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a b s t r a c t

Juvenile Solea senegalensis (Senegalese sole) were exposed to freshly collected sediments from three sites
of the Sado Estuary (West-Portuguese coast) in 28-day laboratory assays in order to assess the ecological
risk from sediment contaminants, by measuring two genotoxicity biomarkers in peripheral blood: the
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1. Introduction

The presence of DNA and chromosome damage and the efficacy
of damage repair have gained growing concern regarding toxic sub-
stances, since they are not only directly linked to cell survival but
also to mutagenesis and carcinogenesis. Many environmental con-
taminants are known to induce damage to chromosomes and DNA,
and genotoxicity has been integrated in biomonitoring programs to
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assess exposure to xenobiotics. Much research is now being focused
on human populations exposed to contaminants (e.g., workers in
health-hazardous industries [1,2]) and to animal species living in
potentially contaminated environments. For such purposes, a series
of genotoxicity assessment assays has been developed and is fre-
quently applied and put to test in a wide range of organisms, from
the classic micronucleus (MN) test to the agarose gel DNA strand-
breakage assay, the single-cell gel electrophoresis (Comet) assay
and the analysis of xenobiotics-DNA adducts. The employment
of these techniques has become widespread among toxicologists
involved in research at different levels: from biomedicine to envi-
ronmental sciences.

http://www.sciencedirect.com/science/journal/13835718
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dynamics and shorter water residence time than the other sites. Site B, near the
port of Setúbal, and site C, just off the city’s heavy-industry area, were surveyed as
potentially contaminated. They are located in an area of lower hydrodynamics and
stronger river influence, which facilitates retention of contaminants and smaller
sediment particles.

Sediment collection was made near the shore, at a maximum depth of 9 m, in
November 2006. Freshly collected sediments were used in the assays and homoge-
nized portions were immediately frozen for subsequent analyses.

Juvenile hatchery-brood and laboratory-reared S. senegalensis belonging to the
same cohort (69 ± 6 mm standard length), obtained from aquaculture research facili-
ties (IPIMAR/CripSul–Estação Piloto de Piscicultura, Olhão, Portugal), were randomly
distributed in aerated tanks (capacity, 15 L) each containing 2 L of sediment (525 cm2

of sediment surface) and 12 L of water, with 24 animals being allocated per tank. Sed-
iments were allowed to settle for 48 h prior to the beginning of the assay. The 28-day
dynamic, assays were performed in duplicate, with three sampling times: day 0 (T0),
day 14 (T14) and day 28 (T28). Fish were fed daily with Aquasoja M2 commercial
fish pellets (Sorgal, Ovar, Portugal). Water parameters (pH 7.9 ± 0.2, salinity = 33 ± 1,
temperature = 18 ± 1 ◦C, DO2 = 40–45%, and total ammonia = 2–4 mg L−1) were mon-
itored and held constant for all tests through weekly water changes (25% of the total
volume) in order to mimic rearing conditions.

2.2. Sediment analysis

Sediments were surveyed for fine fraction (FF), total organic matter (TOM)
and redox potential (Eh) since genotoxicity may be influenced not only by the
30 P.M. Costa et al. / Mutati

The analysis of erythrocyte nuclear abnormalities (ENA) com-
prises a variant of the standard micronucleus test and is widely
used in fish toxicology. In this assay, a number of alterations in
cell nuclei that may lead to their fragmentation and/or to micronu-
cleus formation are recorded instead of counting the micronuclei
themselves, which are rare and frequently measured by subjective
scoring [3–6]. Although originally applied to human health issues,
ENA analysis and the MN test have become rather common as sim-
ple tests for genotoxicity of organic and metallic contaminants in
fish, since fish erythrocytes are nucleated [3,7,8]. There are many
other classical tests in fish blood cells that have become widespread
due to their simplicity and feasibility, such as analyses of membrane
permeability and cell shape [9].

The alkaline version of the Comet assay has become a com-
mon technique for detection of DNA damage (chain-fragmentation)
resulting from the combination of single- and double-strand breaks
as well as alkali-labile sites (formed by excision of damaged
nucleobases) and xenobiotic-DNA adducts that break during elec-
trophoresis [10]. The Comet assay has been proposed as an effective
tool for biomonitoring organic contaminants like pesticides and
their derivatives [11], metals such as cadmium [12] and for the
monitoring of waters contaminated with complex mixtures [13].

The employment of a both ENA and Comet assay for genotox-
icity assessment in fish has been proposed before, since they are
related to different levels of degradation of genetic material: ENAs
reflect chromosome-level genotoxicity, whereas the alkaline Comet
assay allows assessment of DNA damage at the molecular level
[14] through quantification of total strand-breaks. It is noteworthy,
though, that genotoxicity assays have mainly focused on in vitro
tests for the effects of isolated contaminants in a specific cell pop-
ulation (e.g., fish hepatocytes and mammalian lymphocytes), or in
vivo assays of waterborne isolated or (few) mixed contaminants.
Recently, research has begun to focus on genotoxic effects in field-
collected aquatic animals and on assays with sediments using fish
and aquatic invertebrates. Nevertheless, most of these studies deal
with one or a limited number of contaminants and thus research
is still missing concerning the relative potency of different types
of contaminant in inducing damage in chromosomes or DNA, and
concerning the genotoxic effects of a complex mixture of differ-
ent kinds of contaminant, such as in sediments in general and in
estuarine sediments in particular.

