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Abstract: Sediments are sinks for aquatic pollutants, and analyzing toxicity in such complexmatrices is still challenging. To evaluate the
toxicity of bioavailable pollutants accumulated in sediments from the Bizerte lagoon (Tunisia), a novel assay, the medaka embryo–larval
assay by sediment contact, was applied. Japanese medaka (Oryzias latipes) embryos were incubated in direct contact with sediment
samples up to hatching. Lethal and sublethal adverse effects were recorded in embryos and larvae up to 20 d postfertilization. Results
frommedaka embryo–larval assay were compared with cytotoxicity (Microtox1), genotoxicity (SOS chromotest), and pollutant content
of sediments. The results highlight differences in the contamination profile and toxicity pattern between the different studied sediments.
A significant correlation was shown between medaka embryo–larval assay by sediment contact and SOS chromotest responses and
concentrations of most organic pollutants studied. No correlation was shown between pollutant levels and Microtox. According to the
number of sediment samples detected as toxic, medaka embryo–larval assay by sediment contact was more sensitive than Microtox,
which in turn was more sensitive than the SOS chromotest; and medaka embryo–larval assay by sediment contact allowed sediment
toxicity assessment of moderately polluted sediments without pollutant extraction and using an ecologically realistic exposure scenario.
Althoughmedaka embryo–larval assay by sediment contact should be tested on a larger sample set, the results show that it is sensitive and
convenient enough to monitor the toxicity of natural sediments. Environ Toxicol Chem 2016;35:2270–2280. # 2016 SETAC
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INTRODUCTION

Most chemicals of anthropogenic origin can bind to
particulate matter and accumulate overtime in the sediment [1].
Contaminated sediments can be directly toxic to benthic
organisms [2] and can also be a threat for pelagic ones via
direct contact or bioaccumulation through the food web [3].
Several chemical, ecotoxicological, or integrated approaches
have been developed to evaluate the hazards of contaminated
sediments [4–8].

In the aquatic environment, benthic species are directly
exposed to contaminants adsorbed on the particle phase but also
to those dissolved in the interstitial water and in the water layer
at the water–sediment interface. Thus, the evaluation of
sediment quality implies the study of these different phases.
The use of elutriates (aqueous extracts) can provide information
on the potential toxic effects of leached contaminants released
from dredged material [9,10] but is unlikely to provide
information on the possible effects of contaminants retained
in the solid phase and deposited on the seabed. Organic solvent
extraction allows extraction of most organic pollutants adsorbed
onto particulate matter. Furthermore, a major issue of assaying
sediment toxicity is that the toxicity of the extracts may not be
the result of anthropogenic contamination alone. Common
natural compounds such as ammonia and sulfur can also
accumulate in the sediment and cause toxic effects to living
organisms when they are bioavailable [11,12]. The testing of
whole sediment, as opposed to the use of aqueous-phase and

solvent extracts, is more environmentally relevant because it
takes into account the dissolved contaminants and those
adsorbed to sediment particles [13,14]. After consideration of
each test phase, it appears that testing all exposure routes is
necessary for a more comprehensive assessment of sediment
toxicity. In addition, the use of a battery of test species, from
various phyla and trophic levels, has been advocated by a
number of researchers [15–17] because testing a single species
may not detect contaminants with a specific mode of action.

In the present study, we employed a multiassay approach to
characterize the toxicity of Bizerte lagoon (Jarzouna, Tunisia)
sediment samples. Considering their key role in ecosystem
functioning as decomposers, and/or a food source, and their
wide distribution in aquatic ecosystems in particular in the
sediment compartment, heterotrophic bacteria are widely used
for the assessment of sediment toxicity. In addition, the use of
fish embryos has been recommended as an early warning
indicator of ecosystem stress because of their high sensitivity to
pollutants and their ecological importance in population
renewal and food webs [1,18]. The sediments are putative
spawning ground for many pelagic and benthic organisms
including fish. Therefore, the use of fish early life stages to
evaluate sediment toxicity is ecologically relevant [1]. Three
bioassays were employed in the present study: Microtox1 was
applied to measure the acute toxicity of sediment organic
extracts and on aqueous sediment elutriates. The SOS-
chromotest [19] was used to measure the genotoxic potency
of sediment organic extracts. The medaka embryo–larval assay
in sediment contact [20,21] was used for whole-sediment
toxicity testing. In the medaka embryo–larval assay in sediment
contact assay, embryos of the Japanese medaka (Oryzias
latipes) are incubated at the surface of sediment for the whole
duration of the embryonic phase. This species offers many
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advantages for developmental toxicity testing: high fecundity,
short maturation time, year-round spawning, well-described
stages of development, transparent chorion and skin of embryos
and prolarvae, ease of handling, low maintenance costs, high
tolerance to a wide range of temperatures and salinities, low
baseline embryo and larval mortality, high hatching rate, and
high sensitivity to toxicants [20–27].

The Bizerte lagoon is the second largest coastal brackish
water area in Tunisia. Its ecological importance comes from
the high number of aquatic and avian species feeding and
reproducing in the area. Unfortunately, this lagoon is also highly
impacted by numerous human activities including expanding
urbanization, agriculture, fishing, aquaculture, shipping, and
various industries (cement works, metallurgy, boatyards, tire
production). As a consequence, a large panel of pollutants
(organochlorine pesticides [OCPs], polychlorinated biphenyls
[PCBs], polycyclic aromatic hydrocarbons [PAHs], and heavy
metals) has been detected in sediments of the Bizerte lagoon
[28–32], but to date no data on sediment toxicity are available.

