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The economic f e a s i b i l i t y  of u s i n g  food-p roduc ing  c r o p  

p l  a n t s  i n  a  C o n t r o l  1  ed-Environment  L i f e - S u p p o r t  System 

(CELSS) w i l l  u l t i m a t e l y  depend on t h e  ene rgy  and a r e a  ( o r  

volume)  r e q u i r e d  t o  p r o v i d e  t h e  n u t r i t i o n a l  r e q u i r e m e n t s  f o r  

each  person .  Energy and a r e a  r e q u i r e m e n t s  a r e ,  t o  some 

e x t e n t ,  i n v e r s e l y  r e l a t e d ;  t h a t  i s ,  an i n c r e a s e d  energy  i n p u t  

r e s u l t s  i n  a  d e c r e a s e d  a r e a  r e q u i r e m e n t  and v i c e  v e r s a .  

A m a j o r  g o a l  o f  o u r  r e s e a r c h  e f f o r t  i s  t o  d e t e r m i n e  t h e  

c o n t r o l  1  ed -env i ronment  f o o d - p r o d u c t i o n  e f f i c i e n c y  of  wheat 

p e r  u n i t  a r e a ,  per u n i t  t i m e ,  and p e r  u n i t  energy  i n p u t .  We 

have  s t u d i e d  wheat f o r  t h e  f o l  lowing r e a s o n s :  

(1)  I t s  g r a i n  can be p r o c e s s e d  i n t o  a  wide v a r i e t y  of  

food p r o d u c t s  t h a t  can s u p p l y  a major  p o r t i o n  o f  d i e t a r y  

c a r b o h y d r a t e s  and p r o t e i n .  C e r t a i n  o t h e r  c r o p s  (e.g., 1  e t -  

t u c e )  can s u p p l y  o n l y  a  s m a l l  p o r t i o n  of  d i e t a r y  c a l o r i e s  

b e f o r e  t o x i c  1  e v e 1  s of v i t a m i n s  o r  secondary  p r o d u c t s  a r e  

consumed. 1. 



(2) Wheat, r i c e ,  and ma i ze  ( i n  t h a t  o r d e r )  a r e  t h e  

m a j o r  f o o d  c r o p s  o f  t h e  w o r l d .  Much i s  known a b o u t  whea t  

p h y s i o l o g y ,  and t h i s  k n o w l e d g e  can  be r a p i d l y  a d a p t e d  t o  new 

e n v i  r onmen ts .  

( 3 )  Much i s  a1  so known a b o u t  wheat  g e n e t i c s ,  so i t  i s  

p o s s i b l e  t o  q u i c k l y  s e l e c t  and b r e e d  new c u l t i v a r s  f o r  a  new 

e n v i  ronment .  

( 4 )  Wheat f o r m s  f l o w e r s  i n  r esponse  t o  l o n g  days (i.e., 

i t  i s  a  l o n g - d a y  p l a n t )  and grows we1 1 i n  c o n t i n u o u s  1  i g h t ,  

w h i c h  r e s u l t s  i n  a  maximum u s e  e f f i c i e n c y  p e r  u n i t  mass o f  

t h e  l i g h t i n g  system. S h o r t - d a y  c r o p  p l a n t s  such  as r i c e  h a v e  

an o b l i g a t e  r e q u i r e m e n t  f o r  a  da rk  p e r i o d  ( a b o u t  8 t o  1 2  

h o u r s ,  d e p e n d i n g  on s p e c i e s  and c u l  t i  v a r )  b e f o r e  t h e y  i n i -  

t i a t e  seed p r o d u c t i o n .  Tomatoes c a n n o t  grow unde r  c o n t i n u o u s  

1  i g h t ,  w h i c h  causes  t h e i r  1  e a v e s  t o  become c h l  o r o t i c  ( y e 1  1  ow) 

and  e v e n t u a l l y  d i e .  

( 5 )  The v e r t i c a l  l e a f  o r i e n t a t i o n  a1  l o w s  wheat  t o  e f f i -  

c i e n t l y  a b s o r b  h i g h  1  e v e 1  s  o f  p h o t o s y n t h e t i c a l  l y  a c t i v e  

r a d i a t i o n  (400  t o  700 nm) and c o n v e r t  t h i s  e n e r g y  i n t o  a  h i g h  

g r a i n  y i e l d  p e r  u n i t  area.  Crop  p l a n t s  w i t h  h o r i z o n t a l  . 

l e a v e s  e f f i c i e n t l y  a b s o r b  l o w  l e v e l s  o f  r a d i a t i c n  b u t  gene r -  

a l  l y  a r e  l e s s  e f f i c i e n t  when r a d i a t i o n  l e v e l s  a r e  h i g h  (Gar -  



d n e r  e t .  a l .  1985;  L e o p o l d  a n d  K r i e d e m a n n ,  1975) .  

B a s e d  o n  o u r  p r o d u c t i v i t y  f i n d i n g s  f r o m  t h e  p a s t  f e w  

y e a r s ,  we c a n  now c a l c u l a t e  t h e  s i z e  and  e n e r g y  r e q u i r e m e n t s  

f o r  each  p e r s o n  i n  a  CELSS. F i r s t ,  h o w e v e r ,  i t  i s  u s e f u l  t o  

compare  o u r  f i n d i n g s  w i t h  t h e o r e t i , c a l  l y  a c h i e v a b l e  1  i m i t s ,  

a n d  t h e n  w i t h  more  r e a l i s t i c  p o t e n t i a l l y  a c h i e v a b l e  p r o d u c -  

t i v i t i e s .  

THE THEORETICAL MINIMUM S I Z E  OF A CELSS 

A t  t h e  C02 c o n c e n t r a t i o n s  p r e s e n t  i n  t h e  e a r t h ' s  a tmo-  

s p h e r e ,  s p e c i e s  w i t h  Cq p h o t o s y n t h e s i s  (e.g., m a i z e ,  s u g a r -  

c a n e )  a r e  o f t e n  more e f f i c i e n t  t h a n  s p e c i e s  w i t h  C3 p h o t o -  

s y n t h e s i s ,  w h i c h  i n c l u d e  w h e a t  and  m o s t  c r o p s  (summary i n  

S a l i s b u r y  and  Ross, 1985) .  A t  e l e v a t e d  C02 l e v e l s ,  h o w e v e r ,  

C3 p l a n t s  a r e  s i g n i f i c a n t l y  more  e f f i c i e n t  t h a n  Cq p l a n t s .  

C3 c r o p  p l a n t s  a r e  t h e r e f o r e  a n  e x c e l l e n t  c h o i c e  f o r  a  CELSS 

o r  a  l u n a r  s t a t i o n , w h e r e  C02 l e v e l s  a r e  e x p e c t e d t o  b e  

e l e v a t e d .  F rom t h e  s t o i c h i o m e t r y  o f  e l e c t r o n  t r a n s p o r t  i n  

p h o t o s y n t h e s i s  and  a  p r o t o n  r e q u i r e m e n t  o f  t h r e e  f o r  ATP 

s y n t h e s i s  ( H a n d g a r t e r  a n d  Good, 1982) ,  a  t h e o r e t i c a l  min imum 

o f  9 m o l e s  o f  p h o t o n s  a r e  r e q u i r e d  t o  f i x  1 m o l e  o f  CO2 i n t o  

c a r b o h y d r a t e s  i n  C3 s p e c i e s .  T h i s  i s  known as  a  q u a n t u m  

r e q u i r e m e n t  o f  9 o r  a  q u a n t u m  y i e l d  ( r e c i p r o c a l  o f  quan tum 

r e q u i r e m e n t )  o f  0.111. The  t h e o r e t i c a l  quan tum r e q u i r e m e n t  



of  Cq s p e c i e s  i s  1 5  (quan tum y i - e l d  of  0.067). 

- A t  t h e  w h o l e  p l a n t  l e v e l ,  however ,  some e n e r g y  i s  r e -  

q u i r e d  f o r  n i t r a t e  r e d u c t i o n ,  some i s  l o s t  t o  f l u o r e s c e n c e ,  

some i s  a b s o r b e d  by n o n p h o t o s y n t h e t i c  p i g m e n t s  and r e r a d i a t e d  

a s  h e a t ,  and  some i s  u sed  i n  t he  r e s p i r a t o r y  s y n t h e s i s  o f  

c o m p l e x  m o l e c u l e s ,  s o  t he  b e s t  a c h i e v a b l e  quantum y i e l d  i s  

0..083 (quan tum r e q u i r e m e n t  = 12).: T h i s  h a s  been a c h i e v e d  

o n l y  a t  low i r r a d i a n c e  l e v e l s  and i n  t h e  a b s e n c e  of pho to -  

r e s p i r a t i o n  ( E h l  e r i n g e r  a n d .  P e a r c y ,  1983;  Osborne  and Gar- 

r e t t ,  1983 ) .  T h i s  quantum y i e l d  i s  c l o s e  t o  t h e  c o n v e r s . i o n  

e f f i c i e n c i e s  a c h i e v e d  w i t h  a1  gae.  

I f  we c o u l d  a c h i e v e  a  c o n t i - n u o u s  quantum y i e l d  o f  0.083 

f rom a  p h o t o s y n t h e t i c  pho ton  f l u x  (PPF) of  1000 pmol m-2 s - 1  

( a b o u t  one  ha1 f  f u l  1  sun1  i g h t  a t  t h e  e a r t h ' s  s u r f a c e ) ,  we . 

c o u l d  t h e o r e t i c a l  l y  p r o d u c e  216 g  m - 2  d-1 of  c a r b o h y d r a t e s .  

( C a l c u l a t i o n s :  1000  vmol m-2 s - 1  X 86 ,400  s  d-1 X 0.083 = 

7.2 mol C02 m-2 d - 1  X 30  g  (mo l  ~ ~ ~ 0 1 - 1  = 2 1 6  g m-2 d-1.1 

Assuming 4 k c a l o r i e s  p e r  gram of  c a r b o h y d r a t e s  and a  r e q u i r e -  

ment o f  2600 k c a l  p e r s o n - 1  day-1 . t h e n  we can  c a l c u l a t e  

( 2 1 6  g  m-2 d - 1  X 4  k c a l  g - 1  d i v i d e d  i n t o  2 6 0 0  k c a l  p e r s o n - 1 )  

a  m i n i m u m  c o n t i n u o u s - f o o d - p r o d u c t i o n  a r e a  of  o n l y  3 m2 per 

person.  



THEORETICAL ENERGY REQUIREMENTS 

McCree ( 1 9 7 2 )  c a l c u l a t e s  t h a t  5  p m o l s  o f  p h o t o n s  s - l  

p r o d u c e d  by  h i g h - p r e s s u r e  s o d i u m  l a m p s  i n  t h e  p h o t o s y n t h e t i c  

p a r t  o f  t h e  s p e c t r u m  ( 4 0 0  t o  700  nm) r e p r e s e n t  a l m o s t  e x a c t l y  

one w a t t  o f  e n e r g y .  Thus, if h i g h - p r e s s u r e  s o d i u m  l a m p s  c a n  

b e  made 4 0  p e r c e n t  e f f i c i e n t  a t  p r o d u c i n g  p h o t o s y n t h e t i c  

e n e r g y  ( e f f i c i e n c y  o f  37.6% i s  n o t e d  b e l o w ) ,  an i n p u t  o f  500  

W m-2 c o u l d  p r o d u c e  1000  umol  m-2 s-1. I f  3 m2 w e r e  r e q u i ' r e d  

p e r  p e r s o n ,  t h e  energy .  i n p u t  c o u l d  b e  as l o w  as 1.5 kW per, 

person. T h i s  i s  t h e  h i g h e s t  p o s s i b l e  e f f i c i e n c y  t h a t  c o u l d  

b e  a c h i e v e d  by  any p l a n t  s p e c i e s .  

* I  . 

