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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 #g Cd 1-1, 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 % of the accumulated metal is bound to high molecular weight proteins. 

INTRODUCTION 

Whereas  some mar ine  organisms are very  sensi t ive to certain heavy  meta ls  (e. g. 

Karbe, 1972; Theede  et al., 1979b) others are resistent  and can accumula te  t hem to a h igh  

degree  from sea water.  Their  heavy-meta l  burden,  e i ther  of the whole  body or of s ingle  

organs, may reflect the cor responding  meta l  concentrat ions in the environment .  Thus, 

mar ine  b iva lves  have  b e e n  proposed as indicator  organisms for moni tor ing heavy-meta l  

pol lut ion (Schulz-Baldes, 1974~ de Wolf, 1975; Phillips, 1977). 

In this study of Cd uptake  by Mytilus edulis, the internal  distr ibution and loss from 

con tamina ted  spec imens  have  b e e n  analyzed.  Addit ional ly,  the chemica l  modif icat ion 

and possible  inact ivat ion of the accumula ted  meta l  are considered.  
In vertebrates ,  Cd is bound  to mid  molecu la r  we igh t  proteins,  meta l lo thioneins ,  

which  serve as protect ive proteins against  acute toxicity and det r imenta l  effects of " f ree"  

Cd ions on cytoplasmat ic  enzymes  (Webb, 1975; Probst et al., 1977). Similarly,  

meta l lo th ione ins  are responsible  for pr imary accumula t ion  of the meta l  in k idney  and 

l iver  of the test animals  (Tanaka et al., 1975; Overne l l  et al., 1977). 
Olafson & Thompson (1974) assumed a global  p resence  of meta l lo th ione ins  and in 

recent  years  their  occurrence in some mar ine  inver tebra tes  has b e e n  es tab l i shed  too 

* Present address: Institut fiir Chemie und Physik an der Bundesanstalt fiir Milchforschung, 
Hermann-Weigmann-StraBe 1-27; D-2300 Kiel 1, PRG 

�9 Biologische Anstalt Helgoland 0017-9957/80/0033/0068/$ 02.00 



C a d m i u m  in Mytilus edulis 69 

(Noel-Lambot ,  1976; H o w a r d  & Nickless ,  1977). Never the less ,  l i t t le  is k n o w n  abou t  thei r  
funct ion in inve r t eb ra t e  metabo l i sm.  Therefore,  it  was  the  a im of this  s tudy  to cons ider  
the role of me ta l lo th ione ins  or r e l a t ed  molecu les  dur ing  the accumula t ion  of Cd  by  
Mytilis edulls. 

MATERIALS AND METHODS 

For u p t a k e  exper iments ,  80 ind iv idua l s  (shell  l eng th  5 -6  cm) were  kep t  in 10 1 sea  
wa te r  (10 ~ 17 o/o0 S) wi th  different  Cd  concentra t ions .  The  sea  wa te r  was  c h a n g e d  
every  second  day.  For me ta l  ana lyses ,  8 musse ls  were  t a k e n  from each  batch,  and  the 
wa te r  vo lume  r e d u c e d  by  1 1. In four musse l s  Cd  was  d e t e r m i n e d  in the  whole  soft body;  
the  others  were  d i s sec ted  into the  fo l lowing  organs:  mid -gu t  g land,  gi l ls  and  pulps ,  
k idney ,  mant le ,  foot, and  adduc to r  muscle .  

Loss expe r imen t s  were  car r ied  out after  18 days  of Cd con tamina t ion  unde r  corres- 
p o n d i n g  condit ions.  Musse ls  t hen  were  t ransfer red  to na tu ra l  sea  wa te r  (0.1 ~g Cd  1-1}, 
which  was  c h a n g e d  dai ly .  Al l  musse ls  were  s t a rved  th roughout  the  exper iments .  

Tissue  samples  were  f reeze  d r i ed  and  ground.  Homogeneous  a l iquots  were  wet  
a shed  in  1 ml  5 N HNO3/60 % HC104 (2:1). Cd  was  d e t e r m i n e d  by  f l ameless  a tomic  
absorp t ion  (Beckman Mod.  1248 f i t ted wi th  an  au tomat ic  b a c k g r o u n d  corrector). 

