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Abstract

Ecotoxicological effects associated with contaminants present in dredged material from Spain were determined using a marine biotest based on
the determination of metallothionein-like-protein concentrations (MTLPs) in the shore crab Carcinus maenas.

Intermoult female C. maenas were exposed in the laboratory to sediments from three Spanish ports, Ria de Huelva (SW, Spain), La Corufia
(NW, Spain) and Bahia de Cadiz (SW, Spain) per replicate during 21 days. Hepatopancreas samples from crabs were taken for metallothioneins
analysis on days 0, 7 and 21. Furthermore, chemical analysis was performed in the stations to determine the degree and nature of sediment
contamination (Cr, Ni, Cu, Zn, Cd, Pb, Hg, As, PAHs and PCBs). A significant increase (p<0.05) in metallothionein concentration was observed
over time in individuals exposed to sediment from the port Ria de Huelva characterized by high concentrations of metals. A toxicokinetic
approach is proposed in this study related to the use of this biomarker in C. maenas to evaluate bioavailability associated with metals present in
dredged material. As a first step, this toxicokinetic approach might reveal as a sensitive tool for evaluating bioavailability of contaminants present

in dredged material.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently the biomarker approach has been incorporated into
several pollution monitoring programs in Europe and the USA.
Likewise, different methods for biological effect measurement
have been evaluated in a series of practical workshops organized
by the International Council for the Exploration of the Sea
(ICES) and the Intergovernmental Oceanographic Commission
(IOC), such as those in the North Sea (WHO, 1993). The United
Nations Environment Programme has founded a biomonitoring
programme in the Mediterranean Sea including a variety of
biomarkers (Suter, 1993). Recently biomarkers have also been
included in the Joint Monitoring Programme of the OSPAR
convention where Portugal and Spain are members. Neverthe-
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less, the biomarkers approach has not been included in the
guidelines for the management and monitoring of dredging and
disposal activities yet. The current guidelines for the control of
these activities are based on the several approaches which take
into account chemical measurements, analysis of benthic
communities and toxicity tests (Acosta and Lodeiros, 2004).
Very few have already been studied about the utility of the use of
biomarkers. Most of the regulation agencies comment the
validation of them for this propose and their effectiveness in the
new guidelines. Nevertheless, there are still some aspects that
need to be defined before recommending them widely such as
the complete understanding of the kinetic of these biological
indicators of toxicity.

The use of biomarkers in the evaluation of the toxicity of
dredged material is under continuous development and
improvements are needed. However, significant contribution
for the use of biomarkers could provide in the different
programs, which involve characterization of dredged material
and sediment quality (Martin-Diaz et al., 2004).


mailto:laura.martin@uca.es
http://dx.doi.org/10.1016/j.envint.2006.11.008

464 M.L. Martin-Diaz et al. / Environment International 33 (2007) 463—468

The biomarker based in the measurement of metallothionein
concentration in biological tissues, represents a detoxification
function for structures, which have been reversible impaired by
inappropriate metal binding. The role of metallothioneins is
sequestering metals is well established, while their induction by
exposure to a wide variety of metals (e.g.: Cd, Cu, Zn, Hg, Ni,
Bi and Ag) is associated with their protective function
(Stegeman et al., 1992; Rodriguez de la Rua et al., 2005).
Therefore, they are early warning tools for the assessment of
sediments contaminated by metals. At the present work, the
potential use of the induction of metallothionein-like-proteins
synthesis in the female crab Carcinus maenas as a biomarker of
exposure to contaminated dredged material is studied. To reach
this aim, and fully understand the biological function of this
biomarker, a kinetic approach is proposed.

2. Materials and methods
2.1. Selection of organisms

Intermoult female C. maenas carapace width of 50-55 mm were purchased
from an aquaculture farm (SW, Spain) placed in an uncontaminated site. To
exclude variability, all animals used in this study were of the same size, length
and moult stage and were collected on the same day from a single location. Only
female C. maenas on the intermoult stage were used for the development of this
assay in order to avoid variability of responses due to gender. Crabs were
acclimatized before assay for 1 month.

