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Organisms are able to detoxify accumulated m etals by, e.g. binding them  to m etallothionein (MT) and/or 
sequestering them  in m etal-rich granules (MRG). The different factors involved in determ ining the capac
ity or efficiency w ith which m etals are detoxified are not yet known.

In this work we studied how the sub-cellular distribution pattern  of cadmium, copper and zinc in whole 
tissue of zebra mussels from clean and polluted surface waters is influenced by the total accumulated 
metal concentration and by its physiological condition. Additionally we measured the metallothionein 
concentration in the mussel tissue. Metal concentration increased gradually in the m etal-sensitive and 
detoxified sub-cellular fractions w ith increasing whole tissue concentrations. However, metal concen
trations in the sensitive fractions did not increase to the same extent as m etal concentrations in whole 
tissues. In more polluted mussels the contribution of MRG and MT became more important. Neverthe
less, m etal detoxification was not sufficient to prevent metal binding to heat-sensitive low molecular 
weight proteins (HDP fraction). Finally we found an indication that metal detoxification was influenced 
by the condition of the zebra mussels. MT content could be explained for up to 83% by variations in Zn 
concentration and physiological condition of the mussels.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Accum ulated m etals in aquatic organism s can provide valuable 
inform ation on m etal bioavailability in the aquatic environm ent 
(Rainbow, 2002; Bervoets et al„ 2005). However, total concentra
tions of accum ulated m etals in the tissues do not always give a 
reliable indication of m etal toxicity (Cain et al„ 2004; Vijver et 
al., 2004). Only th a t fraction of the m etals th a t inappropriately 
interacts w ith  physiologically sensitive target m olecules (like small 
peptides, enzym es, DNA and RNA) or organelles (m itochondria, 
nuclei, m em branes) is potentially  toxic (Wallace et al„ 2003; W ang 
and Rainbow, 2006; W ang and Wang, 2008). To regulate the in ter
nal availability of essential m etals for m etabolic functions and to 
avoid inappropriate binding of essential and non-essential m e t
als to im portan t bio-m olecules, various sub-cellular system s have 
evolved. W ith  this, essential m etals in excess of m etabolic require
m ents and non-essential m etals are detoxified and /or excreted 
(Rainbow, 2002; Campbell et al„ 2005, 2008). Excess of m etals can
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be bound to  the m etal binding protein m etallo th ionein  (Vijver et al., 
2004; Van C am penhout et al., 2008) and (subsequently) im m obi
lized w ith in  granules (M arigóm ez et al., 2002). M etal-rich granules 
can be excreted via faeces or basal exocytosis tow ards haem ocytes 
(Desouky, 2006). Nevertheless, for non-essential metals, often no 
or very slow elim ination is observed (Roditi et al„ 2000; do Amaral 
et al„ 2005).

Techniques like differential centrifugation (Wallace et al„ 2003), 
chrom atographic separation  (Van C am penhout et al„ 2008), and 
m icroscopic analysis (M arigómez et al., 2002) give the opportunity  
to study the in ternal d istribution  of the m etals. However, it is not 
yet fully understood w hether and how factors such as total tissue 
concentration, uptake rate and physiological condition are involved 
in the capacity of m etal detoxification.

Biological factors such as genetic background (Knapen et al., 
2004), size (Wallace et al., 2003), physiological condition of the 
organism, or uptake route (Ng et al„ 2007) m ight be involved 
in the m etal detoxification capacity. M etal detoxification and the 
m aintenance of detoxification m echanism s m ight be energetically 
expensive. Therefore, the organism s in good condition m ight be 
able to invest m ore energy in m etal detoxification. The energy sta
tus of an organism  can give a good indication of its condition and 
can be determ ined  by m easuring energy stores (i.e. carbohydrates, 
proteins and lipids). Also condition-indices such as the tissue con
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Table 1
W ater characteristics and m etal levels in w ater and sedim ent at th e  four locations.

Locations Cond. ((jus/cm) pH 0 2 (%) Ca ( m g / 1 ) Cd ( jL JL g /1 ) CU (JL J L g /1 ) Zn ( jL JL g /1 ) Cd sed. ( j ü L g / g ) Cu sed. ( j ü L g / g ) Zn sed. ( j ü L g / g )

Loci 910 8.2 99.6 65.5 <0.05 0.85 2.03 0.17 4.83 7.17
Loc2 554 8.1 110 62.9 0.23 0.57 0.25 ND ND ND
Loc3 532 7.8 93.5 52.7 1.20 8.26 63.4 2.46 57.3 438
Loc4 696 8.2 93.1 60.1 1.30 16.4 103.2 149 34.6 4410

Cd sed.; Cu sed.; Zn sed.: m etal levels in sedim ent expressed on a d ry w eight basis. ND: not determ ined

dition index (TCI) (w eight norm alized for size) and w ater content 
can give a valuable indication of the condition for several organism s 
(Sm olders et al„ 2004; Voets et al„ 2006).

