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Abstract: This work aims to assess the spatial and temporal variations of four biomarkers activi-
ties and to integrate their biological responses in a battery using the gastropod Phorcus turbinatus.
The monitoring was carried out during the period between April 2014 and January 2015 at six
stations along the northern and the northeastern coasts of Tunisia. The Fulton condition factor
was estimated and the activities of catalase, acetylcholinesterase and glutathione-S-transferase were
evaluated by spectrophotometry. A multi-biomarker battery approach was used to assess ecosystems’
condition and to identify environmental impacts on the organisms. The results suggest that the
enzymatic activities of CAT and GST depend especially on seasons. As for AChE activity, it was
similar between seasons and stations. The values of the integrated biological response were maximal
at Jarzouna in summer and at Sidi Daoued in winter, indicating the presence of severe stressors
suffered by the organisms. This perturbation may be due to the enrichment of the waters by xenobi-
otics, namely polycyclic aromatic hydrocarbons, insecticides, phosphate wastes, PCBs and pesticides.
Thus, P. turbinatus seems to be a good bioindicator of chemical pollution, constituting an adequate
tool for a bio-monitoring program.

Keywords: oxidative stress; rocky shoreline; contamination; bioindicator

1. Introduction

The rocky shoreline shelters a significant richness in species of ecological, patrimo-
nial and economic interest [1]. However, the population explosion and the concentrations
of coastal anthropogenic activities, particularly urban, industrial and agricultural activ-
ities, expose it to a great quantity pollution of various natures [2]. These environments
represent important sources of xenobiotics, including persistent organic pollutants (POPs)
and, more specifically, polycyclic aromatic hydrocarbons (PAHs) [3]. These hydrophobic
and liposoluble compounds are resistant to photochemical and biological degradation,
which promotes their bioaccumulation in the adipose tissues of marine organisms [4]. In ad-
dition to POPs, metals, organotin and organometallic compounds and carbon monoxides
(CO) damage water and sediment quality [3]. Pyrolytic origin has been identified as the
main source of petroleum compounds (PAHs) in coastal sediments of the Mediterranean,
and of Tunisia in particular [5,6]. They are derived from the ballasting and dismantling of
tankers, oily bilge discharges, refinery effluents, municipal waste, rejected lubricating oils
and chronic or accidental oil inputs [6–8].

The rocky coasts of Tunisia are known to be strongly affected by organostannic
compounds (tributyltin TBT) and heavy metals [9,10]. In addition, high total hydrocarbon
concentrations were reported in the surface sediment of many areas of the Tunisian coasts,
namely Bizerte Jarzouna (602–1270 µg/g) [11], Ghar el Melh lagoon (39.59–655.28 ng/g of
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dry weight) [12], Bizerta lagoon (83.3–447.08 ng/g of dry weight) [13], the Gulf of Tunis
(14.7–618.1 ng/g) [14], Monastir Bay (25.6–576.8 ng/g of dry weight) [8] and the region of
Khniss (between 2280 and 7700 µg/g) [15]. Similarly for the Gulf of Gabès, in the eastern
Mediterranean zone, [16] showed a high contamination of the surface sediment of the
Sfax-Kerkennah canal by polycyclic aromatic hydrocarbons, especially near the port of
Sfax (175–10,769 ng/g dry weight of sediment). Note that this contamination was not
limited to the sediment but also affected benthic organisms inhabiting those shores. In fact,
chemical analysis of the tissue of the mussel Mytilus galloprovincialis Lamarck, 1819 [6]
showed that tissues from the Gulf of Tunis and the Galite station were strongly affected by
total PAHs (68.6 and 69.7 µg/kg). These authors suggested that the waters of the Gulf of
Tunis are contaminated with benzo [a] anthracene (8–9.2 µg/kg), chrysene (7.3–9.7 µg/kg),
fluoranthene (10.1–11 µg/kg), phenanthrene (8.8–10.3 µg/kg) and pyrene (9.5 µg/kg) [6].

According to [17], the exposure of marine organisms to pollutants generates oxidative
stress resulting from an imbalance between the production of reactive oxygen species (ROS)
and the mechanisms of antioxidant defenses. Thus, alteration of the cellular systems occurs,
namely an enzymatic inactivation and a lipid per-oxidation [18]. This is manifested either
by binding of the free radicals formed to the soluble or membranous biomolecules of the
organism or by reaction of these biomolecules with the thiol groups (SH) [19]. The toxic
effects of these radicals are neutralized by the antioxidant enzymes superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GSH-Px), glutathione-S-transferase (GST)
and glutathione reductase (GR) [20]. In addition, many molecules, such as glutathione
(GSH), A, C, and E vitamins can participate in the removal process of oxidizing radi-
cals [17]. Hence, the activities of antioxidant enzymes were widely used as biomarkers
for early warnings of aquatic pollution using bioindicator species able to accumulate
pollutants [20–22]. More specifically, CAT is known forits function of removing hydro-
gen peroxide during basal metabolism in aerobic organisms but also to be induced by
various organic pollutants such as polycyclic aromatic hydrocarbons and polychlorinated
biphenyls [19,23]. The activity of GST is often used as a biomarker of organochlorine
compounds [24,25]. AChE is involved in synaptic neurotransmission and is often used as
a biomarker of exposure to neurotoxic compounds such as organophosphorus pesticides
and carbamates [26,27].

The gastropod P. turbinatus (Born, 1778) is often considered as a good bioindicator
since it is directly linked to the bottom, widespread along the rocky shores and sedentary
(low movement) [10,28,29]. However, the potential biological effects of these contaminants
remain unknown and little studied. Indeed, no work has focused on the environmental
quality monitoring based on biochemical criteria integrating different biomarkers using
this species in Tunisia. In order to identify the effect of chemical pollutants, particularly
petroleum, on the benthic ecosystem along the coastal northern and north-eastern fringe of
Tunisia, it was essential to establish a biomarker battery based on the metabolic response
of CAT, GST, AChE and Fulton condition factor K.

The main objectives of this work are (i) to assess the general condition of P. turbinatus
organisms collected from the northern and the north-eastern coasts of Tunisia by estimating
the Fulton condition factor (K) during four seasons, (ii) to study spatiotemporal fluctuations
of the metabolic activity in the digestive glands by analyzing four biomarkers (CAT,
AChE, GST and Fulton condition factor K), and (iii) to adapt an integrated biological
response battery representing the degree of oxidative stress derived from contamination
by organic pollutants.

