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RESEARCH SUMMARY 

T i t l e  M i c r o b i o l o g i c a l  S t u d i e s  Towards Opt imiza t ion  of Methane from 
Marine P l a n t  Biomass 

C o n t r a c t o r  V i r g i n i a  P o l y t e c h n i c  I n s t i t u t e  and S t a t e  U n i v e r s i t y  

GRI C o n t r a c t  Number: 5014-363-0178 

Pr i n c  i p  a 1  
I n v e s t i g a t o r  

Report  
Pe r iod  

O b j e c t i v e  

T e c h n i c a l  
P e r s p e c t i v e  

R e s u l t s  

J .  G .  F e r r y  

J u l y  1979-June 1982 
F i n a l  Report  

To reach  a  b e t t e r  u n d e r s t a n d i n g  of t h e  b a s i c  microbiology and 
b i o c h e m i s t r y  of t h e  c o n v e r s i o n  of mar ine  biomass t o  methane by 
a n a e r o b i c  microorganisms.  

G r e a t e r  t h a n  90 p e r c e n t  of t h e  energy i n  degradab le  biomass i s  re- 
covered i n  t h e  methane produced by b ioconvers ion .  Development of 
methods t o  improve t h e  r a t e  and r e l i a b i l i t y  of t h e  p r o c e s s  depend 
on a  b e t t e r  knowledge of t h e  ~n ic roorgan i sms  and t h e i r  b iochemical  
pathways.  T h i s  p r o j e c t  h a s  c h a r a c t e r i z e d  a n a e r o b i c  b a c t e r i a  t h a t  
c o n v e r t  mar ine  biomass t o  methane and advanced our  unders tand ing  
of enzymes t h a t  c a t a l y z e  t h e s e  c o n v e r s i o n s .  A s  C a l i f o r n i a  g i a n t  
k e l p  was proposed a s  a  p o t e n t i a l  energy c r o p ,  t h i s  s t u d y  focused 
on i t s  c o n v e r s i o n  t o  methane. 

Labora to ry -sca le  f e r m e n t o r s  t h a t  conver ted  k e l p  t o  methane were 
s t u d i e d .  The two major  complex k e l p  c o n s t i t u e n t s ,  a l g i n a t e  and 
m a n n i t o l ,  were degraded c o n c u r r e n t l y  by microorganisms p r e s e n t  i n  
t h e  f e r m e n t o r s .  The k e l p  c o n s t i t u e n t s  were degraded t o  t h e  s imple  
compounds a c e  t a  t e  , f orma t e  and hydrogen tha  t  were f u r t h e r  conver ted  
t o  methane by t h e  methane-producing b a c t e r i a .  

B a c t e r i a  r e s p o n s i b l e  f o r  d e g r a d a t i o n  of k e l p  c o n s t i t u e n t s  were 
i s o l a t e d  and s t u d i e d  i n  pure  c u l t u r e .  The c o n d i t i o n s  f o r  growth 
and optimum p r o d u c t  fo rmat ion  were de te rmined .  S e v e r a l  i s o l a t e s  
produced a c e t a t e  a s  t h e  main product  of a l g i n a t e  d e g r a d a t i o n .  
Some of t h e  i s o l a t e s  produced p r o p i o n a t e  and s u c c i n a t e  from manni to l  
and a l g i n a t e .  These p r o d u c t s  a r e  Eur the r  metabol ized t o  a c e t a t e  
and hydrogen g a s  by a  s e p a r a t e  type  of a n a e r o b i c  b a c t e r i a .  Severa l  
methane-producing b a c t e r i a  t h a t  u t  L l i z e  a c e t a t e  were i s o l a t e d .  
The c o n d i t i o n s  f o r  growth and optimum s u b s t r a t e  u t i l i z a t i o n  were 
de te rmined .  One of t h e  i s o l a t e s  is  a  novel  mar ine  organism Methano- 
c o c c o i d e s  methy lu tens  . - 
The c o n v e r s i o n  of fo rmate  t o  methane by methanogenic b a c t e r i a  was 
s t u d i e d .  Formate dehydrogenase ,  a n  enzyme t h a t  c a t a l y z e s  t h e  
u t i l i z a t i o n  of fo rmate ,  was i s o l a t e d  from t h e  methane-producer 
Methanobac t e r ium formicicum and s t u d i e d  i n  d e t a i l .  The enzyme 
c o n t a i n s  molybdenum i n  t h e  a c t i v e  s i t e .  The molybdenum i s  con- 
t a i n e d  i n  a s m a l l  molecule  n o t  p r e v i o u s l y  known t o  occur  i n  methane- 
producing b a c t e r i a .  



T e c h n i c a l  S t a b i l i z e d  Labora to ry -sca le  f e rmentors  t h a t  conver ted  k e l p  t o  meth- 
Approach ane  were e s t a b l i s h e d  w i t h  seed  organisms from a marine  sediment  

s i t u a t e d  below a k e l p  bed.  Q u a n t i f i c a t i o n  of compounds produced 
from t h e  d e g r a d a t i o n  of k e l p  was f a c i l i t a t e d  by development of a 
p rocedure  f o r  t h e i r  d e t e c t i o n  i n  s e a  wa te r  medium. The fe rmentors  
were used a s  a s o u r c e  f o r  t h e  i s o l a t i o n  of organisms s p e c i f i c  f o r  
k e l p  c o n v e r s i o n .  Other  kelp-degrading organisms were s e l e c t e d  
from t h e  Anaerobe Labora to ry  c u l t u r e  c o l l e c t i o n .  The use  of  
sodium a z i d e  i n  b u f f e r  sys tems dec reased  t h e  oxygen s e n s i t i v i t y  of  
t h e  formate  dehydrogenase  and a l lowed purification by c o n v e n t i o n a l  
a n a e r o b i c  column chromatography . 

P r o j e c t  A s  p a r t  of G R I T  s Bas ic  Research program i n  Biomass, t h i s  g r a n t  
I m p l i c a t i o n s  a d d r e s s e s  t h e  c o n v e r s i o n  of biomass t o  methane by methanogens,  a 

s p e c i a l  c l a s s  of  microorganisms t h a t  occur  i n  n a t u r e  i n  h i g h l y  
complex communities.  G R I  i s  i n t e r e s t e d  i n  b i o l o g i c a l  convers ion  
of biomass because  t h e  p r o c e s s  produces  o n l y  methane and carbon 
d i o x i d e ,  is n o t  a d v e r s e l y  a f f e c t e d  by h i g h  water c o n t e n t  i n  the  
b iomass ,  and can  t a k e  p l a c e  a t  ambient  t e m p e r a t u r e s .  A t  p r e s e n t ,  
however, t h e  phys io logy  and b i o c h e m i s t r y  of methanogens are p o o r l y  
unders tood  . 
T h i s  g r a n t  advanced o u r  u n d e r s t a n d i n g  of t h e  b i o c h e m i s t r y  and 
n u t r i t i o n a l  r e q u i r e m e n t s  of t h e  hydrogen and fo rmate  u t i l i z i n g  
microorganisms.  These organisms a r e  impor tan t  because  they may be 
invo lved  i n  t h e  hydrogen b u i l d u p  which f r e q u e n t l y  p recedes  d i g e s t o r  
f a i l u r e .  

A b e t t e r  method t o  a n a l y z e  t h e  i n t e r m e d i a t e  p r o d u c t s  of t h e  b iolog-  
i c a l  c o n v e r s i o n  p r o c e s s  is  a s i g n i f i c a n t  accomplishment.  Th i s  
method cou ld  be used t o  c o r r e l a t e  s u b s t r a t e  v a r i a t i o n s  w i t h  methane 
y i e l d  and d i g e s t o r  e f f i c i e n c y .  T h i s  would l e a d  t o  u n d e r s t a n d i n g  
t h e  r a t e - l i m i t i n g  s t e p s  which would h e l p  i n  t h e  development of  
more e f f e c t i v e  and r e l i a b l e  d i g e s t o r s .  

GRI i n t e n d s  t o  c o n t i n u e  s u p p o r t  of t h i s  impor tan t  a r e a .  F u r t h e r  
s t u d i e s  w i l l  a d d r e s s  t h e  b i o c h e m i s t r y  of t h e  a c e t a t e - u t i  Lizing 
me thanogens . 



Table  of Contents  

1 . I n t r o d u c t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

. . . . . . . . . . . . . . . . . . .  A . O v e r a l l  P r o j e c t  O b j e c t i v e  1 

. . . . . . . . . . . . . . . .  B . Brie f  D e s c r i p t i o n  of t h e  P r o j e c t  1  

. . . . . . . . . . . . . . . . . . . . . . . . . . .  . C R a t i o n a l e  2  

. . . . . . . . . . . . .  D . P r o j e c t e d  B e n e f i t s  t o  t h e  Gas Consumer 2 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I1 . Technica l  3 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  A . Work Plan 3 

. . . . . . . . . . . . . . . . . . .  B . Work Performed and R e s u l t s  4 

1 . C h a r a c t e r i z a t i o n  of kelp-degrading methanogenic 
. . . . . . . . . . . . . . . . . . . .  enr ichment  c u l t u r e s  4 

2 . I s o l a t i o n  of hydrogen- and f o r m a t e - u t i l i z i n g  marine  . . . . . . . . . . . . . . . . . . . . . . . .  me thanogens 4 

3  . I s o l a t i o n  and c h a r a c t e r i z a t i o n  of methy lo t roph ic  
. . . . . . . . . . . . . . . . . . . . . . . .  me thanogens 4 

4 . Microbiology of formate  u t i l i z a t i o n  by methanogens . . . .  5 

. . . . . . . . . . . . . .  5 . Biochemist ry  of methanogenesis  6 

6 . S e l e c t i o n  and c h a r a c t e r i z a t i o n  of a l g i n a t e -  and manni tol -  
f e rment ing  b a c t e r i a  f o r  t h e  p r o d u c t i o n  of methanogenic . . . . . . . . . . . . . . . . . . . . . . . .  s u b s t r a t e s  7 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  C . Find ings  10 

. . . . . . . . . . . . . . . . .  I11 . Major Achievements of t h e  P r o j e c t  11 

. . . . . . . . . . . . . . . . . . . . . . .  A . Research f i n d i n g s  11 

. . . . . . . . . . . . . . . . . . . . . . .  B . Graduate s t u d e n t s  11 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  C . A b s t r a c t s  12 

. . . . . . . . . . . . . . . . . . . . . . . . . .  D . P u b l i c a t i o n s  12 

. . . . . . . . . . . . .  I V  . Major Techn ica l  Problem Areas Encountered 12 

. . . . . . . . . . . . . . . . . .  V . Conclusions  and Recommendations 13 



I. I n t r o d u c t i o n  

A. O v e r a l l  P r o j e c t  O b j e c t i v e .  Conversion of biomass t o  methane i s  accom- 
p l i s h e d  by a  m i c r o b i a l  food c h a i n  comprised of a t  l e a s t  t h r e e  m e t a b o l i c  groups  
of a n a e r o b i c  microorganisms.  The f i r s t  two m e t a b o l i c  groups  degrade biomass t o  
hydrogen,  formate  and a c e t a t e  which a r e  t h e  o n l y  s u b s t r a t e s  u t i l i z e d  by t h e  
t h i r d  m e t a b o l i c  group,  t h e  methanogens.  The o v e r a l l  o b j e c t i v e  of t h i s  r e s e a r c h  
is  a  b e t t e r  u n d e r s t a n d i n g  of t h e  b a s i c  mic rob io logy  and b i o c h e m i s t r y  w i t h  t h e  
v iew t o  improve t h e  r a t e  and r e l i a b i l i t y  of t h i s  p r o c e s s .  

