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I NTRODUCT ION 

M e t a l  s u l f i d e s  i n  t h e  p resence  o f  oxygen w i l l  o x i d i z e  t o  t h e i r  
c o r r e s p o n d i n g  m e t a l  s u l f a t e s  and s u l f u r i c  a c i d ;  t hese  r e a c t i o n s  a r e  
a c c e l e r a t e d  by t h e  me tabo l  i c  a c t i v i t i e s  o f  a c i d - l o v i n g  i r o n  o x i d i z i n g  
b a c t e r i a .  The v a r i o u s  mechanisms of  m e t a l  s u l f a t e  o x i d a t i o n s  have 
been rev iewed  ( 2 0 ) .  M i c r o b i a l  o x i d a t i o n  o f  s u l f i d e  m e t a l s  have harm- 
f u l l  e f f e c t s  by c o n t r i b u t i n g  t o  s t ream p o l l u t i o n .  P y r i t e s  and marca- 
s i t e s ,  b o t h  a s s o c i a t e d  w i t h  c o a l  m in ing ,  when i n  t h e  presence o f  oxy-  
gen, w a t e r  and i r o n - o x i d i z i n g  b a c t e r i a  o x i d i z e  t o  s u l f u r i c  a c i d  and 
i r o n  s u l f a t e .  The a c i d  i s  c o r r o s i v e  t o  equipment,  k i l l s  a q u a t i c  l i f e ,  
d i s s o l v e s  rocks and m i n e r a l s ,  and c o n t r i b u t e s  t o  t h e  hardness o f  w a t e r .  
The i r o n  s u l f a t e ,  s o l u b l e  under  a c i d  c o n d i t i o n s ,  e v e n t u a l l y  h y d r o l y z e s  
and p r e c i p i t a t e s  f rom s o l u t i o n  t o  f o r m  c o l o r e d  complexes o f  f e r r i c  
s u l f a t e s  and h y d r a t e d  o x i d e s .  

Cons ide rab le  though t  has been g i v e n  t o  t h e  p r e v e n t i o n  o f  b i o l o g i -  
c a l  i r o n  o x i d a t i o n  a s  a mecns o f  c o n t r o l l i n g  w a t e r  p o l l u t i o n  ( 2 8 ) .  
However, a s  t h i s  r e p o r t  demons t ra tes ,  any though t  of  m i c r o b i o l o g i c a l  
c o n t r o l  m u s t  c o n s i d e r  t h e  m e t a b o l i s m  of t h e  who le  organism. At tempts 
t o  i n h i b i t  i r o n  o x i d a t i o n  can  r e s u l t  i n  t h e  organism o x i d i z i n g  s u l f u r  
a n d / o r  o r g a n i c  compounds. A complex b i o c h e m i c a l  r e l a t i o n s h i p  e x i s t s  
i n  these  b a c t e r i a  and a p a r t i c u l a r  metabol  i c  e x p r e s s i o n  depends upon 
r e g u l a t o r y  mechanisms ( 1 1 ) ;  t h e  l a t t e r  a r e  s u b j e c t  t o  i n f l u e n c e  by 
t h e  env i ronmen t . 
and m e t a b o l i z e  i r o n ,  s u l f u r ,  o r  g lucose .  I t  i s  t h e  purpose o f  t h i s  
p r e s e n t a t i o n  to d i s c u s s  a s p e c t s  of t h e  c e l l s '  me tabo l i sm when o x i d i z i n g  
t h e  d i f f e r e n t  s u b s t r a t e s  f o r  t h e i r  p r i m a r y  energy source; emphasis i s  
g i v e n  t o  s u l f u r  o x i d a t i o n .  

MATERIALS AND METHODS 

I t  i s  now recogn ized  t h a t  t h e  i r o n - o x i d i z i n g  t h i o b a c i l l i  can grow 

C u l t u r e s .  F e r r o b a c i l  I u s  f e r r o o x i d a n s  was grown i n  the  f o l l o w i n g  

I .  Growth o f  f e r r o u s  i r o n .  C e l l  s were grown under  c o n d i t i o n s  as 
ways: 

r e p o r t e d  p r e v i o u s l y  ( 1 3 ) .  
g l a s s  c a r b o y s  o n  t h e  f e r r o u s  s u l f a t e - 9 K  medium (9,000 ppm o f  Fe , pH 
3 , 3 )  under  f o r c e d  a e r a t i o n  and was h a r v e s t e d  a f t e r  48 t o  54 h r  by use 
o f  a Sharp les  C e n t r i f u g e .  