The objectives of the present study were 1) to evaluate the
toxicity of 5 natural sediments from the Bizerte lagoon using
the medaka embryo–larval assay by sediment contact, 2) to
compare toxicity data between different assays, and 3) to
analyze the toxicity resulting from the contamination and
physicochemical properties of the studied sediments.

MATERIALS AND METHODS

Sampling locations

The Bizerte lagoon is a large Mediterranean brackish water
area of 128 km2 located in the north part of Tunisia. The lagoon

is linked to the Mediterranean Sea by a 7-km-long canal, and is
linked to Ichkeul Lake by the Tinja River. Five sampling
stations were selected in the present study (Figure 1), based on
concentrations of major classes of organic pollutants deter-
mined in previous studies [31,32]. These stations were also
selected according to the location of the point source of
pollution: cement works, metallurgical industry, boatyards, tire
production factories, agriculture, and so forth. A description of
these 5 stations is provided in the Supplemental Data.

Sample collection

The superficial layer (0–10 cm) of sediment from the 5
selected stations was collected in March 2011 using a small
Birge-Ekman grab sampler. After collection, samples were
packed into aluminum jars and transported cool to the
laboratory, where they were immediately stored in a freezer
at –20 8C. All sediment samples were freeze-dried, then sieved
using a 2-mm mesh to eliminate debris, homogenized, and
stored at 4 8C prior to being characterized with bioassays
and chemical analysis.

Physicochemical characterization of sediments

The finer grain size fraction (<63mm) of each sediment
sample was determined by wet sieving according to Savinov
et al. [33]. Total organic carbon (TOC) was quantified using the
LECO CS 125 analyzer by the method described in Etcheber
et al. [34]. Ammonium content (NH4) was measured using a
colorimetric procedure [35]. Organochlorinated pollutants
(PCBs, OCPs) were measured by high-resolution gas chroma-
tography and PAHs, by high-performance liquid chromatogra-
phy according to protocols described in Barhoumi et al. [31,32].

Figure 1. Map of the studied area with location of sampling stations.

Medaka embryo–larval assay: A tool for measuring sediment toxicity Environ Toxicol Chem 35, 2016 2271



To determine heavy metal content, 0.5 g of dried and powdered
sediment was treated with 70% nitric acid at 100 8C for 2 h.
After digestion, the solution was diluted to 25mLwith ultrapure
water. Trace metal concentrations (Ag, Co, Ni, As, Cd, Pb, Cu,
and Zn) of the digested solutions were determined by external
calibration using inductively coupled plasmamass spectrometry
(HP 4500 Series; Agilent Technologies). Standard solutions
were prepared from 1 gL�1 multielemental solutions. To
evaluate the effectiveness of the digestion procedure, sediment
certified reference materials (marine sediment PACS2; National
Research Council of Canada) were analyzed in a manner
identical to that used for the samples. Results showed good
agreement between obtained and certified values for the metals
analyzed (Cd, Cr, Cu, Ni, Pb, Zn, Ni, Fe, and Mn) with <10%
deviation.

Sample preparation for toxicity measurement

Toxicity was measured on 3 different fractions of sediment
(elutriate, organic extract, and solid phase) using Microtox, the
SOS chromotest, and medaka embryo–larval assay by sediment
contact (Figure S1, Supplemental Data).

The protocol applied for sediment elutriate preparation
(water-extractable phase) was a derivation of that of Environ-
ment Canada [36]. In brief, 6 g of freeze-dried sediment was
mixed with 30mL 2% NaCl, shaken vigorously for 15min, and
then centrifuged at 300 g for 10min at 15 8C. The supernatant
was decanted and filtered through a 0.45-mm filter, and the pH
was measured using an electronic pH meter (Consort P902;
Scientific Instruments). The aqueous elutriates were stored at
4 8C in the dark prior to toxicity testing (Microtox Acute
Toxicity 100% Test) within 24 h.

Organic-phase extracts were prepared by extraction of 5 g
freeze-dried sediment with dichloromethane (Fluka) using an
ASE 200 accelerated solvent extractor (Dionex). The operating
conditions were as follows: 100 8C oven temperature, 8min
static time, pressure 100 bars, 5min heating-up time, 60% flush
volume, and 1min purge time. Dichloromethane-dissolved
extracts were dried using a RapidVap evaporator (Labconco)
and a nitrogen stream and then resuspended in 200mL of
dimethyl sulfoxide (Sigma). A blank of extraction was prepared
by the same procedure but without sediment.

For the solid-phase sediment assay with medaka embryo–
larval assay by sediment contact, 35-mm-diameter plastic
Petri dishes (3/treatment) were filled with 3 g of freeze-dried
sediment. Sediment was then moistened with 2mL egg rearing
solution (NaCl 85.6mM, KCl 0.4mM, CaCl2 0.4mM, and
MgSO4 1.4mM, pH 7) andmaintained at 26 8Covernight before
the beginning of the experiment for equilibration. A Nitex mesh
(mesh opening 1000mm; Sefar Filtration) was laid onto the
sediment to avoid egg sinking.