Th i s  o b j e c t i v e  can be  f u r t h e r  d i v i d e d  i n t o  t h r e e  s p e c i f i c  a r e a s :  (1) 
t h e  i s o l a t i o n  and c h a r a c t e r i z e d  of me t h y l o  t r o p h i c  ( p r i m a r i l y  ace ta te -degrad ing)  
methanogens,  ( 2 )  a  b e t t e r  u n d e r s t a n d i n g  of t h e  b i o c h e m i s t r y  of hydrogen and 
fo rmate  metabolism i n  methanogens , and ( 3 )  t h e  i d e n t i f i c a t i o n  of i n t e r m e d i a t e s  
i n  t h e  c o n v e r s i o n  of mar ine  p l a n t  biomass t o  methane and t h e  i s o l a t i o n  and s t u d y  
of organisms r e s p o n s i b l e  f o r  t h e i r  p r o d u c t i o n .  

B .  B r i e f  D e s c r i p t i o n  of t h e  P r o j e c t .  

Labora to ry -sca le  f e r m e n t o r s  t h a t  conver ted  k e l p  t o  methane were s t u d i e d  . 
The two major complex k e l p  c o n s t i t u e n t s ,  a l g i n a t e  and m a n n i t o l ,  were degraded 
c o n c u r r e n t l y  by microorganisms p r e s e n t  i n  t h e  f e r m e n t o r s .  The k e l p  c o n s t i t u e n t s  
were degraded t o  t h e  s i m p l e  compounds, a c e t a t e ,  fo rmate  and hydrogen t h a t  were 
f u r t h e r  conver ted  t o  methane by t h e  methane-producing b a c t e r i a .  

Fe rmenta t ive  b a c t e r i a  t h a t  m e t a b o l i z e  manni to l  t o  produce H , C02, 
f o r m a t e  and a c e t a t e  were o b t a i n e d  from t h e  V P I  Anaerobe Labora to ry  c u i t u r e  
c o l l e c t i o n .  These organisms were examined f o r  t h e i r  a b i l i t y  t o  ferment  a l g i n a t e ;  
however, none of them were good a l g i n a t e - u t i l i z e r s .  The p roduc t  p a t t e r n  of 
t h e s e  organisms was e v a l u a t e d  w i t h  manni t01 a s  t h e  s u b s t r a t e ,  and the  t e s t s  were 
performed under  d i f f e r e n t  growth c o n d i t i o n s  i n c l u d i n g  a  v a r i a t i o n  i n  hydrogen 
p a r t i a l  p r e s s u r e .  

Major e f f o r t s  were t h e n  devoted t o  t h e  i s o l a t i o n  of a l g i n a t e - f  erment ing 
b a c t e r i a  from n a t u r e .  We have o b t a i n e d  b o t h  f a c u l t a t i v e  and o b l i g a t e  anaerobes  
t h a t  produce methanogenic s u b s t r a t e s  a s  t h e i r  main p r o d u c t s  from a l g i n a t e .  A l l  
of them have been i d e n t i f i e d  t o  t h e  genus l e v e l ,  and s e v e r a l  have been i d e n t i f i e d  
t o  the  s p e c i e s  l e v e l .  S e l e c t e d  s t r a i n s  of a l g i n a t e - f e r m e n t i n g  b a c t e r i a  were 
s t u d i e d  under  d i f f e r e n t  growth c o n d i t i o n s  f o r  a n  e v a l u a t i o n  of t h e i r  p r o d u c t i v i t y  
of u s e f u l  compounds. Most i s o l a t e s  were found t o  produce a c e t a t e  a s  t h e  main 
p roduc t  from a l g i n a t e .  Some a l g i n a t e - f e r m e n t i n g  b a c t e r i a  a r e  a b l e  t o  f e n n e n t  
m a n n i t o l ,  t o o ,  and p a i r e d  c u l t u r e s  were t e s t e d  f o r  t h e  simu l t aneous  u t i l i z a t i o n  
of a l g i n a t e  and m a n n i t o l .  

A low p o t e n t i a l  e l e c t r o n  c a r r i e r  was p u r i f i e d  t o  n e a r  homogeneity from 
a n  a l g i n a t e - f e r m e n t i n g  organism,  B a c t e r o i d e s  o v a t u s .  I t  i s  a  f e r r e d o x i n - t y p e  
molecu le  even when t h e  organism was grown i n  media low i n  i r o n .  The molecu la r  
p r o p e r t i e s  of t h e  p u r i f i e d  e l e c t r o n  c a r r i e r  have been s t u d i e d .  

Methane-producing b a c t e r i a  t h a t  u t i l i z e  a c e t a t e  were i s o l a t e d .  The 
c o n d i t i o n s  f o r  growth and optimum s u b s t r a t e  u t i l i z a t i o n  were de te rmined .  One of 
t h e  i s o l a t e s  is  a  nove l  mar ine  organism Methanococcoides m e t h y l u t e n s .  

The c o n v e r s i o n  of  fo rmate  t o  methane by methanogenic b a c t e r i a  was 
s t u d i e d .  Formate dehydrogenase ,  a n  enzyme t h a t  c a t a l y z e s  t h e  u t i l i z a t i o n  of 



f  ormate ,  was i s o l a t e d  from t h e  methane-producer Methanobacterium formicicum and 
s t u d i e d  i n  d e t a i l .  The enzyme c o n t a i n s  molybdenum i n  t h e  a c t i v e  s i t e .  The 
molybdenum i s  con ta ined  i n  a  s m a l l  molecule  n o t  p r e v i o u s l y  known t o  occur  i n  
methane-producing b a c t e r i a .  

C. R a t i o n a l e .  A c e t a t e  is t h e  major methanogenic s u b s t r a t e  i n  t h e  conver- 
s i o n  of biomass t o  methane and i t s  metabolism i s  a r a t e  l i m i t i n g  s t e p .  However, 
r e l a t i v e l y  few of t h e  m e  t h y l o t r o p h i c  me thanogens have been i s o l a t e d  which h a s  
made t h i s  a r e a  of r e s e a r c h  d i f f i c u l t .  'de chose t o  i s o l a t e  and c h a r a c t e r i z e  t h e  
mar ine  methy lo t roph ic  methanogens t o  b o l s t e r  t h e  methy lo t roph ic  methanogen 
c u l t u r e  c o l l e c t i o n  and i d e n t i f y  s u p e r i o r  s t r a i n s  t o  be used i n  f u t u r e  microbio- 
l o g i c a l  and biochemical  s t u d i e s .  We chose  t h e  marine  environment because  t h i s  
i s  unexplored a s  a  source  of m e t h y l o t r o p h i c  methanogens and t h e  p r o j e c t  emphasized 
mar ine  biomass. 

The convers ion  of hydrogen and formate  by methanogens i s  impor tan t  
because  removal of t h e s e  f e r m e n t a t i o n  p r o d u c t s  f a c i l i t a t e s  t h e  i n i t i a l  decomposi- 
t i o n  of biomass.  We focused on fo rmate  because  Less was known t h a n  f o r  t h e  
metabolism of hydrogen by methanogens.  The b i o c h e m i s t r y  ( s p e c i f i c a l l y  t h e  
p u r i f i c a t i o n )  of formate  dehydrogenase was chosen f o r  s t u d y  t o :  (1) i n c r e a s e  
our  unders tand ing  of c o f a c t o r  requ i rements  i n  methanogens, ( 2 )  begin  s t u d i e s  on 
t h e  e l e c t r o n  t r a n s p o r t  and energy conserv ing  pathways, and ( 3 )  l a y  groundwork 
f o r  f u t u r e  g e n e t i c  s t u d i e s  of methanogens. 

Because marine  p l a n t  b iomass ,  s p e c i f i c a l l y  t h e  C a l i f o r n i a  g i a n t  k e l p ,  
w a s  proposed a s  a  p o t e n t i a l  energy c rop  f o r  methane p r o d u c t i o n ,  i t  was a p p a r e n t  
t h a t  organisms which could  c o n v e r t  k e l p - i n g r e d i e n t s  i n t o  methanogenic s u b s t r a t e s  
would be needed f o r  a s t u d y  on t h e  mic rob io logy  of methane p roduc t ion  from 
mar ine  p l a n t  biomass.  A s  c a r b o h y d r a t e s  c o n s t i t u t e  85% of t o t a l  o r g a n i c  m a t t e r  
of g i a n t  k e l p  (Macrocys t i s  p y r i f k r a )  whi le  a l g i n a t e  (42%) and manni to l  (34%) 
t o g e t h e r  c o n s t i t u t e  75% of t o t a l  c a r b o h y d r a t e s ,  we chose  t o  s t u d y  t h e  a l g i n a t e -  
and manni tol - ferment ing organisms t h a t  produce hydrogen and a c e t a t e  as t h e i r  
main p r o d u c t s .  Because t h e r e  were no r e a d i l y  a v a i l a b l e  c u l t u r e s  of a l g i n a t e -  
f e rment ing  b a c t e r i a  f o r  t h i s  s t u d y ,  w e  under took t h e  t a s k  of i s o l a t i n g  such 
organisms from n a t u r e  and c h a r a c t e r i z e d  t h e  r e l e v a n t  p r o p e r t i e s  of t h e s e  organ- 
i s m s  . 

