-specific differences in mussel
MXR-related gene expression were detected. In non-tidal habitats, contamination with
polyaromatic hydrocarbons reduced P-gp-related protection in digestive glands, while
contamination with copper enhanced MRP-related mechanisms (Luedeking and Koehler, 2004;
Einsporn et al., 2005). Data on MXR transport activity analysed by the Calcein-AM assay were
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consistent with those on expression levels in mussels at the Norwegian fjord sites, and confirmed
inhibition at the PAH-polluted sites and stimulation at the copper-contaminated site (Luedeking and
Koehler, 2004).
Furthermore, it was found that MXR-transport activity is highly temperature-regulated in moderate
and cold climate zones, while in Mediterranean areas it operates at a much wider temperature
range (Einsporn and Koehler, in preparation). Experimental short-term exposure to PAHs
significantly induced MXR transport activity, while chronic exposure to a PAH-polluted site lead to
the inhibition of xenobiotic export. MXR transport and gene expression were recommended as
biomarkers of effect by ICES but more intercalibration exercises are needed and a generally
agreed joint protocol has to be established for transport activity assays. More recent and detailed
studies indicate that expression of MXR-related genes and their functional status, either inhibition
or induction, can serve as appropriate biomarkers to determine hazardous effects of chemicals in
contaminated marine habitats, when natural environmental factors are correctly taken into account
(Luedeking and Koehler, 2004).
Tissue Damage

Cellular biomarkers act as early warning signals of stress suffered by organisms exposed to
contamination. The measure of parameters whose values show a trend characterized by a
continuous increase/decrease with time of exposure to pollutants (or to different concentrations of
chemicals) may provide information on the level of the developing stress syndrome from starting
biological effects to the impact on cell physiology. However, only when changes at the cellular level
are as severe as to alter the tissue/organism function(s) it is possible to infer a real development of
the stress level in the organism and possibly understand which organ(s) loses its functional
capacity.
A number of studies, (including those carried out by Lowe (1988) and Cajaraville et al. (1990,
1992) identified and quantified morphological changes indicative of detrimental changes in mussel
digestive tissues exposed to contaminants. Several years before Langton (1975) reported that the
mussel digestive process has four morphologically distinct phases which he termed resting,
digestive, excretory and reconstituting. A cross section of a mussel digestive gland can indeed
show examples of all 4 phases and their intermediates at any time, with proportions of different
phases varying depending on food availability and digestion.
Lowe (1988) observed that exposure to contaminants provoked a reduction or loss of digestive
synchrony, whereby almost all tubules resembled what morphologically looked like the
reconstituting phase, i.e. a very thin tubule epithelium. Associated with alteration at digestive gland
level an increase in the number of epithelial basophil (secretory) cells was observed (some
researchers argue that these are digestive cell precursors), and the appearance of lipid vacuoles in
both digestive and basophil cells. Similarly, exposure of mussels to the water accommodated
fraction of different oils provoked changes in proportions of digestive tubule phases, thinning of
digestive epithelium and increased volume density of basophilic cells (Cajaraville et al., 1990,
1992).
This range of observations about the morphological changes produced by contaminant exposure
was then expanded within the BEEP program to include new possible indicators such as loss in
cell-to-cell adhesion, changes in the basophil to digestive cells ratio, and disruption of the
basement membranes. When results were tested using principal component analysis they
indicated that a reduction of the digestive epithelium thickness was the greatest contributor to
differences between exposed/reference groups. This simple measure of effect is consistent with
previous studies in mussels (Lowe, 1988) and oysters (Winstead, 1995) and provides a robust
biomarker of stress at tissue level.
In the assessment of lysosomal membrane stability in mussel digestive gland cells using a cryostat
(as described above), image analysis can be employed to determine the ratio between the
lysosome/cytoplasm volumes (Lowe et al., 1981). This parameter can be used to find out whether
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or not stress syndrome development affects the physiology of the whole organ, since an increased
lysosome/cytoplasm ratio indicates that the digestive gland cells are becoming catabolic (and
therefore losing their proper functionality). A higher lysosome activity due to contaminations
provokes autophagy, which with time makes the cytoplasm of digestive gland cells shrink, while the
epithelium tends to reduce its thickness.
Recently, a biochemical test has been developed allowing an assessment of biological damage at
the tissue level in mollusc (Yawetz et al., in press). This test is based on an appraisal of GST
activity in the haemolymph of the mollusc Patella caerulea. The level of the GST activity is normally
very low in haemolymph soluble fractions. When analyzing the haemolymph of metals stressed
organisms GST activity displays a great increase as the enzymes are released from the cytosol of
damaged cells of different tissues. The use of this biomarker is simple, effective and low-cost. It is
the only biochemical approach currently available to assess the physiological status of tissue(s)
and organs of the organisms exposed to pollutants. It should be important in the next future to
verify the sensitivity of this biomarker also in mussels exposed to both inorganic and organic
chemicals.
An assessment of fish health status monitoring liver lesions in free-roaming populations has
recently been recommended as a consequence of several studies performed in European and
North American sea waters (for a review see Feist et al., 2004). In addition to this, several
laboratory and mesocosm studies demonstrated causal links between exposure to xenobiotics and
development of toxipathic liver lesions (Vethaak et al., 1996). The diagnostic criteria applied for
pathological analysis at the macroscopic and microscopic level have been recently agreed upon
during the international intercalibration workshops on liver histopathology of flatfish within the EU
BEQUALM project (1999). At the same time, a ranking catalogue of lesion types related to
pathological relevance was developed as a guide for histological diagnosis (Koehler, 2004).
Fish liver has a role in food conversion, biotransformation of xenobiotics and vitellogenesis for
reproduction purposes. Thus, impairment of liver functions has a number of negative
consequences for growth, health and reproductive success of individuals, and may therefore
adversely affect whole populations as well. Worldwide, increasing frequency of toxipathic lesions
and liver cancers in fish have been reported in areas exposed to anthropogenic discharges from
industrial and agricultural sources (Koehler, 1990; Koehler et al., 1992; Stein et al., 1992;
Stentiford et al., 2003; Koeler, 2004).
Recent studies analysing male and female samples of flounder during the past 5 years at 3
stations from the highly polluted Elbe estuary along the German Wadden Sea coast found
significantly higher rates of malignant cancers in female individuals (Koehler and Van Noorden,
2003). These findings have been related to the higher susceptibility of females due to a lower
availability of reducing power needed for biotransformation reactions (Winzer et al., 2001, 2002),
oxyradical scavenging, and the seasonal increase of 17-ß estradiol which is a highly potent tumor
promotor (Koehler and Van Noorden, 2003). In national and international research projects (Fish
diseases in the German Wadden Sea and in the North Sea, MARS, EU- BEEP) liver lesions have
been diagnosed in various fish species such as wrasse, flounder and perch (Broeg et al.,
submitted for publication) on the basis of internationally accepted diagnostic criteria. The ranking
scheme developed by Koehler (2004) will serve as a basis to introduce liver histopathology into the
"expert system" as a stress biomarker (Broeg et al., 2005).
Biomarkers at the organism level

The tipical ecotoxicological end point to establish the effects of pollutants on living organisms are
parameters able to indicate whether an effect at population level is hypotizable. The use of caged
mussels can easily become very informative when quantifying: a) the number of mussels surviving
a 30 day-caging period in polluted waters, and b) survival time when exposing animals to air
(Viarengo et al., 1995; Pampanin et al., 2005).
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The physiological significance of the latter test assumes particular importance when taking into
consideration the definition of “stress”. In fact, stress is usually defined as a measurable alteration
of biochemical and/or physiological parameters induced by a change in the environment which
results in a reduced capacity to adapt to further environmental challenges (Bayne, 1986).
Therefore, the time of mussel survival in air should be thought as a “stress on stress” response.
This biomarker can be employed to assess the effects of environmental stressors at the organism
level to clearly determine whether contaminants have affected the capacity of molluscs to survive
to further environmental change (e.g. air exposure).
An assessment of "stress on stress" responses in mussels is extremely simple and inexpensive
and, together with "scope for growth" biomarker (Widdows and Donkin, 1992; Widdows et al.,
2002), it is, at present, the only truly informative biomarker in understanding the effects of
pollutants at the organism level, while also providing an indication of what the potential effects at
the population level might be. Several publications have recently emphasized the importance of
using this simple biomarker to assess the effects of PAH, as in the case of biomonitoring the
aftermath of the Exxon Valdez (Thomas et al., 1999) and the Halifax Harbour disasters (Hellou and
Law, 2003), and also to study the effects of pollutants present in untreated sewage (Moles and
Hale, 2003). In fish, a stress on stress exposure test has yet to be developed and therefore only
survival data may be obtained from caging experiments.
Gonad development and endocrine disruptors

Endocrine disruptors and gonad development are fundamental aspects of research related to the
biological effects of pollutants. These have been recently reviewed in terms of both vertebrate and
invertebrate responses (COMPRENDO, 2006; Goksoyr, 2006; Porte et al., 2006).
Parameters assessing changes in gonad development are often used for both molluscs and fish
studies. Contaminant effects on gonad development are well documented. In fact, biomarkers
assessing gonad development (such as simple gonad index or changes in structure of gonad
tissue) may give an indication of the possible effects of pollution on the reproductive performance
of animals (Lowe and Pipe, 1985; Kime, 1995; Minier et al., 2000; Van der Oost et al., 2003; Aarab
et al., 2006).
Biomarkers such as vitellogenin (VTG) levels, zona radiata proteins (Haux et al., 1988; Spies et al.,
1990) and steroid hormones balance (Karels et al., 1998) have been proved to be useful for an
assessment of endocrine disruption caused by chemicals in fish (Armstrong, 1990; Martin-Skilton
et al., 2006). Among these, vitellogenin is probably the most utilized ED biomarker in fish. Several
methods have been developed for quantifying protein amounts by making use of specific
antibodies (radioimmunoassay, ELISAs, western blot and immunohistochemistry) and analyzing
VTG mRNA levels (Denslow et al., 1999; Arukwe and Goksøyr, 2003). As for the effects of ED
chemicals on fish, a number of studies have pointed out that the synthetic steroid ethinylestradiol
present in contraceptive pills, induces feminization of male fish dwelling in areas close to sewage
treatment plants (Petersson et al., 2006). Moreover, investigations on fish communities living in
water neighbouring pulp mills (Sandström and Neuman, 2003) showed a pattern of disturbed
reproduction and growth. Effects such as slight induction of EROD, DNA damage, delayed sexual
maturity, and masculinisation of fish living in waters closer to the discharge point suggest that fish
were exposed to effluents containing toxic ED compounds. The masculinisation of fish by pulp and
paper mill effluents is of special ecotoxicological concern. There are indications that the androgens
present in the effluent, possibly derived from plant sterols, are responsible for these effects (Larson
et al., 2002; Hansson et al., 2006).
Recently, studies using western blotting and ELISA have reported vitellogenin and zona radiata
proteins in serum samples of adult males of two top predator marine species (swordfish Xiphias
gladius and bluefin tuna Thunnus thynnus thynnus), both caught in the Mediterranean Sea. These
data clearly indicate that the two species are affected by ED chemicals accumulating in their
tissues (Fossi et al., 2002).
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As for molluscs (and generally invertebrates), we would like to point out that, although there is
evidence that EDs may affect gonad development and vitellogenesis, there is not much information
about the toxic chemicals’ biochemical patways of action. To this moment, there are no specific
antibodies available for quantifying vitellogenin or zona radiata protein levels in mussel species
(Mytillus galloprovincialis, Mytilus edulis).
This notwithstanding, the measurement of phosphoproteins using alkali-labile phosphate
quantification (ALP) has recently been in into practice for both molluscs and fish (Kramer et al.,
1998; Blaise et al., 1999; Pampanin et al., 2005). Studies focussing on fish have reported ALP
values that were tightly correlated to the observed levels of VTG (in turn evaluated by
immunoassay using specific antibodies) (Robinson et al., 2004; Versonnen et al., 2004; OrtizZarragoitia, 2005). For this reason, an assessment of ALP values may be a simple and low-cost
biomarker for biomonitoring programmes. In mussels, at any rate, further studies are needed for
ALP to be accepted as a ED biomarker.
Recent advances in the biomarker field: from cell signalling to the biomolecular approach

