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ABSTRACT 

The DIESE program (Determination of relevant Indicators for Environmental monitoring: A 

Strategy for Europe) brought together seven French and British research teams, a private company and 

the agencies responsible for the management of water bodies of the two countries (ONEMA and the 

Environmental Agency) in a joint effort to document the ecotoxicological effects related to the 

presence of chemicals in the environment. To contribute to a better understanding and management of 

the environment, the program has expanded its efforts to (1) use existing knowledge, or new 

information acquired during the research program, to identify important biological problems affecting 

the wildlife, (2) increase our understanding of toxicological mechanisms involved and thus be able to 

identify the causes of the identified dysfunctions and (3) to hone our expertise and vigilance system in 

order to better monitor changes in the environment and make appropriate diagnoses. 

The first part of the program identified clear biological effects, and using biological tests 

representative of the mechanisms of action of compounds, identified the responsible compounds 

present in the environment. In connection with the feminization observed in many fish species in 

European streams, a search for estrogenic and anti-androgenic compounds was conducted. A new test 

identifying estrogenic compounds has been developed in roach and the ER-Calux test for anti- 

androgenic effects has been implemented. The results showed that, in addition to biocides such as 

triclosan and chlorophène, many aromatic hydrocarbon compounds are likely to disturb the physiology 

of the living organisms by interacting with the androgen receptor. Six of them were identified in 

sediment extracts, the benzanthrone, the fluoranthene, the 1,2- benzodiphenylene sulfide, the 

benzo[a]pyrene, the benz[a] anthracene, and the 9-phenylcarbazole. 

The second part of the program aimed at documenting and understanding the mechanisms of 

action of chemicals leading to physiological changes. This work represents a particular challenge 

when dealing with molluscs as knowledge about their physiology and endocrinology is still 

fragmentary. Thus, new technologies including metabolomic and transcriptomic analyses have been 

implemented in order to obtain a comprehensive picture of the effects on molluscs. Metabolomic 

research demonstrated that estrogenic compounds are able to alter the metabolism of eicosanoids and 

amines while transcriptomic strategies identified genes whose expression is altered in intersex clams. 

Because these genes mainly appear as “male” genes, the result suggests that these profound 

physiological changes result from demasculinisation of male clams. Proteomic studies have also been 

carried out to elucidate the mechanisms of action of pollutants on fish physiology. These studies 

generally included a set of molecular marker measurements in an integrative and ecological 

perspective. The results showed that not only male fish physiology is altered but also female 

reproductive status is impaired. Moreover, it appeared that other alterations of the fish endocrine 

system such as androgenic effects are at work and that the immune system is also subject to chemical 

pressure including effects from environmental estrogens. Notably, the immune system, like the 

endocrine system, seems to show periods of particular sensitivity during development. Measurements 

on growth and on the general metabolism emphasize the importance of environmental conditions in 

the physiology of aquatic organisms and in particular the inter-site variability due to temperature, 

hypoxic conditions and fish development strategies. They thus provide a unique perspective that allow 

to better understand the context and consequences of natural conditions on the population. 

In a third part of the program, the research conducted had the objective of developing and 

testing a biomaker strategy to support the environmental management methodologies. Two lanes of 

specific studies have been followed. The first was to implement, over all or part of the study area, 

robust biomarkers to establish a mapping that may highlight the water bodies at risk and provide 

information on sources of compounds and associated disturbances. The second part of the work aimed 

at exploring methodologies to take advantage of biomarkers measurements and to integrate them in a 
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simple and clear index. Partial or comprehensive maps of the Channel area were produced to report the 

presence of mutagenic or anti- androgenic compounds in the sediments, intersex fish and clams and 

imposex. These maps may remain to be completed and work will be necessary to confront this 

information in order to learn relevant lessons for the management of the environment, a goal that the 

DIESE program has contributed to by providing some necessary and original information. 
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I. INTRODUCTION 

The health of living organisms, including that of humans, is a delicate balance that can be 

broken under exceptional situations or that can be destabilized more insidiously under the combined 

effects of multiple factors that, although less exceptional, are no less harmful. Health is a somewhat 

general term and difficult to characterize. It includes a set of conditions for the functioning of various 

organs and physiological functions, including development, growth and reproduction of organisms. So 

this is a parameter of importance and of particular significance in the case of the many species present 

in the environment. Our current knowledge allows us to understand the progress of medicine, food 

safety and personal protection that led to improved longevity and life of people and, therefore, we can 

foresee that controlling a set of parameters related to the health is essential to the people and the 

wildlife. 

These developments highlight the importance of the scientific knowledge allowing to identify 

risks, quantify them and to consider remedies. Thus the DIESE program (Determination of relevant 

Environmental Indicators: A Strategy for Europe) aims both at increasing our knowledge on 

biological parameters that are essential for the proper functioning of organisms and secondly to 

identify dysfunctions, to highlight the causes of these problems and to propose tools to make an 

appropriate diagnosis helping to manage the identified risks. 

Considering that some risks are of particular importance, as certain biological and 

physiological functions are crucial for the proper functioning of organizations, the work conducted 

during this research program focused (1) on endocrinology, essential for the reproduction, the 

development and the metabolism, (2) on immunology, a central defence function and (3) on 

mechanisms of carcinogenesis, a clear example of dysfunctional biological functions. Indeed, data 

from the literature show that cancers are the leading cause of human mortality in many developed 

countries, including France (Priou and Barbieri, 2012). Among cancers, the most common is related to 

the endocrine system, breast cancer in women, prostate cancer in men (Binder-Foucard et al., 2013). 

Recent work on human reproduction indicate that reproduction is impaired in France for more than 30 

years leading to a reduction in the fertility of nearly 1% per year (Rolland et al., 2013) and many 

endocrine disorders can lead to metabolic dysfunctions responsible at last partly to the second cause of 

human mortality (Garcia-Mayor et al., 2012). Finally, alterations in the immune system is the fourth 

leading cause of human mortality (Priou and Barbieri, 2012). 

Responsibility for the environment in biological dysfunction is evident. The increase in human 

cancers cannot be fully explained by the increase in life expectancy and improved screening (Binder-

Foucard et al., 2013). Many cancers could thus be avoided. This environmental component is also 

very obvious when considering alterations of physiological processes in wild organisms as 

observations of these problems are largely informed and demonstrated experimentally. Various 

disturbances of the endocrine system are identified and quantified for example in wild aquatic 

populations and may be reproduced experimentally (Ketata et al, 2008. Minier and Amara, 2008). 

Wild organisms are good indicators of deleterious effects can occur and good sentinels of biological 

effects. Thus, this work focused on fish and shellfish living in our environment in order to better 

document the problems observed and to elucidate the underlying mechanisms. 

This report is divided into three parts. The first is dedicated to the identification of obvious 

biological effects and the associated responsible compounds. The second part allows to document and 

better understand the mechanisms leading to physiological changes. Finally, the third part reports 

efforts to develop methodologies that can provide relevant information to better manage our 

environment. The work illustrates the defined strategy for this program: it is to (1) use the current 

knowledge to identify environmental problems and biological dysfunctions, (2) increase our 



2 

 

knowledge to better understand and be able to identify the causes of these dysfunctions and (3) 

improve our expertise system in order to better monitor changes in the environment and make a 

pertinent diagnosis.  

II. IDENTIFICATION OF ACTIVE COMPOUNDS 

II.1. Introduction 

Living organisms including humans are continuously exposed to mixtures of chemicals in the 

environment. Nearly 100,000 compounds are considered to be of common use and therefore likely to 

be part of the mixture in a given environment. Some of these contaminants may have a particularly 

deleterious activity and there is a legitimate concern about some emerging compounds that are still not 

measured nor subject to any legislative regulation, including the Water Framework Directive. 

The identification of active compounds present in urban sewage and wastewater is thus a 

critical issue. Regulatory decisions depend on the identification, contamination levels and toxicity. To 

contribute to the identification of compounds that can be particularly harmful to the health of 

organizations, the partners of the DIESE program adopted a strategy for identifying compounds in the 

aquatic environment. This strategy is based on the measurement of the biological activities displayed 

by the compounds present in environmental extracts. Indeed, rather than inventorying a set of 

chemical compounds, it appears important to identify those that have a critical effect on key 

mechanisms. We thus used biological assays to measure key activities that serve as a guide for the 

identification of chemical compounds. 

This report describes the research efforts to identify androgenic and anti-androgenic 

compounds and to develop a test for the identification of estrogenic and anti-estrogenic compounds in 

fish. 

II.2. Identification of anti-androgens (AA) 

Thus far, the identification of EDCs in aquatic environments has been mostly focused on 

estrogenic compounds, i.e. the steroidal estrogens, and estrogen mimics such as some alkyl phenols. 

These EDCs act as feminizing agents, however other contaminants act as anti-androgenic (AA) agents 

which may also inhibit the natural masculinization pathway in aquatic organisms. Surveys of UK 

WWTP effluents reveal that the majority contain AA as well as estrogenic activity. Reports of AA 

activity in sediments, water and fish of European rivers have already been described suggesting their 

presence in the aquatic environment could be widespread (Urbatzka et al., 2007; Weiss et al., 2009; 

Hill et al., 2010). In addition, the observed feminisation of wild fish (roach, Rutilus rutilus) in 

downstream waters has been correlated to exposure to both anti-androgens and estrogens or to anti-

androgens alone indicating that AA compounds maybe affecting the sexual differentiation of wildlife 

(Jobling et al., 2009). There have also been reports of a high incidence of intersexuality in populations 

of the clam, Scrobicularia plana, in UK estuaries and this condition, termed ovotestis, has been 

associated with feminisation and/or demasculinisation of the males (Langston et al., 2009 ; Chesman 

et al., 2006). This finding indicates that EDCs may be present in coastal sediments, and as the nature 

of estrogenic substances in many sediment sites is already known (Labadie et al., 2007a and 2007b; 

Peck  et al., 2004), then there is a need to determine the prevalence and identify of AA compounds in 

coastal and estuarine environments.  

Anti-androgens can bind to the androgen receptor (AR), but are unable to activate it (AR 

antagonism). Structures of chemicals containing androgen receptor antagonist properties can be 

extremely diverse (Rostkowski et al., 2011; Vinggaard et al., 2008) and it is therefore important to use 



3 

 

methods which do not make any assumptions as to the nature of the chemicals involved. These 

methods include assessment of the extent of AA activity using in vitro androgen receptor screens, and 

profiling AA activity using an effect-directed analysis approach. 

 

 

The main aims of the work were to: 

- Investigate AA profiles in coastal sediments of the transmanche Interreg region and 

determine the identity of the key AA pollutants in contaminated sites. 

- Investigate whether sediment –based AA compounds are accumulating in clams sampled 

from contaminated sites. 

Methods were developed to extracts AA activity from sediments and test it using an AR 

transcription assay (AR-CALUX). Sediments showing high levels of AA activity were fractionated by 

high performance liquid chromatography (HPLC) and contaminants present in AA active fractions 

were further analysed by mass spectrometry techniques (GC-EI-MS and LC-ESI-MS). Where 

available, commercial standards of putatively identified contaminants were tested for AA activity in 

AR-CALUX and used to confirm structural identity by comparison with retention time and mass 

spectral data. 

Identification of AA active contaminants in coastal sediments 

The AA activity present in the sediments was profiled using a combination of chromatography 

and in vitro assays. The profiles of AA activity were similar at many of the UK sites and most of the 

AA -active fractions eluted between 11 and 31 mins (Fig. 1A and 1B). The profiles differed from that 

of the Rouen site which also contained a cluster of non-polar anti-androgenic fractions eluting between 

29-39 mins (Fig. 1).  

Fractions from the Northam sediment, which was the most contaminated of the sites surveyed, 

were analysed by MS. The most abundant contaminants present in the AA active fractions were 

members of the polycyclic aromatic hydrocarbon (PAH) family (Table 1). Some planar structures such 

as benzo[a]pyrene and benz[a]anthracene showed AA potencies similar to that of the flutamide 

standard. Other PAH structures with AA activity were heterocyclic molecules containing sulphur or 

nitrogen, e.g. 1,2-benzodiphenylene sulfide and phenylcarbazole. Some structures such as 

benzanthrone were PAH metabolites. Interestingly the most predominant AA structures that had been 

previously identified in WWTP effluents were the germicides triclosan and chlorophen (Hill et al, 

2010; Rostkowski et al., 2011), but these compounds were present in very low amounts in the samples 

of coastal sediments. This indicated that the majority of pollution contributing to AA activity in the 

sediments arose from fossil oil spillages, either from shipping activity or oil refining industries.  The 

identification of PAHs such as benzo[a]pyrene as potential anti-androgens suggest these contaminants 

may have dual mechanisms of toxicity as planar PAH are normally associated with activation of the 

aryl hydrocarbon rather than androgen receptor, and as a result are highly carcinogenic. 
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Figure 1: HPLC profiles of AA activity in sediments from A) seven UK sites B) Northam only, C) 

Rouen only. 

Table 1: Identities of some AA contaminants identified in coastal sediments. 

C 
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Profiles of AA activity in clams 

The question arose as to whether the high levels of AA activity identified in some 

contaminated sites was bioavailable and able to accumulate in benthic species such as the clam, 

Scrobicularia plana, which has been shown to be susceptible to endocrine disruption (Langston et al., 

2007). The levels of AA activity in clams sampled from 4 sites on the Southampton estuary were 

investigated. Sediments from the Northam and St Denys sites contained 5-20 fold more AA activity 

then the Woolston and Warsash (Figure 2). AA activity in male clams was significantly higher 

(p<0.05) in Northam and St Denys sites compared with Woolston and Warsash, although this 

difference was not apparent in the females. 

The AA activity present in male and female clams from Northam was profiled using HPLC, 

and the profiles compared with the extracts from ambient sediment samples (Fig. 3). AA profiles 

between male and female clams were very similar. Clam profiles reflected those in the sediment, with 

the exception that three additional non polar fractions eluting at 33, 34 and 38 mins were specific to 

the clam extracts and not to sediment. Further work is underway to identify the key AA structures 

accumulating in the clam tissue. 

Name Structure Formulae CAS No Potency 

compared 

with 

flutamide 

Benzanthrone 

 

C17H10O 82-05-3 0.413 

Fluoranthrene 

 

C16H10 206-44-0 0.955 

1,2-

benzodiphenylene 

sulfide 

 

C16H10S 239-35-0 0.923 

Benzo[a]pyrene 

 

C20H12 50-32-8 0.966 

Benz[a]anthracene 

 

C18H12 56-55-3 1.271 

9-phenylcarbazole 

 

C18H13N 1150-62-5 0.326 

 

http://www.sigmaaldrich.com/catalog/product/aldrich/423947?lang=en&region=GB
http://www.sigmaaldrich.com/catalog/product/aldrich/255122?lang=en&region=GB
http://www.sigmaaldrich.com/catalog/product/sigma/b1760?lang=en&region=GB
http://www.sigmaaldrich.com/catalog/product/fluka/12090?lang=en&region=GB
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An interesting additional finding is that extracts of male clams contained a highly potent 

androgenic fraction (Fig. 4). However, no androgenic fractions or activities were found in female 

clams or in the sediment samples. This indicated that the male clams may contain natural androgenic 

hormones, and further MS analysis of the androgenic fraction revealed it contained 

dihydrotestosterone (DHT) which is a potent androgenic steroid found in mammals and has also been 

detected in some molluscs (Janer et al., 2006). This finding needs to be confirmed in further research 

on clam metabolism, but if definite, then it would indicate that this species could be highly susceptible 

to androgen receptor antagonists present at many coastal sites in the Interreg cross channel regions. 

Further work should enable to determine whether there is a causal relationship between 

environmental levels of AA activity and intersexuality in Scrobicularia plana.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Concentrations of AA activity present tissues of clams sampled from Southampton estuary.  

AA activity expressed in µg flutamide equivalents/g tissue. Fig I) Concentrations in clams and 

ambient sediment samples, II) concentrations in clams only, and showing statistical differences in 

levels of AA activity in male clams (but not females) between sites (p<0.05 A compared with B). 

 

 

 

 

 

 

 

 

 

Figure 3. Comparison of HPLC profiles of AA activity in composite samples of either male or female 

clams or sediments sampled from the Northam site in Southampton estuary. 
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Figure 4. Profile of androgenic activity in a composite sample of male clams collected from Northam 

site. No androgenic activity was detected in female clams. 

 

II.3. Identification of endocrine disrupting potencies of chemicals using in vitro explant cultures 

It has been well established that many chemicals released into the environment have the 

potency to disturb the normal endocrinology of organisms (Sumpter, 1998). Nevertheless, the 

identification of the responsible molecules and their combined effects on the organisms are complex 

and still relatively unclear. Accordingly, ecotoxicological tests have been developed to detect and 

characterize the endocrine disrupting potency of chemicals. As the aquatic medium is the final 

destination of many contaminants, fish species have been selected for the biomonitoring of 

environmental health. The roach (Rutilus rutilus), a cyprinid fish, is a model of choice to assess 

endocrine disrupting effects in aquatic systems and especially feminization effects (Minier et al., 

2000; Tyler, 2007). Among the different biomarkers investigated to study endocrine disruption on fish, 

vitellogenin (VTG) serves as a reliable biomarker of xenoestrogenic exposure (Nilsen et al., 2004; 

Sumpter and Jobling, 1995 ; Kime et al., 1999). VTG is a phosphoglycolipoprotein with a high 

molecular weight and is a precursor of the vitellin which is a yolk protein constitutive of the eggs. It 

constitutes the main source of energy during the development of embryos and is thus essential for 

successful reproduction (Roubal et al., 1997). VTG is produced naturally during the oogenesis in adult 

female liver and transported to the gonads for its incorporation into the eggs. Its synthesis is regulated 

by endogenous estrogens like 17-β-estradiol (E2) through the link to the estrogen receptors located 

both in the cytosol and nucleus of the hepatocytes. As VTG can be induced in males by xenoestrogens, 

VTG induction reflects environmental exposure to estrogenic chemicals.  

Recently, scientists have been asked to reduce the use of vertebrates for ethical reasons and to 

develop ecotoxicological tests. In line with these requirements, alternative methods including in vitro 

bioassays have been suggested to be developed (Walker et al., 1998). In vitro tests cannot replace in 

vivo studies on whole animals, but they can increase our knowledge and especially our understanding 

of the mechanisms of action of EDCs. The advantages of in vitro tests are their reproducibility, 

sensitivity and cost effectiveness compared to in vivo methods. It has been put forward that the 

measurement of VTG induction in the medium of cultured fish hepatocytes should be used as an 

identification test of chemicals with estrogenic activity (Pelissero et al., 1993; Smeets et al., 1999a). 

By maintaining the structure of the liver, the explant cultures are closer and more representative of the 

in vivo conditions than hepatocyte cultures (Hurter et al., 2002). Thus, they could be used to assess the 

estrogenic or antiestrogenic potency of both the parental compound and their metabolites (Navas and 

Segner, 2006). Moreover, this new technique will simplify the protocol used for hepatocyte cultures 

because the isolation of the cells is not needed. 

The aim of this study was therefore to develop a new in vitro bioassay to evaluate the potential 

estrogenic and anti-estrogenic activity of environmental chemicals by measurement of the VTG 

synthesis. The use, for the first time, of roach liver explants may help document the observed effects in 

situ on this particular species (Minier et al., 2000; Maltret-Geraudie et al., 2008). 
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Setting up of the liver explant culture 

Adult roach were collected and anaesthetized. The liver was removed in sterile conditions 

before being perfused with a rinsing solution to eliminate blood. Pieces of about 3 mm3 (5-20 mg) 

were cut from the liver, constituting the explants, which were then placed in 24 well plates with one 

explant per well. 1 ml of culture medium without phenol red and completed with 1% glutamine and 

1% antibiotics (penicillin, streptomycin and amphotericin B) was added to each well. Plates were then 

incubated at 25°C and held on an orbital shaker (40 rpm) for up to 120 hours, ready for testing 

chemicals. The cell viability was assessed by the measurement of non-specific esterase activity using a 

fluorescein diacetate (FDA) hydrolysis assay (Larsson and Nygren, 1989; Tutundjian et al., 2002) and 

the estrogenic response was assessed by measurements of vitellogenin (VTG) in the culture medium 

using a sandwich homologous carp enzyme-linked immunoassay. Cell viability tests showed that 

viability of the explants incubated in medium culture did not significantly decrease up to 72 hours but 

was then significantly altered at 96 hours. 

Estrogenic activity of environmental chemicals 

A clear dose-effect relationship could be obtained under the stimulation of the VTG 

production using E2 for either 48, 72 or 96 hour incubation periods (Fig. 5). VTG synthesis was only 

detectable (0.2 ng.mL-1) for E2 concentrations above 1 nM. Moreover, VTG levels after E2 exposure 

to 100 and 1000 nM were significantly higher (6.9 and 21 ng.mL-1 respectively) than those resulting 

from lower E2 doses (0-10 nM). Several known environmental pollutants were used to study their 

relative estrogenic potential using roach liver explants. No VTG dose-dependent response for BPA, 

BP and NP could be established because of the cytotoxicity of the compounds (Table 2). After 48 hour 

exposure to 500 µM bisphenol A (BPA), butylparaben (BP) or 4-nonylphenol (NP), FDA hydrolysis 

did not exceed 0.49 FU.min-1.mg-1 (± 0.17) which is significantly lower than the control. There was no 

measurable VTG induction after dosing with 10 µM of any compounds and significant responses were 

only obtained with 100 µM (Fig. 6). Among the compounds tested, NP had the lowest estrogenic 

potential with VTG induction reaching only 18.8 % of the control (100 nM E2). The estrogenic 

responses of 100 µM BPA or BP were significantly higher than NP. EE2 was the most efficient 

compound to induce VTG with a significant VTG response measured from 1 nM (Fig. 7). The 

calculated relative potency of the tested compounds is summarized in table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: VTG concentration in culture media of roach liver explants treated with different 

concentrations of E2 (17-β-estradiol) for 48, 72h and 96h. Results are given as mean ± C.I. Values 

with different letters indicate statistically significant differences between the groups (p< 0.05). 

n = 48 
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Table 2: Explant viability using FDA hydrolysis activity (FU.min-1.mg-1) after exposure to different 

compounds. BPA: Bisphenol A, BP: butylparaben, NP: 4-nonylphenol. Results are given as mean ± 

C.I. Values with different letters indicate statistically significant differences between the groups (p< 

0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: VTG concentration in culture media of roach liver explants treated with 100 nM E2 or 100 

µM bisphenol A (BPA), 100 µM butylparaben (BP) and 100 µM 4-nonylphenol (NP) for 48 h at 20°C. 

VTG concentration is expressed as percentage of the E2 control. Results are given as mean ± C.I. 

Values with different letters indicate statistically significant differences between the groups (p< 0.05). 

 

 

 

 

Compound exposure 
concentration control  BP BPA NP 

10 µM 1.79 (± 0.34)a 0.96 (± 0.09)b 1.13 (± 0.50)ab 1.43 ( ± 0.83)ab 

100 µM 1.79 (± 0.34)a 1 (± 0.01)b 1.1 (± 0.50)ab 1.2 ( ± 0.51)ab 

500 µM 1.79 (± 0.34)a 0.05 (± 0.04)c 0.06 (± 0.003)c 0,49 (± 0.17)bc 
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Figure 7: VTG induction after exposure to EE2 (17-α-ethinylestradiol) for 48 h at 20°C. VTG 

concentration is expressed as percentage of the E2 control. Results are given as mean ± C.I. Values 

with different letters indicate statistically significant differences between the groups (p< 0.05). 

 

 

 

 

 

 
Table 3: Estrogenic potency of E2 (17-β-estradiol), EE2 (17-α-ethinylestradiol), BPA (bisphenol A), 

BP (butylparaben) and NP (4-nonylphenol) calculated from VTG concentration measurements in 

culture media of roach liver explants  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound Estrogenic potential 

E2 1 

EE2 10 

BPA 0,01 

BP 0,01 

NP 0,0002 
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Anti-estrogenic activity 

In order to verify that the test could also be used to assess anti-estrogenic activity, liver 

explants were incubated simultaneously with E2 and tamoxifen, a known anti-estrogenic compound in 

breast mammal cells (Cameron et al., 2000). The addition of 0.1 µM tamoxifen associated with 100 

nM E2 to the explant culture was responsible for a significant decrease of the VTG response compared 

to an exposure to E2 alone (Fig. 8). 10 µM tamoxifen totally inhibited the estrogenic effect of E2 

under the test conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8: VTG concentration in culture media of roach liver explants treated with different 

concentrations of tamoxifen associated with 100 nM E2 for 48 h at 20°C. VTG concentration is 

expressed as percentage of the concentration obtained using 100 nM E2. Results are given as mean ± 

C.I. Values with different letters indicate statistically significant differences between the groups (p< 

0.05). 

 

 

Conclusion 

The roach liver explant culture is a sensitive assay for the ecotoxicological evaluation of the 

estrogenic or anti-estrogenic potency of chemicals. Liver explants provide a realistic in vitro model of 

the entire organ as the different cell types are included and the cell to cell interactions are maintained. 

This test shows interesting potentials and could be associated with other assays to complete our 

knowledge on estrogenicity of environmental compounds, metabolites or mixtures.  
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III. IDENTIFICATION OF MECHANISMS OF TOXICITY 

III.1. Introduction 

It is very difficult to demonstrate the involvement of any particular chemical in a biological 

dysfunction in wild organisms sampled in the environment. Indeed, many factors can contribute to an 

observed situation and any compound is then only a contributor for which it is difficult to perceive the 

degree of involvement. However, with increasing knowledge and understanding of the interactions of the 

compound with the biological components of an organisms, the plausibility of the involvement of the 

compound can be highlighted and a "mode of action" can be discovered. This mechanism is important 

because it allows to measures the alterations that the compound may be responsible for and thus trace its 

possible involvement. 

To identify the mechanisms by which a compound can alter a biological function, it is essential to 

understand how this function is regulated under “normal” conditions. This knowledge is often incomplete 

and it is necessary to explore and elucidate the endocrine and immune systems of living organisms. This 

is especially true for invertebrate species including the molluscs species studied in this project. The 

endocrinology of molluscs is unfortunately poorly understood and is substantially different from the 

much better known mechanisms of the vertebrates (Ketata et al., 2008). However many gray areas may 

also be present in the physiology of vertebrates, particularly in some species living in European water 

bodies that are not "model organisms" and have yet been chosen in this program because they can provide 

information about the environment in which they live, that is to say, our environment. 

This chapter is dedicated to the work that helped deepen both our understanding of important 

physiological mechanisms (especially in relation with the endocrine and immune systems) and the 

mechanism of action of pollutants.  

Two mollusc species have received particular attention within this DIESE program, the blue 

mussel, Mytilus edulis, and the clam, Scrobicularia plana. The first is a bivalve extensively studied in 

the context of environmental studies and is present in the whole coastline of the eligible areas of the 

project. The second is a bivalve well distributed in the estuaries of the study area. It lives buried in the 

sediment and is impaired with alterations of sexual differentiation during gametogenesis leading to the 

presence of both male and female cells within a single gonad and thus characterizing the phenomenon 

of intersex (Langston et al. 2007). 

Five fish species living in the eligible study area received particular attention in this DIESE 

research program : the sea bass, Dicentrarchus labrax, and the flounder, Platichthys flesus, are 

representative of the marine area; the roach, Rutilus rutilus, the bullhead, Cotius cotius, and the three 

spine stickleback, Gastrorosteus aculeatus, are representative of the freshwater area. Except for the 

bullhead, these species have been extensively studied and the conducted work has been performed on 

solid scientific grounds. The choice of the bullhead has been made in order to study special aspects of 

endocrine disruption, i.e. androgenic effects. 

Two main research axes have been developed in this program: the immune system and the 

endocrine system. These were further studied in an integrated assessment of flounder health status. 
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III.2. Identification of mechanisms using a metabolomic and genomic approach in the blue 

mussel Mytilus edulis 

III.2.1. Introduction 

Estrogenic contaminants in the aquatic environment are associated with feminisation of male 

fish, however their effects on some invertebrate species, such as bivalve molluscs, have yet to be 

characterised. The lack of knowledge is an obvious obstacle to the identification of effects driven by 

pollutants as, without knowing the endocrine mechanisms involved, we cannot measure nor observe 

the associated disturbances. To increase our knowledge and to discover relevant biological indices, a 

metabolomic approach have been conducted. Indeed, the study of the metabolome, i.e. all metabolites 

of an individual allows us to track a large number of parameters simultaneously. In the absence of 

knowledge, monitoring thousands of parameters can potentially allow the identification of those that 

are showing changes in a particular condition of interest. 