D .  P r o j e c t e d  B e n e f i t s  t o  t h e  Gas Consumer. 

S t u d i e s  on m e t h y l o t r o p h i c  methanogens w i l l  l e a d  t o  f a s t e r  r a t e s  of 
a c e t a t e  convers ion  t o  methane. A b e t t e r  unders tand ing  of t h e  microbiology of 
hydrogen and formate  metabolism w i l l  make t h e  convers ion  of biomass t o  methane 
more r e l i a b l e .  Inc reased  r a t e s  and r e l i a b i l i t y  w i l l  d e c r e a s e  c a p i t o l  c o s t s  of 
methane from biomass and e n s u r e  low p r i c e d  con t inuous  s u p p l i e s  of methane from 
marine  and o t h e r  biomass.  The b i o c h e m i s t r y  of fo rmate  dehydrogenase w i l l  l a y  
groundwork f o r  a  "second g e n e r a t i o n "  of r e s e a r c h  e f f o r t s  which w i l l  i n c l u d e  
g e n e t i c  s t u d i e s  t o  f u r t h e r  improve t h e  p r o c e s s  above t h a t  achieved by microbio- 
l o g i c a l  and biochemical  m a n i p u l a t i o n s .  

The i s o l a t i o n  and s t u d y  of organisms t h a t  f e rment  a l g i n a t e  and manni tol  
i s  n e c e s s a r y  i f  a  d e f i n e d  b a c t e r i a l  p o p u l a t i o n  w i l l  be used t o  c o n v e r t  k e l p  i n t o  
s i m p l e r  chemicals  t o  be  used by t h e  methanogenic b a c t e r i a .  I f  t h e  p r o c e s s  
shou ld  be developed f o r  commercial p r o d u c t i o n  of methane, t h e  gas  consumers 
would b e n e f i t  from t h e  r e l i a b l i t y  of t h e  p r o c e s s  t o  which t h i s  s t u d y  h a s  c o n t r i b -  
u t e d .  



11. Technica l .  -- 
A. Work P lan .  The m i c r o b i o l o g i c a l  p a r t  of t h i s  p roposa l  emphasized t h e  

convers ion  of marine  biomass t o  methane; t h e r e f o r e ,  we  i n v e s t i g a t e d  a n a e r o b i c  - 

marine methanogenic h a b i t a t s .  Also,  t h e  marine  environment was chosen because  
t h i s  i s  unexplored a s  a  s o u r c e  of methy lo t roph ic  methanogens. Inocu la  w a s  
ob ta ined  from marine  canyons f i l l e d  w i t h  decaying k e l p  and e e l  g r a s s .  The 
samples were ob ta ined  by a  d i v e r  i n  c o o p e r a t i o n  wi th  t h e  S c r i p p s  I n s t i t u t e  of 
Oceanography. Methanogenic k e l p  enr ichment  c u l t u r e s  were mainta ined i n  t h e  
l a b o r a t o r y  and t h i s  w a s  t h e  s o u r c e  of a l l  i s o l a t e s  and m i c r o b i o l o g i c a l  s t u d i e s  
on mixed c u l t u r e s .  Our f i r s t  t a s k  was t o  measure i n t e r m e d i a t e s  produced by 
f e r m e n t a t i v e s  t h a t  a r e  f u r t h e r  conver ted  t o  methane. E x i s t i n g  methods f o r  t h e  
measurement of v o l a t i l e  f a t t y  a c i d s  i n  sea-water medium were unaccep tab le ;  
t h e r e f o r e ,  a n  improved method w a s  developed.  

Our approach t o  t h e  i s o l a t i o n  of m e t h y l o t r p h i c  methanogens w a s  t h e  use  
of the  s t r i c t l y  a n a e r o b i c  r o l l  tube  method u s i n g  t h e  s u b s t r a t e s  methanol ,  methyl- 
a t e d  amines and a c e t a t e .  Methanol and methylamines were chosen because  methylo- 
t r o p h i c  methanogens grow b e s t  on t h e s e  s u b s t r a t e s .  

We planned t o  f o l l o w  t h e  a b i l i t y  of FDH t o  reduce t h e  n a t u r a l  e l e c t r o n  
a c c e p t o r  F  d u r i n g  p u r i f i c a t i o n  t o  de te rmine  t h e  e l e c t r o n  c a r r i e r s  and c o f a c t o r s  

420 r e q u i r e d  f o r  F r e d u c t i o n .  I n  t h i s  way, we  a n t i c i p a t e d  t o  d e l i n e a t e  t h a t  
p o r t  i o n  of the4i!?ec t r o n  t r a n s p o r t  c h a i n  c l o s e l y  l i n k e d  t o  FDH. We d i scovered  
e a r l y  on t h a t  i t  was n e c e s s a r y  t o  develop new methods f o r  t h e  i s o l a t i o n  of 
formate  dehydrogenase (FDH) from M. formicicum because  t h e  FDH was extremely 
oxygen s e n s i t i v e .  L a t e r  t h i s  proglem was overcome by t h e  use  of sodium a z i d e  i n  
t h e  b u f f e r s  used f o r  column chromatography. 

I n i t i a l l y ,  t h e  H - and ace ta te -p roduc ing  b a c t e r i a  were t o  be ob ta ined  
2 from t h e  c u t l u r e  c o l l e c t i o n  of t h e  V P I  Anaerobe Laboratory .  The s e l e c t e d  organ- 

i s m s  would be t e s t e d  f o r  t h e i r  e f f i c i e n c y  t o  ferment  a l g i n a t e  a n d / o r  manni to l  
under  c o n d i t i o n s  r e l e v a n t  t o  t h e  o b j e c t i v e  of t h e  p r o j e c t ,  i . e . ,  t o  produce 
methane from marine  p l a n t  biomass.  T h e r e f o r e ,  s a l t  t o l e r a n t  anaerobes  a r e  
d e s i r a b l e ,  and those  organisms t h a t  can grow i n  a  s imple  medium should a l s o  be  
u s e f u l .  Because a  q u a n t i t a t i v e  approach was adopted f o r  t h e  e v a l u a t i o n  of 
f e r m e n t a t i o n  e f f i c i e n c y ,  a p p r o p r i a t e  methods had t o  be developed f o r  t h e  measure- 
ment of s u b s t r a t e  u t i l i z a t i o n  and p roduc t  fo rmat ion .  

In format ion  i n  t h e  l i t e r a t u r e  i n d i c a t e d  t h a t  t h e  a v i l a b i l i  t y  of i r o n  
and t h e  hydrogen p a r t i a l  p r e s s u r e  were two f a c t o r s  most l i k e l y  t o  a f f e c t  t h e  
p roduc t ion  of hydrogen g a s  and a c e t a t e  by a n a e r o b i c  b a c t e r i a ,  we t h e r e f o r e  
s t u d i e d  t h e  e f f e c t  of t h e s e  f a c t o r s  on s e l e c t e d  oragnisms . When t h e  a v a i l a b i l i t y  
of i r o n  a f f e c t s  t h e  f e r m e n t a t i v e  p a t t e r n ,  such a s  a s h i f t  from a c e t a t e  p roduc t ion  
t o  l a c t a t e  p roduc t ion  i n  low-iron medium, t h e  k ind  of e l e c t r o n  c a r r i e r  found i n  
t h e  c e l l  i s  expec ted  t o  change,  too .  For example, t h e  fe r redox in- type  low 
p o t e n t i a l  e l e c t r o n  c a r r i e r  may d i s a p p e a r  a s  i t  does  n o t  have a  r o l e  i n  l a c t a t e  
p roduc t ion .  Our p l a n  was t o  examine t h e  low-po ten t ia l  e l e c t r o n  c a r r i e r  and t h e  
f e r m e n t a t i o n  p a t t e r n  of s e l e c t e d  a l g i n a t e -  and manni tol - ferment ing organisms 
grown i n  low-iron medium. The e f f e c t  of hydrogen p a r t i a l  p r e s s u r e  was t e s t e d  by 
p e r i o d i c ,  c o n t i n u o u s ,  o r  no removal of t h e  gas  phase ,  which con ta ined  hydrogen 
g a s  produced by t h e  c u l t u r e .  The growth r a t e  and t h e  p roduc t  p a t t e r n  were 
compared. 



A s  i t  i s  d e s i r a b l e  t o  have s imul taneous  u t i l i z a t i o n  of a l g i n a t e  and 
manni to l  i n  t h e  f e r m e n t a t i o n ,  mixed p o p u l a t i o n s  were t e s t e d  f o r  t h e i r  performance 
i n  media c o n t a i n i n g  b o t h  a l g i n a t e  and manni to l .  

B. Work Performed and R e s u l t s .  

1. C h a r a c t e r i z a t i o n  of kelp-degrading methanogenic enrichment c u l t u r e s .  
A s e n s i t i v e  and r e l i a b l e  method f o r  measurement of v o l a t i l e  f a t t y  a c i d s  i n  s e a  
w a t e r  medium r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  of t h e  i n t e r m e d i a t e s  and t h e i r  pool 
s i z e s  a t  v a r i o u s  t i m e s  a f t e r  f e e d i n g  k e l p .  The r e s u l t s  a r e  t a b u l a t e d  below: 

Pool s i z e  (mM) 
I n t e r m e d i a t e  

1 day 6 days  20 days  

fo rmate  0.1 0 .05 0.06 
a c e t a t e  1 . 3  6 0 .1  
p r o p i o n a t e  0.4 2.5 2.2 
b u t y r a t e  0.7 1.3 0.1 
e than01 0.2 - - 
s u c c i n a t e  4 .5  4.5 4.2 
d i s s o l v e d  H2 1.2 5 x lo+ 5  x  lo-8 

The t imes i n d i c a t e d  a r e  days  a f t e r  a d d i t i o n  of f r o z e n  chopped k e l p  t o  t h e  methano- 
gen ic  kelp-degrading c u l t u r e s .  Succ ina te  appeared i n  t h e  h i g h e s t  c o n c e n t r a t i o n  
and was l a s t  t o  s u b s i d e  as t h e  convers ion  of k e l p  t o  methane p rogressed .  Ethanol  
p r o d u c t i o n  peaked two days  a f t e r  t h e  a d d i t i o n  of k e l p  and decreased  r a p i d l y  t o  
below d e t e c t a b l e  l e v e l s .  The appearance and d i sappearance  of e t h a n o l  c o r r e l a t e d  
wi th  d i s s o l v e d  hydrogen c o n c e n t r a t i o n s  which ranged from 50 nM t o  1.2 plM. The 
r e l a t i o n s h i p  between e t h a n o l  and hydrogen s u g g e s t s  t h a t  i n t e r s p e c i e s  hydrogen 
t r a n s f e r  f u n c t i o n s  t o  r e g u l a t e  t h e  p r o p o r t i o n  of reduced f e r m e n t a t i o n  p roduc t s .  
The v o l a t i l e  f a t t y  a c i d s  which appeared i n  t h e  h i g h e s t  c o n c e n t r a t i o n s  were 
a c e t a t e  and p r o p i o n a t e .  

