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Abstract
Toxicity caused by exposure to pollutants from marine sediments is a consequence of the interaction between biota and 
xenobiotics most frequently released by anthropogenic activities. The present work intended to characterize the toxicity of 
natural sediments putatively impacted by distinct human activities, collected at several sites located in the south of the Gulf 
of Gabes, Zarzis area, Tunisia. The selected toxicity criteria were analysed following ecologically relevant test conditions. 
Organisms of the polychaete species Hediste diversicolor were chronically exposed (28 days) to the mentioned sediments. 
Toxicity endpoints were biomarkers involved in the toxic response to common anthropogenic chemicals, namely neurotoxic 
(acetylcholinesterase), anti-oxidant (catalase, glutathione peroxidase), metabolic (glutathione S-transferases) enzymatic 
activities, and oxidative damage (lipid peroxidation, TBARS assay). The chemical characterization of sediments showed that 
the samples collected from the site near an aquaculture facility were highly contaminated by heavy metals (Cd, Cu, Cr, Hg, 
Pb, and Zn) and polycyclic aromatic hydrocarbons (fluorene, phenanthrene, anthracene, fluoranthene and pyrene). H. diver-
sicolor individuals exposed to the sediments from this specific site showed the highest values among all tested biomarkers, 
suggesting that these organisms were possibly under a pro-oxidative stress condition potentially promoted by anthropogenic 
pollution. Moreover, it was possible to conclude that individuals of the polychaete species H. diversicolor responded to the 
chronic exposure to potentially contaminated sediments from the southeast coast of Tunisia, eliciting adaptive responses of 
significant biological meaning.

Environmental marine pollution is a major public and sci-
entific concern. Severe environmental restrictions can be 
imposed to organisms living in marine areas, especially in 
terms of adaptation to extreme conditions and unpredict-
able biological and ecological consequences (Matthiessen 
and Law 2002; Amado et al. 2006). These assumptions are 
particularly important for coastal areas and highly impacted 
zones under the influence of distinct environmental stressors 
(Coll et al. 2010). The Mediterranean Sea, a semienclosed 
basin where waters are slowly renewed (15 years for deep 
waters) (Zaghden et al.2016), can be more impacted than 
larger oceans, being more vulnerable to environmental pol-
lution pressures (Zaghden et al. 2014, 2016). In the past 
few decades, the progressive economic development along 
the Mediterranean coastline has resulted in substantial envi-
ronmental changes (Barhoumi et al. 2014). The bioaccu-
mulative chemicals resulting from various urbanization and 
industrialisation processes have been discharged into this 
Sea via coastal outfalls, rivers, and atmospheric deposition 
(Saliot 2004; Zaghden et al. 2014). Due to these growing 
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anthropogenic activities, the Mediterranean coastal envi-
ronments are increasingly exposed to various contaminants, 
particularly from the heavy metal pollution (Rabaoui et al. 
2014; Akcil et al. 2015). Heavy metals are among the most 
common pollutants responsible for severe deterioration of 
the aquatic ecosystems (Ruilian et al. 2008). They can be 
found in urbanized and nonurbanized areas, as well in the 
water column and sediments where they persist, being ulti-
mately absorbed by marine species (Rabaoui et al. 2014). 
If they exceed specific levels, they could be considered as 
a potential environmental threat due to their toxicity, per-
sistence, and bioaccumulation profiles (Vieira et al. 2011; 
Wang et al. 2015). This specific class of pollutants is consid-
ered as a threat, not only to marine biodiversity, but also to 
humans, through the consumption of heavy metal contami-
nated seafood (Rabaoui et al. 2014). An additional important 
type of contamination in this area is the hydrocarbon release, 
including of polycyclic aromatic hydrocarbons (PAHs). 
PAHs concentrations in specific areas of the Mediterranean 
(namely, the Gulf of Gabes in Tunisia) indicate the pres-
ence of a hydrocarbon profile of petrogenic and pyrolytic 
origin. Anthropogenic hydrocarbon inputs are obvious at 
sites associated with industrial discharges, shipping activi-
ties, and sewage outfalls (Zaghden et al. 2014). This con-
tamination profile is a direct consequence of the industrial 
activities established at Gabes city (Zaghden et al. 2014), 
mainly because of the chemical industries hereby (Gabes 
Ghannouch industrial complex) (Louati et al. 2001; Zaghden 
et al. 2005). Contamination in this area includes the release 
of untreated phosphogypsum wastes containing high heavy 
metal loads into the marine environment (Kharroubi et al. 
2012; El Zrelli et al. 2015). However, some southern sites 
in Tunisia, namely Djerba Island and Zarzis in particular, 
were found to be as polluted as the site of Gabes, which is 
considered as the origin of pollution (Rabaoui et al. 2014). 
Taking into account the potential presence of such specific 
contaminants, it is possible to pinpoint heavy metals and 
PAHs in particular as potential threats to marine biodiversity 
due to their putative bioaccumulation trend in the tissues of 
marine species (Rabaoui et al. 2014).

