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Abstract

Metallothionein (MT) response to cadmium (Cd) and zinc (Zn) bioaccumulation after single or combined
direct exposure was compared in two freshwater bivalves, Dreissena polymorpha (zebra mussel) and Cor-
bicula fluminea (Asiatic clam). Bivalves were exposed to 0.133 lM Cd and/or 15.3 lM Zn, with metal and
MT concentrations analysed in the whole soft body after 1, 3, 10 and 24 days of exposure and compared
with controls. Results showed significant increase in MT concentrations in both species exposed to Cd and
Cd+Zn with a higher accumulation of the protein compared to the control in D. polymorpha for never-
theless similar Cd levels accumulated with time. Exposure to Zn alone led to a significant increase in MT
concentrations only in C. fluminea, whereas there was a lack of MT gene induction in the zebra mussels
which was confirmed by MT mRNA quantification in gills (RT-PCR). Mussel mortality after 10 days of
exposure to Zn and Cd+Zn is discussed with regard to detoxification mechanisms, which include metal-
lothioneins.

Introduction

Chronic anthropogenic contamination of fresh-
water systems by heavy metals can induce struc-
tural and functional disturbances in living
organisms, from the cellular and molecular basis
to higher biological levels, such as populations or
communities. For the assessment of metal
contamination at organ or individual level, metal-
binding metallothioneins (MTs) have been pro-
posed as exposure biomarkers (Roesijadi 1994a).
These low-molecular-weight cytosolic proteins are
a ubiquitous element, characterized by a large
proportion of cysteine residues (around 30%) ar-
ranged inside globular domains or clusters, with
differential binding affinity between metal ions:
zinc<cadmium>copper, silver>mercury (Vasák
1991). MT roles include the homeostatic regula-

tion of essential metals such as zinc (Zn) or copper;
detoxification via the chelation of harmful heavy
metals such as cadmium (Cd) or mercury (Hg); the
protection of tissues against various forms of
oxidative injury (Davis & Cousins 2000; Haq et al.
2003). In aquatic environments, invertebrates and
in particular bivalves are often used as biological
models to study metal contamination and MT
response because they are sessile, widely distrib-
uted geographically, and characterized by high
bioaccumulation capacities, related to their filtra-
tion activity for respiratory and nutritional pur-
poses (Boening 1999). In Europe, two invasive
species currently cohabit in freshwater rivers and
lakes: the zebra mussel Dreissena polymorpha, at-
tached to natural or artificial substrates within the
water column; the Asiatic clam Corbicula fluminea,
buried in the superficial sediment layers. Several
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field studies have reported significant increases in
MT concentrations in response to metal bioaccu-
mulation in these two species (Baudrimont et al.
1999; de Lafontaine et al. 2000; Gagne et al.
2002). In laboratory experiments, only the effects
of single metal exposure on bioaccumulation and
MT response have been studied, usually under
unrealistic environmental contamination pressures
(Doherty et al. 1988; High et al. 1997; Engelken &
Hildebrandt 1999). To our knowledge, only one
experimental study has been based on the com-
bined effects of cadmium and copper on MT re-
sponse in D. polymorpha (Lecoeur et al. 2004).
However, at the field level, metal mixtures are
commonly present as a result of mining, industrial
and domestic effluents (Baudrimont et al. 1999;
Gagne et al. 2002). In this context, metal additive
or synergic effects can be expected and must be
assessed.

The aims of the present experimental study
were to compare the effects of Cd, Zn and the two
metals in interaction on metal bioaccumulation
and MT response in D. polymorpha and C. flumi-
nea. Cd and Zn metals are known to be simulta-
neously present in the environment, notably from
extraction and treatment of Zn ores. In this study,
they were added individually or in combination to
the water. Metal concentrations and MT protein
levels were analysed at the whole soft body level,
after 1, 3, 10 and 24 days of exposure and MT
gene expression in the gills of D. polymorpha in
response to metal contamination was quantified
after 10 days.