This approach has been implemented on samples of mussels exposed to a range of doses of the 

natural estrogen, 17-β estradiol (E2). Approximately 10,000 signals were recorded using mass 

spectrometry for each sample and allow differentiating the exposure conditions (Fig. 9). Among the 

discriminating signals, some have been identified and used to unravel potential mechanisms of action 

of steroids in molluscs. This was the case of prostaglandins and amines that were differentially 

expressed in the presence and absence of estradiol and led to further examine mechanisms linked to 

serotonin (5-HT) and prostaglandins (such as the COX enzymes). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 : PLS-DA scores 3D plots of fraction from female and male gonad extracts performed from 

mussel exposed to (●) 0; 5 (■) and  50 (♦) ng E2/L.  
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III.2.2. Identification and characterisation of 5HT, COX 1 and CYP3A genes in Mytilus edulis 

Gametogenesis is a crucial step in the process of reproduction and is subject to hormonal 

control from serotonin (5-HT), prostaglandins (synthesized by cyclooxygenase, COX) and steroids 

such as 17β-estradiol (E2). We examined the responses of 5-HT receptor and the expression of COX 

gene in mussels, M. edulis, exposed to estrogenic compounds during different stages of their 

reproductive cycle. 

The monoamine serotonin (5-HT) is an important mediator of reproduction. Administrations 

of 5-HT have been shown to induce spawning in bivalves (Matsutani and Nomura, 1982; Gibbons and 

Castagna, 1984; Matsutani and Nomura, 1987; Ram et al., 1993). In addition, levels of 5-HT have 

been shown to decrease after spawning in the gonads of the hermaphroditic scallop Argopecten 

purpuratus (Martinez and Rivera, 1994; Martinez et al., 1996) supporting the hypothesis of an 

involvement of monoaminergic mechanisms during spawning processes. Some studies have indicated 

that estrogens potentiate 5-HT-induced spawning (Osada et al., 1992; Wang and Croll, 2006) which 

may be achieved through an induction of the formation of 5-HT receptor (Osada et al., 1998). 5-HT is 

also implicated in sexual differentiation. During the sexual differentiation stage, higher levels of E2 

and lower levels of 5-HT content are found in female brain tissues of the fish Oreochromis 

mossambicus compared to the levels found in male brains (Tsai et al., 2000). This inverse relationship 

of 5-HT and E2 has also been described in the scallop A. purpuratus (Martinez and Rivera, 1994). 

The aim of this study was to examine changes in the relative gene expression of a COX and a 

5-HT receptor gene in the marine mussel, M. edulis exposed to estrogens. These changes were 

analyzed first in mature mussels exposed to E2 and, in a second experiment where the majority of the 

individuals were at early gametogenesis stages of the reproductive cycle, in mussels exposed to E2, 

and the xeno-estrogens EE2 and estradiol benzoate (EB). 

The results show that environmentally-relevant levels of the natural estrogen, E2, as well as 

the synthetic estrogen, EE2, induce alterations, dependent on reproductive stage, in the expression 

levels of 5-HT receptor and/or COX in the marine bivalve M. edulis. The expression levels of the 5-

HT receptor and COX enzymes mRNA were different in males and females, indicating a specific role 

in different gender. In addition, the results showed that environmentally relevant concentrations of the 

natural estrogen, E2, and the synthetic estrogen, EE2, induce changes in the expression levels of 5-HT 

and / or COX in mussels. In particular E2 decreases the level of expression of COX enzymes in 

females while the steroid has no effect on males (Fig. 10). On the expression of 5-HT receptor, 

exposure to E2 resulted in a decreased expression of the gene in mature males and females. In 

contrast, exposition during early stages of gametogenesis generated a very sharp increase in the 

receptor expression (Fig. 11). 

These results indicate that important endocrine parameters can be altered by the exposure to 

estrogens and thus allow to hypothesise on the mechanism of disturbances observed in the wild that 

may be linked to estrogen exposure (and Blaise al, 2003. Gauthier-Clerc et al, 2006). We could also 

show that the effect differ depending on the stage of sexual development. This is in line with recent 

discoveries on effects on the endocrine system and highlight the difficulty of understanding the risks 

associated with compounds interacting with the endocrine or the immune system as the effects do not 

depend only on dose but also time of exposure. 
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Figure 10. COX gene expression of female and male mussels exposed to 5 ng/l and 50 ng/l of E2 and 

EE2 and 200 ng/l of E2-B during early and late maturation stages. Mean data are plotted ± SEM. ** 

Indicates significant differences of p<0.01 from groups with same letter, * indicates p<0.05.. 
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Figure 11: 5-HT gene expression of female and male mussels exposed to 5 ng/l and 50 ng/l of E2 and 

EE2 and 200 ng/l of E2-B during early and late maturation stages. Mean data are plotted ± SEM. ** 

Indicates significant differences of p<0.01 from groups with same letter, * indicates p<0.05. 
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Follow-up investigations concentrated on the steroid metabolising pathway. The cytochrome 

P450s (CYPs) comprise a superfamily of heme-containing proteins involved in the oxidative 

metabolism (phase I biotransformation) of endogenous and xenobiotic compounds including steroids 

and environmental pollutants. P450 enzymes in the CYP3A subfamily catalyze the hydroxylation of 

testosterone at the 6β position (Arukwe and Goksøyr, 1997) and metabolize a wide range of 

chemically diverse lipophilic organic compounds such as environmental pollutants, drugs and steroids 

(reviewed by Maurel, 1996).  

CYP3A-like proteins have been characterized mainly in mammals and other vertebrate species 

including fish, (reviewed by Schlenk et al., 2008). In invertebrates, CYP3 gene homologues have been 

described in the tunicate Ciona spp. (Verslycke et al., 2006) and, most recently, in mussel Mytilus 

californianus (Zanette et al., 2010). Cross-reactivity with antibodies specific for vertebrates also 

suggests that CYP3A-like proteins are present in the digestive gland of M. edulis and M. 

galloprovinciallis. (Peters et al., 1998; Shaw et al., 2004).  

CYP3A-like proteins have been characterized mainly in mammals and other vertebrate species 

including fish, (reviewed by Schlenk et al., 2008). In invertebrates, CYP3 gene homologues have been 

described in the tunicate Ciona spp. (Verslycke et al., 2006) and, most recently, in mussel Mytilus 

californianus (Zanette et al., 2010). Cross-reactivity with antibodies specific for vertebrates also 

suggests that CYP3A-like proteins are present in the digestive gland of M. edulis and M. 

galloprovinciallis. (Peters et al., 1998; Shaw et al., 2004). Vertebrate CYP3A proteins are mainly 

expressed in the liver and intestine suggesting that these enzymes have a role in first-pass metabolism 

of xenobiotics. The expression of CYP3A proteins has been investigated in liver but very little is 

known about extrahepatic organs. In killifish, Fundulus heteroclitus, extrahepatic expression has been 

observed in gill, kidney, brain, spleen and ovary suggesting that CYP3A enzymes are also involved in 

regulating levels of endogenous substrates (Hegelund and Celander, 2003). 

Here we describe the isolation of two CYP3A-like genes from mussel (M. edulis) gonad tissue 

(GenBank AB479539 and GenBank AB479540). In order to identify if environmental pollutants are 

potential targets for CYP3A-like gene, mRNA expression was investigated in gonads of mature 

mussels exposed to 17β-estradiol (E2), tributyltin (TBT) and a 10% sewage treatment works (STW) 

effluent extract. Chemical analysis of free and total estradiol and tin content were conducted in parallel 

to confirm uptake. In addition, sexual dimorphism and natural variation of CYP3A-like isoform 

expression was investigated in individuals at different periods of their reproductive cycle (Fig. 12 and 

13).  
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Figure 12: Quantified levels of both CYP3A genes in seasonal samples. “b” represents a statistically 

significant difference (p<0.05) compared with the corresponding value for the same sex at Jun-Sep 

period; “b” represents a statistically significant difference (p<0.05) compared with the corresponding 

value for the same sex at Oct-Jan period. 
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Figure 13: Quantified levels of both CYP3A genes in E2 (200 ng/l), TBT (100 ng Sn/l) and 10% STW 

(previously shown to be estrogenic to fish, Tyler et al.) exposed M. edulis using quantitative real-time 

PCR. “a” represents a statistically significant difference (p<0.05) compared with the corresponding 

control group; “b” represents a statistically significant difference compared with the corresponding 

value for the STW regime. C, control group; STW, sewage effluent treatment group; E2, E2 treatment 

group; TBT, TBT treatment group. 
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In conclusion, two mussel CYP3A-like genes were isolated and their mRNA expression 

profiles of natural variation and following exposure to selected endocrine disruptors studied. Different 

patterns in natural variation of CYP3A-like isoforms suggest that they may play different roles in the 

physiology of mussels. Expression of CYP3A-like isoform1 mRNA in mussel gonads was modulated 

by E2 and TBT. CYP3A-like isoform2 mRNA levels were also modulated by, as yet, unidentified 

organic compounds present in a 10% STW extract. 

 

 

 

III.2.3. Investigation of any potential disruption of the reproductive cycle in Mytilus edulis 

following exposure to estrogenic compounds 

Treated and untreated municipal and industrial effluent, agricultural practices and livestock 

wastes are principal sources of hormonal contamination in aquatic environments (Matozzo et al., 

2008). E2 is one of the most potent and biologically active estrogen synthesised in female ovaries, 

while synthetic derivatives such as ethinyl-estradiol (EE2) and estradiol benzoate (EB) are used in 

formulation of contraceptives, treating menopausal disorders or in controlled reproduction of domestic 

livestock respectively. E2 concentrations near sewage treatment works have been reported to range 

from 2.7 ng/l to almost 50 ng/l in UK Rivers. Whilst investigations (in field and under laboratory 

conditions) have been conducted to assess E2 and EE2 effects on bivalves (Canesi et al., 2007; Canesi 

et al., 2008; Wessel et al., 2007; Quinn et al., 2004), less is known about EB and its interference with 

the endocrine system, especially in marine organisms. EB is an estradiol analog, which contains a 

benzyl ester at the C-3 position. EB is commonly used to supply estrogen for female livestock, 

stimulate oestrus and ovulation and also for prevention and treatment of many postpartum diseases. 

Relevantly Mori (1969) reported an acceleration of sexual maturation and incidence intersex in C. 

gigas injected for 10-14 days with EB.  

Previously, we reported no changes in VTG and ER1 or ER2 mRNA expression in mussels 

exposed to E2 at the ripe stage of their gonadal maturation cycle (Puinean et al., 2006, Interreg II-III). 

Building on this observation, the aim of this study was to determine if it was possible to 

experimentally induce VTG and/or ER2 mRNA expression in gonad tissue by exposing mussels, M. 

edulis, at different times of their reproductive cycle while using E2, as well as other synthetic 

estrogens EE2 and EB. 

We have reported results from two exposure experiments carried out while mussels were at 

their maturation stage, in April 2006 and April 2007 and a further exposure experiment carried out 

while mussels were at their early stage of gametogenesis, in February 2008. Both experiments 

conducted using mature mussels failed to record statistically significant differences in VTG mRNA 

expression levels after 10 days exposure to E2 (5, 50 and 200 ng/l) (Fig. 14 and 15 ‘mature’). In 

contrast, mussels at an early stage of gonadal development do show statistically different VTG mRNA 

expression levels following E2 exposure that varies according to dose (Fig. 14 and 15 ‘early 

gametogenesis’). These results suggest a possible regulatory mechanism for estrogen signalling, which 

varies throughout the reproductive cycle (Zhu et al., 2003).  
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Figure 14: VTG relative mRNA expression in M. edulis gonads during early and late gametogenesis 

stages. C=control mussels; E5=mussels exposed to 5 ng/l E2; E50= mussels exposed to 50 ng/l E2; 

E200=mussels exposed to 200 ng/l E2; EE5=mussels exposed to 5 ng/l EE2; EE50=mussels exposed 

to 50 ng/l EE2; EB=mussels exposed to 200 ng/l EB. Mean data plotted  SEM. n=10. Pair wise 

comparisons (between exposed/control females; exposed/control males) were carried out using the 

non-parametric Mann-Whitney U test and P<0.05 significance. Treatments marked with * are 

significantly different (P<0.05) from their corresponding control. Treatments marked with + are 

significantly different from their counterpart at mature stages. Treatments market with ^ are 

significantly different from their opposite sex, same exposure regime. Note log scale. 
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Figure 15: ER2 relative mRNA expression in M. edulis gonads during early and late gametogenesis 

stages. C=control mussels; E5=mussels exposed to 5 ng/l E2; E50= mussels exposed to 50 ng/l E2; 

E200=mussels exposed to 200 ng/l E2; EE5=mussels exposed to 5 ng/l EE2; EE50=mussels exposed 
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to 50 ng/l EE2; EB=mussels exposed to 200 ng/l EB. Mean data plotted  SEM. n=10. Pair wise 

comparisons (between exposed/control females; exposed/control males) were carried out using the 

non-parametric Mann-Whitney U test and P<0.05 significance. Treatments marked with * are 

significantly different (P <0.05) from their corresponding control. Treatments marked with + are 

significantly different from their counterpart at mature stages (April 2007). Treatments marked with ^ 

are significantly different from their previous year counterpart (April 2006). Treatments marked with # 

are significantly different from their opposite sex, same exposure regime. Note log scale. 

 

The results confirm previous observations regarding the expression levels of serotonin, COX 

and CYP3A, indicating a possible involvement of steroids in the sexual maturation of mollusc species. 

Together, these data suggest that estrogen may have an impact on reproductive processes in bivalves. 

Based on these observations, the aim of our next study was to adopt an exploratory approach to 

identify novel genes differentially expressed in the process of maturation and response to estrogen in 

the marine bivalve, M. edulis. 

New molecular techniques (SSH = suppressive subtraction hybridization) were used to 

highlight the cellular pathways affected by estrogen exposure, then, by targeting key genes involved in 

these pathways, measurements have been performed to assess the potential of these biological 

indicators to alert on changes in the mollusc endocrine system. The use of SSH in gonad samples at 

different stages of gametogenesis and (in parallel) after an exposure to estrogen in controlled 

conditions has allowed to identify several differentially regulated genes, including the gene associated 

with the androgen receptor, lysine and the yolk sac of an envelope sequence (Tables 4 and 5). These 

sequences provide a new path for studying and understanding the role of sex hormones in 

invertebrates and might lead to the identification of keys biomarkers of endocrine disruption. 
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Table 4: Differentially expressed genes in testis of M. edulis at different stages of the reproductive 

cycle and following experimental exposure (50ng/l E2) 

 

 

Six target mRNAs were selected for qPCR validation of the SSH differential expression 

results (Fig. 16 and 17). Both vitelline coat lysin precursor mRNA and sialic acid binding lectin were 

statistically significantly differentially regulated according to testis stage of maturity, up-regulated as 

the testis mature. Conversely, testis-specific serine/threonine kinase 1 (TSTK1) and ER mRNA 

expressions measured using qPCR are statistically significantly down-regulated in mature testis. 

Cytochrome b mRNA expression was statistically significantly down-regulated in E2-exposed mussels 

relative to control samples, again confirming the SSH result. Also, RWD domain containing protein 

Clone accession no. Category & gene 

identity  

Length (bp) Homolog species 

/Accession no. 

E-value 

Down-regulated in early developing testes relative to mature testes 

Cellular component/Apoptosis/Cell cycle 

HQ690234 Senescence-associated 

protein 

155 Brugia malayi  XP_001900327.1     5.0E-10 

AJ492924.1 Histone 2A 301 M. edulis  AJ492924.1 1.0E-108 

AY484747.1 16S ribosomal protein  931 M. edulis  AY484747.1 0 

Signalling 

FM995162.1 Vitelline coat lysin M7 

precursor 

635  M.  edulis BAA03551.1 

        

3.0E-123 

HQ678182 Sialic acid binding lectin 397 Helix pomatia  ABF00124.1 4.0E-15 

Up-regulated in early developing testes relative to mature testes 

Cell cycle/Spermatogenesis 

HQ678180 Testis-specific 

serine/threonine kinase 1 

(TSTK1) 

815 Strongylocentrotus purpuratus 

XP_787865.1 

4.0E-70 

HQ678181 Testis-specific A-kinase-

anchoring-protein 

182 Gallus gallus  XP_002162537.1 9.0E-6 

HQ67816 Histone H2A isoform 2  332 Haliotis discus discus ACJ12611.1 1.0E-53 

HQ678184 Beta-tubulin 511 C.   gigas                  AAU93877.1 9.0E-81 

Signalling 

AB257133 ER 111 M.  edulis BAF34366.2 1.0E-12 

HQ678183 Bindin precursor 5 repeat 

variant (acrosomal 

protein) 

392 C.  gigas ABQ18234.1 7.0E-14 

HQ678185 Phosphodiesterase 1  533 S.  purpuratus NP_001091918.1 5.0E-62 

Mitochondrial electron transport  

AY130198.1 Cytochrome c oxidase 

subunit III 

254 M.   edulis    AAV68300.1 2.0E-31 



23 

 

4A, highlighted by SSH as down-regulated in control mussel testis samples relative to E2-exposed 

samples, was identified using qPCR as down-regulated in early developing testis samples relative to 

mature samples. 

 

 

 

 

 

Table 5: Differentially expressed genes in testis of M. edulis at different stages of the reproductive 

cycle and following experimental exposure (50ng/l E2). 

Category/gene identity  Length  Homologue species  

Protein binding/Apoptosis/Cell cycle  

Complement C1q like protein  111  Ailuropoda melanoleuca  

Alpha tubulin  297  C.gigas  

Beta tubulin  501  Rattus norvegicus  

Ribosomal protein L7  240  C.gigas  

Bromodomain adjacent to zinc finger protein  369  G.gallus  

Elongation factor 1 gamma  162  Saccoglossus kowalevskii  

Ferritin like protein  492  Pinctada fucata  

Senescence associated protein  318  Trichoplax adhaerens  

Spectrin beta chain  293  Harpegnathos saltator  

Vitelline envelope zona pellucida domain 9  900  Haliotis rufescens  

Signalling  

C1q domain containing protein  141  Argopecten irradians  

Rwd domain containing protein 4A (small 

androgen receptor)  

240  Caligus regercresseyi  

Electron transport  

Hemagglutinin/amebocyte aggregation factor 

precursor  

240  Salmo salar  

Cytochrome c oxidase subunit II  448  M.edulis  

NADH dehydrogenase subunit I  647  M.edulis  

Triosephosphate isomerise TIM  156  Metapaeneus ensis  

Cytochrome c oxidase subunit I  534  M.edulis  

Cytochrome b  302  M.edulis  
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Figure 16. Targeting key genes involved in endocrine disruption processes to use as environmental 

monitoring analytical tools. Real-time quantitative RT-PCR validation of differential screening results 

of M. edulis developing gonad versus mature gonad samples. Data plotted as mean ± SEM, n=15 

samples. *=p<0.05; **=p<0.01 
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Figure 17: Real-time quantitative RT-PCR validation of differential screening results of M. edulis 

experimentally exposed to E2. Data plotted as mean ± SEM, n=15 samples. *=p<0.05; **=p<0.01. 

 

Our results correlated with many lines of investigation indicate that steroids, particularly the 

sex steroids, play an important role in mussel reproductive control. For example, it appears that 

testosterone regulated processes may be controlled by additional mechanisms, involving receptor 

interacting proteins (i.e. Rwd), whilst some of the actions are likely mediated by receptors. In 

conclusion, our data concerning gene expression during spermatogenetic development and 

experimentally induced endocrine disruption give novel insights into previously uncharacterized 

aspects of molluscan reproductive pathways. We found forty seven potential genes whose transcript 

abundance fluctuates in coincidence with testis development/endocrine disruption processes. The data 

obtained allows a better understanding of mussel spermatogenesis and constitute a new focus for 

invertebrate endocrinologists in planning further experiments.  

 

III.3. Highlighting cell pathway involved in the feminization of male clams (Scrobicularia plana) 

 

In parts of the DIESE Interreg region, high incidences of intersex condition has been observed 

(see section III of this report), yet the causes are not known. Unlike vertebrates, sex determination and 

differentiation in marine bivalves depend less on sex chromosomes and more on hormones and 

environmental factors. Studies on complex effects of endocrine disruptors on bivalves are making a 

slow progress, partially because of poor understanding of mechanisms behind activation and 

impairment of sex and reproduction. Scrobicularia plana populations in UK have been shown to 

exhibit an extensive degree of intersex in the form of ovotestis. Mainly because of its estuarine habitat, 

S. plana is highly susceptible to estrogens, and still, the mechanisms behind these endocrine disruption 

effects remained unexplored.  

The suppression subtractive hybridization (SSH) method was used in our laboratory to identify 

differentially expressed transcripts in the gonads of adult clams exhibiting various degree of intersex. 

Transcripts have been identified in forward and reverse subtracted libraries, laying the foundation for 

screening and cloning new and specific genes involved in endocrine disruption in bivalves. 
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Subsequently, quantitative real-time polymerase chain reaction (qPCR) was used to measure 

expression of genes that were differentially-expressed in the SSH analysis.  

Several interesting mRNA transcripts were identified and validated as down-regulated in clam 

intersex samples. These encode a variety of proteins involved in cell signalling (RACK1), cell cycle 

(PCNA, histone H3), protein synthesis (ribosomal proteins), cytoskeleton (tektin), sperm physiology 

(tektin, SPL1) and energy metabolism (CYB, COX1). In several cases, the down-regulated response 

was more than 10 times less than the control males (Fig. 18). 

 

 

 

 

Figure 18: qRT-PCR validation of differential screening results of S. plana. Histogram bars represent 

normalized average relative mRNA expression ± standard error of the mean. ** indicates significant 

differences (p < 0.01; n = 10) of mRNA expression between male and intersex samples 

 

RACK1 is a scaffold protein that interacts with kinases and plays a central role in signalling. 

A previous study reported that RACK1 interacts with androgen receptor (AR), enabling its 

translocation from the cytoplasm to the nucleus, and thus controlling transcription of AR target genes. 

RACK1, along with PCNA, were the most commonly sequenced transcripts down-regulated in 

intersex clams. PCNA is involved in cell cycle at the DNA synthesis stage, acting as a ‘DNA clamp’ 

in the replication process. Studies using Pacific oyster, C. gigas, have shown that in the gonadal 

tubules, PCNA expression is elevated in males compared with females, with a high and constant level 
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during the initial stages of spermatogenesis. Here we observe PCNA down-regulation associated with 

intersex condition, reflecting the female pattern for oyster. Histone H3, down-regulated in intersex 

clams, is also involved in cell cycle by controlling different phases of cell division in mitosis and 

meiosis. Combined, RACK1, PCNA and histone H3 down-regulation suggest changes in cell signalling 

and cell cycle are associated with the intersex condition. 

Two proteins involved in sperm physiology (tektin and SPL) were also identified as down-

regulated in intersex males relative to normal male clams. Tektin is involved in sperm mobility in 

mice and studies have shown that tektin-deficient mice are subfertile. In molluscs, a search of EST 

sequences in NCBI databases revealed that an oyster tektin3 homolog was reported as down-regulated 

in oysters experimentally exposed to mercury (GenBank accession no. CD648637, unpublished). 

SPL1 has previously been isolated from jackknife clam, Ensis minor, yet its role in sperm physiology 

has yet to be elucidated. 

The next step was to validate the results by analysing the gene expression in clams from 

natural populations and target key genes which can be used as environmental monitoring analytical 

tools. Following the discovery of intersex in S.plana in the western Channel, an intensive programme 

of fieldwork was undertaken on both sides of English Channel (La Manche). The aim was to sample S. 

plana populations and establish sex ratios, and the frequency and severity of intersex as indicators of 

feminisation/demasculinization. Intersexed individuals were identified in 77% of populations analysed 

in UK and 70% of French ones (although the total no of stations on French side was relatively small). 

Sediments and clams were collected for chemical analysis to establish if there is a link 

between the occurrence of intersex in clams and contamination. Initial results indicate high levels of 

antiandrogenic activity at many sites, indicating widespread contamination of chemicals that have the 

potential to demasculinize aquatic biota.  
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III.4. Identifications of mechanisms of immunotoxicity in the sea bass, Dicentrarchus labrax 

III.4.1. Introduction 

With increasing awareness of the role of environmental stressors in childhood diseases and 

compromised adult immunity, researchers’ attention has been driven recently to developmental 

immunotoxicity (DIT) (DeWitt et al., 2012; Luebke et al., 2006). Notably, an increase in asthma and 

allergic diseases in children coupled with the documentation of the impairment of the developing 

endocrine system, nervous system and immune system induced by environmental chemicals lead to 

proposals for DIT risk assessment (Bigsby et al., 1999; Bilitewski, 2008; Dietert and Zelikoff, 2008; 

Holsapple and O’Lone, 2012). In particular, the higher susceptibility to environmental pollutants 

during immune system ontology evoked interest in applying DIT, as such a phenomenon cannot be 

assessed by monitoring adult immune functions (Burns-Naas et al., 2008). Even though the ontology 

of the immune system is very complex, requiring a careful orchestration and regulation of the different 

stages, key developmental processes, and therefore “critical windows” can be identified species-

independently during the vertebrate immune system development (Burns-Naas et al, 2008). However, 

these “critical windows” are predominantly based on defined events during the maturation of the 

adaptive immune system. Notwithstanding, due to the lack of basic knowledge on the developmental 

processes, this increased sensitivity of the developing immune system is not yet fully understood 

(Holsapple et al., 2012). It seems persuasive that with the establishment of safe exposure guidelines 

based on data from animals exposed during development, the adult immune system would be fairly 

protected as well. This is underscored by the results from exposures to diethylstilbestrol, diazepam, 

lead, 2,3,7,8-tetrachlorodibenzo-ρ-dioxin and tributyltin oxide, which represent a greater risk for the 

developing immune system, due to low dose action, a higher persistence or a combination of both 

(DeWitt et al., 2012; Luebke et al., 2006).  

In line with this interest in this developmental immunotoxicity, studies on the sea bass 

immune system have been developed using juvenile fish in order to (1) provide new information on 

the development of the fish immune system and (2) unravel possible effects of estrogenic compounds 

during development. In addition, this work allow to study possible links between the immune and the 

endocrine system. 

Two organs of the immune system received particular attention: the head kidney and the 

thymus. The head kidney, also referred to as anterior kidney or pronephros, is the mammalian bone 

marrow homologue and provides the compartment for hematopoiesis in teleosts. As major organ for 

B-cell development and proliferation, the head kidney is also responsible for phagocytosis, antigen 

processing, formation of IgM and the immune memory through melano-macrophage centres (MMCs) 

(Rauta et al., 2012). MMCs are the primitive analogues of the germinal centres of avian and 

mammalian lymph nodes (Agius, 2003). The thymus is a paired organ and provides the basic 

microenvironment for the T-lymphocyte maturation and proliferation. It is divided into a cortical and a 

medullary compartment and consists of cortical and medullary epithelial cells, macrophages, dendritic 

cells and mesenchymal fibroblasts and, of course, T-cells at different maturation stages (Pallavicini et 

al., 2010). While the lineage specification and the assembly of antigen receptor genes develop during 

the cortical phase of the T-cells, subsequent differentiations are accomplished after T-cell migration to 

the inner part of the thymus, i.e. the medulla (Boehm et al., 2012). In general, T-cell development in 

bony fish is strictly associated with thymus organogenesis, due to the interaction with distinct 

structures of the different thymic compartments during the maturation process (Vadstein et al., 2013).  

