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INTRODUCTION 

The systems p resen t ly  used for  human l i f e  support  i n  space r equ i r e  t h a t  food,  
water, and oxygen be s to red ,  t h a t  excess atmospheric carbon d ioxide  be removed, and 
t h a t  o the r  human wastes be c o l l e c t e d  and s to red .  
d i c t a t e  t h a t  l a r g e  masses of consumable s u p p l i e s  be taken along o r  resuppl ied .  L'lti- 
m a t e l y ,  a po in t  w i l l  be reached where the  regenera t ion  of consumables w i l l  be econorn- 
i c a l l y  competi t ive wi th  the  cos t  of t h e i r  i n i t i a l  t r anspor t  o r  resupply.  

Lengthy missions o r  l a r g e  crews 

I t  is poss ib l e  :o envis ion  a number of  systems t h a t  i n  theory n t  least would be  
capable D f  r ecyc l ing  human waste gases ,  l i q u i d s ,  and s o l i d s ,  and regenera t ing  f o o d ,  
oxygen, and potab le  water. Among such t h e o r e t i c a l  systems, those based tin the  cse 
of b io log ica l  processes  are very a t t r a c t i v e  and have been the  sub jec t  of extensive 
study i n  the  Control led Environment Li fe  Support System (CELSS) program. This SASA- 
sponsored program is d i r ec t ed  a t  s tudying t h e  f e a s i b i l i t y  of cons t ruc t ing  a bioregen- 
e r a t i v e  l i fe -suppor t  system f o r  use i n  extraterrestrial  environments. X bioregenera- 
t i v e  l i fe-support  system can be descr ibed as one t h a t  uses  r igorous ly  control l i .3  acd 
i n t eg ra t ed  b io log ica l  and physicochemical processes  t o  regenera ie  the  supp l i e s  con- 
sumed i n  l i fe -suppor t  systems. 

A b io log ica l  process  t h a t  is l i k e l y  t o  be c e n t r a l  t o  the  successfu l  deveIop~.; .nt  
Photosynthesis  has  the  p o t e n t i a l  f o r  silnultarie- 

production 
of such a s y s t e m  is photosynthesis .  
ously car ry ing  ou t  most of  the  major func t ions  of a l i fe -suppor t  s y s t e m :  
of food,  of  oxygen, arid of  po tab le  water, and the  removal of carbon dioxide.  
those organisms capable of photosynthesis ,  t h e r e  are two kinds of microorganisms - 
the  green a lgae  (Chlorophyta),  and the  blue-green a lgae  (Cyanophyta) - t h a t  have a 
number of c h a r a c t e r i s t i c s  t h a t  make them a t t r a c t i v e  candida tes  f o r  i nc lus ion  i n  a 
b ioregenera t ive  system. 
they produce a high r a t i o  of e d i b l e  t o  nonedible biomass, and t h e i r  gas-exchange 
c h a r a c t e r i s t i c s  are compatible with human requirements.  In  add i t ion ,  many s t r a i ? i s  o f  
blue-green a lgae  can convert  gaseous n i t rogen  i n t o  ammonium, a b io log ica l ly  u s e h i  
iorm of ni t rogen.  

.bong 

These a lgae  grow rap id ly ,  t h e i r  metabolism can be c o n t r o l l e d ,  

Unfo r tma te ly ,  t he re  are a number of problems assoc ia ted  with t h e  use of micro- 
a lgae  i n  l i fe -suppor t  syster;.s. For example , t he re  are ques t ions  about t he  adequac!- 
and a c c e p t a b i l i t y  of a lgal-der ived food, about harves t ing  and prozessing of the a l g A L ,  
m d  about the  long-term s t a b i l i t y  cf  t he  a l g a l  c u l t u r e s .  And although ground-bas2d 
exper inenta t ion  w i l l  b e  e s s e n t i a l  f o r  i d e n t i f y i n g  and reso lv ing  some of  these  pros- 
l e m s ,  o the r s  can only be approached by appropr i a t e  s p a c e f l i g h t  experimentation. 
t h i s  i n  mind, a workshop was held a t  the  Ames Research Center on Sovember 28-29, 1983, 
fo r  t he  purpose of br inging toge ther  a group of expe r t s  t o  d i scuss  two major i s sues :  
(1) the i d e n t i f i c a t i o n  of t he  major problems assoc ia ted  wi th  t h e  use of microalgae I n  
a b ioregenera t ive  l i fe -suppor t  system; and ( 2 )  t h e  i d e n t i f i c a t i o n  of a lgae- re la ted  
research i s sues  t h a t  must be addressed through space f l igh t  experimentation. 

With 

The con t r ibu to r s  t o  t h i s  Workshop wer: s c i e n t i s t s  wi th  expe r t i s e  i n  a v a r i e t > -  of 
pe r t inen t  a r eas ,  including a l g a l  growth and physiology, t he  production of  food frcni 
nonconventional food sources ,  and human n u t r i t i o n .  

1 



WORKSHOP AGENDA 

Problems Associated With t h e  U t i l i z a t i o n  o f  Algae i n  Regenerative Life-support  
Systems f o r  Space Habi ta t ion  

NASA Ames Research Center 
Moffet t  F i e l d ,  C a l i f o r n i a  94035 

Room 361, Building 239 ( L i f e  Sciences) 

Monday, November 28, 1983 

Session I (9:OO t o  11:30) 

Presenta t ion  of t h e  Problem 
Chair:  D r .  M. M. Averner 

9:OO - 9 : 0 5  

9:OS - 9:20 

9:20 - 9:50 

9 ~ 5 0  - 1 0 ~ 3 0  

10:30 - 1 0 ~ 4 5  

1 0 ~ 4 5  - 11:30 

11:30 - 1:OO 

D r .  H. ?. K l e i n  
Opening Remarks 

D r .  R. D. MacElroy 
T??e S t a t u s  and Role of  Regenerative 
Life-support Research i n  NASA 

D r .  M. M. Averner 
The P o t e n t i a l  Functions of Algae i n  
Regenerative Life-support Systems 

D r .  Richard Radmer 
The S t a t e  of t h e  A r t  i n  Sustained Culture  
of Algae under Space-Related Conditions 

Coffee Break 

D r .  Marcus Karel 
The Problem of the  Conversion of  
Nonconventional S u b s t r a t e s  t o  Hunan Food 

LUNCH 

Session I1 (1:OO t o  3:45) 

Round-Table Discussion of Problems of Algal U t i l i z a t i o n  
Moderators: D r s .  Radmer and Karel 

3:45 - 4:OO Coffee 

- Session 111 (4:OO t o  5 : O O )  

Space-Flight Experiments U t i l i z i n g  Algae 
Chair:  D r .  Lester Packer 
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4:OO - 4:20 Introduction 
Dr. M. M. Averner 

4:20 - 4:50 Opportunities for and Constraints on Space Flight 
Experimentation 
Dr. Edward Herek 

Tuesday, November 29, 1983 

Session IV (9:OO to 12:OO) 

Identification of Research Issues t o  be Addressed by 
Space-Flight Experiments 
Moderators: Drs. MacElroy and Averner 

12:OO - 1:30 Lunch 

Session V (1:30 to 3:30) 

Summary and Wrapup 
Chair: Dr. Marcus Karel 
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UTILIZATION OF ALGAE 

Algal  Growth 

For t h e  p a s t  50 years  or so,  a l g a l - c u l t u r e  s tud ie s  have been c l o s e l y  i n t e r -  

Severa l  programs i n  
twined with s t u d i e s  of photosynthesis .  Green a l g a e ,  f o r  example, Scenedesmus and 
Chlore l la ,  have proved to  be good models f o r  h igher  p l a n t s .  
appl ied a l g a l  c u l t u r e  have a l s o  been undertaken i n  t h e  last 30 y e a r s ,  notably a t  t h e  
Carnegie I n s t i t u t e ,  and i n  programs sponsored by t h e  United S t a t e s  A i r  Force and NASA 
on b ioregenera t ive  l i f e  support  dur ing  t h e  per iod of t h e  mid-1950's to mid-1960's. 
Ob;riously, appl ied a l g a l  c u l t u r e  is n o t  a new undertaking. 