Recent studies have suggested that changes in cellular signalling can be monitored for
investigating pollutant effects on mussel gonads (Viarengo et al., 2002; Dailianis et al., 2003;
Burlando et al., 2006). Believing that we are in the position to find new biomarkers among the
several actors involved in signal transduction is premature, however. This is the case for a number
of reasons, including the fact that cell signalling cascades are influenced by several endogenous
factors. A deeper understanding of sentinel organism physiology is therefore needed to correctly
interpret the responses observed. Moreover, we have previously stressed that the most important
requirement for a biological parameter to be employed as a biomarker is to be easy and cheap:
this is not the case for the assessment of most intracellular messengers.
Identifying one or more cell signalling steps as biomarkers is nevertheless an interesting idea and
a challenge. It is in some ways surprising that the effects of environmental stressors on cell
signalling have been neglected for a long time, since they are thought to impair physiological
functions and, as a final step, they can lead to the death of the organism. At any rate, they are the
subject of growing interest at the moment, especially because biomarkers assessing changes in
signalling in gonad cells could link the effects on single individuals to those at population level. It is
out of the scope of this paper to review studies concerned with contaminant effects on cell
signalling, and we will only refer to a few of them.
When dealing with the issue of pollutant effects on signalling pathways one should mention the
well-known fact that both inorganic and organic chemicals can stimulate ROS production and affect
calcium homeostasis (Marchi et al., 2000; Viarengo et al., 2002). Different pollutants have been
found able to induce a sustained increase in cytosolic free calcium concentration in protozoa
(Viarengo et al., 1996; Dondero, 2006c), molluscs (Viarengo et al., 1995; Marchi et al., 2000), fish
(Burlando et al., 2003) and mammalian cells (Orrenius et al., 1985). The deregulation of cytosolic
[Ca2+] homeostasis is an important component in the development of pollutant-induced stress
syndrome (Schanne et al., 1979; Marchi et al., 2004). In this context, a simple cytochemical
method assessing Ca-ATPase activity (an enzyme which is fundamental in the maintenance of
cytosolic calcium homeostasis) has been developed (Pons et al., 2002) and successfully employed
as a stress biomarker when assessing heavy metals (Burlando et al., 2004) and in field studies
(Dondero et al., 2006a).
It has been recently shown that both heavy metals and organic aromatic xenobiotics (such as
PCBs) can alter the tyrosine kinase phosphorylation cascade in different organisms, although the
probable consequences in terms of cell/organ physiological effects are not entirely known (Canesi
et al., 2003; Burlando et al., 2004, 2006).
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The adenylylc cyclase/cAMP system is well-known for regulating several functions in molluscs
(Valbonesi et al., 2004). In particular, cAMP guarantees the availability of glucose as a fuel for
gonadal maturation (Fernandez et al., 1998; Diaz Enrich et al., 2003).
In light of this, the recent work by Dailianis et al. (2003) carried out within the BEEP framework is
quite interesting. In this study, cAMP levels have been reported to be higher in the gills, digestive
glands, and mantle of mussels collected from several marine areas subjected to pollution along the
Greek coast with respect to those of mussels from a reference site. Tissues were found to be
polluted by a mixture of chemical compounds. Based on this evidence, a possible use of cAMP as
a biomarker has been suggested.
Further studies (Giannaccini et al., 2004) showed that adenylate cyclase activity in the mantle of
mussels collected from polluted sites along the Italian Thyrrenian coast was similar to that of
reference animals. The apparent discrepancy between these results could be due to other
mechanisms influencing cAMP levels in individuals chronically exposed to environmental
pollutants, including its hydrolysis by phosphodiesterases. More recently, another study (Fabbri
and Capuzzo, 2006) showed that the adenylate cyclase/cAMP system is activated in mussels
exposed to heavy metals for one week. These observations were made using mussel gill tissue.
Further studies are needed to understand whether cAMP levels are modulated for recovering
homeostasis or compensating pollutant effects, and whether or not they are significant for
organism survival and reproduction.
Finally, it should be noted that in the last few years the array of molecular biology approaches has
been enriched with the development of (i) more accurate and sensitive techniques, such as
quantitative-PCR (Q-PCR) (often mentioned in this paper in relation to different biomarkers) and (ii)
high-throughput applications, such as microarrays. The former is an extremely sensitive and
accurate technique able to quantify expression levels of toxicological relevant genes, even low
abundance transcripts, as in the case of the mussel MT20 metallothionein gene (Dondero et al.,
2005). This technique seems to offer several advantages over conventional molecular approaches.
For example, it has a high specificity (thus allowing researchers to discriminate between the
expression of homologue genes) and a wider linear range of quantification (usually over three
orders of magnitude) (Bustin, 2002; Dondero et al., 2005). As already mentioned, the use of QPCR for the expression analysis of two mussel (M. galloprovincialis) metallothionein homologue
genes provided clear evidence that their transcription can be differentially activated by different
heavy metals. These findings supplied the basis for a considerable advance in the use of
metallothionein as a biomarker of exposure, an approached recently employed by our research
group in field studies along the Tunisian costal areas (Banni et al., in press), where Q-PCR
provided an accurate, sensitive and robust approach to assess biological responses to heavy
metal contamination.
DNA microarrays have been introduced some ten years ago to enable the simultaneous
quantification of a large pool of gene transcripts (Schena et al., 1995; DeRisi et al., 1997). In the
last few years, the interest on microarrays for ecotoxicological purposes has been growing
exponentially. These are not just extremely powerful tools for predicting the toxicological modes of
action of anthropogenic substances on host physiology. In fact, they may also provide an
identification of gene sets predictive of toxic outcomes together with diagnostics in relation to the
exposure to generic stress and to specific classes of pollutants (Thomas et al., 2001). Several
studies have been validating the use of microarrays applied to ecological relevant species, such as
fish and molluscs. For example, a study employed a DNA expression array to detect toxic stress
response in the European flounder (Platichthys flesus) sampled from the estuaries of the Tyne and
Alde rivers in the UK, identifying a number of transcripts that were differentially expressed because
of different pollution levels (Williams et al., 2003). Another study used a high-density cDNA
microarray in studies focussing on the responses of rainbow trout at sublethal ranges of βnaphthoflavone, cadmium, carbon tetrachloride, and pyrene, identifying specific responses to the
different contaminants (Koskinen et al., 2004).
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A low-density oligonucleotide array encompassing 24 mussels genes involved in both basal and
stress response functions and a high-density microarray derived from cDNA libraries have been
generated for studies on mussels. They have both been used for assessing changes in gene
expression profiles caused by pollutants in model situations (e.g. exposure to heavy metals and
organic xenobiotics). These tools allowed researchers to correctly discriminate the degree of
pollution at sites where mussels were transplanted, suggesting that their use in biomonitoring
projects might be useful (Dondero et al., 2006a; Venier et al., 2006).
As a final point, we would like to point out that research approaches such as proteomics and
metabolomics are now starting to be applied for studying the effects of environmental pollutants on
both fish (Samuelsson et al., 2006) and molluscs (Rodriguez-Ortega et al., 2003; Manduzio et al.,
2005).
These molecular approaches are of great interest, as they open up new possibilities for a deep
understanding of molecular mechanisms in the development of pollutant-induced stress syndrome.
Proteomics and metabolomics are at an initial stage of development. In the next years, researchers
will need to understand what is their real value in terms of costs and benefits, and whether or not
they are to be applied in biomonitoring programmes.
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Table I Examples of biomarkers included in biomonitoring programmes utilising bivalves.

List 1

List 2

Cytochemical methodologies

Biochemical methodologies
Cellular level

Lysosome membrane stability

Catalase activity

Lysosomal lipofuscin content

Malondialdehyde

Lysosomal neutral lipid

Total Oxidant Scavenging
Capacity

CaATPase activity

Acetylcholinesterase activity
Genotoxicity Biomarkers

Micronuclei
DNA damage

DNA damage
Tissue level

Lysosome / cytoplasm ratio

Glutathione-S-transferase
in haemolymph (*)

Tissue depth
Organism Level
Stress on stress
Scope for growth
Mortality

Metallothioneins and / or Peroxisome proliferation as
Biomarker(s) of exposure to specific classes of chemicals

(*) To be proved to be a useful biomarker of tissues damage in mussels (see in the text
“Tissue damage” paragraph
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Table II Examples of biomarkers included in biomonitoring programmes utilising fish.

Lysosome membrane stability
Lysosomal lipofuscin content
Neutral lipid content
Lipid peroxidation
Glutathione-S-transferase
Glutathione peroxidase
Glutathione reductase
Protein oxidation
DNA damage / Micronuclei
DNA adducts
Histopathology
Gonads Morphology (e.g. intersex) / Atrophy
Larvae Sex ratio
Larvae development and malformation

CYP1A Ethoxyresorufin-O-deethylase (EROD), Vitellogenin, Steroid hormones,
Acetylcholinesterase activity, Metallothioneins as
Biomarkers of exposure to specific classes of chemicals

205

ACKNOWLEDGMENTS
This work was supported by the European Commission (BEEP project -contract EVK3---CT2000--00025- and NoMiracle -Integrated Project, contract 003956-) and UNEP/MAP (Med Pol -Phase III). Thanks are due to Prof. M.N. Moore (Plymouth Marine Laboratory), Prof. Miren P. Cajaraville
(University of the Basque Country) and Prof. Lars Förlin (Goteborg University) for their generous
and important helpful support in the paper preparation.
REFERENCES
Aarab, N., Lemaire-Gony, S., Unruh, E., Hanson, P.D., Larsen, B.K., Andersen, O.K., Narbonne,
J.F., 2006. Preliminary study of responses in mussels (Mytilus edulis) exposed to bisphenol A,
diallyl phthalate and tetrabromodiphenyl ether. Aquat. Toxicol. 78S, 86-92.
Ade, P., Banchelli Soldaini, M.G., Castelli, M.G., Chiesara, E., Clementi, F., Fanelli, R., Funari, E.,
Ignesti, G., Marabini, A., Oronesu, M., Palmero, S., Pirisino, R., Ramundo Orlando, A., Rizzi, R.,
Silano, V., Viarengo, A., Vittozzi, L., 1984. Biochemical and morphological comparison of
microsomal preparations from rat, quail, trout, mussel, and water flea. Ecotoxicol. Environ. Saf. 8,
423-446.
Al-Sabti, K., 1986a. Clastogenic effects of five carcinogenic-mutagenic chemicals on the cells of
the common carp, Cyprinus carpio. L. Comp. Biochem. Physiol. 1, 5-9.
Al-Sabti, K.,1986b. Comparative micronucleated erythrocyte cell induction in three cyprinids by five
carcinogenic-mutagenic chemicals. Cytobios 47, 147-154.
Al-Sabti, K., Metcalfe, C.D., 1995. Fish micronuclei for assessing genotoxicity in water. Mutat. Res.
343, 121-135.
Aquatic Toxicology Volume 78, Supplement 1, 1 June 2006.
Arkhipchuk, V.V., Garanko, N.N., 2005. Using the nucleolar biomarker and the micronucleus test
on in vivo fish fin cells. Ecotoxicol. Environ. Saf. 62, 42-52.
Armstrong, D.T., 1990. Environmental stress and ovarian function. Biol. Reprod. 34, 29-39.
Arukwe, A., Goksøyr, A., 2003. Eggshell and egg yolk proteins in fish: hepatic proteins for the next
generation: oogenetic, population, and evolutionary implications of endocrine disruption. Comp.
Hepatol. 2, 4.
Banni, M., Dondero, F., Jebali, J., Guerbej, H., Boussetta, H., Viarengo, A., (in press). Assessment
of heavy metal contamination using real time PCR analysis of mussel metallothionein mt10 and
mt20 expression: a validation along the Tunisian coasts. Biomarkers.
Bard, S.M., 2000. Multixenobiotic resistance as a cellular defense mechanism in aquatic
organisms. Aquat. Toxicol. 48, 357-389.
Barouki, R., Morel, Y., 2001. Repression of cytochrome P450 1A1 gene expression by oxidative
stress: mechanisms and biological implications. Biochem. Pharmacol. 61, 511-516.
Barron, M.G., Woodburn, K.B., 1995. Ecotoxicology of chlorpyrifos. Rev. Environ. Contam. Toxicol.
144, 1-93. Review.
Barsiene, J., Lehtonen, K. K., Koehler, A., Broeg, K., Vuorinen, P.J., Lang, T., Pempkowiak, J.,
Šyvokienė, J., Dedonyte, V., Rybakovas, A., Repečka, R., Vuontisjärvi, H., Kopecka, J., 2006.
Biomarker responses in flounder (Platichthys flesus) and mussel (Mytilus edulis) in the KlaipedaBūtingė area (Baltic Sea). Mar. Poll. Bull. 53, 422-436.

206

Batel, R., Vukmirovic, M., Jacsic, Z., Bihari, N., 1994. Impact of pollution on DNA fragmentation in
marine invertebrates. Use of Aquatic Invertebrates as Tools for Monitoring the Environmental
Hazards, 109-117.
Batel, R., Jakšic, Z., Bihari, N., Hamer, B., Fafandel, M., Chauvin, C., Schröder, C.H., Müller,
W.E.G., Zahn, R.K., 1999. A microplate assay for DNA damage determination (Fast Micromethod)
in cell suspensions and solid tissues. Anal. Biochem. 270, 195-200.
Bayne, B.L., 1986. Measuring the effects of pollution at the cellular and organism level. In:
Kullenberg, G. (Ed.), The Role of the Oceans as a Waste Disposal Option. Reidel Dordrecht, The
Netherlands, pp. 617–634.
Beier, K., Fahimi, H.D., 1991. Environmental pollution by common chemicals and peroxisome
proliferation: efficient detection by cytochemisty and automatic image analisys. Prog. Histochem.
Cytochem. 23, 150-163.
BEQUALM – Biological effects quality assurance in monitoring, 1999. External fish diseases and
liver histopathology. Biological Effects Quality Assurance in Monitoring Programmes. CEFAS
Weymouth Laboratory, UK. Weymouth.
Bilbao, E., de Cerio, O.D., Cajaraville, M.P., Cancio, I., 2006. Cloning and expression pattern of
peroxisomal enzymes in the mussel Mytilus galloprovincialis and in the thicklip grey mullet Chelon
labrosus: generation of new tools to study peroxisome proliferation. Mar. Environ. Res. 62S, 10912.
Blaise, C., Gagné, F., Pellerin, J., Hansen, P.D., 1999. Determination of vitellogenin-like properties
in Mya arenaria hemolymph (Saguenay Fjord, Canada): a potential biomarker for endocrine
disruption. Environ. Toxicol. 14, 455-465.
Bocquené, G., Galgani, F., Truquet, P., 1990. Characterization and assay conditions for use of
AChE activity from several marine species in pollution monitoring. Mar. Environ. Res. 30, 75-89.
Bocquené, G., Roig., A., Fournier, D., 1997. Cholinesterases from the common oyster
(Crassostrea gigas). Evidence for the presence of a soluble acetylcholinesterase insensitive to
organophosphate and carbamate inhibitors. FEBS Letters 407, 261-266.
Bolognesi, C., 1990. Carcinogenic and mutagenic effects of pollutants in marine organisms: a
review. In: Grandjean, E., ed. Carcinogenic, mutagenic, and teratogenic marine pollutants: impact
on human healt and the environment. The Woodland, TX: Portfolio Publishing Company, 67-83.
Bolognesi, C., Rabboni, R., Roggeri, P., 1996. Genotoxicity biomarkers in M. galloprovincialis as
indicators of marine pollutants. Comp. Biochem. Physiol. 113C, 319-323.
Bolognesi, C., Landini, E., Roggieri, P., Fabbri, R., Viarengo, A., 1999. Genotoxicity biomarkers in
the assessment of heavy metal effects in mussels: experimental studies. Environ. Mol. Mutagen.
33, 287-292.
Bolognesi, C., Frenzilli, G., Lasagna, C., Perrone, E., Roggieri, P., 2004. Genotoxicity biomarkers
in Mytilus galloprovincialis: wild versus caged mussels. Mutat. Res. 552, 187-196.
Bolognesi, C., Perrone, E., Roggieri, P., Pampanin, D., Sciutto, A., 2006. Assessment of
micronuclei induction in peripheral erythrocytes of fish exposed to xenobiotics under controlled
conditions. Aquat. Toxicol. 78, S93-98.
Bonham, K., Zafarullah, M., Gedamu, L., 1987. The rainbow trout metellothioneins: molecular
cloning and characterization of two distinct cDNA sequences. DNA 6, 519-528.