M ussels have been  used extensively for m onitoring w ater pollu
tion. In the freshw ater environm ent, zebra m ussels have show n to 
be valuable m onitoring organism . They are w idespread, sedentary, 
easy to collect and handle and good accum ulators. Furtherm ore, 
they  m ight represen t a significant entrance of m etals in the ecolog
ical food chain and accum ulate toxicants according to  bioavailable 
levels in the environm ent (Hendriks et al„ 1998; Kraak et al., 1991 ; 
Bervoets et al., 2005).

In th is w ork we studied  how  zebra m ussels under polluted con
ditions deal w ith  an excess of accum ulated Cd, Cu and Zn. To this, 
we studied how  zebra m ussels d istribute excess of these accum u
lated m etals sub-cellular and how  this is influenced by the total 
m etal concentration  in the m ussels. We also investigated w hether 
the physiological condition of the m ussels affects this sub-cellular 
d istribution  and /or if there  is a relation betw een  the physiological 
condition and the concentration  of m etals in the so-called m etal- 
sensitive fractions.

To achieve these goals, we determ ined  the sub-cellular d istribu
tion  of Cd, Cu and Zn in w hole tissue of zebra m ussels from clean 
and polluted surface w aters in Flanders, Belgium. We m easured 
the m etallothionein concentration. We defined the condition of the 
m ussels by m easuring the tissue condition index (TCI).

2. Materials and methods

2.1. Sampling sites

M ussels w ere sam pled in Septem ber 2005 from tw o lakes 
(ponds) and tw o canals in Flanders (Belgium) w ith  different levels 
of m etal pollution. The selection of the locations was based on previ
ous m easurem ents of m etal levels in zebra m ussel tissue (Bervoets 
et al„ 2005). Lake W alenhoek in Niei (further referred to  as Loci) 
w as selected as a clean location. The lake Nekker in M echelen (fur
th e r referred to  as Loc2) w as slightly polluted, the Albert canal in 
Schoten (further referred to as Loc3) was considerably polluted and 
the canal of Beverlo in Lommel (further referred to as Loc4) was 
severely polluted w ith  trace m etals (Table 1 ).

The m ussels w ere carefully rem oved from the substrate, selected 
by length (18-22 m m ) and transported  to  the laboratory in plastic 
barrels w ith  w ater from the sam pling site. A dditionally 601 of w ater 
from each sam pling site w as collected, filtered (0.45 pim) in the lab
oratory and stored at 4 C. This w ater w as acclim ated to 15 C ju s t 
before use. In the laboratory, m ussels w ere kept at 15 C in aerated 
and filtered site w ater to  let them  depurate. The w ater w as renew ed 
every 12 h. After 60 h, w hen the m ussels produced no m ore fae
ces, they  w ere dissected and stored at - 8 0  C. For each location, 10 
replicates each containing th ree m ussels w ere used.

2.2. Sub-cellular fractionation

The m ussel tissue w as fractionated according to the protocol 
of Wallace et al. (2003) w ith  m inor modifications (Fig. 1) (Steen 
Redeker et al„ 2007). Tissues w ere hom ogenized in six volum es

of hom ogenization buffer (20 mM Tris-HCl, 5 mM ß-m ercapto  
ethanol, 0.1 mM phenylm ethanesulphonylfluoride (PMSF), pH 7.4). 
Tris-(hydroxylm ethyl)-am inom ethane (Tris), ß-m ercap toethanol 
and PMSF w ere obtained from Sigma (Sigma-Aldrich, St Louis, MO). 
A sub-sam ple was taken from the hom ogenate for the determ ina
tion  of the total m etal concentration  and the m etal concentration 
in all the  separate fractions.