1 1 .  Growth on e l e m e n t a l  s u l f u r .  C e l l s  were grown i n  2 - l i t e r  
Fernbach f l a s k s  c o n t a i n i n g  500 m l  of  t h e  9K s a l t s  s o l u t i o n  (pH 3 . 3 ) .  

1 .O ppm o f  FeSO , and 5 g o& p r e c i p i t a t e d  s u l f u r .  
a u t o c l a v e d  for !! m i n  a t  121 C p r i o r  to i n o c u l a t i o n  and were c o o l e d  
r a p i d l y  to p r e v e n t  s u l f u r  f r o m  coalesc ing. ,  F l a s k s  were a g i t a t e d  on a 
r e c i p r o c a t i n g  shaker  for 5 t o  6 days a t  28 C and c e l l s  were ha rves ted ,  
a f t e r  t h e  pH had dropped be low 2 . Q w i t h  a S o r v a l l  R C - 2  r e f r i g e r a t e d  
c e n t r i f u g e .  The s u l f u r  i n  t h e  f l a s k s  was n o t  d e p l e t e d  d u r i n g  t h i s  
t i m e .  The inoculum c o n s i s t e d  o f  c e l l s  t r a i n e d  to  s u l f u r  by repea ted  
t r a n s f e r s  on t h e  s u l f u r  medium. 

I l l .  Growth on g l u c o s e .  C e l l s  were f i r s t  grown i n  t h e  r e g u l a r  
9K medium c o n t a i n i n g  0.5% g l u c o s e .  Subsequent t r a n s f e r s  were made 
i n t o  f r e s h  media c o n t a i n i n g  d e c r e a s i n g  c o n c e n t r a t i o n s  o f  f e r r o u s  

The o rgan ism was propagated i n  1 6 - l i j g r  

These f l a s k s  were 
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s u l f a t e .  C e l l s  t r a i n e d  t o  grow on g lucose  g reh  we11 i n  t h e  absence 
o f  i r o n .  C u l t u r i n g  was done i n  25O-mI Erlenmeyer f l a s k s  and the  pH 
o f  t h e  medium a t  t h e  t ime  o f  t r a n s f e r  ixas 3 . 2 .  

C e l l - f r e e  e x t r a c t s  and enzyme p u r i f i c a t i o n .  Washed c e l l s  were 
suspended i n  0.5M Tr is-HC1 b u f f e r ,  pH 7 . 8  ( 2 5 - 3 0 % ,  w / v ) ,  and passed 
t h r e e  t imes  th rouqh  a c o l d  F rench -p ressu re  c e l l  (15,000-20,000 p.s . i  . )  
or t r e a t e d  w i t h  s o n i c  ene rgy .  A l l  o p e r a t i o n s  were pe r fo rmed  i n  t h e  
Presence o f  0.01M sodium t h i o s u l f a t e .  The broken c e l l s  were t r e a t e d  
w i t h  300 p g  each o f  RNzse and DNase a t  room tempera tu re  f o r  20 min 
a f t e r  wh ich  t h e  whole c e l l s  and d e b r i s  were removed by c e n t r i f u g a t i o n  
J t  13,000 x g f o r  20 m i n .  The r e s u l t i n g  s u p e r n a t a n t ,  t h e  c r u d e  ex -  
t r a c t ,  was a d j u s t e d  t o  pH 5 by s low a d d i t i o n  o f  c o l d  1 N a c e t i c  a c i d  
and s t i r r e d  i n  an i c e  b a t h  f o r  20 m i n .  P r e c i p i t a t e d  p r o t e i n  was r e -  
moved b y  c e n t r i f u g a t i o n  and d i s c a r d e d .  Ammonium s u l f a t e  was added t o  
2 5 %  s a t u r a t i o n  and t h e  pH a d j u s t e d  t o  5 .0  w i t h  s t i r r i n g  f o r  3 0  min,  
a f t e r  wh ich  t h e  p r e c i p i t a t e  was removed and d i s c a r d e d .  More ammonium 
s u l f a t e  was added u n t i l  90% s a t u r a t i o n  was o b t a i n e d  and a g a i n  t h e  pH 
was a d i u s t e d  t o  5 .0  w i t h  s t i r r i n g  f o r  30  m i n .  The p r e c i p i t a t e  was 
c o l l e c t e d  and suspended i n  Tr is-HC1 b u f f e r  i n  .01M sodium t h i o s u l f a t e  
and d i a l y z e d  a g a i n s t  4 l i t e r s  o f  t h e  same b u f f e r .  