2. Material and Methods

In order to estimate the variation of Fulton condition factor and of the biomarker
activities in P. turbinatus, seasonal monitoring was carried out during the period from
April 2014 to January 2015 at six stations (Jarzouna, La Goulette, Korbous, Sidi Daoued,
Kelibia and Monastir), along the northern and the northeastern coasts of Tunisia (Figure 1).
Note that the choice of this species is justified by its high abundance, its rapid and continu-
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ous renewal and its reproductive strategies [30,31]. The stations of Jarzouna (37◦15′52.16′′

N 9◦53′36.05′′ E), La Goulette (36◦49′08.37′′ N 10◦18′38.49′′ E), Sidi Daoued (37◦02′40.03′′

N 10◦91′09.69′′ E), Kelibia (36◦83′31.71′′ N 11◦11′66.47′′ E) and Monastir (35◦77′34.61′′ N
10◦83′75.78′′ E) are known for their contamination and their proximity to potential sources
of pollution (harbors, industrial zones, urban areas) [10]. Korbous station (36◦50′31.52′′ N
10◦34′09.90′′ E) was chosen as a reference as it hosts rare and endangered species such as
Patella ferruginea Gmelin, 1791 and Pinna nobilis Linnaeus, 1758 [10]. Moreover, this station
showed the minimal sedimentological content in Cu and Cd, the lowest intrinsic Cu, Zn
and Hg concentrations in the whole organism of P. turbinatus and the lowest mean concen-
trations of metallothioneins for all seasons except for autumn in the digestive glands of
the species [10]. The salinity, the water temperature, the dissolved oxygen level and the
potential of hydrogen were recorded in the field by the correspondent portal devices [10].
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Figure 1. The location of the sampling stations.

At each station and season, a sample (n = 10) of adult specimens (size > 1.2 cm) was
taken. The organisms were transported to the laboratory alive in sea water. The size
(cm) and the total weight (g) were measured for all the sampled individuals which were
dissected 6 to 7 h later. The digestive glands, region of pollutants storage, were extracted,
weighed and frozen at −80 ◦C until biochemical analysis. The Fulton condition factor (K)
was estimated in the same individuals according to the formula K = Total weight/size3 [32].

Note that the winter coincides with December, January, and February, the spring with
March, April, and May, the summer coincides with June, July, and August, and the autumn
coincideswith September, October, and November.

2.1. Samples Grinding

A 0.1 g sample of digestive gland was added to 1 mL of PBS (0.1 M, pH = 7.8) and
then grounded using an Ultra-Turrax. A centrifugation at 10,000× g (10 min at 4 ◦C)
enabled us to obtain a supernatant aliquoted into Eppendorf tubes and stored at −80 ◦C
for consequent biochemical assays of CAT, AChE and GST [33].

2.2. Determination of Total Protein

The total protein concentrations within the digestive gland were determined using the
Biuret colorimetric method [33,34]. A volume of 20 µL of the glandular sample was added
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to 1 mL of Gornall reagent (31.9 mmol/L of sodium potassium tartrate, 0.6 mol/L of copper
sulphate, 30 mmol/L of potassium iodide, 0.6 mol/L of sodium hydroxide). The whole
was incubated at room temperature (20–25 ◦C), then the optical density was measured at a
wavelength λ = 546 nm. The optical density of the standard solution of bovine albumin
(50 g/L) was estimated under the same conditions in order to evaluate the total protein
concentration in g/L [34].

2.3. Catalase

Twenty microlitersof glandular homogenate was mixed with 1 mL of phosphate
buffer (0.1 M, 50 mM TRIS, pH = 7.4). The reaction was initiated by the addition of H2O2.
Its evolution was noted every 15 s for one minute by spectrophotometry at a wavelength
λ = 240 nm against a white tube containing 1 mL of phosphate buffer [35].

2.4. Glutathione-S-Transferase

The GST assay was performed using the method of Habig et al. (1974). Fifty microliter-
sof sample was mixed with 400 µL of phosphate buffer (0.1 M, 50 mM TRIS, pH 7.4), 530 µL
of distilled water and 10 µL of GSH (100 mM). The reaction was initiated by the addition
of 10 µL of CDNB (100 mM) to the reaction solution. The optical density is followed per
minute for 1 to 4 min at a wavelength λ = 340 nm against a white tube containing the same
reagents and considered under the same conditions [36].

2.5. Acethylcholinesterase

The determination of the activity of AChE was performed using the method of [37].
The DTNB and the ATCi solutions (0.2 and 3 mM, respectively) were freshly prepared on
the analyses day. A volume of 1.8 mL of phosphate buffer, 50 µL of the sample and 50 µL
of DTNB were pre-incubated at 37 ◦C. The addition of 50 µL of ATCi sets off the reaction
whose evolution were followed during 4 min at a wavelength λ = 405 nm [37]. For each
sample, a control without ATCi substrate showed the possible presence of thiol groups
able to react with the DTNB. An enzyme-free control measured the spontaneous hydrolysis
of ATCi.

The distribution of the studied biomarkers among seasons and among stations was ob-
tained by the realization of a multiple factorial analysis (MFA) using the XLSTAT software.
The correlations between these biomarkers and the physicochemical factors according
to seasons and to stations were evaluated by principal component analysis (PCA) using
the R2.14.1 software. In addition, CAT, GST, AChE and Fulton condition factor k were
used to calculate IBR values at each station during the four study seasons and to establish
corresponding stars plot.

2.6. Integrated Biological Response IBR

Although biomarkers provide valuable information, their use could be limited by a
lack of integrated statistical analyses [17,38]. Therefore, it would be necessary to incorporate
them into a general framework facilitating data analysis and interpretation in order to
provide an integrated relative measure of the overall health of coastal areas. The integrated
biological response (IBR) has been applied in numerous field studies in mussels [39],
daphnids [38], green crab Carcinus maenas [40] and in fish [41–43].

The modified multi-biomarker battery approach of [44] was used to assess the health
status of ecosystems and to identify the impacts of environmental stress on organisms.
The variance of the data was reduced and standardized by the logarithmic transformation
Yi = log(Xi/X0), where Xi is the estimated value for a biomarker in an individual i sampled
at a given site and X0 is the average for a biomarker calculated based on the data used
as a reference. The mathematical rules controlling the reduced centered normal law are
then applied to the log-transformed data. Thus, the position of each sample compared to
the general mean of the considered population is traced by determining the parameter Zi

for each specimen according to the relation Zi =
Yi−µ

σ , where µ is the general mean of a
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biomarker at a given site and σ is the standard deviation. In order to create the baseline
adjusted to 0 and to represent the variation of the biomarkers along this line, the normalized
average of the biological responses (Zi) and the mean of the reference data (Z0) were used
to define a gap index of biomarkers (Ai): Ai = Zi − Z0. Thereafter, the absolute values
of A parameters calculated for each biomarker at each study site are summed as follows:
IBR = ∑|A|.

For one site, A parameters are reported in a star-plot indicating each biomarker
deviation compared to the reference line 0. The area exceeding the value 0 reflects the
induction of the biomarker and the area below 0 indicates its inhibition.

3. Results
3.1. Fulton Condition Factor (K)

This factor ranges between a minimum of 0.431 estimated in autumn at Sidi Daoued
station and a maximum of 0.594 obtained in summer in Monastir (Figure 2).
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Figure 2. Seasonal evolution of the activity of the four studied biomarkers (spring 2014–winter 2015)
in the digestive gland of P. turbinatus at the different study stations.