207

Bremner, I., 1987. Interactions between metallothionein and trace elements. Prog. Food Nutr. Sci.
11, 1-37.
Broeg, K., Zander, S., Diamant, A., Körting, W., Krüner, G., Paperna, I., Westernhagen, H., 1999a.
The use of fish metabolic, pathological and parasitological indices in pollution monitoring I. North
Sea. Helgol. Mar. Res. 53, 171-194.
Broeg, K., Zander, S., Diamant, A., Körting, W., Krüner, G., Paperna, I., Westernhagen, H., 1999b.
The use of fish metabolic, pathological and parasitological indices in pollution monitoring I. Red
Sea and Mediterranean Sea. Helgol. Mar. Res. 53, 195-208.
Broeg, K., Koehler, A., Westernhagen, H. von, 2002. Disorder and recovery of environmental
health monitored by means of lysosomal stability in liver of European flounder (Platichthys flesus
L.). Mar. Environ. Res. 54, 569-573.
Broeg, K., Westernhagen, H.V., Zander, S., Körting, W., Koehler, A., 2005. The "Bioeffect
Assessment Index" - A concept for the quantification of effects of marine pollution by an integrated
biomarker approach. Mar. Pollut. Bull. 50, 495-503.
Broeg, K., Kaiser, W., Bahns, S., Koehler, A., submitted. The liver of wrasse - morphology and
function as a mirror of point source chemical impact. Mar. Env. Res.
Brown, R.J., Galloway, T.S., Lowe, D., Browne, M.A., Dissanayake, A., Jones, M.B., Depledge,
M.H., 2004. Differential sensitivity in three marine invertebrate to copper assessed using multiple
biomarkers. Aquat. Toxicol. 66, 267-278.
Bucheli, T.D., Fent, K., 1995. Induction of cytocrome P450 as a biomarker for environmental
contamination in aquatic ecosystem. Crit. Rev. Environ. Sci. Technol. 25, 201-268.
Burlando, B., Marchi, B., Panfoli, I., Viarengo, A., 2002. Essential role of Ca2+ -dependent
phospholipase A2 in estradiol-induced lysosome activation. Am. J. Physiol. Cell. Physiol. 283C,
1461-1468.
Burlando, B., Bonomo, M., Fabbri, E., Dondero, F., Viarengo, A., 2003. Hg2+ signaling in trout
hepatoma (RTH-149) cells: involvement of Ca2+-induced Ca2+ release. Cell Calcium 34, 285293.
Burlando, B., Bonomo, M., Caprì, F., Mancinelli, G., Pons, G., Viarengo, A., 2004. Different
patterns of Hg2+ and Cu2+ effects on the mussel (Mytilus galloprovincialis) plasma membrane
Ca2+-ATPase: Hg2+ induction of protein expression. Comp. Biochem. Physiol. C 139, 201-7.
Burlando, B., Berti, E., Viarengo, A., 2006. Effects of seawater pollutants on protein tyrosine
phosphorylation in mussel tissues. Aquat. Toxicol. 78S, S79-S85.
Bustin, S.A., 2002. Quantification of mRNA using real-time reverse transcription PCR (RT-PCR):
trends and problems. J. Mol. Endocrinol. 29, 23-39.
Cajaraville, M.P., Marigomez, J.A., Angulo, E., 1990. Short-term toxic effects of 1-naphthol on the
digestive gland-gonad complex of the marine prosobranch Littorina littorea (L): a light microscopic
study. Arch. Environ. Contam. Toxicol. 19, 17-24.
Cajaraville, M.P., Marigomez, J.A., Diez, G., Angulo, E., 1992. Comparative effects of the water
accommodated fraction of three oils on mussels. 2. Quantitative alterations in the structure of the
digestive tubules. Comp. Biochem. Physiol. C 102, 113-123.

208

Cajaraville, M.P., Orbea, A., Margomez, I., Cancio, I., 1997. Peroxisome proliferation in the
digestive epithelium of mussels exposed to the water accommodated fraction of thee oils. Comp.
Biochem. Physiol. 117C, 233-242.
Cajaraville, M.P., Bebianno, M.J., Blasco, J., Porte, C., Sarasquete, C., Viarengo, A., 2000. The
use of biomarkers to assess the impact of pollution in coastal environments of the Iberian
Peninsula: a practical approach. Sci. Total Environ. 247, 295-311.
Cajaraville, M.P., Cancio, I., Ibabe, A., Orbea, A., 2003. Peroxisome proliferation as a biomarker in
environmental pollution assessment. Microsc. Res. Tech. 61, 191-202.
Cajaraville, M.P., Ortiz-Zarragoitia, M., 2006. Specificity of the peroxisome proliferation response in
mussels exposed to environmental pollutants. Aquat. Toxicol. 78, S117-23.
Cancio, I., Orbea, A., Völkl, A., Fahimi, H.D., Cajaraville, M.P, 1998. Induction of peroxisomal
oxidases in mussels: comparison of effects of lubricant oil and benzo(a)pyrene with two typical
peroxisome proliferators on peroxisome structure and functions in Mytilus galloprovincialis. Toxicol.
Appl. Pharmacol. 149, 64-72.
Canesi, L., Ciacci, C., Betti, M., Scarpato, A., Citterio, B., Pruzzo, C., 2003. Effects of PCB
congeners on the immune function of Mytilus hemocytes: alterations of tyrosine kinase-mediated
cell signaling. Aquat. Toxicol. 63, 293-306.
Canesi, L., Betti, M., Ciacci, C., Scarpato, A., Citterio, B., Pruzzo, C., Gallo, G., 2004.
Environmental estrogenes can affect the function of mussel hemocytes through rapid modulation of
kinase pathways. Gen. Comp. Endocrinol. 138, 58-69.
Carrano, A.V., Natarajan, A.T., 1988. Consideration for populations monitoring using cytogenetic
techniques. Mutat. Res. 204, 379-406.
Castro, M., Santos, M.M., Monteiro, N.M., Vieira, N., 2004. Measuring lysosomal stability as an
effective tool for marine coastal environmental monitoring. Mar. Environ. Res 58, 741-745.
Chang, S., Opperman, C.H., 1991. Characterization of acetylcholinesterase molecular form of the
root-knot nematode, Meloidogyne. Mol. Biochem. Parasitol. 49, 205-214.
COMPRENDO: Focus and Approach, 2006. Environ. Health Perspect., 114.
Cornwall, R., Holland Toomey, B., Bard, S., Bacon, C., Jarman, W.M., Epel, D., 1995.
Characterization of multixenobiotic/multidrug transport in the gills of the mussel Mytilus
californianus and identification of environmental substrates. Aquat. Toxicol. 31, 277-296.
Dagnino, A., Allen, J.I., Moore, M.N., Broeg, K., Canesi, L., Viarengo, A., 2007. Development of an
expert system for the integration of biomarker responses in mussels into an organism animal
health index. Biomarkers 12, 155-172.
Dailianis, S., Domouhtsidou, G.P., Raftopoulou, E., Kaloyianni, M., Dimitriadis, V.K., 2003.
Evaluation of neutral red retention assay, micronucleus test, acetylcholinesterase activity and a
signal transduction molecule (cAMP) in tissues of Mytilus galloprovincialis (L.), in pollution
monitoring. Mar. Environ. Res. 56, 443-470.
Denslow, N.D., Chow, M.C., Kroll, K.J., Green, L., 1999. Vitellogenin as a biomarker of exposure
for estrogen or estrogen mimics. Ecotoxicology 8, 385-398.
DeRisi, J.L., Iyer, V.R., Brown, P.O., 1997. Exploring the metabolic and genetic control of gene
expression on a genomic scale. Science 278, 680-686.

209

Dhaunsi, G.S., Gulati, S., Singh, A.K., Orak, J.K., Asayama, K., Singh, I., 1992. Demonstration of
Cu,Znsuperoxide dismutase in rat liver peroxisomes. Biochemical and immunochemical evidence.
J. Biol. Chem. 267, 6870-6873.
Diamant, A., Banet, A., Paperna, I., Westernhagen, H.v., Broeg, K., Krüner, G., Körting, W.,
Zander, S., 1999. The use of fish metabolic, pathological and parasitological indices in pollution
monitoring II. Red Sea and Mediterranean Sea. Helgol. Mar. Res. 53, 195-208.
Diaz Enrich, M.J., Ramos Martinez, J.I., Ibarguren, I., 2003. Implication of adenosine 3’,5’-cyclic
monophosphate, guanosine 3’,5’-cyclic monophosphate, adenosine 5’-mono-, di-, and triphosphate
and fructose-2,6-bisphosphate in the regulation of the glycolytic pathway in relation to the
gametogenic cycle in the mussel Mytilus galloprovincialis Lmk. Mol. Cell. Biochem. 252, 339-345.
Dondero, F., Piacentini, L., Banni, M., Rebelo, M., Marsano, F., Burlando, B., Viarengo, A., 2005.
Quantitative PCR analysis of two molluscan metallothionein genes unveils differential expression
and regulation. Gene 345, 259-70.
Dondero, F., Dagnino, A., Jonsson, H., Caprì, F., Gastaldi, L., Viarengo, A., 2006a. Assessing the
occurrence of a stress syndrome in mussels (Mytilus edulis) using a combined biomarker / gene
expression approach. Aquat. Toxicol. 78S, S13-S24.
Dondero, F., Piacentini, L., Marsano, F., Rebelo, M., Vergani, L., Venier, P., Viarengo, A., 2006b.
Gene transcription profiling in pollutant exposed mussels (Mytilus spp.) using a new low-density
oligonucleotide microarray. Gene 376, 24-36.
Dondero, F., Jonsson, H., Rebelo, M., Pesce, G., Berti, E., Pons, G., Viarengo, A., 2006c. Cellular
responses to environmental stressor in the slime mould Dictyostelium discoideum. Comp.
Biochem. Physiol. C 143, 150-157.
Eastman A., Barry, M.A., 1992. The origin of DNA breaks: a consequence of DNA damage. DNA
repair or apoptosis? Cancer Invest. 10, 229-240.
Eaton, D.L., Toal, B.F., 1982. Evaluation of the Cd/haemoglobin affinity assay for the rapid
determination of metallothionein in biological tissues. Toxicol. Appl. Pharmacol. 66, 134-142.
Einsporn, S., Broeg, K., Koehler, A., 2005. The Elbe flood 2002-toxic effects of transported
contaminants in flatfish and mussel of the Wadden Sea. Mar. Pollut. Bull. 50, 423-429.
Endre, A., Beyer, J., Goksøyr, A., 2000. Fixed wavelength fluorescence (FF) of bile as a monitoring
tool for polyaromatic hydrocarbon exposure in fish: an evaluation of compound specificity, inner
filter effect and signal interpretation. Biomarkers 5, 9-23.
Ericson, G., Skarpheoinsdottir, H., Dalla Zuanna, L., Svavarsson, J., 2002. DNA adducts as
indicators of genotoxic exposure in indigenous and transplantated mussels, Mytilus edulis L. from
Icelandic coastal sites. Mutat. Res. 516, 91-99.
Esterbauer, H., 1985. Lipid peroxidation products: formation, chemical properties and biological
activities. In Pli, G., Cheeseman, K.H., Dianzani, M.U., Slater, T.F. (Eds.), Free Radicals in Liver
Injury. IRL Press, Oxford, pp. 29-47.
Fabbri, E., Capuzzo, A., 2006. Adenylyl cyclase activity and its modulation in the gills of Mytilus
galloprovincialis exposed to Cr6+ and Cu2+. Aquat. Toxicol. 76, 59-68.
Fahimi, H.D., Cajaraville, M.P., 1995. Induction of peroxisome proliferation by some environmental
pollutants and chemicals in animal tissues. Cell. Biol. Environ. Toxicol. 221-255.

210

Feist, S.W., Lang, T., Stentiford, G.D., Koehler, A., 2004. The use of liver pathology of flatfish for
monitoring biological effects of contaminants. ICES Techniques in Marine Environmental Sciences
(TIMES), 35.
Fernandez, M., Cao, J., Villamarin, J.A., 1998. In vivo phosphorylation of phosphofructokinase
from the bivalve mollusc Mytilus galloprovincialis. Arch. Biochem. Biophys. 353, 252-256.
Fernley, P.W., Moore, M.N., Lowe, D.M., Donkin, P., Evans, S., 2000. Impact of the Sea Empress
oil spill on lysosomal stability in mussel blood cells. Mar. Environ. Res. 50, 451-455.
Ferreira, A., Dolder, H., 2003. Cytochemical study of spermiogenesis and mature spermatozoa in
the lizard Tropidurus itambere (Reptilia, Squamata). Acta Histochem. 105, 339-352.
Fossi, M.C., Casini, S., Marsili, L., Neri, G., Mori, G., Ancora, S., Moscatelli, A., Ausili, A.,
Notarbartolo-di-Sciara, G., 2002. Biomarkers for endocrine disruptors in three species of
Mediterranean large pelagic fish. Mar. Environ. Res. 54, 667-671.
Frenzilli, G., Scarcelli, V., Del Barga, I., Nigro, M., Forlin, L., Bolognesi, C., Sture, J., 2004. DNA
damage in Eelpout (Zoarces viviparous) from Goteborg harbour. Mutat. Res. 552, 153-162.
Galloway, T.S., Millward, N., Browne, M.A., Depledge, M.H., 2002. Rapid assessment of
organophosphurous/carbamate exposure in the bivalve mollusk Mytilus edulis using combined
esterase activities as biomarker. Aquat. Toxicol. 61, 169-180.
George, S.G., Viarengo, A., 1985. A model for heavy metal homeostasis and detoxication in
mussel. Mar. Pollut. Physiol.: Recent advances, 125-143.
Geret, F., Serafim, A., Bebianno, M.J., 2003. Antioxidant enzyme activities, metallothioneins and
lipid peroxidation as biomarkers in Ruditapes decussatus? Ecotoxicology, 12, 417-426.
Giannaccini, G., Betti, L., Palego, L., Chelli, B., Gallo, A., Pirone, A., Fabaini, O., Bertellotti, S.,
Lucacchini, A., 2004. In vitro effects of lead ions on peripheral benzodiazepine receptors and
adenylyl cyclase activity in the mantle of Mytilus galloprovincialis. Comp. Biochem. Physiol. 137C,
197-206.
Gibson, G., Lake, B., 1993. Peroxisome: Biology and importance in toxicology and medicine.
London: Taylor & Francis.
Goeptar, A.R., Scheerens, H., Vermeulen, N.P.E., 1995. Oxygen reductase and substrate
reductase activity of cytochrome P450. Crit. Rev. Toxicol. 25, 25-65.
Goksøyr, A., Förlin, L., 1992. The cytochrome P450 system in fish, aquatic toxicology and
environmental monitoring. Aquat. Toxicol. 22, 287-312.
Goksøyr, A., 1995. Use of cytochrome P450 1A (CYP1A) in fish as a biomarker of aquatic
pollution. Arch. Toxicol. Suppl. 17, 80-95.
Goksøyr, A., 2006. Endocrine disruptors in the marine environment: mechanisms of toxicity and
their influence on reproductive processes in fish. J. Toxicol. Environ. Health A. 8, 69, 175-84.
Gopal, K., Pathak, S.P., 1993. Possible causes of outbreaks of fish diseases and mortality in
polluted waters. J. Adv. Zool. 14, 53-60.
Gorbi, S., Regoli, F., 2003. Review. Total Oxyradical Scavenging Capacity as an index of
susceptibility to oxidative stress in marine organisms. Comments on Toxicology 9, 303-322.