Material and methods

Bivalve collection and experimental design

Zebra mussels were collected from a reference-
sampling site on the Garonne River, near Agen
(southwest France). A batch of 500 individuals
was sorted in order to select homogeneous speci-
mens according to shell length: 27±4 mm
(n = 240). Around 600 C. fluminea were sampled
from the Isle River, a tributary of the Dordogne
River (southwest France); the organisms selected
for the experiment were 28±5 mm (n = 288). The
bivalves were collected in early autumn, when MT
levels are least affected by reproductive activities
and body mass variations (Baudrimont et al.

1997a; Lowe and Day 2002). Specimens of the two
species were randomly allocated to 48 experimen-
tal units (EU: glass aquaria, 12�12�30 cm), with
5 mussels and 6 clams per EU. Each EU was based
on a mixed biotope: a pure sand compartment
(3 kg/EU, 5 cm deep – 98% silica – granulometry:
0.8 to 1.4 mm – Silaq) and the overlying water (3 l,
20 cm deep). The clams were able to burrow in the
sand, their filtration activity taking place at the
sediment/water interface. A plastic horizontal grid
was placed in the water column, 12 cm above the
surface of the sand, in order to support the zebra
mussels. During the acclimation (10 days) and
experimental (24 days) periods, bivalves were
maintained in dechlorinated and permanently
aerated tap water at 20±0.5 �C. Daily measure-
ments of pH and dissolved oxygen showed very
small variations throughout the entire experiment:
8.5±0.3 and 9.5±0.3 mg l)1, respectively. The
artificial photoperiod was 12h light per day. The
bivalves were fed every two days with a small
amount of fresh green algae (Scenedesmus suspic-
atus) (approximately 105 algae ml)1 per unit –
Baudrimont et al. 1997b).

Metal contamination procedure

Three metal exposure conditions were tested
against a control: Cd contamination, with a nom-
inal concentration of 0.133 lM (15 lg Cd l)1 ad-
ded as CdCl2); Zn contamination, with a nominal
concentration of 15.3 lM (1 000 lg Zn l)1 added
as ZnCl2); Cd + Zn contamination (0.133 lM
Cd + 15.3 lM Zn). Contamination levels were
chosen with reference to dissolved metal concen-
trations measured in a tributary of the Lot River,
the Riou-Mort in southwestern France which has
been polluted by mining effluents (Audry et al.
2004). For each exposure condition, there were
three replicates per sampling time (1, 3, 10 and
24 days), thus 48 experimental units were set up
simultaneously. Metal contamination pressures
were maintained throughout the 24 days of exper-
iment via daily Cd and Zn inputs from stock
aqueous solutions (0.266 mM for Cd and 15.3 mM
for Zn), after metal determinations on water sam-
ples from each EU, to compensate for metal con-
centration decreases: adsorption on the tank walls
and sand surface; accumulation in bivalves, etc.
Using this procedure, variations in Cd and Zn
concentrations were very small throughout the
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whole experiment: 0.133±0.025 and 0.133±0.015
lM Cd for Cd and Cd+Zn exposure, respectively;
15.3±2.1 and 15.3±1.5 lM Zn for Zn and Cd+
Zn exposure, respectively. At each sampling time,
bivalves were collected and immediately frozen at –
80 �C under nitrogen atmosphere to ensure anoxic
conditions and avoid MT oxidation and polymer-
ization (Dutton et al. 1993).