Mo lecu l a r  d i s t r ibu t ion  of Cd was  d e t e r m i n e d  in the  mid -gu t  g l a n d  of Mytilus edulls. 
After  5, 9, and  16 days  of con tamina t ion  in  100/~g Cd 1-1 sea  water ,  10 ind iv idua l s  each  
were  removed ,  m id -gu t  g l ands  d issected ,  we ighed ,  and  h o m o g e n i z e d  in a doub le  
vo lume of icy 1 . 1 %  NaC1. H o m o g e n a t e s  were  cen t r i fuged  at 5600 rpm, the  superna tan t s  
at 50,000 rpm (-- 126,000 g) for f inal  pe l le t ing .  The resu l tan t  supe rna tan t  (=  cytosol) was  
concen t ra t ed  on Amicon  UM O 5 ul t raf i l t ra t ion  m e m b r a n e s  to about  10 ml and  a p p l i e d  to 
a S e p h a d e x  G-75 column.  Gel  f i l t rat ion was  car r ied  out wi th  0.05 M Tris/HC1 buffer,  p H  
8.3 4- 1 M NaC1 at room tempera tu re .  Elut ion was  mon i to red  at 280 and 250 nm (LKB 
UVICORD III); Cd  was  d e t e r m i n e d  by  direct  in jec t ion  of eff luent  a i iquots  to the  g raph i t e  
cuvette.  To es t imate  the  y ie ld  and  quant i t a t ive  d is t r ibu t ion  of p ro t e in -bound  Cd, e lua tes  
were  pooled ,  concen t ra t ed  on UM O 5 ul t raf i l t ra t ion m e m b r a n e s  and  desa l t ed  on 
S e p h a d e x  G-10. Sal t - f ree  p ro te in  solut ions then  were  f reeze  dr ied.  

Compara t ive  s tudies  were  car r ied  out  on the  l ivers  of C d - c o n t a m i n a t e d  P1euronectes 
platessa, Seph.  G-75 b e i n g  r e p l a c e d  by  Seph.  G-50 med ium.  

RESULTS 

Behaviour  of Cd  in the  whole  soft body  of h,lytilus edulis is s u m m a r i z e d  in F igure  1. 
Throughout  the  exper iments ,  h e a v y - m e t a l  up t ake  is l inea r  (Fig. la) .  Up take  rates  r ise 
s ign i f ican t ly  wi th  inc reas ing  me ta l  content  in the  m e d i u m  (Fig. lb) .  Up to 100 p~j Cd 1-1 
sea  water ,  ne i the r  l imi ta t ion  of up t ake  nor  any sa tura t ion  process  of poss ib le  m e m b r a n e  
b i n d i n g  si tes can be  observed.  

Similar ly ,  the  concent ra t ion  factors change  wi th  a constant  of 52, which  is t rue for al l  
Cd  concent ra t ions  tes ted  (Fig. lc). 

Transfer  of C d - c o n t a m i n a t e d  M. edulis to na tu ra l  sea  wa te r  resul ts  in a loss of Cd 
from the musse l ' s  soft body  (Fig. ld) .  Cont rary  to the  up take ,  loss follows an  exponen t i a l  
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Fig. la-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~ 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 Cd g-1 dry weight~ 
concentration factor ~ mg Cd 1-1 j during uptake; d: loss of Cd after 18 days of previous 

exposure to 100/~ Cd 1-1 (A), 50/~g Cd 1-1 (B), and 10/~g Cd 1-1 (C). Inverted triangles: 100/~g Cd 1-1; 
squares: 50 yg Cd 1-1; circles: 10//q Cd 1-1. Significance of correlation r: * * *: a --<_ 0.001; * * : a ~ 0.01 

ln2 
pattern.  The biological  half lives, calculated by t0. 5 -- b ' lie b e t w e e n  14 days for the 

higher  and  29 days for the less con tamina ted  specimens.  
Cd is unequa l ly  dis t r ibuted in  the s ingle  organs of the mussel  (Fig. 2). Dur ing  

uptake,  the percentage  dis tr ibut ion of Cd in  the organs changes  drastically. Thus in  gills, 
the port ion of accumula ted  metal  rises from normal ly  6 % of the total body b u r d e n  to 
about  20 % after 6 days in  100 #g Cd 1-1 and  after 10 days in  50/~g Cd 1-1 sea water. This 
pr imary increase is followed by a subsequen t  decl ine to near ly  normal  levels. 

