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Abstract: Glutathione S-transferases (GST), glutathione peroxidases (GPx) and metallothioneins
(MT) are essential components of cellular detoxication systems. We studied the expression of pi-GST,
Se-GPx, and MT transcripts in the digestive gland of Dreissena polymorpha exposed to organic and
metallic pollutants. Mussels from a control site were transplanted during 3, 15 and 30 days into the
Moselle River, upstream and downstream to the confluence with the Fensch River, a tributary highly
polluted by polycyclic aromatic hydrocarbons and heavy metals. Se-GPx and pi-GST mRNA
expression increased in mussels transplanted into the upstream site, Se-GPx response being the
earliest. These genes were also induced after 3-days exposure at the downstream site. These
inductions suggest an adaptative response to an alteration of the environment. Moreover, at this site,
a significant decrease of the expression of MT, pi-GST and Se-GPx transcripts was observed after 30
days which could correspond to an inefficiency of detoxification mecanisms. The results are in
correlation with the levels of pollutants in the sediments and their bioaccumulation in mussels, they
confirm the environmental deleterious impact of the pollutants carried by the Fensch River.

Keywords: Dreissena polymorpha; pi-class GST; selenium-dependent GPx; metallothionein; mRNA
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1. Introduction

Industrial discharges are major sources of pollution for the freshwater aquatic environment.



334

Mixtures of pollutants produce numerous effects on organisms which can not be predicted
exclusively with chemical analyses. To study the impact of chemical pollution the use of different
biomarkers has been introduced into monitoring programs, in addition to chemical analyses, in order
to evaluate the effects of pollutants on living species. To face pollutant effects, organisms possess
cellular detoxication systems like glutathione S-transferases (GST), glutathione peroxidases (GPx)
and metallothioneins (MT).

Bivalve molluscs are appropriate species to study the quality of the aquatic environment
because they are sedentary and live in sediment or at the interface of water and sediment. They filter
large amounts of water to cope with nutritional and respiratory needs. The zebra mussel Dreissena
polymorpha, due to its abundance, distribution and functional role in ecosystems, had been often
used to describe toxic effects in freshwater ecosystems. They are useful bioindicators to study the
quality of an aquatic environment using active monitoring: mussels are sampled from a pristine area
and caged in different sites for severals durations [1-6]. As transplanted mussels come from an
homogeneous population, this approach allows to avoid the biological variability of organisms from
various origins.

GST are cytosolic enzymes belonging to the most important phase II biotransformation system.
They catalyse the conjugation of electrophilic compounds to glutathione. Among the enzymatic
antioxidant system, the glutathione peroxidases can be divided into two types of enzymes: the
selenium-dependent GPx (Se-GPx) and the selenium-independent GPx (non Se-GPx). Se-GPx
catalyses the reduction of organic and inorganic peroxides like hydrogen peroxide (H,O,) while non
Se-GPx reduces only organic peroxide [7].

Metallothioneins are low molecular weight proteins with high cystein content. The thiol groups
(SH) of cystein residues enable MT to bind heavy metals. They are highly conserved and
ubiquitously distributed throughout all organisms. They play a role in homeostatic control of
essential metals (Cu, Zn) as they represent metal storage entities ready to fulfill enzymatic and
metabolic demands [8]. MT are involved in metal detoxification and also protection against reactive
oxygen species [9]. Monomeric (MT-10) and dimeric (MT-20) MT isoforms have been identified in
mussels [10]. It was suggested that MT-10 takes part in the homeostasis of heavy metal cations,
MT-20 being implicated in the defense against the effects of metals. Assessing pollution using MT is
of great interest in the aquatic environment; indeed, invertebrate MT have been valided as useful
biomarkers of exposure to metal contamination in molluscs and other aquatic organisms [11].