One ml of hom ogenate w as centrifuged at 1450 x g  (Eppendorf 
Centrifuge 5804R, Hamburg, Germany) for 15 m in.The supernatan t 
w as carefully rem oved for fu rther fractionation. The pellet was re 
suspended in 200 p i dem ineralized w ater and heated  at 100 C 
for 2 min. Five hundred  m icrolitres of 1 M NaOH w as added and 
the sam ples w ere incubated for 60 m in at 65 C. After incubation 
the sam ples w ere centrifuged at 10,000 x g  (Sorval Discovery™  
90 Ultra speed centrifuge, Newton, CT) for 30 m in and the super
natan t was transferred  to  another tube. The pellet w as w ashed w ith
0 .5 M NaOH and centrifuged again at 10,000 x g  for 3 0 min. The 
supernatan t was added to the previous supernatan t fraction and 
contained the cellular debris (e.g. tissue fragm ents, m em branes). 
The pellet contained the m etal-rich granules (further called MRG) 
(Wallace et al„ 2003).

The supernatan t obtained by the first centrifugation step was 
u ltra centrifuged at 100,000 x g  for 90 min. The resulting pellet 
contained organelles (nuclear, m itochondrial, m icrosom al fractions 
(fu rther called organelles) (Wallace et al„ 2003). The supernatan t 
containing the cytosolic fraction w as heated  at 80 C for 10 m in and 
subsequently  cooled on ice for 60 min. This fraction was centrifuged 
at 30,000 x g  for 15 min, w hich resulted in a supernatan t fraction 
containing heat stable proteins (HSP), including m etallo th ionein- 
like proteins (MTLPs) and a pellet containing heat denaturated  
proteins (HDP). From the HSP fraction, a sub-sam ple w as taken  to 
determ ine MTLP levels. In sum mary, five fractions w ere retrieved,
1.e. MRG, debris, organelles, HDP and HSP.

MRG and HSP, including MTs can be considered as biological 
detoxified m etals (BDM), w hereas organelles and HDP can be con
sidered as the m etal-sensitive fractions (MSF) (Wallace et al„ 2003).

Various potential artefacts can com plicate the in terpre tation  of 
centrifugal fractionation results, such as breakage or clum ping of 
particles, leakage of soluble constituen ts from organelles and over
lap am ong sub-cellular fractions (Wallace et al„ 2003).

2.3. Metal analyses

The different sub-sam ples w ere dried and digested in 5:1 ratio of 
HN03/H20 2 in a microwave oven (Bervoets et al„ 2005). Metal m ea
surem ents (Cd-Cu-Zn) w ere perform ed w ith  ICP-MS (Varían Ultra 
Mass 700, Victoria, Australia). Analytical accuracy w as determ ined 
using process blanks and certified reference m aterial of the Com
m unity  Bureau of Reference standard  for trace elem ents in m ussel 
tissue (CRM 278). Recoveries w ere w ith in  10% ofthe  certified values.

2.4. Metallothionein quantification

Total cytosolic MTLP concentrations w ere m easured using the 
cadm ium  thiom olybdate satu ration  assay from Klein et al. (1994). 
Before use, the ion exchangers (CM-Sephadex, DEAE-Sephacel,
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Fig. 1. Zebra mussel tissue was fractionated according to  Wallace et al. (2003).

Chelex-100) w ere w ashed w ith  30 volum es of 10 mM Tris-HCl, 1 M 
NaCl, pH 7.4, and equilibrated w ith  30 volum es of 10 mM Tris-HCl, 
85 mM NaCl, pH 7.4 (buffer A). Fifty micro litres of the cytosol was 
m ixed w ith  10 p.1 of 300 mM ZnSÜ4-7H20 (Merck) in a 1.5 ml vial 
and subsequently  incubated w ith  10 p.1 of 140 mM ß-ME at room  
tem peratu re for 30 min. After incubation w ith  70 p.1 acetonitrile 
(Merck) for 3 min, 500 p.1 of buffer A and 100 p i of CM-Sephadex 
(66%, v/v suspension in buffer A) w ere added. The m ixture was 
shaken during 3 m in and respectively incubated w ith  50 p i bovine 
serum  album in (30 mg/1, freshly prepared) and w ith  20 p i of am m o
nium  tetrath iom olybdate (500 p,M, freshly prepared in buffer A) 
both  for 2 min. After shaking w ith  100 p i of DEAE-Sephacel (66%, 
v/v suspension in buffer A) for 3 min, the precipitate w as rem oved 
by centrifugation at 8000 x g  for 5 min. An aliquot of 600 p i of 
the supernatan t was sa turated  w ith  1 0 p i of 109Cd-labeled CdCß 
(1 mM, 740 kBq/ml, specific activity) for 5 min, thereby  exchanging 
the endogenous Cd and Zn. The excessive 109Cd(II) w as com plexed 
and rem oved by Chelex-100. CdCß w as supplied by Merck and 
109Cd (37MBq/p,g Cd) w as obtained from A m ersham  Biosciences 
(Piscataway, NJ). Following a centrifugation step at 8000 x g  for 
5 min, 500 p i of the supernatan t w as incubated w ith  500 p i of ace
tonitrile for 3 min. The precipitate w as rem oved by centrifugation 
and the 109Cd(II) bound to MTLP w as m easured w ith  a 'W izard 3' 
1480 A utom atic gam m a counter (PerkinElmer, Zaventem, Belgium). 
The MTLP concentrations w ere calculated on the basis of a m olar 
ratio of Cd/MT of 7 (Kito et al„ 1982).