3.2. Catalase

The values of the enzymatic activity of CAT oscillate between a minimum recorded at
La Goulette during the summer (1.417 ± 4.8 nmol/min/mg of proteins) and a maximum
estimated at the same station in winter (14.511± 7.35 nmol/min/mg of proteins) (Figure 2).
Throughout the whole study period, the evolution of CAT activity showed a decrease in
summer followed by a rise in cold seasons. For all the study stations, the minimum values
for this activity were recorded in summer, whereas the maximum values were recorded in
winter except for Sidi Daoued station, where CAT activity was maximal in autumn.

3.3. Glutathione S-Transferase (GST)

GST activity measured in the digestive gland of P. turbinatus oscillates between a
minimum of 1.99 ± 0.69 nmol/min/mg of proteins noted at Monastir in summer and a
maximum of 7.46 ± 3.49 nmol/min/mg of proteinsestimated at Zarzouna station in winter
(Figure 2). The enzyme activity was close during the spring, summer and autumn and
reached its maximal values in winter for all the stations except Monastir, which showed a
maximum of 4.87 ± 1.88 nmol/min/mg of proteins in the spring.
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3.4. Acetylcholinesterase (AChE)

The AChE activity measured in the digestive gland of P. turbinatus oscillates between a
minimum of 12.76 ± 11.03 nmol/min/mg of proteins noted at Kélibia station in spring and
a maximum of 146.28 ± 51.64 nmol/min/mg of proteins recorded at La Goulette station
during the same season (Figure 2).

The application of the multiple factorial analyses (MFA) allowed the study of the
distribution of the estimated variables (biomarkers) and to compare them among stations
and among seasons (Figure 3). This analysis showed that AChE activity was correlated to
the Fulton condition factor and that CAT activity was related to GST activity according to
seasonal variation. As for the spatial variation, it was shown that the activities of the three
enzymes (CAT, AChE and GST) were interconnected. The principal component analysis
(PCA) of the studied biomarkers and the physicochemical factors depending on stations
revealed that the two first axes explained 75.99% of the total data variability (Figure 4a).
The first principal component was represented by K values (0.918) linked to the pH (0.881),
to AChE activity (0.743) and to O2 values (−0.783). As for the second principal compo-
nent, it was essentially influenced by the water temperature (0.833) and the GST activity
(−0.763). The same analysis performed depending on seasons showed that the two first
axes explained 89% of the total data variability (Figure 4b). The first principal component
was represented by the temperature (0.842) related to the pH (0.849), to salinity (0.730),
to CAT and GST activities (−0.998 and −0.965, respectively) and to O2 values (−0.960).
As for the second principal component, it was mainly influenced by Fulton condition factor
values (−0.803).

 

Fig. 3 Variables distribution on the first plane (1,2) of MFA depending on spatial and seasonal variation 
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3.5. Integrated Biological Response IB

The estimation of the integrated biological responses during the four seasons made it
possible to evaluate the health state of P. turbinatus. This value varies depending on the
degree of stress at each station (Table 1). This IBR showed its maximum at Jarzouna station
in the summer (7.1014) and at Sidi Daoued station in the winter (7.1307).

Table 1. IBR values in P. turbinatus during the four seasons at the different study stations.

Stations Spring 2014 Summer 2014 Autumn 2014 Winter 2015

Jarzouna 2.1235 7.1014 4.2104 3.4296

La Goulette 5.8597 3.1587 4.0036 3.9436

Sidi Daoued 2.6256 4.0106 4.4448 7.1307

Kélibia 2.0367 3.5005 2.5134 5.6174

Monastir 5.5657 4.0106 2.4611 5.7923

The star plot (Figure 5) enabled representing the deviation of each studied biomarker
compared to the reference station (Korbous).

During the spring, the species showed a low metabolic effort at Kélibia station,
while this effort was higher in individuals collected from La Goulette and Monastir ex-
plaining a greater stress at these levels. The activity of GST was maximal compared to
other biomarkers.

In summer, the most important biological response occurred at Sidi Daoued and
Jarzouna stations, with maximal activity of the CAT enzyme. The metabolic activity of
the individuals taken from Kélibia was mainly dominated by GST whereas those from La
Goulette showed a low metabolic effort absorbed mainly by CAT.

The snails collected during the autumn were characterized by a strong biological
response of the GST, especially at Jarzouna station.This activity was less important for the
other biomarkers at the remaining stations. As for Sidi Daoued and La Goulette stations,
the biological response of the organisms was mainly explained by GST and AChE activities.

During the winter, the metabolic effort of P. turbinatus species was maximal at La
Goulette station, dominated essentially by Fulton condition factor (K). This effort devoted
to the increase was lower in the individuals from Sidi Daoued and Monastir. As for the
integrated biological response of the individuals from Kelibia, it was mainly absorbed by
the Fulton condition factor and the CAT and GST activities (Figure 5).
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4. Discussion

This work aims to diagnose the current state of the benthic ecosystem along the
northern and the northeastern coast of Tunisia under pressure from chemical pollutants,
and more specifically petroleum. To do this, a seasonal evaluation of four biomarkers
activities was performed in the gastropod P. turbinatus. We found that the study species
may be a good bioindicator of organic pollution, constituting a suitable material for a
marine bio-monitoring program. Many other studies [3,38,39] reported the usefulness of
antioxidants as early warning systems on ecosystems’ health. These non-specific metabolic
responses depend on the intensity and the duration of the oxidative stress supported by
the organisms. Thus, antioxidant parameters may serve as biomarkers of complex marine
contamination using marine invertebrates [45].

The Fulton condition factor is one of the most commonly used biomarkers of initial se-
lection. It was chosen as a preliminary biomarker of selection to provide data about energy
storage varying according to the life cycle of the organism, the physicochemical and nutri-
tional factors.It also constitutes an indicator of exposure to environmental toxicants [46].
In this study, the reported seasonal variation of this factor suggests that the metabolic effort
devoted to the growth of the organisms depends on the environmental factors and the gen-
eral state of oxidative stress characterizing each season. In fact, the Fulton condition factor
(K) was maximal in summer and minimal in winter, indicating that P. turbinatus appears
to be more sensitive to oxidative stress and to live in unbalanced metabolic states during
these seasons. The similarity of this factor depending on stations (Figure 2) could be related
to trophic availability in all the study localities [10], in particular the RhodophyceaeNemalion
helminthoides and Rissoella verruculosa, potential foods of this gastropod [47].