Species of  a l g a e  f o r  space-related cu l ture-  Most of t h e  work on a l g a l  physiology 
r e l a t e d  to sus ta ined  c u l t u r e  under space-related condi t ions  has  been done on a rela- 
t i v e l y  few s p e c i e s  of green (eukaryot ic)  and blue-green (prokaryot ic)  algae.  By f a r  
the  most popular have been several s p e c i e s  of Chlore l la .  which are consequently t h e  
b e s t  charac te r ized  organisms. The primary s p e c i e s  c u r r e n t l y  considered f o r  space- 
r e l a t e d  a p p l i c a t i o n s  are: (1) C h l o r e l l a  (green) , several s p e c i e s ;  (2) Scenedesmus 
(green);  (3 )  Anacystis (blue-green) = Synechococcus; and (4) S p i r u l i n a  (blue-green). 

We should emphasize t h a t  t h e r e  i s  no i d e a l  a lga.  For example, S p i r u l i n a  is not  

I n  some cases, t h e r e  may be a d e f i n i t e  trade-off between ease of cul-  
necessar i ly  super ior  with r e s p e c t  t o  food value;  i t  is simply t h e  b e s t  s tud ied  i n  
t h a t  respect .  
t u r i n g  and harvest ing;  f o r  example, C h l o r e l l a  versus  Spi ru l ina .  

L.  Packer and h i s  co l leagues  suggest  t h a t  t h e  prokaryot ic  N2-fixing cyanobac- 
t e r i a  (blue-green) spec ies  deserve primary cons idera t ion ,  based on t h e i r  following 
a t t r i b u t e s :  

1. For N2-fixing s p e c i e s ,  n u t r i e n t  requirements are minimal, and no class of 
Except for inorganic  organisms e x i s t s  i n  na ture  with simpler n u t r i e n t  requirements.  

n u t r i e n t s ,  a n  aqueous environment, N2 o r  a i r ,  aerobic  s p e c i e s  w i l l  genera l ly  grow 
without a u x i l l a r y  substances.  

2 .  Species can be s e l e c t e d  t h a t  e x h i b i t  s h o r t  generat ion times. 

3. Species can be s e l e c t e d  t h a t  e x h i b i t  a w i d e  t o l e r a n c e  f o r  environmental 
stresses, such as extreme d r a f t s ,  high temperature,  high s a l i n i t y ,  and sudden expo- 
sure  t o  such condi t ions.  

4.  These organisms u t i l i z e  phycobi l ipro te ins  and phycobilisomes a s  l i g h t -  
harves t ing  systems, enabling these  organisms t o  grow w e l l  i n  a broad range of l i g h t  
i n t e n s i t i e s  between 600 and 650 nm, a range i n  which most o t h e r  photosynthet ic  
organisms w i l l  not grow w e l l .  

5. S t r a i n s  a r e  a v a i l a b l e  t h a t  grow as u n i c e l l u l a r  organisms i n  suspension cul-  

It  is  p o s s i b l e  
t u r e ,  and fi lamentous suspension c u l t u r e  wi th  o r  without shea th  m a t e r i a l .  S t r a i n s  
can be s e l e c t e d  t h a t  grow i n  aggregates ,  and i n  many conf igura t ions .  
t o  o b t a i n  i s o l a t e s  from na ture  t h a t  f u l f i l l  d e s i r e d  growth a s s o c i a t i o n s .  

6. Many spec ies  produce gas  vacuoles and w i l l ,  t h e r e f o r e ,  be of i n t e r e s t  f o r  
c u l t u r i n g  i n  zero-gravity condi t ions .  
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7 .  Proper t ies  (5)  and (6) can be explo i ted  for purposes of harves t ing  o r  co l -  
l e c t i n g  c u l t u r e s .  

8 .  Under n i t rogen  l i m i t a t i o n ,  t h e  organisms w i l l  f i x  atmospheric Nz; t h u s ,  
they can p a r t i c i p a t e  i n  a CELSS i n  which t h e  n i t rogen  recyc l ing  and regenerat ion of 
b i o l o g i c a l l y  u s e f u l  n i t rogen  and biomass is essential. 

9. Most s p e c i e s  produce a high content  of p r o t e i n s ,  i n  some cases  as much a s  
70% of t h e  to ta l  dry weight. 

10. Under appropr ia te  growth condi t ions ,  t h e  r e l a t i v e  proport ion of carbohy- 
d r a t e s  t h a t  can be accumulated i n  t h e  form of glycogen,, l i p i d ,  o r  p r o t e i n  o r  any 
combination thereof  can a l s o  be modulated, p a r t i c u l a r l y  by manipulating n i t rogen  
l i m i t a t i o n s  of growth. 

11. I f  needed, c u l t u r e s  can be synchronized. Growth under s teady-s ta te  condi- 
t i o n s  has  been achieved with many spec ies .  

Two o t h e r  p o i n t s  made by R. Lewin: 

1. Contamination could b e  reduced ( i f  not e l imina ted)  by growing algae capr!t?ic 
of t o l e r a t i n g  extreme condi t ions ,  say  high pH and high s a l i n i t y  (e.g. ,  S p i r u l i n a )  __ , 
low pH (e.g., Cyanidium and Spermatozopsis can t o l e r a t e  pH less than 2 o r  3 ) ,  and 
high temperatures (e.g., Cyanidium and Mastigocladus can t o l e r a t e  temperatures a s  
high as 6OOC). 

2.  Algal products could be ad jus ted  t o  have about 50% p r o t e i n  ( i n  high-nitrsgcn 
media) o r  almost no organic  n i t rogen:  g lycero l  (10%-30% from Dunal ie l la ) ;  mucilage 
(80% from Porphyridium grown on sponge i n  a flowing system); s t a r c h  (perhaps 502 
from green u n i c e l l s ) ;  glucose,  mannitol ,  o r  maltose from ce l l s  "permeabilized" 
(cf . zoochlore l la  i n  symbiotic systems, a lgae  i n  l i c h e n s ,  etc .) . 

Lfght- The e f f e c t  o f  l i g h t  is probably t h e  most important cons idera t ion  i n  the 
design of a l g a  c u l t u r e  systems. 
Examples of wel l -character ized ra te -versus- in tens i ty  curves  f o r  a lgae  are a v a i l a b l e .  
As pointed o u t  by J. Myers. such c h a r a c t e r i s t i c s  a r e  not  f i x e d ,  even f o r  a p a r t i c u -  
l a r  spec ies ;  s i n c e  a l g a e  a r e  capable  of adapt ing t o  d i f f e r e n t  l i g h t  condi t ions ,  
changes i n  l i g h t  i n t e n s i t y  can e l i c i t  corresponding changes i n  t h e  a l g a ' s  physiology. 

An a l g a  c u l t u r e  system b a s i c a l l y  follows Beer's Lax. 

The p r o d u c t i v i t y  of an a l g a  c u l t u r e  f o r  a given c u l t u r e  s y s t e m  can be der ived.  
Product iv i ty  follows some r a t h e r  genera l  r u l e s :  maximum product iv i ty  occurs a t  
r e l a t i v e l y  high populat ion d e n s i t i e s ,  and a t  a s p e c i f i c  growth rate equal TO abcut 
one-half t h e  maximum growth rate. 