To assess the degree and the putative consequences of 
aquatic pollution, the alteration in key biological responses 
(biomarkers) of exposed organisms has been widely used 
over the past decades in environmental analysis (Lionetto 
et al. 2012). Annelid species, such as Tubifex, have been 
successfully used in toxicological studies (Lucan-Bouché 
et al. 1999). Hediste diversicolor (common ragworm) has 
been extensively used in research and was recommended for 
sediment sublethal toxicity studies (Maranho et al. 2014). 
Among faunal organisms, this particular species is often 
chosen as a sediment quality bioindicator (Catalano et al. 
2012). H. diversicolor is a widespread endo-benthic marine 
annelid species that occurs in brackish water environments, 

especially in muddy to sandy habitats (Bouraoui et al. 2009). 
It was found along the Tunisian coasts, and across all the 
Mediterranean Sea, but also in the North East and West of 
the Atlantic Ocean and in the North Sea (Cognetti and Malt-
agliati 2000). H. diversicolor individuals are tolerant to vari-
ations of environmental parameters, such as temperature and 
salinity. These characteristics make this a suitable species 
to be used in environmental studies under a broad sets of 
abiotic conditions (Ait Alla et al. 2006). This polychaete spe-
cies is regarded as highly sensitive towards metals (Moreira 
et al. 2006; Kalman et al. 2009) and organic contamination 
(Bouraoui et al. 2009) due to its close interaction with the 
environment (Scaps 2002). Consequently, H. diversicolor 
has been recommended in environmental biomonitoring 
and ecosystem management programs given its responsive-
ness to pollutants (Durou et al. 2005) but also considering 
its robustness towards the influence of confounding factors 
(Kalman et al. 2010).

Considering the putative presence of heavy metals and 
PAHs, a chronic exposure to this combination of chemi-
cal classes is likely to result in oxidative stress, metabolic 
alterations, and changes in the cholinergic neurotransmis-
sion mechanisms (Oliva et al. 2012). Therefore, the present 
study assessed the environmental effects of contaminated 
sediments from southern Tunisian coast using a biomarker 
approach. Biomarkers associated with oxidative stress, 
metabolism, and lipid peroxidation (activities of glutathione-
S-transferases: GSTs; glutathione peroxidase activity: GPx; 
activity of Catalase: CAT; levels of thiobarbituric acid reac-
tive substances: TBARS) and neurotoxicity (activity of ace-
tylcholinesterase: AChE) were evaluated in specimens tis-
sues of the polychaete H. diversicolor chronically exposed 
to marine sediments originating in different locations of the 
Tunisian southern coastal region.

Materials and Methods

Chemicals

Reduced glutathione (GSH), glutathione reductase (EC 
1.6.4.2), H2O2, and β-nicotinamide adenine dinucleotide 
phosphate (NADPH), as well as all other chemicals used 
in enzymatic assays (namely buffers) were acquired from 
Sigma Aldrich, Germany. Methanol and acetonitrile were 
obtained from Fluka (Seelze, Germany). The Bradford test 
reagent was purchased from Bio-Rad (Hercules, CA).

Sampling Sites

Sediments were collected at 5–10 cm of depth by a 0.1 m2 
Van Veen grab sampler in three sites within the Zarzis area 
(Fig. 1a), located south of the Gulf of Gabes, Medenine 
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governorate, Tunisia. Samples on the coast were raised 
using the quadrat method. Three samples were collected 
from each sampling site. An additional sample was col-
lected to determine the composition of particle size of the 
sediment and to determine heavy metals and PAHs levels. 
The three sampling sites, which were 13–42 km away from 
each another, were defined taking into consideration already 
reported anthropogenic regional pollution profiles (Rabaoui 
et al. 2014). The first sampling site (S1), designated as 
“Elmaleha,” is on the coastal area of “Ras Lamsa,” near an 
untreated domestic wastewater discharge, close to the Zarzis 
saline, at the end of the tidal channel “Bahara Alouane,” a 
canal that connects the “Sabkha El Melah” to the Mediterra-
nean (N 33°15′58.172″, E 11°17′28.485″). The second sam-
pling site (S2) was an area in the vicinity of SEPAT Aqua-
culture (N 33°28′48.09″, E 11°7′47.877″). SEPAT (Société 
d’Exploitation et de la Promotion de l’Aquaculture en Tuni-
sie) is considered as one of the five main private fish farms 
in Tunisia (Cherif et al. 2011), covering a 2-hectare area and 
producing intensively more than 200 tons/year of marine fish 
species, specifically Dicentrarchus labrax and Sparus aurata 
in cages (data from the Aquaculture Technical Center; CTA 
2017). The third sampling site (S3) is situated next to the 
Elbibane lagoon entry (N 33°25′18.541″, E 11°5′54.959″), 
an area characterized by a high conservation value being rich 

in benthic habitats and dominated by meadows of Cymo-
docea nodosa, Posidonia oceanica, and Caulerpa prolifera 
(Pergent and Zaouali 1992). This lagoon hosts the longest 
algal reef of Neogoniolithon notarisii in the Mediterranean 
Sea (Jelassi et al. 2015). The sediment samples were manu-
ally collected with a grab, over a depth not exceeding 0.5 m 
(5–10 cm), from an unpolluted reference site, located in the 
Douro Estuary, Afurada, Gaia, Portugal (Mucha et al. 2010) 
to allow further comparisons. The here-adopted reference 
site (RS) is located in the Douro Estuary (Fig. 1b) in the 
São Paio bay (41°08′29.04″N 8°39′06.77″O), Afurada, Vila 
Nova de Gaia, Portugal. This area is characterized by a high 
energetic hydro-dynamism and was considered as a refer-
ence area with low levels of both organic matter and heavy 
metals (Mucha et al. 2010).

Sediment Geochemical Analysis

Sediment Properties

Before chemical characterization, the sediments from all 
sampling sites were air-dried, crushed, and passed through 
a 2-mm sieve. The sediment pH was determined by a 
glass membrane electrode using sediment/water suspen-
sions (1/2.5, w/v) (Mseddi et al. 2016). Sediment organic 

Fig. 1   Location of sampling sites (S1, S2, and S3) and reference site (RS) where the sediments have been collected. a Tunisian coast and the 
details of the sampling locations in Zarzis. b Map of Portugal and sampling location in the Douro Estuary
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matter content was obtained according to the Walkley–Black 
method (Walkley 1947) and was calculated as the weight 
loss percentage by ignition (4 h at 550 °C). Approximately 
100 g of sediment from each sample was dried at 40 °C and 
sieved using AFNOR mesh-type sieves, varying from 2 mm 
to 63 microns (Shepard 1954).