2.5. Tissue condition index

The TCI is defined as the ratio be tw een  the dry w eight of the 
tissue w ith  the volum e of the mussel. The calculation of the m ussel 
volum e (Volm) w as based on the length, w id th  and height of the

m ussel w ith  the form ula (Voets et al„ 2006) 

Length x W idth x Height

2.6. Statistics

Analyses of variance (ANOVA, w ith  post-hoc Duncan’s m ulti
ple range test), Kruskal-W allis tes t and correlation m atrices w ere 
used to analyze the data, as appropriate. The data  w ere tested  for 
hom ogeneity  of variance by the log-ANOVA tes t and for norm ality  
by the Kolmogorov-Smirnov tes t for goodness of fit. All tes ts  w ere 
perform ed w ith  STATISTICA 5.0 (StatSoft, Inc.). Differences w ere 
considered significant w hen  p-values w ere <0.05. The statistical 
m ethods used are outlined in Sokal and Rohlf (1998).

3. Results

3.1. Metal accumulation

M etal concentrations in w hole tissue of zebra m ussels ranged 
from 0.69 to 40 .6nm ol/g  (w /w ) for Cd, from 16.9 to 79 .0nm ol/g 
(w /w ) for Cu and from 136.8 to 284.5 nm ol/g (w /w ) for Zn. Metal 
accum ulation in zebra m ussels (Cd, Cu and Zn) show ed significant 
differences am ong the sam pling sites (Fig. 2a-c). Cd, Cu and Zn lev
els in the m ussels w ere highest in m ussels from Loc4, followed by 
m ussels from Loc3 and Loc2.

3.2. Sub-cellular metal compartmentalization

The d istribution  of the m etals over the different sub-cellular 
fractions, determ ined  by differential centrifugation, show ed clear 
differences betw een  the m etals. The relative d istribution  of the
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Fig. 2. Cadmium (a), copper (b) and zinc (c) concentrations in w hole tissue of zebra 
m ussels from field locations. Metals are expressed in nmol per g (w/w). Mean values 
and standard deviation are given. Different letters represent significant differences 
betw een locations (ANOVA, N= 10, p  < 0.05).

m etals am ong the different fractions from the four locations is 
show n in Fig. 3. Cd w as m ainly presen t in the HSP fraction (60-70% 
of total Cd), Cu w as m ostly d istribu ted  in the fractions HSP, 
organelles and debris, w hile Zn was d istributed  over the fractions 
debris, organelles, HSP and HDP. For all metals, only a small am ount 
w as presen t in MRG (less than  10%). The influence of environm en
tal m etal concentration  on sub-cellular d istribution  w as reflected in 
differences in m etal d istribution  betw een  m ussels from clean and 
polluted locations (Fig. 3). At locations polluted w ith  Cd (Loc4 and
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Figure 3. Distribution patterns (M ean ±  S.D.) of Cd (a). Cu (b) and Zn (c) over the 
sub-cellular fractions in percentage o f w hole tissue concentration in m ussels from 
different field locations.

