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Meta l  t o l e r a n t  s t r a i n s  o f  m i c r o b e s  are  l i k e l y  to 
o r i g i n a t e  in h a b i t a t s  h a v i n g  e l e v a t e d  meta l  l e v e l s  
( W h i t t o n  et  a l .  1981) .  T h i s  a s p e c t  has been r e v i e w e d  
q u i t e  e x t e n s i v e l y  by S i l v e r s  and M i s r a  (1988)  and the 
s u g g e s t e d  mechanisms o f  meta l  t o l e r a n c e  a r e :  (a) 
c e l l u l a r  e x c l u s i o n  o f  m e t a l s ,  (b)  e x t r u s i o n  o f  m e t a l s ,  
and (c )  i n t r a c e l l u l a r  i m m o b i l i z a t i o n .  S i m i l a r  s t u d i e s  
on c y a n o b a c t e r i a l  s t r a i n s  appear  to have been 
i n i t i a t e d  by Shehata and W h i t t o n  (1982)  who i s o l a t e d  a 
Z n - t o l e r a n t  s t r a i n  o f  A n a c y s t i s  n i d u l a n s  d i s p l a y i n g  a 
Zn up take  comparab le  to the Z n - s e n s i t i v e  w i l d  t y p e .  
The meta l  t o l e r a n c e  in the above s t r a i n  was a t t r i b u t e d  
to the i n t r a c e l l u l a r  d e t o x i f i c a t i o n  mechanisms as 
s u g g e s t e d  f o r  P lec tonema beryanum (Jensen  et  a1 .1982 )  
and Nos toc  c a l c i c o l a  (Verma et  a l .  1993) .  The Cd- 
r e s i s t a n t  s t r a i n  o f  A . n i d u l a n s  showed a p r o t e c t i o n  o f  
C d - i n d u c e d  g row th  i n h i b i t i o n  due to r e d u c e d  up take  o f  
meta l  (S i ngh  and Yadava 1986) .  R e c e n t l y  we r e p o r t e d  
an e n e r g y -  and d i l u t i o n -  dependen t  e f f l u x  o f  copper  as 
the mechanism o f  Cu t o l e r a n c e  in a c o p p e r - r e s i s t a n t  
s t r a i n  o f  Nos toc  c a l c i c o l a  (Verma and S ingh  1991) .  

The above s t u d i e s  were conce rned  m a i n l y  w i t h  s i n g l e -  
meta l  r e s i s t a n c e  in c y a n o b a c t e r i a .  S ince  n a t u r a l  
h a b i t a t s  a r e  g e n e r a l l y  c h a r a c t e r i z e d  b y  the 
c o e x i s t e n c e  o f  a l a r g e  number o f  t o x i c  and n o n t o x i c  
c a t i o n s  , i t  i s  n e c e s s a r y  to s t u d y  m u l t i p l e - m e t a l  
response  on the p h y s i o l o g y  and b i o c h e m i s t r y  o f  
m i c r o o r g a n i s m s .  In the p r e s e n t  s t u d y ,  t h e r e f o r e ,  we 
d e s c r i b e  a m u l t i p l e  meta l  r e s i s t a n t  s t r a i n  o f  the 
c y a n o b a c t e r i u m  Nos toc  muscorum. 

MATERIALS AND METHODS 

The d i a z o t r o p h i c  c y a n o b a c t e r i u m  Nostoc  muscorum was 
grown and m a i n t a i n e d  in CHU-10 medium under  c u l t u r e  
room c o n d i t i o n s  as d e s c r i b e d  e a r l i e r  (Verma and S ingh  

Correspondence to: S. K. Verma 

614 



1990} .  A c a d m i u m - r e s i s t a n t  mu tan t  o f  Nos toc  muscorum 
was i s o l a t e d  f o l l o w i n g  s e l e c t i o n  in the p r e s e n c e  o f  
5 .0 ~M CdCI~ Mu tan t  c l o n e s  g row ing  in g r o w t h - i n h i b i t -  
o r y  c o n c e n t r a t i o n s  o f  CdCIzon n u t r i e n t  agar  p l a t e s  
a rose  w i t h  a f r e q u e n c y  o f  4 x 10 "7 as c a l c u l a t e d  by the 
method o f  S t e w a r t  and S ingh (1975)  and d e s i g n a t e d  as 
Met R-1 s t r a i n .  I t s  s t a b i l i t y  was t e s t e d  on n u t r i e n t  
agar  p l a t e s  and a c l o n e  was grown in q u a n t i t y  f o r  
f u r t h e r  a n a l y s i s .  The g r o w t h  o f  the c u l t u r e  was 
m o n i t o r e d  by m e a s u r i n g  c e l l u l a r  p r o t e i n  c o n t e n t  (Lowry  
et  a l .  1951) .  