POTENTIALLY ACHIEVABLE S I Z E  AND ENERGY REQUIREMENTS 

T h i s  a n a y l  s i s  o f  t h e o r e t i c a l  s i z e  a n d  e n e r g y  r e q u i r e -  

m e n t s  i s  h i g h l y  s i m p l i f i e d . .  The f o l l o w i n g  f a c t o r s  r e d u c e  t h e  

a c h i e v a b l e  p r o d u c t i  v i  t y  o f  h i g h e r  p l  a n t s  b e 1  ow t h e  t h e o r e t l -  

c a l  maximum. 

1. L i g h t  A b s o r p t i o n .  d , 

P l a n t  l e a v e s  n e v e r  a b s o r b  a 1  1  t h e  i n c i d e n t  r a d i a t i o n . :  

We h a v e  f o u n d  t h a t ,  u n d e r  i d e a l  c o n d i t i o n s ,  5  p e r c e n t  o f  t h e  

p h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  i s  r e f l e c t e d ,  and  1 p e r -  

c e n t  i s  t r a n s m i t t e d ,  e v e n  b y  a  dense  c a n o p y  w i t h  v e r t i c a l  

l e a v e s .  I t  i s  u n l  i k e l y  t h a t  a b s o r b e d  e n e r g y  w i l  1  e v e r  e x c e e d  

95 p e r c e n t  o f  i n c i d e n t  p h o t o s y n t h e t i c  e n e r g y .  

.- 
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A more s i g n i f i c a n t  a b s o r p t i o n  p r o b l  em o c c u r s  d u r i n g  t h e  

e a r l y  s t a g e s  o f  g rowth  when s m a l l  p l a n t s  do n o t  c o v e r  t h e  

s u r f a c e  a r e a  and c o n s e q u e n t l y  c a n n o t  i n t e r c e p t  a1 1  t h e  i n c i -  

d e n t  i r r a d i a t i o n .  We grow w h e a t  a t  d e n s i t i e s  u p  t o  1500  

p l a n t s  m-2 (6.7 cm2 p l a n t - l ,  2.6 cm between p l a n t s ) .  T h i s  i s  

3  t o  6 t i m e s  n o r m a l  p l a n t i n g  d e n s i t i e s  i n  t h e  f i e 1  d ,  b u t  

p l a n t  l e a v e s  a b s o r b  o n l y  50 p e r c e n t  o f  t h e  i r r a d i a n c e  when 

t h e y  a r e  1 4  d a y s  o l d  and 90 p e r c e n t  when 1 8  days  o l d .  A f t e r  

day 1 8 ,  l i g h t  i n t e r c e p t i o n  c o n t i n u e s  t o  be e x c e l  l e n t  u n t i l  

h a r v e s t  a t  day 60. The g e r m i n a t i n g  s e e d s  do n o t  r e q u i r e  

1  i g h t  u n t i l  emergence  on day 3,  b u t  a b s o r p t i o n  e f f i c i e n c y  i s  

1  ow f rom day 3 t o  a b o u t  day 18. I n  o u r  c u r r e n t  s y s t e m ,  t h i s  

l o s s  i s  a b o u t  20 p e r c e n t  o f  t h e  t o t a l  a r e a  a n d  e n e r g y  r e -  

q u i r e d  t o  grow t h e  c r o p .  A m e c h a n i c a l  s y s t e m  o r  t r a n s -  

p l  a n t i n g  t o  a1  t e r  p l  a n t  s p a c i n g  d u r i n g - e a r l y  g rowth  ( s o  

p l a n t s  a r e  moved a p a r t  a s  t h e y  m a t u r e )  c o u l d  e l  i m i n a t e  some 

o f  t h i s  l o s s .  Such s y s t e m s  a r e  b e i n g  used  i n  commerc ia l  

c o n t r o l  1  e d - e n v i  ronment  f o o d  p r o d u c t i o n .  

I n c r e a s i n g  p l a n t  d e n s i t i e s  e v e n  beyond t h o s e  we h a v e  

u s e d  woul d  a1  s o  i m p r o v e  e a r l y  i n t e r c e p t i o n  o f  r a d i a t i o n  

b e f o r e  day 30,  b u t  t h i s  a p p r o a c h  h a s  two p r o b l e m s ,  one  e n g i -  

n e e r i n g  and  one  b i o l o g i c a l :  (1)  We have  n o t  y e t  d e s i g n e d  a  

s y s t e m  t o  s u p p o r t  u l t r a  h i g h  d e n s i t i e s  of p l a n t s  a b o v e  a  

h y d r o p o n i c  r o o t - z o n e  e n v i  ronment .  ( 2 )  I n t e r p l  a n t  compe t i  - 



t i o n  f o r  l i g h t  q u i c k l y  becomes c o n s i d e r a b l e  a t  h i g h  p l a n t  

d e n s i t i e s .  L i t t l e  i s  known a b o u t  t h e  e f f e c t s  o f  t h i s  l o w -  

l i g h t  s t r e s s  on y o u n g  p l a n t s ,  b u t  f i e l d  s t u d i e s  i n d i c a t e  t h a t  

h i g h  d e n s i t i e s  d e c r e a s e  s e e d  y i e l d  b e f o r e  t o t a l  p l a n t  g r o w t h  

i s  r e d u c e d  ( s e e  d i s c u s s i o n  i n  G a r d n e r  e t  a l . ,  1985).  

2. H a r v e s t  I n d e x .  --- -- 
The m o s t  s i g n i f i c a n t  l i m i t a t i o n  t o  f o o d  p r o d u c t i o n  i s  

t h a t  n o t  a l l  t h e  b i o m a s s  p r o d u c e d  b y  t h e  p l a n t s  i s  e d i b l e .  

The e d i b l e  d i v i d e d  by  t o t a l  b i o m a s s  ( b o t h  d r y )  i s  c a l l e d  t h e  

h a r v e s t  i n d e x .  A l e t t u c e  c r o p  h a s  a b o u t  80  p e r c e n t  e d i b l e  -- 
1  e a v e s  and  20 p e r c e n t  i n e d i b l e  s t e m  a n d  r o o t s .  P o t a t o e s  c a n  

h a v e  a  h a r v e s t  i n d e x  o f  e d i b l e  t u b e r s  o f  8 0  p e r c e n t  o f  t h e  

t o t a l  b iomass ,  and  w h e a t  c a n  r e a c h  60  p e r c e n t  e d i b l e  g r a i n  on 

a  d r y - m a s s  b a s i s .  U n d e r  t h e  ~ e s t  c o n d i t i o n s ,  t h e r e  i s  a  2 0  

t o  40 p e r c e n t  l o s s  f r o m  i n e d i b l e  p l a n t  p a r t s .  

Many a u t h o r s  h a v e  s u g g e s t e d  c r o p s  w i t h  e d i b l e  r o o t s ,  

l e a v e s ,  a n d  r e p r o d u c t i v e  s t r u c t u r e s .  Swee t  p o t a t o  a n d  s u g a r  

b e e t  a r e  e x a m p l e s .  I n  m o s t  cases ,  h o w e v e r ,  o n l y  t h e  y o u n g  

1  e a v e s  a r e  e d i b l e ,  a 1  t h o u g h  i t  i s  t h e  m a t u r e  t u b e r s ,  r o o t s ,  

f r u i t s ,  o r  seeds  o f  s u c h  p l a n t s  t h a t  a r e  n o r m a l l y  h a r v e s t e d .  

U n u s u a l  f o o d  c r o p s  s h o u l d  be c o n s i d e r e d  f o r  a  CELSS, b u t  

c l a i m s  o f  h i g h  p r o d u c t i v i t y  and  h i g h  h a r v e s t  i n d e x  o f t e n  - 

c a n n o t  be s u b s t a n t i a t e d .  
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3. D i g e s t i b l e  e n e r g y  p e r  u n i t  e d i b l e  b i o m a s s .  

When t h e  e n e r g y  c o n t ' e n t  o f  o v e n  d r y  w h e a t  g r a i n  i s  

d e t e r m i n e d  b y  c o m b u s t i o n  i n  a  bomb c a l o r i m e t e r ,  v a l u e s  a s  

1 h i g h  a s  3.94 k c a l  g - 1  a r e  o b t a i n e d ,  b u t  t h e  d i g e s t i b l e  e n e r g y  

i s  o n l y  a b o u t  3.7 k c a l  ( T a b l e  1): T h i s  r e l a t i o n s h i p  a 1  s o  

h o l d s  f o r  o t h e r  f o o d  c o m m o d i t i e s .  

T a b l e  I 

DIGESTIBLE ENERGY CONTENT OF 
HARD R E D  S P R I N G  WHEAT G R A I N  

As H a r v e s t e d  Oven k c a l  K c a l  g - 1  
( %  D r y  g- l I n  Bomb 

% C a l o r i m e t e r  

C a r b o h y d r a t e s  66.8 76.8 x 4 - - 3.07 

P r o t e i n  

F a t  

F i b e r  

Ash 

V o i  s t u r e  

Net '  U s a b l e  D i g e s t i b l e  E n e r g y  V a r i e s  f r o m  a b o u t  90  t o  95% o f  
t h e  3.94 K c a l  g-l (See FA0 p u b 1  i c a t i o n  24. 1970.  Amino A c i d  
c o n t e n t  o f  F o o d s  a n d  B i o l o g i c a l  D a t a  on P r o t e i n s . )  

A s s u m i n g  94% d i g e s t i b i l i t y :  . 

x .94  
3 . / 0  k c a l  a - 1  

x 4.18 j o u l e ;  K c a l  
1 5 . 0  j o u l e s  g - l  



4. E n e r g y  c o n v e r s i o n .  

H i g h - p r e s s u r e  s o d i u m  l a m p s  p r o d u c e  376 W o f  e n e r g y  

b e t w e e n  400 and  700  nm p e r  1 0 0 0  w a t t s  i n p u t  power.  T h i s  

makes them 37.6% e f f i c i e n t  ( p e r s o n a l  c o m m u n i c a t i o n :  C h r i s  

F lpe l  k a s ,  S y l  v a n i a  T e s t  a n d  M e a s u r e m e n t s  Lab,  D a n v e r s ,  MA). 

T h e i r  o u t p u t ,  however ,  m u s t  be  r e f l e c t e d  down o n t o  t h e  

p l a n t s .  The b e s t  r e f l e c t o r s  a r e  a b o u t  90  p e r c e n t  e f f i c i e n t .  

T h i s  makes t h e  o v e r a l  1  e f f i c i e n c y  o f  t h e  s y s t e m  33.8 p e r c e n t .  

E f f i c i e n c i e s  o f  27.4 p e r c e n t  h a v e  b.een a c h i e v e d  o n  a  

c o m m e r c i a l  s c a l e .  The P h y t o f a r m  i n  D e k a l b ,  I 1  l i n o i s ,  h a s  an 

e n e r g y  i n p u t  o f  219 W m-2 f r o m  h i g h - p r e s s u r e  s o d i u m  1  amps a n d  

a  p h o t o n  o u t p u t  o f  3 0 0  p m o l  m-2 s - 1  o r  6 0  W m-2 o f  

p h o t o s y n t h e t i c  i r r a d i a n c e  ( M a y n a r d  B a t e s ,  p e r s o n a l  

c o m m u n i c a t i o n ) .  

5. R e s p i r a t i o n .  

R e s p i r a t i o n  p r o v i d e s  t h e  e n e r g y  t o  s y n t h e s i z e  c o m p l  e x  

m o l  e c u l  e s  f r o m  t h e  i n i t i a l  p r o d u c t s  o f  p h o t o s y n t h e s i s .  I t  

o c c u r s  a t  t h e  same r a t e  i n  w h e a t  l e a v e s  i n  b o t h  t h e  l i g h t  a n d  

t h e  d a r k  ( A z c o n - B i e t o  a n d  Osmond, 1983) .  When w h e a t  i s  g rown  

i n  c o n t i n u o u s  i r r a d i a t i o n ,  a 1  1  t h e  r e s p i r a t o r y  s y n t h e s i s  o f ,  

compounds m u s t  o c c u r  i n  t h e  1  i g h t .  T h i s  r e s p i r a t o r y  e v o l u -  

t i o n  o f  C02 d e c r e a s e s  t h e  q u a n t u m  y i e l d  a n d  may b e  p a r t  o f  

t h e  r e a s o n  a  quan tum y i e l d  o f  0.111 h a s  n o t  been  a c h i e v e d  i n  

p l  a n t  l e a v e s .  



