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Acid r a i n  p roduced  by a t m o s p h e r i c  p o l l u t i o n  may d e c r e a s e  t he  pH 
v a l u e  o f  w a t e r  and  i n c r e a s e  the  a v a i l a b i l i t y  and p o t e n t i a l  
t o x i c i t y  o f  m e t a l s  in  w a t e r  which h a v e  d e t r i m e n t a l  e f f e c t s  on 
a q u a t i c  o r g a n i s m s ,  i n c l u d i n g  a l g a e ,  t he  i m p o r t a n t  component  o f  the  
p r i m a r y  p r o d u c t i o n ,  and,  t h u s ,  t h e  e n t i r e  a q u a t i c  food cha in .  
Recent  r e v i e w s  o f  t h e  e f f e c t s  o f  a c i d  r a i n  on f r e s h w a t e r  e c o s y s -  
tems h a v e  emphas ized  r e s e a r c h  i n t e r e s t  in  so  l u b l e  t r i v a l e n t  
aluminum, a l t h o u g h  A1 i s  r a t e d  low among t r a c e  m e t a l s  in  b i o l o g i -  
c a l  i m p o r t a n c e  ( W i n c h e s t e r  1992) .  On the  o t h e r  hand,  z i n c  i s  an 
i m p o r t a n t  t r a c e  e l e m e n t  f o r  t h e  g rowth  o f  p h y t o p l a n k t o n  and the  
c o f a c t o r  o f  some enzymes .  The  g rowth  r e s p o n s e  and t o l e r a n c e  o f  
d i f f e r e n t  s p e c i e s  o f  a l g a e  t o  A1 and Zn have  b e e n  r e p o r t e d  by 
W h i t t o n  (1970) who showed t h a t  a l g a l  g rowth  would  be s t i m u l a t e d  
by lower  l e v e l s  o f  the  m e t a l s  and t o t a l l y  i n h i b i t e d  by h i g h e r  
l e v e l s .  T h e r e  i s  l i t t l e  i n f o r m a t i o n ,  however ,  on the  e f f e c t  o f  A1 
on b i o c h e m i c a l  p r o c e s s e s  in  a q u a t i c  o r g a n i s m s .  

T h i s  s t u d y  i n v e s t i g a t e s  t h e  i n f l u e n c e  o f  aluminum and z i n c  on 
s e v e r a l  p h y s i o l o g i c a l  p r o c e s s e s  i n  S. c a p r i c o r n u t u m ,  a common 
s p e c i e s  o f  g r e e n  a l g a  in  l ake  w a t e r .  A l g a l  g rowth  (d ry  w e i g h t ) ,  
ATP l e v e l s  and  t h e  a c t i v i t i e s  o f  s e v e r a l  enzymes in  the  a l g a l  
c e l l s  w e r e  measured  a f t e r  t h e  t r e a t m e n t  w i t h  v a r i o u s  c o n c e n t r a -  
t i o n s  o f  A1 and Zn i n  c u l t u r e  medium. S p e c i a l  a t t e n t i o n  i s  g i v e n  
to  t he  r e l a t i o n  be tween  t h e  e n z y m a t i c  r e s p o n s e  and a l g a l  g rowth .  