2.2. Sediment sample collection

Surface sediment samples (5—10 cm) were collected at three Spanish ports:
Ria de Huelva (SW, Spain), La Corufia (NW, Spain) and Bahia de Cadiz (SW,
Spain) with a 0.025 m? Van Veen grab (Fig. 1). Samples were transported to the
laboratory and subsampled for physical-chemical and toxicological character-
ization. Then sediment samples were sieved through a 0.5 pm mesh into a tank
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Fig. 1. Map of the studied areas and location of sampling sites (BC#: Port of
Cadiz; HU#: Port of Ria de Huelva; CO#: Port of La Corufia).

in order to remove any associated macrofauna and larger sediment particle.
Samples were kept at 4 °C in dark until they were used in toxicity testing.
Sediments were stored at 4 °C no more than 2 weeks prior to the toxicity test.

2.3. Toxicity tests

Intermoult female C. maenas were exposed to the sediments from the ports
of Ria de Huelva (SW, Spain) (HU1, HU2, HU3), La Coruiia (NW, Spain) (CO1,
CO02, CO3) and the negative toxicity control Bahia de Cadiz (SW, Spain) (BC)
(Fig. 1) during 21 days. Each sediment was tested per replicate in 20 L glass
aquaria. The tests were carried out in whole sediment using a 1:4 v/v sediment
water relation containing a layer of 6 cm and with constant aeration. The
temperature (15 °C+1 °C), pH (7.8-8.2), salinity (33.8+0.3) and dissolved
oxygen (>5 mg-L~ !, 60% saturation) were measured and controlled every day.
Crabs were fed frozen mussels, always prior to water change (filtered seawater).

2.4. Chemical analysis of sediments

Analysis of sediment was performed according to Spanish recommendations
for dredged material (CEDEX, 1994). Metal content in the different sediments
was determined in microwave following methods reported by Riba et al. (2002),
PCBs (congeners #28, 52. 101, 118, 138, 153 and 180) and PAHs content were
analyzed according to U.S. EPA SW-846 method 8270/8082. All the analytical
procedures were checked using reference material (MESS-1 NRC and CRM 277
BCR, for heavy metals and NCR-CNRC HS-1 for organic compounds) and
allow agreement with certified values higher than 90%.

2.5. Biomarker determination

On days 0, 7 and 21 individuals were sampled, dissected to obtain the
hepatopancreas tissues in order to determine metallothionein-like-protein
concentrations. In the present assay, the hepatopancreas tissues for the
determination of this biomarker were chosen. This tissue plays a very important
role in metal metabolism and it is considered as a long-term storage tissue
reflecting persisting contamination (Duquesne and Coll, 1995). After dissection,
hepatopancreas from crabs were kept at —80 °C prior to homogenization. The
samples were homogenized in Tris-acetate buffer (25 mM, pH 7.6, containing
250 mM sucrose and 10 mM dithiothreitol 1:10 weight:volume, using a Teflon
pestle and keeping the sample on ice at 2-4 °C following the procedure
developed by de Lafontaine et al. (2000). Aliquots of this homogenate were
sampled for total protein (Bradford, 1976) and MTLPs determination.

2.6. Metallothionein-like-protein concentration (MTLP)

The supernatant (0.1 mL) was added to 0.9 mL of NaCl (0.9%), heated to
95 °C for 4 min, and centrifuged at 10,000 g for 15 min at 4 °C. Supernatant was
stored at — 80 °C prior to MTLPs determination. Metallothioneins were analysed
by the differential pulse polarographic assay based on — SH group quantification
(Olafson and Olsson, 1987) have tested its specificity. Purified rabbit
metallothionein (Sigma—Aldrich) was used as standard. MTLP concentrations
were expressed as g MTLP/mg total protein. Polarographic determination in
heat-denatured cytosol is an analytical procedure based on several characteristics
of metallothioneins, but it does not allow the assertion that the studied molecule is
a true metallothionein since purification and sequencing are carried out. Thus, the
terminology of metallothionein-like-protein (MTLP) is preferable.