211

Gorbi, S., Baldini, C., Regoli, F., 2005. Seasonal variability of metallothioneins, cytochrome P450,
bile metabolites and oxyradical metabolism in the European Eel Anguilla anguilla L. (Anguillidae)
and Striped Mullet Mugil cephalus L. (Mugilidae). Arch. Environ. Contam. Toxicol. 49, 62–70.
Grisolia, C.K., Starling, F.L.R.M., 2001. Micronuclei monitoring of fishes from Lake Paranoa, under
influence of sewage treatment plant discharges. Mutat. Res. 491, 39-44.
Hansson, T., Lindesjoo, E., Forlin, L., Balk, L., Bignert, A., Larsson, A., 2006. Long-term monitoring
of the health status of female perch (Perca fluviatilis) in the Baltic Sea shows decreased gonad
weight and increased hepatic EROD activity. Aquat. Toxicol. 79, 341-355.
Harding, J.M., Couturier, C., Parsons, G.J., Ross, N.W., 2004. Evaluation of the neutral red assay
as a stress response indicator in cultivated mussels (Mytilus spp.) in relation to post-harvest
processing activities and storage conditions. Aquaculture 231, 315-326.
Harvey, J.S., Lyons, B.P., Page, T.S., Stewart, C. Parry J.M., 1999. An assessment of the
genotoxic impact of the sea empress oil spill by the measurement of DNA adduct levels in selected
invertebrate and vertebrate species. Mutat. Res. 441, 103-114.
Hauton, C., Hawkins, L.E., Hutchinson, S., 1998. The use of the neutral red retention assay to
examine the effects of temperature and salinity on haemocytes of the European flat oyster Ostrea
edulis (L.). Comp. Biochem. Phylsiol. 119, 619-623.
Hauton, C., Hawkins, L.E, Hutchinson, S., 2001. Response of haemocyte lysosomes to bacterial
inoculation in the oysters Ostrea edulis L. and Crassostrea gigas (Thunberg) and the scallop
Pecten maximus (L.). Fish Shellfish Immunol. 11, 143-153.
Haux, C., Björnsson, B.T., Förlin, L., Larsson, Å., Deftos, L.J., 1988. Influence of cadmium
exposure on plasma calcium, vitellogenin and calcitonin in vitelogenic rainbow trout. Mar. Environ.
Res. 24, 199-210.
Heddle, J.A., Hite, M., Kirkhart, B., Mavoumin, K., Mac Gregor, J.T., Newell, G.T., Salamone, M.F.,
1983. The induction of micronuclei as a measure of genotoxicity. A report of the U.S.
Environmental Protection Agency Gene-Tox Program. Mutat. Res. 123, 61-118.
Hellou, J., Payne, J.F., 1987. Assessment of contamination of fish by water-soluble fractions of
petroleum: a role for bile metabolites. Environ. Toxicol. Chem. 6, 857-862.
Hellou, J., Law, R.J., 2003. Stress on stress response of wild mussels, Mytilus edulis and Mytilus
trossulus, as an indicator of ecosystem health. Environ. Poll. 126, 407-416.
Hogstrand, C., Haux, C., 1990. A radioimmunoassay for perch (Perca fluviatilis) metallothionein.
Toxicol. Appl. Pharmacol. 103, 56-65.
Jaksic, Z., Batel, R., 2003. DNA integrity determination in marine invertebrates by Fast
Micromethod. Aquat. Toxicol. 65, 361-376.
Jonsson, H., Viken Sandnes, K., Schiedek, D., Schneider, R., Grøsvik, B.E., Goksøyr, A., 2004.
Development of two novel CYP-antibodies and their use in a PCB exposure experiment with
Mytilus edulis. Mar. Environ. Res. 58, 655-658.
Jonsson, H., Schiedek, D., Grøsvik, B.E., Goksøyr, A., 2006. Protein responses in blue mussels
(Mytilus edulis) exposed to organic pollutants: a combined CYP-antibody/proteomic approach.
Aquat. Toxicol. 78S, 49-56.
Karels, A., Soimasuo, M., Lappivaara, J., Leppänen, H., Aaltonen, T., Mellanen, P., Oikari, A.,
1998. Effects of bleached kraft mill effluent on reproductive steroids and liver MFO activity in
populations of perch and roach. Ecotoxicology 7, 123-132.

212

Kikugawa, K., Kato, T., Beppu, M., Hayasaka, A., 1989. Fluorescent and cross-linked proteins
formed by free radical and aldehyde species generated during lipid oxidation. Adv. Exp. Med. Biol.
266, 345-357.
Kime, D.E., 1995. The effects of pollution on reproduction in fish. Rev. Fish Biol. Fish. 5, 52-96.
Kling, P., Erkell, L.J., Kille, P., Olsson, P.E., 1996. Metallothionein induction in rainbow Trout
Gonadal (RTG-2) cells during free radical exposure. Mar. Environ. Res. 42, 33-36.
Koehler, A., 1989. Cellular effects of environmental contamination in fish from the River Elbe and
the North Sea. Responses to marine organisms to pollutants. Mar. Environ. Res. 28, 417-424.
Koehler, A., 1990. Identification of contaminant-induced cellular and subcellular lesions in the liver
of flounder (Platichthys flesus L.) caught at differently polluted estuaries. Aquat. Toxicol. 16, 271294.
Koehler, A., 1991. Lysosomal perturbations in fish liver as indicator for toxic effects of
environmental pollution. Comp. Biochem. Physiol. 100C, 123-127.
Koehler, A., Deisemann, H., Lauritzen, B., 1992. Histological and cytochemical indices of toxic
injury in the liver of the dab Limanda limanda. Mar. Ecol. Prog. Ser. 91, 141-153.
Koehler, A., Pluta, H.J., 1995. Lysosomal injury and MFO activity in the liver of flounder
(Platichthys flesus L.) in relation to histopathology of hepatic degeneration and carcinogenesis.
Mar. Environ. Res. 39, 255-260.
Koehler, A., Soeffker, K., Wahl, E., 2002. Functional and morphological changes of lysosomes as
prognostic biomarker of toxic injury in a marine flatfish Platichthys flesus (L.). Environ. Toxicol.
Chem. 21, 2434-2444.
Koehler, A., Van Noorden, C.J.F., 2003. Reduced nictotinamide adenine dinucleotide and the
higher incidence of pollution-induced liver cancer in female flounder. Environ. Toxicol. Chem. 22,
2703-2710.
Koehler, A., 2004. Toxic injury and gender-specific hepatocellular carcinogenesis in flounder
(Platichthys flesus (L.)). Aquat. Toxicol. 70, 257-276.
Koeler, A., Alpermann, T., Lauritzen, B., van Noorden, C.J.F., 2004. Clonal xenobiotic resistance
during pollution-induced toxic injury and hepatocellular carcinogenesis in liver of female flounder.
Acta Histochem. 106, 155-170.
Kohn, K.W., Erickson, L.C., Ewig, R.A.G., Friedman, C.A., 1976. Fractionation of DNA from
mammalian cells by alkalin elution. Biochemistry 15, 4629-4637.
Koskinen, H., Pehkonen, P., Vehniainen, E., Krasnov, A., Rexroad, C., Afanasyev, S., Molsa, H.,
Oikari, A., 2004. Response of rainbow trout transcriptome to model chemical contaminants.
Biochem. Biophys. Res. Commun. 320, 745-53.
Kramer, V.J., Miles-Richardson, S., Pierens, S.L., Giesy, J.P., 1998. Reproductive impairment and
induction of alkaline-labile phosphate, a biomarker of estrogen exposure, in fathead minnows
(Pimephales promelas) exposed to waterborne 17β-estradiol. Aquat. Toxicol. 40, 335–360.
Krishnakumar, P.K., Casillas, E., Varanasi, U., 1997. Cytochemical responses in the digestive
tissue of Mytilus edulis complex exposed to microencapsulated PAHs or PCBs. Comp. Biochem.
Physiol. 118C, 11-18.
Langton, R. W., 1975. Synchrony in the digestive diverticula of Mytilus edulis L. JMBA 55, 221-229.

213

Larsson, D.G., Kinnberg, K., Sturve, J., Stephensen, E., Skon, M., Forlin, L., 2002. Studies of
masculinization, detoxification, and oxidative stress responses in guppies (Poecilia reticulate)
exposed to effluent from a pulp mill. Ecotoxicol. Environ. Saf. 52, 13-20.
Lee, R.F., Steinert, S., 2003. Use of the single cell gel electrophoresis/comet assay for detecting
DNA damage in aquatic (marine and freshwater) animals. Mutat. Res. 544, 43-64.
Lehman, L.D., Klaassen, C.D., 1986. Separation and quantitation of metallothionein by high
performance liquid chromatography coupled with atomic absorption spectrophotometry. Anal.
Biochem. 102, 305-314.
Lin, E.L.C., Cormier, S.M., Torsella, J.A., 1996. Fish biliary polyacyclic aromatic hydrocarbon
metabolites estimated by fixed-wavelength fluorescence: comparison with hplc-fluorescent
detection. Ecotoxicol. Environ. Saf. 35, 16-23.
Livingstone, D.R., Kirchin, M.A., Wiseman, A., 1989. Cytochrome P-450 and oxidative metabolism
in molluscs. Xenobiotica 19, 1041-1062.
Livingstone, D.R., 1994. Recent developments in marine invertebrate organic xenobiotic
metabolism. Toxicol. Ecotoxicol. News 1, 8-94.
Llorente, M.T., Martos, A., Castano, A., 2002. Detection of cytogenetic alterations and blood cell
changes in natural populations of carp. Ecotoxicology 11, 27-34.
Lobel, P.B., Payne, J.F., 1987. The mercury-203 method for evaluating metallothioneins:
interference by copper, mercury, oxygen, silver and selenium. Comp. Biochem. Physiol. 86C, 3739.
Lowe, D.M., Moore, M.N., Clarke, R.K., 1981. Effects of oil on digestive cells in mussels:
quantitative alterations in cellular and lysosomal structure. Aquat. Toxicol. 1, 213-226.
Lowe, D., Pipe, R.K., 1985. Cellular responses in the mussel Mytilus edulis following exposure to
diesel oil emulsions: reproductive and nutrient storage cells. Mar. Environ. Res. 17, 234-237.
Lowe, D. M., 1988. Alteration in the cellular structure of Mytilus edulis resulting from exposure to
environmental contaminants under field and experimental conditions. Mar. Ecol. Prog. Ser. 46, 91100.
Lowe, D.M., Pipe, R.K., 1994. Contaminant induced lysosomal membrane damage in marine
mussel digestive cells: an in vitro study. Aquat. Toxicol. 30, 357-365.
Lowe, D.M., Soverchia, C., Moore, M.M., 1995. Lysosomal membrane responses in the blood and
digestive cells of mussels experimentally exposed to fluoranthene. Aquat. Toxicol. 33, 105-112.
Luedeking, A., Koehler, A., 2002. Identification of six mRNA sequencesof genes related to multi
xenobiotic resistance (MXR) and biotransformation in Mytilus edulis. Mar. Ecol. Progr. Ser. 238,
115-124.
Luedeking, A., Koehler, A. 2004. Regulation of expression of multixenobiotic resistance (MXR)
genes by environmental factors in the blue mussel Mytilus edulis. Aquat. Toxicol. 69, 1-10.
Lüllman-Rauch, R., 1979. Drug-induced lysosomal storage disorders. Lysosomes in biology and
pathology 6, 49-130.