Loc3) a higher proportion  of Cd w as presen t in granules (+4.4%) (not 
significant for Loc3) and heat-stable proteins (+8.8%), and relatively 
less Cd w as bound to  heat-sensitive proteins (HDP) (-8.0%) com 
pared to m ussels from the clean locations (Loci and Loc2). Similar 
results w ere found for m ussels from the Zn polluted location Loc4. 
M ussels from Loc4 had a h igher proportion  of Zn in the HSP frac
tion  (+4%) and a low er p roportion  of Zn in organelles (-5.5% ) than  
m ussels from Loci, Loc2 and Loc3. M ussels from Loc3, however, had 
a low er p roportion  of Zn bound to HDP, although they  had no ele
vated w hole tissue concentrations. For Cu on the o ther hand, we 
found alm ost no differences betw een  m ussels from the different 
locations. The w ith in-site variation (betw een the replicates) in Cu 
concentrations in the sub-cellular fractions w as higher in m ussels 
from the polluted locations.
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Table 2
Correlation coefficients (r values) betw een m etal concentrations in the  sub-cellular 
fractions and w hole tissue concentrations in zebra mussels (N 40).

MRG HSP HDP Organelles Debris

Cd 0.92*** 0.99*** 0.96*** 0.97*** 0.88***
Zn 0.59*** 0.89*** 0.83*** 0.83*** 0.87***
Cu -0 .0 7 NS 0.74*** 0.57*** 0.84*** 0.37*

NS: non significant.
' p<  0.05.

p<  0.001.

M etal concentrations in all sub-cellular fractions (except for Cu 
in MRG) increased w ith  increasing m etal concentrations in w hole 
m ussel tissues. Correlations w ere highly significant for all m etals 
and for alm ost all the fractions (Table 2). We calculated the am ount 
of m etals in the m etal-sensitive fractions (organelles + HDP; po ten
tially toxic) and in the detoxified fractions (HSP + MRG; presum ed 
non-toxic) for all the  m ussels separately and plo tted  these values 
against the w hole tissue concentration  (Fig. 4a-c). For Cd and Cu, 
m ost m etals w ere p resen t in the detoxified fractions, w hereas for 
Zn, m ost m etals w ere p resent in the m etal-sensitive fractions. From 
th a t figure it was clear th a t for Cd the relative im portance of the 
so-called detoxified fraction increased w ith  increasing total tissue 
level. For Zn the relative d istribution  rem ained alm ost unchanged 
w ith  increasing w hole tissue level. On the o ther hand, the excess 
of Cu in the m ussels was m ainly associated w ith  organelles, rela
tive im portance of w hich increased w ith  increasing w hole body Cu 
concentration. This is an indication of an inefficient detoxification 
of Cu in zebra m ussels.

3.3. Metallothionein

M etallothionein-like protein  levels w ere m easured in the HSP 
fraction of m ussels from the different sam pling sites (Fig. 5a). Back
ground levels of MT, m easured in the reference location Loci w ere 
17.2 ± 2 .5  nm ol/g (w /w ). Only in m ussels from Loc4, levels w ere sig
nificantly elevated (22.7 ±  1.9 nmol/g, w /w ). W ithin  each location, 
MTLP levels w ere significantly correlated to the Zn concentration 
in the HSP fraction (not for Loc4) and not to the Cd and Cu concen
trations.

We calculated a theoretical am oun t of MT (MTtheor.) necessary 
to bind all the  Cd, Cu and Zn in the HSP fractions, w ith  the form ula

MTtheor̂  + l£Hl±^l
w hereby [Cd], [Cu] and [Zn] are the m etal concentrations (in 
nmol/g, w /w ) in the HSP fraction and the values 7, 12 and 7 are 
respectively the num ber of binding sites (m etal-th io late linkages) 
per MT molecule for Cd, Cu and Zn respectively (Kägi and Schäffer, 
1988). We calculated the ratio MT/MTtheor for m ussels from the dif
ferent locations to com pare the proportion  of the MT binding sites 
th a t w as bound to m etals. In Loci, levels of m easured  MTs w ere 
on average 3.6 ±  0.4 tim es higher than  MTtheor w hich indicates tha t 
only 27% of the MT binding sites w ere occupied. This ratio decreased 
for m ussels from m ore polluted locations (Fig. 5b).

3.4. Tissue condition index

As a m easure of m ussel condition we calculated the TCI. M us
sels from the different locations show ed significant differences in 
TCI (Fig. 6). M ussels from Loc2 had the best condition, followed by 
m ussels from Loci, Loc4 and Loc3. W ithin  each location there  was 
no significant correlation betw een  the m etal concentration  in the 
m etal-sensitive fractions (organelles and HDP) and the TCI. Also, 
w hen  all pooled data w ere considered, TCI w as not related to the 
Cd, Cu and Zn concentrations in the m etal-sensitive fraction or in 
the w hole soft tissue.
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Figure 4. Distribution of Cd (a). Cu (b) and Zn (c) over the  different sub-cellular 
fractions as a function of w hole tissue m etal concentration in Dreissena polymorpha. 
Data o f all the  locations are taken together (N 40). For correlation coefficients see 
Table 2.