2.7. Kinetic and statistical approach

A study of the kinetic of MTLPs concentration in C. maenas hepatopancreas
was performed in order to determine the reaction of this protein as well as the
rate of MTLPs increase. This kinetic study, could allow the establishment of
kinetic considerations, related to the effects due to the exposure of the female
crabs to metals and organic compounds in the sediment.

The increase of MTLP concentrations in hepatopancreas from days 0 to 21
of individuals exposed to contaminated sediments (HU1, HU2, HU3, COl,
CO2, CO3) and negative toxicity control (BC) were described by a Lineal
kinetic approach. Metallothionein-like-protein concentrations were expressed as
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ng of protein per mg total proteins. A toxicokinetic approach was fitted with
MTLPs results as follows:

Ln[MTLP|-LnCy = K, or Ln[MTLP] = LnC, + K; (a)

Where, Cy, is the concentration of MTLP in the hepatopancreas at ¢=0;
[MTLP], is the concentration of metallothionein-like-proteins in the hepato-
pancreas at time # minus the metallothionein concentration at the initial time (0);
K is constant rate of increase (MTLP concentration per day); and 7 is the time
expressed in days. The data obtained of MTLP concentrations from crabs
exposed to dredged material, as well as the constant rate of increase, K obtained
in the Lineal Kinetic equation, were compared to those determined in control
specimens by use of one-way ANOVA followed by a multiple comparison of
Dunnett’s tests.

A multivariate analysis approach (MAA) was also performed in order to
determine the impact of the contamination on the different treatments studied. A
MAA (Factor Analysis using the Principal Component Analysis (PCA)
extraction procedure) was applied to the original set of variables. The Factor
analysis was performed on the correlation matrix; i.e., the variables were auto-
scaled (standardized) so as to be treated with equal importance (DelValls and
Chapman, 1998). All analysis were performed using the PCA option of the
FACTOR procedure, followed by the basic set-up for factor analysis procedure
(P4M) from the BMDP statistical software package (Frane et al., 1985).

3. Results
3.1. Chemical characterization

Determination of metal and PCBs, are expressed as ratios (RALI
and RAL2) between the concentrations determined in sediment
samples and Action Levels applied in Spain for dredging material
management actions (Table 1).

These ratios provide information about the potential biological
effect of the dredging material. Risk (potential biological effect)
associated to each concentration according to Action Level 1 is
expressed as:

Cm—ALI
= %

and Risk associated to each concentration according to Action Level 2:

Cm—AL2
= —k

RAL2(y)y yNE)

100

Where RAL(X)y is the risk associated to compound X in the station y,
Cm is the measured concentration of X, and AL1, AL2 is the Action
Level 1, 2 respectively applied for characterization of dredged material

Table 1
Provisional Action Levels used for the dredged material classification of the
Spanish ports

Contaminant Action Level 1 Action Level 2
Hg 0.6 3.0

Cd 1.0 5.0

Pb 120 600

Cu 100 400

Zn 500 3000

Cr 200 1000

As 80 200

Ni 100 400

> 7PCBs* 0.03 0.1

(CEDEX, 1994) (* Some of the fellows IUPAC number 28, 52, 101, 118, 138,
153 and 180). These concentrations are expressed in mg-kg ' (dry weight) and
are related to the fine fraction of the sediment (diameter < 63 mm).