Heavy Metal Analysis

The sediments were sieved through 2-mm nylon nets and 
their metal contents (Cd, Cr, Cu, Hg, Pb, and Zn) were 
measured following Reis et al. (2009) procedure. 300 mg of 
each sample were digested in a microwave system (model 
no. NE-1037, Panasonic) at high pressure using Parr reac-
tor bombs (model no. 4782, Parr). The metals in digested 
solutions were determined using an atomic absorption 
spectrometer (AAS; SpectrAA 220 FS, Varian) fitted with a 
deuterium lamp for background correction, a flame atomiza-
tion (Marck 7, Varian), an electrothermal atomization (Auto 
sampler 110, Varian), and cold vapour generation (VGA 77, 
Varian) depending on the metal levels in the sample and 
on the element to be analysed. External calibrations were 
performed with aqueous standards. Analytical accuracy 
was determined using a marine sediment standard reference 
material (NIST SRM 2702) with a value of recovery rang-
ing from 100 to 121%. The precision of replicate analyses 
of individual elements ranged between 2 and 11% of the 
relative standard deviation (RSD). The limits of detection 
(LOD) were calculated from the individual calibration 
curves using the three sigma criteria and were measured in 
mg/kg (Table 2). According to the guidelines of the classi-
fication of environmental quality for coastal sediments, the 
reference site was considered as class I or insignificantly 
polluted (all metals are in background levels) (SFT 2007).

Hydrocarbon Analysis

Methanol and acetonitrile were used for the PAHs extrac-
tion from sediments following the methodology used by 
Gonçalves et al. (2016). Sixteen priority PAHs concentra-
tions were quantified in sediment samples to identify the 
pollution sources. This analytical procedure was optimized 
and included an ultrasonic extraction with a solvent, clean-
up, and preconcentration by solid-phase microextraction 
(SPME) followed by gas chromatography–mass spectrom-
etry (GC–MS) analysis in selected ion storage (SIS) mode. 
Chromatographic analyses were performed in a Varian 3900 
(Walnut Creek, USA) gas chromatograph. The GC was cou-
pled with a Saturn 2000 ion trap mass spectrometer from 
Varian Instruments (Sunnyvale, CA). All samples were 
analysed in triplicate. For quality assurance, along with the 
samples, blanks were analysed after calibration and control 
standards to avoid transferring trace amounts of PAHs to 

samples. A control standard solution at 200 ng/L level (cor-
responding to a 50 g/k level in sediment matrix) and a spiked 
sample at the same level were analysed at roughly every ten 
samples interval. Results were corrected with the recover-
ies observed in samples spiked at 200 ng/L levels. During 
the method validation, the reference material IAEA 408 
and TAQC proficiency test samples were analysed to check 
the method accuracy (1.2–9.5% RSD) and to determine the 
recoveries (86–106%). The limits of detection (LOD) were 
expressed in ng/g (Table 3). According to the international 
guidelines for classification of environmental quality of 
coastal sediments, the reference site was considered as being 
unpolluted or class I (SFT 2007).

Test Organisms: Collection, Quarantine, 
Maintenance, and Exposure

Individuals of H. diversicolor were manually collected from 
estuarine sediments in the Local Natural Reserve of Douro 
Estuary in the bay of São Paio, Vila Nova de Gaia, Portugal 
(41°08′29.04″N 8°39′06.77″O), adopted as a reference site 
in this study. Individuals with a length range of 6.0–8.0 cm 
and an average wet weight of 0.3 g were selected during 
the low tide period. Before the start of exposures, worms 
were subjected to an acclimation and quarantine period of 
2 weeks, depurated, kept with filtered natural sea water with 
salinity adjusted to 25 (Moreira et al. 2005), and placed in 
natural sediment collected at the reference study site that 
was previously washed with distilled water and then air 
dried. A temperature of 20 °C has been chosen as the most 
adequate for the development of ecotoxicological testing 
with this species (Moreira et al. 2005). During this quaran-
tine period, the H. diversicolor individuals were daily fed 
with commercial fish (ActivPet®) ad libitum. The animals 
were exposed to the different contaminated sediments for 
28 days in 1.5-L plastic bottles with continuous aeration. 
The sediment samples were homogenized by removing large 
debris with a forceps. Twenty containers were used with 
three worms randomly positioned in each one respecting 
five replicates per treatment. The containers were left with 
approximately 500 g of sediment each, at a temperature of 
20 °C, a salinity of 25 and a media change every 2 days. 
During exposures, no mortality was recorded in any of the 
exposed groups. By the end of the exposure, the organisms 
were recovered from the containers, counted, and transferred 
to Eppendorf microtubes, carefully rinsed with filtered sea 
water adjusted to the salinity of 25 and stored at − 80° C 
until further analysis.