San P i e t r o  suggested t h e  use  of "stacked c u l t u r e s "  t o  maximize the  use of l i g h t  
q u a l i t y  and inyens i ty  (assuming t h e  l i g h t  source t o  be broad-spectrum white l i g h t ) .  
Under n a t u r a l  c m d i t i o n s ,  e s s e n t i a l l y  every p a r t  of t h e  spectrum from 300-950 nm i s  
u t i l i z e d  by one o r  another  organism. I n  green a l g a e ,  maximal absorpt ion i s  due t o  
chlorophyll-a and chlorophyll-b,  wi th  absorpt ion maxima a t  675 and 650 nm, respec- 
t i v e l y .  I n  genera l ,  most of  t h e  energy i n  the  500-650 nm range i s  not used by green 
algae.  However, t h e  blue-green a lgae  conta in  accessory pigments (phycobi l ipro te ins)  
t h a t  absorb i n  t h e  range of 500-650 NO, and t h i s  energy can be used photosyntheti-  
c a l l y  by t r a n s f e r  t o  chlorophyl l .  Depending on t h e  geometry of t h e  c u l t u r e  arrange- 
ment, one could have s tacked o r  concent r ic  c u l t u r e s  of green and blue-green a lgae ,  
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depending on placement of t h e  l i g h t  source;  above o r  below f o r  stacked c u l t u r e s  and 
c e n t r a l  f o r  concent r ic  c u l t u r e s .  This might a l low f o r  (1) maximal use of a v a i l a b l e  
l i g h t  energy and (2 )  major production of two d i f f e r e n t  products ( p r o t e i n ,  carbohy- 
d r a t e ,  o r  l i p i d ) ,  one each by t h e  two c u l t u r e s .  One could even go f u r t h e r  and 
possibly inc lude  a c u l t u r e  of photosynthet ic  b a c t e r i a  ( l i g h t  absorp t ion  beyond 
700 nm) which take  up carbon dioxide i n  t h e  absence of  oxygen evolu t ion  but r e q u i r e  
an oxid izable  s u b s t r a t e  (organic o r  inorganic) .  

C 0 2  and 0 2 -  The e f f e c t s  of COz and 0 2  have not  been worked out  i n  as quant i ta -  
t i ve  a manner as those of l i g h t .  
t h a t  t h e s e  f a c t o r s  a r e  not  l i m i t i n g .  
are a b l e  t o  pump HCO? (b icarbonate) ,  and thus  concent ra te  inorganic  carbon i n  a 
manner similar t o  t h a t  found in C 4  p l a n t s .  

However, one can genera l ly  run a l g a  c u l t u r e s  so 
One r e l e v a n t  recent  f ind ing  is t h a t  some a lgae  

The main f e a t u r e s  of carbon d ioxide  u t i l i z a t i o n  i n  t h e  present  context  are 

1. C02  .'$ a s u b s t r a t e ,  and a i r  levels (0.03%) are not  s a t u r a t i n g .  Algal cul-  
t u r e s  are genera l ly  run on 1%-5% C 0 2  i n  a i r .  

2 .  The enzymology of  C 0 2  uptake ( i . e . ,  Calvin c y c l e ,  e t c . )  is w e l l  understood. 

3. HCO? t r a n s p o r t  by a l g a e  is recognized but  n o t  w e l l  understood. It does 
11 appear t o  funct ion as a "CO? pump. 

4. Problems rcllaring t o  m a s s  t r a n s f e r  and i n t e r f a c e s  need t o  be addressed 
(e.g., bubble size and a e r a t i o n  rate). 

Oxygen is both a product and an i n h i b i t o r  of  photosynthesis  ( t h e  i n h i b i t o r y  
e f f e c t  is genera l ly  discussed i n  terms of tho Warburg e f f e c t ,  photoresp i ra t ion ,  o r  
plwtoreduction).  
circumvented by using high COP t ens ions .  The concent ra t ion  r e l a t i o n s  between 02 and 
COz are q u i t e  complex, and depend on such f a c t o r s  as s p e c i f i c  physiology, HCOf pump- 
ing ,  and mass t r a n s f e r .  

I n  genera l ,  d e l e t e r i o u s  02 e f f e c t s  a t  atmospheric l e v e l s  car? be 

I n  summary, t h e  problem of CO2 and 0 2  is not a s  w e l l  r h a r a c t e r i z e d  a s  t h e  l i g h t  
problerr.. I n  genera l ,  02 e f f e c t s  are competit ive with C02 .  30th problems ( i . e . ,  C 0 2  

a v a i l a b i l i t y  and 0 2  i n h i b i t i o n )  can be solved by using C02-supplemented a i r .  Under 
these  circumstances,  t h e  a l g a e  are subs t ra te -sa tura ted  and t h e  competi t ive 02 inhib- 
i t o r y  e f f e c t s  are minimized. 

Temperature- The responses of a l g a e  t o  temperature a r e  n o t  unusuel ,  compared 
with those of o t h e r  organisms. 
given s p e c i e s  having an optimal growth range of 2OC-3OC. 
have an optimal growth range of 39"C, and some thermophilic blue-greens have been 
reported wi th  optimal growth ranges g r e a t e r  than 5OoC. 
e a r l y  i n t e r e s t  i n  t h e  a p p l i c a b i l i t y  of high-temperature s t r a i n s  f o r  mass c u l t u r e ,  
t h e r e  has i n  genera l  been l i t t l e  success  i n  increas ing  product iv i ty  by the  use of  
these  s t r a i n s .  One s i d e  b e n e f i t  is t h a t  minimal cool ing of such c u l t u r e s  would be 
required.  

I n  g e n e r a l ,  a l g a e  have a wide range f o r  growth, with 
Thermotolerant __. Chlort:!li __ 

Although t h e r e  was some 

Mineral n u t r i t f o n -  The main mineral  requirement f o r  a l g a l  growth i s  f ixed n i t r o -  
gen i n  a proport ion of about one n i t rogen  atom per  six carbon atoms. Urea, ammonia, 
and n i t r a t e  have a l l  been used as n i t rogen  sources ,  and t h e r e  have been some experi-  
ments using human wastes. Other required macroelements a r e  K ,  Mg, S ,  P. In  a d d i t i o n ,  
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about 10 microelements seem t o  be requi red  f o r  opt imal  growth. 
few r e p o r t s  of mineral r ecyc l ing  systems being used f o r  continuous a l g a l  production. 

There have been a 

Depending on t h e  method used t o  d i spose  of o rgan ic  waste ( p a r t i c u l a r l y  human 
feces  and n o n u t i l i z a b l e  a l g a l  products  from t h e  CELSS) t h e  l e v e l  of b a c t e r i a l  deni- 
t r i f y i n g  a c t i v i t y  w i l l  vary .  A continuous l o s s  of b i o l o g i c a l l y  usable  f ixed  n i t r o -  
gen, a t  whatever rate, w i l l  be a s e r i o u s  problem i n  a CELSS program dur ing  prolonged 
space f l igh t .  
species would circumvent t h i s  process ,  reclaiming n i t rogen  l o s t  by b a c t e r i a l  a c t i o n  
and re in t roducing  i t  i n  a usab le  form i n t o  t h e  biosystem. 

As emphasized by Packer, t he  use of n i t rogen-f ix ing  cyanobacter ia l  

Engineering a l g a l  c u l t u r e s -  Given what is known, how do we engineer a l g a l  cu l -  
Algal growth can be considered as a balanced t u r e s  f o r  space-related a p p l i c a t i o n s ?  

chemical equation : 

6.14 C 0 2  + 4.7 H 2 0  + HNOJ + LIGHT + C 6 . 1 4 H 1 0 . 3 0 2 . 2 4 N  + 8 . 9  0 2  

Assimilatory quo t i en t  = 0.69 

o r  

6.14 C02 + 3.7 H20 + M i 3  + LIGHT + C 6 . 1 4 H l 0 . 3 0 2 . 2 4 N  + 6 . 9  0 2  

Assimilatory quo t i en t  = 0.89 

The sys tem can be considered i n  t h e  following terms: 

1. Known: t h e  y i e l d  as a funct ion  of i n t e n s i t y  and wavelength 

2 .  Can determine: t h e  y i e l d  as a func t ion  of C02 and 02 f o r  t h e  s p e c i f i c  con- 
f i g u r a t i o n  (one genera l ly  uses  C02-amended a i r )  

3. Choose: n i t rogen  source ,  i ts  concent ra t ion  being sca led  t o  t h e  des i r ed  
cell  dens i ty .  

Work t o  d a t e  sugges ts  t h a t  t he re  are no insurmountable problems with r e spec t  t o  
a l g a l  c u l t u r e s  (on Ear th) ;  i n  gene ra l ,  they can be run  and considered as biochemical 
(chemical) r e a c t o r s .  