For  the measurement  o f  e l e c t r o l y t e  l eakage ,  
e x p o n e n t i a l l y  grown c y a n o b a c t e r i a l  c e l l s  were 
h a r v e s t e d  by c e n t r i f u g a t i o n  and i n c u b a t e d  in f r e s h  
s t e r i l e  l i q u i d  med ium c o n t a i n i n g  t h e  d e s i r e d  
c o n c e n t r a t i o n s  o f  Cd, Cu, o r  Zn. Such s e t s  were 
i n c u b a t e d  p h o t o a u t o t r o p h i c a l l y  f o r  16 h r  and the 
samples w i t h d r a w n  were c e n t r i f u g e d  and the p e l l e t s  
resuspended  in s t e r i l e  d i s t i l l e d  w a t e r  f o r  30 min to 
ensu re  the leakage o f  e l e c t r o l y t e s .  Such s o l u t i o n s  
were f u r t h e r  c e n t r i f u g e d  and the i o n i c  c o n t e n t  was 
m o n i t o r e d  by r e c o r d i n g  the s p e c i f i c  conduc tance  in a 
c o n d u c t i v i t y  m e t e r  ( S y s t r o n i c s ,  I n d i a ) .  The v a l u e s  
e x p r e s s e d  as pSlmg p r o t e i n  were o b t a i n e d  a f t e r  
d e d u c t i n g  the b a c k g r o u n d - s p e c i f i c  c o n d u c t a n c e  o f  
s t e r i l e  d i s t i l l e d  w a t e r .  

The c e l l u l a r  up take  o f  cadmium, copper  and z i n c  was 
m o n i t o r e d  by u s i n g  t h e i r  r a d i o a c t i v e  i s o t o p e s  o b t a i n e d  
f rom BARC, I n d i a .  E x p o n e n t i a l l y  grown c e l l s  were 
washed and resuspended  in a f r e s h  g r o w t h  medium 
c o n t a i n i n g  40 pM o f  64-Cu ( s p e c i f i c  a c t i v i t y  = 27 mCi 
/ m l ) ,  15 pM o f  65-Zn ( s p e c i f i c  a c t i v i t y  = 39 mCi /m l )  
o r  10 pM o f  115-Cd ( s p e c i f i c  a c t i v i t y  = 34 mCi' / m l ) .  
The me ta l  up take  was d e t e r m i n e d  a t  d e s i r e d  t ime 
i n t e r v a l s  by the method o f  Tynecka e t  a l .  (1981)  u s i n g  
an LS 1800 L i q u i d  S c i n t i l l a t i o n  C o u n t e r  (Beckman, 
USA). 

RESULTS AND DISCUSSION 

Cadmium, z i n c  and t h e i r  r e l a t e d  compounds sha re  an 
e s s e n t i a l l y  homologous c h e m i s t r y  and have been shown 
to  have s i m i l a r  e f f e c t s  on the y e a s t  Candida u t i l i s  
( F a i l l a  e t  a l .  1976) .  In the p r e s e n t  s t u d y ,  a cadmium 
- r e s i s t a n t  mu tan t  (Met R - l )  o f  the c y a n o b a c t e r i u m  
Nos toc  muscorum was i s o l a t e d  in the p r e s e n c e  o f  CdCI~ 
on n u t r i e n t  agar  p l a t e  w i t h  a m u t a t i o n a l  f r e q u e n c y  o f  
q x 10 ~ . A compar i son  o f  g row th  y i e l d  o f  p a r e n t  and 
Met R-1 s t r a i n  grown in the medium supp lemen ted  w i t h  
~her 2.0  ~M Cd, 7 .0  pM Cu or  15 @M Zn showed 
c o m p l e t e  g r o w t h  i n h i b i t i o n  in the p a r e n t ,  whereas Met 
R-1 showed a l m o s t  s i m i l a r  g row th  under  t r e a t e d  
u n t r e a t e d  c o n d i t i o n s  ( T a b l e  1 ) .  These r e s u l t s  c l e a r l y  
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T a b l e  1. E f f e c t  o f  Cd, Cu and Zn on mean mass d o u b l i n g  
t i m e  ( h r )  and e l e c t r o l y t e  l e a k a g e  ( p S l m g  p r o t e i n / 1 6 h r )  
in  p a r e n t  and  Met  R-1 s t r a i n  o f  t h e  c y a n o b a c t e r i u m  
N o s t o c  m u s c o r u m .  V a l u e s  a r e  e x p r e s s e d  as • 3 SE. 