Biochemical Analysis

All of the frozen organisms were thawed on ice and tis-
sues were cut in small portions with scissors. A portion 
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of approximately one-third was used for acetylcholinest-
erase (AChE) activity quantification, and the two remain-
ing thirds were kept for oxidative stress and metabolism 
parameters determination. The samples were homogenized 
using ultrasounds (Branson S-250A) at 4 °C. For oxidative 
stress damage and metabolism parameters determinations 
(CAT, GSTs, T-GPx, Se-GPX, and TBARS), the samples 
were homogenized in a volume of 1 mL of 50 mM phos-
phate buffer pH = 7.0 with Triton X-100 0.1% (homogeni-
zation buffer). Then, the suspensions were centrifuged for 
10 min at 15,000 g at 4 °C. However, for the determination 
of AChE activity, the homogenization buffer was 0.1 M 
phosphate pH = 7.2 and centrifugation was achieved at 
3330 g for 3 min at 4 °C. All samples were centrifuged 
in a refrigerated centrifuge (Eppendorf 5810R) to obtain 
the supernatant fraction. The spectrophotometric readings 
were performed in a microplate reader Thermo Scientific; 
model Multiskan GO, with SkanIt Software 3.2.

CAT Activity Determination

CAT activity was determined by Aebi’s 1984 method by 
measuring the rate of enzymatic decomposition of H2O2 
at a wavelength of 240 nm. The activities were expressed 
in terms of H2O2 micromoles consumed per min per mg 
protein (U mg−1 protein).

GPx Determination

Total (T-GPx) and selenium-dependent (Se-GPx) GPx 
activities were quantified respectively with cumene 
hydroperoxide and H2O2 as substrates. The activity was 
monitored by following the decrease in NADPH concen-
tration (at λ = 340 nm) consumed during the generation 
of GSH from oxidized glutathione. Enzyme activity was 
calculated as nmol NADPH oxidized/min/mg protein using 
a molar extinction coefficient of 6.22 × 103 M−1 cm−1 (Liv-
ingstone et al. 1993).

GSTs Activity Determination

The GSTs determination was based on the conjugation 
reaction between 2,4-dinitrochlorobenzene (CDNB) and 
reduced glutathione (GSH), forming a thioether whose 
absorbance was monitored by following the increas-
ing absorbance at λ = 340 nm (Habig et al. 1974). The 
GSTs activity was expressed in terms of total soluble 
protein present in the samples (activity was expressed in 
mmol min−1 mg−1 protein).

Levels of Thiobarbituric Acid Reactive Substances

Oxidative damage in lipid membranes was quantified by 
measuring thiobarbituric acid reactive substances (TBARS) 
levels by determining their absorbance at a wavelength of 
535 nm (Buege and Aust 1978). The molar extinction coef-
ficient (ε) used for the calculation was 1.56 × 106 M−1 cm−1. 
TBARS concentrations were expressed in terms of malon-
dialdehyde (MDA) amount considering the samples total 
soluble protein (M mg−1 protein) (Rice-Evans et al. 1991).

AChE Activity Determination

The predominant cholinesterasic form in tissues of H. 
diversicolor is AChE (Scaps et al. 1996). The quantification 
method here-used to determine AChE activity was based on 
the determination of the acetylthiocholine degradation rate, 
by determining the formation of a yellow coloured com-
pound (5-thio-2-nitrobenzoate) whose presence was quanti-
fied at λ = 412 nm (Ellman et al. 1961). AChE activities were 
expressed as nmole min−1 mg−1 of proteins.

Total Soluble Protein Quantification

The total amount of soluble protein was determined by the 
Bradford assay (Bradford 1976) by monitoring the samples 
absorbance at a wavelength of 595 nm. Protein standards 
were prepared using γ-globulin (1 mg mL−1).

Statistical Analysis

After testing for normality (Shapiro–Wilk test) and homo-
geneity of variances (Levene test), the biomarker data were 
compared using a one-way analysis of variance (ANOVA) 
followed by a Dunnett test if needed (p < 0.05), using the 
statistical package for social sciences software (SPSS). The 
principal component analysis (PCA) was applied to establish 
relationships among geochemical and abiotic parameters. 
The results were obtained using an R script (FactoMineR 
library). Data were presented as mean (± standard devia-
tion), and the adopted level of significance (α) was 0.05.

Results

Sediment Properties and Hydrocarbon 
Contamination

The grain size analysis showed that superficial sediment 
of all areas consisted mainly of sand (between 63 μm 
and 2 mm), which widely ranged from 73 to 100%. The 
mud fraction (< 63 μm) was present mainly in the sedi-
ment collected near SEPAT aquaculture (Table 1). The 
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coarser fraction was made up primarily of gravels and 
fragments of mollusks and gastropods and was found in 
a considerable proportion at the reference site (25%). 
The texture sediment characterization classified all the 
sediments as sand, according to Chassé and Glémarec 
(1976) (Table 1). The chemical analysis results are given 
in Table 2. The concentration of each heavy metal var-
ied among the sampling sites. Heavy metals in S1, S2, 
and S3 sediments ranged from 18.20 to 32.10 mg/kg for 
Pb; 19.00–36.70 mg/kg for Zn; 5.80–16.40 mg/kg for Cr; 
3.90–13.00 mg/kg for Cu; 0.29–0.84 mg/kg for Hg; and 
0.83–2.90 mg/kg for Cd. All measured heavy metals were 
present at the reference site, except for Pb, for which lev-
els were below the limit of detection. The highest Cd, Cu, 
Cr, Hg, Zn, and Pb concentrations were all found in the 
sediments collected near SEPAT Aquaculture (S2). Again, 
the sediments collected at S2 presented the highest PAHs 
concentrations. Phenanthrene, pyrene, anthracene, fluo-
rine, and fluoanthene were detected in the sediments col-
lected at the coastline of Zarzis. The values ranged from 
14.4 to 18.0 ng/g for phenanthrene and reached 12 ng/g 
for pyrene (Table 3).  