Modifications v i a  molecular gene t ics -  Several  new and i n t r i g u i n g  p o s s i b i l i t i e s  
have r ecen t ly  a r i s e n  a s  a r e s u l t  of developments i n  molecular biology and gene t i c s .  
It now appears t h a t  i n  the very near f u t u r e  one w i l l  be ab le  t o  s p e c i f i c a l l y  a l te r  
t h e  n u t r i t i m a l  (or  o the r  q u a l i t y )  of an a lga ;  f o r  example, otle could c lone  polyly- 
s i n e  syn thes i s  i n t o  ly s ine  d e f i c i e n t  Sp i ru l ina .  Although these  s t u d i e s  a r e  i n  t h e i r  
in fancy ,  t he re  are ample precedents i n  t h e  more h ighly  developed work on E. c o l i  and 
yeas t .  The cu r ren t  s t a t u s  of molecular gene t i c s  with r e spec t  t o  some a l g a e  of ime- 
d i a t e  i n t e r e s t  t o  CELSS i s  

1. - A n m s t i s  - (blue-green) : has known t ransformat ion  system 

2.  Chi-amydomonas (green):  has known transformation system 
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3.  S p i r u l i n a  (blue-green):  no plasmids? 

4 .  Chlo re l l a  and Scenedesmus (greens)  : no d a t a  

The unanswered ques t ion  i n  a l l  of these  s t u d i e s  t o  d a t e  has  been how w i l l  t he se  
modified organisms behave i n  c u l t u r e ?  
wi th in  the  next  5 y r  o r  so, i f  t h e  necessary research  programs are undertaken. 

I t  should be poss ib l e  t o  answer t h i s  ques t ion  

Processing Algae 

General cons idera t ions-  I n  an a l g a l  r egene ra t ive  system, a given amount. of 
regenerated oxygen k i l l  be a s soc ia t ed  wi th  a given t o t a l  biomass of  a lgae  (X)  and a 
f r a c t i o n  of t h i s  biomass (Y) w i l l  be u t i l i z a b l e  as food. The b a s i c  problems of t h e  
research  and development t o  be undertaken, i f  t h e  system is  t o  f l y ,  arise from the  
following r e l a t i o n s h i p s .  The biomass X is  a func t ion  of t h e  spec ie s  of a l g a  
se l ec t ed ,  of growing condi t ions ,  of  ha rves t ing  methods, and of o t h e r  f a c t o r s .  The 
biomass f r a c t i o n  Y i s  obviously a func t ion  of  X,  but  is a l s o  a func t ion  of spec ie s ,  
of growing cond i t ions ,  and of harves t ing  methods ( i . e . ,  f o r  any given t o t a l  X t h e  
r e s u l t i n g  Y w i l l  depend or t h e  above, because,  f o r  example, d i f f e r e n t  spec ie s  have 
d i f f e r e n t  protein- to-cel l -wal l  r a t i o s ) .  The f r a c t i o n  Y is a l s o  a func t ion  of a 
number of food processing v a r i a b l e s ,  such as method of p u r i f i c a t i o n ,  method of prep- 
a r a t i o n ,  and p a l a t a b i l i t y ;  i t  i s  a func t ion  of a number of  e x t e r n a l  v a r i a b l e s ,  such 
as a v a i l a b i l i t y  of  o the r  food components t o  blend wi th  t h e  a lgae  t o  improve taste o r  
n u t r i t i o n ,  mot iva t ion  of the crew t o  eat marginal ly  e d i b l e  materials, and t h e  pres-  
ence of o the r  biomass conversion systems ( y e a s t ,  f i s h ) .  

Some of t he  important i s s u e s  r e l a t e d  t3 t h e  use  of  a lgae  f o r  human food i n  
space are 

1. Determining t h e  maximum amount of a l g a l  material t h a t  carr be used as a 
r e s u l t  of l i m i t a t i o n s  imposed by a c c e p t a b i l i t y ,  n u t r i e n t  conten t ,  and freedom of 
contamination. 

2. Es t ab l i sh ing  the a v a i l a b i l i t y  of o the r  n u t r i e n t s  (foods or components) t o  
blend with t h e  algae-derived components, and determining t h e i r  compa t ib i l i t y  with 
r e spec t  t o  taste, n u t r i e n t  con ten t ,  and chemical r e a c t i v i t y .  

3 .  Determining how t o  formulate and process  acceptab le  foods using a l g a l  and 
non-algal components. 

Optimization of t he  a l g a l  system w i l l  r equ i r e  t h e  cons idera t ion  of a l l  of the  
In o rde r  t o  o J t a i n  t h e  necessary information t o  begin above p lus  o the r  va r i ab le s .  

work toward t h i s  op t imiza t ion ,  i t  appears  t h a t  t h e r e  is  an urgent  need f o r  research  
i n  food processing and n u t r i t i o n ,  and i n  a l g a l  physiology as i t  a f f e c t s  food pro- 
cess ing  and n u t r i t i o n .  

F e a s i b i l i t y  of convert ing a l g a l  biomass t o  ed ib l e  component$- D i rec t  consumption 
of s i n g l e - c e l l  biomass without  p u r i f i c a t i o n  is no t  f e a s i b l e  i n  an&nts t h a t  would 
be of  any s i g n i f i c a n c e  t o  biomass recyc l ing .  The p u r i f i c a t i o n  (removal of undesira-  
b l e  components) o r  i s o l a t i o n  (recovery of  e d i b l e  ccmponents i n  r e l a t i v e l y  pure form) 
may be necess i t a t ed  by phys io logica l  concerns ( n u t r i t i o n  and toxicology)  and pa la t a -  
b i l i t y  concerns. 
being well  e s t ab l i shed  by pas t  work with seve ra l  spec ie s  of a lgae .  

The fol lowing concerns have t een  i d e n t i f i e d  a t  the  workshop as 
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1. Phys io logica l  (undes i rab le  components): Nucleic ac id  excess ,  r ecy l ing  of 
p o t e n t i a l l y  t o x i c  metals, pho tosens i t i z ing  and t o x i c  pigments,  s t e r o i d s ,  excess  
pro te in- to-ca lor ie  r a t t o  i n  the  p o t e n t i a l l y  e d i b l e  biomass, nondiges t ib le  components 
of  c e l l  w a l l ,  p o t e n t i a l l y  nond iges t ib l e ,  and phys io logica l ly  d i s tu rb ing  carbohydrates  
(d i a r rhea ,  f l a t u l e n c e ) ,  t ox ins ,  and a l l e r g e n s  o f  unknown o r i g i n .  

2. Organoleptic : Previous s t u d i e s  r e v e a l  o f f ens ive  f l a v o r s ,  tastes,  and per- 
ha?s t e x t u r e s  and c o l o r s  i n  minimally processed algae.  

It is  important t o  (1)  e s t a b l i s h  the  f e a s i b i l i t y  of e x t r a c t i n g  pu r i f i ed  e d i b l e  
components from a l g a l  biomass, (2 )  e s t a b l i s h  t h e  f e a s i b i l i t y  of convert ing these  
components t o  food, ( 3 )  s c a l e  down re l evan t  processes  t o  space cond i t ions ,  
( 4 )  analyze the  r e l a t i o n s h i p s  between the  degree of u t i l i z a t i o n  of t h e  bioma.ss (y i e ld )  
and t h e  weight of requi red  equipment. 

It appears t h a t  recovery of  p a r t  of  the  p r o t e i n  may be the  least  d i f f i c u l t  t a s k ,  
However, recovery of carbohydrates ,  which followed by recovery of p a r t  of t h e  l i p i d .  

i n  a l a r g e  measure are i n  the ce l l  wal ls ,  w i l l  r e q u i r e  s u b s t a n t i a l  chemical process- 
i n g ,  and the  carbohydrates  may not  be of n u t r i t i o n a l  va lue  (wrong carbohydrates) .  
This conclusion i s  premised on composition of a lgae  under the  combinations of grow- 
ing  condi t ions  c u r r e n t l y  considered "optimal" f o r  t rouble- f ree  recyc l ing  of oxygen. 