c e l l u l o s e  i n  0.025 a c e t a t e  b u f f e r ,  pH 5.0,  f o r  I h r  a t  4 C .  C e l l u l o s e  
w i t h  t h e  enzyme absorbed was recove red  by c e n t r i f u g a t i o n ,  and washed 
w i t h  t h e  same volume o f  b u f f e r  a t  0.05, 0.1, 0 .2 and 0 . 3  M i n  t h e  same 
manner. The enzyme was f i n a l l y  e l u t e d  w i t h  t h e  same b u f f e r  a t  0.50 M. 

b o v i n e  a lbumin  as t h e  s tandard .  

The d i a l y z e d  e x t r a c t  was t r e a t e d  w i t h  20 m l  o f  a s l u r r y  of CM- 

P r o t e i n  was de te rm ined  c o l o r i m e t r i c a l l y  (Lowry)  w i t h  c r y s t a l l i n e  

Rhodanese assay.  The ~ s s a y  f o r  rhodanese was e s s e n t i a l l y  t h a t  
d e s c r i b e d  by Bowen, B u t l e r  and Happold ( 4 )  where t h i o c y a n a t e  formed 
i s  measured c o l o r i m e t r i c a l l y .  The r e a c t i o n  m i x t u r e  c o n t a i n s  500 pmoles 
o f  Tr is-HC1 b u f f e r  (pH 8.5) ,  50 pmoles o f  sodium t h i o s u l f a t e ,  5 0  pmoles 
o f  po tass ium c y a n i d e  and p ? r t i a l l y  p u r i f i e d  enzyme. The r e a c t i o n  ves- 
s e l  was a screw cap t e s t  tube and t h e  t i m e  o f  t h e  r e a c t i o n  was 10 min.  
The r e a c t i o n  was s topped by t h e  a d d i t i o n  o f  0 .5  m l  o f  t h e  f e r r i c  n i t -  
r a t e  r e a g e n t .  The tubes  were c e n t r i f u g e d  t o  remove p r o t e i n  and t h e  
absorbancy measured i n  a Klet t -Summerson 800 c o l o r i m e t e r  equipped w i t h  
a b l u e  f i l t e r .  A v a l u e  o f  36 K l e t t  u n i t s  equa ls  0.1 pmole o f  t h i o -  
c y a n a t e .  

E l e c t r o n  m ic roscopy .  C e l l s  were washed w i t h  a low c o n c e n t r a t i o n  
o f  E D T A  s o l u t i o n  p r i o r  t o  f i x a t i o n  and then f i x e d  i n  1.5% g l u t a r a l -  
dehyde i n  s - c o l l i d i n e  b u f f e r  (pH 7 . 6 )  f o r  IO min  a t  room temperature,  
washed once i n  t h e  same b u f f e r  and f i n a l l y  f i x e d  o v e r n i g h t  i n  osmium 
t e t r o x i d e  (1 .0%) i n  d i s t i l l e d  w a t e r .  F i x e d  c e l l s  were enrobbed i n  
a g a r ,  c u t  i n t o  cubes, dehydra ted  i n  an a l c o h o l  s e r i e s ,  embedded i n  an 
epoxy r e s i n  c o n t a i n e d  i n  g e l a t i n  capsu les ,  and f o l l o w i n g  p o l y m e r i z a t i o n  
s e c t i o n e d  i n  an u l t r a  m ic ro tome.  S e c t i o n s  were f i r s t  s t a i n e d  w i t h  
u r a n y l  a c e t a t e  and p o s t  s t a i n e d  w i t h  l e a d  c i t r a t e .  