Biochemical Markers

The CAT activity results revealed significant differences 
among animals exposed to distinct treatments (one-way 
Anova: F = 17.028; d.f. = 3, 56; p < 0.05; Fig. 2a), being 
statistically higher in organisms exposed to the sediment 
collected near SEPAT Aquaculture (S2) comparatively to the 
reference site (RS) (Dunnett test, p < 0.05). Differences in 
the activities of T-GPx (Fig. 2b) and Se-GPx (Fig. 2c) were 
also noticed among others (one-way Anovas: F = 9.928; 
d.f. = 3, 56; p < 0.05 and F = 12.465; d.f. = 3, 56; p < 0.05, 
respectively) having higher activities in organisms exposed 
to the sediments collected at Elmaleha (S1) and SEPAT 
Aquaculture (S2) (Dunnett test, p < 0.05).

The response in terms of GSTs activity observed in 
exposed organisms (Fig. 2d) showed significant differences 
among individuals exposed to the different sediments (one-
way Anova: F = 5.024; d.f. = 3, 56; p < 0.05). Organisms 
exposed to the sediment collected near SEPAT Aquacul-
ture (S2) exhibited significantly higher GSTs activity val-
ues compared with those exposed to the sediment from the 
reference site (RS) (Dunnett test, p < 0.05). The analysis of 
the TBARS levels revealed significant differences among 
the treatments (one-way Anova: F = 6.945; d.f. = 3, 56; 

Table 1   Sites, geographical location, seawater depth, pH, and physical and geochemical parameters of sediments

S1 First station designated ‘Elmaleha’, Zarzis, Tunisia. S2 Second station near SEPAT Aquaculture, Zarzis, Tunisia. S3 Third station next to the 
Elbibane lagoon entry, Zarzis, Tunisia. RS Reference site in the Douro Estuary, São Paio bay, Afurada, Vila Nova de Gaia, Portugal

Sites Latitude (N) Longitude (E) Water Sediment

Depth (m) pH pH Organic mat-
ter (%)

Gravel (%) Sand (%) Mud (%)

S1 33°15′58.172″ 11°17′28.485″ 0.40 7.82 8.56 1.77 0.91 98.64 0.45
S2 33°25′18.541″ 11°5′54.959″ 7.00 7.92 8.17 5.38 3.85 72.77 23.38
S3 33°28′48.09″ 11°7′47.877″ 3.00 8.02 8.39 6.48 0.00 100.00 0.00
RS 41°08′29.04″ 08°39′06.77″ 0.20 8.12 7.35 0.56 24.51 75.49 0.00

Table 2   Heavy metals concentrations in surface sediments collected at the Zarzis area

S1 First station designated ‘Elmaleha’, Zarzis, Tunisia. S2 Second station near SEPAT Aquaculture, Zarzis, Tunisia. S3 Third station next to the 
Elbibane lagoon entry, Zarzis, Tunisia. RS Reference site in the Douro Estuary, São Paio bay, Afurada, Vila Nova de Gaia, Portugal. LOD limit 
of detection
1 Data from Rabaoui et al. (2014). Data are presented as mean values ± SD

Sample Cd (mg/kg) Cu (mg/kg) Cr (mg/kg) Hg (mg/kg) Pb (mg/kg) Zn (mg/kg)

Metals
S1 2.10 ± 0.09 7.40 ± 0.40 11.90 ± 0.30 0.63 ± 0.01 23.30 ± 2.50 32.20 ± 3.80
S2 2.90 ± 0.13 13.00 ± 0.20 16.40 ± 0.80 0.84 ± 0.01 32.10 ± 2.70 36.70 ± 2.00
S3 0.83 ± 0.03 3.90 ± 0.10 5.80 ± 0.30 0.29 ± 0.03 18.20 ± 0.30 19.00 ± 3.10
RS < LOD < LOD < LOD < LOD 20.98 ± 3.08 < LOD
LOD 0.04 0.20 0.20 0.02 0.20 0.20
1Zarzis Area 2.12 ± 0.20

(Slightly polluted)
35.18 ± 0.70
(Slightly polluted)

97.31 ± 0.50
(Severely polluted)

0.96 ± 0.07
(Severely polluted)

27.67 ± 1.00
(Non-polluted)

98.46 ± 1.00
(Slightly polluted)
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p < 0.05; (Fig. 2e). Higher TBARS levels were observed 
in organisms exposed to the sediment collected at SEPAT 
Aquaculture (S2) (Dunnett test, p < 0.05). The AChE activity 
data is depicted in Fig. 2f. The organisms exposed to sedi-
ments from all sampling sites (S1, S2, S3) had significantly 
lower cholinesterasic values compared with those exposed 
to sediments from the reference site (RS) (one-way Anova: 
F = 46.978; d.f. = 3, 56; p < 0.05; Dunnett test: p < 0.05).

Relationships Among Biochemical, Geochemical, 
and Abiotic Parameters

A multivariate analysis was performed to compare the bio-
marker responses, metal levels, and abiotic parameters. 
According to PCA, two main components described 92.1% 
of the variation (Fig.  3). Each component is described 
according to the dominant group of variables. The first 
principal component accounting for 86.3% of the variances 
was associated with metal content as well as an increase in 
biomarker activities. Only pH was represented by the second 
component. Correlations were established to assess the rela-
tionships between metal content in sediments and biochemi-
cal responses in H. diversicolor. The results have shown that 
Cu, Cr, and Zn were strongly correlated to GSTs, Se-GPx, 
and T-GPx activities, respectively. The position of stations 
and variables in a biplot is presented in Fig. 4. The two sta-
tions (S1) “Elmaleha” and (S2) “SEPAT Aquaculture” differ 
from the other stations with their highest levels of heavy 
metals being associated to increased biological alterations.