T r e a t m e n t  C o n c e n t r a t i o n  D o u b l i n g  E l e c t r o l y t e  l e a k a g e  
(pM) t i m e  ( h r )  (MSlmg p r o t e i n )  

P a r e n t :  
C o n t r o l  - - -  38 
+Cd 2 . 0  oo 
+Cu 7 . 0  oo 
+Zn 1 5 . 0  oo 
Me t  R - l :  
c o n t r o l  - - -  40 
§ 2 . 0  42 
§ 7 . 0  48 
+Zn 1 5 . o  43 

1 2 . 2 3  ~ 1 . 7 3 2  
2 1 6 . 4 2  ~ 3 . 1 4 1  
1 8 6 . 6 2  • 2 . 5 3 2  
2 0 8 . 1 3  ~ 4 . 5 6 1  

1 6 . 1 2  • 0 . 5 1 4  
2 1 . 0 0  ~ 1 . 3 3 3  
3 2 . 4 5  ~ 0 . 7 4 1  
2 9 . 2 1  ~ 1 . 5 1 1  

i n d i c a t e  t h a t  t h e  m u t a n t  s e l e c t e d  on Cd p l a t e s  n o t  
o n l y  a c q u i r e d  a c h a r a c t e r  o f  Cd r e s i s t a n c e ,  b u t  a l s o  
d e v e l o p e d  r e s i s t a n c e  t o w a r d s  t o x i c  c o n c e n t r a t i o n s  o f  
Cu and Zn.  D e v e l o p m e n t  o f  a m u l t i p l e - m e t a l  r e s i s t a n t  
t r a i t  o r i g i n a t i n g  in a s t r a i n  s e l e c t e d  f o r  one m e t a l  
i s  n o t  u n u s u a l ,  as a c o p p e r - r e s i s t a n t  A l c a l i g e n e s  
s t r a i n  i s o l a t e d  f r o m  f r e s h w a t e r  i s  r e p o r t e d  to c o n t a i n  
c z c - ,  c n r -  and  m e r - r e s i s t a n t  d e t e r m i n a n t s  r e s p o n s i b l e  
f o r  c o b a l t ,  z i n c ,  n i c k e l  and  m e r c u r y  r e s i s t a n c e ,  
a l t h o u g h  t h e  c o r r e s p o n d i n g  m e t a l  i o n s  w e r e  n o t  u s e d  
f o r  s e l e c t i o n  ( D r e s s l e r  e t  a l .  1 9 9 1 ) .  