Bioassay conditions

Two Microtox protocols were applied for sediment acute
toxicity testing: the 100% test protocol on sediment aqueous
extract (elutriate) and the basic test procedure on sediment
organic extracts. In both cases a standard procedure [37,38] was
applied, and the model 500 analyzer (Kontron Instruments) and
lyophilized bacteria cultures (R-Biopharm) were used. The
Microtox data acquisition software was used to calculate 50%
effective concentration (EC50) values, expressed as milligrams
of dry weight sediment.

For detection of direct and indirect acting genotoxicants
in sediments, the SOS chromotest [39] was performed
using Escherichia coli PQ37 strain with and without addition

of an S9 microsomal fraction obtained from the liver of
b-naphthoflavone and phenobarbital-treated Sprague-Dawley
rats (Trionova-Biochem). Responses were expressed as mean
induction factor (3 replicates) for 25mg equivalent dry weight
sediment per assay. Samples with a significant SOS induction
factor compared to control solvent were considered genotoxic
when the ratio exceeded 2, moderately genotoxic when the ratio
was in the range 1.5 to 2.0, and slightly genotoxic when the
ratio was 1.0 to 1.5 [40].

Finally, the toxicity of the studied sediments was evaluated
by medaka embryo–larval assay by sediment contact [20,21].
Japanese medaka (O. latipes) embryos of the CAB strain
were supplied by UMS Amagen at 24 h postfertilization. An
artificial reference sediment was used as a negative control.
The preparation and composition of this artificial sediment are
reported in Le Bihanic et al. [41]. Twenty-five embryos were
laid onto the grid at the sediment surface in each Petri dish
(3 replicates/treatment). Embryos were covered with a thin
layer of egg rearing solution (2mL), which was renewed every
day. Exposures were performed in a climate chamber (Snijders
Scientific) at 26� 0.3 8C under 5000 lux lighting and a 12:12-h
light:dark cycle. Each embryo was examined daily under a
dissecting microscope for stage of development, appearance of
visible lesions, and death. In addition, dissolved oxygen was
measured daily at the sediment–water interface for the whole
duration of the assay using a PA2000 oximeter (Unisense).
Embryo exposure was stopped at the hatching peak of the
control condition (e.g., at 12 d postfertilization [dpf]), and
unhatched embryos from all treatments were transferred in clean
egg rearing solution. Newly hatched larvae were recorded daily
up to the end of the experiment (20 dpf) and placed in 40mL
dechlorinated water (1/2 v/v tap water and osmosed water,
26 8C, pH 7.5, conductivity 180mS, hardness 53mg/L CaCO3)
and observed daily until complete resorption of the vitellus
(in the present study, an additional 3–4 d). Several acute and
subacute endpoints were measured on embryos or prolarvae
including viability, cardiac activity, morphological abnormali-
ties, time to hatch, and hatching success. Embryonic and larval
viability were checked daily. Dead embryos (whitish opaque
appearance or absence of cardiac contraction after 3 dpf) were
counted and removed. Cardiac activity was assessed at day 10
postfertilization in 5 randomly selected embryos per replicate as
described by Barjhoux et al. [21]. Time to hatch and hatching
success were checked daily from the day of first hatching to
the end of the experiment at day 24 pf. Only embryos able to
fully exit the chorion were considered “hatched”; otherwise,
they were counted as “not hatched.” Only successfully hatched
larvae were considered for time to hatch determination.
Developmental abnormalities were examined every day on
each newly hatched larva using a LeicaMZ75 stereomicroscope
and photographed by a charge-coupled device camera (Leica
DFP420C). Five different categories of abnormalities were
recorded including edemas (pericardial, perivitelline, cranial),
axial skeletal deformities (body axis, scoliosis, lordosis),
craniofacial deformities (skull and jaw), cardiovascular anoma-
lies (hemorrhage, anemia), and eye anomalies (dystrophia,
pigmentation alteration, absence of eye).

Statistical analysis

Data for all bioassays except Microtox are presented as
mean� standard deviation. Statistica 7.1 software (StatSoft)
was used for all statistical analyses. Data were initially checked
for normality (Shapiro-Wilk test, 1% risk) and homogeneity of
variances (Levene test, 5% risk). Then, an analysis of variance
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(ANOVA) followed by the post hoc Tukey test was performed
to determine differences between treatments. If data transfor-
mation was not sufficient to perform parametric analysis, the
nonparametric Kruskal-Wallis ANOVA and Bonferroni-Dunn
test were used (p< 0.05). Pearson’s correlation coefficient was
calculated to investigate possible relationships between param-
eters. In addition, principal component analysis was applied to
obtain an overview of the spatial distribution of the studied
parameters and to differentiate the different studied sites.

RESULTS

Sediment chemistry

The physicochemical characteristics of studied sediments
are presented in Table 1. Concentrations of TOCwere relatively
uniform between stations (0.8–1.9%) except station S1, which
showed the highest content of TOC (3.9%). The percentage
of the finest fraction (<63mm) and the concentration of
ammonium (NH4) were both highest at station S4 and lowest
at S5.