According to [19], the activity of CAT, indicating the degree of cells alteration,
depends on the physicochemical factors of the environment, especially temperature and
dissolved oxygen. This correlation seems to justify the catalytic activity noted in the
present work which was minimal in summer and maximal in winter. These results cor-
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roborate those of [48] in P. articulatus species taken from the same station with a CAT
activity ranging between 0.82 ± 1.97 nmol/min/mg of proteinsat Sidi Daoued station in
summer and 15.46 ± 9.41 nmol/min/mg of proteinsestimated at La Goulette in autumn.
Additionally, [3] suggested stimulation of CAT activity in the goby Pomatoschistus microps
taken from Portugal during the cold seasons (autumn and winter). This enzyme is also sen-
sitive to various organic contaminants, including pesticides and chemical fertilizers known
to increase its activity [49,50]. In fact, the use of pesticides is increased in the north and
northeast sector of the country where farms and agricultural lands are concentrated [49].
Moreover, this fringe is jointly contaminated by urban discharges and hydrocarbons evacu-
ated in harbors by transiting ships [9]. In this context, [45,51,52] reported that CAT activity
was often induced by exposure to PAHs, COs and PCBs. In addition, a significant increase
in CAT activity was observed in the digestive gland of mussels exposed to paraquat (herbi-
cide) [53] and to menadione (naphthoquinone) [54]. Note that long exposure to petroleum
compounds may lead to CAT response reduction due to superoxide radical fluxes which
prevent catalytic activity [55]. These data could explain the low activity of this enzyme
at Sidi Daoued compared to the other stations and the decrease in its activity during the
spring and the summer characterized by an intense maritime traffic. The catalytic activities
recorded in this study were much lower than those recorded by [56] and by [57] in Ruditapes
decussatus taken from Bizerta lagoon (80 and 100 nmol/min/mg of proteins, respectively).

The activity of GST is generally induced by organochlorine compounds (DDT, dieldrin,
chlordane, heptachlor, etc.) [24] but it could also be accelerated by metals, particularly
copper. Indeed, this biomolecule is provided with an adaptive and protective role against
the oxidative stress caused by these substances [58]. It responds to the accumulation of
metals by the production of superoxide ions which induce superoxide dismutase (SOD) to
transform the superoxide radical into H2O2 [58]. Therefore, the high enzymatic activities
of GST reported in the present study at Jarzouna, La Goulette and Sidi Daoued stations
during the autumn seem to be related to high doses of copper [10] and of organochlorine
compounds [6,14]. In addition, these areas are subject to phosphate waste discharge from
the electrical transformers sites in Menzel Bourgiba, Tunis and Beni Khiar (Nabeul) and
polyurethane-chloro biphenyl (PCB) sites in Bizerte, Tunis, Nabeul and Monastir [59].
The low GST responses recorded at Jarzouna and Kélibia stations in the spring and at
Kélibia in the autumn may be related to the high concentrations of toxic substances that
could inhibit or even deactivate GST activity [45]. As for [39], they reported a negative
correlation between GST activity and salinity by means of experimental tests using mussels.
This could explain, in our case, the low activity of this biomarker in the study monodont
observed in summer in comparison with other seasons at all the stations [10]. The assay of
this enzyme, in the present work, showed values (1.99 ± 0.69–7.46 ± 3.49 nmol/min/mg
of proteins) similar to those estimated by [48] in P. articulatus(between a minimum of
2.35 ± 0.84 nmol/min/mg of proteinsnoted at La Goulette in winter and a maximum of
6.49± 4.75 nmol/min/mg of proteinsestimated at Kelibia station in autumn),but lower than
those estimated by [29] in the mantle of P. turbinatus taken from the eastern coasts of Algeria
(1.2 ± 0.14–21.9 ± 14.84 µMol/mn/mg of proteins). Our estimates were also much lower
than those of [40,57,60]. These latter recorded a GST activity of about 500 nmol/min/mg of
proteins in the digestive gland of Ruditapes decussatus (Bizerta Lagoon). [40] also reported
strong enzymatic activity of GST in Carcinus maenas taken from six sites in Monastir Bay
(between 70 and 180 µmol/min/mg protein). As for [60], they assessed very high doses
of GST in the digestive glands of Perna perna (350 nmol/min/mg of proteins) and Mytilus
galloprovencialis (360 nmol/min/mg of proteins) collected from the Bay of Agadir (South
of Morocco).

In invertebrates, AChE, a general physiological stress marker [49,61], is inhibited by
insecticides, including permethrin (neurotoxin), which causes acetylcholine accumulation
in the synaptic space [62]. This action maintains a permanent transmission of the nerve
impulses leading generally to the muscular tetany and to the death of the organism [63].
In addition, [39] related the inhibition of AChE in transplanted mussels from a control to
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a polluted site (Bay of Cannes) to the high contamination of the site by copper. For this
purpose, the low enzymatic response of this enzyme observed in the present work in La
Goulette, Sidi Daoued and Monastir during the summer could be due to the high Cu
concentration at these levels [10] and to the increased use of insecticides in the agricul-
tural lands surrounding these coasts [62,64]. The activity of this enzyme was similar at
all the study stations, with a minimum noted in Korbous. These recorded values are
considerably lower than those estimated by [29] (11.75 ± 1.7 µMol/min/mg of proteins
to 80 ± 19.57 µMol/min/mg of proteins) and higher than those reported by Kamel et al.
(2012) in the digestive gland of Ruditapes decussatus taken from an aquaculture farm at
Menzel Jemil (Tunisia) (ChE: 1.1–1.5 nmol/min/mg of proteins).

It should be noted that integrated biological response (IBR) analysis make it possible
to understand the contribution of the various biomarkers to the metabolic response of
this trochus and to assess the degree of stress depending on stations and on seasons.
It was proved that the stations of Jarzouna (summer 2014) and of Sidi Daoued (Winter
2014) seem to be the sites that are most affected by pollutants. This appears to reflect the
presence of high stress suffered by these organisms. Indeed, these two zones are subject
to several industrial and urban stressors and include large fishing ports with continuous
maritime activity [9]. The maximal IBR values were synchronized with the minimal
values of the Fulton condition factor (K), probably related to the reproductive activity
of organisms during the summer and the autumn [30]. These results corroborate those
of [3], who reported high biological activity when Fulton condition factor values were
low, probably in relation to the reproductive status of Pomatoschistus microps taken from
Portugal. In our case, the biological response was minimal during spring and autumn,
mainly due to the activity of GST. This seems to indicate a physiological equilibrium in
the studied organisms during these two seasons, which are characterized by a strong algal
presence and a decrease in the concentrations of toxic substances [10].

However, anthropogenic inputs and/or environmental conditions are not the only
phenomena involved in the metabolic response. Populations collected from different
stations may exhibit a large genetic polymorphism and not respond in the same way to the
ecosystem changes. Indeed, the enzymatic activity could also vary according to their sexual
maturity and their physiological state [19]. According to [65], it seems that the selection
of an appropriate battery of biomarkers could avoid incorrect answers obtained with a
single biomarker and would summarize the information in a set of multivariate data [65].
Note that the value of the IBR, which is a mathematical relationship, becomes increasingly
credible with the increase in the number of used biomarkers and the decrease in their
relative weights [66]. For this reason, it would be essential to raise the number of biomarkers
in future bio-surveillance programs for a better understanding of the physiological state of
the organisms in a given ecosystem.