Discussion

In the present study, the overall physical–chemical param-
eters were within the same range of values for all the three 
impacted sites. These values were similar to those reported 
in studies done in the Gulf of Gabes (Drira et al. 2014, 2016; 
Rekik et al. 2014). However, all measured heavy metals (Cd, 
Cu, Cr, Hg, Pb, and Zn) and some PAHs (phenanthrene, 
antracene, fluoranthene, and pyrene) were detected at higher 
levels in S2 compared with the other sites. It is thus possible 
to hypothesize that the major alterations found in exposed 
organisms might result from the presence of such amounts 
of these specific chemicals, whose toxicity is well known. 
Consequently, the bulk of this discussion will necessarily 
consider the differences in terms of metals and PAHS that 
were found in all analyzed sites.

The antioxidant cellular defence system plays a key role 
in protecting biological systems from ROS by regulating the 
production of free radicals and their metabolites (Deponte 
2013).The primary antioxidant enzymes against superox-
ide radicals include superoxide dismutase (SOD), catalase 
(CAT), and glutathione peroxidase (GPx). These enzymes 
act together in the metabolism of ROS and altered activ-
ity of one enzyme without compensatory changes in oth-
ers may lead to lipid peroxidation (Al-Gubory et al. 2012; 
Deponte 2013). CAT is a fundamental antioxidant enzyme 
that takes part in the defence against oxidative stress since it 
controls the amount of hydrogen peroxide (H2O2), resulting 
from normal and xenobiotic-induced metabolic processes 

Table 3   Dissolved polycyclic 
aromatic hydrocarbons (PAHs) 
concentrations in sediment 
samples collected at the Zarzis 
area

S1 First station designated ‘Elmaleha’, Zarzis, Tunisia. S2 Second station near SEPAT Aquaculture, Zarzis, 
Tunisia. S3 Third station next to the Elbibane lagoon entry, Zarzis, Tunisia. RS reference site in the Douro 
Estuary, São Paio bay, Afurada, Vila Nova de Gaia, Portugal. ND not determinate. LOD limit of detection
1 Data from Zaghden et  al. (2014). Data are presented as mean values ± SD, except for the last column 
where ranges were recorded

PAHs (ng/g) LOD S1 S2 S3 RS Sfax costal zone1

Naphthalene (NAP) 9.1 < LOD < LOD < LOD < LOD < LOD
Acenaphthylene (ACY) 8.5 < LOD < LOD < LOD < LOD ND
Acenaphthene (ACE) 6.0 < LOD < LOD < LOD < LOD ND
Fluorene (FL) 15.0 5.8 ± 0.2 5.7 ± 0.6 < LOD < LOD ND
Phenanthrene (PHE) 5.4 15.0 ± 2.0 18.0 ± 2.0 14.4 ± 0.3 < LOD 8.5–205.7
Anthracene (ANT) 6.1 6.5 ± 0.8 7.0 ± 1.0 < LOD < LOD 30.4–70.5
Fluoranthene (FLU) 2.3 < LOD 6.5 ± 0.8 < LOD 3.4 ± 0.3 15.2–251.6
Pyrene (PYR) 2.4 < LOD 12.0 ± 3.0 < LOD 6.0 ± 0.6 54.1–875.9
Benz(a)anthracene (BaA) 0.9 < LOD < LOD < LOD < LOD 32.9–36.4
Crysene (CHR) 1.0 < LOD < LOD < LOD < LOD ND
Benz(b)fluoranthene (BbF) 2.8 < LOD < LOD < LOD < LOD ND
Benz(k)fluoranthene (BkF) 3.1 < LOD < LOD < LOD < LOD 31.8–186.1
Benz(a)pyrene (BaP) 0.7 < LOD < LOD < LOD < LOD 18.7–113.0
Indene(1,2,3 cd) pyrene (IP) 16.0 < LOD < LOD < LOD < LOD ND
Dibenz(ah)anthracene (DahA) 17.0 < LOD < LOD < LOD < LOD ND
Benz(ghi)perylene (BghiP) 14.0 < LOD < LOD < LOD < LOD 14.8–151.5
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(Ferreira et al. 2005). CAT activity was significantly higher 
in H. diversicolor individuals exposed to sediments from 
SEPAT Aquaculture sampling station (S2) being possibly 
interpreted as an adaptive response to an increase in ROS 
generated due to metal and PAHs exposure. As suggested by 
other studies, the trend of higher catalase activity might be 

related to the oxidant effects elicited by exposure to heavy 
metals, which can be of great concern in marine and coastal 
ecosystems (Ferreira et al. 2005; Nunes et al. 2016). An 
increase in CAT activity in the polychaete Laeonereis acuta 
exposed to high levels of Cu has already been reported 
(Geracitano et al. 2004; Hansen et al. 2007). Cd also can 

Fig. 2   Biochemical markers (mean ± SD) according to the sampling 
sites. a Activity of the enzyme catalase (CAT). b Activity of the 
total GPx (T-GPx). c Activity of the selenium-dependent GPX (Se-
GPx). d Activity of the isoenzymes GSTs. e TBARS concentrations. 