III.4.2. Development of the immune system 

Results allow to characterize the time course of expression of the estrogen receptors in the 

head kidney. A continuous increase in α receptor expression was measured during development and up 

to 250 days post hatch (jpe) while the expression of β2 receptor increases sharply after 75 jpe and 

reaches a maximum after 180 jpe (Fig. 19), suggesting that estrogens are involved in the development 

of the anterior kidney and that the dedicated functions of the two receptors are different during 
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development. Similarly, the expression levels of various cytokines was measured. Levels of 

interleukin-1 β follows the same pattern as that of the β2 receptor with a peak of expression in the 

same period (i.e. 180 dph). Expressions of interleukin-6 and tumour growth factor (TGF-β) increased 

steadily during the development of the immune system (Fig. 20). Interestingly, the percentages of 

leukocyte populations changed dramatically after 180 dph (Fig. 21). A significant decline in the B 

lymphocytes population was recorded, probably due to migration of the B lymphocytes to other 

compartments such as the posterior section of the kidney or to the spleen where they can complete 

their maturation (Ye et al., 2011). This migration period also coincided with a very significant increase 

in macrophage activity of anterior kidney leucocyte populations (Fig. 22). Thus the period of 

development of near 180 dph appears as a particular period which can be very important for the 

immune system. 
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Figure 19 : ER α and ER β2 gene expression in the head kidney of sea bass at different days post hatching 

(dph) as copy number/µL DNA. means ± SE. n = 8-11. 
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Figure 20: IL-1β, TNF-α, IL-6 and TGF-β gene expression (as copy number/µL DNA) in head kidney of 

sea bass at different days post hatching (dph). means ± SE; n = 7-11; single data points or data points in 

different circles indicate statistically significant differences. 

 

 

 

 

0

10

20

30

40

50

60

70

80

0 50 100 150 200 250 300

ce
ll

 p
e

rc
e

n
ta

ge
 [%

]

fish age [dph]

 

 

Figure 21: Development of head kidney leukocyte population with increasing fish age; the mean cell 

proportions (± SD) are indicated for monocytes/macrophages (diamonds) and lymphocytes (squares) of 

head kidney leukocytes; data points grouped in one circle indicate no statistically difference; n = 8-13 
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Figure 22: Phagocytic activity of monocytes/macrophages and lymphocytes at different ages; means ± 

SE; n = 8-13; data points grouped in one circle indicate statistically same groups. 

 

III.4.3. Responses of the immune system to E2 exposure 

Repeated exposures of juvenile sea bass to 20 ng E2/L were conducted under controlled 

conditions during the development of the immune system. Few significant changes were noted. However 

clear alterations in the expression of estrogen receptors were measured at the end of exposure periods for 

some groups of fish (Fig. 23). These periods ended at 162 and 183 dph i.e. during the critical period 

identified above. Similarly, exposure to estradiol resulted in a significant decrease in macrophage activity 

in the same periods (Fig. 24). 
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Figure 23: ER α and ER β2 gene expression as copy number/µL DNA in head kidney of control (light 

grey bars) and 20 ng/L E2-treated (dark grey bars) D. labrax; means ± SE; n= 5-11; asterisks mark 

significant differences to non-exposed fish at the same age. 
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Figure 24: Phagocytic activity of leukocyte populations from the sea bass anterior kidney after 35 (A) and 

56 (B) days of exposure to 20 ng E2/L during development. The activity was measured at the end of the 

exposition period, either at 72, 132, 162 days post-hatch (dph) after 35 days of exposure or at 93, 153 and 

183 days post-hatching after 56 days of exposure . The bars indicate the mean ± standard error. n = 8-13. 

Points grouped in a circle are not significantly different.  

 

A histological study was conducted to document the development of the thymus in the sea bass. 

Results showed, in agreement with the literature, that the thymus regionalized into cortex and medulla 

after 60 dph (Fig. 25) and developed further steadily during development. However exposure to 20 ng / L 

estradiol resulted in a highly significant enlargement of the organ and its two compartments in see bass 

between 90 and 153 dph, that is to say during an important period of maturation of T lymphocytes (Fig. 

26). 

 

 

Figure 25: Transversal cut of the thymus of 60 dph D. labrax, differentiated in cortical (C) and medullary 

(M) region; GC = gill chamber; EL = epithelial cell layer; Haematoxylin-Eosin staining; magnification: 

50x.. 
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Figure 26: Thymus, cortex and medulla volume of 90 dph sea bass exposed for 56 days to 0 and 20 ng/L 

E2; means ± SE. 

 

 

In conclusion, this work identified a critical period of development and of sensitivity to estrogen 

exposure of the sea bass immune system. This particularly sensitive window must be taken into account 

to better assess the risks associated with the presence of xenobiotics in the development of the immune 

system. 

 

III.5. Identification of an androgen-regulated mechanism in the bullhead (Cottus sp.) 

It has been reported a marked sexual dimorphism in renal tissue during the breeding season of 

the bullhead, Cotius cotius (Fig. 27). This dimorphism is due to a change in the kidney of male fish 

associated with the hypertrophy of renal tubules and the secretion of syaloglycoproteins as highlighted 

by immunohistochemistry (Bucher and Hofer, 1993, Hentschel, 1982). However, there is no 

information regarding the androgen inducibility and function of this renal secretion. A preliminary 

experiment conducted at INERIS showed increased nephro-somatic index, histological changes in the 

kidney and secretion of acid and neutral mucopolysaccharides in bullhead exposed for 7 days at 20 

mg/L 11-ketotestosterone. These preliminary results require confirmation but suggest that renal 

hypertrophy and synthesis of syaloglycoproteins might be inducible by androgens. Thus, this species 

is likely to provide a novel biomarker of androgenicity. To identify this marker, the first step was to 

identify biochemical and/or histological androgen-regulated signals. Then, the identified signals were 

characterized by laboratory and field experiments in sampling sites known to be contaminated with 

molecules with androgenic activity (Sanchez et al., 2008). 
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Figure 27: Transversals sections of female (A) and male (B) bullhead head kidney during the breeding 

period, and of female (C) and male (D) bullhead head kidney outside of the breeding period. Bars 

indicate 30 µm. 

 

 

 

In order to check whether the renal tubule hypertrophy and the synthesis of syaloglycoproteins 

could be inducible by androgens, bullhead sampled from the field and acclimated for about two 

months in the laboratory were exposed to different concentrations of different reference androgenic 

molecules (DHT, trenbolone) dissolved in dimethyl sulfoxide (DMSO 0.001% per tank) or to the 

solvent only. During the exposure, 10 fish per tank were placed in aquariums containing 4L of water. 

After exposure, the fish were sacrificed, measured, weighed and sexed. The kidneys were removed 

and weighed in order to develop a histological marker, i.e., the KEH (Kidney Epitelium Height) 

available in the stickleback (Borg, 1993). 

In all experiments KEH values obtained for males and females did not differ from each 

another. Thus the results are presented as a pool of values in both sexes. 

No difference was observed between KEH of bullhead exposed to DHT and control fish. 

Indeed, the average height was 16 microns ± 1.05 for controls and 16.53 ± 0.92 microns for fish 

treated with 5 mg / L DHT (Fig. 28). 
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Figure 28: KEH (Kidney Hepithelium Height) bullhead of exposed to dyhydrotestostérone (DHT) for 

21 days or to solvent DMSO (T). Data are presented as mean ± SD. 

It is interesting to speculate on the mechanism of action of DHT in bullhead. Indeed, several 

publications have highlighted the power of the hormone androgen. It is indeed a biologically active 

metabolite of testosterone, formed under the action of the enzyme 5-α-reductase. It has been shown 

that exposure to DHT to measured concentrations greater than or equal to 6 mg/L for 14 days 

significantly increased the number of nuptial tubercles in both sexes of fathead minnow. (Panter et al., 

2004). Similarly, in the stickleback was observed a dose-dependent response production of by spiggin 

exposing females to increasing DHT concentrations greater than or equal to 3 mg/L (Katsiadaki, et al., 

2002a). However, some androgenic substances are more effective than others to stimulate renal 

hypertrophy in the stickleback. Thus, the 11-ketotestosterone appears to be more powerful than the 

17α-methyltestosterone (De Ruiter and Mein, 1982) and dihydrotestosterone (Borg, 1993). The 17α-

methyltestosterone itself is more powerful than dihydrotestosterone (Katsiadaki, et al., 2002a) and the 

11-cétoandrostenedione more powerful than androstenedione (Andersson et al., 1988). However, the 

difference in power of androgens is not always related to the degree of affinity for the receptor and can 

other proteins interactions may be at play. 

An exposure experiment was conducted using trenbolone. Indeed, the synthetic androgen is 

widely used in the United States as a growth promoter in cattle. This substance is stable in animal 

waste and is found in the aquatic environment through direct discharges, runoff or both. In addition, it 

has been shown that 17β-trenbolone was clearly androgenic in vivo to fathead minnow in waters 

containing 0.027 mg/L trenbolone in a 21-day exposure assay leading to the appearance of nuptial 

tubercles at the head of females (Ankley et al., 2003). 
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Figure 29 : Kidney hepithelium height (KEH) of kidneys from bullhead exposed to trenbolone (Tb) or 

solvent DMSO (T) for 14 days or 21 days. Data are presented as mean ± SD. 

 

Bullhead exposed to trenbolone showed a dose-dependent renal hypertrophy in both exposure 

times (Fig. 28). In addition, for the same treatment there was no difference between the two exposure 

times. Thus, the synthesis of sialoglycoproteins appears to be effectively under androgen control. 

To identify and characterize the kidney syaloglycoproteine induced by androgens, a proteomic 

approach based on two-dimensional electrophoresis and mass spectrometry was implemented to 

futures to develop and validate a specific quantitative ELISA. Kidney samples treated or not with 

trenbolone have been compared in order to identify variations in protein expression (Fig. 29). 

After staining 9 spotted appeared differentially expressed in the exposed group (Figure 30). 

From these 9 proteins, three have been identified so far using mass spectrometry: the beta subunit of 

ATP synthase. (spot #1), the beta globin (spot # 9), and the nucleoside diphosphate kinase (spot # 8). 
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Figure 30: 2D gels analyses of protein extracts from female control (Control) or treated with 5μg/L 

trenbolone (Exposed) bullhead head kidney. Black dots were revealed using either coomassie blue 

(BC) or coomassie blue followed by silver nitrate staining (BC + NA). 
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III.6. Identification of endocrine disrupting effects in female roach (Rutilus rutilus) 

It has been well established that a large number of man-made or natural chemicals occurring 

in the environment are able to disrupt the endocrine system of exposed organisms by interfering with 

their normal endocrine function. These compounds also called endocrine disrupting chemicals (EDCs) 

have been shown to cause alterations in development, reproduction, physiological homeostasis and 

health of vertebrates (Colborn et al, 1993). EDCs can modulate function, levels and distribution of 

endogenous hormones of exposed organisms by mimicking, antagonizing the actions of hormones, or 

by modulating hormone synthesis and metabolism (Segner, 2009). 

Endocrine disruption has been reported to some degree in nearly all classes of vertebrates 

including mammals, birds, reptiles and fish (Tyler et al, 1998). As the aquatic system is considered as 

the final sink for most of the chemicals released in the environment, aquatic species including fish are 

common models used for the biomonitoring of ecosystems (Jobling and Tyler, 2003). Among the 

effects of EDCs, alterations of the reproductive system have been reported in different freshwater fish 

species all around the world with impacts such as abnormal plasma steroid and vitellogenin (VTG) 

levels, reduced spawning success, altered neuro-endocrine function, occurrence of oocytes in the testes 

of male fish, inhibited testicular and ovarian maturation (Kime, 1998; Vos et al, 2000; Van Der Kraak 

et al, 1992; Jobling and Tyler, 2003; Sumpter, 2002). The roach (Rutilus rutilus) a ubiquitous cyprinid 

fish in European freshwater ecosystems has been selected as a sentinel species for endocrine 

disruption biomonitoring in several studies (Tyler et al, 2007). Different alterations of the reproductive 

system have been shown for roach living in UK rivers (Jobling and Tyler, 2003), Danish streams 

(Bjerregaard et al, 2006), a Sweedish lake (Noaksson et al, 2001) and in French rivers (Minier et al, 

2000; Maltret-Geraudie et al, 2008). 

The Seine River in France constitutes one of the most polluted rivers in Europe with a basin 

characterized by a high population density (250 p.km-2 in average) and being highly impacted by 40 % 

of the French agricultural and industrial activities ( Lafite and Romanã, 2001). As a consequence, the 

water and sediments of the Seine River shows high levels of contaminants i.e. nitrates, phosphates, 

heavy metals, polycyclic aromatic hydrocarbons (PAHs), polychlorobiphenyls (PCBs) and pesticides 

such as triazine (Minier et al, 2006; Billen et al., 2001; Thévenot et al., 1998; Horowitz et al., 1999; 

Grosbois et al., 2006).Evidences of the presence of estrogenic compounds such as ethinylestradiol, 

estrone and nonylphenol have been found in fish and sediments of the Seine River (Peck et al, 2007; 

Minier and Amara, 2008). Roach sampled in the Seine River have been shown to be contaminated by 

organochlorine compounds including PCBs and synthetic pesticides (Blanchard et al, 1997; Guérit et 

al, 2008). Previous studies have also reported that male roach from the Seine River showed evidences 

of endocrine disruption (ED) with high intersex incidence, and altered levels of steroids and 

vitellogenin as well as impaired gametogenesis (Maltret-Geraudie et al, 2008; Geraudie et al, 2011). 

Most of the studies on ED in roach have been focusing on estrogenic responses in males, however, 

alteration of the female reproductive system might be more detrimental for the population. 

Accordingly, this study investigates the alterations of the reproductive system of female roach living 

in polluted areas of the Seine River.  

Mature female roach Rutilus rutilus (>16 cm long) were collected in autumn 2010 from three 

different locations of the Seine river (Normandy, France) using nets or angling. The reference site, 

Venables (Ven) is an old sand quarry with low levels of contamination where no sign of endocrine 

disruption in roach has been found (absence of intersex fish, mean male plasma VTG concentration lower 

than 20 ng mL-1; Geraudie et al., 2010a). The two other sampling locations, Poses and Elbeuf, correspond 

to anthropogenic areas with adjusted population equivalents of 442 and 11 respectively. Chemical 

analyses of these two impacted sites were carried out by the control survey network directed by the Seine 

water agency (Agence de l’eau Seine Normandie) and showed to contain a mixture of different polycyclic 

aromatic hydrocarbons, polychlorobiphenyls, polybrominated diphenyl ethers and phthalates. 

The average length and weight of the fish from the 3 sampled sites was not significantly 

different as indicated in table 6. The Fulton’s body condition factor (K) was similar for fish from all 

sites. However, the GSI was shown to be 1.6 and 1.7 times significantly lower for fish from the 

http://en.wikipedia.org/wiki/Polybrominated_diphenyl_ethers
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contaminated sites (Poses and Elbeuf; 4.75 ± 0.58 and 4.48 ± 0.38) compared to fish from the 

reference site (Venables; 7.68 ± 0.63). 

 

 

Venables Poses Elbeuf

lenght (cm) 20.49 ± 0.5 18.63 ± 0.79 20.56 ± 0.84

weight (g) 104.09 ± 13.7 81 ± 16.94 110.58 ± 15.99

gsi 7.68 ± 0.63a 4.75 ± 0.58b 4.48 ± 0.38b

fulkon's k factor 1.14 ± 0.02 1.08 ± 0.04 1.17 ± 0.04  

Table 6: Biological parameters of female roach collected from the reference site (Ven) and the 

impacted sites (Elb and Pos) of the Seine River. Distinct letters indicate significant differences 

between groups (p < 0.05). 

The maturation stages of the fish ovaries determined by histological observations are 

presented in figure 31. Most of the females fish from all sites showed vitellogenic gonads,i.e. with a 

majority of secondary oocytes. The percentage of fish exhibiting primary oocyte stages was higher in 

fish from the impacted sites (27 and 14 %) compared to fish from the reference site (5 %) thus 

showing a delay in maturation in these fish. 
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Figure 31:  Ooctye stages of female roach collected from the reference site (Ven) and the impacted 

sites (Elb and Pos) of the Seine River. Ovo II is for secondary oocyte and Ovo I is for primary oocyte.  

The diameter of secondary oocytes in fish from the different sampling locations was also 

recorded (Fig. 32). The fish from the two impacted sites, Elbeuf and Poses presented significantly 

reduced secondary oocyte diameters compared to the reference site fish: 589, 599 and 824 µm in mean 

respectively.  
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Figure 32:  Oocyte diameter of female roach collected from the reference site (Ven) and the impacted 

sites (Elb and Pos) of the Seine River. Distinct letters indicate significant differences between groups 

(p < 0.05). 

The plastmatic VTG levels were shown to be significantly lower for fish from the impacted 

sites compared to fish from Venables, the reference site (Fig. 33). The plasma VTG concentrations 

were 4 and 2 times lower in fish from Elbeuf and Poses respectively compared to fish sampled in the 

reference site. 
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Figure 33:  Plasma VTG levels of female roach collected from the reference site (Ven) and the 

impacted sites (Elb and Pos) of the Seine River. Distinct letters indicate significant differences 

between groups (p < 0.05). 

For the aromatase activity, only fish with secondary oocytes were analysed (Fig. 34). The 

aromatase activity was significantly 3 times reduced in fish inhabiting Elbeuf and Poses (6.11 and 8.56 

pmol.h-1.mg prot-1) compared to the fish from Venables with a mean of 16.75 pmol.h-1.mg prot-1. 
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Figure 34:  Gonadal aromatase activity of female roach collected from the reference site (Ven) and the 

impacted sites (Elb and Pos) of the Seine River. Distinct letters indicate significant differences 

between groups (p < 0.05). 

In conclusion, this study reports several impairments of the reproductive system of female 

roach from the Seine River. The three sampling sites are located within a radius of 26 km and are 

subjected to the same weather conditions excluding the possible impact of abiotic factors on the gonad 

maturation of the fish. The size and weight of all fish from the different sites were similar indicating 

that a homogenous sample of maturing females was selected. This study gives additional information 

on the reproductive state of roach from the Seine River as other studies have already shown the impact 

of environmental EDCs on the reproduction of male roach (Maltret-Geraudie et al, 2008; Geraudie et 

al, 2011; Minier et al, 2000). Some of the observed alterations could lead to low fecundity and also 

alter the offspring survival and population health. 

 

III.7. Integrated study using the flounder (Platichthys flesus) 

III.7.1. Introduction 

Over the past decade, there has been more integration of multiple biomarkers, allowing a 

better assessment of the quality of marine and estuarine waters in Europe (Hagger et al 2008; Thain et 

al 2008; Lyons et al. 2010). In this project, we focused our work on an estuarine fish, the flounder 

(Platichthys flesus) considered as a relevant sentinel species for monitoring water quality (Vethaak 

and Wester 1996; Stentiford et al. 2003, Lyons et al 2004. SGIMC 2011; Vethaak et al 2011; Laroche 

et al 2013). In this work, we considered a wide variety of biomarkers, taking into account the different 

levels of organization of living organisms, furthering our understanding of the responses of fish to 

chemical stress. 

This study implemented a laboratory experiment to highlight the effects of complex cocktails 

of PCBs (polychlorinated biphenyls) and PAHs (Polycyclic Aromatic Hydrocarbons) on fish, 

alongside measures of biomarkers were performed on natural populations of flounder exposed to 

contrasting contaminations in selected estuaries. 

The flounder, P. flesus (Fig. 35), is a euryhaline flatfish living preferentially on sandy mud 

and muddy estuarine and coastal areas (Déniel 1981). This species is widely distributed in Europe, 

from Norway to Portugal. The flounder is a catadromous fish, living most of the year in estuarine 
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areas and rivers, it will reach the ocean as adults to spawn. Along the French coast, spawning occurs 

during the winter (January to March). The laid eggs are pelagic, after 7 days, the larvae hatch and 

exhibit bilateral symmetry. The larvae metamorphose into juveniles approaching the coast, they will 

be recruited in the estuary in May. Flounder will remain 2 to 3 years in estuaries to reach a size 

between 110 and 250mm in the second fall, and with a large inter-individual variability in growth rates 

(Masson, 1987). During the winter, flounder will become sexually mature adults and spawn at the 

mouths of rivers or at sea, and give birth to the next generation. 

 

 

Figure 35 : The flounder, Platichthys flesus 

III.4.2. Biomarkers 

Several biomarkers were used : 

- DNA damages measured using the comet assay (in plasma) 

The comet assay allows to measure single and double breaks (Lee et Steinert, 2003). 

- Selected gene expression (in liver) 

In response to chemical contamination, an living organisms may modify the expression of its 

genes to cope with the new situation. This change is often seen as an early response to chemical stress. 

Among the various genes whose expression is altered, cytochrome P450 1A (CYP1A) is particularly 

studied. It is involved in the transformation of hydrophobic xenobiotics into water-soluble metabolites 

and in the process of biotransformation of some toxic organic pollutants such as PAHs (Sarasquete 

and Segner, 2000). In simplified terms, the presence of contaminants in the body triggers 

detoxification process and therefore an increase in the expression of CYP1A gene. This process has 

been demonstrated in many fish species including flounder (Evrard et al. 2010a) and tomcod (Wirgin 

and Waldman 1998). Studies also showed regulation of the BHMT gene in the presence of 

contaminants in teleost (eg Lu et al, 2012; Yum et al, 2005.). BHMT could be involved in the 

detoxification phase II (Marchand et al., 2006). Natural populations of flounder living in contrasting 

environments showed differential expression of BHMT gene (Evrard et al, 2012; Marchand et al, 

2006.). 

- Biomarkers of the immune system  

A major objective of this study was to explore the relevance of investigations on the immune 

system. The immune system is a set of cellular and humoral actors whose function is to maintain 

homeostasis, to protect the body from parasites, infections and malignant growths. It is therefore not a 

direct response to the presence of pollutants. Nevertheless, the presence of xenobiotics can weaken the 

immune system of a living organism, reducing its defense capabilities, for example to parasites 

(Dunier 1996 Dunier and Siwicki 1993). The fish immune system is very similar to that of higher 

vertebrates (Zelikoff, 1998). Fish have specific mechanisms of defense and non-specific, including 

both humoral and cellular responses. 

The complement system has an important role in the innate immune system and involves 

about 35 membrane or soluble proteins (Holland and paneling, 2002). The functions of the 

complement are multiple: it is involved in the lysis of pathogens, the inflammatory response, it can 

stimulate phagocytosis or participate in the modulation of antibody production (DeFranco, Locksley 

and Robertson, 2009). 
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Figure 36 : Schematic view of the activation cascade of the complement (Boshra, Li et Sunyer, 2006) 

TNF-α belongs to the family of cytokines. These are proteins produced by many immune cells 

and whose role is to control: (1) the intensity and duration of the immune response and (2) some 

process of differentiation and tissue proliferation (DeFranco, Locksley and Robertson, 2009). TNF 

owes its name to its cytotoxic effects on tumor cells. As the sequence of TNF- has not yet been 

identified in our model species, we chose to study the expression of TNF-R which is the membrane 

TNF receptor (Smith, Farrah and Goodwin, 1994). TNF-R is involved in the regulation of apoptosis 

and inflammation (Glenney and Wiens, 2011). Measuring its expression allows to assess indirectly the 

modulation system of TNF. If a modulation of the expression of TNF- is not necessarily associated 

with a modulation of the expression of its receptor, can still assume that a modulation of TNF-R 

system suggests a modulation of TNF in whole. 

- Lysozyme activity (in plasma) 

The lysozyme is an enzyme found especially in the lysosomes of neutrophils and 

macrophages, and is released into the blood. It is involved in the destruction of Gram-positive bacteria, 

with a lesser effect on Gram-negative bacteria by attacking the peptidoglycan present in the membrane 

of these cells (Skouras et al. 2003). It will thus cause cell lysis. Studies have shown that lysozyme 

activity was sensitive to the presence of contaminants in the environment (Bols et al., 2001a). 

- Phagocytosis (head kidney) 

Phagocytosis is one of the key mechanisms of the immune system. It occurs in several steps 

(Fig. 37). Initially the microorganism is recognized by chemotaxis by phagocytes, an immune cell that 

will completely cover the foreign body until it is internalized and degraded resulting in the formation 

of reactive oxygen species. 
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Figure 37 : les différentes étapes de la phagocytose (adapté de Bado-Nilles, 2008) 

 

It has been shown, repeatedly, that in the presence of pollutants phagocytic macrophage 

activity could be reduced. This has for example been shown for plaice, Hippoglossoides platessoides, 

brought into contact with contaminated sediments, including PCBs (Lacroix et al., 2001). 

- Energy Metabolism (muscle) 

The metabolic rate of an organinism reflects the amount of energy it produces to ensure its 

vital functions. This activity can be considered as a biomarker indicative of the physiological status of 

fish (Plant et al, 2005). In the presence of xenobiotics, many physiological mechanisms are put in 

place: to maintain homeostasis, for detoxification, protection and/or repair of cells, all of these 

processes require energy. The evaluation of the overall energy production allows to estimate the cost 

of maintaining vital functions and the stress response (Beyers et al., 1999). 

Some indicators of energy metabolism could be used as biomarkers in ecotoxicology. 

Cytochrome C oxidase (CCO) is the terminal enzyme of the mitochondrial respiratory chain and is 

responsible for 90% of the oxygen consumption of cells in mammals (Xu, 2005 Charles and 

Moncada). Measuring the activity of the CCO could be a good indicator of aerobic metabolism 

(Lapointe and Couture, 2010). Studies have shown that the presence of pollutants such as nickel or 

dispersed oil could be associated with increased activity of the CCO, so increasing the energy 

consumption (Cohen, Gagnon and Nugegoda, 2005, Lapointe and Couture, 2010). 

- 2D proteomics approach (liver) 

The study of the proteome is complementary to that of the transcriptome as the protein profile 

is influenced by the protein turnover (ie synthesis and degradation), post-translational modifications 

and their cellular compartmentalization. In this sense, proteins are more representative of the 

physiological effects and closer to the phenotypic response level. 

There are many methods to study the whole proteome of an organism, or its subsellular 

fractions (Dial et al, 2012; Dowling and Sheehan, 2006; Martyniuk et al, 2011; Rabilloud et al., 2010; 

Monteoliva and Albar, 2004). All are based on common principles: the first step involves the 

extraction of proteins. These proteins are digested into peptide fragments (usually by trypsin) before 

("shotgun proteomic", "top down approach") or after separation ("bottom up approach"). We 

distinguish gel based proteomic, using two-dimensional electrophoresis for protein separation and gel 

free proteomic for which the separation is done by chromatography. In some cases, proteins can be 

labeled before (fluorescence or isotopic labeling) or after separation (fluorescence, Coomassie blue, 

silver nitrate after 2-dimensional electrophoresis). This allows to identify proteins or peptides 

differentially expressed in a given condition. 

Today, protein identification is mainly done by mass spectrometry (Cravatt et al., 2007). 

Various techniques exist. They are all based on a common principle: 
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-peptides are fragmented into volatile ions of different masses from a solution by ESI 

(electrospray ionization), or from a solid surface by MALDI (Matrix Assisted Laser Desorption 

Ionization). 

-Ions are separated according to their mass and their charge (m/z) in the analyzer (by mass 

selection in a magnetic field created between four quadrupole electrodes, or by time of flight analyzer, 

(TOF); 

-the relative abundance of ions according to their m/z is then detected, for generating the mass 

spectrum. 

By using Tandem mass spectrometry (MS-MS), ions detected (precursor ions) are isolated and 

fragmented. The MALDI TOF-TOF allows fragmentation. It is then possible to determine the amino 

acid sequence of the protein, by comparing the spectra obtained with the theoretical fragmentation of 

peptides contained in the databases. We conducted these comparisons in silico using the MASCOT 

software and/or PEAKS, powered by databases of ESTs sequenced to date in flatfish. ESTs encoding 

proteins identified were then re annotated by homology using BLAST (Basic local alignment search 

tool) on the basis of non-redundant protein database (nr, available at www.ncbi.nlm.nih.gov) search. 