The mid-gut  g land  proves to be  the organ with highest  Cd concentrat ions,  and  its 
proport ion of accumula ted  metal  remains  high, thereby indica t ing  its h igh affinity for 
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Pig. 2. Mytilus edulis (shell length 5-6 cm). Uptake of Cd into single organs at different Cd 
concentrations in sea water  (17 Too S, 10 ~ (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: fooh black squares: adductor 
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Pig. 3a. Mytilus edulis, mid-gut gland. Sephadex G-75 gel filtration of cytosols from uncontaminat- 
ed controls and mussels exposed to 100 ~tg Cd 1-1 for 5 days. Column: 80 • 4 cm; buffer: 0.05 M 

Tris/HC1, pH 8.3 + 1M NaC1 

Cd. Uptake  into k idney  and mant le  is re ta rded  dur ing the first few days of contamina-  

tion, and there  is a temporary  decrease  of the pe rcen tage  burden.  
Gel  fil tration studies of mid-gu t  g land  proteins are summar ized  in Figure  3. Cd is 

e lu ted  to different extents  over  the whole  molecu la r  we igh t  range  in the controls. 
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Fig. 3b. Mytilus edufis, mid-gut gland. Sephadex G-75 gel filtration of cytosols from mussels 
exposed to 100 ~tg Cd 1 -I  for 9 and 16 days 

Subsequen t  Cd con tamina t ion  results in  an  increase  of absorpt ion signals  in  Fr 1 (high 
molecular  weight  range} and  Fr 4 (low molecular  weight  range}. Addit ional ly,  a dif- 
ferent ia t ion of Cd ind ica t ing  peaks  in  Fr 2 and  Hr 3 can be observed; after 5 days of 
con tamina t ion  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 quanti tat ive 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 accumula ted  in the h igh 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 
prote in-bound metal, the concentrat ion reaching  204 f~g Cd g-1 dry weight.  Near ly  20 % 
of the Cd is eluted in the low molecular  weigh t  range, indicat ing either "free" Cd ions or 
Cd which  is probably  l inked to amino acids and/or  amino sugars. 

The total amount  of the prote in-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 experimental ly  contaminated fish. A 
slight increase in 250 nm absorption indicates mercapt ide l inkages.  No Cd is eluted with 
low molecular  substances. After desalting, Cd determinations of prote in-bound metal  
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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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Table  1. Mytilus edulis, mid-gut  gland. Yield of pro te in-bound Cd in desal ted G-75 fractions in  
relat ion to the Cd content  of cytosols. Prior to Cd analyses in cytosols, whole mussels  were exposed 

to 100 ~g Cd 1 -t sea water  for stated periods 

Exposure t ime Cd in cytosol Prote in-bound Cd Yield 
(d) (~g) (~g) (%) 

0 6.8 1.6 23.5 
5 49 11 22.4 
9 92 13 14.1 

16 102 25 24.5 

Table  2. P1euronectes platessa, liver. Yield of pro te in-bound Cd in desal ted G-50 medium fractions 
in re la t ion to the Cd content  of the cytosols. Prior to Cd analyses,  plaice were exposed to 100 ~g 

Cd 1 -I sea water  for s tated periods 

Exposure t ime Cd in cytosol Prote in-bound Cd Yield 
(d) (~g) (~g) (O/o) 

0 1.7 1.6 94.1 
0.5 5.9 5.6 94.9 

12.0 11.9 11.1 93.3 
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Fig. 6. Pleuronectes platessa, liver. Cd concentrat ions in  G-50 med ium fractions after desal t ing on 
Sephadex  G-10 (a), and percentage  distr ibution of prote in-bound Cd in the corresponding fractions 

(b) 

c o n f i r m  t h e  d i s t i n c t  a c c u m u l a t i o n  i n  o n e  s i n g l e  f r ac t ion ,  w h i c h  c o n t a i n s  b e t w e e n  72  a n d  

95 % of t h e  t o t a l  C d  (Fig. 6a, b).  M o r e o v e r ,  a b o u t  94 % of t h e  C d  p r e s e n t  i n  t h e  cy toso l s  is 

b o u n d  to p r o t e i n s  ( T a b l e  2). 
O n  t h i s  b a s i s ,  a n  e f f e c t i v e  p r o t e c t i v e  f u n c t i o n  for  t h e  e n z y m e - c o n t a i n i n g  p o o l  c a n  b e  

e x p e c t e d .  
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DISCUSSION 

Uptake and accumulation of Cd from sea water were investigated in h4ytilus edulis. 
Up to 100 ~g Cd 1-1, 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/~g Cd 1-1 (George & Coombs, 1977} and 
inhibition of Cd uptake by Ca ions as described by Wright (1977) for Carclnus 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 h,/. 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. edulls. 

In response to Cd poisoning, the formation of mid molecular weight Cd binding 
proteins, metallothioneins, is well established in vertebrates (K~igi & Vallee, 1960; 
Squibb et al., 1976}. Metallothioneins have virtually no aromatic amino acids and a high 
cystein content (> 30 0/0); 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 % 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. 