Cadmium and zinc determinations

Metal determinations were made on three replicates
(one bivalve per EU) per species and experimental
condition. The soft bodies were dissected using
Teflon coated instruments, dried on absorbent pa-
per and weighed (fresh weight, fw). For each sample,
a classical digestion procedure was carried out with
3 ml of concentrated nitric acid (Merck 65%
HNO3) added in a pressurized medium (borosilicate
glass tube) at 100 �C for 3 h. The digestates were
diluted up to 20 ml with ultra-pure water (MilliQ
plus). 10 ll of water samples or soft body digestates
were mixed before atomization with 4 ll of a
0.2 g l)1 Pd and 0.5 g l)1 Mg(NO3)2 mixture to
avoid interference. Cd determinations were per-
formed with a polarized Zeeman atomic absorption
spectrophotometer (Varian AA400) equipped with a
graphite tube atomizer (model GTA 96, Varian).
The detection limit was 0.1 lg Cd l)1 (DL: 3x SD of
the reagent blanks). Zn concentrations were deter-
mined on the same samples by flame atomic
absorption spectrophotometry (Varian AA220FS).
The detection limit was 5 lg Zn l)1. The analytical
methods were simultaneously validated for each
sample series by the analysis of standard biological
reference materials (TORT-2, Lobster hepatopan-
creas; DOLT-2, Dogfish liver; NCR/CRNC). Val-
ues were consistently within the certified ranges
(data not shown). Bioaccumulation levels were ex-
pressed in nmol Cd or Zn g)1, fw ± standard error
(SE).

Metallothionein determination

Total MT proteins were determined in the whole
soft bodies by mercury-saturation assay using cold
inorganic Hg (Dutton et al. 1993; Baudrimont
et al. 1997a). MT analysis was conducted on three
replicates per experimental condition, each corre-
sponding to a pool of two individuals collected in
each EU. Soft bodies were homogenized in 20 ml-

polypropylene tubes with a tissue grinder (Ultra-
Turrax T-25) in an ice-cold Tris–HCl 25 mM
buffer (Sigma, pH 7.2 at 20 �C). This step was
performed in a glove bag filled with nitrogen
(Atmosbag, Aldrich Chemical Co.). The homoge-
nized samples were kept on ice, to inhibit protease
activity. Aliquots of 1.5 ml were placed in mi-
crotubes (Eppendorf) and centrifuged at 20,000g
for 60 min, at 4 �C (Sigma 3K12). To 200 ll of
supernatant was added a 200 ll HgCl2 solution
(Merck) at 50 mg Hg l)1 with trichloroacetic acid
(10%, Sigma) for the precipitation of non-MT
proteins. The Hg excess not bound to MTs was
removed using lyophilised pig hemoglobin (Sigma)
at 0.2 g Hb ml)1 in Tris–HCl 30 mM buffer
(pH 8.2 at 20 �C). The final supernatant was then
quantitatively recovered and used for Hg deter-
mination by cold vapour and atomic absorption
spectrometry (CETAC M 6000, Varian). The
detection limit was estimated at 0.01 lg Hg l)1.

Reference samples or ‘‘blanks’’ (Baudrimont
et al. 1997a) were prepared to monitor the Hg
chelation efficiency of the hemoglobin. Under our
experimental conditions, an average burden of
1.76±0.11 ng Hg (n = 14) was measured in these
reference samples, corresponding to 0.01% of ad-
ded total Hg. The mean of the three blank values
measured in each analytical run was removed from
the Hg burdens measured in each sample.

At the same time, a standard of purified rabbit
liver MT (Sigma) enabled us to check the validity
of the saturation assay by determining the ratio
between the binding sites measured after Hg-sat-
uration and the potential binding sites indicated by
the supplier and previously verified by Hg, Cd, Zn
and Cu determinations on purified MT solution
(10 lg MT ml)1 in the homogenization buffer). In
our experimental conditions, the average value of
the recovery percentage was 104±3% (n=14).

MT concentrations were expressed in nmol of
Hg-binding sites g)1± SE (fresh weight, fw). Since
the exact quantity of Hg binding sites per MT
molecule was unknown for these two bivalve spe-
cies, MT concentrations cannot be expressed in
nmol MT g)1.