The Sado Estuary is one of the largest estuarine areas in Europe. It
is subject to a large variety of anthropogenic usages and alterations
that often collide: while a large part of the estuary is classi-

fied as a natural reserve and the Tróia Peninsula is an important
tourism and leisure area, the city of Setúbal has one of the largest
heavy-industry concentrations in Portugal, including mineral-ore
deployment facilities, chemical plants, paper mills, shipyards and a
large thermoelectrical unit. The estuary is also very important for
fisheries and aquaculture, which together represent a large portion
of the local society’s income and economy. For these reasons, efforts
have been made to establish risk-assessment strategies in the estu-
ary, which involve analysis of contaminants [15] and biomarker
approaches using bioassays [16].

Solea senegalensis Kaup, 1858 (Pleuronectiformes: Soleidae) is
a very common benthic fish species in the Sado Estuary where,
together with other flatfish, it is a regular target or at least a
valuable by-catch for local fisheries. Reproductive adults enter the
estuary for reproduction in the summer, and as a consequence,
the population reaches the highest number of individuals in the
autumn [17]. This species inhabits sandy or muddy bottoms and
scavenges the sediment for feeding on small benthic invertebrates
like polychaetes, amphipods and bivalves [18,19]. S. senegalensis
may be exposed to sediment contaminants by foraging on ben-
thic fauna and also by direct contact (e.g., through gill epithelia)
earch 654 (2008) 29–37

with sediment particles or interstitial water. The benthic nature
of the species and the fact that it is a very common species along
the Atlantic coasts of the Iberian Peninsula render S. senegalensis
particularly interesting with respect to bio-monitoring of sediment
contaminants in the Peninsula [20].

The main goals of the present work are (i) assessment of
genotoxicity biomarkers in a benthic fish as an effective tool for
biomonitoring sediment contaminants, (ii) to compare the relative
potency of sediment metallic and organic contaminants in terms
of genotoxic effects, and (iii) to compare two different genotoxicity
indicators: ENA and total DNA strand breakage (DNA-SB).

2. Methods and materials

2.1. Experimental assay

The sediments to be tested were collected from three sites of the Sado Estu-
ary (Fig. 1). Station A is located near an environmentally protected area, and is
the farthest from direct contamination sources. Due to its geographical location
in the estuary, this site has comparatively stronger influence from ocean hydro-
Fig. 1. Map of the study area with sediment collection sites (�).
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iodide test, a fluorochrome that penetrates only dead or damaged cells, and at least
70% viable cells were observed.

A DMLB microscope adapted for epifluorescence with an EL6000 light source
for mercury short-arc reflector lamps was used for both analyses, equipped with an
I3 filter (used for acridine-orange staining) and an N2.1 filter (used for ethidium-
bromide staining), all from Leica Microsystems.

2.4. Statistical analysis

Data were analysed by non-parametric statistics after invalidation of variances’
homogeneity of ENA and Comet assay data by the Levene’s test. Analysis of variance
was performed using the Kruskall–Wallis ANOVA by ranks for overall differences
between tests, the Mann–Whitney U test for pairwise comparisons within tests and
sampling times and the Spearman rank-order correlations R for sediment contam-
inants and genotoxicity analyses. The significance level for all analyses was set at
95% (˛ = 0.05). All statistics were performed with the software Statistica 6.0 (Statsoft
Inc., Tulsa, OK, USA).

3. Results

Overall mortality at the end of the assay was very different
between tests: 2% for sediment A, 13% for B and 48% for C. Repli-
cate effect between tests was found to be non-significant for
P.M. Costa et al. / Mutati

contaminants’ concentration but also by sediment parameters influencing their
bioavailability. FF (particle size < 63 �m) was obtained by removal of organic matter
with H2O2, followed by disaggregation with pyrophosphate, washing and hydraulic
sieving. Results are expressed as percentage FF of the total dry weight (DW) of the
sediment. Sediment TOM was quantified by total ignition at 500 ± 25 ◦C for 4 h.
Results are expressed as percentage TOM relatively to sediment DW. Sediment Eh
was measured immediately following collection, using an Orion model 20A meter
with a H3131 Ag/AgCl reference electrode (Orion Research Inc.). Sediment samples
were oven-dried to constant weight prior to determination of TOM, FF and contam-
inant concentrations in order to express results relatively to sediment DW.