L’identification des protéines se fait aujourd’hui principalement par spectrométrie de masse  

- Isotope profiles (muscles and otoliths) 

Stable isotopes, including nitrogen and carbon can be studied particularly in ecology to 

estimate trophic position of an organism (Minagawa and Wada, 1984). In this study, the isotopic 

signatures will not be considered as signals linking the trophic structure, but as integrators of the diet, 

and also as indicators of metabolic activity of the animals. δ13C et δ15N will be measured in muscle 

tissues, δ13C and δ18O values in the otoliths (calcified inner ear fish bones). In the fish otolith, the δ18O 

signature is strongly correlated with the temperature of the medium, while seasonal and ontogenetic 

variations of δ13C signatures could be strongly related to the rate of metabolic activity and thus could 

become a very useful tool for ecophysiological studies (Kalish, 1991; Dufour et al, 2007.). 

- Population genetics approach: AMPD1 gene polymorphism 

The AMPD1 is a gene that encodes an enzyme that catalyzes the deamination of adenosine 

monophosphate (AMP) to inosine monophosphate (IMP), which allows the regulation of adenylate 

load (AEC), and therefore plays a key role in the management energy at the cellular level. It seemed to 

be a relevant candidate gene potentially undergo selection pressures in contaminated environments 

where the stress response of fish results in a metabolic cost therefore (Marchand et al., 2004). 

The polymorphism of this gene has been explored by the HRM (High Resolution Melting 

Analysis) technique. This gene consists of 12 exons and 11 introns, in this study only the 

polymorphism of exon 1 (160 bp) was analyzed because it is the only exon that showed a strong 

polymorphism in natural populations. 

III.4.3. Exposure experiment 

Juvenile flounder (0 +) from a farm were contaminated through food with a cocktail of PAHs 

and PCBs designed to reflect the levels of contamination found in the Seine (C1) and 10 times these 

levels (C2). The samples were taken after 15 days of acclimatization (T0), 14 and 29 days of infection 

(T14 and T29), and after 14 days of decontamination (T43) (Figure 38). 

 

 
Figure 38 : Experimental design. 

 

Contaminants were measured in the granules (PCBs and PAHs) and the carcasses of fish T29 

(PCB). The results (Table 1) show a ratio of about 10 between C1 and C2 in the granules as in 

carcasses, indicating that the route of infection was appropriate. In addition, weight gain (SGR) is 

Acclimatation Contamination Décontamination 

T0 T14 T29 T43 
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correlated with the concentration of contaminants in the condition C1 (confirming that fish eat more is 

contaminated). 

Cocktail at C2 level causes over-expression of genes CYP1A1 and BHMT after 29 days of 

infection, and this induction is maintained after 14 days of recovery. The induction of these two genes 

can be explained by the establishment of detoxification. In addition, 2D proteomics study showed, 

after 29 days of contamination at a C2 level, an increase in abundance of BHMT and SHMT, two 

proteins involved in the metabolism of methionine. This increase may be associated with an increase 

in antioxidant defenses (GPx) and suggests that BHMT and SHMT are involved in a cycle resulting in 

the production of glutathione. 

Maintaining the over-expression of genes CYP1A1 and BHMT after the restoration phase may 

indicate that metabolites of PCBs or PAHs are still present in fish in sufficient quantities to induce 

detoxification process. To confirm this hypothesis, Veronique Loizeau conducted in February and 

March 2013, additional measurements of PCBs in contaminated carcasses at a C2 level to 43 days fish. 

 

 

 

 

 

Tableau 7 : PAH & PCB in food: nominal (Targeted) and actual values (Measured). 

 

control with 

iso-octane

measured 

concentration 

(ng/g)

targeted 

concentration 

(ng/g)

measured 

concentration 

(ng/g)

targeted 

concentration 

(ng/g)

measured 

concentration 

(ng/g)

HAP :

fluoranthene 2.3 210 189 2100 2072

pyrene 3.2 200 176 2000 1916

benzo(a)anthracene 0.7 70 49.6 700 640

chrysene 1.5 130 84.8 1300 1144

benzo(b)fluoranthene 2.3 170 116 1700 1501

benzo(k)fluoranthene 0.7 60 43.3 600 529

benzo(a)pyrene 1.3 60 42.1 600 517

indeno(1,2,3-cd)pyrene nm 50 nm 500 514

benzo(ghi)perylene 0 50 54 500 435

∑ HAP = 12 1000 754.8 10000 9268

CB :

CB 28 0 5 4.2 50 47.1

CB 52 0.4 25 24.3 250 252

CB 101 1.6 50 43.8 500 470

CB 149 2.1 50 42.8 500 477

CB 118 1.1 50 41.7 500 465

CB 153 3.3 100 86 1000 939

CB 105 1.4 25 20.3 250 238

CB 138 2.6 100 79.4 1000 911

CB 156 1.2 25 20.3 250 218

CB 180 1.4 50 37.9 500 449

CB 170 1.5 25 17.7 250 212

CB 194 0 5 3.5 50 42.5

CB 126 0 5 3.9 50 46.9

∑ PCB 16.6 515 425.8 5150 4767.5

total load of contaminants 28.6 1515 1180.6 15150 14035.5

C1 C2
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After 29 days of contamination at C2, the levels of DNA damage were significantly higher 

(relative to control fish) and correlated with the expression of CYP1A1 levels (R = 0.964, p <0.05). 

This suggests that the production of metabolites of PAHs could lead to an increase in DNA damage 

(Lee and Steinert, 2003). In addition, proteomics approach showed an increase in antioxidant defenses 

that may be associated with the presence of ROS, they may also cause DNA damage (Lee and 

Steinert, 2003). The absence of DNA damage after 43 days suggests that the level of metabolites 

and/or ROS has fallen below the limit that causes genotoxicity measurable by the comet assay. 

Immunological markers are significantly affected by the pollution, but their answers are 

complex to analyze. C3 and TNF are induced in the presence of pollutants after 29 days at C2, while 

conversely, after exposure to C1 the amount of lysozyme is reduced from 14 days on. The complement 

and TNF are both involved in the inflammatory response. Chemical pollutants are known to cause 

inflammation in fish (eg Pacheco and Santos, 2002), which could explain the induction of TNF-R and 

C3. Meanwhile, the decrease in lysozyme expression, suggests that an immunotoxic effect is 

occurring. Moreover, the lysozyme is the most sensitive immune markers analyzed in this study, since 

it is modulated at the C1 level from 14 to 29 days. 

Exposure to C1 induces no proteomic response, relative to the control condition, in addition, 

among the biomarkers measured, only two immunological parameters are modulated by the level of 

contamination C1 equivalent to that of the Seine (the lysozyme at day14 and C3 at d29 and d29). Yet 

several studies have observed of DNA damage or induction of CYP1A1 in fish from the Seine bay (eg 

Akcha, Vincent Hubert and Pfhol-Leszkowicz, 2003). This lack of response in an experimental 

situation can be explained by the short duration of the period of contamination (only one month) and 

the absence of effective substances in our cocktail. Indeed, the mixture of PAHs and PCBs whose 

effects are explored in the laboratory, obviously cannot simulate the complex mixture of pollutants in 

the Seine. 

In conclusion, this experiment shows that the markers used are modulated by contaminants in 

our experimental situation. Although the immune system is complex, it is clearly affected by chemical 

stress. Moreover, the existence of a link between CYP1A1 and DNA damage was confirmed in this 

experiment.  

 

The proteomic study showed that flounder exposed to complex mixtures of PAHs and PCBs 

experienced a deregulation of their energy and methionine metabolism. Detoxification enzymes and 

antioxidant defense accumulated after 29 days of contamination. Cell glutathione needs appeared to 

increase both for the detoxification of xenobiotics by GST and the anti-oxidant defense (GPx). The 

hypothesis of the involvement of BHMT and SHMT in a cycle resulting in the production of 

glutathione can be made (Figure 40). 
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Figure 40 : Proposal for a cycle involving BHMT, SHMT, SAHH, GST and GPx. For each identified 

protein, the views presented for spots T29Te conditions (control animals after 29 days) vs T29C2 (C2 

contaminated animals after 29 days). CBS, cystathionine beta synthase; CγL, cystathionine gamma 

lyase; MS, methionine synthase; BHMT, betaine homocysteine methyltransferase; SHMT, serine 

hydroxymethyltransferase; GST, glutathione S transferase; GPx, glutathione peroxidase. 

III.4.4. In situ study 

Juvenile fish (young of the year: YOY or 0 +) and juveniles of more than 1 year (1 +) were 

captured in three estuaries (Fig. 39): the Tamar (England), the Seine and the Canche (France). The 

Canche Estuary is considered in many studies as a reference site and display a low level of 

contamination (eg Amara et al, 2007. Amara et al, 2009.). The Seine estuary is very polluted, with a 

very complex mixture of pollutants (PAHs, PCBs, heavy metals, etc...) (Loizeau and Abarnou 1995; 

Munschy et al, 1996). Tamar has high concentrations of metals that are the result of past mining 

activities (Langston et al., 2003). 

The results are summarised here in table 8. Existing correlations between the measured 

molecular parameters were calculated for the estuaries of the River Seine and the Canche in 2010 for 

two age classes (0 + and 1 +). 

Conversely to the experimental conditions, the activity of CCO is different between sites for 

the 0 + cohort and is higher in the Seine activity than in the Canche. It could reflect an energy 

surcharge for contaminated fish, related to the mechanisms of protection/compensation. 

At the detoxification process, the expression of CYP1A1 does not appear to be induced in 

contaminated sites. The measurement of the EROD activity may better reflect the detoxification 

process. However, the BHMT, which is also related to the detoxification process, is induced in the 

Seine for the cohort 0 +. 
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Figure 39 : The three Channel estuaries (England : Tamar ; France : Canche, Seine) and two 

supplementary estuaries (Vilaine and Mondego) sampled in this study. 

As seen in experimental conditions, the expression of TNF-R and C3 genes is increased in 

polluted estuaries. Expression of C3 may be a less sensitive indicator of metal pollution in the Tamar, 

as it is induced in Seine while the TNF-R is activated Seine and Tamar. The most likely hypothesis is 

that the presence of pollutants causing inflammation, the complement system and TNF are involved in 

the inflammatory response would then be activated. Moreover, the ability of phagocytosis is 

diminished both for the cohort 0+ and 1+ in the Seine in 2010. This suggests that the chemical stress 

can have an immunosuppressive effect that could make fish less resistant to pathogens in highly 

polluted populations 

 

 

Tableau 8 : Variations of a suite of biomakers measured in fish from the Canche, the Seine and the 

Tamar. Phago=phagocytosis activity, reins a.= head kidney, cyto=cytometry, activ.= enzymatic 

activity, ref. = control site.  ++ or - - means that the value is twice more or less that of the control site. 

metabo.
indices de 

condition

CYP1A1 BHMT phago. C3 TNF-R CCO CF

foie foie reins a. foie foie muscle indiv.

RT-PCR RT-PCR cyto. RT-PCR RT-PCR activ. indice

2009 Canche ref. ref. n.m. ref. ref. ref. ref.
Tamar 0 0 n.m. 0 + 0 -
Seine n.m. n.m. n.m. n.m. n.m. + -

2010 Canche 0+ 0 0 ref 0 0 0 0
Canche 1+ 0 0 0 0 0 0 0
Seine 0+ 0 + - - + + ++ 0
Seine 1+ 0 0 - - + + 0 0

terrain - flet

indice mesuré
detoxification système immunitaire

organe

technique

 



50 

 

The observation of the profiles obtained by 2-dimensional electrophoresis (Fig. 41) showed a 

convergence in patterns of fish in the Tamar and the Seine over the fish of the Canche. The patterns 

observed in the livers of fish from the Tamar and the Seine are characterized by dysregulation of 

energy metabolism and may reflect an increase in energy demand (increased accumulation of MDH 

and FBPA). However, the β-globin, a protein involved in the transport of oxygen and accumulated in 

response to increased energy demand, seems instead decrease here. These results could be explained 

by the presence of local adaptation. Indeed, local adaptations have been described in P. flesus in some 

populations of northern Europe in living environments with contrasted salinity. Larsen et al. (2007) 

showed that, although the genetic differentiation is low between the different populations studied, they 

have different capacities including the induction of ALAS, the enzyme catalyzing the first step in 

heme synthesis. In addition, the GST, involved in phase II enzymes and antioxidant defenses, is 

accumulated in fish livers of the Seine and the Tamar. Finally, a protein from the vitellin superfamily, 

a membrane outer layer protein 1 (VMO-I) is significantly accumulated (with an induction factor of 

6.7) in the livers of fish in the Seine while it is totally absent in fish from the Canche or the Tamar. 

The protein produced in the liver, is involved in vitellogenesis and could be an early marker of 

endocrine disruption. 

 

 

 

 

 

 

 
Figure 41 : 2D gels from liver proteins extracts of fish from (A) the Canche, (B) the Seine and (C) the 

Tamar. Proteins differencially expressed are indicated with number. Each gel is a representative of 4 

independant replicates. 

 

 

 

 

 

 

The study of otolith microstructure on transverse sections show that these fish are subjected to 

many stresses throughout their life of larvae and juveniles which is characterized by significant 

morphological changes during their ontogenetic development. For 2009, the estimated growth rate of 

fish from the Canche (3.1 ± 0.8 mm / d, 12 individuals) was significantly lower than those observed 

for fish from the Seine (3.8 ± 1.1 mm/d, n= 23) and Vilaine (3.8 ± 1.1mm/d n= 23). The fish of the 

Canche, living in the lowest polluted area, are both smaller and have the lowest daily growth rate. This 

a priori surprising and may be explained by the fact that factors other than the intensity of chemical 

stress the so-called "confounding factors of the environment" can affect growth in natural 

environments 
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The compositions of stable isotopes of carbon and nitrogen were acquired on fish muscle from 

estuaries during 2009 and 2010. They are potentially relevant indicators of the rate of metabolic 

activity. Different signatures were observed between the three estuaries (Fig. 42). The δ13C signatures 

and δ15N of fish in the Seine are relatively stable in 2009, then dispersed in 2010. Samples from the 

Canche 2009 have a very homogeneous signature for the two tracers with the highest δ13C values of 

the three estuaries. We can hypothesize that individuals captured in 2010 vs. 2009 were of more 

diverse geographical origins. In Canche the lowest δ13C values can be explained by the contributions 

of continental organic matter having a weak signature. The fish of the Vilaine clearly distinguished by 

high δ15N values and a very high stability of their signature over the years (Fig. 42) suggesting that 

they are at a higher trophic level than those in other estuaries. This can be linked either to different 

carbon sources, or to differences in metabolic rate between these two estuaries. 

 

 

 

 

 

 
 

Figure 42 : Isotopic signature of flounder muscles from the Seine, Vilaine and Canche in 2009 and 

2010. R= resistant, S= sensitive to hypoxia. 

 

 

 

In otoliths, stable isotopic compositions of oxygen and carbon were measured (Fig. 43). There 

is a strong differentiation between samples Canche (low δ13C and δ18O) and Vilaine (high δ13C and 

δ18O) that can be explained by life history traits and habitat occupancy completely different for these 

two populations (salty environment in the Vilaine vs. freshwater for the Canche). Variations in δ18O 

are strongly related to the temperature of the environment, with higher temperatures in the Canche 

(more upstream habitat) than in Vilaine (more downstream habitat). Moreover, the otolith δ13C 

signatures allow to significantly differentiate the three populations, much better than for muscle 

signatures. This may indicate that different carbon sources and/or metabolic rates are different 

between these estuaries. More generally, the strong negative linear relationship between the detected 

metabolic activity rate of a fish and the δ13C value obtained in its otoliths (Dufour et al., 2007) 

strongly suggest an increase in the average temperature of the environment correlated with an increase 

in the metabolic rate of the fish in the sense: Vilaine, Seine and Canche. 
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Figure 43 : : Isotopic signature of flounder otoliths from the Seine, Vilaine and Canche in 2009 and 

2010. R= resistant, S= sensitive to hypoxia. 

 

 

 

 

 

The microchemical analysis and particularly the profiles of Barium and Strontium along the 

otolith, from birth to the catch, says the strategies of occupation of the differential space between 

estuaries. Indeed a high Sr concentrations indicate a marine origin and a lower value, an estuarine 

phase. Opposite, high concentrations of barium are connected to continental inputs and low to marine 

phase. 

We observed that fish from the Canche and the Vilaine were born in marine environments 

(high Sr), unlike the Seine where births are estuarine, and a passage in desalinated water (low Sr) 

which occurs after metamorphosis, materialized by a red line (fig. 44). Then the flounder in Canche 

have a life mainly located in desalinated water, for both the 0+ and 1+. Of the 19 fish analyzed, 17 

showed profiles with freshwater signatures throughout their lives. Juveniles from the Vilaine have an 

essentially marine life, with a phase marked with a slightly lower level of Sr, indicating a period in the 

upstream part of the estuary which is limited by a dam located 12 km from the mouth. Juveniles of the 

Seine spend a significant part of their life cycle in much desalinated water, then migrate to more saline 

waters. These strategies of space occupation by juvenile flounder in estuaries, could be put in relation 

with the observed growth rate in the Seine-and the Vilaine vs. the Canche. The continued presence in 

some salt water in the Canche system could explain the relatively low growth rate. 
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Canche Vilaine Seine 

 

 
 

Figure 44 : Concentrations en Strontium en bleu (échelle de gauche en ppm), et en Baryum en vert 

(échelle de droite en ppm), le long d’un transect en µm, du nucleus (naissance) à la capture, pour des 

poisson issus de Canche, Vilaine et Seine en 2009. La ligne droite rouge indique la zone de 

métamorphose. 

 

 

 

 

Hypoxic challenges were conducted in the laboratory on flounder from Vilaine in 2010 

(subject to a chronic hypoxia in their estuary in summer) and have led to the identification of two 

groups of fish, S "sensitive" or R "resistant" to hypoxia. The comparison of the isotopic signatures of 

the muscles between R and S in 2010 showed no difference in the δ15N, but differences close to the 

limit of significance were obtained for δ 13C (p = 0.054) (Fig. 42 ). These results are confirmed by the 

analysis of stable isotopes in otoliths that incorporate the entire life of fish. A significant difference in 

the δ 18O and δ 13C between R and S is then observed (Fig. 43), the most resistant having higher δ 18O 

and δ 13C levels. These analyzes indicate that the trophic level is probably the same for both R and S, 

but the carbon sources diverge and/or the metabolic rates are different. 

Profiles of trace elements on flounder from the Vilaine sampled in 2010 indicate two types of 

occupation strategies of the estuary, which not detected in 2009 (Fig. 44). Some fish are primarily 

marine, while others are living in freshwater after metamorphosis. 3/8 of the fish are "marine" in the 

sensitive group (high concentrations of Sr and low Ba), and 5/10 in the resistant group. These results 

suggest that the changes in δ 13C between R and S might be less associated with different sources of 

carbon than with the fish metabolic rate, hypoxia-resistant fish having a lower metabolic rate than the 

sensitive fish. 

 

 

 

 

 
 

Figure 45 : Two types of Sr and Ba profiles of the otolithes of flounder from the Vilaine estuary. 

Concentration are quantified in different parts of the otholith from the nucleus to the edge. The left 
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panel is showing a typically “marine” fish, the right profile is representative of fish having a 

freshwater phase. 

 

Variability AMP-deaminase gene isoform 1 (involved in energy metabolism) was studied on 

four flounder populations from the Tamar the Canche the Seine, the Vilaine and the Mondego estuary. 

40 juvenile flounder were sampled in each estuary and genotyped. 

The genetic diversity and the observed heterozygosity (Ho) allowed to highlight the following 

pattern: 

Ho Seine (0,480)> Ho Tamar (0.413)> Ho Mondego (0.358)> Ho Vilaine (0,301)> Ho Canche 

(0.29) 

A positive correlation between the level of water pollution and genetic diversity might be 

present. We hypothesize that the selection pressure exerted by chemical contaminants directly or 

indirectly affect the AMPD gene expression in natural populations in estuaries, the most heterozygous 

genotypes potentially would present a greater ability to "resistance" against the chemical stress. 

 

The inter-populational genetic diversity was analyzed by MDS (multidimensional scaling) it 

highlights a significant genetic differentiation between the most polluted estuaries Seine & Tamar vs. 

the moderately or slightly contaminated estuaries: Vilaine Mondego Canche (Fig. 46). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 46. Multidimensional scaling of the flounder genetic  

diversity in five estuaries. 
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III.4.4. Perspectives in terms of tools for research and monitoring programs of natural environments 

affected by chemical stress 

 

Overall it is clear from this work that biomarkers of the immune system are particularly 

relevant in ecotoxicology, under controlled conditions, or in natural environments. In particular the 

activity of lysozyme is one of the most sensitive markers to chemical stress. This activity can be 

measured in the blood but also potentially in the mucus. Overexpression of the C3 and TNF-R genes is 

also confirmed in experiments and in situ studies. The phagocytosis capacity is clearly affected by 

pollutants in natural population’s environments. Overall it can be assumed that changes in immune 

capacity of fish exposed to chemical stress can potentially: (1) increase their susceptibility to 

pathogens, (2) lead to a loss of fitness in natural populations. Alterations in the immune system will be 

deepened in the future, by bacterial or viral challenges implemented in polluted populations vs. the 

populations of "reference systems". 

 

Following the work on proteomics, the deregulation of the energy metabolism, induction of 

antioxidant and detoxification mechanisms were observed. These mechanisms have been extensively 

studied and their potential as biomarkers evaluated. Conversely, the potential as biomarkers of VMO-I 

and enzymes involved in the methionine cycle, including BHMT is so far little studied but showed 

high potentials. 

 

Another original approach of this study was to consider the isotopic signatures (on muscle and 

otolith) and microchemistry (on otolith) as these signatures are extensively used in ecology, but still 

little explored in the context of ecotoxicology. Interannual variation of the isotopic signatures 

observed in fish sampled in a given estuary, has enabled us to show that fish might have lived in 

different part of the estuary. This dispersion could lead to a sharp increase in interindividual variability 

of biomarkers, as the bioavailability of pollutants can be strongly linked to local hydroclimatic factors 

(salinity, temperature, organic matter load, etc.). Isotopic signatures in the otolith have also proved 

very relevant as proxies of environmental temperature (δ 18O) and the metabolic activity of fish (δ 
13C). 

Microchemical markers (Sr, Ba) have been very informative to detect the likely effects of 

confounding factors in the natural environment, not directly related to chemical stress. Thus, the low 

daily growth rate of fish in the “clean” estuaries is most likely associated with the development of 

juvenile fish in the much desalinated part of the system, instead of the more marine part of the polluted 

estuaries. The use of these markers could be developed in ecotoxicology to better understand the 

complex responses of fish in natural systems such as estuaries. 

 

Finally, the integration of population genetics in ecotoxicology can become very relevant: 1) 

to study the correlation between the genetic variability of different candidate genes and the level of 

pollution in natural systems; and 2) to detect differences in physiological performance between fish 

with certain alleles or genotypes in polluted environments, and thus to explore the mechanistic basis of 

resistance to pollutants (Wirgin et al, 2011; Marchand et al, 2013). 
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IV. IN SITU MONITORING IN THE MANCHE REGION 

IV.1. Introduction 

For about thirty years, the research efforts in the field of Ecotoxicology led to the development 

and characterization, of several biological indicators such as biomarkers and bioassays that may be 

used for aquatic monitoring. If the recent Marine Strategy Framework Directive (Directive 

2008/56/EC on the definition of good environmental status in the marine waters) proposes the use of 

biomarkers in key functions or to study mechanisms of action of specific pollutants, it does not hold 

true for inland water bodies for which the Water Framework Directive (2000/60/EC) includes only 

monitoring programs using chemical and biocenotic approaches. Thus, the biological tools are not 

used for regulatory purposes in inland water bodies although various studies highlighted the potential 

and value of these measures in addition to or instead of conventional approaches. 

The present work aimed at highlighting the interest of a battery of biomarkers measured in the 

INTERREG France-England Channel area. The aim is to provide, using a series of biological 

responses and analytical tools from multiple levels of biological complexity, an assessment of the 

quality of aquatic systems. In this context, we focused on the contamination of aquatic ecosystems and 

its effects on organisms induced by endocrine disruptors (estrogen, androgen and anti-androgens), 

genotoxic and immunotoxic compounds. To meet this objective, several sub-actions have been taken: 

1. to develop tools and methods for biomarker studies including validation and quality 

assurance measures; 

2. to study links between exposure, biomarkers and physiological parameters; 

3. to develop a method to sum-up several biomarkers measurements into a single, simple and 

easy to understand value that could be used by environmental managers; 

4. to map shellfish and wild fish biomarkers responses in the study area. 

IV.2. Reference gene selection for quantitative real-time PCR in mussel, Mytilus edulis, during 

gametogenesis and exogenous estrogen exposure 

To date, an ideal universal reference gene that is stable under different experimental 

circumstances has not been described. Accordingly, the choice of a reference gene has to be 

determined based on the stable expression in a particular tissue or under the given experimental 

condition. Furthermore, the use of a single reference gene can lead to errors and it is advisable to use 

multiple reference genes for calculation of a reliable normalization factor. Several suitable reference 

genes in human tissues have been identified and validated; yet studies comparing the stability of 

reference gene expression in non-vertebrate species including molluscs are relatively few. Several 

mathematical algorithms are available to assess the suitability of candidate reference genes as 

normalizing genes in qPCR experiments. GeNorm and NormFinder are freely available Visual Basic 

applications for Microsoft Excel tools for evaluation of stability reference genes. 

As part of our investigations regarding variation of expression in key genes involved in 

endocrine disruption, we compared the stability of six reference genes (beta actin, alpha tubulin, 18S 

ribosomal RNA, 28S ribosomal RNA, elongation factor-1 alpha and the DEAD-box RNA helicase) in 

mussels, M. edulis, at different stages of gametogenesis and following experimental exposure to a 

model estrogen. GeNorm and NormFinder softwares were employed and the effect of reference gene 

selection on the interpretation of qPCR-generated data assessed. The most stable reference genes for 
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mussels (in these circumstances), EF1 and EF1/TUB in combination, revealed a significant decrease 

of ER mRNA relative levels in mature mussels compared with early developing mussels after estradiol 

exposure. We demonstrate that the experimental results are highly dependent on the reference gene 

chosen and that statistically significant contrasting differences between sample groups are present or 

absent depending on the reference gene employed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: Normalized relative expression levels of ER in developing and mature mussels (n=8). Mean 

data are plotted  standard error of the mean (S.E.M.). * indicates significant differences of p < 0.05 

when compared to developing mussels, ** represents significant differences of p < 0.01. 
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In conclusion, preliminary evaluation of gene stability is required prior to every study to 

obtain the most reliable results. 

 

 

IV.3. Identification of a new sentinel species: the bullhead (Cottus sp.)  

The longitudinal distribution of fish in the rivers and within watersheds makes it impossible to 

use a single sentinel species for the implementation of a multi-biomarker approach. In addition, using 

recognized sentinels species such as roach (Rutilus rutilus), gudgeon (Gobio gobio), chub (Leuciscus 

cephalus) or stickleback (Gasterosteus aculeatus) does not guarantee an optimal coverage monitoring 

networks. To fill this gap, one of the objectives of this action was to characterize the potential of a new 

sentinel species: the bullhead, to measure a set of biomarkers. Indeed, bullhead is a benthic fish widely 

distributed in European inland aquatic ecosystems of varying levels of contamination. Its small size 

and good knowledge of its biology makes it easy to implement the characterization of biomarkers in 

controlled conditions. In addition, its use in the context of biomonitoring has already been shown to be 

relevant (Bucher and Hofer, 1993, Bucher et al., 1992, Hofer, 1996). We thus developed a multi-

biomarker approach in bullhead and characterized the biomarkers. 

This work began with the study of the reproduction of wild populations of bullhead. Indeed, as 

these fish show a complex mode of reproduction, it was a pre-requisite before considering the use of 

this species as an indicator of contamination. This first step confirmed the existence of two 

reproductive strategies in bullhead (annual or seasonal) inherent in our study area and highlighted the 

involved environmental factors. In addition, this study confirmed the enlarged kidney in bullhead 

males during the breeding season and led to the development of a histological method to quantify this 

androgen-regulated phenomenon (the thickness of the renal epithelium, see part 2 of the report). 

Preliminary work aimed at optimizing and validating the biochemical assays. Several 

colorimetric or fluorimetric assays of selected biomarkers previously developed in the laboratory on 

other fish models such as the rainbow trout, Oncorhynchus mykiss (Ait Aissa et al ., 2003), sea bass, 

Dicentrarchus labrax (Deviller et al., 2005), three-spined stickleback, Gasterosteus aculeatus 

(Sanchez et al., 2007) and chub, Leuciscus cephalus (Hinfray et al., 2010) were applied to the 

bullhead. 