In order to evaluate the effect of industrial pollution on the detoxification performance of
sentinel organisms, we studied the expression of pi-GST, Se-GPx and MT transcripts in the digestive
gland of D. polymorpha transferred from a control site into the Moselle River, upstream and
downstream from the confluence with the Fensch River. This river is located in a former industrial
area in the Lorraine Region (France) and is polluted by high amounts of polycyclic aromatic
hydrocarbons (PAHs) and heavy metals [12]. MT, pi-GST and Se-GPx coding sequences from the
freshwater mussel Dreissena polymorpha have been previously identified [13,14]. These genes
correspond to biomarkers widely used to evaluate exposure of aquatic organisms to numerous
pollutants in the environment [15,16].
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2. Materials and Methods
2.1. Experimental animals

Mussels, D. polymorpha, were sampled from a reference site, a small canal in the Meuse Basin
(France). They were transplanted into the Moselle River upstream and downstream from the
pollution source constituted by the confluence with the Fensch River (Figure 1). Mussels were kept
in cages during 3, 15 or 30 days. Animals from the reference site served as controls. The digestive
gland of control and transplanted mussels were removed immediately after collection, placed in 4 M
guanidium isothiocyanate solution (Fermentas Life sciences, Vilnius, Lithuania) and conserved in
liquid nitrogen to avoid RNA degradation. Five mussels were used at each site to measure the
pi-GST, Se-GPx and MT mRNA expressions.

Moselle
River

Downstream site

Upstream site

Bourgogne

" Aquitaine

Figure 1. Location of the upstream and downstream sites in the Moselle River.
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2.2. Chemical analysis

Analysis were performed on mussels soft tissues from control, upstream and downstream sites
at each time of exposure, and on sediments samples collected at day 30 from upstream and
downstream sites. Heavy metals were quantified by coupled plasma mass spectrometry (ICP-MS),
atomic emission spectrometry (ICP-AES) or atomic absorption spectrometry (AAS). Polycyclic
aromatic hydrocarbons were characterized by dichloromethane extraction followed by liquid
chromatography and analysed by gas chromatography-mass spectrometry. The detection limits of
these methods are indicated in Table 1.

Table 1. Concentrations PAHs and metals in the sediments of the sites where mussels were
encaged (dw: dry weight). The thresholds of average quality sediments correspond to the system
established by the French water authorities (Agences de I’Eau, 2003). N.A.: no data available.

Contaminants Concentration(mg/kg dw) Quantification Thresholds of average quality
Upstream Downstream limits sediments (mg/ kg dW)
PAHs (ng/kg dw)
Naphtalene 0.10 0.80 0.95
Acenaphthylene 0.52 1.84 0.17
Acenaphtene 0.14 0.70 0.22
Fluorene 0.45 1.27 0.12
Phenanthrene 342 5.77 0.17
Anthracene 1.16 2.61 0.15
Fluoranthene 7.79 17.51 0.31
Pyrene 4.76 11.41 0.49
Benzo(a)anthracene 3.03 7.49 0.18
Chrysene 2.78 6.98 0.24
Indeno(1,2,3-cd)pyrene 1.94 5.80 30.00
Benzo(b)fluoranthene  3.07 8.43 26.00
Benzo(k)fluoranthene 1.16 3.30 28.00
Benzo(a)pyrene 1.45 5.37 25.00
Dibenzo(a,h)anthracene 0.75 2.20 81.00
Benzo(g,h,i)perylene  1.55 4.67 0.34
Total PAHs 34.07 86.15 7.5
Metals (mg/kg dw)
Chromium 111 758 5 110
Cooper 39 135 1 140
Lead 137 428 0.6 120
Nickel 37 103 5 48
Tin 10 741 0.5 N.A.
Zinc 498 2138 1 460
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2.3. RNA isolation

RNA extraction was carried out on 30 mg of digestive gland using the RNeasy Mini Kit (Qiagen,
Maryland, USA) following the manufactor instructions. An electrophoresis on agarose gel was
carried out in order to check the integrity of the RNAs.

2.4. Primers design
Primers were obtained from Invitrogen (Carlsbad, USA), the sequences are given in Table 2.
They were choosen in the beta-actin, MT, pi-GST and Se-GPx coding sequences available in
GenBank or identified in our laboratory (accession no: AF082863, DPU67347, EF194203,
EF194204 respectively).

