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ABSTRACT 
. . 

U n d ~ r  n i t r n g ~ n - l i m i t e d  . cond,iti 'ons, , ' p h o t o s y n t h e t i c  b a c t e r i a  . ,  
photoconver t  a  wide v a r i e t y  of o r g a n i c  s u b s t r a t e s  n e a r l y  t o t a l l y  i n t o  
H2 and C02. More t h a n  98% of t h e  chemica l  energy of d e f i n e d  o r g a n i c  
compounds even from d i l u t e  ' s o l u t i o n s  can  b e  recovered  a s  combus t ib le  
energy  of t h e  TI2 produced. Not c a l c u l a t i n g  t h e  chemica l  energy i n p u t ,  
r a d i a n t  ( s o l a r )  ene rgy  r e c o v e r i e s  a r e  approx imate ly  5% over  a .  wide 
range of i n c i d e n t  l i g h t  i n t e n s i t i e s .  ' Batch c u l t u r e s  can photoproduce 
H2 a t  r a t e s  of 175 m l  p e r  gram d r y  weight of c e l l s  p e r  hour  ( e q u a l  t o '  
a  volume of H2 pe r  e q u i v a l e n t  'volume of l i q u i d  medium every  4  t o  6 
h o u r s )  when i n c u b a t e d  i n  s a t u r a t i n g  l i g h t .  With p e r i o d i c  r e f e e d i n g ,  
r a t e s  remain c o n s t a n t  f o r  s e v e r a l  weeks. In c l o s e d  c o n t a i n e r s  H2 
p r e s s u r e s  of 735 p s i g  can  be genera te .d .  In p r i n c i p l e ,  t h i s  p r e s s u r e  
can  be u s e d .  t o  d e c r e a s e  s t o r a g e  volume of t h e  gas,  t o  move i't through 
p i p e l i n e s  o r  t o  provide  r e q u i r e d  p r o c e s s  p r e s s u r e s .  Alcohol s t i l l a g e  
and food p r o c e s s i n g  was tes  a r e  e x c e l l e n t  p h o t o c o n v e r t i b l e  
s u b s t a n c e s .  When non-pho tosyn the t i c  b a c t e r i a  s y n t h e s i z i n g  a p p r o p r i a t e .  
p o l y s a c c h a r a s e s  a r e  i n c l u d e d  i n  c o - c u l t u r e  w i t h  p h o t o s y n t h e t i c  
b a c t e r i a ,  c e l l u l o s e  and o t h e r  p o l y s a c c h a r i d e s  can be c o n v e r t e d  t o  H2 
and C02, a l b e i t  a t  low r a t e s .  P r o s p e c t s  for enhancing ~11e 
photoconvers ion  r e a c t i o n s  of p h o t o s y n t h e t i c  b a c t e r i a  by env i ronmenta l  
and g e n e t i c  m a n i p u l a t i o n s  a r e  d i s c u s s e d .  
. . , % 
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INTRODUCTION 

The b i o l o g i c a l  c a p a c i t y  t o  t a k e  up o r  evo lve  molecu la r  hydrogen 
p robab ly  o c c u r s  o n l y  i n  t h e  m i c r o b i a l  rea lm of t h e  b iosphere .  These 
phenomena a r e  e s p e c i a l l y  p r e v a l e n t  among p h o t o s y n t h e t i c  
mic roorgan i sms ,  which i n c l u d e  t h e  - p h o t o s y n t h e t i c  b a c t e r i a ,  
c y a n o b a c t e r i a  ( f o r m e r l y  known a s  b lue-green a l g a e )  and e u c a r y o t i c  
a l g a e .  