A s s u m i n g  t h a t  a l l  r e s p i r a t i o n  t a k e s  p l a c e  i n  t h e  l i g h t  

a n d  t h a t  we c a n  c o n t i n u o u s l y  a c h i e v e  a  quan tum y i e l d  o f  

0.083, t h e r e  i s  s t i  1 1  a  l o s s  o f  f i x e d  c a r b o n  t o  r o o t  s y s t e m  

r e s p i r a t i o n .  T h i s  1  o s s  i s  p r o p o r t i o n a l  t o  t h e  b i o m a s s  o f  t h e  

r o o t  sys tem.  F i e 1  d  g rown  c r o p  p l  a n t s  t y p i c a l  l y  i n v e s t  20  t o  

30% o f  t h e i r  b i o m a s s  i n  r o o t s ,  b u t  o u r  h y d r o p o n i c a l l y  g rown  

w h e a t  p l a n t s  i n v e s t  o n l y  a b o u t  10% o f  t o t a l  b i o m a s s  i n  r o o t s .  

C a r b o n  d i o x i d e  e v o l  u t i o n  d u r i n g  p h o t o s y n t h e s i s  f r o m  

" d a r k "  r e s p i r a t i o n  i s  t a k e n  i n t o  a c c o u n t  i n  o u r  c a l c u l a t i o n s  

b y  a s s u m i n g  a  q u a n t u m  y i e l d  o f  0 .083 r a t h e r  t h a n  0 .111 .  

C o n s i d e r i n g  t h e s e  f a c t o r s ,  t h e  p o t e n t i a l  l y  a c h i e v a b l e  

s i z e  a n d  e n e r g y  r e q u i r e m e n t s  c a n  b e  c a l c u l a t e d  as f o l  1  ows: 

T h e o r e t i c a l  ( w i t h  1000  pmol m-2 s - 1  PPF) 216 g  m-2 d - 1  

95% 1  i g h t  a b s o r p t i o n  o v e r  1  i f e  c y c l  e  205 g  m-2 d - 1  

8 0 %  h a r v e s t  i n d e x  164  g  m-2 d - 1  

M u l t i p l i e d  b y  3.7 k c a l  g - 1  ( 9 4 %  d i g e s t i b l e )  607 k c a l  m-2 

Assume 3000  k c a l  p e r  p e r s o n  p e r  day:  5 in2 person-1 

E n e r g y  r e q u i  r e m e n t :  

1 0 0 0  ~ m o l  m-2 s - 1  = 200 W m-2 

200  W m-2 d i v i d e d  by  0 .338 e f f i c i e n c y  = 592 W m-2 

5 9 2  W m-2 x  5 m2 = 3552 W p e r s o n - l  = 3.6 kW person-l 



T h e s e  t h e o r e t i c a l  e f f i c i e n c i e s  w i  1 1  be  v e r y  d i f f i c u l t  t o  

a c h i e v e ,  b u t  t h e y  r e p r e s e n t  a  l o n g  t e r m  g o a l .  They w i  1 1  be  

e x t r e m e l y  d i f f i c u l t  t o  a c h i e v e  w i t h  a  c r o p  p l a n t  ( l i k e  s t r a w -  

b e r r i e s )  t h a t  i s  c h o s e n  f o r  i t s  a s t h e t i c  q u a l i t i e s  and f l a v o r  

r a t h e r  t h a n  f o r  i t s  p r o d u c t i  v i t y .  N o n e t h e l  e s s ,  r e s e a r c h  w i  1 1  

n e e d  t o  b e  d o n e  on a 1  1  s p e c i e s  g rown  i n  a  CELSS t o  o p t i m i z e  

t h e i r  e d i  b l  e  p r o d u c t i  v i  t y .  

CURRENTLY ACHIEVABLE P R O D U C T I V I T I E S  WITH WHEAT 

D u r i n g  t h e  p a s t  y e a r ,  a f t e r  s p e n d i n g  much t i m e  on de -  

s i g n i n g  and b u i  1  d i n g  r e s e a r c h  chambe r s  t o  c r e a t e  optimum 

e n v i r o n m e n t a l  c o n d i t i o n s  f o r  s t u d i e s  on w h e a t  p r o d u c t i v i t y ,  

we h a v e  o b t a i n e d  r e p r o d u c i b l e  p r o d u c t i o n  d a t a  t h a t  c a n  be 

u s e d  t o  e s t i m a t e  t h e  s i z e  o f  a  CELSS. We h a v e  been h i g h l y  

s u c c e s s f u l  i n  c o n v e r t i n g  p h o t o s y n t h e t i c  i r r a d i a n c e  i n t o  b i o -  

mass b u t  l e s s  s u c c e s s f u l  i n  c o n v e r t i n g  t o t a l  b iomass  i n t o  

e d i b l e  y i e l d .  

Quantum Y i e l d  and  Sho r t -Te rm P h o t o s y n t h e s i s  

We m e a s u r e  s h o r t - t e r m  r a t e s  o f  c a r b o n  f i x a t i o n  i n  w h e a t  

c a n o p i e s  w i t h  a  g a s  exchange  s y s t e m  t h a t  i n c l u d e s  a  p r e s s u r -  

i z e d  g rowth  chamber.  A canopy  of  0.8 m2 i s  grown i n  t h i s  

chamber  w i t h  t h e  r o o t s  i n  a  s e a l e d ,  r e c i r c u l  a t i n g ,  h y d r o p o n i c  

sy s t em.  A p h o t o s y n t h e t i c  pho ton  f l u x  o f  1000 urn01 m-2 s-1 i n  

an a t m o s p h e r e  e n r i c h e d  t o  1700  pmol C02 (mol a i r ) - 1  h a s  r e -  



s u l  t e d  i n  p h o t o s y n t h e t i c  r a t e s  a s  h i g h  a s  5 8  vmo1 m-2 s -1  o f  

c a r b o n  d i o x i d e  a b s o r b e d  per u n i t  h o r i z o n t a l  a r e a .  Y i n e t y -  

f o u r  p e r c e n t  o f  t h e  p h o t o n  f l u x  was  a b s o r b e d ,  r e s u l t i n g  i n  a  

q u a n t u m  r e q u i r e m e a n t  o f  16.2.  T h i s  c a n  b e  c o m p a r e d  t o  t h e  

t h e o r e t i c a l l y  a c h i e v a b l e  q u a n t u m  r e q u i r e m e n t  o f  9 a n d  p o t e n -  

t i a l  l y  a c h i e v a b l e  r e q u i r e m e n t  o f  12 .  

I f  we s u b t r a c t  f o r  r o o t  r e s p i r a t i o n  a n d  m u l t i p l y  by t h e  

p h o t o p e r i o d  e a c h  d a y ,  t h i s  f i g u r e  c a n  b e  c o n v e r t e d  i n t o  a  

d a i l y  g r o w t h  r a t e .  R o o t  b i o m a s s  i n  o u r  h y d r o p o n i c  s y s t e m s  i s  

t y p i c a l l y  o n l y  1 0  p e r c e n t  o f  t h e  t o t a l  ( 2 0  t o  3 0 %  i n  t h e  

f i e 1  d ) .  S u b t r a c t i n g  t h i s  e s t i m a t e d  1 0  p e r c e n t  r e s p i r a t o r y  

1  o s s  a n d  a s s u m i n g  c o n t i n u o u s  1  i g h t ,  t h i s  p h o t o s y n t h e t i c  r a t e  

s h o u l d  r e s u l t  i n  a  g r o w t h  r a t e  o f  1 3 5  g  m-2 d-1. T h i s  com- 

p a r e s  we1 1  w i t h  t h e  t h e o r e t i c a l  l y  a c h i e v a b l e  g r o w t h  r a t e  o f  

2 0 5  g  m-2 d - 1  ( a t  9 5 %  l i g h t  a b s o r p t i o n ) .  . 

M e a s u r e d  G r o w t h  R a t e s .  

We m e a s u r e  a c t u a l  g r o w t h  r a t e s  a t  w e e k l y  i n t e r v a l s  by 

r e m o v i n g  a  0.2 m2 s e c t i o n  o f  p l a n t s  ( a b o u t  2 0 0  p l a n t s  i n  a  

r i g i d  s u p p o r t ) ,  b l o t t i n g  t h e  r o o t s  d r y ,  w e i g h i n g  t h e  s e c t i o n ,  

a n d  r e t u r n i n g  i t  t o  t h e  h y d r o p o n i c  s o l u t i o n .  A f e w  p l a n t s  

a r e  d e s t r u c t i v e l y  h a r v e s t e d  a n d  d r i e d  t o  d e t e r m i n e  p e r c e n t  

d r y  m a s s ,  f r o m  w h i c h  d r y - m a s s  g r o w t h  r a t e s  c a n  b e  c a l c u l a t e d .  

We h a v e  m e a s u r e d  g r o w t h  r a t e s  o f  8 7 5  g  m-2 week-1 o r  1 2 5  



g  m-2 d-1 .  T h i s  g r o w t h  r a t e  s e r v e s  a s  a  v a l i d a t i o n  o f  t h e  

s h o r t - t e r m  p h o t o s y n t h e s i s  measurements .  U n f o r t u n a t e l y ,  i t  

t a k e s  a b o u t  2 2  d a y s  f o r  a  g r o u p  o f  p l a n t s  t o  r e a c h  t h i s  g r o w t h  

r a t e ,  and  t h e  r a t e  g r a d u a l l y  d e c r e a s e s  a s  t h e ' p l a n t s  m a t u r e .  

T h e s e  f a c t o r s  c o m b i n e  t o  make a b e s t - a c h i e v a b l e  g r o w t h  r a t e  o f  

8 9  g  m-2 d - 1  a v e r a g e d  o v e r  a  6 0 - d a y  1  i f e  c y c l e .  

T h e  p r o d u c t i o n  ' o f  8 9  g  m-2 d - 1  t o t a l  b i o m a s s  i s  t r u l y  

r e m a r k a b l e  by  c o n v e n t i o n a l  a g r i c u l  t u r a l  s t a n d a r d s .  T y p i c a l  

f i e l  d  p r o d u c t i  v i  t i e s  a r e  1  e s s  t h a n  1 0  g  m-2 d l ,  a n d  2 0  g m - 2  

d - 1  i s  e x c e p t i o n a l  ( T a b l  e  I 1  1. Wheat i s  o b v i o u s l y  s t r e s s e d  

e v e n  i n  t h e  b e s t  f i e l  d  c o n d i t i o n s .  The s t r e s s  f a c t o r s  c o u l d  

b e  l o w  c a r b o n  d i o x i d e  a n d / o r  l o w  1  i g h t ,  n e i t h e r  o f  w h i c h  

w o u l d  be  e c o n o m i c a l  t o  change  i n  t h e  f i e l  d. 

Y i e l d  a n d  H a r v e s t  I n d e x .  

These  h i g h  g r o w t h  r a t e s  a r e  t h e  good news. The b a d  news 

i s  t h a t  we h a v e  n o t  y e t  b e e n  a b l e  t o  c a u s e  w h e a t  g r o w i n g  a t  

h i g h  r a t e s  t o  p a r t i t i o n  a  n o r m a l  p e r c e n t a g e  ( 4 0  t o  50%)  o f  

i t s  t o t a l  b i o m a s s  i n t o  e d i b l e  g r a i n .  A c r o p  p r o d u c i n g  89 g  

m-2 d - 1  s h o u l d  h a v e  a  g r a i n  y i e l d  o f  3 5  t o  4 5  g  m-2 d - 1 ;  o u r  

b e s t  y i e l d  h a s  b e e n  o n l y  21.4 g  m-2 d -1 .  A t  21.4 g  m-2 d - 1 ,  

30  m 2  and 1 5  kW p e r s o n - l  w o u l d  be r e q u i r e d .  T h i s  i s  o u r  

c u r r e n t l y  a c h i e v a b l e  p r o d u c t i v i t y .  T a b l  e  I 1 1  i n d i c a t e s  some 

o f  t h e  g r o w t h  p a r a m e t e r s  a s s o c i a t e d  w i t h  t h i s  y i e l d .  



