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ABSTRACT 

The f e a s i b i l i t y  o f  u s ing  p h o t o s y n t h e t i c  mic roa lgae  ( c y a n o b a c t e r i a )  as a 
subsystem component f o r  the CELSS program, with p a r t i c u l a r  emphasis on the 
m a n i p u l a t i o n  o f  t h e  biomass ( p r o t e i n / c a r b o h y d r a t e )  h a s  been addres sed .  
Using f a c t o r s  which r e t a r d  growth r a t e s ,  b u t  n o t  p h o t o s y n t h e t i c  e l e c t r o n  
f l u x ,  t h e  p a r t i t i o n i n g  o f  p h o t o s y n t h e t i c a l l y  d e r i v e d  r e d u c t a n t  may he 
d i c t a t e d  towards C 0 2  f i x a t i o n  ( c a r b o h y d r a t e  f o r m a t i o n )  and away from N 2  
f i x a t i o n  ( p r o t e i n  formation). Cold shock treatment of f a i r l y  dense c i i l t u re s  
markedly i n c r e a s e s  t h e  g lycogen  c o n t e n t  from 1% t o  35% ( d r y  w e i g h t ) ,  an(7 
p r e s e n t s  a u s e f u l  t e c h n i q u e  t o  change t h e  p r o t e i n / c a r b o h y d r a t e  r a t i o  of  
these organisms t o  a more n u t r i t i o n a l l y  acceptable  form. 

INTORDUCTION 

The use of b i o l o g i c a l  coinponents i n  the CELSS program a s  subsystems f o r  a i r  
r e v i t a l i z a t i o n ,  waste processing o r  t he  production of food has been proposed 
f o r  long-term space  f l i g h t  /l/. Employment of  a l g a e  ( p a r t i c u l a r l y  
c y a n o b a c t e r i a ) ,  which g e n e r a t e  biomass from r e l a t i v e l y  s i m p l e  components 
(minerals  and l i g h t )  and t h e i r  a b i l i t y  t o  f i x  atmospheric N 2 ,  make thein an 
a t t r a c i v e  component f o r  incorporat ion i n t o  the CELSS program. Howevor, i f  
use of  c y a n o b a c t e r i a  i s  e n v i s a g e d  a s  a major food s o u r c e ,  m a n i p u l a t i o n  of 
the composition o f  the biomass i s  required.  Cyanobacteria ( a p t l y  described 
a s  s i n g l e  c e l l  p r o t e i n )  a r e  approximately 50% p ro te in ,  with varying l e v e l s  
of carbohydrates,  1% (dry weight) i n  freshwater non-nitrogen f i x e r s  / 2 / ,  and 
up t o  30% i n  some n i t r o g e n  f i x i n g  s t r a i n s  / 3 / .  The a v e r a g e  human 
n u t r i t i o n a l  d a i l y  requirement is  f o r  20% p ro te in  and 50% carbohydrate ( t a b l e  
I). 

MATERIALS AND METHODS 

Nostoc muscorum was grown i n  B G l l  medium m i n u s  n i t r a t e  and Synechoccus 6311 
w a s  grown i n  KMC medium, i n  a 2 l i t r e  Eethesda Research Labor t o r i e s  A i r l i f t  
Fermentor a t  3OoC u n l e s s  o t h e r w i s e  s t a t e d ,  150 u E s - l m - ’  l i g h t  ( u s i n g  
Bethcsda Research L a b o r a t o r i e s  2201 LB day l i g h t  wh i t e  300-700nm) with an 
a i r f l o w  r a t e  of 2 l i t r e s / m i n ,  supplemented with 0.5% CO . 200 m l  a l i q u o t s  
were withdrawm d a i l y ,  the fermentor volume made up by a j d i t i o n  of  200ml of 
s t e r i l e  medium. C e l l s  were centr i fuged a t  lO,OOOxg/lO m i n  and resuspended 
t o  2 m l  i n  B G l l  o r  KMC medium supplemented with 10 mM Tes bu f fe r  pH 7.0. 