Table 2. Sequences of primers used for amplification of D. polymorpha cDNA.

Primers Sequences (5'-3")

ACT.DF GGATCTGGAATGTGCAAAG
ACT.DR CATCCCAGTTGGTGACGATA
MT.DF ACCTGACTTTACGCATTCAAC
MT.DR AACTGTGTGACACCATCCCA
GST.DF TG ACTTGATCAAGGACGCGA
GST.DR GATAGCACGCACAGGATGTC
GPX.DF GGAGTTGACGAACGGTCTA
GPX.DR GATGGGATGGTACAGCTTCT

2.5. ¢cDNA synthesis

Reverse-transcriptions were performed on 1 pg of total RNA using the Maxime RT oligo dT
PreMix Kit (iNtRON Biotechnology, Seongnam, South Korea) according to the manufacturer's
instructions. At the end of the reaction each cDNA were diluted 10 times in Tris HC1 10 mM (pH 8.3).

2.6. MT, pi-GST and Se-GPx mRNA expression

Four pL of cDNA were diluted from 1:2 to 1:64 to calculate PCR efficiencies which are the
following: 1.081 (MT), 1.029 (pi-GST), 0.928 (Se-GPx) and 1.030 (beta-actin).

Amplification of MT, pi-GST, Se-GPx and beta-actin cDNA was carried out by real-time
quantitative PCR in a MiniOpticon System (Bio-Rad, Hercules, USA) using GoTaq qPCR Master
Mix containing SYBR Green (Promega, Madison, USA) according to the manufacturer’s instructions.
PCR amplifications were carried out on 4 pL of 8-folds diluted cDNA using 300 nM of beta-actin or
MT primers, or 500 nM of pi-GST or Se-GPx primers. The PCR steps consisted of a 10-min initial
denaturation at 95 °C followed by 40 cycles of heat denaturation at 95 °C for 30 s, annealing at 58 °C
for 30 s, polymerisation at 72 °C for 30 s, and a 5-min final extension at 72 °C. Negative controls
were performed on non reverse-transcribed RNA.

The normalized folds of MT, pi-GST and Se-GPx transcripts were calculated using the -AACt
method [17].
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2.7. Statistical analyses

Statistical analyses were carried out to compare MT, pi-GST and Se-GPx mRNA expression in
control and transplanted mussels. The ratios of MT, pi-GST and Se-GPx levels/beta-actin levels were
analysed by a t-test (comparison of means) using the R software [18]. As PCR is a geometric reaction,
we considered differences as significant if the fold change was > 1.5 and P < 0.05.

3. Results
3.1. Chemical analysis

The concentrations of pollutants in sediments from upstream and downstream sites are given in
Table 1. Total PAHs concentration in the upstream and downstream sites are respectively around 34
and 86 mg/kg of dry sediment. These sites are also contaminated by heavy metals. For example,
chromium, lead and zinc concentrations in the downstream site are respectively 6, 3 and 4 times
higher than the thresholds of average quality sediments.

The analysis show a bioaccumulation of metals and PAHs in mussels in accordance with the
time of exposure (Table 3). The highest levels of almost all metals and PAHs are pointed out in
mussels exposed 30 days at the downstream site. For instance, total PAHs, copper and zinc
concentrations are 2-times the values in control mussels whereas iron and lead levels are around
10-times higher compared to controls.

Table 3. Concentrations of total PAHs and metals in the soft tissues of control and
transplanted mussels (dw: dry weight).