To determ ine if the am ount of MT is influenced by the condi
tion  of the m ussels, we used a m ultiple regression model, w hereby 
the m etal concentrations in the HSP fraction and the TCI w ere 
used  as independent variables to explain variation in MT con
centrations. Zn and TCI w ere significant, both  variables had a
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and standard deviation are given, N =10, bars with different letters are significant 
different (ANOVA, N=  10, p  < 0.001 ).

positive relation and explained 83.4% of the variation in MT content 
(Table 3).

4. Discussion

M etal levels in the m ussels ranged from low to very high con
centrations depending on the exposure location. The low est m etal
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Figure 6. Tissue condition index (TCI; Mean ±  S.D., N=  10) in w hole tissue o f zebra 
mussels from field locations. TCI is the ratio o f the w et weight over mussel volume. 
Bars w ith different letters are significant different (ANOVA, N=  10, p  <0.05).

Table 3
Results o fthe multiple regression model, whereby variation in the MT level in zebra 
mussels is explained by the Zn concentration in the HSP fraction and the TCI o f the 
mussels.

Regression summary R2 = 0.834

a±S.E. p  value

Intercept 6.46 ±  1.51 <0.001
Zn 0.220 ±  0.018 <0.001
TCI 20.98 ±  5.64 <0.001

levels, m easured in m ussels from Loci, w ere com parable to levels 
m easured in the Ysselm eer and M arkerm eer (NL) (Hendriks et al., 
1998), w hich are considered as good reference locations. M ussels 
from Loc2 had slightly elevated Cd and Zn concentrations. M us
sels from Loc3 had elevated Cd and Cu concentrations and m ussels 
from Loc4 w ere highly contam inated  w ith  Cd, Cu and Zn com pared 
to levels reported  elsew here in resident m ussels (Bervoets et al„ 
2005; Hendriks et al„ 1998).

The range of m etal concentrations accum ulated in the zebra 
m ussels w as m uch w ider for the non-essential m etal Cd, than  for 
the essential m etals Cu and Zn. This seem s to confirm th a t zebra 
m ussels have, like m ost aquatic organisms, m echanism s to  regulate 
(at least to a certain  extent) uptake and/or excretion of essential 
m etals (Bervoets et al„ 2004). For the non-essential e lem ent Cd, 
there appears to  be no m echanism  to regulate or lim it uptake or 
excretion and therefore the im portance of in ternal m etal storage in 
detoxified forms increases. Indeed, as m easured  by centrifugal frac
tionation  Cd w as m ainly bound to heat stable proteins (59-72%). 
N evertheless, Cd detoxification w as not sufficient to  prevent Cd 
from binding to m etal-sensitive fractions. Even in m ussels from 
Loci, w hich contained Cd concentration  close to  reference values, 
Cd w as also presen t in the m etal-sensitive pool.

Cu was m ostly bound to heat stable proteins or associated w ith  
organelles (differential centrifugation). The m ain part of Cu in the 
cytosol was bound to m etallothionein, indicating th a t m etalloth- 
ioneins have an im portan t role in Cu detoxification; however, also 
o ther heat stable proteins (e.g. heat shock proteins) m ay play a 
significant role in Cu detoxification or regulation (Clayton et al„ 
2 0 0 0 ).

Zn was d istributed  m ore equally am ong the different fractions. 
Only 14-26% of the Zn w as bound to  m etallothionein and o ther 
heat stable proteins. The m ain fraction of Zn w as associated w ith  
organelles (23-36%).

For Cd, Cu and Zn we found a gradual increase of the m etals in 
m etal-sensitive fractions as w hole tissue concentrations increase. 
Even at low tissue concentrations, we found a dose-dependent 
increase of Cd in the fractions HDP and HSP. For Zn and Cu, correla
tions betw een  m etals in the sensitive fractions and the w hole tissue 
concentration  w ere not as strong as for Cd, w hich m ight im ply reg
ulation  of these m etals. However, for none of the m etals, there w as a 
sign of a threshold  level below  w hich excess of m etals was success
fully detoxified. Also in m ussels from Loc4, w ith  higher exposure 
concentrations no indications th a t detoxified fractions w ere sa tu 
rated w ere found.