O2 e v o l u t i o n  was monitored po la rograph ica l ly  i n  B G l l  o r  KMC p l u s  l O n M  Tes 
pH7.0 with a c e l l  dens i ty  e q u i v a l e n t  t o  1-2 ucj chlorophyl l /ml .  Nitrogenase 
a c t i v i t y  was determined i n  whole f i l amen t s  by monitoring ace ty l ene  reduction 
using a Varian Model 3700 gas chromatograph Ei t ted with a Poropak T coluinn. 
C e l l s  ( 3  ug c h l o r o p h y l l  i n  3 m l )  were a s s a  ed i n  a 5 m l  via-\ under a i r  p l u s  
10% ( v / v )  C2H2 i n  a shaking waterbath a t  28’ under 50uEs-’m l i g h t .  

L i g h t  i n t e n s i t i e s  were m e a s u r e d  u s i n g  a Li-Cor i n c .  i n t e g r a t i n g  
quan tu rn / r a i4 io rne te r /pho to ine  t e r  Li-188B, wi th  a Li-19OSB quantum sensor. 
Glycogen was ex t r ac t ed  and determined coLor ime t r i ca l ly  by the method of Van 
Handel /4/. 

We have  p r e v i o u s l y  r e p o r t e d  on t h e  a f E e c t s  of  s a l t  shock on c e l l u l a r  
g lycogen  c o n t e n t  of a f r e s h w a t e r  non-ni t rogen f i x i n g  cyanobacteriurn,  
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F i g . 1  Scheme for  the s o u r c e s  o f  
r e d u c t a n t  a n d  ATP fo r  C 0 2  a n d  
N2 f i x a t i o n .  

C02Fixation NZFixation 

CARBOHYDRATE PROTEIN 
LIPID 
CELL WALL 

Fig.2 A 2 1  B e t h e s d a  R e s e a r c h  L a b o r a t o r y  A i r - L i f t  f e r m e n t o r .  
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Data from Blumwald BTel-Or( 1982)  

Arch.Microbiol.132: 163- 167  
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Fig.3 N i t r o g e n a s e  a c t i v i t y  d u r i n g  e x p o s u r e  t o  s a l i n i t y  of Nosoc. inuscorum. 
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Fig.4 C e l  l u l a r  g l y c o g e n  c o n t e n t  Of Synechococcus  6311 d u r i n g  g rowth  under  
s a l i n e  c o n d i t i o n s .  
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Fig.5 R e d i r e c t i o n  o f  p h o t o s y n -  
t h e t i c a l l y  d e r i v e d  r e d u c t a n t  
under  s t ress  c o n d i t i o n s .  
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F i g . 6  E f f e c t  o f  t e m p e r a t u r e  on 
the g r o w t h  o f  Synechococcus  6311. 
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F i g . 7  E f f e c t  of t e m p e r a t u r e  o n  
t h e  g l y c o g e n  c o n t e n t  of 
Syiiechococcus 6311. 
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Assumptions: 

Body weight of 70kg (150 lbs.) 

-- TABLE I1 Rates of N2 Fixation and Photosynthesis 

During Growth in Airlift Fermenter 

N2 fixation (moles C €I 
reduced/mg ' chlorophylf/gr) 

I I I 
I 25 (air) I 4 3 #  I 
I 46 (N2) I 1 
i I I 

I 

* 
+ 

direct measurements from diluted samples 

calculated from total co2 plus N2 fixed (as carbohydrate and 
protein) 

calculated from the total N2 fixed as protein # 

41 



-- TABLE I11 Factors Affecting The Carbohydrate Content O f  
Synechococcus 6311  

Photosynthesis (after 4 8  hrs) is at control rates in a l l  cases 

-- TAEIEIV Eff&OfGmwthTemperatureQnSynechDcoccus63ll 

I I I I I I 

i i 
3.6 I 1.7 I I 40 

I I I I I I 

I I I 
I 20.1 I 180.7 I 

i 

1 1 i i 
178.2 I 2.9 I 0.9 I I 30 I 19-7 I 

I I I I I I 
I I I I I I 

I I I I I 
I 20 
I I I I I I 
I I I I I I 

I I i i 

I 35.0 I 
I 

198.8 I 41.3 I 33.1 I 

* D e t e r m i n t i a r ; m a d e o n 7 2 h r c u l ~  

# Assayed at growth temperature (Qlo (photosynthesis)=352, 

Qlo (mspiration)=68%, be&RB1 30% h 40% for 30% h 4OoC grasl ailtures) 