Following are some of  t he  s p e c i f i c ,  a l though broadly def ined ,  t a sks  of t h i s  
research  i n t o  the  processing of a lgae  f o r  human consumption i n  space: 

1 .  Es tab l i sh ing  methods of c e l l  rup tu re  (chemical,  phys i ca l ,  enzymatic) 

2 .  How t o  concurren t ly  reduce nuc le i c  a c i d s  and e x t r a c t  crude components 
(chemical, phys ica l ,  enzymatic) 

3. How t o  i s o l a t e  and pu r i fy  d e s i r a b l e  components; f o r  example, by ion ic  
s t r eng th ,  cen t r i fuga t ion ,  phys ica l  s epa ra t ion  ( f i l t r a t i o n ,  d i a l y s i s )  

4 .  How t o  manage by-products 

5 .  Determine p r o p e r t i e s  of p u r i f i e d  ing red ien t s  

Some a l t e r n a t i v e s  i n  processing are shown i n  f i g u r e  1. A s  shown i n  f i g u r e  1, 
nucle ic  ac id  reduct ion  i s  a major processing ob jec t ive  and could b e  accomplished by 
heat-shocking the  cel ls  t o  activate endogenous nucleases  and incubat ing them a t  
reduced temper.stures t o  hydrolyze t h e  nuc le i c  a c i d s  and excrete t h e  d iges ted  nucleo- 
t i d e s .  Ex t r ace l lu l a r  nuc leo t ides  i n  t h e  l i q u i d  phase would then be recycled as 
n u t r i e n t s  f o r  a lga l  c u l t u r e  fol lowing cel l  ha rves t .  A l t e rna t ive  methods might 
involve a l k a l i n e  e x t r a c t i o n  of  whole ce l l s  o r  exogenous nucleases  under similar 
thermal processing condi t ions .  Harvest ing of c e l l s  might involve  c e n t r i f u g a t i o n ,  
f i l t r a t i o n ,  o r  chemical f l occu len t s .  F locculen ts  are not  favored because they are 
genera l ly  unsu i t ab le  f o r  human consumption a t  required dosages.  
f o r  example, Sp i ru l ina ,  cells could be  recovered'by a r o t a r y  f i l t e r  of l a r g e  mesh 
s i z e .  Smaller organisms, f o r  example, Scenedesmus , would be more d i f f i c u l t  t o  f i l -  
ter and would require Freasuie g r a d i e n t s  a t  f i l t r a t i o n - c a k e  r e s i s t a n c e s  t h a t  could 
not be reduced by convent ional  f i l t e r  a i d s  t h a t  would make c e l l  rup tu re  more d i f f i -  
c u l t .  
f i l t e r  a i d  as a n u t r i t i o n a l  supplement t o  s o l i d s  c o n s i s t i n g  p r imar i ly  of carhohy- 
d r a t €  and pro te in .  

For l a r g e  organisms, 

Following c e l l  rup tu re ,  f t  might be poss ib l e  t o  use  a formulated e d i b l e  

Algal walls are repor ted  t o  conta in  10%-20% of c e l l  n i t rogen  arid 
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varying l e v e l s  of c e l l u l o s e ,  rhamnose, and p e c t i n ,  which are not  d iges ted  i n  normal 
mammalian metabolism. 

P ro te in  and l i p i d  recover ies  could be enhanced by i n  v i t r o  treatment of whole 
ce l l s  wi th  c e l l u l a s e  mixtures  o r  by i n  v ivo  fermentat ion of harvested ce l l s  i n  t h e  
s o l i d  s ta te  before  c e l l  rup ture .  
m i l l i n g ,  homogenization, o r  p re s s ing ,  followed by sepa ra t ion  of the  s o l i d s  phase 
from a two-component l i q u i d  phase conta in ing  the  major so lub le  p r o t e i n s  and in so lub le  
l i p i d s  as cytoplasmic d rop le t s .  
fe rences  permi t t ing  phase sepa ra t ion  with p ro te in  recovery by thermal coagulatLon of 
the  aqueous phase. 
mixture of amino a c i d s  and sugars  which could be separa ted  by chromatography o r  f i l -  
t r a t i o n ,  o r  recoverec! by dry ing  t h e  s o l i d s  f o r  use as emergency r a t i o n s  o r  as con- 
ven t iona l  food supplements. A l t e rna t ive ly ,  t o  i nc rease  t h e  d i g e s t i b i l i t y  of s o l i d s ,  
t he  d i s rup ted  s o l i d s  could be fermented i n  the  s o l i d  state by a food-grade organism 
producing e x t r a c e l l u l a r  enzymes t h a t  hydrolyze cell-wall  cons t i t uen t s .  Such methods 
are widely used t o  produce t r a d i t i o n a l  orLenta1 foods and could probably he devel-  
oped f o r  a lga l  processing t o  y i e l d  a t typeh- l ike  product of lnlproved f l a v o r ,  tex- 
t u r e ,  and d i g e s t i b i l i t y ,  which could be cooked and ea t en  alone or with conventional 
food supplements. A prel iminary estimate of a v a i l a b l e  c a l o r i e s  per  potlnd of dry 
a lgae  based on 50% recovery of major n u t r i e n t s  f o r  the  u n i t  opera t ions  descr ibed is  
shown i n  t a b l e  1. The estimate i s  spzcu la t ive ,  of course ,  but  it does provide a 
b a s i s  f o r  prel iminary cons idera t ion  of n u t r i t i o n a l  requirements.  The estimate sug- 
g e s t s  t h a t  a d d i t i o n a l  carbohydrate would be requi red  f o r  n u t r i t i o n a l l y  bslanced 
d i e t s .  

Cell d i s rup t ion  might involve  son ica t ion ,  b a l l -  

The l i p i d s  could then be recovered by dens i ty  d i f -  

The s o l i d s  might then be d iges ted  i n  v i t r o  by enzymes t o  g ive  a 

TABLE 1.- ESTIMATED CALORIC VALUE OF ALGAE BASED ON 50% RECOVERY OF 
MAJOR FOOD CONSTITUENTS (Based on 1 lb  of s o l i d s )  

Cons t i tuent ,  X 

Pro te in  
Nucleic ac ids  
Lipid 
Carbohydrate 
Fiber  
Ash 

Approximate weight d i s t r ibu t ,on ,  g Calor ies  
~ ~ ~~ 

Tota l  Walla Cytoplasm Recovery 
-. 

45 204 30 1 7 4  102 
5 23 - 23 - 

15 68 18 50 34 
25 1 1 4  100 14  57 
5 23 23 
5 22 - 22 - 

- - 

Unit Tota l  

4.5  459 

9.5 323 
3.7 211 

- - 

Tota l  100 454  171 283 193 5.1 993 - 
n Including c e l l  membr, e .  

Modifying the a lgae  regenera t ive  sys tem f o r  food components- It w i l l  a l s o  be 
important t o  analyze t h e  p o t e n t i a l  f o r  modifying the  a l g a l  oxygen regenera t ive  s y s -  
t e m  i n  o rde r  t o  f a c i l i t a t e  t h e  u t i l i z a t i o n  of biomass as  food. I n  p a r t i c u l a r ,  the  
p o s s i b i l i t y  l o r  growing a l g a e  wi th  a high carbohydrate (preferab ly  s t a r c h )  conten t  
i n  a form e a s i l y  recovered by phys ica l  means, such as l a r g e  granules ,  should be 
s tudied  . 
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Other food processing cons idera t ions  t h a t  may a f f e c t  t h e  s e l e c t i o n  of a l g a l  
In  p a r t i c u l a r ,  Packer c a l l e d  a t t e n t i o n  t o  some 
Most of t h e  majcr p r o t e i n s  of cyanobacter ia  

species rlere pointed up by Packer. 
of t h e  advantages of cyanobacteria.  
should be r e a d i l y  a c c e s s i b l e  f o r  f r a c t i o n a t i o n .  Being prokaryot ic ,  it is i n  pr inc i -  
p l e  r e l a t i v e l y  er,sier ( than with eukaryot ic  a lgae)  t o  des ign  methods combining 
enzyme treatment wi th  mild mechanical t reatment  o r  osmotic shock t o  break t h e  orga- 
nisms open and f r e e  t h e i r  i n t e r n a l  contents .  