RESULTS 

E l e c t r o n  m ic roscopy .  F i g u r e  1 shows t h i n  s e c t i o n s  o f  E. f e r r o -  
ox idans  f o l  l o h i n g  grob;th on t h e  d i f f e r e n t  s u b s t r a t e s .  C e r t a i n  s t r u c -  
t u r a l  d i f f e r e n c e s  a r e  zpparen t  wh ich  r e f l e c t  m e t a b o l i c  changes as-  
s o c i a t e d  o i  t h  changes i n  s u b s t r a t e s .  S t r u c t u r a l  d i f f e r e n c e s  a r e  n o t  
t h e  m a j o r  endeavor o f  t h i s  paper ,  
c e l l s  a r e  grown a u t o t r o p h i c a l l y  ( i r o n  o r  s u l f u r )  or h e t e r o t r o p h i c a l l y  

b u t  c e r t a i n  changes a r e  obv ious  when 



62 

( g l u c o s e ) .  Glucose-grown c e l  1s ( F i g  I b )  c o n t a i n  p o l y - b e t a - h y d r o x y -  
b u t y r a t e  ( P ) ,  a b a c t e r i a l  s t o r a g e  p r o d u c t ,  wh ich  i s  n o t  p r e s e n t  i n  
i r o n  or s u l f u r - g r o w n  c e l l s .  Also,  t h e r e  a r e  no e l e c t r o n  dense bod ies  

lucose-grown c e l l s  compared t o  a u t o t r o p h i c a l l y - g r o w n  c u l t u r e s  
( F i g  (g! in l a  3 . S u l f u r - g r o w n  c e l l s  have a more l o c a l i z e d  n u c l e a r  area ( n ) ,  
r a t h e r  t h a n  a d i f f u s e  n u c l e u s  o f  t he  o t h e r  c e l l s .  We a r e  s t i l l  un-  
c e r t a i n  as rega rds  s t r u c t u r a l  chFnges i n  t h e  c e l l  enve lope ;  t h i s  i s  
b e i n g  s t u d i e d  for  t h e  e n v e l o p e  i s  i m p o r t a n t  i n  s u b s t r a t e  o x i d a t i o n s .  

I r o n  o x i d a t i o n .  The o x i d a t i o n  o f  f e r r o u s  i r o n  has been s t u d i e d  
more e x t e n s i v e l y  t h a n  t h e  o x i d a t i o n  o f  s u l f u r  and g lucose ,  and t h e  
s t a t u s  o f  i r o n  o x i d a t i o n  has been rev iewed (7 ,  1 5 ) .  In  s i m p l e s t  terms 
t h e  o x i d a t i o n  i s  d e s c r i b e d  as i n v o l v i n g :  

Fe++ cytochrome c 4 cytochrome a 4 O2 

A model has been p u b l i s h e d  fo r  how o x i d a t i o n  m i g h t  f u n c t i o n  i n  

Glucose o x i d a t i o n .  I r o n  o x i d i z i n g  b a c t e r i a  were once c o n s i d e r e d  

f e r r o b a c i l  1 i ( 8 ) .  

t o  be o b l i g a t e  a u t o t r o p h s  and t h e r e f o r e  u n a b l e  t o  grow h e t e r o t r o p h i -  
c a l l y .  R e s u l t s  f rom o u r  l a b o r a t o r y  have shown t h a t  i r on -g rown  c e l l s  
c o u l d  be t r a i n e d  t o  grow o n  g l u c o s e  a s  t h e  s o l e  energy sou rce  ( 1 2 ,  
1 6 ) .  H o w  a u t o t r o p h s  m i g h t  d i f f e r  f r o m  h e t e r o t r o p h s  as rega rds  t h e  
u t i l i z a t i o n  o f  s i m p l e  o r g a n i c  compounds has been d i scussed  ( 9 , 2 3 ) .  I n  
i r o n - o x i d i z i n g  b a c t e r i a ,  i t  has been shown t h a t  b o t h  a g l y c o l y t i c  p a t h -  
way and a Krebs c y c l e  a r e  p r o b a b l y  p r e s e n t  ( 3 ) .  S ince these  a r e  ma jo r  
m e t s b o l i c  r o u t e s  i n  h e t e r o t r o p h y  f o r  energy and b i o s y n t h e s i s ,  any t r a n s -  
i t i o n  f rom a u t o t r o p h i c  g r o w t h  t o  a h e t e r o t r o p h i c  way o f  l i f e  f o r  these 
b a c t e r i a  s h o u l d  n o t  be  a d i f f i c u l t  t a s k .  