Off12--26.5 42 



- S y n e c h o c o c c u s  6 3  11 / 2 / ,  
a d d i t i o n  t o  t h e  n i t r o a e n  < 

€ i x a t i o n  and  N-, f i x a t i o n  

a n d  w e  h a v e  c o n t i n u e d  t o  u s e  t h i s  o r g . i n i s m ,  i n  
f i x i n g  c y a n o b a c t e r i u m  Nostoc m u s c o r u m .  B o t h  C 0 2  
u t a l i z e  t h e  p o o l s  o f  p h o t o s y n t h e t i c  r e t l u c t a n t  ancl 

ATP ( f i g .  l), &and w e  h a v e  i n v e s t i g a t e d  e n v i r o n i n e n t a L  f n c a t o r s  s u c h  .as 
s a l i n i t y ,  g rowth  i n h i b i t i o n  and  t s rnpera t i i re  e f f e c t s  on  t h e  d i s t r i b u t i o n  o f  
t h e  r e d u c t a n t  b e t w e e n  N 3  o r  CO f i x a t i o n ,  t o  d e t e r m i n e  t h e  f e a s i b i L i t y  oE 
u s i n g  s u c h  e f f e c t s  t o  d i r e c t  t%e p h o t o s y n t h a t e  t o  o n e  p a r t i c u l a r  p o o l  of  
macromolecule .  

RESULTS 

M e a s u r e m e n t s  o f  p h o t o s y n t h e t i c  e l e c t r o n  t r a n s p o r t  (02 e v o l u t i o n )  a n d  
n i t r o g e n a s e  a c t i v i t y  ( C 2 H 2  r e d u c t i o n )  i n  Nostoc m u s c o r u m  show t h a t  o n l y  8% 
o f  maximum e l e c t r o n  t r a n s p x t  (4e- p e r  0 2  e v o l v e d ,  2e- per C I 1  r e d u c e d )  i s  
u t a l i z e d  f o r  N2  f i x a t i o n  (Table  11) and one  would e x p e c t  h i g i i 2 1 % v e l s  o f  C 0 2  
f i x a t i o n  t o  occur. Howevsr, e s t i m a t i o n s  o f  ra tes  o f  a c t u a l  p h o t o s y n t h e s i s  
d u r i n g  g rowth  i n  a n  a i r l i f t  f e r m e n t o r  ( f i g .  21, c a l c u l a t e d  from the ra tes  of 
c a r b o h y d r a t e  and  p r o t e i n  f o r m a t i o n ,  show t h a t  the t o t a l  p h o t o s y n t h e t i c  r a t e s  
a r e  much lower ,  p r o b a b l y  d u e  t o  a c u t  o f f  e f f e c t ,  t h e  a t t e n u a t i o n  o f  l i g h t  
b y  t h e  d e n s i t y  of t h e  c u l t u r e  d u r i n g  g r o w t h .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t ,  e v e n  u n d e r  this r e d u c e d  p h o t o s y n t h e t i c  a c t i v i t y ,  the r a t e  of N 2  
f i x a t i o n  i s  m a x i m a l  ( T a b l e  11). C l e a r l y ,  N 2  f i x a t i o n ,  u n d e r  t h e s e  
c o n d i t i o n s ,  has p r i o r i t y  f o r  p h o t o s y n t h e t i c  r e d u c t a n t ,  and  i s  p r o b a b l y  t h e  
l i m i t i n g  f a c t o r  f o r  growth  unde r  these c o n d i t i o n s .  

SALINITY EFFECTS 

Blumwald and  Tel -Or  h a v e  r e p o r t e d  t h e  e f f e c t s  o f  s a l i n i t y  or  N f i x a t i o n  ( 5 )  
which i s  c l e a r l y  i n h i b i t e d  d u r i n g  the  f i r s t  2 days  ( f i g .  3).  h n d e r  s i m i l a r  
c o n d i t i o n s ,  u s i n g  S y n e c h o c o c c u s  6 3 1 1 ,  w e  h a v e  r a p o r t e d  t h e  m a r k e d  
a c c u m u l a t i o n  o f  g l y c o g e n  7727 h f i g .  4).  I n  b o t h  cases, s a l t  r e s u l t e d  i n  a 
r e t a r d a t i o n  o f  growth  /2 ,5 /  and  t o  a much lesser d e g r e e ,  p h o t o s y n t h e s i s  / 2 / .  
Under  c o n d i t i o n s  w h e r e  g r o w t h  r a t e  is  r e d u c e d  more t h a n  p h o t o s y n t h e s i s ,  
r e d u c t a n t  i s  d i r e c t e d  towards  C 0 2  f i x a t i o n  rather t h a n  N2 f i x a t i o n  ( f i g .  5 ) .  

