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ABSTRACT 

The aim of this work was to investigate changes cytochromes P450 (CYP450) and some mixed -

function oxidases (MFOs) activities in Mytilus galloprovincialis and Pernaperna exposed in situ 

to pollution in Agadir marine bay (South of Morocco). 

The main results showed a significant expression and induction of the analyzed activities in both 

mussels species. Thus, ethoxy-resorufin-O-deethylase (EROD) seems to be the most expressed 

MFO, while benzo[a]pyrene hydroxylase (BPH) would appear to be the most induced. 7-

methoxy-resorufin-O-demethylase (MROD), benzyloxy-resorufin O-debenzylase (BROD) and 

pentoxy-resorufin O-depentylase (PROD) activities are also expressed to a minor degree; 

however, they tend to be induced by the pollution in the polluted site (Anza). 

The immunodetection of P4501A confirmed the results of the enzymatic measurements to which 

it seems to be complementary. 

These results provide a first baseline of mixed-function oxidases (MFO) in Mytilus 

galloprovincialis and Pernaperna living in the Agadir bay and enable us to propose the activities 

of these enzymes, in particular BPH and EROD, as a biomarker of environmental pollution. 

Keywords: Agadir marine bay - Biomarker - BPH - BROD - Cytochromes P450 - EROD - 

Mixed function oxidases (MFO) - Morocco - Mytilus galloprovincialis - Pernaperna- Pollution - 

PROD. 

1. INTRODUCTION 

Chemical pollution of marine ecosystems has led to the development of analytical techniques 

capable of detecting a wide spectrum of pollutants. Until the 1980s, monitoring of these 

ecosystems was based on chemical methods allowing the evaluation of the chemical 

contaminant’s concentrations in compartments of the environment (water, sediment and 

organisms). However, such methods, essential for identifying   contaminants, remain insufficient 

to provide information on the real impact of chemical pollution on the life of these ecosystems. 
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Indeed, there is a growing interest in the study and use of biological and particularly biochemical 

parameters, as indicators of environmental pollution, also known as biomarkers (Narbonne et al., 

1991; Livingstone, 1993; Livingstone et al., 1997). Their use, at molecular or cellular level, have 

been proposed as sensitive early warning tools for biologic effect measurement in environmental 

quality assessment (Binelliet al., 2006). Such parameters are also used in a predictive way, 

allowing the application of strategies before environmental damage which can be irreversible 

(Paniagua-Michel and Olmos-Soto, 2016). 

In the marine ecosystems, many biomarkers are currently used in international pollution 

monitoring programs in which mussels have been used as sentinel organisms, as they are capable 

of accumulate a variety of compounds at levels much higher than those found in their living 

environment (Soléet al., 1995; Livingstone 1996; Cajaravilleet al., 2000).Indeed, these 

organisms, of great ecological importance, wide geographical distribution and sessility in the 

wild preventing them from moving away from exposure to contaminants, filter feeders, 

bioaccumulate contaminants to a greater extent than the surrounding media (Cajaraville et al., 

2000) and respond significantly to contaminant exposure. These responses, called biomarkers, 

resulting from a chain of biological effects and reflecting an integration of the biotic component 

of the contaminated ecological system, are now diagnostic, prognostic and early warning tools 

that offer the potential for specificity, sensitivity and application to a wide range of organisms 

and for discriminating ecosystem contamination over broad geographic areas.  

The application of the biomarker approach was initiated in 1991 in the bay of Agadir (South of 

Morocco) well known for its fisheries resources and touristic beaches. Its use was carried out in 

the scope of biomonitoring of the health state of South Moroccan Atlantic coastal ecosystems. In 

previous studies, various biomarkers (Acetylcholinesterase, Catalase, Glutathione S-transferase 

activities and Malondialdehyde level) revealed a real disturbance of the physical and chemical 

characteristics of seawater and of marine organisms (Mytilus galloprovincialis and Perna perna) 

living in the sites receiving domestic and industrial wastewater of this ecosystem (Najimiet al., 

1997, Moukrimet al., 1997; Kaayaet al., 1999). 