Sediments were surveyed for the metals chromium (Cr), nickel (Ni), copper (Cu),
cadmium (Cd), lead (Pb) and zinc (Zn) and the metalloid arsenic (As). Approxi-
mately 100 mg of sediment was completely mineralized with 6 mL HF (40%, v/v)
and 1 mL of Aqua–Regia (36% HCl and 60% HNO3; 3:1 v/v) in closed Teflon vessels
at 100 ◦C during 1 h. The contents were evaporated to near dryness in Teflon vials,
redissolved in HNO3, heated for 20 min at 75 ◦C and diluted to 50 mL with Milli-Q
water [21]. Concentrations of Cr, Ni, Cu, Zn, As, Cd and Pb were determined using
a quadropole inductively coupled plasma mass spectrometer (ICP–MS) (Thermo
Elemental, X-Series) equipped with a Peltier Impact bead spray chamber and a con-
centric Meinhard nebulizer. A seven-point calibration curve in the range between
1 and 100 �g L−1 was used to quantify metal concentrations. Variation coefficients
for metal readings ranged between 0.5 and 2%. Method accuracy was determined
by analysis of procedural blanks and sediment reference materials: MESS–2 (NRC,
Canada), PACS–2 (NRC, Canada) and MAG–1 (USGS, USA) and metal concentrations
were found within the certified range. Results are given in mg kg−1 sediment DW.

PAHs (polycyclic aromatic hydrocarbons) were analysed from dried sediments
spiked with 1 mL surrogate standards (SUPELCO) containing acenaphthene-d10
(0.408 �g mL−1), pyrene-d10 (0.397 �g mL−1), chrysene-d12 (0.397 �g mL−1) and
perylene-d12 (0.433 �g mL−1) and Soxhlet-extracted with 250 mL of a mixture of
acetone and hexane (1:1, v/v) for 36 h [22]. The extract was concentrated by evap-
oration and fractionated with a silica-alumina (1:1) column. PAH compounds were
then eluted with hexane/dichloromethane (9:1 and 4:1, v/v) and evaporated. Deter-
mination of PAHs was performed on a GCQ trace Finnigan gas chromatography–mass
spectrometry (GC–MS) system in selected ion monitoring (SIM) mode. An autosam-
pler and DB-5 column (30 m, 0.25 mm, 0.25 �m) were used. Identification of PAH
compounds was based on the comparison of their GC-retention times and their
mass spectrum, with appropriate individual standards. Concentrations of individual
PAHs were measured by the internal standard peaks area method and a nine-point
calibration curve for each compound. The detection limit was calculated with a
signal-to-noise ratio of 3:1 in a blank sample (n = 5) and varied within a narrow
interval around 0.001 �g g−1. Results are expressed in ng g−1 sediment DW. Total
PAH (tPAH) means the sum of all analysed compounds.

PCB (polychlorinated biphenyls) and DDT (dichloro-diphenyl-trichloroethane)
determinations in sediments were carried out in dry sediment samples that
had been Soxhlet-extracted with n-hexane for 16 h [23]. The extracts were frac-
tionated with a Florisil chromatographic column. PCBs and pp’DDE were eluted
with 15 mL of n-hexane and pp’DDD and pp’DDT were eluted with 45 mL of
dichloromethane/hexane (30:70, v/v). The extracts were purified with sulphuric
acid and the elemental sulphur was removed with activated copper. PCB congeners
and pp’DDT plus metabolites (pp’DDD and pp’DDE) were analysed using a Hewlett-
Packard 6890 gas chromatograph with an electron-capture detector and a capillary
column (DB5, J&W, 60 m). Quantification was obtained by the external standard
method, using a seven-point calibration curve for each compound. In the present

study tPCB means the sum of congeners with IUPAC numbers and tDDT means the
sum of pp’DDT, pp’DDD and pp’DDE metabolites. Concentrations are given in ng g−1

sediment DW. The analytical detection limit was 0.01 ng g−1.
Quality control for organic contaminants was obtained by analysis of the cer-

tified sediment SRM 1941b (NIST, USA) and blanks, included in each batch of 12
samples. Recoveries of analysed PAHs in the certified material ranged from 73 to
112%, and from 93 to 109.2% for PCBs and DDTs.

2.3. Genotoxicity assessment

Genotoxic effects were assessed by the alkaline version of the single-cell gel
electrophoresis (Comet) assay and ENA analysis in fish peripheral blood. Blood was
collected from 12 animals per test and per sampling time (6 per replicate) just above
the lateral line system with a syringe previously washed with 0.1 M EDTA to prevent
clotting. Blood aliquots were immediately smeared on glass microscopy slides for
ENA analysis and diluted in cold 50 mM PBS (phosphate-buffered saline) with 0.7%
NaCl, pH 7.4 (dilution factor: 200) for the Comet assay, which was performed right
after blood collection to ensure maximum cell viability.