S u l f u r  o x i d a t i o n .  S u l f u r  o x i d a t i o n  p r o v i d e s  a l i n k  to  i r o n  
o x i d a t i o n  through t h e  SO,+- a n i o n  and i t s  a s s o c i a t e d  H i o n s .  The l a t -  
t e r  c o n t r i b u t e s  to  a n  a c i d o p h i l i c  env i ronment  whereas t h e  a n i o n  i s  
r e q u i r e d  f o r  i r o n  o x i d a t i o n  (IO); t h e  mechanism by wh ich  SO - f u n c t i o n s  
i s  n o t  known. E a r l i e r  r e p o r t s  f r o m  t h i s  l a b o r a t o r y  have d e k r i b e d  t h e  
organisms g rowth  on s u l f u r  (13 )  a s  w e l l  a s  t h e  e f f e c t s  o f  g l u c o s e  upon 
s u l f u r  and i r o n  o x i d a t i o n  (19) .  

o x i d i z i n g  b a c t e r i a  ( T h i o b a c i l l u s  Spp.) i s  s t i l l  i n  doubt ,  and i t  i s  
p o s s i b l e  t h a t  d i f f e r e n t  s p e c i e s  o f  organisms have d i f f e r e n t  o x i d a t i v e  
pathways.  The s t a t u s  o f  i n o r g a n i c  s u l f u r  o x i d a t i o n  has been rev iewed 

members o f  t he  T h i o b a c i l l u s  group, t h e  below model has been c o n s t r u c t e d  
to se rve  2 s  a g u i d e  f o r  t h e  s t u d y  o f  s u l f u r  o x i d a t i o n .  

The e x a c t  pathway for  t h e  o x i d a t i o n  o f  reduced s u l f u r  b y  t h e  s u l f u r  

(27 1 * 
For t h e  i r o n - o x i d i z i n g  b a c t e r i a ,  wh ich  a r e  c o n s i d e r e d  b y  us t o  be 

1 .  

2 .  

= 4 .  - 

o3 s-s-so3 
SO4- 

R e a c t i o n  1 i s  c a t a l y z e d  by t h e  s u l f u r  o x i d i z i n g  enzyme w i t h  t h e  
f o r m a t i o n  o f  s u l f i t e .  T h i s  r e a c t i o n  i s  p r o b a b l y  t h e  c e n t r a l  r e a c t i o n  
fo r  a l l  pathways i n v o l v i n g  t h e  o x i d a t i o n  o f  s u l f u r  (24 ,  25, 1 5 ) .  The 
s u l f u r  o x i d i z i n g  enzyme-has been found  i n  i r o n  o x i d i z i n  
I t  i s  p o s s i b l e  t h a t  SO - e x i s t s  bound r a t h e r  than  f r e e  7 1 5 ) .  S u l f i t e  
can  

b a c t e r i a  ( 1 8 ) -  

be o x i d i z e d  t o  s u g f a t e  ( r e a c t i o n  2 )  v i a  APS reduc tase  (14 )  o r  
a 
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m e d i a t e d  by a cytochrome system ( 5 ) .  Bo th  of these r e a c t i o n s  can be 
coup led  t o  energy g e n e r a t i o n .  No energy i s  a s s o c i a t e d  w i t h  r e a c t i o n  
1 f o r  i t  i s  n o t  coup led  to  o x i d a t i v e  p h o s p h o r y l a t i o n .  When e lementa l  
s u l f u r  i s  o x i d i z e d ,  t h i o s u l f a t e  i s  formed enzymat i ca l  l y .  T h i o s u l f a t e  
i s  t h e  s u b s t r a t e  fo r  the  t h i o s u l f a t e  s p l i t t i n g  enzyme rhodanese, 