FACTORS AFFECTING CELLULAR GLYCOGEN CONTENT 

T a b l e  I 1 1  p r e s e n t s  the e f f e c t s  of s e v e r a l  reg imes  employed  to r e d u c e  growth  
r a t e s ,  w h i l e  n o t  a f f e c t i n g  p h o t o s y n t h e s i s .  Both N a C l  a n d  s e l e n a t e  (a 
c o m p e t a t i v e  i n h i b i t o r  o f  s u l f u r  m e t a b o l i s m )  r e d u c e  g r o w t h  r a t e s  a n d  
s t i m u l a t e  g l y c o g e n  c o n t e n t .  The g r e a t e s t  e f f e c t  i s  o b s e r v e d ,  however ,  when 
c e l  1 s  a r e  grown a t  be l o w  optimal temperature ( 2Ooc). 

TEMPERATURE EFFECTS 

G r o w t h  o f  Synechococcus  6311 a t  d i f f e r e n t  t e m p e r a t u r e s  is shown i n  t a b l e  I V ,  
and  whi le  p h o t o s y n t h e s i s  is r e l a t i v e l y  u n a f f e c t e d  b y  g rowth  t e m p e r a t u r e ,  t h e  
g e n e r a t i o n  time i s  almost d o u b l e d  and  g l y c o g e n  c o n t e n t  i n c r e a s e d  by  a f a c t o r  
o f  39 a t  20Oc. 

A l though  t h i s  p r e s e n t s  a u s e f u l  t o o l  f o r  t h e  m o d i f i c a t i o n  o f  biomass towards 
c a r b o h y d r a t e ,  g rowth  ra te  (and t h e r e f o r e  t o t a l  biomass. p r o d u c t i o n )  is s l o w  
a t  2Ooc. T h e r e f o r e ,  c u l t u r e s  o f  Synechococcus  6311 w e r e  grown a t  4Ooc f o r  
t w o  d a y s ,  t h e  t empera tu re  t h e n  b e i n g  r e d u c e d  t o  2Ooc.  F i g .  6 d e m o n s t r a t e s  
t he  r a p i d  i n h i b i t i o n  o f  g r o w t h  d u r i n g  c o l d  t r e a t m e n t  o f  a n  a l r e a d y  d e n s e  
c u l t u r e  of Synechococcus  6311. A n a l y s i s  o f  samples t a k e n  b e f o r e  and  a f t e r  
t r a n s f e r t o  2OUc,  show a marked a c c u m u l a t i o n  of g l y c o g e n  d u r i n g  t h e  p e r i o d  o f  
g rowth  i n h i b i t i o n  ( f i g .  7). 

CONCLUSIONS 

R e s u l t s  so f a r  i n d i c a t e  t h a t  t e m p e r a t u r e  m o d i f i c a t i o n  i s  the m o s t  e f f e c t i v e  
t o o l  f o r  the m a n i p u l a t i o n  o f  t h e  biomass i n  f a v o r  o f  g l y c o g e n .  T h i s  
t e c h n i q u e  i s  p a r t i c u l a r  Ly a t t r a c t i v e ,  s i n c e  the a l g a e  subsys t em would o n l y  
r e q u i r e  a d j u s t m e n t  o f  t h e  c o o l i n g  s y s t e m ,  w i t h o u t  m a n i p u l a t i o n ,  of t h e  
n u t r i e n t  s u p p l y .  F u t u r e  e x p e r i i n e n t a t i o n  w i l  L c o n t i n u e  a l o n g  this l i n e  o f  
r e s e a r c h ,  u s i n g  e s t a b l i s h e d  food  c o m p a t i b l e  sys t ems  (e.g. S p i r u L i n a ) .  
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