2. I s o l a t i o n  of hydrogen-and f o r m a t e - u t i l i z i n g  marine  methanogens. 
Sea-water media t h a t  c o n t a i n e d  e i t h e r  hydrogen o r  formate  were i n o c u l a t e d  wi th  
kelp-degrading enr ichment  c u l t u r e s .  Severa l  s t r a i n s  of hydrogen- and ,  o r ,  
f o r m a t e - u t i l i z i n g  methanogens were i s o l a t e d  by t h e  use  of a n a e r o b i c  r o l l  tubes .  
Morpholog ica l ly ,  most of t h e  s t r a i n s  resemble - Methanospir i l lum h u n g a t e i  o r  
Methanobacterium formicicum. I n  a d d i t i o n ,  a  new morphotype was i s o l a t e d  which 
may a l s o  r e p r e s e n t  a new genus .  Each i s o l a t e  i s  s a l t  t o l e r a n t  and w i l l  be - 
u s e f u l  i n  r e c o n s t i t u t i o n  of d e f i n e d  food c h a i n s .  

3.  I s o l a t i o n  and c h a r a c t e r i z a t i o n  of methy lo t roph ic  methanogens. 
Sea-water media t h a t  c o n t a i n e d  methy lo t roph ic  s u b s t r a t e s  were i n o c u l a t e d  wi th  
t h e  kelp-degrading enr ichments .  S e v e r a l  morphological  t y p e s  were enr iched  w i t h  
t h e  v a r i o u s  s u b s t r a t e s .  The ace ta te -degrad ing  enr ichments  revea led  morphotypes 
resembling Methanosarcina  maze i  and Methanobacterium s o e h n g e n i i .  S t r a i n s  of M. 
mazei were ob ta ined  i n  pure  c u l t u r e  and shown t o  be s a l t  t o l e r a n t .  C u l t u r e s  of -- -- 
M. s o e h n g e n i i  con ta ined  minor con taminan ts  b u t  c u l t u r e  c o n d i t i o n s  were determined - 
f o r  optimum growth and maintenance of t h e  c u l t u r e s .  ALI of t h e  ace ta te -degrad ing  
methanogens a r e  mainta ined i n  our  c u l t u r e  c o l l e c t i o n  and a r e  a v a i l a b l e  f o r  
f u t u r e  r e s e a r c h .  



A new genus of m e t h y l o t r o p h i c  methanogen was i s o l a t e d  from t h e  
methylamine enr ichments  Methanococcoides s t r a i n  TMA-10 was s t u d i e d  i n  d e t a i l .  
Cells of s t r a i n  TMA-10 were i r r e g u l a r  c o c c i  wi th  an average  d iamete r  of 1 .0  vm. 
Larger  c e l l s ,  2-3 p m  i n  d i a m e t e r ,  were o c c a s i o n a l l y  p r e s e n t  and were more numerous 
i n  o l d e r  c u l t u r e s .  C e l l s  became s p h e r i c a l  and then l y s e d  when e i t h e r  NaCl o r  
MgSO was omi t t ed  from t h e  medium. Although TMA-10 s t a i n e d  Gram n e g a t i v e ,  

4  t h i n - s e c t i o n s  revea led  t h e  absence  of an o u t e r  membrane t y p i c a l  of a Gram-negative 
c e l l  w a l l .  Cell w a l l s  were n o t  t y p i c a l l y  Gram-positive a s  they c o n s i s t e d  of a  
v e r y  t h i n  monolayer approx imate ly  10 nm t h i c k .  C e l l s  were l y s e d  by t h e  a d d i t i o n  
of sodium d o d e c y l s u l f a t e  ( f i n a l  c o n c e n t r a t i o n ,  0.01%) o r  T r i t o n  X-100 ( f i n a l  

' c o n c e n t r a t i o n ,  0.001%) t o  t h e  medium. These c h a r a c t e r i s t i c s  a r e  s i m i l a r  t o  
t h o s e  of t h e  marine  genera  Methanococcus and Methanogenium which c o n t a i n  p r o t e i n  
c e l l  w a l l s .  M o t i l i t y  -in s t r a i n  TMA-10 was n o t  observed and e l e c t r o n  micrographs 
of n e g a t i v e l y  s t a i n e d  c e l l s  r e v e a l e d  t h e  absence of f l a g e l l a  and p i l i .  

Growth exper iments  were performed i n  16 x 150 mm c u l t u r e  t u b e s  
s e a l e d  wi th  b u t y l  rubber  s t o p p e r s  and secured  wi th  a n  aluminum crimp c o l l a r .  
Growth was fol lowed spec t rophotomet r ica lLy  a t  550 nm w i t h  a  Bausch and Lornb 
S p e c t r o n i c  20. Growth and methanogenesis  was suppor ted  by t h e  methy lo t roph ic  
s u b s t r a t e s  t r imethy lamine ,  d imethylamine,  methylamine o r  methanol .  S t r a i n  
TMA-10, p r e v i o u s l y  grown w i t h  t r imethy lamine ,  d i d  n o t  grow on o r  produce methane 
from H2:C0 (8O:ZO), sodium formate  (0.5%) , sodium a c e t a t e  (O.5%), o r  calcium 

2  a c e t a t e  (0.5%) 90 days  a f t e r  i n o c u l a t i o n .  The maximum doubl ing  t ime ob ta ined  
w i t h  medium t h a t  con ta ined  t r imethy lamine  was 5.2 h .  0.1% (w/v) y e a s t  e x t r a c t ,  
0.1% (w/v) T r y p t i c a s e ,  10% ( v / v )  rumen f l u i d ,  o r  1% ( v / v )  B-vitamin s o l u t i o n  
s t i m u l a t e d  growth of s t r a i n  TMA-10. The op t imal  growth t empera tu re  was 30-35OC 
and no growth occur red  a t  40°C. The e f f e c t  of NaCl was determined by a d j u s t i n g  
t h e  NaCl c o n c e n t r a t i o n  of t h e  medium. The op t imal  growth r a t e  was between 0.2 M 
and 0 .6  M NaC1. No growth occur red  i n  t h e  absence of NaCl o r  a t  1.2 M NaCl. 
K C 1  d i d  n o t  s u b s t i t u t e  f o r  N a C 1 .  G r e a t e r  t h a n  10 mM MgSO was r e q u i r e d  f o r  
growth and t h e  op t imal  c o n c e n t r a t i o n  was 50 mM which is  a l s o  t h e  c o n c e n t r a t i o n  
p r e s e n t  i n  s e a  w a t e r .  MgCl cou ld  be s u b s t i t u t e d  f o r  MgS04 b u t  MnS04, CoS04, 
NiSO o r  FeSO d i d  n o t  s u b s g i t u t e  f o r  MgSO 
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C e l l - f r e e  e x t r a c t s  of s t r a i n  TMA-10 con ta ined  176 ng of coenzyme 
F p e r  mg of p r o t e i n  which was 11 t o  25-fold g r e a t e r  than t h a t  r e p o r t e d  i n  
~ 2 4 R a n o s a r c i n a  b a r k e r i  s t r a i n  227. Hydrogen- o r  f  ormate-dependent r e d u c t i o n  of 
coenzyme F by c e l l - f r e e  e x t r a c t  was n o t  d e t e c t e d .  S t r a i n  TMA-10 a l s o  con ta ined  
coenzyme ~ ~ f f i .  White,  p e r s o n a l  communication) . 

The p o l a r  l i p i d  f r a c t i o n  of M .  me thy lu tens  - c o n s i s t e d  of 2,3- 
d i p h y t a n y l  g l y c e r o l  d i e t h e r s  i n  a d d i t i o n  t o a n  unknown g l y c e r o l  e t h e r  component 
(T. Langworthy, pe rsona l  communication).  Dib iphy tany l  d i g l y c e r o l  t e t r a e t h e r s  
were n o t  a p p a r e n t .  The mol p e r c e n t  G+C was 42%. 

4 .  - Microbiology of formate  u t i l i z a t i o n  by methanogens. The k i n e t i c s  
o f  fo rmate  metabo L i s m  i n  Methanobacterium formicicum and Methanospir i l lum h u n g a t e i  
were s t u d i e d  wi th  l o g  phase formate-grown c u l t u r e s .  The p r o g r e s s  of formate  
d e g r a d a t i o n  w a s  followed by t h e  f o r m y l t e t r a h y d r o f o l a t e  s y n t h e t a s e  a s s a y  f o r  
fo rmate  and f i t t e d  t o  t h e  i n t e g r a t e d  form of t h e  Michaelis-Menten e q u a t i o n .  The 
Km and V £of - Methanobacterium formicicum were 0.58 mM fo rmate  and 0.037 ma1 
forrnate get g ( d r y  w e i g h t ) .  The lowes t  c o n c e n t r a t i o n  of formate  metabol ized 
by Methanobacterium formicicum was 26 p M .  ThzlKm-fnd Vmax f o r  Methanospir i l lum 
h u n g a t e i  were 0.22 mM and 0.044 mol formate  h  g  ( d r y  w e i g h t ) .  The lowest  - 
c o n c e n t r a t i o n  of formate  metabo l ized  by Methanospir i l lum h u n g a t e i  was 15 IJM. 