Table I1 

A COMPARISON OF WHEAT 
PRODUCTIVITIES I N  DIFFERENT 

ENVIRONMENTS 

Absolute L i f e  Y i e l d  Tota l  Biomass Harvest 
Seed Cycle Per Biomass Per Index - 

Y i e l d  Day Day 
g m-2 days g m-2 d-1 g m-2 g m-2 d-1 % 

F i e l d  Product ion 300-700 90-130 3-7 700-1800 7-18 4 5 

World Record 
i n  F i e l d *  1450 120 12.1 3200 2 7 4 5 

CELSS P r o j e c t  1200 5 6 21.4 5000 89 2 4 

Russian Study** 1000 56 17.9 2860 5 1 35 

*Winter Wheat (sown i n  autumn; a c t u a l l y  i n  the  f i e l d  about 270 days). 

**Achieved w i t h  50% o f  CELSS p r o j e c t  energy i n p u t  ( G i t e l  'zon, 1977). 

Table I11 

T o t a l  Ed ib le  Days I n  Harvest P lants  
Biomass Biomass Growth Index Per 

Cul ti va r  g m-2 d-1 g m-2 d-1 Chamber % m2 

Fremont 89.0 21.4 56 24.0 715 

Anza 69.0 21.4 6 0 31 .O 450 

P l  ants harves ted from a 400 x 500-mm experimental p l  o t  area (0.2 m2) 
guard rows n o t  i nc luded  i n  ca l cu la t i on .  



The p r o b l e m  o f  1 ow h a r v e s t  i n d e x  i s  c a u s e d  b y  1 ow s e e d  

number  p e r  head. A  c o m p a r i s o n  o f  o u r  y i e l d  componen ts  w i t h  

f i e l d  p r o d u c t i o n  d a t a  c l e a r l y  i n d i c a t e s  t h e  p r o b l e m ,  as  shown 

i n  T a b l e  I V .  

Table  I V  

YIELDS I N  CONTROLLED ENVIRONMENTS AND I N  THE F IELD 
. . 

L i f e  Seed H a r v e s t  Heads Seeds Mass p e r  
c y c l e  y i e l d  i n d e x  P e r  P e r  s e e d  
d a y s  g  m-2 p e r c e n t  m2 head  m g  

C o n t r o l  1 ed  60 1 3 0 0  25% 3000 1 5  29 
e n v i r o n m e n t  

H i g h  y i e l d  120  8 0 0  45% 800  30 33 
f r o m  f i e l d  

C o n t i n u o u s  l i g h t  a n d  a  c o n s t a n t  h i g h  t e m p e r a t u r e  (270C)  

a r e  p r i n c i p l  e  f a c t o r s -  r e s p o n s i  b l  e  f o r  s h o r t e n i n g  t h e  1  i f e  

c y c l e  f r o m  1 2 0  t o  60  days .  These same t w o  f a c t o r s  may a l s o  

be r e s p s n s i b i e  f o r  th 'e l o w  s e e d  number p e r  head.  Low s e e d  

number  p e r  head  i s  t h e  c o m b i n e d  r e s u l t  o f  t w o  f a c t o r s :  ( 1 )  

f e w e r  s p i k e 1  e t s  forme'd o n  t h e  head  ( s p i k e )  d u r i n g  t h e  f l o r a l  

i n d u c t i o n  phase  ( d a y s  4 t o  1 3 )  and ( 2 )  p o o r  p o l  1  i n a t i o n  

d u r i n g  a n t h e s i s  ( d a y s  25 t o  35 ) .  

T h e r e  i s  e v i d e n c e  t h a t  l o n g  p h o t o p e r i o d s  r e s u l t  i n  t h e  

p r o d u c t i o n  o f  f e w e r  s p i k e l e t s  p e r  s p i k e  d u r i n g  f l o r a l  i n d u c -  



t i o n  (Rawson, 1970; Lucas,  1972).  D a v i d  Bubenheim, a  g r a d u a t e  

s t u d e n t ,  i s  now c o n d u c t i n g  s t u d i e s . o t o  q u a n t i f y  t h e  e f f e c t  o f  

p h o t o p e r i o d s  as l o n g  as 24 h o u r s  on  r a t e  o f  r e p r o d u c t i v e  

d e v e l o p m e n t  i n  whea't. The mos t  s i g h i f i c a n t  o f  h i s  p r e l  i m i -  

n a r y  f i n d i n g s  a r e  as f o l  1  ows (Bubenheim and S a l  i s b u r y ,  1985) :  

( 1 )  The l e n g t h  o f  t h e  v e g e t a t i v e  phase i s  e x t r e m e l y  

s h o r t  i n  c o n t i n u o u s  1 i g h t .  I n  one c u l  t i v . a r ,  r e p r o d u c t i v e  

d e v e l  opment began 48 h o u r s  a f t e r  g e r m i n a t i o n .  

. ' 

( 2 )  The l e n g t h  o f  t h e  i n i t i a t i o n  phase, d u r i n g  w h i c h  

s p i k e l e t  number ' i+s de te rm ined ,  i s  i h v e r s g l y  p r o p o r t i o n a l  t o  

p h o t o p e r i o d  be tween  12 and 24 hours .  A s h o r t  i n i t i a t i o n  

phase  r e s u l t s  i n  f e w e r  s p i k e l e t s  p e r  s p i k e  (head)  and f e w e r  

p o t e n t i a l  seeds p e r  head. 

( 3 )  D e v e l o p m e n t  o f  day1 e n g t h - l n s e n s ' i  t i  v e  c u l  t i  v a r s  
, 

( f r o m  M e x i c o )  i s  f a s t e r  i n  l o n g  p h o t o p e r i o d s  d u r i n g  t h e  

v e g e t a t i v e  and  i n i t i a t i o n  phases,  b u t  t h e  s tem e l o n g a t i o n  

phase  i s  g r e a t l y  r e t a r d e d  by l o n g  p h o t o p e r i o d s .  These two  

e f f e c t s  o f f s e t  each  o t h e r ,  m a k i n g  t h e  c u l  t i v a r s  appear  i n s e n -  

s i  t i  v e  t o  p h o t o p e r i  od. 

A second  p r o b l e m  i s  p o o r  p o l  1  i n a t i o n  and seed s e t  i n  

e x i s t i n g  f 1  o r e t s .  Wheat i s  s e l  f - p o l  1 i n a t e d ,  and t h e  a n t h e r s  



( m a l e  f l o w e r  p a r t s )  e i t h e r  do n o t  f o r m  o r  do n o t  g row 

n o r m a l  l y  a f t e r  p o l  1  i - n a t i o n  i n  o u r  c o n d i t i o n s .  M i c r o s c o p i c  

e x a m i n a t i o n  h a s  i n d i c a t e d  t h a t  p o l  l e n  i s  o f t e n  a b o r t e d  b e f o r e  

i t  a c c u m u l  a t e s  s t a r c h ,  whi.1 e  embryo  sac ( f e m a l  e  f 1  ower  p a r t )  

d e v e l  opment  i s  c o m p l . e t e l y ,  n o r m a l .  

We a r e  j u s t  b e g - i n n i n g  t o  s t u d y  t h e  p r o b l e m .  O u r  e n v i -  

r o n m e n t a l  c o n d i  t ion ,s ;  a r e  , v e r y  d i f f e r e n t  f r o m  , those  i n  w h i c h  

w h e a t  e v o l v e d ,  s o  many e n v i r o n m e n t a l l y  i n d u c e d  f a c t o r s  c o u l d  

b e  c o n t r i b u t i n g  t o  c a u s e  p o o r  s e e d  s e t .  Two p a r a m e t e r s ,  

h o w e v e r ,  a r e  a s s o c i a t e d  w i t h  p o l  l e n  s t e r i l  i t y :  n u t r i e n t  

( e s p e c i a l  l y  b o r o n )   deficiency a n d  h i g h  t e m p e r a t u r e s .  B o r o n  

a n d  c a l c i u m  a r e  p a s s i v e l y  a b s o r b e d  a n d  t r a n s l o c a t e d  i n  t h e  

t r a n s p . i r a t i o n  s t r e a m  t o  f o l  i a r  p l a n t  p a r t s .  The f o l i a r  c o n -  

c e n t r a t i o n s  o f  t h e s e  e l e m e n t s  a r e  t h e r e f o r e  d e t e r m i n e d  b y  

t h e i r  c o n c e n t r a t i o n  i n  t h e  r o o t  z o n e  and  by  t h e  r a t i o  o f  

t r a n s p i r a t i o n  t o  p h o . t o s y n t h e s i s .  I n  t h e  f i e . l d  t h i s  r a t i o  i s  

t y p i c a l l y  a b o u t  200 t o  250,  grams - o f  w a t e r  t r a n s p i r e d  p e r  gram 

o f  b i o m a s s  produced.: The , h i g h  C02 1  e v e 1  s  i n  o u r  c o n t r o l  l e d  

e n v i r o n m e n t s  c a u s e  p h o t o s y n t h e s i s  t o  i n c r e a s e ,  b u t ,  b y  

c a u s i n g  s t o m a t e s  t o  : c l o s e ,  t r a n s p i r a t i o n  i s  d e c r e a s e d .  T r a n -  

s p i r a t i o n / p h o t o s y n t h e s i s  r a t i o s  c a n  b e  as  l o w  as  50 : l .  C a l -  

c i u m  a n d  b o r o n  c o n c e n t r a t i o n s  i n  l e a f  t i s s u e  a r e  d e c r e a s e d  

a c c o r d i n g l y .  



We c o m p e n s a t e  f o r  t h e  r e d u c t i o n  by  u s i n g  2.5 t i m e s  

n o r m a l  c a l c i u m  a n d  b o r o n  c o n c e n t r a t i o n s  i n  t h e  i n i t i a l  h y d r o -  

p o n i c  s o l u t i o n s  o f  y o u n g  p l a n t s .  T h i s  change  r e s u l t s  i n  

t i s s u e  c o n c e n t r a t i o n s  o f  t h e s e  e l e m e n t s  t h a t  a r e  s i m i l a r  t o  

t h o s e  f o u n d  i n  f i e 1  d - g r o w n  w h e a t  1  e a v e s ,  b u t  t h e  n u t r i e n t  

i m b a l a n c e  c a u s e d  b y  h i g h  C o p  may n o t  be  c o m p l e t e l y  a 1  1  i e -  

v i a t e d  i n  a l l  p l a n t  p a r t s .  F o l i a r  a p p l i c a t i o n s  o f  b o r o n  h a v e  

i n c r e a s e d  f r u i t  s e t  i n  p r u n e  t r e e s  t h a t  h a d  a d e q u a t e  f o l i a r  

l e v e l s  (Hanson  a n d  Rreen ,  1985) .  The amount  o f  c a l c i u m  and  

b o r o n  i s  t y p i c a l l y  l o w  i n  w h e a t  heads,  and  i t  i s  e s p e c i a l l y  

l o w  i n  d e v e l o p i n g  heads  j u s t  p r e v i o u s  t o  emergence f r o m  t h e  

l e a f  s h e a t h .  One o f  t h e  c l a s s i c  symptoms o f  b o r o n  d e f i c i e n c y  

i s  p o o r  p o l l e n  v i a b i l i t y  ( K i r k b y  a n d  M e n g e l ,  1983) .  We 

t h e r e f o r e  a n a l y z e d  t h e  c o n c e n t r a t i o n s  o f  1 3  e l e m e n t s  i n  w h e a t  

h e a d s  b e f o r e  and  a f t e r  emergence  i n  12, 18, and  2 4 - h o u r  

p h o t o p e r i o d s  w i t h  700 pmo l  m o l - 1  C02 e n v i r o n m e n t .  P h o t o -  

p e r i o d  h a d  1  i t t l e  e f f e c t  o n  t h e  a m o u n t  o f  a n y  e l e m e n t  i n  t h e  

heads ;  i n d e e d ,  w i t h  t h e  e x c e p t i o n  o f  c a l c i u m ,  magnesium, a n d  

b o r o n  t h e r e  was a l m o s t  no  e f f e c t  o f  d e v e l o p m e n t a l  s t a g e  on 

n u t r i e n t  c o m p o s i t i o n .  The c h a n g e s  i n  t h e s e  3 e l e m e n t s  a r e  

shown i n  T a b l e  V.  

