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Algae vary widely in the i r  r e s i s t a n c e  to heavy metal 
t o x i c i t y ,  such as to copper (Erickson et a l .  1973). Some 
organisms are inh ib i ted  at concent ra t ions  that  are within 
the environmental range (Davey et a l .  1973). Dunal ie l la ,  
a un i ce l l u l a r  green algae,  exh ib i t s  high to le rance  to copper 
concentra t ions  (Pace et a l .  1977; Bentley-Mowat and Reid 
1977). A v a r i e t y  of mechanisms have been proposed to account 
for algal  r e s i s t a n c e  to heavy metal t o x i c i t y ,  including 
e x t r a c e l l u l a r  complexing to organic substances secreted by 
the c e l l s  (Hellebust  1974). Al te rna te  proposals  suggest 
exclusion of the heavy metal by the ce l l  surface or ce l l  
wall (Bentley-Mowat and Reid 1977). However, since 
Ounal ie l la  lacks a ce l l  wal l ,  the l a t t e r  mechanism cannot 
be the one respons ib le  (Eyden 1975). As Zmiri and Ginzburg 
(1983) reported with sodium, the heavy metals ions may be 
incorporated in non-essen t i a l  i n t r a c e l l u l a r  s i t e s ,  and 
thereby excluded from v i t a l  metabolic loca t ions  (Hawkins 
and G r i f f i t h s  1982). Previous uptake s tudies  have indicated 
that Dunal ie l la  does not exclude heavy metals from the ce l l  
(Parry and Hayward 1973; Hawkins and G r i f f i t h s  1982). 

By means of atomic absorpt ion a n a l y s i s ,  we measured the 
e f f e c t  of s a l i n i t y  on the absorpt ion of copper. We used 
long term cu l tu res  of Dunal ie l la  in order to determine if  
a l t e r a t i o n s  in plasmalemma permeabi l i ty  occur as a r e su l t  
of adaptat ion to d i f f e r e n t  osmotic condi t ions .  Since copper 
appears to a f f e c t  the mechanisms i n v o l v e d  in osmotic 
r e s i s t ance  with Dunal ie l la ,  we hoped to e luc ida te  some of 
the c h a r a c t e r i s t i c s  of pe rmeab i l i ty .  

MATERIALS AND METHODS 

Dunal ie l la  v i r i d i s ,  D. t e r t i o l e c t a ,  and three ecotypes of 
O. s a l i nawere  grown on (0.2u) m i l l i p o r e  f i l t e r e d  a r t i f i c i a l  
seawater medium of 3.2%S, pH 7.8, considered to be i so tonic  
to seawater (Provasol i  et a l .  1957). The cu l tu res  were 
t es ted  p e r i o d i c a l l y  and were f ree  of b a c t e r i a l  
contamination. Transfers  were made to media of 2.0%S 
(hy~otonic) and 6.0%S (hyper ton ic ) .  Glassware was acid 
washed and s t e r i l i z e d .  I t  was f i l l e d  with 50 ml of medium 

362 



and incubated 24 hours p r io r  to inocula t ion .  Cel l  counts 
and c a l c u l a t i o n s  were made to e s t a b l i s h  an inoculum of 106 
c e l l s .  Cultures were maintained in an incubator at 22- 
25oc, continuously i l luminated with 1720 lux from GE cool 
white 15 watt f luorescent  bulbs. 

Copper was supplied as CuSO4.5H20 from 1% stock so lu t ion  
to achieve t h e o r e t i c a l  concent ra t ions  of 0, 10 and 50 ppm. 
These values were t es ted  by atomic absorpt ion ana lys i s  of 
uninoculated samples. The concent ra t ion  and s o l u b i l i t y  of 
Cu ++ is determined by pH and che la t ion .  In addi t ion  to 
buf fe r ing  pH, TRIS (hydroxy-methyl-amino-methane) che la tes  
copper. I t  regula tes  Cu ++ a c t i v i t y  so that i t  remains 
constant throughout the course of the experiment at a value 
determined by the t o t a l  amount of copper added to the medium. 

Since Cu ++ delays log phase, i t  was determined that  c e l l s  
were in log phase at 14 days a f t e r  inocula t ion .  Samples 
were removed from the cu l tu re s  and counted, using a Spencer 
hemocytometer. The samples were cen t r i fuged  at 1500Xg for 
10 minutes. The p e l l e t  was washed twice in PC 3 bu f f e r ,  pH 
7.8, containing 3% NaCl. 

The c e l l s  were then f i l t e r e d  using f ine  grain f i l t e r  paper 
through a g lass  f i l t e r .  The f i l t e r  paper and residue were 
digested in 1 ml each of cone H2SO4, cone HNO 3 and cone 
HCIO 4 in a bo i l ing  water bath for 45 minutes. The l iquid  
samples of uninoeulated media were analyzed without 
d iges t ion  or d i l u t i o n .  However, the samples were then 
d i lu ted  where the concent ra t ions  were too high and did not 
f a l l  in the s t r a i g h t  l ine por t ion  on the Beers law curve. 
All samples were analyzed on a Perkin-Elmer 5000 atomic 
absorpt ion instrument. Results  of copper analyses were 
ca lcu la ted  on the basis  of ppb for 106 c e l l s .  