The a p p a r e n t  K f o r  fo rmate  by fo rmate  dehydrogenase i n  c e l l - f r e e  e x t r a c t s  of 
~ e t h a n o s ~ i r i l l 8 m  h u n g a t e i  w a s  0 .11 mM. The s t e a d y - s t a t e  of formate  c o n c e n t r a t i o n s  
i n  sewage s ludge  (0  . 0 l 7  t o  0 .13  mM) and kelp-degrading methanogenic enr ichments  
(0.029 t o  0.19 mM) s u g g e s t s  t h a t  formate  could  be  d i r e c t l y  metabol ized by methano- 
gens i n  t h e s e  h a b i t a t s .  Also,  d e g r a d a t i o n  of unusual  s u b s t r a t e s  o r  i n c r e a s e d  
s u b s t r a t e  load ing  may produce fo rmate  c o n c e n t r a t i o n s  much g r e a t e r  t h a n  are 
r e p o r t e d  f o r  t h e  s t e a d y - s t a t e .  The K v a l u e s  f o r  formate  up take  by formate-grown 
i s o l a t e s  from each h a h i  ta t  a r e  neededmto draw c o n c l u s i o n s .  

The K and H u p t a k e  by c u l t u r e s  of Methanobacterium formicicum 
2 was 6 pM d i s s o l v e d  H ~ .  Formate and H were e q u i v a l e n t  e l e c t r o n  donors f o r  

2 
methanogenesis when %oth  s u b s t r a t e s  were above s a t u r a t i o n ;  however, H up take  2 
was s e v e r e l y  depressed  when formate  was above s a t u r a t i o n  and t h e  d i s s o l v e d  H 
was below 6 )IM a s  shown below. 

2 

CH produc t ion  
b 

T o t a l  CH p roduc t ion  H up take  
2 

su$ported by H 
(mmof/h p e r )  (mmollh pe r )  2 

H, 
( ~ 6  g [ d r y  w t ~ )  g [ d r y  w t l )  (mmol/h per) (% o i  t o t a l )  

g [ d r y  w t l )  

0.5 12 4 1 8 

a 
The formate  c o n c e n t r a t i o n  was 48 mM. 

bValues were c a l c u l a t e d  w i t h  t h e  assumption t h a t  4 H are consumed p e r  CH 
2 

produced. The ba lance  of t h e  t o t a l  CH is  assumed t o  be suppor ted  by formate .  4 
4 

I t  i s  i n t e r e s t i n g  t o  p o s t u l a t e  t h a t  n o n f o r m a t e - u t i l i z i n g  methanogens a r e  t h e  
primary organisms which m a i n t a i n  low d i s s o l v e d  H2 c o n c e n t r a t i o n s  i n  a n a e r o b i c  
h a b i t a t s  when t h e  formate  c o n c e n t r a t i o n  is  g r e a t e r  t h a n  t h e  Km f o r  formate  
uptake of f o r m a t e - u t i l i z i n g  methanogens.  The d e p r e s s i o n  of H -supported methano- 

2 g e n e s i s  by s a t u r a t i n g  fo rmate  i s  a l s o  i n t e r e s t i n g  because  i t  i m p l i e s  a form of 
s u b s t r a t e  r e g u l a t i o n  of metabol ism.  

5. Biochemist ry  of methanogenesis .  So lub le  fo rmate  dehydrogenase 
from Methanobacterium formicicum was p u r i f i e d  71-fold wi th  a y i e l d  of 35%. 
P u r i f i c a t i o n  w a s  performed a n a e r o b i c a l l y  i n  t h e  p resence  of 10 mM sodium a z i d e  
which s t a b i l i z e d  t h e  enzyme. The p u r i f i e d  enzyme reduced,  wi th  fo rmate ,  50 'mol 
of methyl v io logen  per  min per  mg of p r o t e i n  and 8 . 2  pmol of coenzyme F p e r  
min p e r  mg of p r o t e i n .  The a p p a r e n t  K m f o r  7 ,  8-didemethyl-8-hydroxy-5-deZ8zaribo- 
f l a v i n ,  a h y d r o l y t i c  d e r i v a t i v e  of coenzyme F420, was 10-fold g r e a t e r  ( 6 3  'M) 
than f o r  coenzyme F ( 6  pM). The p u r i f i e d  enzyme a l s o  reduced f l a v i n  mono- 
n u c l e o t i d e  (Km = 134@1 and f l a y i n  aden ine  d i n u c l e o t i d e  $Km = 25 pM) w i t h  fo rmate ,  
bu t  d i d  n o t  r educe  NAD o r  NADP . The r e d u c t i o n  of NADP wifh formate  r e q u i r e d  
f o n n a t e  dehydrogenase,  coenzyme F 

420' 
and coenzyme F :NAIIP ox idoreduc tase .  
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The fo rmate  dehydrogenase had a n  op t imal  pH of 7.9 when assayed w i t h  t h e  physio- 
l o g i c a l  e l e c t r o n  a c c e p t o r  coenzyme F . The op t imal  r e a c t i o n  rate occur red  a t  
55OC. The molecu la r  weight  was 288,668 a s  determined by g e l  f i l t r a t i o n .  The 
p u r i f i e d  formate  dehydrogenase was s t r o n g l y  i n h i b i t e d  by cyan ide  ( K  = 6 pM), 
a z i d e  (K = 39 pM) , a , a - d i p y r i d y l ,  and 1, LO-phenanthroline . Denatula  t i o n  of t h e  

i 
p u r i f i e d  formate  dehydrogenase w i t h  sodium dodecyl  s u l f a t e  under a e r o b i c  condi- 
t i o n s  revea led  a f l u o r e s c e n t  compound. Maximal e x c i t a t i o n  occurred a t  385 nm, 
w i t h  minor peaks a t  277 and 302 nm. Maximal f l u o r e s c e n c e  emiss ion  occur red  a t  
455 nm. The e x c i t a t i o n  and emiss ion  s p e c t r a  of t h i s  c o f a c t o r  a r e  d i s t i n c t  from 
t h e  s p e c t r a  of a l l  f l u o r e s c e n t  c o f a c t o r s  p r e v i o u s l y  r e p o r t e d  i n  methanogens. 

P u r i f i e d  fo rmate  dehydrogenase from M. formicicum was a l s o  e x a ~ 3 n e d  
by EPR spec t roscopy .  The a i r  o x i d i z e d  enzyme e x h i b i t e d  no EPR s i g n a l s .  S204 
r e d u c t i o n  produced s e v e r a l  paramagnet ic  s p e c i e s .  The 10K spectrum showed 
major s p e c i e s  ( g  = 1.971) t y p i c a l  of Fe/ S c l u s t e r ( s )  . A t  193K, a rhombic 

5 
av  

s p e c  rum w a s  observed ( g  = 2.005) which showed h y p e r f i n e  coup l ing  t o  a t  least 
one H and a broad hyper%e p a t t e r n  a t  h i g h  f i e l d .  S imula t ions  y e lded g-values f 
of 2.018, 1.003 and 1.994 w i t h  coup l ing  c o n s t a n t s  t o  2 e q u i v a l e n t  H of A =4.5G, 
A =6G and A =5.5G. The 193K s i g n a l  was found i n  formate-reduced whole cef  1 9 
d i n g  manua? mixing o r  freeze-quench methods. Reduction i n  D20 showed t h e  H 
y?re e x c h a p y a b l e .  CN- o r  N - a d d i t i o n  n s y t t e d  i n  changes i n  g-value (G -1.988).  av 

CN- - 05 C N-gave s p e c t r a  i d e n t i c a l  t o  C N-. Cells grown i n  t h e  p resence  of 
9 5 ~ 0 0  produced a d d i t i o n a l  s p l i t t i n g s  and i n c r e a s e d  ampl i tude  of t h e  h i g h  4 
f i e l d  h y p e r f i n e  p a t t e r n .  The s i g n a l  and FDH a c t i v i t y  was a b s e n t  i n  whole ce l l s  - 2 grown i n  t h e  p resence  of WO . These d a t a  a l l o w  ass ignment  of t h e  193K s p e c i e s  v 
t o  Mo . The anomolous g-vafues i n d i c a t e  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  Mo 
c e n t e r  i n  t h i s  enzyme and t h a t  o f  o t h e r  Mo-containing p r o t e i n s .  

6 .  S e l e c t i o n  and c h a r a c t e r i z a t i o n  of a l g i n a t e -  and manni tol - ferment ing 
b a c t e r i a  f o r  t h e  p roduc t ion  of methanogenic s u b s t r a t e s .  

a .  Mannitol-fermenting b a c t e r i a .  Among t h e  manni tol - ferment ing 
b a c t e r i a ,  s t r a i n s  of C l o s t r i d i u m  sphenoides  and Clos t r id ium sartagoformum produce 
hydrogen gas  and a c e t a t e  a s  t h e  main p r o d u c t s .  Some s t r a i n s  a l s o  produce formate  
and b u t y r a t e  as a d d i t i o n a l  p r o d u c t s .  The l e v e l s  of a c i d s  produced a r e  below 20 
mM when- t h e  organisms were grown i n  a peptone-yeast  ex t rac t -based  medium contain-  
i n g  1% (w/v) manni to l .  When m a n n i t o l  was r e p l a c e d  by a l g i n a t e  ( I % ,  w/v) , some 
growth could  be observed w h i l e  t h e  peptone-yeast  e x t r a c t  b a s a l  medium supported 
no s i g n i f i c a n t  growth.  The amount of a c i d s  produced i n  t h e  a l g i n a t e - c o n t a i n i n g  
medium was n o t  s i g n i f i c a n t l y  h i g h e r  t h a n  what was ob ta ined  i n  t h e  b a s a l  medium 
c o n t a i n i n g  no a d d i t i o n a l  c a r b o h y d r a t e s .  I t  w a s  dec ided  t h a t  e f f i c i e n t  a l g i n a t e -  
f e rment ing  b a c t e r i a  would be more r e a d i l y  ob ta ined  by i s o l a t i o n  w i t h  t h e  enr ich-  
ment c u l t u r e  t echn ique .  

b .  I s o l a t i o n  and i d e n t i f i c a t i o n  of a lg ina te - fe rment ing  b a c t e r i a .  
An a n a e r o b i c  l i q u i d  medium c o n t a i n i n g  a l g i n a t e  a s  t h e  s o l e  o r g a n i c  s u b s t r a t e  was 
used i n  s e t t i n g  up t h e  enr ichment  c u l t u r e s ,  and a t o t a l  of s i x  enr ichment  c u l t u r e s  
was e s t a b l i s h e d .  The c u l t u r e s  were main ta ined  a t  room tempera tu re  ( c a .  20°C) 
and were t r a n s f e r r e d  i n t o  f r e s h  l i q u i d  medium [16% (v /v )  inoculum] on t h e  s i x t h  
day fo l lowing  o r i g i n a l  enr ichment .  P e r i o d i c  samples showed t h a t  a c e t a t e  w a s  t h e  
e a r l y  major  p roduc t  i n  a l l  c u l t u r e s ,  w i t h  formate  i n c r e a s i n g  i n  o l d e r  c u l t u r e s .  
P rop iona te  and b u t y r a t e  were a l s o  produced i n  some c u l t u r e s .  Standard microbio- 
l o g i c a l  methods were then  a p p l i e d  under  anaerob ic  c o n d i t i o n s  f o r  t h e  i s o l a t i o n  
of organisms from i s o l a t e d  c o l o n i e s  formed on a g a r  medium. The i s o l a t e s  were 
f u r t h e r  grown up i n  l i q u i d  medium and r e - i s o l a t e d  from a g a r  medium t o  e s t a b l i s h  
t h e  p u r i t y  of t h e  i s o l a t e s .  