Table 2
Chemical characterization for each sample

BC HUI HU2 HU3 COl CO2 COo3

Hg

RAL1 -96 286.7 480 145 968.3 —22 —10.5

RAL2 -99.2 -23 16 =51 11.4 -8.4 -8.2

Cd

RAL1 -96.8 176 582 -3.8 -3.8 —48.7 —749

RAL2 -99.4 -64.8 16.4 -80.8 —80.8 —89.7 -95

Pb

RAL1 -96.2 253 260.7 124.8 116.3 -314 —549

RAL2 -99.2 -294 -279 -55 -56.7 —-86.3 -91

Cu

RALI1 -98.7 1912 2338 878.8 109 -469 —64.7

RAL2 -99.7 403 509.5 144.7 —47.77 -86.7 -91.2

As

RALI1 -97.7 329.1 558.6 165.9 65.7 =719 -83

RAL2 -99 71.6 75.6 6.3 8.3 -88.7 —93.2

Cr

RALI1 -983 —-67.6 —632 -782 —857 —843 —833

RAL2 -99.7 -935 -92.6 -956 —97.1 -969 —96.7

Ni

RALI1 -983 -669 -62.8 -78.6 —80.1 —80 —80.8

RAL2 -99.6 -91.7 -90.7 -946 -95 -95 -95.2

Zn

RALI1 -98.7 410.2 439 162 2.6 -61.7 -73

RAL2 -99.8 —15 -10.2 -563 —829 -93.6 -95.5

PCBs

RALI -98.8 —88.7 —66.7 —94 748 96 34.7

RAL2 -99.6 -96.6 —90 -982 1544 412 -59.6

Total PAHs ~ N.D. <0.12 1.29 <0.13 738 7.07 32
(mg kg ")

(BC#: Port of Cadiz; HU#: Port of Ria de Huelva; CO#: Port of La Corufia). N.D.:
not detected. Positive RALs are bold.

from Spanish ports. Determinations of PAHs are expressed as mg kg '
due to absence of Action Level in Spanish recommendations.

Results obtained from the chemical characterization are described
in Table 2s. RAL1 and RAL?2 values equal or bigger than 0 are consider
having high potential biological effect according to the corresponding
Action Levels. On the other hand, RAL1 and RAL2 under 0O are not
considered to have any associated risk according to the corresponding
Action Levels.

The highest values obtained for most of the heavy metal determined
are found in dredged material belonging to the port of Ria de Huelva,
except for Hg whose values were significantly important in CO1. On
the other hand, the port of La Corufia could be characterized as PCBs
and PAHs contaminated port in its sediments.

3.2. Biomarker response

Summarized results of MTLP concentrations in the hepatopancreas
of female C. maenas exposed to contaminated sediments (HU1, HU2,
HU3, CO1, C0O2, CO3 and BC), over time are shown in Fig. 2. It could
be observed the experimental MTLP concentration fitted to a Lineal
Kinetic Equation. In all the treatments, it was observed an increase in
MTLP concentration along the 21 days of exposure.
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Fig. 2. Ln of metallothionein-like-protein (MTLP) (ug'mg ') concentration in
hepatopancreas of C. maenas over time. In the graph are shown Lineal Kinetic
Equation fitted parameters from the approximation of the experimental MTLP
data ((MTLP],— Cy).

The fitted results show a good correlation between the experimental
data and the predicted by the expression [a] (Fig. 2). It confirms a good
approximation of MTLP induction to a Lineal Kinetic model. The best
approximation to a Lineal Kinetic model was determined in individuals
exposed to sediment from HU2 (+2=0.918), followed by that
determined in sediment from HU3 (+*=0.885), COl (*=0.784),
HUI (*=0.734), BC (+*=0.731) and CO3 (*=0.691) (Fig. 2).

Concerning to the constant rate of MTLP increase (K), differences
were observed between control and contaminated sediment exposed
individuals. Thus, the highest K was determined in individuals exposed
to sediment from HU2 (K=0.055) (p<0.01), followed by those
exposed to sediment from HU3 (K=0.054) (p<0.01), HU1 (K=0.035)
(»p<0.01), CO1 (K=0.030), CO2 (K=0.030), CO3 (K=0.029) and BC
(K=0.029) (Fig. 2).