MATERIALS AND METI-]DI)S 

S. c a p r i c o r n u t u m  UFEX 1648 was o b t a i n e d  f rom U n i v e r s i t y  o f  T e x a s  
C u l t u r e  C o l l e c t i o n  (USA), c u l t u r e d  in  80 ml l i q u i d  HB-4 medium (Li 
1959) in  250 ml f l a s k s  k e p t  on a r o t a t o r y  s h a k e r  a t  25 "C, and  
i l l u m i n a t e d  w i t h  c o o l - w h i t e  f l u o r e s c e n t  l i g h t s .  
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The m e t a l s  were  i n t r o d u c e d  i n t o  the  c u l t u r e  medium s t e r i l  i zed  a t  
121 ~ 15 lb  in  -2 f o r  30 rain a t  the  b e g i n n i n g  o f  t h e  e x p e r i m e n t .  
The t h e o r e t i c a l  c o n c e n t r a t i o n s  were  a t  0 . 0 ,  0 .02 ,  0 . 0 4 ,  0 . 1 0 ,  0 .16  
and 0 .20  mg 1 -I f o r  A1 ~* [as  A12(SO4) 3] and 0 .0 ,  0 . 1 2 ,  0 . 3 0 ,  0 .48 ,  
0 .60 ,  and 0 . 9 6  mg 1 -I f o r  Zn 2. (as  ZnSO,). The s t o c k  s o l u t i o n s  o f  
A12(SO4) 3' 18H20 and ZnSO4. 7H~O were s t e r i l i z e d  by f i l t e r i n g  t h e  
s o l u t i o n  t h r o u g h  a 0 .45  ~m membrane.  The pH o f  a l l  s o l u t i o n s  was 
a d j u s t e d  to  5 .5  w i t h  1.0 M HC1. C e l l  d e n s i t y  was 3 . 0 - 5 . 0  >: 10 
c e l l s  p e r  ml. A l g a l  c e l l s  were  t r e a t e d  w i t h  m e t a l s  f o r  96 h r .  
Three  r e p l i c a t e s  we re  s e t  up f o r  each  t r e a t m e n t  and  t h e  e x p e r i -  
ments  were r e p e a t e d  t w i c e .  

At the  end  o f  e x p e r i m e n t ,  t h e  d r y  w e i g h t  p e r  u n i t  volume a l g a l  
s u s p e n s i o n  was d e t e r m i n e d  by f i l t e r i n g  the  a l g a l  s u s p e n s i o n  
t h r o u g h  f i l t e r  p a p e r s ,  f o l l o w e d  by a wash w i t h  d i s t i l l e d  w a t e r  and 
d r y i n g  to  c o n s t a n t  w e i g h t  a t  105~ (APHA e t  a l .  1985) .  

The a l g a l  c e l l s  t r e a t e d  w i t h  m e t a l s  were c o l l e c t e d  by c e n t r i f u g a -  
t i o n .  For enzyme a s s a y s ,  the  a l g a l  c e l l s  were e x t r a c t e d  w i t h  1 ml 
T r i s / B o r a t e  (0.1 M/0.3 M, pH 7 .5 ,  5 mM EDTA, and 7 ram B - m e r c a p t o -  
e t h a n o l )  b u f f e r  on i c e  f o r  10 rain, c e n t r i f u g e d  a t  10,000 • g f o r  
10 rain a t  4~ the  e x t r a c t s  we re  s t o r e d  a t  - 5 8 ~  u n t i l  enzyme 
measurement ;  For a d e n o s i n e  t r i p h o s p h a t e  (ATP) a n a l y s i s ,  the  a l g a l  
c e l l s  were  e x t r a c t e d  w i t h  1 ml 0 . 5  M Tr i s /HC1  b u f f e r ,  pH 8 .1 ,  a t  
95~ f o r  3 rain, c e n t r i f u g e d  and  s t o r e d  by t h e  method d e s c r i b e d  
p r e v i o u s l y .  

The a c t i v i t i e s  o f  g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  (G6PDH, EC. 
I.i.i.49), acid phosphatase (EC. 3.1.3.2) and nitrate reductase 
(EC. 1.6.6.2) were determined as described earlier (Hammond 1985; 
Boller and Kende 1979, Hageman and Reed 1980). ATP level in algal 
cells was measured according to the method of David and Osmund 
(1978) . Protein concentration in the samples was determined by the 
method of Lowry et ai.(1951) and with bovine serum albumin (BSA) 

as the standard. 

All biochemical compounds used in this experiment were from Sigma 

(USA). 