Four teen  pure  c u l t u r e s  r e p r e s e n t i n g  d i f f e r e n t  colony t y p e s  
were o b t a i n e d  from t h i s  exper iment .  Among t h e s e  14 a l g i n a t e - f e r m e n t i n g  b a c t e r i a l  
s t r a i n s ,  e i g h t  a r e  anaerobes  and s i x  a r e  f a c u l t a t i v e  anaerobes .  D e t a i l e d  bio- 
chemical  c h a r a c t e r i z a t i o n  was c a r r i e d  o u t  w i t h  a l l  s t r a i n s  f o r  t h e i r  i d e n t i f i c a -  
t i o n .  

The f a c u l t a t i v e  anaerobes  were found t o  be members of Kleb- 
s i e l l a  and C i t r o b a c t e r .  With t h e  c o l l a b o r a t i o n  of Drs. W.  E .  C. Moore and L .  V. 
Holdeman of-this depar tment ,  t h e  anaerobes  were found t o  be Bac t e r o i d e s  ova t u s ,  
C los t r id ium c l o s t r i d i i f o r m e  and a p r e v i o u s l y  undescr ibed  s p e c i e s  of Cytophaga. 
A l l  s t r a i n s  produced a c e t a t e  and CO, a s  t h e  main p r o d u c t s  from a l g i n a t e .  Some 

L s t r a i n s  a l s o -  produced H a s  a main p roduc t .  o t h e r  minor p roduc t s  i n c l u d e  l a c t a t e ,  
p r o p i o n a t e  and s u c c i n a t z .  The f a c u l t a t i v e  s t r a i n s  could  a l s o  ferment  manni to l  
and one of them produced f  ormate ,  t o o .  

One anaerobe ( B a c t e r o i d e s  o v a t u s  s t r a i n  1S2a2) and one facu l -  
t a t i v e  anaerobe ( C i t r o b a c t e r  s p .  s t r a i n  5E2) were s e l e c t e d  f o r  a d d i t i o n a l  s t u d i e s  
on t h e  " k i n e t i c s "  of a l g i n a t e  u t i l i z a t i o n  and p roduc t  fo rmat ion .  The r e s u l t s  
are p r e s e n t e d  i n  Tab les  1 and 2. The common f e a t u r e s  of t h e s e  two organisms a r e  
t h e i r  a b i l i t y  t o  produce a c e t a t e  t o  a l e v e l  of 70-80 mM when over  85% of t h e  added 
a l g i n a t e  i s  fermented.  L a c t a t e  a n d / o r  s u c c i n a t e  a r e  produced t o  a much lower 
l e v e l  ( l e s s  than 10 mM). 

Table  1. Fermentat ion of a l g i n a t e  by a n  anaerobe 
( B a c t e r o i d e s  ova tus )  [pH 6 .8 ,  34OCI. 

Time of I n c u b a t i o n  A l g i n a t e  Ace ta te  Succ ina te  
(hours )  (mM) (mM) (mM) 

The medium a l s o  con ta ined  ( p e r  l i t e r )  : peptone,  
0 . 5  g; p e p t i c a s e ,  0.5 g; and y e a s t  e x t r a c t ,  1 g. 

Table  2.  Fermenta t ion  of a l g i n a t e  by a f a c u l t a t i v e  anaerobe 
( C i t r o b a c t e r  sp . )  [pH 6.8,  34"C] . 

Time of I n c u b a t i o n  ALginate Ace ta te  L a c t a t e  Succ ina te  
(hours)  (mM) (mM) (mM) (DM) 

The medium a l s o  con ta ined  ( p e r  l i t e r ) :  pep tone ,  0.5 g; 
p e p t i c a s e ,  0 .5  g; and y e a s t  e x t r a c t ,  1 g .  



c .  Growth of B a c t e r o i d e s  ova tus  s t r a i n  1S2a2 under  d i f f e r e n t  con- 
d i t i o n s .  

Growth i n  d e f i n e d  medium. A d e f i n e d  medium was developed which 
inc luded  t h e  b a s a l  medium of Vare l  and Bryant [Appl.  Microb io l .  28:251-257 (1974) 1 
w i t h  t h e  a d d i t i o n  of meth ion ine  (6 .4  mg/ l )  and potass ium p h o s p h a t e ( 1 6  mM f i n a l  
c o n c e n t r a t i o n ,  pH 7 . 1 ) .  E i t h e r  g l u c o s e  o r  a l g i n a t e  was t h e  carbon source .  2. 
o v a t u s  1S2a2 showed c o n s i s t e n t  growth i n  t h e s e  two media a f t e r  f i v e  s e r i a l  
t r a n s f e r s .  The r e s u l t s  i n d i c a t e  t h a t  B. o v a t u s  1S2a2 does n o t  have a  complex 
n u t r i t i o n a l  r equ i rement .  However, the'-growth r a t e  was s i g n i f i c a n t l y  improved by 
t h e  a d d i t i o n  of p e p t i c a s e  o r  y e a s t  e x t r a c t .  

E f f e c t  of hydrogen p a r t i a l  p r e s s u r e .  B. o v a t u s  produces 
hydrogen gas  a s  a  major p roduc t .  B.  o v a t u s  was grown i n  z i t h e r  s e a l e d  c u l t u r e  
t u b e s  o r  i n  f l a s k s  t h a t  were cont i<uously  sparged w i t h  N, t o  remove g a s  p roduc t s .  
The f e r m e n t a t i o n  p a t t e r n  of t h e  two types  of c u l t u r e s  wag compared and no d i f f e r -  
e n c e  was observed.  S i m i l a r  r e s u l t s  were a l s o  observed w i t h  Clos t r i d i u m  pas  t eur -  
ianum, a hydrogen-producing anaerobe.  The manni tol - ferment ing organisms,  C. 
sphenoides  and C .  sartagoformum, were t e s t e d  by a  d i f f e r e n t  method: t h e  c u l t u r e s  
were grown i n  s e a l e d  t u b e s  b u t  t h e  e x c e s s  gaseous  p r o d u c t s  were r e l e a s e d  d a i l y  
up t o  s i x  days  i n  one s e t  of t u b e s  whi le  t h e  o t h e r  set of t u b e s  was k e p t  s e a l e d  
throughout  t h e  exper iment .  Again, t h e  f e r m e n t a t i o n  p a t t e r n  was t h e  same f o r  t h e  
two sets of c u l t u r e s .  The r e s u l t s  s u g g e s t  t h a t  metabolism of t h e s e  f e r m e n t a t i v e  
organisms i s  n o t  v e r y  s e n s i t i v e  t o  v a r i a t i o n s  i n  hydrogen p a r t i a l  p r e s s u r e .  A 
r e c e n t  r e p o r t  [Lobos, Lamed and Su. Abs t r .  Annu. Meeting Am. Soc. Microb io l .  
018. 19821 s u g g e s t s  t h a t  i n  s t a t i c  c u l t u r e s  of H2-producing organisms,  H2 may 
become s u p e r s a t u r a t e d  i n  t h e  c u l t u r e  medium and a  s h i f t  i n  f e r m e n t a t i o n  p a t t e r n  
can then  be observed.  It was a l s o  r e p o r t e d  t h a t  a  hydrogen p a r t i a l  p r e s s u r e  of 
2 a t m  w a s  r e q u i r e d  t o  show a n  e f f e c t  i n  a  s t i r r e d  c u l t u r e .  T h e r e f o r e ,  i n  a  
s t i r r e d  fermentor  wi th  a  mixed p o p u l a t i o n  of b a c t e r i a ,  t h e  hydrogen p a r t i a l  
p r e s s u r e  may n o t  be a s i g n i f i c a n t  f a c t o r  p e r t a i n i n g  t o  t h e  f e r m e n t a t i o n  p a t t e r n  
of t h e  H -producing b a c t e r i a .  