l e v e l  o f  SO - h i g h  and c o u i t e r a c t  t h e  nonenzymatic f o r m a t i o n  of  t h i o -  
s u l f a t e .  T i i o s u l f a t e  may a l s o  b e  o x i d i z e d  v i a  t h e  t h i o s u l f a t e  o x i d i z i n g  
enzyme ( r e a c t i o n  4 ) .  T h i s  r e a c t i o n  i s  four id i n  o t h e r  b a c t e r i a  i n c l u d i n g  
t h i o b a c i l l i  ( 2 ,  6, 2 2 )  and may r e p r e s e n t  t h e  m a j o r  o x i d a t i v e  pathway - 
f o r  t h i o s u l f a t e  ( 2 7 ) .  Reac t ions  5 and 6 which i n v o l v e  t e t r a t h i o n a t e  
and t r i t h i o n a t e  a r e  suspected of b e i n g  p h y s i o l o g i c a l  r e a c t i o n s  b u t  
enzymes c a t a l y z i n g  these r e a c t i o n s  have y e t  t o  be found  ( 2 1 ) .  I t  i s  
known t h a t  b o t h  t r i t h i o n a t e  and p e n t a t h i o n a t e  a r e  formed n o n - b i o l o g i -  
c a l l y  and a r e  l i k e l y  t o  be p r e s e n t  whenever o t h g r  forms o f  i n o r g a n i c  
s u l f u r  a r e  p r e s e n t .  I n  t h e  proposed scheme SO4-,  i m p o r t a n t  f o r  i r o n  
o x i d a t i o n ,  would be a b y - p r o d u c t .  

of these r e a c t i o n s  i n  i r o n  o x i d i z i n g  b a c t e r i a .  The l a t e s t  r e a c t i o n  
demonstrated i s  t h a t  c a t a l y z e d  by t h e  enzyme rhodanese. The enzyme has 
been i s o l a t e d  and p a r t i a l l y  p u r i f i e d  f rom b o t h  s u l f u r - g r o w n  and i r o n -  
grown c e l l s .  Rhodanese was p u r i f i e d  about  50 f o l d  o v e r  c r u d e  c e l l -  
f r e e  e x t r a c t s ,  and a l l  p r e p a r a t i o g s  a r e  s t a b l e  a t  room tempera tu re  f o r  
about  4 h r  and can be s t o r e d  a t  0 C f o r  5 days w i t h  l i t t l e  l o s s  i n  
a c t i v i t y .  Table 1 shows t h a t  enzyme, t h i o s u l f a t e  and c y a n i d e  a r e  a l l  
r e q u i r e d  f o r  t h e  f o r m a t i o n  of t h i o c y a n a t e .  N e i t h e r  c y s t e i n e ,  mercapto-  
e thano l  nor reduced g l u t a t h i o n e  (GSH) c o u l d  r e p l a c e  t h i o s u l f a t e .  

( r e a c t i o n  3 )  which forms SO -. T h i s  enzyme may f u n c t i o n  t o  keep t h e  

Our p r e s e n t  research  e f f o r t  i s  d i r e c t e d  towards t h e  demons t ra t i on  

TABLE I .  Requirements and s p e c i f i c i t y  o f  rhodanese" 

~~ ~ 

Del e t  i ons 
~~ 

A d d i t i o n s  pmoles SCN formed 

- _ _  
KCN 

'2'3 
Enzyme 

1 .06 
0.08 

0.11 

0.07  
enzyme bo i 1 ed enzyme 0.38 

'2 '3 
0.1X mercaptoethanol  0.14 '2'3 

'2'3 

50 pmoles c y s t e i n e  0.12 

50 pmoles GSH 0.11 
~~ ~~ 

"The enzyme a c t i v i t y  was de te rm ined  under s t a n d a r d  c o n d i t i o n s  o u t -  
l i n e d  i n  the  Methods. A d d i t i o n s  and d e l e t i o n s  a r e  as i n d i c a t e d .  0.45 
mg p r o t e i n  was used. 