Two g e n e r a l  c l a s s e s  of enzyme c o m p l e x e s , .  hydrogenases  and 
n i t r o g e n a s e s ,  a r e  c l o s e l y  a s s o c i a t e d  w i t h  t h e  f i n a l  H2 e v o l v i n g  a c t .  
However, t h e  p r imary  f u n c t i o n s  of t h e  enzymes a r e  q u i t e  d i s t i n c t .  
Hydrogenases normal ly  c a t a l y z e  hydrogen u p t a k e  o r  consuming r e a c t i o n s ,  
whereas  n i t r o g e n a s e s  a r e  normal ly  o p e r a t i v e  i n  b i o l o g i c a l  n i t r o g e n  
f i x a t i o n ,  where in  a t m o s p h e r i c  N2 i s  reduced t o  t h e  l e v e l  of ammonia. 
N e v e r t h e l e s s ,  under  a p p r o p r i a t e  c o n d i t i o n s  b o t h  can  c a t a l y z e  a  
d i f f e r e n t  r e a c t i o n ,  t h e  p h o t o p r o d u c t i o n  of H2. A more complete  
d e s c r i p t i o n  of  t h e s e  enzyme complexes and t h e i r  r e l a t i o n s h i p s  t o  
p h o t o s y n t h e s i s  i s  g i v e n  i n  Ref. 4. 

Hydrogen produced from c y a n o b a c t e r i a  and a l g a e  i s  u l t i m a t e l y  d e r i v e d  
e x c l u s i v e l y  from w a t e r ,  a n  o b v i o u s l y  p l e n t i f u l  source .  However, 
w a t e r - s p l i t t i n g  by t h e s e  organisms s i m u l t a n e o u s l y  produces  oxygen a s  
w e l l ,  which i n a c t i v a t e s  t h e  hydrogenases  and n i t r o g e n a s e s  r e s p o n s i b l e  

, f o r  hydrogen p r o d u c t i o n .  Oxygen- inac t iva t ion  s e v e r e l y  r e s t r i c t s  t h e  
r a t e s  and e s p e c i a l l y  t h e  d u r a t i o n  of  hydrogen pho toproduc t ion  i n  t h e s e  
s y s t e ~ ~ ~ s .  

P h o t o s y n t h e t i c  b a c t e r i a ,  on t h e  o t h e r  hand,  do no t  s p l i t  wa te r  i n  
l i g h t - d r i v e n  r e a c t i o n s .  I n s t e a d  they  u t i l i z e  redur.ed r3a.rhrln (or  
s u l f u r )  compound3 t h a t  can be hydr.aLed mA dehydrogenated t o  produce 
Ha). Half t h e  e l e c t r o ~ ~ s  C U I I I ~  [rum the reduced s u b s t r a t e  and h a i f  come 
from wate r .  No oxygen is  produced t o  i n h i b i t  H2 photoprod,uct ion a s  
t h e  o x i d i z i n g  e q u i v a l e n t s  a r e  removed a s  C02. 

Hydrogen e v o l u t i o n  i n  Rhodopseudo~i~o~las capsul .a ta  i s  n e a r l y  t o t a l l y  ------- 
mediated by t h e  n l - t rogenas 'e  enzyme complcx ( 2 ) .  The preseilcle. i.n t h e  
growth medium of a tmospher ic  n i t r o g e n ,  ammonia, o r  compounds y i e l d i n g  
a p p r e c i a b l e  l e v e l s  .o f  ammonia th rough  c a t a b o l i s m  ( though no t  
n e c e s s a r i l y  amino a c i d s )  i n h i b i t  o r  a b o l i s h  H2 p r o d u c t i o n ,  promoting 
c e l l  growth i n s t e a d  ( 1 ) .  Applied u s e  of p h o t o s y n t h e t i c  b a c t e r i a  t o  
pho toconver t  crlrgaail:: subt: I:r:itcs i d t o  hydrogen t l l e r e f o r e  r e q u i r e s  
l i m i t a t i o n  and c o n t r o l  of t h e  amount of n i t r o g e n  added t o  t h e  
c u l t u r e s .  1 

RESULTS AND ' D  ISCUSS ION 

More t h a n  100 d i s t i n c t  wi ld - type  s t r a i n s  of 13 s p e c i e s  o f  
p h o t o s y n t h e t i c  b a c t e r i a  have been examined f o r  t h e i r  c a p a c i t y  t o  
pho toconver t  o r g a n i c  s u b s t r a t e s  i n t o  H3. One of t h e  h i g h e s t  e v o l u t i o n  
r a t e s  from a  wide v a r i e t y  of sr lbst?ates was ach ieved  us ing  Rps. 
c a p s u l a t a  SCJ. Unless  o t h e r w i s e  no ted  t h e  d a t a  were o b t a i n e d  from 
t h i s  organism. 