ENA analysis was performed by staining methanol-fixed (15 min) blood smears
with 0.1 g L−1 acridine orange (Sigma; maximum absorbance at 488 nm). Slides were
afterwards mounted with DPX (from BDH) [6]. About 1000 mature erythrocytes per
slide were observed in order to determine the percentage of cells with nuclear abnor-
malities. The ENA considered were: micronuclei, nuclear buds, polynucleated cells
and fragmenting nuclei [6,24]. Results are expressed as the percentage of mature
erythrocytes showing nuclear abnormalities.
earch 654 (2008) 29–37 31

Table 1
Characterization of the test sediments

Site FF (%) TOM (%) Corrected Eh (mV)

A 37.3 3.2 −233
B 97.9 11.8 −290
C 76.8 7.7 −316

The Comet assay [10] was performed with 10 �L of cell suspension in PBS diluted
in 180 �L of liquid (35–40 ◦C) 1% (w/v) low melting-point agarose (LMPA; Sigma) in
PBS. Aliquots (2 × 75 �L) of cell-containing LMPA were placed on slides pre-coated
with 1% (w/v) normal melting-point agarose in TAE buffer (dried for at least 24 h)
and covered with a coverslip. After agarose solidification (15 min, 4 ◦C) the coverslip
was removed and the slides were dipped for 1 h at 4 ◦C in lysis solution (2.64% NaCl
(w/v), 3.72% EDTA (w/v) and 5 mM TRIS) to which was added 10% (v/v) DMSO and
1% (v/v) Triton-X 100 just before use. Slides were afterwards placed in cold (4 ◦C)
electrophoresis solution (pH 13) for 40 min to allow DNA-unwinding and enhanced
expression of alkali-labile sites. Electrophoresis was for 30 min at 25 V, in the cold
(4 ◦C), using a Sub-Cell model 96 apparatus (Bio-Rad). Slides were afterwards neu-
tralized in 0.1 M Tris–HCl buffer (pH 7.5) for 15 min. All preparatory steps were
performed under controlled temperature (≈16 ◦C) to avoid gel lifting from the slides
and all solutions and electrophoresis apparatus were kept in the dark and in the cold
to minimize accessory DNA degradation. Approximately 100 comets were analysed
per slide after staining with 0.02 mg mL−1 ethidium bromide. Comets were analysed
using the software CometScore 1.5 (TriTek Corp., Summerduck, USA). The percent-
age DNA in the tail – one of the most consensual comet metrics – was employed as a
direct measure of DNA-SB [25]. Results are expressed in average percentage of total
DNA-SB per individual. Erythrocyte vitality was assessed by use of the propidium-
both ENA and DNA-SB analyses, p = 0.67 and p = 0.43, respectively

Fig. 2. Concentration of Cr, Ni, Cu, Zn, As, Cd and Pb in tested sediments. Error bars
indicate the standard error.
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Fig. 3. Concentration of organic contaminants in sediments. Error bars indicate the
standard error.

(Kruskall–Wallis H). Fish standard length and total fresh weight-
ranges were 70 ± 6 mm and 4.21 ± 1.53 g, respectively, at the end of
the assays and no significant differences were found between tests
and sampling times regarding both measures (Kruskall–Wallis H,
p > 0.05).

3.1. Sediment parameters and contaminants

The sediments from the three sites revealed distinct charac-
teristics (Table 1) and different levels of contamination regarding
metallic (Fig. 2) and organic (Fig. 3) contaminants. Sediment A is the
least contaminated by organic substances and shows the lowest
levels of Cd, As, Cd and Pb. The sediment from this site is essen-
tially sandy, with little organic matter, while sediments B and C

Fig. 4. Common ENA observed in mature erythrocytes of exposed S. senegalensis. (a) No
form a binucleated cell, (f) lobed nucleus with nuclear bud (arrow), (g–j) different stages o
(arrow).
earch 654 (2008) 29–37

present high FF and TOM and lower Eh. Sediment B is the most con-
taminated with each of the metals studied and also presents high
levels of PAHs. Sediment C is essentially contaminated by organic
compounds, especially PAHs and PCBs. The main contributions in
the PAH contamination in sediments are from 4- and 5-ring PAHs,
which in combination represent 73.8% of tPAH in sediment A, 70.6%
in B and 67.7% in C. Penta- and hexa-chlorinated compounds are the
most representative PCBs, especially in sediment C (91.1% relatively
to tPCB). DDT contamination was found to be low at all sites, the
main contribution coming from pp’DDT (82.4% in sediment A, 88.9%
in B and 48.5% in C, relatively to tDDT) (Table 2).

3.2. Genotoxicity

Nuclear buds, lobed nuclei or a combination of these two alter-
ations (Fig. 4) comprised the large majority of ENA observed, with
an average of 74.1 ± 23.8% of total observed ENA in the most affected
individuals (%ENA > 16%). The observed nuclear alterations are in
accordance with previous studies using acridine-orange staining
[6]. A significant increment in average percentage of ENA was
observed for all stations at T28, relative to T0, but only significant at
T14 regarding the test with sediment C (Fig. 5). From T14 to T28 tests A
and B revealed a significant increase in ENA (Mann–Whitney U test,
p < 0.05 and p < 0.01, respectively), whereas test C showed a less sig-

nificant increment in average percentage of ENA (Mann–Whitney
U test, p = 0.12).

A similar pattern to that obtained from ENA analysis was seen in
the Comet assay (Fig. 6), but differences between tests and sampling
times were more significant overall. An increment in DNA-SB at T14
compared with T0 was found to be significant even for the tests
with sediments A and B, which was not evident from ENA analysis
(Fig. 7). Nevertheless, only test B showed evidence of a significant
increase in DNA-SB from T14 to T28 (Mann–Whitney U test, p < 0.05).