The c o n c e n t r a t i o n  o f  t h e s e  e l e m e n t s  i s  l o w  i n  p o s t e m e r -  

g e n c e  h e a d s  a n d  e x t r e m e l y  l o w  b e f o r e  emergence,  b u t  t h e s e  

d a t a  do n o t  n e c e s s a r i l y  i n d i c a t e  a  d e f i c i e n c y  o f  t h e s e  e l e -  



ments .  Me a r e  c u r r e n t l y  a n a l y z i n g  a d d i t i o n a l  n o r m a l  h e a d  

s a m p l e s  t o  d e t e r m i n e  a d e q u a t e  l e v e l s  o f  t h e s e  e l e m e n t s .  

Table  V 

CONCENTRATIONS OF THREE ELEMENTS I N  WHEAT HEADS 

(Mean * STD. D e v i a t i o n )  

S t a g e  o f  Head 
D e v e l o p m e n t  

--- 
P r e e m e r g e n c e  (Day  2 7 )  0 .05k .02  0 .09k .02  4.6*1.6 

P o s t e m e r g e n c e  (Day  5 0 )  0 .34* .10  0.27*.03 9.3*1.2 

H i g h  t e m p e r a t u r e s  a r e  a l s o  a s s o c i a t e d  w i t h  p o l  l e n  s t e -  

r i l  i t y  i n  whea t .  A r e c e n t  r e p o r t  i n d i c a t e s  t h a t  c o o l  n i g h t  

t e m p e r a t u r e s  m i g h t  b e  e s p e c i a l l y  b e n e f i c i a l  ( C a r l s o n  a n d  

W i l l i a m s ,  1985) .  We h a v e  begun  s t u d i e s  i n  s h o r t e r  p h o t o -  

p e r i o d s ,  b u t  we h a v e  n o t  y e t  p r o v i d e d  p a r t i c u l a r l y  c o o l  n i g h t  

t e m p e r a t u r e s  ( 2 7 0 ~  day, 250C n i g h t ) .  I t  may be i m p c r r t a f i t  t o  

p r o v i d e  c o o l  d a r k  p e r i o d s  d u r i n g  t h e  week o f  a n t h e s i s .  

W i t h i n  t h e  n e x t  y e a r ,  we e x p e c t  t o  s o 1  v e  t h e  h a r v e s t  

i n d e x  b a r r i e r  t o  h i g h  y i e l  ds. F i n d i n g  t h e  s o l u t i o n  c o u l d  

r a p i d l y  i n c r e a s e  o u r  c u r r e n t l y  a c h i e v a b l e  y i e l  ds. Meanwhi  1  e, 

we h a v e  e x a m i n e d  s e v e r a l  c u l  t u r a l  , e n v i r o n m e n t a l ,  a n d  g e n e t i c  

a p p r o a c h e s  t o  y i e l  d  o p t i m i z a t i o n .  



The E f f e c t  o f  C02 C o n c e n t r a t i o n  on Growth  and Y i e l d .  - -- - - - 
T a b l e  V I  summar izes d a t a  f r om t h e  f i r s t  o f  two  c a r b o n -  

d i o x i d e - e n r i c h m e n t  s t u d i e s  c o n d u c t e d  i n  t h e  f a 1  1  o f  1984. 

The  t r i a l  compared r e s p o n s e s  o f  dwar f  (50-cm t a l  1 )  and semi-  

d w a r f  (80-cm t a l  1 )  whea t  c u l  t i v a r s  grown a t  t h r e e  C02 concen-  

t r a t i o n s :  350 pmol m o l r l  ( a m b i e n t ) ,  700 pmol mo l -1 ,  and 

1800  vmol mo l -1 .  

Table VI 

THE EFFECT OF C O ~  .CONCENTRATION 
ON TOTAL AND EDIBLE 

BIOrlASS OF WHEAT* 

Vegetat ive 
co2 Fresh Mass Total  Edi b l  e  Harvest Root Seeds 

Concentrat ion On Day 28 Biomass** Biomass** Index rlass . Per 
:pmol mol-1 9  g  m-2 d-1 g m-2 d-1 % % Head 

;*Each value represents the mean o f  4  r ep l i ca te  p l o t s  o f  0.2 m2 each. 

**These v a l  ues do no t  i n c l  ude a  7-day germination per iod i n  the green- 
*,. house. 

T a b l e  V I I  shcws r e s p o n s e s  o f  t h r e e  o f  t h e s e  c u l t i v a r s  

p l u s  a n o t h e r  one i n  t h e  greenhouse.  A l t h o u g h  s u n l i g h t  i n  t h e  

g reenhouse  was s u p p l e m e n t e d  w i t h  l i g h t  f r o m  h i g h - p r e s s u r e -  

sod ium lamps  ( 2 4  h  d - I ) ,  t h e  t o t a l  i r r a d i a n c e  was l o w e r  t h a n  



: Table VII Part A 

RESPONSE OF CERTAIN WHEAT CULTIVARS TO 
ENRICHED CARBON D I O X I D E  IN THE ATMOSPHERE 

(October, 1984, t r i a l )  

Grain 
Y i e l d  

Per 
Locat ion  Tota l  Days Day 

co2 Gra in  t o  I " ' -  (oven Heads Seeds Harvest  
Concentrat ion Y i e l d  Matu- d r j )  P l a n t s  per  pe r  Index 
(pmol mol-1) C u l t i v a r  gm-2 r i t y  gm-  d-1 m2 m2 Head % 

Greenhouse 
700 

Chamber 2 
350 

Chamber 3 
700 

Chamber 1 
1800 

Fremont 
F remont* 
PCYT 20 
Y. ROJO 

FMT 
FMT HD** 
Anza 
PCYT 20 

FMT 
FPlT HD 
Anza 
PCYT 20 

FMT 
FMT HD 
Sonoi t a  
PCYT 20 

* Two rep1 i c a t e  p l o t s  o f  ~ r e m o n t  (FMT) were grown i n  the  greenhouse; the 
d i f f e rences  between t h e  p l o t s  represent  experimental error .  

** HD = h igh  dens i ty  (715 p l a n t s  m-2; a1 1 o ther  treatments i nc luded  450 
p l a n t s  m-2) 



Table V I I  Part B 

Locat ion;  Vegetat ive Growth 
c02 Root P I  a n t  (grams f resh mass) 

Concentrat ion Flass He ight  . ' Day Day D aY %*** pmol mol-1 Cul ti va r  cm 17 2 3 28 

Greenhouse Fremont* 
Fremont* 
PCYT 20 
Y. ROJO 

Chamber 2 FMT 
350 FMT HD** 

ANZA 
PCYT 20 

Chamber 3 FMT 
700 FMT HD 

Anza 
PCYT 20 

Chamber 1 FMT 
1800 FMT HD 

Sonoi t a  
PCYT 20 

* Two r e p l i c a t e  p l o t s  of Fremont (FMT) were grown i n  t h e  greenhouse; the  
d i f f e rences  between t h e  p l  o t s  represent  experimental e r ror .  

**HD = h igh  dens i t y  

***Figures f o r  r o o t  mass i n d i c a t e  percent  of t o t a l  p l a n t  dry mass. 

i t  was i n  t h e  t h r e e  chambers .  I t  v a r i e d  d u r i n g  t h e  l i f e  

c y c l e  f r o m 4 0 0  t o  1 0 0 0  p m o l  rn-2 s - 1 ,  w h e r e a s  i r r a d i a n c e  i n  

t h e  t h r e e  c h a m b e r s  was h e l d  a t  1 0 0 0  pmol m-2 s - l .  

F o r  t h e  t r i a l  s,  a new s y s t e m  was  d e v i s e d  t o  h o l  d t h e  

p l a n t s .  I n s t e a d  o f  s t y r o f o a m  l i d s  w i t h  foam p l u g  i n s e r t s ,  9 -  



s h a p e d  m e t a l  b a r s  w e r e  p l a c e d  s i d e  by  s i d e  and h e l d  t o g e t h e r  

w i t h  1  ong  b o l  t s .  Seed1 i n g s  a r e  h e 1  d  i n  c l  o s e d - c e l  1 foam 

r u b b e r  ( w e a t h e r  s t r i p p i n g )  b e t w e e n  t h e  b a r s .  T r a n s p l  a n t i n g  

i s  f a s t e r  i n  t h i s  s y s t e m ,  a n d  i t  a 1  l o w s  u s  t o  u s e  much  h i g h e r  

p l a n t  p o p u l a t i o n s .  The d i s t a n c e  b e t w e e n  r o w s  i s  f i x e d  a t  

e i t h e r  30 o r  38  mm, b u t  t h e  s p a c i n g  w i t h i n  rows  c a n  b e  v a r i e d  

t o  a c h i e v e  a  w i d e  r a n g e  o f  p l a n t  d e n s i t i e s .  The d i m e n s i o n s  

o f  t h e  1  i d s  a r e  400 x  500 mm. 

A s e c o n d  r e p l i c a t e  t r i a l  c o n f i r m e d  t h e  f i n d i n g s  o f  t h e  

f i r s t  c a r b o n - d i o x i d e - e n r i c h m e n t  s t u d y .  I n  b o t h  s t u d i e s  t o t a l  

p l a n t  b i o m a s s  was c o n s i d e r a b l y  i n c r e a s e d  by  C02 e n r i c h m e n t ,  

b u t  g r a i n  y i e l d  a n d  h a r v e s t  i n d e x  w e r e  h i g h e r  a t  700 pmol  

m o l - l  C02 t h a n  a t 1 8 0 0  p m o l  m o l - 1  C02. T h e s e  d a t a  s u g g e s t  

t h a t  t h e  h i g h e s t  C02 c o n c e n t r a t i o n  may be  t o o  h i g h  f o r  m a x i -  

mum y i e l d s ,  b u t  if h i g h  C02 i s  i n d u c i n g  a  s e c o n d a r y  e f f e c t ,  

s u c h  a s  n u t r i e n t  d e f i c i e n c y ,  t h e n  a d j u s t m e n t  o f  o t h e r  e n v i -  

r o n m e n t a l  p a r a m e t e r s  w o u l d  l e a d  t o  i n c r e a s i n g  y i e l d s  e v e n  a t  

t h e  h i g h e s t  C02 l e v e l .  The s t o m a t a 1  c l o s u r e  i n d u c e d  b y  h i g h  

C02 g r e a t l y  r e d u c e s  t r a n s p i r a t i o n ,  b u t  r e d u c i n g  h u m i d i t y  

i n c r e a s e s  t r a n s p i r a t i o n ,  w h i c h  may i n c r e a s e  n u t r i e n t  u p t a k e  

a n d  u l t i m a t e  y i e l d .  We h a v e  p r e l  i m i n a r y  d a t a  s u g g e s t i n g  t h a t  

r e d u c e d  h u m i d i t y  i n c r e a s e s  n u t r i e n t  u p t a k e  i n  h i g h  C02 c o n d i -  

t i o n s .  R e d u c i n g  t r a n s r p i r a t i o n  w i t h  h i g h  c a r b o n  d i o x i d e  and  

h i g h  h u m i d i t y  m i g h t  s a v e  e n e r g y  ( t h a t  r e q u i r e d  t o  e v a p o r a t e  



- - -L = 

w a t e r )  i n  a  CELSS. 

T a b l e  V I I I  q u a n t i f i e s  t h e  e f f e c t  o f  C02 e n r i c h m e n t  on  

I t h e  r a t i o  o f  g r a m s  o f  w a t e r  g i v e n  o f f  i n  t r a n s p i r a t i o n  t o  

1 g rams c a r b o h y d r a t e s  f i x e d  i n  p h o t o s y n t h e s i s .  