78 N. Scho lz  

Acknowledgements.  This study forms part of the author's dissertation. His thanks are due to Prof. 
Dr. H. Theede for continuing support of this project and critical remarks on the manuscript. The 
research was supported by a grant from the Deutsche Forschungsgemeinschaft  (DFG - T h  158/13). 

LITERATURE CITED 

Friberg, L., Piscator, H., Nordberg, G. F. & Kjellstr6m, T., 1976. Cadmium in the environment. CRC- 
Press, Cleveland, Ohio, 248 pp. 

George, S. G. & Coombs, T. L., 1977. The effects of chelating agents on the uptake and accumulation 
of cadmium by Mytilus edulis. - Mar. Biol. 39, 261-268. 

Howard, A. G. & Nickless, G., 1977. Heavy metal complexation in polluted molluscs. I. Limpets 
(Patella vulgata and Patella intermedia). - Chem.- biol. Interact. 16, 107-114. 

Janssen, H. H. & Scholz, N., 1979. Uptake and cellular distribution of cadmium in Mytilus edulis. - 
Mar. Biol. 55, 133-141. 

Kfigi, J. H. R. & Vallee, B. L., 1960. Metallothionein: a cadmium and zinc containing protein from 
equine renal cortex. - J. biol. Chem. 235, 3460-3465. 

Karbe, L., 1972. Marine Hydroiden als Testorganismen zur Priifung der Toxizitfit von Abwasserstof- 
fen. Die Wirkungen von Schwermetal len auf Kolonien yon Eirene viridula. - Mar. Biol. 12, 
316-328. 

Noel-Lambot, F., 1976. Distribution of cadmium, zinc, and copper in the mussel Mytilus edulis. 
Existence of cadmium-binding proteins similar to metallothionein. - Experientia 32, 324-326. 

Noel-Lambot, F., 1979. Cadmium accumulation correlated with increase in metallothionein con- 
centration in the limpet Patella caerulea. In: Animals and environmental  fitness. Reprints of 
abstracts. Ed. by R. Gilles. Pergamon Press, Oxford, 83-84. 

Noel-Lambot, F., Bouquegneau, J. M., Frankenne, F., & Disteche, A., 1978. Le role 
metallothioneines dans le stockage des m4taux lourds chez les animaux marins. - Revue int. 
Oc4anogr. m4d. 44, 13-20. 

Olafson, R. W. & Thompson, J. A. J., 1974. Isolation of heavy metal binding proteins from marine 
vertebrates. - Mar. Biol. 28, 83-86. 

Overnell, J., Davidson, J. A. & Coombs, T. L., 1977. A cadmium binding glycoprotein from the liver 
of the plaice (Pleuronectes platessa). - Biochem. Soc. Trans. 5, 267-269. 

Phillips, D. J. H., 1977. The use of biological indicator organisms to monitor trace metal pollution in 
marine and estuarine environments - a review. - Environ. Pollut. 13, 281-317. 

Probst, G. S., Bousquet, W. T. & Miya, T. S., 1977. Correlation of metallothionein concentrations 
with acute cadmium toxicity in the mouse. - Toxic. appl. Pharmac. 39, 61-69. 

Schulz-Baldes, M., 1974. Lead uptake from sea water and food, and lead loss in the common mussel, 
Mytilus edulis. - Mar. Biol. 25, 177-193. 

Squibb, K. S., Cousins, R. J., Silbon, B. L. & Levin, S., 1976. Liver and intestinal metallothionein: 
function in acute cadmium toxicity. - Exp. tool. Path. 25, 163-171. 

Tanaka, K., Sueda, K., Onosaka, S. & Okahara, K., 1975. Fate of l~ metallothionein in 
r a t s . -  Toxic. appl. Pharmac. 33, 258-266. 

Theede,  H., Andersson, I. & Lehnberg, W., 1979a. Cadmium in Mytilus edulis from German coastal 
w a t e r s . -  Meeresforsch. 27, 147-155. 

Theede, H., Scholz, N. & Fischer, H., 1979b. Temperature and salinity effects on the acute toxity of 
cadmium to Laomedea loveni (Hydrozoa). - Mar. Ecol. Prog. Ser. 1, 13-19. 

Webb, M., 1975. Metallothionein and the toxicity of cadmium. In: Ecological toxicology research. 
Ed. by A. D. McIntyre & C. F. Mills. Plenum Press, New York, 177-186. 

Wolf, P. de, 1975. Mercury content of mussels from West European coasts. - Mar. Pollut. Bull. 6, 
61-63. 

Wright, D. A., 1977. The effect of calcium on cadmium uptake by the shore crab Carcinus maenas. - 
J. exp. Biol. 67, 163-173. 