The pH optimum o f  t h e  enzyme ranges f rom 7 . 5  to  9 . 0 .  Tab le  2 
sh0k.s t h e  e f f e c t s  of some i n h i b i t o r s  upon rhodanese a c t i v i t y .  The 
t h i o l - a l k y l a t i n g  egen t ,  iodoacetamide,  was the  most e f f e c t i v e  i n -  
h i b i t o r .  Glucose, n o t  shown i n  t h e  t a b l e ,  had no e f f e c t  upon the  
enzyme. 
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’ It TABLE I I .  E f f e c t  o f  v a r i o u s  i n h i b i t o r s  on rhodanese a c t i v i t y *  

b’ A d d i t i o n  C o n c e n t r a t i o n  A c t i v i t y  % o f  c o n t r o l  I 

None - - -  0.87 100 
p-hydroxymercur ibenzoa te  10-3M 0.86 ’ 98.9 

r 

r 

E D T A  

a r s e n a t e  

a r s e n i t e  

1 O - 2 M  0.88 101.1 

1 O - 2 M  0.88 101.1 
10-2M 0.86 98.9- 

o-phenan t h r o l  i ne I 0 - 3 ~  

H9C 12 I 0 - 3 ~  

N - e t h y 1 ma 1 e i m i de I 0 - 3 ~  

Na2S03 1 0 - 3 ~  
iodoacetami  de I 0 - 3 ~  

Na F 1 O - 2 M  

GSH 1 O m 2 M  

0.87 
0.85 
0.62 

0.83 
0.69 

0.55 
0.14 

100 

97.7 ; 
7 1 . 3  , 

95.4 
79.3 
6 3 . 2  ,, 
16.1 

mercaptoe thano l  0.1% 0.86 98.9 
Na N3 I 0 - 3 ~  0.88 101.1 / 

*The enzyme a c t i v i t y  was de te rm ined  under s t a n d a r d  c o n t i t i o n s  w i t h  
a d d i t i o n s  a s  i n d i c a t e d .  0.45 mg p r o t e i n  was used. A c t i v i t y  i s  expres-  / 

sed a s  t h e  number o f  pmoles o f  SCN formed p e r  10 m i n .  

DISCUSSION II 
From a metabol  i c  s t a n d p o i n t ,  t h e  i r o n - o x i d i z i n g  b a c t e r i a  rep resen t  

a v e r y  s o p h i s t i c a t e d  g roup  o f  organisms.  They a r e  b i o s y n t h e t i c a l l y  com- . 
p l e t e  and have e v o l v e d + i n  an e c o l o g i c a l  n i c h e  where reduced i r o n  and s u l -  
fur  as  w e l l  as a c i d  (H ) p redomina te .  The organisms a r e  a b l e  t o  use b o t h  - 
reduced i r o n  and s u l f u r  f o r  g rowth  and s i n c e  i r o n  i s  t h e  more s o l u b l e  sub- 
s t r a t e  p r o b a b l y  p r e f e r s  i t  t o  s u l f u r  even though the-energy y i e l d  per  gram k 
atom of s u b s t r a t e  i s  l o w e r .  The requ i remen t  f o r  SO - f o r  i r o n  o x i d a t i o n  
i s  met th rough  s u l f u r  o x i d a t i o n .  A lso,  t h e  a c i d  f r h m  t h e  o x i d a t i o n  main- 
t a i n s  an a c i d  e n v i r o n m e n t .  The organism i s  a b l e  t o  grow h e t e r o t r o p h i c a l l y  
g i v i n g  i t  a n  a d d i t i o n a l  s u r v i v a l  advantage.  I t  i s  n o t  known whether a l l  
members o f  the  b a c t e r i a l  p o p u l a t i o n  adap t  t o  g lucose  f o r  an energy source /I 
o r  whether  s e l e c t i v e  c e l l s  (mu tan ts )  adap t  t o  h e t e r o t r o p h i c  g rowth  and 
a r e  s e l e c t e d  o u t  by t h e  c u l t u r a l  p rocedures .  

The m e t a b o l i c - d i v e r s i t y  possessed by these b a c t e r i a  means t h a t  any,. 
a t t e m p t  t o  c o n t r o l  t h e i r  growth w i t h  m e t a b o l i c  i n h i b i t o r s  w i l l  be d i f -  
f i c u l  t ,  and  one must be c o g n i z a n t  o f  t h e  who le  metabol  i c  p o t e n t i a l  b e f o r e  
c o n t r o l  i s  c o n s i d e r e d .  t 
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~i~ 1 .  sections o f  iron-oxidizing bacteria grown on (a) iron, (b)  
glucose, (c) sulfur. Label n, nucleus; g, granule; p, p o l y -  
beta-hydroxybutyrate. a, 5 8 , O O O X ;  b, 3 0 , O O O X ;  c, 2 9 , O O O X .  
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