Spearman rank-order correlation confirmed sediment PAHs and
PCBs of freshly collected sediments to be the variables that influ-
ence the increase of genotoxic effects the most , at both T14 and
T28. At T28, however, Cu, As, Cd and Pb were also found positively
correlated with both ENA and DNA-SB (Table 3). No significant
correlations (Spearman R, p > 0.05) were found between body size
(total fresh weight, FW, and SL) and both ENA and DNA-SB.

4. Discussion and conclusions

The sediment with higher concentrations of organic con-
taminants (sediment C) was responsible for faster and stronger

rmal mature erythrocyte, (b) lobed nucleus, (c–e) stages of fragmenting nuclei to
f micronucleus formation from a nuclear bud to a fully individualized micronucleus
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Table 2
Categorized concentrations of PAHs, PCBs and DDTs in test sediments

Substance (CAS number) Concentration in sediment (ng g−1)

A B C

PAHs
3-ring

Acenaphthylene (208–96–8) 11.95 ± 2.03 81.32 ± 13.82 83.60 ± 14.21
Acenaphthene (83–32–9)
Fluorene (86–73–7)
Phenanthrene (85–01–8)
Anthracene (120–12–7)

4-ring
Fluoranthene (206–44–0) 39.43 ± 6.70 395.46 ± 67.23 479.40 ± 81.50
Pyrene (129–00–0)
Benz(a)anthracene (56–55–3)
Chrysene (218–01–9)

5-ring
Benzo(b)fluoranthrene (205–99–2) 24.35 ± 4.14 227.06 ± 38.60 266.06 ± 45.03
Benzo(k)fluoranthrene (207–08–9)
Benzo(e)pyrene (192–97–2)
Benzo(a)pyrene (50–32–8)
Dibenzo(a,h)anthracene (53–70–3)
Perylene (198–55–0)

6-ring
Indeno(1,2,3-cd)pyrene (193–39–5) 5.99 ± 1.02 91.55 ± 15.56 62.26 ± 10.58
Indeno(1,2,3-cd)pyrene (193–39–5)

PCBs
Trichlorinated

CB-18 (37680-65-2) 0.73 ± 0.12 0.33 ± 0.06 0.17 ± 0.03
CB-26 (38444-81-4)
CB-31 (16862-07-4)

Tetrachlorinated

CB-44 (41464-39-5) 0.13 ± 0.02
CB-49 (41464-40-8)
CB-52 (35693-99-3)

Pentachlorinated
CB-101 (37680-73-2) 0.08 ± 0.01
CB-105 (37680-73-2)
CB-118 (31508-00-6)

Hexachlorinated
CB-128 (38380-07-3) 0.43 ± 0.07
CB-138 (35065-28-2)
CB-149 (38380-04-0)
CB-151 (52663-63-5)
CB-153 (52663-63-5)

Heptachlorinated
CB-170 (35065-30-6) 0.30 ± 0.05
CB-180 (35065-29-3)
CB-194 (35694-08-7)
DDTs
DDE (72-55-9) 0.05 ± 0.01
DDD (72-54-8) 0.10 ± 0.02
DDT (50-29-3) 0.70 ± 0.12

Ranges indicate standard error.

genotoxic effects and caused the highest overall mortality, whereas
the sediment most heavily contaminated with metals (sediment
B) was found to induce genotoxicity more significantly at a later
stage and to cause less lethality. Differences between test sed-
iments appear to be linked to the nature of the contamination
(organic/metallic). The difference between genotoxic effects of both
classes of contaminants may be explained by two factors: (i) the
stronger genotoxicity of organic toxicants, especially PAHs and
PCBs and (ii) the known inhibitory action of metals towards the
cytochrome P450 (CYP) isoenzymes involved in the catabolism of
organic compounds.

PAHs like benzo(a)pyrene (B(a)P), one of the best represented
types of PAH in sediments B and, especially, C, are known sediment
genotoxicants that have been widely employed in mutagenicity and
0.58 ± 0.10 0.81 ± 0.14

1.49 ± 0.25 6.76 ± 1.15

1.57 ± 0.27 7.22 ± 1.23

0.95 ± 0.16 0.38 ± 0.06
0.27 ± 0.05 0.65 ± 0.11
0.28 ± 0.05 0.60 ± 0.10
4.39 ± 0.74 1.18 ± 0.20