This work aims to expand the panel of biochemical indicators of pollution tested to cytochromes 

P450 and some mixed-function oxidases (MFO) activities in Mytilus galloprovincialis and 

Pernaperna exposed in situ to pollution in Agadir marine bay (South of Morocco). Five types of 

monooxygenases were tested comparatively in Mytilus galloprovincialis and Pernaperna living 

in a control site (Cap Ghir) and a polluted site (Anza): three dependents on P4501A (EROD and 

BPH, P4501A1-dependent, MROD P4501A2-dependent) and two other dependents of P4502B1 

(BROD and PROD). Tests for demonstrating P4501A1, by immunochemistry (Western blot), 

were also carried out, using a rat antibody directed against the P4501A1 protein which is the 

most prevalent in the different species. 

Indeed, CYP450 and MFO system has been used as a biomarker of exposure to organic 

contaminants, since induction on their concentrations and activities reflects the PAHs 

concentrations in the aquatic environment (Petushoket al., 2002; Cravoet al., 2009). These 

enzymes exist in many forms, exhibiting substrate specificity (xenobiotic), and catalyse different 

reactions. This is the case for P4501A and 2B, which are induced respectively by plane 

xenobiotics (such as PAHs and plane PCBs) and/or globular (such as non-plane PCBs). 

Furthermore, the use of P4501A has been proposed as a biomarker (Payne, 1976; Monod et al., 

1988; Vindimianet al., 1989; Burgeotet al, 1996; Burgeot&Galgani, 1998). MFO activities, such 
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as Acryl Hydrocarbon Hydroxylase (AHH), EthoxyRorufin O-Deethylase (EROD), 

EthoxyCoumarin O-Deethylase (ECOD), MethoxyRorufin O-Deethylase (MROD) and Benzo 

(a) Pyrene Hydroxylase (BPH) have also been used to measure the induction of P450 1A 

(Barnett et al. 1993). In addition, the immunochemical detection of P450 1A has been 

recommended to complete and refine the induction responses obtained (Stegman et al., 1987; 

Goskoyr&Forlin, 1992; Goksoyr, 1993). 

EROD activity appears to be the most sensitive and widely used biomarker of aquatic pollution 

in many international programs (Hodson et al., 1991; Goksoyr&Forlin, 1992; Namour, 1992; 

Burgeot&Galgani, 1998). 

As part of our study, we tested, on a preliminary basis, five types of monooxygenases in the two 

species in Cap Ghir and Anza: three P4501A-dependents activities (EROD and BPH, P4501A1-

dependent, MROD P4501A2-dependent) and two other P4502B1-dependents activities (BROD 

and PROD). Tests for demonstrating P4501A1, by immunochemistry (Western blot), were also 

performed, using a rat antibody directed against the most common P4501A1 protein in the 

different species. 

 

2. MATERIAL AND METHODS 

Sampling sites 

The study was conducted on adult mussels: Mytilus galloprovincialis and Pernaperna (40 to 60 

mm) collected in two types of sites representative of the Agadir bay: i) a reference site, Cap 

Ghir, located far from any human activity, and ii) a polluted site (Anza) that receives untreated 

industrial and domestic wastewater from the Anza zone (Figure 1). 

 

 
Figure 1: Map of sampling sites in Agadir bay(RS: Reference site and PS: Polluted site) 

 

Preparation of microsomes 
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MFO activities analysis was performed on microsomes prepared from the digestive gland 

(Hepatopancreas) of mussels (Mytilus galloprovincialis and Perna perna). The choice of this 

organ was driven by its crucial role in the metabolism of xenobiotics. 

After dissection of the animals, their digestive glands were removed and homogenized with 

Potter in phosphate buffer (100 mM pH 7.4). A pool of digestive glands from male and female 

animals is used for each sample in order to minimize sex-related variations (Michel, 1993). 

After preparation of the post-mitochondrial fraction (S9), the supernatant was centrifuged at 

105000 g for 1 hour. The pellet, corresponding to the microsomes, was collected in phosphate 

buffer (100 mM pH 7.4 containing 1 mM EDTA and 20% glycerol) and stored in liquid nitrogen 

until the time of the assay. All operations were carried out at 4 °C. 

 

Measurement of BPH activity 

The method used was that of Dehnenet al. (1973) adapted to mussels by Michel et al. (1994). 

The reaction medium contains 0.75 mg of microsomal proteins, 0.74 mM of NADPH and 2 mg 

of bovine albumin in 50 mM Tris-HCl buffer, pH 7.4. 

The reaction was initiated by the addition of benzo (a) pyrene (70 µM in methanol/acetone (v/v), 

then stopped after 10 minutes of incubation at 25 ° C with 100 µl of a mixture of 10% Triton-X-

100/Triethylamine (v/v). 