T a b l e  V I I I  

TRANSPIRATION/PHOTOSYNTHESIS RATIO 
( g  H 2 0 / g  CH20) 

c o 2  P P F  P P F  
pmol  m o l - 1  900  pmol m-2 s - 1  2100 pmol m-2 s - 1  

I 

T y p i c a l  f i e l d  v a l u e s  a r e  200  t o  250 

. ,  

T h e s e  t r a n s p i r a t i o n  r a t e s  a r e  v e r y  l o w ,  b u t  t h e y  do n o t  

a p p e a r  t o  b e  an i n h e r e n t  p r o b l e m .  T r a n s p i r a t i o n  i s  i m p o r t a n t  

f o r  c o o l  i n g  p l a n t  l e a v e s ,  b u t  e v e n  t h e  1  o w e s t  t r a n s p i r a t i o n  

r a t e s  p r o v i d e  a d e q u a t e  c o o l  i n g  i n  o u r  c o n d i t i o n s ,  and  l o w  

t r a n s p i r a t i o n  r a t e s  s t i l  1  p r o v i d e  a m p l e  p u r i f i e d  w a t e r  f o r  a  

1  i f e  s u p p o r t  sys tem.  The 1 i m i t i n g  f a c t o r  may be  n u t r i e n t  

u p t a k e ,  b u t  n u t r i e n t s  c o u l d  be  a p p l i e d  as  f o l i a r  s p r a y s .  



THE EFFECT OF INCREASED PHOTOSYNTHETIC PHOTON FLUXES ON 

PHOTOSYNTHESIS 

P l  a n t  g r o w t h  r e s e a r c h  i n  c o n t r o l  1  e d  e n v i r o n m e n t s  i s  

t y p i c a l l y  c o n d u c t e d  a t  p h o t o s y n t h e t i c  p h o t o n  f l u x e s  b e t w e e n  

3 0 0  a n d  1 0 0 0  pmol  m-2 s-1. P h o t o s y n t h e s i s  o f  s i n g 1  e  1  e a v e s  

o f  C3 c r o p s  1  i g h t  s a t u r a t e  i n  t h i s  r a n g e ,  b u t  l e a v e s  i n  c r o p  

c a n o p i e s  c o m p l e t e  f o r  a v a i l a b l e  1  i g h t  so  t h a t  dense communi-  

t i e s  o f  v i g o r o u s  c r o p  p l a n t s  o f t e n  do n o t  l i g h t  s a t u r a t e  e v e n  
. _ I  

i n  f u l l  s u n l i g h t  (2,000 pmol  m-2 s -1) .  I f  i n c r e a s e d  e n e r g y  

i n p u t s  l e a d  t o  i n c r e a s e d  p r o d u c t i v i t y ,  t h e  s i z e  o f  a  C E L S S  

f o o d  p r o d u c t i o n  f a c i l i t y  c a n  b e  r e d u c e d  a c c o r d i n g l y .  I t  i s '  

n o t  y e t  known w h e t h e r  e n e r g y  o r  v o l u m e  w i l  1  be  t h e  more  

1  i m i  t i n g  c o n s t r a i n t .  

G r o w t h  and  y i e l d  o v e r  a  r a n g e  o f  e n e r g y  i n p u t s  s h o u l d  

p r o v i d e  v a l u a b l e  d e s i g n  i n f o r m a t i o n .  We h a v e  o b t a i n e d  s h o r t  

t e r m  ( 7 - d a y )  p h o t o s y n t h e t i c  r e s p o n s e s  t o  PPF l e v e l s  o f  up  t o  

2,100 pmol  m-2 s - 1 .  These  m e a s u r e m e n t s  w e r e  made i n  an open 

gas e x c h a n g e  s y s t e m  t h a t  u t i l i z e s  a  s e a l e d  g r o w t h  chamber  a-s 

t h e  a s s i m i l a t i o n  chamber. The d e s ' i g n  o f  t h i s  s y s t e m  i s  d i s -  

c u s s e d  i n  S e s t a k ,  C a t s k y ,  and  J a r v i s  (1971) .  P h o t o s y n t h e t i c  

c a l c u l a t i o n s  a r e  d e s c r i b e d  i n  N o b e l  (1983) .  These  r e s u l t s  

a r e  shown i n  F i g u r e s  1  and  2. I t  i s  a p p a r e n t  t h a t  p h o t o -  

s y n t h e t i c  r a t e  i n  a  C02 e n r i c h e d  e n v i r o n m e n t  i s  1  i g h t  1  i m i t k d  

e v e n  i n  t h e  h i g h e s t  n a t u r a l  l y  o c c u r i n g  l i g h t  l e v e l s .  
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F i g u r e  1 N e t  p h o t o s y n t h e s i s  a s  a  f u n c t i o n  o f  i r r a d i a n c e  
l e v e l .  N o t e  t h a t  p h o t o s y n t h e s i s  o f  a  dense  c a n o p y  
i n c r e a s e s  w i t h  i n c r e a s i n g  1 i g h t  a t  l e a s t  u p  t o  t h e  
l e v e l  o f  s u n 1  i g h t .  N o t e  a1 s o  t h a t  m o s t  g r o w t h  
c h a m b e r s  i n  u s e  t o d a y  ( w h i c h  u s e  f l u o r e s c e n t  p l u s  
i n c a n d e s c e n t  1  amps; PPF a b o u t  2 5 0  t o  900 urn01 m-2 
s - 1 )  a r e  j u s t  a b o v e  t h e  l i g h t  c o m p e n s a t i o n  p o i n t .  
A t  s u c h  a  1  i g h t  l e v e l ,  d o u b l i n g  t h e  i r r a d i a n c e  more  
t h a n  d o u b l  es n e t  p h o t o s y n t h e s i s .  

472 

i I 

~ 



i e s i s  /a' 

- 
\ 
\ 

Conductance - , 
\ 0- 

\ Photosynthesis 
\ / +- t 

F i g u r e  2  N e t  p h o t o s y n t h e s i s  a n d  s t o m a t a l  c o n d u c t a n c e  a s  a  
f u n c t i o n  o f  c a r b o n - d i o x i d e  c o n c e n t r a t i o n  a t  t w o  
i r r a d i  ance  (PPFJ 1  e v e 1  s. N o t e  t h a t  c o n d u c t a n c e  
d e c r e a s e s  s h a r p l y  as  C02 i n c r e a s e s ,  i n d i c a t i n g  
s t o m a t a l  c l o s u r e .  P h o t o s y n t h e s i s  i n c r e a s e s  w i t h  
i n c r e a s i n g  C02, b u t  t h e  i n c r e a s e  w i t h  i n c r e a s i n g  
l i g h t  i s  much more s t r i k i n g .  H i g h e r  l i g h t  l e v e l s  
a1  so  i n d u c e  s t o m a t a l  o p e n i n g ,  i n c r e a s i n g  c o n d u c -  
t a n c e .  ( C u r v e s  f o r  p h o t o s y n t h e s i s  a r e  e x t r a p o l a t e d  
t o  a n  a p p r o x i m a t e  C02 c o m p e n s a t i o n  p o i n t  o f  1 0 0  



We s t u d i e d  t h e  l o n g e r  t e r m  e f f e c t s  o f  h i g h  i r r a d i a n c e  b y  

e x p o s i n g  a  p l a n t  c a n o p y  t o  2 1 0 0  p m o l  m-2 s - 1  f o r  2 4  h  d - 1  

f o r  7  days.  No c h a n g e  i n  C02 u p t a k e  was o b s e r v e d  d u r i n g  t h i s  

p e r i o d .  We a 1  s o  e x a m i n e d  t h e  i n i t i a l  p h o t o s y n t h e t i c  r a t e  

a f t e r  a  $ - h o u r  d a r k  p e r i o d ,  d u r i n g  w h i c h  a s s i m i l a t e s  c o u l d  b e  

u n l o a d e d  a n d  e x p o r t e d  f r o m  t h e  l e a v e s .  Aga in ,  n o  change  i n  . 

n e t  p h o t o s y n t h e s i s  was o b s e r v e d .  These  r e s u l t s  s u g g e s t  t h a t  

f e e d b a c k  i n h i b i t i o n  o f  p h o t o s y n t h e s i s  i s  n o t  a  s e r i o u s  

p r o b l e m  e v e n  i n  c o n t i n u o u s  1  i g h t .  I f  t h e s e  r a p i d  g r o w t h  r a t e s  

c a n  b e  t r a n s l a t e d  i n t o  e d i b l e  p r o d u c t i v i t y ,  t h e  o p t i o n  o f  

s u b s t i t u t i n g  e n e r g y  f o r  v o l  ume o v e r  a  w i d e  r a n g e  w i  1 1  be  

a v a i  1  a b l  e  t o  C E L S S  s y s t e m  d e s i  g n e r s .  

The  E f f e c t  o f  P l a n t i n g  D e n s i t y  o n  G r o w t h  a n d  Y i e l d  - - - - 
As d i s c u s s e d  e a r l i e r ,  p o o r  1  i g h t  a b s o r p t i o n  d u r i n g  e a r l y  

g r o w t h  c o n s i d e r a b l y  r e d u c e s  e n e r g y  e f f i c i e n c y .  When a m p l e  

n u t r i e n t s ,  w a t e r ,  a n d  o x y g e n  a r e  a v a i l a b l e  i n  t h e  r o o t  zone, 

h i g h  p l a n t  p o p u l a t i o n s  s h o u l d  l e a d  t o  enhanced  e a r l y  g r o w t h ,  

w h i c h  m i g h t  a1  s o  l e a d  t o  h i g h e r  y i e l d s .  T h i s  h y p o t h e s i s  was 

t e s t e d  u s i n g  o u r  n e w l y  d e s i g n e d  p l a n t  s u p p o r t  1  i d s  ( d i s c u s s e d  

e a r l i e r ) .  A v e r y  r a p i d  c i r c u l a t i o n  r a t e  i n  o u r  h y d r o p o n i c  

s o l u t i o n  m i n i m i z e s  any r o o t  zone  d e f i c i e n c i e s  s o  t h a t  compe- 

t i t i o n  f o r  l i g h t  i s  t h e  p r i m a r y  l i m i t i n g  f a c t o r .  T a b l e  I X  

s h o w s  t h e  r e s u 1  t s  o f  a n  i n i t i a l  s t u d y  w i t h  a . 2 4  h  d - 1  

p h o t o p e r i o d  a n d  w i t h  a PPF o f  7 0 0  pmol  m-2  s - l .  



T a b l e  IX 

THE EFFECT OF PLANTING DENSITY 
O N  GROWTH AND YIELD 

Y 

V e g e t a t i v e  T o t a l  E d i b l e  
P l a n t  F r e s h  ' B iomass  B iomass  

D e n s i t y  Mass A t  H a r v e s t  A t  H a r v e s t  Heads 
m-2 Day 22 g m-2 d - 1  g  m-2 d-1  m-2 

H i g h  I n t e n s i t y  
F i e l d  P r o d u c t i o n :  

The  g r o w t h  p a r a m e t e r s  a t  e a c h  d e n s i t y  r e p r e s e n t  one 400 x  500 
mm b l o c k  o f  p l a n t s  w i t h  t h e  g u a r d  r o w s  r e m o v e d .  

H i g h e r  p l a n t  d e n s i t i e s  a r e  c l e a r l y  a s s o c i a t e d  w i t h  i n -  

c r e a s e d  v e g e t a t i v e  f r e s h  mass f o r  t h e  f i r s t  22 days  o f  

g r o w t h .  G r o w t h  p a r a m e t e r s  a t  h a r v e s t  show an i n c o n s i s t e n t ,  

b u t  general  i y  p o s i t i v e  r e s p o n s e  t o  h i g h  d e n s i t i e s .  A d d i -  

t i o n a l  t e s t s  need  t o  be  c o n d u c t e d .  