carcinogenicity studies in vitro, in laboratory assays (using spiked or
actual field-collected water and sediments) and in field-collected
or laboratory-tested animals, animal cell lines and microorganisms
[26]. Studies with benthic fish, especially flatfish, have also become
common for research on sediment PAHs [27]. These compounds are
potent DNA-SB inducers at low doses: PAHs in water, for instance,
have been found to induce DNA damage in fish liver and erythro-
cytes even at concentrations as low as 0.3–0.5 ppb [28,29]. PAHs are
known to have severe mutagenic and carcinogenic effects [26,27] by
binding to DNA (adduct formation) at specific sites known as xeno-
biotic response elements (XREs), promoting DNA instability and
potentially giving rise to strand breakage, but the xenobiotic-DNA
adduct formation is dependent on PAH activation by cytochrome
P450. The liver is the most important organ involved in contaminant
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Fig. 7. Average percentage of DNA in tail. Error bars represent 95% confidence inter-
vals. (*) and (**) indicate differences from T0 (dashed line): p < 0.05 and p < 0.01,
respectively. a and b indicate differences between tests (Mann–Whitney U test):
p < 0.01 and p < 0.05 respectively.
Fig. 5. Average percentage of cells showing ENA. Error bars represent 95% confi-
dence intervals. (*) indicates differences (p < 0.01, Mann–Whitney U test) from T0

(dashed line). a and b indicate differences between tests (Mann–Whitney U test):
p < 0.01 and p < 0.05, respectively.
metabolism and for this reason the P450 activity in the liver and
genotoxic effects in hepatocytes are commonly surveyed in relation
with contamination with PAH and other pollutants. ROS-inducing
metabolites and activated PAHs may enter the blood stream and
affect blood cells and haemato-poietic organs, e.g., by inducing
DNA strand-breakage directly and by formation of xenobiotic-DNA
adducts, respectively. For this reason research on peripheral blood
and bone marrow is highly relevant. Furthermore, it is likely that
blood is rapidly affected by the direct action of contaminants, as it
is the main conveyor of xenobiotics.

The nature of the defence mechanisms against PAH contamina-
tion may also contribute to explain the observed results regarding
DNA-SB. Even though benthic fish species display a fast PAH
catabolism upon contamination [30], PAH-DNA adducts in fish
liver appear to be repaired slowly [28,31], which may have con-
tributed to a cumulative effect in DNA damage along the assay’s
timescale, especially in tests of sediment C, where the most sig-
nificant increase in genotoxicity (even at T14) was observed, which
may have further compromised the efficiency of DNA repair. On
the other hand, genotoxicity caused by PAHs may occur as an effect

Fig. 6. Comet examples from tested fish: ≈0% (a), ≈20% (b) and ≈55% (c) DNA-SB.
of overexpression of cytochrome P4501A (CYP1A)-related isoen-
zymes by (i) activation of the PAHs, e.g., through formation of PAH
quinones [32], which allows them to bind directly to DNA (forming
PAH-DNA adducts) and (ii) by formation – during PAH catabolism –
of ROS, which are responsible for direct DNA base oxidation [33,34].
The combination of these factors may have contributed to a faster
induction of genotoxicity, and causing the highest mortality, in the
assay with sediment C. It is noteworthy, though, that metals in sedi-
ment B, which also contains high levels of PAH when compared with
sediments from site A, may have inhibited P450 activity instead of
inducing it, therefore reducing genotoxicity of PAHs by restraining
the formation of the highly genotoxic activated PAH metabolites.
This is in accordance with previous findings regarding CYP induc-

Table 3
Spearman rank-order correlations for sediment contaminants × genotoxicity
biomarkers (n.s., non-significant)

% ENA % DNA SB

Spearman R p Spearman R p

T14
Cr – n. s. – n. s.
Ni – n. s. – n. s.
Cu – n. s. – n. s.
Zn – n. s. – n. s.
As – n. s. – n. s.
Cd – n. s. – n. s.
Pb – n. s. – n. s.
tPAH 0.37 <0.05 0.51 <0.01
tPCB 0.37 <0.05 0.51 <0.01
tDDT – n. s. – n. s.

T28
Cr – n. s. – n. s.
Ni – n. s. – n. s.
Cu 0.44 <0.01 0.45 <0.01
Zn – n. s. – n. s.
As 0.44 <0.01 0.45 <0.01
Cd 0.44 <0.01 0.45 <0.01
Pb 0.44 <0.01 0.45 <0.01
tPAH 0.54 <0.001 0.59 <0.001
tPCB 0.54 <0.001 0.59 <0.001
tDDT 0.44 <0.01 0.45 <0.01
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tion by exposure to PAH and metals in the liver of fish and other
vertebrates, and showing that metals with high inhibitory capabil-
ity are Cd > As > Pb and also Zn and Cu [35–37]. Since our findings
strongly suggest a relationship between overall mortality and geno-
toxicity, it is likely that a reduction in PAH and PAH metabolites may
significantly decrease lethality.

Information is scarce regarding the mechanisms of chromoso-
mal breakage (leading to the formation of micronuclei and other
nuclear abnormalities), but PAHs in water have since long been
described as strong inducers of micronuclei in fish erythrocytes
[38], as well as PCBs and DDTs [39]. Exposure to complex mix-
tures of organic contaminants such as petroleum effluents in water
has also been found responsible for ENA induction in fish [5]. Due
to the chromosomal (clastogenic) nature of ENA (as opposed to
the nucleotide-related nature of DNA-SB), research has essentially
focused on the effects of organic compounds such as colchicine
(see, e.g., [40]), known for its effect on cell division by affecting
the spindle apparatus. Our results show, nevertheless, that PAHs
and PCBs are linked to ENA and, therefore, that these substances
are capable of inducing chromosome-level genotoxicity in parallel
to DNA-SB, and consequently are similarly related to the observed
lethality. No effect was detected for DDTs, most likely due to the
low concentrations found in all tested sediments.