Major p r 9 t e i n  - ,ect ions i n  t h e  cyanobacter ia ,  3s i n  o t h e r  photosynthet ic  orga- 
nisms, are t h e  r ibu lose  bispliosphate carboxylase p r o t e i n  f r a c t i o n  ( f r a c t i o n  I pro- 
t e i n ) ,  which represents  t h e  major s i n g l e  p r o t e i n  i i t  most eukaryot ic  and prokaryot ic  
photosynthetic organisms. 
bac te r ia .  Some spec ies  produce t h i s  p r o t e i n  i n  t h e  form of "carboxysomes." I n  t h e  
e l e c t r o n  microscope, these  are seen as huge macromolecular aggregates.  

This p r o t e i n  is perhaps a t h i r d  3f t h e  total  i n  cyano- 

The cyanobacteria are a l s o  s p e c i a l  i n  t h a t  t h e  l igh t -harves t ing  pigments a r e  
phycobi l iproteins  and phycobilisomes (phycobi l ipro te ins  otgacized i n t o  granules) .  
Phycobilisomes are r e l a t i v e l y  loosely atcached by e l e c t r o s t a t i c  means t o  thylakoid 
membranes. 
membranes i n  ruptured cel l  homogenates. Rapid and simple i s o l a t i o n  procedures are 
state-of-the-art .  
of such phycobilisomes w i l l  occur by subjec t ing  cyanobac: o r i a  to a t r a n s i e n t  s a l t  
shock. 

These granules  can be r e a d i l y  re leased  by mild i o n i c  s t r e n g t h  washing of 

Also, experiments have shown t h a t  temporary f u n c t i o n a l  uncoLpling 

These two f r a c t i o n s ,  t o t a l  phvcobi l ipro te ins  and f r a c t i o n  I p r o t e i n ,  would be 
about 50% 3f a l l  t h e  c e l l u l a r  p r o t e i n  p r o t e i n s  t h a t  should,  i n  p r i n c i p l e ,  be rea- 
d i l v  a v a i l a b l e  f o r  processing f o r  n u t r i e n t  use f o r  human consumption. 
fractic.ts would n o t ,  a p r i o r i ,  be expzcted t o  conta in  e i t h e r  as c o f a c t o r s  or as 
unwanted crace elements,  metallic or  undesirable  l i p i d  substances.  

These p r o t e i n  

Cyanobacteria have already be-n widely used as a source of food f o r  animals and 
f o r  humans i n  var ious  par ts  of t1.e world. 
cen tur ies .  

Indeed, i n  China, i t  has  been used f o r  

Conbining a l g a l  systczis and o t h e r  synthes is  methods- The p o t e n t i a l  f o r  combining 
the a l g a l  oxygen regenerat ion system with a s y n t h e t i c  o r  a higher  p l a n t  component to  
reduce t h e  dependence on t h e  a l g a l  bionass  f o r  t h e  r z r r i t i o n a l  and e d i b i l i t y  require-  
ment w i l l  a l s o  have t o  be determined. 
content p lan t  (sugar beet or sugar  cane)  and chemical s y n t h e s i s  of g lycero l .  

Some p o s s i b i l i t i e s  inc lude  high-carbohydrate- 

Analysis of the  waste system requirement- It is  necessary t o  reanalyze t h e  
waste system required f o r  t h e  var ious  regenera t ive  systems under cons idera t ion .  
poiiit was a l s o  s t r e s s e d  by Myers and Mudgett. 

This 
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SPACEFLIGHT EXPERIMENTS 

General Considerations 

Because the extensive discussions devoted to other areas of interest, only 
Because of brief attention was given to spaceflight experimentation at the Woxksttop. 

its importance to the proper planning of future CELSS-related spaceflight experimen- 
tation, however, it is strongly recommended that an additional Workshop be held i n  
the near future to address this topic. The following is a summary of both the 
Workshop discussion and additional comments submitted later by the participants. 

It is the consensus of the participants that there are no insuperable problems 
related to the growth of microalgae in space and that in general algal growth char- 
acteristics in space uould be expected to be similar to ground-based cultures. ThP 
major research issues lie in the areas of long-term cciture stabi:ity, the optimal 
design of algal growth reactors, and postgrowth harvesting and processing. 

Research in these areas will start in ground-based laboratories, b*lt p r r d i L r v  
Data so obtained ~;131 h -  .c 

critically important to total C;: SS system design, t o  mathematical modrl i ~ - ~ ; \ - - - - ~  * 

and validation, and to testing of regulation and control. 

behaviors must be verified under actual flight conditions. 

Algal Growth Characteristics 

Although short-term growth of algae would seem to present no probltlxs. ’ L - . ! + -  

term exposure to the space environment may affect culture stability or vi:?bll i:, ~ 

For exanple, the Shuttle cabin atmosphere has been reported to contain maxi:; v\-;.:ti:. 
organic compounds outgassed from Shuttle structural materials. Continual e ~ . ; p ~ ’ ~ ~ : - t  i : 
the algal cultures to such compounds may allow their accumulation unti! the\- t-*.l,.i: 

toxic levels. Other problems that may only be manifested after long-tern; esposurt. 
of the algae to the spacecraft environment include mutagenic effects of i o n i z i r t g  
radiation, microbial contamination of the algal cultures, and application a €  tech- 
niques of heat and mass transfer on fluid and particle behavior. 
eters that might be affected include rates of growth, photosynthesis and respiration, 
algal composition, and the excretion of organic and inorganic compounds. 
factors could have negative effects on the algae as a reliable and stable component 
of a bioregenerative system. 
cultures, spaceflight opportunities lasting for several hundred algal generations, 
corresponding to several months of continuous growth, are required. 

Biological param- 

These  

To assess properly the long-term behdvior of algal 

Algal Growth Reactor 

Of central importarce in the successful utilizaticn of microalgae in a bioregen- 
erative system is the algal growth reactor. Although certain design problems and 
potentiai approaches t o  their solution can be defined, we anticipate that several 
technical advances will be necessary to ensure that the appropriate tests, both on 
the ground and in space, can be made, Some of the problems that must be addressed 
are gas-liquid separation; the behavior and transport of culture medium; cell adher- 
ence to surfaces; optimal lighting techniques and confiwration, considering effi- 
ciency of utilization; and heat-transfer minimization. 
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A l l  p resent  ground-based a l g a l  growth r e a c t o r s  u se  processes  t h a t  are dependent 
on g r a v i t y ,  such as gas-bubble sparg ing  and mixing, and overflow harves t ing .  
processes w i l l  have to  be replaced wi th  f u n c t i o n a l l y  analogous processes  t h a t  can 
ope ra t e  i n  t h e  space environment. Thus, t h e  e f f e c t s  of microgravi ty  on p a r t i c l e ,  
f l u i d ,  and gas-bubble behavior,  as they a f f e c t  c u l t u r e  a e r a t i o n  and mixing, must be 
determinec!. 
t i o n ,  r e a c t o r  monitoring, and con t ro l .  It is poss ib l e  t h a t  a s i n g l e  r e a c t o r  des ign  
might serve the requirements of many experimenters,  bu t  i t  is a l s o  l i k e l y  t h a t  var-  
i ous  experimental goa l s  might r e q u i r e  experiment-specif ic  des igns  or extens ive  
modiflcazions t o  a s i n g l e  s e l e c t e d  design. 