Determination of MT gene expression

The D. polymorpha cDNA MT sequence has been
described (Engelken and Hildebrandt 1999), but
no MT sequence is known for C. fluminea. We
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therefore used the RT-PCR technique to quantify
MT gene expression in gills of zebra mussels after
10 days of exposure to Cd, Zn and Cd+Zn.

Total RNA extraction
Total RNAs were extracted from 40 mg of mussel
gills using the Absolutely RNA RT-PCRMiniprep
kit (Stratagene), according to the manufacturer’s
instructions. The gills cannot be considered as
being strictly representative of the organs of the
bivalve in general, but as they are a respiratory
epithelium in direct contact with the water in the
palleal cavity, they do have a high bioaccumula-
tion capacity for metals and also for MT biosyn-
thesis (Gundacker 1999; Lecoeur et al. 2004). The
quality of all RNAs produced was evaluated by
electrophoresis on a 1% agarose-formaldehyde
gel, and their concentration determined by spec-
trophotometry. For each exposure condition,
samples were carried out in triplicate. Each sample
was obtained by mixing gills from two individuals.

Reverse transcription of total RNA
First-strand cDNA was synthesized from 5 lg
total RNA using the Stratascript First-Strand
Synthesis System (Stratagene). RNA was then
adjusted to 38 ll with DEPC-treated water. After
the addition of 2 ll of oligo(dT) and 1 ll of ran-
dom primers, the reaction was incubated at 65 �C
for 5 min. 40 units of RNAse block Ribonuclease
Inhibitor, 2 ll of 100 mM dNTPs, 5 ll of 10�
first-strand buffer and 50 units of Stratascript re-
verse transcriptase were then added. The reaction
was incubated for 1 h at 42 �C in an Eppendorf
Mastercycler. The cDNA mixture was maintained
at –20 �C until it was needed for the RT-PCR
reaction.

Primer design
A specific primer pair (5¢-CCA TGC AAC TGC
GTT GAA-3¢ and 5¢-TGC ACT GGG CCA GAT
TCG TGC-3¢) was selected within the coding re-
gion of the MT cDNA of D. polymorpha, from
base pairs 151 to 313 (GenBank accession number:
U67347).

Reverse polymerase chain reaction (RT-PCR)
RT-PCR reactions were performed in a LightCy-
cler (Roche Diagnostics) following the manufac-
turer’s instructions (one cycle at 95 �C for 10 min,
and 50 amplification cycles at 95 �C for 5 s, 60 �C

for 5 s and 72 �C for 20 s). Each 20 ll reaction
contained 2 ll of reverse transcribed product
template, 1 ll of master mix including the SYBR
Green I fluorescent dye, enabling the monitoring
of the PCR amplification, and the primer pair at a
final concentration of 300 nM for each primer.

Reaction specificity was determined from the
dissociation curve of the PCR product obtained by
following the SYBR Green fluorescence level
during a gradual heating of the PCR products
from 60 to 95 �C. MT mRNA quantifications in
the zebra mussel gills were expressed from induc-
tion factor compared with control values.

Statistical analysis

Statistical comparisons between mean values of
metal and MT concentrations and a number of
mRNA copies were made with the non-parametric
Mann–Whitney U-test (Statistica 5.1, StatSoft
Inc., Tulsa, OK, USA). Differences were consid-
ered statistically significant at P £ 0.05.

Results

No mortality was observed for C. fluminea during
the 24 days of exposure. In contrast, all the
D. polymorpha individuals treated with Zn (Zn
and Zn+Cd conditions) died during the last per-
iod of exposure (10–24 days). The soft body
weight measurements at time zero and at the end
of the experiment did not reveal any significant
change in either species.