To interpret the observed toxicity, chemical characterization
of sediments was carried out (Table 1). The highest concen-
trations of organic pollutants (

P
PAHs,

P
PCBs, and

P
OCPs)

were measured at the S1 station. The S1 station was also shown
to have the highest concentrations of As, Cd, Cu, and Zn. In
contrast, levels of Ag, Co, Ni, and Pb were found to be relatively
comparable over the different stations.

Concentrations of chemicals were compared with the effects
range low and effects range median criteria established by
Long et al. [42] for marine and estuarine sediments. In the
present study, no chemical level exceeded effects range median
criteria (except Ag), but the heavy metal analytes As, Cu, Pb,
and Zn were higher than effects range low levels. Also,
acenaphthene and fluorene at station S1 were above effects

range low levels. For organochlorines, the concentrations
of

P
dichlorodiphenyltrichloroethanes (DDTs) and p,p0-DDT

were above effects range low and effects range median levels,
respectively (data not shown). The SPCB concentration was
lower than the sediment quality guidelines (Table 1). According
to the micro pollutant content of sediments of the Bizerte
lagoon, adverse effects may potentially be expected in aquatic
organisms.

Sediment extract acute toxicity

According to Microtox results, all sediment organic extracts
from the 5 sampling stations were highly toxic (data not shown).
In contrast, aqueous extracts of sediment exhibited site-specific
toxicity patterns (Table 2). The most toxic sediment elutriate
was collected from station S3, with a 30-min EC50 value of
80.6mg dry weight sediment mL�1. The least toxic samples
were collected from stations S2 and S5. Exposure to S1 and S4
sediment aqueous extracts resulted in a maximal biolumines-
cence inhibition of 52.9% and 53.2% after 30-min exposure,
respectively. Based on toxicity of elutriates, sediments can be
ranked in the following order: S3> S4¼ S1 > S5¼ S2.

Sediment extract genotoxic potency

Results of the SOS chromotest showed a significant
genotoxicity of S1 organic extract in comparison to control
solvent (p< 0.05) but only after S9 microsomal fraction
addition. The genotoxicity of sediment extracts was not
significantly different between stations, with S9 addition
(Figure 2) or not (data not shown). Sediment extract from
station S1 tended to be more genotoxic (moderately genotoxic)
than that from other stations, with an induction factor of
1.95� 0.12. According to Mersch-Sundermann et al. [40],
sediment extract from S1 was moderately genotoxic, whereas
extracts from S2, S3, and S4 were only slightly genotoxic and

Table 1. Physicochemical and chemical characteristics of the fine (<2mm) sediment fraction for the 5 sampled stations in the Bizerte lagoon

S1 S2 S3 S4 S5 ERLa ERMa

Fine particle (<63mm) (%) 52.2 50.1 69.3 91.5 32.1
TOC (%) 3.9 0.8 1.9 1.3 1.0
NH4 (mM) 72.0 108.0 113.0 162.0 20.0
Metals (mg g�1 dry wt)
Ag 10.1 12.2 14.0 21.6 16.8 1.0 3.7
As 21.2 11.2 12.1 11.7 9.9 8.2 70.0
Cd 0.7 0.2 0.5 0.4 0.3 1.2 9.6
Co 4.7 5.6 8.0 8.4 3.7 — —

Cu 35.5 10.9 21.0 18.5 11.9 34.0 270.0
Ni 16.4 10.3 18.7 18.9 6.5 20.9 51.6
Pb 55.2 26.3 43.9 56.8 36.4 46.7 218.0
Zn 182.3 85.7 142.2 169.1 151.0 150.0 410.0P

Metals 326.0 162.3 261.0 305.5 236.5
Organic contaminants (ng g�1 dry wt)P

14-PAHsb 394.1 60.8 39.7 79.4 55.8 4022 44,792P
9-PAHsmut

c 276.1 43.7 29.9 65.9 47.8P
5-PAHscar

d 120.8 21.1 12.0 28.1 22.0P
12-PCBse 14.6 0.8 3.9 3.8 5.2 22.7 180P
4-OCPsf 14.0 2.2 3.2 2.0 1.0

aValues taken from Long et al. [42].
bP¼ naphthalene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]
fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene, and benzo[g,h,i]perylene. Values taken from Barhoumi et al. [32].
cSum of mutagenic polycyclic aromatic hydrocarbons: phenanthrene, fluoranthene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[a]pyrene, dibenzo[a,h]anthracene, and benzo[g,h,i]perylene. Values taken from Barhoumi et al. [32].
dSum of carcinogenic polycyclic aromatic hydrocarbons: benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, and dibenzo[a,h]
anthracene. Values taken from Barhoumi et al. [32].
eP¼ congeners 28þ31, 52, 44, 101, 149, 118, 153, 138, 180, 194, and 209. Values taken from Barhoumi et al. [31].
fP¼ hexachlorobenzene, p,p0-dichlorodiphenyltrichloroethane, p,p0-dichlorodiphenyldichloroethylene, p,p0-dichlorodiphenyldichlorethane. Values taken
from Barhoumi et al. [31].
ERL¼ effects range low; ERM¼ effects range medium; PAH¼ polycyclic aromatic hydrocarbon; TOC¼ total organic carbon
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extract from S5 was not genotoxic. The genotoxicity of S1
extract is likely related to progenotoxicants because genotoxic
response was obtained only after addition of S9.