Concentrations in mussels (ng/g dw)

Pollutants Control site Upstream site Downstream site

3days 15days 30days 3 days 15days 30 days
Total PAHs 32.93 3299 50.50 45.60 3527 6743  65.22
Cd 0.40 0.33 0.31 0.66 0.40 0.48 0.40
Cu 8.97 9.14 16.68 17.82  12.06 16.99  20.32
Fe 118.30 22791 37489 584.96 410.10 638.38 1089.76
Ni 4.93 4.44 4.92 7.54 5.12 5.17 6.27
Pb 0.23 0.34 0.52 1.07 0.82 1.32 2.20
Zn 83.25 88.97 11445 18537 103.88 166.04 169.48

3.2. MT, pi-GST and Se-GPx expression patterns

We evaluated the expression pattern of MT, pi-GST and Se-GPx transcripts from D.
polymorpha in the upstream, downstream sites (Figure 2). Amplifications performed on non
reverse-transcribed RNA (negative control) did not produce any amplimer, indicating that PCR
products were not amplified from any genomic DNA remaining in the samples.

Mussels transplanted into the upstream site showed an increase of pi-GST mRNA levels after 30
days of exposure, and as soon as 3 days in the case of the Se-GPx compare to the controls. Both
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genes were induced after 3-days exposure at the downstream site. A significant decrease of MT,
pi-GST and Se-GPx mRNA expression levels was observed at the downstream site after 30 days.

Considering the amounts of pollutants in D. Polymorpha soft tissues, no clear correlation was
established between genes expression and PAHs concentrations. However, a binomial curve was
observed in the case of metals (Figure 3), correlation coefficients of MT, pi-GST and Se-GPx
expressions beeing respectively 0.921, 0.726 and 0.997.
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Figure 2. Expression levels of MT, pi-GST and Se-GPx mRNA in the digestive gland
of D. polymorpha from control site (Co) and transplanted 3, 15 or 30 days into the
Moselle River. U and D correspond to upstream and downstream sites. Stars (*) and dots
(¢) indicate respectively significant increase or decrease compared to control.
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Figure 3. MT, pi-GST and Se-GPx mRNA expressions according to total metals
concentrations in mussels soft tissues.
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4. Discussion

The Fensch River is the major source of pollution in the present field study. The bed and the
banks of this river are highly degraded by urbanisation and industrialisation [19]. A large part of the
pollutants is rapidly transferred into the Moselle River. The pollutant concentrations in downstream
site (Table 1) largely exceed the thresholds corresponding to sediments of average quality according
to the river quality classification system established by the French Water Authorities [20].

MT is a scavenger of heavy metals and free radicals, Se-GPx is a major component of the
antioxidant systems and pi-GST is a phase II biotransformation enzyme. As these proteins are
involved in different detoxification process, their expression could be used as warning indicator of
environmental contamination.

The significant increase of pi-GST and Se-GPx mRNA levels in mussels transplanted into
upstream and downstream sites could correspond to an antioxidant stress response. However, MT,
pi-GST and Se-GPx expression showed a decrease trend at the downstream site according to the time
of exposure. We observed a similar hormesis effect on mussels, C. fluminea, exposed to copper and
cadmium [21]. The transcript levels of the three genes were significantly lower after 30-days
exposure compared to controls. Moreover, pi-GST and Se-GPx expressions at days 15 and 30 were
lower compared to day 3. The results of a previous work performed in the Fensch River by our
laboratory are in correlation with the present study: freshwater mussels, U. tumidus, encaged
downstream from the outfall of a cocking plant exhibited lower Se-GPx activities in the digestive
gland compared to values at the upstream site [22].

It has been demonstrated that GST and GPx activities of mussels were induced by
environmental pollutants [23-28] and that MT synthesis was induced by metal contaminants [29].
However, other studies showed also a decrease of GST, GPx or MT at the protein or mRNA levels.
This decrease of MT, pi-GST and Se-GPx transcripts levels in mussel transplanted into the
downstream site could correspond to an overwhelming of the detoxification systems; il could also be
due to the presence of inhibitors of their expression in higher proportions than activators in the
pollutant mixture. Indeed, pi-GST gene expression is under the regulatory control of both enhancer
and silencer elements [30].