Centrifugation for 10 min at 3000 g could sometimes be used to clarify the incubate on which 

was measured the difference in fluorescence emitted in the medium, between 515 nm and 460 

nm, as an emission wavelength and at 435 nm as an excitation wavelength. 

A range of 3 hydroxy-benzo (a) pyrene allowed to calculate the equivalent amount of 3OH-BaP 

transformed per unit of time. 

In the assay, fluorescence was measured using a spectrofluorometer (Shimadzu RF-540). 

The BPH activity was expressed in picomoles of 3-hydroxybenzo(a)pyrene per mg of 

microsomal protein per minute (pmol/mg microsomal proteins/min). 

 

Measurement of EROD, MROD, BROD and PROD activities 

The protocol used for the assay of enzymatic activities mentioned above was adapted from the 

method ofBurke & Mayer (1974) which allows the fluorometric measurement of resorufin, the 

product of the deethylation reaction of a substrate which differs according to the enzyme: 7- 

ethoxyresorufin for EROD, 7-methoxyresorufin for MROD, 7-benzooxyresorufin for BROD and 

7-pentoxyresorufin. 

The reaction medium contains 0.5 mg of microsomal proteins diluted with phosphate buffer (50 

mM, 5 mM MgCl2 at pH 7.4), 1.5 µM of substrate dissolved in dimethylformamide. 

After a 5 min pre-incubation at 25 °C, the reaction was initiated by the addition of the 1 mM 

NADPH cofactor. The reaction is then stopped with trichloroacetic acid (5%). 

After centrifugation to remove the incubate, measurement of fluorescence, due to resorufin at the 

excitation and emission wavelengths of 530 nm and 585 nm, respectively, is performed on the 

supernatant. The amount of product formed per unit of time is calculated from a standard range 

of resorufin. 

In all assays, fluorescence was measured using a spectrofluorometer (Shimadzu RF-540). 

The EROD, MROD, PROD and BROD activities were expressed in picomoles of resorufin per 

mg of microsomal proteins per minute (pmol/mg microsomal proteins/min). 
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The method of Lowry et al. (1951) was used for the quantitative determination of microsomal 

proteins using bovine serum albumin as the standard. 

 

Immunodetection of P450 1A by Western Blot 

This experimental protocol consists of three steps: electrophoresis allowing the separation of 

microsomal proteins according to their molecular weight on a polyacrylamide gel, electrotransfer 

to a membrane and immunodetection using an anti-P4501A antibody. 

Electrophoresis of microsomal proteins was carried out under denaturing conditions on 10% 

polyacrylamide gel (SDS PAGE) (Laemmli, 1976). The microsomal proteins deposited in the gel 

wells migrate in Tris buffer (25 mM Tris base, 0.75 mM Glycine, 0.1% SDS,) for 2 hours at 

constant amperage (20 mA) relative to proteins of known molecular weight. 

After removing the gel from the mold, the proteins were transferred to a Polyvinylidene 

difluoride (PVDF-Millipore) membrane, in 25 mM Tris base buffer, 192 mM glycine, 15% 

methanol. 

After removing the gel from the mold, the proteins were transferred to a Polyvinylidene 

difluoride (PVDF-Millipore) membrane, in 25 mM Tris base buffer, 192 mM glycine, 15% 

methanol and 0.1% SDS (Towbinet al., 1979). 

The immunoregulation, inspired by the method of Carrièreet al. (1992), was carried out after 

protein saturation of the free sites of the membrane using a Tris base buffer 1M NaCl 3M, bovine 

albumin 3%, pH 7.4 (Tris Base Salin or TBS). 

The detection of the P4501A immobilized on the membrane was performed after incubation for 1 

hour with a primary polyclonal anti-rat P4501A antibody (diluted in TBS). After rinsing with 

TBS-Tween 80 at 0.1% and washing the membrane with TBS, a second incubation for 1 hour, 

with a secondary anti-goat IgG antibody coupled to peroxidase (diluted in TBS-BSA 1%) was 

carried out. The visualization was performed out using a solution of 3.3 ′ diaminobenzidine 

(DAB) (15 mg DAB / 100 l of dimethyl sulfoxide diluted in 1% TBS-BSA). The addition of 45 

μl of hydrogen peroxide allowed the visualization of proteins labelled with anti-P4501A 

antibodies on the membrane. 