These 

Other cons ide ra t ions  inc lude  r e a c t o r  s i z e  and weight,  c u l t u r e  i l lumina- 

Harvesting and Processing 

U t i l i z i n g  a l g a e  for : O O ~  w i l l  r e q u i r e  t h a t  c e l l s  be separa ted  from t h e  c u l t u r e  
medium, and t h a t  t h e  harvested material be processed t o  produce food. 
methods, i m t e a d  of chemical ones ,  should be used t o  t h e  maximum ex ten t  poss ib le .  
Such methods w i l l  involve hea t ing  and lroving f l u i d s ,  or the  use  of forced convection, 
f o r  most of t h e  nethods rrnder cons idera t ion .  For example, f i l t r a t i o n ,  chromatog- 
raphy, and d i a l y s i s ,  are a i l  methods t h a t  depend on m a s s  t r a n s f e r  c o e f f i c i e n t s .  
These c o e f f i c i e n t s  may be a f f e c t e d  by f l u i d  behavior  and p a r t i c l e  prc.perties t h a t  
themselves may be a l t e r e d  i n  a i c rog rav i ty .  S imi l a r ly ,  conventional hea t ing  and 
cooling methods depend on he2 t - t r ans fe r  c o e f f i c i e n t s  t h a t  may a l s o  be a f f ec t ed  by 
f l u i d  behavior. Thus, t he  e f f e c t s  of microgravi ty  on both p a r t i c l e  and f l u i d  prop- 
erties and flow behavior,  are of i n t e r e s t  wi th  respect t o  t h e  design and optimiza- 
t i o n  of such processes.  
obtained by c e n t r i f u g a t i o n  can be mair.tained when t h e  c e n t r i f u g a l  a c c e l e r a t i o n  is 
removed. 

Phys ica l  

There is an  a d d i t i o n a l  ques t ion  of whether phase s e p a r a t i o n s  
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FUTURE WORK 

A r e a s  t h a t  are recommended f o r  f u t u r e  CELSS-related a l g a l  c u l t u r e  s t u d i e s  are 
summarized below. 

E s t a b l i s h  criteria- Es tab l i sh ing  a conceptual CELSS framework goes hand-in- 
hand wi th  the sugges t ions  of s e v e r a l  of t h e  Workshop p a r t i c i p a n t s  '\e.g., Lewin). 
These c r i t e r i a  need not  be d e f i n i t i v e ;  a series of  p o s s i b l e  scena r ios  would s u f f i c e  
(e.g., a r t i f i c i a l  l i g h t  ve r sus  s u n l i g h t ;  x men; y liters t o t a l  volume, z years 
du ra t ion ,  w k i l o v a t t s ,  s g a l l o n s  per  day sewage capac i ty ,  and v percent  sewage 
r e c y c l e ) ,  so that d i scuss ions  can have a s t a r t i n g  point .  
derived from e a r l y  NASA an6 W A F  data. 

Most of t hese  could be 

Myers suggested a plus-and-minus p o i n t  system t h a t  could be appl ied  t o  any 
l i fe -suppor t  s y s t e i :  p o s i t i v e  p o i n t s  f o r  i t e m s  such as r e l i a b i l i t y ,  minimum compon- 
e n t s  f o r  complete suppor t ,  and use  o f  known technclogy, and negative W h t s  f o r  pro- 
duc t ion  of any component not u t i l i z a b l e  by the crew, f o r  example, t i m e  f o r  manage- 
ment, and power, volume, and mass requirements,  t o  e s t a b l i s h  criteria f o r  s cena r io  
s e l e c t i o n .  

Myers' concern is t h a t  h i s t o r i c a l l y  t h e r e  has been a repeated p a t i e r n  of avoid- 
ing  d i f f i c u l t  p a r t s  of a proposed system on t h e  premise t h a t  workers on o t h e r  p a r t s  
of t h e  s y s t e r  would somehow reso lve  t h e  problems a s soc ia t ed  with ihem. For example, 
i t  w a s  ear l - ie r  supposed t h a t  someone would so lve  t h e  problem of feeding a lgae  t o  
humans, a i d  no one w a s  concerned about t h e  r ecyc l ing  of t he  d g a l  medium, s i n c e  i t  
w a s  a s s t r x d  t h a t  someone else would handle waste management. 

A t  t h e  Workshop, t h e r e  w a s  l i t t l e  d i scuss ion  of p w e r  requirements. For arti-  
f i c i a l  l i g h t  t h e  minimum inpu t  e l e c t r i c a l  power requirement p e r  man w i l l  be 4 kU, 
96% of which is a heat load t h a t  has t o  be d i s s i p a t e d .  Frm t h i s  s t a r t i n g  p o i n t ,  
t rade-of fs  between l a r g e  systems wi th  low- in tens i ty  lamps (e.g., f l u o r e s c e n t s )  and 
more compact sys tems wi th  h ighe r - in t ens i ty  lamps, lower e f f i c i e n c y ,  and h igher  power 
requirements can be =de. Even i n  c rudes t  form a poin t  s y s t e m  would f o r c e  a d i s c i -  
plined approach; and even i f  no two people could ag ree ,  the e x e r c i s e  would te l l  
where t h e  u w e r t a i n t i e s  are. 

A similar cons ide ra t ions  was addressed by Mudgett, who attempted t o  e s t ima te  the  
e f f e c t s  of a l g a l  c u l t u r e  on 02-CO2 balance i n  terms of a s s i m i l a t i o n  and r e s p i r a t i o n .  
A comparison of r e c i p r o c a l  y i e l d s  i n  m a s s  balance sugges ts  t h r e e  ope ra t ing  modes i n  
continuous c u l t u r e :  

1. 
p roduc t iv i ty  

m i n t a i n  cons t an t  ce l l  dens i ty  with the o b j e c t i v e  of optimizing biomass 

2. Vary :ell d e n s i t y  t o  consume COz a t  its rate or evo lu t ion  i n  r e s p i r a t i o n  

3. Vary cel l  dens i ty  t o  produce 0 2  a t  its rate of consumption i n  r e s p i r a t i o n  

According t o  h i s  computations, each a3 t e r n a t i v e  l eads  t o  imbalance. H i s  con- 
s i d e r a t i o n s  i n d i c a t e  t h e  need for an in t eg ra t ed  c o n t r o l  system t o  maintain balanced 
gas cond i t ions  f o r  algal c u l t u r e  and human r e s p i r a t i o n ,  and suggest t h a t  t i i rbidi-  
q e t r i c  c o n t r o l  may not  be t h e  optimal approach t o  t h i s  problem. 
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A t  p re sen t ,  becadse o f  our  l a c k  of defined r u l e s  and g o a l s ,  w e  have no means by 
which t o  implement o r  eva lua te  t h e  above cons idera t ions .  

Expand CELSS-related a l g a l  c u l t u r e  s tud ie s -  There are several aspects t o  t h e  
problem of a l g a l - r e l a t e d  s t u d i e s ,  a l l  of which must be coordinated wi th  t h e  r e l a t e d  
problem of food production. 

During t h e  p a s t  two decades t h e r e  has been l i t t l e  emphasis on the  c u l t u r e  o f  
a lgae  for space use ,  and as a r e s u l t  its development has not kept  pace wi th  some of 
t h e  r e l a t e d  areas. 
s p e c i f i c  (or  s t r a i n - s p e c i f i c )  c u l t u r e  and product ion d a t a  on t h e  a lgae  of i n t e r e s t .  
Even some of t h e  more arcane d a t a  (e.g., p o s s i b l e  e f f l u e n t  v o l a t i l e s )  should be 
obta inable ,  and any r e l a t e d  problems so lvab le ,  without  undue e f f o r t  o r  expense. 

It should be relatively s t ra ight forward  t o  o b t a i n  spec ies -  

O t h e r  t o p i c s  t o  be addressed i n  t h e  near  f u t u r e  might inc lude  t h e  following. 

1. The s u i t a b i l i t y  of n i t rogeq-f ix ing  cyanobac te r i a l  spec ies .  S tudies  of 
growth r a t e ,  a b i l i t y  t o  withstand environmental shocks, presence or absence of g a s  
vacuoles, and e f f e c t s  of n i t rogen  l i m i t a t i o n  would have t o  be undertaken t o  d e t e r -  
mine t h e  condi t ions  under which optimum accumulation of p r o t e i n  ( f r a c t i o n  I and 
p a r t i c u l a r l y  phycobizisomes) and s t a r c h  or f a t  accumulate. 