Metal bioaccumulation

Exposure to Cd alone showed a progressive and
constant accumulation of the metal in the soft
bodies of the two species, with similar maximal
concentrations after 24 days: 134±22 nmol
Cd g)1 (fresh weight) for D. polymorpha and
130±16 nmol Cd g)1 (fw) for C. fluminea (factors
70 and 175 compared to background levels,
respectively – Figure 1a.). After the combined
exposure to Cd and Zn, Cd concentrations were
markedly lower during the first 10 days (Cd/
Cd+Zn ratio close to 2.3) and similar for the two
species. At the end of the experiment, the mean Cd
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concentration in C. fluminea was 12.5±0.7 nmol
g)1 (fw), with a Cd/Cd+Zn ratio close to 10.

Zn background level in the whole soft bodies of
C. fluminea was about 4-fold higher than in
D. polymorpha (287±8.5 and 74.5±7.8 nmol g)1,
fw – Figure 1b). In the soft bodies of D. poly-
morpha, the combined Cd+Zn exposure did not
significantly modify Zn concentrations compared
to the exposure to Zn alone, with a quasi-linear
increase during the 10 days of exposure, with an
average value around 1250 nmol Zn g)1 (�17/
control). In C. fluminea, Zn accumulation was
significantly higher in individuals exposed to Zn
alone (Zn/Zn+Cd ratio close to 1.6); after 10 days
of exposure, an equilibrium was reached for the Zn
and Zn+Cd conditions, at around 1050±24 and
660±54 nmol Zn g)1 respectively (about 3.7-fold
and 2.3-fold the control values).

Metallothionein levels

For D. polymorpha, the background MT level in
the whole soft body at time zero was 15±4 nmol
site Hg g)1, fw (Figure 2). Significant increases in
MT concentrations were observed after 10 and
24 days of exposure to Cd (Cd/control ratio of 2.3
and 8, respectively) and after 10 days of exposure
to Cd+Zn (Cd+Zn/control ratio of 1.9). Unlike
Cd, MT levels in zebra mussels showed no signif-
icant changes after exposure to Zn alone.

MT quantification in the whole soft bodies of
C. fluminea were significantly affected by both Cd
and Zn after 10 and 24 days of exposure, with
accumulation factors of proteins compared to
control close to those found in D. polymorpha after
10 days of exposure to Cd and Cd+Zn (Figure 2).
Nevertheless, no marked increase was observed in

Figure 1. Cadmium (a) and zinc (b) concentrations (nmol g)1, fresh weight) in the whole soft body of Dreissena polymorpha and
Corbicula fluminea exposed for 24 days to cadmium and/or zinc (0.133 lM Cd and 15.3 lM Zn in the water). Control: no added metal
in the experimental units. Data are means with standard errors (n=3). Asterisks indicate the significant differences between single (Cd
or Zn) and mixed (Cd+Zn) exposures for each exposure duration (Mann–Whitney U-test, P<0.05).
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these two conditions between 10 and 24 days and
similar MT levels were measured for the three
exposure conditions (Cd, Zn, Cd+Zn), close to
40 nmol site Hg g)1 (fw) and 1.4 higher than the
control level.

MT mRNA quantification in D. polymorpha

The lack of increase in MT concentrations in D.
polymorpha after 10 days exposure to Zn alone,
contrasting with the Cd-triggered induction,
encouraged us to measure MT gene expression for
the three contamination conditions and control.
RT-PCR results from gill samples evidenced

similarity with MT protein responses at the whole
soft body level (Figure 3). MT mRNA amounts in
gills revealed that gene expression was significantly
up-regulated after exposure to Cd and Cd+Zn
(induction factor of 20 and 14, respectively). In
sharp contrast, no significant change was observed
between control and Zn-contaminated zebra
mussels.