The critical body residue (CBR) is defined as the threshold  con
centration  of a substance in an organism  th a t m arks the transition  
betw een  no and adverse effects (McCarty and Mackay, 1993; Hickie 
et al„ 1995). This concept suggests th a t as long as 'the exposure 
concentration’ is below  a certain  threshold  level, organism s are 
able to  store the accum ulated m etals in detoxified forms. Above 
th a t threshold, organism s are no longer able to sequester addi
tional m etals in detoxified forms and as a consequence m etals will 
in teract w ith  sensitive com partm ents and binding sites (W ang et 
al„ 1999). For Cu we found som e indication of a threshold  level, 
bu t on a w hole tissue concentration  level. W ithin-site  variation in
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Cu concentration  in m ussel tissue w as high in the polluted loca
tions Loc4 and Loc3. It appeared th a t m ussels w ere able to regulate 
total body concentrations up to  a certain  level. W hen th a t level was 
exceeded, accum ulation occurred at m uch higher level and m ost of 
these m etals ended up in the organelles.

Similar results w ere observed in several indigenous organism s 
captured along a m etal pollution gradient, e.g. in the freshw a
te r fish, Perca flavescens (Giguère et al., 2006), in the freshw ater 
bivalve, Pyganodon grandis (Campbell et al„ 2005) and in aquatic 
insects (Cain et al„ 2004). These organism s all show ed a gradual 
increase of m etal concentrations in various m etal-sensitive and 
m etal-detoxified sub-cellular fractions w ith  increasing environ
m ental m etal levels. In these studies there  was no evidence for a 
low er threshold  exposure concentration  below  w hich the incom ing 
m etals are com pletely detoxified, neither an upper concentration 
threshold  beyond w hich m etal detoxification com pletely ceases to 
function. However, Campbell et al. (2005) found th a t Cd bound to 
the HDP fraction stayed relatively constant at low Cd concentra
tions in the gills of the freshw ater m ussel P. grandis, w hile m etals 
in the MT pool increased w ith  total gili concentration. W ang et 
al. (1999) found th a t Cd levels in the heat-sensitive low m olecular 
w eight pool stayed m ore or less constant below  exposure concen
trations of 1 nM Cd2+. Beyond this concentration, m etal levels in 
th is fraction increased rapidly. Despite this, Cd accum ulation pro
gressively increased in the MT fraction, w ith  no sign of a threshold  
concentration.

The m etal d istribution  p a tte rn  in indigenous organism s is often 
not consistent w ith  d istribution  patterns observed in transp lan t 
experim ents or in laboratory experim ents. For Cd in Littorina lit
torea (Langston and Zhou, 1986) a h igher proportion  of the m etals 
was p resen t in detoxified form  in indigenous than  in laboratory- 
exposed organism s. Couillard et al. (1995) found clear differences 
in in ternal d istribution  of Cd in P. grandis, transp lan ted  from a 
reference lake to a contam inated  lake for 400 days com pared to 
the indigenous m ussels. In the indigenous m ussels m uch more 
Cd w as p resen t in the MT fraction. In indigenous m ussels under 
field conditions, it is not likely to find a threshold  level above 
w hich m etal detoxification m echanism s stop functioning since tha t 
w ould cause an uncontrolled accum ulation of m etabolically avail
able m etals in tim e, resulting in increased toxicity. This effect was 
observed in a study of Baudrim ont et al. (1999) in the freshw ater 
m ussel Corbicula fluminea  transp lan ted  along a polym etallic con
tam ination  gradient. They observed a shu t-dow n in MT synthesis, 
w hich was rapidly followed by the death  of the transp lan ted  m ol
luscs.

A lthough in our study m etal levels gradually increased in 
m etal-sensitive fractions, the relative contribution  of Cd and Zn 
in the m etal-sensitive fractions (HDP for Cd and organelles for Zn) 
decreased, w hile the relative contribution  of Cd and Zn in detoxified 
fractions (MRG and HSP) increased w ith  increasing w hole tissue 
concentration. This w as reflected in differences in m etal d istribu
tion  in m ussels from the clean (Loci) and polluted locations (Loc3 
en Loc4). M ussels from Loc3 en Loc4 stored a higher proportion 
of Cd and Zn in non-toxic forms (HSP fraction and granules). For 
Cu, we did not find th is change in d istribution  pattern . In contrast, 
w ith  increasing w hole tissue concentration, m ore Cu w as found 
in organelles. This decreased relative contribution  of Cd and Zn in 
the HDP fraction, com bined w ith  an increased proportion  of Cd in 
the HSP fraction w as also observed in perch liver (P. flavescens) by 
Giguère et al. (2006).