To validate the biomarkers several parameters were defined: 

- The limits of detection (LOD) and quantification (LOQ) are respectively defined as the 

smallest amount of substance or enzymatic activity of the test sample can be detected, and the smallest 

amount of substance or enzyme activity can be assayed by the method. These limits are determined 

from the measured reaction rates for the "controls" according to the following relationships: LD = 

mcontrol + 3SD LOQ = 10SD + mcontrol 

where mcontrol corresponds to the average value obtained for “controls" and the associated 

standard deviation SD. 

- The zone of linearity of the calibration curve which is defined by the highest concentration 

tested, which allows to obtain a linear relationship between the measured signal and the concentration 

or activity of the standard. 

- The protein load or the optimal dilution of the sample to perform the assay under conditions 

where the signal obtained is proportional to the sample dilution. This parameter is closely related to 

the nature of the sample and should be redefined for each species but also for each type of organ used. 

A sandwich ELISA assay was specifically developed to quantify VTG in bullhead plasma. For 

that purpose, VTG was purified from E2-induced bullheads according to Brion et al. (Brion et al. 

2000). Figure 50 shows the dilution curves obtained by serially diluting plasma of controls male and 

female and estrogenized male and female bullheads. A very good parallelism was observed between 
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the dilution curves and the bullhead –VTG standard curve. In this figure it is also shows the dilution 

curves obtained by serially diluting plasma, muscle or kiney homogenates of controls male and female 

bullheads, zebrafish, gudgeon and three spined stickleback. No VTG is assayed in plasma from male 

and female stickleback, gudgeon and male zebrafish at any dilution whearas plasma from female 

zebrafish showed a limited response. Considering the other tissues used (muscle and kidneys), only 

kidney homogenates from male and female bullhead showed a limited response. Table 2 shows the 

precision of bullhead-Vtg ELISA method (intra- and interassay variation) and present the detection 

and quantification limits. The assay is caracterized by a low detection and quantification limits (8.2 an 

13.9 ng/mL respectively) and presents a good precision. The coefficients of variation for the 

repetetability (CV inta-assay) are 9.2 ; 15.4 and 17.3 respectively for the EC50, EC20 and EC10 and 

the coefficients of variation for the reproductibility (CV interassay) are 33.9 ; 43.6 and 32.6 

respectively for the EC 50, EC20 and EC10. 

Table 9: Characteristics of the bullhead vitellogenin (Bullhead-Vtg) enzyme-linked immunosorbent 

assay. CV means coefficient of variation. 

 

Parameters EC50 EC20 EC10 

Vtg concentration (ng/ml) 28.9 13.9 8.2 

CV intra-assay (%) 9.2 15.4 17.3 

CV inter-assay (%) 33.9 43.6 32.6 

 

 

 

 

 

 

Figure 50: Dose-responses curves obtained by serial dilution of bullhead plasmas samples from male 

and female fish injected with 0.5 μg EE2/L, controls bullheads, male and female gudgeon, stickelback 

and zebrafish or from unexposed bullhead kidney extracts.  
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In conclusion, this work demonstrates the potential of the bullhead as a sentinel species to 

measure a set of biomarkers including an indicator of exposure to androgens (see Part 2 of this report). 

However, further experiments showed that the reproduction of this species is complex and it is 

necessary to take into account the hydrological regime of rivers in the interpretation of results, 

especially because of the existing interactions with the reproductive system. Thus, further work should 

be carried out to better characterize the response of these indicators and interference with biotic and 

abiotic factors. In addition, the recent use of monitoring data produced by fish populations ONEMA 

shows that the potential of other species could be investigated in connection with their wide 

distribution in the river systems, it is for example the case of the minnow. 

IV.4. Use of biochemical and physiological biomarkers to evaluate the effects of chemical 

contaminants on juvenile marine fish 

Attempting to relate biomarker responses of individual organisms to higher levels of 

biological organisation, both in the laboratory and in situ, offers considerable potential for improving 

the ecological relevance of ecotoxicological test procedures (Depledge et al., 1995). Because many 

toxic effects initially occur at the subcellular level, there has been an increasing use of biochemical 

biomarkers that help to determine causative agents responsible for altered cellular function (Schlenk et 

al., 1996). Among the biochemical biomarkers described in relating literature, phase I and phase II 

biotransformation parameters such as EROD (Ethoxyresorufin-O-deethylase) and GST (Glutathion-S-

transferase) activities are currently used in environmental risk assessment (Sanchez et al., 2008). 

Biotransformation of chemicals is a requisite for detoxification and excretion (Gravato and Santos, 

2003). Antioxidant enzymes are also commonly used to understand the associated toxic-mechanisms 

of xenobiotics (Sanchez et al., 2005; Oliveira et al., 2008). Many pollutants exert their effects through 

redoxcycling, resulting in the production of reactive oxygen species (ROS). The role of antioxidant 

systems is to protect the cells from this oxidative stress. Thus, measurement of components of the 

antioxidant defence system may be helpful to determine organism exposure to pollutant (Bilbao et al., 

2010). However, although the role of biochemical biomarkers as early warning tools is recognised, it 

is difficult to understand their significance at higher levels of biological organisation. Indeed, in spite 

of their rapid responsiveness and sensitivity to contaminant exposure, biochemical biomarkers have 

questionable ecological relevance, as a result of being endpoints at a low level of biological 

organisation (Castro, 2004).  

Physiological responses to chemical contaminants have often been ignored by 

ecotoxicologists, because they are regarded as being too generalized and too difficult to measure 

routinely (Depledge et al., 1995). However, evidence is now emerging that there may be some 

advantages in identifying integrated responses to the sum of the stresses imposed by pollutants and 

natural environmental factors. Juvenile fish physiological biomarkers, as growth or lipid storage, may 

provide the key to integrating various biochemical and cellular responses in an organism with 

impaired fitness; because these processes must be functional for juvenile fish to survive and so 

contribute to the population’s renewability. Indeed, a commonly observed sublethal response of 

organisms exposed to chemical contaminants chronically is a change in their energy allocation (Rowe, 

2003). In such a way, maintenance costs associated with combating chemical toxicants would be 

expected to ultimately reduce growth and energy status, and so a general decrease in juvenile fish 

condition.  

It has long been suggested that biochemical biomarkers should be used in conjunction with 

measurements of fitness (Depledge et al., 1995). However, few studies have demonstrated correlative 

relationships between biochemical biomarkers responses and reduced fitness of aquatic organisms 

exposed to toxicants (Depledge et al., 1995; Lesser et al., 2001; Fonseca et al., 2009). Therefore, in the 

context of the DIESE program, we have proposed to develop a multifaceted approach to improve our 

ability to use biomarker responses to predict ecological consequences of toxicant exposure. This 

approach was realised by field and laboratory experiments with juvenile fish submitted to 

environmental concentrations of chemical contaminants observed during accidental and chronic 

pollution.  
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The first objective of this work was to analyse the ability of growth and condition indices to 

reflect chemical contaminants damages on juvenile fish health (Gibson, 2005; Selleslagh et al., 2009, 

Beck et al., 2001), and so their potentiality as biomarkers in ecotoxicology. The second objective was 

to study the relevance of biochemical biomarkers by analysis of their relationships with biomarkers 

reflecting fish health status. The last objective was to compare responses observed in field and 

laboratory conditions. Laboratory experiments were realised in a context of acute pollution by 

exposure of juvenile sea bass (Dicentrarchus labrax) to petroleum and then in a context of chronic 

pollution by exposure of turbot (Scophthalmus maximus) to harbour and estuarine sediments (Fig. 51). 

Field experiments were realised by caging juvenile sea bass and turbot in the same harbour than 

previously and by analysing flounder (Platichthys flesus) from four European estuaries more or less 

impacted by human activities (Fig. 52). 

 

 
 

Figure 51: Map of the three sediment sampling sites (Reference, Seine Estuary and port of Boulogne 

sur Mer) and of the three sites within the port (A, B and C). 
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Figure.52: Map of the four estuaries (Scheldt, Canche, Seine and Loire) in which juvenile flounder 

were studied. The rectangles are showing the sampling areas in each of the estuaries. 
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Chemical measurements of body burdens are generally used as indicator of exposure to 

pollutant and bioavailability of contaminants. However, the results of this study showed that this is not 

true for PAHs as they are rapidly metabolized by adult fish (Budzinski et al. 2004) and, according to 

our data, even by juvenile fish. Thus dosage of PAHs in fish would not be an appropriate method to 

determine the levels of exposure of fish as a result of oil contamination (Collier et al., 1996). 

Conversely, the dosage of metals appears to reflect the levels of exposure of juveniles. 

Several studies have shown that crude oil and its components inhibit the growth of fish in a 

number of species (Al-Yakoob et al., 1996), (Moles and Norcross, 1998), (Saborido-Rey et al., 2007). 

Little is known about the effects of short acute exposure to petroleum; that is why we have chosen to 

impose a growth period in clean seawater after this acute exposure. A significant decrease in some 

physiological biomarkers was observed 28 and 26 days following both exposure times. A decrease of 

specific growth rate in length and RNA:DNA ratio was observed after 48 h of exposure (Fig. 53). It 

therefore appears as though these two parameters are sensitive to oil exposure. The Fulton’s K 

condition index, was less sensitive since it decreased only after 96 h of exposure, and lipid index 

showed no significant difference. The present study shows that growth and condition indices can 

prove useful in assessing fish health status following an oil spill. 
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Figure 53 : Comparison of specific growth rate in length (GL) and in weight (GW) (mean ± SE), in 

control sea bass (CTRL) and petroleum-exposed sea bass (OIL) for 48 h and 96 h of exposure and 

followed by 28 and 26 days in clean sea water. 

In a second laboratory study, turbot were exposed to the harbour and estuarine sediment. 

Turbots presented significant decrease of the specific growth rates in weight and in length with 

increasing level of chemical contaminants in sediments. A decrease of the RNA:DNA ratio was 

observed in the four contaminated conditions compared to the reference one, which confirmed the 

decrease of turbot growth and energetic status under chemical contamination (Fig. 54). This 

biochemical index has been shown to be a useful and reliable indicator of the nutritional status and 

growth of larval and juvenile fish, and has been widely applied to laboratory−reared, as well as wild 

fish (Clemmesen, 1988; Buckley et al., 1999The TAG:ST ratio was correlated with the specific 

growth rates and Fulton’s K condition index. The decrease in the lipid index of turbot exposed to the 

four contaminated sediments showed that the juvenile fish appeared to have had depleted energy 

reserves. Lipid depletion has been identified as a general metabolic response to stress (Claireaux et al., 

2004). Xenobiotic detoxification and regulation involves both passive and active mechanisms, and 

therefore requires energy (Alquezar et al., 2006), whereas lipids are used for energetic mechanisms 

associated with growth and survival. 
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Figure 54: Fulton’s K condition index, RNA:DNA ratio and lipid index (TAG:ST ratio) of turbot 

exposed to the five sediments (Ref, Seine, A, B and C; see maps Fig. XX and XX) during 7 ( ) and 21 

( ) days (mean  SE). n=15.  (0), (1), (2), (3), (4), (5), (6) represent significant difference (p < 0.05) 

compared to “t0”, Seine, A, B, C  and starved fish, respectively. 
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To extrapolate these results obtained in laboratory condition on the potentiality of the use of 

growth and condition indices as biomarkers, field experiments were realised to analyse the role of 

abiotic and biotic factors occurring in environment on their responses. In first step, juvenile sea bass 

and turbot were caged in the Boulogne sur Mer harbour. Juvenile sea bass physiological performance 

showed significantly higher growth rates, RNA:DNA ratio and Fulton’s K condition index in the least 

contaminated station (Tab. 10). The growth in weight and the condition index of the turbot caged in 

the less contaminated station were also higher. Similarly, for both species, lipid storage index based on 

the ratio of the quantity of triacylglycerols to sterols (TAG:ST), was significantly higher in the less 

contaminated station.  

 

 

 

 

Table 10: Specific growth rate in length (GL) and in weight (GW), Fulton’s K index, RNA:DNA ratio 

and TAG:ST ratio (mean ± SD) of juvenile sea bass and turbot caged at stations A and B (t0: 

reference). For each species, (1) and (2) represent the significant difference (p < 0.05) compared to “t0” 

and “station A” respectively.. 

 

Biological 

parameters 

Sea bass Turbot 

         A           B    A   B 

GL   0.46  0.13   0.10  0.262          0.04  0.07   0.03  0.09 

GW   1.50  0.29          -0.21  0.342     -0.19  0.23     -0.39  0.232 

K   1.03  0.10   0.85  0.111,2      1.41  0.151          1.32  0.061,2 

RNA:DNA  3.29  1.11   1.71  0.571,2              3.39  1.291       3.26  1.601 

TAG:ST  0.73  0.60   0.22  0.131,2              0.45  0.351         0.19  0.141,2 

 
 

 

 

These results of growth and condition indices of the fish caged in the harbour could be 

compared to the previous study in which juvenile turbot were exposed to sediments in the harbour of 

Boulogne Sur Mer. The growth in length and in weight measured in the turbot exposed to sediment B 

were similar to those found in the caged fish. However, condition indices (K index, RNA:DNA and 

TAG:ST ratios) were found lower in the caged fish. This comparative result suggests that 

environmental factors other than sediment associated contaminants, could have influenced the 

condition of the fish. In particular, in the laboratory study, a daily water change was performed to 

avoid a decrease in seawater quality. However, this renewed seawater could have decreased the 

transfer of chemical contaminant by the water column. Moreover, the fish were fed uncontaminated 

food, but prey items in contaminated areas are likely to be an additional source of chemical 

contaminants.  

The sensitivity of Fulton’s K condition index and lipid index was confirmed in our field study 

with juvenile flounder. Based on Fulton’s K condition index, fish from the Canche estuary were found 

healthier than fish from Scheldt, Seine and Loire estuaries. K index values of fish from the Canche 

estuary were found to increase with fish size and consequently with the time spent in the area (Fig. 

55). This increase of K indices with length was less evident in the three contaminated estuaries than in 

our reference site with lead to stronger significant differences between reference and contaminated 

estuaries for the 9–9.9 cm class size than for smaller size. Decrease of fish condition in contaminated 

estuaries was also showed by the analysis of lipid content in fish muscles. As fractionation of lipid 
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content into individual classes could provide a more sensitive measurement of metabolically available 

lipids and energy allocation (Norton et al., 2001), TAG:ST ratios were also measured. Results 

confirmed the low lipid concentration observed in fish from the three anthropogenic estuaries since 

TAG:ST ratios were higher in flounder from the Canche estuary. 
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Figure 55: Fulton’s K condition index for five size group of flounders sampled in the four estuaries 

(see Fig. 51). n=30. (1), (2), (3), (4) represent significant difference (p < 0.05) compared to the Scheldt, 

the Canche, the Seine and the Loire respectively.  

 

In the wild, fish are subjected to many other stresses (natural or anthropogenic) which could lead 

to additional effects on those induced by chemical contaminants. This is particularly the case in 

shallow coastal areas (estuaries, bays, lagoons) that are used by many juvenile fish as nursery grounds. 

Among the stress faced by these juveniles, the availability and quality of food play a major role in 

determining growth and overall population size (Gibson, 1994). Decrease in food availability 

combined with pollutants effects could be critical for juvenile fish since it could increase the amount 

of energy individual fish need to maintain basic metabolic processes and repair damaged biological 

systems (Driedger et al., 2009). That’s why in a last study, we analyzed the ability of juvenile turbot, 

Scophthalmus maximus, weakened by a chemical contamination, to tolerate restricted feeding 

conditions.  

After 35 days in clean sea water, results show that even turbot growth rates and TAG:ST ratios 

have highly decreased during exposition to contaminated sediments compared to control, they were 

picking up until values similar to control fish with optimal feeding condition (Fig. 56). On contrary, 

with restricted feeding condition, TAG:ST ratios were significantly lower in fish previously exposed 

to contaminants compared to control fish. Results of metal analysis after the 26 days exposure show a 

significant increase of hepatic Cd, Cu and Pb concentrations in fish exposed to contaminated sediment 

compared to control. This metal bioaccumulation was no longer observed after 35 days in clean 
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seawater with an once a day feeding but still found, for the same elements, with restricted feeding 

conditions. These results suggest that fish weakened by chemical contaminants would be able to 

recover good physiological performance when clean environment is getting back but would be 

affected by limited feeding condition as found during winter.  
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Figure 56. TAG:ST ratios of turbot exposed for 26-days to the three sediments: Ref ( ), B ( ) and C 

( ) (see Fig. 52) after the 35-days recovery period in clean sea water fed once a day, twice a week or 

once a week. (1) represents significant difference (p<0.05) compared to reference of the same sample 

time and (a) compared to fish fed once a day among the same treatment. 

In all studies, with the exception of the flounder one, the responses of two biotransformation 

parameters, EROD and GST, and an antioxidant enzyme, the Catalase, were used as early warning 

tools of toxicity. Relationships between these biochemical biomarkers and physiological ones 

throughout the different experiments are showed in Table 11.  
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Table 11 : Synthesis of biomarker responses used in the five studies 1) sea bass exposure to petroleum 2) sea bass and turbot caged in the harbour 3) turbot 

exposed to contaminated sediments 4) flounder sampled in estuaries and 5) turbot transferred to clean seawater following sediment exposure. Up arrow 

represent a significant increase for more than one time (↑), two times (↑↑) and three times (↑↑↑) the respective reference value. Similarly, down arrow (↓) 

represent a significant decrease compared to reference.   

 

Exp. Species Contaminants Method Site Time  EROD GST CAT GW GL K ARN:ADN TAG:ST 

     (days)         

1 Seabass Petroleum labo 
 2 ↑↑ - - - ↓ - ↓ - 

 4 ↑↑↑ ↑↑ - ↓↓ ↓ ↓ ↓ - 

2 
Seabass 

Harbour caging Port B 38 
↑↑ ↑↑ ↓↓ ↓↓↓ ↓↓↓ ↓ ↓↓ ↓↓↓ 

Turbot ↑↑ ↑ - ↓↓ - ↓ - ↓↓ 

3 Turbot Sediment labo 

Port A 
7 ↑ - ↑↑ ↓↓ ↓↓ ↓ -  

21 - - - ↓ ↓↓ - - ↓↓ 

Port B 
7 ↑↑ - ↑↑↑ ↓↓ ↓↓ ↓ -  

21 - ↑ ↑↑ ↓ ↓↓↓ ↓ - ↓↓ 

Port C 
7 - - ↑ ↓↓↓ ↓↓↓ ↓ -  

21 ↑ ↓ - ↓↓ ↓↓↓ ↓ ↓ ↓↓ 

Seine 
7 ↑ - ↑ ↓↓ ↓↓ ↓ -  

21 ↑ - - ↓ ↓↓ ↓ - - 

4 Flounder Estuaries in situ 

Seine       ↓  ↓↓↓ 

Escaut       ↓  ↓↓↓ 

Loire       ↓  ↓↓↓ 

5 Turbot 

Sediment 

labo 

Port B 
26 

   ↓↓↓ ↓↓ ↓ - ↓↓ 

Port C    ↓↓↓ ↓↓ ↓ - ↓↓ 

Fed once a day 
Port B 
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   - - - - - 

Port C    - - - - - 

Fed once a week 
Port B    - - - - ↓↓↓ 

Port C    - - - - ↓↓↓ 
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In the petroleum study, an increase in EROD activity was observed in the juvenile sea bass 

after 48 h of exposure (Tab. 12). Sea bass EROD activities doubled after exposure of 96 hours which 

suggested a higher level of sea bass exposure as compared to the 48 h. GST induction was observed in 

those sea bass exposed to crude oil, but an increase was only observed after four days of exposure. The 

48 h exposure to petroleum appears not to have been sufficient to induce this enzyme. We found no 

difference in catalase activity between the petroleum exposed sea bass and the control group. 

 

 

Table 12: Ethoxyresorufin-O-deethylase (EROD, pmol.min-1.mg prot-1), Glutathione S-transferase 

(GST, µmol.min-1.mg prot-1) and Catalase (CAT, µmol.min-1.mg prot-1) activities measured on control 

sea bass gill (CTRL) and petroleum-exposed sea bass (OIL) following 48 h and 96 h of exposure. (*) 

represents significant difference (p < 0.05) compared to respective control 

 T = 48 h  T = 96 h 

 CTRL OIL  CTRL OIL 

EROD 0.01 ± 0.01    2.74 ± 0.14*  0.02 ± 0.01    6.84 ± 0.26* 

GST 0.29 ± 0.03 0.31 ± 0.02  0.26 ± 0.02   0.67 ± 0.02* 

CAT 1.31 ± 0.06 1.45 ± 0.10  1.51 ± 0.10 1.57 ± 0.10 

a. 

EROD induction was related to the effects on fish health. Indeed, the EROD induction 

observed after 48 h of exposure was associated with effects on fish growth, and the highest EROD 

induction after the 96 h period, would correspond to a more important petroleum impact on fish health. 

In complex chemical mixtures, such as those found in the polluted sediments of the studied 

harbour, biomarkers regulations are potentially subject to additive, synergistic or antagonistic 

chemical interactions. The two biotransformation parameters (EROD and GST) activities were found 

to be higher in sea bass and turbot, caged in the inner part of the harbour, compared to the station 

located in front of it. As higher levels of PAHs were detected in station B compared to station A, the 

increase of these biotransformation enzymes could be explained by these organic compounds. A 

decrease of catalase activities was observed for both juvenile sea bass and turbot, even though the 

decrease was not significant for turbot. High levels of both EROD and GST activities were 

significantly correlated with reductions of the somatic growth rates, RNA:DNA ratios and lipid index 

of sea bass caged in the contaminated station (Tab. 13). This relation suggests that there are metabolic 

costs associated with the synthesis of these proteins or with detoxification processes (Rose et al., 

2006). The decrease of catalase activities measured in sea bass was also associated with a decrease of 

all physiological biomarkers. Indeed, catalase activities showed the strongest correlations with growth 

and condition indices compared to the two biotransformation parameters measured.  

Similarly than for the caging experiment, differences in EROD, GST and CAT activities were 

observed in turbot exposed to the four contaminated sediments compared to the reference. Highest 

responses were observed in fish exposed to sediment B while sediment C presented the highest 

concentrations of most of the chemical contaminants. While EROD and CAT showed the highest 

responses at t7, a low relationship was found between biochemical biomarker responses at t7 and the 

physiological performance of fish. At t21, an EROD increase was found to be significantly and 

negatively related with RNA:DNA ratios and CAT with both specific growth rates and the Fulton’s K 

index. However, this relationship remained relatively low with a correlation coefficient of about 30%. 

The main difference between biochemical and physiological biomarkers was in the responses observed 

in turbot exposed to sediment C. Indeed, few differences in biochemical biomarkers were observed in 

fish exposed to sediment C while a high difference was observed for condition B (Fig. 57). On the 
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other hand, the lowest responses of physiological biomarkers were observed for condition C. 

Sediments B and C presented different levels of contamination among the metals. This fact supports 

the previously hypothesis of potential antagonist effects of the different chemical contaminants present 

in sediments on biochemical biomarker activities. The analysis of relationships between biochemical 

and physiological biomarker responses suggests that, based only on biochemical biomarker responses, 

biological effects of exposure to sediment C would be underestimated.  

 

 

 

Table 13: Pearson’s correlations between biomarker responses (EROD, GST, CAT) and biological 

parameters (specific growth rate in length (GL) and weight (GW), Fulton’s condition index (K), 

RNA:DNA and TAG:ST ratios) measured in juvenile sea bass (a) and turbot (b) caged in stations A 

and B. Significant correlation for p* < 0.05, p** < 0.01 and p*** < 0.001. 

 

  GW GL K R:D TAG:ST EROD GST 

EROD -0.41* -0.49*      -0.22     -0.43*  -0.45* -  

GST   -0.57**     -0.56***    -0.53**     -0.48*      -0.37   0.40* - 

CAT      0.74***      0.70***       0.60***      0.47* 

      

0.63***      -0.30 -0.59*** 

a. 

 

  GW GL K R/D TAG:ST EROD GST 

EROD -0.45 -0.04 -0.46* 0.04 -0.47* -  

GST -0.06  0.15 -0.14 0.19      -0.24 0.27 - 

CAT  0.01 -0.20 0.33 0.08    0.62**  -0.50* -0.25 

b. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 57 : Variations of biochemical (A) and of physiological (B) biomarkers values (B) in turbot 

exposed to sediments A, B, C, Seine compared to REF sediment. * <p=0.05. 
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Ecotoxicological tools applicable to the prediction of chemical contaminant effects have been 

developed throughout this experimental approach. These data confirm complex cause-effect 

relationships between exposure to pollutants, metabolisms and heath damages. Whereas responses of 

biochemical biomarkers appear related to physiological biomarkers ones following an accidental 

pollution with on type of pollutant, this relationship was less evident with chronic pollution. This 

inconsistency of biochemical responses measured in this work suggests that variations of biochemical 

biomarkers can be difficult to predict in a field situation. This study recommends that these biomarkers 

should not be used alone in biomonitoring programs since interactions between chemical contaminants 

could alter their responses and lead to an underestimation of biological effects. Indeed, field organisms 

are exposed to pollutant mixtures including metals and PAHs, which could cause synergistic or 

antagonist effects on biochemical biomarker responses, whereas physiological biomarkers appear to be 

more predictive of the adverse effects of chemical contaminants. The use of biomarkers with higher 

ecological relevance appears essential to evaluate effect of chemical contaminant on organism health 

and a posteriori on populations.  

Throughout these field and laboratory studies, growth parameters, Fulton’s K index, 

RNA:DNA ratio and lipid index, based on Triacylglyerol on Sterol ratio, were successfully used to 

assess effects on chemical contaminants on juvenile fish. They inform indirectly on energetic cost 

induced by chemical contaminants and directly on growth of the exposed individual (Adams et al., 

1990). Thus, they can reflect fish probability to survive. These biological indices present the 

advantage to be relatively easy to measure and offer relevant information on fish health. That’s why 

present results suggest that these indices could be used in ecotoxicological studies making the 

assumption that reductions in fish growth and energetic status due to chemical pollution could 

dramatically decrease their chances for survival in nursery grounds. Nevertheless, the inherent natural 

variability of physiological biomarkers and their sensitivity to several biotic or abiotic factors 

(sediment grain size, currents, food availability…) occurring in a field situation has to be taken into 

account to avoid a misunderstanding of the biological effects of chemical contaminants. That’s why, 

both laboratory and field should be considered to estimate the quality of a given site. In particular, 

caging experiment could represent a good compromise since using this technique, we were able to 

integrate true ambient conditions over chemical exposure, which would have been difficult to achieve 

in laboratory studies. Moreover, this study demonstrates the suitability of using juvenile fish in 

ecotoxicological studies, particularly since physiological performance have been shown to be higher in 

younger individuals (Canli and Atli, 2003), probably due in part to the differences in metabolic 

activity between younger and older fish. 

 

In conclusion, physiological markers used in this study were found to be useful indicators for 

measuring the condition of the fish. However biochemical markers were only poorly correlated to 

these physiological indices showing that using only a few biomarkers may not lead to a proper 

diagnosis. Instead a more developed set of biomarkers should be chosen (see following section) or a 

carefully selected set of relevant biomarkers should be used in relation to specific aims. It should be 

noted that chemical measurements such as PAH assessment did not allow either to provide relevant 

information because they are rapidly metabolized by juvenile fish. This really questions on the choice 

of the right reference and the pertinent information chemical measurements can provide. Similarly, the 

physiological indicators used does not allow to draw conclusions on survival or reproduction of the 

organisms that can adapt to more or less disturbed environments. Thus, the use of a relatively wide 

biological indices integrating different levels of biological organization range seems the most 

appropriate approach for a general study of the health of organisms (which does not preclude 

mechanistic approach for specific problems). 



71 

 

IV.5. Development of a multi-biomarker index  

The difficulty in assessing the large amount of data generated by the deployment of a multi-

biomarker approach is an argument put forward to justify the uneasy use of these tools in a regulatory 

context. To fill this gap, several authors have proposed methods for aggregating the results to simplify 

the reporting of data or to associate the measured response with management guidelines. 