Some metals (like Cd) and metalloids (like As) are also known
as strongly genotoxic substances but, along with Pb and Cu, they
were observed to have a slower, but almost as strong effect on ENA
and DNA-SB at T28. This was even the case for sediment B, which
presents a lower level of contamination by organic compounds than
sediment C. This delayed but strong effect may be related to the
difference between the mechanisms of metal- and organic-induced
genotoxicity and a slower release of metals from sediments during
the assay. Metal genotoxicity regarding DNA-SB seems to be more
directly linked to the formation of ROS, e.g., induced by metallic
metabolites like some methylated forms of As [41].

The effects of metallic ions on the formation of ENA are well
known and long established for toxicology tests in vitro and in vivo.
Cd, As, Pb and Cu are strong ENA inducers [3,7,42,43]. Neverthe-
less, the genotoxicity mechanisms of ENA formation as a result of
metal exposure are not yet fully understood and may vary with
different metals. Some evidence points to a correlation of ROS
and antioxidant enzymes with micronuclei upon As exposure (see,
e.g., [44]), but it is generally accepted that induction of micronu-
clei is essentially dependent on the role of xenobiotics on DNA
replication and cell division [9], which may be a reason why the

Comet assay appeared to be more sensitive at T14, since direct
DNA-SB may be more rapidly induced. The interactions between
organic and metallic contaminants on ENA are unclear, but recent
findings suggest that B(a)P-mediated induction of micronuclei in
mouse bone-marrow may be enhanced by simultaneous exposure
to As, but not Cd [45]. Our results, nevertheless, suggest a possible
inhibitory action of metals on organic contaminant-induced ENA,
as observed for DNA-SB.

Sediments B and C have higher levels of TOM and FF, while
metals are known to have a high affinity for sediment organic
matter and FF [46,47]. The bioavailability of some metals may
have increased progressively during the assays due to alterations
of the redox status of the sediments and extensive re-suspension
of sediments caused by the scavenging activities of the fish. It is
noteworthy that highly toxic metals like Cd may have a prolonged
availability in the water column after sediment re-suspension [48].
Sediments from site B and, even more so, site C had more reducing
conditions (lower Eh) that, combined with re-suspension, should
have favoured the release of both organic and metallic contami-
nants [49] and thus contributed to the much stronger genotoxic
effects and lethality of sediments B and C in comparison with those
earch 654 (2008) 29–37 35

of sediment A. Genotoxicity may have in fact been enhanced in all
three tests (hence a significant DNA-SB increase in fish exposed
to sediment A from T0 to T14) just by a combination of low Eh
and re-suspension during the assays, which may have favoured the
bio-availability of the contaminants.

The metal concentrations in the three sediments are in accor-
dance with previous contaminant profiles obtained for the study
area [15], but concentrations measured in the present study were
overall lower. Nonetheless, resuspension and alterations of the
sediment parameters during the assays render it difficult to extrap-
olate risk assessment from sediment contaminants to the natural
environment, due to alterations in bio-availability and the pres-
ence of other contaminants, an issue that has been established
as being of special relevance with respect to the combined pres-
ence of metallic and organic contaminants [50]. A comparison with
previous data from sediments collected from approximately the
same sites revealed that tPAHs decreased tenfold for all sites, but
tPCBs increased tenfold. As in the present study, this comparison
identified the PAHs as the type of toxicant most likely implicated
in a significant induction in DNA-SB in the test organisms [51].
These findings confirm the high genotoxicity of PAHs and their rel-
evance among the organic contaminants in the different sediments
surveyed, both with respect to concentration and toxicity. Other
studies have found a probable relation between sediment PAHs (i.e.,
the most representative contaminants) and genotoxicity in benthic
fish [52], but research on natural sediments that integrates both
organic and metallic contaminants and their interactions on geno-
toxicity is essentially lacking. This is yet another factor that renders
it difficult to assess the actual genotoxic potential of sediment mix-
tures of contaminants in fish and to define toxicity thresholds.

In general, the results from both sediment characterization and
biomarker analyses reflect the expected contamination patterns
for the three stations. Concentration of contaminants in sediments
from sites B and C are likely to be related with proximity of pollutant
“hotspots”, namely from urban and port facilities (metals in B) and
industry, especially chemical plants and runoffs from agriculture
grounds upstream likely to be contaminated with fertilizers and
pesticides (organic contaminants in C). Furthermore, higher lev-
els of FF and TOM in sediments B and C may have allowed higher
accumulation of contaminants, later released during the assays.

