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Accumulation, loss and molecular distribution of
cadmium in Myltilus edulis
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ABSTRACT: In Mytilus edulis, accumulation and loss of Cd were analyzed under experimental
conditions. Cd uptake by the whole soft body is linear, increasing significantly with increasing Cd
concentrations in the uptake medium. Until 100 ug Cd 17!, neither limitation of uptake nor any
saturation process can be observed. Loss of Cd, measured after transfer of experimentally contami-
nated mussels to natural sea water, is exponential; biological half lives vary between 14 and 29
days. Gills are the primary sites of Cd uptake from the water, whereas in mid-gut gland, kidney, and
mantle the uptake is retarded during the first few days. The mid-gut gland not only bears the main
body load of Cd, but also shows the highest Cd concentrations. Gel chromatographic studies of mid-
gut gland proteins reveal that Cd is eluated over the whole molecular weight range. Three
metallothionein-like proteins with molecular weights of 6,600, 13,200, and 21,000 Dalton could be
established. However, they cannot be taken as effective detoxification proteins, because more than
50 °/s of the accumulated metal is bound to high molecular weight proteins.

INTRODUCTION

Whereas some marine organisms are very sensitive to certain heavy metals (e. g.
Karbe, 1972; Theede et al., 1979b) others are resistent and can accumulate them to a high
degree from sea water. Their heavy-metal burden, either of the whole body or of single
organs, may reflect the corresponding metal concentrations in the environment. Thus,
marine bivalves have been proposed as indicator organisms for monitoring heavy-metal
pollution (Schulz-Baldes, 1974; de Wolf, 1975; Phillips, 1977).

In this study of Cd uptake by Mytilus edulis, the internal distribution and loss from
contaminated specimens have been analyzed. Additionally, the chemical modification
and possible inactivation of the accumulated metal are considered.

In vertebrates, Cd is bound to mid molecular weight proteins, metallothioneins,
which serve as protective proteins against acute toxicity and detrimental effects of ““free”
Cd ions on cytoplasmatic enzymes (Webb, 1975; Probst et al., 1977). Similarly,
metallothioneins are responsible for primary accumulation of the metal in kidney and
liver of the test animals (Tanaka et al., 1975; Overnell et al., 1977).

Olafson & Thompson (1974) assumed a global presence of metallothioneins and in
recent years their occurrence in some marine invertebrates has been established too
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(Noel-Lambot, 1976; Howard & Nickless, 1977). Nevertheless, little is known about their
function in invertebrate metabolism. Therefore, it was the aim of this study to consider
the role of metallothioneins or related molecules during the accumulation of Cd by
Mytilis edulis.

MATERIALS AND METHODS

For uptake experiments, 80 individuals (shell length 5-6 cm) were kept in 10 1 sea
water (10 °C, 17 %/« S) with different Cd concentrations. The sea water was changed
every second day. For metal analyses, 8 mussels were taken from each batch, and the
water volume reduced by 1 1. In four mussels Cd was determined in the whole soft body;
the others were dissected into the following organs: mid-gut gland, gills and pulps,
kidney, mantle, foot, and adductor muscle.

Loss experiments were carried out after 18 days of Cd contamination under corres-
ponding conditions. Mussels then were transferred to natural sea water (0.1 ug Cd 1Y),
which was changed daily. All mussels were starved throughout the experiments.

Tissue samples were freeze dried and ground. Homogeneous aliquots were wet
ashed in 1 ml 5 N HNO,/60 °/ HCIO, (2:1). Cd was determined by flameless atomic
absorption {(Beckman Mod. 1248 fitted with an automatic background corrector).