The revelation of P4501A in the two species of mussels was performed by comparison with a 

microsomal sample of rat liver induced by βNaphthoflavone. This compound is a specific 

inducer of P4501A (Goksoyr&Förlin, 1992). 

 

Statistical analysis 

The comparison between the means was carried out by the "t" test using Statistica Software 

(Release 4.5A Statsoft Inc. Ed. 1993). 

 

3. RESULTS AND DISCUSSION 

The comparison of the expression of the EROD, BPH, MROD, BROD and PROD activities 

between each other shows significantly that microsomal EROD activity is better expressed in the 

digestive gland of Mytilus galloprovincialis and Pernaperna than other activities. This 

observation is recorded for both control and polluted mussels (Figure 2). 
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Figure 2: BPH, EROD, MROD, BROD and PROD activities in Mytilus galloprovincialis (Mg) 

and Pernaperna (Pp) in the Cap Ghir and Anza sites; Values represent the mean (n = 6) ± SED 

 

BPH, MROD and BROD activities are expressed in a moderate degree, whereas PROD activity 

is weakly expressed. These results reflect the good expression of EROD, as an MFO of the 

P4501A family, compared to other types of activities of the same family or another one of P450 

family. The difference in expression between MFOs is known for many isoforms and in different 

aquatic species (Stegman et al., 1987; Monod et al., 1988; Stegman & Hahn, 1994). 

The examination of these activities according to the species shows that, irrespective of the site, 

BPH, EROD (except for Anza) and BROD activities are significantly higher in Pernaperna than 

in Mytilus galloprovincialis. However, no significant difference was recorded for the MROD and 

PROD activities. This kind of specific difference is known for monooxygenases that can vary 

widely between species (Andersson &Forlin, 1992). Indeed, difference of levels of microsomal 

CYP content was described in MytilusedulisandMytilusgalloprovincialis(Livingstoneet al., 1989) 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/mytilus
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and in freshwater gastropod mollusks, Potamopyrgusantipodarumand Valvatapiscinalis 

(Gagnaireet al., 2010). 

In fact, notable differences between marine species have been reported both for the baseline 

levels of P4501A, for dependent enzymatic activities and for the induction of these activities by 

certain pollutants (Goksoyr, 1995; Stien, 1998). 

The comparison of the BPH, EROD, MROD, BROD and PROD activities according to the site 

shows that the highest values are recorded in the animals of the polluted site. Such variations 

would certainly be related to the pollution status of this plant which receives domestic and 

industrial wastewater from the city of Anza. This pollution effect is best illustrated by expressing 

it through the induction factor of the measured MFOs. This factor was calculated as the ratio of 

the MFO activities between those of the polluted site and those of the reference site (Figure 3).  

 
Figure 3: Induction factors of BPH, EROD, MROD, BROD and PROD activities by pollution of 

the Anza site in Mytilus galloprovincialis and Pernaperna; Values represent the mean (n = 6) ± 

SED 

 

The induction of MFO activities by Anza's domestic and industrial wastewater depends on the 

enzyme measured. Indeed, among the five MFOs measured and whatever the species, the BPH 

activity seems to be significantly the most induced. On the other hand, no significant difference 

related to the mussel species was recorded. This result could explain the fact that EROD is more 

widely used as a pollution biomarker in fish (Burgeot et al., 1996; Burgeot&Galgani, 1998), 

while BPH is under development in mussels (Michel et al., 1993; Burgeot&Galgani, 1998). The 

induction of MFOs tested by pollution would certainly be linked to the presence of contaminants 

such as PAHs and PCBs in the polluted site (Anza). Indeed, according to Kaaya (2002), the Anza 

site is more contaminated with PAHs than the Cap Ghir site. 

The correlation between PAH levels and induction of MFO activities has been described by 

various authors in many marine species whose works proposed MFO, and particularly EROD 

and BPH, as biomarkers of marine pollution (Burgeotet al. 1994; Michel et al., 1994; Fenetet al., 

1996 and 1997; Burgeot&Galgani 1998; Michel et al. 1998, Akchaet al. 2000; Amuthaet al., 

2009; Lopes et al., 2012). 