The i n c r e a s e d  c o n d u c t i v i t y  o f  t h e  i n c u b a t i o n  med ium 
has  b e e n  u s e d  as an i d e a l  m a r k e r  to  a c c e s s  t h e  
p o s s i b l e  l o s s  o f  c e l l u l a r  i on  s p e c i e s  u n d e r  h e a v y  
m e t a l  s t r e s s  ( S i n g h  and Y a d a v a  1 9 8 6 ) .  A n e g l i g i b l e  
e f f l u x  o f  e l e c t r o l y t e  f r o m  u n t r e a t e d  N. musco rum 
p a r e n t  (12  MS Img p r o t e i n  / 16  h r  : T a b l e  ~ s u g g e s t s  
t h a t  t h e  c y a n o b a c t e r i a l  c e l l  a c t i v i t y  r e g u l a t e s  t h e  
t r a n s m e m b r a n e  movement  o f  e l e c t r o l y t e s .  A m a n y - f o l d  
i n c r e a s e  in  e l e c t r o l y t e  l e a k a g e  a t  g r o w t h - t o x i c  
c o n c e n t r a t i o n s  o f  Cd, Cu o r  Zn c o u l d  be t h e  p o s s i b l e  
r e a s o n  f o r  m e t a l - i n d u c e d  t o x i c i t y  to  t h e  p a r e n t  
c u l t u r e .  Such a l o s s  o f  v i t a l  e l e c t r o l y t e s  f r o m  t h e  
c e l l s  may be a t t r i b u t e d  to  t h e  d i s r u p t i o n  o f  t h e  c e l l  
membrane ,  as r e p o r t e d  f o r  i o n i c  l o s s  in  o t h e r  
c y a n o b a c t e r i a  i n d u c e d  by Hg ( S i n g h  and  S i n g h  1 9 9 0 ) .  
A c o m p a r i s o n  o f  m e t a l - i n d u c e d  e l e c t r o l y t e  l e a k a g e  in  
t r e a t e d  and  u n t r e a t e d  Me t  R - I  s t r a i n  showed  a l m o s t  
s i m i l a r  v a l u e s ,  s u g g e s t i n g  t h a t  t h e  s u r v i v a l  o f  t h i s  
s t r a i n  u n d e r  m e t a l - s t r e s s  c o n d i t i o n s  i s  due  t o  t h e  
p r e v e n t i o n  o f  m e t a l - i n d u c e d  e l e c t r o l y t e  l o s s  in t o  t h e  
med ium.  
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M e t a l  b i o a c c u m u l a t i o n  in  m i c r o o r g a n i s m s  g e n e r a l l y  
c o m p r i s e s  two p h a s e s ,  a r a p i d  b i n d i n g /  u p t a k e  o f  
c a t i o n s  to  t h e  n e g a t i v e l y  c h a r g e d  g r o u p s  on t h e  c e l l  
s u r f a c e ,  and t h e  s u b s e q u e n t  m e t a b o l i s m - d e p e n d e n t  
i n t r a c e l l u l a r  u p t a k e  (Verma and S i n g h  1 9 9 0 ) .  A 
c o m p a r i s o n  o f  115-Cd u p t a k e  p a t t e r n  i n  p a r e n t  and Met 
R-1 s t r a i n  showed an e l i m i n a t i o n  o f  s e c o n d  phase  o f ~  
t r a n s p o r t  i n  Met R - l ,  t h u s  l i m i t i n g  t h e  t o t a l  
i n t r a c e l l u l a r  a c c u m u l a t i o n  to  2 2 . 0  n m o l /  mg p r o t e i n  as 
compared  to  8 3 . 7 5  nmol /mg p r o t e i n  i n  t h e  p a r e n t  
s t r a i n  ( F i g  l a ) .  The p r e s e n t  o b s e r v a t i o n  o f  l o w e r  Cd 
u p t a k e  in  t he  m u t a n t  s t r a i n  i s  in  a g r e e m e n t  w i t h  t h o s e  
o f  S i n g h  and  Yadava  ( 1 9 8 6 )  who s u g g e s t e d  t h a t  
d e c r e a s e d  Cd u p t a k e  in  c a d m i u m - t o l e r a n t  A. n i d u l a n s  
was t h e  o n l y  r e s i s t a n c e  m e c h a n i s m  o p e r a t i v e .  The 
a c c u m u l a t i o n  o f  6q-Cu and 65 -Zn  in  b o t h  p a r e n t  and Met 
R-1 s t r a i n s  a l s o  f o l l o w e d  a s i m i l a r  t r e n d  o f  p h a s e - I I  
e l i m i n a t i o n  and d e c r e a s e d  m e t a l  u p t a k e  ( F i g  l a  & b ) .  
W h i l e  Cu i s  t r a n s p o r t e d  i n t o  t he  c y a n o b a c t e r i a l  c e l l s ,  
t h r o u g h  a w e l l  c h a r a c t e r i z e d  membrane t r a n s p o r t  s y s t e m  
(Verma and S i n g h  1990;  Verma e t  a l .  1 9 9 1 ) ,  t he  
c o n c l u s i v e  d a t a  c o n c e r n i n g  t h e  u p t a k e  o f  Cd and Zn a r e  
l a c k i n g .  B o t h  t h e s e  c a t i o n s  a r e  t r a n s p o r t e d  p o s s i b l y  
i n  g r a m - n e g a t i v e  b a c t e r i a  by  u s i n g  t h e  M g - u p t a k e  
s y s t e m  ( L a d d a g a  e t  a i . 1 9 8 5 ) .  Thus ,  Cd, Cu and Zn use 
d i f f e r e n t  t r a n s p o r t  c a r r i e r s .  The r e s u l t s  o b t a i n e d  
d u r i n g  t h e  p r e s e n t  i n v e s t i g a t i o n  s u g g e s t s  s t r o n g l y  t he  
p r e s e n c e  o f  a t  l e a s t  one common f a c t o r  in  a l l  t h r e e  
m e t a l  t r a n s p o r t  s y s t e m s  w h i c h  c o n t r o l  t he  s e c o n d  phase  
o f  m e t a l  u p t a k e .  I t  a l s o  i n d i c a t e s  t h a t  t he  m u l t i p l e -  
m e t a l  r e s i s t a n c e  in  t h e  Met R - I  s t r a i n  i s  due to t h e  
m u t a t i o n a l  a l t e r a t i o n  o f  t h i s  t r a n s p o r t  p r o t e i n  
f r a c t i o n  i n  c o n t r a s t  to t h e  m e t a l  e f f l u x  p r o t e i n s  
d e s c r i b e d  f o r  m u l t i p l e - m e t a l  r e s i s t a n c e  in  A l c a l i g e n e s  
e u t r o p h u s  ( N i e s  e t  a l .  1 9 8 9 ) .  

A c k n o w l e d g m e n t s ,  We a r e  g r a t e f u l  to  E r .  R a j i v  D u t t a  f o r  
c o m p u t a t i o n  o f  d a t a  and to t h e  CSIR, New D e l h i  f o r  
f i n a n c i a l  a s s i s t a n c e .  
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