Discussion

In this experimental study, the zebra mussel,
D. polymorpha, and the Asiatic clam, C. fluminea,

Figure 2. Metallothionein concentrations (nmol site Hg g)1, fresh weight) in the whole soft body of Dreissena polymorpha and
Corbicula fluminea exposed for 24 days to cadmium and/or zinc (0.133 lM Cd and 15.3 lM Zn in the water). Control: no added metal
in the experimental units. Data are means with standard errors (n=3). Values noted with the same letter indicate no significant
difference between metal exposure conditions for each exposure duration (Mann–Whitney U-test, P>0.05).
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were exposed to Cd and/or Zn water concentra-
tions (0.133 lM Cd and 15.3 lM Zn) similar to
those found in numerous freshwater systems lo-
cated downstream from industrial sites (Audry
et al. 2004).

Under exposure to Cd alone, the MT responses
in the whole soft body differed considerably be-
tween the two species that we studied, whereas the
metal accumulation levels measured over time
were the same. In the zebra mussels, variations in
MT concentrations over time remained correlated
to the gradual accumulation of the metal and after
24 days of exposure gave values that were 8 times
higher than those measured in the controls. In C.
fluminea, on the other hand, quantities of MT were
much less, corresponding to concentrations that
were only 1.4 times higher than in the controls
over the same time. In D. polymorpha, even though
the Cd is potentially associated with different in-
tra- and extra-cellular structures (Herwig et al.
1989), the pool of MTs measured constitutes a
sequestration potential similar to the amount of
Cd bioaccumulated in the whole soft body at each
exposure time (e.g. after 24 days: 127 nmol site
Hg g)1 and 134 nmol Cd g)1, fw). For C. flumi-
nea, the number of potential sites represents only
30% of the total quantity of Cd accumulated in
the whole soft body after 24 days (40 nmol site

Hg g)1 and 130 nmol Cd g)1). Other Cd seques-
tration mechanisms therefore predominated in the
clam (e.g. glutathion, proteins, metal granules,
membranes ...–Langston et al. 1998). As the
soluble cellular fraction could represent between
48 and 62% of the total amount of Cd accumu-
lated in the soft body of this species (Baudrimont
et al. 1997b; Baudrimont et al. 2003), the seques-
tration potential offered by MTs in this soluble
fraction could nevertheless represent 59 to 64%.

The differences between species could be ac-
counted for by the different metal distribution
between the soluble and insoluble fractions, as
observed between Macoma balthica and Potamo-
corbula amurensis (Wallace et al. 2003). Moreover,
MT gene transcription regulation could be diver-
gent (signal transduction cascade, transcription
factors, cis-active boxes contained in the MT gene
promoters – Andrews 2000).

When C. fluminea was contaminated by Zn,
MT concentrations increased after 10 days, how-
ever, the sequestration capacities of these proteins
represented only 3 to 4% of the amount of Zn
accumulated in the soft body between 10 and
24 days (30 to 40 nmol Hg g)1 and 1050 nmol
Zn g)1). In this species, the contribution of MTs
in fixing total Zn accumulated at the whole soft
body level is therefore limited, as had been ob-
served in other bivalves (Crassostrea virginica,
Hyridella depressa and Velesunio ambiguus, Ma-
coma balthica) (Roesijadi 1994b; Markich et al.
2001; Baudrimont et al. 2003; Wallace et al. 2003).
On the other hand, Zn bioaccumulation did not
increase between days 10 and 24, which could be
interpreted as the consequence of an equilibrium
between metal entering and being eliminated from
the soft body. This result is compatible with the
induction of efflux mechanisms in relation to the
metal species, such as exocytosis and the contri-
bution from metal pumps belonging to the ABC
transporter family (ATP-binding cassette) (Ren-
sing et al. 1997; Achard et al. 2004).