The results concerning the immunodetection of P450 1A, which was complementary to the study 

of MFO P450 1A activities, are presented in Figure 4. 
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Figure 4: Immunodetection of P4501A on the hepatopancreas microsomes of Mytilus 

galloprovincialis (Mg) and Pernaperna (Pp) collected at Cap Ghir and Anza. 150 μg of 

microsomal proteins per well, MgA: Hepatopancreas microsomes of Mg collected at Anza, 

RβNF1: Rat microsomes induced by undiluted β-naphthoflavone, PpA: Hepatopancreas 

microsomes of Pp collected at Anza, RβNF2: Rat microsomes induced by diluted β-

naphthoflavone at 1/100, MgC: Mg hepatopancreas microsomes collected at Cape Ghir, PpC: 

Pp hepatopancreas microsomes collected at Cap Ghir, Std: Molecular weight standards 

The comparison of their migration with that of the hepatic microsomal proteins of rats treated 

with βNaphthoflavone (βBNF) (specific inducer of P450 1A) reveals two major bands "MgA" 

and "PpA", which were strongly immunoreactive with the anti-rat P4501A antibody was strong. 

These bands correspond respectively to the microsomes of the digestive gland of Mytilus 

galloprovincialis and Pernaperna of the polluted site. These proteins have an apparent molecular 

weight, close to that of rat P4501A (bands RβNF1 and 2), between 45,000 and 52,000 Da. 

Indeed, bands well detected for "MgA" and "PpA" and less detectable for "MgC" and "PpC" 

correspond respectively to the microsomes of Mytilus galloprovincialis and Pernaperna of the 

polluted and reference site. 

The intense bands clearly demonstrate that P4501A is induced in the microsomes of mussels 

from the polluted site. These results should be correlated with those obtained by measuring the 

MFO P4501A-dependent activities: BPH, EROD and MROD and PAH content in the sediments. 

Our results also show that the anti- (rat hepatic P4501A) antibody is able to react with 

microsomal antigenic proteins of hepatopancreas, Mytilus galloprovincialis and Pernaperna. 

This could be explained by the similarities between P4501A from mussels and rats. This 

similarity of P4501A is known in many species (Goksoyr&Forlin, 1992; Forlin&Celander, 

1993). 

Similar results have been described following in situ studies in different fish species (Goskoyret 

al., 1991; Stegeman & Hahn 1994; Fenet, 1997) and in Mytilus edulis and Mytilus 

galloprovincialis (Livingstone et al., 1995; Porte et al., 1995; Wootton et al., 1995). In addition, 

numerous studies have revealed the induction of other types of by Western blotting or 

immunodetection (Miranda et al., 1990; Goskoyret al., 1991; Stegeman et al., 1991). The 

revelation by western blot analysis of CYPIA-like protein in digestive gland microsomes of 
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Mytilus galloprovincialis was also described by Peters et al. (1998). Moreover, Porte et al. 

(1995) showed the recognition by anti-CYPIA fish antibodies of a partially purified P450 from 

Mytilus edulis. 

Ours results provide evidence of the molecular presence, expression and induction by pollution 

of CYP1A gene in mussel, Mytilus galloprovincialis and Pernaperna. The same result was 

described after exposition of mussels to planar PAHs and PCBs (Livingstone 1991) and in the 

field (Wotton et al., 1995). On the other hand, Canova et al. (1998) have decribed a significant 

increase in CYPIA-like immunopositive proteins recorded in mussels exposed to B[a]P. 

Furthermore, several authors propose immunological determination as a biomarker and as a 

complement to catalytic tests, to solve the problem of loss and denaturation of P4501A-

dependent MFOs during sample storage (Forlinet al., 1985; Goksoyr, 1991; Forlin&Celander, 

1993; Kloepper-Sams& Benton, 1994; Collier et al., 1995). 

All of these results show that P4501A-dependent MFOs, validated as biomarkers via EROD, can 

also be measured by immunodetection. This type of study could provide a very useful 

complement to the determination of catalytic activities in the detection of responses induced by 

organic pollutants.  

 

4. CONCLUSION 

The results above highlighted the BPH, EROD, MROD, BROD and PROD activities in Mytilus 

galloprovincialis and Pernaperna collected in the bay of Agadir (South of Morocco). These 

activities are expressed and induced at different levels in these animals. Thus, EROD would be 

the most expressed MFO, while the BPH would seem to be the most induced. 

MROD, BROD and PROD activities are also expressed to a lesser degree, however, they would 

seem to be induced by pollution in Anza. 

The immunodetection of P4501A confirmed the results of the enzymatic measurements to which 

would appear to be complementary. These results are in favor of a study to validate the use of 

MFOs, in particular BPH and EROD, as a biomarker of environmental pollution.  
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