2  

E f f e c t  of heme. D r .  Wilkins  and h i s  coworkers of t h i s  depar t -  
ment [ S p e r r y ,  Appleman and Wi lk ins .  Appl. Environ.  Microb io l .  34:386-390. 
19771 r e p o r t e d  t h a t  B a c t e r o i d e s  o v a t u s  had an  a b s o l u t e  requireme= f o r  hemin f o r  
growth i n  d e f i n e d  media c o n t a i n i n g  g l u c o s e  as t h e  carbon s o u r c e .  Hemin i s  
a p p a r e n t l y  needed f o r  t h e  s y n t h e s i s  of a  cytochrome(s) which i s  involved i n  t h e  
fo rmat ion  of s u c c i n i c  a c i d  (an u n d e s i r a b l e  p roduc t  f o r  t h i s  s t u d y ) .  We have 
examined t h e  f e r m e n t a t i o n  p a t t e r n  of B. o v a t u s  1S2a2 i n  a n  a l g i n a t e  medium 
c o n t a i n i n g  5 ,  1, 0 .1  and 0.01 pg/ml oT hemin. The c u l t u r e s  were passed through 
each test medium t h r e e  t imes  b e f o r e  t h e  p roduc t  p a t t e r n  i n  t h a t  medium was 
s c o r e d .  Th is  s t u d y  h a s  shown t h a t  i n  24-hr c u l t u r e s  t h e  l e v e l  of heme i n  t h e  
medium a f f e c t s  t h e  f e r m e n t a t i o n  p a t t e r n  s i g n i f i c a n t l y .  The molar r a t i o  of 
a c e t a t e / s u c c i n a t e  showed a  f i v e - f o l d  i n c r e a s e  when t h e  l e v e l  of heme i n  t h e  
medium was decreased from 5 t o  0.01 pg/ml.  However, t h e  p r o d u c t i o n  of a c e t i c  
a c i d  i s  maximal w i t h  1 pg/ml  added heme under t h e  t e s t  c o n d i t i o n s ;  t h e  concentra-  
t i o n s  of a c e t i c  a c i d  o b t a i n e d  were 36,  42,  22 and 25 mM, r e s p e c t i v e l y ,  when t h e  
cor responding  heme c o n c e n t r a t i o n s  were 5,  1,. 0.1 and 0.01 pg/ml .  It appears  
t h a t  t h e  op t imal  l e v e l  of heme f o r  a n  a l g i n a t e  medium i s  between one and f i v e  
pg/ml s o  t h a t  t h e  y i e l d  of a c e t i c  a c i d  i s  maximized. 

E f f e c t  of ca rbon  s o u r c e .  The f e r m e n t a t i o n  p a t t e r n  of B. 
o v a t u s  h a s  been examined i n  media c o n t a i n i n g  g l u c o s e ,  m a l t o s e ,  manni to l ,  c e l l o -  
b i o s e  o r  s t a r c h  i n  t h e  p l a c e  of a l g i n a t e ;  t h e  heme c o n c e n t r a t i o n  was k e p t  a t  5 



pg/ml  throughout  t h e  exper iment .  The c u l t u r e s  were p r e v i o u s l y  passed through 
t h e  t e s t  media b e f o r e  t h e  p roduc t  p a t t e r n  i n  t h e s e  media was compared. While B. - 
w a t u s  a c h i w e d  o n l y  moderate  growth w i t h  manni to l  a s  t h e  carbon s o u r c e ,  i t  
showed good growth w i t h  any of t h e  o t h e r  f o u r  ca rbohydra tes  a s  t h e  carbon source .  
However, t h e  f e r m e n t a t i o n  p a t t e r n  found i n  t h e s e  media i s  v e r y  d i f f e r e n t  from 
what is observed w i t h  a l g i n a t e  a s  t h e  carbon s o u r c e ,  i . e . ,  s u c c i n a t e  (13-21 mM) 
i s  produced t o  a h i g h e r  l e v e l  w h i l e  a c e t a t e  (8-13 mM) i s  s i g n i f i c a n t l y  lower .  
The r e s u l t s  sugges t  t h a t  t h e  s t r a i n  of B.  o v a t u s  t h a t  we i s o l a t e d  i s  somewhat 
s p e c i a l i z e d  i n  c o n v e r t i n g  a l g i n a t e  t o  a c e t i c  a c i d .  

Cocu l tu re  of a l g i n a t e - f e r m e n t i n g  and manni tol - ferment ing bac- 
ter ia.  Cocu l tu res  of a n  a l g i n a t e - f e r m e n t i n g  bac te r ium ( B .  o v a t u s )  and a  mannitol-  
f e rment ing  bacter ium (C. - sphenoides )  were grown i n  a  medium c o n t a i n i n g  bo th  
a l g i n a t e  and manni to l .  The u t i l i z a t i o n  of a l g i n a t e  and manni to l  i n  t h e  c o c u l t u r e  
was monitored d u r i n g  t h e  c o u r s e  of growth. The f e r m e n t a t i o n  p a t t e r n  was a l s o  
examined. Two types  of inoculum were used i n  t h e  exper iment :  one c o n s i s t e d  of 
a mixed c u l t u r e  of t h e  two organisms and t h e  o t h e r  c o n s i s t e d  of two i n d i v i d u a l  
c u l t u r e s  which were s e p a r a t e l y  i n o c u l a t e d  i n t o  t h e  exper imenta l  c u l t u r e s .  I n  
bo th  c a s e s ,  a l g i n a t e - u t i l i z a t i o n  was f a s t e r  than m a n n i t o l - u t i l i z a t i o n .  It 
appears  t h a t  more e l a b o r a t e  s t u d i e s  a r e  needed i n  o r d e r  t o  s e l e c t  t h e  p roper  
p a i r  of organisms and growth c o n d i t i o n s  t o  a c h i e v e  concer ted  u t i l i z a t i o n  of 
a l g i n a t e  and manni to l .  The s i t u a t i o n  can be much more complicated when a d e f i n e d ,  
mixed p o p u l a t i o n  of organisms is  r e q u i r e d  t o  m e t a b o l i z e  a n  a r r a y  of s u b s t r a t e s  
i n  a  concer ted  manner. 

d .  Hydrogenase and low-redox p o t e n t i a l  e l e c t r o n  c a r r i e r  of B. 
ova tus  1S2a2. Hydrogenase is  t h e  enzyme which is r e s p o n s i b l e  f o r  t h e  p roduc t ion  
of hydrogen gas  by B. o v a t u s .  The enzyme was s e p a r a t e d  from t h e  low-po ten t ia l  
e l e c t r o n  c a r r i e r  when c e l l - f r e e  e x t r a c t s  of B. o v a t u s  1S2a2 were chromatographed 
on a DEAE-cellulose column. Only one type 07 low-poten t ia l  e l e c t r o n  c a r r i e r  was 
found i n  t h i s  organism, and i t  i s  a  f e r r e d o x i n  w i t h  a molecular  weight above 
10,000. The f e r r e d o x i n  was produced i n  media c o n t a i n i n g  o n l y  8  pM of added 
i r o n ,  which i s  a  low l e v e l  t h a t  u s u a l l y  t r i g g e r s  t h e  s y n t h e s i s  of f l avodoxin  t o  
r e p l a c e  f e r r e d o x i n  i n  o t h e r  organisms.  The l e v e l  of t h e  low-po ten t ia l  e l e c t r o n  
c a r r i e r  is about  two t i m e s  h i g h e r  i n  a lginate-grown c e l l s  than  i n  glucose-grown 
c e l l s ,  and t h e  main f e r m e n t a t i o n  p roduc t  i s  a c e t a t e  o n l y  i n  t h e  a l g i n a t e  medium. 
It i s  n o t  c l e a r  why a c e t a t e  i s  t h e  main p roduc t  o n l y  from a l g i n a t e ,  b u t  i t  i s  
r e a s o n a b l e  t h a t  t h e  l e v e l  of t h e  low-po ten t ia l  e l e c t r o n  c a r r i e r  i s  h i g h e r  when 
a c e t a t e  i s  t h e  main p roduc t .  

C. F i n d i n e s .  

A c e t a t e ,  p r o p i o n a t e  and s u c c i n a t e  a r e  t h e  major p r o d u c t s  produced by 
t h e  f e r m e n t a t i o n  of mar ine  biomass ( p r i m a r i l y  k e l p  and eel g r a s s )  by enr ichment  
c u l t u r e s  of marine  o r i g i n .  These c u l t u r e s  c o n t a i n  a  l a r g e  number of sa l t  t o l e r a n t  
methanogens i n c l u d i n g  a  new genus t h a t  u t i l i z e d  methy lo t roph ic  s u b s t r a t e s .  An 
examinat ion of formate  u t i l i z a t i o n  by p u r e  c u l t u r e s  s u g g e s t s  t h a t  fo rmate  i s  an 
impor tan t  s u b s t r a t e  f o r  methanogens i n  n a t u r e .  Th i s  s t u d y  a l s o  i n d i c a t e s  t h a t  
fo rmate  i n f l u e n c e s  t h e  u t i l i z a t i o n  of hydrogen, which i m p l i e s  a  form of regula-  
t i o n  of s u b s t r a t e  u t i l i z a t i o n  i n  s p e c i e s  t h a t  u s e  b o t h  s u b s t r a t e s .  P u r i f i c a t i o n  
of formate  dehydrogenase h a s  r e v e a l e d  a  new c o f a c t o r  n o t  p r e v i o u s l y  r e p o r t e d  i n  
methanogens. EPR s t u d i e s  on t h i s  enzyme h a s  shown t h a t  methanogens s y n t h e s i z e  
i r o n - s u l f u r  c e n t e r s  of t h e  Fe S t y p e ,  and t h e  environment of t h e  molybdenum 
c e n t e r s  a r e  u n l i k e  any known $09 -jbdoenzymes s t u d i e d  t o  d a t e .  



b a c t e r i a  
Cy top  haga 
b a c t e r i a  

Clos t r id ium sphenoides  and C .  sartagoformum a r e  manni tol - ferment ing 
t h a t  produce H and a c e t a t e  as t h e  main p r o d u c t s .  Bac te ro ides  ova tus ,  
. s p .  , c i t r o b a c g e r  spp . and KLebsie l la  spp.  a r e  a lg ina te - fe rment ing  
t h a t  produce a c e t a t e  a s  t h e  main p roduc t  and some a l s o  produce H,. H, 

L 

p a r t i a l  p r e s s u r e  h a s  no d e t e c t a b l e  e f f e c t  on t h e  f e r m e n t a t i o n  p a t t e r n  of L. 
sphenoides ,  C. sartagofarmum and B .  ova tus  under normal growth c o n d i t i o n s .  The 
low-redox p o i e n t i a l  e l e c t r o n  c a r r y e r  of - B. ova tus  i s  a f e r r e d o x i n .  

111. Major Achievements of t h e  P r o j e c t .  

A.  Research f i n d i n g s  . 
The fo l lowing  l i s t  t h e  major r e s e a r c h  accomplishments.  

1. Development of a n  improved t echn ique  f o r  measurement of fermenta- 
t i o n  p r o d u c t s  and methanogenic p r e c u r s o r s  i n  s e a  wa te r  media. The t echn ique  is  
more s e n s i t i v e  and less v a r i a b l e  than  p r e v i o u s l y  r e p o r t e d  t e c h n i q u e s .  

2 .  I d e n t i f i c a t i o n  of i n t e r m e d i a t e s  and t h e i r  pool  s i z e s  i n  s t a b i l i z e d  
methanogenic kelp-degrading enr ichment  c u l t u r e s .  