5. Conclusions

This work constitutes a preliminary investigation of the activities of four biomark-
ers in P. turbinatus along the rocky coasts of the northern and the northeastern parts of
Tunisia. According to the obtained results, the study species seems to be a good bioindi-
cator of organic pollution, constituting a suitable material for a marine bio-monitoring
program. Moreover, the studied biomarkers responses do not depend on stations and seem
to fluctuate according to seasons except for AChE. This appears to reflect the intensities of
contamination and possible interactions between pollutants varying according to physico-
chemical factors. Indeed, the stress reported in these monodonts seems to be derived from
the enrichment of the waters of the northern and the northeastern coasts of Tunisia with
toxic pollutants, namely polycyclic aromatic hydrocarbons, insecticides, phosphate wastes,
PCBs and pesticides. Overall, the IBR Index provided an integrated view of the biological
effects of pollution and classified the health status of the organisms in coastal areas while
discriminating seasonal patterns of contamination. In addition, our selected biomarkers
seem to correspond with the objectives of the ecotoxicological study by being either early
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warning signals (GST, CAT, AChE) or adverse effects of chemical exposure (Fulton con-
dition factor K). However, this work deserves to be extended in space, towards the south
of the country (Gulf of Gabes), and in time, with a monthly or even daily monitoring of
the environmental factors to confirm or affirm the absence of spatial variation reported in
the present work. Moreover, the number of combined biomarkers needs to be increased in
order to obtain a better representation that is more useful for the decision-makers.

Author Contributions: Conceptualization, Investigation, Software, Writing and Original Draft
Preparation were performed by W.B.; Methodology, Validation and Formal Analysis were assured
by M.L. and the Review and Editing, Supervision, and Project Administration were made by S.Z.-T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study,
due to the high abundance of this species. Even so, the animals were collected in small quantities
(n = 10) and were transported to the laboratory and treated without massacring them.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors are grateful to the members of the Laboratory of Endocrinology and
Physiology of Aggression for their welcome and their cooperation. We also wish to acknowledge the
suggestions and comments of the reviewers for their effort to improve the quality of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Coll, M.; Piroddi, C.; Albouy, C.; Ben Rais-Lasram, F.; Cheung, W.W.L.; Christensen, V.; Karpouzi, V.S.; Guilhaumon, F.;

Mouillot, D.; Paleczny, M.; et al. The Mediterranean Sea under siege: Spatial overlap between marine biodiversity, cumulative
threats and marine reserves: The Mediterranean Sea under siege. Glob. Ecol. Biogeogr. 2012, 21, 465–480. [CrossRef]

2. Zorita, I.; Apraiz, I.; Ortiz-Zarragoitia, M.; Orbea, A.; Cancio, I.; Soto, M.; Marigómez, I.; Cajaraville, M.P. Assessment of biological
effects of environmental pollution along the NW Mediterranean Sea using mussels as sentinel organisms. Environ. Pollut. 2007,
148, 236–250. [CrossRef] [PubMed]

3. Serafim, A.; Company, R.; Lopes, B.; Fonseca, V.F.; França, S.; Vasconcelos, R.P.; Bebianno, M.J.; Cabral, H.N. Application of an
integrated biomarker response index (IBR) to assess temporal variation of environmental quality in two Portuguese aquatic
systems. Ecol. Indic. 2012, 19, 215–225. [CrossRef]

4. Eduljee, G.H. Budget and Source Inventories. In Persistent Organic Pollutants; Springer: Boston, MA, USA, 2001; p. 128.
5. Benlahcen, K.T.; Chaoui, A.; Budzinski, H.; Bellocq, J.; Garrigues, P. Distribution and sources of polycyclic aromatic hydrocarbons

in some Mediterranean coastal sediments. Mar. Pollut. Bull. 1997, 34, 298–305. [CrossRef]
6. Galgani, F.; Martínez-Gómez, C.; Giovanardi, F.; Romanelli, G.; Caixach, J.; Cento, A.; Scarpato, A.; BenBrahim, S.; Messaoudi, S.;

Deudero, S.; et al. Assessment of polycyclic aromatic hydrocarbon concentrations in mussels (Mytilus galloprovincialis) from the
Western basin of the Mediterranean Sea. Environ. Monit. Assess. 2011, 172, 301–317. [CrossRef]

7. Ben Said, O.; Goñi-Urriza, M.S.; El Bour, M.; Dellali, M.; Aissa, P.; Duran, R. Characterization of aerobic polycyclic aromatic
hydrocarbon-degrading bacteria from Bizerte lagoon sediments, Tunisia. J. Appl. Microbiol. 2008, 104, 987–997. [CrossRef]

8. Nouira, T.; Tagorti, M.A.; Budzinski, H.; Etchebert, H.; Boussetta, H. Polycyclic aromatic hydrocarbons (PAHs) in surface sediments
of Monastir Bay (Tunisia, Central Mediterranean): Distribution, origin and seasonal variations. Int. J. Environ. Anal. Chem. 2013, 93,
1470–1483. [CrossRef]

9. Boulajfene, W.; Boukhicha, J.; Deidun, A.; Berto, D.; Romeo, T.; Ben Hassine, O.K.; Tlig-Zouari, S. Biomonitoring of the
environmental contamination by organotins in the Gulf of Tunis: Occurrence of imposex in Stramonita haemastoma (Linnaeus,
1767). Mar. Freshw. Res. 2015, 66, 778–785. [CrossRef]

10. Boulajfene, W.; Strogyloudi, E.; Catsiki, V.A.; El Mlayah, A.; Tlig-Zouari, S. Bio-monitoring of metal impact on metallothioneins
levels in the gastropod Phorcus turbinatus (Born, 1778) in the northeastern and the eastern coasts of Tunisia. Mar. Pollut. Bull.
2017, 120, 274–285. [CrossRef] [PubMed]

11. Trabelsi, S.; Driss, M.R. Polycyclic aromatic hydrocarbons in superficial coastal sediments from Bizerte Lagoon, Tunisia. Mar.
Pollut. Bull. 2005, 50, 344–348. [CrossRef]

12. Zrafi-Nouira, I.; Khedir-Ghenim, Z.; Zrafi, F.; Bahri, R.; Cheraeif, I.; Rouabhia, M.; Saidane-Mosbahi, D. Hydrocarbon Pollution
in the Sediment from the Jarzouna-Bizerte Coastal Area of Tunisia (Mediterranean Sea). Bull. Environ. Contam. Toxicol. 2008,
80, 566–572. [CrossRef] [PubMed]