Organisms seem  to partially protect the ir m etal-sensitive frac
tions (heat-sensitive proteins and organelles) from binding w ith  
Cd and Zn by increasing the proportion  of m etals in non-toxic 
forms. The extent to  w hich organism s are able to protect them selves 
against m etal toxicity seem s species and tissue specific (Wang et al„ 
1999; Campbell et al„ 2005; Giguère et al., 2006).

The in ternal d istribution  of m etals follows an equilibrium - 
dependen t exchange of m etals am ong cytosolic ligands, whereby, 
sim ilar to the external environm ent, the stability constants of the 
m etal-ligand  complexes will determ ine the in ternal spéciation. 
Trace m etals like Cd, Cu and Zn have a high affinity for su lphur and 
nitrogen containing functional groups (Nieboer and Richardson, 
1980), bu t can bind to  any molecule w ith  an affinity for th a t metal. 
Many of the am ino acids of w hich proteins are m ade of contain su l
phur and/or nitrogen and therefore there is no shortage of potential 
binding sites for these m etals w ith in  cells (Luoma and Rainbow, 
2008). Therefore, it is likely th a t all m etals th a t en ter the cell as free 
ions w ill quickly be bound to bio-m olecules. M etallothioneins have 
because of th e ir high cysteine content a high affinity for m etals 
like Cd, Cu and Zn (Coyle et al„ 2002) and although m etallo th
ioneins in the cytosol w ere not satu rated  w ith  Cd, Cu and Zn, it 
seem s they  can not fully prevent the inappropriate binding of m e t
als to  m etal-sensitive fractions. In clean locations, less th an  one 
th ird  of the m etallo th ionein  binding sites w ere occupied by Cd, 
Cu and Zn. O ther m etals like Ag and Hg also have a high affin
ity for m etallothionein, bu t these m etals w ere presen t in m uch 
low er concentration  and therefore we assum e th a t a high pro
portion of the m etallo th ionein  binding sites w ere still available. 
In the m ore polluted locations, MT binding sites w ere also not 
com pletely saturated, although a higher proportion  of the b ind
ing sites w ere bound w ith  Cd, Cu and Zn. M etallothionein levels 
increased w ith  increasing m etal levels in the m ussels. The relation 
w as strongest w ith  the Zn concentration  in the HSP fraction even 
at low m etal concentrations, like in m ussels from Loci. An in te rest
ing question was proposed by Campbell et al. (2005): “W hy don’t 
bivalves synthesise enough MT to keep Cd (and o ther m etals) off 
the m etal-sensitive sites and avoid the associated toxic effects?” 
He speculates th a t under chronic conditions the anim al establishes 
a trade-off betw een  the “cost” of detoxifying the Cd and the “cost” 
of allowing som e Cd to spill over onto the m etal-sensitive sites. This 
reasoning can also be applied to  o ther m etals in excess of m etabolic 
requirem ents. The m aintenance of a tolerance m echanism  m ay be 
energetically expensive (Postm a et al„ 1995) and this m ight im ply 
th a t organism s in a b e tte r condition, e.g. due to high food abun
dance, have m ore energy available to invest in m etal detoxification. 
In our study  a relationship w as found betw een  the MT level and 
the condition of the zebra m ussels. In a m ultiple regression m odel 
83.4% of the variation in MT concentration  w as explained by the 
tissue condition index and the Zn concentration  in the HSP frac
tion.

The tissue condition index w as also related to the m etal concen
trations in the m ussels. In Loc4, m ussels had a be tte r condition than  
Loc3, although m etal concentrations in th is location w ere m uch 
higher. Also w hen  the TCI was related to the Cd, Cu and Zn con
centrations in the m etal-sensitive fractions, no relation w as found. 
Therefore, it seem s th a t o ther factors than  m etal pollution m ight 
be m ore im portan t in determ ining the condition of the mussels. 
Schneider (1992) developed a grow th m odel for zebra m ussels in 
the Great Lakes and found th a t the grow th rate (increase in biom ass) 
w as m ainly dependen t on the tem perature  and food availability. In 
our study, the m ussels w ere collected after the reproductive sea
son and therefore it is possible th a t they  w ere still recovering from 
their reproductive efforts. The rate at w hich m ussels in the different 
locations recovered m ight be different because of differences in the 
food availability and tem peratu re  in the water.
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