A decrease of GST activity was observed in a freshwater mussel, Anodonta cygnea, exposed to
pesticides [31]. Results similar to our study were obtained with the mollusc Ruditapes decussatus
exposed to three concentrations of municipal effluents for 7 and 14 days: GST activity was induced
at the lowest concentration and time-exposure, then decreased in animals exposed to the two other
concentrations for 14 days [32]. Such biphasic response was pointed out in the digestive gland of
snails exposed to several levels of metals [33].

An exposure to copper, performed in laboratory, showed a significant decrease of MT protein
level in limpets Patella vulgata [34]. Mussels, Mytilus galloprovincialis, exposed to environmentally
relevant concentrations of chromium showed a decrease of MT mRNA level [35]. An inhibition of
MT expression was pointed out in the oyster Crassostrea gigas from an area higly polluted by metals
compared to control organisms [36].

Several authors have shown a decrease of GPx activity in organisms exposed to multiple water
pollutants. For example, the bivalves Ruditapes decussatus collected from sites contaminated by
metals and PAHs showed a lower GPx activity compared to control organisms [37]. Heavy metals
can also lead to a decrease of GPx activity. Mussels, Mytilus galloprovincialis, from the Izmir Bay
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revealed a decrase of GPx activity in animals sampled in an heavily polluted area compared to a
clean area [38]. These observations showed the relationship between the proximity of the pollution
source and the responses of the organisms.

High toxicant concentrations may lead to the inhibition of enzyme activity [39]. For example, a
reduced GPx activity could indicate that its antioxidant capacity was surpassed by the amount of
hydroperoxides produced by lipid peroxidation [40]. Moreover, a deficiency of the Se-GPx activity
reduces detoxification efficiency and reveals a precarious status in the exposed bivalves, suggesting
that this inhibition was predictive of toxicity [22]. A reduced capability to neutralise radical oxidative
species has been suggested to play a fundamental role in mediating oxidative toxicity and has been
often associated with the presence of cellular alterations [41].

The present work showed the deleterious effects of an industrial pollution on the detoxification
capacity of aquatic organisms. The results are in accordance with the amounts of PAHs and metals
identified in the sediments and with the bioaccumulation of pollutants in transplanted mussels.
Detoxification systems were induced in mussels transplanted into the upstream site wich showed
moderate levels of pollutants. However, after an early increase, an inhibition of these systems was
pointed out in dreissena encaged 30 days in the highly polluted downstream site. These results were
likely to correspond to an overwhelming of MT, pi-GST and Se-GPx defense capabilities suggesting
that mussels were not able to face the environmental perturbations. A biphasic response was
observed according to metals concentration in mussels soft tissues, especially in the cases of MT and
Se-GPx (Figure 3), suggesting that, in the present study, metallics pollutants have more impact on
dreissena detoxification systems than PAHs. Therefore, it is also highly likely that transplanted
mussels are mainly exposed to an oxidative stress. Indeed, previous studies performed at the same
sites showed lipid peroxidation and depletion of antioxidant defense systems in transplanted
mussels [42].

Our results showed that molecular methods, such as study of detoxification genes expression in
sentinel organisms, could be an early warning of environmental perturbations. In the perspective of
the present study, an other downstream site more distant to the confluence with the Fensch River
could be chosen to assess if the modulation of gene expression is linked to the distance with the
source of pollution.

5. Conclusion

We used D. Polymorpha to monitor the effects of an industrial pollution on the detoxification
performance of sentinel organisms. Mussels were transplanted into the Moselle River upstream and
downstream from the confluence with the Fensch River, a tributary polluted by PAHs and heavy
metals. Modulation of MT, pi-GST and Se-GPx mRNA levels correlates with the amounts of
pollutants (especially metals) and the exposure duration. These results confirm the environmental
deleterious impact of the pollutants carried by the Fensch River.

The present study shows that molecular approaches performed on bioindicators such as D.
polymorpha are essential tools to detect environmental perturbations. Expression studies of pi-GST,
Se-GPx and MT at the transcriptional level will also contribute to a better insight of the xenobiotic
toxicity in the aquatic environment.
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