S t o i c h i o m e t r y  and Rates  of Hydrogen P r o d u c t i o n  

The pho toconvers ion  s t o i c h i o m e t r y  f o r  s e v e r a l  o r g a n i c  s u b s t r a t e s  is 
i n d i c a t e d  i n  Table  1. Using N-limited (and t h e r e f o r e  non-growing) 
c u l t u r e s  n e a r l y  a l l  of a  s u b s t r a t e ,  such  a s  l a c t i c  a c i d ,  i s  conver ted  
t o  H and CO?. A t  t h e  c e s s a t i o n  of g a s  p r o d u c t i o n  no d e t e c t a b l e  l e v e l  
of  l a c t i c  & i d  remains  i n  t h e  medium., i n d i c a t i n g  t h e  b a c t e r i u m ' s  
c a p a c i t y  t o  scavenge low c o n c e n t r a t i o n s  of s u b s t a n c e s  from d i l u t e  
s o u r c e s .  

Again u s i n g  t h e  example of l a c t i c  a c i d ,  chemica l  energy ( f r e e  energy 
of f o r m a t i o n )  i s  97% conserved i n  t h e  form.  o f ,  evolved H 2  . ( f r e e  energy 
of  combustion). The r e a c t i o n  is  d r i v e n ,  of c o u r s e ,  by t h e  a d d i t i o n a l  
energy i n p u t  of absorbed l i g h t .  A.ssuming t h e  hiomass s u b s t r a t e  t o  be 
f r e e  o r  a  c r e d i t  and t h e r e f o r e  i g n o r i n g  i t s  chemica l  energy i n p u t ,  
4.92 of t h e  i n c i d e n t  r a d i a n t . e n e r g y  up t o  s a t u r a t i o n  i s  r e c o v e r a b l e  a s  
combus t ih le  energy of H2.  

Ra tes  of hydrogen p r o d u c t i o n  a r e  dependent upon l i g h t  i n t e n s i t y  and 
b a c t e r i a l  d e n s i t y .  With s a t u r a t i n g  l i g h t  a  c o n s t a n t  r a t e  of 175 m l  H2 
p e r .  gram dry  we,ight per  hour  can e a s i l y  be main ta ined .  Th i s  i s  
e q u i v a l e n t  Lo a  volume of H2 p e r  e q u i v a l e n t  volume of medium e v e r y  4-6 
h o u r s  a t  normal c e l l  d e n s i t i e s .  

Dura t ion  of Hvdroeen P r o d u c t i o n  

With c o n s t a n t  l i g h t  i n t e n s i t y  on h a t c h  c i ~ l t u r e s ,  H2 i s  photoproduced 
a t  c o n s t a n t  r a t e s  u n t i l  t h e  s u b s t r a t e  i s  e x h a u s t e d ,  ( F i g .  1 ) .  The 

, i n i t i a l  r a t e  i s  resumed w i t h  t h e  r e f e e d i n g  of a d d i t i o n a l  s u b s t r a t e .  
A f t e r  4-5 r e f e e d i n g s  s a l t  bui ' ldup from t h e  n e u t r a l i z e d  o r g a n i c  a c i d s  
approx imates  2%, which i s  i n h i b i t o r y  t o  a c t i v e  H2 pho toproduc t ion  i n  
t h i s  s t r a i n .  P r e l i m i n a r y  ' t e s t s  wi th  cont inuous-f low ( r a t h e r  than  
h a t c h )  ci i l . tures produce H2 a t  s l i g h t l y  h i g h e r  r a t e s  and f o r  more 
prolonged p e r i o d s  of t ime.  

S u b s t r a t e s  ! J t i l i z e d  - - - - - - - - - -- -- - - 

A wide v a r i e t y  of o r g a n i c  s u t i s t r a t e s  can be u t i l i z e d  by p h o t o s y n t h e t i c  
hac t e r i a .  Table  2  i n d i c a t e s  a  number of s u b s t r a t e s  capab le  of 
s u p p o r t i n g  growth and hydrogen p r o d u c t i o n  ( though not a7.l have been 
t e s t e d  F o r  t h e  l a t t e r  f u n c t i o n ) .  No s i n g l e  i s o l a t e  i s  capab le  of 
u s i n g  a l l .  of t h e  l i s t e d  s u b s t r a t e s ,  bu t  Rps. c a p s u l a t a  SCJ can - - - -- - -- - .- - - - - . - 
c a t a t ~ o l i z t !  r ~ r a r l y  a l l .  