Molecular distribution of Cd was determined in the mid-gut gland of Mytilus edulis.
After 5, 9, and 16 days of contamination in 100 ug Cd 1! sea water, 10 individuals each
were removed, mid-gut glands dissected, weighed, and homogenized in a double
volume of icy 1.1 %/ NaCl. Homogenates were centrifuged at 5600 rpm, the supernatants
at 50,000 rpm (= 126,000 g) for final pelleting. The resultant supernatant (= cytosol) was
concentrated on Amicon UM O 5 ultrafiltration membranes to about 10 ml and applied to
a Sephadex G-75 column. Gel filtration was carried out with 0.05 M Tris/HCI buffer, pH
8.3 + 1 M NaCl at room temperature. Elution was monitored at 280 and 250 nm (LKB
UVICORD IlI); Cd was determined by direct injection of effluent aliquots to the graphite
cuvette. To estimate the yield and quantitative distribution of protein-bound Cd, eluates
were pooled, concentrated on UM O 5 ultrafiliration membranes and desalted on
Sephadex G-10. Salt-free protein solutions then were freeze dried.

Comparative studies were carried out on the livers of Cd-contaminated Pleuronectes
platessa, Seph. G-75 being replaced by Seph. G-50 medium. ‘

RESULTS

Behaviour of Cd in the whole soft body of Mytilus edulis is summarized in Figure 1.
Throughout the experiments, heavy-metal uptake is linear (Fig. 1a). Uptake rates rise
significantly with increasing metal content in the medium (Fig. 1b). Up to 100 ug Cd 1!
sea water, neither limitation of uptake nor any saturation process of possible membrane
binding sites can be observed.

Similarly, the concentration factors change with a constant of 52, which is true for all
Cd concentrations tested (Fig. 1c).

Transfer of Cd-contaminated M. edulis to natural sea water results in a loss of Cd
from the mussel’s soft body (Fig. 1d). Contrary to the uptake, loss follows an exponential
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Fig. 1a~d. Mytilus edulis (shell length 5-6 cm). Behaviour of Cd in the whole soft body. a: Cd uptake
at different concentrations in the external medium (17%. S, 10°C); b: uptake rates (slopes from
regression lines in a) as function of the Cd concentration in sea water; c: temporal change of the
d g~! dry weight
mg Cd 1-
exposure to 100 ug Cd 1! (A), 50 ug Cd 1! (B), and 10 ug Cd 1! (C). Inverted triangles: 100 ug Cd1™;
squares: 50 ug Cd 1; circles: 10 yg Cd I-'. Significance of correlationr: ***: = 0.001; **: ¢ = 0.01

concentration factor ('u gC ) during uptake; d: loss of Cd after 18 days of previous

pattern. The biological half lives, calculated by t,5 = 111?2, lie between 14 days for the

higher and 29 days for the less contaminated specimens.

Cd is unequally distributed in the single organs of the mussel (Fig. 2). During
uptake, the percentage distribution of Cd in the organs changes drastically. Thus in gills,
the portion of accumulated metal rises from normally 6 °/o of the total body burden to
about 20 % after 6 days in 100 ug Cd I'* and after 10 days in 50 ug Cd I"' sea water. This
primary increase is followed by a subsequent decline to nearly normal levels.

The mid-gut gland proves to be the organ with highest Cd concentrations, and its
proportion of accumulated metal remains high, thereby indicating its high affinity for
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Fig. 2. Mytilus edulis (shell length 5-6 cm). Uptake of Cd into single organs at different Cd

concentrations in sea water (17 %o S, 10 °C) (left side) and percentage distribution of accumulated

metal in the organs (right side). Open triangles: mid-gut gland; black circles: gills; open circles:
kidney; black triangles: mantle; open squares: foot; black squares: adductor
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Fig. 3a. Mytilus edulis, mid-gut gland. Sephadex G-75 gel filtration of cytosols from uncontaminat-
ed controls and mussels exposed to 100 pg Cd 17! for 5 days. Column: 80 X 4 cm; buffer: 0.05 M
Tris/HCI, pH 8.3 + 1M NaCl

Cd. Uptake into kidney and mantle is retarded during the first few days of contamina-
tion, and there is a temporary decrease of the percentage burden.