RESULTS AND DISCUSSION 

The growth of S. capricornutum was significantly inhibited by A1 
and Zn over the range of concentrations tested in this experiment. 
The dry weight of algal cells per unit volun~ of culture suspen- 
sion declined with the increase of metal concentration in the 
culture medium (Figs. la and b). 

However,  the  s o l u b l e  p r o t e i n  c o n c e n t r a t i o n  (rag s o l u b l e  p r o t e i n  p e r  
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mg d r y  w e i g h t  a l g a l  c e l l )  i n c r e a s e d  a f t e r  A1 and Zn t r e a t m e n t  
(F ig s .  l c  and d ) .  F o r  A1, the  c o n c e n t r a t i o n  o f  0 .20  mg 1 -~ 
i n c r e a s e d  t h e  p r o t e i n  c o n t e n t  by  65% compared  w i t h  the  c o n t r o l .  
S i m i l a r l y ,  a t  0 .96  rag I -~ Zn, t h e  p r o t e i n  c o n c e n t r a t i o n  in  a l g a i  
c e i l s  was a b o u t  e i g h t f o l d  t h a t  in  t he  c o n t r o l .  These  r e s u l t s  i n d i -  
c a t e d  t h a t  t h e  p r o t e i n  s y n t h e s i s  in  t he  a l g a I  c e i l s  was no t  
s u p p r e s s e d  by the  m e t a l s  a t  t he  t e s t e d  c o n c e n t r a t i o n s .  P r e v i o u s  
r e p o r t s  abou t  the  e f f e c t  o f  m e t a l s  on p r o t e i n  s y n t h e s i s  in  fung i  
and p l a n t s  v a r y .  The p r e s e n t  r e s u l t  was c o n t r a r y  to  t h e  c o n c l u s i o n  
o b t a i n e d  by  O l e l b - F a r i v a r  (1985) who d e m o n s t r a t e d  the  s u p p r e s s i o n  
o f  p r o t e i n  s y n t h e s i s  in  f u n g i  expos ed  t o  A1, b u t  t h e  e x p e r i m e n t a l  
d a t a  o f  Assc he  e t  a l .  (1988) showed t h a t  p r o t e i n  c o n c e n t r a t i o n  
i n c r e a s e d  in  r o o t s  and l e a v e s  o f  t he  p l a n t  Phaseolus vulgar is  
a f t e r  Zn and  CA t r e a t m e n t .  

The e n z y m a t i c  r e s p o n s e s  in  the  a l g a l  c e i l s  t o  m e t a l s  a r e  shown in  
F i g s .  2 a  and b .  The a c t i v i t y  o f  a c i d  p h o s p h a t a s e  was s i g n i f i c a n t l y  
i n h i b i t e d  by t h e  t r e a t m e n t  o f  A1 and Zn a t  a l l  t e s t  c o n c e n t r a -  
t i o n s .  The c o r r e l a t i o n  c o e f f i c i e n t s  were  h i g h l y  s i g n i f i c a n t  (r= - 
0 .93  a n d - 0 . 9 6 ,  r e s p e c t i v e l y ) .  Fo r  Co6PDH, the  a c t i v i t y  d e c r e a s e d  
when the  A1 c o n c e n t r a t i o n  was h i g h e r  t han  0 .02  mg 1 1 in  t he  
c u l t u r e  medium; when Zn was p r e s e n t ,  t h i s  enzyme a c t i v i t y  was 
s t i m u l a t e d  a t  0 .3  mg 1 -I, but  i n h i b i t e d  a t  h i g h e r  c o n c e n t r a t i o n s .  
L i k e w i s e ,  the  a c t i v i t y  o f  n i t r a t e  r e d u c t a s e  was s t i m u l a t e d  by 
s p e c i f i e d  c o n c e n t r a t i o n s  o f  A1 ( 0 . 0 4 - 0 . 1 6  mg l ' r ) ,  bu t  i t  was 
i n v e r s e l y  r e i a t e d  to  a l l  t h e  t e s t e d  c o n c e n t r a t i o n s  o f  Zn. The 
measu remen t s  o f  ATP l e v e l s  in  a l g a l  c e l l s  a r e  shown in  F i g s .  2c 
and d.  ATP l e v e l s  were  lower  a f t e r  A1 and Zn were  a p p l i e d  compared  
w i t h  t he  c o n t r o l .  The c o r r e l a t i o n  be tween  the  A1 o r  Zn c o n c e n t r a -  
t i o n  and ATP l e v e l  (~Lg p e r  ml a l g a l  c u l t u r e  s u s p e n s i o n )  was 
s i g n i f i c a n t  i ndeed  (r= - 0 . 8 6  and - 0 . 9 6 ,  r e s p e c t i v e l y ) .  