'.,!hereas s u g a r s  and sugar  a l c o h o l s  can be pho toconver ted  d i r e c t l y  i n t o  
hvdrogen,  ind igenous  n o n p h o t o s y n t h e t i c  microbes r a p i d l y  ferment  t h e s e  
s u b s t r a t e s  t o  a1cohol i .c  o r  a c i d i c  p r o d u c t s  w i t h  a  r e c u l t a n t ,  
i n h i b i t o r y  drop i n  pH. P r i o r  s t e r i l i z a t i o n  of . t h e  s u b s t r a t e  probably  
would not be economi.cal.ly f e a s i b l e .  Organic a c i d s  and a l c o h o l s  on t h e  
o t h e r  hand,  a r e  e s s e n t i a l . 1 ~  non-fermentable by most b d c t e r i a ,  y e t  
these  a r e  the p r e f e r r e d  s u b s t r a t e s  f o r  p h o t o s y n t h e t i c  b a c t e r i a .  
Contaminat ion l e v e . 1 ~  i n  c c . ~ l t u r e s  main ta ined  on u n s t e r i l . i z e d  o r g a n i c  
a c i d  ,media  have no t  r i s e n  above.  abou t  2% d u r i n g  two y e a r s  of. 
s u b c u l t u r i n g .  

Prelimi.  nary  exper iments  wi.th t h e  neut  ra l i .zed s o l u b l e  f r a c t i o n  from 
a l c o h o l  s t i . l . l aze  i n d i c a t e  t h a t  60-80% of t h e  r e s i d u e s  (ca l . cu la ted  a s  

3 



TABLE I ~ t b i c h i o m e t r ~  of ~ h o t o s ~ n t h & k i ~  - --- B a c t e r i a l  
Convers ions  

. . 

1. C3H603 + 3 H20 hv 3 C02 + 6 H2 
( L a c t i c  Acid)  

2. C2H1202 + 6 H20 hv 6 C02 , +  12 H2 
(Glucose )  

3. C2H$02 + 2 H20 
hv 

t 2 C02 + 4 H2 
( A c e t i c  Acid) 

4. C4H6O5 + 3 H20 hv b 4 C02 + . 5 H2 
(Mal l c  Acid) 

5. (CH20); + H20 hv k C02 + 2 H2 
(Biomass) 

R e a c t i o n  E x t e n t  : 

Energy Convers ion  : 

E v o l u t i o n  Rates : 

>98% complete  f o r  example 1 
0 1 3 5 0  l i t e r s  H2/kg 
s u b s t r a t e ) .  

4.9% o f . r a d i a n t  e n e r g y  
( o r  97% of chemica l  ene rgy)  
i n  example 1 i s  conse rved  
a s  H2. 

1 -vol  H2 e q u a l  v u l .  
- 1 c e l l s - '  - min. o r  175 

m l  H2 g d r y  wt-I 
hr-l . 
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TABLE 2 S u b s t r a t e s  U t i l i z e d  by P h o t o s y n t h e t i c  B a c t e r i a  

SUGARS 
C e l l o b i o s e  
Sucrose  
Glucose  
F r u c t o s e  . 

Mannose 
G a l a c t o s e  
Ribose  
Xylose 

SUGAR ALCOHOLS -- 
Manni t o 1  
S o r b i t o l  

SUGAR ACIDS 
Glucon ic  Acid 
G l u c u r o n i c  Acid 

OP.CIAM IC ALCOHOL6 
E t h a n o l  
Glycerol 
Propano l  
Bu tano l  
I sopropano l  

INORGAN TC DQNORS - 
Sodium T h i o s u l f a t e  
Hydrogen S u l f i d e  

UKGAN 1C CASES 
Me t h a n e  
Carbon Monoxide 

ORGANIC ACIDS 
A c e t i c  Acid 
L a c t i c  Acid 
P y r u v i c '  Acid 
Formic Acid 
S u c c i n i c  Acid 
P r o p i o n i c  Acid 
B u t y r i c  Acid 
I s o b u t y r i c  Acid 
C i t r i c  Acid 
F u ~ a f l c  Acid 
Mal ic  Acid 
T a r t a r i c  Acid 
V a l e r i c  Acid 
Caproic  Acid 
C a p r y l i c  Acid 
P e l a r g o n i c  Acid 
Malonic Acid 
G l y c u l i c  Acid 