214

Majone, F., Brunetti, R., Fumagalli, O., Gabriele, M., Levis, A.G., 1990. Induction of micronuclei by
mitomycin C and colchicine in the marine mussel Mytilus galloprovincialis. Mutat. Res. 244, 147151.
Malins, D.C., McCain, B.B., Landahl, J.T., Myers, M.S., Krahn, M.M., Brown, D.W, Chan, S.L.,
Roubal, W.T., 1988. Neoplastic and others diseases in fish in relation to toxic chemicals: an
overview. Aquat. Toxicol. 11, 43-67.
Malins, D.C., Ostrander, G.K., Haimanot, R., Williams, P., 1990. A novel DNA lesion in neoplastic
livers of feral fish: 2,6-diamino-4-hydroxy-5-formamidopyrimidine. Carcinogenesis 11, 1045-1047.
Manduzio, H., Cosette, P., Gricourt, L., Jouenne, T., Lenz, C., Andersen, O.K., Leboulenger, F.,
Rocher, B., 2005. Protome modifications of blue mussel (Mytilus edulis L.) gills as an effect of
water pollution. Proteomics 5, 4958-4963.
Mannaerts, G.P., Van Veldhoven, P.P., 1993. Metabolic pathways in mammalian peroxisomes.
Biochimie 75, 147-158.
Marchi, B., Burlando, B., Panfoli, I., Viarengo, A., 2000. Interference of heavy metal cations with
fluorescent Ca2+probes does not affect Ca2+measurements in living cells. Cell Calcium 28, 225231.
Marchi, B., Burlando, B., Moore, M.N., Viarengo, A., 2004. Mercury- and copper-induced lysosomal
membrane destabilisation depends on [Ca2+]i dependent phospholipase A2 activation. Aquat.
Toxicol. 66, 197-204.
Martin-Skilton, R., Lavado, R., Thibaut, R., Minier, C., Porte, C., 2006. Evidence of endocrine
alteration in the red mullet, Mullus barbatus from the NW Mediterranean. Environ. Pollut. 141, 60-8.
Martinez, M., Torreblanca, A., Del Ramo, J., Pastor, A., Diazmayans, J., 1993. Cadmium induced
metallothionein in hepatopancreas of Procambarus clarkii. Quantification by a Silver-saturation
method. Comp. Biochem. Physiol. 105C, 263-267.
Mason, A.Z., Storms, S.D., Jenkins, K.D., 1990. Metalloprotein separation and analysis by direct
coupled size exclusion high-performance liquid chromatography inductively coupled plasma mass
spectroscopy. Anal. Biochem. 186, 187-201.
Massouliè, J., Pezzementi, L., Bon, S., Krejci, E., Valette, F.M., 1993. Molecular and cellular
biology of cholinesterase. Prog. Neurobiol. 41, 31-91.
Mazzucotelli, A., Viarengo, A., Canesi, L., Ponzano, E., Rivaro, P., 1991. Determination of trace
amounts of metalloprotein species in marine mussel samples by High Performance Liquid
Chromatography with Inductively Coupled Plasma Atomic Emission Spectroscopy. The Analyst
116, 605-608.
Mi, J., Orbea, A., Syme, N., Ahmed, M., Cajaraville, M.P., Cristobal, S., 2005. Peroxisomal
proteomics, a new tool for risk assessment of peroxisome proliferating pollutants in the marine
environment. Proteomics 5, 3954-3965.
Michel, X., Garrigues, P., Galgani, F., Narbonne, J.F., 1995a. Modified method for benzo(a)pyrene
hydroxylase activity measurements : comparison with EROD activities for marine pollution
monitoring. Mar. Environ. Res. 39, 363-364.
Michel, X.R., Beasse, C., Narbonne, J.F., 1995b. In vivo metabolism of benzo[a]pyrene in the
mussel Mytilus galloprovincialis. Arch. Environ. Contam. Toxicol. 28, 215-222.
Minier, C., Akcha, F., Galgani, F., 1993. P-glycoprotein expression in Crassostrea gigas and
Mytilus edulis in polluted seawater. Comp. Biochem. Physiol. B. 106, 1029-1036.

215

Minier, C., Levy, F., Rabel, D., Bocquené, G., Godefroy, D., Burgeot, T., Leboulenger, F., 2000.
Flounder health status in the Seine Bay. A multibiomarker study. Mar. Environ. Res. 50, 373-377.
Mix, M.C., 1986. Cancerous disease in aquatic animals and their association with environmental
pollutants: a critical literature review. Mar. Environ. Res. 20, 1-141.
Moles, A., Hale, N., 2003. Use of physiological responses in Mytilus trossulus as integrative
bioindicators of sewage pollution. Mar. Poll. Bull. 46, 954-958.
Moore, M.N., 1976. Cytochemical demonstration of latency of lysosomal hydrolases in the
digestive cells of the common mussel, Mytilus edulis, and changes induced by thermal stress. Cell.
Tissue Res. 175, 279-287.
Moore, M.N., 1988. Cytochemical responses of the lysosomal system and NADPHferrihemoprotein reductase in molluscan digestive cells to environmental and experimental
exposure to xenobiotics. Mar. Ecol. Prog. Ser. 46, 81-89.
Moore, M.N, Lowe, D.M, Kohler, A., 2004. Biological effects of contaminants: Measurements of
lysosomal membrane stability. ICES Techniques in Marine Environmental Sciences (TIMES) No
36. ICES, Copenhagen.
Mora, P., Fournier, D., Narbonne, J-F., 1999. Cholinesterases from the marine mussels Mytilus
galloprovincialis Lmk. and M. edulis L. and from the freshwater bivalve Corbicula fluminea Müller.
Comp. Biochem. Physiol. C122, 353-361.
Nasci, C., Nesto, N., Monteduro, R.A., Da Ros, L., 2002. Field application of biochemical markers
and a physiological index in the mussel, Mytilus galloprovincialis: transplantation and biomonitoring
studies in the lagoon of Venice (NE Italy). Mar. Environ. Res. 54, 811-816.
Nolan, C.V., Shaikh, Z.A., 1986. Determination of metallothionein in tissues by radioimmunoassay
and by cadmium saturation method. Anal. Biochem. 154, 213-223.
Olafson, R.W., Sim, R.G., 1979. An electrochemical approach to quantification and
characterization of metallothioneins. Anal. Biochem. 100, 343-351.
Olsson, P.E., Kling, P., Erkell, L.J., Kille, P., 1995. Structural and functional analysis of the rainbow
trout (Oncorhyncus mykiss) metallothionein-A gene. Eur. J. Biochem. 230, 344-349.
Omura, T., Sato, R., 1964. The carbon monoxide-binding pigment of liver microsomes, I and II. J.
Biol. Chem. 239, 2370-2385.
Orbea, A., Fahimi, H.D., Cajaraville, M.P., 2000. Immunolocalization of four antioxidant enzymes in
digestive glands of molluscs and crustaceans and fish liver. Histochem. Cell. Biol. 114, 393-404.
Orbea, A., Ortiz-Zarragoitia, M., Solè, M., Porte, C., Cajaraville, M.P., 2002a. Antioxidant enzymes
and peroxisome proliferation in relation to contaminant body burdens of PHAs and PCBs in bivalve
molluscs, crabs and fish from the Urdaibai and Plentzia estuaries (Bay of Biscay). Aquat. Toxicol.
58, 75-98.
Orbea, A., Ortiz-Zarragoitia, M., Cajaraville, M.P., 2002b. Interactive effects of benzo(a)pyrene and
cadmium and effects of di(2-ethylhexyl)phthalate on antioxidant and peroxisomal enzymes and
peroxisomal volume density in the digestive gland of mussel Mytilus galloprovincialis Lmk.
Biomarkers 7, 33-48.

216

Orbea, A., Cajaraville, M.P., 2006. Peroxisome proliferation and antioxidant enzymes in
transplanted mussels of four basque estuaries with different levels of polycyclic aromatic
hydrocarbon and polychlorinated biphenyl pollution. Environ. Toxicol. Chem. 25, 1616-1626.
Orrenius, S., Thor, D., Di Monte, D., Bellomo, G., Nicotera, P., Ross, D., Smith, M.T., 1985.
Mechanisms of oxidative cell injury studied in intact cells. In Davis, D.D. et al. (Eds.), Microsomes
and Drug Oxidations, 6th Int. Symp. Taylor and Francis, U.K., pp. 238- 247.
Ortiz-Zarragoitia, M., 2005. Effects of endocrine disruptors on peroxisome proliferation,
reproduction and development of model aquatic organisms, zebrafish and mussel. Ph.D Thesis,
University of the Basque Country, 164.
Ortiz-Zarragoitia, M., Cajaraville, M.P., 2005. Effects of selected xenoestrogens on liver
peroxisomes, vitellogenin levels and spermatogenic cell proliferation in male zebrafish. Comp.
Biochem. Physiol. C Toxicol. Pharmacol. 141, 133-144.
Ortiz-Zarragoitia, M., Cajaraville, M.P., 2006. Biomarkers of exposure and reproduction-related
effects in mussels exposed to endocrine disruptors. Arch. Environ. Contam. Toxicol. 50, 361-369.
Pampanin, D.M., Volpato, E., Marangon, I., Nasci, C., 2005. Physiological measurements from
native and transplanted mussel (Mytilus galloprovincialis) in the canals of Venice. Survival in air
and condition index. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 140, 41-52.
Payne, J.F., 1976. Field evaluation of benzopyrene hydroxylase induction as a monitor for marine
petroleum pollution. Science 191, 945-946.
Payne, J.F., 1984. Mixed-function oxygenase in biological monitoring programs: review of potential
usage in different phyla of aquatic animals. In: Persoone, G., Jaspers, E., Claus, C. (Eds.),
Ecotoxicological testing for the marine environment, Vol. 1. State Univ. Ghent and Inst. Mar.
Scient. Res., Bredene, Belgium., pp. 625-655.
Pedrajas, J.R., Peinado, J., Lopez-Barea, J., 1995. Oxidative stress in fish exposed to model
xenobiotics. Oxidatively modified forms of Cu,Zn-superoxide dismutase as potential biomarker.
Chem. Biol. Interact. 98, 267-282.
Pettersson, M., Adolfsson-Erici, M., Parkkonen, J., Förlin, L., Asplund, L., 2006. Fish bile used to
detect estrogenic substances in treated sewage water. Sci. Total Environ. 366, 174-186.
Piotrowski, J.K., Bolanowska, W., Sapota, A., 1973. Evaluation of metallothionein content in animal
tissues. Acta Biochim. Pol. 20, 207-215.
Pipe, R.K., 1993. The generation of reactive oxygen metabolites by the haemocytes of the mussel
Mytilus edulis. Dev. Comp. Immunol. 16, 111-122.
Pons, G., Evangelisti, V., Caprì, F., Mozzone, S., Viarengo, A., 2002. Cytochemical localization
and quantification of plasma membrane Ca2+-ATPase activity in mollusc digestive gland cells. Eur.
J. Histochem. 46, 31-40.
Poremski, H.J., Wiandt, S., 2000. OSPAR Programmes on hazardous substances dynamic
selection and prioritisation procedure. GDCh. 17, 55-70.
Porte, C., Janer, G., Lorusso, L.C., Ortiz-Zarragoitia, M., Cajaraville, M.P., Fossi, M.C., Canesi, L.,
2006. Endocrine disruptors in marine organisms: approaches and perspectives. Comp. Biochem.
Physiol. C 143, 303-315.
Reddy, J.K., Mannaerts, G.P., 1994. Peroxisomal lipid metabolism. Annu. Rev. Nutr. 14, 343-370.

217

Regoli, F., Winston, G.W., 1999. Quantification of total oxidant scavenging capacity (TOSC) of
antioxidants for peroxynitrite, peroxyl radicals and hydroxyl radicals. Toxicol. Appl. Pharmacol.
156, 96-105.
Regoli, F., 2000. Total oxyradical scavenging capacity (TOSC) in polluted and translocated
mussels: a predictive biomarker of oxidative stress. Aquat. Toxicol. 50, 351-361.
Regoli, F., Pellegrini, D., Winston, G.W., Gorbi, S., Giuliani, S., Virno-Lamberti, C., Bompadre, S.,
2002. Application of biomarkers for assessing the biological impact of dredged materials in the
Mediterranean: the relationship between antioxidant responses and susceptibility to oxidative
stress in the red mullet (Mullus barbatus). Mar. Pollut. Bull. 44, 912-922.
Regoli, F., Frenzilli, G, Bocchetti, R., Annarumma, F., Scancelli, V., Fattorini, D., Nigro, M., 2004.
Time-course variations of oxyradical metabolism, DNA integrity, and lysosomal stability in mussels,
Mytilus galloprovincialis, during a field traslocation experiment. Aquat. Toxicol. 68, 167-178.
Rickwood, C.J., Galloway, T.S., 2004. Acetylcholinesterase inhibition as a biomarker of adverse
effect a study of Mytilus edulis exposed to the priority pollutant chlorfenvinphos. Aquat. Toxicol. 67,
45-56.
Ringwood, A.H., Hoguet, J., Keppler, C.J., 2002. Seasonal variation in lysosomal destabilization in
oysters, Crassostrea virginica. Mar. Environ. Res. 54, 793-797.
Robinson, C.D., Brown, E., Craft, J.A., Davies, I.M., Moffat, C.F., 2004. Effects of prolonged
exposure to 4-tert-octylphenol on toxicity and indices of oestrogenic exposure in the sand goby
(Pomatoschistus minutus, Pallas). Mar. Environ. Res. 58, 19–38.
Rodriguez-Fuentes, G., Gold-Bouchot, G., 2004. Characterization of cholinesterase activity from
different tissues of Nile tilapia (Oreochromis niloticus). Mar. Environ. Res. 58, 505-509.
Rodriguez-Ortega, M.J., Grosvik, B.E., Rodriguez-Ariza, A., Goksøyr, A., Lopez-Barea, J., 2003.
Changes in protein expression profiles in bivalve molluscs (Chamaelea gallina) exposed to four
model environmental pollutants. Proteomics 3, 1535-1543.
Roesijadi, G., Morris, J.E., Unger, M.E., 1988. Immunochemical quantification of metallothioneins
of a marine mollusc. Can. J. Fish. Aquat. Sci. 45, 1257-1263.
Roesijadi, G., Bogumil, R., Vašák, M., Kägi, J.H., 1998. Modulation of DNA binding of a tramtrack
zinc finger peptide by the metallothionein-thionein conjugate pair. J. Biol. Chem. 273, 1742517432.
Romeo, M., Bennani, N., Gnassia-Barelli, M., Lafaurie, M., Girare, J. P., 2000. Cadmium and
copper display different responses towards oxidative stress in the kidney of the sea bass
Dicentrarchus labrax. Aquat. Toxicol. 48, 185-194.
Romeo, M., Mourgaud, Y., Geffard, A., Gnassia-Barelli, M., Amiard, J.C., Budzinski, H., 2003a.
Multimarker approach in transplanted mussels for evaluating water quality in Charentes, France,
coast areas exposed to different anthropogenic conditions. Environ. Toxicol. 18, 295-305.
Romeo, M., Hoarau, P., Garello, G., Gnassia-Barelli, M., Girard, J.P., 2003b. Mussel
transplantation and biomarkers as useful tools for assessing water quality in the NW
Mediterranean. Environ. Pollut. 122, 369-78.
Samuelsson, L.M., Forlin, L., Karlsson, G., Adolfsson-Erici, M., Larsson, D.G., 2006. Using NMR
metabolomics to identify responses of an environmental estrogen in blood plasma of fish. Aquat.
Toxicol. 78, 341-349.