BREEDING A CULTIVWR FOR CELSS, 

The p r o d u c t i o n  o f  mu1 t i p 1  e  heads p e r  p l a n t ,  known as  

t i  1 1  e r i n g ,  i s  a  d e s i r a b l e  phenomena i n  f i e 1  d  p r o d u c t i o n ,  b u t  

1 i t  d e c r e a s e s  p l a n t  u n i f o r m i t y  a n d  h a r v e s t  i n d e x  and  i s  t h u s  



undes i rab le  in  cont ro l  l e d  environments where uniculm cul t i -  

vars  can be p lanted  a t  high d e n s i t i e s .  

We now have cul t i v a r s  t h a t  d o  n o t  t i 1  l e r  in the f i e l d .  

In our enriched cont ro l  1 ed environment condi t ions,  however, 

they t i 1  1 e r  almost as much as cont ro l  p lants .  Elevated 

l e v e l s  of n u t r i e n t s  ( e s p e c i a l l y  n i t rogen) ,  water, C02, a n d  

1  i  g h t  a r e  a1 1  k n o w n  t o  promote t i  1  l e r ing .  The combination o f  

these  f a c t o r s  has prevented us from t e s t i n g  the uniculm 

concept in  our s tud ies .  Theory continues t o  p red ic t  t h a t  

uniculms would perform b e t t e r  i n  high production environments, 

b u t  the  germplasm i s  n o t  y e t  a v a i l a b l e .  

We have h a d  cons iderable  success in breeding ul t radwarf  

( l e s s  t h a n  50-cm) cul t i v a r s .  The r e s u l t s  o f  a r e p l i c a t e d  

y i e l d  t r i a l  a r e  shown in Table X .  

Yields  tend t o  be s l i g h t l y  l e s s  t h a n  our highest  

y i e l d i n g  dwarf 1 ines ,  Sonoita ,  Yecora R o j o ,  a n d  PCYT 20, b u t  

pl a n t  height  has been reduced considerably.  Consequently, 

y i e l d  per m3 has been improved. Harvest index should a l s o  be 

increased ,  b u t  the  immediate advantage i s  t h a t  u l t radwarf  

1  ines  a re  much e a s i e r  t o  work with i n  confined, cont ro l  l e d  

environmental areas .  The d i f f i c u l  t i e s  o f  providing a 

uniform environment increase  exponent ial ly  with p lant  height .  



C u l  t i v a r  

T a b l e  X 

YIELD PERFORMANCE OF BEST 
ULTRADWARF ADVANCED BREEDING LINES 

H e i g h t  Y i e l d  Y i e l d  
cm g  m - 2  g  m-3 

C o m m e r c i a l  f u l l  d w a r f  w h e a t s  

S o n o i  t a  
Y e c o r a  R o j o  
PCYT 20 

01  e s e n '  s  D w a r f *  27 40.5 150 

Semi d w a r f  w h e a t  
F u l l  s i z e  w h e a t  

* O l e s e n ' s  D w a r f  was t h e  s o u r c e  o f  d w a r f i n g  genes f o r  t h e s e  
b r e e d i n g  1  i nes .  

L a s t  s p r i n g  we s e l e c t e d  1 2 1  l i n e s  f r o m  t h e  CIMMYT germ- 

p l a s m  c o l  l e c t i o n  i n  M e x i c o .  One o f  t h e s e  c u l  t i v a r s  i s  1  e s s  

t h a n  2 0  c m  t a l l ,  a n d  s e v e r a l  o t h e r s  show g r e a t  p r o m i s e  f o r  

g e n e t i c  y i e l d  enhancement.  We c o n t i n u e  t o  e v a l u a t e  new 

m a t e r i a l  i n  b o t h  t h e  f i e l d  a n d  i n  a  h y d r o p o n i c  g r e e n h o u s e  

s e c t i o n  t h a t  i s  e n r i c h e d  w i t h  C02 a n d  s u p p l e m e n t e d  w i t h  h i g h -  

p r e s s u r e - s o d i u m  1  i g h t .  



FOOD PRODUCTION I N  SIMULATED MICROGRAVITY 

M i c r o g r a v i t y  may be  more  i m p o r t a n t  t o  h i g h  p r o d u c t i v i t y  

t h a n  any o t h e r  e n v i r o n m e n t a l  p a r a m e t e r ,  y e t  we h a v e  no i n f o r -  

m a t i o n  o n  t h e  l o n g  t e r m  r e s p o n s e s  o f  c r o p  p l a n t s  t o  m i c r o -  

g r a v i t y  c o n d i t i o n s ,  and  o n l y  a  f e w  l o n g  t e r m  s t u d i e s  h a v e  

b e e n  a t t e m p t e d  w i t h  p l a n t s  i n  t h e  s i m u l a t e d  m i c r o g r a v i t y  

e n v i r o n m e n t  o f  c l  i n o s t a t s .  

I 

The  g r a v i t y  c o m p e n s a t i o n  e n v i r o n m e n t  o f  c l i n o s t a t s  may 

o r  may n o t  b e  an a c c u r a t e  s i m u l a t i o n  o f  t r u e  w e i g h t l e s s n e s s  

f o r  p l a n t s .  T h i s  q u e s t i o n  w i  1 1  r e m a i n  u n a n s w e r e d  .., u n t i  1  more  

d a t a  f r o m  s p a c e f l  i g , h t  e x p e r i m e n t s  a r e  a v a i  1  a b l e  f o r  c o m p a r i -  

son. I n  t h e  mean t ime ,  we a r e  a t t e m p t i n g  t o  o b t a i n  i n f o r m a -  

t i o n  o n  l o n g - t e r m  c r o p - p l a n t  r e s p o n s e s  t o  w e i g h t l e s s n e s s  b y  

u s i n g  c l  i n o s t a t  s i m u l  a t i o n .  

E l  i m i n a t i n g  i n a d v e r t e n t  e n v i r o . n m e n t a 1  s t r e s s  w h i  1  e  p r o -  

v i d i n g  g r a v i t y  c o m p e n s a t i o n  on a  c l j n o s t a t  i s  a  c h a l  l e n g i n g  

t a s k ,  b u t  m i n i m i z i n g  s t r e s s  i s  e s p e c i a l  l y  i m p o r t a n t  w i t h  c r o p  

p l a n t s .  C r o p  p l a n t s  h a v e  b e e n  b r e d  f o r  r a p i d  g r o w t h  when 

e n v i r o n m e n t a l  c o n d i t i o n s  a r e  f a v o r a b l e ,  a,nd t h e y  a r e  g e n e r a l  - 
l y  m o r e  s e n s i t i v e  t o  s t r e s s  t h a n  n o n c r o p  s p e c i e s .  Our  o b j e c -  

t i v e  h a s  b e e n  t o  d e s i g n  a  c l i n o s t a t  t o  m i n i m i z e  m e c h a n i c a l  

s t r e s s  a n d  p r o v i d e  t h e  f a v o r a b l e  e n v i r o n m e n t a l  c o n d i t i o n s  

t h a t  a 1  1  ow c r o p  p l a n t s  t o  e x p r e s s  t h e i r  f u l  1  g r o w t h  



p o t e n t i  a1 . 

A c l i n o s t a t  w&s c o n s t r u c t e d  t o  p r o v i d e  h i g h  i n t e n s i t y  

r a d i a t i o n  f r o m  " a b o v e "  t h b  p l a n t s  a t  a l l  t i m e s .  T h i r t y - f o u r  

p o t s  w e r e  p l a c e d  o n ' t h e  i n s i d e  o f  a  1.4-m d i a m e t e r  c y l i n d e r  s o  

t h a t  p l a n t  t o p s  w e r e  d i r e k t e d  a t  t h e  a x i s  o f  r o t a t i o n .  The - 

c y l i n d e r  i s  d i v i d e d  v e r t i c a l  l y  ( r i g h t  a n g l e s  t o  t h e  a x i s  o f  

r o t a t i o n )  w i t h  p l y w o o d  p a i n t e d  w h i t e .  One 400-W m e t a l  h a 1  i d e  

l a m p  ( S y l  v a n i a  S u p e r  M e t a l  A r c )  i s  p l a c e d  a t  t h e  a x i s  o f  

r o t a t i o n  on e a c h  s i d e  o f  t h e  p l y w o o d .  The l a m p s  w e r e  

p r o t e c t e d  by  g l  a s s  ' c y l  i n d e r s ,  w h i c h  w e r e  v e n t i  l a t e d  w i t h  sma l  1  

f a n s  so  t h a t  r a d i a n t  h e a t i n g  o f  p l a n t  l e a v e s  c o u l d  b e  

m i n i m i z e d .  The r o t a t i o n  r a t e  o f  t h e  c l  i n o s t a t  i s  c o n t r o l  l e d  

b y  a  v a r i a b l e  speed,' D C  e ' l e c t r i c  m o t o r ,  w h i c h  i s  c o n n e c t e d  t 'o 

t h e  c e n t r a l  a x i s  b y  a  g e a r - r e d u c t i o n  c h a i n  d r i v e .  The r o t a -  

t i o n  r a t e  f o r  a l l  e x p e r i m e n t s  was 0.6 rpm, w h i c h  r e s u l t e d  i n  a  

g r a v i t a t i o n a l  a c c e l C e r a t i o n  o f  2.8 x  10-4 g  a t  t h e  o u t s i d e  edge 

o f  t h e  c l  i n o s t a t .  T h i s  i 's  we1 1  b e 1  ow t h e  t h r e s h 0 1  d  g r e s p o n s e  

f o r  s h o o t s  and  a t  o r  b e l o w  t h e  t h r e s h o l d  r e s p o n s e  f o r  r o o t s .  

A c a p i  1 1  a ry - tu "be ,  d r i p - i  r r i  g a t i o n  s y s t e m  was u s e d  t o  

p r o v i d e  n u t r i e n t  s o l u t i o n  as  t h e  p l a n t s  moved  p a s t  t h e  b o t t o m  

o n  e a c h  r e v 0 1  u t i o n .  F i b e r g l  a s s  w indow s c r e e n  was s t r e t c h e d  

o v e r  t h e  t o p  o f  e a c h  p o t  ' t o  h o 1  d  t h e  s o i  1 1  e s s  m e d i a  ( 1 : l : l  

r a t i o ,  p e a t : p e r l  i t e :  v e r m i c u l  i t e )  i n  p l  a c e  d u r i n g  r o t a t i o n .  



T a b l e  X I  

WHEAT YIELD COMPONENTS AS 
AFFECTED B Y  MICROGRAVITY SIMULATION 

t o t a l  t o t a l  h a r v e s t  heads  s e e d s  mass 
b i  o- s e e d  i ndex P e r  Per P e r  
mass mass p l a n t  head  s e e d  

9  9 % mg 

C O N T R O L  9 .4  3.8 40 10  18 .4  20 .4  

CLINOSTAT 9 .8  2 .6  27 7 20.0  1 9 . 6  

R e s u l t s  a r e  p r e l i m i n a r y ,  b u t  T a b l e  XI summar izes  o u r  

f i n d i n g s  w i t h  wheat .  We can  now draw t h e  f o l  1  owing c o n c l u -  

s i o n s  (Bugbee and  S a l i s b u r y ,  1985) .  

( 1 )  P e a s ,  s o y b e a n s ,  and whea t  a r e  c a p a b l e  of  p r o d u c i n g  v i a b l e  

s e e d  w h i l e  b e i n g  c o n t i n u o u s l y  grown on a  c l i n o s t a t .  

( 2 )  P l a n t  g rowth  r a t e s  a r e  n o t  n e c e s s a r i l y  a f f e c t e d  by 

c l i n o s t a t i n g .  

( 3 )  S t r u c t u r a l  s u p p o r t  of  f o l i a r  p l a n t  p a r t s  o n  c l  i n o s t a t s  

may be h e l p f u l ,  a l t h o u g h  t h e  c o n t a c t  w i t h  t h e  s u p p o r t  

c o u l d  i t s e l f  be s t r e s s f u l  ( J a f f e ,  1 9 7 6 ) .  

( 4 )  I r r a d i a t i o n  f rom " a b o v e "  t h e  p l a n t s  may be n e c e s s a r y  t o  

e l  imi n a t e  a  p h o t o c o m p e n s a t i o n  e f f e c t .  