In  p r e v i o u s  r e p o r t s ,  i t  was d e m o n s t r a t e d  t h a t  t he  a c t i v i t y  o f  
Co6PDH i n  s e v e r a l  p l a n t  s p e c i e s  was s t i m u l a t e d  b y  Zn (Mat thys  1975) 
and Cd (Assche  e t  a l .  1988).  The  p r e s e n t  r e s u l t s  c o n f i r m e d  t h e s e  
d a t a ,  b u t  i t  was  r e s t r i c t e d  to  one Zn c o n c e n t r a t i o n  ( 0 . 3  mg 1"~). 
Moreover ,  t h i s  enzyme a c t i v i t y  was s t r o n g l y  i n h i b i t e d  a t  a l l  the  
t e s t e d  c o n c e n t r a t i o n s  o f  A1. I t  a p p e a r s  t h a t  t he  e f f e c t  o f  m e t a l s  
on G6PDH was d e p e n d e n t  on the  s p e c i e s  and amount o f  m e t a l .  

The q u e s t i o n  a b o u t  the  p o s s i b l e  p h y s i o l o g i c a l  meaning  o f  v a r i a t i o n  
o f  enzyme a c t i v i t y  by m e t a l s  i s  s t i l l  open .  Among t h e  enzymes 
s t u d i e d  in  t h i s  i n v e s t i g a t i o n ,  G6PDH c a t a l y z e s  NADPH-producing 
r e a c t i o n s  (Mat thys  1975).  Zn i s  t he  t r a c e  e l e m e n t  t h a t  p l a y s  an 
i m p o r t a n t  r o l e  i n  many p h y s i o l o g i c a l  p r o c e s s e s  o f  a l g a l  me t ab -  
o l i s m ,  and  can  s t i m u l a t e  some enzyme a c t i v i t  i e s  in  t h e  a p p r o p r i a t e  
amount ,  e s p e c i a l l y  t h o s e  enzymes which  depend  on the  NAD o r  NADP. 
The c o n c e n t r a t i o n  f a c t o r  (CF) o f  Zn in  a l g a l  c e l l  i s  up to  1-4. 

761 



1 3 . 5  

.,.-., 0 .8  ~ 

3 0.6i 
_.~ 
:3 O.4 0 

0,2 

E 

121 
I~ o.6 
E -..4 0.5~ 

f" 0.4 
131 , ~  

G) 0 . 3  

0.2 i 

a 

0.020.04 0.1 0.16 0.2 

AI (rag 1-1 ) 

I 

0 0 . 1 2  0 . 3  0 . 4 8  0.6 
Zn (mg I-1 ) 

b 

0 . 9 6  

~ 2 . 5  

2 
1.5' 

7 1 
0'} 0 .5  

E 
o'} 
:3 

T 1 

% o . ~ o . ~ '  ' o:1 ' 'o . ;6" o.2 
AI (mg 1-1 ) 

25 r- 
O) 20 

I1. 
lO 

5 

o! 
0 0 . 1 2  0 .3  0 . 4 8  0.6 

Zn (mg 1-1 ) 
0.g6 

F i g u r e  1. Dry w e i g h t  and p r o t e i n  c o n t e n t  in  a l g a l  c e l l s  o f  S. 
caprlcornutum t r e a t e d  w i t h  ( a , c )  A1 and (b ,d )  Zn in  t h e  c u l t u r e  
medium. 