Whole-sediment embryo–larval toxicity assay

Dissolved oxygen saturation was measured daily for the
whole duration of embryo exposure to sediments (10 d).
Maximum oxygen saturation at 26 8C was approximately
8.09mgL�1. Dissolved oxygen varied slightly from
74.5� 1.3% oxygen saturation at S3 to 79.8� 1.5% at S2
(Figure S2, Supplemental Data). Baseline embryonic and larval
viability in the control group were 71.9� 14.2% and
97.8� 3.8%, respectively (Figure 3). Viability for sediment-
exposed fish ranged from 86.1� 6.6% (station S5) to
92.0� 8.0% (stations S3 and S4) at the embryonic stage
(Figure 3A) and from 90.2� 13.4% (station S5) to 100%
(station S2) at the larval stage (Figure 3B). No significant
difference was detected between stations. The cumulative
embryo–larval viability at 20 dpf for the different sediment
exposure conditions varied from 67.8� 12.1% (station S1) to

92.0� 8.0% (station S4) and showed no significant difference
in comparison to the control group (Figure 3C). However,
the cumulative viability of medaka for S2 and S4 conditions
was significantly higher than for S1. Hatching rate at 20 dpf
was not significantly different conditions; it varied between
60.9� 15.1% at S1 and 82.7� 14.0% at S3 (Figure 4A,B).
Embryonic developmental time varied from 14.1� 1.0 d
(station S2) to 17.7� 0.4 d (station S3). It was significantly
higher for all stations than for the control group (10.4� 0.4 d;
Figure 4C). Mean time to hatch was also significantly higher for
S3, S4, and S5 in comparison to S2 and for S3 in comparison to
S1 and S2. No significant difference was found in the averaged
cardiac activity at 10 dpf between the control group and
embryos exposed to sediments of the Bizerte lagoon (Figure 5).
However, a significant difference was observed between
stations S1 and S3 with marked bradycardia for embryos
exposed to sediments of the former station (87.3 beats/min and
104.6 beats/min on average, respectively; Figure 5).

Table 2. Toxicity of elutriates of sediments collected from 5 stations of the
Bizerte lagoon and measured with the Microtox1 assay

Station
Exposure
time (min)

Inhibition of
bioluminescence (%)a

EC50b

(mgmL�1)

S1 5 24.6 >200
15 14.3 >200
30 52.9 179.7 (146.6–220.1)

S2 5 2.9 >200
15 0.5 >200
30 0.7 >200

S3 5 54.6 >200
15 67.0 >200
30 76.7 80.6 (63.5–102.3)

S4 5 31.3 >200
15 42.8 >200
30 53.2 186.9 (162.1–215.4)

S5 5 2.3 >200
15 0.5 >200
30 9.7 >200

aAt the highest tested concentration of 200mg equivalent dry sediment per
milliliter.
bCorresponding 95% confidence intervals in parentheses.
EC50¼ 50% effect concentration.

Figure 2. Genotoxicity of organic extracts of sediments collected in the
Bizerte lagoon. The SOS chromotest was performed with and without S9
microsomal fraction, but only results with S9 are presented. The amount of
organic extract was 0.025 g dry weight equivalent sediment per assay.
Values are mean induction factor� standard deviation for 3 replicates.
DMSO¼ dimethyl sulfoxide. Conditions with different letters are signifi-
cantly different (p< 0.05).
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Figure 3. Embryonic (A), larval (B), and cumulative (C) viabilities after
exposure of medaka embryos to 5 superficial sediments of the Bizerte
lagoon for 20 d. The data shown correspond to the mean percentage of 3
independent replicates� standard deviation. Conditions with different
letters are significantly different (p< 0.05).
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Morphological abnormalities in medaka larvae were
recorded at hatching for each individual and are summarized
in Table 3. The percentage of malformed larvae in the control
group was approximately 17%. After sediment exposure,
larval deformities at stations S1 and S5 were statistically
higher than the control group (p< 0.05). If we compare each
type of malformation at all stations, morphological abnormali-
ties (excluding spinal deformities) were generally of a low
occurrence in the control group but tended to increase
(albeit nonsignificantly) with sediment exposure. The most
frequently observed abnormalities were axial skeletal deformi-
ties and craniofacial deformities, with percentages ranging
from 51.1� 9.4% to 67.4� 16.7% and from 19.6� 2.3% to
27.6� 8.6% of the deformities observed, respectively. Ede-
mata, cardiovascular anomalies, and eye anomalies were also
detected but at much lower frequencies. If we compare
malformation profiles between sites, spinal deformities were
significantly more frequent than edemata and eye anomalies at
S1 (p< 0.01), S4 (p< 0.001), and S5 (p< 0.05). No other
differences in the malformation profile were observed between
stations (Table 3). Some representative larval abnormalities are
illustrated in Supplemental Data, Figure S3.