For a better understanding of the relationship between chemical
concentration in sediment and the kinetic response of the MTLP concen-
tration in the crabs exposed (K=rate of increase of MTLP concentration)
potential correlation among these variables was performed. A multivar-

iate analysis approach (MAA) was applied to the chemical concentration
in the sediments from the different ports to link with the biological
adverse effect variable, the rate of increase of the concentration of MTLP
(K) in female crabs exposed to sediments from three Spanish Ports in the
laboratory. The MA A was performed using the set of data obtained for the
6 cases defined by the different sampling sites (HU1, HU2, HU3, COl,
CO2 and CO3) and 11 variables (As, Cd, Cr, Cu, Hg, Ni, Pb, Zn, Y PCBs,
> PAHs and K). In total we applied the MAA on 11 variables for 6 cases.
The application of MAA indicated that the original variables could be
described by three variables or factors (Table 3). These factors explained
more than 94.28% of the original data set. The criteria selected to interpret
a variable associated with a particular factor was a loading of 0.3 or
higher; this approximates Comrey’s (1973) cut-off of a 0.6 or higher for a
good association between an original variable and a factor, and also takes
into account discontinuities in the magnitudes of the loadings of the
original variables. Each component was described according to the
dominant group of variables. Here are described the different
components:

Factor 1. This component accounts for 72.31% of the total variance.
This factor has positive loading on the concentration of As,
Cd, Cr, Cu, Ni, Pb, and Zn, and K values. It shows a strong
induction of MTLPs (K values) in individuals exposed to
sediments containing these metals (Table 3).

Factor 2. This component, accounting for 13.42% of the total variance
has positive loadings on the concentration of Hg, Pb and
PAHs in the sediment. These positive loadings do not show
any relationship with the induction of MTLPs (K values) in
the hepatopancreas of C. maenas. Thus, it could be described
as a factor informing about the no influence of these metals
and organic content of sediments in the induction of MTLP
synthesis (Table 3).

Factor 3. This component, accounting for 8.56% of the total variance
shows a double description based in the difference between
positive loadings (metals content associated with MTLP
induction) and negative loadings (PCBs and PAHs content
not associated with MTLP induction). This factor demon-
strates (on its positive loadings) a prevalence of metal
contamination (As, Cr, Cu, Pb and Zn) associated with the
induction of MTLP (Table 3).

Table 3

Sorted rotated factor loadings (pattern) of 11 variables for the two principal
factors resulting from the multivariate analysis of results obtained from
C. maenas

Carcinus maenas #1 #2 #3
%variance 72.307 13.418 8.558
K 0.585 - 0.507
As 0.911 - 0.404
Cd 0.947 - -

Cr 0.909 - 0.392
Cu 0.879 - 0.455
Hg - 0.991 -

Ni 0.944 - -

Pb 0.715 0.453 0.504
Zn 0.834 - 0.507
PCBs - - —0.861
PAHs - 0.300 -0.903

Only loadings greater than 0.2 are shown in the table. Factors (#) are numbered
consecutively from left to right in order of decreasing variance.
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Fig. 3. Representation of Factor scores estimation for each of the 6 cases (HU1, HU2, HU3, COI1, CO2, CO3) evaluated using the crab C. maenas and after a
multivariate analysis approach (MAA) that was applied to the chemical concentration in the sediments from the different ports to link with the biological adverse effect

variable, the rate of increase of the concentration of MTLPs (K).