218

Sanchez-Hernandez, J.C., Moreno-Sanchez, B., 2002. Lizard cholinesterases as biomarkers of
pesticide exposure: enzymological characterization. Environ. Toxicol. Chem. 21, 2319-2325.
Sandström, O., Neuman, E., 2003. Long-term development in a Baltic fish community exposed to
bleached pulp mill effluent. Aquat. Ecol. 37, 267-276.
Sato, M., Bremner, I., 1993. Oxygen free radicals and metallothionein. Free Radic. Biol. Med. 14,
325-337.
Sauna, Z.E., Smith, M.M., Muller, M., Kerr, K.M., Ambudkar, S.V., 2001. The mechanism of action
of multidrug-resistance-linked P-glycoprotein. J. Bioenerg. Biomembr. 33, 481-91.
Scarpato, R., Migliore, L., Alfinito-Cognetti, G., Barale, R., 1990. Induction of micronuclei in gill
tissue of Mytilus galloprovincialis exposed to polluted marine waters. Mar. Pollut. Bull. 21, 74-80.
Schanne, F.A.X., Kane, A.B., Young, E.E., Farber, J.L., 1979. Calcium dependence of toxic cell
death: a final common pathway. Science 206, 700.
Schena, M., Shalon, D., Davis, R.W., Brown, P.O., 1995. Quantitative monitoring of gene
expression patterns with a complementary DNA microarray. Science 270, 467-470.
Scheuhammer, A.M., Cherian, M.G., 1986. Quantification of metallothioneins by a silver-saturation
method. Toxicol. Appl. Pharmacol. 82, 417-425.
Schiedek, D., Broeg, K., Baršienė, J., Lehtonen, K.K., Gercken, J., Pfeifer, S., Vuontisjärvi, H.,
Vuorinen, P.J., Dedonyte, V., Koehler, A., Balk, L., Schneider, R., 2006. Biomarker responses as
indication of contaminant effects in blue mussel (Mytilus edulis) and female eelpout (Zoarces
viviparus) from the southwestern Baltic Sea. Mar. Pollut. Bull. 53, 387-405.
Schmolke, S., Broeg, R., Zander, K., Bissinger, S., Hansen, V., Kress, P.D., Herut N., Jantzen, B.,
Krüner, E., Sturm, G., Körting, A., Westernhagen, W., 1999. Multivariate statistical approach to the
temporal and spatial patterns of selected bioindicators observed in the North Sea during the years
1995 to 1997. Helgol. Mar. Res. 53, 257-266.
Sheehan, D., 2006. Detection of redox-based modification in two-dimensional electrophoresis
proteomic separations. Biochem. Biophys. Res. Commun. 349, 45-462.
Shugart, L.R., 1995. Environmental genotoxicology. In: Rand, G.M. (Ed.), Fundamentals of Aquatic
Toxicology: Effects, Environmental Fate, and Risk Assessment. Taylor & Francis, Bristol, PA, pp.
405-420.
Sijm, D.T.H.M., Opperhuizen, A., 1989. Biotrasformation of organic chemicals by fish: enzyme
activities and reactions. In: Hutzinger, O. (Ed.), Handbook of Environmental Chemistry Reactions
and Processes, vol 2E. Springer, Berlin, pp. 163-235.
Singh, I., 1996. Mammalian peroxisomes: metabolism of oxygen and reactive oxygen species.
Ann. N. Y. Acad. Sci. 804, 612-627.
Singh, I., 1997. Biochemistry of peroxisomes in health and disease. Mol. Cell. Biochem. 167, 1-29.
Siu, W.H.L., Cao, J., Jack, R.W., Wu, R.S.S., Richardson, B.J., Xu, L., Lam, P.K.S., 2004.
Application of the comet and micronucleus assays to the detection of B[a]P genotoxicity in
haemocytes of the green–lipped mussel (Perna viridis). Aquat. Toxicol. 66, 381-392.
Smital, T., Sauerborn, R., Pivcevic, B., Krca, S., Kurelec, B., 2000. Interspecies differences in
Pglycoprotein mediated activity of multixenobiotic resistance mechanism in several marine and
freshwater invertebrates. Com. Biochem. Physiol. C 126, 175-186.

219

Smital, T., Sauerborn, R., Hackenberger, B., 2003. Inducibility of the P-glycoprotein transport
activity in the marine mussel Mytilus galloprovincialis and the freshwater mussel Dreissena
polymorpha. Aquat. Toxicol. 65, 443-465.
Speit, G., Hartmann, A., 1995. The contribution of excision repair to the DNA effects seen in the
alkaline single cell gel test (comet assay). Mutagenesis 10, 555-559.
Spies, R.B., Stegeman, J.J., Rice, D.W., Jr., Woodlin, B., Thomas, P., Hose, J.E., Cross, J.N.,
Prieto, M., 1990. Sublethal responses of Platichtus stellatus to organic contamination in San
Francisco Bay with emphasis on reproduction. In: McCarthy, J. F., Shugart, L. R. (Eds.),
Biomarkers of Environmental Contamination. CRC Press, Boca Raton, FL, pp. 87-122.
Stagg, R.M., 1998. The development of an international programme for monitoring the biological
effects of contaminants in the OSPAR Convention Area. Mar. Environ. Res. 46, 307-313.
Stegeman, J.J., Woodin, B.R., Goksøyr, A., 1988. Apparent cytochrome P450 induction as an
indication of exposure to environmental chemicals in the flounder Platichthys flesus. Mar. Ecol.
Prog. Ser. 46, 55-60.
Stegeman, J.J., Lech, J.J., 1991. Cytochrome P450 monooxygenase systems in aquatic species:
carcinogen metabolism and biomarkers for carcinogen and pollutant exposure. Environ. Health
Perspect. 90, 101-109.
Stegeman, J.J., Brouwer, M., Richard, T.D.G., Förlin, L., Fowler, B.A., Sanders, B.M., van Veld,
P.A., 1992. Molecular responses to environmental contamination: enzyme and protein systems as
indicators of chemical exposure and effect. In: Huggett, R.J., Kimerle, R.A., P.M. Mehrle, P.M. Jr.,
& Bergman, H.L. (Eds.), Biomarkers: Biochemical, Physiological and Histological markers of
Anthropogenic Stress. Lewis Publishers, Boca Raton, FL, USA, pp. 235-335.
Stegeman, J.J., Hahn, M.E., 1994. Biochemistry and molecular biology of monooxygenase: current
perspective on forms, functions, and regulation of cytochrome P450 in aquatic species. In: Malins,
D.C., Ostrander, G.K., (Eds.), Aquatic toxicology: molecular, biochemical and cellular perspectives.
Lewis Publishers, Boca Raton, FL, pp. 87-206.
Stein, J.E., Collier, T.K., Reichert, W.L., 1992. Bioindicators of contaminant exposure and sublethal
effects: studies with benthic fish in Puget sound, Washington. Environ. Toxicol. Chem. 11, 701714.
Stentiford, G.D., Longshaw, M., Lyons, B.P., Jones, G., Green, M., Feist, S.W., 2003.
Histopathological biomarkers in estuarine fish species for the assessment of biological effects of
contaminants. Mar. Environ. Res. 55, 137-59.
Sturm, A., da Silva de Assis, H.C., Hansen, P.D., 1999. Cholinesterases of marine teleost fish:
enzymological characterization and potential use in the monitoring of neurotoxic contamination.
Mar. Environ. Res. 47, 389-398.
Sunaga, H., Kobayashi, E., Shimojo, N., Suzuki, K.T., 1987. Detection of Sulfur-containing
compounds in control and Cadmium-exposed rat organs by high-performance liquid
chromatography-vacuum-ultraviolet inductively coupled plasma-atomic emission spectrometry
(HPLC-ICP). Anal. Biochem. 160, 160-168.
Suteau, P., Daubeze, M., Migaud, M.L., Narbonne, J.F., 1988. PAH-metabolizing enzymes in
whole mussels as biochemical tests for chemical pollution monitoring. Mar. Ecol. Prog. Ser. 46, 4549.
Suzuky, K.T., 1980. Direct connection of high-speed liquid chromatograph (equipped with gel
permeation column) to atomic absorption spectrophotometer for metalloprotein analysis:
metallothionein. Anal. Biochem. 102, 31-34.

220

Talesa, V., Romani, R., Antognelli, C., Giovannini, E., Rosi, G., 2001. Soluble and membranebound acetylcholinesterase in Mytilus galloprovincialis (Pelecypoda: Filibranchia) from the northern
Adriatic sea. Chem. Biol. Interact. 134, 151-166.
Terman, A., Brunk, U.T., 2004. Lipofuscin. Int. J. Biochem. Cell. Biol. 36, 1400-1404.
Thomas, R.E., Harris, P.M., Rice, S.D., 1999. Survival in air of Mytilus trossulus following long-term
exposure to spilled Exxon Valdez crude oil in Prince Williams sound. Comp. Biochem. Physiol.
122C, 147–152.
Thomas, R.S., Rank, D.R., Penn, S.G., Zastrow, G.M., Hayes, K.R., Pande, K., Glover, E.,
Silander, T., Craven, M.W., Reddy, J.K., Jovanovich, S.B., Bradfield, C.A., 2001. Identification of
toxicologically predictive gene sets using cDNA microarrays. Mol. Pharmacol. 60, 1189-1194.
Thompson, J.A.J., Cosson, R.P., 1984. An improved electro-chemical method for the quantification
of metallothionein in marine organisms. Mar. Environ. Res. 11, 137-152.
Valbonesi, P., Sartor, G., Fabbri, E., 2003. Characterization of cholinesterase activity in three
bivalves inhabiting the North Adriatic sea and their possible use as sentinel organisms for
biosurveillance programmes. Sci. Total Environ. 312, 79-88.
Valbonesi, P., Caselli, F., Capuzzo, A., Fabbri, E., 2004. Modulation of adenyl cyclase activity in
the gills of Tapes philippinarum. J. Exp. Zoolog. A Comp. Exp. Biol. 301, 952-960.
Van der Oost, R., Beyer, J., Vermeulen, N.P.E., 2003. Fish bioaccumulation and biomarkers in
environmental risk assessment: a review. Environ. Toxicol. Pharmacol. 13, 57-149.
Venier, P., Canova, S., 1996. Formation of DNA adducts in the gill tissue of Mytilus
galloprovincialis treated with benzo[a]pyrene. Aquat.Toxicol. 34, 119-133.
Venier, P., De Pittà, C., Pallavicini, A., Marsano, F., Varotto, L., Romualdi, C., Dondero, F.,
Viarengo, A., Lanfranchi, G., 2006. Development of mussel mRNA profiling: can gene expression
trends reveal coastal water pollution? Mutat. Res. 602, 121-134.
Versonnen, B.J., Goemans, G., Belpaire, C., Janssen, C.R., 2004. Vitellogenin content in
European eel (Anguilla anguilla) in Flanders, Belgium. Environ. Pollut. 128, 363–371.
Vethaak, A.D., Jol, J.G., Meijboom, A., Eggens, M.L., Rheinallt, T., Wester, P.W., van de Zande,
T., Bergman, A., Dankers, N., Ariese, F., Baan, R.A., Everts, J.M., Opperhuizen, A., Marquenie,
J.M., 1996. Skin and liver diseases induced in flounder (Platichthys flesus) after long-term
exposure to contaminated sediments in large-scale mesocosms. Environ. Health Perspect. 104,
1218-29.
Viarengo, A., Palmero, S., Zanicchi, G., Capelli, R., Vaissiere, R., Orunesu, M., 1985. Role of
metallothioneins in Cu and Cd accumulation and elimination in the gill and digestive gland cells of
Mytilus galloprovincialis Lam. Mar. Environ. Res. 16, 23-36.
Viarengo, A., Pertica, M., Canesi, L., Biasi, F., Cecchini, G., Oronesu, M., 1988. Effects of heavy
metals on lipid peroxidation in mussel tissues. Mar. Environ. Res. 24, 354.
Viarengo, A., 1989. Haevy metals in marine invertebrates: mechanisms of regulation and toxicity at
the cellular level. Aquat. Sci. Review 1, 295-317.
Viarengo, A., Canesi, L., Pertica, M., Poli, G., Moore, M.N., Orunesu, M., 1990. Heavy metal
effects on lipid peroxidation in the tissues of Mytilus galloprovincialis Lam. Comp. Biochem.
Physiol. 97C, 37-42.

221

Viarengo, A., Nott, J.A., 1993. Mechanisms of heavy metal cation homeostasis in marine
invertebrates. Comp. Biochem. Physiol. C 104, 355-372.
Viarengo, A., Canesi, L., Pertica, M., Mancinelli, G., Accomando, R., Smaal, A.C., Orunesu, M.,
1995. Stress on stress response: a simple monitoring tool in the assessment of general stress
syndrome in mussels. Mar. Environ. Res. 39, 245–248.
Viarengo, A., Accomando, R., Ferrando, I., Beltrame, F., Fato, M., Marcenaro, G., 1996. Heavy
metal effects on cytosolic free Ca2+ level in the marine protozoan Euplotes crassus evaluated by
Confocal Laser Scanning Microscopy. Comp. Biochem. Physiol. C 113, 161-168.
Viarengo, A., Ponzano, E., Dondero, F., Fabbri, R., 1997a. A simple spectrophotometric method
for metallothionein evaluation in marine organisms: an application to Mediterranean and Antarctic
molluscs. Mar. Environ. Res. 44, 69-84.
Viarengo, A., Bettella, E., Fabbri, R., Burlando, B., Lafaurie, M., 1997b. Heavy metal inhibition of
EROD activity in liver microsomes from the bass Dicentrarchus labrax exposed to organic
xenobiotics: role of GSH in the reduction of heavy metal effects. Mar. Environ. Res. 44, 1-11.
Viarengo, A., Burlando, B., Cavaletto, M., Marchi, B., Ponzano, E., Blasco, J., 1999a. Role of
metallothionein against oxidative stress in the mussel (Mytilus galloprovincialis). Am. J. Physiol.
277, R1612-R1619.
Viarengo, A., Burlando, B., Dondero, F., Marrò, A., Fabbri, R., 1999b. Metallothionein as a tool in
biomonitoring programmes. Biomarkers 4, 455-466.
Viarengo, A., Burlando, B., Giordana, A., Bolognesi, C., Gabrielides, G.P., 2000. Networking and
expert-system analysis: next frontier in biomonitoring. Mar. Environ. Res. 49, 483-486.
Viarengo, A., Burlando, B., Bolognesi, C., 2002. Cellular responses to copper in aquatic
organisms: importance of oxidative stress and alteration of signal transduction. In: Massaro, E.J.
(Ed.), Handbook of Copper Pharmacology and Toxicology. TOTOWA: Humana Press Inc: UNITED
STATES, pp. 417-431.
Viarengo, A., Dondero, F., Pampanin, D.M., Fabbri, R., Poggi, E., Malizia, M., Bolognesi, C.,
Perrone, E., Gollo, E., Cossa, G. P., (in press). Biomonitoring study assessing the residual
biological effects of pollution caused by the HAVEN wreck on marine organisms in the Ligurian
Sea (Italy). Arch. Environ. Contam. Toxicol.
Wadkins, R.M., Houghton, P.J., 1995. Kinetics of transport of dialkyloxacarbocyanines in
multidrug-resistant cell lines overexpressing P-glycoprotein: interrelationship of dye alkyl chain
length, cellular flux, and drug resistance. Biochemistry 34, 3858-3872.
Waldmann, P., Pivcevic, B., Muller, W.E., Zahn, R.K., Kurelec, B., 1995. Increased genotoxicity of
acetylaminofluorene by modulators of mutixenobiotic resistance mechanism: studies with the fresh
water clam Corbicula fluminea. Mutat. Res. 342, 113-123.
Walker, C.H., Thompson, H.M., 1991. Phylogenetic distribution of cholinesterases and related
esterases. In: Mineau, P. (Ed.), Cholinesterase-inhibiting insecticides. Elsevier, Amsterdam, pp.
1–17.
Webb, M., 1987. Toxicological significance of metallothinein. EXS 52, 109-134.
Wedderburn, J., Cheung, V., Bamber, S., Bloxham, M., Depledge, M.H., 1998. Biomarkers of
biochemical and cellular stress in Carcinus maenas: An in situ field study. Mar. Environ. Res. 46,
321-324.