f Activity of the acetilcolinesterase (AChE). *Statistically significant 
differences compared with the reference sampling site (Dunnett test, 
p < 0.05)
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interfere with the antioxidant defence system of P. aibuhit-
ensis (Yuan et al. 2010), because this activity decreased at 
an earlier exposure phase but increased at a later exposure 
time. Our study detected the presence of some of these met-
als, namely, Cu, Zn, and Cd, especially at the sampling site 
near SEPAT aquaculture facility, suggesting that the worms 
exposed to sediment from this location were under oxidative 

stress caused by the mentioned metals. However, the con-
tribution of PAHs to the establishment of oxidative condi-
tions cannot be discarded. A significant positive correlation 
of CAT activity with anthracene concentration in sediment 
was observed in the liver of the fish species Pomatoschistus 
microps (Vieira et al. 2008) and Solea senegalensis (Oliva 
et al. 2010) exposed to 2 mg/L of anthracene. H. diversicolor 
exposed to increasing sublethal concentrations of B[a]P also 
had presented higher concentrations of CAT (Catalano et al. 
2012). These results are in line with ours; higher levels of 
fluorene, phenanthrene, and anthracene that were found in 
sediments from SEPAT Aquaculture (S2) site also may have 
contributed to higher levels of CAT. This can suggest that 
PAHs (and more specifically anthracene) may induce oxida-
tive stress requiring the activation of catalase activity (Oliva 
et al. 2010).

GPx is the most important peroxidase enzyme involved 
in the detoxification of hydroperoxides and of hydrogen per-
oxide, overlapping catalase activity. This enzyme has been 
assumed to protect erythrocytes from damage by H2O2 and 
has been responsible for the reduction of lipid hydroper-
oxides (Janssens et al. 2000). Therefore, it is hypothesized 
that this enzyme may protect tissues against oxidative dam-
age, such as lipid peroxidation of membranes (Oliva et al. 
2010). It reduces the reactive lipid hydroperoxides to prevent 
malondialdehyde (MDA) formation (Flohe 1989). Decreased 
GPx activity can promote susceptibility to oxidative stress 
by allowing for the accumulation of harmful oxidants, 
whereas excess GPx activity may promote reductive stress, 
characterized by a lack of essential ROS needed for cellular 
signaling processes (Lubos et al. 2011). Both forms of glu-
tathione peroxidase (T-GPx and Se-GPx) quantified in this 
study showed the same tendency of higher enzymatic levels 
being found in tissues of organisms exposed to sediments 
from S2 station. GSTs conjugates electrophilic metabolites 
with glutathione and so makes them less toxic and more eas-
ily excreted (Van der Oost et al. 2003) and are induced by 
organic contaminants as part of the phase II biotransforma-
tion pathway (Banni et al. 2011), whereas GSTs inhibition 
has been indicated as an unusual response to chemical chal-
lenge (Greco et al. 2010). The overexpression of GSTs can 
be related to an increase of metabolic capacity, namely by 
conjugation with intracellular cofactors, such as glutathione. 
This is a common response to exposure to electrophilic pol-
lutants (Nunes et al. 2016). Metals may modulate GSTs 
activity, causing an increase in the activity of conjugation 
enzymes, such as GSTs. The increased GSTs activities were 
observed in rag worms of H. diversicolor collected from 
contaminated sites with metals, such as the Sado River estu-
ary, Portugal (Moreira et al. 2006), the Seine River estuary, 
France (Durou et al. 2007), and Spain (Solé et al. 2009). 
Individuals of H. diversicolor exposed to sediments from 
SEPAT Aquaculture (S2) site, which are impacted by higher 

Fig. 3   Relationships among biochemical, geochemical, and abiotic 
parameters via a representation on the correlation circle using a prin-
cipal component analysis

Fig. 4   Principal component analysis correlation biplot based on posi-
tion of stations and variables
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levels of PAHs (phenanthrene, pyrene, and anthracene), pre-
sented increases in GSTs activities. Several studies reported 
GSTs activities to be significantly increased after exposure 
to PAHs (Beyer et al. 1996; Van der Oost et al. 1996, 1998). 
Works by Banni et al. (2009a, b) showed as well that after 
being exposed to the polycyclic aromatic hydrocarbons 
benzo[a]pyrene, Sparus aurata individuals had higher levels 
of GSTs. The here-observed increase in GSTs activities may 
mean that these iso-enzymes were not only involved in the 
antioxidant response but also were able to act as detoxifica-
tion isoenzymes.

Lipid peroxidation corresponds to the oxidation of 
polyunsaturated fatty acids, which occurs in the absence 
of an effective antioxidant defence system (Ghedira et al. 
2011; Buffet et al. 2014). This phenomenon is frequently 
connected to the toxic effects of environmental pollutants 
(Hageman et al. 1992; Van Veld et al. 2018) and may be 
measured as the levels of thiobarbituric acid reactive sub-
stances (TBARS), which are frequently used as a biomarker 
of oxidative damage in response to different environmen-
tal pollutants (Romeo et al. 2000; Almroth et al. 2005). 
Increases in oxidative damage (lipid peroxidation) have been 
observed for both fish and invertebrates for single and mixed 
contaminants including heavy metals (Cu, Fe, and Cd) and 
PAHs (Livingstone 2001). Heavy metals may be involved 
in lipid peroxidation by various pathways; Cd can indirectly 
elevate the ROS generation by depleting glutathione and 
antioxidant enzymes, such as superoxide dismutase and 
catalase (Van Veld et al. 2018). Increased levels of lipid 
peroxidation products were observed in the liver of sea bass 
(Dicentrarchus labrax), and bream (Lepomis macrochirus) 
exposed to heavy metals (Choi and Oris 2000; Romeo et al. 
2000). PAHs have also been reported to induce the develop-
ment of reactive oxygen and consequently oxidative stress 
(Livingstone 2001; Sun and Zhou 2008). Higher TBARS 
levels reported for H. diversicolor exposed to contaminated 
sediments may indicate that the major antioxidant defences 
(e.g., the enhanced activities of CAT and GSTs) were not 
sufficiently effective to prevent the ROS deleterious effect on 
the lipid membranes as already reported in bivalve species, 
namely, Scrobicularia plana and Cerastoderma edule from 
an estuary subjected to large amounts of sewage discharges 
and industrial effluents, and Donax trunculus exposed to 
organophosphates and heavy metals (Bergayou et al. 2009; 
Tlili et al. 2010).