ARObIAT I C  AC IDS 
Benzoic Acid 

NATURAL SUBSTRATES 
--.-- -- 
Alcohol s t i l l a n e  - 
Fermented Corn 
Fermented Milk 
Fermented Oran#e J u i c e  
Fermented Grapefrul~ 
Fermented Peach 



(CH20)? a f t e r  e v a p o r a t i o n )  can be pho toconver ted  i n t o  hydrogen. More . 

extensive a p p l i e d  a t t e m p t s  t o  u t i l i z e  t h i s  s u b s t r a t e  have r e c e n t l y  
been under taken .  F r u i t  and v e g e t a b l e  w a s t e s  a r e '  a l s o  e x c e l l e n t  
s u b s t r a t e s  once t h e y  have been a n a e r o b i c a l l y  f e rmented  t o  o r g a n i c  a c i d  
and a l c o h o l  p r o d u c t s  w i t h  subsequen t  n e u t r a l i z a t i o n .  

C e r t a i n  biomass s u b s t r a t e s  cannot  c u r r e n t l y  h e  used t o  photoproduce H2 
and shou ld  be noted.  An obvious  example is  sewage,  which i s  an 
e x c e l l e n t ,  medium f o r  growth of p h o t o s y n t h e t i c  b a c t e r i a ,  but  t h e  h i g h  
f i x e d  n i t r o g e n  c o n t e n t  r e p r e s s e s  n i t r o g e n a s e  s y n t h e s i s  and i n h i b i t s  H2 
p r o d u c t i o n  a c t i v i t y .  Wild-type p h o t o s y n t h e t i c '  b a c t e r i a  can  a i d  i n  
c l a r i f y i n g  sewage and o t h e r  h igh-n i t rogeneous  was tewate r  s t r e a m s ,  but  
cannot  produce H2 from them. C e l l u l o s e  h a s  been t e s t e d  a s  a  s u b s t r a t e  
f o r  many p h o t o s y n t h e t i c  b a c t e r i a l  s t r a i n s  and on ly  one,  Rps. p a l u s t r i s  .- - -- - - - - - 
E e x h i b i t e d  s l i g h t  growth.  No s t r a i n  h a s  been found capab le  of  

C '  
a t t a c k i n g  l i g n i n ,  a l though  ' f r e e  phenylpropanes  can  be c a t a b o l i z e d  by 
some. 

Gas P ~ e s s u r e s  Ge~ieraLetl 

When p h o t o s y n t h e t i c  b a c t e r i a  produce gas  i n  e n c l o s e d  p r e s s u r e  v e s s e l s  
they can g e n e r a t e  p r e s s u r e s  st l e a s t  a s  h i g h  a s  735 p s i g  (F ig .  2 ) .  
Th i s  p r e s s u r e  i n  a l l  likelihood does  no t  i n d i c a t e  t h e  t r u e  e q u i l i b r i u m  
of t h e  r e a c t i o n ,  but  r a t h e r  r e f l e c t s  e x h a u s t i o n  of t h e  s u b s t r a t e  a s  
w e l l  a s  i n h i b i t i o n  by d e c r e a s i n g  pH due t o  t h e  b i c a r b o n a t e  produced. 
The h i g h l y  e x e r g o n i c  n a t u r e  of H2 p r o d u c t i o n  i n  t h e s e  b a c t e r i a  i s  
d i r e c t l y  a t t r i b u t a b l e  t o  t h e  unique n a t u r e  of t h e  n i t r o g e n a s e  complex 
and i t s  be ing  d r i v e n  by t h e  energy of l i g h t  conserved a s  AT?. 

While t r a n s p a r e n t  c o n t a i n e r s  capab le  of w i t h s t a n d i n g  h igh  p r e s s u r e s  
may not  be f e a s i b l e  on a  commercial s c a l e ,  i t  i s  r e a s o n a b l e  t o  
c o n s i d e r  producing moderate p r e s s u r e  hydrogen (under  5 atm) , f o r  
s t o r a g e ,  t r a n s m i s s i o n ,  and p r o c e s s  use .  