( 5 )  P l a n t s  on t h i s  c l i n o s t a t  do n o t  c o n s i s t e n t l y  bend i n  t h e  

d i r e c t i o n  of  r o t a t i o n  ( H o s h i z a k i  and Hamner, 1982;  

T i  bb i  t t s  and  H e r t z b e r g ,  1978) .  



PLANT T I S S U E  CULTURE FOR R A P I D  REGENERATION OF H Y B R I D  WHEAT 

( J o h n  G .  Carman)  

O u r  p r i m a r y  g o a l  i n  t h e  t i s s u e  c u l t u r e  o f  w h e a t  i s  t o  

c o n s i s t e n t l y  r e g e n e r a t e  1000  o r  more  u n i f o r m ,  h i g h - y i e l  d i n g  

h y b r i d  p l a n t s  f r o m  t h e  c a l  l u s  i n i t i a t e d  f r o m  e i t h e r  a  4-mm 

s l  i c e  o f  y o u n g  i n f  1  o r e s c e n c e  t i s s u e  o r  an i n d i  v i d u a l  w h e a t  

embryo. We a r e  o p t i m i s t i c  t h a t  we c a n  r e a c h  t h i s  g o a l  

w i t h i n  t w o  y e a r s .  O u r  s h o r t  r a n g e  o b j e c t i v e s  a r e  t o :  

( 1 )  I d e n t i f y  w h e a t  c u l  t i v a r s  t h a t  show p r o m i s e  f o r  t i s -  

sue c u l t u r e  r e g i m e s .  

( 2 )  O p t i m i z e  t h e  c u l t u r e  medium f o r  c a l  l u s  i n d u c t i o n ,  

s o m a t i c  ( a s e x u a l  e m b r y o i  d  p r o l  i f e r a t i o n ,  a n d  soma- 

t i c  e m b r y o i d  g e r m i n a t i o n  on a g a r - s o l  i d i  f i e d  medium. 

( 3 )  O p t i m i z e  c u l t u r e  c o n d i t i o n s  and  g r o w t h  r e g u l a t o r  

c o n c e n t r a t i o n s  f o r  s o m a t i c  e m b r y o i d  p r o l  i f e r a t i o n  i n  

c e l l  s u s p e n s i o n  c u l  t u r e s .  

O u r  accompl  i shments  t o  d a t e  i n c l u d e :  

( 1 )  I d e n t i f i c a t i o n  o f  a  w i n t e r  w h e a t  t h a t  i n f r e q u e n t l y  

p r o d u c e s ,  i n  c a l  1  u s  c u 1  t u r e ,  s o m a t i c  e m b r y o i d s  t h a t  

a r e  i d e n t i c a l  i n  a p p e a r a n c e  and g e r m i n a t i o n  

p r o p e r t i e s  t o  s e x u a l  l y  fo rmed  embryos.  

( 2 )  I d e n t i f i c a t i o n  o f  t w o  s p r i n g  w h e a t  c u l t i v a r s  t h a t  



undergo ex tens ive  somatic embryogenesis in cal  1 us - -- 
cul ture .  Unfortun-ately, the-embryoi ds produced a r e  

n o t  a s  w e l l  formed as  t h o s e  produced in  t h e  w i n t e r  

wheat cul t i  var. 

( 3 )  Continued o p t i m i ~ a t i ~ o n  o f  cul t u r e  medium var iabl  es  

such t h a t  a 2 - fo ld  ilncrease has been r e a l i z e d  f o r  

some wheat cul t i v a r s  in  frequency o f  somatic 

embryoid formation1 over former c u l t u r e  media used 

f o r  wheat t i s s u e  cu1,:tu-re as c u r r e n t l y  reported in 

the  1 i t e r a t u r e .  , . .  

As we develop suspension c u l t u r e  systems f o r  wheat 
.. 

t i s s u e  c u l t u r e s ,  we hope t o  be a b l e  t o  a c h i e v e  our  g o a l  o f  

1000 p l a n t s  per explant .  Recently,  such systems t h a t  have 

been developed f o r  r i c e  have y i e l d e d  f a r  g rea te r  numbers o f  

pl a n t s ,  with t h e o r e t i c a l  p ro jec t ions  o f  126 ,000  pl an t s  per 

expl a n t  w i t h i n  a six-month cul t u r e  regime. 

CONCLUSIONS 
I 

The d a t a  i n  t h i s  p a p e r - l p r o v i d e  many r e a s o n s  t o  be o p t i -  

m i  s t i c  about enhanc-i n g  our cu r ren t  producti vi t i e s .  We n o w  
- 7  

have the  research equipment a n d  instrumentat ion t o  study p h y -  
5 

s i o l  ogica l  responses t o  unusual environmental condi t ions ,  a n d  

we espec ia l  l y  look forward t o  d a t a  from CELSS experiments i n  

space. We a r e  a l s o  i n t e r e s t e d  in the problems crea ted  by 
) .- 

n*early complete c l o s u r e  of a ground-based fac i  1 i  t y .  

482 



REFERENCES 

A z o n - B i e t o  J. a n d  Osmond C. - B. - ( 1 9 8 3 )  Re1 a t i o n s h i p  b e t w e e n  

p h o t o s y n t h e s i s  and r e s p i r a t i o n .  P I  a n t  P h y s i o l .  71:574-581.  
P 

~ u b e n h e i m  D. and  S a l i s b u r y  F. B. ( 1 9 8 5 )  P h o t o p e r i o d  

s e n s i t i v i t y  o f  wheat .  P l a n t  P h y s i o l .  77:104 ( S u p p l  ). 

Bugbee B. a n d  S a l i s b u r y  F. B. ' ( : I9851 Food  p r o d u c t i o n  i n  

s i m u l a t e d  m i c r o g r a v i t y .  P l a n t  P h y s i o l .  77 :104  ( S u p p l  ) .  

C a r 1  s o n  D. R .  a n d  W i  1 1  i a m s  I 1 1  C'. B. ( 1 9 8 5 )  E f f e c t  o f  

t e m p e r a t u r e  on t h e  e x p r e s s i . o n t o f  m a l e  s t e r i l i t y  i n  

p a r t i a l  l y  ma1 e  s t e r i  1  e  soybean.  C r o p  S c i .  25:646-648. 

C o n r a d  H. M. ( 1 9 6 8 )  B i o c h e m i c a l  changes  i n  t h e  d e v e l o p i n g  

w h e a t  seed1  i n g  i n  t h e  w e i g h t 1  e s s  s t a t e .  B i o S c i e n c e  - 18:645- 

652.  

E h l e r i n g e r  J. and P e a r c y  R. W. ( 1 9 8 3 )  V a r i a t i o n  i n  q u a n t u m  
, .  . 

y i e l d  f o r  C02 u p t a k e  among C3 and  C4 p l a n t s .  -- P l a n t  P h y s i o l .  

G a r d n e r  F. P., P e a r c e  R. B. a n d  F l i t c h e l  1 R. L. P h y s i o l o g y  o f  

C r o p  P l a n t s .  I o w a  S t a t e  U n i v e r s i t y  P r e s s . ,  Ames, I o w a .  

G i t e l ' z o n  I. I. (ed.) 1977. P r o b l e m s  o f  c r e a t i n g  b i o t e c h n i c a l  

s y s t e m s  o f  human 1  i f e  s u p p o r t .  N A S A  T e c h n i c a l  T r a n s 1  a t i o n .  

NASA TT -F-17533.  W a s h i n g t o n ,  D . C .  
. ,  - 

H a n d g a r t e r  R. P. a n d  G o o d  N. E. ( 1 9 8 2 )  E n e r g y  t h r e s h o l d s  f o r  

ATP s y n t h e s i s  i n  c h l o r o p l a s t s .  B iochem,  B i o p h y s .  ACTA 

681 :397-404 .  

Hanson  E. J. and  B r e e n  P. J. ( 1 9 8 5 )  X y l e m  d i f f e r e n t i a t i o n  and  
' % 



boron  a c c u m u l a t i o n  i n  I t a l i a n  prune f l o w e r  buds.  J .  Amer. 

S o c .  H o r t .  S c i .  110 :566-570 ' .  

H o s h i z a k i  T. and Hamner K .  C .  ( 1 9 6 2 )  A n  u n u s u a l  s t em b e n d i n g  

r e s p o n s e  o f  Xanthium p e n s y l v a n i c u m  t o  h o r i z o n t a l  r o t a t i o n .  

P l a n t  P h y s i o l  . 27:453-459.  

J a f f e  M .  J .  ( 1 9 7 6 )  Thigmomorphogenesi  s :  A d e t a i  1  e d  

c h a r a c t e r i z a t i o n  of  t h e  r e s p o n s e  o f  b e a n s  ( P h a s e o l u s  

v u l  g a r i  s L . )  t o  m e c h a n i c a l  s t i m u l  a t i o n .  Z. Pf 1  a n z e n p h y s i o l .  - 
- 77:437-453 .  

K i r k b y  and  Mengel ( 1 9 8 3 )  ~ r i n i i ~ l e s  of p l a n t  n u t r i t i o n .  

I n t e r n a t i o n a l  P o t a s h  I n s t i t u t e ,  S w i t z e r l a n d .  

L e o p o l  d  C .  A .  a n d  K r i e d e m a n  P .  E .  ( 1 9 7 5 )  P l a n t  Growth  a n d  

Deve lopment .  2nd Ed .  McGraw-Hill Book Co. ,  N Y .  

L u c a s  D .  ( 1 9 7 2 )  The e f f e c t  of  d a y l e n g t h  on p r i m o r d i a  p roduc -  

t i o n  o f  t h e  w h e a t  apex.  A u s t r a l i a n  J o u r n a l  -- of  B i o l o g i c a l  

S c i e n c e  25:649-656.  -- - 
McCree K .  J .  ( 1 9 7 2 )  T e s t  of  c u r r e n t  d e f i n i t i o n s  of  p h o t o s y n -  

t h e t i c a l  l y  a c t i v e  r a d i a t i o n  a g a i n s t  1  e a f  p h o t o s y n t h e s i s  

d a t a .  A g r i c u l  t u r a l  Me teo r01  -- ogy - 10:443-453. 

Nobel P. S. ( 1 9 8 3 )  B i o p h y s i c a l  p l a n t  p h y s i o l o g y  and e c o l o g y .  

W .  H .  Freeman and Company, San F r a n c i s c o ,  C A .  

O s b o r n e  R .  A .  a n d  G a r r e t t  M .  K .  ( 1 9 8 3 )  Q u a n t u m  y i e l d s  f o r  C02 

u p t a k e  i n  some d i p l o i d  and t e t r a p l o i d  p l a n t  s p e c i e s .  P l a n t ,  

Ce l  1 ,  and  E n v i r o n m e n t  6:135-144. -- - - - 



Rawson H. M. ( 1 9 7 0 )  S p i k e l e t  number, i t s  c o n t r o l  and  r e l a t i o n  

t o  y i e l d  p e r  e a r  i n  wheat .  A u s t r a l i a n  J o u r n a l  o f  B i o l o g i c a l  -- 
S c i e n c e  2 3 : l - 1 5 .  --- - 

S a l i s b u r y  F. B:and Ross C. W. ( 1 9 8 5 )  P l a n t  P h y s i o l o g y ,  T h i r d  

E d i t i o n .  Wadswor th  P u b l  i s h i n g  Co., Be1 mont ,  Ca1 i f o r n i a .  

S e e  p a g e s  1 9 5  t o  2 2 8 .  
. . 

S e s t a k  Z. ( 1 9 7 1 )  P l  a n t  p h o t o s y n t h e t i c  p r o d u c t i o n :  manua l  o f  

methods.  D r .  W. J u n k  P u b l  i s h e r s ,  The Hague, N e t h e r 1  ands. 

T i b b i t t s  T. W .  a n d  H e r t z b e r r g  W. Y .  ( 1 9 7 8 )  G r o w t h  a n d  

e p i n a s t y  o f  m a r i g o l  d p l a n t s  m a i n t a i n e d  f r o m  emergence o n  

h o r i z o n t a l  c l i n o s t a t s .  P l a n t  P h y s i o l  . 61:199-203.  