As part of this effort, the work was to develop and to test a tool that will synthesise the multi-

biomarker results into a simple and easy to understand value. Prior to this work, and based on an 

analysis of existing tools, several development criteria have been defined: 

- the reporting of results must associate a numerical value to quantify the level of impact, and 

a graphical representation to consider the specificity of the response; 

- data processing must be based on the notion of deviation from the reference. This concept, 

introduced as part of the determination of the ecological status of water bodies in the European Water 

Framework Directive, will contribute to the suitability of this tool and policies for monitoring 

environmental quality; 

- the developed tool should to be scalable to easily incorporate new indicators and/or allow its 

transfer to other species. 

This work was performed in the three-spined stickleback (Gasterosteus aculeatus L.), a fish 

model species in ecotoxicology whose potential for application in aquatic biomonitoring is now 

clearly established (Sanchez et al., 2007, 2008a, 2010). 

The developed biomarker index (IBI) is based on the IBR (Integrated Biological Responses) 

developed by Beliaeff and Burgeot (2002) with a modification of the latter to take account of the 

criteria set out above. Previously, the data should show a normal distribution or approach. Thus, in a 

first step, the log data is transformed according to the following relationship: 
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log
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X
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i
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where Xi is the measured value for a biomarker in an individual sampled at a given site and 

Xo  the calculated average for a biomarker of the data used as a reference. 

On log-transformed data, it becomes possible to apply the mathematical rules that govern the 

standard normal distribution and thus to describe the position of each sample relative to the average of 

the population considered in determining the parameters for each Zi individual according to the 

following relationship: 



µY
Z i

i


  

To create a baseline of 0 and represent the deviation of biomarkers measured on a site in 

relation to the deviation calculated for the baseline data, a parameter Ai is determined for each 

biomarker at a given site using the following equation: 

0ZZAi i   

where 0Z
 x is the mean of Zi calculated for the reference values of each biomarker. 

Ai values calculated for the different biomarkers at a given site are then plotted on a star chart 

which then represents changes, both positive and negative, of different biomarkers measured on a site 

relative to standard reference values (Fig. 58). A numeric value of "biomarkers" (IB) index specific to 

each site and represents the sum of the effects observed on the site in question, is also calculated using 

the following equation: 

 AiIB
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Figure 58: Graphical representation of the biomarker index. The response profile shown is that of a 

site characterized by induction of EROD, TBARS and VTG but also by inhibition of AChE and no 

effect for the SPG. 

This method raises the question of the selection of the baseline. This is an important parameter 

in the calculation of the multi-index as biomarkers are directly related to the reporting of results and 

their interpretation. Thus, several strategies can be viewed with: 

- the use of an upstream reference. This strategy can be used for studies of such upstream / 

downstream or for rivers; 

- the use of a historical reference. This strategy, based on available data, is particularly suitable 

for monitoring a site; 

- the use of a so-called "absolute" reference representing the physiological value of the 

biomarker studied in a given condition. This strategy seems to be the most suitable for the 

implementation of biomarkers on a large scale. 

In this study, the basal values measured in sticklebacks sampled on a low polluted site, Vallon 

du Vivier (Tancarville, Seine-Maritime, France), were used (Sanchez et al., 2008b). To assess the 

validity of the reference over a wide geographical area, a sampling campaign was implemented at the 

national level. It involved eight locations selected for membership in the network control and 

monitoring of the WFD for their different pressures (Tab. 14). Three selected sites are reference sites 

of the WFD. This study was completed by the study of two low contaminated sites that are not part of 

the networks described above: the Vallon du Vivier and Val des Fontaines Tancarville (76). 
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Table 14: Overview of the study sites and sampling results. * Indicates reference sites. 

 

Site Date Effectif 

Sorgue à Fontaine de Vaucluse (84)* 28/07/2009 20 

Massane à Argelès sur Mer (66) 05/08/2009 13 

Ruisseau des Assats à Genihat (63) 20/08/2009 20 

Brioude à Gannat (03) 21/08/2009 20 

Rhin à Hombourg (68)* 25/08/2009 20 

Muehlbach à Landser (68) 25/08/2009 20 

Evoissons à Bergicourt (80)* 10/09/2009 18 

Lézarde à Epouville (76) 16/09/2009 20 

On each of the studied sites, 20 sticklebacks were sampled for the measurement of a set of 

biomarkers (Tab. 15). In parallel, different biotic factors (length, weight, sex, sexual maturity, 

parasitism) and abiotic (water temperature, conductivity, oxygen concentration, accompanying 

species, area Huet rank Strahler) were measured. 

Briefly, the results showed that the reproductive status of fish at each sampling period are 

major confounding factors in the interpretation of results. Therefore it appears important, to limit the 

extent of a sampling period, or in the case of large-scale studies, to work on individuals with similar 

stage of reproduction. Under this condition, the variability of the reference line appears to stabilize and 

allows the interpretation of results. This study also highlight the difficulty posed by the use of 

reference sites or sites with low anthropic impact to study the natural variations of a biomarker 

because of the multiple mechanisms of action of pollutants that are measured through a multi-

biomarker approach. 

 

 

 

Tableau 15 : Biomarkers used to study the variability in baseline values. * Indicates biomarkers used 

to calculate the IBI. 

Biomarqueur Fonction Susceptibilité 

7-éthoxyrésorufine-O-dééthylase (EROD)* Biotransformation HAP, PCB-DL, dioxine 

Cytochrome P4503A (CYP3A) Biotransformation Pesticides, médicaments 

Glutathion-S-Transferase (GST) Biotransformation Pesticides, HAP 

Glutathion Peroxydase (GPx) Stress oxydant Divers 

Glutathion total (GSH) Stress oxydant Divers 

Lipoperoxydation (TBARS)* Stress oxydant Divers 

Acétylcholinestérase (AChE)* Transmission nerveuse Pesticides 

Vitellogénine (VTG)* Reproduction Xéno-oestrogènes 

Spiggin (SPG)* Reproduction Xéno-androgènes 
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An alternative to the definition of the baseline is the use of data acquired on an upstream site. 

This adjustment is only applicable in the context of an upstream/downstream monitoring for 

synthesizing multi-biomarker responses at a site of interest (eg downstream of an effluent, ...). 

In conclusion, this work has developed a methodology for data standardization of biomarkers 

and their aggregation into a multi-biomarker index. This tool originally developed in the stickleback 

can now be applied to other species, and with other biomarkers. 

IV.6. Feminisation of wild fish 

Under this program, a specific sampling method was developed. This is to provide containers 

with formalin 4% of personal ONEMA in charge of monitoring fish populations. Thus, immediately 

after their capture, lots of 30 cyprinids (roach, gudgeon, chub, minnow) are sacrificed formalin then 

repatriated to INERIS for analysis. On each individual, gonads were dissected and prepared for 

analysis of intersex as described by Batteman et al (2004). The rat kidney, liver and gills were 

dissected, embedded in paraffin and stored. 

Thus, 16 sites were used for the analysis of intersex. The results show that 9 of them intersex 

fish have been observed with a case between 3 and 36% (Fig. 59). To complete this analysis, the 

severity index of intersex previously developed in flounder was measured. This index, which 

corresponds to a score of 20 varies between 0.3 and 7.1 and showing the different levels of severity 

that may be encountered in French rivers. 

 

Figure 59 : Occurrence of intersex fish (I) in roach sampled in rivers of the study zone. 

 

During previous INTERREG works, fields sampling were conducted in the Northern part of 

France. Histological analyses of male gonads allowed to study the occurrence of intersex fish in the 

rivers (Fig. 60). Several conclusions can be drawn from the results. Highest intersex occurrences were 

found in the Bray country, a region characterised by its low industrialisation and a moderate human 

density, which suggest that the agriculture activities may be, at least partly, responsible for the effects 

on the fish population. The northern part of France display, conversely, a low occurrence of intersex 

fish despite that sampling were made in industrial areas with high metallic contamination. The Seine 

and the Somme rivers are hosting a fish population with a moderate percentage of intersex roach (the 
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highest percentage of intersex fish observed at Triel sur Seine is based on a low number of fish and 

thus may be considered with caution).  

 

Figure 60 : Map of the occurrence of intersex roach (2000-2010) 

 

 

In conclusion, the extent of occurrence and severity of intersex roach in French rivers shows 

that these fish are probably exposed to endocrine-disrupting pollutants in concentrations that varies 

according to sites. In addition, this study confirms the feasability of measuring a biological indicator 

reflecting the health of living organisms in relation to their exposure to endocrine-disrupting 

xenobiotics. 

 

 

IV.7. Surveys of anti-androgenic activity in coastal sediments 

A number of sites were sampled by DIESE partners during 2009-2012 (including main 

estuaries and coastal regions, Fig. 60). In some estuaries multiple sites were sampled so that the 

overall survey encompassed a total of >100 sites in France and UK. Sediments were sampled at 2-3 

cm depth, and each sample comprised 20 subsamples taken in a 3 m2 area. At the same time as the 

sediment collection, up to 30 clams were sampled from each site to determine the incidence of 

intersexuality and levels of AA activity within the tissues. 

A further survey of sediments at 5 sites in the Southampton estuary were taken confirm the 

high levels of AA activity in this estuary. These samples comprised 3 replicate subsamples of a 3 

metre2 area. Sediments were sieved to determine % clay, silt and sand content. Total organic carbon 

(TOC) was estimated from acid digestion using chromic and sulphuric acid to oxidise organic matter, 

and samples were titrated against Mohrs salt to estimate organic content.  
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Figure 60. Main sampling sites surveyed for AA activity in 2009-2012 

 

 

 

An overview of sediment extraction methodology is given in Figure 61. Briefly sediments 

were extracted with acetone/methanol using Assisted Solvent Extraction (ASE) methods. The 

methodology was tested using the AR-CALUX assay to measure AA activity. Results revealed that all 

the AA activity was extracted using 2 extracts of ASE (see Tab. 16). Each clam was extracted twice 

with 2 volumes of acetone. The extracts were combined, filtered and resuspended in DMSO for 

analysis in AR-CALUX. 
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Analytical Methods: Sediment

Freeze dry
5 g of sample 
Cellulose filter
Ottawa sand

ASE
acetone:methanol (1:1)

2 extractions
3 cycles

static time 5 mins
1500 psi

120 c

Combined both 
extractions and 
speed vac them 

down

Dissolved 
in 1 ml 

acetone:
methanol

(1:1)

 AR-CALUX 

assay

 RP-HPLC 

fractionation

GC-MS active 

fractions for 

identification

 

Figure 61. Overview of sediment extraction method and determination of AA activity using AR-

CALUX. 

 

 

 

Table 16. Extraction of AA activity in sediment samples. Sediments were extracted sequentially with 3 

extractions of ASE. All AA activity was recovered in the first 2 extracts. LOD= 0.2 µgFEQ/g dry 

weight sediment. 

 

 

 

 

 

 

 

 

 

 

Levels of AA activity in south UK sediments were between < LOD -220 µg FEQ 

equivalents/g dry weight of sediment, and in northern France were between <LOD- 73 µg FEQ 

equivalents/g sediment. The Southampton, Poole, Le Havre estuaries and Rouen were the most 

contaminated sites (Figure 62 A and B). A repeat sampling in 2013 of the Southampton sites (at 

Northam and St Denys) confirmed that these sites were the most polluted in the Interreg region. 

 

 

Site Anti-

androgen 

activity 

ugFEQ/g 

dry weight 

sediment

% recovery

1st ASE 

extraction
MEOH/acetone

% recovery 

2nd ASE 

extraction
MEOH/acetone

% recovery

3rd ASE 

extraction
DCM/hexane

Sterte 28.6 84.3 15.7 <LOD

Parkstone 48.2 91.9 8.1 <LOD

Minehead 22.5 82.7 17.3 <LOD

Wytch Farm 20.7 74.9 25.1 <LOD

Cracknore 17.0 100 <LOD <LOD
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Figure 62. AA activity in coastal sediments of the Tranche Manche region. A) Levels in UK sites. B) 

Levels in France sites. C) and D) Frequency plots of levels of AA activity in sediments in the 

Transmanche regions of UK and France. 

 

Frequency diagrams (Figure 62 C and D) revealed that > 88% of sites contained AA activity 

above the limits of detection (LOD) of 1.0 µg FEQ equivalents/g. In total <5 % of sites would be 

classified as highly contaminated, with an AA activity of > 40 µg FEQ equivalents/g sediment.  

For many contaminants that accumulate in sediments, there is a strong relationship between 

the levels of accumulation and sediment characteristics such as particle size and TOC. A Kolmogorov-

Smirnov test revealed that sediment characteristics and the AA data all followed a non-normal 

distribution and so Spearman correlation coefficients were used to examine correlations between AA 
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activity and sediment type. A correlation matrix revealed that AA activity in sediments was strongly 

positively correlated with % TOC (R2 0.554) and also, to a lower extent, with % silt content (R2 0.286) 

(Table 17, Figure 63). This finding is in keeping with previous reports which indicate that many 

EDCs, including some anti-androgens present in wastewaters, are moderately hydrophobic and are 

likely to associate with organic matter present in sediments (Janer et al., 2006). Our results also 

indicate that % TOC is also strongly associated with the silt fraction which may explain the positive 

relationship between levels of AA activity and silt content at the different sites (Tab. 17).  

 

Table 17. Spearmans correlation coefficients between AA activity levels in sediments, particle size 

and % total organic carbon (TOC). 

 

 

 

 

 

 

Correlations 

 AA activity TOC % clay % sand % silt 

 

AA activity 

Correlation Coefficient 1.000 .554*** .065 -.283** .286** 

Sig. (2-tailed) . .000 .529 .006 .005 

N 95 95 95 95 95 

TOC 

Correlation Coefficient .554*** 1.000 -.087 -.479*** .583*** 

Sig. (2-tailed) .000 . .399 .000 .000 

N 95 96 96 96 96 

% clay 

Correlation Coefficient .065 -.087 1.000 -.011 -.199 

Sig. (2-tailed) .529 .399 . .912 .052 

N 95 96 96 96 96 

% sand 

Correlation Coefficient -.283** -.479*** -.011 1.000 -.748** 

Sig. (2-tailed) .006 .000 .912 . .000 

N 95 96 96 96 96 

% silt 

Correlation Coefficient .286** .583*** -.199 -.748*** 1.000 

Sig. (2-tailed) .005 .000 .052 .000 . 

N 95 96 96 96 96 

**. Correlation is significant at the 0.01 level, *** at < 0.001 level (2-tailed). 
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Figure 63. The relationship between levels of AA activity (µg FEQ/g sediment) and A) % TOC and B) 

% silt in sediment samples.  The two highest data points for AA activity (> 150 µg FEQ/g sediment 

were omitted from the data). 

 

 

 

Further ongoing work has revealed that estrogenic activity was detected at most UK sites at 

levels between 120-353 pg estradiol equivalents/ g dry weight of sediment. On the UK side, both 

Poole and Southampton estuaries were significantly contaminated with both estrogenic and 

antiandrogenic activities. Our results indicate that there is significant pollution with EDCs at many 

coastal sites. These contaminants have the potential to demasculinize marine biota, and may pose a 

threat to the normal reproductive development of marine benthos.  

A B 
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IV.8. Invertebrate screening tools for endocrine disruption in Channel estuaries and coasts 

IV.8.1. Background  

Imposex is the imposition of male characteristics (e.g. penis and vas deferens development) on 

female gonochoristic gastropods and in dogwhelks Nucella lapillus is initiated by TBT concentrations 

as low as 0.5ng l-1. This prevents egg-laying and, prior to TBT legislation, lead to localised extinction 

of populations.  

 

 

 

  
Figure 64: Nucella lapillus (left) – used to measure imposex and Scrobicularia plana (right) - an 

indicator of intersex  

Intersex (ovotestis) is the simultaneous presence of both testicular and ovarian tissue in the 

gonad - to varying degrees. Most intersex invertebrates such as the clam Scrobicularia plana (studied 

in DIESE), and fish, tend to contain small numbers of female germ cells, or oocytes, within a 

predominantly male gonad (testis), though in severe cases large areas of ovarian tissue may be 

separated clearly from testicular tissue. In some species there may also be disruption, malformation 

and blockage of the male reproductive ducts and a female like duct or ovarian cavity  

TBT induced imposex in marine snails remains the most remarkable example of the threat of 

endocrine disruption on Channel ecosystems. Negative aspects of TBT from antifouling were 

suspected in the late 1960s when it was realised that the release of organotin into aquatic environments 

was impacting non-target organisms. In the late 1970s and early 1980s, oyster (Crassostrea gigas) 

crops in Arcachon Bay, France, failed, leading to legislation against TBT. Coinciding with this period, 

work at the MBA showed that TBT was an exceptional endocrine disruptor in marine stenoglossan 

gastropod species (notably Nucella lapillus) causing masculinisation (imposex) in females and 

widespread population decline. The sensitivity of this and other marine gastropods world-wide has led 

to their use as bioindicators of TBT pollution. The widespread recognition of effects promoted the 

spread of legislation and by the early 1990s, many nations had partial TBT bans in place. However 

TBT is deposited in benthic sediments, where it can last unaltered for decades. Coastal TBT pollution 

has declined along many shores where legislation was put in place in the 1980s-1990s but remains a 

concern in various locations because of its persistence in sediments, resuspension from dredged 

material and occasional illegal usage. Recognition by the International Maritime Organisation that 

marine pollution does not recognise national, regional or conservation boundaries set the stage for the 

development of the antifouling convention (2001) with the last date for the application of organotin 

paints set as 2003 and a total phase out by 2008. The effect of these legislative measures on reducing 

the threat of ED should by now be anticipated to have taken effect in areas such as the channel and to 
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test this hypothesis we have reconstructed trends in imposex in Nucella lapillus at selected sites over 

the last quarter of a century.  

The broader risk and relevance of endocrine disruption in the marine/estuarine environment, 

from oestrogenic (feminising) chemicals is not clear and has often been overlooked in invertebrates. 

High on the list of priorities under biologically-oriented directives such as WFD is the requirement for 

more information on the symptoms and likelihood of impact in field populations, including those 

associated with sediment, where oestrogenicity may predominate (Langston et al 2007). The focus of 

our studies has been the important estuarine clam Scrobicularia plana. We now have evidence from 

the DIESE project that disruption to the ‘normal’ gonadal development of male S. plana may be 

occurring extensively along UK and French coasts, with populations exhibiting varying degrees of 

ovotestis (an intersex condition typified by the simultaneous presence of both testicular and ovarian 

tissue in the male gonad, and analogous to the condition seen widely in UK rivers in fish such as 

roach). We have thus developed a valuable and practical model for screening Endocrine Disruption, in 

field populations of S.plana, and to interrogate, further, both spatial and temporal trends - and the links 

with anthropogenic causes.  

IV.8.2. Imposex and TBT analysis in the Dog-whelk, Nucella lapillus, at selected UK sites 

Now, four years after the ban on TBT, and 25 years after initial restrictions on leisure craft, we 

wish to establish if previously affected sites within the Channel region have been re-colonised by 

dogwhelks Nucella lapillus, and, if imposex is still evident, where is it highest? We also wish to 

establish the baseline status of these stenoglossan gastropods at less-affected reference sites, using this 

most sensitive and specific of bioindicators of endocrine disruption (androgenic).  

In addition to remarkable properties as an indicator of intersex, N. lapillus has other attributes 

as an environmental indicator in terms of widespread distribution (on exposed and sheltered rocky 

shores on both sides of the North Atlantic, from Iceland in the North to Portugal in the South). It is 

found throughout the Channel wherever there is suitable habitat. In addition to extreme sensitivity to 

TBT, populations also appear vulnerable to eutrophication and algal blooms  

During the DIESE project, populations of N. lapillus were studied at selected sites in the 

western Channel region (Figure 65) –at Plymouth (4 sites), Falmouth (3 sites), North Cornwall Coast –

Bude and Widemouth (2 sites), plus Jersey (a reference site in mid-Channel) - further sites were added 

in 2013 (Torbay x2, and two more from the North Cornwall coast). For most of these sites, data 

collected in 2012/2013 are compared with of previous surveys, notably those described by Gibbs et al., 

1987.  

The coast of southwest England has many harbours and marinas which host considerable 

numbers of leisure vessels and many sites here were impacted by TBT-induced imposex prior to 1987 

legislation (Bryan et al 1986). The major ports of Falmouth and Plymouth, displaying some of the 

most severe population effects, are also situated in the region providing suitable ‘worst-case scenarios’ 

for long-term study (despite being sited within designated European Marine Sites). These long term 

surveillance positions include Castle Drive, seaward of Falmouth Dockyard, and Renney Rocks, 

adjacent to Plymouth Sound (influenced by various boat facilities located within the estuaries of the 

Tamar and Plym). Studies here were started in 1985 as part of a broad survey to gain evidence of the 

widespread nature of imposex and the trends in its development. As a contrast, reference sites at Bude 

and Widemouth on the north Cornwall coast - which is much less impacted by boating or shipping 

activity and far removed from any major source of TBT pollution - have been scrutinised at intervals 

over the last 25 years, including in 2012 as part of the DIESE project.  

The link between TBT and imposex in N. lapillus was established in experiments at the 

MBA’s Plymouth Laboratory some 25 years ago (Bryan et al 1986; Gibbs et al, 1987). The imposex 

indices introduced (the Relative penis size index (RPSI) and the Vas deferens sequence index (VDSI)) 

are now used worldwide and are recommended by the WFD, Fisheries Research Services (FRS) and 

OSPAR (2008) as a means of monitoring water quality. During the course of its ecotoxicology 

program, MBA has collected long-term data of imposex and TBT burdens in populations of N. lapillus 
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at a number of sites in the English Channel region (UK). As part of the DIESE project some of these 

populations were re-surveyed during 2012 and dogwhelks analysed for both imposex and tissue TBT 

levels, using the same methods to chart the progress and timescales of recovery from this most 

significant example of endocrine disruption in the marine environment.  

 

 

 
Figure 65: Maps showing location of Nucella lapillus sampling sites in SW England and VDS stages 

 

Imposex in dogwhelks may develop at an early age and juvenile females appear to be the most 

sensitive indicators of short-term contamination. However as N. lapillus is a long-lived species (6+ 

years) and imposex is irreversible, the condition of adults may be more representative of response to 

long-term exposure to TBT contamination. Hence, 30 to 40 adult dog-whelks were collected from 

most sites, the shells removed by cracking in a vice, and each was examined with a binocular 

microscope. The animals can normally be sexed by noting the presence or absence of a penis, or a 

noticeable penis size differential, and the presence of the reddish-brown sperm ingesting gland in the 

females. The roof of the mantle is cut open to expose the mantle cavity and allow examination of the 
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area between the head and the capsule gland or prostate. The length of the penis (if present) is 

measured in both sexes to the nearest 0.1 mm, from the tip to its base. In females, the area between the 

penis (if present) and the genital papilla at the anterior end of the capsule gland is carefully examined 

by rotating the gland to expose its medial surface. The extent of any vas deferens growth is noted, and 

a numerical VDS stage is assigned (1-6). Several females in some populations had a small penis 

(usually < 1 mm) but no sign of a vas deferens, either proximally or distally. As the penis was distinct 

and measurable, these were recorded as VDS stage 3.  

The two indices recorded are the Relative penis size index (RPSI) and the Vas deferens 

sequence index (VDSI). The RPSI is calculated by (mean female penis length3 / mean male penis 

length3) x 100, and the VDSI as the mean VDS stage of the females (i.e. total VDS scores in females / 

number of females examined). An additional measure based on the VDSI and given in the Water 

Framework Directive, is the Ecological Quality Ratio (EQR) which is calculated thus: EQR = (6 - 

VDSI) ÷ 6, which gives a range of values from 0 to 1.  

Size –frequency distribution was measured in the Nucella population (n~100) in front of the 

MBA laboratory on Plymouth Hoe - to compare with distributions in 1967 (pre-TBT) and in 1985 

(from Drakes Island, 1km distant from the Hoe since the population here had been eliminated at the 

height of the TBT threat) (Bryan et al 1986). Generally, populations without juveniles indicate an 

aging population with little recruitment (i.e. affected by imposex) whilst, in contrast a broad size 

frequency spectrum is indicative of a breeding, sustainable population.  

Subsamples of dogwhelks used in imposex scoring were frozen for organotin analysis (n=6, 

usually; males and females occasionally analysed separately). Methods for organotin analysis in 

tissues are modified from the scheme described in Langston et al., 1994. Briefly, for the determination 

of tin as tributyltin or dibutyltin the tissues of 4-6 frozen specimens were pooled and homogenised. 

Three aliquots, were placed in glass tubes. A standard of tin as tributyltin oxide in ethanol was added 

to one sample and a standard of dibutyltin dichloride to another. Hydrochloric acid was added to the 

tubes, which were shaken for 30min. Organotins were extracted in hexane (15min) and centrifuged. 

The clear hexane extract was shaken with 1M sodium hydroxide solution to separate the dibutyltin 

from the tributyltin fraction. Organotins, as tin, were measured by atomic absorption. Detection limits 

for TBT and DBT in tissues were of the order of 10 ng Sn g-1 dry weight. To convert from Sn to the 

TBT (or DBT) ion multiply by 2.44 (or 1.96). The method for tissues was also employed on surface 

sediments in subsequent sections.  

The accuracy of analytical methods has been established using either sediment or tissue 

reference materials, for example, PACS-1. Recoveries of TBT and DBT in spiked N. lapillus were 

101% and 92% respectively and were corrected by the use of standard additions on all samples.  

During the TBT zenith, RPS values in SW England remote from centres of boating activity 

were 5% or less, increasing to 40% near harbours. VDS stages 1-3 were characteristic of clean areas, 

whilst stages 4-6 typified sites close to harbours and marinas (Gibbs et al 1987). However even at 

‘clean’ north coast sites (devoid of stages 5 or above) populations exhibited moderate imposex (53-

88% at stage 3&4) during the 1980s and surprisingly few females (<1%) were without imposex. These 

populations were however able to breed, unlike the sterile populations of Plymouth Sound (Batten 

Bay). In extreme cases this led to extinction (Plymouth Hoe site). Any population with a VDS index 

above 4 is likely to contain sterile females and may thus have a reduced reproductive capacity.  

Current (2012) levels of imposex are summarised in table 18 which shows RPSI, VDS, and % 

females with penis. Table 19 illustrates TBT and DBT concentrations in tissues of female and male N. 

lapillus.  

The proportion of females displaying imposex ranged from 0% (Widemouth) to >75% at 

Falmouth. However, it is noteworthy that although several females from the three Falmouth sites 

(Castle Drive, St Anthony Head, St Mawes) were assigned a VDS stage 4, no females in any 

population were confirmed as sterile. There is now no trace of imposex, at Bude or Widemouth, and 

only very low levels in Jersey, mid Channel. 
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Table 18: Nucella lapillus imposex values in 2012 

 

 

Table 19: Nucella lapillus TBT and DBT values in 2012 
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Figure 66: Nucella lapillus. Comparison of how the distribution of VDS stages within three SW 

populations have changed from 1986 to 2012 

Detailed temporal changes in VDSI for Renney Rocks (outside Plymouth Sound) are shown in 

Fig. 67. The majority of change has occurred over the last six years  

 
Figure 67. Nucella lapillus. Changes in proportion of different VDS stages in the Renney Rocks 

population during the last 25 years 

Comparison of time series for Castle Drive, Renney, Bude and Widemouth confirm significant 

improvements in imposex (mean VDSI, Fig. 68) and TBT body burdens (Castle Drive, Fig. 69). 

Nevertheless improvement is clearly much slower at Falmouth (Castle Drive) where the presence of 

dockyards and sediment reservoirs of TBT may be delaying recovery. 
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Figure 68: Nucella lapillus. Changes in mean VDSI at Falmouth, Renney Rocks, Bude and 

Widemouth during the last 25 years. 

 

Figure 69: Nucella lapillus change in tissue organotin burdens in adults from Castle Drive, Falmouth 

(μg Sn/g dry wt, left Y-axis; % organotin as TBT, right Y-axis). 