222

Weeks, J.M., Svendsen, C., 1996. Neutral Red retention by lysosomes from earthworm (Lumbricus
rubellus) coelomocytes: a simple biomarker of exposure to soil copper. Environ. Toxicol. Chem. 15,
1801-1805.
Weiss, C. M., 1964. Detection of pesticides in water by biochemical assay. J. Water Pollut. Control
Fed. 36, 240-253.
Widdows, J., Donkin, P., 1992. Mussels and environmental contaminants: bioaccumulation and
physiological aspects. In: Gosling, E., (Ed.), The mussel Mytilus: ecology, physiology, genetics and
culture. Elsevier, Amsterdam, pp. 383-424.
Widdows, J., Donkin, P., Staff, F. J., Matthiessen, P., Law, R. J., Allen, Y. T., Thain, J. E., Allchin,
C. R., Jones, B. R., 2002. Measurement of stress effects (scope for growth) and contaminant
levels in mussels (Mytilus edulis) collected from the Irish Sea. Mar. Environ. Res. 53, 327-356.
Williams, T.D., Gensberg, K., Minchin, S.D., Chipman, J.,K., 2003. A DNA expression array to
detect toxic stress response in European flounder (Platichthys flesus). Aquat. Toxicol. 65, 141-157.
Winstead, J.T., 1995. Digestive tubule atrophy in eastern oysters, Crassostrea-virginica (Gmelin,
1791), exposed to salinity and starvation stress. J. Shellfish Res. 14, 105-111.
Winzer, K., Winston, G.W., Becker, W., Noorden, C.J.F. van, Koehler, A., 2001. Sex-related
responses to oxidative stress in primary cultured hepatocytes of European flounder (Platichthys
flesus L.). Aquat. Toxicol. 56, 275-288.
Winzer, K., Noorden, C.J.F. Van, Koehler, A., 2002. Sexspecific biotransformation and
detoxification after xenobiotic exposure of primary cultured hepatocytes of European Flounder
(Platichthys flesus L.). Aquat. Toxicol. 59, 17-33.
Yawetz, A., Manelis, R., Fox, A., Kuplik, Z., (in press). Displaced Haemolymph GST Activity (DHGST) as noval biomarker associated with membrane stability and function in the limpet Patella
caerulea. Comp.Toxicol. Biochem.
Zeng, J., Heuchel, R., Schaffner, W., Kägi, JH., 1991. Thionein (apometallothionein) can modulate
DNA binding and transcription activation by zinc finger containing factor Sp1. FEBS Lett. 279, 310312.
Ziegler, D.M., 1985. Role of reversible oxidation-reduction of enzyme thiols-disulphydes in
metabolic regulation. Annu. Rev. Biochem. 54, 305.

223

224

ANNEX

LIST OF PARTICIPANTS
Workshop on the MED POL Biological Effects Programme
20 - 21 December 2006, Alessandria, Italy

Mr. Francesco Adamo
Dipartimento di Studi per l’Impresa ed il Territorio
University of Eastern Piedmont
Via Perrone, 18
28100 Novara, Italy
Mob: + 39 3351243112
Fax: + 39 0321375405
E-mail: adamo@eco.unipmn.it
URL: www.eco.unipmn.it
Mr. Mohamed El Banni
Laboratoire de Biochimie et de Toxicologie de l'Environnement
Ecole Superieure d'Horticulture
4042, Chott Mariem, Sousse-Tunisie
Tel: +216 73 348 544, +216 97 225 863
Fax: +216 73 348 691
E-mail: m_banni@yahoo.fr
mohamed.banni@laposte.net
Mr. Thierry Burgeot
Laboratoire d’Ecotoxicologie
IFREMER centre de Nantes
Rue de l’Ile d’Yeu
B.P. 21105, 44311 Nantes Cedex 3, France
Tel: 02.40.37.40.51
Fax: 02. 40.37.40.75
E-mail: tburgeot@ifremer.fr
Ms Miren P. Cajaraville
Department of Zoology and Cell Biology
Faculty of Science and Technology
University of the Basque Country
Sarriena z/g, E-48940 Leioa
Basque Country, Spain
Tel: +34 94 6012697
Fax: +34 94 6013500
E-mail: mirenp.cajaraville@ehu.es

225

Mr. Juan Antonio Campillo González
Centro Oceanográfico de Murcia
Instituto Español de Oceanografía
Varadero, 1 Apdo 22
30740 San Pedro del Pinatar (Murcia), España
Tel: +34 968 18 05 00
Fax: +34 968 18 44 41
E-mail: jacampillo@mu.ieo.es
Mr. Vasilis Dimitriadis
Aristotle University of Thessaloniki
School of Biology
Department of Genetics, Development and Molecular Biology
54124 Thessaloniki, Greece
Tel: +30 2310 998351
Fax: +30 2310 998298
E-mail: vdimitr@bio.auth.gr
Ms Elena Fabbri
Interdepartmental Centre for Environmental Science Research
University of Bologna, Campus of Ravenna
Via Sant’Alberto 163
48100 Ravenna, Italy
Tel: +39 05449371311
Fax: +39 05449371411
E-mail: elena.fabbri@unibo.it
Ms Cristina Fossi
Siena University
Department of Environmental Sciences
Via Mattioli 4
53100 Siena, Italy
Tel: +39 0577232913
Fax: +39 0577232913
E-mail: fossi@unisi.it
Ms Gabriella Gallo
University of Genoa
Department of Biology
Corso Europa 26
16132 GE, Italy
Tel: +39 0103538245
Fax: +39 0103538267
E-mail: galloga@unige.it

226

Ms Ikhtiyar Samar
High Institute of Marine Research
P.O. Box 2242
Tishreen University
Lattakia, Syria
Tel: +96341428658, +96392244445
Fax: +96341418504
E-mail: sekhtiyar@yahoo.com
Mr. Dimitrios Kalpaxis
Professor of Biochemistry,
Department of Biochemistry
School of Medicine, University of Patras
GR-26500 Patras, Greece
Tel: +30 2610-996124
Fax. +30 2610-997690
E-mail: dimkal@med.upatras.gr
Ms Angela Köhler
Alfred Wegener Institute for Polar and Marine Research
Environmental Toxicology, Am Handelshafen 12
27570 Bremerhaven, Germany
Tel: +471 4831 1407
Mob: +170 47 555 48
E-mail: Angela.Koehler@awi.de
akoehler@awi-bremerhaven.de
Ms Pranvera Lazo
University of Tirana
Faculty of Natural Sciences
Department of Chemistry
Tirana, Albania
Tel: +355 4 232083 (Faculty)
Fax: +355 4 238823
Mob: +355 692614746
E-mail: vlazo@albmail.com
Michael N. Moore (through teleconference)
Plymouth Marine Laboratory
Prospect Place, The Hoe, Plymouth, PL1 3DH,UK
Tel: +44 (0) 1752 633120 (Direct); 633100 (Switchboard)
Fax: +44 (0) 1752 633101
E-mail: mnm@pml.ac.uk
Ms Cristina Nasci
Thetis SpA
Castello 2737/f
30122 Venice Italy
Tel: +390412406111
Fax: +39 0415210292
E-mail: Cristina.Nasci@thetis.it

227

Mr. Jean François Narbonne
Laboratoire de Physico & Toxico Chimie
UMR 5472 CNRS, Université Bordeaux I
351, cours de la Libération,
F-33405 TALENCE CEDEX, France
Tel: +33(0) 540008945
Fax: +33 (0) 540002267
E-mail: jf.narbonne@lptc.u-bordeaux1.fr
Ms Lorena Peric
Rudjer Boskovic Institute - Center for Marine Research
G.Paliaga 5
52210 Rovinj, Croatia
Tel: +385 52 804 736
Fax: +385 52 813 496
E-mail: lorena.peric@cim.irb.hr
Ms Andreja Ramsak
Marine Biology Station Piran
National Institute of Biology
6330 Piran, Fornače 41, Slovenia
Tel: +386 5 671 29 32
Fax: +386 5 671 2902
E-mail: andreja.ramsak@nib.si
Ms Michèle Roméo
Chargée de recherche INSERM
Université de Nice Sophia-Antipolis
UMR INRA-UNSA 1112 R.O.S.E.
Faculté des Sciences, Parc Valrose, BP 71
06108 Nice Cedex 02 - France
Tel: +33 (0)4 92 07 68 22
Fax: +33(0)4 92 07 65 63
E mail: romeo@unice.fr
Ms Amany Mohamed El-Sikaily
National institute of Oceanography & Fisheries
Alexandria, Egypt.
Tel : +124579930
E-mail: dramany_mas@yahoo.com
Mr. Georges de Sousa
Centre de Recherches INRA
Laboratoire de Pharmaco-Toxicologie Cellulaire et Moléculaire
BP 2078, 6606 Antibes Cedex, France
Tel: +33 (0)4 92386448
E-mail: desousa@antibes.inra.fr

228

Mr. Mohammed Zoheir Taleb
Réseau de Surveillance Environnementale – RSE
Equipe : Biosurveillance de la Pollution Marine
Département de Biologie
Université d’Orans, Es Senia, 31000, Oran, Algérie
Tel: +21341513174
Fax: +21341513174
Mobile: +21371166722
E-mail: z_taleb@yahoo.fr
Mr. Aldo Viarengo
Head
Department of Environmental & Life Sciences
Via Bellini 25 G
15100 Alessandria, Italy
Tel: +390131360314
Fax: +390131360390
E-mail: viarengo@unipmn.it
Mr. Aminadav Yawetz
Faculty for Life Sciences
P.O.B. 39040
Ramat – Aviv 69978
Tel – Aviv, Israel
Tel: +972544643967
E-mail: AminadavY@tauex.tau.ac.il
amidav@post.tau.ac.il

MAP SECRETARIAT

Mr. Gabriel P. Gabrielides
UNEP/MAP Consultant
48 Vassileos Konstantinou Avenue
116 10 Athens, Greece
Tel: +30 210 7273132
Fax: +30 210 7253196/7
E-mail: gabriel@unepmap.gr
URL: http://www.unepmap.org

229

230

LIST OF MAP TECHNICAL SERIES REPORTS (MTS)
LISTE DES RAPPORTS TECHNIQUES DU PAM
MTS Reports are available from the Documents & Publications section of our web site at www.unepmap.org
MTS 166. UNEP/MAP/MED POL: MED POL Biological Effects Monitoring Programme: Achievements and Future
Orientations: Proceedings of the Workshop, Alessandria, Italy, 20 - 21 December 2006). MAP Technical Reports Series
No. 166, UNEP/MAP, Athens, 2007. (English).
MTS 165. UNEP/MAP/CP RAC: State of the art of sustainable production in the Mediterranean. MAP Technical Reports
Series No. 165, UNEP/MAP, Athens, 2006. (English, French, Spanish).
État de la production durable en Méditerranée.
Estado de la producción sostenible en el Mediterráneo.
MTS 164. PNUE/PAM: Programme d'Aménagement Côtier (PAC) de la "Zone côtière algéroise": Rapport final intégré.
No. 164 de la Série des rapports techniques du PAM, PNUE/PAM, Athènes, 2006. (French only)
MTS 163. UNEP/MAP/MED POL: Sampling And Analysis Techniques for the Eutrophication Monitoring Strategy of MED
POL. MAP Technical Reports Series No. 163. UNEP/MAP, Athens, 2005. (English)
MTS 162. UNEP/MAP: Review And Assessment Of National Strategies For Sustainable Development In The
Mediterranean Region. MAP Technical Reports Series No. 162, UNEP/MAP, Athens, 2005. (English, French)
Bilan et évaluation des stratégies nationales de développement durable en méditerranée.
MTS 161. UNEP/MAP/BLUE PLAN: Financing And Cooperation For Sustainable Development In The Mediterranean,
Sophia Antipolis, France, 3 – 4 June 2004. Vols. I & II. UNEP/MAP, Athens, 2005.
Financement et Coopération pour le développement durable en méditerranée : Sophia Antipolis, France, 3-4 Juin 2004 :
Tomes I & II.
MTS 160. UNEP/MAP: MAP CAMP Project "Lebanon”: Final Integrated Project Document. UNEP/MAP, Athens, 2005.
(English).
MTS 159. UNEP/MAP/Blue Plan: Dossier on Tourism and Sustainable Development in the Mediterranean. UNEP/MAP,
Athens, 2005. (English, French).
Dossier sur le tourisme et le développement durable en Méditerranée.
MTS 158. PNUE/PAM/PLANBLEU: L’eau des Méditerranéens : situation et perspectives. PNUE/PAM, Athènes, 2004.
(French).
MTS 157. UNEP/MAP/MED POL/WHO: Municipal wastewater treatment plants in Mediterranean coastal cities (II)
UNEP/MAP: Athens, 2004. (English, French).
Stations d'épuration des eaux usées municipales dans les villes côtières de la Méditerranée (II)
MTS 156. UNEP/MAP/MED POL: Inventories of PCBs and nine pesticides. UNEP/MAP: Athens, 2004. (English, French)
Inventaire des PCB et de neuf pesticides.
MTS 155. UNEP/MAP/MED POL: Plan for the management PCBs waste and nine pesticides for the Mediterranean
Region. UNEP/MAP: Athens, 2004. (English, French).
Plan de gestion des déchets dangereux, y compris un inventaire des déchets dangereux dans la région
méditerranéenne.
MTS 154. UNEP/MAP/MED POL: Guidelines for the development of ecological status and stress reduction indicators for
the Mediterranean Region. UNEP/MAP: Athens, 2004. (English, French).
Lignes directrices pour l'élaboration d'indicateurs d'état écologique et de réduction du stress.
MTS 153. UNEP/MAP/MED POL/WHO: Guidelines for the management of industrial wastewater for the Mediterranean
Region. UNEP/MAP: Athens, 2004. (English, French).
Lignes directrices pour la gestion des eaux usées industrielles dans la région méditerranéenne.
MTS 152. UNEP/MAP/MED POL/WHO: Guidelines on sewage treatment and disposals for the Mediterranean Region.
UNEP/MAP: Athens, 2004. (English, French).
Lignes directrices sur le traitement et l'élimination des eaux usées dans la région méditerranéenne.
MTS 151. UNEP/MAP/MED POL: Guidelines for river (including estuaries) pollution monitoring programme for the
Mediterranean Region. UNEP/MAP: Athens, 2004. (English, French).
Lignes directrices pour un programme de surveillance continue de la pollution fluviale (estuarienne y comprise) dans
la région méditerranéenne.