13. Ben Ameur, W.; Trabelsi, S.; Driss, M.R. Polycyclic Aromatic Hydrocarbons in Superficial Sediments from Ghar El Melh Lagoon,
Tunisia. Bull. Environ. Contam. Toxicol. 2010, 85, 184–189. [CrossRef]

http://doi.org/10.1111/j.1466-8238.2011.00697.x
http://doi.org/10.1016/j.envpol.2006.10.022
http://www.ncbi.nlm.nih.gov/pubmed/17240014
http://doi.org/10.1016/j.ecolind.2011.08.009
http://doi.org/10.1016/S0025-326X(96)00098-7
http://doi.org/10.1007/s10661-010-1335-5
http://doi.org/10.1111/j.1365-2672.2007.03621.x
http://doi.org/10.1080/03067319.2012.746325
http://doi.org/10.1071/MF13301
http://doi.org/10.1016/j.marpolbul.2017.05.022
http://www.ncbi.nlm.nih.gov/pubmed/28527742
http://doi.org/10.1016/j.marpolbul.2004.11.031
http://doi.org/10.1007/s00128-008-9421-x
http://www.ncbi.nlm.nih.gov/pubmed/18478171
http://doi.org/10.1007/s00128-010-0044-7


Life 2021, 11, 529 12 of 13

14. Mzoughi, N.; Chouba, L. Distribution of trace metals, aliphatic hydrocarbons and polycyclic aromatic hydrocarbons in sediment
cores from the Sicily Channel and the Gulf of Tunis (south-western Mediterranean Sea). Environ. Technol. 2011, 32, 43–54.
[CrossRef]

15. Zrafi, I.; Hizem, L.; Chalghmi, H.; Ghrabi, A.; Rouabhia, M.; Saidane-Mosbahi, D. Aliphatic and Aromatic Biomarkers for
Petroleum Hydrocarbon Investigation in Marine Sediment. J. Pet. Sci. Eng. 2013, 2, 145–155. [CrossRef]

16. Zaghden, H.; Tedetti, M.; Sayadi, S.; Serbaji, M.M.; Elleuch, B.; Saliot, A. Origin and distribution of hydrocarbons and organic
matter in the surficial sediments of the Sfax-Kerkennah channel (Tunisia, Southern Mediterranean Sea). Mar. Pollut. Bull. 2017,
117, 414–428. [CrossRef]

17. Melila, M.; Poutouli, W.; Amouzou, K.S.; Gado, T.; Tchao, M.; Doh, A. Évaluation de l’impact du rejet des déchets phosphates
dans la mer sur la biodiversité marine dans trois localités côtières au Togo à partir des biomarqueurs du stress oxydatif chez
Sphyraena barracuda (HECKEL, 1843). Int. J. Biol. Chem. Sci. 2012, 6, 820–831. [CrossRef]

18. Lushchak, V.I. Environmentally induced oxidative stress in aquatic animals. Aquat. Toxicol. 2011, 101, 13–30. [CrossRef] [PubMed]
19. Dellali, M.; Romeo, M.; Aissa, P. Suivi annuel de l’activité catalase chez des moules et des palourdes originaires de la lagune de

Bizerte. Oceanol. Acta 2001, 24, 263–271. [CrossRef]
20. Yİldİrİm, N.C.; Benzer, F.; Danabas, D. Evaluation of environmental pollution at Munzur River of Tunceli applying oxidative

stress biomarkers in Capoeta trutta (Heckel, 1843). J. Anim. Plant. Sci. 2011, 21, 66–71.
21. Farombi, E.O.; Adelowo, O.A.; Ajimoko, Y.R. Biomarkers of oxidative stress and heavy metal levels as indicators of environmental

pollution in African cat fish (Clarias gariepinus) from Nigeria Ogun River. Int. J. Environ. Res. Public Health 2007, 4, 158–165.
[CrossRef] [PubMed]

22. Velkova-Jordanoska, L.; Kostoski, G.; Jordanoska, B. Antioxidative enzymes in fish as biochemical indicators of aquatic pollution.
Bulg. J. Agric. Sci. 2008, 14, 235–237.

23. Angel, D.L.; Fiedler, U.; Eden, N.; Kress, N.; Adelung, D.; Herut, B. Catalase activity in macro-and microorganisms as an indicator
of biotic stress in coastal waters of the eastern Mediterranean Sea. Helgol. Mar. Res. 1999, 53, 209–218.

24. Hoarau, P.; Gnassia-Barelli, M.; Romeo, M.; Girard, J.P. Differential induction of glutathione S-transferases in the clam Ruditapes
decussatus exposed to organic compounds. Environ. Toxicol. Chem. 2001, 20, 523–529. [CrossRef] [PubMed]

25. Hoarau, P.; Garello, G.; Gnassia-Barelli, M.; Roméo, M.; Girard, J.P. Effect of three xenobiotic compounds on Glutathione
S-Transferase in the clam Ruditapes decussatus. Aquat. Toxicol. 2004, 68, 87–94. [CrossRef]

26. Binelli, A.; Ricciardi, F.; Riva, C.; Provini, A. New evidences for old biomarkers: Effects of several xenobiotics on EROD and
AChE activities in Zebra mussel (Dreissena polymorpha). Chemosphere 2006, 62, 510–519. [CrossRef]

27. Galgani, F.; Bocquene, G. Semi-automated colorimetric and enzymatic assays for aquatic organisms using microplate readers.
Water Res. 1991, 25, 147–150. [CrossRef]

28. Belhaouari, B.; Rouane-Hacene, O.; Bouhadiba, S.; Boutiba, Z. Utilisation d’un Gastéropode marin Osilinus turbinatus en
biosurveillance marine: Application aux métaux lourds du littoral algérien occidental. J. Sci. Hal. Aquat. 2011, 3, 89–96.

29. Boucetta, S.; Beldi, H.; Draredja, B. Seasonal Variation of Heavy Metals in Phorcus (Osilinus) turbinatus (Gastropod, Trochidae) in
the Eastern Algerian Coast. Glob. Vet. 2016, 17, 25–41.

30. Bode, A.; Lombas, I.; Anadon, N. Preliminary studies on the reproduction and population dynamics of Monodonta lineata and
Gibbula umbilicalis (Mollusca, Gastropoda) on the central coast of Asturias (N. Spain). Hydrobiologia 1986, 142, 31–39. [CrossRef]

31. Garwood, P.R.; Kendall, M.A. The Reproductive Cycles of Monodonta Lineata and Gibbula Umbilicalis on the Coast of Mid-Wales.
J. Mar. Biol. Assoc. United Kingd. 1985, 65, 993–1008. [CrossRef]

32. Fulton, T.W. The Sovereignty of the Sea: An Historical Account of the Claims of England to the Dominion of the British Seas, and of the
Evolution of the Territorial Waters, with Special Reference to the Rights of Fishing and the Naval Salute; Blackwood and Sons: Edinburgh,
UK, 1911.

33. Annabi, A.; Dhouib Bini, I.; Lasram, M.; Gharbi, N.; El Fazâa, S. Oxidative stress, biochemical alterations, and hyperlipidemia in
female rats induced by lead chronic toxicity during puberty and post puberty periods. Iran. J. Basic Med. Sci. 2015, 18, 1034–1043.