The use of ENA (analysed with fluorescence techniques) and
DNA-SB (measured with the Comet assay) as genotoxicity biomark-
ers proved successful in the context of a practical biomonitoring
procedure for contaminated estuarine sediments and also allowed

assessment of the relative genotoxic effects of metals and organic
contaminants in sediments. The Comet assay appeared to be a more
sensitive method than ENA analysis, since it reflected better the
contamination pattern and the observed lethality from the test sed-
iments, contradicting some of the results from others, who have
questioned the sensitivity and applicability of the Comet assay as
a biomonitoring tool for aquatic contamination [14,53]. It is con-
cluded that genotoxicity assessment in peripheral blood cells of a
benthic vertebrate such as S. senegalensis is a valuable tool for bio-
monitoring estuarine sediments contaminated with mixed classes
of substances.
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[19] R. Sá, C. Bexiga, L. Vieira, P. Veiga, K. Erzini, Diets of the sole Solea vulgaris
Quansel, 1806 and Solea sengalensis Kaup, 1858 in the lower estuary of the
Guadiana River (Algarve, southern Portugal): preliminary results, Bol. Inst. Esp.
Oceanogr. 19 (2003) 505–508.

20] I. Riba, M.C. Casado-Martı́nez, J. Blasco, T.A. DelValls, Bioavailability of heavy
metals bound to sediments affected by a mining spill using Solea senegalensis
and Scrobicularia plana, Mar. Environ. Res. 58 (2004) 395–399.

21] M. Caetano, N. Fonseca, R. Cesário, C. Vale, Mobility of Pb in salt marshes
recorded by total content and stable isotopic signature, Sci. Total Environ. 380
(2007) 84–92.

[

[

[

[

[

[

[

[

earch 654 (2008) 29–37

22] M. Martins, A.M. Ferreira, C. Vale, The influence of Sarcocornia fruticosa on reten-
tion of PAHs in salt marshes sediments (Sado estuary, Portugal), Chemosphere
71 (2008) 1599–1606.

23] A.M. Ferreira, M. Martins, C. Vale, Influence of diffuse sources on levels and dis-
tribution of polychlorinated biphenyls in the Guadiana River estuary, Portugal,
Mar. Chem. 89 (2003) 175–184.

24] M. Fenech, W.P. Chang, M. Kirsch-Volders, N. Holland, S. Bonassi, E. Zeiger,
HUMN project: detailed description of the scoring criteria for the cytokinesis-
block micronucleus assay using isolated human lymphocyte cultures, Mutat.
Res. 534 (2003) 65–75.

25] R.F. Lee, S. Steinert, Use of the single cell gel electrophoresis/comet assay for
detecting DNA damage in aquatic (marine and freshwater) animals, Mutat. Res.
544 (2003) 43–64.

26] G. Chen, P.A. White, The mutagenic hazards of aquatic sediments: a review,
Mutat. Res. 567 (2004) 151–225.

27] M.S. Myers, L.L. Johnson, T.K. Collier, Establishing the causal relationship
between polycyclic aromatic hydrocarbon (PAH) exposure and hepatic neo-
plasms and neoplasia-related liver lesions in English sole (Pleuronectes vetulus),
Hum. Ecol. Risk Assess 9 (2003) 67–94.

28] E. Aas, T. Baussant, L. Balk, B. Liewenborg, O.K. Andersen, PAH metabolites in
bile, cytochrome P4501A and DNA adducts as environmental risk parameters
for chronic oil exposure: a laboratory experiment with Atlantic cod, Aquat.
Toxicol. 51 (2000) 241–258.

29] T. Neuparth, J.W. Bickham, C.W. Theodorakis, F.O. Costa, M.H. Costa, Endosulfan-
induced genotoxicity detected in the gilthead seabream, Sparus aurata L., by
means of flow cytometry and micronuclei assays, Bull. Environ. Contam. Toxicol.
76 (2006) 242–248.

30] U. Varanasi, D.J. Gmur, Hydrocarbons and metabolites in English sole (Parophrys
vetulus) exposed simultaneously to [3H]benzo(a)pyrene and [14C]naphthalene
in oil-contaminated sediment, Aquat. Toxicol. 1 (1981) 49–67.

31] S.A. Ploch, L.C. King, M.J. Kohan, R. Di Giulio, Comparative in vitro and in
vivo benzo(a)pyrene-DNA adduct formation and its relationship to CYP1A
activity in two species of ictalurid catfish, Toxicol. Appl. Pharm. 149 (1998)
90–98.

32] L. Flowers-Geary, W. Bleczinski, R.G. Harvey, T.M. Penning, Cytotoxicity and
mutagenicity of polycyclic aromatic hydrocarbon o-quinines produced by dihy-
drodiol dehydrogenase, Chem. Biol. Interact. 99 (1996) 66–72.

33] L. Risom, P. Møller, S. Loft, Oxidative stress-induced DNA damage by particulate
air pollution, Mutat. Res. 592 (2005) 119–137.

34] T. Hansen, A. Seidel, J. Borlak, The environmental carcinogen 3-
nitrobenzanthrone and its main metabolite 3-aminobenzanthrone enhance
formation of reactive oxygen intermediates in human A549 lung epithelial
cells, Toxicol. Appl. Pharm. 221 (2007) 222–234.
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