Improving S o l a r  B i o g a s i f i c a t i o n  . - - - - - -- - - - - - -- - - - -- 

Through p roper  s t r a i n  s e l e c t i o n  and env i ronmenta l  o r  g e n e t i c  
m a n i p u l a t i o n s ,  t h e  u s e f u l n e s s  and e f f i c i e n c i e s  of p h o t o s y n t h e t i c  
b a c t e r i a  a s  pho toconvers ion  a g e n t s  can c e r t a i n l y  be f u r t h e r  improved. 

A s imple  e x p e d i e n t  t o  enhance H2 p r o d u c t i o n  r a t e s  would hc t o  u s e  
mixed c u l - t u r e s  of d i f f e r e n t  s t r a i n s  of p h o t o s y n t h e t i c  b a c t e r i a  t h a t  
absorb  i n  d i f f e r e n t  p o r t i o n s  of t h e  s o l a r  spect rum.  They c o - e x i s t  
ve ry  successful1.y s i n c e  t h e r e  i s  very  l i t t l e  c o m p e t i t i o n  f o r  t h e  sane 
wavelengths of l i g h t ,  e p e c i a l l y  t h o s e  of t h e  i n f r a r e d .  A mixture  of 
t h r e e  st  r a i n s  of p h o t o s y n t h e t i c  hac t e r i a  and a  c y a n o b a c t e r i u n  w i l l  
produce a  " b i o l o g i c a l  bl.ackbodyW which r e a d i l y  a b s o r b s  a l l  wavelengths  
of l i g h t  from 350 nm t o  1050 nm. U n f o r t u n a t e l y ,  of t h e  pure  s t r a i n s  
examined t o  d a t e  which exh ih i - t  prolonged and h i g h  r a t e s  of H?, 
p roduct  i o n ,  none c o n t a i n  c11lorophyll.ous pigments , o t h e r  t h a n  
b a c t e r i o c h l o r o p h y l l  - a .  

A c i d - t o l e r a n t  s t r a i n s  of p h o t o s y n t h e t i c  b a c t e r i a  wou1.d a l s o  be of 
v a l u e  i.n a p p l i e d  pho toconvers ion  schemes s i n c e  fe rmented ,  n i t r o g e n -  
l i m i t e d  b i o n a s s  was tes  a r e  us l i a l ly  r a t h e r  a c i d i c .  P r e s e n t l y ,  t h e s e  
fermented was tes  must he n e ~ i t r a l i z e d  b e f o r e  be ing  ' b i o l c j g i c a l l y  
pho toconver ted .  Ac id - to le ran t  s t r a i n s  would o h v i a t e  c h i s  
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Fig .  2. P r e s s u r e  g e n e r a t i o n s  from evo lved  112 and C02 by 
photoconvers ion  of s o d i l n  l a r t a t e  (40 mM) u s i n g  Rps. c a p s u l a t a  SCJ. -- -- - -- - 
The v e s s e l  was a F i s c h e r - P o r t e r  hydrogena t ion  v e s s e l  (87 ml) f i t t e d  
w i t h  a 1000 p s i  d i a l  p r e s s u r e  gauge. 
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requ i rement .  A few such s t r a i n s  of Rps. a c i d o p h i l a  and Rhodomicrobium - - - - - .- - - - - - . - - - - - . . -- - - - - - - - - - . -- 
v a n n i e l l i i  have been t e s t e d  f o r  H, ~ r o d u c t i o n  a t  lowered DH. hut  none - - - - - -- L -  . , 

a s  y e t  h a s  e x h i b i t e d  high a c t i v i t y .  

T h e r m o p h i l l i c  p h o t o s y n t h e t i c  b a c t e r i a  may have m e r i t  a s  w e l l ,  due t o  
t h e i r  enhanced m e t a b o l i c  r a t e s  and t h e  ' g r e a t e r  ' s t a b i l i t y  of t h e i r  
'enzymes t o  p h y s i c a l  and chemical  i n f l u e n c e s .  A t  l e a s t  one genus of 
t h e r m o p h i l e s  h a s  been d e s c r i b e d ,  but  h a s  n o t  been surveyed f o r  H2 
p roduc t ion .  