34. Gornall, A.G.; Bardawill, C.J.; David, M.M. Determination of serum proteins by means of the biuret reaction. J. Biol. Chem. 1949,
177, 751–766. [CrossRef]

35. Cohen, G.; Dembiec, D.; Marcus, J. Measurement of catalase activity in tissue extracts. Anal. Biochem. 1970, 34, 30–38. [CrossRef]
36. Habig, W.H.; Pabst, M.J.; Jakoby, W.B. Glutathione S-transferases. The first enzymatic step in mercapturic acid formation. J. Biol.

Chem. 1974, 249, 7130–7139. [CrossRef]
37. Ellman, G.L.; Courtney, K.D.; Andres, V.; Featherstone, R.M. A new and rapid colorimetric determination of acetylcholinesterase

activity. Biochem. Pharmacol. 1961, 7, 88–95. [CrossRef]
38. Arzate-Cárdenas, M.A.; Martínez-Jerónimo, F. Age-altered susceptibility in hexavalent chromium-exposed Daphnia schodleri

(Anomopoda: Daphniidae): Integrated Biomarker Response implementation. Aquat. Toxicol. 2011, 105, 528–534. [CrossRef]
39. Damiens, G.; His, E.; Gnassia-Barelli, M.; Quiniou, F.; Roméo, M. Evaluation of biomarkers in oyster larvae in natural and

polluted conditions. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2004, 138, 121–128. [CrossRef]
40. Jebali, J.; Ben-Khedher, S.; Ghedira, J.; Kamel, N.; Boussetta, H. Integrated assessment of biochemical responses in Mediterranean

crab (Carcinus maenas) collected from Monastir Bay, Tunisia. J. Environ. Sci. 2011, 23, 1714–1720. [CrossRef]
41. Kim, W.K.; Lee, S.K.; Jung, J. Integrated assessment of biomarker responses in common carp (Cyprinus carpio) exposed to

perfluorinated organic compounds. J. Hazard. Mater. 2010, 180, 395–400. [CrossRef] [PubMed]

http://doi.org/10.1080/09593330.2010.483598
http://doi.org/10.14355/jpsr.2013.0204.01
http://doi.org/10.1016/j.marpolbul.2017.02.007
http://doi.org/10.4314/ijbcs.v6i2.24
http://doi.org/10.1016/j.aquatox.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/21074869
http://doi.org/10.1016/S0399-1784(01)01145-8
http://doi.org/10.3390/ijerph2007040011
http://www.ncbi.nlm.nih.gov/pubmed/17617680
http://doi.org/10.1002/etc.5620200310
http://www.ncbi.nlm.nih.gov/pubmed/11349852
http://doi.org/10.1016/j.aquatox.2004.03.001
http://doi.org/10.1016/j.chemosphere.2005.06.033
http://doi.org/10.1016/0043-1354(91)90023-J
http://doi.org/10.1007/BF00026745
http://doi.org/10.1017/S0025315400019470
http://doi.org/10.1016/S0021-9258(18)57021-6
http://doi.org/10.1016/0003-2697(70)90083-7
http://doi.org/10.1016/S0021-9258(19)42083-8
http://doi.org/10.1016/0006-2952(61)90145-9
http://doi.org/10.1016/j.aquatox.2011.08.006
http://doi.org/10.1016/j.cca.2004.05.010
http://doi.org/10.1016/S1001-0742(10)60617-1
http://doi.org/10.1016/j.jhazmat.2010.04.044
http://www.ncbi.nlm.nih.gov/pubmed/20452121


Life 2021, 11, 529 13 of 13

42. Oliveira, M.; Ahmad, I.; Maria, V.L.; Pacheco, M.; Santos, M.A. Monitoring pollution of coastal lagoon using Liza aurata kidney
oxidative stress and genetic endpoints: An integrated biomarker approach. Ecotoxicology 2010, 19, 643–653. [CrossRef] [PubMed]

43. Wang, C.; Lu, G.H.; Song, W.T.; Xu, S.; Wang, P.F. Integrated biomarker response index for the assessment of environmental stress
of the Yangtze River (Nanjing section). Fish. Physiol. Biochem. 2010, 36, 1069–1078. [CrossRef]

44. Sanchez, W.; Burgeot, T.; Porcher, J.M. A novel “Integrated Biomarker Response” calculation based on reference deviation concept.
Environ. Sci. Pollut. Res. 2013, 20, 2721–2725. [CrossRef]

45. Richardson, B.J.; Mak, E.; De Luca-Abbott, S.B.; Martin, M.; McClellan, K.; Lam, P.K.S. Antioxidant responses to polycyclic
aromatic hydrocarbons and organochlorine pesticides in green-lipped mussels (Perna viridis): Do mussels “integrate” biomarker
responses? Mar. Pollut. Bull. 2008, 57, 503–514. [CrossRef] [PubMed]

46. Van der Oost, R.; Beyerb, J.; Vermeulen, N. Fish bioaccumulation and biomarkers in environmental risk assessment: A review.
Environ. Toxicol. Pharmacol. 2003, 13, 57–149. [CrossRef]

47. Boudouresque, C.F. Excursion au Cap-Croisette (Marseille): Le Milieu Marin, 13th ed.; GIS Posidonie Publishers: Marseilles, France,
2013; p. 152.

48. Boulajfene, W.; Strogyloudi, E.; Lasram, M.; El Mlayah, A.; Vassiliki-Angelique, C.; Zouari-Tlig, S. Biological and biochemical
assessment in Phorcus articulatus (Lamarck 1822): Contamination and seasonal effect. Environ. Monit. Assess. 2019, 191, 555.
[CrossRef] [PubMed]

49. Bejaoui, S.; Boussoufa, D.; Tir, M.; Haouas-gharsallah, I.; Boudawara, T.; Ghram, A.; El-Cafsi, M.; Soudani, N. DNA damage and
oxidative stress in digestive gland of Venerupis decussata collected from two contrasting habitats in the southern Tunisian coast:
Biochemical and histopathological studies. Cah. Biol. Mar. 2017, 58, 123–135.