The values obtained in the analysis corresponding to factor 1
explains the induction of MTLP (constant rate of increase values)
determined in individuals exposed to sediment from the port of Ria de
Huelva (HU1, HU2) highly contaminated by As, Cd, Cr, Cu, Ni, Pb
and Zn in sediment (Fig. 3). The factor 2 score (on its positive value)
explains the absence of relationship between the presence of the metal
Hg and Pb and the organic compound PAHs in the sediment and the
induction of MTLP (constant rate of increase values) determined in
individuals exposed to sediment from the port of La Coruna (CO1).
The port of La Coruiia is characterized by high concentrations of these
compounds. In this sense, concerning to the metals Pb and Hg, they
have widely been associated to the induction of metallothioneins
(Stegeman et al., 1992). In this case, the absence of induction could be
due to the high concentration of the organic compound PAHs, also
present in the sediment from CO1. It has already been suggested by
other authors that metallothioneins synthesis may be reduced in the
presence of high levels of organic contaminants due to an increased
demand for cysteine residues for Reduced Glutathione (GSH) synthesis
which has important functions in detoxification of electrophilic
compounds (Commandeur et al., 1995). Finally, the factor 3 score
(on its positive value), explains the smooth induction of the constant
rate of increase of MTLP in individuals exposed in the laboratory to
sediments from the port of Ria de Huelva (Hul and Hu3), characterized
by high concentrations of (As, Cr, Cu, Pb, and Zn) (Fig. 3). On the
other hand, it shows (on its negative loadings) the presence of organic
compounds, not associated with the induction of MTLP, and in this
case, it describes the absence of sublethal effect provoked by PCBs and
PAHs in the port of La Coruna (CO1, CO2, CO3) (Fig. 3).

4. Discussion

The results obtained from the comparison of the rate of
increase of MTLPs (K), obtained from the lineal approximation of
the concentration of MTLP induced in female crabs C. maenas
over 21 days of exposure to contaminated sediments from
the ports of Cadiz, Ria de Huelva, and La Corufa have

demonstrated significant MTLP induction in organisms ex-
posed to sediments from HU1 (p<0.05), HU2 (p<0.01) and
HU3(p<0.01) compared with the induction observed in in-
dividuals exposed to control sediments. Moreover, a direct
relationship has been shown between the increase of K values
and the exposure to As, Cd, Cr, Cu, Ni, Pb and Zn (HU1, HU2,
HU3) and an indirect relationship between PCBs and PAHs
exposure and metallothionein induction in the hepatopancreas
of C. maenas (CO1, CO2, CO3).

As it was observed, MTLPs induction was associated to
metal rich sediments. The levels of this biomarker have
demonstrated to increase in a dose-response (George, 1989)
or a time-response (Beyer et al., 1997) manner after admin-
istration of heavy metals (Narvaez et al., 2005). The induction
of this protein gene expression provided evidence that induction
by metals is a direct response to increases in the intracellular
metal concentration which is mediated through the action of
metal binding regulatory factors (Thiele, 1992). The present
study demonstrates the significant relationship between MTLPs
induction over time and the concentration of metals in sediment
in the laboratory. As a first approach, the use of this parameter
(K=constant rate of increase of MTLPs), which integrates the
kinetic characteristics of the different systems is shown, in
certain circumstances, as a powerful and sensitive tool to
evaluate bioavailability of metals in sediments. The feasibility
of metallothioneins as biomarkers for metal exposure or metal-
induced stress has been discussed by Stegeman et al. (1992).
Given the extensive scientific information base and available
methods for measuring changes in metallothionein synthesis
and its metal composition (Van der Oost et al., 2003) and taking
into account the results obtained from this first approach, these
proteins might show a strong potential for use as biomarkers for
ERA (Environmental Risk Assessment) of sediments highly
contaminated by metals.
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The results shown in this study, point out the feasibility to
use this biomarker for metal bioavailability monitoring in
dredged material using different sediment samples collected in
three ports located in Spain. The results validate the use of this
biomarker of exposure to assess the sediment quality and the
potential use of it in the monitoring programmes for disposal of
dredged material and besides, for characterization of sediments
before being dredged. In this sense, this biomarker is proposed
to be used as part of a tiered testing approach for dredged
material characterization when metals are chemicals of concern
in the port sediments. Nevertheless, it should be taken into
account that this biomarker and toxicokinetic approach, showed
in this paper, are presented as an initial estimation, and more
research in this direction should be performed.
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