The relationship between tissue TBT levels and the VDSI expressed by adult females has been 

shown to correlate closely (Gibbs et al., 1987). Although the correlation is less significant in recent 

samples (as tissue concentrations are now comparatively low), the relationship is still evident (Fig. 

70). 

 
Figure 70: Nucella lapillus Relationship between VDSI and tissue organotin burdens (TBT, DBT 

separately and in combination) in populations from SW England, 2012 

 



88 

 

Size –frequency distributions in the Nucella population at Plymouth Hoe in 1967 (pre-TBT), 

in 1985 (from Drakes Island, 1km distant, since the population had been eliminated at the Hoe site at 

the height of the TBT threat) (Bryan et al 1986), and in 2013 are shown in figure 71. Generally, 

populations without juveniles indicate an aging population with little recruitment (i.e. affected by 

imposex) whilst, in contrast a broad size frequency spectrum is indicative of a breeding, sustainable 

population.  

Thus, the Plymouth dogwhelk population has now almost recovered from its mid- 1980s 

slump to its earlier pre-TBT status, with clear signs of recruitment of juveniles. Again this implies that 

the timescale for impact through to recovery has been of the order of a quarter of a century. 

 

Figure 71: Nucella lapillus. Size –frequency distributions in the population at Plymouth Hoe over a 

25year period- encompassing the ‘TBT years’. 

Recovery from imposex and recolonisation of populations following legislation may be 

anticipated to be slow due respectively to the irreversible nature of the condition in individuals and 

also as a result of the reproductive cycle of N.lapillus (lack of planktonic phase and hence poor 

dispersal capability). Because of difficulty in collection of population data the most widely measured 

aspect of recovery is imposex. Results presented here shows clear evidence of the effectiveness of 

TBT legislation and most sites would achieve the OSPAR Ecological Quality Objective for imposex in 

N.lapillus of a VDSI< 2. Only two sites failed this conservation objective- Castle Drive and St Mawes 

in the Fal Estuary; (note there other sites in this system where dogwhelks have yet to become re-

established following elimination during the 1970s and 1980s).  
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Assembled data on trends in TBT-specific effects throughout the OSPAR region, published in 

2008 (OSPAR, 2008), suggest that intensity of intersex was predominantly of a scale shown in our 

study (majority of samples with VDS in the range 0.3-5) and that this is decreasing at many sites: 24 

out of 134 gastropod time series exhibited a significant downward trend, presumably as a result of 

legislation banning the use of TBT in the 1980s. Several authors (Colson and Hughes, 2004; Huet et 

al., 2004; Birchenough et al., 2002; Moore et al., 2000; Bray and Herbert, 1998; Evans et al., 1994, 

1995, 1996) included time series in Brittany - relevant to the current Channel project. Thus, imposex 

levels in the Bay of Brest suggested significant, but declining levels of impact, between 1992-2002, 

coinciding broadly with lower TBT concentrations in seawater (Huet et al., 2004) though here, as at 

the majority of sites, comparable time-series on TBT body burdens in N.lapillus are much less 

numerous, making our data distinctive. The overall relationship between TBT body burden and 

imposex in N.lapillus, for sites in SW England (summarised in figure 70) show correlations consistent 

with initial relationships described in Gibbs et al 1987.  

In the context of linking TBT distributions to consequences, attention is also drawn to the TBT 

time-series for estuarine water, sediment and biota described for Southampton and Poole described in 

an earlier DIESE report (see also below). These studies confirmed that contaminated sediments in 

particular could remain a problem for many years (perhaps 20-30) despite the global ban (see 

Langston et al 1994). Dumping sites for such TBT-enriched material have also been shown to impact 

on intersex levels in gastropods at offshore sites (Santos et al., 2004). This has been one of the 

considerations which has prompted the adoption of National Action Levels for TBT in Dredged 

Materials.  

It has been suggested that TBT legislation has led to a more rapid recovery in the UK than in 

other countries such as France, Spain and Portugal (Ruiz et al., 2005). This hypothesis merits further 

attention. Also, an interesting conclusion drawn from the OSPAR data-sets and one that is relevant 

here is that, superimposed on the area-wide assessments of impact, there may be significant local 

variation – attributed, in the case of TBT, to impacts from shipyards, ports and harbour activity. 

Consequently ecological status may vary from good to bad within a few km or less, depending on 

currents, proximity to hotspots, and the degree of exposure of water bodies. Spatial scales of impacts 

are highlighted in other sections of our report and there is strong case for continuing to investigate the 

causes and extent of small-scale variation in ecological and chemical impacts in coastal ecosystems in 

the Channel Region.  

In conclusion, high sensitivity and specificity of N.lapillus to TBT, the ease with which 

imposex can be determined and quantified (based on RPS, VDS, percentage incidence) and wide 

geographic distribution throughout the Channel make the dogwhelk an exceptional indicator for this 

form of androgenic endocrine disruption. Observation of population composition and abundance also 

allows an appraisal of reproductive competency. When combined with appropriate analytical 

chemistry, these measures provide a reliable expression of TBT impact, and equally important, of the 

effectiveness of management responses to this threat.  

There has been a marked recovery in TBT pollution at many sites, which is reflected in lower 

levels throughout the region, compared with concentrations at the height of TBT inputs. Reduction in 

imposex is still ongoing more than two decades after TBT restrictions were first implemented 

(timescales commensurate with those described across the Channel, in Brittany, by Huet et al 

2004).The decrease in imposex at sites in SW England is especially notable at the open coastal sites in 

North Cornwall.  

Overall, recovery of N.lapillus populations is occurring, commensurate with the decline in 

TBT. This is an important finding in that it adds to the weight of evidence (if it were needed) linking 

the imposex phenomenon with TBT. This unique association has previously been questioned, and 

imposex attributed to other causes. The results presented here - of the correlation between declining 

imposex and TBT levels - would seem to dispel any doubts as to the involvement of TBT in 

reproductive impairment in molluscs, thus vindicating original hypotheses over cause and effect.  

However the rates of recovery may vary considerably at different sites and we still need 

further long-term observations to understand the conditions where recovery is impeded. Even on the 

exposed coastline of North Cornwall recovery of populations can vary at adjacent sites illustrated by 

imposex trends at Bude and Widemouth. An algal-bloom-kill at Bude in 1995 was considered as a one 

possible influence confounding overall recovery rates from TBT pollution (Gibbs et al (1999).  
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Despite the relatively rapid general improvement of N. lapillus populations following TBT 

legislation, imposex is still present at a large number of sites, albeit at low levels, and there are still 

some contaminated locations where recovery is not marked. For example, dogwhelks were abundant 

throughout much of the Fal estuary in the 1970’s but were eliminated by TBT in the early 1980’s and 

remain absent: Upstream of Castle Drive, there was no evidence of recolonisation in 2012 and it may 

be a considerable time before recovery is considered successful. Almost certainly this is linked at least 

in part, to TBT persistence in sediments and re-release during dredging and similar maintenance 

operations and disposal, together with continuing low-level residual input from dockyards and marinas 

(Langston et al., 2003; Langston and Burt, 2007).  

The result is a gradient of TBT impacts in the Fal estuarine system with recovery inhibited 

most significantly at the siltier upstream regions and greatest improvements at sites near the mouth of 

the estuarine system –correlating with the cline in organotin concentrations. Given the persistence of 

TBT in sediment, further research and surveillance into the release of TBT from particulates and the 

impact on N.lapillus and other sensitive molluscs is seen as a priority ( for example in the context of 

providing improved TBT action levels for dredged materials).  

Situations such as the Fal highlight the need to study variation in spatial and temporal scales of 

ecological recovery. As such they provide valuable lessons for management of future marine pollution 

scenarios whether it be TBT or emerging pollutants.  

The results for Nucella are encouraging, for the most part, in highlighting the improvement in 

TBT levels and effects, following legislation. More extensive monitoring would be valuable to 

confirm spatial and temporal trends across the entire Channel area. At present, the indications are that 

it may take at least a quarter of a century for some moderately TBT-polluted estuarine locations to 

recuperate from dockyard and port activities: persistent sediment loadings are likely to delay recovery 

even longer in areas such as the Fal. It would be useful to examine similar sites within the Channel 

Region to gain a broader view of the influence of the EU legislation on recovery of TBT-impacted 

ecosystems. Given that immature female dogwhelks are more sensitive to short term changes in TBT 

compared with mature females, monitoring using immature cohorts may provide the best assessments 

of improvement (or deterioration) in water quality in future surveys of imposex.  

In summary, the work on N. lapillus populations in SW England, undertaken as part of the 

DIESE project, has highlighted the value of dogwelks as sensitive, reliable and relatively simple 

bioindicators, with widespread relevance for monitoring the masculinising impacts of TBT in the 

Channel and further afield. Such outputs will be relevant in the context of producing future Quality 

Status Reports for the region. 

IV.8.3. Intersex, recovery from TBT and contaminants in clams Scrobicularia plana and 

sediments in the Channel 

Various natural and man-made compounds in domestic and industrial effluents are capable of 

altering reproductive processes in wildlife. Endocrine disruption, manifested as feminisation of male 

fish in rivers, caused by (xeno)oestrogens, is well documented (Tyler et al., 1998) although the extent 

of effects in invertebrates, particularly marine taxa, is relatively unknown. We present evidence of 

widespread feminisation in the estuarine clam Scrobicularia plana throughout the Channel region, 

which may be linked to urban, industrial and agricultural influences.  

Given the current debate over the presence of endocrine disruption in the marine environment, 

the question of whether anthropogenic forces can influence the sexuality and reproduction of aquatic 

invertebrates is particularly important, as invertebrates comprise 95% of all animal species and are 

central to ecosystem function (Defur et al., 1999). 

The sexual identity of bivalve molluscs ranges from strict gonochorism (separate sexes) to 

functional hermaphroditism (Delgado & Camacho, 2002). There is also a suggestion that some 

bivalves may switch readily between states (Mackie, 1987).  

Populations of the common estuarine bivalve Scrobicularia plana have previously been 

reported to be inherently gonochoristic but may display intersexuality under certain conditions thereby 

acting as potential indicators of endocrine disruption (Hughes, 1971; Rodriguez-Rua et al., 2003; Sola, 
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1997). In populations of S. plana in south west UK, we have shown that gonad differentiation 

becomes evident during June, and by early July the majority of adults have developed gonadal cells, 

which in the majority of individuals, are either sperm or oocytes. In an intensive survey of a 

population from the Avon Estuary, South Devon, however, we found that a number of the male 

gonads contain oocytes, in addition to sperm cells (ovotestis or intersex) (Langston et al., 2007).  

We have since examined populations of S. plana in other estuaries and discovered varying 

degrees in the ‘severity’ of intersex of males, i.e. a single oocyte, clusters of oocytes, whole follicles 

packed with oocytes, and in extreme cases, gonads dominated b ‘female’ follicles. Whilst the 

proportion of females in these populations remained unaffected (50%), males exhibited varying 

degrees of feminisation. Furthermore this condition appears inducible by some known endocrine 

disrupting chemicals (Langston et al., 2007).  

Based on these observations and methods we have set out to examine the severity and 

frequency of intersex in S.plana throughout the channel region throughout the four years of the DIESE 

programme.  

A key objective is to evaluate the long‐term effects of anthropogenic activity on the sexuality 

and reproductive output of clams. In addition to the above feminisation phenomenon – we have 

included some work on the anticipated recovery of S.plana in TBT‐impacted ecosystems (Poole and 

Southampton Water).  

Using updated time‐series on chemical and biological indicators we have established the 

prognosis for S.plana at sites where sediments are a persistent source of TBT and are thought to have 

been responsible for population decline in S.plana. Studies have included: an up‐to date assessment of 

TBT pollution in Poole Harbour and Southampton Water (impacted by the leisure fleet and/or 

commercial shipping) and an evaluation of progress towards recovery following national and global 

regulation on TBT in antifouling paints. The DIESE project has provided important information on the 

effectiveness and timescales of pollution control of this well-known contaminant of marine habitats, as 

well as developing protocols for visualizing impacts from other, new ‐emerging pollutant threats such 

as (xeno)oestrogenic/anti‐androgenic compounds.  

Thus, the methodology for assessment of clam populations, originally designed to study TBT 

impact was applied to the study of feminising effects in S. plana throughout the Channel Region 

(where we have observed populations of S. plana which are affected by intersex).  

During the first year of the project (2009) the MBA group developed a field sampling 

campaign for DIESE, which began with trips to the Avon (Devon) Poole Harbour, the Severn Estuary 

and Southampton Water. In total 19 sites were sampled for clams, sediments and a range of 

environmental parameters (Fig 72 & 73). These included various sediment parameters such as grain 

size (laser particle sizing), organic matter determination (weight loss on ignition at 400°C), organotins 

(TBT and DBT) a range of metals (both anthropogenic and geogenic to help apportion relative 

contributions from these sources – a surrogate measure of pollution impact). These methods are 

broadly based on those described in previous studies (Langston et al., 1999; Ridgway et al., 2003). 

Sub-samples (sediment and clams) were also distributed to DIESE project partners for additional 

chemical and molecular characterisation. As the effects on gender caused by (xeno)estrogens and/or 

anti-androgens may have similar repercussions for the viability of stable populations to those 

demonstrated for TBT, our estuarine surveys have combined measurement of effects on individuals 

(intersex frequency, severity and sex ratios) with higher-level consequences (population composition) 

and we have attempted to explore their connections with environmental chemistry.  

Frequency and severity of Intersex, measured by examining gonad histology by light 

microscopy are based on techniques described previously (Langston et al., 2007), using a sample of 30 

clams at each site. Sex ratios are also determined (Fisher exact test, P<0.005). To complete the DIESE 

field programme, populations of clams and other benthic macrofauna were sampled 

semi‐quantitatively at the majority of estuarine survey sites - to establish linkages between 

higher‐level biological responses (abundance of juvenile and adult clams, perturbations at the 

histological level (intersex), and contamination levels. 
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Figure 72: Estuarine fieldwork programme undertaken for DIESE 

Sampling of adult clams at each site (for intersex determination) was timed to give a semi-

quantitative measure of abundance. Alongside sampling of S. plana and surface sediment, additional 

sampling of surface benthos was undertaken at most estuarine sites visited. The objective being that 

the data generated from these samples will help provide insight into the benthic community structure 

at each site and establish any linkages between these communities and sediment chemistry. The data 

will help determine any influence of pollutants, including endocrine disrupting chemicals (EDC ’s), on 

clam populations and possibly other macrofauna.  

Populations of juvenile clams and other surface benthic fauna were sampled from 30 cores 

(6.4 cm diameter and 2cm depth). Cores at each site were pooled (total area 0.0956m2) and stored in 

air filled bags in a cool box until their return to the lab, where they were transferred to a wooden box 

sieve ( 1mm mesh) and washed gently with seawater. Samples were fixed with 4% formalin. Rose 

Bengal, was added to the fixed samples to aid sorting.  

Prior to processing, formalin was removed. In a fume cupboard samples were emptied onto a 

1mm mesh sieve and washed with freshwater to remove the formalin solution (a formaldehyde meter 

was used to check levels were < 1ppm). Samples were sorted on a shallow tray and transferred to a 

suitable vial, one for each faunal group. Alcohol (70% ethanol/IMS) was added to each vial to 

preserve specimens prior to identification. Individual specimens were identified down to species level 

where possible, using standard taxonomic keys, and counted. Size was also recorded for all bivalves). 

Each species, once identified was transferred to a vial (one vial per species) containing alcohol 

preservative (70% ethanol/IMS). Each vial was then labelled with species name, site location and 

sampling date. Tally counters were used where common species were numerous and easy to identify. 

In some cases where specimens were damaged, assigning a species name was not possible and in these 

circumstances the lowest possible taxonomic level was recorded. Furthermore, as many specimen 

parts could be found in one single sample, only individuals with an anterior end were counted. 

Differentiation was also made between adult and juvenile specimens where appropriate.  
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Multivariate analysis of the final data set will compare similarities between sites (intersex, 

clam numbers, and general macofaunal abundance) with environmental factors.  

During 2010, surveys of sediments and clams were extended to the Central and Eastern 

Channel Region between Selsey Bill and the Medway, namely at Bosham, Dell Quay, Pagham (2 

sites), Littlehampton, Shoreham (2 sites), Newhaven, Rye, Ramsgate and The Swale and Medway 

Estuaries (5 sites). Further sampling was carried out in the south west estuaries - in the Fal (4 sites), 

Fowey (3 sites), Bristol Channel (1 site), Yealm (3 sites), Axe (2 sites), Otter (1site), Exe (3 sites) and 

Teign (2 sites). (see Figure 73). 

 

 

Figure 73: All MBA sampling sites (71UK, 37 French). Samples showing intersex in Scrobicularia 

plana are depicted by red stars 

During 2011 further sites were sampled in the south of England in the Plym Estuary (2), the 

Tamar (3), Lynher (3), Camel Estuary (3), Thames Estuary (7) and West Looe. Also in 2011 we began 

to include samples from the French Channel coast (see Figure xxx) at Porsgwen, Hotellerie, Cap 

Hornu, Berk, Etaples, Saint Jacut, Saint Benoit (see Figure 9).  

In 2012, the estuarine sampling campaign for DIESE, was expanded and focused on sites 

along the French coast (from Normandie in the East to Brittany in the west). Several sites in SW 

England were also sampled (see Figure 9). Colleagues from Universite du Havre helped to provide 

samples along parts of the French coast. In total, 30 French sites were sampled for clams, sediments 

and a range of environmental parameters. Again sub-samples were archived for distribution to DIESE 

project partners for additional chemical and molecular characterisation. To test whether effects on 

gender caused by EDC may have repercussions for the viability of stable populations, sampling at a 
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number of sites combined measurement of effects on individuals (intersex frequency, severity and sex 

ratios) with sampling to evaluate higher-level consequences (population and community composition). 

These data will also be used in multivariate tests to explore their connections with environmental 

chemistry.  

Exposure trials/ transplants with clams subjected to model anti-androgens (Irgasan = triclosan) 

have been used to investigate possible causes and mechanisms of ED more rigorously - to evaluate if 

exposure of S.plana to anti-androgens stimulates development of the intersex condition. Experimental 

exposures with S.plana were of two basic types: simple aqueous exposures and exposures to spiked 

sediments for one month early in gametogenesis (Feb-March), followed by transplant of clams back to 

the field where they were subsequently recovered on maturation in July. Gonadal development was 

determined in recovered clams and compared with that in native clams and experimental controls. 

Endpoints measured in these experiments include sex ratios, intersex frequency and severity, and 

oocyte diameter. Tissues of S.plana exposed to Irgasan (anti-androgen) were also subjected to 

molecular investigations (U. Sussex) to see if there are associated changes at the molecular level 

which could be used as markers.  

The MBA team has collaborated extensively with researchers at University of Sussex, and 

Universite du Havre, throughout the project, to investigate the intersexuality phenomenon in clams 

within the Channel region, and to try and establish causes and mechanisms.  

Recovery of clam populations from TBT: 

Scrobicularia plana has proved an excellent model to show the extent and timescales of 

impact and recovery from TBT pollution in sediments. This is depicted in the two examples below, 

from Southampton water. In the Hamble Estuary (dominated by leisure vessels) clam populations were 

impacted during the 1980s until legislation on small boats let to a reduction in TBT residues. In 2009 

at the start of the DIESE project we established that clam numbers had returned to values similar to 

those two decades previously (Fig. 74)  

In the Test Estuary recovery appears to have been slower due to the predominance of 

commercial vessels and docks (Fig. 75). Legislation on this sector was not fully effective until the 

IMO global restrictions in 2008. This is reflected in delayed reduction in TBT concentration and 

corresponding erratic recruitment of clams. It remains to be seen if this recovery is sustainable. 

 

Figure 74: Hamble Estuary (Warsash) showing recovery of clams Scrobicularia plana, in response to 

the reduction in TBT levels following legislation on the use of small boats in 1987. 
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Figure 75: Test Estuary (Cracknore) showing erratic recovery of clams Scrobicularia plana, in 

response to the slow reduction in TBT levels following legislation. 

 

Intersex in Scrobicularia plana: 

Although intersex was not found at every site, few estuaries have completely gonochoristic S. 

plana populations. Thus, in the Tamar Estuary, near Plymouth, for example, the incidence of intersex 

ranged from 0% to 25% (mean 9%).  

Of the sites sampled in 2009 the Severn Estuary displayed raised levels of intersex and two 

populations were skewed towards females (figure 76). The Severn is highly industrialised and 

urbanised, and has been subjected to raised levels of metal contamination and other impacts11. The 

incidence of intersex in S. plana from sites such as the Avon (Devon) is unlikely to be due to 

industrialisation since the catchment area is predominantly rural; however, sewage and agricultural 

inputs are possible sources of oestrogenic compounds and could be a factor in increased intersex levels 

in a number of apparently pristine locations throughout the region. It is important to determine the 

mechanisms and causes in greater detail in future studies.  

Initial chemistry data for the 2009 samples indicated high levels of anti-androgenic activity at 

a number of sites (see Chapter Two, this report), suggesting widespread contamination of chemicals 

that have the potential to feminise clams. However, preliminary observations of distributions of anti-

androgen contamination and the incidence of intersexuality in S.plana, are not indicative of a strong 

cause-effect relationship. Likewise exposure trials with model anti-androgens to investigate causes and 

mechanisms of ED failed to reveal strong feminising effects in clam gonadal tissue. It is not 

inconceivable however that the slight effects observed in some experiments could be enhanced in the 

presence of oestrogenic compounds. 
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Figure 76: Scrobicularia plana sex ratios showing two populations in the Severn Estuary skewed 

towards females and one in Southampton skewed towards males. 

Intersex was present in 12 out of 32 populations sampled in 2010, albeit at low levels, mostly 

(Fig. 77). Highest intersex frequencies (10‐20 % of males affected) were found at Pagham and in the 

Yealm (which also had examples of males with a high intersex severity index). S. plana were free of 

intersex at more than half the sites examined and this condition appears to represent ‘baseline’ (Blue 

flags, Fig. 77). The sex ratio was skewed significantly from the normal 1:1 M:F distribution at a small 

number of sites. Sediments and clams have been analysed for organotins and metals and sub‐samples 

have been characterised for oestrogenic and anti-androgenic activity by partners at Sussex. 

 

 

Figure 77: Sampling sites and incidence of intersex in clams Scrobicularia plana, 2010. 

2011 samples included French sites two of which (Berk and Etaples) exhibited around 50% 

intersex. Further west intersex levels were mainly 10% or lower. At St Benoit however the population 

was significantly biased towards females, whilst at Porsgwen males exceeded females by a factor of 

2:1  
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2012 samples saw further sampling of French sites from Normandie to Brittany (n=30). 

Several sites in SW England were also sampled.  

On completion of the final analyses across all sites, intersex was present in approximately 

70% of the 37 S. plana populations collected at French sites, and 52% of the 71 UK Channel sites . 

The sex ratios showed a few sites with biased populations (six populations skewed towards males, 

seven towards females) though the mean m:f ratio was close to unity (1.04) for UK samples, and 

marginally biased toward females (0.917) in French samples. Impacts were quite similar on both sides 

of the channel.  

A survey of temporal trends has been continued in the Avon estuary in SW England where 

intersex levels had previously been considered high, potentially due to inputs the influence of cattle in 

the catchment and adjacent fields (note pregnant cows excrete large amounts of oestrogens). Intersex 

levels here have declined in recent years, and may signify an improvement in water quality possibly 

related to improved agricultural practice (fencing of cattle from the estuary) coupled with an overall 

decline in the national dairy herd. Clearly although agriculture is a potential source of feminisation, 

there may confounding features influencing cause and effect which we have yet to determine.  

In laboratory experiments conducted previously, we have observed an increase in intersex in 

S. plana following exposure to mixtures of oestrogens (17β estradiol) and xeno-oestrogens 

(nonylphenol) (Fisher exact test, P<0.05) (Langston et al., 2007). In experiments during DIESE, BPA 

(bisphenol A) has been somewhat effective, as has Irgasan (Triclosan) though the latter compound has 

shown a slight alteration in sex ratio (towards females) rather than a higher increase in the incidence of 

intersex.  

Benthic sampling  

Examples of benthic sampling outputs are shown below. Total adult clam numbers collected 

per man hour effort are shown in Fig 78A. Low numbers (in red) were a feature at some sites in the 

Severn Estuary. This coincides with areas showing high intersex though it is not possible to establish 

cause and effect at this stage. Juvenile S. plana were present in small numbers in five of the core 

samples taken in 2009 (Fig. 78B) but were not identified at the majority of sites, including those in the 

Severn Estuary. 

 

A B 

  

Figure 78: Adult Scrobicularia plana per man hour (A) and juvenile abundances in cores (B) in sites 

sampled in 2009. 
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Comparisons of bivalve numbers show that juvenile S.plana are in fact outnumbered by other 

species. Macoma balthica and Abra tenuis tend to dominate In the Severn and Poole/Southampton, 

respectively though again it is not possible to establish cause and effect at this stage. 

 

 
Figure 79: Small bivalve abundances from Intertidal core samples 2009. 

Cluster analysis of macrofaunal assemblages is used to compare similarities and dissimilarities 

between sites (Fig. 80). This too identifies many of the Severn sites as being distinctive from many 

other Channel sites. There is a requirement to match macofaumal distributions with environmental 

determinants to identify causes. 

 

 

Figure 80: Cluster analysis of macrofaunal assemblages 2009, 2010. 
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Chemical determinants show some distinctive distributions across Channel sites as 

exemplified by Cu concentrations in sediments in fig 17. This plot indicates Cu values (μg g-1dw) in 

sediment samples in relation to Interim Sediment Quality Guidelines (ISQG for Cu = 18.7 μg g-1) 

proposed by CCME (1999). The ISQG equates to Threshold Effects Levels (TEL)– concentrations 

below which biological effects are unlikely (baselines). Also shown are Probable Effects Levels 

(PEL=108 μg Cu g-1), above which, effects might be expected.  

Several sites in mineralised areas of SW England, Southampton (Cu-based antifouling) and 

the Thames region exceeded TEL and also the PEL in the SW region and Southampton (effects 

likely).  

None of the French sediment samples exceeded PEL. Indeed most of the French samples were 

<TEL for Cu. It should be noted however that this may reflect granulometry rather than (absence of) 

contamination. Many of the French sediments had a larger grain size composition (sandier) than the 

finer silts representative of UK estuarine sites sampled and therefore would be expected to be lower in 

anthropogenic metals, irrespective of inputs. 

 

Figure 81: Cu concentrations (μg g-1dw) in sediment samples in relation to Probable Effects Levels 

(PEL) and Threshold Effects Levels (TEL) (see text for explanation). 

In conclusion, intersex occurs widely in the clam Scrobicularia plana on both sides of the 

Channel and appears to be an excellent indicator species to study biological responses to endocrine 

disrupters and other chemicals. Whilst intersex is mostly at a low level (10% of males affected, or 

less) there are sites which are clearly above background (50% of males affected) and some populations 

where sex ratios are skewed (sometimes towards females, sometimes males), most likely as a result of 

anthropogenic influence. Thus, whilst at present the causes of the intersex condition in nature remain 

speculative there is enough evidence from our laboratory and field observations to indicate that 

disruption from the perceived gonochoristic sexuality of S. plana is occurring widely throughout the 

region and is inducible by known endocrine disruptors. Further studies are needed to define, more 

adequately, true baselines, the link between sexuality of these bivalves and anthropogenic causes, and 

the fine detail of the extent of impacts in relation to catchments.  
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High levels of intersex in the Severn estuary, UK, are accompanied by low abundance of S. 

plana, and somewhat unusual macrofaunal composition. However more work is needed to confirm the 

links between endocrine disruption (as signified by intersex frequency), fecundity, population density 

and community/ecosystem consequences 

 

IV.9. Investigation on mutagenic compounds in sediments 

IV.9.1. Introduction  

Many natural or synthetic compounds are potential or known carcinogens and identified as 

such in the European regulation (CLP 1272 / 2008). Among them, polycyclic aromatic hydrocarbons 

(PAHs), hexachlorobenzene, hexachlorocyclohexane (HCH), methyl mercury and cadmium appear on 

the list of the eleven priority hazardous substances of the European Water Framework Directive 

(Directive 2000/60/EC). Because of their widespread use and / or physicochemical stability, these 

compounds are present in significant quantities in most major highly urbanized and industrialized 

European and North American estuaries (Budzinski et al 1998; Yunker , et al 1999).  