In D. polymorpha, Zn produced no increase in
MT concentration over time. This protein plays
therefore only a very small role in the high level of
accumulation of this metal. The same result has
been observed after copper contamination (Leco-
eur et al. 2004). Similar results have been reported
after Zn contamination in other aquatic inverte-
brates, such as Mytilus edulis, Orchestia gamma-
rellus or Ruditapes decussatus (George 1990;

Figure 3. Metallothionein mRNA quantification by RT-PCR
in gills of Dreissena polymorpha after 10 days of exposure to
cadmium and/or zinc (0.133 lM Cd and 15.3 lM Zn in the
water). mRNA levels are expressed as induction factors com-
pared with control (control=1). Control: no added metal in the
experimental units. Data are means with standard errors (n=3).
Values noted with the same letter indicate no significant dif-
ference between metal exposure conditions (Mann–Whitney
U-test, P>0.05).
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George and Langston 1994; Mouneyrac et al.
2002; Geret and Bebianno 2004). In the zebra
mussel, it can be explained by the absence of MT
gene induction by Zn.

The toxicity caused by Zn, which led to the
death of the mussels, may be the result of less
efficient overall detoxification mechanisms in re-
spect of this metal compared with C. fluminea,
particularly in relation to the limited role of the
MTs in sequestration as MT expression was not
induced.

In the combined exposure condition, Cd/Zn
interactions may occur at the different stages of
absorption, sequestration and excretion (Brzóska
and Moniuszko-Jakoniuk 2001). The exposure of
the bivalves to cadmium and zinc simultaneously
produced a very large decrease in Cd bioaccumu-
lation in the soft body of the two species, over
50% after 10 days of exposure, and over 90% after
24 days in C. fluminea. In the zebra mussel, Zn
bioaccumulation was not affected, whereas in
C. fluminea it decreased by about 50% at 10 and
24 days, compared with the exposure to Zn alone.
In D. polymorpha, these results are compatible
with there being a competition mechanism in
relation to divalent metal transport mechanisms
through biological barriers (divalent metal trans-
porter, calcium channels, ... – Vercauteren and
Blust 1999; Zalups and Ahmad 2003) facilitated by
a Zn/Cd molar concentration ratio in the water of
115. In C. fluminea, competition at entry between
Zn and Cd cannot by itself account for the results
obtained. The reduction in concentrations of Cd
and Zn is compatible with an increased induction
in combined contamination condition of active
efflux mechanisms for metals with a lower affinity
for Cd. In clams, combined and simple exposures
produced the same level of MTs, whereas the total
amounts of metal ions accumulated differed
(672.5 nmolmetal g

)1compared with 130 and
1050 nmol g)1 for Cd and Zn alone after
24 days). The MT response in C. fluminea in the
presence of the two metals is therefore not simply a
combination of the effects observed under expo-
sure to a single metal. Similarly, in D. polymorpha,
this response which is attributable to the influence
of Cd, does not decrease proportionately with the
accumulation of the metal after 10 days. This
could be the result of metal interactions on intra-
cellular bioaccumulation. Zn toxicity in the zebra
mussels, despite the increased MT biosynthesis in

the combined exposure, could be linked with the
stronger affinity of Cd for fixing on these proteins
(Vasák 1991).

A comparative analysis of the MT gene
expression rates measured by RT-PCR in the gill
tissue of D. polymorpha, after 10 days of exposure,
revealed responses comparable with those ob-
tained from MT dosage in the whole soft body.
The gills are therefore an appropriate tissue to
study in order to analyse the expression of this
gene. Cd triggered a MT gene expression rate that
was 20 times greater than the level in the control.
Zn, on the other hand, did not induce gene
expression. These results differ from those ob-
tained in mammals, where Zn concentration of
about 100 lM, on cell culture, is a powerful MT
gene inducer (Murphy et al. 1999). The transcrip-
tional induction of MT genes in mammals and
Drosophila melanogaster is based on the binding of
a transcription factor (MTF-1) to metal regulatory
elements (MRE) in their promoters (Egli et al.
2003). According to our results, it could be possi-
ble that the transcriptional activation of MT gene
in D. polymorpha may be regulated by the same
pathway, but that Zn concentration used in our
experiment (15 lM in the water) was not sufficient
to induce this activation.
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