2,  Dif fe ren t  a l g a e  or c u l t u r e  cond i t ions ,  f o r  example, growth on s u r f a c e s  i n  
moist air (e.g., Protosiphon, Hormidium) o r  enmeshed and inrmobilized i n  a r t i f i c i a l  
polyurethane sponge (e.g., Yorphyridium). 

3. 
c a l c u l a t i o n s  f o r  gas t r a n s f e r  i n  a l g a l  c u l t u r e  based on genera l ized  equat ions  f o r  
mass balance i n  an a g i t a t e d  c u l t u r e  ves se l .  

Problems r e l a t e d  t o  hea t  and mass t r a n s f e r .  Mudgett made some pre l iminary  

S imi l a r  preliminary cons ide ra t ions  of hea t  t r a n s f e r  i n  a l g a l  c u l t u r e  were based on 
genera l ized  equat ions  f o r  energy balance i n  a countercur ren t  h e a t  exchanger. 

Spacef l igh t  experiments- A t  p r e sen t  t h e r e  are few r e l i a b l e  d a t a  concerning t h e  
e f f e c t  of microgravi ty  on algae.  
physiology pe r  se, i n  which case t h e  problem reduces t o  one of handl ing gases ,  
l i q u i d s ,  and small  p a r t i c l e s  i n  space. 
ab ly  be addressed adequately on Earth.) 

It may be t h a t  t h e r e  is no e f f e c t  on t h e  a l g a l  

(The e f f e c t s  of i on iz ing  r a d i a t i o n  can prob- 

Several  p a r t i c i p a n t s  s t r e s s e d  the  va lue  of developing and maintaining a l g a l  
c u l t u r e  systems i n  microgravi ty  i n  t h e  near fu tu re .  
addressed would inc lude  t h e  following. 

Immediate ques t ions  t o  be 

1. The s t a b i l i t y  and v i a b i l i t y  of a l g a l  organisms dur ing  long-term exposure t o  
The " l easec ra f t "  veh fc l e  may provide t h e  b e s t  

The i n i t i a l  information necessary 
microgravi ty  is unknown (San P i e t r o ) .  
experimental  approach t o  answering t h i s  ques t ion .  
is a complete ground-level photosynthe t ic  c h a r a c t e r i z a t i o n  of a v a r i e t y  of a l g a e  
(green and blue-green). 
a toard  t h e  l e a s e c r a f t  v e h i c l e  so t h a t  c u l t u r e s  of t he  va r ious  a lgae  could be re turned  
t o  Earth a t  6-month i n t e r v a l s .  The re turned  c u l t u r e s  would then  aga in  be subjec ted  
t o  a complete ground-level photosynthe t ic  c h a r a c t e r i z a t i o n  t o  determine any changes 
r e s u l t i n g  from exposure (6 months, 1-yr, 1.5 y r ,  e t c . )  t o  ze ro  g rav i ty .  
term f l i g h t s  (up t o  5 y r ) ,  it w i l l  be  necessary t o  have on board some backup cu l -  
t u r e s  of a lgae  since i t  is un l ike ly  t h a t  a s i n g l e  continuous c u l t u r e  w i l l  ope ra t e  
opt imal ly  and without  acc ident  for t h e  du ra t ion  of a long s p a c e f l i g h t .  

Mul t ip le  c u l t u r e s  of these  a lgae  could then  be placed 

For long- 
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2. It w i l l  a l s o  be necessary t o  determine f o r  how long a continuous a l g a l  
c u l t u r e  w i l l  func t ion  opt imal ly  and without s i g n i f i c a n t  change ( i n  a s s - - i l a t o r y  quo- 
t i e n t ,  i n  product formation, e t c . )  under ze ro  g rav i ty .  I n i t i a l  experiments might 
w e l l  be wi th  short-term f l i g h t s  and emphasize s imple measurements (e .g . ,  CO? uptake,  
9 2  evo lu t ion ,  change i n  pH). 
could vary c u l t u r e  condi t ions  such t h a t  one of  a v a r i e t y  of poss ib l e  products  (pro- 
tei?,  carbohydrate ,  l i p i d )  is  accumulated. 

Depending on t h e  r e s u l t s  of t hese  experiments ,  one 

3. It is c l e a r  t h a t  an a l g a l  CELSS w i l l  r e q u i r e  many mechanical and experirnen- 
t a l  manipulat ions i n  progressing from an a l g a l  c u l t u r e  t o  a u s e f u l  product .  
should be poss ib l e  t o  test  many of these  manipulat ions i n  a complementary set  of 
experiments so t h a t  t h e  r e s u l t s  are app l i cab le  to  a n  a l g a l  CELSS. 
examples of  t h e  types of  manipulat ions t h a t  should be considered. 
bubbling of cu l tu re s :  
previously i n  o t h e r  experiments? (b )  Liquid flow i n  continuous c u l t u r e :  How does 
one c o l l e c t  c u l t u r e  f l u i d  cont inuously at  zero  gravi ty-by  overflow or circumferen- 
t i a l l y ?  (c )  Monitoring devices;  (d)  I l luminat ion:  power a v a i l a b i l i t y  and s p e c t r a l  
qua l i t y :  Can one grow nore  than one a l g a l  c u l t u r e  with the  i l l umina t ion  a v a i l a b l e  
as descr ibed above? (3) Harvest of a lgae :  
g rav i ty ,  and have any of those  methods been t e s t e d  previously? 

It 

The fol lowing are 
(a) S t i r r i n g  and 

What methods are a v a i l a b l e  and have those  methods been t e s t ed  

What methods are app l i cab le  i n  zero  

This is an opportune t i m e  t o  eva lua te  processed a lgae  as a food source.  Tnere 
are no s i g n i f i c a n t  unknowns wi th  respect t o  a l g a l  c u l t u r e  (on Ear th ) ,  and the  prob- 
l e m s  of algal c u l t u r e  i n  space may be r e a d i l y  (but  no t  necessa r i ly  cheaply) solved.  

NASA should undertake a program t o  s tudy and develop methods f o r  processing 
a lgae  f o r  human food. 
able o r  unacceptable components from t h e  e d i b l e  f r a c t i o n .  
begin wi th  Sp i ru l ina  (an e d i b l e  a l g a )  and an e a s i l y  grown, wel l -character ized alga 
such as Scenedesmus o r  Chlore l la .  Once the  ques t ion  of f e a s i b i l i t y  has  been 
answered, more d e t a i l e d  ques t ions  r e l a t e d  t o ,  f o r  example, t h e  energy c o s t s  and 
y i e l d s ,  of t h e  food-processing system can be addressed. The choice of a l g a l  s p e z i e s  
may be an important aspec t  i n  t h e  long-term sxsess of t h i s  p r o j e c t  (most t e r res t r ia l  
land p l a t s  do not  provide acceptab le  food).  
may be adequate ,  i f  not  f d e a l .  In  any event ,  w e  should not a t tempt  t o  f ind  t h e  
i d e a l  a lga:  
cu l tu r ing ,  and harves t ing ,  and a CELSS should probably have more than one a l g a l  
component. 

These methods should be  based on e i t h e r  separat ior!  c f  undesir-  
These s t u d i e s  shoiild 

However, the  aforementioned spec ie s  

t h e r e  w i l l  be too  many t rade-of fs  w i th  respec t  t o  n u t r i t i o n ,  p rocess ing ,  

F ina l ly ,  as noted above, w e  should not  overlook t h e  a t t r a c t i v e  oppor tun i t i e s  
a v a i l a b l e  through the  use  of gene t i c  engineer ing techniques.  This  a rea  is i n  i t s  
infancy ,  p a r t i c u l a r l y  wi th  r e spec t  t o  algae. However, i t  w i l l  probably mature 
r ap id ly  enough t h a t  i t  could make a s u b s t a n t i a l  con t r ibu t ion  t o  t h e  CELSS program. 
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