231

MTS 150. UNEP/MAP/MED POL/WHO: Reference handbook on environmental compliance and enforcement in the
Mediterranean region. UNEP/MAP: Athens, 2004. (English, French).
Manuel de référence sur le respect et l'application effective des dispositions environnementales dans la région
méditerranéenne.
MTS 149. UNEP/MAP/MED POL/WHO: Guidelines on environmental inspection systems for the Mediterranean region.
UNEP/MAP: Athens, 2004. (English, French).
Lignes directrices sur les systèmes d'inspection environnementale pour la région méditerranéenne.
MTS 148. UNEP/MAP/MED POL/WHO: Guidelines on management of coastal litter for the Mediterranean region.
UNEP/MAP: Athens, 2004. (English, French).
Lignes directrices sur la gestion des détritus côtiers pour la région méditerranéenne.
MTS 147. UNEP/MAP/MED POL: Plan for the management of hazardous waste, including inventory of hazardous waste
in the Mediterranean region. UNEP/MAP: Athens, 2004. (English, French).
Plan de gestion des déchets dangereux, y compris un inventaire des déchets dangereux dans la région
méditerranéenne.
MTS 146. UNEP/MAP/RAC/CP: Guidelines for the application of Best Available Techniques (BATs), Best Environmental
Practices (BEPs) and Cleaner Technologies (CTs) in industries of the Mediterranean countries. UNEP/MAP: Athens,
2004. (English, French).
Lignes directrices sur l'application des meilleures techniques disponibles (MTD), des meilleures pratiques
environnementales (MPE) et des technologies plus propres dans les industries des pays méditerranéens.
MTS 145. UNEP/MAP/RAC/CP: Plan for the reduction by 20% by 2010 of the generation of hazardous wastes from
industrial installations for the Mediterranean region. UNEP/MAP: Athens, 2004. (English, French).
Plan de réduction de 20%, d'ici à 2010, de la génération de déchets dangereux provenant des installations industrielles
dans la région méditerranéenne.
MTS 144. UNEP/MAP/MED POL: Plan on reduction of input of BOD by 50% by 2010 from industrial sources for the
Mediterranean region. UNEP/MAP: Athens, 2004. (English, French, Arabic).
Plan de réduction de 50%, d'ici à 2010, des apports de DBO d'origine industrielle dans la région méditerranéenne.
MTS 143. UNEP/MAP/RAC/CP: Guidelines for the application of Best Environmental Practices (BEPs) for the rational
use of fertilisers and the reduction of nutrient loss from agriculture for the Mediterranean region. UNEP/MAP: Athens,
2004. (English, French, Arabic).
Lignes directrices sur l'application des meilleures pratiques environnementales (MPE) pour l'utilisation des engrais et
la réduction des pertes d'éléments nutritifs dans l'agriculture en région méditerranéenne.
MTS 142. UNEP/MAP/RAC/CP: Guidelines for the application of Best Available Techniques (BATs) and Best Available
Practices (BEPs) in industrial sources of BOD, nutrients and suspended solids for the Mediterranean region.
UNEP/MAP: Athens, 2004. (English, French).
Lignes directrices sur l'application des meilleures techniques disponibles (MTD) et des meilleures pratiques
environnementales (MPE) aux sources industrielles de DBO, d'éléments nutritifs et de matières en suspension pour la
région méditerranéenne.
MTS 141. UNEP/MAP/MED POL: Riverine transport of water, sediments and pollutants to the Mediterranean Sea.
UNEP/MAP: Athens, 2003. (English).
MTS 140. UNEP/MAP/MED POL: Mariculture in the Mediterranean. UNEP/MAP: Athens, 2004. (English).
MTS 139. UNEP/MAP/MED POL: Sea Water Desalination in the Mediterranean: Assessment and Guidelines. UNEP/MAP:
Athens, 2003. (English, French)
Dessalement de l’eau de mer en méditerranée: évaluation et lignes directrices.
MTS 138. UNEP/MAP/PAP: MAP CAMP Project "Malta”: Final Integrated Project Document and Selected Thematic
Documents. UNEP/MAP: Athens, 2003. (English).
MTS 137. UNEP/MAP/BLUE PLAN: Free Trade and the Environment in the Euro-Mediterranean Context,
Montpellier/Mèze, France, 5 – 8 October 2000: Volume I: Technical Report of the Workshop; Volume II: Regional and
International Studies; Volume III: National Studies; Volume IV: Environmental Aspects of Association Agreements (4 Vols),
UNEP/MAP: Athens, 2002. Libre-échange et environnement dans le contexte euro-méditerranéen : Montpellier/Mèze,
France, 5 – 8 octobre 2000 (Parts in English & French).
MTS 136. UNEP/MAP/MED POL: Guidelines for the management of fish waste or organic materials resulting from the
processing of fish and other marine organisms. UNEP/MAP: Athens, 2002. (English, French, Spanish & Arabic).
MTS 135. PNUE/PAM: PAC DU PAM "Zone côtière de Sfax": Synthèse des études du projet, rapport de la
réunion de clôture et autres documents choisis. PNUE/PAM, Athènes, 2001. (French).

232

MTS 134. UNEP/MAP/PAP: MAP CAMP Project "Israel”: Final Integrated Report and Selected Documents. UNEP/MAP:
Athens, 2001. (English).
MTS 133. UNEP/MAP: Atmospheric Transport and Deposition of Pollutants into the Mediterranean Sea: Final Reports
on Research Projects. UNEP/MAP: Athens, 2001. (English).
MTS 132. UNEP/MAP/WHO: Remedial Actions for Pollution Mitigation and Rehabilitation in Cases of Non-compliance
with Established Criteria. UNEP/MAP: Athens, 2001. (English).
MTS 131. UNEP/MAP: MAP CAMP Project "Fuka-Matrouh”, Egypt: Final Integrated Report and Selected Documents. (2
Vols.), UNEP/MAP: Athens, 2001. (English).
MTS 130. UNEP/MAP/WMO: Atmospheric Input of Persistent Organic Pollutants to the Mediterranean Sea. UNEP/MAP:
Athens, 2001. (English).
MTS 129. UNEP/MAP/MED POL: Guidelines for the Management of Dredged Material. UNEP/MAP: Athens, 2000. (English,
French, Spanish and Arabic).
Lignes Directrices pour la gestion des matériaux de dragage.
Directices para el manejo de los materiales de dragado.
MTS 128. UNEP/MAP/MED POL/WHO: Municipal Wastewater Treatment Plants in Mediterranean Coastal Cities.
UNEP/MAP: Athens, 2000 (English, French).
Les Stations d’épuration des eaux usées municipales dans les villes cotiers de la Méditerranée.
MTS 127. UNEP/MAP/BLUE PLAN: Minutes of the Seminar, Territorial Prospective in the Mediterranean and the
Approach by Actors, Sophia Antipolis, France, 7-9 November 1996. UNEP/MAP: Athens, 2000. In French with English
introduction and 1 paper).
Actes du séminaire, La prospective territoriale en Méditerranée et l’approche par acteurs.
MTS 126. UNEP/MAP/MCSD/Blue Plan: Report of the Workshop on Tourism and Sustainable Development in the
Mediterranean, Antalya, Turkey, 17-19 September 1998. UNEP/MAP: Athens, 1999. (English, French).
Rapport de l'atelier sur le tourisme et le développement durable en Méditerranée, Antalya, Turquie, 17-19 septembre
1998.
MTS 125. UNEP/MAP: Proceedings of the Workshop on Invasive Caulerpa Species in the Mediterranean, Heraklion,
Crete, Greece, 18-20 March 1998. UNEP/MAP: Athens, 1999. (English, French). Actes de l'atelier sur les especes Caulerpa
invasives en Méditerranée, Heraklion, Crète, Grèce, 18-20 mars 1998.
MTS 124. UNEP/MAP/WHO: Identification of Priority Hot Spots and Sensitive Areas in the Mediterranean. UNEP/MAP:
Athens, 1999. (English, French).
Identification des “Points Chauds” et “Zones Sensibles” de polution prioritaire en Méditerranée.
MTS 123. UNEP/MAP/WMO: MED POL Manual on Sampling and Analysis of Aerosols and Precipitation for Major Ions
and Trace Elements. UNEP/MAP: Athens, 1998. (English).
MTS 122. UNEP/MAP/WMO: Atmospheric Input of Mercury to the Mediterranean Sea. UNEP/MAP: Athens, 1998. English).
MTS 121. PNUE: MED POL Phase III. Programme d'évaluation et de maîtrise de la pollution dans la région
Méditerranéenne (1996-2005). UNEP/MAP: Athens, 1998. (In publication)
MTS 120. UNEP/MAP: MED POL Phase III. Programme for the Assessment and Control of Pollution in the Mediterranean
Region (1996-2005). UNEP/MAP: Athens, 1998.
MTS 119. UNEP/MAP: Strategic Action Programme to Address Pollution from Land-Based Activities. UNEP/MAP:
Athens, 1998. (English, French)
Programme d'Actions Stratégiques visant à combattre la pollution due à des activités menées à terre.
MTS 118. UNEP/MAP/WMO: The Input of Anthropogenic Airborne Nitrogen to the Mediterranean Sea through its
Watershed. UNEP/MAP: Athens, 1997 (English).
MTS 117. UNEP/MAP: La Convention de Barcelone pour la protection de la mer Méditerranée contre la pollution et le
développement durable. UNEP/MAP: Athens, 1997 (Français seulement).
MTS 116. UNEP/MAP/IAEA: Data Quality Review for MED POL (1994-1995), Evaluation of the analytical performance of
MED POL laboratories during 1994-1995 in IAEA/UNEP laboratory performance studies for the determination of trace
elements and trace organic contaminants in marine biological and sediment samples. UNEP/MAP: Athens, 1997
(English).
MTS 115. UNEP/MAP/BP Methodes et outils pour les études systémiques et prospectives en Méditerranée, PB/RAC,
Sophia Antipolis, 1996. UNEP/MAP/BP: Athens, 1996 (français seulement).

233

MTS 114. UNEP/MAP: Workshop on policies for sustainable development of Mediterranean coastal areas, Santorini
Island, 26-27 April 1996. Presentation by a group of experts. UNEP/MAP: Athens, 1996 (Parts in English or French only).
PNUE: Journées d'étude sur les politiques de développement durable des zones côtières méditerranéennes, Ile de
Santorin, 26-27 avril 1996. Communications par un groupe d'experts. (Parties en anglais ou français seulement).
MTS 113. UNEP/MAP/IOC: Final reports of research projects on transport and dispersion (Research Area II) - Modelling
of eutrophication and algal blooms in the Thermaikos Gulf (Greece) and along the Emilia Romagna Coast (Italy).
UNEP/MAP: Athens, 1996 (English).
MTS 112. UNEP/MAP/WHO: Guidelines for submarine outfall structures for Mediterranean small and medium-sized
coastal communities. UNEP/MAP: Athens, 1996 (English, French).
Lignes directrices pour les émissaires de collectivités côtières de petite et moyenne taille en Méditerranée.
MTS 111. UNEP/MAP/WHO: Guidelines for treatment of effluents prior to discharge into the Mediterranean Sea.
UNEP/MAP: Athens, 1996 (English).
MTS 110. UNEP/MAP/WHO: Assessment of the state of pollution of the Mediterranean Sea by anionic detergents.
UNEP/MAP: Athens, 1996 (English, French). PNUE/OMS: Evaluation de l'état de la pollution de la mer Méditerranée par
les détergents anioniques.
MTS 109. UNEP/MAP/WHO: Survey of pollutants from land-based sources in the Mediterranean. UNEP/MAP: Athens,
1996 (English, French).
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24-28 September 1990), edited by G.P. Gabrielides. UNEP/MAP: Athens, 1991. (English).
MTS 58. UNEP/MAP/FAO/WHO/IAEA: Assessment of the state of pollution of the Mediterranean Sea by
organophosphorus compounds. UNEP/MAP: Athens, 1991. (English, French).
Evaluation de l'état de la pollution de la mer Méditerranée par les composés organophosphorés.
MTS 57. UNEP/MAP/WHO: Research on the toxicity, persistence, bioaccumulation, carcinogenicity and mutagenicity of
selected substances (Activity G): Final reports on projects dealing with carcinogenicity and mutagenicity. UNEP/MAP:
Athens, 1991. (English).

236
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