50. Rodríguez-Ariza, A.; Peinado, J.; Pueyo, C.; López-Barea, J. Biochemical Indicators of Oxidative Stress in Fish from Polluted
Littoral Areas. Can. Spec. Publ. Fish. Aquat. Sci. 1993, 50, 2568–2573. [CrossRef]

51. Barhoumi, B.; Menach, K.L.; Clérandeau, C.; Ameur, W.B.; Budzinski, H.; Driss, M.R.; Cachot, J. Assessment of pollution in the Bizerte
lagoon (Tunisia) by the combined use of chemical and biochemical markers in mussels, Mytilus galloprovincialis. Mar. Pollut. Bull.
2014, 84, 379–390. [CrossRef] [PubMed]

52. Krishnakumar, P.K.; Casillas, E.; Varanasi, U. Cytochemical responses in the digestive tissue of Mytilus edulis complex exposed
to microencapsulated PAHs or PCBs. Comp. Biochem. Physiol. Part C Pharmacol. Toxicol. Endocrinol. 1997, 118, 11–18. [CrossRef]

53. Wenning, R.J.; Di Giulio, R.T.; Gallagher, E.P. Oxidant-mediated biochemical effects of paraquat in the ribbed mussel, Geuken-
sia demissa. Aquat. Toxicol. 1988, 12, 157–170. [CrossRef]

54. Livingstone, D.R.; Martinez, P.G.; Michel, X.; Narbonne, J.F.; O’Hara, S.; Ribera, D.; Winston, G.W. Oxyradical Production as
a Pollution-Mediated Mechanism of Toxicity in the Common Mussel, Mytilus edulis L., and Other Molluscs. Funct. Ecol. 1990,
4, 415–424. [CrossRef]

55. Stanic, B.; Andric, N.; Zoric, S.; Grubor-Lajsic, G.; Kovacevic, R. Assessing pollution in the Danube River near Novi Sad (Serbia)
using several biomarkers in sterlet (Acipenser ruthenus L.). Ecotoxicol. Environ. Saf. 2006, 65, 395–402. [CrossRef] [PubMed]

56. Jebali, J.; Banni, M.; Almeida, E.A.D.; Boussetta, H. Oxidative DNA damage levels and catalase activity in the clam Ruditapes
decussatus as pollution biomarkers of Tunisian marine environment. Environ. Monit. Assess. 2007, 124, 195–200. [CrossRef]

57. Kamel, N.; Jebali, J.; Banni, M.; Ben Khedher, S.; Chouba, L.; Boussetta, H. Biochemical responses and metals levels in Ruditapes
decussatus after exposure to treated municipal effluents. Ecotoxicol. Environ. Saf. 2012, 82, 40–46. [CrossRef]

58. Kádár, E.; Costa, V.; Santos, R.S. Distribution of micro-essential (Fe, Cu, Zn) and toxic (Hg) metals in tissues of two nutritionally
distinct hydrothermal shrimps. Sci. Total Environ. 2006, 358, 143–150. [CrossRef] [PubMed]

59. Srarfi, F.; Slim-Shimi, N. Evaluation simplifiée des risques: Une approche qui s’applique au nord de Tunisie. Larhyss J. 2004,
186, 185–196.

60. Kaaya, A.; Najimi, S.; Ribera, D.; Narbonne, J.F.; Moukrim, A. Characterization of glutathione S-transferases (GST) activities
in Perna perna and Mytilus galloprovincialis used as a biomarker of pollution in the Agadir Marine Bay (South of Morocco).
Bull. Environ. Contam. Toxicol. 1999, 62, 623–629. [CrossRef] [PubMed]

61. Damiens, G.; Gnassia-Barelli, M.; Loquès, F.; Roméo, M.; Salbert, V. Integrated biomarker response index as a useful tool for
environmental assessment evaluated using transplanted mussels. Chemosphere 2007, 66, 574–583. [CrossRef]

62. Aouini, F.; Boussoufa, D.; Ghribi, F.; Bejaoui, S.; Navarro, J.; El Cafsi, M. Short term exposure to permethrin alters lipid classes
and fatty acid composition of the unfed clam Donax trunculus from Tunisian coast (Southern Mediterranean). Cah. Biol. Mar.
2017, 58, 163–172.

63. Matozzo, V.; Tomei, A.; Marin, M.G. Acetylcholinesterase as a biomarker of exposure to neurotoxic compounds in the clam Tapes
philippinarum from the Lagoon of Venice. Mar. Pollut. Bull. 2005, 50, 1686–1693. [CrossRef]

64. Chalghmi, H.; Bourdineaud, J.P.; Haouas, Z.; Gourves, P.Y.; Zrafi, I.; Saidane-Mosbahi, D. Transcriptomic, Biochemical, and Histopatho-
logical Responses of the Clam Ruditapes decussatus from a Metal-Contaminated Tunis Lagoon. Arch. Environ. Contam. Toxicol. 2016,
70, 241–256. [CrossRef] [PubMed]

65. Beliaeff, B.; Burgeot, T. Integrated biomarker response: A useful tool for ecological risk assessment. Environ. Toxicol. Chem. 2002,
21, 1316–1322. [CrossRef] [PubMed]

66. Broeg, K.; Westernhagen, H.; Zander, S.; Körting, W.; Koehler, A. The “bioeffect assessment index” (BAI). Mar. Pollut. Bull. 2005,
50, 495–503. [CrossRef] [PubMed]

http://doi.org/10.1007/s10646-009-0436-9
http://www.ncbi.nlm.nih.gov/pubmed/19916048
http://doi.org/10.1007/s10695-010-9384-9
http://doi.org/10.1007/s11356-012-1359-1
http://doi.org/10.1016/j.marpolbul.2008.02.032
http://www.ncbi.nlm.nih.gov/pubmed/18499194
http://doi.org/10.1016/S1382-6689(02)00126-6
http://doi.org/10.1007/s10661-019-7726-3
http://www.ncbi.nlm.nih.gov/pubmed/31401704
http://doi.org/10.1139/f93-280
http://doi.org/10.1016/j.marpolbul.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/24913071
http://doi.org/10.1016/S0742-8413(97)00076-5
http://doi.org/10.1016/0166-445X(88)90033-1
http://doi.org/10.2307/2389604
http://doi.org/10.1016/j.ecoenv.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16194569
http://doi.org/10.1007/s10661-006-9217-6
http://doi.org/10.1016/j.ecoenv.2012.05.008
http://doi.org/10.1016/j.scitotenv.2005.09.003
http://www.ncbi.nlm.nih.gov/pubmed/16209883
http://doi.org/10.1007/s001289900920
http://www.ncbi.nlm.nih.gov/pubmed/10227843
http://doi.org/10.1016/j.chemosphere.2006.05.032
http://doi.org/10.1016/j.marpolbul.2005.07.011
http://doi.org/10.1007/s00244-015-0185-0
http://www.ncbi.nlm.nih.gov/pubmed/26077924
http://doi.org/10.1002/etc.5620210629
http://www.ncbi.nlm.nih.gov/pubmed/12069320
http://doi.org/10.1016/j.marpolbul.2005.02.042
http://www.ncbi.nlm.nih.gov/pubmed/15907491

	Introduction 
	Material and Methods 
	Samples Grinding 
	Determination of Total Protein 
	Catalase 
	Glutathione-S-Transferase 
	Acethylcholinesterase 
	Integrated Biological Response IBR 

	Results 
	Fulton Condition Factor (K) 
	Catalase 
	Glutathione S-Transferase (GST) 
	Acetylcholinesterase (AChE) 
	Integrated Biological Response IB 

	Discussion 
	Conclusions 
	References