3. Development of c u l t u r e  c o n d i t i o n s  f o r  and e s t a b l i s h m e n t  of h i g h l y  
e n r i c h e d  methanogenic c u l t u r e s  t h a t  u t i l i z e  hydrogen, fo rmate ,  a c e t a t e  and 
p r o p i o n a t e .  

4. I s o l a t i o n  and c h a r a c t e r i z a t i o n  of a new methy lo t roph ic  methanogen 
from t h e  marine  h a b i t a t .  

5. I s o l a t i o n  of new s t r a i n s  of hydrogen- and f o r m a t e - u t i l i z i n g  
methanogens from t h e  marine  environment .  

6. Development of a method f o r  p u r i f i c a t i o n  of t h e  oxygen s e n s i t i v e  
formate  dehydrogenase from Methanobacterium formicicum. 

7. Discovery of a new methanogen c o f a c t o r  and c h a r a c t e r i z a t i o n  of 
t h e  i r o n - s u l f u r  and molybdenum c e n t e r s  i n  - M. formicicum formate  dehydrogenase.  

8. An i n c r e a s e d  unders tand ing  of formate  metabolism i n  a n a e r o b i c  
m i c r o b i a l  food c h a i n s .  

9 .  Development of t h e  groundwork f o r  f u t u r e  g e n e t i c  s t u d i e s  on 
formate  and hydrogen metabolism i n  methanogens. 

10. Fermentat ion of a l g i n a t e  is  a n  a r e a  where l i t e r a t u r e  in format ion  
is  s c a r c e .  We have i d e n t i f i e d  s e v e r a l  s t r i c t  and f a c u l t a t i v e  anaerobes  t h a t  
ferment  a l g i n a t e  t o  produce a c e t a t e  a s  t h e  main p r o d u c t .  Bac te ro ides  ova tus  was 
found t o  be a n  e f f i c i e n t  a l g i n a t e - f e r m e n t i n g  organism, and a f e r r e d o x i n  was 
p u r i f i e d  from t h i s  organism. Low-potential  e l e c t r o n  c a r r i e r s  have n o t  been 
p r e v i o u s l y  i s o l a t e d  by o t h e r  i n v e s t i g a t o r s  from t h e  genus Rac te ro ides .  

B .  Graduate s t u d e n t s .  

The fo l lowing  g r a d u a t e  s t u d e n t s  were suppor ted  i n  p a r t  by t h i s  g r a n t :  

1. Kevin R. Sowers. Candidate  f o r  t h e  Doctor of Philosophy degree .  

2 .  Harold D .  May. Candidate  f o r  t h e  Doctor  of Phi losophy degree .  



C .  - Abst rac t s .  

The fol lowing a b s t r a c t s  r e s u l t e d  from research  supported by t h i s  
g r a n t  : 

1 .  Schauer, N .  L . ,  and J. G .  Ferry.  1980. Cha rac t e r i za t i on  of 
foramte dehydrogenase i n  Methanobacterium s t r a i n  JF- 1. Abstr . Annu. Meet., Am. 
Soc. Microbiol.  K 85, p.  140. 

2 .  Schauer, N .  L . ,  and J. G .  Ferry.  1981. I s o l a t i o n  and cha rac t e r i -  
z a t i on  of formate dehydrogenase from Methanobacterium formicicum. Fed. Proc. 
40: 1666. - 

3 .  Sowers, K.  R . ,  and J. G .  Ferry.  1982. Cha rac t e r i za t i on  of 
methanosarcina s t r a i n  TMA-10, a new marine methanogen. Abstr.  Annu. Meet., Am. 
Soc. Microbiol .  I 100, p. 111. 

4 .  Barber,  M.  J . ,  L.  M. S i ege l ,  N. L. Schauer, H. D .  May, and J. G.  
Ferry.  1982. Methanogenesis: a novel  molybdenum cen te r  i n  Methanobacterium 
formicicum. Fed. Proc. 4 1 : 89 1. - 

D. Pub l i ca t i ons .  

The fol lowing p u b l i c a t i o n s  r e s u l t e d  from research  s u p p 0 r t e d . b ~  t h i s  
g r an t  : 

1. Schauer, N.  L . ,  and J. G .  Ferry.  1980. Metabolism of formate i n  
Methanobacterium formicicum s t r a i n  JF-1. .J. Bac t e r io l .  142:800-807. - 

2. Schauer, N .  L . ,  and J. G .  Ferry.  1982. P rope r t i e s  of formate 
dehydrogenase i n  Methanobacterium formicicum. J .  B a c t e r i o l .  - 150:l-7. 

3 .  Schauer, N .  L . ,  D .  P. Brown, and J.  G .  Fer ry .  1982. Kine t ics  of 
formate metabolism i n  Methanobacterium formicicum and ~ e t h a n o s ~ i r i l l u m  h u n g a t i i  . 
Appl. Environ. Microbiol .  44:549-554. - 

4 .  Sowers, K .  R . ,  and J. G .  Ferry.  1982. I s o l a t i o n  and cha rac t e r i -  
z a t i o n  of a methylotrophic  marine methanogen, Methanococcoides methylutens gen. 
nov. ,  sp.  nov. Appl. Environ. Microbiol .  ( i n  p re s s )  . 

I V .  Maior Technical Problem Areas Encountered. 

I n  t h e  s tudy on t h e  f e rmen ta t i ve  organisms, we could only ca r ry  ou t  very  
l i m i t e d  tests on pa i red  c u l t u r e s  f o r  the  simultaneous u t i l i z a t i o n  of a l g i n a t e  
and mannitol .  As expected,  t h e r e  seem t o  be r a t h e r  s t r i n g e n t  requirements f o r  a 
cond i t i on  t h a t  w i l l  a l l ow  a pa i red  c u l t u r e  t o  accomplish t he  t a sk .  We i s o l a t e d  
and cha rac t e r i zed  s e v e r a l  a lg ina te - fe rment ing  b a c t e r i a ,  but  i t  turned out  t h a t  
much more phys io log ica l  in format ion  about t he  a lg ina t e -  and mannitol-fermenting 
b a c t e r i a  was needed be fo re  a p rope r ly  designed experiment on pa i red  c u l t u r e s  
could be performed. The p r a c t i c a l  l i m i t s  of the  p r o j e c t  d i d  n o t  permit a more 
involved undertaking i n  t h a t  d i r e c t  i on .  



V . Conclus ions  and Recommenda t i o n s  . 
A .  C h a r a c t e r i z a t i o n  of a  n a t u r a l l y  o c c u r r i n g  mar ine  m i c r o b i a l  food cha in  

h a s  provided a s t a r t i n g  p o i n t  from which t h e  p r o c e s s  can be  f u r t h e r  unders tood  
and improved. It is recommended t h a t  t h e s e  c u l t u r e s  be used a s  i n o c u l a  i n  t h e  
l a r g e  s c a l e  f e r m e n t a t i o n  s t u d i e s  funded by G R I .  

B . Organisms have been i s o l a t e d  from a s t a b i l i z e d  kelp-degrading me thano- 
g e n i c  enr ichment  c u l t u r e  of mar ine  o r i g i n .  The i s o l a t e s  a r e  r e p r e s e n t a t i v e  of 
two m e t a b o l i c  groups  t h a t  comprise  the  m i c r o b i a l  food c h a i n .  The i s o l a t i o n  of 
a c e t a t e - d e g r a d i n g  methanogens i s  most s i g n i f i c a n t .  Th i s  r e s e a r c h  h a s  e s t a b l i s h e d  
a  b a s i s  f o r  s t u d y  of tlie i n d i v i d u a l  components of t h e  food c h a i n  and i n t e r a c t i o n s  
between i n d i v i d u a l  components. M i c r o b i o l o g i c a l  and biochemical  s t u d i e s  o n  
a c e t a t e - d e g r a d i n g  methanogens is  recommended. 

C .  The i s o l a t i o n  of formate  dehydrogenase ,  t h e  enzyme t h a t  i n i t i a t e s  
f o r m a t e  convers ion  t o  methane,  h a s  provided t echn iques  a p p l i c a b l e  t o  t h e  s t u d y  
of methanogens on a  m o l e c u l a r  b a s i s  and r e v e a l e d  i n f o r m a t i o n  on a  g e n e r a l  c l a s s  
of enzymes which f u n c t i o n  i n  methanogenesis .  F u r t h e r  work i s  needed on t h e  
r e g u l a t i o n  of s u b s t r a t e  u t i l i z a t i o n  and o t h e r  a s p e c t s  of metabolism t o  t a k e  
advan tage  of t h e  groundwork produced by t h i s  s t u d y  . 

D. B a c t e r o i d e s  o v a t u s  is a n  e f f i c i e n t  a l g i n a t e - f e r m e n t i n g  organism f o r  
t h e  p r o d u c t i o n  of a c e t a t e  and hydrogen g a s .  Cytophaga, C i t r o b a c t e r  and K l e b s i e l l a  
a l s o  c o n t a i n  a c t i v e  a l p i n a t e - f e r m e n t i n e  s ~ e c i e s  . CLos t r i d i u m  s ~ h G o i d e s  and C .  " " 1 - 
s a r t a g o f  onnum a r e  manni to l - f  erment  i n g  organisms t h a t  produce a c e t a t e  and hydrogen - 
gas  a s  t h e  main p r o d u c t s .  I n  o r d e r  t o  a c h i e v e  s imul taneous  u t i l i z a t i o n  of 
a l g i n a t e  and manni to l  by a  p a i r e d  c u l t u r e ,  growth pa ramete r s  must be c a r e f u l l y  
c o n t r o l l e d .  Th i s  s t u d y  a g a i n  r a i s e s  t h e  q u e s t i o n  whether i t  i s  p r a c t i c a l  t o  llse 
a  d e f i n e d  b u t  mixed p o p u l a t i o n  of b a c t e r i a  t o  c a r r y  o u t  a  concer ted  f e r m e n t a t i o n  
of a  complex s u b s t r a t e  such a s  k e l p .  Obviously ,  more s t u d y  i n  t h i s  a r e a  may 
b r i n g  us  c l o s e r  t o  f i n d i n g  a  d e f i n i t e  answer ,  whether p o s i t i v e  o r  n e g a t i v e ,  t o  
t h e  q u e s t i o n .  