AChE plays an important role in neurotransmission in 
both invertebrates and vertebrates being responsible for the 
hydrolysis of acetylcholine into choline and acetic acid at the 
cholinergic synapses and neuromuscular junctions (Peña-
Llopis et al. 2003). AChE is thus involved in nerve impulse 
termination, and its inhibition is an established biomarker of 
neurotoxicity caused by exposure to a wide range of contam-
inants other than pesticides, such as metals, treated effluents, 

and PAHs (Jebali et al. 2006; Vieira et al. 2008; Ghedira 
et al. 2009). Several studies showed that metallic contami-
nants generally inhibit AChE activity, including the fish spe-
cies Seriola dumerilli exposed to Cd (Jebali et al. 2006), the 
flathead grey mullet (Mugil cephalus) after sublethal expo-
sure of Cd, Cu, Pb, and Zn (Rajkumar 2011), and zebra fish 
(Danio rerio) after being exposed to Cu, Fe, Pb, and Cd 
(Lima et al. 2013). On the other hand, several other recent 
studies with invertebrates and fish reported an inhibition of 
this enzyme after exposure to fuel oil or PAHs. In fact, an 
AChE inhibition was observed in Mytilus galloprovincialis 
and in Mytilus edulis after an oil spill and in individuals of 
Nile tilapia (Lima et al. 2013). The here-obtained results 
in terms of AChE activity are in agreement with previous 
works and have shown an overall inhibition of this param-
eter in H. diversicolor individuals exposed to S1, S2, and 
S3 sediments comparatively to the control site. These sites, 
whose sediment exposure caused a significant AChE inhi-
bition, are characterized by higher concentrations of both 
heavy metals and PAHs compared with the reference site. It 
is thus possible to associate an exposure to the predominant 
contaminants measured in our samples and the inhibition of 
the main cholinesterase form in our test species, which can 
be considered as a clear indication of neurotoxicity.

This methodology was a simplified approach to test the 
occurrence of biological effects caused by a combination 
of anthropogenic pollutants on a key species of the benthic 
communities of the marine environment. By adopting this 
strategy, it was possible to eliminate a considerable number 
of confounding factors that could occur if we just collected 
organisms from the analysed sites and quantified the bio-
marker response in such organisms. However, issues such as 
ecological representativity of the here-adopted test species 
may be considered. Among the few studies that focused on 
the Zarzis area, one can find the report of Rabaoui et al. 
(2014), who demonstrated the occurrence of contamination 
of this area by heavy metals but in mollusks. However, this 
study from the literature did not assess the profile contami-
nation of our specific sampling sites and was not aimed at 
using biomarkers assays with polychaetes species. Bouraoui 
et al. (2010) presented the first report on the application 
of a classification scale based on biochemical markers on 
worms of the species H. diversicolor along the Mediterra-
nean coasts, which was until now the only study set with 
this species in the Tunisian coast. His investigation included 
the assessment of the marine environment quality along six 
different sites from the north to the south of Tunisia (i.e., 
Bizerta Lagoon, Gargour, Nakta, Mahres, Skhira, and a 
reference site Teboulba) but without including the Zarzis 
area. The biomarker responses (glutathione S-transferases, 
acetylcholinesterase, and catalase activities) in this species 
H. diversicolor were evaluated, and significant differences 
were detected between contaminated sites compared with 
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the reference samples (Bouraoui et al. 2010) in agreement 
with our study. All the later studies for biomarkers responses 
in the polychaeta H. diversicolor evaluated the effect of 
exposure of these organisms to different concentrations of 
heavy metals (Bouraoui et al. 2015, 2016) or PAHs levels 
(Banni et al. 2009a, b). Thus, monitoring pollution in Zarzis 
area using a scale of classification based on biochemical 
markers in sentinel organisms worms (e.g., of the species 
H. diversicolor, or other autochthonous polychaete spe-
cies) may contribute for a better comprehension of the real 
toxicological risk of our investigated sites. Until today, the 
number of studies concerning this area of the Mediterranean 
Sea is still scarce and demands the adoption of new testing 
frameworks, encompassing the large biodiversity in the area.

Conclusions

Given the increasing number and diversity of pollutants 
dumped into the marine environment, especially in vul-
nerable areas, such as the Mediterranean Sea, the present 
study showed that the biomarker assessment in organisms 
exposed to sediments from putatively contaminated sites is 
an effective and complimentary method to predict detrimen-
tal effects and toxicity by presenting a potential alternative 
to the constraints of highly costly chemical measurements 
of water and sediment. Therefore, it is important to note 
that the responses of biochemical biomarkers depend on the 
analysed tissue and sampling sites, and on the need of a 
judicious selection of an adequate species to serve as a test 
organism. This work contributed to the first characterization 
of the environmental status of Zarzis area by evidencing the 
biological responses caused by potentially anthropogenic 
pollution near aquaculture centres and diffusely impacted 
sites in a highly representative marine polychaete species. 
The establishment of potential causal relationships between 
biomarkers and metals/PAHs studied has clearly been 
observed. These relationships were clearly more pronounced 
in the vicinity of an aquaculture facility. Hence, additional 
work is still needed to develop and validate new biomarkers 
in order to ensure a better understanding of the real toxi-
cological risk of the investigated sites and for a long-term 
comprehension of putative effects at varied physiological 
levels that may signal population and ecological deleterious 
consequences.
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