1 6  1 4  

"6" 14~ 
12 

8 I 

~ 4 
E 2; 

si 
g oi 

g 2i C 
O o ~ . ~  7_ % o.~o.;~' ' o'.1 ' ' o . ~ '  o.~ 

AI (rag I - I  ) E AI (rag I - I  ) 

~ACid pmosph~lase I~ 

~'~ l~Nd . . . . .  d . . . . .  ~ I 

I . . . . . . . . .  

Oi 0.12 0.3 0.48 0.6 0.96 0 0.12 0.3 0.48 0.6 036 

Zn (rag 1-1 ) Zn (mg I-1 ) 

F i ~ ] I ~  2. Enzyme a c t i v i t y  (mU p e r  rag p r o t e i n  ) and ATP l e v e l  in  
a l g a l  c e l l s  o f  S. caprlcornutum t r e a t e d  wi th  ( a , c )  A1 and (b ,d)  
Zn in  the  c u l t u r e  medium. (each p o i n t  i s  t h e  mean o f  the  r e s u l t s  
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103 in  n a t u r a l  a q u a t i c  s y s t e m s ,  b u t  h i g h e r  Zn c o n c e n t r a t i o n s  w i l l  
d e c r e a s e  t h e  c h l o r o p h y l l  c o n t e n t  in  p l a n t  c e i l s  and i n h i b i t  
c h l o r o p l a s t  NADPH p r o d u c t i o n  (Assche  and  C l i j s t e r s  1986).  Assche  
e t  a 1 . ( 1 9 8 8 )  s u g g e s t e d  t h a t  t h e  h i g h e r  a c t i v i t y  o f  G6PDH s t i m u -  
l a t e d  b y  Zn c o u l d  c o m p e n s a t e  f o r  a p o s s i b l e  s h o r t a g e  o f  r e d u c i n g  
power in  t h e  c e l l .  The s o l u b i l i t y  and c h e m i c a l  s p e c i a t i o n  o f  
aluminum a r e  p H - d e p e n d e n t .  Below pH 4 . 5 ,  A1 ~ p r e d o m i n a t e s ,  whe rea s  
be tween  pH 4 . 5 - 6 . 3  AI(OH)s becomes dominan t .  In  o t h e r  words ,  t he  
p r e s e n c e  o f  s p e c i f i e d  amounts  o f  A1 may r e a d j u s t  t he  r a t i o  be tween  
I f  and  OH- and m a i n t a i n  t he  pH o f  t h e  s o l u t i o n .  T h i s  i s  p r o b a b l y  
the  way in  which A1 i n f l u e n c e s  t h e  a c t i v i t y  o f  n i t r a t e  r e d u c t a s e ,  
b e c a u s e  t h i s  enzyme i s  e s p e c i a l l y  p H - s e n s i t i v e .  Ac id  p h o s p h a t a s e  
p l a y s  a r o l e  in  decompos ing  o r g a n i c  p h o s p h a t e  i n t o  f r e e  p h o s p h a t e  
and o r t h o p h o s p h a t e  and i t s  a c t i v i t y  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  
p h o s p h a t e  a v a i l a b i l i t y  by a l g a l  c e l l s  in  a q u a t i c  e c o s y s t e m s .  A 
s i g n i f i c a n t  d e c r e a s e  in  p h o s p h a t e  u p t a k e  was found  in  p h y t o -  
p l a n k t o n  a t  50 ~Lg 1 "l A1. T h i s  p h y s i o l o g i c a l  p r o c e s s  was more 
a f f e c t e d  a t  pH 5 .2  to  6 . 9  t h a n  a t  pH 4.5  ( S t o k e s  e t  a l .  1992).  The 
r e s u l t  s o f  enzyme measu remen t  in  h i  s i n v e s t i g a t i o n  c o r r e l a t e d  w i t h  
t he  r e l a t i o n s h i p  be tween  A1 and the  d e c r e a s e  o f  a v a i l a b l e  P 
c o n c e n t r a t i o n ,  e s p e c i a l l y  o v e r  t h e  pH 5 . 0 - 6 . 0  r ange .  A p p a r e n t l y ,  
t he  i n f l u e n c e  o f  m e t a l s  on  S. capricornutum migh t  r e l a t e  to  t he  
u p t a k e  and  u t i l i z a t i o n  o f  p h o s p h a t e  and n i t r o g e n  by t h e  a l g a l  
c e l l .  A d i r e c t  c o m p e t i t i o n  be tween  me ta l  and n u t r i e n t  i o n s  f o r  
u p t a k e  h a s  been  r e p o r t e d  i n  b l u e - g r e e n  a l g a e  (Singh and  Yadav 
1983).  I t  i s  p o s s i b l e  t h a t  t he  b a l a n c e  be tween  t h e  a v a i l a b i l i t y  
o f  p h o s p h a t e  and n i t r o g e n  t h a t  i s  optimum f o r  a l g a l  growth i s  
d i s t u r b e d  when some m e t a l s  a r e  p r e s e n t .  T h i s  h y p o t h e s i s  w i l l  be  
t he  b a s i s  f o r  o u r  f u t u r e  v~ rk .  