Multivariate analysis

Principal component analysis based on chemical (Smetals,
SPAHs, SPCBs, SOCPs), physicochemical (fine particles
<63mm, TOC, NH4), and biological (Microtox, SOS chro-
motest, cumulative viabilities, hatching rate, cardiac activity,
malformed larvae) endpoints gave a principal component (PC1)
accounting for 66.2% of data variability (Figure 6A). Principal
component 1 was loaded to the left by hatching rate, cumulative
viability, and cardiac activity. It was loaded to the right
by metals, PAHs, PCBs, OCPs, TOC content, malformed
larvae, and the SOS chromotest. Principal component 2 (PC2)
accounted for 25.2% of the data variability and was negatively
loaded only by NH4, fine particles <63mm, and Microtox
(Figure 6A). Variables showing no significant differences
between sites, such as individual concentration of metals,
embryonic viability, larval viability, edemata, axial skeletal
deformities, cardiovascular anomalies, craniofacial deformities,
and eye anomalies, were excluded from the principal compo-
nent analysis. In addition, principal component analysis
clearly differentiated 3 groups of sites (Figure 6B): S2 and
S5 (first group), S3 and S4 (second group), and S1 alone (third
group).

The significant relationship between variables was further
studied by means of a correlation matrix (Table 4). Microtox
data were not correlated with any studied pollutant. In contrast,
SOS chromotest results were positively correlated with levels
of SPAHs and SOCPs. Cumulative viability was inversely
correlated to SPAHs and SPCBs. Hatching rate was also
negatively correlated with chemical concentrations (SPAHs,
SPCBs, and SOCPs) and TOC content. Lastly, malformed
larvae were positively correlated with levels of SPCBs.

DISCUSSION

Sediments are very complex and heterogeneous matrices.
To date, there is no universal toxicity assay that can reliably
predict the potential risk of contaminated sediments. A
multispecies battery of tests and a test strategy, which includes
the assessment of multiple exposure phases, are advocated to
reduce uncertainty in sediment quality assessment [15,43,44].
In the present study, we demonstrated the applicability of
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Figure 4. Hatching rate (A, B) and time to hatch (C) of medaka embryos
exposed for 20 d to superficial sediments from 5 stations of the Bizerte
lagoon in comparison to a control sediment. Data correspond to the mean
percentage of 3 independent replicates� standard deviation. Conditions
with different letters are significantly different (p< 0.05).
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Figure 5. Cardiac activity measured in 10 dpf medaka embryos following
exposure to superficial sediments from 5 stations of the Bizerte lagoon.
Values represent the mean response (� standard deviation) from 3
replicates. Conditions with different letters are significantly different
(p< 0.05).
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medaka embryo–larval assay by sediment contact combined
with the Microtox assay and SOS chromotest assay to measure
the toxicity of different phases of sediments: elutriate, organic
extract, and whole sediment. To interpret sediment toxicity,

physicochemical and chemical analyses were combined with
toxicological analysis.

Little or no toxicity of sediment elutriates from the S2 and S5
sites was detected with Microtox. Moderate toxicity was

Table 3. Malformed larvae and spectrum of malformations following exposure of medaka embryos to superficial sediments from 5 stations of the Bizerte
lagoona

Spectrum of malformations (%)

Malformed
larvae (%) Edemata

Spinal
deformities

Craniofacial
deformities

Cardiovascular
anomalies

Eye
anomalies

Control 17.1� 9.0A 0.0� 0.0 88.9� 19.2 11.1� 19.2 0.0� 0.0 0.0� 0.0
S1 69.3� 13.2B* 0.0� 0.0a 67.4� 16.7b* 25.0� 25.0ab 7.6� 8.4ab 0.0� 0.0a
S2 33.3� 17.6AB 11.1� 19.2a 59.2� 22.6a 21.6� 4.4a 5.6� 9.6a 2.6� 4.4a
S3 49.8� 14.6AB 12.6� 11.9a 51.1� 9.4a 19.6� 2.3a 7.3� 3.4a 9.4� 11.5a
S4 37.8� 16.8AB 2.4� 4.1a 54.2� 3.8b* 26.6� 6.1ab 6.1� 5.6ab 10.7� 12.9a
S5 58.1� 10.7B* 3.7� 6.4a 60.6� 9.8b* 27.6� 8.6ab 6.3� 5.7a 1.9� 3.2a

aResults are expressed as percentage of impaired larvae among overall hatched individuals (data are mean� standard deviation, n¼ 3). Capital letters indicate
statistical differences between stations according to the results of one-way analysis of variance followed by Tukey’s post hoc test (p< 0.05). Lowercase letters
indicate statistical differences between developmental anomalies for the same station according to the results of Kruskal-Wallis followed by Mann andWhiney
post hoc test (p< 0.05).
*Indicates significance.

Figure 6. Principal component analysis. Results for the 2 principal components produced by chemical (Smetals, SPAHs, SPCBs, SOCPs), physicochemical
(fine particles<63mm, total organic carbon, NH4), and biological (Microtox, SOS chromotest, cumulative viability, hatching rate, cardiac activity, malformed
larvae) endpoints for 5 sediments collected in the Bizerte lagoon. (A) Plot of variable vectors. (B) Plot of the scores of the different studied sediments.
CA¼ cardiac activity; CV¼ cumulative viability; HR¼ hatching rate; ML¼malformed larvae; OCP¼ organochlorine pesticide; PAH¼ polycyclic aromatic
hydrocarbon; PC1/PC2¼ principal components 1 and 2; PCB¼ polychlorinated biphenyl.