RESULTS AND DISCUSSION 

The i n v e s t i g a t i o n s  showed that for a l l  samples, the assigned 
copper value of the medium was not s i g n i f i c a n t l y  d i f f e r e n t  
from the actual  value,  as determined by atomic absorpt ion  
ana lys i s  (Table 1). For th i s  reason, the t h e o r e t i c a l  value 
was used. I t  should be noted that the medium contained a 
t race  of copper, so that "O ppm" is a c t u a l l y  0.79 + 0.34. 

Our r e s u l t s  indica te  that Dunal ie l la  does not exclude copper 
from the c e l l .  This is s imi lar  to r e s u l t s  achieved by 
Hawkins and G r i f f i t h s  (1982) and is in accordance with 
s imi lar  reported s tudies  of other heavy metals (Parry and 
Hayward 1973). As the e x t r a e e l l u l a r  concent ra t ion  of Cu ++ 
increases ,  the i n t r a c e l l u l a r  accumulation r i s e s  
p r o p o r t i o n a t e l y ;  so that the i n t r a c e l l u l a r  [Cu ++] is g rea te r  
at 50 ppm than in the c o n t r o l s .  The r e s i s t a n c e  of Dunal ie l la  
to heavy metals does not appear to be due to exclusion from 
the ce l l  (Figure 1). 
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Table i .  Comparison of t h e o r e t i c a l  and ac tual  [Cu++]. 
Theore t ica l  Actual S a l i n i t y  
ppm ppm % 

0 0.64+0.25 2.0 
0 0.82+0.25 3.2 
0 0.92+0.50 6.0 

10 8 96+0.35 2.0 
10 9.18+0.34 3.2 
10 9.08+0.33 6.0 

50 55.14+4.67 2.0 
50 55.92+2.40 3.2 
50 55.72+3.21 6.0 

On the other hand, s a l i n i t y  has a s i g n i f i c a n t  e f f e c t  on the 
amount of copper accumulated by the a lgal  c e l l s .  Cultures 
grown at hypotonic 2%S absorb s i g n i f i c a n t l y  more copper 
than those of i so tonic  3.2%S. Hypersaline 6% cu l tu re s  show 
s i g n i f i c a n t l y  less  copper absorbed than e i t he r  of the other 
s a l i n i t i e s .  This e f f e c t  is demonstrable at 10 ppm and to 
a g rea te r  extent at 50 ppm Cu ++. Control cu l t u r e s ,  with 
no added copper, do not show a decrease in i n t r a c e l l u l a r  
copper as s a l i n i t y  is increased.  We also found that  copper 
produced g rea te r  l e t h a l i t y  in hypotonic medium than in 
hypertonic (Table 2). 

The presence of TRIS in the medium would act to che la te  
Cu ++ and maintain i t s  concent ra t ion  at a steady level  
throughout the experiment. I n t e r a c t i o n  with other ions in 
the medium would thereby be minimized. I t  would serve to 
l imit  the binding e f f e c t  of e x t r a c e l l u l a r  exudates as well .  
This does not appear to be a f ac to r  since g lyce ro l ,  which 
is the fundamental osmoregulatory compound produced by 
Dunal ie l la ,  has been shown to be excreted more read i ly  in 
hypotonic than hypertonic media (Kessly and Brown 1981). 
E x t r a c e l l u l a r  binding to g lycero l  would not be important 
in explaining the lower absorpt ion in hypertonic so lu t ions .  

Copper binds to the ce l l  surface and the re fo re  causes 
a l t e r a t i o n  of t r anspor t  systems (Gavis et a l .  1981). 
Ri isgard (1979, 1980) suggested that Dunal ie l la  marina was 
unable to regula te  i t s  volume in an iso ton ic  media in the 
presence of Cu ++. In hypotonic medium the c e l l s  remained 
swollen, while in hypertonic they f a i l ed  to shrink. 
Permeabi l i ty  and t ranspor t  mechanisms are thought to be 
d i f f e r e n t  in hypotonic than hypertonic media. Our r e s u l t s  
give support to th is  theory. We have shown grea te r  
pe rmeab i l i ty  in hyposaline medium than in hypcrsa l ine ,  as 
is indicated by the increased absorpt ion of copper into the 
2%S cu l tu res  than the 6%$. The increased l e t h a l i t y  in 
hypotonic medium may be due to increased water inf lux or 
to g rea te r  pe rmeabi l i ty  of copper into the c r i t i c a l  regions 
of the c e l l .  
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Figure I .  Ef fec t  of s a l i n i t y  on absorpt ion of copper in 
14 day cu l tu res  of Dunal ie l la .  The top graph represen t s  
the control  with no addi t iona l  copper. 
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Table 2. Effect of Copper on Ounaliella cultures at 14 days 
[Cu++J Cells/ml Sal ini ty  
ppm XlO 6 % 

0 3 . 3 1 + 0 . 4 5  2 . 0  
0 3 . 1 6 - - 0 . 7 3  3 . 2  
0 3 . 0 8 u  6 . 0  

10 2.27+0.80 2.0 
10 2.37u 3.2 
10 2.69T0.54 6.0 

50 1.54+0.54 2.0 
50 1.60~0.44 3.2 
50 1.86~0.34 6.0 

The inverse relat ionship of s a l in i ty  andcopper permeability 
may apply to other heavy metal ions as well. This may help 
to explain the resistance of Dunaliella to heavy metal 
tox ic i ty .  
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