The e x p e r i m e n t a l  d a t a  w e r e  t r a n s f o r m e d  as  p r e s e n t e d  in  T a b l e  1 to  

T a b l e  1. C o r r e l a t i o n  c o e f f i c i e n t s  o f  the  r e l a t i o n s h i p  be tween  d r y  
we igh t  o f  a l g a l  c e l l s  and enzyme a c t i v i t y ,  ATP and p r o t e i n  in  $. 
capricornutum t r e a t e d  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  A1 and Zn in  
the  c u l t u r e  medium. 

Dry w e i g h t  o f  a l g a l  c e l l s  

A1 Zn 

Acid p h o s p h a t a s e  0 .96  ** 0 . 9 7  ** 
G6PDH 0 . 9 0  ** 0 .39  
N i t r a t e  r e d u c t a s e  - 0 . 2 7  0 .99  ** 
ATP 0.98 ** 0 .85  ** 
P r o t e i n  c o n t e n t  - 0 . 8 8  ** - 0 . 8 5  ** 

** S i g n i f i c a n t l y  c o r r e l a t e d  a t  t he  99% c o n f i d e n c e  l e v e l  
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show t h e  c o r r e l a t i o n  be tween  t h e  r e s p o n s e  o f  growth and a c t i v i t y  
o f  enzymes and ATP l e v e l  to  m e t a l s .  I t  was c l e a r  t h a t  t h e  r e l a -  
t i o n s h i p s  be tween  d r y  w e i g h t  v e r s u s  a c i d  p h o s p h a t a s e ,  G6PDH and 
ATP f o r  A1 and a c i d  p h o s p h a t a s e ,  n i t r a t e  r e d u c t a s e  and ATP f o r  Zn 
were  p a r t i c u l a r l y  c l o s e .  

Under c o n t r o l l e d  e n v i r o n m e n t a l  c o n d i t i o n s ,  t h e s e  enzyme a c t i v i t i e s  
and ATP l e v e l  in  a l g a l  c e l l s  m igh t  p r o v i d e  a u s e f u l  b i o c h e m i c a l  
c r i t e r i o n  f o r  the  e v a l u a t i o n  o f  t h e  p h y s i o l o g i c a l  t o x i c i t y  o f  
w a t e r  c o n t a m i n a t e d  w i t h  A1 o r  Zn. 
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