Table 4. Pearson correlation coefficients between chemical variables, physicochemical variables, and biological endpoints

SMetals SPAHs SPCBs SOCPs <63 mm TOC NH4 Microtoxa SOS Chromotest

Microtoxa 0.729 0.588 0.579 0.579 0.687 0.652 0.507 1 0.792
SOS Chromotest 0.694 0.935* 0.831 0.905* 0.199 0.855 0.134 0.792 1
Cumulative viability –0.543 –0.905* –0.962** –0.877 0.436 –0.856 0.572 –0.342 –0.714
Hatching rate –0681 –0.967** –0.995*** –0.948** 0.208 –0.939** 0.352 0.553 –0.853
Time to hatch 0.522 –0.145 0.143 –0.058 0.270 0.189 –0.022 0.253 –0.176
Cardiac activity –0.173 –0.773 –0.683 –0.658 0.532 –0.496 0.509 –0.129 –0.645
Abnormal larvae 0.570 0.709 0.883* 0.708 –0.454 0.768 –0.673 0.245 0.475

aInhibition of bioluminescence.
*p< 0.05
**p< 0.01
***p < 0.001
OCP¼ organochlorine pesticide; PAH¼ polycyclic aromatic hydrocarbon; PCB¼ polychlorinated biphenyl; TOC¼ total organic carbon.
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measured for S4 and S1 elutriates with approximately 50%
bioluminescence inhibition at 30-min exposure. The toxicity
was more pronounced for S3 elutriate, with approximately 77%
inhibition. No significant correlation was observed between
organic pollutants or metal concentrations except Ni and
acute toxicity of elutriates. This poor correlation could have
multiple origins including low pollutant bioavailability and
antagonistic or synergistic interactions between pollutants in
aqueous extracts and the low sensitivity of the assay to the
extracted pollutants.

Campbell et al. [45] showed that the presence of organic
matter increases the retention of metals by the formation of
stable complexes between metal–clay–organic matter or metal–
organic matter–clay. The observed toxicity of S4 and S1
elutriates might result from additional components and
contaminants not analyzed in the present study and the possible
occurrence of synergistic interactions between pollutants. For
instance, organotins, which are known genotoxicants [46], were
not analyzed in the present study but have been detected at high
concentrations (200mg kg�1) in sediments from the Bizerte
lagoon [47]. The SOS chromotest demonstrated that sediments
from station S1 and to a lesser extent S2, S3, and S4 contained
progenotoxic organic compounds. The SOS chromotest and
Ames mutagenicity test are the most frequently used assays to
assess the genotoxicity of suspended matter or bottom
sediments (reviewed in Chen and White [48]). The induction
factor obtained for the organic extracts of Bizerte lagoon’s
sediments ranged from 0.92 to 1.95. Those values were of the
same order of magnitude, albeit slightly lower than those
reported for sediments of the Seine estuary [49]. Sediment
extract from S1 was the most genotoxic among all studied
samples. This genotoxicity is consistent with the organic
chemical content of the sediment because S1 had the highest
total concentration of organic contaminants (PAHs, PCBs, and
OCPs; Table 1). The present study highlighted the genotoxic
potency of pollutants accumulated in sediment from the S1
station located at the vicinity of the Bizerte harbor and the clear
positive correlation between PAH and OCP concentrations and
the genotoxic potency of sediment organic extracts. These
results are consistent with those reported by Cachot et al. [49]
and Dutka et al. [50] who showed that PAHs and probably
other persistent organic pollutants accumulated in sediments are
potent progenotoxicants.

The toxicity of solid phase–associated contaminants was
measured with the medaka embryo–larval assay by incubating
embryos in direct contact with the studied sediment [20,21].
Native whole-sediment testing using fish embryos represents a
realistic scenario to simulate in situ exposure conditions [51].
Compared with the control sediment, sediments from Bizerte
lagoon induced a significant reduction of embryo–larval
viability and embryo cardiac activity, promoted developmental
abnormalities, and postponed hatching (Figures 3–5 and
Table 3). A 2-fold to 3-fold increase of embryo–larval mortality
was observed at station S1 relative to other Bizerte stations. This
mortality rate might be high enough to cause significant decline
in the whole fish population [52]. The cumulated hatching rate
at 20 dpf was clearly (but not significantly) reduced at S1
compared to the control group and the other stations. These
deleterious effects in embryos and prolarvae might be explained
by the high levels of organic contaminants at S1, as confirmed
by the significant negative correlations between hatching
rate and the concentrations of SPAHs, SPCBs, and SOCPs.
Laboratory and field studies have shown that numerous
persistent organic pollutants, such as PCBs, tributyltin, and