Mutagenic or genotoxic potential of certain molecules can be expressed directly, i.e. without 

any metabolising steps, when interacting with biological molecules in the body, or indirectly after 

"bioactivation". This bioactivation is derived from the action of cellular enzymes that metabolise the 

molecule so it can be more easily excreted. However, in case of bioactivation, the transformation 

generates a highly reactive and potentially mutagenic compound. Thus a metabolite more dangerous 

than the parent compound is produced. The objective of this work was to evaluate the mutagenic 

potential of sediment extracts collected along the French and British coasts through the use of the SOS 

Chromotest. 

The SOS Chromotest is an in vitro test used to evaluate the genotoxic activity of a pure 

substance or a biological or environmental sample. This test uses a bacterial strain, Escherichia coli 

PQ37 to determine the ability of a chemical to induce DNA damage by quantifying the expression of a 

component of the SOS repair system, the sfiA gene (Quillardet et al , 1982). In this bacterial strain, the 

lacZ gene, responsible for the synthesis of β -galactosidase is under the control of the sfiA promoter. 

Thus, when the bacterial DNA is damaged by genotoxic compounds, the SOS repair system is 

activated, and leads to the induction of the lacZ gene and the synthesis of β-gal enzyme whose activity 

is quantified by optical density (the appearance of a yellow color) at 405 nm. The activity of the β-gal 

is compared to the activity of alkaline phosphatase (ALP) measured in parallel, which constitutes an 

internal standard as it is not inducible by genotoxic agents. To detect indirect genotoxic compounds, a 

metabolic activation is produced by adding a S9 fraction containing metabolic enzymes (including 

cytochrome P450) to the culture medium. The genotoxic activity for a given sample concentration (c) 

is expressed by the ratio Rc = β-gal/ALP. The induction factor, IF, is defined by the ratio Rc/Ro where 

Ro is the ratio measured for a negative control (solvent alone). A sample is generally considered 

genotoxic if IF is greater than or equal to 2, moderately genotoxic if 1.5 ≤ FI < 2 and non-genotoxic if 

IF < 1.5. 

IV.9.2. Results 

Organic sediment extracts were produced by solvent assisted extraction (ASE) and used for 

the SOS Chromotest. The results show that in the absence of activation by the S9 fraction, direct 

genotoxic are detectable in sediments from the French and British coasts (Fig. 82). Similarly, after 

bioactivation, some sites show the presence of indirect mutagenic compounds (Fig. 83). 

All results are plotted on maps of the Channel coast (Fig. 84). 
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Figure 82 : Induction factor (IF) of the SOS Chromotest obtained with sediment extracts from British 

(A) and French (B) coasts without bioactivation. A sample is generally considered genotoxic if IF is 

greater than or equal to 2, moderately genotoxic if 1.5 ≤ FI < 2 and non-genotoxic if IF < 1.5. 
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Figure 83 : Induction factor (IF) of the SOS Chromotest obtained with sediment extracts from British 

(A) and French (B) coasts with S9 bioactivation.. A sample is generally considered genotoxic if IF is 

greater than or equal to 2, moderately genotoxic if 1.5 ≤ FI < 2 and non-genotoxic if IF < 1.5. 
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Figure 84 : Map of mutagenic sediments as detected using the SOS Chromotest on extracts from 

samples of the British and French coasts. Orange, red and purple dots are indicating the presence of 

mutagenic compounds (in a growing order) while sites flagged with yellow dots are devoid of 

detectable mutagenic compounds. 
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V. CONCLUSIONS 

 

 

Previous work performed by the DIESE project partners revealed dysfunctions and harmful 

effects of pollution on the health of organisms, particularly affecting reproduction and development of 

fish (Minier et al, 2000a and 2000b; Martin-Skilton et al, 2006; Hinfray et al, 2009; Minier and 

Amara, 2009) or mollusc reproduction (Langston et al, 2007; Peck et al, 2007). These observations 

show that the aquatic environment, especially in the Manche region, contains substances that can 

affect living organisms and that the environmental management system and current practices fail to 

prevent serious effects which wild organisms are experiencing. Thus the work undertaken during the 

DIESE research program aimed at identifying compounds showing activity deleterious for living 

animals, at elucidating the mechanisms of action of such xenobiotics present in the environment and at 

implementing various tools to help the management of aquatic environments. 

Identification of active compounds 

The first part of the DIESE program allowed to develop or to use biological tools to identify 

organic compounds present in the environment that are actually responsible for the effects measured. 

This strategy highlights the biological effects that can guide the search for active compounds. 

Although it cannot be claimed that an exhaustive identification is feasible, this strategy offers an 

alternative to the impossibility of measuring all compounds present in the environment. Indeed, 

chemical compounds are widespread and numerous (approximately 100,000 of common use) and it is 

likely that only a part of them or a mixture of several compounds are responsible for significant 

effects. The identification of the mechanism of action of pollutants and the use of measures related to 

these mechanisms allow to relate the effects it would be desirable to avoid to the presence of 

disrupting compounds in environmental samples. 

In this strategy, the choice of the measured biological effects is important. It is not possible to 

measure all the effects and only few mechanisms can be implemented. To direct the research, in vitro 

tests were used or developed. It is quick and simple cell-based assays that allow high-through-put 

study of environmental samples. Targets that have been used in the DIESE program are sex steroid 

receptors. Indeed, these receptors are very important regulation nodes in the endocrine system and it 

has been shown that many endocrine disruptors interact with them (UNEP, 2012). Two systems were 

used: a test using genetically modified yeast that are expressing the human androgen receptor and liver 

explants expressing the estrogen receptor. The first allows to identify compounds with anti- 

androgenic activity in the sediments of the Channel coasts while the latter allows to establish a new 

system specific for fish and able to study the activity of estrogenic compounds. 

It has recently been suggested that the feminisation observed in wild fish is due to a 

combination of estrogenic and anti- androgenic compounds (Jobling et al., 2009). Thus researchers 

from the DIESE program developed an extraction protocol for compounds present in the sediment to 

investigate the possible presence of molecules with anti-androgenic activity in environmental samples. 

The results showed that many compounds such as aromatic hydrocarbons are likely to disturb the 

physiology of living organisms by interacting with the androgen receptor. Six of them have been 

identified in sediment extracts. They are the benzanthrone, the fluoranthene, the 1,2- 

benzodiphenylene sulfide, the benzo [a] pyrene, the benz [a] anthracene , and the 9- phenylcarbazole, 

some of which showed anti-androgenic potencies similar to that of the flutamide standard. In addition, 

biocides such as triclosan and chlorophène are also anti-androgenic (Hill et al, 2010; Rostkowski et al, 

2011). 

Active compounds have been search for in Scrobiculatia plana tissues. These clams are 

showing evidence of dysfunctions of their reproductive. Anti-androgenic compounds have been 
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detected and their identity is being analysed. Notably, a very active androgen fraction was also 

discovered in the male tissue. Similarly, work is ongoing to discover the identity of the compounds. 

 

Highlighting mechanisms of action of xenobiotics  

In order to increase the knowledge and understanding of problems due to the presence of 

chemicals in our environment, studies have been conducted on fish and shellfish. These studies have 

been at the heart of the second part of the program. 

Research on shellfish endocrinology poses a particular problem because knowledge is still 

very fragmented in these organisms. To circumvent this difficulty and also to study in the most 

comprehensive way the mollusc physiology, "open” procedures involving metabolomics and 

transcriptomics approaches have been undertaken. Indeed, in the absence of specific knowledge, 

monitoring thousands of parameters simultaneously may allow to identify pathways and mechanisms 

that are modified in a particular situation and then lead to more targeted studies in order to develop 

specific tools. 

The metabolomics approach has been implemented on samples of mussels exposed to different 

doses of the naturel estrogen, 17-β estradiol (E2). Approximately 10,000 signals were measured by 

mass spectrometry for each sample and some allow to perfectly differentiate exposure conditions. 

Among the discriminating signals, some compounds have been identified and used to undertake 

specific experiments and identify mechanisms of action for steroids in molluscs. This was the case of 

prostaglandins and amines that were differentially expressed in the presence and absence of estradiol 

and led to study the role of amines (5-HT) and enzymes involved in the synthesis of prostaglandins 

(COX) in mollusc physiology. From these data, we examined the responses of 5-HT receptor and the 

expression of COX gene in mussels, Mytilus edulis, exposed to estrogenic compounds during different 

stages of their reproductive cycle. The results showed that the expression of 5-HT receptors and COX 

enzymes levels are different in males and females, indicating a specific role for different gender and 

confirming the involvement of estrogens in mollusc physiology. In addition, the results showed that 

environmentally relevant concentrations of the natural estrogen, E2, and of the synthetic estrogen, 

EE2, may induce changes in the expression levels of 5-HT and / or COX in mussels. In particular, E2 

decreases the level of expression of COX enzymes in females while the steroid has no effect on male 

bivalves. Considering the expression of 5-HT receptor, exposure to E2 resulted in a decreased 

expression of the gene in mature males and females. In contrast, E2 exposure during early 

gametogenesis generated a very large increase in receptor expression. 

These results indicate that important mollusc endocrine parameters can be modified by 

exposure to estrogens and thus bring insight on the mode of action of steroids that lead to disruption of 

the reproductive system sometimes observed in the wild (Blaise al, 2003; Gauthier-Clerc et al, 2006). 

The occurrence of different results depending on the stage of sexual development during exposure to 

estrogens confirms the difficulty of understanding the risks associated with endocrine disruptors 

because the effects do not depend only on the dose but also the exposure time. 

To further explore the involvement of steroids in the physiology of molluscs, suppressive 

subtraction hybridization techniques (SSH) was used on mussels gonads samples from different stages 

of gametogenesis exposed to estrogens in controlled conditions. Several differentially regulated genes, 

including the gene associated with the androgen receptor, lysine and the yolk sac of an envelope 

sequence were identified. These sequences provide new direction for research in order to understand 

the role of sex steroid hormones in invertebrates and provide a means to identify endocrine disruption 

in these organisms. 

The SSH technique has also been applied to the research and understanding of mechanism of 

disruption of the Scrobicularia plana reproductive system. This bivalve is subject to inappropriate 

differentiation of male cells within the testes resulting in the formation of oocytes characterizing 

intersex individuals. Several interesting mRNA transcripts were identified and validated by 
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quantitative PCR. These transcripts appear repressed in intersex samples. They encode a variety of 

proteins involved in cell signalling (RACK1), cell cycle regulation (PCNA, histone H3), protein 

synthesis (ribosomal proteins), the cytoskeleton (tektin), the sperm elaboration (tektin, SPL1) and 

energy metabolism (CYB, COX-1). In many cases, the expression levels are in intersex individuals 

more than 10 times lower than that of control males thus suggesting that intersexualisation may be 

due, in particular, to the suppression of masculinizing genes. 

The immune system may be subjected to impairment due to xenobiotic exposure. To 

investigate potential effects occurring during development, studies have been conducted in juvenile 

sea bass, Dicentrarchus labrax. This generated new information on the development of the sea bass 

immune system and allows to study the effects of exposure to estrogenic compounds during critical 

phases. In addition, this study further explored the relationships between the immune and the 

endocrine system. The results allow to characterize the expression of the estrogen receptors α and β2 

and of several cytokines in the anterior kidney, the homologue of the mammalian bone marrow and 

the place of hematopoiesis in teleosts. This organ is particularly important in the immune system 

because it allows the development and proliferation of B lymphocytes. It is also responsible for 

developing capabilities of phagocytosis and antigen recognition (Rauta et al., 2012; Agius, 2003). A 

particular period of maturation, close to 180 days post-hatching, has been identified. A sum of crucial 

events for the development of the immune system seems to occur in this period of development. We 

observed peaks of expression of the estrogen receptor β2 and interleukin-1β, a significant migration of 

B cells out of the anterior kidney, and a very significant increase in the activity of macrophage 

populations from the anterior kidney. Accordingly, this period, in addition to its obvious importance, 

could be a window of particular sensitivity of the immune system whose disruption could cause long-

term effects. Indeed, repeated exposures of juvenile sea bass to 20 ng E2/L were conducted under 

controlled conditions during the development of the immune system. Few significant changes in 

cytokine expression were noted. However clear alterations in the expression of the estrogen receptors 

and a significant decrease in macrophage activity were measured during the critical period identified, 

stressing the importance of this period. 

To develop a tool to measure potential androgenic or anti-androgenic effects in fish, the 

bullhead (Cottus sp) was studied. Indeed, this species exhibit a significant sexual dimorphism in renal 

tissue during the breeding season that is androgenic-dependant. However, although this feature has 

been confirmed and its induction is actually dependant on the presence of active androgens, the 

measure proved to be not discriminating and further efforts are needed to be able to propose a relevant 

biomarker of androgenic effect. A proteomic analysis is currently being pursued identify specific 

androgenic markers. 

Research performed on the roach, Rutilus rutilus, have identified new alterations in the 

reproductive system of the fish. While previous studies were tied to study endocrine disruption in male 

fish, this study has implemented a series of measures to explore the physiology of female roach. The 

results show that the development of the reproductive organs is compromised in roach living in 

disturbed areas (such as the Seine River). This translates into a reduction in the relative mass of the 

gonads accompanied by a developmental delay and a reduction in the synthesis and, consequently, the 

accumulation of vitellogenin in oocytes. Thus the quantity but also the quality of oocytes is altered in 

females exposed to a mixture of chemical compounds. It is notable that these alterations appear to be 

specific the reproductive or the endocrine system because otherwise roach show no alteration in 

growth or weight and no visible signs of parasitic infestation. Finally, to explore the underlaying 

mechanism of disruption, the gonadal aromatase activity was studied and the results indicate that this 

activity is altered in females of the Seine. This alteration may result from the sensitivity of the 

aromatase to many chemical compounds (Hinfray et al., 2006) and contribute to the hormonal 

imbalance observed in this species. 

Finally, in order to document a suite of biological parameters for flounder (Platichthys flesus) 

and to investigate the ability of a suite of biomarkers to deliver a coherent and informative picture of 

the health of the fish living on our coasts, measures of DNA damage, molecular and biochemical 

responses including immunological parameters, isotopic profiles indicators of energy metabolism, 
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growth and genetic variability were conducted during laboratory exposure experiments or in natural 

populations of flounder from differentially contaminated estuaries. 

Laboratory exposure to a complex mixture of PCBs and PAHs induced several 

biotransformation enzymes and some immune parameters but did not generate any DNA damage. The 

proteomics study showed that several pathways were disturbed in contaminated fish including energy 

metabolism, methionine metabolism and detoxification system. Studies on natural populations 

confirmed the alteration of the immune system and of the endocrine system (including the egg-yolk 

production) in fish from the Seine despite any significant impact on the growth parameters and the 

condition index but with a strong impact on the genetic diversity (heterozygosity). Isotopic 

measurements highlighted the importance of environmental factors for the fish physiology and thus 

the corresponding biomarkers. In particular, the inter-estuarine variability of temperature, hypoxic 

conditions and development strategies (where flounder can live alternatively in marine or fresh water) 

can greatly influence the responses measured. These isotopic measurements thus provide a unique 

information that gives a different perspective and allow to understand how the various situations might 

have consequences on the flounder populations. 

Thus, this integrative study clearly showed that physiological mechanisms are affected in 

polluted environments and in particular in the Seine. Metabolism, immune system and endocrine 

system are specific targets that can be studied using sensitive and informative biomarkers. 

Interestingly, this did not result in clear effects on more integrative measures such as growth, but seem 

to be associated with changes in the genetic heritage, in particular an increase in the diversity that 

could promote resistance to survivors. 

 

Implementation of biomarkers for the management of aquatic systems 

In the third part of the DIESE program, the research aimed at developing and testing a 

biomaker approach to support the environmental management. Two lanes of specific studies have been 

followed. The first was to implement over all or part of the study area, robust biomarkers to establish a 

mapping that may highlight water bodies at risk and help to identify the sources of biological effects. 

The second task was devoted to development of methodologies for the use of biomarkers and their 

integration into a simple and clear index. 

Considering the development of robust tools, we conducted an analysis of the relevance of the 

use of gene expression quantification using molecular biology tools and especially the quantitative 

PCR which is more and more used and widespread among research groups. This rigorous study has 

shown that the quantification could quickly lead to erroneous interpretations of the results if certain 

conditions were not met. In particular the choice of a sufficient number of reference genes is 

important. Our recommendation would be to ensure that an appropriate preliminary assessment of the 

genetic stability of the reference genes has been performed before each qPCR quantification and that a 

sufficient number (e.g. 6) of these control genes has been used to ensure the reliability of the results 

(Ciocan et al. 2011). 

The integration of biomarkers into a broader strategy to assess the quality of the environment 

strategy is a major challenge. This strategy has not yet any defined role in the European regulations 

although it may provide relevant information on key parameters such as the metabolism, the 

reproduction or the immune status of the living organisms, these very parameters that are at risk even 

considering the human population. Biomarkers may provide a biological meaning to the presence of 

environmental contaminants and integrate a sum of factors to help building a coherent picture of the 

stressors and effects. 

An integrative study was conducted on juvenile flounder using both laboratory-based and field 

studies. A suite of molecular, physiological and biometric biomarkers have been implement. This 

study highlighted the importance of deploying markers related to different levels of the biological 

organisation as they provide complementary information even if they sometimes give a slightly 

ambivalent image that is characteristic of biological reactions. It showed that some biochemical 

biomarkers, in particular those related to the metabolism, may give ambivalent responses and show 
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important variability that requires the use of a series of markers. The physiological biomarkers 

appeared more predictive of adverse effects of chemical contaminants. The use of biomarkers with 

high ecological relevance are relevant for assessing the effects of chemical contaminants on the health 

of organisms and even more populations. The use of growth, the Fulton condition index, RNA/DNA 

ratio and lipid index (TAG/ST) have been successfully used to assess the effects of contaminants 

chemicals on juvenile fish in both field studies and laboratory experiments. They indirectly inform on 

energy costs induced by chemical contaminants (Adams et al., 1990) and can reflect the probability of 

survival of the organism. These biological indices have the advantage of being relatively easy to 

measure and provide relevant information. In addition, this study demonstrated the potential of the use 

of juvenile fish in ecotoxicological studies in relation to their physiological performance which are 

higher than those of the older animals. 

The integration of multiple biomarkers into a simple index that may provide a simple and clear 

information derived from multiple biological responses was a particular objective of the DIESE 

program. The biomarker index (IBI) was developed based on the existing IBR (Integrated Biological 

Responses) developed by Beliaeff and Burgeot (2002). The work showed that it is necessary to fully 

characterize the biological responses in order to know its natural variations and thus to identify 

changes indicative of disturbances. The developed tool integrated positive and negative changes to 

draw a graph that clearly identify the biological effects. The tool is scalable and can evolve to integrate 

new biomarkers and thus refine the generated information. 

Some biomarkers provide very clear and relevant information which can be related to 

physiological consequences or even ecological consequences. Some of these biological responses have 

been implemented during the DIESE program to provide information on the state of the environment 

and organisms in the Manche region. Partial or whole-region maps of the Channel area were produced 

to report the presence of mutagenic and anti-androgenic compounds in the sediments of French and 

British coasts but also to show the occurrence of intersex roach and S. plana as well as imposex in N. 

lapillus. The generated maps may remain to be completed to some extent and some more work will be 

necessary to confront the information in order to draw relevant conclusions for the management of the 

environment, a goal that the DIESE program has pursued and contributed to by providing some 

original and necessary information. 
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VII. COMMUNICATION OF RESULTS 

VII.1. General description 

In accordance with the objectives of the DIESE programme, partners of the project have 

invested a lot of their time to exchange on the results obtained during the programme. This includes 

discussions between scientists during meetings, samplings and common laboratory experiments. 

Results and generated knowledge were then largely disseminated to: 

- public institutions during specific meeting organised by the DIESE partners or organised by 

other collaborators ; 

- fishermen during samplings exercises; 

- industrials and other end-users during meetings; 

- general public in the course of open meetings and television interviews; 

- University students as the results are used to illustrate built special courses; 

- scientific community in national and international congress. 

As one of the specific objectives of the DIESE programme was to contribute to the planning 

and implementation of specific tools to manage the aquatic environment, regular meetings took place 

with representatives of the ONEMA, Agence de l’Eau and Environmental Agency. Transfer of the 

intersex clam tool has been operated during two days of demonstration, sampling and exchanges 

between researchers from the Marine Biological Association, the University of Le Havre and people in 

charge of the management of the Natural reserve of the Saint Brieuc Bay (July 23-24, 2012). 

Measurements were conducted by the people of the natural reserve in 2013. 

VII.2. Communications to the general public 

VII.2.1. Meetings open or dedicated the general public  

 Perturbateurs endocriniens et biodiversité. Colloque du Réseau Environnement Santé 

et World Wide Fund for Nature. MNHN, 28 avril 2011. 

 Chemical contaminants and the sexual chemistry of fish and fœtal health. Open lecture 

for the general public and staff. University of Sussex, May 2012. 

 Qualité des eaux et santé des organismes : Quels composés biologiquement actifs ? 

Quels effets sur le système hormonal, sur le système immunitaire ? Réunion de 

restitution du programme Européen DIESE, Le Havre, 5 juin 2013. 

 

VII.2.2. TV emissions 

« Une rivière de médicaments », Global Mag, Arte, 19 juin 2009 

« Estuaire de la Seine, une pollution invisible », Thalassa (France 3), mai 2009 

« Du poison dans l’eau du robinet », France 3, 17 mai 2010 

« Du poison dans l’eau du robinet », Les documentaires France 3, 27 aout 2013 

« Le Zapping » Canal plus, 30 aout 2013 
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VII.3. Scientifiques communications  

VII.3.1. Oral communications in scientifiques congress 

Fifty-seven oral communications and numerous poster presentations (not listed here) were 

realised in scientific congress. 
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Mont-Joli, Québec, 6-9 juin 2011.  
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and the potential impact of chemical stress. 8th International Flatfish Symposium, Ijmuiden, The Nederlands, 

5-11 novembre 2011.  

Ciocan Corina M., 2012. Reference gene selection for qPCR in mussels – will we ever find a “universal 

housekeeping gene”? Presentation given by Dr. Corina Ciocan at the University of Le Havre, February 2012. 

Ciocan Corina M., Elena Cubero Leon, Jeanette Rotchell -2011. Using new molecular techniques to highlight 

cellular pathways affected by endocrine disruption. Oral presentation, Interreg IV DIESE CRONEXPO Joint 

Meeting Caen 2011. 

Ciocan Corina M., Elena Cubero-Leon, Keith Cornelius, Mika Peck, William J. Langston, Nick Pope, 

Christophe Minier and Jeanette M. Rotchell. 2013. Proliferating cell nuclear antigen in the gonad of 

Scrobicularia plana: molecular cloning and expression pattern in clams from natural populations. Poster 

Presentation, PRIMO 17, Algarve, Portugal. 

Ciocan Corina M., Elena Cubero-Leon, Liz Hill, Diana Alvarez Munoz ,  Mika Peck , Keith Cornelius , William 

J. Langston, Nick Pope, Christophe Minier and Jeanette M. Rotchell. 2013. Using expression of testes 
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Pollution and Ecotoxicology, Hong Kong.  

Ciocan Corina M., Elena Cubero-Leon, William J. Langston, Nick Pope, Christophe Minier , Frauke Seemann 

and Jeanette M. Rotchell. Intersexuality in Scrobicularia plana: transcriptomic analysis reveals novel genes 

involved in endocrine disruption. Poster presentation, SETAC 2012, Berlin.  

Ciocan Corina M., Elena Cubero-Leon, William J. Langston, Nick Pope, Christophe Minier and Jeanette M. 
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plana (Veneroida). Platform presentation, ESCPB Congress 2012, Bilbao, Spain.   

Ciocan Corina, 2013. Mechanisms of endocrine disruption in molluscs. Oral presentation, Final Diese meeting, 

Le Havre, France June 5th. 

Dupuy C, Auffret M, Calves I, Claireaux G, Théron M, Amerand A, Galland C, Guérard F, Loizeau V, Quiniou 

L, Sanchez W, Fournier M, Laroche J. (2011). Etude de populations naturelles de flets le long d’un gradient 

latitudinal : biomarqueurs aux niveaux cellulaire, biochimique et physiologique. Colloque 

d’Immunotoxicologie, Armand-Frappier, 17-19 novembre 2011, Esterel, Québec (Canada) 

Dupuy C, Calvès I, Pedron N, França S, Vasconcelos RP, Auffret M, Quiniou L, Laroche J. (2012). Cellular and 

molecular responses of the European flounder (Platichthys flesus) to the effects of climate change, hypoxia 

and chemical stress, in several estuaries from France to Portugal. 28th Congress – European Society for 

Comparative Physiology and Biochemistry – Bilbao, 2-5 September 2012. 

Dupuy C., C. Galland, I. Calves, M. Auffret, M. Labonne, L. Quiniou, V. Pichereau, J. Laroche. 2011. 

Responses of flounder populations to multi-stress in estuaries: Immunotoxicity, biochemical biomarkers, 

Isotopes, Life-history traits and population genetics. Joint meeting CHRONEXPO/DIESE at the University 

of Caen, INTERREG IV. 30-31 August 2011. 
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Dupuy C., C. Oudard, M. Auffret, M. Labonne, E. Morize, L. Quiniou & J. Laroche, 2010. Integration of 

physiological, immunotoxic and genetic responses of the flounder Platichthys flesus, in contaminated 

estuaries. Second Annual Steering Committee. DIESE Project, INTERREG IVA, Plymouth: 17th may 2010 

Dupuy C., I. Calves, W. Sanchez, M. Fournier, M. Auffret, L. Quiniou, J. Laroche. 2011. Réponses aux stress 

chimiques de deux espèces sentinelles de la qualité des milieux estuariens en France et au Québec : le flet et 

le poulamon.  Colloque du GDR EXECO, Arcachon : 7-8 avril 2011. 

Dupuy C., M. Auffret, I. Calves, G. Claireaux, M. Théron, A. Amérand, C. Galland, F. Guérard, V. Loizeau, L. 

Quiniou, W. Sanchez, M. Fournier, J. Laroche. 2011. Etude de populations naturelles de flets le long d’un 

gradient latitudinal : biomarqueurs aux niveaux cellulaire, biochimique et physiologique. ECOBIM 2011: 

Atelier international sur l’évaluation du stress environnemental (Effets biologiques  des contaminants 

chimiques chez les bivalves et les poissons). Institut Maurice-Lamontagne, Mont-Joli, Québec, 6-9 juin 2011.  

Galland C, Dupuy C, Capitaine C, Claves I, Auffret M, Quiniou L, Laroche J, Pichereau V (2011). Comparisons 

of liver proteomes in European flounder Platichthys flesus from three contrasted estuaries. 8th International 

Flatfish Symposium, Ijmuiden, The Nederlands, 5-11 novembre 2011.  

Galland C, Dupuy C, Quiniou L, Auffret M, Laroche J, Pichereau V. (2012). Response of the European flounder 

Platichthys flesus to experimental and in situ contaminations: a proteomic approach. 28th Congress – 

European Society for Comparative Physiology and Biochemistry – Bilbao, 2-5 September 2012. 

Galland C. Réponse du flet Européen Platichthys flesus à la contamination chimique : approche protéomique. 

Colloque de restitution final, INTERREG IVA DIESE, Le Havre, 5 juin 2013. 

Galland C., C. Dupuy, C. Capitaine, I. Calves, M. Auffret, L. Quiniou, J. Laroche, V. Pichereau. 2011. 

Proteomic analysis of the European flounder Platichthys flesus response to HAP/PCB contamination. 

SETAC EUROPE Annual Meeting, Milan, Italy, 15-19 May 2011. 

Galland C., C. Dupuy, C. Capitaine, I. Calves, M. Auffret, L. Quiniou, J. Laroche, V. Pichereau. 2011. Réponse 
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Amsterdam, November 2012. 
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Kerambrun, E., Henry, F., Cornille, V., Courcot, L., and Amara, R. Metal bioconcentrations and condition 
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