A s  p r e v i o u s l y  ment ioned,  we have no t  found any s t r a i n s  of 
p h o t o s y n t h e t i c  b a c t e r i a  t h a t  would a p p r e c i a b l y  c a t a b o l i z e  
p o l y s a c c h a r i d e s  by themselves .  However, i n  c o n c e r t  w i t h  non- 
p h o t o s y n t h e t i c  b a c t e r i a  which make a p p r o p r i a t e  p o l y s a c c h a r a s e s ,  t h e  
r e l e a s e d  s u g a r s  and o r g a n i c  a c i d s  from p o l y s a c c h a r i d e s  r a n  be 
a s s i m i l a t e d  by p h o t o s y n t h e t i c  b a c t e r i a  and c o n v e r t e d  i n t o  H2. A s  y e t  
t h e  r a t e s  remain v e r y  low and of s h o r t  d u r a t i o n ,  bo th  of which can be 
a t t r i b u t e d  t o  t h e  r a t e - l i m i t i n g  s t e p s  of t h e  non-pho tosyn the t i c  
memher. Using a  R a c t e r o i d e s  s t r a i n  i n  c o - c u l t u r e  w i t h  Ups. capsu l -a ta ,  I _  

- 
c e l l u l o s e  (Whatman No. 1 f i l t e r  p a p e r )  can be pho toconver ted '  i n t o  H2 
a t  a r a t e  of about  one volume of medi.r~m' pe r  two weeks. A l t e r n a t i v e l y ,  
a g a r  c o n v e r s i o n  t o  H2 can  be media ted by a  c o - c u l t u r e  of Rps. -- 
s u l f i d o p h i l a  BSCJ8 and an untyped marine  . i s o l a t e  a t  r a t e s  f o u r - f o l d  .. - - - -- 
h i g h e r ,  hut  t h e  d u r a t i o n  i s  l i m i t e d  t o  l e s s  than  one week. Perhaps  a  
more promis ing approach may be t o  u t i l i z e  a  major a l g a l  p r o d u c t ,  such 
a s  t h e  g lyc .e ro l  produced i n  h igh  amounts by - D u n a l i e l l a ,  - e i t h e r  i n  
c o n t i n u o u s  o r  two-s t a g e  mixed c u l t u r e s .  

Gene t i c  t e c h n i q u e s  a l s o  can b e  .employed t o  a m p l i f y  pho toconvers ion  
p r o c e s s e s .  Rps. c a p s u l a t a  mutant  W12 is  d e f e c t i v e  i n  i t s  c a p a c i t y  t o  -- - -- - - - - - 
f i x  n i t r o g e n  and o n l y  produces  s m a l l  anoun t s  , o f  H.2. S ince  hydrogenase  
i s  p r e s e n t  i n  t h e  organism,  t h e  n i t r o g e n a s e  enzyme complex i s  
r e s p o n s i b l e  f o r  a t  l e a s t  the. m a j o r i t y  of t h e  A2 evolved i n  t h e  wi ld-  
t y p e  ( 2 ) .  S t r a i n  W52, however, i s  d e f e c t i v e  i n  t h e  up take  of H 2 ,  and 
t h e  r a t e  of H2 p r o d u c t i o n  i s  i n c r e a s e d  r e l a t i v e  .to t h a t  of t h e  wi ld-  
type .  This ind i . ca tes  t h a t  TI2 evolved b y ' n i t r o g e n a s e  i s  i n c a p a b l e  of 
being r e o x i d i z e d ,  i n  t h i s  type  of mutant ,  and t h e r e f o r e ,  t h e  H? y i e l d  - 
i s  h i g h e r .  