PAHs, reduced the hatchability of eggs from brook trout [53],
rainbow trout [54,55], lake trout [56], and Japanese medaka
[41,57,58]. Because the Bizerte lagoon contains high levels
of tributyltin and its degradation products, monobutyltin and
dibutyltin [47], we can hypothesize that these compounds could
be directly involved in the low hatching rates measured in the
present study. Average time to hatch in the control treatment
group was 10.4 dpf, with >80% of embryos hatching at 12 dpf.
These results are globally consistent with the literature, which
reports a hatching time between 9 dpf and 12 dpf at 25 8C to
26 8C for the Japanese medaka [59,60]. After exposure to
sediments from the Bizerte lagoon, embryos exhibited signifi-
cant delay in hatching (from 14.1 d to 17.7 d according to
sediments tested). This may in part be the result of lower oxygen
levels in the sediment samples (mean 77.2%) in comparison to
the control (88.8%) because the present study’s data showed
significant negative correlation between time to hatch and
oxygen levels. Oxygen level is a key parameter that initiates
hatching in teleosts [61]. Dave and Xiu [62] suggested that
delayed hatching in zebrafish embryos can result from either
inhibition of the hatching enzyme chorionase or osmotic
disturbances interfering with the activity of this enzyme,
impairment of embryo muscular activity, and a low metabolism
related to insufficient oxygenation level. The average cardiac
activity (at 10 dpf) in control embryos was 101 beats/min.
After exposure to S1 sediment, a moderate but not significant
bradycardia was observed in exposed embryos in comparison
to the control group. Bradycardia has already been reported
in zebrafish embryos exposed to fluorene [63] and medaka
embryos exposed to 7,12-dimethylbenz[a]anthracene [20].
Furthermore, exposure of medaka embryos to sediments from
the 5 studied stations induced a large spectrum of developmental
defects including edemata, axial skeletal deformities, craniofa-
cial deformities, cardiovascular anomalies, and eye anomalies.
This spectrum of effects is characteristic of blue sac disease,
which has been largely described in fish embryos exposed to
dioxin, PCBs, and PAH compounds [64,65]. Medaka develop-
mental defects have been widely reported following exposure
to various chemicals including PAHs [58,60,66,67] organo-
phosphate insecticides such as diazinon [68], 4-nonylphenol
[20,69], and antifouling agents such as triphenyltin and
tributyltin [70,71], among others. It is interesting to note that
the embryotoxic and teratogenic effects observed in medaka
embryos and larvae are highly correlated to organic pollutants
and TOC content in sediments of the Bizerte lagoon (Table 4).
This result is in accordance with numerous studies reporting
developmental and genotoxic effects of low or moderate
concentrations of PAHs in Japanese medaka early life stages
[20,58,60,66,67,72]. In addition, among the low–molecular
weight PAHs detected in the present study, the concentrations
of fluorene and acenaphthene in the sediment exceeded the
effects range low level [42].

The medaka embryo–larval assay by sediment contact assay
provides an environmentally realistic simulation of conditions
of exposure with embryos incubated directly on the sediment
surface. Embryos are exposed to both water-soluble chemicals
that are released from the sediment into the overlying water
and hydrophobic pollutants adsorbed onto particles in direct
contact with the eggs. The limitation could be the chorion,
which acts as a physical barrier, protecting the embryo from the
penetration of some chemicals [73]. In the present study, the
medaka embryo–larval assay by sediment contact was shown
to be more sensitive than Microtox and the SOS chromotest
for measuring toxicity of natural sediments. Indeed, 5 out of 5
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sediments gave a significant positive response with the medaka
embryo–larval assay by sediment contact against 3 out of 5 with
the Microtox and 1 out of 5 with the SOS chromotest.

The battery of parameters applied in the present study
(chemical, physicochemical, and biological endpoints) allowed
discrimination of sites. The 5 stations studied exhibited
contrasting toxicity patterns, ranging from the cleanest station
(S5) to the most polluted station (S1). Principal component
analysis confirmed that sediments from S1 were the most toxic
because of the high levels of PAHs, PCBs, OCPs, and metals.
The concept of integrative chemical and biological monitoring
for environmental risk assessment is generally accepted.
Chemical analyses provide insight into contaminant inputs,
whereas biological monitoring provides indications of the
toxicity of the environment and the health status of organisms.
Nevertheless, in view of the present study’s data, the
relationship between the presence of specific contaminants,
their potential toxicity, and their ability to adversely affect
living organisms is very complex and still needs investigation.
A point mentioned by several authors [74,75] which is implicit
in the foregoing discussion is the need, in any monitoring
program, for a battery of bioassays, covering several taxonomic
groups and including a large panel of toxicological endpoints, to
detect chemicals with different modes of action. The present
study’s results clearly show that different taxa and endpoints
will give different responses to the multiplicity of contaminants
occurring in the environment. Ideally, the test battery should
include representatives of the major sediment-dwelling taxa,
with a main focus on early developmental stages because they
usually display the highest sensitivity to chemical contaminants.

CONCLUSION

The present study involved characterization of surface
sediment in the Bizerte lagoon, using a battery of bioassays
and a multiphase approach. The medaka embryo–larval assay by
sediment contact provides an environmentally realistic exposure
scenario and evaluates the toxicity of bioavailable pollutants
from the whole sediment, for example, particles and porewater.
In addition, this assay is easy to perform, sensitive, and ethically
acceptable. It could prove very useful in environmental
monitoring programs for sediment quality assessment. However,
full validationwould call for testing of a larger set of sampleswith
contrasted physicochemical properties and types and levels of
contamination. Altogether, the present study’s data suggest that
some sediments from theBizerte lagoon are toxic, genotoxic, and
embryotoxic and could therefore represent a significant risk for
species living or feeding in sediments in this area.
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