Gel filtration studies of mid-gut gland proteins are summarized in Figure 3. Cd is
eluted to different extents over the whole molecular weight range in the controls.
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Fig. 3b. Mytilus edulis, mid-gut gland. Sephadex G-75 gel filtration of cytosols from mussels
exposed to 100 ug Cd 17! for 9 and 16 days

Subsequent Cd contamination results in an increase of absorption signals in Fr 1 (high
molecular weight range) and Fr 4 (low molecular weight range). Additionally, a dif-
ferentiation of Cd indicating peaks in Fr 2 and Fr 3 can be observed; after 5 days of
contamination this leads to three distinct peaks, corresponding to molecular weights of
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6,600, 13,200 and 21,000 Dalton respectively. After 16 days, two pronounced Cd peaks
appear in Fr 2, molecular weights correspond to 6,600 and 21,000 Dalton. Lack of
absorbance at 280 nm indicates the absence of aromatic amino acids in this fraction.

To determine the quantitative distribution of Cd in the eluate, fractions were pooled
as indicated, concentrated, desalted on Seph. G-10 and freeze dried. In controls, Cd
concentrations are rather homogeneous (Fig. 4a), but most bound Cd (> 40 %) is present
in Fr 1 (Fig. 4b). During contamination, most Cd is accumulated in the high molecular
weight Fr 1. Until day 9, the amount of Cd in Fr 2 and Fr 3 (mid molecular weight range)
decreases significantly, but after 16 days, these fractions account for about 27 °/ of the
protein-bound metal, the concentration reaching 204 ug Cd g~ dry weight. Nearly 20 %
of the Cd is eluted in the low molecular weight range, indicating either “free” Cd ions or
Cd which is probably linked to amino acids and/or amino sugars.

The total amount of the protein-bound metal however represents only 14-25 % of the
Cd present in the cytosol (Table 1).

In plaice liver, Cd is confined to only one fraction in the mid molecular weight range
(Fig. 5). This is true for the controls as well as for experimentally contaminated fish. A
slight increase in 250 nm absorption indicates mercaptide linkages. No Cd is eluted with
low molecular substances. After desalting, Cd determinations of protein-bound metal

©®
240F controls
- /]
2201
. N

8
T T T T T T T T T T T T T T T T T T T T

ug Cd g dry weight

7/
Controls
Fr1

Fig. 4. Mytilus edulis, mid-gut gland. Cd concentrations in G-75 fractions after desalting on
Sephadex G-10 (a), and percentage distribution of protein-bound Cd in the corresponding frac-
tions (b)
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Fig. 5. Pleuronectes platessa, liver. Sephadex G-50 medium gel filtration of cytosols of uncontami-
nated (controls) and fish, exposed to 100 pg Cd 17 for 0.5 days and 12 days, respectively. Column:
80 X 4 cm; buffer 0.05M Tris/HCI, pH 8.3 + 1M NaCl
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Table 1. Mytilus edulis, mid-gut gland. Yield of protein-bound Cd in desalted G-75 fractions in
relation to the Cd content of cytosols. Prior to Cd analyses in cytosols, whole mussels were exposed
to 100 pg Cd 1! sea water for stated periods

Exposure time Cd in cytosol Protein-bound Cd Yield
(d) (ug) {ug) (%)

0 6.8 1.6 23.5

5 49 11 22.4

9 92 13 14.1

16 102 25 245

Table 2. Pleuronectes platessa, liver. Yield of protein-bound Cd in desalted G-50 medium fractions
in relation to the Cd content of the cytosols. Prior to Cd analyses, plaice were exposed to 100 ug
Cd I"! sea water for stated periods

Exposure time Cd in cytosol Protein-bound Cd Yield
(d) (ng) (nq) (%)
0 1.7 1.6 94.1
0.5 5.9 5.6 949
12.0 11.9 11.1 93.3
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Fig. 6. Pleuronectes platessa, liver. Cd concentrations in G-50 medium fractions after desalting on
Sephadex G-10 (a), and percentage distribution of protein-bound Cd in the corresponding fractions

(b)

confirm the distinct accumulation in one single fraction, which contains between 72 and
95 %, of the total Cd (Fig. 6a, b). Moreover, about 94 %, of the Cd present in the cytosols is
bound to proteins (Table 2).