Ra tes  of H2 p r o d u c t i o n  , a l s o  might be improved by c r e a t i n g  mutants  
g e n e t i c a l l y  d e r e p r e s s e d  for  n i t r o g e n a s e .  Such a s t r a i n  would permi't 
t h e  photoconversio.n of h igh-n i t rogkneous  biomass was tes  such a s  
sewage. A p a r t i a l l y  d e ~ : e p ~ e s s e d  n u t a n t  s f  R. rubrum hat2 been - 
g e n e r a t e d  by Wear'e ( 3 ) .  The mutant e x h i b i t e d  a  75% i n c r e a s e  i n  H 2  
p roduc l iuu  uver. t h e  wi ld- type p a r c n t ,  I t  i s  impor tan t  t o  r e m e m h ~ r ,  
however, t h a t  a  mutant  bac te r ium o p e r a t i n g  i n  an  a p p l i e d  sys tem would 
have t o  compete f a v o r a b l y  wi th  r e v e r t a n t s  and t h e  i n d i g e n o u s ,  wi ld-  
type  p h o t o s y n t h e t i . ~  b a c t e r i a  p r e s e n t  i n  t h e  u n s t e r i l i z e d  biomass 
was tes .  'Peri0di .c r e inocu l . a t ion  of mutants  may keep t h e i r  t i t e r s  
s u f f i c i . e n t l y  h i g h ,  bu t  a t  t h e  p r e s e n t  time they  a r e  s t i l l  l a b o r a t o r y  
phenomenons. 

Another means t o  c i rcumvent  t h e  i n h i h i t  ion  of H2 p r o d u c t i o n  by ammonia 
\~r) l .~ ld  be t o  i s o l a t e  o r  c r e a t e  a  b a c t e r i a l  s t r a i n  t h a t  u s e s  hydrogenase 
r a t h e r  than  n i t r o g e n a s e  a s  t h e  t e r m i n a l ,  e v o l v i n g  enzyme. Also,  H2 

produc t ion  u t i l i z i n g  hydrogenase i s  l e s s  energy i n t e n s i v e  a s  i t  i s  n o t  
d r i v e n  by AT?, and,  a s  a  r e s u l t ,  t h e  r a t e s  of p r o d u c t i o n  may be much . . 
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h i g h e r .  Alonp, t h i s .  l i n e ,  Rps. s u l f i d i p h i l a  BSW8 i s  n n a t u r a l  i s ' o l a t e  - - . - -- - -- - - - - - -- 
t h a t  can d e r e p r e s s  i t s  hydrogenase  a c t i v i t y  t o  a  l e v e l  20-50 t i m e s  
h i g h e r  t h a n  n o s t '  o t h e r  p h o t o s y n t h e t i c  h a c t e r i a .  A 1  t hough t h e  
c o n d i t i o n s  a r e  l e s s  t h a n  o p t i m a l  a s  y e t ,  abou t  5% of t h e  H2 e v o l v i n g  
a c t i v i t y  of t h i s  s t r a i n  i-s impervious  t o  t h e  p r e s e n c e  of ammonia and 
t h e r e f o r e  presumably media ted by t h e  hydrogenase  enzyme. 

A t  p r e s e n t  we do n o t  know what r a t e - l i m i t i n g  s t e p s  a r e  invo lved  i n  t h e  
p h o t o p r o d u c t i o n  of Hz ,  bu t  -- i n  v ivo  g e n e t i c  e n g i n e e r i n g  may w e l l  he 
used  t o  remove them a s  they  a r e  d i s c o v e r e d .  

C ONCLU S  ION 

P h o t o s y n t h e t i c  b a c t e r i a  o f f e r  promise a s  a  low techno logy  method f o r  
c o n v e r t i n g  d i l u t e '  biomass s u b s t r a t e s  i n t o  combus t ib le ,  gaseous  H2. 
Although e n v i r o n m e n t a l  c o n d i t i o n s  and s t r a i n s  have no t  been .opt imized 
a s  y e t ,  t h e  p r o c e s s  i s  , c o n s i d e r e d  f e a s i b l e  today  from a scientific 
s t a n d p o i n t  g i v e n  a n  a p p r o p r i a t e  biomass source .  From a n  e n g i n e e r i n g  
s t a n d p o i n t  t h e  sys tem remains  u n t e s t e d ,  but  a  s m a l l  s c a l e  p r o c e s s  
d e s i g n  u n i t  w i l l  be des igned  and c o n s t r u c t e d  i n  t h e  summer of 1981. 
" T h i n "  st i . l .3ago waste from .an a l c o h o l  p l a n t  w i l l  be the i n i t i a l  
s u b s t r a t e  u t i l i z e d .  
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