On this basis, an effective protective function for the enzyme-containing pool can be
expected.
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DISCUSSION

Uptake and accumulation of Cd from sea water were investigated in Mytilus edulis.
Up to 100 ug Cd 17}, neither regulation nor limitation of uptake into mussel's soft body
can be observed, indicating simple diffusion of Cd across the body surface. Uptake
saturation processes, observed at about 1,500 ug Cd 17! (George & Coombs, 1977) and
inhibition of Cd uptake by Ca ions as described by Wright (1977) for Carcinus maenas
indicate at least a mediated Cd transport across cell membranes, but obviously can be
neglected under slightly elevated Cd concentrations in sea water.

The uptake and subsequent loss of the metal point to the existence of an equilibrium
state under normal conditions in the biotope. Under these conditions, a concentration
factor of 30,000 can be calculated for M. edulis (after values from Theede et al., 1979a).
As the daily change of the concentration factor doubles in mussels additionally fed
during contamination (Janssen & Scholz, 1979) and assuming an overall linear Cd
uptake, the time to reach a new equilibrium state at elevated concentrations can be
calculated to be about 300 days. This is of the same order of magnitude that Schulz-
Baldes (1974) has determined during lead uptake in M. edulis.

In response to Cd poisoning, the formation of mid molecular weight Cd binding
proteins, metallothioneins, is well established in vertebrates (Kdgi & Vallee, 1960;
Squibb et al., 1976). Metallothioneins have virtually no aromatic amino acids and a high
cystein content (> 30 %); their role as protection agents is undisputed in principle
(Webb, 1975; Probst et al., 1977).

As can be seen during uptake of Cd in the soluble proteins of plaice liver, the metal
is restricted to a single mid molecular weight fraction, containing a Cd-binding gly-
coprotein with properties similar to those of metallothioneins (Overnell et al., 1977).
Thus, a protection of the “enzymatic pool” is evident.

Metallothioneins have been found in some invertebrates too (Noel-Lambot, 1976,
1979; Howard & Nickless, 1977; Noel-Lambot et al., 1978). However, their significance
for Cd detoxification in these animals is unknown. In the present study, three Cd-
indicating peaks corresponding to the elution volumes of proteins of 6,600, 13,200, and
21,000 Dalton could be established. The absence of aromatic amino acids in these
fractions point to metallothionein-like proteins. Nevertheless, more than 50 °/v of the
protein-bound Cd is associated with high molecular weight proteins, so that specific and
strong interaction of Cd with special detoxification proteins in M. edulis is unlikely. This
is underlined by the small yield of protein-bound Cd after the fractionation steps.

These points indicate functional differences in the action of metallothioneins from
vertebrates and corresponding proteins from M. edulis. Thus, in the latter, the formation
of metallothionein-like proteins cannot sufficiently explain the tolerance to extraordi-
narily high Cd concentrations in the mid-gut gland. Supplementary immobilisation of
Cd in phagolysosomes in the digestive cells of the mid-gut gland of M. edulis (Janssen &
Scholz, 1979) surely serves as a more effective protective mechanism, and at the same
time could explain the relatively short biological half life of this metal in the common
mussel. In vertebrates, Cd half lives (compiled by Friberg et al., 1976) lie one order of
magnitude above the values obtained for M. edulis, likewise confirming functional
differences between metallothioneins of vertebrates and those of M. edulis.
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